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LECTURE 1

The Brouwer Fixed Point Theorem

Even the simplest problems in topology — for instance, whether two topological spaces
X and Y are homeomorphic — are oftentimes very hard to answer. In order to show
X and Y are homeomorphic, it suffices to find a single homeomorphism f: X — Y.
But in order to show that they are not homeomorphic, one needs to prove no such
homeomorphism can exist. And how on earth are you meant to do that? Even if you
can’t find one, how do you know that tomorrow some really smart mathematician
isn’t going to magically come up with one? This is where algebraic topology comes in.
The idea is to associate algebraic invariants of a topological space. Here “invariants”
means that two homeomorphic spaces should have the same invariants. Thus to show
two spaces are not homeomorphic, it suffices to show they have different invariants.

So, to summarise the entire course:

e Topology is hard.

o Algebra is easy.

e Algebraic topology converts topological problems into algebraic problems.
o Profit.

We illustrate this philosophy with an example. Let B™ C R™ denote the closed
n-dimensional unit ball
B"={zx e R" | |x| < 1}.

The boundary of B" is the (n — 1)-dimensional unit sphere S™~!:
Sl = {z e R"||z| = 1}.
The following famous theorem is due to Brouwer.

THEOREM 1.1 (The Brouwer Fixed Point Theorem). For all n > 1, every continuous
map f: B"™ — B™ has a fixed point.

In the case n = 1, this theorem has a simple proof using connectivity:

Proof of Theorem 1.1 in the case n = 1. Suppose f(—1) =aand f(1) =b. Ifa = —1
or b =1 we are done, so assume that a > —1 and b < 1. Consider the graph of f:

Gr(f) = {(z, f(2)) | z € [-1,1]}.

A fixed point of f is the same thing as a point of intersection between Gr(f) and the
diagonal

A= {(z,x) |z e[-1,1]}.

Will J. Merry and Berit Singer, Algebraic Topology 1. Last modified: Sept 01, 2018.


https://www.merry.io

Since f is continuous, Gr(f) is connected'. Let

A= {2, f@) ] f@@) > 2}, Bi={(&.f@)] f(x) < a}.

Then (—1,a) € A and (1,b) € B, so in particular A and B are both non-empty. If
Gr(f) N A = 0 then Gr(f) = AU B. Since f is continuous, A and B are open’ in
Gr(f). This contradicts the fact that Gr(f) is connected. ]

Interestingly, it is not known how to extend this simple argument to deal with
the case n > 1. Nevertheless there are several different complicated arguments. For
instance, there is an analytical argument that goes as follows: first approximate f by
a sequence of differentiable functions g, with the property that f has a fixed point
if and only if all the g do for large k. Then prove directly that any differentiable
function must have a fixed point.

The “cutest” proof uses methods from algebraic topology. Later on in the course
we will construct a homology functor H, for each n > 0, which associates to any
topological space X an abelian group H,(X), and to any continuous map f: X — Y
a homomorphism

H,(f): Hy(X) — H,(Y).

The induced maps H,(f) have the property that if f: X — Y and ¢: Y — Z then
Hn(go f) = Hn(g) o Hn(f): Ho(X) — Hy(2), (1.1)

and
H,(idx) = idHn(X): H,(X) — H,(X). (1.2)

Moreover the homology functor H,, vanishes on the ball B"*! but not on the sphere
S™:

H,(B"") =0,  H,(S")#0, Vn>1. (1.3)
The construction of H, and the verification of (1.1), (1.2) and (1.3) will take some

time. Nevertheless, armed with these only these properties, it is easy to prove The-
orem 1.1 in all dimensions.

DEFINITION 1.2. Suppose X is a subspace of a topological space Y. We say that X
is a retract of Y if there exists a continuous map 7 : Y — X such that r(z) = x for
all x € X. Equivalently, denoting by 2 : X < Y the inclusion, this means that the
following diagram commutes:

Y
VAR
x4 . x

Tt is the image of the continuous map B! — B! x B! given by x — (x, f(x)).
*Consider the map g : Gr(f) — R given by g(z, f(z)) = « — f(z). Then A = g='((—00,0)) and
B =g71((0,00)).



LEMMA 1.3. For all n > 1, S™ is not a retract of B"+1,

Proof. Suppose for contradiction that there exists a retraction r: B"*1 — S", so
that the following diagram commutes:

Bn+1

N

St 5"

Equation (1.1) means that we can “apply the homology functor H,,” to this commu-
tative diagram to obtain another one:

Hn(Bn—l—l)
H,(2) \Hn}(r)
H,(id
H,(S") O H, (5

Note this diagram is a commutative diagram of group homomorphisms between
abelian groups, rather than a commutative diagram of continuous maps between
topological spaces. Since H,(B"*!) = 0 by (1.3) the map H,(r): H,(B") —
H,(S™) is the zero map. But since H,(id) = id by (1.2) and H,(S™) # 0, this is a
contradiction. m

REMARK 1.4. In fact, Lemma 1.3 is also true for n = 0. The 0-dimensional sphere
is just {—1,1}, which is disconnected. Since [—1,1] is connected and the image of
a connected subset under a continuous map is connected, it follows there does not
exist any continuous surjective map 7: B! — S (and thus in particular there does
not exist a retraction.)

We now show how Theorem 1.1 follows from Lemma 1.3.

Proof of Theorem 1.1. Take n > 0. Suppose f: B — B"*1 has no fixed points.
Then for every point x € B""! there is a unique line that starts at f(z), goes
through z, and then hits a point on the boundary S™ of B"*!. Let us denote by
r: B"*1 — S" the map that sends = to the point on S™ that this line hits. See
Figure 1.1. Since f is continuous, the map r is also continuous’. If € S™ then
clearly r(x) = x. Thus r is a retraction. This contradicts® Lemma 1.3. ]

Let us now formalise the notion of a “homology functor”, by introducing elements
of a field of mathematics called category theory. In this course, we will only ever
use category theory as a convenient “language” to phrase theorems from algebraic
topology in—we will never actually use any genuine theorems in category theory.

3This is an easy exercise.
41f n = 0, apply Remark 1.4 instead of Lemma 1.3.



7(z)

Figure 1.1: The retract r.

REMARK 1.5. A word of warning: category theory is often (lovingly) referred to as
abstract nonsense. But fear not: nothing we will do will ever be that abstract!

DEFINITION 1.6. A category C consists of three ingredients. The first is a class
obj(C) of objects. Secondly, for each ordered pair of objects (A, B) there is a set
Hom(A, B) of morphisms from A to B. Sometimes instead of f € Hom(A, B) we
write f : A - Bor A i> B. Finally, there is a rule, called composition, which
associates to every ordered triple (A, B, C') of objects a map

Hom(A, B) x Hom(B,C) — Hom(A4, C),

written

(f,9)—=geof,
which satisfies the following three axioms:

1. The Hom sets are pairwise disjoint; that is, each f € Hom(A, B) has a unique
domain A and a unique target B.

2. Composition is associative whenever defined, i.e. given
N ENGEY)

one has
(hog)of=ho(gof).

3. For each A € obj(C) there is a unique morphism idy € Hom(A, A) called the
identity which has the property that foids = f and idg o f = f for every
f:A— B.

REMARK 1.7. Note that we said that obj(C) was a class and Hom(A, B) was a set.
There is (an important, but technical) difference between a class and a set. If you've
ever taken a class on logic/set theory, you’ll know that not every “collection” of
objects is formally a set. For instance, the collection of all sets is itself not a set! A
class is a more general concept (the collection of all sets is a class). Nevertheless, as
far as this course is concerned, the distinction is irrelevant, and you are free to ignore
this remark!
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Here are four examples of categories:

EXAMPLE 1.8. The category Sets of sets. The objects of Sets are all the sets, and
Hom(A, B) is just the set of all functions from A to B, and composition is just the
usual composition of functions.

ExaMPLE 1.9. The category Top of topological spaces. The objects of Top are
all the topological spaces, and Hom(X,Y') is just the set C(X,Y) of all continuous
functions from X to Y, and composition is just the usual composition of functions.

ExaMPLE 1.10. The category Groups of groups. The objects of Groups are just
groups, and Hom(G, H) is just the set Hom(G, H) of all homomorphisms from G to
H, and composition is just the usual composition of homomorphisms.

ExaMpPLE 1.11. The category Ab of abelian groups. The objects of Ab are just
abelian groups, and Hom(G, H) is again just the set Hom(G, H) of all homomor-
phisms from G to H, and composition is just the usual composition of homomor-
phisms.

REMARK 1.12. The fact that we require the morphism sets to be pairwise disjoint has
several pedantic consequences. For example, suppose A C B are two sets. Then the
inclusion 2: A — B and the identity map id4: A — A are different morphisms, since
they have different targets. One should be aware that we only allow the composition
g o f when the range of f is exactly the same as the domain of g. Suppose X,Y,Y”’
and Z are topological spaces with Y C Y’. From the point of view of analysis,
say, if f: X — Y and ¢g: Y’ — Z are continuous functions then the composition
go f: X — Z is clearly a well-defined continuous function. But from the point of
view of category theory, the composition go f does not exist! Rather, one must first
take the inclusion 2: Y < Y’ and then consider the composition g o2 0 f, which is a
well-defined element of the morphism space C(X, Z).

A functor is a map from one category to another:

DEFINITION 1.13. Suppose C and D are two categories. A functor T: C — D
associates to each A € obj(C) an object T(A) € obj(D), and to each morphism

AXBincCa morphism T'(A) RACIN T(B) in D which satisfies the following two
axioms:

1. 1AL B2 Cin C then T(A)
T(gof)=T(g9)oT(f)

2. T(ida) = idp(4) for every A € obj(C).

()

) Tt9) T(C) in D and

The easiest example of a functor is a forgetful functor:

ExXAMPLE 1.14. The forgetful functor Top — Sets simply “forgets” the topological
structure. Thus it assigns to each topological space its underlying set, and to each
continuous function it assigns the same function, considered now simply as a map
between two sets (i.e. it “forgets” the function is continuous).
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We can now make sense of the homology functor mentioned earlier.

THEOREM 1.15. For each n > 0 there exists a functor H, : Top — Ab called a
homology functor with the property that for all n > 0,

H,(B"") =0,  H,(S™) #0.

I say “a” homology functor since H, is not (quite) unique (we will construct
several different ones eventually). In fact, before constructing homology functors we
will first construct an “easier” functor called the fundamental group. This will
(almost”) be a functor

m1: Top — Groups,

and its construction will take us up to the end of Lecture 4.

5Strictly speaking 71 will be a functor from the category of pointed topological spaces, more on this
later.



LECTURE 2

The notion of homotopy

In this lecture we introduce the notion of “deforming” one function (or one space)
into another, which mathematically is known as homotopy. Throughout this course,
we denote by

I:=10,1], oI ={0,1}.

DEFINITION 2.1. Suppose X and Y are topological spaces and fy, fi: X — Y are
two continuous functions. A homotopy from fy to fi is a continuous function

F: XxI—=Y

such that
F(fL‘,O) = fO(aj)’ F(LB, 1) = fl(x)

We write F': fo ~ f1 to indicate F' is a homotopy from fy to fi, and we write fo ~ fi
to indicate there exists such an F'.

Given a homotopy F': fy ~ fi, setting fi(x) := F(z,t), we obtain a family f; of
continuous functions which deforms fy at time ¢ = 0 into f; at time t = 1. Since F
is continuous on X x I, the family f; depends continuously on t.

The following lemma will be used time and time again. We will refer to it as “the
gluing lemma”.

LEMMA 2.2 (The gluing lemma). Let X be a topological space. Assume X can be
written as a finite union N
xX=Jx,
i=1

where each X; is a closed subspace of X. Assume we are given a topological space
Y and continuous functions
Jir Xi =Y,

with the property that
fi’XiﬂXj :fj’Xiij7 VZ,j such that XZﬂX]#(Z)
Then there exists a unique continuous function f: X — Y such that

flx,=fi, Vi=1,..,N. (2.1)
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Proof. We need only check that the function f defined as in (2.1) is continuous (it
is clearly unique). Suppose C' C Y is a closed set. Then

N
f7He) = (U Xz) nfe)
=1

(XN f7HO)

I
= l

s
Il
-

(Xi N f7H(C))

[
C =

<.
Il
—

Il
=

@
Il
—

Since each f; is continuous, this is the finite union of closed sets and hence is closed.
Since C' was arbitrary, f is continuous. [ |

On Problem Sheet A you will enjoy proving the following minor variation of
Lemma 2.2.

LEMMA 2.3 (Another gluing lemma). Let X be a topological space. Assume X can
be written as an arbitrary union

x=Jx,
%

where each X; is an open subspace of X. Assume we given a topological space Y
and continuous functions

fir Xi =Y,
with the property that
fi|XiﬁXj :fj’Xiij, V1,7 such that XiﬂXj#Q.
Then there exists a unique continuous function f: X — Y such that

f’Xi:fiy Vi eN.

Our first application of the gluing lemma is to show that homotopy is an equiva-
lence relation on the space of continuous maps.

PROPOSITION 2.4. Let X and Y denote two topological spaces. Then homotopy is
an equivalence relation on the space C(X,Y") of all continuous maps from X to Y.

Proof. We check the three properties:
e Reflexivity: if f € C(X,Y) define F(x,t) := f(x). Then clearly F': f ~ f.
e Symmetry: if F': f ~ g then define G(x,t) := F(x,1 —t). Then G: g ~ f.



e Transitivity: if F': f ~ g and G: g ~ h, define

Hiz.t) F(z,2t), 0<
z,t) =
G(z,2t—1), 3<

Since F and G agree on their overlap X x {3} C X x

}
implies that H is continuous. Since H(z,0) = f and H
that f ~ h.

This completes the proof.

I the gluing lemma
x,1) = h, this shows

DEFINITION 2.5. We denote by [f] the equivalence class of f under homotopy, and

we denote by [X, Y] the space of equivalence classes.

We now show that composition of equivalence classes makes sense.

ProposiTION 2.6. Suppose fo, fi: X = Y and go,91: Y — Z are continuous func-

tions with fo ~ f1 and gg ~ ¢g1. Then gy o fo ~ g1 o f1, that is

[fo] = [f1] and [go] = [g1] = [90 © fo] = [g1 0 fu].

Proof. Suppose F': fy ~ f1 and G: gg ~ g1. Define

H: X xI— Z, H(x,t) = G(fo(z),1).

Then H is continuous and since

H(z,0) = G(fo(z),0) = go(fo(x))
and
H($a 1) = G(fO(:L‘)a 1) = gl(fO(x))a
this shows that
go© fo > g1 0 fo.

Next, consider

K:XxI—Z, K(z,t) = g1(F(z,1)).

Then K is continuous, and since

K(z,0) = g1(F(z,0)) = g1(fo(x))
and
K(z,1) = g1(F(z,1)) = g1(f1(2)),
this shows that
gi1ofo>~gio fi.

(2.3)

Combining (2.2) and (2.3) and using transitivity, we see that gg o fo ~ g1 o f1 as

required.

Now for this lecture’s serving of abstract nonsense. Let us explain how to take

quotients of categories.



DEFINITION 2.7. Suppose C is a category. A congruence on C is an equivalence
relation ~ on the union

U Hom(A, B)
(A,B)€obj(C)xobj(C)

such that:
1. If f € Hom(A, B) and f ~ g then g € Hom(A4, B).
2. If fo:A— Band go: B— C and fy ~ f1 and gg ~ g1 then ggo fo ~ g1 o fi1.
A congruence allows us to form the quotient category:

PRroOPOSITION 2.8. Suppose C is a category and ~ is a congruence on C. Denote
by [f] the equivalence class of a morphism under ~. Then there is a well-defined
quotient category C' given as follows: the objects of C' are simply obj(C) again,
and

Home: (A, B) = {[f] | f € Hom(4, B)},

and composition in C' is given by

gl o [f] :==[go fl.

Proof. Property (1) of Definition 2.7 shows that the morphism sets of C' are well-
defined sets that are pairwise disjoint. Property (2) of Definition 2.7 shows that the
composition in C" is well-defined. It is clear that this composition is associative, and
[id4] is the identity morphism in Homc/ (A, A). This completes the proof. u

It will not surprise you to learn we have just constructed a congruence.

ExaMpPLE 2.9. The homotopy category hTop is the category whose objects are
topological spaces, with morphism spaces [X, Y] the equivalence class of continuous
maps under homotopy. This is the quotient category of Top under the congruence
obtained via homotopy.

DEFINITION 2.10. Let C be a category. An isomorphism in C is a morphism f €
Hom(A, B) for which there exists another morphism g € Hom(B, A) such that go f =
idg and fog=1idpg.

Thus in Sets, isomorphisms are just bijections. In Groups, isomorphisms are group
isomorphisms, and in Top, isomorphisms are homeomorphims. Let us unravel what
an isomorphism in hTop is.

DEFINITION 2.11. A continuous map f: X — Y between two topological spaces is
called a homotopy equivalence if there exists a continuous map g: ¥ — X such
that go f ~idx and fog ~idy.

Thus an isomorphism in hTop is a morphism [f], where f is a homotopy equiva-
lence.

DEFINITION 2.12. We say that two spaces X and Y have the same homotopy type
if there exists a homotopy equivalence from f: X — Y.
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Clearly homeomorphic spaces have the same homotopy type, but it is not nec-
essarily the case that spaces with the same homotopy type are homeomorphic. We
shall see an example of this next lecture. Let us now look at the “opposite” notion
to a homotopy equivalence.

DEFINITION 2.13. A continuous map f: X — Y is said to be nullhomotopic if
there exists a constant map c¢: X — Y (i.e. map such that there exists ¢ € Y such
that ¢(z) = ¢ for all z € X) such that f ~c.

When X = S, there is an easy criterion for deciding whether a map is nullho-
motopic. Before stating the result, we need one more definition.

DEFINITION 2.14. Suppose X and Y are topological spaces and X’ is a subset of
X. We say that two continuous map fo, fi: X — Y such that fo|xr = fi|x’ are
homotopic relative to X’ or homotopic rel X’ for short if there exists a homotopy
F': fo ~ f1 such that

F(x,t) = fo(x) = fi(x), Ve X' Vtel.
If such an F' exists we write F': fo ~ f1 rel X'.

This generalises Definition 2.1, since taking X’ = () recovers our original notion
of homotopy. For fixed X being homotopic rel X’ is an equivalence relation — you
will prove a more general version statement on Problem Sheet B (a special case of
this is given in Proposition 3.13 next lecture.) By a slight abuse of notation if X’ is
a single point {p} we will write “rel p” instead of “rel {p}”.

ProposiTION 2.15. Let Y be a topological space and n > 0. The following are
equivalent for a continuous map f: S™ — Y:

1. f is nullhomotopic.

2. There exists a continuous map g: B"*! — Y such that g|s» = f.

3. If pe 8™ and ¢: S™ — 'Y is the constant map c(x) = f(p) then f is homotopic

to c rel p.

Proof. We first show (1) implies (2). Suppose f is nullhomotopic, i.e. there exists
F: f ~ ¢, where c is the constant map c(z) = q. Define g: B""! — Y by

INIA
i

o(x) = 1@ 0 < |z
F(%5.2-2z]), 3 <l

This makes sense: if z 7 0 then 7 belongs to 5™, and if 2 < |z| <1then2-2|z| € I.
If |z| = 5 then

F(\%l’ 1) = c(ﬁ) =q.
The gluing lemma shows that ¢ is continuous. Moreover g does extend f since if
x € S™ then |z| =1 and hence g(z) = F(z,0) = f(x).



To show (2) implies (3), suppose g: B"*! — Y extends f. Define F: S" xI — Y
by
F(z,t) = g((1 —t)x + tp).

This makes sense as (1 — t)x + tp belongs to B"*!. F is clearly continuous, and

F(z,0) = g(z) = f(z) (since g extends f) and F(z,1) = g(p) = f(p) = ¢(z). Thus

F: f ~c. Moreover F(p,t) = g(p) = f(p) for all t € I, and hence F': f ~ c rel p.
Finally, it is obvious that (3) implies (1). ]

DEFINITION 2.16. A space X is said to be contractible if the identity map idx is
nullhomotopic.

COROLLARY 2.17. For all n > 0, the sphere S™ is not contractible.

This proof uses Lemma 1.3, which we have not yet properly proved (we haven’t
constructed the homology functor yet!). You will be relieved to note that we will not
use the proof of Corollary 2.17 in the construction of the homology functor.

Proof. Take Y = S™ and f = idgn. Then by Proposition 2.15, if f is nullhomotopic
then there exists a continuous map g: B"*! — S™ which extends f. The map g is
then a retraction, and this contradicts Lemma 1.3. ]



LECTURE 3

Paths and the fundamental groupoid

In this lecture we define a rather pathetic functor, called my. We then define the
fundamental groupoid. In the next lecture we will use the fundamental groupoid to
define a much more interesting functor, the fundamental group .

DEFINITION 3.1. A path u in a topological space X is a continuous map u: I — X.
If u(0) = z and u(1) = y we say u is a path from z to y. If x = y then we say that
u is a loop.

We will always use the letters u, v and w to denote paths (in contrast to f,g and h
for arbitrary continuous maps). Moreover we will parametrise a path with the letter
s, so u is the map s — u(s), thus keeping the letter ¢ for a homotopy parameter.
This will hopefully help to keep the notation clear. Paths gives us a new notion of
connectivity.

DEFINITION 3.2. A topological space X is path connected if for all z,y € X there
exists a path from x to .

Hopefully you are all easily able to prove the following result'.

LEMMA 3.3. Let X and Y be topological spaces. Then:

1. If X is path connected then X is connected (but the converse is not necessarily
true).

2. If X and Y are path connected then so is X X Y.
3. If f: X =Y is continuous and X is path connected then so is f(X).

Here we prove the following equally easy result:

PRrROPOSITION 3.4. If X is a topological space then the binary relation ~ on X defined
by “x ~ y if there exists a path from x to y” is an equivalence relation.

Proof. A constant path based at x shows that x ~ x for all x € X. If u is a path
from z to y then the path u(s) := u(1 — s) is a path from y to x, and hence = ~ y
implies y ~ x. Finally if u is a path from x to y and v is a path from y to z then

w(s) i {u<2s>,

v(2s — 1), (3:1)

o= O

IAIA
—_ N

5 < 5,
s <1,
is a well-defined path from x to z (the gluing lemma shows that w is continuous.)
Thus z ~ y and y ~ z implies z ~ z. [ |
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DEFINITION 3.5. The equivalence classes of X under the equivalence relation ~ are
called the path components of X.

We now construct the functor .

DEFINITION 3.6. Given a topological space X, let my(X) denote the set of path
components of X. If f: X — Y is a continuous map, define mo(f): mo(X) — mo(Y)
to be the map that send a path component X’ of X to the unique path component
of Y containing f(X’) (this is well-defined due to Lemma 3.3.)

We then have:

PROPOSITION 3.7. my: Top — Sets is a functor. Moreover if f ~ g then m(f) =
To(9)-

Proof. The fact that 7 is a functor is easy to check (i.e. that m preserves identities
and composition). Let us check that homotopic maps have the same image under .
Suppose F: f ~ g. If X' is a path component of X then X’ x I is path connected
and hence so is F(X’ x I) (here we are using Proposition 3.3 twice). Since

J(X') = F(X' % {0}) € F(X' x I)

and
g X" =F(X'x{1}) CF(X'x1I),

we see that the unique path component of Y containing F(X’ x I) contains both
f(X") and g(X’). Thus mo(f) = 7 (g). ]

COROLLARY 3.8. If X and Y have the same homotopy type then they have the same
number of path components.

Corollary 3.8 can be proved directly, but let us give an “abstract” proof using
Problem A.2 and Problem A.3 from Problem Sheet A.

Proof. By the last part of Proposition 3.7 and Problem A.3, we may regard 7 as a
functor hTop — Sets. If X and Y have the same homotopy type then there exists a
continuous map f: X — Y such that [f] is an isomorphism in hTop. Then by Problem
A2, mo([f]) is an isomorphism in Sets. An isomorphism in Sets is a bijection; thus
mo(X) and m(Y') have the same cardinality. ]

Corollary 3.8 is about as interesting as it gets when it comes to the functor mg.
This is because my has the misfortune of taking values in Sets, and there is not much
one can with a set other than count it (i.e. the only obstruction to two sets being iso-
morphic is that they should have the same cardinality) Next lecture we will introduce
another functor 7y which takes values in Groups. As groups have many obstructions
to being isomorphic, this functor will be considerably more interesting.

The basic idea behind 7 is that one can “multiply” paths if one ends where the
other begins, via (3.1). Let us formalise this as a definition.



DEFINITION 3.9. Let uw and v be paths in X with w(1) = v(0). Then we define

Ju(2s), 0<s<i,
(uxv)(s) == {U@S 1), lese i

REMARK 3.10. Note that the ordering here is the opposite to composition: u * v
means “first do u, then do v”, meanwhile g o f means “first do f, then do ¢”.

Our aim is to construct a group whose elements are certain homotopy classes of
paths in X with binary operation given by multiplying paths as above. However by
Problem B.1 on Problem Sheet B, if X is path connected then since I is contractible,
all paths u: I — X are homotopic, and thus if we tried to construct a group from
homotopy classes of paths this group would have precisely one element (and so would
be just as uninteresting as my(X)!) To recify this problem we use relative homotopy
classes.

DEFINITION 3.11. We define the path class of a path u: I — X to be the equivalence
class [u] of u, where the equivalence relation is being homotopic relative to 01 =

{0,1}.

REMARK 3.12. There is a potential for confusion here, in that we are using the
same notation [-] to denote both the homotopy class and the relative homotopy class.
However, it should always be clear from the context which is intended. In particular,
for paths we will only ever talk about their path class, not their homotopy class, and
thus the notation [u] always means the path class.

The next result is similar to Proposition 2.6.

ProrosITION 3.13. Suppose ug,uq: I — X and vg,v1: I — X are paths with
U()(l) = ul(l) = 1)0(0) = 1)1(0).
Assume that
[ug] = [u1] and [vo] = [v1].
Then
[ug * vo] = [u * v1].
Proof. If U: ug ~ uy rel 91 and V': vy ~ vy rel OI then the map W: I x I — X given
by

<s
<s

INIA

1
2
L,

W(s,t) := {U(Qs,t), 2
2

V(2s —1,1),

is a continuous map (the gluing lemma applies because functions agree on {%} x TI)
which determines a homotopy from ug * vg to uy * vy rel 01I. [ ]

If w is a path from z to y, then running backwards along u gives a path from y
to . Let us fix some notation for this:



DEFINITION 3.14. Given a path v : I — X, we denote by w : I — X the path u
parametrised backwards:
a(s) =u(l —s).

Next, let us given a name to the constant path:

DEFINITION 3.15. Given a point p € X, we denote by e, the constant path e,(s) = p.
By a slight abuse of notation we denote by [p] the path class [e,].

We now use this data to define a category. We will phrase this is as “definition”
and then prove afterwards that it really is well-defined.

DEFINITION 3.16. Let X be a topological space. We define the fundamental
groupoid of X to be the category II(X) where:

e obj(II(X)) = X, that is, the objects of II(X) are the points in X themselves,
e Hom(z,y) is the set of path classes of paths from x to y:

Hom(z,y) := {[u] | u is a path from z to y},

e and finally the composition
Hom(z,y) x Hom(y, z) — Hom(z, z)
is given by
([u, [v]) = [u*v]
(note by assumption this concatenation makes sense as u(1) =y = v(0)).

Let us prove this really does form a category.

PROPOSITION 3.17. Let X be a topological space. Then II(X) is a well-defined
category. The identity element of Hom(p, p) is [p].

Proof. From Definition 1.6, there are three things we need to verify:

1. the Hom sets are pairwise disjoint,
2. that composition is associative when defined,

3. that there exists an identity element in each Hom set.

Here (1) is obvious. Let us first prove (3). We claim that [p] (i.e. the path class
of ep) is the identity element in Hom(p, p). For this we must prove that for any path
u with «(0) = p we have e, *u ~ u rel 01, and similarly for any path v with v(1) =p
we have v * e, ~ v rel 9I. We will prove the first statement only, as the second is
similar. Consider Figure 3.1. The shaded triangle is the set {(s,¢) | 2s <1 —t}. For
fixed ¢, consider the horizontal line L; that runs from the start of the shaded region
to the right-hand edge (the point (1,¢)). The function

- s—Li(1—t
"=



o, 1)

L (1,0

0,0
) (%, 0) (1,0)

 —
N

Figure 3.1: Proving e, * u >~ u rel 01.

maps L; onto [0,1]. Now consider the map U: I x I — X given by

U(s,t) = b, 2ss 1=t
u(ly(s)), 2s>1-—t.

The gluing lemma shows that U is continuous, and by construction U: e, * u ~ u rel
ol.

Now let us prove associativity. Suppose u,v and w are three paths with u(1) =
v(0) and v(1) = w(0). This is a similar but slightly trickier argument, and we will not
write out the formulae precisely. Consider Figure 3.2. Draw two slanted lines, one

1 L
4 2

Figure 3.2: Proving (u *v) *x w ~ u * (v * w) rel OI.

that starts at (1/4,1) and runs to (1/2,0), and one that starts at (1/2,1) and runs
to (3/4,0). Now let L;, M; and N, denote the three horizontal lines as marked that
come from intersecting the horizontal line with ¢ fixed. Then let l;, m; and n; denote
reparametrisations that map L;, M; and N; onto [0,1] respectively. The desired
homotopy is U is obtained by setting U(t,s) = wu(li(s)) on the left-hand region,
setting U(s,t) = v(my(s)) on the middle region and finally setting U(¢, s) = w(n(s))
on the right-hand region. The gluing lemma shows that U is continuous, and by
construction we have U: (u*v)*w ~ ux* (vxw) rel 9I. This completes the proof. m

In fact, the category II(X) has an additional special property:



PROPOSITION 3.18. Every morphism in II(X) is an isomorphism. More precisely, for
any path u from x to y, one has

[u] * [u]

[z],  [u] = [u] = [y].

Proof. We must show u x4 ~ e, rel I and @ * u ~ e, rel I. Again, I will prove

only the first statement. Moreover this time round, I will give the formulae but not
the picture’. To this end consider the function U: I x I — X given by

= {00
2

<s
<s

(201 - 5)(1 — 1)),

A IA
i

The gluing lemma shows that U is continuous, and one checks that U: u* 4 ~ e, rel
0d1. This completes the proof.

|
Categories with this property have a special name.

DEFINITION 3.19. Let C be a category. We say that C is a groupoid category if:

e Cis a small category”’, which by definition means that obj(C) is a set and not
just a class, cf. Remark 1.7.

e Every morphism f: A — B in C is an isomorphism.

Thus Proposition 3.18 can alternatively be rephrased as: the fundamental groupoid
is a groupoid cateogory.

2And thus you should draw the picture out!

3Nothing we ever do in this course will ever need to worry about the distinction between a set and a
class, so you are free to ignore this part of the definition if you want ...



LECTURE 4

The fundamental group

In this lecture we define our first genuinely exciting functor, 1. The idea is simply
to restrict to loops.

DEFINITION 4.1. Let X be a topological space and fix a point p € X, which we call
the basepoint. The fundamental group of X with basepoint p is

71 (X, p) := Hompyx)(p, p) = {[u] | u is a loop in X based at p} .
An immediate corollary of Proposition 3.17 is the following result.

COROLLARY 4.2. For any topological space X and any p € X, the set m(X,p) is a
group with multiplication given by

[u] * [v] == [u * v]

and identity element [p]. The inverse of an element [u] is given by [u]:

Since the fundamental group 71 (X, p) involves a choice of basepoint p, in order
to make 7 into a proper functor we need to work with a slightly different category.
Before introducing this, let us explain how a smaller category can sit inside a larger
one.

DEFINITION 4.3. Suppose C and D are two categories. We say that C is a subcate-
gory of D if:
1. 0bj(C) C obj(D),

2. Homc(A, B) € Homp(A, B) for all A, B € obj(C), where we denote Hom sets
in C by Hom¢ (O, O),

3. if f € Hom¢ (A4, B) and g € Homc(B, C) then the composite go f € Homc¢ (A, C)
is equal to the composite g o f € Homp(A4, C),

4. if C € obj(C) then id¢ € Hom¢(C, C) is equal to ide € Homp (C, C).

If for every pair A, B € obj(C) one always has Hom¢(A, B) = Homp(A4, B) then we
say that C is a full subcategory of D.

As an example, the category Ab is a full subcategory of Groups.

Will J. Merry and Berit Singer, Algebraic Topology 1. Last modified: Sept 01, 2018.


https://www.merry.io

EXAMPLE 4.4. The category Top? has as objects all pairs (X, X’) where X is a
topological space and X’ C X is a subspace. A morphism (X, X’) — (Y,Y') is a
pair (f, f') of continuous maps f: X — Y and f': X’ — Y’ such that the following
diagram commutes, where the horizontal maps are inclusions:

X — X

f’l lf

Y — Y

The composition law is the usual one. Slightly less pedantically, we can think of a
morphism in Hom((X, X’), (Y, Y”)) simply as a continuous map f: X — Y with the
property that f(X’) C Y.

We can regard Top as a subcategory of Top? if we identify a space X with the
pair (X, (). For us, it is also useful to consider the case where both X’ and Y’ are a
single point in X and Y respectively. This gets its own name.

EXAMPLE 4.5. The category Top, of pointed topological spaces has as objects
all ordered pairs (X, p) where X is a topological space and p is a point in X, referred
to as the basepoint. Given two objects (X, p) and (Y, q), the morphism space is
simply the set of continuous maps f: X — Y which send the basepoint p in X to
the basepoint ¢ € Y:

Hom((X,p), (Y,q)) ={f € C(X,Y) | f(p) = q}.

We call such a map a pointed map.

We will write f: (X,p) — (Y, q) as shorthand to indicate that f is a continuous
map from X to Y satisfying f(p) = ¢ (and hence a morphism in Top,.) Note that
Top, is again a subcategory of Top®. Let us now show that ; is a functor from Top,
to Groups.

DEFINITION 4.6. Suppose f: (X,p) — (Y, q) is a pointed map. Define
m(f): m(X,p) > m(Y,q),  [u] = [foul

This is well-defined: firstly f ou: I — Y is a continuous path that starts and
ends at ¢, and hence [f o u] is indeed an element of 71 (Y, q). Moreover if u ~ v rel
OI then fowu~ fowrel I by Problem B.2 on Problem Sheet B.

PROPOSITION 4.7. 71: Top, — Groups is a functor. Moreover if f,g: (X,p) — (Y, q)
are continuous maps with f ~ g rel p then m1(f) = m1(g).

Proof. Suppose f: (X,p) — (Y, q) is a pointed map. To show that 7;(f) is a homo-
morphism, observe that if u and v are closed paths based at p € X then

foluxv)=(fou)x(fov)

(this is an actual pointwise equality, not just homotopy!). The fact that 71 preserves
composition and identities in Top, is clear. Finally, if f ~ g rel p then by Problem
B.2 on Problem Sheet B again, one obtains f ou ~ g o u rel I for any closed curve
uw in X based at p. Thus 71(f) = m1(9g). ]



REMARK 4.8. It follows from Problem B.2 that being homotopic rel p defines an
equivalence relation on pointed maps (X, p) — (Y, ¢), and hence a congruence on the
category Top,. The associated quotient category is denoted by hTop,. By analogy
with the category hTop, we write [(X,p), (Y, q)] for the morphism set between two
objects (X,p) and (Y,q) in hTop,. The last statement of Proposition 4.7 together
with Problem A.3 implies that 7m; induces a functor 71 : hTop, — Groups.

REMARK 4.9. We won’t need this (so I won’t spell out the relevant definitions), but
the association [u]| — [f ou] makes perfect sense for arbitrary path classes, and hence
given a continuous map f: X — Y, we obtain a map II(f): II(X) — II(Y) defined
by

II(f): HomH(X) (z,y) = HomH(Y)(f(x)v (), [u] = [f oul.

This makes the fundamental groupoid into a functor
IT : Top — Groupoids,
where Groupoids is the category of groupoids’.

The next result shows that when studying fundamental groups, we may as well
assume that our spaces are path connected.

PROPOSITION 4.10. Let X be a topological space, let p € X, and let X' denote the
path component containing p. Then the inclusion: X’ < X induces an isomorphism
on mi:

7T1(X/7p) = 7T1(X7p)'

Proof. Suppose [u] € kerm(2). This means that 2 o u =~ e, rel 0I, where as usual
ep: I — X is the constant path at p. Let U: I x I — X denote the homotopy.
Then U(0,0) = p. Since U(I x I) is path connected (cf. Problem B.2) we have
U(I x I € X’. Thus u is nullhomotopic in X', and hence 71 (z) is injective. To see
m1(1) is surjective, suppose u: I — X is a closed path at p. Then u(I) C X’. Thus
we can pedantically define u': I — X’ by u/(s) := u(s). Then clearly 1o = u, and
surjectivity follows. [ |

Now let us investigate what happens when the basepoint is changed.

ProproSITION 4.11. Suppose X is path connected and pg,p1 € X. Then any path w
from pg to p1 induces an isomorphism

)\w: 7r1(X7PO) = 7T1(X7p1)

Proof. Define A, : m1(X,po) — m1(X,p1) by
Aw: [V] = [ * v % w] (4.1)

(note that the multiplication takes places in the fundamental groupoid I1(X).) From
Proposition 3.18 one sees that )\, is an isomorphism; the inverse is given by Ag. B

1Since a groupoid is a type of category, this is a category of categories!



REMARK 4.12. Thus provided we work with path connected spaces only, we can write
simply 71(X) to denote m1 (X, p) for any p € X. However should be aware that there
is no canonical isomorphism between 71 (X, pg) and 71 (X, p1). Thus m(X) is really
a family of isomorphic groups. Moreover, as you will see in Problem Sheet C (cf.
Problem (C.5), sometimes simply knowing two groups are isomorphic is not enough
— one really needs an explicit isomorphism.

We now discuss a subtle (and often tedious) point. To define the fundamental
group we were forced to pick a basepoint, and thus the natural category to work with
is Top,. But “most” homotopic maps that crop up “in nature” are not pointed maps
(i.e. given two homotopic maps, it is typically too much to hope for that they just so
happen to preserve the basepoint.) Thus we need to investigate how the fundamental
group behaves under a free’ homotopy.

ProposiTION 4.13. Suppose fo, fi: X — Y are continuous maps and F': fo ~ fi is
a free homotopy from fy to f1. Choose p € X and let w denote the path in'Y given
by w(t) = F(p,t). Then there is a commutative diagram:

(X, p) = 5 (¥, fo(p)

P

(Y, fl( ))7
where A, is the isomorphism given in (4.1).

Proof. Take [u] € 71 (X, p). Consider the homotopy’ V: I x I — Y given by

Vs t) i 4 - (0201 =1)s),258), 0<s<l
T\ Flu(t+2t(s = 1), t+(1—-¢)(2s—1)), L<s<1.
Then
V(s,0) = F(u(2s),0), 0<s<4,
= Fu(1),2s—1), $<s<1.

Since F(u(2s),0) = fo(u(2s)) and F(u(1),2s — 1) = w(2s — 1), we have

V(s,0) = (foou)xw(s).

Similarly
_ JF(u(0),2s), 0<s<3,
V$J)_{F@@S—UJ% 1<s gi
Since F'(u(0),2s) = w(2s) and F(u(2s —1),1) = fi(u(2s — 1)), we have

V(s,1) = w* (f10u)(s).

2T will call a homotopy F': f ~ g between two maps a free homotopy when it is important to emphasise
that it is not a relative homotopy.
3As ever, I encourage you to draw a picture here!
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The gluing lemma shows that V' is continuous, and

V(0,1) = F(u(0),0) = fo(p)

and

V(lat) = F(u(l)v 1) = fl(p)‘
Thus V' is a homotopy from (fp o) * w to w * (f1 ou) relative to dI. Thus in the
fundamental groupoid II(Y'), we have

[fo o u]  [w] = [w]  [fi oul,

or alternatively
[f1ou] = [w* (foou)*w],

which implies that
T (f1)[u) = Aw o m1(fo)[u]

as maps m (X, p) = m (Y, f1(p))- -

COROLLARY 4.14. Suppose fo, fi: X — Y are continuous maps and F': fy ~ f; is a
free homotopy from fy to fi. Suppose p € X has the property that fo(p) = fi(p).
Set q := fo(p). Then m(fy) and 71(f1) are conjugate group homomorphisms, that
is, there exists [w] € m1(Y,q) such that

m(f)lu] = [w] ™ xm(fo)lul « [w], Y [u] € m(X,p). (4.2)
In particular, if w1 (Y, q) is abelian then 71 (fo) = m1(f1).

Proof. Using the notation of Proposition 4.13, the path w is now a closed path in Y,
and hence [w] € m1(Y, ¢). Thus the path class [ * (fo o u) * w], which can always be
factored in the fundamental groupoid of Y can now be factored in 71 (Y q):

[ % (fo o u) *w] = [@] * [fo o u] * [w] = [w] ™" = [fo o u] % [w].

Thus (4.2) follows. Finally, the last statement is immediate, since if 71 (Y, ¢) is abelian
then we can write

[w] ™ 5wy (fo)lu] * [w] = [w] ™" * [w] * 71 (fo) [u] = 71 (fo)[ul-
m

We now show that for path connected spaces X and Y, having the same homotopy
type is enough to ensure that the fundamental groups 71 (X, p) and 71 (Y, ¢) coincide
for any p € X and ¢ € Y. This will follow from the following result.

PROPOSITION 4.15. Suppose f: X — Y is a homotopy equivalence. Then for any
p € X the induced map 71(f): m(X,p) — m1(Y, f(p)) is an isomorphism.



Proof. Choose a continuous map g: ¥ — X such that go f ~idx and fog ~idy. If
F: gof ~idx is a free homotopy, let w(s) := F(p, s), so that w is a path from g(f(p))
to p. By Proposition 4.13, the lower triangle of the following diagram commutes:

/ 71(g)
1(gof)

(X, p)

N,

D)

The top triangle also commutes because 7 is a functor. Since A, is an isomorphism,
m1(g o f) is also an isomorphism. Thus 71 (f) is injective and 7 (g) is surjective. A
similar diagram starting from f o g ~ idy shows that 71(g) is injective and 71 (f) is
surjective. ]

An immediate corollary of this result (together with the fact that a space con-
sisting of one point obviously has a trivial fundamental group) we have:

COROLLARY 4.16. Suppose X has the same homotopy type as a path connected space
Y. Then for all p € X and q € Y one has m(X,p) = m(Y,q). If X is a contractible
space then 71 (X,p) = {1} for all p € X.

We conclude by giving the property of having a trivial fundamental group a name:

DEFINITION 4.17. A topological space X is called simply connected if it is path
connected and has 71 (X, p) = {1} for some (and hence all) p € X.



LECTURE 5

The fundamental group of the circle
and pushouts

We have yet to give an example of a path-connected space that is not simply con-
nected! If it turned out that every such space had trivial fundamental group then
as a mathematical tool the fundamental group would be as useful as a dead cat.
Luckily this is not the case: many spaces are not simply connected. In this lecture
we will perform our very first computation: the fundamental group of the circle S*.
At the end of the lecture we flip back into “abstract nonsense” mode and define the
notion of a pushout in a category. We will need this next lecture when we prove the
Seifert-van Kampen Theorem.

In this lecture it is convenient to regard S! as the unit circle in C, i.e
St={z€C]||z| =1}.
This is of course consistent with our previous definition under the identification of C
with R2.
DEFINITION 5.1. Define exp: R — S! by

exp(s) 1= e2™.

We will always take 1 as the basepoint in S'. We will use the fact that S! is
itself a group: Given two points z = €™ and w = e?™ in S!, their product is
z-w = 2™ and the inverse of z is just e 2™, We say z and w are antipodal if

-1
z-w = -—1.

PRroOPOSITION 5.2. Let n > 0 and let X be a compact convex subset of R" and let
p € X. Suppose f: (X,p) — (5’1,~1) is a continuous map, and let m € Z. Then there
exists a unique continuous map f: (X,p) — (R, m) such that expof = f:

(R,m)

Fox
f// lexp

(X.p) — (8,1)

REMARK 5.3. We call f a lift of f. Note that the requirement that m be an integer
is forced: if f(p) = s then asking that exp(s) = f(p) = 1 implies that s is an integer.
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Proof. Since X is a compact metric space, f is uniformly continuous, and hence there
exists € > 0 such that if |z — y| < € then f(x) and f(y) are not antipodal points.
Since X is bounded there exists an integer N such that |x —y| < Ne for all z,y € X.
Now for each € X, subdivide the line segment with endpoints p and x (which is
contained in X by convexity) into N intervals of equal length. Call the endpoints
of these endpoints p = ly(z),l1(z),...,In(x) = x. The functions [;: X — X are
continuous' and for each 0 < i < N — 1, the points f(I;(x)) and f(l;+1(x)) are not
antipodal. This means that for each 0 < i < N — 1, the map

git X — S'\ {1}, gi(z) = f(li(x))~" - fliya(x))

is continuous (here we are using multiplication in S! as above). Note that g;(p) = 1
for all i. Moreover since Iy (z) = x for all z,

f@)=f) - f)~" flla(@) - fl(@) ™ flna() ™" flin(x)
Z@'go(ﬂf) ~g1(w) - gn-1(2). (5.1)

=1

If we restrict the map exp to (—3, 3) then it is a homeomorphsim onto S\ {—1}; let
us denote its inverse by A (actually A = 51 log.) Then A(1) = 0. Since g;(z) # —1
for all z, the function A o g; is defined and continuous. Now consider the function
f: X — R given by

) N-1
fo)=m+ 3 Algi(e).

=0

Then f is continuous, with f(p) = m and from (5.1) one has
expof = f.

It remains to prove f is unique. Suppose g was another such map with expog = f and
G(p) = m. Define h(x) = f(x) — §(z). Then h is continuous and exp oh is identically
equal to 1. Since exp: R — S! is a homomorphism (thinking of both R and Z as
groups) with kernel equal to Z, the function h: X - Ris integer-valued. Since X is
connected (as X is convex), h must be constant. Since h(p) = f(p)—g(p) = m—m =
0, the constant must be zero. Thus f = § and the proof is complete. [ |

COROLLARY 5.4. Let u: I — S' be a loop with u(0) = u(1) = 1. Then there exists a
unique lift i: I — R (i.e. exp ot = u) with @(0) = 0. Moreover ifv: (I,0I) — (S*,1)
is another path with u ~ v rel I then if ¥ is the unique lift of v with ©(0) = 0 then
@~ 0 rel 0I. In particular, u(1) = o(1).

Proof. The first statement follows from Proposition 5.2 since I is a compact convex
subset of R. To prove the second statement, suppose U: u >~ v rel 0I. Since I x [
is a compact convex subset of R?, Proposition 5.2 provides us with a unique map
U: I x I — R such that expoU = U with U(0,0) = 0. We claim that

U:u~v rel OI.

!Exercise: Check they really are continuous!



For this first note that if @;(s) := U(s,0) then @; is a lift of u with a1(0) = 0;
thus by the uniqueness part of Proposition 5.2, we must have 4; = «. Similarly
U(s, 1) = 9(s). This shows that U: @ ~ &, and it remains to show that this homotopy
is a homotopy relative to 91I.

For this consider @(t) := U(0,t). Then exp(w(t)) = exp(U(0,t)) = U(0,t) = 1,
and hence arguing as above we see that w(t) = 0 for all t. Now consider w(t) :=
U (1,¢). Then expow; = 1, and thus by uniqueness w; is a constant function. The
constant is equal to U(1,0) = @(1) (and also to U(1,1) = #(1).) This completes the
proof. [ |

DEFINITION 5.5. Given a loop u: (I,0I) — (S1,1), we define the degree of u to be
the integer deg(u) = @(1), where @ is the unique lift of v with @(0) = 0.

The last statement of Corollary 5.4 tells us that deg induces a well defined map
deg: m (S, 1) — Z, deg([u]) := deg(u),

where u is any representative of [u].
We can now prove the main result of this lecture.

THEOREM 5.6. The function deg: (S, 1) — Z is an isomorphism. In particular,

des([u]  v]) = deg([u]) + deg([v]). (5.2)

Proof. Firstly, deg is surjective since the loop s — exp(ms) has degree m (note this
is the function z + 2™ if we think of u as a map from S* C C to itself). Secondly,
if deg(u) = 0 then 4 is a loop in R based at 0. Now 7(R,0) = {1} by the last
statement of Corollary 4.16. Since 71 (exp): 71 (R,0) — 71 (S', 1) is a homomorphism
and

[u] = 1 (exp)lal,
we thus have [u] = 1 in (S, 1).

To complete the proof we will show that deg is a homomorphism from 71(S', 1)
to Z, that is, that (5.2) holds. Then from the above its kernel is trivial, whence it
follows that deg is injective, and hence an isomorphism. So suppose u and v are loops
in S1 based at 1 of degree m and n respectively. To compute deg(u*v), we must find
a path w: I — R with expow = u *v. Let @ be the unique lift of v with @(0) = 0,
and similarly for . Then consider the path o': I — R given by 9/(s) = m + 9(s).
Then ¥’ is a path from m to m + n. Then @ := @ * ¥’ is a path in R with @(0) = 0
and w(1) = m + n. Note that

~ 1
et = {020k
Since exp ot = u and since
exp (¥'(s)) = exp (m + 9(s)) = ™™ exp((s)) = v(s),
it follows that w is a lift of u * v. Since w(1) = m + n, we thus have
m +n = deg(u *v) = deg(u) + deg(v)

as required. This completes the proof. [ |



As promised, we conclude this lecture with some more abstract nonsense that we
will need next time.

DEFINITION 5.7. Suppose C is a category and A, By, By are three objects in C, and
fi: A — B; and fo: A — Bs are two morphisms. A diagram in C is a picture’ of
the form:

A L) Bl
f{ (8)
Bo

A solution to the diagram (0) is an object C' together with two morphisms g;: By —
C and go: Bs — C such that the following diagram commutes:

AL)Bl

f{ igl

BQTC

A pushout”’ of the diagram (0) is a solution (C, g1, g2) which satisfies the following
universal property: if (D, hy, ha) is any other solution to (¢) then there is a unique
morphism k: C' — D such that the following diagram commutes:

A B

A pushout may or may not exist (it depends on the category C), but if it does
then it is unique up to isomorphism.

LeEMMA 5.8. If a pushout exists then it is unique up to isomorphism.

Proof. Suppose (C, g1, 92) and (C’, g}, g5) are two pushouts. Then applying diagram

2In Lecture 16 we will define a more general notion of a diagram which allows for pictures of a different
shapes.
3We will generalise this in Lecture 16 when we introduce colimits.
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(A) with D = C’ gives a morphism k: C' — C” such that ko g1 = g} and ko g2 = g¢h:

A—I B

Reversing the roles of C' and C’ gives another morphism k’': C’ — C such that
k' o ¢y = g1 and k' o g5 = g2. To complete the proof we claim that k¥’ o k = id¢ and
k ok’ =id¢r. For this, first note that

Kokog=kog| =g, (5.3)
and similarly
K okogy=Fk oghy=go. (5.4)

Now take D = C": then the universal property means there is a unique map [: C' — C
such that the following commutes:

A B

By (5.3) and (5.4) taking | = k’ok makes this diagram commute: hence by uniqueness
this must be the map I:
=K ok.
But of course there is another map that also works: take [ = id¢! By uniqueness, it
thus follows that
kK ok =idc.

Now, repeating this but with C” in both the two bottom right slots shows that
k ok’ =id¢r. The proof is complete. [ ]

REMARK 5.9. Morally (we shall see many other examples of this throughout the
course), whenever something is defined via a universal property” then uniqueness
comes “for free”. However, one still always needs to prove existence.

4Before you ask: Yes, it is possible to give a formal definition of exactly what a “universal property” is,
but I'm not going to do so since it requires more category theory than one should use in polite company.
Instead, just think of a universal property as meaning “making a diagram commute in the most efficient
manner possible”.



LECTURE 6

The Seifert-van Kampen Theorem

In this lecture we prove our first genuinely difficult result, called the Seifert-van
Kampen Theorem. Roughly speaking, the Seifert-van Kampen Theorem allows us to
“decompose” a topological space into smaller pieces, and compute the fundamental
group of the full space in terms of the fundamental groups of the smaller pieces.
Let us begin by proving that in the category Groups, a pushout always exists.

DEFINITION 6.1. Let G and H be groups (not necessarily abelian). A word of length
n in G and H is an expression of the form

where each s; belongs to either G or H. A word can be reduced in two different
ways:

1. If any s; is equal to the identity element 15 or 1, remove it.

2. If two consecutive elements s; and s;11 both belong to G (or both belong to
H), then replace them by their product s; - s;y1 as a single element of G (or
H). This produces a word of length n — 1.

After performing these operations as many times as possible, the word is necessarily
an alternating product
grhigoha -+ gmhm,

where ¢g; € G and h; € H, and only ¢; or h,, is allowed to be the identity element.
Such a word is then called a reduced word. The free product of G and H, written
G x H, is the group whose elements are reduced words, and the product is given by
concatenating followed by reduction.

In Problem Sheet C, you will show that the free product can also be characterised
by a universal property.

PROPOSITION 6.2. The pushout exists for the diagram () in Groups. Indeed, suppose

we are given groups G, Hi, Hy and group homomorphisms ¢1, ¢2 as in diagram (0):

GL)Hl

N

Ho

Let N denote the normal subgroup of the free product Hi x Ho generated by all
elements of the form ¢1(g~ ") - ¢o(g) for g € G. Then the quotient group K :=
(Hy % Hy)/N is a pushout.

Will J. Merry and Berit Singer, Algebraic Topology 1. Last modified: Sept 01, 2018.
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Proof. Define ¢;: H; — K by ¢;(h;) = h;-N. We claim that (K, 1, 12) is a solution,
i.e. the following commutes:

GL)Hl

"

HQ%K
2

For this, we must show that for all g € GG, as cosets in K, one has

$1(g) - N = 2(g) - N,
or equivalently that
1(9)"" - ¢2(9) - N = N.

Since ¢; is a homomorphism,

P1(9) " =1(g7H).

Since ¢1(g7!) - p2(g) € N for all g € G, the claim follows. Now suppose (F,01,65)
is another solution. The definition of the free product provides a unique homomor-
phism'

J7 H1 * H2 — F

such that u|g, = ;. Since 03 o ¢3 = 0; o ¢1, it follows that N < ker u, and hence p
induces a unique homomorphism fi: K — F such that the diagram (A) commutes:

GL)Hl

Thus K is a pushout, as claimed. ]

DEFINITION 6.3. We call the group K the free product with amalgamation of
¢1: G — Hi and ¢9: G — Hy and write K = Hj g Hy. This notation is a little
imprecise, since K depends on the homomorphisms ¢; and ¢s.

COROLLARY 6.4. If Hy = {1} is the trivial group then the free product with amal-
gamation is given by H1/N, where N is the normal subgroup generated by ¢1(G).

With these group-theoretic preliminaries out of the way, we can finally state the
main result of today’s lecture.

'If you are confused exactly how  is defined, I invite you to look at Problem C.1.



THEOREM 6.5 (The Seifert-van Kampen Theorem). Let X = X; U Xy with X; and
X5 open subsets. Assume X1, X5 and Xg := X1 N Xy are all non-empty and path
connected. Let

’LiZXQC—)Xi, ji:Xi‘—>X

denote inclusions for i = 1,2. Let p € Xy. Then the fundamental group 71 (X, p) is
the free product with amalgamation of the group homomorphisms 7 (21) : w1 (Xo,p) —
m1(X1,p) and 71 (12): m1(Xo,p) = m1(X2,p):

m1(X, p) = 71 (X1,DP) *5, (x0,p) T1(X2,D)-
Before giving the proof, let us note three useful special cases of Theorem 6.5.
COROLLARY 6.6. Under the assumptions of Theorem 6.5, one has:

1. If X5 is simply connected then

m1(g1): m1(X1,p) = 7 (X, p)

is a surjection with kernel the normal subgroup generated by 1 (11) (m1(Xo, p))-

2. If Xq is simply connected then m(X,p) is the free product of 71(X1,p) and
7r1(X2,p).

3. If X9 and Xy are simply connected then
m1(1): m(X1,p) = m (X, p)
is an isomorphism.

We will need the following piece of point-set topology in the course of the proof
of Theorem 6.5.

LEMMA 6.7 (The Lebesgue Number Lemma”). Let (X, d) be a compact metric space.
Suppose U is an open cover of X. Then there exists § > 0, called a Lebesgue
number for U such that every subset A of X with diameter less than § is contained
in some element of U.

Proof of Theorem 6.5. Consider the diagram:

71(Xo,p) GV T (X1,p)

71 (22 )j

m (X2a p)

We will show that (71 (X, p), 71(71),71(J2)) is a pushout. Since we already know that
a pushout is unique by Lemma 5.8, and since in Groups the pushout is given by the

2See here for a proof.
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free product with amalgamation by Proposition 6.2, it thus follows that 71 (X, p)
must be this product:

771(X7 p) = 7T1(X1,p) *7T1(X0,p) ™ (X27p)
It is clear that (w1 (X, p), 71(71), 71(g2)) is a solution, i.e. that the following commutes:

m1(Xo,p) SRLGVN T (X1,p)

m (12{ Jﬂl(h)

m(X2,p) ——— m(X,p)
71'1(]2)

So suppose (G, ¢1, ¢2) is another solution:

71(Xo,p) _mb T (X1,p)

™ (ZQ)J Jqﬁl (61)

7r1(X2,p> T

We will construct a unique homomorphism ¢ : 71 (X, p) — G such that the following
diagram commutes.

m1(Xo,p) —y (X1, p)

7r1(12{ m (Jl)J

1 (Xa,p) —%2 1 (X, p)

Suppose u is a loop in X at p. Since X; and X» are open, we can find a finite set of
points p = g, x1,...,T, = p along u with the property that each z; lies in Xy and
each segment of v from x;_1 to z; lies in either X; or Xs5. Let v;: I — X denote the
path obtained by reparametrising the segment of u; from x;_1 to z;. Explicitly, if
si—1 < s; are such that u(s;—1) = x;—1 and u(s;) = z;, then

vi(s) = u((l —8)8i-1 + ssi).

Now, for each i, select a path w; in Xy from p to x; (take wp and w, to be the
constant path e,.) Then by concatenating we obtain loops

W;_1 * Vi * W;

which lies entirely in either X7 or Xs. See Figure 6.1. Each loop therefore defines an
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Figure 6.1: Breaking u into smaller pieces.

element either of m (X1, p) or m(X2,p). Note that

n

U~ H (wi,l * U % u‘)i), rel O1. (6.3)
=1

We now define our desired map 1 by

Y[u] := du[wo * v1 % W] - Guwy * Vo kW3] - - PufWn_1 * Vy, * W],

where ¢, means either ¢; or ¢o depending on whether [w;_; * v; * w;] belongs to
m1(X1,p) or m1(Xe,p). Note that there is a potential ambiguity if w;—1 * v; * w;
lies in both X; and X5, because we could choose either ¢; or ¢2. But in this case
[wi—1 * v; * w;] lies in m(Xp, p), and commutativity of the diagram (6.1) shows that
we get the same result.

This defines the map v, but there are still many things we need to check before
the proof is complete:

1. Is the definition of v independent of the points z; and the paths w;?

2. Does 1) make sense on 71 (X, p)? That is, if u; and ug are two homotopic loops
rel p do we get the same answer if we use u1 and us in the definition of 9?

3. Is ¢ a homomorphism?
4. Does the diagram (6.2) commute?
5. Is v unique with respect to these properties?

Let’s pretend for a second that we’ve already proved (1) and (2). The last three
properties are then easy: (3) and (4) follow by construction, and uniqueness comes
from the fact that if a loop v is entirely contained in X; then requiring (6.2) to
commutes means we are forced to define ¢[v] = ¢1[v] (and similarly for X5), and
thus (6.3) means that if we want 1) to be a group homomorphism we have no choice
but to define it as we have done.



So now let’s get on with proving the first two parts, starting with (1). Consider a
point z;, and suppose w} is another path from p to z;. See Figure 6.2. Then we have

Figure 6.2: w; and w;.

G [W; % Vg1 * Wig1] = Pu[w; * W % W, * Vi1 * Win1] = Guwy * W] - Pu W]+ vy * Wig].
On the other hand,

Gi[wi—1 * v * W] = Pu[wi—1 * v; x W, x W+ W]

= Gu|wi—1 * v; * W) - Gu W] * W]
= ¢uwi_1 * v; * W] - (gzﬁ* [w; * w;])_l

Since w; * w} is a loop based in X and since the diagram (6.1) commutes, the value
of ¢, on this loop will be the same whether ¢, is ¢1 or ¢o. Thus

Pulwi—1 % Vg % Wy] - Pu[Wi ¥ Vi1 * Wig1] = Pulwi_1 % vy * Wy - Gu[W] * Vi1 * Wiy1]

This means that the product won’t change when w/ is used instead of w;. Repeating
this argument at each point z; shows that ¥[u] does not depend on the choice of the
paths w;.

Now we show independence of the points z;. Suppose another point y € X is
added along v; separating the path v; into two new paths v} and v/_;. See Figure
6.3. Let w’ denote a path from p to y in Xy. Suppose for definiteness that the
loop w;_1 * v; * w; is contained in X;. Then the same is true of the two new loops
wi—1 *vj_; *w and w’ * v, * w;, and we have

b1 [wi,l * U;_l * ’LZ),] o [’LU/ * Ug * ﬁ}i] = ¢ [wi,l * Ug_l s« w *w * Uz/' * wi]

= gbl [’wi,1 * V; % U_)l]

This shows that adding an additional point to the set of {x;} does not change the
value of ¥[u]. More generally, the same is true if we add a finite number of points,
that is, refining the {z;} leads to the same result. Now suppose we are given two
different sets {z;} and {y;} of points. Their union is a common refinement of both
the {z;} and the {y;}, and we have just shown that the value of ¢[u] doesn’t change
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Figure 6.3: The new point y.

when refining the set of points. Thus the value of ¥[u] is the same if we use either
the {x;} or the {y;}. This proves (1).

Now let us move onto the proof of (2). Suppose u and u’ are two homotopic loops
and U: u ~ v is a homotopy rel dI. We subdivide the square I x I into lots of
little squares in such a way that each smaller square is mapped by U into either X;
or Xs. Such a decomposition exists by Lemma 6.7, where we take the open cover
of I x I given by the connected components of U~(X;) and U~!(X3). See Figure
6.4. Proceeding one small rectangle at a time, this deforms v into u’ through a finite

(1, 1)

(0,0)

Figure 6.4: Subdividing I x [.

sequence of paths such that each step involves a homotopy in which the only change
occurs within either X; or Xa. For such a restricted deformation, the points {z;} may
be chosen so that the value of ¥ is unchanged. This proves (2), and thus completes
the proof.

|



LECTURE 7

Singular homology

In this lecture we finally get started on defining the homology functors H,, referred
to in Lecture 1. Let us begin with some preliminaries on free abelian groups.

DEFINITION 7.1. Let B be a subset of an abelian group F'. We say F' is free abelian
with basis B if the subgroup generated by b is infinite cyclic for each b € B and
F = @ycp(b) as a direct sum.

Thus a free abelian group is a (possibly uncountable) direct sum of copies of Z.
A typical element x € F' has a unique expression

x:Zmbb, my € Z
beB

where almost all (meaning all but a finite number) of the my, are zero. The following
trivial lemma will be crucial in all that follows.

LEMMA 7.2. Let F be a free abelian group with basis B. If A is an abelian group and
é: B — A is a function then there exists a unique group homomorphism ¢: F — A
such that

a(b) = o),  VbeB,

that is, the following diagram commutes:

F\
|
B

N
*>¢A

PR N

Moreover any abelian group A is isomorphic to a quotient group of the form F/R,
where F' is a free abelian group.

Proof. Define ¢ by

¢ (Z my b) = my $(b).

beB beB

Then <f~> is well-defined since any element of F' has a unique expression of this form, and
it is obviously a homomorphism. Moreover ¢ is unique since any two homomorphisms
that agree on a set of generators (in this case B) must coincide. The last statement
is on Problem Sheet D. [ |
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We refer to the extension ¢ — ¢ given in Lemma 7.2 as extending by linearity.
By an abuse of notation, we will typically continue to write ¢ for the extension, rather
than ¢.

LEMMA 7.3. Given any set B, there exists a free abelian group having B as basis.

Proof. If B = (), take F' = 0. Otherwise, for each b € B, let Z; be a group whose
elements are all symbols mb with m € Z and addition defined by mb+nb = (m-+n)b.
Then Z; is infinite cyclic with generator b. Now set

F .= @Zb.

beB

This is a free abelian group with basis given by the set {e, | b € B}, where ¢, has a
zero in each entry apart from the bth entry, where it is a 1. Identifying e, with b, we
see that F' has basis B. [

DEFINITION 7.4. The rank of a free abelian group F' is the cardinality of any basis
of B of F.

This is well-defined thanks to Problem D.1. Moreover two free abelian groups are
isomorphic if and only if they have the same rank.

REMARK 7.5. One can extend the notion of rank to any abelian group: if G is an
arbitrary abelian group then we say G has (possibly infinite) rank r if there exists
a free abelian subgroup F' of G such that F' has rank r and G/F is torsion. Such
subgroups F always exist (this is also part of Problem D.1). However it is not obvious
that this definition is well-defined. Indeed, F' is not unique, and it is by no means
clear that the rank of F' only depends on G. At the very end of the course we will
develop one way of proving this.

Now let us define the notion of a simplex.

DEFINITION 7.6. An ordered tuple (29, 21,...,2,) of points in R™ is said to be
affinely independent if the set {z1 — 20, 22 — 20, - . ., 2, — 20 } is linearly independent
(thus necessarily n < m). Given an affinely independent tuple (zo, 21, ..., z,) of vec-
tors in R™, we denote by [z, 21, . . ., z,] the n-simplex spanned by (zo, 21, ..., 2,),
namely the set

n n
[205 21, -« -y 2n] == {mERm|m:ZS¢zi, where 0 < s5; < 1, Zsizl}.

i=0 =0

We call the points z; the vertices of the n-simplex [zg, 21, . . ., 2,]. The expression
T = Y8z of any point x € [z0,21,...,%,) IS unique'. We call the (n + 1)-
tuple (sg, S1,...,Sm) the barycentric coordinates of x. The barycentre of the
n-simplex [zo, 21, . . ., 2] is the unique point where all the s; are equal, namely

n+1(z0—i—z1+---+zn). (7.1)

!Exercise: Why?



DEFINITION 7.7. Let [29,21,...,2,] be an n-simplex. The face opposite to z;
is the (n — 1)-simplex” [zo,...%;,...,2,]. Here the circumflex ~ means’ “delete”.
Equivalently

(20, .- Ziy. .y 2n] ' ={x € [20,21,...,2n] | 5i = 0.}.

An n-simplex thus has n + 1 faces. The boundary of an n-simplex is the union of
its faces.

DEFINITION 7.8. The standard n-simplex in R"*! is the n-simplex [eq, €1, . . . , €],
where e; is the vector coordinates are all zero, apart from the ¢ 4+ 1st position, which
is 1. We denote the standard n-simplex by A™.

So much for a simplex in R**!. What about in an arbitrary topological space X ?

DEFINITION 7.9. Let X be a topological space. A singular n-simplex in X is a
continuous map o: A" — X.

Since AY is a point, a O-simplex in X is simply a point in X. Since Al is a closed
interval, a 1-simplex is* the same thing as a path in X. The adjective “singular” is
added to emphasis that the image o(A™) does not need to “look” anything like A™,
i.e. we do not require ¢ to be a homeomorphism. In particular, there is nothing
stopping o being a constant map.

DEFINITION 7.10. Let X be a topological space and n > 0. Let C,,(X) denote the
free abelian group with basis the singular n-simplices in X (cf. Lemma 7.3.) We call

an element of C,,(X) a singular n-chain. It is convenient for notational reasons to
also define C_1(X) = 0.

Note that (as a group), C,(X) is typically huge: if X is an uncountable set then
Cp(X) is itself uncountable for all n > 0. We will shortly replace C,(X) with a
(usually smaller) abelian group H,(X). First, let us explain how to obtain a singular
(n — 1)-simplex from a singular n-simplex.

DEFINITION 7.11. Let 0: A™ — X be a singular n-simplex in X. If we restrict o to
one of the faces of A", we get a continuous map from an n — 1-simplex into X.

Actually this definition is cheating a little bit; whilst any face of A™ is an (n—1)-
simplex, it is not the standard (n — 1)-simplex, since the domain is wrong. Thus
strictly speaking, the restriction of a n-simplex ¢ in X to a face is not actually a
singular (n — 1)-simplex in X, since it is not a continuous map from A"~! into X.
There are two ways round this tedious pedantry:

1. Ignore it. After all, it’s clear what we mean.

2. Fix it by making the notation more complicated.

2This is clearly an (n— 1)-simplex as a subset of a linearly independent set is also linearly independent.
3This is a convention we will use throughout the course.
4Not quite! We will come back to this in Lecture 9.



We shall go”’ for option (2). To this end, let us define the ith face map
g AV 5 A i=0,1,...,n

that maps the standard (n — 1)-simplex A”~! homeomorphically onto the ith face of
A™. Explicitly,
€0(805 815+ - -5 Sn—1) = (0,80, 81, - - -, Sn—1),

fori=0,and for 1 <i<n-—1,

61(80, S1yenny Snfl) = (So, S1y..- ,87;,1,0, Siy.n- ,Snfl),

and finally
En(807 817 e 7877,—1) = (807 517 R 7Sn—17 0)

Where necessary we will write e?: A"~! — A™ (this is needed for instance in (7.2)
below).

We can now “improve” Definition 7.11:

DEFINITION 7.12. Let 0: A™ — X be a singular n-simplex in X and let 0 < i < n.
The composition o o e;: A"~! — X is then a singular (n — 1)-simplex in X, which
we call the restriction of o to the ith face.

We can now define the boundary of a singular n-simplex.

DEFINITION 7.13. Let 0: A™ — X be a singular n-simplex in X. The boundary of
o is the alternating sum of the restriction of ¢ to the faces:

n

0o = Z(—l)ia o &;.

=0

Thus the boundary of ¢ is not a singular (n — 1)-simplex, but rather a formal sum
of singular (n — 1)-simplices, and hence (by definition) a singular (n — 1)-chain:
Odo € Cp—1(X). We define the boundary of a singular 0-simplex to be zero.

REMARK 7.14. If we omit the face maps (which we will occasionally do, cf. in
Proposition 8.5 next lecture), the formula is slightly more intuitive (albeit formally

incorrect):
n

Jdo = Z(—I)ZU‘ (€0, €i5eerven]”

1=0

Applying Lemma 7.2 we obtain a well defined map on the free abelian group
Ch(X).

®Being pedantic is an important quality for a mathematician to have (or at least, to pretend to have
when teaching others ...)



DEFINITION 7.15. The singular boundary operator
0: Cn(X) — Cnfl(X)

is the unique homomorphism extending the operator from Definition 7.13. Occasion-
ally for clarity we will write 0,: Cp(X) — Cp—1(X).

Thus for each n > 0 we have constructed a sequence of free abelian groups and
homomorphisms. We illustrate this pictorially as

s Cu(X) =2 Ol (X) b y C1(X) —25 Cop(X) —— 0.

Anticipating the category Comp of chain complexes that we will introduce in Lecture
10, we will bundle all the groups C,,(X) together and write (Co(X),0) to denote all
the groups and maps at once.

PROPOSITION 7.16. 0% = 0, that is, for any n > 0 the composition
Crs1(X) —2 Cu(X) —2 Cro1(X)
is always zero.

Proof. Since Cj41(X) is generated by all the (n + 1)-simplices, by Lemma 7.2 it
suffices to show that if 0: A"*! — X is a singular (n + 1)-simplex then 9%c = 0. As
you can probably guess, the point it that since the boundary operator was defined
via an alternating sum, when you apply it twice things cancel. Indeed, if k£ < j then
one has the following face relation:

n+1 n+1 n—1 n+1
efoep =¢y CATTT S A (7.2)

To prove (7.2), it suffices to observe that both sides give the same answer when fed

a vertex e; for i =0,1,...,n — 1. Now we compute:
n+1
2 1\ n+1
0“c =0 g (=1)c o]
Jj=0
n n+l
_ZE ]H”erﬂogz
k=0 7=0
:Z(—1)9+k005] oep+ g J+kaoz~: ntloen,
i<k k<j

(*) Q)

We claim that the two terms (%) and (}) cancel. Indeed, to see this first apply (7.2)
to (#x) and change variables by setting [ = k and m = j — 1 to obtain:

Jjt+k n+1 n __ itk n+1 n _ I+m+1 n+1 n
E (=1)Fooel ™ ogp = Z(—l) cogy ol =) (—1) gog " oep.
k<j k<j I<m

The last expression is the same as (x), only every term appears with the opposite
sign. This completes the proof. [ |



DEFINITION 7.17. A singular n-cycle in X is a singular n-chain that lies in the
kernel of 9. We denote by Z,(X) the set of all singular n-cycles. A singular n-
boundary in X is a singular n-chain that lies in the image of 0. We denote by
B, (X) the set of all singular n-boundaries®. Both Z,(X) and B, (X) are subgroups
of Cy,(X). Moreover since 9 = 0, we have

B, (X) C Z,(X) C Cp(X).

We can therefore form the quotient group. This will be the eponymous singular
homology.

DEFINITION 7.18. We define the n-singular homology group of X, written H,(X),
to be the quotient group

Ho(X) = Zu(X) [ Ba(X).

Thus H,(X) is an abelian (not free abelian!) group for each n. Given a singular
n-cycle ¢, we denote’ by (c) the coset c+ B, (X) € H,(X) and call {¢) the homology
class determined by c.

We will conclude this lecture by showing that H, is a functor. This means
that we need to associate to each continuous map f: X — Y a homomorphism
H,(f): Hy(X) = H,(Y).

DEeFINITION 7.19. If f: X — Y is a continuous map and o: A" — X is a singular
n-simplex in X then foo: A™ — Y is a singular n-simplex in Y. We therefore obtain
an induced map fy: Cn(X) — Cp(Y) by extending this by linearity (Lemma 7.2:

fu (nga) ::ngfoa.

We can think of fu as defining being a map fu: Co(X) — Co(X). You will not
be surprised to learn that the operation X + Co(X) and f +— f4 defines a functor®.
We will study this in Lecture 10 (it’s a functor Top — Comp.) For now though, let
us prove that fy descends to the quotient to define a map on H,(X) — H,(Y). This
is the content of the following proposition.

ProrosiTION 7.20. If f: X — Y is continuous, then the following diagrams com-
mutes for every n:

Cn(X) L Cnfl(X)

s |1

Co(Y) —5— Cua (V)

6Boundary begins with a “b”, hence the notation B,,(X). Similarly cycle begins with a “c”, hence the
notation ... wait a second ... Damnit, we already used C,(X) for the chain groups! Next best option:
Zykel begins with a “z” ...

"We use angle brackets (-) rather than square brackets [-] to distinguish between homotopy and ho-
mology classes.

81t would be more logical to write C,(f) instead of fz, but this is too messy.

6



Proof. It suffice to evaluate both fu o0 and d o fx on a singular n-simplex ¢ in X.

Now . .
fpodo = fyu (Z(—l)ia o €Z‘> = Z(—l)if °00o0eg;.

i=0 i=0
Similarly

n

0o fyuo=0(foo) :Z(—l)ifoaosi.
=0
|

COROLLARY 7.21. If f: X — Y is continuous then both fu(Z,(X)) C Z,(Y) and
fu(Bn(X)) € By(Y). Thus fy induces a map Hy(f): Hn(X) — Hy(Y).

Proof. If Oc = 0 then 0(fyuc) = f4(0c) =0, so that fuc € Z,(Y). Similarly if b = Oc
then fub= f#(ac) = (‘)(f#c), so that fub € B,(Y). [ ]

Thus fy induces a map H,(f): H,(X) = H,(Y), given by

Hn(f){e) := (fgo)-
COROLLARY 7.22. For eachn > 0, H,: Top — Ab is a functor.

Proof. We need only check that Hy,(g o f) = H,(g) o H,(f) and that H,(idx) =
idg, (x)- Both of these are immediate from the definitions. [ |

COROLLARY 7.23. If X and Y are homeomorphic then H,(X) = H,(Y') for alln > 0.
Proof. Immediate from Problem A.2. [

Thinking back to Lecture 1, we have now constructed the singular homology
functors from Theorem 1.15. In order for our proof of the Brouwer Fixed Point
Theorem 1.1 to be complete, we need to verify that H,(B"™!) =0 and H,(S™) # 0.
We will prove that H,(B"*!) = 0 next lecture; the fact that H,(S™) # 0 will take
much longer (Lecture 15).



LECTURE 8

The homotopy axiom

In this lecture we prove that if f,g: X — Y are homotopic maps then the induced
maps H,(f) and H,(g) coincide for every n > 0:

[f] = [g] = H,(f) = Ha(g)  ¥n >0. (8.1)

we will prove this in Theorem 8.9 below. By Problem A.2, this means that H, may
be regarded as a functor H,: hTop — Ab. This should be compared to 71: we ini-
tially defined m; as a functor Top, — Groups and then later showed that 7 induces
a functor from hTop, to Groups. The property (8.1) is usually called the homotopy
axiom. This terminology will be explained at the end of the course when we cover
the FEilenberg-Steenrod axioms.

We begin by stating two elementary properties of singular homology, both of
which appear on Problem Sheet D.

PROPOSITION 8.1 (The dimension axiom). Let X be a one-point space {*}. Then
H,(X)=0 for alln > 0.

Just as with the homotopy axiom (8.1), the meaning of the name “dimension
axiom” in Proposition 8.1 will get explained later. For the next result, let us recall
that if {G | A € A} is a collection of groups, an element of @, G is a tuple (gy)
where all but finitely many of the g, are equal to the identity.

PROPOSITION 8.2. Let X be a topological space. Let {X | A € A} denote the path
components of X. Then for every n > 0 one has

Ho(X) = @) Hu(X)).
AEA

Thus, just as with the fundamental group, for computational purposes we may
always assume our spaces are path connected. In general, it is very hard to compute
H,(X) for n > 0, but it is always possible to compute Hy(X).

PROPOSITION 8.3. If X is a non-empty path connected space then Ho(X) = Z. A
generator is given by (z) for any point x € X, and if z,y € X then (z) = (y).
Moreover, if (c) is any generator then (c) = (z) for some (and hence every) x € X.

Proof. We identify a 0-singular simplex in X with a point in X. Since 9: Cp(X) — 0
is the zero map, every point in X is a O-cycle: Zy(X) = Cp(X). Thus each point
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x € X determines a class (x) € Hyp(X). Let us now identify By(X). A typical
element of ¢ € Cp(X) is of the form

c= E Mg T, my € 7,
zeX

where all but finitely many of the m, are equal to zero. We claim that:

BO(X):{mex]ngC:O}. (8.2)

Firstly, suppose ¢ = Y ; m; x; satisfies > " ; m; = 0. We wish to build a singular 1-
chain a such that da = c. For this, choose a point p € X and for eachi =1,...,n, let
u;: I — X denote a path starting at p and ending at x;. After identifying I = [0, 1]
with A! = [eg, e1], we may regard each u; as a singular 1-simplex o;: A — X such
that o;(ep) = p and o4(e1) = ;. Note that

doi = oi(e1) — oi(eg) = x; — p € Co(X).

Now set a := > ; m;o;. Then

da =0 (Zn: my; O'i>
i=1
= iml 60'@-
i=1
= f:mzwz - <§": mz) p

i=1 i=1
=c—0=c

Conversely, suppose d € By(X). Then there exists b € C1(X) such that 9b = d.
Write b= Y%, 1;7j, where 7;: Al — X and I; € Z. Then

d= Z lj(Tj(el) - Tj(eo)).
j=1
Thus in the expansion of d, each coefficient I; appears twice and with the opposite
sign. Thus the sum of the coefficients of d is zero. This proves (8.2).
Thus by (8.2), the map

¢: Zo(X) =Co(X) = Z, ¢ <Z M a;) =) m, (8.3)

zeX reX

is a surjection whose kernel is precisely By(X). Thus Hy(X) = im ¢ = Z.

Now suppose z,y € X. A path from z to y determines a singular 1-simplex o
with do = y —z. Thus (z) = (y) € Ho(X). Finally suppose a = >, m; x; is a 0-cycle
such that (a) is a generator of Hy(X). Then we must have ¢(a) = £1. Replacing a
with —a if necessary, we may assume that ¢(a) = 1. Thus ), m; = 1. Then for any
point z € X, we have a = x + (a — x). Since a — x € By(X) by (8.2) we therefore
have (x) = (a). This completes the proof. ]



An immediate corollary of Proposition 8.3 is:

COROLLARY 8.4. Let X and Y be path connected spaces and f: X — Y continuous.
Then Hy(f): Ho(X) — Ho(Y) maps a generator of Hy(X) to a generator of Hy(Y).

The main step in the proof of the homotopy axiom is the following innocuous
looking statement.

PROPOSITION 8.5. Let X be a topological space and define inclusions 1, 3: X — X x1
by
uz) = (2,0),  g(2):=(z,1).
Then
H,(x) = Hy(y), Vn > 0.

REMARK 8.6. There is a very cute three line proof which uses an abstract result in
homological algebra called the Acyclic Models Theorem. We will prove this right
at the end of the course, and we will then come back to Proposition 8.5 and give a
second proof. Therefore don’t worry if you find the proof of Proposition 8.5 below
horrible; we will eventually see a nicer one.

In order to prove Proposition 8.5 we introduce the idea of a chain homotopy.

LEMMA 8.7. Let f,g: X — Y be continuous maps. Assume for each' n > —1 there
is a homomorphism

P: Cn(X) — Copnr(Y)

with
f#—g#:6P+P8.

Then H,(f) = H,(g) for all n > 0.

The maps P, look like this:

. — Cp (X *>C’()*>Cn1()*>...

T

.*>Cn+1(Y)T>C( *>Cn 1Y) — ...

Beware though, this diagram is not commutative! Just as with the 9 maps, sometimes
for clarity we will include the subscript and write P, : Cy,(X) — Cy4+1(Y). In Lecture
10 we will define an abstract version of the operators P, which will then be called
chain homotopies.

Proof. Take c € Z,,(X). Then
(fu — gg)e = (OP + Pd)c = OPc € B,(Y).

Thus H,(f){c) = Hn(g){(c). [ |

The map P_1: 0 = C_1(X) — Cy(Y) is necessarily the zero map.



Let us now prove Proposition 8.5. The first step is the following lemma.
LEMMA 8.8. A™ x I is the union of n + 1 copies of A"+1.

Proof. Fori=—-1,0,1,...,n—1, let g;: A™ — I denote the map

9i(S0, 815+, Sn) = Z 55.
7>
Note g; is indeed a map to I, as x = Y s; e; implies Y s; = 1. Let G; C A™ x I denote
the graph of g;. Then G; is homeomorphic to A" via the projection A"™ x I — A"
onto the first factor. Let us now label the vertices at the “bottom” (i.e. A™ x {0})
of A" x I by ef,€},..., e, and those at the “top” by eg, e/, ..., Then G; is the
n-simplex

Tl

Gi=[€0; -1 €5 €1, €n).

Since G; lies below G;_1 as g; < g;—1, it follows that the region between G; and
Gi_1 is the (n + 1)-simplex [ey, ..., e}, e/, ..., el]; this is indeed an (n + 1)-simplex
as ej is not in G; and hence not in the n-simplex [e, ..., e}, ef ,...,ep]. Since
0=gn < gn1 < - < go < g1 =1, we see that A™ x I is the union of the
regions between the G;, and hence the union of n + 1 different (n + 1)-simplices

€G- -, €€l ..., en], each intersecting the next in an n-simplex face. [ |
We now prove Proposition 8.5.

Proof of Proposition 8.5. We will break with our convention here since otherwise the
notation becomes too messy. If o : A™ — X is a singular n-simplex, then we denote
by

/ ! 1" 1
|[eo,...,ei,ei yeensl!

(0’ X id[)
the singular (n + 1)-simplex obtained from the previous lemma by restricting o x
id;: A"xI — X xI to the (n+1)-simplex [e), . .., €}, €} Of course, we should

A R LI n]
"

really precompose with an appropriate face map A" — [ef, ... el e, ... €] in

order to make o x id 1\[6 elel...ey) Into a genuine singular (n+ 1)-simplex, however
this is too cumbersome (the notation is already bad enough as it is!)

With this in mind, we define a homomorphism
P:Ch(X) = Chp1(X x 1)

by requiring that

n

Po = Z(_l)z(o X id1)|[eo, Lehel el

P 315 00y
and then extending by linearity (cf. Lemma 7.2.)
Now let us look at Po, remembering that the
“delete” (see also Remark 7.14):

8P0_:Z(_1)1+J(0—X1d])‘[ . é], 761161’ 7en]
i<i

_’_5 : z+]+1 0' X ldf)‘[eo, Lelel 8 e//}.

3074 0 g
1<j

notation over a vertex means



The terms with i = j all cancel” apart from the first and last ones:

(U X ldf)‘[e’ N and - (U X id[)‘[ef),...,e%,é;{]a

which are precisely jx0 and —140 respectively. Meanwhile the terms with 7 # j are
precisely —Pdo, since

n

Pad :Z( ) PO_’[E(), 7627 € ’”]

_ z+ 1
§ I- U X 1d1)|[e Welnelel el

RN Rt AR
i<t

4 E Z+] O' X id[)’[eo’ 7e/ e;/’ 76 //]
1<j

Putting this altogether we obtain
OPo = ju0 — 140 — POo.

The same is true for any chain ¢ € Cp(X) by Lemma 7.2, and hence Lemma 8.7
completes the proof. [ |

We can now prove (8.1).

THEOREM 8.9 (The homotopy axiom). Let f,g: X — Y be two homotopic maps.
Then H,(f) = Hy(g) for all n > 0. Thus for each n > 0, H,: hTop — Ab is a
functor.

Proof. Let F': f ~ g be a homotopy. Then using the maps ¢ and j from Proposition
8.5, we have
f=Fou, g=Foy

Thus as H,, is a functor, we have

Hn(f) = Hn(F © Z) = Hn(F) ° Hn(z) = Hn(F) ° Hn(]) = Hn(g)

In the same way as Corollary 7.23, we obtain the following result.

COROLLARY 8.10. If X and Y have the same homotopy type then H,(X) = H,(Y)
for all n > 0, where the isomorphism is induced by any homotopy equivalence.

Proof. Immediate from Problem A.2. [ ]
We also have:
COROLLARY 8.11. If X is contractible then H, (X) = 0 for all n > 0.

Proof. Immediate from the previous corollary and the dimension axiom (Proposition
8.1.) [

2Remember we are “hiding” the face maps with this notation ...



LECTURE 9

The Hurewicz Theorem

In this lecture we investigate the relationship between Hy(X) and (X, p). It should
come as no surprise that there is one, since Al is homeomorphic to an interval, but
at the same time they cannot be identical, since 71 (X, p) is not necessarily abelian
(cf. Problem C.2 and Problem C.3), meanwhile by definition H;(X) always is.

We begin by defining a function h: m (X, p) — Hi(X) called the Hurewicz map.
We will then prove that h is a surjective homomorphism and identify its kernel.

REMARK 9.1. We have already implicitly used the fact that A! and I are home-
omorphic, and thus a singular 1-simplex is the same thing as a path. However in
this lecture it is important to keep track of whether we are working with a singular
1-simplex or a path. To this end, let §: A' — I denote the homeomorphism that
sends

1
Al's Zsiei s €1
i=0
We will use the following slightly imprecise convention: if u: I — X is a path, then
W :=wuof: Al - X is a singular 1-simplex. Explicitly,

u'(s0,81) = u(s1).

With this convention, if v and v are two paths such that u(1) = v(0) then the
concatenated path u * v becomes:

(u*v)(s0,51) = {Ul(%’o —1,251),

0<s <
V(280,251 — 1), 1 <51 <

—_ ol

’ (9.1)

Conversely if o: A — X is a singular 1-simplex then ¢’ := gof~1: I — X is a path.
Explicitly

' (s) =o(l —s,s).
The imprecise bit is that the / denotes either composition with § or ~! depending

on whether we start with a path or a simplex). Since we always use u, v, w for paths
and o, 7 for simplices, this should not be too confusing.

PROPOSITION 9.2. Let p € X. There is a well defined function h: 7 (X, p) — Hi(X)
given by
[u] = (),

where u is a loop in X based at p.
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Where necessary, we will write hy, instead of h to indicate the dependence on p.

Proof. Clearly u' = u o6 is a singular 1-simplex in X, and thus in particular belongs
to C1(X). In fact, v’ € Z;(X), since

ou' = u((er)) —u(f(ep)) = u(1) — u(0) = 0.

Thus (') is a well defined element in H;(X). Now recall the map w : I — S* from the
solution to Problem B.5 given by w(s) = €2™*. From u we obtain the map @ : S* — X
given by @& = u ow~™!. The map @ then induces a map Hi(a) : Hi(S') — Hi(X).
Then using the fact that H; is a functor, we have

(uy = (tiowo ) = Hi(t){wo8),

as elements of Hi(X). Here we view wo 6 : Al — S! as a singular 1-simplex in
S1. Now if v is another closed path in X based at p with u ~ v rel I then by the
solution to Problem B.5 the corresponding maps @ and © are homotopic rel 1. Thus
by the homotopy axiom of singular homology, Hi(u) = H1(v). Thus

(') = Hy(0)(w o 0) = Hy(0){w o 0) = (),
which shows that the class (u’) only depends on [u]. This completes the proof. m

Now let us prove that h is a homomorphism of groups. Let us emphasise (we have
already been doing this, but you may not have noticed) that we are using additive
notation for homology classes (this makes sense because the homology groups are
always abelian).

PROPOSITION 9.3. The Hurewicz map h : m(X,p) — Hi(X) is a group homomor-
phism: for all [u], [v] € m1(X,p), we have

h([u]) + A([v]) = h([u * v]).

Proof. Let u and v be loops in X based at p. Define a continuous map o: A? — X
as indicated by Figure 9.1. Specifically, we define o to be u/,v’, and (u * v)" on the
boundary of A? as the picture suggests:

o(l—s,5,0) :=u(s), (0,1 —s,s) :=wv(s), o(l—5,0,s) := (ux*xv)(s).

For fixed s, we then define o on the interior of A? to be constant on the line segments
from a = a(s) to b = b(s) and from ¢ = ¢(s) to d = d(s). Here a(s) = (1 — s,s,0),
b(s) = (3(2—15),0,%), c(s) = (0,1 —s,s) and d(s) = (2(1 —5),0,2(1+s)). The
gluing lemma shows that o is continuous, and hence is a singular 2-simplex in X.
An explicit formula for o using (9.1) is

S1 81

o (s0, 51, 82) == (u*v) (30 Ty T 82) :
Now observe that

Jo=0o0gy—0cogr+ooeg =0 — (uxv) +u.

2



Thus in H;(X), we have
(') + (') = {(uxv)),
or equivalently

h(lul) + A([v]) = h([u * v]),

which shows that h is a homomorphism as desired. ]

Figure 9.1: Proving h is a homomorphism.

We now present the following simple corollary of Proposition 2.15, which we will
need when examining the kernel of h.

PROPOSITION 9.4. Let o: A? — X be a singular 2-simplex. Abbreviate o; := o o g;
for i =0,1,2, so that o; is a singular 1-simplex in X. See Figure 9.2. Then the path
o[, * 01 * 04 is nullhomotopic rel O1I.

€

g [

€o 0, €

Figure 9.2: 0: A? — X

Proof. By Problem D.2, the map o induces a map g : B2 — X, given by g(z) =
o(h~(z)), where h : A? — B? is the homeomorphism mapping (A2 0A2?) —
(B2,SY). Let f := g|g1, then f is a reparametrisation of the loop o}, * &} * oh. By
Proposition 2.15, f is nullhomotopic rel 1 in S*. Thus o}, * &} * 0% is nullhomotopic
rel OI. [ |

We will also need the following (trivial) piece of algebra. The lemma is basically
a fancy way of saying “if something looks like it should cancel, then it does”. The
important thing in the following lemma is that the second group A is abelian.



LEMMA 9.5 (Substitution Principle). Let F' be a free abelian group with basis B.

Let by, by, ...,b; be a list (possibly with repetitions) of elements of B, and assume
mg, my, ..., My are integers such that
k
mo bo = Z m; bz
i=1
Let A be an abelian group, and suppose ag, a1,...,a; are elements of A such that
bi = bj = a; = aj.

Then in A, one also has

k
moag = E m; a;.
i=1

Proof. Define a function ¢ : B — A by setting ¢(b;) = a; for i = 0,1,...,k and
©(b) = 0 for all other elements of B. This is well defined by assumption. Then by
Lemma 7.2, there exists a unique group homomorphism ¢ : ' — A extending ¢.

Then
k k
0=¢p <m0b0 - Zmzbz) = Mg ag —Zmiaz‘,
i=1 i=1

Now let us recall a standard piece of group theory.

DEFINITION 9.6. Let G be any group (not necessarily abelian). Given g,h € G, we
define their commutator to be the element

l9,h] == ghg~'h ™.

We define the commutator subgroup of G to be the subgroup [G, G] of G generated
by all the commutators. This is a normal abelian subgroup of G, and [G, G| = {1}
(where 1 is the identity element of G) if and only if G is abelian. If N is a normal
subgroup of G, then G/N is abelian if and only if [G, G] < N. We define the abelian-
isation of G to be the quotient group G** = G / [G,G]. As you will see on Problem
.1 on Problem Sheet I, the abelianisation G*" together with the group homomor-
phism (the projection) p: G — G2 can be characterised by a universal property:
namely that if A is any abelian group and ¢: G — A is any group homomorphism,
there exists a unique homomorphism ¢ such that the following commutes:

G244

We are now ready to state and prove the main result of today’s lecture. As
stated, this result is actually due to Poincaré, not Hurewicz, but there is a more
general theorem' that extends this which is due to Hurewicz, and hence this result
is commonly called the “Hurewicz Theorem”.

"'We will discuss the more general version at the end of Algebraic Topology II (Theorem 46.1.
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THEOREM 9.7 (Hurewicz Theorem). Let X be a path connected topological space.
Then the induced homomorphism h : 71 (X,p)*® — H{(X) is a group isomorphism.

Proof. Since X is path connected, choose a path w,: I — X such that w,(0) = p
and wy (1) = x for each € X. Let us insist that w,, is the constant path e,,.
We will first show that h is surjective. Suppose

k
c= Zmiai € Z1(X).
i=1

Since c is a cycle, we have
k
0=0c= Zmi(ai(el) —Ui(eo)), (9.2)
i=1

which we view as an equation among the basis elements (i.e. points in X') of the free
abelian group Cp(X). Set

y; := oie1), z; == 0;(ep).

See Figure 9.3. We can apply the substitution principle to the list

zi = oileo)

i

Wy,
yi = ailer)

Figure 9.3: Proving h is surjective.

Y1, 215 - -+ Yky Rk,

in the free abelian group Cy(X) and compare it to the list

/ / / /
y1o W Wy » Way

Wy, Wy s e ey Wy,
in C1(X). Then (9.2) tells us” that

k
Zml(w?,h o w»/’a’z) =0
=1

2Less formally, this is simply the observation that since c is a cycle, the sum of the paths wy, and W,

cancel.



in C1(X). Thus

k k
c=c—0=c— (Zml(wéz — w;l)> = Zmz(wgz +o0; — w?'ﬁ) (9.3)
i=1 =1

But now by assumption w,, * o} * w,, is a loop in X based at p, and hence we can
feed it to h:

k k
/o *) ) -
h ( [wzi * 0 % wyi] ) = E :mzh[wzi * 0 % Wy,
i=1

i=1

k
(_i) mewlzl +o; + ﬁ)gh>
=1

® <
\t/ z< /

/
mi(wy, + o — wy,)

where (*) used Proposition 9.3, () used Problem E.4, () used Problem E.3 and
finally (O) used (9.3). This shows that h is surjective.

We now build an inverse 7: H;(X) — (X, p) to the induced map h, which will
prove that h is an isomorphism. Suppose o: Al — X is a 1-simplex. We associate
to o the class in 71(X, p)?P represented by the loop w
by linearity to define a map

o(eo) ¥ O * We(ey)- Extend this

n: C1(X) = m(X,p)™.

We claim that 7 vanishes on By (X). For this let 7 : A2 — X be a singular 2-simplex.
We compute n(97). As in Proposition 9.4, let 7; := 7 og; for i = 0,1,2. See Figure
9.4. Then

Wro(ep) = Wry(er)

Figure 9.4: Showing n(01) = 1.



n(07) = (o) * (1)~ % n(72)
-1
= [wTO(EO) * T(I] * w‘ro(el)] * |:le(€0) * T{ * u’;n(el)} * {wm(eo) * Té * w‘rz(el)

— / =/ / —
— |:w7—0(60) k 7—0 * Tl k 7—2 * wTQ(el)]

= [wm(eo) * 71772(61)]
_ 1,

where () used Proposition 9.4. Thus 7|z, (x) factors to define a map 7 : H1(X) —
71(X,p)?P. By construction 7 o h = id. This completes the proof. [ |



LECTURE 10

Chain complexes

In this lecture we introduce a new category, Comp, and a new subject: homological
algebra.

DEFINITION 10.1. A chain complex is a sequence of abelian groups and homomor-
phisms

0 0
A d Cn+1 Cn Cn—l _— ...

for n € Z which satisfies
9% =0, VneZ.

We refer! to the entire complex as (Cs,d) or sometimes just Co. The maps O are
called the boundary operators of the chain complex.

Of course, we have already met one key example:

ExAMPLE 10.2. Let X be a topological space. Then the singular chains (Ce(X), )
is a chain complex. Note that in this example the abelian groups are all zero for
negative subscripts; this however is not part of the definition in general.

DEFINITION 10.3. The fact that 92 = 0 means that if we define
Zn = Zn(Ce) =kerd: Cp, — Cp—q

and
B, = B,(Ce) =im0: Cpy1 — Cp,

then
B, C Z,.

By analogy with the singular chain complex, we call elements of Z, n-cycles and
elements of B, n-boundaries. We define the nth homology group of the chain
complex C, to be the quotient group

Hy = Ho(Cy) = Zn((J.)/Bn(C’.).

We will continue to the use the notation (c) to denote the class of an element ¢ € Z,,
in H,.

Now let us introduce another key notion.

Will J. Merry and Berit Singer, Algebraic Topology 1. Last modified: Sept 01, 2018.
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DEFINITION 10.4. A sequence A I B4 © of two homomorphisms of abelian groups
is said to be exact at B if
im f = kerg.

More generally, a sequence

A I AL IS AL nex

is said to be exact if it is exact at every A,.

ExampPLE 10.5. Using the notion of exactness we can rephrase other definitions from
basic algebra. Suppose f: A — B is a homomorphism of abelian groups.

e f is injective if and only if 0 — A Iy B is exact.
e f is surjective if and only if A Iy B = 0is exact.
e f is an isomorphism if and only if 0 — A ENy; I 0 is exact.

e Slightly less obviously, if A ENY:IER C % D is exact then f is surjective if and
only if h is injective.

DEFINITION 10.6. A short exact sequence of abelian groups is an exact sequence
of the form
045 B% 0.

In this case, A = im f and coker f := B/im f =2 C via b+ im f — g(b).

In contrast, a long exact sequence is one that has (potentially) infinitely many
terms.

DEFINITION 10.7. A chain complex C' is said to be acyclic if Cj 11 9, Ch 9, Ch-1
is exact at C), for all n.

We then have trivially:

PROPOSITION 10.8. A chain complex C is acyclic if and only if H,(C) = 0 for all
n € Z.

Let us now make the chain complexes into a category.

DEFINITION 10.9. Suppose (C,,d) and (C,,d') are two chain complexes. A chain
map f: Cq — C, is a sequence of group homomorphisms f,: C, — C/, such that
the following diagram commutes for all n € Z:

) )
. —— Chtt Ch Chgt —— ...

fn+ll lfn Jrfnfl
!

/ !
—— O c — .

8/ a/ n—1

Usually we will just write f for the maps f,, (to minimise the number of subscripts
involved), which simplifies the formula to

dof=/fod.



Composition of two chain maps is defined as one would guess: if f: Cy — C, and
g: C., — C! are two chain maps then go f: Cy — C is the chain map given by
(90 f)n = gnfn. This is indeed a valid chain map, i.e. 3"(go f)n = (g0 f)n—109, as
the following diagram commutes:

Cn fn C;l 9n C;{

I N

! iz
Coot 7 Cos 7o Coa

ExampLE 10.10. If f: X — Y is a continuous map between two topological spaces
then fu: Co(X) — Co(Y) is a chain map.

DEFINITION 10.11. The category Comp has objects the chain complexes (C,, ),
morphisms the chain maps f: Cy — C., and composition as specified above.

The singular chain complex can now be interpreted as a functor.

PROPOSITION 10.12. There is a functor Top — Comp that associates to a topological
space X its singular chain complex Co(X) and to a continuous map f: X — Y the
associated map fu: Co(X) = Co(Y).

Proof. This follows from the results of Lecture 7. [ ]

The reason for insisting that ' f = f0 in the definition of a chain map is that it
means a chain map induces a map on the respective homologies:

Hy(f): Ha(Co) — Hn(Cy)
given by
Hu(f){c) := {fnc).

This is well defined as by assumption
fo(Zn) € 2y, fa(Bn) C By,
This means that we can interpret H,, as a functor.

ProposiTION 10.13. For each n € Z, there exists a functor Hy,: Comp — Ab called
the nth homology functor that sends C, to H,,(Cs) and to a chain map f: Ce — C.,
the associated map H,(f): H,(Ce) — Hy,(C).

The proof is immediate. This means we can now see the construction of the
singular homology as a two-stage process. The first is topological: this is assignment
X +— Co(X). The second is purely algebraic: this is the assignment Co(X) +—
Ho(Co(X)) = Ho(X).

PROPOSITION 10.14. The functor H,,: Comp — Ab is an additive functor’, that is
Hn(f +g) = Hn(f) + Hn(g)

2T will not give the precise definition of an additive functor, since we do not need it. It’s more
complicated then you think, since in order to define additive functors one first needs to define additive
categories ...




Now let me bombard you with more definitions. They are all straightforward.

DEFINITION 10.15. A subcomplex (C,,0) of chain complex (C},9d’) is a chain
complex such that C, C C} for all n € Z and such that 9, = 9,,|c,. Denoting
by in: Cp, — C!, the inclusion, the second condition is equivalent to saying that
i: Cy — C. is a chain map.

DEFINITION 10.16. If (C,, d) is a subcomplex of (C,, '), one can form the quotient
complex (C,, d) where B

C,=0Cl/C,
and 0 is the induced map.

DEFINITION 10.17. Suppose f: (Ce,0) — (C.,d") is a chain map between two com-
plexes. Then (ker f)o is a subcomplex of Cy and (im f), is a subcomplex of C}; the
boundary operator of (ker f)e is simply

an|kerfn s ker f, — ker fp, 1,
and similarly the boundary operator of (im f), is the restriction
81/7,|imfn :im fn — im fn_1.

Note these only form subcomplexes because f is a chain map! The cokernel of f is
the chain complex (coker f)o given by

coker f, = C), /im f,,
which is itself a quotient complex of C} since (im f)e is a subcomplex of C,.
This allows us to talk about a sequence of complexes being exact.

DEFINITION 10.18. Suppose we are given complexes (CJ*,9™) for m € Z and chain
maps f™: CI" — CI"~!. Pictorially, this means we have the following commutating
mess:

\/+1 fm++11 fm+1 g )
m n m n m—
: Cn+1 C(n+1 C’n—‘,-l
8m+1 om 6m71
v m41 <~ fm g
—— ot I om T omet
8m+1 am amfl
\/Jrl ferll ml g )
m n— m n— m—
Cnfl Cnfl Cnfl

We say that sequence (CI", f™) is exact if (as complexes) (ker f™), = (im f™*1),
for every m.



DEFINITION 10.19. A short exact sequence of chain complexes is an exact sequence
of chain complexes of the form

0*)A.LB.£>C.~>O,

where 0 denotes the chain complex all of whose entries are zero. By Problem E.5
on Problem Sheet E, the rows of short exact sequences of chain complexes are short
exact sequences of abelian groups.

DEFINITION 10.20. Let Cy and C, be two subcomplexes of C/. The intersection of
C, and CY is the subcomplex Co N C, whose nth term is C, N C},, and similarly the
sum of Cy and C is the subcomplex C, 4+ C, whose nth term is C,, + C/,.

One can also form direct sums: if {(C2,0") | A € A} is a family of complexes
indexed by a set A, then their direct sum is the complex @, C? equipped with the
boundary operator ) oM.

Now we define the abstract analogue of Lemma 8.7.

DEFINITION 10.21. Let f, g: (Cs,d) — (C},d") be two chain maps. We say that f and
g are chain homotopic, written f ~ g if there exists a sequence of homomorphisms

P:CTL*)C;'LJ,-lv TZEZ,

such that
P+ Po=f,— gn, VneZ.

The sequence P = (P,) is called a chain homotopy, and we write P: f ~ g.

DEFINITION 10.22. We say that f: Cy — CJ is a chain equivalence if there exists
g: Cy — C,q such that go f ~idg, and fog ~idg;.

REMARK 10.23. The relation of being chain homotopic is a congruence on Comp,
and this can be used to define a category hComp.

The next result shows that the homology functor descends to hComp.

PROPOSITION 10.24. Let f,g: (Ce,0) — (C.,0') be two chain maps with f ~ g.
Then for all n,
Ho(f) = Ha(9): Ha(Co) — Hn(Cy).

In particular, if f is a chain equivalence then H,(f) is an isomorphism for each n.
The proof is identical to Lemma 8.7, but let us repeat it anyway.
Proof. Take c € Z,,. Then
(fn— gn)c = (0'P + Pd)c = 0'Pc € B,
Thus H,(f){c) = Hn(g){(c). [ |

A special case of a chain homotopy is where one map is the identity and the other
is the zero map. This gets its own name.



DEFINITION 10.25. A contracting homotopy @ of a chain complex C, is a sequence
of maps @,: Cp, = Cpy1 such that

0Q+Qd=idc,, VneZ.

COROLLARY 10.26. If a chain complex Co has a contracting homotopy then it is
acyclic.

Proof. By Proposition 10.24, we see that for all n, H,(id¢,) = H,(0) = 0. Since H,
is a functor, this implies that H,(C,s) = 0. ]

REMARK 10.27. The converse to Corollary 10.26 is false. An example is given by
taking

ZQ, n = 0,
Cp:=1%Z, n=12,
0, n#0,1,2,

and defining 0: Co — C; to be k +— 2k and 9: C7 — Cy by k — k mod 2. This
complex is acyclic but there does not exist a contracting homotopy. Indeed, if such a
Q existed, then Qg: Cy — C;1 would define a right inverse to 9: C; — Cy. However
any group homomorphism Zs — Z is trivial.

In fact, if C4 is a complex all of whose groups C), are free abelian groups (such
a chain complex is called a free chain complex), then the converse to Corollary
10.26 does hold: a free chain complex is acyclic if and only if it has a contracting
homotopy. This is proved in Proposition 27.1 below. Similarly there is a partial
converse to Proposition 10.24: if f: Cy — C% is a chain map between two free chain
complexes such that H,(f) is an isomorphism for all n, then f is a chain equivalence.
This is proved in Proposition 27.5 below.



LECTURE 11

The Snake Lemma and its friends

In this lecture we start by proving the so-called Snake Lemma. The reason for the
name is the fact that the wiggly arrow in (11.1) below looks like a snake'.

PROPOSITION 11.1 (The Snake Lemma). Suppose we are given a commutative dia-
gram of abelian groups where the rows are exact:

A—‘t,B_t ¢ 0
AR
0 A — B —

Then there is a well defined homomorphism
0: ker h — coker f

such that there is an exact sequence

ker f — ker g — ker h 9 coker f — coker g — coker h.
Explicitly,
3(c) = (") 'gi " (e) +im f,

where (i')~%(-) and j~!(-) denote any choice of preimage (the composition is inde-
pendent of the choices).

Proof. The proof is very easy, but I will be kind and go through it in great detail.
We will prove the result in three stages.

Will J. Merry and Berit Singer, Algebraic Topology 1. Last modified: Sept 01, 2018.
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1. We first enlarge our given diagram to include the kernels and cokernels:

A i B—1 ¢ , 0
f g h
0 y Al Z, B’ R c’

coker f —5— coker g —— cokerh

v ~ hg

0 0 0
The maps k,l on the top row and the maps p, g are just the induced maps. That is,

k = i‘kerf-

and
p(a’ +im f) :=i'(d’) +img,

as cosets, and similarly for [ and ¢q. We prove that both the top row and the bottom
row are exact. Firstly, if a € ker f then gi(a) = i'f(a) = 0, so that k(a) := i(a)
belongs to ker g. Moreover lk(a) = ji(a) = 0 and hence imk C kerl. Conversely
if 1(b) = 0 then j(b) = 0 and hence b = i(a) for some a as A = B L C' is exact.
Moreover ' f(a) = gi(a) = g(b) = 0 as b € kerg. Since ¢ is injective, it follows
f(a) = 0 and thus a € ker(f) with so that k(a) = b. Thus ker! C imk and we have
exactness at kerg.

Let us now prove exactness at coker g. The composition gp is obviously zero since
7’1" = 0 by exactness at B':

gp(a’) = j'i'(d') +imh = 0 +imh = 0 € coker h.
Thus im p C ker q. Conversely suppose ¢(b'+im g) = 0. This means that j'(b') € im h,
so there exists ¢ € C such that h(c) = 5/(b'). Since j is surjective, there exists b € B
such that j(b) = ¢. Now observe j'(b/ — g(b)) = j/(V') — j'g(b) = h(c) — hj(b) =
h(c) — h(c) = 0. Thus b — g(b) € im4' by exactness at B’. If ' is such that
i'(a") =V — g(b) then
pld +im f) =4 (') +img =¥ —g(b) +img =b +img.

Thus ker ¢ C im p, which proves exactness at coker g.

2. Our aim now is to define a map ¢ such that the following sequence is exact:

ker f —* ker g — Ll s kerh
j (11.1)

0
L coker f —— coker g —— cokerh

2



Let’s start with an element ¢ € ker h. Since j is surjective, choose b such that
j(b) = ¢. Observe g(b) € ker j" since j'g(b) = hj(b) = h(c) = 0. By exactness at B,
this implies that g(b) € im¢’. Thus there exists a’ € A’ such that i'(a’) = g(b). In
fact, since i’ is injective, a’ is unique. We define §(c) € coker f as the coset a’ +im f.

We made a choice here: j is surjective, not necessarily an isomorphism, and hence
we could have chosen a different element, say by, such that j(b;) = ¢. This would give
rise to a different element a} € A’ such that i'(a}) = g(b1). Nevertheless, we claim
that the cosets o’ +im f and @} + im f coincide. This means we need to find a € A
such that f(a) = a’ — a}. But this is easy: since j(b) = j(b1) we have b — by € ker j,
and hence by exactness at B there exists a € A such that i(a) = b — b;. Then by
commutativity, i'f(a) = gi(a) = g(b —b1) = g(b) — g(b1). Since i’ is injective, it
follows that f(a) = a’ — a) as required.

Thus 6(c) = (')~ gj~'(c) +im f is well defined. It is clear that & is a homomor-
phism, i.e. that d(c¢+ ¢1) = d(c) + (c1), since i, g and j are all homomorphisms.

3. Finally, let us check exactness at the two new places: ker h and coker f. It is
clear that im! C kerd. Indeed, if ¢ = [(b) for some b then we can choose this b in
the definition of §. Then g(b) = 0 and hence the unique preimage under i’ is o’ = 0.
Then 6(c) =0+ im f = 0 € coker f.

Now suppose that (¢) = 0. This means that the element a’ we found belongs
to the image of f, say a’ = f(a). The gi(a) = #'(a’) = g(b). Thus b — i(a) € kerg.
Moreover j(b—i(a)) = j(b) — ji(a) = ¢ by exactness. This means that I(b—i(a)) = ¢
and thus ¢ € im{. This proves exactness at ker h.

Now we check exactness at coker f. Again, one direction is immediate: pd(c)
is just the coset i'(a’) + im g in coker g. But since i'(a’) = g(b), this coset is zero,
and hence imd C kerp. Conversely, suppose p(a’ + im f) = 0. This means that
i'(a') € img, so there exists b € B such that g(b) = i'(a’). Set ¢ = j(b). Then
h(c) = hj(b) = j'g(b) = j'i'(a’) = 0 by exactness at B’. Then by construction,
d(c) =a’ +1im f. Thus kerp C imd. This finally completes the proof. [

REMARK 11.2. This proof may look complicated, but in fact there was nothing to
it: at every stage we just “did the only thing possible”. This type of proof is rather
relaxing, and it is usually referred to as diagram chasing. The best way to get used
to the “yoga” of diagram chasing is to try some examples yourself. Thus you will no
doubt be thrilled to discover that the next two results are left as exercises for you to
solve on Problem Sheet F.

This first one is slightly less imaginatively named than the Snake Lemma.

PROPOSITION 11.3 (The Five Lemma). Suppose we have a commutative diagram of
abelian groups, where the two rows are exact:

A B y C >y D E
| | |» I |
Al s B’ C’ s D! S i

Then:



1. If g and k are injective and f is surjective, h is injective.
2. If g and k are surjective and l is injective, h is surjective.
3. If f,g,k,l are all isomorphisms then so is h.

This is Problem F.1. The next one has no imagination whatsoever in its name ...

PROPOSITION 11.4 (The Barratt-Whitehead Lemma). Suppose we have the following
commutative diagram of abelian groups, where the two rows are exact:

k
s Ay —2 s B, s O, — s A, 4 —
fnl gnl lhn lfn—l
/ / / /
> A P B j,>Cn k,>An1*>.
n n

Assume each map hy: C, — C] is an isomorphism. Then there is a long exact
sequence:

(in,fn)

gn_i;q, knhﬁljé
A, B, @ A, B, A=

where (in, fn): An — Bn® Al is given by a — (in(a), fn(a)) and g, —i,,: B, ® Al —
B, is given by (b,a’) — gn(b) — i, (a).

This is Problem F.2. Let us now use the Snake Lemma to prove the following
foundational result in homological algebra.

THEOREM 11.5 (The long exact sequence in homology). Let

00 Ll S or o (11.2)

be a short exact sequence of chain complexes. Then there is a sequence 0,,: Hy,(Cl) —
H,,_1(C,) of homomorphisms such that there is a long exact sequence:

Hp(g)

oo Hy(Co) 2D o Ho(C) S Hy 1(C) = ..

We call 6 = (6,) the connecting homomorphism of the short exact sequence
(11.2). Explicitly,
dn{c) = <fq;—110/g7:16>7 Ve e Zn(Ci/), (11.3)

where @' is the boundary operator of CY,.

Proof. Write Z,, = ker (8: C, — Cn,l), B, = im (8: Chy1 — C’n) and H, =
Zy,/ By, and similarly for the other complexes. Then the following diagram satisfies
the requirements of the Snake Lemma, where the written maps are the induced ones:

Co/Bn —"s /B! " o7 /B" g

9| | [
O —_— anl T Z7/’L—1 W Z’;L/—l

4



Adding in the kernels and cokernels of the vertical maps, we obtain (where now all
the maps are omitted for clarity):

0 0 0

H, H HY

C,/B, — Cl /B, —— C!'/B

0 — > Zpy —— 2 | —— 72",

/ 11
Hn—l Hn—l H -1

0 0 0

The Snake Lemma thus provides us with a map d,,: H,, — H,_1, which is the map
we are looking for. [ ]

We now prove that the long exact sequence is natural. It won’t be until the end
of the course that I explain the precise definition of the word “natural”’. For now,
just think of “natural” meaning that whenever you draw a diagram that “ought” to
commute, then it does.

PROPOSITION 11.6 (Naturality of the connecting homomorphism). Suppose we are
given a commutative diagram of chain complexes with exact rows:

0 A — 5 B, 2 0, 0
I PR
0 A, —— B, —— (!, 0
f g

Then there is a commutative diagram of abelian groups with exact rows:

s Ho(A Y g YN g0 < Hy (A ——

.| [£20 [E2C |-

. —— H,(A)) m H,(By) m H,(Cy) T> Hp 1(Ay) — ...

Proof. We’ve already proved most things. That the rows are exact is the content of
Theorem 11.5. The first two squares commute because H,, is a functor. Thus we need
only check that the right-hand square commutes. So for this, suppose ¢ € Z,(C) is

a cycle representing a homology class (¢) € Hy,(C,). Since g is surjective (as a chain



map), the map g,: B, — C, is surjective (cf. Problem [E.5). Thus there exists
b € B, with g,b = c. Then

Hy1(3)80(c) = Hp_1(i)0,(gnb).

Let 0 denote the boundary operator of B, and 9" the boundary operator of B, (these
are the only two boundary operators we will need in the following). Now we note
that from (11.3),

Hy,—1(1)6n{gnb) = anl(i)<fn_—llab> = <in71fn_—118b>-
Now using jp—1 © fn—1 = f}_1 ©in—1 we have
{in-1f2106) = ((fi1) ™ jn-100).

Since j is a chain map, ((f! 1) 1jn—10b) = ((f,_,)"1d'jnb). Now using (11.3) for
d/,, we see that:

((fn-1)7"'0dnb) = 67, {gnnb)-
Now use ¢/, 0 jn, = kp © gn, to obtain
Then as (kn,gnb) = Hy(k){gnb) = H,(k){c) we finally have

Hy,—1(i)0n{c) = 6, Hn(k){c),

which proves the last square commutes. ]



LECTURE 12

Relative homology and reduced
homology

In this lecture we extend H,, to a functor Top? — Ab. To begin with, we need the
following piece of pedantry.

LEMMA 12.1. Let X’ be a subspace of X with inclusion 1: X’ < X. Then for every
n > 0, the map 14 : Cy,(X') — C,,(X) is an injection.

Proof. Let ¢ = > m;o; € Cp(X’). We may assume all the o; are distinct. By
definition, 24c = ) S m;100;. Since 100; differs only from o; only by having its target
enlarged, it follows that the 2 o o; are all distinct. Now if ¢ € ker sy then we have

0= E m; 10 0;.

Since Cp(X) is free abelian with basis all the singular n-simplices in X, it follows
that all the m; are zero, and hence ¢ = 0. ]

This means that we can unambiguously think of Cs(X") as a subcomplex of Cq(X)
(i.e. by identifying Co(X’) with (im24)e.) We shall do this without further comment.
Thus we have a short exact sequence of complexes:

0= Co(X') = Co(X) — C’.(X)/C.(X’) 0.

DEFINITION 12.2. Let X’ C X be a subspace. We define the relative homol-
ogy groups H,(X,X') of the pair (X,X’) to be the homology of the complex

Cu(X) / Cu(X).

The next result is immediate from Theorem 11.5 and Proposition 11.6. Like the
dimension axiom (Proposition 8.1) and the homotopy axiom (Theorem 8.9), we call
this result an “axiom” since it will turn out to be one of the four axioms of a homology
theory.

PROPOSITION 12.3 (The exact sequence axiom). Let X' be a subspace of X. Then
there is a long exact sequence

CHo(X') = Ho(X) = Ho(X, X)) S Hy (X)) — ...

Will J. Merry and Berit Singer, Algebraic Topology 1. Last modified: Sept 01, 2018.
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Moreover if f: (X,X') — (Y,Y’) is a map of pairs then there is a commutative
diagram:

—— Hy(X') —— Hp(X) —— Hp(X, X)) —— Hp (X)) —— ...

l | | |

oo — Hy(Y) —— H(Y) —— H, (YY) —— Hy (YY) —— L.

where the vertical maps are all induced by f.

DEFINITION 12.4. This construction also allows us to see homology as a functor
H,: Top? — Ab. Firstly we define the chain complex functor Top? — Comp that

sends (X, X') to C.(X)/C’.(X’) and sends amap f: (X, X") — (Y,Y’) to the induced

map
Fa: Co(X) / Co(X') = Co(Y) / Cu(Y")

(this works as fu(Cr(X')) € Cn(Y’).) Then we apply the usual homology functor
H,: Comp — Ab.

REMARK 12.5. Taking X’ = () recovers our original groups:
H,(X,0)=H,(X), Vn > 0.
Let us now give a slightly more useful way of defining H,, (X, X’).
DEFINITION 12.6. Define the group of relative n-cycles mod X' to be
Zn(X,X") :={ce Cp(X) | Oc € Cri(X')},
and the group of relative n-boundaries mod X’ to be

Bu(X,X") :={c€ Cp(X) | c— ¢ € By(X) for some ¢ € Cr(X')}
— B (X) + Co(X).

Then B, (X, X') C Z,(X, X').
We have:

ProproSITION 12.7. For all n > 0,

Ho(X, X') 2 Zn(X, X) / Bu(X, X).

Proof. By definition, the boundary operator 0 of the quotient complex Cy (X)) / Co(X")
is given by

0: c+ Cp(X') = dc+ Cp_1 (X)), c e Ch(X), n > 0.

Thus
kerd = {c+ Co(X') | B € Cpy (X))} = Zn(X, X’)/C’n(X’)

2



and
imd = {c+ Cu(X) | ¢ € Bo(X)} = Bu(X, X’)/Cn(X’

The claim thus follows from the third isomorphism for groups'. [ |

The following result shows that the relative homology groups often vanish in
dimension zero, unlike the “absolute” ones which never do.

PROPOSITION 12.8. Suppose X is path connected and X' is a non-empty subspace.
Then Hyo(X,X') =0.

Proof. Fix p € X'. Suppose ¢ = Y. m,x € Zy(X, X'). Choose a path” o,: Al - X
such that o,(eg) = p and o,(e1) = . Then a = > my o, € C1(X) and

da=c— (me>p

Since ¢ := (3. my)p € Co(X'), we thus have ¢ — ¢ € By(X), so that ¢ € By(X, X').
Thus Ho(X, X') = 0. ]

Next, we have the following result.

PROPOSITION 12.9. Let {X) | A € A} denote the path components of X, and let
X' C X denote a subspace. For each n > 0, one has

Hy(X,X') = P Ha(Xr, Xan X').
AEA

Proof. Immediate from Problem D.4 and Problem E.G. [ ]

Let us record a special case of this statement, since it will be useful in Lecture 22
when we discuss the axioms.

COROLLARY 12.10 (The additivity axiom). Let (X, X}), A € A be a family of pairs
of spaces. Denote by

At (X, X}) < (|_| X || x >
AEA AEA
the inclusion. Then for all n > 0, the map
ZH ™) @H (X, X)) — H, <|_| X, |_| )
AEA AEA AEA AEA

is an isomorphism.

"Which states that if N < K < G are normal subgroups then (G/N)/(K/N) = G/K, i.e. you can
“cancel” the N.
2We won’t bother distinguishing paths and 1-simplices in this lecture.



COROLLARY 12.11. Let {X) | A € A} denote the path components of X, and let
X' C X denote a subspace. The group Hy(X, X') is free abelian, with

rank Ho(X, X") =#{ e A | X, NnX' =0}.

Proof. If X, N X' # () then Hy(Xy, X, N X’) = 0 by Proposition 12.8, since X} is
path connected for each A\ by definition. If X N X’ = @ then Ho(X,, X\ N X') =
Hy (X)) = Z by Proposition 8.3. ]

Now let us specialise to the case where X' is a single point {p} for some p € X.

COROLLARY 12.12. If (X, p) is a pointed space then Hyo(X,p) is a free abelian group
of (possibly infinite) rank r, where X has r + 1 path components.

Meanwhile for n > 1, taking a single point doesn’t change the homology:

PROPOSITION 12.13. Let (X, p) be a pointed space. Then for all n > 1,
Hn(X,p) = Hn(X).
Proof. By Proposition 12.3 there is an exact sequence

o Ho(p) = Ho(X) — Ho(X,p) S Hyi(p) — ...

If n > 2 then H,(p) = 0 and H,_i(p) = 0 by the dimension axiom, and thus we
immediately see H,(X,p) = Hp,(X). The case n = 1 is slightly more tricky; it can
be deduced directly from the long exact sequence by studying what the actual maps
do at the tail end:

0— Hi(X)— Hi(X,p) = Ho(p) - Ho(X) — Ho(X,p) — 0.

Namely, by the fourth item of Example 10.5, the map H;(X) — H; (X, p) is surjective
if and only if the map Hy(p) — Ho(X) is injective. Since Hy(p) = Z and Ho(X) is
free abelian, either Hy(p) — Ho(X) is the zero map or it is injective. By exactness,
if it was the zero map then Hy(X) — Hy(X,p) would have to be injective. Thus
to complete the proof we need only exhibit an element in the kernel of the map
Ho(X) — Ho(X,p). Such an element is provided by (p) (cf. the proof of Proposition
8.3.) ]

This means that for n > 1 we can regard H, as a functor on Top,. Let us now
introduce another algebraic concept.

DEFINITION 12.14. Suppose 0 — A i) B % C — 0 is a short exact sequence of
abelian groups. We say that the sequence splits if there exists a map h: C' — B
such that gh = id¢. We call h a splitting map.

The splitting map h is not unique. On Problem Sheet I you will prove that an
equivalent definition is asking that f admits a left inverse:



PROPOSITION 12.15. Suppose 0 — A s B % ¢ = 0is a short exact sequence of

abelian groups. Then the sequence splits if and only if there exists a map k: B — A
such that kf = idg4.

Here we show that if a sequence splits the middle term is a direct sum.

PROPOSITION 12.16. Suppose 0 — A i> B4 C—=0isa split short exact sequence
of abelian group. Then B= A® C.

Proof. Let h: C — B be such that gh = id¢c. We show that B = im f @ imh. If
b € B then g(b) € C and b — hg(b) € ker g because g(b) — gh(gb) = 0 as gh = id¢.
Thus by exactness, there exists a € A with f(a) = b — hg(b). Thus B =im f 4+ imh.
It remains to show that im f Nimh = {0}. If f(a) = 2z = h(c) then g(z) = gf(a) =0
and also g(z) = gh(c) = ¢, thus z = h(c) = 0. ]

REMARK 12.17. It is important to realise that the isomorphism B = A @ C depends
on the choice of the splitting map h. More formally®, this means that the splitting
is not natural. Moreover the converse to Proposition 12.16 is not true, as you will
show on Problem Sheet F.

The next idea is more important than it looks at first glance.

DEFINITION 12.18. Let X be a non-empty topological space and let {*} be a topolog-
ical space with one point. Let j: X — {*} be the unique continuous map that sends
every point in X to . For any map i: {*} — X we have joi = idy,;. Thus the induced
map H,(j): Hp(X) — Hy() is always surjective. We define Hy(X) := ker Hy(j) and
call it the zeroth reduced homology group. This gives us a short exact sequence:

0 = Ho(X) — Ho(X) 9% o) = 0.

Since this sequence splits (via Hy(i)), we have

Ho(X) = Ho(X) @ Z,
but this splitting is not natural, since it depends on the choice of map 1.
REMARK 12.19. Under the identification Hy(x) = Z given by

m(x) — m, m € Z,

the map Hy(j): Ho(X) — Ho(x) can be identified with the map ¢ from (8.3). Indeed,
if c=> mgx € Zy(X) represents a homology class (c) € Hy(X), then

Ho()(e) = Y maj(@) = (3 ma) () € Ho(s),

and hence the map Hy(j) sends Y m, x — > m,, which is exactly how ¢ was defined
in (8.3).

3We will define this properly in Lecture 22.



We now extend H, to all n by simply setting H,(X) := H,(X) for n > 1, and
call Hy(X) the reduced homology groups of X. We then have:

COROLLARY 12.20. If X is a non-empty contractible space then H,(X) = 0 for all
n > 0.

On Problem Sheet I you will show that the long exact sequence for pairs works
for reduced homology too:

PROPOSITION 12.21. Let () # X' C X. There is an exact sequence

coo = Hy (X)) = Hy(X) = Ho(X, X') = Hy 1 (X)) — ...
which ends with Ho(X') — Ho(X) — Ho(X,X') = 0.
COROLLARY 12.22. Ifp € X then H,(X) = H,(X,p) for all n > 0.

REMARK 12.23. In Corollary 12.22 we can be slightly more explicit. Let us take
our one point space {*} to be {p} itself. Then there is an “obvious” choice of map
p — X, namely the inclusion. This will be important later.

REMARK 12.24. Remark 12.19 allows us to see the reduced homology groups as the
homology groups of a chain complex. Let X be a non-empty topological space and
define a chain complex (C.(X ), 8) by setting:

Cn(X>7 n >0,
C’n(X) = Z, n = _]..
0, n < =2,

and for n > 1, define §: C,,(X) — Cp_1(X) to be the normal boundary operator,
and for n = 0, set

0: Co(X) »Z=Cq(X), 0 (Z M x) =Y My
xX €T
Then by Remark 12.19, one has
H,(Co(X),0) = Hy(X), Vn>0.
This will be important next lecture in Corollary 13.3.

Our first “real” use of the reduced homology groups will come in Lecture 15
when we finally compute the homology of S™ (it will turn out it is more convenient
to compute H,(S™) using induction.) In Lecture 19, we will prove that if a pair
(X, X') is sufficiently “nice” then

H,(X,X") = H,(X/X"), (12.1)

where X /X' is the quotient space obtained by collapsing X’ to a point (Corollary
12.22 is a special case of (12.1).)
We conclude this lecture by defining the homotopy version of Top?.



DEFINITION 12.25. If f, g: (X, X’) — (Y,Y”) are maps of pairs then we say f ~ g mod
X' if there exists a continuous map F: (X x I, X' xI) — (Y,Y’) with F(z,0) = f(x)
and F(z,1) = g(x) for all z € X.

This notion is not the same as saying f ~ g rel X’, since the definition does not
require f|x = g|x’ and that F(z/,t) is independent of ¢ for all ' € X’. This relation
defines a congruence on Top? and thus yields a new category, hTop?. Moreover H,
induces a functor H,,: hTop? — Ab thanks to the following result.

THEOREM 12.26 (The homotopy axiom for pairs). If f,g: (X, X’) — (Y,Y') are
maps of pairs such that f ~ g mod X' then for all n > 0,

H,(f) = Hp(9): Hy(X,X") — H,(Y,Y").

The proof is analogous to the proof of the homotopy axiom (Theorem 8.9) and I
won’t bore you with it again.



LECTURE 13

Barycentric subdivision

In this lecture we give a systematic way of chopping up a singular simplex into a
bunch of smaller ones. This process, known as barycentric subdivision, is interesting
in its own right (we will use it to give another proof that a convex space has zero
reduced homology), but for us the main application will be in the proof of excision
that we will carry out next lecture.

DEFINITION 13.1. Let D be a bounded convex subset of some Euclidean space. Fix
a point p € D, and suppose o: A" — D is a singular n-simplex. We define the cone
over o with vertex p to be the singular (n+1)-simplex Q(p, o): A"t — D defined
by

, so =1,
30p+(1_80)0 (ﬁilsoaviz;é)a 807&1'

This is well defined because if sg # 1 then Z?:Jrll s; = 1, and it is easy to check

1—sg
that Q(p, o) is continuous and takes values in D by convexity.

Q<p7 O')(So, 81y, Sn+1) = {

We extend this by linearity to a map C, (D) — Cy41(D), which we write as
¢ Q(p,c).
PROPOSITION 13.2. If ¢ =) m;o; € C,(D) then
c—Q(p,0c), ifn >0,
9Q(p, ) = (.00 .
c— (- my)p, ifn=0.

Proof. If n>1 and ¢ = 0 then

Q(pv U) © Engl(sOv s 757L) = Q(p70‘)(07 S0y -5 Sn) = 0(507 s 7371)7

and if 1 <7 <n+1 then
Q(p,o) o E?H(so, ey Sn) = Q(p,0)(S0y -5 8i-1,0, 84, ..., Sp).
If sp = 1 then this reduces to
Qp,0)(1,0,...,0) = p,
meanwhile if sp # 1 then we have

S1 Si—1 S Sn

n+1
; = 1-—
Q(p,O')OEZ (507 ,Sn) SOP"‘( SO)O_<1—SO’ ’1—807 71—80’ 71_50

1 s
=sop+ (1 —sp)ooel, (1—80,...’1_7180)

= Q(pa oo 5?—1)(50’ R Sn)'
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Thus we see that for n > 1,

Qp,o)oeg™ =0 (13.1)
and for 7 > 1,
Qp,o) o™ = Q(p, ool y). (13.2)
Now taking alternating sums, we see that
n+1 '
0Q(p.o) =Y (-1)'Qp,0) o™
i=0
(%) n+1
= o+ (-1)'Q(p,ooely)
i=1
=0~ Z(_l)]Q(pv 0o 5] )
7=0

=0 — Q(pa 80)7

where (x) used (13.1) and (13.2). This proves the result in the case n > 1. For n = 0,
it suffices to observe that if z is a point in X then Q(p,x) is a 1-simplex o with
o(eg) = p and o(e1) = x. Thus do =o(e1) — o(eg) = = — p. ]

This gives us another direct proof of the fact that the reduced homology groups
of D vanish. (Of course, since D is contractible this already follows from Corollary
12.22.)

COROLLARY 13.3. Let D be a bounded convex subset of some Euclidean space. Then
the reduced homology groups vanish: H,(D) = 0 for all n > 0.

Ifroof. The operator ¢ — Q(p,c) is a contracting homotopy for the chain complex
Ce(D) defined in Remark 12.24. Thus by Corollary 10.26 we see that H, (D) = 0 for
all n > 0. [ |

REMARK 13.4. Note that this proof did not use the homotopy axiom. We will use
this fact in Lecture 23 when giving an alternative proof of the homotopy axiom using
the Acyclic Models Theorem (if Corollary 13.3 used the homotopy axiom then our
argument would be circular).

We now introduce the concept of an affine simplex.

DEFINITION 13.5. Let D be convex. A singular n-simplex o: A™ — D is said to be

affine if
o <Z S; ei> = Zsia(ei), V (50, 81,---,8,) € A",
i=0 i=0

If o is affine then Jo is also affine, and thus the space of affine singular n-simplices
defines a subcomplex of Cy(D). We write this as C2fi"¢(D). Note also that if o is
affine then so is Q(p, o) for any p € D.



1

Let us denote by b, := .35(eo + €1 + -+ + ey) the barycentre (cf. (7.1) of the
standard simplex A™. We now define the barycentric subdivision operator. We will
first define it for affine simplices in convex subsets, and then extend it to arbitrary
simplices and spaces.

DEFINITION 13.6. Let D be convex. Define the convex barycentric subdivision
Sd¢Y: CAfme(D) — Cafine(D)

inductively for an affine singular n-simplex o: A™ — D by

ov o n =20,
Sdwle) = {Q(awn),s L (@0)), > 1,

and then extending by linearity. See Figure 13.1 for a picture in the case n = 2.

€

Figure 13.1: The barycentric subdivision of A2,

If X is an arbitrary topological space then this definition doesn’t make sense,
since we cannot apply the cone construction. Nevertheless, there is an easy way to
extend this. In the following, in order to minimise notational confusion, let us denote
by £,: A™ — A" the identity map, thought of as a singular n-simplex in A™.

DEFINITION 13.7. Let X be an arbitrary topological space. Define the barycentric
subdivision Sd,,: C,,(X) — C,(X) by setting

Sdy,(0) := o4 (Sd%"(ﬁn)),
and then extending by linearity.

This makes sense. The simplex /,, is certainly affine, and hence Sdj," (¢,,) is well-
defined and belongs to C2fne(A”) C C),(A"). Since oy is a map Cy,(A") — Cyp(X),
we see that o4 (SdSY(¢,)) does indeed belong to Cy,(X).

3



LeEMMA 13.8. If D is a convex bounded subset of some Euclidean space then Defini-
tion 13.7 agrees with Definition 13.6 for all affine simplices:
Sd, () = Sd;Y (o), Vo: A" — D affine.
The proof of Lemma 13.8 is on Problem Sheet G. Moreover on Problem Sheet GG
you are asked to write out explicit formulae for Sd,, for n = 0,1, 2.

ProposSITION 13.9. The barycentric subdivision is a chain map. Moreover if f: X —
Y is continuous then the following diagram commutes for all n > 0:

Cu(X) 25 ()

Sdnl lSdn (13.3)

REMARK 13.10. The fact that the diagram (13.3) commutes means that Sd,, is a

natural chain map, anticipating terminology will we introduce later on in the course.

Proof. We begin by showing that (13.3) commutes:
f#Sdn(U) = f#U#Sd%V(én) = (f o 0)#Sd%v(£n) = Sdn(f o U) = Sdn(f#a)
Assume now that X is a bounded convex subset of some Euclidean space. Let us
prove by induction on n that Sd,, is a chain map. By Lemma 13.8, it suffices to show
that Sd;" is a chain map. The case n = 0 is obvious. For the inductive step we
compute
0SdSY (o) = 8Q(U(bn), S %"_1(80))

Y Sde 1 (00) — Q(a(bn), 0SS 1(90))

Dsaer 1 (00) - Q(o(br), 545 5(00))
=0
= S8d;Y ,(00),
where (*) used Proposition 13.2 and (f) used the inductive hypothesis'. We now
prove the general case where X is not necessarily convex. If o: A" — X we have
0Sdy (o) = do4Sd;, (4y)

D 5,884 (4,)

W) 5 SAeY | (8,)

W Sy 1 (00)

D Sdn_1(040(0,))

Y Sd,1 (004 (6))

= Sd,,—1(00),

where:

!To make the case n = 1 work, we can take S} to be the zero map.

4



1. (1) used that o is a chain map (both times),

2. (M) used that we already know that convex barycentric subdivision is a chain
map,

3. (&) used the fact that for the affine simplex 94, in the convex set A™ one has
Sdn—1(94y) = Sd5_1(9¢y),

4. (Q) used naturality (13.3),
5. and the last line used the fact that

ou(ly) = 0. (13.4)

This completes the proof. [ |

Now that we know that barycentric subdivision is a chain map, we get an induced
map on homology. What could this map be? The answer is about as boring as it can
be (it shows we have accomplished nothing!), but this will be crucial in the proof of
excision next lecture.

THEOREM 13.11. For each n > 0, the induced map
H,(Sd): H,(X) — Hy,(X)
is the identity.

REMARK 13.12. Just as with Proposition 8.5, the fact that barycentric subdivision
induces the identity on homology is also an immediate consequence of the Acyclic
Models Theorem that we will prove later on in the course. However for complete-
ness we will give an independent proof here.

Proof. It suffices by Proposition 10.24 to construct a chain homotopy between Sd
and the identity. In other words, we need to build map P,,: Cy,(X) — Cj41(X) such
that

0P, + P,—10 = id — Sd,,. (13.5)

We prove the result in two steps.
1. We begin in the convex case with affine simplices. Assume D is a bounded
convex subset of some Euclidean space. We define inductively:”

ov ~_Jo n =20,
Pto) = {Q(cf(bn),a ~ 8% (0) - PY,(00)), n> 1.

Then P% (o) € C¥e(D) by induction. Let us verify inductively that (13.5) holds.
Since Sdg (o) = o for an (affine) O-simplex, both sides of (13.5) are zero for n = 0.

Now suppose n > 0 and that (13.5) holds for n — 1, that is:

AP, + P9 = id — Sd°"_,. (13.6)

2Py is also the zero map; there is no choice about that!



Let 0: A™ — D be an affine singular n-simplex. Then

(o —S8d¥ (o) — P5Y1(90)) D g5 — 08d;,) (o) — (id — Sd;"_; — P5Y5,0)00

n—1
D 584" (o) + SA_, (80)

where this time (1) used (13.6) and (}) used that Sd°” is a chain map and 9% = 0.
Thus from Proposition 13.2 we have that

b, (o) = 0 — S8dy' (o) — P;*1(90),

and hence (13.5) holds.

2. Now we prove the general case. The strategy is the same as the definition of
Sd and the proof of Proposition 13.9. Using that ¢, is an affine n-simplex, given a
singular n-simplex o: A™ — X, we define

Poo = o04(PY () € Crya(X).

Just as with Lemma 13.8, if X was already convex and o was affine, we have P, (0) =
PtV (o). We claim that this map P, is “natural”, that is, if f: X — Y is any
continuous map, then the following commutes:

Co(X) —* 4 C(v)

P"l JP" (13.7)

Cns1(X) T#) Cni1(Y)

Indeed,
F4Pac = Fpop(PE(60)) = (0 ) (P (00)) = Palf 0 0) = Pulf10).
Then using (13.7) and arguing as in the proof of Proposition 13.9, we have
OPn(0) = o4 (0P (€y)) (13.8)

and
Pp_1(00) = o (P 1(94y)) (13.9)

and thus adding (13.8) and (13.9) together and using the fact that we already know
that (13.5) holds for PSY, we see that

OPu(0) + Py 100 = 04 (0P (L) + P 1(90,)) = 0 (€n — SAZ (£,)) = o — Sd,u(0),

where we used (13.4) again in the last equality. [



LECTURE 14

Excision and the homology of spheres

In this lecture we state and prove the excision axiom. This is the last of the four
major axioms needed to define a homology theory. Thus by the end of this lecture
we will have proved (using terminology we will introduce in Lecture 22) that singular
homology is a homology theory. We use this to prove the Mayer-Vietoris sequence
and to compute the homology of spheres.

Given a set U C X of a topological space, we denote by U° the interior of U.

DEFINITION 14.1. Let X be a topological space and let U be a family of subsets of

X such that
x=Juv
Ued
We say a singular n-simplex o: A" — X is $-small if there exists U € 4 such that
o(A") C U. We denote by C¥(X) the subcomplex of Co(X) generated by $l-small

simplices (it is clear this is a subcomplex.) We denote by H¥(X) the homology of
this chain complex.

There is an obvious chain map i: C&(X) — Ce(X) given by inclusion. The main
technical result we prove today is that this chain map induces an isomorphism on
homology.

THEOREM 14.2. The inclusion of chain complexes i: Ci(X) — Co(X) induces an
isomorphism H(X) — H,(X) for all n > 0.

We will need a few preliminary results. The next two pertain to genuine simplices
(not singular simplices!).

PROPOSITION 14.3. Let S = [z9, 21,. .., 2,] denote an n-simplex in some Euclidean
space. Then if x,y € S one has

|z —y| < suplz —yl, (14.1)
7
and hence
diam S = max |z; — z;|. (14.2)
Z7‘7

Moreover if b is the barycentre of S then

n

‘b—ZZ" S
n+1

diam § (14.3)

Will J. Merry and Berit Singer, Algebraic Topology 1. Last modified: Sept 01, 2018.
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Proof. Let z,y € S, and write z =), s; z; with ) . s; = 1. Then

Zsizi_y
i

This proves (14.1), and (14.2) is an immediate consequence of this. Now since b =

1 )
73T 2o i we have

|z —y| =

< ZSJ% -yl < m?X’Zi —y
%

Ib—zj-I:'(Znilzi) — %

)

Znil(zz'—zj)

7
1
Sn+1zi:\21—2j|

max [z; — zj|

()

“n+1 45
=" diam S,
n+1
where (k) used the fact that > n%rl = 1. This proves (14.3). ]
We can regard any genuine simplex [zg, 21,...,2,] as a singular n-simplex by
choosing o: A™ — [z, 21, ..., 2n] to be an affine map sending e; to z; (cf. Problem

D.4). Thus if S; are genuine n-simplices in some convex subset D and m; are non-zero
integers, we can regard ) |, m; S; as belonging to Cy, (D) (actually, to cafine( D)) We
define the mesh of such a sum to the maximum diameter of the .S;.

In particular, if S is an n-simplex then Sdf’(S) is an element of Cy, (D), and we
have:

COROLLARY 14.4. For any n-simplex S,

n

mesh SdfY (5) < diam S.

n+1

This allows us to prove the following result, which tells us that we can make
any singular simplex into a sum of i-small simplices by barycentrically subdividing
enough times.

PROPOSITION 14.5. Let X be a topological space and let i1 be a family of subsets of
X whose interiors cover X. Let o: A™ — X be a singular n-simplex. There exists
k € N such that every simplex in the n-chain Sd¥ (o) is {-small.

Proof. Let § > 0 be a Lebesgue number (cf. Lemma 6.7) for the open covering
{o=1(U°) | U € 4} of A™. Choose k € N large enough so that

() <%

The claim now follows from Corollary 14.4 and induction. [ |



With these preliminaries out of the way, we can now prove Theorem 14.2.

Proof of Theorem 14.2. Let n > 0. We first prove H,(i): H}(X) — H,(X) is in-
jective. Suppose ¢ € Z2(X) belongs to the kernel of H,(i). This means there
exists a € Cpy1(X) such that da = igc = c¢. By applying Proposition 14.5 to
each of the finitely many simplices in a, we see there exists & € N such that
Sd¥, (a) € C¥ 1(X). Recall Theorem 13.11 gives us a chain homotopy P from
Sd to the identity: 0P + PO = Sd — id. By induction, for any positive integer k we
have
oPSdFt + pSdF 1o = sd¥ — sd* L.

Thus if we set

P® = Po (id+8d+ - +8d* 1)

then we have
oP®) 4 pkg = §qk — id.

Thus
Sdt, | (a) —a = 9P™) (a) + P (9a) = 9P, (a) + PF)(c),

and hence as 92 = 0 we have

¢ =da =d(Sdk,(a) — PM(c)).
Since ¢ € C¥(X) we have PT(Lk)(c) € CY¥,,(X) as well; this can be seen from the
naturality equation (13.7). Thus as Sd%_;(a) also belongs to C¥,,(X), we see that
c € B}(X). Hence H,(i) is injective.

Now we prove H, (i) is surjective. Suppose d € Z,(X). Then using Proposition
14.5 for k large enough we have Sd¥ (d) € C&(X). With P*) as before we have

Sd¥(d) — d = oP® (d) + P, (9d) = 0P (a).

Since Sd* is a chain map, Sdfl(d) is also a cycle. The previous equation thus shows
that d is homologous to a cycle in C*(X). This shows that H, (i) is surjective, and
hence completes the proof. ]

Now let (X, X’) be a pair of spaces. Write
UNX":={UNX"|U € U},
and define the chain complex

CH(X, X') 1= CH(X) /C3nY' (x),

We denote its homology groups by HY'X'(X, X’). This gives us a commutative
diagram of chain complexes with exact rows:

0 —— CUX'(X) —— C¥(X) — CHX, X') —— 0

| | |

00— Co(X') ——— Co(X) —— Co(X, X') —— 0



Each row has its own long exact sequence, giving the following commutating diagram:

L —— HIY(X') —— HYX) —— HYY'(X,X') —— HOX (X)) —— ..

| | lf !

—— Hy(X') ——— Hp(X) —— Hp (X, X)) ———— Hp (X)) —— ...

All the vertical maps apart from the one marked j are isomorphisms, thanks to
Theorem 14.2. But now by the Five Lemma (Proposition 11.3), we see that j is also
an isomorphism. This proves:

PROPOSITION 14.6. The inclusion of chain complexes Ci(X, X') — Co(X, X') in-
duces an isomorphism in homology:

HYOX(X, X') >~ Hy (X, X'), V¥Yn>0.
We now state two forms of excision.

THEOREM 14.7 (The excision axiom). Assume that X” C X' C X are subspaces
with X C (X')°. Then the inclusion (X \ X", X'\ X") — (X,X’) induces an

isomorphism in homology:
H,( X\ X" X"\ X"~ H,(X, X", Vn > 0.

THEOREM 14.8 (The excision axiom, second form). Assume that X, Xo are sub-
spaces of X such that X = X7 U X5. Then the inclusion (X1, X7 N X3) — (X, X2)
induces an isomorphism in homology:

Hn(Xl,XlﬂXg) an(X,XQ), Vn > 0.

On Problem Sheet GG you will show that the two results Theorem 14.7 and The-
orem 14.8 are equivalent. Here we will prove the second one.

Proof of Theorem 141.8. We take as our covering 4l = {X1, Xo}. The hypotheses of
Theorem 14.2 are satisfied. By definition we have

CHX) = Co(X1) + Co(Xo),

and hence if we look at long exact sequence in homology associated to the short exact
sequence of chain complexes:

0 (o.(xl) + c.(Xg)) g cux) = C.(X)/(C.(Xl) + c.(X2)) 0,

every third map

Ho(f): Hy(Co(X1) + Co(X2)) — Hy(Co(X))



is an isomorphism' by Theorem 14.2. Now we consider the short exact sequence of
chain complexes:

Co(X1) + Ce(X2) g Co(X) Ce(X)

ColXa)  CuXa) | CulX0) +Ca(Xy)

The corresponding long exact sequence has every third term zero, so that H,(g) is an
isomorphism for every n. Next observe there is an isomorphism of chain complexes:
Co(Xl) C.(X1)+C.(X2)

LN O Cu(X2)

This is just the fact that
C.(Xl N XQ) = C.(Xl) N C.(XQ),

together with the second isomorphism theorem for chain complexes, which is
Problem G.6. We thus have a commuting triangle of chain complexes:

Ce(X1) Ce(X)
C.(Xl ﬂXQ) Co(XQ)

e e

Co(X1) + Co(X2)
Co(X2)

The induced maps H,,(h) and H,(g) are both isomorphisms, and hence the horizontal
map also induces an isomorphism in homology:

me (e = () e

This is exactly the statement of the theorem. [ |

We now prove the “homology” version of the Seifert-van Kampen Theorem 6.5,
which is a simple consequence of excision.

THEOREM 14.9 (Mayer-Vietoris). Let X; and Xo be subspaces of X such that X =
X7 U X3, Set Xg:= X1 N Xy and let

’LitX(]‘—>Xi, jiZXiL)X
denote inclusions for i = 1,2. Then there is a long exact sequence

(Hn(21),Hn(22)) ) Hy(31)—Hn(32)

Ho(X) 2 Hy1(Xo) — ...

- Hy(Xo) H,(X1)®H,(X>

'If one has a long exact sequence

s A, I B, SO, = A %Bn_lﬁ...

where every third map f,: A, — B, is an isomorphism, then C,, = 0 for all n by exactness.



Proof. The following diagram of pairs of spaces commutes, where all the maps are
inclusions”:
(Xo,0) = (X1,0) —L (X1, Xo)
22l J/h lh
(X2,0) —— (X,0) —— (X, X2)
By Problem F.4 we obtain a commutative diagram with exact rows:

s Ho(Xo) 2 g x) Y g (X X))~ Hy1(Xo) ——

Ha0a)| |t [Z20 |2

. —— H,(X32) m H,(X) m H,(X, X5) — Hyp 1(X2) — ...

Now Theorem 14.8 tells us that the map H,(h) is an isomorphism for all n. This
means that we can apply the Barratt-Whitehead Lemma (Proposition 11.4) to obtain
the desired long exact sequence. [ |

Provided Xy is non-empty, the Mayer-Vietoris Theorem continuous to hold for
reduced homology as well.

COROLLARY 14.10. Let X; and X2 be subspaces of X such that X = X7 U X3. Set
X0 := X1 N X9 and assume X # (). Then there is a long exact sequence

. Hy(Xo) = Huy(X1) @ Hy(Xo) = Hy(X) = Hy 1(Xo) — ...
where the maps are the same as in Theorem 14.9. The sequence ends with
... Ho(X1) ® Hy(X3) — Ho(X) = 0.
Proof. Fix p € X and proceed as before, starting with the commutative diagram

(Xo0,p) — (X1,p) — (X1, X0)

l | |

(X2ap) — (Xap) B (XaXQ)
This gives the desired long exact sequence, albeit with H, (X, p) in place of ﬁn(X ),
etc. However Corollary 12.22 then completes the proof. [ |

We can now finally compute the homology of the sphere. We will state the result
for reduced homology, because this is a neater statement and the proof is shorter.

THEOREM 14.11. For all n > 0, one has

= em Z, k=n,
Hk(S):{O .

2We identify eg. 11: Xo < X; with the map of pairs (Xo, ) — (X1,0).



Proof. We induct on n. For n = 0 this follows from the definition of reduced homol-
ogy, the dimension axiom (Proposition 8.1), and Proposition &.3), since S° = {—1,1}
is a space consisting of two points. For the inductive step, we apply Corollary 14.10.
Suppose n > 1, and let p and ¢ denote the “north pole” and “south pole” of S™ re-
spectively. Set X; = S™\ {p} and Xy := S™\ {¢}. Then X; and X, are contractible
and X; N X3 is homotopy equivalent to the “equator” S™~!. Using Corollary 12.20,
the Mayer-Vietoris sequence gives us for all 4 > 0 an exact sequence

0 — Hyp(S™) — Hp_1(S"1) = 0.
The result follows by induction. [ |

Just as with the Seifert-van Kampen Theorem 6.5, the Mayer-Vietoris exact se-
quence allows us to compute the homology of a number of standard spaces. We will
return to this in Lecture 18, when we discuss the idea of attaching cells.

REMARK 14.12. In particular, H,(S™) = Z # 0. Thus we have finally proved Lemma
1.3 from Lecture 1, and thus we have also finally proved the Brouwer Fixed Point
Theorem 1.1.



LECTURE 15

The degree

In this lecture we define the degree of a continuous map from a sphere to itself. Recall
in Lecture 5 we defined the degree of a Ioop u: (I,0I) — (S*,1). From Problem B.5,
we have 71(S%,1) 22 [(S%, 1), (S, 1)], and hence our earlier definition can be thought
of as a map [(S1,1),(S%,1)] — Z. In this lecture we will work with homology, and
thus it is convenient to ditch the basepoints. This means we need a stronger version
of Problem B.5.

PROPOSITION 15.1. Let X be path connected and let ¢: 71 (X,p) — [S', X] be the
function that sends a path class [u] to the free homotopy class of the map @: S* — X
given by

(2™ 1= u(s), sel.

This function is surjective. Moreover if (([u]) = (([v]) then there exists [w] € w1 (X, p)
such that [u] = [w] * [v] * [w]~!. In particular, if m(X,p) is abelian then ( is an
isomorphism, and hence 7 (X, p) = [S!, X].

The proof of Proposition 15.1 is on Problem Sheet H as a test to see whether
you’ve already forgotten all the homotopy theory we did...

Taking X = S', and using that 71(S') = Z is abelian, this shows that our earlier
definition of the degree (Definition 5.5) can be thought of as a map [S!, S!] — Z.
We now use take advantage of the fact that H,(S™) = Z to extend this to higher-
dimensional spheres using homology.

We will use the following simple observation: any group homomorphism ¢ : Z —
Z is necessarily multiplication by an integer, that is, ¢(n) = mn for some m € Z.
Indeed, if m = (1) then

= 1 LI 1 = 1 e 1 — . 1 —_— .
pn) =+ +1)=9p1)+---+o(l) =n-@(1) =nm
n times n times
DEFINITION 15.2. Let n > 1 and let f: S™ — S™ be continuous. Then H,(f): H,(S™) —

H,(S™) is a group homomorphism, and hence is multiplication by an integer. This
integer is called the degree of f and denoted by deg(f). Thus

Hy(f){e) = deg(f){c),  V{(c) € Hn(S").

The homotopy axiom (Theorem &8.9) implies that deg: [S™,S"] — Z is a well
defined function, since if f ~ g are homotopic maps from S™ to itself then H,(f) =
H,(g) and thus in particular deg(f) = deg(g).

Will J. Merry and Berit Singer, Algebraic Topology 1. Last modified: Sept 01, 2018.


https://www.merry.io

Let us check that for S!, this definition agrees with the old one. For clarity,
since there are now (supposedly) three different definitions of “degree” in play, let us
temporarily give them all different names. Firstly we have

deg'P: 1, (S%, 1) = Z,
the one from Theorem 5.6. Secondly, we have
degd: [St, 81 — 7,
the one obtained from deg!°°? using Proposition 15.1, and finally the function
deg™®v: [S1, S — Z,

given from Definition 15.2. Of course deg'®P and deg® are the same map, but in
the proof of the next proposition it is convenient to keep the notation distinct.

PROPOSITION 15.3. Let f: S' — S' be continuous. Then the homomorphism 71 (f)
is given by mulitplication by deg®(f).

Proof. Let uy(s) := e*™*s for k € N. Then from the proof of Theorem 5.6, deg'®°P[u;,] =
k, and thus [u;] is a generator of 71(S*, 1). Consider now first the special case where
f = gm for gn(z) := 2. Since g, o u; = u,, we see that m(gm)[u1] = [um]. Thus
71(gm) is given by multiplication by m under the identification 71 (S!,1) & Z given
by deg!®°P.

For the general case, suppose f: S' — S! has deg(’ld( f) = m. Then f ~ g,
since deg® is an isomorphism by Theorem 5.6 and Proposition 15.1. Since m(S?)
is abelian, Corollary 4.14 shows that 71 (f) = 71(gm). This completes the proof. m

We now prove that actually deg®d = deg™".
PROPOSITION 15.4. If f: S* — S' is continuous then deg®?(f) = deg™™(f)

Proof. By Problem .2, there is a commutative diagram

m(sh 1) 2 st

| |
Hl(Sl) Tm) Hl(Sl)

where h: m1(St, 1) — Hy(S') is the Hurewicz map. Since m1(S!, 1) = Z is abelian, the
map h is an isomorphism, and deg'®°P furnishes an explicit isomorphism (S, 1) =
Hy(S1) 22 Z. Now the result follows from Proposition 15.3. [ ]

With this out the way, we will go back to just calling all three of the maps deg.

ProposITION 15.5. Let n > 1 and let f,g: S™ — S™ denote continuous maps. Then:

1. deg(go f) = deg(g)deg(f),
2. deg(idgn) =1,



3. if f is a constant map then deg(f) =0,
4. if f ~ g then deg(f) = deg(g),
5. if f is a homotopy equivalence then deg(f) = +1.

Proof. All properties follow from the fact that H,, is a functor. Property (3) follows
from the fact that a constant map f can be factored as a composition S — {*x} — S
where {x} is a one-point space. |

We now prove a far less obvious result.

PROPOSITION 15.6. Let n > 1 and let A € O(n + 1) denote an orthogonal linear
transformation. Set f := A|gn. Then deg(f) = det(A).

Proof. The group O(n+1) has two connected components, distinguished by det: O(n+
1) — {+1,—1}. By homotopy invariance it suffices to check the result for one such
A in each component. Since the identity matrix I, induces f = idgn, which has
degree 1, it suffices to check the result for a single map A with det(4) = —1. We
take A to be reflection in a hyperplane H C R"*!. Divide S™ into two hemispheres
that are preserved by A. Then the map f induces a reflection f’ in the corresponding
hyperplane H’ in the equatorial S '. Now applying the Mayer-Vietoris sequence
and using naturality, we obtain the following commutative diagram:

Hn(f)l [Hamat)

Hy(S") —5— Hn-1(S"71)
Here the maps D are the connecting maps from the Mayer-Vietoris sequence. These
maps are isomorphisms, moreover they are the same isomorphism. Thus we see that

deg(f) = deg(f"),

and hence by induction it suffices to prove the result for n = 1. For this we write
S1 as the union of two open intervals A and B which contract onto the two given
hemispheres preserved by our reflection. Then A N B is homotopy equivalent to
SY = {p, q}. Applying Mayer-Vietoris again, we see that Hy(S") is isomorphic to the
kernel of the map j:

0 — H1(SY) — Ho(SY) L Hy(A) @ Ho(B).

We take (p) and (g) as generators of Hy(S?). Both (p) and (¢) generate Hy(A) and
Hy(B) (cf. the last part of Proposition 8.3), and thus the map j here

0= H(SHY»Zez b2z

is given by (u,v) — (u + v,u + v). In particular, the kernel of j is generated by
(p) — (q). Since the reflection f interchanges p and ¢, this shows that deg(f) = —1
as claimed. [ |



COROLLARY 15.7. Let n > 1. The antipodal map a: S™ — S™ given by a(z) = —x
has degree (—1)"*1,

Proof. The antipodal map is the composition of the n + 1 reflections in the coor-
dinates axes of R"*!. These all have degree —1 by Proposition 15.6, and degree is
multiplicative by part (1) of Proposition 15.5. [

This immediately gives a proof of the following famous result.

THEOREM 15.8 (The Hairy Ball Theorem). There exists a nowhere vanishing vector
field on S™ if and only if n is odd.

A vector field can be identified with a continuous map v: S® — R™*! such that
(r,v(z)) = 0, where (-,-) is the Euclidean inner product on R"*!. Rather more
visually, suppose we attach a “hair-vector” v(z) at every point x € S™. If we could
successfully “comb” the sphere so that every hair was tangential to S™, we’d have
successfully created a vector field on S™. Thus the theorem tells us that if we try
this on S?™, either there will be a point = where the sphere is bald (v(z) = 0), or no
matter how hard we try to comb, there will always be a tuft.

Proof. If n = 2m — 1 then define v: R?™ — R?>™ by

U(ﬂfh?/l, .. $’rTL7yTrL) - (_y17$17 .. -a_ym,l’m)-

The restriction of v to S™ is then a nowhere vanishing vector field. Conversely,
suppose v is a nowhere vanishing vector field. Let w: S™ — S™ be defined by

Now define
W:S"xI— 8", W(z,t) := (cosmt)z + (sinmt)w(zx),

(this does indeed take values in S™ since (z,v(x)) = 0 for all x.) Then W (x,0) =z
and W(x,1) = a(z), where a is the antipodal map. Thus the degree of the antipodal
map is the same as the degree of the identity by part (4) of Proposition 15.5, and
thus by Corollary 15.7, we see that n must be odd. [ |

Taking the earth to be S$? and our vector field to be the wind, the theorem can
also be interpreted as saying: There is always somewhere on planet where there is
no wind.

LEMMA 15.9. Let n > 1. Suppose f,g: S™ — S™ are continuous maps such that
f(x) # g(x) for all x € S™. Then f ~ a o g. In particular, if f has no fixed points
then f is homotopic to the antipodal map.

Proof. If f(z) # g(x) for all  then
_ (A =f(x) —tg()
0= =0 7w~ tgte)

is a well-defined homotopy from f to a o g (since the denominator can never be
zero.) |




We can use this lemma to obtain surprising information on what groups G can
act freely on S?". First note that S?"~! can be realised as the unit circle in C",
and thus carries a free action of S'; namely z — e?z. Inside S! we then also have
free actions of the mth roots of unity on S?*~!, and thus Z,, acts on S?"~! for each
m € N. The same however is not true for S?".

COROLLARY 15.10. If G acts freely on S?™ then G is either the trivial group or
G =1Zs.

Proof. If G acts freely on S?" then each non-trivial element ¢ € G has no fixed
points. Thus each g has degree —1 by Lemma 15.9 and Corollary 15.7. Thus the
map deg: G — Zy = {+1,—1} is an injective group homomorphism. [ |

We conclude this lecture with a much deeper result.

DEFINITION 15.11. A continuous map f: S™ — S™ is called an odd map if f(—z) =
—f(z) for all x € S™. Equivalently, f oa = ao f, where a is the antipodal map.

THEOREM 15.12. An odd map has odd degree.

As you will see on Problem Sheet H, Theorem 15.12 implies two classical theo-
rems, the Borsuk-Ulam Theorem and the Lusternik-Schnirelmann Theorem.
There are several ways to prove Theorem 15.12. We will give a proof that (mostly)
uses only material that we have covered so far. Alternative approaches use the Smith
Exact Sequence and homology with Zs-coefficients, or the ring structure of the co-
homology H®*(RP™). These are topics we will cover in Algebraic Topology II next
semester.

Let us start with some notation. Let B! denote the upper and lower hemispheres
of S™, so that B! N B" is the equatorial S7—1. This process can be iterated, so we
can see S* sitting inside S™ for all 0 < ¢ < n. We will need the following result in
our proof of Theorem 15.12, which we can’t properly prove just yet.

PROPOSITION 15.13. Let f: S™ — S™ be an odd map. Then there exists an odd map
f': 8™ — S™ such that f'(S%) C S for each i =0, ...,n and a homotopy F: f ~ f’
with the property that f; := F(-,t) is an odd map for each t € I.

Sketch proof. Let p: S™ — RP™ denote the projection map (see Example 18.8 in
Lecture 18). Since f is odd, there is an induced map h: RP™ — RP"™ such that
hop=po f. Using the cellular structure of RP" and the Cellular Approxima-
tion Theorem (for the former, see Example 18.8 again, for the latter see Algebraic
Topology II), there exists a homotopy H: h ~ h’ such that h'(RP?) C RP? for each
i = 0,1,...,n. Now using the homotopy lifiting property (also in Algebraic
Topology II), we can lift H to a homotopy F': S™ x I — S™. This means that

H(p(x),t)) = p(F(x,t)), V(x,t) € S" x I (15.1)

(compare this to Proposition 5.2), and such that F(-,0) is our original map f. The
map f; := F(-,t) is odd for each ¢t by (15.1), and f’ := f; has the property that
(S C S for each i =0,1,...,n. [ ]



Proposition 15.13 implies that we can prove Theorem 15.12 via the following
result. In the statement, it is convenient to formally define the degree of a map
f: 8% = S% to be the the integer such that the induced map in reduced homology
Ho(S%) — Hy(S°) is multiplication by this number.

PROPOSITION 15.14. Let n > 1 and let f: S™ — S™ denote an odd map such that
f(S") C S for eachi = 0,1,...,n. Then deg(f) has the same parity as deg(f|gn-1).

Indeed, Theorem 15.12 immediately follows from this, since the only odd maps
S0 — SO are the identity and the antipodal map itself, and these both have odd
degree. Indeed, if S® = {p,q} then (p — ¢) is a generator of Hy(S?). The identity
map induces (p — ¢) — (p — q), and the antipodal map induces (p — q) — —(p — q).
Hence the degree is +1 or —1, and thus in particular is odd. (This also shows that
Corollary 15.7 also formally holds in the case n = 0.)

Proof of Proposition 15.14. Consider the following commuting hexagon (!):

H,(S™)
% \)
H,(S"™, BY) h Hy(S", B2)
ky H,(S", 8" 1) ke

H,(B%,S" 1)

ﬁn—l(sn_l)

=
Sy
&
nn

7
(=%

We use reduced homology at the top and bottom only so the proof still works for
n = 1. Here the maps 6+ and § come from the long exact sequence for reduced
homology (Proposition 12.21), and all the other maps are induced by inclusions.
Moreover':

1. All the groups apart from the middle one are isomorphic to Z.
2. The maps k4, I+ and 4+ are all isomorphisms.

3. Exactness holds at H,(S™, 8" 1) for all three diagonals: imi_ = kerj_ and
imiy = ker j4 and im h = ker .

The notation in this proof is rather involved, so to simplify things, we will denote
homology classes just by letters ¢ etc. (i.e. no angle brackets). The map f induces
maps

Hy(f): ﬁn(sn) — ﬁn(sn)’ Hy1(flgn-1): ﬁnfl(sn_l) — ﬁnfl(sn_l)a

!Consider it an exercise to verify all these claims!



and also (by assumption) a map H,(S™,S"1) — H,(S™ S"1). We will denote
them all by ¢. Similarly we will denote by « all the maps on homology induced by
the antipodal map. This should not cause confusion.
Fix a generator ¢ € H,_1(S"!). This uniquely defines generators 1 € H,(B%, S

via the equation d1(cy) = c¢. Moreover if by := ki(cy) then by are generators

of H,(S™, BY}), and there exist a1 € ]:In(S”) such that ly(atx) = br. Now set
ug = ix(cy). Some diagram chasing tells us that {u,u_} is a basis of H,, (5", S"1)
(see Problem H.2), and thus in particular

H,(S", 8" Y=z aZ.
Let d := deg(f) and d’' := deg(f|gn-1). Then by definition,
way = dag, pc=dc.

Since {u,u_} is a basis of H,(S™, S"!), there exist integers p, ¢ such that p(u;) =
puy + qu—. To complete the proof, we will show that

d=p—q, d=p+q

Thus d’ — d = 2q which is even. For this note that since §(u+) = ¢ by commutativity,

o(c) = o(0(uy)) = 6(p(uy)) = d(pus + qu_) = (p+ q)c,

where we used naturality (the commuting diagram part of Proposition 12.3) for
pod=0d0y. Thus d = p+ q as claimed.

Now consider . By naturality d_ o &« = « o d4, and Corollary 15.7 we have
a(c) = (—=1)"c. Thus also a(cy) = (—=1)"c_ and a(u_) = (—1)"u4. Next, since f is
odd, ¢ o @ = a0 . Putting this together we see that

p(u-) = (=1)"¢(a(uy)) = (=1)"a(p(us)) = (=1)"a(pus + qu-) = pu_ + qu.

Next, since im h = ker §, the image of h is generated by u4 —u_. Thus h(ay) = r(us—
u_) with r = £1. In fact, we claim r = +1. For this we use that ji(uy) = 4 (a4)
by definition, and hence

Ji(uy) = li(ay) = jr (hag)) = rjp(us —us) = rjp(uy),
since u_ € imi4 = ker jy. Now we observe that by definition of d,

d(uy —u_) = dh(ay)

= ¢(h(ay))

= p(uy —u-)
= (pu+ + qu—) — (pu— + quy)
=({p—q)(uy —u_).
Thus d = p — ¢q. This completes the proof. ]



LECTURE 16

Colimits and filtered colimits

Let us now make good on the promise we made in Lecture 5 and formalise the notion
of a pushout.

DEFINITION 16.1. Let J be a small category'. Let C be another category. A diagram
of shape J in C is simply a functor T': J — C. We call J an index category.

This is easiest to parse with an example.

EXAMPLE 16.2. Let J be a category with exactly three objects, {©, #, {}, and assume
that there is unique morphism # — © and a unique morphism # — <>, and that the
only other morphisms are the identity morphisms (whose existence is forced). We
write this pictorially as

O — 0

|

¢

A functor T: J — C is the same thing as a triple of objects (A, By, Bz) in obj(C)
together with a choice of two morphisms f1: A — By and fo: A — Bo.

o — 0 A By
apply the functor T’

| ST 4

% By

This thus recovers what we called a “diagram” in C in Definition 5.7.

We now generalise the notion of a “solution” to a diagram. To help keep the
various objects distinct, we will usually use the letters «, 5,7 to indicate objects of
our indexing category J.

DEFINITION 16.3. Let J be an index category and let T: J — C be a diagram in
C. A solution’ for T is an object C' of C together with a family of morphisms
¢o: T'(a) = C in C for each object o € obj(J) such that if i: & — [ is any morphism
in J then the following commutes:

Will J. Merry and Berit Singer, Algebraic Topology 1. Last modified: Sept 01, 2018.
!This means that obj(J) is a set. It does not necessarily imply that J is actually “small” (since sets
can be very large!) Nevertheless, in most our examples J is indeed rather small; for instance our running
example (Example 16.2) has J having three objects and two non-identity morphisms.
2This is usually called a “co-cone” but I prefer the name “solution”.
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We write (C, {ca}) to indicate the solution.

ExaMpPLE 16.4. Let us stick with the setup from Example 16.2. In this case a
solution is simply an object D of C together with three morphisms g = cq: A = D,
g1 =co: By = D and g2 = c¢,: Ba — D such that the following commutes:

A

BQT>D

In fact, we don’t need to specify the morphism g, since the commutativity requirement
means that ¢ = g1 o fi = g2 0 f2. So a solution is simply an object D of C together
with two morphisms ¢1: By — D and gs: Bs — D such that the following commutes:

A*)Bl

le lgl

By —— D

This recovers the notion of solution as given in Definition 5
Now let us appropriately generalise the pushout construction.

DEFINITION 16.5. Let J be an index category and let T: J — C be a diagram in C.
A colimit is a solution (L,{l,}) that satisfies the following universal property: if
(C,{cqa}) is any other solution then there exists a unique morphism u: L — C such
that the following diagram commutes for every morphism ¢: a — 3 in J:

B)

(
b
L ~

T

~—
J/Y
&

EXAMPLE 16.6. Going back to Example 16.2, a colimit is simply a pushout in the
sense of Definition 5.7: a solution (L, 1, l2) such that for any other solution (D, g1, g2)
there is a unique map u: L — D such that the following commutes:

A B




By now you should be completely happy with proving that colimits are unique if
they exist. But since I'm exceedingly generous, I will do it for you.

LEMMA 16.7. Let J be an index category and let T': J — C be a diagram in C. If a
colimit exists then it is unique up to isomorphism.

Proof. 1f (L,{l,}) and (L', {I/,}) are two limits then we get unique morphisms u: L —
L' and v : L' — L such that the following both commute for every morphismi: o — 3
in J:

T(p)

T(a) —— L

Then the composition v’ ou: L — L and wow': L — L both make the following
diagrams commute:

But since id;, and idys also make these two diagrams commute respectively, we see
by uniqueness that v’ ou =idy, and w o v = id/. This completes the proof. [

We usually write colimT’ to indicate the colimit. This notation is somewhat
imprecise (as it should really include the maps l,), but we do it anyway.
Here is another example:

ExAMPLE 16.8. Take J to have exactly two objects and no morphisms (apart from
the identity morphisms).

o Vi

Let T: J — Sets or T': J — Groups. This type of colimit is called a coproduct. In
the category Sets, it is simply the disjoint union 7'(#) LU T(P). In the category of
groups it is the free product T'(#)«T'(Q) (cf. Problem C.1.) In general, the coproduct
(in an arbitrary category) C of two objects A and B is denoted by AL B (if it exists).

One can also use colimits to get the category theory analogue of an equivalence
relation.



ExAMPLE 16.9. Let J have two objects and two morphisms:

Y
o Q
N

A colimit for this J is called a coequaliser in C. On Problem Sheet H you get to
investigate what coequalisers are in Sets, Groups and Top.

REMARK 16.10. Suppose J is an index category and T': J — C is a functor. Suppose
S: C — D is another functor. Then (SoT): J— D is a diagram in D. Assume that
both the colimits colim 7" and colim (S oT') exist (as objects of C and D respectively).
Then we claim there is a natural morphism

u: colim (S oT) — S(colimT).

Indeed, if I : T(a) — colim T are the maps from 7" being a colimit, then applying S
we get maps S(ly) : ST(a) = S(colimT'). Moreover if i: « — [ is a morphism in J
then the following commutes:

a) S, g colimT")

ST( (
ST(i)l %(lﬁ)
ST(B)

This shows that (S(colimT'),{S(l,)}) form a solution to the diagram SoT'. Thus by
the universal property of the colimit, we get a unique morphism

u: colim (S oT) — S(colimT")
as claimed
Let us now discuss a refinement of the idea of a colimit.

DEFINITION 16.11. Let J be a small category with obj(J) # (. We say that J is
filtered if the following two properties hold:

1. If o, 8 € obj(J) then there exists v € obj(J) such that Hom(a,v) # 0 and
Hom(8, ) # 0.

2. If i,j: @ — B are any two morphisms then there exists an object v of J and a
morphism k: 8 —  such that koi= ko j.

PR
o “t
\ A "
j Tk
B
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EXAMPLE 16.12. Let (A, =) be a directed set. This means that < is a binary
relation on A which is reflexive and transitive, which has the additional property
that for all o, 8 € A there exists v € A such that « <y and § <. From (A, <) we
can form a filtered category J(A, <) as follows:

e Take obj(J) = A.

e Set Hom(w,8) = 0 if @ £ B, and if @ < 3 let Hom(w, 8) consist of a single
element 7, g.

o If o < 3 =~ then define ig, 0iq g 1= in,y-

DEFINITION 16.13. Let C be a category. A filtered diagram in C is a functor
T:J — C where J is a filtered index category. A filtered colimit in C is a colimit
of a filtered diagram T': J — C. In this case we bung an arrow underneath and write
colim 7" instead of just colim7".

In fact, in this course we will basically only ever need one type of filtered colimit
(we will need the general case in Algebraic Topology II).

EXAMPLE 16.14. A sequential colimit is a filtered colimit on the directed set (N, <).
Let us spell out what this means explicitly, since this is the most important type of
filtered colimit. Let C be a category, and assume we are given a sequence

Jn: Cn — Cpya, n €N,

of morphisms in C. This data is equivalent to a filtered diagram 7': J(N, <) — C:
namely define T'(n) := C,, and for n < m define

T(Zn,m) = fmfl,m © fm72,m71 ©:--0 fn,n+1: Cp — Cp.

The filtered colimit of T"is an object colim 7" (which we will usually write as colim  C,,
instead) together with a family of morphisms I,,: C,, — colim; C; for n € N such that

lns10 fo =1, VYneN.

This satisfies the universal property that if (D, {d,}) is object of C and a family of
morphisms d,,: C,, — D for n € N such that

dn+lofn:dn) VTLGN,

then there exists a unique morphism w: colim C), — D such that the following
diagram commutes:

CnJrl
In
Cn S colim  C,, VneN.



REMARK 16.15. For the rest of this lecture I will work with a general filtered colimit.
If you find the formalism confusing, I strongly urge you to rewrite everything out in
the special case of a sequential colimit.

Let us now prove that filtered colimits exist in all our favourite categories. Ac-
tually this all works for arbitrary colimits (rather than filtered colimits) but the
construction is rather messier. We begin with Sets.

EXAMPLE 16.16. Let T': J — Sets be a filtered diagram. Let us construct the filtered
colimit. First, form the disjoint union

Z = |_| T(a).

acobj(J)

We now define an equivalence relation ~ on Z by declaring that a € T'(«) ~ b € T(3)
if and only if there exists i: @« — v and j: § — v such that T'(i)a = T'(j)b:

a~b & T(i)a=T(j)b.

It is somewhat tedious to check that ~ really is an equivalence relation on Z, and I
will leave this you. Given this though, it is easy to see that X := Z/ ~ satisfies the
universal property, where the maps l,: T'(a) — X are induced from the inclusions
T(a) = Z.

Now let us check they exist in Top.

ExaAMPLE 16.17. Colimits always exist in Top. Suppose T: J — Top is a diagram.
Let F': Top — Sets denote the “forgetful” functor (cf. Example 1.14.) Then F oT is
a diagram in Sets. We just constructed the filtered colimit in Set. Let us call this set
X. In fact, X will also work for the filtered colimit in Top, once we give it a topology.

For this, note that the construction in the previous example provides us with
functions [, : F(T(«)) — X (here F(T'(«)) is just the underlying set of the topo-
logical space T(«).) Let us now endow X with a topology by declaring that the
functions [, are continuous. Explicitly, this means that a set U C X is open if and
only if I;1(U) is open in T'(«) for each a € obj(J). Then the functions I, : T'(a) — X
are now well-defined morphisms in Top (i.e. continuous functions), and it is easy to
see that (X, {lo}) verifies the universal property. Thus X = colim7". Note that this
is an example where the natural map from Remark 16.10 is an isomorphism

F(colimT) = colim(F o T)

(as they are both the set X.)

REMARK 16.18. Without additional hypotheses on the types of topological spaces
we are working with, the colimit can be rather badly behaved. Indeed, sometimes
the topology one gets on colim 7" can be “wrong”. We will discuss this more in later
lectures. Next semester, we will introduce homotopy colimits which are much
better behaved in Top.

Now we check that filtered colimits exist in Ab.



ExXAMPLE 16.19. Let J be a filtered index category and T: J — Ab be a filtered
diagram. This time, we consider the forgetful functor F': Ab — Sets. Our strategy
is the same as before. We will endow the set X = colim(F o T') from Example 16.16
with the structure of an abelian group. Given a € T'(a) and b € T(3), choose an
object v such that there exist morphisms i: & — v and j: 8 — ~. Then define

[a] + [b] == [T'(i)a + T'(5)b].

It is again slightly tedious to check this operation is well-defined”, and I will lazily
leave this to you. Once this is done though, the functions l,: T'(a) — X are well-
defined morphisms in Ab (i.e. group homomorphisms), and it is easy to see that
(X, {la}) verifies the universal property. Thus X = colim 7', and once again we have

F(colimT') = colim(F o T').

REMARK 16.20. Suppose T': J — Ab is a filtered diagram and [a] € colim T where
a € T'(a). Then [a] = 0 € colim T" if and only if there exists a morphism i: o — 3 in
J such that T'(i)a = 0 € T(5). Here “if” is immediate from the definition, but “only
if” requires a little bit of thought (which I invite you to do!)

In particular, if we restrict to sequential colimits, say C' = colim, C,, where each
C, is an abelian group, then an element ¢ € C} represents the zero element in C' if
and only if there exists a finite m > k such that ¢ is mapped onto the zero element
in Cp,.

Filtered colimits always exist in Comp, too.

ExaMPLE 16.21. The same thing works Comp. Let J be a filtered index category
and let T: J — Comp be a filtered diagram. Thus for each o € obj(J) we get a
chain complex (T'(a)s,0%), and for each morphism i: & — /3, we get a chain map
T(i)e: T()e — T(B)e-

For each fixed n € Z, we get a functor T,,: J — Ab given by T),(«) = T'(«),,. Since
we already know filtered colimits exist in Ab, this gives us abelian groups colim 7,
for each n. Denote by I5: T'(cv),, — colim T}, the map associated to this colimit. The
boundary operators 9% induce maps

T(a)n —2— T(a)p_1

z:;l l -

colim T, — colim T},_1

These operators square to zero, and hence we get a chain complex (colim T.,8>.
This is the filtered colimit of T'.

We conclude this lecture by proving the following rather abstract result, which
roughly speaking says that the homology functor commutes with taking filtered col-
imits. This result only works for filtered colimits (rather than arbitrary colimits.)

3That is, if a ~ @’ and b ~ b’ then with the obvious notation we need T'(i)a+T(j)b ~ T(i")a’ +T(j')b'.
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If T: J — Comp is a filtered diagram, for any n € Z the composition H,oT: J —
Ab is a filtered diagram of abelian groups. In order to make the notation a little bit
less horrendous, let us abbreviate Cg := T'(a)e for a € obj(J). Thus H, o T is the
diagram where

a— Hy(CY), a € obj(J)

and
i € Hom(a, ) — H,(T(i)): H,(CY) — H,(CP).

We denote by colim(H,, o T') the associated filtered colimit.

THEOREM 16.22. Let J be a filtered index category and T:J — Comp a filtered
diagram. Then for any n € Z, one has

colim(Hy, oT) = Hy, (colimT) .
Proof. We will prove that the natural map
u: colim(H, oT) — H, (colimT) . (16.1)

from Remark 16.10 is an isomorphism. Suppose z € colim T is a cycle. Choose a
representative a € Cf for some o € obj(J). We don’t necessarily know that a is a
cycle in C, but since z is a cycle, a must become a cycle “eventually”. In other
words, there exists 8 € obj(J) and a morphism i: a — 3 such that °(T(i)a) = 0 in
05—1- Thus T'(i)a defines an element in (T'(i)a) € H,(CY). This element represents
an element x € colim(H, o T), and by construction, u(x) = (z). This shows that
(16.1) is surjective.

Now let us prove that the map (16.1) is injective. Suppose an element x in
colim(H,, o T') goes to zero under the map u. Choose a representative (c) € H,(C{')
of z. Let ¢ € Cf represent (c). Then c also represents an element z of colimT". By
assumption z is a boundary Jy; let us now choose a representative b € Cﬁ 11 of y.
Now since J is filtered, we can choose an object v € obj(J) and morphisms i: o — 7
and j: 8 — . Then T(i)c € C) and T(j)b € C),, and & (T(j)b) = T(i)c. This
means that H,(T(i)){c) = (T(i)c) = 0 € H,(CJ), and thus {(c) represents the zero
element in colim(H, o T'). [



LECTURE 17

The Jordan-Brouwer Separation
Theorem

We begin this lecture with a bit more abstract nonsense. We then use this to prove
the famouse Jordan-Brouwer Separation Theorem.

Our first result shows that under favourable assumptions, the singular chain com-
plex functor also commutes with colimits. Before proving this, let us talk a little bit
about the different separation axioms a topological space can have.

DEFINITION 17.1. Let X be a topological space. We say that:
e X is a 17 space if the points are closed in X.

e X is a weakly Hausdorff space if for every continuous map f: K — X from
a compact Hausdorff space, f(K) is closed in X.

On Problem Sheet | you will show:

LEMMA 17.2. One has
{Hausdorff spaces} C {weakly Hausdorff spaces} C {1} spaces}.

REMARK 17.3. In algebraic topology, the weakly Hausdorff assumption is typically
the most useful one to make. In fact, most of modern algebraic topology implicitly
always works with the subcategory of Top of compactly generated spaces. A
compactly generated space is (by definition) a weakly Hausdorff k-space (we will
define k-spaces in Algebraic Topology II). This category is much more “convenient”
than Top itself: it is large enough that only truly pathological topological spaces
(that no self-respecting algebraic topologist would ever care about) fail to lie in it,
and behaves nicely under various categorical operations. However most of this goes
beyond the scope of the course, and so we will typically just use either the 7} axiom
or the Hausdorff axiom.

Let us consider sequential colimits of embeddings in Top. Thus suppose we are
given a family
in: Xn — Xna1, n €N,

of continuous maps such that each i, is an embedding (this means that i, is a home-
omorphism onto its image.) Replacing X,, with the homeomorphic space i,(X,),
we may assume that X, C X,, ;1 and that i, is the inclusion. Then the sequential
colimit X := colim, X, is simply the union:

X = X,

neN
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topologised so that a set C' C X is closed if and only if C' N X, is closed for each n.
However the topology on X might be “wrong”. Indeed, for each n the colimit gives us
amap l,: X, — X. One would hope that these maps would also be embeddings (i.e.
homeomorphisms onto their images), but in general this is not true. In particular,
X,, does not have to be closed in X.

If however we assume i, is a closed embedding (i.e. i,(X,) is a closed subspace
of X,,11 for each n € N) then the map I,,: X,, — X is itself a closed inclusion', and
hence also an embedding. In particular, X, is closed in X. If each X,, is T} then so
is X by definition of the colimit topology.

We now prove the following key result.

PROPOSITION 17.4. Suppose we are given a family i,: X, — Xp4+1 for n € N of
closed inclusions. Assume in addition that for each n the space X,, is T1. Then

colim Cy(X;,) = Ce(colim X,,).

n n
Proof. The main step in the proof is the following claim.

LEMMA 17.5. Let f: K — X be a continuous map from a compact space K. Then
f(K) is contained in one of the X,,.

Proof. Assume for contradiction the claim is false. Then for each n € N we may
select a point z,, € K such that f(z,) ¢ X,. Let Sy, := {f(zn) | n > m}. Then
Sm+1 C Sy for each m € N and (), Sy, = 0. Moreover S, meets X,, in a finite set
for each n, and thus since each X, is 11, it follows that S,, N X, is a closed set in X,
for each n. Thus by definition of the colimit topology on X, .S, is closed in X for
each m. This means that if we set Y,,, := X'\ S, then Y,, is open in X for each m and
U,, Ym = X. In particular, the Y;,’s form a cover of f(K). But no finite subcover
of them can cover f(K), since any finite subcover is contained in the largest, and by
construction f(K) is not a subset of any of the Y;,,. Thus f(K) is not compact in X,
which contradicts K being compact and f continuous. [ |

Going back to the proof of Proposition 17.4, it suffices now to observe that any
singular simplex o: A" — X is contained in some X, by Lemma 17.5. The result
now follows immediately from the definition of the colimit in Comp. [ |

The following corollary gives a topological version of Theorem 16.22. In the
statement and proof, let us temporarily write H, " for the singular homology functor,
which is the composition H Zing = Hj, o Co where C, is the singular chain complex
functor and Hy: Comp — Ab is the usual homology functor.

COROLLARY 17.6. Suppose we are given a family i,: X, — X,1+1 for n € N of closed
inclusions. Assume in addition that for each n the space X,, is Ty. Then for each
k > 0, the singular homology groups satisfy

Hzing(colim X)) = colim Hzing(Xn).
n n

!Exercise: Why?



Proof. By Proposition 17.4, Ce(colim, X,) = colim_ Ce(X,) (as chain complexes).
By Theorem 16.22 we have Hy(colim, C¢(Xy)) = colim,, Hy(Ce(Xy)). The latter is
by definition the sequential colimit colim  H; "#(Xy,). |

REMARK 17.7. The fundamental group of X is defined by looking at continuous maps
u: 81 — X. Since S! is also a compact Hausdorff space, exactly the same argument
as in the proof of Proposition 17.4 shows that under these hypotheses, one also has

(X, p) = colim 71 (X, p), Vpe X,
n

(note that the right-hand side is a colimit in the category Groups.)

REMARK 17.8. In fact, in this lecture we will use an easier version of Proposition
17.4 and Corollary 17.6. Namely, both statements are still true if we assume instead
that each X,, C X is an open set. In fact, this argument is much easier (and does
not require any separation axioms). Indeed, if each X,, is open and f: K — X is a
continuous map from any compact space, then {X,,} is an open cover of the compact
set f(K), and hence there is a finite subcover. Thus f(K) is contained in a single
X, and so the analogue of Lemma 17.5 holds.

Next lecture when we discuss cell complexes we will need the harder version we
proved above.

We now move towards proving the Jordan-Brouwer Separation Theorem. The
first step is the following two results, both of which concern the reduced homology
groups of a sphere with a set removed.

PROPOSITION 17.9. Let X C S™ be a subset homeomorphic to I"™ := [0,1]™ for
0<m <mn. Then 3
Hi(S"\ X) =0, Vk>0.

Proof. We argue by induction on m. If m = 0 then X is a point and S™ \ X = R",
which has zero reduced homology by Corollary 12.20. Now assume the result is true
for m — 1. Let f: X — I'™ be our given homeomorphism. Split the m-cube I"™ into
its upper and lower halves:

1 1
I+:{(w1,...,xm)x122}, I~ = {(:cl,...,xm)|a:1§2}.

Then I NI~ is homeomorphic to ™!, Let X* := f~1(I*) and let Y := Xt N X~
so that Y = [™~1 The set S*\ Y may be written as the union of two sets (S™ \
XT)U(S™\ X ) which satisfy the requirements of the Mayer-Vietoris sequence. Fix
k > 0. We get an exact sequence

o H 1 (SMNY) — Hy(S™X) — (ﬁk(sn \ XH) @ H(S™\ X—) 5 H,(SM\Y) = ...

By the inductive hypotheses the end terms are both zero. Thus we have an isomor-
phism

(Hi (), Hi (7)) (
s

Hi(S™\ X) (S \ X*) @ Hiy(5"\ X))

3



Suppose now we have a non-zero homology class (¢) € Hj(S™\ X). Then at least one
of Hy(:F){c) and Hy,(27)(c) are non-zero, where 1= : S™\ X < S™\ X* are inclusions.
Assume without loss of generality that Hy(:7){c) # 0. Now we repeat the process,
splitting X T into two pieces whose intersection is homeomorphic to I™~!. In this
manner a sequence of closed subsets of S may be constructed:

X=X12X02X32"-

having that the property that the inclusion S™ \ X — S™\ X; induces a homomor-
phism in homology that takes our non-zero homology class to a non-zero element
(cj) € Hp(S™\ Xj). Set Z :=; Xj. Since S™\ X; C 8™\ Z is open for each j, the
hypotheses of Remark 17.8 are satisfied”, and thus

Hi(S™\ Z) = colim Hy(S™\ X;). (17.1)
J

Moreover since the map Hy(S™ \ X;) — Hg(S™ \ Xj4+1) sends {(¢;) to {(cj;+1), by
definition of the filtered colimit we end up with a non-zero element in (cso) € Hy,(S™\
Z) (cf. Remark 16.20.)

Now we play the joker: being an infinite intersection of shrinking m-cubes, Z is
homeomorphic to I™~!! Thus by the inductive hypothesis, Hj(S™ \ Z) = 0. This
contradicts the existence of a non-zero class (c) € Hi(S™ \ X), and thus we see that
H(S8™\ X) = 0 as required. Since k > 0 was arbitrary, we are done. ]

We now use this to prove the following corollary.

COROLLARY 17.10. Let S C S™ be a subset which is homeomorphic to S™ for some
0<m<n—1. Then

- JZ, k=n—m-1,

Hu(5"\ §) = {0, otherwise.

Proof. Once again we induct on m. For m = 0, S is two points, and S™\ S ~ §"~L.
Since S™~! has the desired homology, the case m = 0 follows. Now assume the
result is true for m — 1. Write S = Bt U B~ where B* are homeomorphic to
closed hemispheres in S™ and R := Bt N B~ is homeomorphic to S™~!. Now the
Mayer-Vietoris sequence for reduced homology (Corollary 14.10) applied to S™\ R =
(S™\ BT)U (S™\ B™) has the form

(1 (8" \ BY) & Hiyr (5" \ BT)) = Hysa (S™\ R)
s HL(S™\ S) — (ﬁk(sn \ BY) @ Hy(S™\ B*)) .

The end terms are zero by Proposition 17.9. Thus we obtain an isomorphism
Hi1(S™\ R) — Hi(S™\ S), which allows us to complete the inductive step. ]

2Strictly speaking we are working with reduced homology here, but this makes no difference, as the
reader is invited to check (alternatively, prove the case k = 0 directly!)
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We can now prove the following famous result.

THEOREM 17.11 (The Jordan-Brouwer Separation Theorem). Suppose f: S~ —
S" is an embedding. Then S™\ f(S™~1) has two components, and f(S™~!) is bound-
ary of each component.

Proof. Let S = f(S™~!). Then by Corollary 17.10, Ho(S™\ S) = Z®Z and Hy(S™\
S) =0 for k > 0. Thus by Corollary 12.12, S™\ S has two path components. Since
S is closed, S™\ S is open, and hence in particular locally pathwise connected. Thus
the path components agree with the connected components.

Let X and Y be the two components of S™\S. Since XUS is closed, the boundary
of 0X := X \ X° is contained in S. We claim that also S C 90X, whence S = 0X.
Let p € S and let U be a neighbourhood of p in S™. Since S is an embedded copy
of S~ there is a subset C' of U NS with p € C and S\ C homeomorphic to B"~!.
See Figure 17.1.

Figure 17.1: Proving the Jordan-Brouwer Separation Theorem.

Now by Proposition 17.9 and the dimension axiom, we see that S\ (S\ C) has
one path component. Suppose ¢ € X and y € Y. Then there is a path u from x to y
with image in S™ \ (S'\ C). Since X and Y are distinct path components of S™\ S,
the path u must intersect C, and hence C' contains points belonging to both X and
Y. Thus p € 0X. Since p was an arbitrary point of S, we have S C X and so also
S = 0X. Similarly S = 0Y. The proof is complete. [ |

On Problem Sheet I, you get to prove the following equally famous result, also
due to Brouwer.

THEOREM 17.12 (Invariance of Domain Theorem). Suppose U and U’ are two subsets
of 8" and f: U — U’ is a homeomorphism. If U is open then so is U’.

The theorem is of course obvious if “open” is replaced by “closed”. Likewise the
theorem is also clear if f = g|y, where g: S™ — S™ is a homeomorphism of the entire
sphere S™ and U’ = ¢g(U). However the theorem is not true for arbitrary spaces. For



example, take U = (1/2,1] and U’ = (0,1/2]. Then f: U — U’ given by z — 3 is
a homeomorphism and U is open in I. But U’ is not. The proof of Theorem 17.12
is a simple application of the Jordan-Brouwer Separation Theorem 17.11, and the
meaning of the name “invariance of domain” is explained by the following corollary

(also on Problem Sheet I.)

COROLLARY 17.13. If R™ contains a subspace homeomorphic to R™ then m < n.



LECTURE 18

Attaching spaces and cell complexes

In this lecture we introduce a nice class of topological spaces called cell complexes'.

We begin by investigating pushouts in Top.

DEFINITION 18.1. Let X and Y be topological spaces, and let X’ C X be a closed
subspace. Let f: X’ — Y be continuous. We define the adjunction space X U Y
to be obtained by taking the disjoint union X UY and then identifying x with f(x)
for all z € X’. Slightly more formally, X Uy Y is the space (X UY')/ ~, where ~
is the smallest equivalence relation (cf. the definition from the solution to Problem
H.5) on X UY such that x ~ f(z) for z € X'

The canonical inclusions X — XUY and ¥ < XUY induce maps g: X — XU;Y
and j: Y — X Uy Y. The next piece of point-set topology is on Problem Sheet .

LEMMA 18.2. The diagram

x -1 L,y

{ g
X —— XUyY
is a pushout in Top. Moreover
1. The map j is a closed embedding,
. The restriction of g to X \ X’ is an open embedding.
. If X and Y are Ty spaces then so is X Uy Y.

2

3

4. The quotient map X UY — X Uy Y is closed if and only if f is closed.

5. If X and Y are Hausdorff and X' C X is compact then X Uy Y is Hausdorff.
6

. If X is compact and X Uy Y is Hausdorff then X — g(X) is a quotient map.

Informally, one should think of X U; Y as being obtained from Y by attaching
X \ X’ to it. We call f the attaching map and g the characteristic map of the
adjunction space.

EXAMPLE 18.3. Suppose Y = {x} is a space with one point. Then there is only one
map f: X' — {x} (for X’ # ), and one has X Uy {x} = X/X".

The following lemma is a partial converse to Lemma 18.2.

Will J. Merry and Berit Singer, Algebraic Topology 1. Last modified: Sept 01, 2018.
!They are often called CW complexes in the literature; the “C” stands for “closure finite” and the
“W” stands for “weak topology”. But I think the name “cell complex” is catchier.
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LEMMA 18.4. Suppose we are given a commutative diagram of continuous maps:

x L,

:

N<— X

g

Assume that”
1. i and j are closed embeddings,
2. g induces a bijection X \ X' — Z \ j(Y),
3. g(X) is closed,
4. X — g(X) is a quotient map.
Then (Z,j,g) is a pushout of X Ax Ly,

Proof. We verify the universal property. Suppose we are given a topological space
W and continuous maps h: X — W and k: Y — W such that hoi = ko f. We need
to build a unique continuous map u: Z — W such that the following commutes:

f

X — Y
ZJ Jj
XT>Z

It is clear that Z is a set-theoretic pushout, so we get a unique map u: Z — W
of sets that makes the diagram commute. It remains to show that u is continuous.
Since j is a closed embedding, ul;(yy is continuous. Since g is a quotient map, u|y(x)
is continuous. Since g(X) and j(Y') are closed sets that cover Z, u is continuous. |

DEFINITION 18.5. We denote B™ \ S"~! by E", so that E™ is the open unit ball’.
We call E™ the standard n-cell. If X is a topological space, a set £ C X which
is homeomorphic to E™ is called an n-cell in X. If f: S"~! — Y is continuous, the
space B" Uy Y is said to be obtained from Y by attaching an n-cell.

PROPOSITION 18.6. Let Z be a Hausdorff space and Y a closed subset. Suppose there
exists a continuous map g: B" — Z which induces a homeomorphism E™ — Z \'Y.
Then Z is obtained from Y by attaching an n-cell.

2Condition (4) is automatic given the others if X is compact and Z is Hausdorff, as in the last part of
Lemma 18.2.
3If n =0, E° is just a point since S° is two points.



Proof. It suffices to show that g(S" 1) C Y. Then if we set f := g|gn—1 the hypothe-
ses of Lemma 15.4 are satisfied. Then Z is a pushout, and hence Z = B™ Uy Y by
uniqueness of the pushout. So suppose there exists z € S"~! with g(z) € Z\ Y.
Since g|gn: E™ — Z \ 'Y is bijective, there exists a unique y € E™ with g(x) = g(y).
Let U C B™ and V C E™ be disjoint open neighbourhoods with x € U and y € V.
Then g(V) C Z\'Y is open in Z, since g|gn: E™ — Z\ Y is a homeomorphism. But
now using continuity of g, there exists an open neighbourhood U’ C U of z such that
g(U") C g(V). This contradicts g|g» being injective. ]

You will no doubt be surprised just how many of the “standard” spaces can be
obtained by attaching cells. Let’s see some examples, starting with a dumb one.

ExamMpLE 18.7. For all n > 1, S™ is obtained by attaching an n-cell to a point.
Indeed, this is simply Example 18.3 together with the observation that B"/S"~! =
S™, a fact that we have already used several times.

ExaAMPLE 18.8. Recall
RP™ = R"™\ {0}/ ~,

where x ~ y if © = ty for some t # 0. Restricting to vectors of length 1, we also see
that
RP" = S"/(x ~ —x),

that is, the sphere with antipodal points identified. But this is the same thing as
taking the upper hemisphere and identifying antipodal points on the equator. Since
the equator is just the sphere of dimension one less, we see that RP™ is obtained
from RP"~! by attaching an n-cell. Explicitly, if p: S»~1 — RP""! is the quotient
map then

RP" = B" U, RP" 1,

This implies that we can write RP™ as a disjoint union
RP*=FEyUFE,U---UE,,
where each F; denotes an i-cell.

ExXaAMPLE 18.9. We can play a similar game with complex projective space CP".
This is the space of lines in C"*! that go through the origin. Alternatively, CP" =
S2ntl )~ where two points (21,...,2p41) ~ (Wi,...,wpe1) in S C C**L are
equivalent if and only if there exists A € S* such that w; = Az foreachi =1,...,n+1.
It follows that CP™ is obtained from CP"~! by attaching a 2n-cell, and hence we
can write CP" as a disjoint union

CP"=EyUEyU---UEsy,,
where each F9; denotes a 2i-cell.

Our next example requires a definition first.



DEerINITION 18.10. Let X and Y be topological spaces, and let p € X and g € Y.
Define the wedge of the pointed spaces (X, p) and (Y, q) to be

XVY =X x{g)u({p} xY)C X xY.

This is again a pointed space, where the basepoint is (p,q). This is actually the
coproduct (cf. Example 16.8) in the category Top,.

On Problem Sheet | you get to prove the following result.

ProposiTION 18.11. For any m,n > 0, the space S™ x S™ can be obtained from
S™ v S™ by attaching a (m + n)-cell.

Note that one cannot use Corollary 17.6 to compute the homology groups of
X UyY, since a pushout is not a filtered colimit. Nevertheless, when we are attaching
cells (i.e. X is a ball), we can use the Mayer-Vietoris sequence to compute the
homology. Before stating the result, let us introduce a strengthening of the notion
of a retract from Lecture 1.

DEFINITION 18.12. Let X’ C X be a subspace. Let 2: X’ < X be the inclusion. We
say that X’ is a deformation retract of X if there exists a retract r: X — X’ (as
defined in Definition 1.2) such that r o1 = idxs and 2 0 r ~ idx. Equivalently, this
means there exists a continuous function H: X x I — X such that H(z,0) = x for
all z € X, H(z,1) € X' for all z € X, and H(2/,1) = 2/ for all 2/ € X’ (in this
formulation, the retract r is given by H(-,1).)

If X’ is a deformation retract of X then the retract r is a homotopy equivalence,
and hence X’ and X have the same homotopy type. Next lecture we will introduce an
even stronger version” called (rather unimaginatively) a strong deformation retract.

PropoSITION 18.13. Let Y be a Hausdorff topological space. Let n > 1, and suppose
f: 8" =Y is continuous. Then ifj: Y — B" Us Y denotes the inclusion, there is
an exact sequence

Hy(f) Hy(j)

N Hk(Sn_l) Hk(Y) Hk(Bn Uy Y) — Hk—l(S"_l) — ...

which ends with
. Ho(S"Y) - Z @ Ho(Y) — Ho(B"Up Y) — 0.

Proof. Write B"UyY as UUV, where U is the ball of radius 1/2 inside B" and V is
(B” Uy Y) \0 € B"™. Then UNV is homotopy equivalent to S”~! and U is contractible.
We claim that V' has Y as a deformation retract. For this, let g: B" — B" Uy Y
denote the characteristic map of the adjunction space, and define H: V x I — V by

x, ifx € Y,
H@,t) := {g((l —t)z + tz/]z\), if x =g(z) € g(E™\0). (18.1)

“Warning: There is a slight discrepancy in the terminology here. Whilst most of the literature defines
a deformation retract as we have in Definition 18.12, Hatcher’s textbook instead defines a deformation
retract to be what we will call a “strong deformation retract” next lecture.
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H is well-defined and continuous’. Denote by h: U NV < V the inclusion. The
Mayer-Vietoris sequence then gives us a long exact sequence

oo HyUn V) 2 g ) @ Hy(V) = Hy(BYUpY) = Hy o (UNV) > .
For k > 0 we have Hi(U) = 0, and for &k = 0 we have Hi(U) = Z as U is path
connected. After replacing U NV with S ! and V with Y, we are almost done.
It remains to see that for k& > 0 we can identify Hy(h): Hp,(U N V) — Hp(V) with
Hy(f): Hp(S™ 1) — Hy(Y). For this we consider the commutative diagram:

U\{o} —2-»Uunv

[ [

B\ {0} —— V

]

gt Y

The unlabelled vertical maps all induce isomorphisms on homology, since the re-
spective subspaces are deformation retracts. The top horizontal map, which is the
restriction of g, also induces an isomorphism, since g|U\{0} is a homeomorphism.
Thus for any k& > 0 we get a commutative diagram in homology where the vertical
maps are isomorphisms:

Ho (U N vy 2 o)

| I

n—1
Hy(S") TATS Hi(Y)

Thus the map Hy(h) can be identified with the map Hy(f). This completes the
proof. [ |

If n > 2 we can say a little more:

COROLLARY 18.14. Let Y be a Hausdorff topological space. Let n > 2, and suppose
f: 8" =Y is continuous. Then if k #n — 1,n, one has

Hk(Y) = Hk(Bn Uy Y),
and there is an exact sequence

Hn ()

0 H,(¥) 220 1, (B0v) - (7))

Hnp1(Y) = Hyp_y (B"UpY).
If n > 3 then the last map H,—1(Y) — H,—1(B" Uy Y) is a surjection.

Proof. This is immediate from Proposition 18.13 and our computation of the homol-
ogy of S in Theorem 14.11. [ ]

®Continuity of H is a little exercise using quotient maps.



We can also attach several cells at the same time.

DEFINITION 18.15. Let Y be topological space. We say that a topological space Z
is obtained from Y by attaching n-cells if there exists a pushout

Llsen SY° Ly

[

Lxea BY —5— Z

Here the index A € A just enumerates different copies of the same space. The map
j:Y — Z is again a closed embedding, and ¢ induces a homeomorphism | |, E¥ —
Z\Y. We set fy:= f|S§71 and similarly gx := g|pp. We call g, the characteristic

map of the n-cell g(EY) and we call fy its attaching map. Note that the definition
still makes sense if our indexing set A is empty; then of course Y = Z.

We can now define the titular cell complexes.

DEFINITION 18.16. Let X’ C X be topological spaces such that X’ is closed in X.
A cellular decomposition of the pair (X, X’) consists of a sequence of subspaces:

X =Xx'cxcxlc...cx

such that:

1. X is the colimit of the (X™) in Top. In other words, X carries the colimit
topology: a set C' C X is closed if and only if C'N X" is closed for each n > —1.

2. For each n > 0, X" is obtained from X"~! by attaching n-cells’.

We call the pair (X, X’) a relative cell complex. If X' = () then X is called a
cell complex and we just write X instead of (X,0)). The space X" is called the
n-skeleton of (X, X'), and we call the decomposition (X") for n > —1 the skeleton
filtration of (X, X'). We say (X, X') is finite (resp. countable) if X \ X’ consists
of a finite (resp. countable) number of cells. If X = X™ for some n then the mininal
such n is called the dimension of (X, X’). Note that if (X, X’) is a relative cell
complex then so is (X, X™) and (X™, X') for any n > —1.

A subcomplex of a cell complex X is a subspace X’ C X with the property that
for any cell E of X, if XN E # () then E C X’. In this case (X, X’) is a relative
cell complex, and X" itself is a cell complex whose cellular decomposition is inherited
from X.

PROPOSITION 18.17. Let (X, X') be a relative cell complex.
1. The inclusion X" C X"t is a closed embedding for all n > —1.
2. If X' is a T} space then so is X, and a compact subset of X only meets finitely
many cells of X.Thus if X' is T then

Hi(X) = colim Hy(X™), VEk>0.

n

6If X' = () then for n = 0 read this to mean: X© is a discrete set of points.



3. If X' is Hausdorfl" then so is X.

4. If X' is Hausdorff then X also carries the colimit topology with respect to the
family which consists of X’ and the closures of all the cells.

In particular, taking X' = () we see that these properties always hold for a cell
complex X.

Proof. The first three points follow from Lemma. 18.2, the proof of Lemma 17.5 and
Corollary 17.6. Let us prove that (4). Suppose C' C X has the property that C N X’
is closed and C' N E is closed for each cell E. We prove inductively that C' N X" is

closed for each n. This is true for n = —1 by assumption. The space X" is a quotient
of
ym= X"l (|_| B;) :
A’!L

where A,, is the (possibly empty, possibly uncountable) set indexing the n-cells of X.
Each characteristic map gy: BY — E) is a quotient map since X is Hausdorff (cf.
part (6) of Lemma 18.2.) By assumption X™ N C has a closed preimage in Y. Then
by part (4) of Lemma 18.2, we see that X" N C' is closed in X™. ]

We conclude this lecture by explaining why cell complexes are so important. Let
X be a topological space and p € X. In Algebraic Topology II, we will define the
higher homotopy groups m,(X,p) for all n > 0 (we already did n = 0 in Lecture
3 and the fundamental group n = 1 in Lecture 4.) For n > 2, m, is a functor
hTop, — Ab.

DEFINITION 18.18. A continuous map f: X — Y is called a weak homotopy
equivalence if the induced map 7m,(f): m,(X,p) — m (Y, f(p)) is an isomorphism
foralln > 0 and all p € X.

For now this definition won’t mean much to you (since we haven’t defined 7, yet!)
In general a weak homotopy equivalence is strictly weaker than an actual homotopy
equivalence®. However a weak homotopy equivalence is still strong enough for all
homology groups to coincide. Indeed, one of the axioms of a homology theory is that
if f: X — Y is a weak homotopy equivalence then H,(f): Hn(X) — Hp(Y) is an
isomorphism for each n > 0; more on this in Lecture 22. We will discuss the following
theorem at the end of Algebraic Topology II (Theorem 46.15).

THEOREM 18.19. Let Y be any (!) topological space. Then there is a cell complex
X and a weak homotopy equivalence f: X — Y.

Theorem 18.19 implies that as far as homology is concerned, all spaces are cell
complexes. If this isn’t sufficient motivation to study cell complexes, I don’t know
what is!

"In fact, if X’ is normal then so is X.

8 Although if f: X — Y is a weak homotopy equivalence between two connected cell complexes then f
is automatically a homotopy equivalence. This result is called Whitehead’s Theorem and will be one
of the major results we prove next semester.



LECTURE 19

The Relative Homeomorphism
Theorem

In this lecture we first complete the proof of a claim from Lecture 12: that if (X, X”)
is a sufficiently “nice” pair then

H,(X,X')= H,(X/X), ¥n>0.

We will then prove that if X is a cell complex and X’ is a subcomplex then the pair
(X, X') is always nice in this sense. Let us begin by specifying exactly what we mean
by “nice”.

DEFINITION 19.1. Let X be a topological space and X’ C X be a subspace. Denote
by 2: X’ < X the inclusion. We say that X’ is a strong deformation retract of X
if there exists a continuous map r: X — X’ such that ro2 =idyxs and 107 ~ idx rel
X'. Thus a strong deformation retract is a deformation retract where the homotopy
from 207 to idx can be chosen to be a homotopy which is relative to X’. Equivalently,
this means there exists a continuous function H: X x I — X such that H(z,0) = x
forallz € X, H(z,1) € X' forall z € X, and H(a',t) =2/ for all 2/ € X’ and t € I.

This really is a stronger condition, as you will see on Problem Sheet J.

THEOREM 19.2. Let X’ C X be a closed subspace with the property that there exists
a neighbourhood U of X' in X such that X' is a strong deformation retract of U.
Let p: X — X/X' denote the quotient map, and denote by * the point in X/X'
corresponding to X'/X'. Then for all n > 0, the map

H,(p): Hy(X, X') — Hp(X/ X', %)
is an isomorphism.
Here is an example where the theorem is applicable.

EXAMPLE 19.3. Let Y be a Hausdorff space and f: S"~! — Y a continuous map.
Let j: Y — B" Uy Y denote the map induced from the inclusion ¥ < B" UY, so
that j is a closed embedding (Lemma 18.2). Then Y = j(Y) C B™ Us Y satisfies
the requirements of Theorem 19.2. Indeed, from the proof of Proposition 18.13, if
V= (B"UsY)\0 € B", then V is an open neighbourhood of ¥ and (18.1) shows
that Y is a strong deformation retract of V.
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Proof of Theorem 19.2. Let U be as specified in the theorem, and denote by 7: X’ <
U the inclusion. Then we have a commutative diagram, where the horizontal maps
come from the long exact sequence for pairs:

Hp(X') —— Hp(X) —— Hp(X, X') —— Hp1(X') —— Hp_1(X)

.0)| |t |0 [ |#-16a)

Ho(U) —— Hp(X) —— Ho(X,U) —— Hy1(U) —— Hp1(X)

Since X' is a strong deformation retract of U, the left-hand H, () and the right-
hand H,_1(y) are isomorphisms. Since Hy(id) is certainly an isomorphism, the Five
Lemma (Proposition 11.3) tells us that the middle H,(y) is also an isomorphism.
Next, since {*} is a strong deformation retract of U/X’ in X/X’ (see Problem J.2),
the same argument shows that the induced map 7: x < U/X’ induces an isomorphism

H,(7): H,(X/ X', %) = H,(X/X',U/X")

for all n > 0. Now consider the following diagram:

Hn(X, U)
Hn(X,X’) Hn(X\X’,U\X’)
Hn(p) Hn(p)
Ho (X)X * Ho ((X/X)\ {+}, (U/X)\ {+})

)
m m
)

Ho(X/X', U/ X'

The right-hand side H,,(p) is an isomorphism since p is a homeomorphism away from
X'. The two maps labelled “excision” are isomorphisms, and we just proved the two
diagonal maps on the left-hand side are isomorphisms. Thus the left-hand H,(p) is
also an isomorphism, which is what we wanted to prove. ]

Using Corollary 12.22, we immediately obtain the claim (12.1) made in Lecture
12:

COROLLARY 19.4. Let X’ C X be a closed subspace with the property that there
exists a neighbourhood U of X' in X such that X' is a strong deformation retract of
U. Then

H, (X, XY= H,(X/X), ¥Yn>0.

Here is another application. An arbitrary wedge sum is defined again as a co-
product’.

'This means that the wedge sum is topologised as a quotient of the disjoint union.



COROLLARY 19.5. Suppose (Xy,x)), A € A is a collection of pointed spaces. Assume
that each x) is closed in X, and has a neighbourhood Uy C X, for which x) is a
strong deformation retract of Uy. Consider the wedge sum \/, ., X\ along the points
xy (cf. Definition 18.10). Then the inclusions X < \/, ., X induce an isomorphism

@ﬁn(xk) ~f, <\/ X,\> .

AEA

Proof. By assumption (l_l)\e A X Le A{l‘)\}) satisfies the hypotheses of Theorem
19.2. The claim them following from the definition of the wedge product and Corol-
lary 12.22. [ |

DEFINITION 19.6. Suppose f: (X, X’) — (Y,Y’) is a map of pairs. We say that f is
a relative homeomorphism if f restricts to define a homeomorphism f|x\x/: X\
X' =-Y\Y.

With this terminology, the quotient map p: X — X/X’ from Theorem 19.2 can
also be thought of as a relative homeomorphism (X, X’) — (X/X’, x). We now prove
a variant of Theorem 19.2.

THEOREM 19.7 (The Relative Homeomorphism Theorem). Let f: (X, X') — (Y,Y”)
be a relative homeomorphism. Assume that X is compact and that Y is compact
Hausdorff, and that X' and Y’ are closed in X and Y respectively. Assume further
that there exists a neighbourhood U of X' in X such that X' is a strong deformation
retract of U, and a neighbourhood V of Y’ in'Y such that Y’ is a strong deformation
retract of V. Then

H,(f): Ho(X, X') — H,(Y,Y") is an isomorphism for all n > 0.

Proof. Denote by p: X — X/X" and p/: Y — Y/Y’ the quotient maps. Then there
is a well-defined continuous bijective map f’: X/ X’ — Y/Y” such that the following
diagram commutes:

x 71 Ly

’| |
X/X — Y)Y

Since X/X’ is compact and Y/Y” is Hausdorff”, the map f’ is a homeomorphism®.
Passing to homology, for any n > 0 we obtain a commutative diagram:

Ho(X, X") Y gy, vy

.(6)| |t tor

H(X/X',%) o Ha(Y/Y", )

2Y/Y" is Hausdorff as Y is compact and Y” is closed.
3 A continuous bijection from a compact space to a Hausdorff space is automatically a homeomorphism.



where we denoted by * the point in X/X’ corresponding to X’/X’ and by *' the
point in Y/Y” corresponding to Y'/Y’. By Theorem 19.2 the two maps H,(p) and
H,(p') are isomorphisms, and H,(f’) is an isomorphism as f’ is a homeomorphism.
Thus so is the map H,(f): H,(X,X') = H,(Y,Y"). ]

We now prove that Theorem 19.2 is always applicable to a pair (X, X’) where X
is a cell complex and X' is a subcomplex. The first step is the following technical
statement.

PROPOSITION 19.8. Let X be a cell complex and X' be a subcomplex. For each cell
E) in X which is not in X', choose a single point x, € E\. Let

Y™ :={z) | E\ is an n-cell in X which is not in X'}.

Regard (X, X') as a relative cell complex with skeleton filtration X' = X' c X% c
X! C ... C X. Then for every n > 1, X" ! is a strong deformation retract of
Xm\Y"™

Proof. We use the same idea as in (18.1) last lecture. Namely, without loss of gener-
ality we may assume that for each n-cell not in X', the corresponding characteristic
map gy: BY — X" satisfies g5(0) = 5. Then we define H: X"\ Y" x I — X"\ Y"
by

x, if z € X771,
H(z,1) = {gA((l —t)z+tz/|z]), if x =ga(z) for z € E"\ {0}. (19.1)

We need only check that H is continuous. Since X" has the colimit topology from
X' and the cells in X not belonging to X’ (cf. the last part of Proposition 18.17),
X"™\Y™ has the colimit topology determined by the cells in X’ and the punctured cells
E\\{zy} for the cells in X that are not in X’. It then follows that X™\Y" x I has the
colimit topology associated to the sets of the form E' x {0}, E' x {1} and E’ x (0,1),
where E’ is either a cell in X’ or a punctured cell E) \ {xx}. The restriction of H
to any of these subsets is continuous (this is proved in the same way that we proved
the map H from (18.1) was continuous), and hence H is continuous by definition of
the colimit topology. ]

We now prove the desired result.

THEOREM 19.9. Let X be a cell complex and X' be a subcomplex. Then there exists
an open set U in X containing X' such that X' is a strong deformation retract of U.

Proof. Using the notation from the previous proposition, let r,: X"\ Y™ — xXn~!
denote a strong deformation retract for n > 1. Set Uy = X’ and set U,, := 7, *(Up—1)
for n > 1. Then each U, is open in X™\ Y™ and thus U := | J,, U, is an open set” in
X containing X’. Since the composition of two strong deformation retracts is itself
a strong deformation retract, we see that X’ is a strong deformation retract of U,

“Note Y™ is closed in X™ due to part (4) of Proposition 18.17.
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for each n > 1. This means that there exist continuous maps F,,: U, x I — U, such
that
Fo(x,0) = =, Fo(z,1) =rirg-rmp(x) € X, Vo eU,,

and such that Fy(2/,t) = 2’ for all 2/ € X’ and t € I. Moreover by induction we may
even require that Fy, 11|y, «7 = F,. This means that we can define F': U x I — U by
setting F' = F}, on U,. Then F is continuous by definition of the colimit topology,
and F exhibits X’ as a strong deformation retract of X. [ |

Theorem 19.9 implies that for cell complexes, we can use subcomplexes instead
of open sets for excision and the Mayer-Vietoris sequence.

COROLLARY 19.10. Suppose X is a cell complex and X', X" are subcomplexes such
that X = X'UX". Then the inclusion (X", X'NX") — (X, X') induces isomorphisms
on homology H, (X", X' N X") — H,(X,X') for all n > 0.

Proof. We may assume X' N X" # (), otherwise the result trivially follows from
Proposition 8.2. Then the quotient spaces X” /X’ N X" and X/X' are homeomorphic
(they both can be identified with the cells in X” that are not in X’). Then by
Theorem 19.2 and Theorem 19.9, we obtain for any n > 0

H (X" X'n X" =2 H,(X"/X'nX") = H,(X/X') = H,(X, X').
|

COROLLARY 19.11. Suppose X is a cell complex and X', X" are subcomplexes such
that X = X' U X"”. Then the there is an exact sequence

CHL(X'NX") > Ho(X') @ Hy(X") = Ho(X) = Ho (X' N X") > ...

Proof. The Mayer-Vietoris sequence is a formal consequence of excision and the
Baratt-Whitehead Lemma (Proposition 11.4). In other words, the proof of Theorem
14.9 goes through without any changes. [ |



LECTURE 20

Cellular homology

In this lecture we introduce a new homology theory which is tailored specifically for
cell complexes. Cellular homology is much more efficient than singular homology
for computational purposes, as the cellular chain complex is much smaller. Indeed,
a basis for the nth cellular chain group is given by the n-cells of the cell complex.
For many spaces, the chain groups are then finitely generated abelian group. The
resulting homology is the same as singular homology.

The key result that gets the construction of the cellular chain complex going is
the following proposition.

PROPOSITION 20.1. Let X be a cell complex with skeleton filtration ) = X! C
X0C X' CX?2C..-CX. Then for all n > 0,

Hy(X", X" 1) =0, k #n.

Meanwhile H, (X", X" 1) is free abelian with a basis in one-to-one correspondence
with the n-cells of X.

Proof. Suppose that n-cells of X are given by maps gy: (B, S"!) — (X", X"~ 1),
where \ ranges over an index set A,,. Since X"~ ! is a subcomplex of X™ for all n > 1,
by Theorem 19.9 and Theorem 19.2 we see that

Hp(X™, X" Y = @ (x"/X™ Y,  VE>o0.

But X"/X" ! is a wedge sum of spheres, one for each of the n-cells of X. The claim
then follows from Corollary 19.5. [ |

We now step away from cell complexes for a moment and abstract the conclusion
of Proposition 20.1 into a definition.

DEFINITION 20.2. Let X be a topological space. A cell-like filtration F of X is
an expanding sequence of T closed subspaces ) = F~! C FO C F1 C F?2 C --- such
that X = UnZO F™ carries the colimit topology, and with the property that

Hy(F", F" 1 =0, Yk #n.

Thus Proposition 20.1 tells us that the skeleton filtration associated to a cell
complex is a cell-like filtration. However the notion of a cell-like filtration is much
more general, since F™ does not have to be obtained from F"~! by adjoining cells,
and the topological space X does not have to be Hausdorff. In this course we will have
no need for the extra level of generality afforded by cell-like filtrations; nevertheless
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it makes' the proof of Theorem 20.5 below more transparent to work with cell-like
filtrations, since it shows exactly what properties we need.

Our goal is to construct a new homology theory He(X,F) associated to a topo-
logical space with a cell-like filtration. In the special case where the space is a cell
complex and the filtration is the skeleton filtration, this will be called the cellular
homology of the cell complex. Let us first prove the following statement.

PROPOSITION 20.3. Let X be a topological space with cell-like filtration F = (F™).
Then Hyp(F™) = 0 for k > n and the inclusion F™ — X induces an isomorphism
Hk(Fn) — Hk(X) for k < n.

Proof. We examine the long exact sequence of the pair (F™, F"~1). Tt contains the
chain
Hy 1 (F" F™ Y = Hp(F™Y — Hy(F™) — Hy(F™, F™1),

~

For k # n,n— 1 the outer two groups are zero by assumption, and hence Hy(F"~1!)
Hy(F™) for k # n,n — 1. In particular, if kK > n then

Hy(F") 2 Hy(F* N ...~ H,(F°) = Hy(F°, F~') = 0,

The same argument shows that the maps Hy,(F**1) — Hy(F*2) — Hy(FF3) — ...
are all isomorphisms. Thus

colim Hy(F™) = Hy(FF+1).
n>k+1

But by Corollary 17.6, the colimit on the left-hand side is just the homology Hy(X).
This completes the proof. [ |

We now define our new chain complex.

DEFINITION 20.4. Let X be a topological space with cell-like filtration F. We define
a chain complex (Co(X,F),0”) as follows. Firstly, set Cp(X,F) = 0 for n < 0.
Given n > 0, define C),(X, F) to be the abelian group

Co(X,F) := Hy(F™, F"1).

Let
G (F™,0) — (F™, F™ 1)

denote the inclusion, and abbreviate by
Mo = Hp(jn): Ho(F™) — Hy(F™, F"71).

For n > 1 we define’ the boundary operator 97 : Cp,(X,F) — Cn_1(X,F) as the
composition

Hy(Fr, Fr=by oy g (Pt T2 g (B PR,

!To me at least...
2For n = 0 the boundary operator is of course the zero map.



where 9§, is the connecting homomorphism for the long exact sequence of the pair
(F™, F™~=1). This does indeed define a chain complex as for n > 1 the composition
07 007 : Cry1(X, F) — Cr_1(X, F) is given by

Hypr (F"Y ™) — Ho (F™) 2% Hy (F™, FP=Y) 20 Hyy ((F™Y) — Hyyoq (), F72)
and this is zero since the composition in the middle
Hy(F™) 2 1y (Fr, Fr=Y & g, (Fr )

is zero as these are two adjacent maps in the long exact sequence of the pair (F™, F*~1).
We denote the associated homology by H, (X, F) := H, (C.(X, F), 8f).

Here is main result of today’s lecture.

THEOREM 20.5. Let X be a topological space with cell-like filtration F = (F™).
Then for every n > 0, one has

H,(X)=® H,(X,F).

Proof. Let us break with out longstanding convention and temporarily give the
boundary operator 97 a subscript (otherwise the chain of equations below makes
no sense.) We have the following commuting diagram, where the row is part of the
long exact sequence of the pair (F™, F"~1), the left-hand column is part of the long
exact sequence of the pair (F™*!, F™), and the right-hand column is part of the long
exact sequence of the pair (F"~!, F"~2). The left-most and the top-right zero entries
follow from the Proposition 20.3, and the bottom zero entry is from the definition of
a cell-like filtration.

Hy 1 (FPTL FD) 0
On+1 \8”]11 J
0 s Hy(F") — "y H(F", ol — % (P
oF lnn*l
H,(F™t1) H, 1(F" 1 Fn=2)
0
Using this diagram, we now argue as follows:
H,(X) = H,(F™*1) by Proposition 20.3,
=~ H,(F") / im 6,11 by exactness of first column,
=~ im nn/ imn,dp41 as 7, is an injection,
=~ ker 6, / im 7, 0p41 by exactness of the row,
= ker 6y, / im 87]; 11 by commutativity of the top triangle,
= ker 77n—15n/ im H{H as 1,—1 is an injection,
> ker 9 /im o 11 by commutativity of the bottom triangle,
= H,(X,F) by the definition of homology.



This completes the proof. ]

REMARK 20.6. The isomorphism H, (X ) = H, (X, F) can be written down explicitly.
This is the subject of Problem J.5 on Problem Sheet J.

Now, with this detour out of the way, let us go back to cell complexes. If X
is a cell complex with skeleton filtration F = (X™) then we will use the notation
(CfeH(X ),806“) instead of (C’.(X ,F), 07 ) for the chain complex associated to the
skeleton filtration, and by HS(X) the homology. We call C¢'(X) the cellular
chain complex and we call H"'(X) the cellular homology of the cell complex
X.

Using Proposition 20.1, we have

OTcLell(X) — I{n()(n’)(n—l)7

and thus we see that the cellular chain group is free abelian with generators in a
one-to-one correspondence with the n-cells of X.

REMARK 20.7. The chain complex C¢°"'(X) depends on not only the space X but also
the choice of cellular decomposition. The same topological space can have different
cellular decompositions. For example, S has a cellular decomposition with one 0-cell
and one 3-cell (cf Example 18.7), but it also has a more complicated one (cf. Problem
1{.2.) However Theorem 20.5 implies that the homology HS(X) does not depend
on the choice of cellular decomposition (since it agree with the singular homology.)

The following result applies to nearly all of the spaces we will ever meet in this
course.

COROLLARY 20.8. Let X be a compact cell complex of dimension n. Then

1. If X has Ny, cells of dimension k then Hy(X) has rank at most N. In particular,
Hy(X) is finitely generated for all k.

2. Hy(X) =0 for all k > n.
3. H,(X) is free abelian.

Proof. Since X is compact, it is necessarily a finite cell complex. The first two
statements are clear for the cellular homology groups H ,'geu(X ), and hence also for
the singular homology groups Hy(X ) by Theorem 20.5. The last statement follows as
HEN(X) = ker 9!l : Cll(X) — C<°ll (X) is a subgroup of CS(X), and a subgroup
of a free abelian group is necessarily free abelian. [ |

Here is another immediate corollary.

COROLLARY 20.9. Let X be a cell complex. Suppose X has N cells in dimension n,
and no cells in dimension n — 1 and n + 1. Then H,(X) = ZV.

Proof. We necessarily have C¢% (X) = C& = 0, and thus HS(X) = CN(X). m

n



Corollary 20.9 gives us a new (and much quicker) way to compute the homology
of S” for n > 2, of S x S™ for m,n > 2, and for CP"™ for all n > 0. Note however
we still cannot compute the homology of RP".

To rectify this, we need to have a way of computing the boundary operator 9.
We conclude this lecture by giving an explicit formula for 9°°!l.

So let X be a cell complex as before, and fix n > 2. To help keep the notation
transparent, in the following we will use the letter A to index the n-cells of X and
the letter v to index the (n — 1)-cells. Given an n-cell E)y, we denote by ey the
corresponding generator in C<(X), and similarly e, € C! (X) is the generator
corresponding to an (n — 1)-cell.

The idea behind the cellular boundary formula is that we can get an (n — 1)-
sphere from both an n-cell and an (n — 1)-cell. Indeed, if gy: B"™ — X" is an n-cell
then fy := gx: Sf\lfl := OB} — X" is a map from an (n — 1)-cell. Meanwhile if
gv: B — X" 1is an (n — 1)-cell, then if we collapse f,(9B?~1) to a point, the
quotient space
it 1= g, (BL )/ £ (0B )

v

is also an (n — 1)-sphere’.
Let us denote by
p: anl N anl/Xn72

the quotient map, and denote by
QW Xn—l/Xn—2 N S;I/I—l

the quotient map that collapses all the other (n — 1)-spheres in X"~ !1/X""2 to a
point.

DEFINITION 20.10. Suppose e, is an n-cell and e, is an (n—1)-cell. We define a map
hay: Syt — St
to be the composition:
Sl By el £y xend /2 By gned

We then define the integer

lex: ey] :=deg(hyy),
where we are using Definition 15.2. If x € X"~/ X"~2 denotes the point correspond-
ing to X"~ 2, then since g)(BY) intersects at most finitely many cells (part (2) of
Proposition 18.17), for fixed ey, the map h) , is not the constant map S;f_l — % for
at most finitely many e, .

3For n = 1, the quotient space is a point, not S°. To avoid introducing excessive notation, we will
tacitly assume n > 2 in the following, and leave the case n = 1 as an exercise (the only difference is
notation).



THEOREM 20.11 (The cellular boundary formula). The boundary operator 9°°!': CS (X)) —
Cell (X) is given explicitly by the formula

n—1

o°lley = Z[e)\: ev]-ey.

v

Note the right-hand side is a well-defined element of C!, (X) since h, , is non-

constant (and hence has non-zero degree) for at most finitely many e,.

Proof. Let j: (X" 1 () < (X"!, X"=2) denote the inclusion. Consider the follow-
ing diagram, where the two maps labelled 4,4’ are the connecting homomorphisms
coming from the long exact sequence in reduced homology:

Hn—l(h/\,u)

Hy (B, ST — s H, (S0 y H,_1(S"1)

Hn(gk)l Hn—l(f,\) IHnl((Iu)

Hn(Xn,Xn_l) % f{nfl(Xn_l) Hn—1(p) f{nfl (Xn—l/Xn—Q)

\ Hnl(]/

anl(Xn_l, Xn—2)

The left-hand square commutes by naturality of the long-exact sequence in reduced
homology, the right-hand square commutes by definition of h), and the fact that
H,,_4 is a functor. The left-hand triangle commutes by definition of 0, and the right-
hand triangle commutes from the proof of Theorem 19.2. The map labelled = is an
isomorphism from Theorem 19.2 as well. Let (c) be the generator of H,(BY, Sy 1) =
Z such that ey = H,(gx){c). Then by commutativity,

dex = Hy—1(j) o Hp1(fx) 0 &'(c).

In terms of the basis of H,,_1(X"!, X"~2) given by (n — 1)-cells, the map H,_1(q,)
is the projection of ﬁ[n_l(anl/X”*Q) onto the Z-summand corresponding to e, .
Thus commutativity of the right-hand square tells us that if dey = >, my, e, for
my, € Z then

my,, = deg(hy,).

This completes the proof. [ |

We will shortly use this to calculate the homology of RP". First, however, we
need another formula for computing the degree of a map from the sphere to itself.
Suppose

f+(Xop) = (Z,2), g:(Y,q) = (Z,2)

are two pointed continuous maps. Then there is a well defined pointed continuous
map

fVg: XVY 5 2ZVvZ



defined by
f z),z), Y=,
(Fv gy = 2
(Zv g(y))a r=p
Now consider the continuous maps
Pinch: S — S™ v S™, Fold: §™ v §™ — S™

that “pinch” and “fold” the sphere as in Figure 20.1. Explicitly, Pinch collapses the
equator S™! to a single point, and, denoting by p the basepoint in S™, the map Fold
does the following:

Fold(z,y) := Oy =p
Y, =D

O Pinch Fold O
— —

Figure 20.1: Pinching and folding.

LEMMA 20.12. Let f,g: S™ — S™ be continuous maps. Let h: S™ — S™ denote the
composition

h = Fold o (f V g) o Pinch.

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

Proof. We use the isomorphism H,(S™ Vv S") = H,(S") @ H,(S™) from Corollary
19.5. Let (c), (/) denote elements of H,(S™). Then one readily checks that

Hy(Pinch)(c) = ({¢), (c)),

and
Hy(f V 9) ({e), (¢) = (Ha(f){c), Ha(g)(c)) ,
and finally
H,(Fold) ((c), (c’)) = {c) + (c)
The claim follows. u

Here is the promised calculation of the homology of RP™.
COROLLARY 20.13. The homology of the real projective space is given by
Z, ifk=0ork=mnandn is odd,
Hi(RP") = Zy, forodd0 <k <mn,

0, otherwise.



Proof. The composition we need to look at is
snt L gprt & gpr-t /R = gl

The map go f is a homeomorphism when restricted to each component of S?~1\ §"~2,
and these two homeomorphisms are obtained from each other by precomposing with
the antipodal map a: S"~! — S"~!. This has degree (—1)" by Corollary 15.7. Thus
by Lemma 20.12

deg(q o f) = deg(Fold o (id V a) o Pinch)
= deg(id) 4 deg(a)
=14+ (-1)"

Thus the cellular chain complex for RP™ is given by

0-52272%..22%222%72 50, ifniseven,
0-2%22%..22%2%2%72 -0, ifnisodd.
The result now follows from the fact that H(RP™) = H,(RP™). ]

A more involved application of the cellular boundary formula is on Problem Sheet
K.



LECTURE 21

Natural transformations and the
Eilenberg-Steenrod Axioms

We begin this lecture by finally define “naturality” properly.

DEFINITION 21.1. Let C and D be two categories, and let S,T: C — D be two func-
tors. A natural transformation ®: .S — T is a family of morphisms ®(C): S(C) —
T(C) for each C € obj(C) such that for any morphism f: A — B in C the following
diagram commutes:

s(a) 24, 1
st T(f)

S(B) o(B) T(B)
If each morphism ®(C') is an isomorphism then we say that ® is a natural isomor-
phism.

If¥: R— Sand &: S — T are two natural transformations then there it is easy
to check that there is a well-defined natural transformation

QoV: R—T, (PoW)(C):=D(C) o T(C).

Given any functor T, there is a well-defined natural transformation idp: T'— T given
by idr(C) = idy () for each object C' € C. The following easy lemma is on Problem
Sheet K

LEMMA 21.2. Let C and D be two categories and S,T: C — D two functors. Suppose
®: S — T is a natural transformation. Then ® is a natural isomorphism if and only
if there is a natural transformation V: T" — S such that Vo ® = idg and ®o V¥ = idp.

By now you can probably guess what’s coming next. Natural transformations
“look” like morphisms between functors, and that means time for a new category.
Let us suggestively write

Nat(S,T) := {natural transformations ®: S — T'}.

We would like to define a new category called the functor category whose objects
are all the functors from one category to another, and whose morphisms are the
natural transformations between the functors. Unfortunately we run into a set-
theoretic bug! Recall that in the definition of a category in Lecture 1, we required
the Hom-sets to be actual sets. However sadly Nat(S,7T) need not be a set. Worse,
it does not even have to be a class. The following result is not hard to prove, but
isn’t particularly relevant to our purposes, so I'll just state it.
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PROPOSITION 21.3. Let C be a small category (i.e. obj(C) is a set). Then for any
category D and any two functors S,T: C — D, Nat(S,T) is a set.

This means that we can formally only define the functor category when the domain
category is small.

DEFINITION 21.4. Let C be a small category, and let D be an arbitrary category. The
functor category Fun(C,D) is the category with:

e obj(Fun(C,D)) the class of all functors T': C — D.
o Hom,:un(QD) (S7 T) = Nat(S, T),
e composition is given by composition of natural transformations.

This is well-defined due to the preceding proposition.

Let us give a concrete example of formulating a (non-trivial) result you probably
all already know in the language of natural isomorphisms.

THEOREM 21.5. A finite-dimensional vector space is naturally isomorphic to its dou-
ble dual.

What exactly does this mean? For simplicity, lets work with real vector spaces. If
V is a real vector space then V* := Hom(V,R) denotes the set of all linear functionals
V' — R. More categorically, if Vect is the category of all vector spaces, then we can
think of V +— V* = Hom(V,R) as a functor Hom((J,R): Vect — Vect (since R is
itself a real vector space.) Actually this is not quite true: this functor reverses the
direction of morphisms (compare Problem K.5.) Indeed, a morphism in Vect is a
linear transformation A: V. — W between two vector spaces. A induces a map
A* between the dual spaces, but it goes the “wrong” way round: A*: W* — V*.
Explicitly, if A € W* (so A: W — R is a linear functional) then A*\ € V* is defined
by

A*A(v) := A(Av), YveV.

Next semester we will study the idea of functors going the “wrong way round” in
detail when we study cohomology. For now though, let us side-step this issue by
applying the functor twice. So let T: Vect — Vect denote the functor

T(V) := Hom(Hom(V,R),R).

One usually denotes T'(V) by V** and calls it the double dual. If A:V — W
is a linear map then T'(A) : T(V) — T(W) is the linear map usually written as
AV — W** and defined by

A" (©)(A) = @(A*N) pe V™ Xe W™

As you probably remember from linear algebra, there is a map evy : V +— V** called
evaluation that simply evaluates a linear functional at a vector:

evy (v)(p) := p(v), peve.



We claim that ev is a natural transformation from the identity functor on Vect to T.
This comes down to showing that the following diagram commutes for any pair of
vector spaces V, W and any linear map A: V — W:

174 evy Ve

L e

W —— W**

evw

This is trivial: take A € W* and observe:
A% evy (v)(N) = evy (v)(A™A) = A*A(v) = MAv) = ev g, (N).

The map evy is easily seen to be an injection V' — V** but in general if V' is infinite-
dimensional then dim V* > dim V' and hence evy is not an isomorphism. But if V'
is finite-dimensional then hopefully you all know how to prove that dim V = dim V*
and thus in this case evy: V — V** is an isomorphism. Hence by definition ev
is a natural isomorphism when restricted to the subcategory FiniteVect of finite-
dimensional vector spaces, and this is precisely the statement of Theorem 21.5.

Here are a few more examples of things that we have already proved are natural
transformations.

ProrposiTiON 21.6. Let Co: Top — Comp denote the singular chain functor, and

givenn > 0 let C,,: Top — Ab denote the singular chain functor restricted to a single
Cy,. Then:

1. The boundary operator in singular homology is a natural transformation C,, —
Ch-1.

2. The barycentric subdivision operator Sd: Ce — C,4 is a natural transformation.

Proof. The first statement is just Proposition 7.20 in fancy language. The second is
is just (13.9). ]

Recall for any topological space X and any p € X, one has H; (X) = Hi(X,p),
cf. Corollary 12.22.

PROPOSITION 21.7. Regard m; and H; as functors Top, — Groups (i.e. forget that
H,(X) is abelian). Then the Hurewicz map defines a natural transformation m —
.

Proof. This is Problem E.2. []

PROPOSITION 21.8. Define a functor R: Top® — Top? by R(X,X') = (X’,0). Then
the connecting homomorphism § of the long exact sequence of a pair defines a natural
transformation 6 : H,, — H,_1 o R.

Proof. This is just the fact that the right-hand square commutes in the diagram of
Proposition 12.3. [ ]



With the definition of natural transformations out of the way, we can finally intro-
duce the famous Eilenberg-Steenrod axioms for a homology theory. Let R: Top? —
Top? be as in the previous proposition.

DEFINITION 21.9 (The Eilenberg-Steenrod Axioms). A homology theory is a se-
quence H, : Top2 — Ab of functors for n > 0 and a sequence 6 = 6,,: Hy, — Hn_10R
of natural transformations for n > 1 satisfying the following four axioms:

e The homotopy axiom: If f,¢: (X, X') = (Y,Y’) are homotopic mod X’ (as
in Definition 12.25) then H,(f) = Hn(g) for all n > 0. Thus H,, factors to
define functors hTop? — Ab for each n > 0.

e The exact sequence axiom: For every pair (X, X’) with inclusions +: (X', () —
(X,0) and j: (X,0) — (X, X’), there is an exact sequence

Hn(z)

o (X) Hn(2)

= Ha(X) 2 (X, X)) S Hy (X)) =

where we abbreviate H,,(X) = H,(X,0) etc.
e The excision axiom: For every pair (X, X ") and every subset U C X with
U C (X')°, the inclusion (X \ U, X"\ U) < (X, X’) induces an isomorphism
Ho(X\U, X'\ U) 2 H, (X, X'), Vn > 0.

e The dimension axiom: If {x} is a one-point space then #,(x) = 0 for all
n >0 and Ho(x) = Z.

There are additionally two “optional” axioms:

e The additivity axiom: Let (X, X)), A € A be a family of pairs of spaces.

Denote by
a: (X, X)) = <|_| X || x >

AEA A€A
the inclusion. Then for all n > 0, the map

D Ha(in): @ Ha(Xn, X5) = My <|_|XA,|_|XA>

A€A AEA A€A AEA

is an isomorphism.

e The weak equivalence axiom: If f: (X, X’) — (Y,Y’) is a weak equivalence
(cf. Definition 18.18) then H,(f): Hn(X, X') — H,(Y,Y’) is an isomorphism
for all n > 0.

Some remarks:

1. The last two axioms are less important, and are both sometimes omitted from
the treatment of axiomatic homology theory. The additivity axiom is implied
by the excision axiom whenever A is a finite set (see Problem K.6), and thus is
only of interest for infinite disjoint unions.



. The weak equivalence axiom is used only to ensure that a homology theory is
uniquely determined by what it does to cell complexes, cf. Theorem 18.19. We
will ignore this axiom for the time being, since we haven’t defined the higher
homotopy groups. In particular, we currently have no way of proving that
singular homology is a homology theory (!) if we insist on this axiom, since we
cannot verify that singular homology satisfies the weak equivalence axiom. We
will discuss this in more detail at the end of Algebraic Topology II (Theorem
46.9.)

. As currently defined, cellular homology is also not a homology theory, since we
have only defined cellular homology for cell complexes. Nevertheless, it can be
made into a homology theory by arguing as follows. Let us denote by Cell the
category of cell complexes, and denote by I: Cell — Top the inclusion functor.
A more precise version of Theorem 18.19 (this is stated as Theorem 46.15) tell
us that there is a functor I': Top — Cell that assigns to any space X a cell
complex I'(X), together with a natural transformation ®: I o I' — idyop such
that ®(X): I'(X) — X is a weak equivalence. The functor I is called a cellular
approximation functor. Extending this to pairs of spaces, one then defines
HEl Top? — Ab by first applying I': H¢ o T. The resulting sequence of
homology functors is a genuine homology theory.

. Many of the properties of singular homology continue to hold for an arbitrary
homology theory. For instance, if X is contractible then by the homotopy axiom
and the dimension axiom one sees H,(X) = 0 for n > 0 and H,(X) = Z for
n = 0. A more involved fact is that the Relative Homeomorphism Theorem
19.7 continues to hold; more on this later.

. The exact sequence axiom implies the long exact sequence of a triple: if X” C
X' C X are subspaces then there is a long exact sequence

o Ha (X, XY = H (X, XY = H (X, XY D Hp (X, X))

where the undecorated maps are induced by inclusion and the map ¢ is the
composition

Ho (X, X)) D Ho 1 (X) = Hp 1 (X, X7

Indeed, this follows from the solution of Problem F'.4, since the solution given
there (using the commutative braid of Problem I.3) used nothing other than
the exact sequence axiom.

. Both of the homology theories (singular and cellular) that we have constructed
have arisen from first defining a functor Top? — Comp and then composing
this with the functor H,,: Comp — Ab that takes the homology of the chain
complex. However this is not part of the axioms, and any proof we gave for
singular/cellular homology that used this are therefore not valid for an arbi-
trary homology theory. This is the reason we proved Problem F.4 using the
commutative braid (as remarked at the end of the solution to Problem F.4,
there is a much quicker proof that is valid only for homology theories that are
the homology of a chain complex.)



7. The only axiom that guarantees non-triviality of #,, is the dimension axiom,
which at least tells us that the zeroth homology of a point is non-zero. Without
this axiom, a perfectly valid theory would be H,, = 0. Nevertheless, there are
many examples of things that one would like to be a “homology theory” that do
not satisfy the dimension axiom. Two examples are topological K-theory and
symplectic homology'. Thus a generalised homology theory is a sequence
(He,0) that satisfies all the axioms apart from the dimension axiom.

Now let us define what it means for two homology theories to be the same.

DEFINITION 21.10. Let (He,6) and KCe,e) be two homology theories. A natural
transformation ®,: (H.,0) — (K., e) is a sequence of natural transformations
®,,: H,, — K, for n > 0 such that the following diagram commutes for all n > 1 and
all pairs (X, X'):
Ha(X, X') —2 Hp1(X)
(XX |@amax)
Kn(X,X") —— Kn_1(X')

If @, is a natural isomorphism for each n then we say that the two homology theories
(He,0) and Ko, €) are naturally isomorphic.

It is now easy to formulate the big theorem.

THEOREM 21.11 (Existence and uniqueness of a homology theory). Singular homol-
ogy is a homology theory. Moreover if (He,d) is any homology theory then (He,d)
is naturally isomorphic to singular homology.

We can’t really come close to proving this as currently stated. Indeed, as remarked
above, we cannot even show existence, since we don’t know that singular homology
satisfies the weak equivalence axiom. If we drop the weak equivalence axiom then
we have already shown that singular homology satisfies the other axioms. However
the main tool needed to construct a natural isomorphism between singular homology
and an arbitrary homology theory is the higher dimensional analogue of the Hurewicz
Theorem 9.7. We will discuss Theorem 21.11 right at the end of Algebraic Topology
IT (cf. Theorem 46.17.)

Nevertheless, the techniques we have developed thus far in the course allow us to
prove the following weaker version.

THEOREM 21.12 (Baby Uniqueness Theorem). Suppose (He,d) and IC, €) satisfy the
first four axioms (homotopy, exact sequence, excision and dimension) and suppose
Dy: (He,0) — Ko, ¢) is a sequence of natural transformations such that ®o(x): Ho(x) —
Ko(*) is an isomorphism, where * is a one-point space. Then

Dy (X, X7): Hp(X, X') = K (X, X)

is an isomorphism for all pairs (X, X') consisting of a finite cell complex X and a
subcomplex X'.

!The former is the content of next semester’s student seminar entitled “Vector Bundles in Algebraic
Topology”. The latter is my favourite (generalised) homology theory.



In other words, if we already have a natural transformation between two homology
theories, it suffices to check it’s an isomorphism on a one-point space to conclude it’s
an isomorphism on any finite cell complex. Of course, by assumption one always has
Ho(x) = Z = Ko(*), but the hypotheses of the theorem are asserting much more:
that there exists a natural transformation between the two homology theories that
realises this isomorphism. This theorem is not too hard to prove, and we will do so
next lecture.



LECTURE 22

Free chain complexes

In this lecture we first prove Theorem 21.12. Our proof will use the Relative Home-
omorphism Theorem 19.7, which is valid for an arbitrary homology theory. Let us
begin by stating this precisely.

THEOREM 22.1 (The Relative Homeomorphism Theorem Reborn). Let (H,,d) de-
note a homology theory satisfying the first four axioms. Let f: (X, X') — (Y,Y”)
be a relative homeomorphism. Assume that X is compact and that Y is compact
Hausdorff, and that X' and Y’ are closed in X and Y respectively. Assume further
that there exists a neighbourhood U of X' in X such that X' is a strong deformation
retract of U, and a neighbourhood V of Y’ in'Y such that Y’ is a strong deformation
retract of V. Then

Ho(f): Ho(X, X') = Ho(Y,Y) is an isomorphism for all n > 0.

Proof. Go through the proof of the Relative Homeomorphism Theorem 19.7 and
check we only used the axioms. ]

We now prove Theorem 21.12.

Proof. We prove the theorem in three steps. In this proof, all vertical maps are
induced by ®, and we won’t label them on the diagrams. The moral of the proof is:
use the Five Lemma five times.

1. We first prove the result for X = S° and X’ = (). We think of S° as the union
of two points p and ¢, and consider the following diagram:

Hn(q) —— Hu(pUq,p)

| J

Kn(q) —— Kn(pUq,p)

The two horizontal maps are excision isomorphisms, and the left-hand vertical map is
an isomorphism by hypothesis for n = 0 and by the dimension axiom for n > 0. Thus
the right-hand vertical map is also an isomorphism. We now consider the diagram:

Hn—l—l(soap) L> Hn(p) — Hn(SO) — Hn(soap) — Hn—l(p)

| ! | | J

Knt1(5%p) —— Kn(p) —— Kn(S°) —— Kn(S% p) —— Kn_1(p)
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The rows are exact by the exact sequence axiom. All the vertical maps apart from
the middle one are isomorphisms. Thus the middle one is too by the Five Lemma
(Proposition 11.3).

2. We now prove the result for an arbitrary sphere S*. Let us inductively assume
that ®,,(S*1): H,(S* 1) — K,(S¥!) is an isomorphism for all n > 0. Since B*
is contractible, by the homotopy axiom, the dimension axiom and the hypotheses,
the map ®,,(B*): H,(B*) — K, (B") is an isomorphism. Then we apply the Five
Lemma again to the following diagram:

Ho(SF1) —— Ho(BF) —— Ho (B, SF1) —0y 3, 1(SF-Y) —— H,_1(B*)

| | | | |

Ko (S5 —— Kn(BF) —— Kn(B*, S5 1) —— Ky (SF1) —— Ky (BY)

Again, the rows are exact and all vertical maps apart from the middle one are iso-
morphisms. Thus the middle one is too. Now consider the following diagram:

Ho(BF, 541y UL gy sk p)

Ko (BF, sk—1) Kol

Kn(S*,p)

The horizontal maps come from a relative homeomorphism (B*, S¥~1) — (S* p),
and is thus an isomorphism by the Relative Homeomorphism Theorem. We have
just shown that the left-hand map is an isomorphism, and hence the right-hand
vertical map is too. Now we apply the Five Lemma again to this diagram:

M 1(S*,p) ——= H(p) —— Hn(S*) —— Hn(S*,p) —— Hoor(p)

l | | ! l

Icn+1(5k7p) — ]Cn(p) — ,Cn(Sk> — /Cn(Sk,p) — Kn—l(p)

3. We now prove the theorem for a pair (X, X’) by induction on the number of
cells of X. We have already done the case where X has one cell, so let us assume
that @,(Y,Y"): H,(Y,Y') — K,(Y,Y’) is an isomorphism for all n > 0 and for
any cell complex Y with at most N — 1 cells. Let X be a cell complex with N
cells and X’ a subcomplex. If dim X = k, pick a specific k-cell of X and let Z
denote the complement of this cell. Then Z has N — 1 cells, and there is a relative

homeomorphism
fo(B*, 8" = (X, 2).

We now consider the diagram:

Hn(f)

Hn(BE, SF1) Ho(X, Z)

|

Knll) ke (X, 2)

,Cn(Bk, Skfl)



The horizontal maps are isomorphisms and the left-hand vertical map is an isomor-
phism for all n > 0, and thus the same is true of the right-hand vertical map. Next,
apply the Five Lemma to this diagram:

HnJrl(XvZ) # /Hn(Z> — /Hn(X) I Hn(X’Z) — /anl(Z)

| | | |

Kni1(X,Z2) — Ky(Z2) — Kh(X) — Ku(X, Z) —— K—1(2)

Thus @, (X): H,(X) — K, (X) is an isomorphism for all n > 0. Similarly @, (X"): H,(X') —
K, (X') is an isomorphism for every n > 0. Finally, we apply the Five Lemma a fifth
time to the diagram:

Ho (X)) —— Ho(X) —— Ha(X, X') =2 Ho 1 (X)) —— Hp1(X)

| | | | !

Kn(X') — Kp(X) — Lo(X, X') — Kot (X)) —— K (X)

Thus @, (X, X'): Hp(X, X') — K,(X,X’) is also an isomorphism. This completes
the proof. m

REMARK 22.2. If we knew our homology theories arose from taking the homology
of a chain complex, one could now invoke Theorem 16.22 to deduce the same result
for any cell complex (rather than just finite ones). In general, the excision axiom
and the additivity axiom allows one to prove (roughly speaking) that a homology
theory does indeed commute with filtered colimits, but this is a somewhat involved
argument.

We now embark upon some more homological algebra. Our journey will culminate
at the end of the next lecture with the famous Acyclic Models Theorem, which will
allow us to give new and simpler proofs of various statements from the course (eg.
the proof that singular homology satisfies the homotopy axiom). We begin with the
following lemma, whose proof is similar to the last part of Problem F.6.

LEMMA 22.3. Let F' be a free abelian group. Suppose g: B — C' is a surjective
homomorphism of abelian groups and h: F' — C is a homomorphism. Then there
exists a homomorphism f: F — B such that gf = h.

BT>C*>O

Proof. Let X be a basis of F'. For each = € X, choose b, € B such that g(b;) = h(x).
By Lemma 7.2 there exists a unique homomorphism f: F — B with the property
that f(z) = b, for all z € X. Then both gf and h agree on X, and hence gf = h as
desired. -



This result implies the following statement.

PROPOSITION 22.4. Suppose we have a commutative diagram of abelian groups where
the bottom row is exact, that the top row satisfies ji = 0, and that A is free abelian.

At ,p_J ¢

A/

~
<

- — '

? J

Then there exists a homomorphism f: A — A’ making the first square commute:

A—isp-—1,¢

fi lg lh

Al » B » C'
i 5

Proof. We claim that im gi C im4’. Indeed, by exactness imi’ = ker j/, and thus it
suffices to show that j'gi = 0. But j'gi = hji by commutativity. Since ji = 0 by
assumption, the claim follows. This means we have a diagram:

A

I

A — 5 imi —— 0
K2
Now apply Lemma 22.3 to obtain the desired homomorphism f: A — A’. [ |

Proposition 22.4 has a rather surprising consequence, which we now explain.
Suppose C, and D, are two chain complexes. A chain map f: Cy — D, induces
maps H,(f): Hn(Cs) — Hy,(D,) for each n > 0. But when can we go the other way?

Namely, suppose we start with a homomorphism h: Ho(Ce) — Ho(D.). We are
interested in obtaining criterion for the existence of a chain map f: Co — D, such
that

Hy(f) = h. (22.1)

Let us say that f is a chain map over h if (22.1) holds. Here are two more definitions.

DEFINITION 22.5. A chain complex C, is called free if each group C,, is a free abelian
group.
DEFINITION 22.6. A chain complex C, is non-negative if C;, = 0 for all n < 0. Thus

the singular chain complex is always non-negative. A non-negative chain complex C,
is acyclic in positive degrees if H,,(C,) = 0 for all n > 0.

The next result is sometimes called the Comparison Theorem in homological
algebra'.

IThis is actually a weaker version than the usual “Comparison Theorem” where the top complex is
assumed to a complex of projectives rather than a free complex.
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THEOREM 22.7. Suppose (Cs,0) and (D, d") are two non-negative chain complexes.
Assume that C, is free and that D, is acyclic in positive degrees. Then given any
homomorphism h: Ho(Cs) — Hy(Ds), there always exists a chain map f: Ce — D,
over h. Moreover if f and g are two chain maps over h then f and g are chain
homotopic.

REMARK 22.8. In particular, if C, is free and D, is acyclic in positive degrees, then
a chain map f: Ce — D, is determined up to chain homotopy by the map Hy(f).

Proof. Since C,, = 0 for all n < 0, Hy(C,) is the cokernel of 9: C; — Cp, and
similarly for Hy(D,). Denote by e: Co — Hy(Cs) and &’': Dy — Hy(D,) the two
quotient maps. Note that the extended complex

oD LD L Dy & Ho(De) = 0

is an acyclic complex (its homology is zero in every degree.) Our goal is to find maps
fn: Cp — Dy, such that the entire diagram below commutes:

We argue by induction on n > 0. For the case n = 0, we use Lemma 22.3 with the
diagram
Co

fo .-~

0o .-

e ihoe
.

.

Ite
Do T) H[)(D.) — 0

For the inductive step, we apply Proposition 22.4 to the diagram
Cn
I
D,

Now suppose we are given two such chain maps f and g over h. We wish to construct
maps P,: C, = Dy41 for n > —1 such that

0
Cn—i—l

\
>

n—1
lfn—l
Dn—l

Dn+1 ”

4 o'

P, + Py_10 = fn — gn.

Define P_; = 0. Now consider the diagram:

Co —4 0
lfO*QO JO
D1 Y > DO Ho(D.)



Proposition 22.4 applies to give us the desired map Py: Cyg — D;. Abbreviate k, =
fn — gn — Pn—10. For the inductive step we use the diagram

I

>
8/
> Dn,1

c, —4 ¢,
J-
D

EL n

Dn+1

This diagram commutes, since

Ikn = 0'(fn — gn) — (' Pr—1)0
= al(fn - gn) - (fnfl —G9n-1— Pn*Qa)a
= a,(fn - gn) - (fn—l - gn—l)a
=0

as 0> = 0 and f — g is a chain map. Thus we can apply Proposition 22.4 again to
get a map P,: C, — Dy41. This completes the proof. [ ]

COROLLARY 22.9. Suppose (C,,0) and (D,,d') are two non-negative chain com-
plexes. Assume that Cy and D4 are both free and acyclic in positive degrees. Assume
we are given an isomorphism h: Hy(Ce) — Ho(Ds). Then every chain map f over h
is a chain equivalence.

Proof. We apply Theorem 22.7 twice to obtain chain maps f: Ce — D, over h and
g: Dg — C, over h=1. Then go f: C,, — C,, is a chain map over h™loh = gy (cy)-
But another obvious chain map over idgc,) is idg,. By the last statement of
Theorem 22.7, g o f is chain homotopic to idc,. Similarly f o g is chain homotopic
to idp,. Thus f is a chain equivalence as desired. ]



LECTURE 23

The Acyclic Models Theorem

In this final lecture we state and prove the Acyclic Models Theorem. The main
ideas were all contained in Theorem 22.7 and Corollary 22.9 from the last lecture.
The formalism below will seem somewhat complicated, but all we are really doing is
carrying out the constructions above in a more general setting.

DEFINITION 23.1. Let C be a category. A family of models for C is simply an
indexed subset M = {M) | A € A} C obj(C).

DEFINITION 23.2. Let C be a category with family of models M = {M, | A € A}.

Suppose T: C — Ab is a functor. A T-model set X is a choice of element x) €
T'(M,) for each A:
X ={x\eT(M))| e A}

DEFINITION 23.3. Let C be a category with a family of models M = {M) | A € A}.
Suppose T': C — Ab is a functor. We say that T is free with basis in M if:
1. T(C) is a free abelian group for every C' € obj(C),

2. There is a T-model set X = {z) € T(M,) | A € A} such that for every object
in C the set
{T(f)(zx) | f € Hom(My,C), X € A}

is a basis for T'(C).
We call X a model basis for 7.

ExaMpPLE 23.4. Fix n > 0. Consider a family of models for Top consisting of just
one model M = {A"}. Consider now the functor C,: Top — Ab that assigns a
topological space X the free abelian group of singular n-chains C,(X). We claim
that C), is free with basis in {A"}. The first condition is by definition, so we need
only verify the second. For this, recall (see Lecture 13) we denote by £,,: A™ — A"
the identity map, thought of as a singular n-simplex in A™. Then the set {/,} is a
Cy-model set. We claim that {¢,,} is a model basis. Indeed, if o: A" — X is any
singular n-simplex then (thinking of o as a continuous map from A™ to X), we have

Colo)(ln) =ty =0
(see (13.4)). Since Cp,(X) has basis the singular n-simplices in X, we have that
{Ch(0)(ly) | o: A" — X continuous}

is a basis for C,(X).
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PROPOSITION 23.5. Let C be a category with family of models M = {M) | A € A}.
Suppose S,T: C — Ab are functors, and assume T is free with basis in M. Let

{zx € T(My) | X € A}
denote a model basis for T. Choose elements yy € S(M)) for each A € A, and set
Yi={yr € S(My) | A€ A}
Then there exists a unique natural transformation ®: T' — S such that
O(My)(zx) =yn,  VAEA

The following picture might help you remember the statement:

Proof. Let us first check that ® is unique if it exists. For fixed A\ € A and a fixed
object C' € obj(C), we obtain a commutative diagram for every morphism f: M), —
C:

Thus if z) € X we have by the hypothesis on ¢ that

®(C) o T(f)(zr) = S(f) 0 2(My)(zx) = S(f)(ynr)-

Since the family {T'(f)(xx)} forms a basis of (and hence generates) T'(C), it follows
that each homomorphism ®(C') is uniquely determined. Since C' was an arbitrary
object, it follows that & is unique. Now let us construct ®. Again, fix an ob-
ject C of C. We first define ®(C') on basis elements {T'(f)(z))} by declaring that
®(C)(T(f)(zx)) :== S(f)(y»). Then since T(C) is free abelian, by Lemma 7.2 there
is a unique homomorphism ®(C): T(C) — S(C) that extends this map. It remains
to show that ® is a natural transformation. For this, take a morphism g: A — B in
C. We need to prove the following diagram commutes:

T(A) T(g)

a() |2

S(4) <> S(B)

Since T'(A) is free abelian, it suffices to evaluate both sides on a typical basis element
T(f)(xy) for some A € A and f: My — A. Then

S(g) 0 ®(A)(T(f)(xr)) = S(9)S(fyn = S(g° )(yn).

2



But also going the other way round:

®(B) o T(g)(T(f)(wx)) = ®(B) o T(go f)(xx) = S(go f)yr).
Thus @ is indeed a natural transformation, and this completes the proof. [ |

We now prove a generalisation of Proposition 22.4 to this setting.

PRrROPOSITION 23.6. Let C be a category with family of models M. Suppose we are
given six functors

T;, S;: C— Ab, i=1,2,3.
together with six natural transformations as pictured below:

P

T1 1 > TQ 2 > T3
[
S1 o So 7 S3

Assume that:

1. Assume that for every object C' € obj(C) the composition ®5(C)o®(C): T1(C) —
T5(C) is the zero homomorphism.

2. The bottom row is exact on M, in the sense that for every model M € M one
has im W (M) = ker Uy(M).

3. The diagram commutes for every object C of C.
4. T is free with basis in M.

Then there exists a natural transformation Y: Ty — Sy such that the first square
commutes for every object of C.

[ [
T1 ! T2 2 > T3
|
Ti \L@h \L@Q
Sl \1’1 7 SQ \112 53

The trickiest thing in Proposition 23.6 is the statement. It is easiest to see this
as a direct generalisation of Proposition 22.4 where we use functors instead of maps.
Indeed, if C had exactly one object and only the identity morphism, then Proposition
23.6 would reduce to Proposition 22.4. But in general Proposition 23.6 is much
stronger: the important bit is that we only require the bottom row to be exact on
M. If you think back to Example 23.4, this can often be a massive simplification if
M is very small compared to obj(C).

Proof. Let X = {z) € Th(M)) | A € A} denote a model basis for 7;. Then for
each A € A we have a commutative diagram in Ab that satisfies the hypotheses of
Proposition 22.4:

Ti(My) —— To(My) —— T5(M)

| |

Sl(M/\) —_— SQ(M/\) —_— Sg(M)\)



Thus by Proposition 22.4 we obtain a homomorphism 77 (M) — S1(M)):

Ty(My) —— To(My) — T3(M))

| |

Sl(MA) E— SQ(M/\) E— Sg(M)\)

Set y) € S1(M)) denote the image of x) under this map. By Proposition 23.5 we
obtain a natural transformation Y: 77 — S such that Y(M))(zy) = y» for each
A € A. Tt remains to check that the desired diagram commutes. For this consider

Z) = \Ifl(M)\)(y)\), Z = {Z)\ESQ(M)\) ‘ )\EA}

Then both ©1 0o ®; and ¥ o T are natural transformations 77 — Sy that send x)
to z). The uniqueness part of Proposition 23.5 then implies that @1 0 ®; = ¥ 0 Y.
This completes the proof. [ |

The main result of today’s lecture is basically the “models” version of Theorem
22.7. This means we need to study functors with values in Comp. So suppose
Te: C — Comp is a functor. Thus for each C' € obj(C) we obtain a chain complex
To(C). Given n € Z, let T,,: C — Ab denote the functor given by C — T, (C). As
with the case of a single chain complex, we say that T, is non-negative if 7,,(C) = 0
for all n < 0, and we say an object C' € obj(C) is T-acyclic in positive degrees if
H,(To(C)) =0 for all n > 0.

A natural transformation ®: T, — S, between two functors T, S.: C — Comp
is usually called a natural chain map. There is an analogous notion of a natural
chain homotopy.

DEFINITION 23.7. Suppose T,,.Se: C — Comp are two functors and &, V: T, — S, are
two natural chain maps (i.e. natural transformations). A natural chain homotopy
between ® and ¥ is a sequence of natural transformations Y, : T,, — Sp+1 such that

8’Tn +71,-10=9, -V,

for every n. Here 9 is the boundary operator of T, and @ is the boundary operator of
Se. Explicitly, this means for every object C of C, if we denote by 0¢ the boundary
operator of To(C') and 0y the boundary operator of S4(C'), we have

06Yn(C) +Tp1(C)0e = @,(C) — ¥, (C)
as homomorphisms 7,,(C) — S, (C).

Similarly, a natural chain equivalence ®: T, — S, is a natural chain map with
the property that there exists another natural chain map ¥: S, — T, such that Vo ®
is naturally chain homotopic to idy, and ® o ¥ is naturally chain homotopic to idg, .

Now we introduce the functor-valued version of (22.1). Suppose T,,Se: C —
Comp are two functors. Then HyoT, and Hyo S, are two functors C — Ab, given by



C — Ho(T,(C)) and C +— Hy(S+(C)) respectively. Suppose we are given a natural
transformation
©: HyoTy, — Hyo S,.

We can then ask the question: when does there exist a natural chain map ®: Tq — S,
such that Hy(®) = ©7 (This is of course a direct generalisation of asking when (22.1)
held last lecture). The Acyclic Models Theorem gives an answer.

THEOREM 23.8 (The Acyclic Models Theorem). Let C be a category with models
M. Assume that S,,T,: C — Comp are non-negative functors. Assume that for all
n > 0, T, is free with basis contained in M. Assume that each model M € M is
Se-acyclic in positive degrees. If ©: Hyo T, — Hy o S, is a natural transformation
then there exists a natural chain map ®: Ty, — S, over ©. Moreover any two such
natural chain maps are naturally chain homotopic.

COROLLARY 23.9. Assume instead that for all n > 0, both S,, and T,, are free with
basis contained in M, and that each model M € M is both Se-acyclic in positive
degrees and Te-acyclic in positive degrees. Then if ©: HyoT, — Hyo Se is a natural
equivalence then every natural chain map ® over © is a natural chain equivalence.

Again, by far the hardest part of this theorem is understanding the statement!
The proof is basically identical to the proof of Theorem 22.7 and Corollary 22.9.

Proof of Theorem 23.8 and Corollary 23.9. We prove both the two results in three
steps.

1. As in the proof of Theorem 22.7, our goal is to construct natural transforma-
tions ®,,: T, — S, such that the following diagram commutes.

AN s R RN Ho(T)) —— 0
q’zi ‘1)13 3‘1)0 e
7 So 7 S 7 So > Ho(Se) —— 0

For n = 0, we have the following picture:
T[) e H[)(T.) — 0
o [o
S() —_— H()(S.) — 0

The bottom row is exact because Hy(Se(C)) is the cokernel of Si(C) — Sy(C).
Thus Proposition 23.6 gives us a natural transformation ®¢: Ty — Sp such that the

diagram commutes:
0
i 3 l@ lo
0

&
=
2



Now we inductively define ®,: T, — S, for n > 1. Indeed, if we have constructed
®,, then we have a diagram

0 0
Tn+1 ” Tn Tn—l
J/(bn J/i’n—l
Sn+1 Py ” Sn Y 7 Op—1

By assumption the bottom row is exact for every model M, and thus as T),11 is free,
Proposition 23.6 applies to give us the desired ®,41: Thr1 — Sny1-

2. Now suppose we have two such maps ®, ¥: T, — S,. We need to find natural
transformations Y,,: T, — S,11 for all n > —1 such that

a/Tn + 7Y, 10=®, —V,.

We define T_; = 0 and proceed inductively. Let Z,, := ®,, — ¥,,. Then we have a
diagram:

51 > So > Ho(S.)

Again, Proposition 23.6 applies to give us the desired map Yo: Ty — S;. For the
inductive step we use the diagram

7, —4 1 s 0
En—Tn_1 oai(]
Sn+1 Py Sn 7 Op—1

We need to show this diagram commutes to apply Proposition 23.6. But by induction:

=0

as 02 = 0 and =, is a chain map.

3. Finally we prove Corollary 23.9. In this case © is a natural isomorphism,
and hence there exists a natural transformation II: Hy o S¢ — Hy o Te such that
ITo® = idg,or and Ooll = idg,0s. We then have two natural chain maps ® : T, — S,
and ¥: Sq — T, over from © and II respectively. This gives us two natural chain
maps over Il o O: the identity idr,: Te — Te and W o &: Ty, — T,. By what we
have already proved, these two natural chain maps are naturally chain homotopic.
Similarly ® o U: Sq — S, is naturally chain homotopic to idg,: Se — Se. Thus
®: Ty — S, is natural chain equivalence. This completes the proof. [ |



With all this heavy lifting out of the way, let us now reap the benefits. Recall
Proposition 8.5:

ProposiTiON 23.10. Let X be a topological space and define inclusions 1,3: X —
X x I by

1(x) == (x,0), J)(x) == (x,1).

Then
H,(x) = H,(3), Vn > 0.

We can now give a cute easy proof.

Proof. We give Top models M = {A™ | n > 0}. Then by Example 23.4, for all
n > 0 the singular chain functor C,: Top — Comp has the property that C, is
free with basis in M,, := {A"} C M. Define another functor Se: Top — Comp by
Se(X) = Co(X xI). Since A™ x I is convex, by Corollary 13.3, every model A" is S,-
acyclic in positive degrees (note this argument is not circular, see Remark 13.4.) Now
the Acyclic Models Theorem tells us that in order to deduce that 14, j4: Co(X) —
Co(X x I) are naturally chain homotopic (and hence in particular induce the same
map on homology, cf. Proposition 10.24) it suffices to show that Hy(z) = Ho(y). But
this is trivial. [ |

Here is an even simpler application of the Acyclic Models Theorem.

ProrosiTION 23.11. Let ®,¥: Cy — C, denote natural transformations from the
singular chain functor to itself. Assume that ®; = Vq. Then there is a natural chain
homotopy from ® to W.

Proof. Apply the Acyclic Models Theorem with Se = Ty both equal to the singular
chain functor, and with models {A”™ | n > 0} as above and with © = Hy(®) =
Ho(\lf) |

We conclude with a much nicer proof of Theorem 13.11:

THEOREM 23.12. Let X be a topological space and consider the barycentric division
operator Sd: Ce(X) — Co(X). Then Sd is naturally chain homotopic to the identity
(and hence induces an isomorphism on homology).

Proof. ITmmediate from Proposition 23.11 because Sd is a natural (this is (13.3)) and
Sdg is the identity. [ |

This is the end of Algebraic Topology I. See you next semester!

PROPOSITION 23.13. Let C be a category with models M. Assume that Se,Te: C —
Comp are non-negative functors. Assume that for all n > 0, T, is free with basis
contained in M. Assume that each model M € M is Se-acyclic in positive degrees.
Assume that ®y: So — Ty is a natural transformation.



LECTURE 24

Tensor products and a taste of Tor

Welcome to Algebraic Topology II! We have lots to get through this semester, so
rather than a long and fancy introduction, this time we’ll get straight on to our first
topic: universal coefficients.

Unfortunately before the exciting topology can start, we need a rather lengthy
algebraic prelude on tensor products and the Tor functor, which will take all of
today’s lecture.

DEFINITION 24.1. Let A and B be two abelian groups. Their tensor product is
the abelian group A ® B, which has:

e Generators: all ordered pairs (a,b) where a € A and b € B.
e Relations if a,a’ € A and b,1’ € B then

(a+ad',b) = (a,b) + (d,b), and (a,b+b") = (a,b) + (a, V).

More formally, A ® B is the quotient F'//N where F is the free abelian group with
basis A x B and N is the subgroup of F' generated by all the relations. We denote
the coset (a,b) + N by a ® b.

Thus a typical element z of A ® B can be written as a sum

x:ZmiaiQQbi, a; € A, b; € B, m; € Z.
A

Actually one can always dispense with the m;, since for any m € Z and a € A, b € B,
as element of A ® B one has

m(a®b) = (ma) ®b=a® (mb),

as can be easily seen from the relations.

This definition of A® B is rather concrete, but it is presumably not clear to most
of you what the point is. We now show that the tensor product can also be specified
via a universal property.

DEFINITION 24.2. Let A, B, C be abelian groups. A bilinear function ¢: Ax B —
C is a function such that for all a,a’ € A and all b,b" € B,

pla+d,b) = p(a,0) + ¢(d’,b),  and  ¢(a,b+V) = p(a,b) + p(a,b).

As an example, the natural map u: A x B — A ® B that sends (a,b) — a ® b is
bilinear.
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DEFINITION 24.3. Suppose we are given three abelian groups A, B,T and a bilinear
map 1: Ax B — T. Consider the following universal property: Then we require that
if C'is any abelian group and ¢: A x B — (' is a bilinear map, then there exists a
unique homomorphism f: T'— C such that the following diagram commutes:

AXB%T

As with all universal properties', if such a pair (T,7) exist, they are unique up to
isomorphism. Let us verify that (A ® B, u) does indeed solve this universal property.

LEMMA 24.4. The tensor product A® B together with the bilinear map u: Ax B —
A® B, u(a,b) = a ® b, satisfies the universal property from Definition 21.3.

Proof. Let ¢: A x B — C be a bilinear function. Recall A® B = F/N, where F
is free abelian with basis A x B. We first extend ¢: A x B — C by linearity to
amap ¢: F — C (cf. Lemma 7.2). The relations that generate N are such that
N C ker ¢, and hence ¢ factors to define a homomorphism f: F//N — C such that
(a,b) + N — ¢(a,b) = ¢(a,b), that is, f(a ® b) = ¢(a,b). Moreover the map f is
unique, since the set of all the a ® b generate A ® B. [ |

Being able to use universal properties makes the next result very transparent.

PROPOSITION 24.5. Let f: A — A’ and g: B — B’ be two homomorphisms. Then
there is a unique homomorphism A @ B — A’ ® B’, denoted by f ® g, with the
property that

(fog)(a®b)=fa®gb, VYaecA, beB.

Moreover if f': A* — A" and ¢': B — B” are two other homomorphisms then
(f'@g)e(fog)=(fof)®(gg).

Proof. The function ¢: A x B — A’ ® B’ defined by ¢(a,b) := fa ® gb is bilinear.
Thus by Lemma 24.4 there is a unique homomorphism A® B — A’ ® B’ which maps
a®b— p(a,b) = fa® gb. This is our desired homomorphism f ® g. This proves the
first part. For the second part, we define a bilinear map ¢: A x B — A” @ B” by

¢(a,b) = (f'(fa)) ® g'(gb)).

Then observe that both (f'®¢')o (f®g) and (f' o f)® (¢’ o g) fit on the dashed line
to make the following diagram commute:

Ax B u y AQ B

X‘ o

A/l ® B//

Thus by the uniqueness part of Lemma 24.4, we must have (f' ® ¢') o (f ® g) =
(f'of)® (¢ og). This completes the proof. [ |

!To check how much you forgot over the Winter Vacation: prove that there is a most one pair (T, f)
satisfying the universal property from Definition 24.3.



This means we can view the tensor product as a functor.

COROLLARY 24.6. Let A be an abelian group. There is a functor T': Ab — Ab such
that T(B) = A® B and if f: B— C thenT(f) =ida® f: A B—A®C.

Proof. Let f: B — C and g: C — D. By the second part of Proposition 24.5, we
have

(ida®g)o(ida® f) =ida® (go f),

which shows that T preserves compositions. The fact that id4 ® idp = idagp is
obvious. [ ]

We normally denote the functor 7" by A ® [J. Similarly, given a fixed abelian
group B, there is a functor 0 ® B: Ab — Ab that sends A — A ® B, and sends
morphisms f: A — Cto f®idg: A® B— C® B.

We briefly mentioned additive functors last semester. Let me remind you of the
definition.

DEFINITION 24.7. A functor T': Ab — Ab is said to be additive if T'(f + g) =
T(f)+ T(g) for any two morphisms f,g: A — B.

An additive functor has the nice property that 7'(0) = 0, where 0 denotes either
the zero group or the zero homomorphism.

The next result summarises some more properties of the tensor product. The
proofs of parts (1)-(4) are all trivial. The proofs of (5) and (6) are slightly harder,
and they are relegated to Problem Sheet L.

PROPOSITION 24.8.

1. There is an isomorphism A ® B = B ® A taking a ® b to b ® a. The functors
A®0O and O® A are isomorphic.

2. The functors A @ 00 and O ® A are additive.

3. If f: B — B is multiplication by an integer m, fb = mb for all b € B, then
idg® f: A® B - A® B is also multiplication for m (and similarly for f ®
idg: B& A—- B®A.)

4. For any abelian group A, the map Z ® A — A given by m ® a — ma Iis an
isomorphism. Denoting this map by ®(A), the resulting family ® defines a
natural equivalence Z ® [1 — idap in Ab.

5. If A is an abelian group and {B) | A € A} is a (possibly uncountable) family of
abelian groups then there is an isomorphism

AP Br=P(A® B)).

AEA AEA
6. If F and F' are free abelian groups then so is F ® F”.

Now for an algebraic definition.



DEFINITION 24.9. Let T': Ab — Ab be an additive functor. We say that T is exact

if given any exact sequence

Ny ENYG)

the corresponding sequence

()

7(4) 29 By 19,

T(C)
is also exact. We say that T is left exact if given any exact sequence of the form
04l

the corresponding sequence

(/)

0—T(A)

is also exact (That is, a left exact functor T" preserves an exact sequence A i> B4 ¢
if the first map f is injective). Similarly we say that 7" is right exact if if given any
exact sequence of the form

ALB% oo,

the corresponding sequence

is also exact. (That is, a right exact functor T preserves an exact sequence A i>
B % C if the second map g is surjective).

Thus an exact functor is both left exact and right exact.
PROPOSITION 24.10. The functors A ® 0 and 00 ® A are both right exact.
Proof. We will prove A ® [J is right exact. The proof for J® A is almost identical.
Suppose B i> C % D — 0 is exact. We must show that

AgB 4%, Ao 4%, 4o p 40

is also exact. There are three things to check:
1. im(ida ® f) C ker(id4 ® g).
2. ker(idg ® g) Cim(id4 ® f).
3. id4 ® g is surjective.

The proof of (1) is easy:
(idg®g)o(ida® f) = (ida®gf) = (idgag ®0) =0,

where we used the second statement of Proposition 24.5 and the fact that A ® [J is
additive.



The proof of (2) is rather trickier. For this, let us denote by F := im(id4 ® f).
Then the map idy®g: A®C — A® D induces a map h: (A®C)/E — A® D given
by

a®@c+FEF—a®gc

(this is well defined by part (1)). By definition, one has id4 ® ¢ = h o p, where
p: ARC — (A®C)/FE is the quotient map. We will prove that h is an isomorphism.
Then

im(idy ® f) = F = kerp = ker(h o p) = ker(id4 ® g).

We will use the universal property of the tensor product to find an inverse to h.
Given d € D, since g is surjective there exists ¢ € C such that gc = d. If ¢ is another
such element of C' such that g¢’ = d then ¢ — ¢’ € kerg = im f, and thus there exists
b € B such that fb=c— ¢. Thus for any a € A,

a®@c—a®cd=a®(c—)=(ida® f)(a®b) € im(idg ® f) = E.
This means that there is a well defined map ¢: A x D — (A® C)/FE given by
pla,d) =a®c+E,

where ¢ is any element of C' such that gc = d. The function ¢ is obviously bilinear, and
hence by the universal property there exists a homomorphism j: A® D — (A®C)/E
such that j(a ® d) = a ® ¢ + E (where as before, ¢ is any element of C' such that
gc = d.) Then by definition, j o h =id4gc)/p and h o j = idagp. This proves (2).

Finally, if Y a; ® d; is an element of A ® D, since g is surjective we can choose
¢; € C such that gc; = d;. Then

(idg ® g) (Zai ®Ci) = Zai ® d;,

which proves (3). ]
Now let us define free resolutions.

DEFINITION 24.11. Suppose A is an abelian group. A free resolution of A is an
exact sequence of the form

"'—>F2f—2>F1f—l>F0f—o>A—>0,

where each Fj is a free abelian group. A short free resolution’ of A is a free
resolution where each F; for ¢ > 2 is the zero group, that is, a sequence of the form

0—-K—F—-A—=0

where K and I’ are both free.

Let us show that short resolutions always exist.

2This terminology is non-standard.



PROPOSITION 24.12. Let A be an abelian group. Then there exists a short free
resolution of A.

Proof. Let F' be the free abelian group with basis the elements of A. There is a
surjective homomorphism F' — A obtained by extending by linearity (Lemma 7.2)
the map that sends each basis element to itself. Let K denote the kernel of this map.
Then K is a subgroup of a free abelian group, and hence is also a free abelian group”,
and by construction, 0 - K — F — A — 0 is exact. [ |

We now define the Tor functor.

DEFINITION 24.13. Let A be an abelian group. Let 0 — K P A5 0bea
short free resolution of A. Given any other abelian group B, we define

Tor(A, B) :=ker(f ® idp).

Thus Tor(A, B) measures the failure of (0 ® B to be left exact on the sequence
0K —>F—A—D0.

You should all immediately be asking: is this well defined? That is, does the value
of Tor(A, B) depend on the choice of short free resolution? The answer (luckily!) is
no. We will prove this next lecture using the Comparison Theorem (Proposition
22.7) from last semester.

3This is a non-trivial fact!



LECTURE 25

The Universal Coefficients Theorem

This lecture we’ll begin by showing how to make Tor into a functor. This requires a
few preliminaries.

DEFINITION 25.1. Suppose (C,,0) is a chain complex and A is an abelian group.
Let us denote by Ce ® A the chain complex whose nth group is C,, ® A, and whose
boundary operator is 9 ® id4. The fact that this is a chain complex (i.e. that
(0®idg) 0o (0 ®ida) = 0) follows from additivity of O ® A (part (2) of Proposition
24.8). In this way we can view 0 ® A also as a functor Comp — Comp.

LEMMA 25.2. Let (Ce, 0) and (C},d") be two chain complexes, and let A be an abelian
group.
1. Suppose f: Cy — C. is a chain map. Let A be an abelian group. Then
f®ida: Ce® A — CL® A is also a chain map.

2. Suppose f: Cy — C.L and g: Cy — C. are two chain maps which are chain
homotopic. Then the chain maps f ®id4 and g ®ida are also chain homotopic.

Proof. For the first statement, note that
(f®ida)o (0®idg) = (fod)®idg = (8/ of)®idy = (8’ ®ida) o (f ®ida).
For the second, if P is a chain homotopy from f to g, that is, ' P+ PO = f — g, then

(0 ®@ida) o (P®ida) + (P®ida) o (0®ida) = P ®ids + PO®idy
= (0'P+ PO) ®ida
=(f—g)®id4
= f®ids — g®ida,

so that P ® id 4 is a chain homotopy between f ® id4 and g ® id 4. [ |

Now let us rephrase the definition of Tor in rather fancier language. Suppose

0 K L F — A 0is ashort free resolution. Let us define a (rather stupid)
chain complex (C,, d) by setting:

F, n=0,
Cp =<K, n=1, (25.1)
0, n#0,1.
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and defining the boundary map 9: C7 — Cjy to be f: K — F. Then this chain
complex has the property that

Ho(Cy) = F/im f = A.

Note this chain complex is both free and acyclic in positive degrees. Now let us tensor
this chain complex with B, forming a new complex (Ce ® B,0 ® idp) (this complex
is not free if B is not free.) This new complex has the property that

Hi(Coe® B) =ker(0®idp: C1 ® B — Cy ® B) =ker(f ® idg) = Tor(A, B).

Fix an abelian group B. We will show that Tor(OJ, B): Ab — Ab is a functor.
We have already defined Tor((J, B) on objects (i.e. abelian groups), so it remains to
explain what it does to morphisms. Thus suppose h: A — A’ is a homomorphism.
We wish to define a homomorphism

Tor(h, B): Tor(A, B) — Tor(4’, B).

Let 0 > K - F > A —0and 0 > K' - F/ — A" — 0 be two short free
resolutions of A and A’ respectively, and denote by C, and C, the corresponding
chain complexes, as described in (25.1), so that

Hy(C,) = A, Hy(C,) =A.

We can therefore think of h: A — A’ as a map Hy(Ce) — Ho(C,). Now we invoke
Theorem 22.7, which tells us there exists a chain map g: Co — C}, with Hy(g) = h.

Tensoring with B, we get a chain map g ® idg: : Ce ® B — C, ® B by the first
part of Lemma 25.2. Now pass to the first homology group to get a map

Hi(g®idg): Hi(Ce ® B) — Hy(C, ® B).

Since H1(Ce ® B) = Tor(A, B) and H;(C, ® B) = Tor(A’, B), we can think of this a
map

Tor(h, B) := Hi(g ® idp): Tor(A, B) — Tor(A’, B).

We still haven’t addressed the question as to why Tor is well defined (i.e. that it
doesn’t depend on the choice of short free resolution.) This is proved in the same way
as the argument above: we start with two short free resolutions0 - K - F - A — 0
and 0 - K" — F' — A — 0 of the same group A. Denote as before the two chain
complexes by C, and C,. Now take h to be the identity.

Invoking Theorem 22.7 again, we obtain a chain map g: Cs — C}, with Hy(g) =
id4. Moreover, by Corollary 22.9, this chain map g is a chain equivalence. By the
second part of Lemma 25.2, the tensored map ¢g ® idp is also a chain equivalence.
Thus in particular H;(g ® id4) is an isomorphism, which implies that

Hy(Cy ® B) = H(C., ® B).

Thus Tor(A, B) is indeed independent of the choice of short free resolution.
We have therefore proved:



PROPOSITION 25.3. For each fixed abelian group B, Tor(OJ, B): Ab — Ab is a functor.

REMARK 25.4. In a similar vein, we can also fix the first variable of Tor: if A is
any abelian group then Tor(A,): Ab — Ab is a functor, and the value of Tor(A, )
on B is isomorphic to the value of Tor([J, B) on A (this is not so easy to prove
though!) I will leave if to you as an exercise to guess how to define the induced map
Tor(A, h): Tor(A, B) — Tor(A, B’) for a given homomorphism h: B — B’.

The next result is on Problem Sheet L.

LEMMA 25.5. Suppose B is a torsion-free abelian group. Then 0 ® B and B ® [ are
exact functors.

The following theorem summarises the main properties of Tor.

THEOREM 25.6 (Properties of Tor).
1. If either A or B are torsion-free abelian groups then Tor(A, B) = 0.

2. If' T(A) denotes the torsion subgroup of A then for any abelian group B one
has Tor(A, B) = Tor(T'(A), B).
3. If0 - B — B — B"” — 0 is a short exact sequence, then there is an exact

sequence

0 — Tor(A, B) — Tor(A, B') — Tor(A,B") - A® B — A®B' — A® B" — 0.

(25.2)
Similarly if 0 - A — A’ — A” — 0 is a short exact sequence, then there is an
exact sequence

0 — Tor(A, B) — Tor(A’, B) — Tor(A”,B) - A9 B —- A/ B — A"®@ B — 0.
(25.3)
4. For any two abelian groups A, B, Tor(A, B) = Tor(B, A).

5. If B is an abelian group and {Ay | A € A} is a (possibly uncountable) family of
abelian groups then there is an isomorphism

Tor(@A,\, B) = @Tor(A,\, B).

AEA A€A
and similarly
Tor (B, GBA)) = @Tor(B, Ay).
AEA AEA

6. For any m € N and any abelian group B,

Tor(Zy,, B) = {b € B | mb=0}.

IThis is the reason for the name “Tor”.



Proof. If A is free then we can choose a silly short free resolution: 0 - 0 — A —
A — 0. Then clearly Tor(A, B) = 0 for any abelian group B. If B is torsion-free then
by Lemma 25.5, for any short free resolution 0 - K — F' — A of A, the sequence
0—-K®B—F®B— A®B — 0 is exact, so that Tor(A, B) = 0 in this case too.
This proves part (1) in the case where A is free and the case where B is torsion-free.
We have not yet done the case where A is merely torsion-free; we will do this after
proving part (4).

Let us skip part (2) for now and prove the first statement of part (3). Suppose
0 B — B — B” - 0isexact. Let 0 = K - F — A — 0 be a short
free resolution of A. Let C, denote the chain complex as defined in (25.1), so that
Tor(A, B) = H1(Ce ® B) and similarly for the other two. Then since K and F' are
free, by Lemma 25.5 again, the following diagram has exact rows:

0 — K®B — K®B — K®B" —— 0

! | |

0 —— F®B —— FB —— FB" —— 0

This means that
0>Ce®B—-Co@B - Co®@B"—0

is a short exact sequence of chain complexes. The desired sequence (25.2) is then
simply the last six terms of the long exact sequence in homology (Theorem 11.5)
associated to this short exact sequence. This proves the first statement of part (3).
We will prove the second statement of part (3) after we have proved part (4).

Suppose 0 - K — F — A — 0 is a short free resolution of A. Then for any
abelian group B, since K and F' are free, from part (1) we know that Tor(B, K) =
Tor(B, F') = 0. We then apply (25.2) to the exact sequence 0 - K — F - A — 0
to obtain an exact sequence

0—-0—0—Tor(B,A) > B K —+>B®F —-B®A—0.

By definition of Tor(A, B), the bottom row of the next diagram is exact:

0 —— 0 —— Tor(B,A) —— B®K —— B®F —— B®A —— 0

| FE

0 —— 0 —— Tor(4,B) — K®B —— F®B —— A®B —— 0

The vertical arrows are isomorphisms by natural commutativity of the tensor product
(part (1) of Proposition 24.8). Since the squares commute and the two rows are exact
there is a map Tor(B, A) — Tor(A, B), which then by the Five Lemma (Proposition
11.3) is an isomorphism. This proves part (4).

Now we can go back and finish the proof of part (1): if A is torsion-free then for
any abelian group B, using part (4) we have Tor(A, B) = Tor(B, A) = 0, since we
have already shown that Tor([J, A) vanishes on torsion-free groups.

We can also now prove part (2). Note that for any abelian group A, if T'(A)
denotes the torsion subgroup then A/T'(A) is torsion-free. Thus by part (1) (which we

4



have now completely proved) we have Tor(A/T'(A), B) = 0 for any abelian group B.
We now apply part (3) to the short exact sequence 0 — T(A) - A — A/T(A) — 0.
The first three terms of (25.2) become

0 — Tor(T'(A), B) — Tor(A, B) — 0.

This proves part (2). The second sequence (25.3) in part (3) also easily follows from
(25.2), given part (4).
The proof of part (5) is easy: if 0 — K\ — F\ — Ay — 01is a short free resolution

of Ay then
OA@KA%@FA—)@AA%O
AEA AEA PYI

is a short free resolution of @y, Ax. This proves the first statement of part (5),
and the second statement then follows by applying part (4).

Finally, the proof of part (6) is also easy. For this we use the short free resolution
0—=2Z" Z — Zy — 0 of Zy,,. The desired result then follows by applying part (3)
of Proposition 24.8. This finally finishes the proof of the theorem. [ |

REMARK 25.7. Theorem 25.6 allows one to compute the value of Tor in some easy
situations. For instance, Tor(Z,,, Z,) = Z4, where d is the greatest common divisor
of m and n.

Finally some topology:

DEFINITION 25.8. Let X be a topological spaces and let A be an abelian group. Let
Ce(X) denote the singular chain complex, and set Co(X; A) := Co(X) ® A. Thus a
typical n-chain in C),(X; A) has the form ) a; ® oy, where a; € A and 0;: A" - X
is a singular n-simplex in X. We define the nth singular homology of X with
coefficients in A to be the group

In the same way, if X’ C X is a subspace we define the chain complex” Cy(X, X'; A)
and the relative homology with coefficients in A.

It follows from part (4) of Proposition 24.8 that taking A = Z recovers the normal
singular homology groups:

Hn(XaX/;Z) = Hn(Xa X,)

REMARK 25.9. Let A be an abelian group. We define a homology theory (H.,d)
with coefficients in A in exactly the same way as we defined a (normal) homology
theory in Definition 21.9, apart from the dimension axiom is replaced by:

e If {x} is a one-point space then H, (%) = 0 for all n > 0 and Ho(x) = A.

Singular homology with coefficients in A is then an example of a homology theory
with coefficients in A.

2Pay attention to the difference between the comma and the semi-colon in H,, (X, X’; A)!



We will see shortly why homology with coefficients is useful. For instance, taking
A = Z5 is often particularly pleasant, as this allows one to ignore all + signs that
crop up in formulae. On Problem Sheet [. you will see that taking Zs coefficients
gives one an easier way to prove Theorem 15.12, that an odd map has an odd degree.

Another useful choice is A = R; this gives homology with real coefficients. This
theory is particularly useful in differential geometry (when X is a manifold). Since
R is torsion-free, we will see shortly that one always has

H,(X;R)=H,(X)®R.
Here is the main theorem of today’s lecture:

THEOREM 25.10 (The Universal Coefficients Theorem). Let X be a topological space
and let A be an abelian group. Then for every n > 0 there is an exact sequence

0— Hy(X)® A Hy(X; A) — Tor(H,_1(X),A) — 0, (25.4)
where w is the map (c¢) ® a +— (¢ ® a). Moreover this sequence splits, and hence
H,(X;A) =2 H,(X)® A® Tor(Hp—1(X), A). (25.5)

REMARK 25.11. The splitting of the sequence (25.4) is not natural, and hence the
isomorphism (25.5) is also not natural (cf. Remark 12.17.)

In fact we will prove a more general statement:

THEOREM 25.12 (The Universal Coefficients Theorem II). Let (C,,d) denote a free
chain complex and let A denote an abelian group. Then for every n > 0, there is an
exact sequence

0— Hy(Co) @AY Hy(Co @A) — Tor(H,_1(C,), A) — 0,
where w is the map (¢) ® a — (¢ ® a). Moreover this sequence splits, and hence
H,(Co® A) = H,(Co) @ A® Tor(H,,—1(C), A).

We will need the following lemma, whose proof is again on Problem Sheet .. It
tells us that split exact sequences are always preserved by additive functors.

LEMMA 25.13. If T: Ab — Ab is an additive functor and 0 - A — B — C — 0 is
any split exact sequence, then 0 — T(A) — T(B) — T(C) — 0 is also a split exact
sequence.

Proof of Theorem 25.12. The proof is even more tedious and long-winded than the
proof of Theorem 25.6, and we will break the proof up into four steps.

1. Let B,, C Z,, C C,, denote the boundaries and cycles respectively. Let us also
denote by i: Z,, — C), the inclusion. Then we have an exact sequence

0= Zp5Cn 2 By =0 (25.6)



Since B,,_1 is a subgroup of the free abelian group C,_1, By,_1 is itself free, and hence
by part (3) of Problem F.6, the exact sequence (25.6) splits. To keep the notation
simple, for the rest of the proof we write id for id4. Now tensor with A to obtain
another split exact sequence

05 Z,0A2YS 00422 B, 1040, (25.7)

where we are using Lemma 25.13. Next, we can view Z, as a subcomplex of Cy where

all the boundary operators are zero. Define a chain complex BJ to be the chain

complex whose nth group B, := B,,_; and again with all the boundary operators

zero. We can then think of 9 as defining a chain map Cy — BJ. Thus we can assemble

the short exact sequences (25.7) into a short exact sequence of chain complexes:
0> Zew A 0,04 28 Bo Ao

2. Now consider the long exact sequence in homology associated to this short exact
sequence. Since Z, and B, have zero boundary operators, we have

H(Ze® A) =7, ® A, H,(Bf ® A) =B, 1 ® A,

and hence if § is the connecting homomorphism of the long exact sequence, we can
write it as:

B ®AS 2,9 A Hy(Co®A) > By 1 @A Zy 10 A ...
Thus for every n there is an exact sequence
0= Z,®A/im§ % H,(Co® A) — kerd — 0, (25.8)
where w is the map induced by H,, (i ® id):
w:z®a+imd— Hy(i®id)(z ®a) = (2 ® a)

(recall 7 is just an inclusion.) Let us identify the connecting homomorphism ¢§. From
Theorem 11.5, we have for a generator b® a € B,,_1 ® A that

S(b®a)=(i®id) (0 ®id)(d®id) (b ® a),

which is just b ® a again, only now regarded as an element of Z,_1 ® A. Thus if
j: Be < Z,4 is the inclusion, then § = j ® id. This means we can rewrite (25.8) as

0= (Z,®A)/im(j ®id) 2 H,(Co ® A) — ker(j ®id) — 0. (25.9)
3. The definition of homology gives exact sequences
0— anl i) anl — anl(c.) — 0.

In fact, this is a short free resolution, since (as we have already observed), both B,,_1
and Z,_ are free. Thus Tor(H,_1(C,), A) = ker(j ® id). Next, apply (25.3) to this
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short exact sequence, and use the fact that Tor(Z,_1, A) = 0 as Z,,_1 is free to obtain
exact sequences

0 — Tor(Hp_1(Ca), A) = Bno1 @ A 22 7. @ A = H,_1(C) @ A — 0.
This tells us that (replacing n — 1 with n) that
(Z, ® A)/im(j ®id) = coker(j ® id) = H,(Co) @ A.
Thus we can rewrite (25.9) as

0= H,(Co)®A % Hy(Co @A) — Tor(H,,_1(C,), A) — 0, (25.10)

which is what we were trying to prove.
4. It remains to show that (25.10) splits. For this, let r: C,, — Z,, denote a
splitting of (25.6) (such an r exists by part (1) of Problem F.6). Then the composition

ker(0 ®id) C Co ® A 29 7, @ A — H,(C\) ® A

maps im(0®1id) to zero and hence induces a map p: H,(Ce® A) — H,(Co)® A with
pow the identity on H,(C,) ® A. This finally completes the proof. [



LECTURE 26

The Algebraic Kiinneth Theorem

In the next two lectures we will show how to compute the homology of a product
X XY in terms of the homology of X and the homology of Y. The answer is not
as simple as one might naively guess (it involves Tor terms!). This lecture we prove
a purely algebraic statement about the homology of the tensor product of two free
chain complexes; next lecture we will apply this to the singular chain complex.

We first generalise Definition 25.1 and tensor two entire chain complexes together
(rather than just a chain complex and a single group).

DEFINITION 26.1. Let (Cl, 9) and (C,,d’) be two non-negative chain complexes. The
tensor product chain complex (Co ® C, A) is the chain complex whose nth group
is
(Ce® Co)n= P Cia Yy,
i+j=n

and the boundary operator A is defined by
Ae; @) == 0c; @ ¢+ (—1)'c; ® 0'c), ci € Cy, ¢ €Cy.
Note Cy ® C. is also non-negative.

The (—1)" in the second term is included to ensure that A o A = 0. Indeed, if
ci € Cjand ¢ € C]’~, then since d¢; € C;_1 we have

Ao A ®cj)=A (802- ® c; + (—l)ici ® 8'0})

2 i1 i 2i 2
=0°¢ ® 09,+ (=1)710¢; @ ' + (—1)'0c; @ 0'¢; + (=1)%¢; @ (9)°c]
=0+ (=1)" (9c; ® 'c) — de; @ ')
= 0.

DEFINITION 26.2. Let C,,C., Do, D, be four non-negative chain complexes. Let
f: Ce = Do and g: C, — D, be two chain maps. We define a chain map

f®g:Co®CL — Dy D,

given by
(fRn= Y fi®g

i+j=n

The verification that this is indeed a chain map is trivial, and I will leave it to
you. The following result is slightly trickier, and is on Problem Sheet M.
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LEMMA 26.3. Let C,,Cl, D,, D, be four non-negative chain complexes. Assume we
are given four chain maps

f,f/ZC.—>D., g,g/:C:—>D/.,

and assume that f and f’ are chain homotopic and g and ¢ are chain homotopic.
Then f ® g is chain homotopic to f' ® ¢'.

An immediate corollary is then:

COROLLARY 26.4. Let C,,C., Do, D, be four non-negative chain complexes. If C,
is chain equivalent to C., and D, is chain equivalent to D, then Cy ® D, is chain
equivalent to C, ® D).

We now aim to prove the Algebraic Kiinneth Theorem, which tells us how to
compute the homology of a tensor product complex Cy ® Do under the additional
assumption that both C4 and D, are free. The reason for the “algebraic” is that
next lecture we will prove a “topological” version of the same result.

THEOREM 26.5 (The Algebraic Kiinneth Theorem). Let (C,,d) and (D,,d’) be two
non-negative free chain complexes. Then for every n > 0, there is an exact sequence

0= @ Hi(Co)® Hj(Ds) <> Ho(Co @ Da) » @) Tor(Hy(Cs), Hi(Ds)) — 0,
i+i=n k+i=n—1

where w is the map (¢;) ® (dj) — (¢; ® d;). Moreover this sequence splits, and hence

H,(Co ® Dy) = @ H;(C,) ® Hj(D,) @( @ Tor(Hk(C.),Hl(D.))>.

i+j=n k4l=n—1
The proof of Theorem 26.5 requires two preliminary results.

PROPOSITION 26.6. Let Eo be a non-negative chain complex where every boundary
operator is the zero map. Let (D, ) be any non-negative chain complex. Fori > 0,
let Di denote the chain complex whose nth group is D! := D,,_; and with boundary
operator 0: D! — Df%l equal to 9: Dy_; — Dy_;_1. Then

H,(Es ® D,) = @) Hu(E; @ D))
>0

(here the chain complex E; ® D is just the chain complex D) tensored with the
abelian group E;, as in Definition 25.1.)

Proof. Since E, has zero boundary operators, the boundary operator A of Eq ® D,
is given in degree n by

Ale; @ dpi) = (—1)'e; ® ddy—i = (1) (idg, ® 0)(e; @ dn_i),



where e; € F;, d,,_; € D,,_;. Thus

Hn(Ee © D) = @ im(idg, ® 0|p,.1_;)

i>0
1>0

LEMMA 26.7. Let 0 — Cl EN Cl 2y €7 — 0 be a short exact sequence of non-negative
chain complexes. Let Do be a non-negative free chain complex. Then

0— Co® Dy 129 ¢! & D, 229 07 g Dy =5 0

is another short exact sequence of chain complexes.

The proof of Lemma 26.7 is relegated to Problem Sheet M.

Proof of the Kiinneth Theorem 26.5. The proof is broken into three steps. The third
step uses the Universal Coefficients Theorem 25.12.

1. Let H, denote the chain complex whose nth group is H,, = H,(C,), and with
all its boundary operators zero. In this first step, we will set up notation and then
define a homomorphism ¢: Hy,(Ce ® Do) — H,(He ® D,). In the second step we will
prove that ¢ is an isomorphism. This allows us to reduce the problem of computing
H,(Ce ® D,) to that of H,(He ® D), and for this Proposition 26.6 is applicable.

We will use the same notation as in the proof of the Universal Coefficients Theo-
rem 25.12: let B, C Z,, C C,, denote the boundaries and cycles of C,,, and let B} and
Zo denote the chain complexes with groups B,f = B,,—1 and Z,, respectively, both
with zero boundary operators. Let i: Z,, — C,, and j: B,, — Z, denote inclusions,
and finally let p: Z, — H,, denote the projection ¢ — (c). Thus we have two short
exact sequences of chain complexes:

0= Ze 50 S BF 50
and )
0— Be L Zoe 2 Hy — 0,

where in the first sequence we think of the boundary operator d as a chain map
Ce — BY. Since each term of D, is free abelian, by Lemma 26.7, these sequences
remain exact when we tensor with Ds:

1®id o®id

0 — Ze @ Dg — Co ® Dy — B} ® Dy — 0 (26.1)
and . .d .d
0= Be® Dy 225 Z, @ Dy 225 Hy @ Dy — 0 (26.2)

Now let r: C,, — Z, denote a splitting of 0 — Z,, — C,, — B,_1 — 0 (such an r
exists as B,,_1 is free abelian, as discussed at the end of the proof of Theorem 25.12
last lecture.) Define p: Co — Hq by 1 = por, that is,

ue = (re).

3



We claim that p: Ce — H, is a chain map. Indeed, if ¢ € C),41 then po de =
(roc) = (0c) = 0, since dc € B,, C Z,, and 7|z, = idg,. Since H, has zero boundary
operators, this shows that u is indeed a chain map.

We then define

v: Hy(Co ® Dy) — H,(He ® D), 0= Hy(p®id).

2. In the second step, we will show that ¢ is an isomorphism. For this we take the
long exact sequences in homology associated to the short exact sequences of chain
complexes (26.1) and (26.2), and then “stick them together” as follows:

Hp (B @ Do) —2— Hy(Ze @ Do) —— Hp(Co @ Do) —— Hy(BE ® Do) —>— Hy_1(Ze @ Ds)

| | l*O | |

Hn(Bo & Do) E— Hn(Zo ® Do) — Hn(Ho ® Do) L) Hn—l(Bo 24 Do) E— Hn—l(Zo ® Do)

Here § and &' are the two connecting homomorphisms. The vertical maps are all
isomorphisms: the second and fifth are just the identity maps, and the first and
fourth come from the fact that by definition of BJ, one has

Hn-i—l(B:r ® -Do) = Hn(Bo & Do)

You can probably all now guess how we’re going to prove that ¢ is an isomorphism
(the Five Lemma). The only problem is in the “stick them together” above: one
cannot just bung two exact sequences together and hope that the resulting diagram
commutes! So we need to check this by hand.

In the following we denote by A the boundary operators in all the tensored
complexes. Let us show the last square commutes. Let b;-F ®d,_; € Bi+ ® D,,_; be
a non-zero cycle in Bj ® Dy,,_; = B;_1 ® D,,_;. Then since B} has zero boundary
operators, we have

0=A0 @dp—i) = (—1)'b} @ Idp—;.

Since B;r ® D,,_;_1 is free abelian by Problem 1.2, it follows that 0'd,_; = 0, and
hence d,,_; is a cycle in D,,_;. Now choose ¢; € C; such that dc¢; = b:r. By definition
of the connecting homomorphism &, we have

However
Ae; @ dp—i) = 0c; @ dp—i + (—1)'¢; @ Idy—y = b @ dyy,

since 0'd,,_; = 0. This shows that the last square commutes on a set of generators
for H, (B} ® D,). Exactly the same argument (with n replaced by n + 1) shows the
first square commutes, and the proof of the second square is similarly routine.

The third square is a little trickier. If ¢; ® d,,—; is a cycle in C; ® D,,_; then

Ale; @ dyp—i) = 0¢; @ dp—i + (—1)ici ® 0'dp_; = 0.
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Applying r ® id to this equation we obtain:
Oc; @dyp_; = —(—1)ircz- ® 8’dn_,~, (26.3)

since 7(d¢;) = d¢;. The connecting homomorphism ¢ is given by (j ®id) 1o Ao (p®
id)~! (cf. (11.3)). Thus going anti-clockwise round the third square sends {(c; ® d,,_;)
to (—1)(re; ® 'd,—;). Meanwhile going clockwise sends (c; ® dy,_;) to (Oc; @ dy_;).
Thus (26.3) tells us that the third square does not commute, but it does however
commute up to a sign.

Luckily, as I invite you to check, the proof of the Five Lemma (Proposition 11.3)
goes through without change if one only assumes that the squares commute up to a
sign, and so we can still conclude that ¢ is an isomorphism.

3. We now complete the proof. Using what we just proved together with Propo-
sition 26.6, we see that

H,(Ce ® Ds) 2 Hy(Hy ® Do) = €D Hu(Hi(C,) ® DY), (26.4)

>0

since H, has zero boundary operators. By the Universal Coefficients Theorem 25.12,
there are split exact sequences for all n and i:

0 — H;(Ce) ® Hy(D}) < Hy(Hi(Co) ® DY) — Tor(H;(Cs), Hy—1(DL)) — 0,
which we can rewrite as
0 — H;(Co) ® Hy—i(Da) =5 Hy(H;(Co) @ DS) — Tor(H;(Ca), Hu—i—1(Da)) — 0,

Now take the direct sum of this last sentence over all ¢ > 0 and use the fact that the
first term vanishes for ¢ > n and the last term term vanishes for ¢ > n — 1 to obtain
a split exact sequence

0— P Hi(Co)oH;(Ds) 2 @ Hn(Hy(Co)2DE) - @5 Tor(Hi(C.), Hi(Ds)) — 0.
i+j=n 4>0 k+l=n—1
Finally, combining this with (26.4) completes the proof. [



LECTURE 27

The Eilenberg-Zilber Theorem

In this lecture we state and prove the Filenberg-Zilber Theorem which allows us to
apply the Algebraic Kiinneth Theorem 26.5 from last lecture to the singular homology
of a product of two spaces.

We begin however with a digression about chain equivalences' that we will need in
the course of the proof of the Eilenberg-Zilber Theorem. Our first result is a partial
converse to Corollary 10.26.

ProposITION 27.1. Let (C,,0) be a free chain complex. Then (C,,0) is acyclic if
and only if it has a contracting chain homotopy.

Proof. Sufficiency was proved in Corollary 10.26. For the converse, assume that
H,(C,) = 0 for all n. Since B,, = Z,,, we have the following short exact sequence for
every n:

0—>Znii>Cng>Zn_1—>O

Since Z,_1 is free abelian, this sequence splits, so let r: Z,_1 — C,, be such that
0or, =id. Observe that id¢, — r,—10 has image in Z,,. Indeed, if ¢ € ), then

d(c — Orp_1c) = ¢ — Orp—10c = Oc — de = 0.
Now define
Qn: Cp — Chya, Qn = rp(id — rp—10).
Then
0Qn + Qn-10 = 9r,(id — ry,—10) + rp—1(id — 1,,-20)0

=id — ’I“nfla + Tnfla -0
= id.

DEFINITION 27.2. Let f: (Co,0) — (Ds,d’) be a chain map. Given n € Z, define an
abelian group
Cone,(f) := Cp—1 ® Dy,

Define a map 9/ : Cone, (f) — Cone,_1(f) by

' (¢,d) = (—0c, fe+ &d).

Will J. Merry and Berit Singer, Algebraic Topology II. Last modified: Sept 01, 2018.
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In matrix form,

—-0 0
af:<f a’)'

From this it is clear that 8/ 0 8f = 0, since

of gl — (70 0Y (=0 0Y _ —9? 0\ (00
° _<f 8’>(f 8’)_<—f8+8’f (8’)2)_(0 o)'

We call this the mapping cone of f.

Observe that if both (Cs,0) and (D,,d") are free chain complexes then so is
(Cones(f), 7).

Here is an easy result about mapping cones.

PROPOSITION 27.3. Let f: (Co,0) — (De,d’) be a chain map between two free chain
complexes. Assume that (Cone.( f),of ) is acyclic. Then f is a chain equivalence.

Proof. Since (Cone.( f),of ) is free and acyclic, by Proposition 27.1 it has a contract-
ing homotopy Q. Let us suggestively write ) in the form:

= %)
(7o) o)+ () (7 2)-(0 )

This gives us four equations:

—0p—pd+gf —0g + g0’ _(id 0
mess fg—0p —pd) \0 id

so that

Then g: Dy — C, satisfies —9g + g0’ = 0 and hence is a chain map. Moreover we
obtain pd + dp = gf —id and p'd’ + 0'p’ = fg — id, which shows that f is a chain
equivalence. ]

Our next result fits the mapping cone into a long exact sequence.

PROPOSITION 27.4. Let f: (Ce,0) — (Ds,d") be a chain map. Then there is an
exact sequence

o= Hpq (Cone.(f)) — H,(C, H,(De) — Hn(Cone.(f)) — ...

Proof. Let C} denote the same chain complex as Cy but the groups shifted by one:
C;t := Cy—1 and the boundary operator 9t := —d. Then there is a short exact
sequence of chain complexes

0— Dy 5 Cone,(f) & CF = 0,



where i: d — (0,d) and p: (¢,d) — c. This gives us a long exact sequence in homol-
ogy:
é
... Hpy1(Coneo(f)) = Hpt1(CJ) = Hp(Da) — Hy (Coneo(f)) = ...

It is clear that H,1(CJ) = H,(C,), and it remains to see that under this identi-
fication the connecting homomorphism ¢ is just H,(f). For this we recall that for
a cycle ¢ € Cp,, one has 9/ (c,0) = (=0, fc) = (0, fc) = i(fc), and hence from the
definition of ¢ (cf. (11.3))

§: {e) = (1077 (0)) = (fe) = Hu(f){0).
This completes the proof. ]

We can now use the mapping cone construction to obtain a partial converse to
Proposition 10.24.

PROPOSITION 27.5. Let (Ceo,0) and (D,,d’) be two free chain complexes. Let

f: Ce — D, denote a chain map. Then f is a chain equivalence if and only if
H,(f): Hy(Ce,0) — Hp(D,,d") is an isomorphism for every n € Z.

Proof. Necessity was proved in Proposition 10.24. For sufficiency, we use the exact
sequence from Proposition 27.4. Since H,(f) is an isomorphisms, we must have
H,, (Cones(f)) = 0 for all n. Thus Cone,(f) is acyclic, and hence by Proposition
27.3 we see that f is a chain equivalence as desired. [ |

The next result allows us to use the Kiinneth Theorem to compute the homology
of the product of two spaces. This is our first example of a theorem which can be
proved directly using a rather lengthy and horrible argument, but has a nice short
proof using the Acyclic Models Theorem 23.8.

THEOREM 27.6 (Eilenberg-Zilber). For topological spaces X and Y, there exists a
natural chain equivalence

Q: Co(X XY) = Co(X) @ Co(Y)
which is unique up to chain homotopy. Thus for all n > 0, we have
H, (X XY) 2 Hp(Co(X) ®Ce(Y)).

We will call any such map 2 an Eilenberg-Zilber morphism. It is not unique,
but it is unique up to chain homotopy. In Lecture 31 we will write down an explicit
formula for one such ). Before starting the proof of Theorem 27.6, we need one more
lemma.

LEMMA 27.7. Define a map
0: Co(X xY) = Co(X) @ Co(Y)
by setting 0(z,y) := x ® y. Then 0 induces a natural (in X and Y ) isomorphism
Ho(X x Y) = Ho(Ca(X) @ Co(Y)).
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Proof. Naturality is clear: if f: X — X" and ¢g: Y — Y then

0(f, 94 (x,y) = 0(f(x),9(y)) = f(x) @ g(y) = (f4 @ g4 )(x @ y) = (f @ g4)0(z,y).

To show that there is a well-defined map in homology, we need only show that 6
maps a boundary to a boundary. Let us denote the boundary operator in Ce(X) by
Ox, the boundary operator in Ce(Y") by Jy, the boundary operator in Co(X x Y') by
Ox xy, and finally the boundary operator in Ce(X) ® Co(Y') by A, so that

Alc@d)=0xc@d + (—=1)"c® Oy, Vead € Cp(X) @ Cp(Y).

Now suppose o: Al — X x Y is a singular 1-simplex in X x Y. Let o(0) = (20, %0)
and o(1) = (x1,y1). Then Oxxyo = (x1,y1) — (0,y0). The path components of
X x Y are of the form X’ x Y’ where X’ is a path component of X and Y’ is a
path component of Y, and thus there exist singular 1-simplices 7: A! — X and
p: A =Y such that

7(0) =z, 7)==z,  p(0)=yo, p(1)=y1.
Consider now the singular 1-chain ¢ := 7Qy1 +2o®p in Ce(X)RCe(Y'). We compute:

Ac=0xT @y + (—1)'7 ® dyy,
+0x20 @ p+ (—1)°20 ® dyp
=21®Y% —20Qy1 +0+0+20Q@y1 — 20 ® Yo
=21 QY1 — To D Yo-

Thus

9(8X><y0) =11 QY1 —To QYo = Ac.
Thus € maps boundaries to boundaries and hence induces a homomorphism Hy(X x
Y) = Ho(Ce(X) ® Co(Y)). It is clear this map is an isomorphism, since the map
x®y — (z,y) induces a homomorphism Hy(Ce(X) ® Ce(Y)) — Ho(X x Y) which
inverts it. u

Now let us prove the theorem.

Proof of the Eilenberg-Zilber Theorem 27.6. We will apply the Acyclic Models The-
orem from Lecture 23. Let Top x Top denote the category with objects all ordered
pairs (X,Y) of topological spaces and morphisms all ordered pairs of continuous
maps. (Note: we do not require Y to be a subspace of X; this is not the same as the
category Top?.)

Now we define a family of models M for Top x Top. Let

M= {(AY, AT |i,5 > 0}.
We define two functors

Se,Te: Top x Top — Comp



b
’ So(X,Y):=Co(X xY), To(X,Y):=Cu(X)® Ca(Y).

We claim that for all n > 0, both S,, and T, are free with basis contained in M,
and moreover that every model (A%, A7) is both Se-acyclic in positive degrees and
Te-acyclic in positive degrees.

Let’s start with S,. Let d;: A" — A? x A? denote the diagonal map z + (z, z).
Thus d; € C;(A* x AY) = S;(AY AY). We claim that &; := {d;} is an S;-model
basis. Indeed, if (X,Y) is any object in Top x Top and if 0: A = X x Y is any
singular i-simplex in S;(X,Y) = C;(X x Y) then we can write 0 = (ox X oy) o d;,
where ox = px oo and oy =pyoo,and px: X XY - X and py: X XY —- Y
are projections. Conversely, given any pair of singular i-simplices 7: A* — X and
7' A* — Y, the composition (7 x 7') o d; is a singular i-simplex in X x Y. Thus {d;}
is indeed a model basis for S;.

Next, since A?x AJ is convex, it follows that any model (A%, A7) € M is Se-acyclic
in positive degrees. (This is Corollary 13.3.)

Now let us move onto T,. By Problem [..2 (and its solution), for any (X,Y) €
Top x Top, C;(X) ® C;(Y) is free abelian with basis

{o@7|o: A" =X, 7: AV 5 Y},

By Example 23.4, the functor C; is free with model basis {£;}, with ¢;: A" — A’ the
identity map (thought of as a singular i-simplex in A?). It follows that T}, is free
with basis contained in M: a T,-model basis is

{€i®€jli—|—j:n}.

The proof that each model is To-acyclic in positive degrees is much harder, and this
is the reason we first carried out the digression above. By Corollary 13.3 again,
combined with Proposition 27.5 above, we see that Cy(A?) is chain equivalent to the
chain complex
. 0=0—=-0— Z —-0=0—=-0—...
in degree 0
Thus by Corollary 26.4, To(A% AT) = Ce(A?) ® Ce(A7) is chain equivalent to the
chain complex
..020=20—= Z®Z —-0—-0—=0—...
in degree 0
Thus in particular H,(Te(A?, A7)) = 0 for all n > 0. (One can also prove this used
the Algebraic Kiinneth Theorem 26.5 from the last lecture.)

We have now verified that the hypotheses of the Acyclic Models Theorem and its
corollary (Corollary 23.9) are satisfied. To complete the proof we need only define
a natural equivalence ©: Hy o Sq — Hy o T,. But this was precisely the content
of Lemma 27.7—we can take © to be the map induced by 6. Thus we can apply
Corollary 23.9 to obtain a natural chain equivalence 2: S¢ — T,, which is unique up
to chain homotopy and which satisfies Hy(€2) = ©. This completes the proof. [



REMARK 27.8. An Eilenberg-Zilber morphism Q: Co(X X V) — Co(X) ® Co(Y)
is necesarily given by Qo(z,y) = x ® y in degree 0. This is a seemingly stronger
statement than Theorem 27.6, where told us merely that the induced map Hy(2) is
the same as the map induced by 6 from Lemma 27.7.

However, this follows immediately from the naturality of 2. To see this, observe
that if {x} is a space with one point then Q: Co({*} X {x}) = Co({*}) ® Co({*}) is
the map * — * ® % in degree zero (there is no choice about that!) Now suppose X
and Y are arbitrary topological spaces, and let (z,y) € X x Y be an arbitrary point.
Consider maps p: {*} — X and ¢q: {*} — Y such that p(*) = z and ¢(*) = y. Then
since 2 is natural,

Qo(z,y) = Qo(pg, a) (*, %) = (g, q) Q0 (%, %) = (Pg, ) (x @ %) =z @ y.

Putting the pieces together, we obtain our desired result, which is usually known
as the Kiinneth Formula (in contrast to the Algebraic Kiinneth Theorem proved last
lecture.)

COROLLARY 27.9 (The Kiinneth Formula). Let X and Y be topological spaces. Then
for every n > 0 there is a split exact sequence

0= P Hi(X)@Hj(Y) = Hu(X xY) » @ Tor(Hp(X),H/(Y)) — 0.
i+j=n k+l=n—1

Thus
i+j=n ktl=n—1

This gives us (yet another) way to compute the homology of S™ x S™ (recall we
already saw two ways to do this in Problem 1.6 and the discussion just after Corollary
20.9). We obtain immediately:

ExaMpPLE 27.10. Let m,n > 1. If m # n then

Z, 1=
Hz‘(SmxS")_{ o =0,

0, otherwise.

If m = n then

Z, 1=20,2m,
Hi{(S"xS")=<ZDZ, i=m,
0, otherwise.

However now we can also compute more complicated spaces, such as RP" x RP"™.
A collection of examples for you to try is on Problem Sheet M.



LECTURE 28

Cochain complexes and cohomology

The last four lectures have all centred on how the homology functor interacts with
the tensor product functor [J ® A. We now repeat this theme, only instead of the
functor 0 ® A we use the functor Hom([J, A).

To begin with though, consider the functor Hom(A,): Ab — Ab (i.e. with
the OJ in the second position instead.) This is defined as one might expect: to an
abelian group B it associates the abelian group Hom(A, B), and if f: B — B’ is a
homomorphism between two abelian groups then

Hom(4, f): Hom(A, B) — Hom(A4, B)

is defined by sending g: A — B to fog: A — B’. It is routine to see that this is an
additive well-defined functor.

However, when we try this with the functor Hom (O, A), we come across a problem.
In this case if f: B — B’ is a homomorphism then there is a natural induced map that
sends a homomorphism g: B — A to go f: B — A. Denoting this homomorphism
by Hom(f, A), we have

Hom(f, A): Hom(B', A) — Hom(B, A).

But this goes the “wrong” way round! This means that Hom([J, A) is not a functor
(at least as we have defined functors so far). Luckily, this can be easily rectified, by
taking a slightly more liberal-minded approach to the definition of a functor.

DEFINITION 28.1. Let C be a category. The opposite category is the category C°P
with
0bj(C°P) := obj(C),

and morphism sets given by,
Homcor (A, B) := Homc¢(B, A), A, B € obj(C).
The composition o°P in C°P is defined by
fo®Pgi=gof,
where o is the composition in C. This makes sense, i.e. it defines a map
Homcop (A, B) x Homcep (B, C') — Homcop (4, C).

One easily checks that C°P is a well-defined category; the identity element in Homcop (A4, A)
is just the identity element in Homc (A, A), and associativity of o°P follows from as-
sociativity of o.
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We can use the notion of the opposite category to extend the definition of a
functor.

DEFINITION 28.2. Let C and D be categories. A contravariant functor 7': C — D is
simply a functor C°? — D. Let us spell out exactly what this means: A contravariant
functor associates to each A € obj(C) an object T'(A) € obj(D), and to each morphism

AL BmcCa morphism 7'(B) RACINGY (A) in D which satisfies the following two
axioms:

1. AL BY% Cin C then T(C) 12

()
)

T(B

T(go f)=T(f)oT(g)-

T(A) in D and

2. T(ida) = idp(4) for every A € obj(C).

In other words, a contravariant functor is defined in exactly the same way as a normal
functor, apart from the fact that it reverses the directions of the arrows.

REMARK 28.3. Contravariant functors are not really anything new, since they are
just (normal) functors from the opposite category. In particular, up to remembering
to reverse directions of arrows, all the abstract results we have proved about functors
between categories continue to hold for contravariant functors too. As an easy test
of the definitions, I invite you to explore what a natural transformation between two
contravariant functors looks like.

ExXAMPLE 28.4. With this new terminology, if A is an abelian group then Hom(O, A): Ab —
Ab is a contravariant functor.

The type of functor we have studied up to now (i.e. with the arrows pointing the
right way round) is sometimes called a covariant functor. When no confusion is
possible, we will normally refer to both covariant and contravariant functors simply
as “functors”.

REMARK 28.5. If T: C — Cis a contravariant functor from a given category to itself,
then T o T is a covariant functor (as reversing the arrows twice means they go in
the right direction again). Thus Hom(Hom([J, A), A): Ab — Ab is a functor. Taking
A = R and restricting to real vector spaces, this is the functor that assigns to a vector
space its double dual, cf. Theorem 21.5.

Let us see what happens when we apply the contravariant functor Hom([J, A) to
a chain complex (C,,d). Applying Hom(O, A) to 9: C,, — Cj,—1 we get maps

d := Hom(0, A): Hom(C),—1, A) — Hom(C,, A),

defined by
dy(c) = ~(0c), ~v € Hom(C),—1, A), c € C,,

and hence we get a sequence

- «—— Hom(Cjp41, A) 4 Hom(C,,, A) i Hom(Cyp—1,A) — ---



This doesn’t immediately give us a chain complex, since the arrows are going the
wrong way. But this is easily fixed. Let us define

C_, = Hom(C,, A).
LEMMA 28.6. (Cs,d) is a chain complex.

Proof. We need only check that d o d = 0. But this is obvious: if v € C_, =
Hom(C),, A) and dy = § then for any ¢ € Cj, 12 we have

ds(c) = 6(0c) = v(8%c) = 0.
Thus df is zero' in Hom(C), 12, A) = C_pos. [ |

‘Nevertheless, negative indices are annoying.

So we introduce a notational “trick”. Set:
c"i=C_,,.
Then d is a map C™ — C™*!. This gives us the notion of a cochain complex.

DEFINITION 28.7. A cochain complex is a sequence of abelian groups and homo-
morphisms

crl 4, con_dyontl
for n € Z which satisfies
d? =0, VneZ.

We refer to the entire complex as (C*,d) or sometimes just C*®. The maps d are
called the differentials’ of the cochain complex.

DEFINITION 28.8. The fact that d?> = 0 means that if we define

7" = Z"(C*) =kerd: C" — C"T!
and

B" = B"(C®) = imd: C"! — C"
then

B" C Z™.

We call elements of Z,, n-cocycles and elements of B® n-coboundaries. We define
the nth cohomology group of the cochain complex C*® to be the quotient group

H" = HY(C*) = zn(0°)/3"(0°).

If* v € Z™ then we will continue to the use the notation () to denote the class in
H™.

IThis argument is implicitly using that Hom([J, A) is an additive functor: d? = Hom(9, A)? =
Hom(9?, A) = Hom(0, A) = 0; the last equality is only true due to additivity.

2The name “differential” is used (instead of “coboundary operator”) because of differential forms in
differential geometry, which gives rise to the de Rham cohomology of a manifold.

31 will usually use Greek letters for elements of cochain complexes, to help differentiate them from
elements of chain complexes.




It is important to realise that (like with contravariant functors) we are not really
doing anything new here: if (C'*, d) is a cochain complex then setting C_,, := C™ gives
us a chain complex, and the homology in degree —n is the same as the cohomology
in degree n:

H_,(Cy) = H"(C*).

For this reason, we will not introduce the category of cochain complexes, since it is
just the same as the category of chain complexes, modulo our trick of replacing n by
—n. More importantly, this means that all the basic homological algebra results we
already proved for chain complexes continue to hold for cochain complexes, without
needing to reprove them. For instance, Theorem 11.5 still holds, which we will need
at the end of the lecture”.

As far as this course is concerned, the most important example of a cochain
complex is the following:

DEFINITION 28.9. Let X be a topological space and let A be an abelian group. The
singular cochain complex of X with coefficients in A is the cochain complex
C*(X; A) where C"(X; A) :== Hom(C,,(X), A). We denote by Z"(X) and B"(X) the
cocycles and coboundaries of this complex.

The singular cohomology of X with coefficients in A is the cohomology of
this complex. Taking A = 7Z, we obtain the singular cohomology H*(X) of X.

ProPOSITION 28.10. Singular cohomology with coefficients in A defines a contravari-
ant functor Top — Ab.

Proof. If f: X — Y is a continuous map, then we can define
frCMY;4) = CM(X;4),  [F(9)(0) = (f(0) =7(fo0),
for v: Cr,(Y) — A and o: A" — X a singular n-simplex in X. If v € Z"(Y) then
we claim that f#v € Z"(X). Indeed,
*)
A(#9)(0) = (1#2)(00) = 1(1#00) £ 1(0140) = (d1)(f*0) =0,

where (x) used the fact that we already know that f4 is a chain map Ce(X) — Ce(Y')
(Proposition 7.20). Similarly if v € B™(Y) then f#y € B"(X). Thus f# induces a
map H"(f): H"(Y;A) — H"(X; A). One easily sees that H"(idx) = idgn(x) and
that if f: X - Y and ¢g: Y — Z then

H"(go f)=H"(f)o H"(g9): H"(Z; A) — H"(X; A).
|

Let us now investigate the analogue of Eilenberg-Steenrod axioms for cohomology.

“Warning: Not everything works in exactly the same way though! For instance, since 0 ® B is
only right exact, tensoring a cochain complex is slightly different to tensoring a chain complex. We will
investigate this more next lecture.



PROPOSITION 28.11 (The dimension axion for cohomology). Let X be a one-point
space. Then for any abelian group A,

A, n=0,
0, n>0.

H™(X; A) = {

Proof. Recall from the proof of the dimension axiom for homology (see the solution
to Problem D.3) that if X is a one-point space then C,,(X) = Z for all n > 0, and
that 9: Cp(X) — Cp—1(X) is an isomorphism when n is even and positive, and zero
if n is odd. Dualising, it follows immediately that H"(X; A) = 0 for all n > 1.

So let us look at H?(X; A). We have

c1(x) % oy (x) 0.
Thus applying Hom([J, A) we get
0 — Hom(Co(X), A) =% Hom(Cy(X), A),
and hence
H°(X; A) = ker(d: Hom(Cy(X), A) — Hom(C1(X), A) = Hom(Cy(X), A) = Hom(Z, A).

But Hom(Z, A) = A, since a homomorphism ¢: Z — A is uniquely determined by
(1) € A. ]

THEOREM 28.12. If f,g: X — Y are homotopic then they induce the same homo-
morphism H"(Y; A) — H"(X; A) for all n > 0.

Proof. Recall from Lecture 8 that the main step in the proof of the homotopy axiom
was to show that the following claim: If X is a topological space and we define
inclusions ¢,7: X — X x I by

uz) = (2,0),  y(z):=(z,1).
Then there exists a chain homotopy P: Cp(X) — Cpi1(X x I) such that
OP + PO = J# — 14

(this was Proposition 8.5.) Applying the functor Hom((J, A) to P, we get a map
Q@ := Hom(P, A). One checks that @ satisfies.

dQ + Qd = 3# — 7.

This allows us to finish the proof in exactly the same way as we did in Theorem 8.9:
Let F': X x I — Y be a homotopy from f to g. Then

f=Fou g=Foy
Thus as H™ is a contravariant functor, we have

HY(f) = H"(F o) = H"(2) o H"(F) = Hn(3) o H"(F) = Hy(g)-



Now let us define relative cohomology and prove the analogue of the long exact
sequence axiom. First, let us note the following result, whose proof is on Problem
Sheet N.

PROPOSITION 28.13. Let A be an abelian group. The contravariant functor Hom([J, A)
is left exact’. That is, if B Iy B % B - 0 is exact then

Hom(g,A) Hom(f,A)

0 — Hom(B", A) Hom(B', A) Hom(B, A)

is exact.

In fact, we will need the following result, whose proof is an immediate consequence
of Lemma 25.13 (cf. the solution to Problem [..1.)

LEMMA 28.14. If T: Ab — Ab is an additive contravariant functor and 0 — A —
B — C — 0 is any split exact sequence, then 0 — T(C) — T(B) — T(A) — 0 is
also a split exact sequence.

We then use:

PROPOSITION 28.15. Let X’ C X and let A be an abelian group. Then for every
n > 0 there is a short exact sequence of abelian groups:

0 — Hom (Cp(X)/Cn(X'), A) = Hom(Cp(X), A) — Hom(Cp(X"), A) — 0.
Thus there is also a short exact sequence of complexes:
0 — Hom(C, /C ,A) = C*(X;A) —» C*(X';A) — 0.

Proof. The group Cy,( / )/ Cn(X') is a free abelian group: a basis is given by all cosets
of the form o + Cp, (X ) where o: A” % X has imo Q X'. Thus by Problem F.6, the
sequence 0 — Cp,(X') = Cp(X / )/ Cn(X") — 0 is a split exact sequence. By
Lemma 28.14, the sequence is stlll spht exact after applying Hom((J, A), and then
by Problem [.5 the sequence of complexes is also exact. ]

DEFINITION 28.16. Let X’ C X be a subspace, and let A be an abelian group.
We define the relative cohomology groups with coefficients in A, written

H"(X, X’ A) of the pair (X, X”") to be the cohomology of the complex C*(X, X'; A) =
Hom (Co(X)/Co(X'), A).

It now follows dlrectly from Theorem 11.5 that there is a long exact sequence in
cohomology.

THEOREM 28.17 (The exact sequence axiom for cohomology). Let X' C X and let
A be an abelian group. Then there is an exact sequence

o HY(X, X' A) — HY(X; A) — H'(X; A) S HYPU(X, X A) ...

Moreover the connecting homomorphisms §: H"(X'; A) — H""1(X, X'; A) are nat-
ural.

5A contravariant functor T: C — D is said to be left exact if (when regarded as a normal functor),
T: C°? — D is left exact. The notion of right exactness for contravariant functors is defined analogously.



The homotopy axiom extends to relative cohomology. The remaining axiom is
excision. For this we will just state the result. The proof is an easy adaption of the
proof of excision for homology (Theorem 14.8.)

THEOREM 28.18 (The excision axiom for cohomology). Assume that X, X9 are sub-
spaces of X such that X = X7 UX3. Let A be an abelian group. Then the inclusion
12 (X1, X1 N Xy) — (X, X2) induces an isomorphism in cohomology:

H"(1): H"(X, X9; A) —» H" (X1, X1 N X9; A) Vn > 0.

I will leave it up to you to formulate the precise axioms for a cohomology theory
with coefficients in A, and check that we have now verified that singular cohomology
with coefficients in A satisfies these axioms (modulo that, as with singular homology,
we can’t actually verify the weak equivalence axiom yet, as explained in item (2) of
the remarks after Definition 21.9)

It is also easy to see that the analogue of the Mayer-Vietoris sequence (Theorem
14.9) continues to hold for cohomology; I will leave it up to you to formulate the
precise statement.



LECTURE 29

Cohomological Universal Coefficients
Theorems

In this lecture we prove three “Universal Coefficients” theorems for cohomology. The
first relates cohomology and homology. This requires us to define a “cohomological”
version of Tor, which (rather unhelpfully) is called Ext. The definition is essentially
the same as Tor, we just replace 0 ® B with Hom(O, B).

DEFINITION 29.1. Let A be an abelian group, and let 0 — K EN RN 0 be a
short free resolution of A. Let B be any abelian group. We apply the contravariant
functor Hom(O, B) and obtain an exact sequence

0 — Hom(A, B) — Hom(F, B) YD) yom (K, B).

We define
Ext(A, B) := coker Hom(f, B) = Hom(K,B)/imHom(f7 B).

Thus Ext(A, B) measures the failure for Hom([J, B) to be right exact on 0 — K —
F — A — 0. In a similar as with Tor, we can view Ext(A, B) as a (co)homology
group. For this, as in (25.1), we first view the short free resolution as defining a chain
complex (C,, d) by setting:

F, n=0,
Cr = K, n=1,
0, mn#0,1.

and defining the boundary map 9: C7 — Cjy to be f: K — F. Then this chain
complex has the property that

Ho(Cy) = F/im f = A.

Instead of applying (0 ® A as we did in Lecture 25, this time we apply Hom(OJ, B) to
obtain a cochain complex Hom(C,, B). This cochain complex has the property that

H'(Hom(C,, B)) = Ext(A, B).
Before stating a result giving the main properties of Ext, we first need a definition,

DEFINITION 29.2. An abelian group D is said to be divisible if for every b € D and
every n € N, there exists a € D such that na = b.
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Thus Z is not divisible, but Q or R or C are.

THEOREM 29.3 (Properties of Ext). For a fixed abelian group A, Ext(A,O) is a co-
variant functor from Ab to itself, and Ext(0J, A) is a contravariant functor. Morevoer:

1. If F is free group then Ext(F, B) = 0 for any abelian group B. If D is a divisible
group then Ext(B, D) = 0 for any abelian group B.

2. If A is a finitely generated group with torsion subgroup T'(A) then Ext(A,Z) =
T(A).

3. If0 - A— A — A” — 0 is an exact sequence of abelian groups 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(4’, B) — Ext(A, B) — 0,
(29.1)

Meanwhile if 0 -+ B — B’ — B” — 0 is an exact sequence of abelian groups,

then for any abelian group A there is an exact sequence

0 — Hom(A, B) — Hom(A, B") — Hom(A, B”) — Ext(4, B) — Ext(4, B') — Ext(A, B") = 0,
(29.2)

4. If B is an abelian group and {Ay | A € A} is a (possibly uncountable) family of
abelian groups then there is an isomorphism’

Ext(@AA,B) =~ T] Ext(Ay, B).

AEA AEA
and similarly
Ext (B, I1 AA) =~ T] Ext(B, Ay).
AEA AEA

5. For any m € N and any abelian group B,
Ext(Zy,, B) = B/mB.

REMARK 29.4. Warning: The analogue of part (4) of Theorem 25.6 is false for Ext:
in general Ext(A, B) is not the same as Ext(B, A)! For example, Ext(Z,,Z) = Zp,
and Ext(Z, Z,) = 0.

I won’t prove Theorem 29.3. The statements about Ext(A,) are analogous to
the corresponding proofs in Theorem 25.6, modulo replacing tensor products with
Hom everywhere. For instance, the fact that Ext(F, B) = 0 for any free F' starts
from the short free resolution 0 — 0 — F — F — 0, and the proof of (29.2) come
from the long exact sequence in cohomology associated to a short exact sequence of
cochain complexes, just as in the proof of (25.2) in Theorem 25.6. The corresponding
statements about Ext(0J, A)—that Ext([J, D) = 0 whenever D is divisible, and the

'Recall that the difference between € aen Ax and [Ty A is that an element of the former only has
finitely many non-zero elements, meanwhile an element of the latter is just an arbitrary element in the
product. If A is finite the two coincide.



exact sequence (29.1)—are a little different though. For this one replaces short free
resolutions with “short divisible resolutions”, and I will leave this for you to investi-
gate on Problem Sheet N.

Instead, let us move onto establishing a link between homology and cohomology.
Let Cq be a chain complex, and let A be an abelian group. We define a map

¢: H"(Hom(C,, A)) — Hom(H,(C,), A)

by
¢y)(e) == (c). (29.3)
To check this is well-defined, we need to show that if v, are two cocycles with
(7) = (¢/) in H"(Hom(C,, A)) and ¢, ¢’ are two cycles with (¢) = (¢) in H,(C,) then
v(e) =+/(c).
Indeed, we can write 7/ = v + dd and ¢ = ¢ + da. Then
v () = (v + dd)(c + da)

= 7(c) + do(c) + v(da) + dé(da)

=v(c) + 6(9c) + dy(a) + 6(0%a)

=7(c),
since dc = 0 as c is a cycle, and dy = 0 as v is a cocycle, and of course 9%a = 0.

THEOREM 29.5 (The Dual Universal Coefficients Theorem I). Let X be a topological
space and let A be an abelian group. Then for every n > 0 there is an exact sequence

0 — Ext(H,—1(X),A4) - H"(X; A) i> Hom(H,(X),A) — 0, (29.4)
where ( is the map from (29.3). Moreover this sequence splits, and hence
H"(X;A) 2 Hom(H,(X),A) ® Ext(H,—1(X), A). (29.5)

REMARK 29.6. The splitting of the sequence (29.4) is natural in A but not in X, and
hence the same is true of the isomorphism (29.5).

Just as with the Universal Coefficients Theorem 25.10, this is an immediate corol-
lary of a more general result about an arbitrary free chain complex.

THEOREM 29.7 (The Dual Universal Coefficients Theorem II). Let (C,,d) denote a
free chain complex and let A denote an abelian group. Then for every n > 0, there
is an exact sequence

0 — Ext(H,_1(C.), A) — H™(Hom(C4, A)) < Hom (H,(C.), A) — 0,
where ¢ is the map from (29.3). Moreover this sequence splits, and hence
H"(Hom(C,, A)) = Hom (H,(C,), A) ® Ext(Hp—1(Cs), A).

The splitting is natural in A but not in C,.



We won'’t prove Theorem 29.7, however the interested reader can simply regur-
gitate the proof of Theorem 25.12, but replace all instances of tensor products with
Hom instead, reversing arrows where appropriate, and use the properties of Ext
(Theorem 29.3) instead of properties of Tor (Theorem 25.6).

DEFINITION 29.8. A topological space X is said to be of finite type if each homology
group H,(X) is finitely generated.

The following corollary is perhaps the most useful application of Theorem 29.5.

COROLLARY 29.9. Let X be a topological space of finite type. Let T,,(X) = T(H, (X))
denote the torsion subgroup of H,(X). Then for all n > 0

H"(X) 2 Hy(X) /Tp(X) © Tp_1(X).

Proof. If A is any finitely generated group then Hom(A,Z) = A/T(A) by Problem
N.2. Thus for X of finite type Hom(H,(X),Z) = H,(X)/T,(X). Next, by part (2)
of Theorem 29.3,

Ext(Hp—1(X),Z) = T,—1(X).

The claim follows from (29.5). ]

We could now extend Theorem 29.5 to a Kiinneth-type result. Indeed, if C,
and C, are chain complexes, then there is a natural way to make Hom(C,, C) into
a cochain complex. However, for our purposes this is not so useful, since there is
no analogue of the Eilenberg-Zilber Theorem 27.6 in this setting. Instead, we will
first prove a purely cohomological version of the Universal Coefficient Theorem for a
topological space of finite type, and then use that to deduce a Kiinneth-type result.

We need two auxiliary results.

ProprosiTION 29.10. Let X be a topological space of finite type. There exists a
non-negative free chain complex FE, such that every group FE, is finitely generated,
and such that E, is chain equivalent to the singular chain complex Co(X).

REMARK 29.11. The assumption that X has finite type tells us that H,,(X) is finitely
generated for each n. But C,,(X) is never finitely generated (unless X is a finite set),
and thus Proposition 29.10 is non trivial.

Proof of Proposition 29.10. Let p: Z,(X) — H,(X) denote the map ¢+ (c). Since
H,(X) is finitely generated, there exists a finitely generated subgroup F,, C Z,(X)
such that p|p, : F,, — H,(X) is surjective. Note F, is free. Let F, := kerp|p,. Now
set

E,=F,®F _,.

Then E, is finitely generated and free. Define ¢: E,, — E,_1 by (¢, ) := (¢, 0).
Then clearly € o ¢ = 0, and thus (F,,¢) is a free finitely generated chain complex.

Moreover
_ker(e: B, — Ep1)

im(e: Epy1 — Ey)




Now let us build a chain map f: (F,,e) = (Ce(X),d). Since F is free abelian, by
Lemma 22.3 there exists a homomorphism g: F), — Cp41(X) such that dg(c’) = ¢
for all ¢ € F),. Define

f: By — Crh(X), fle,d):=c+g(c).

Then
Of(c,d)=0(c+g() =0c+ =,

since ¢ € F,, € Z,(X), so dc = 0. Moreover

fe(e,d) = f(d,0)="¢.

Thus foe = 0o f, and hence f is a chain map. Moreover using (29.6), the induced
map in homology is given by

H,(f): Hy(Es) — H,(X), (c,0) — (c),

which is obviously an isomorphism. Since both F, and Ce(X) are free, we can
invoke Proposition 27.5 to conclude that f is a chain equivalence. This completes
the proof. ]

ProposITION 29.12. If E, is a free chain complex such that each group E, is finitely
generated, then for any abelian group A, there is an isomorphism of cochain com-
plexes

Hom(E,,Z) ® A = Hom(E,, A).

Proof. Define
h: Hom(E,,Z) ® A — Hom(E,, A)

by
h(y ® a)(c) = v(c) - a, v € Hom(E,,Z), a € A, c€ E,,

note this makes sense as y(c) € Z, and thus we can multiple a by y(c) in A. Then h
is clearly a chain map. To prove that h is an isomorphism, we argue by induction on
the rank of E,. If the rank is 1, then F, = Z, and this follows from Z ® A = A and
Hom(Z, A) = A. For the inductive step, we note that both Hom(, A) and O ® A
commute with finite direct sums:

Hom(B @ B’, A) = Hom(B, A) @ Hom(B', A),

and

(BeB)Y®@ A~ (B A)® (B @A)
see part (5) of Proposition 24.8. ]

REMARK 29.13. Note that if C and CJ are chain equivalent complexes, then for
any abelian group A the chain complexes Co ® A and C, ® A are chain equiv-
alent, and similarly the cochain complexes Hom(C,, A) and Hom(C}, A) are also
chain equivalent. The tensor products statement is a special case of Lemma 25.2,
and the Hom statement is clear: if f: Cy — C. is a chain equivalence then so
Hom(f, A): Hom(C}, A) — Hom(C,, A).



Here is the promised “purely cohomological” version of the Universal Coefficients
Theorem.

THEOREM 29.14 (The Universal Coefficients Theorem for Cohomology). If X is a
topological space of finite type, then for any abelian group A and any n > 0, there
is an exact sequence

0— H'(X)® A H"(X; A) = Tor(H™ (X)), A) — 0,

where h is the map (y) ® a + (v - a), and (as in Proposition 29.12), v -a €
Hom(C),(X), A) is defined by

(y-a)(o):=~(0)-a€A, o: A" — X.
Moreover this sequence splits, and hence
H"(X;A) = H"(X)® A® Tor(H" 1 (X), A).

Proof. By Proposition 29.10, there is a free chain complex E, such that each FE,
is finitely generated, and such that H,(X) = H,(F,.) for all n. Now set E*® :=
Hom(F,,Z). Then E® is a free cochain complex. But since cochain complexes are
really just chain complexes in disguise (only with the indices flipped), we can apply
the Universal Coefficient Theorem 25.12 directly” to E® to obtain split short exact
sequences

0— H"(E*)® A — H"(E*® A) — Tor(H""(E*), A) — 0.
But using Remark 29.13, H"(E®) = H"(Hom(E,,Z)) = H"(Hom(Ce(X),Z)) =
H™(X). Moreover by Proposition 29.12; one has:

E*® A=Hom(F., Z)®A = Hom(E,,A) o~ Hom(Co(X), A).

isomorphic chain ealivalent
Thus by Proposition 10.24, we have H"(E*® A) =2 H"(X; A). The result follows. m

We conclude this lecture by using Theorem 29.14 to prove a Kiinneth-type result
for cohomology. To state the result, let us introduce the following notation: given
topological spaces X and Y, and v € C*(X), § € C/(Y), define y®6 € Hom(C\(X)®
Ce(Y),Z) by

y(o)o(r), ifoe Ci(X), 7€ C;(Y),

0, otherwise.

(Y@ o®T):= {

Now let Q: Co(X X Y) = Co(X) ® Co(Y) be an Eilenberg-Zilber morphism (cf.
Theorem 27.6.) Then there is an induced map

Hom(€2, Z): Hom(Ce(X) ® Co(Y),Z) — Hom(Co(X x Y),Z) = C*(X x Y),

2For the reader unhappy here: set E,, := E~" = Hom(E_,,Z). Then E, is a non-positive free chain

complex and H_,,(E,) = H"(E*). To apply Theorem 25.12; we work with E,, and then at the last stage
switch back to E* to get a cohomological statement.



and hence a map
H™(Hom(Q,Z)): H" (Hom(c.(X) ® c.(Y),Z)) — H"(X x Y).
Thus there is a well-defined map
n: H(X)®@ H (Y) — H (X xY)

given by o
n: () ® (8) = H'™ (Hom(Q, Z))(y ® ).

REMARK 29.15. If you are worried about why

(1) @) = (y®9)
makes sense at the level of cohomology classes, see Lemma 31.11 in Lecture 31.

THEOREM 29.16 (The Kiinneth Formula for Cohomology). Let X and Y be topolog-
ical spaces of finite type. Then for every n > 0, there is a split short exact sequence

0= P HX)eH ()L H(X xY) > @ Tor(HF(X),H(Y)) = 0.
i+j=n k+l=n+1

Proof. By Proposition 29.10, there exist finitely generated free chain complexes F,
and E, which are chain equivalent to Ce(X) and Co(Y). Then E, ® E. is chain
equivalent to Ce(X) ® Ce(Y) by Corollary 26.4, and we have a commutative diagram
where the vertical maps are isomorphisms:

H(X)® HI(Y) —1—— HH(X xY)

! |

H'(E,) ® H/(E,) — H""(Hom(E, ® E,,Z)).

Thus it suffices to prove the statement with the bottom row, rather than top row. But
since E, and E, are finitely generated in each degree, it follows that the chain com-
plexes Hom(FE,,Z) and Hom(E},Z) are free. Thus we can apply Kiinneth Theorem
26.5 to conclude. u



LECTURE 30

The cup product and the cohomology
ring

Up to now, we have always worked with coefficients A where A is some abelian group.
The aim of this lecture is to show that if we take A to be a commutative ring R,
then the singular cohomology with coefficients in R is also a ring. To begin with, let
us check we all understand the definition of a ring.

DEFINITION 30.1. A ring R is an abelian group (where we use + to denote addition in
the group structure), together with an additional operation “”, called multiplication,
which is associative:

(r-s)-t=r-(s-t), Vr s t€eR,
and which has multiplicative identity, that is, an element 1 € R such that
r-l=r=1-r, VreR.
Moreover, multiplication should be distributive over addition:
r-(a+b)=(r-a)+ (r-b), (a+b)-r=a-r+b-r, Va,b,r € R.

Most of the time we will just write rs instead of r - s. If 0 denotes the zero
element for the group structure, then we do not take 0 # 1 as part of the definition.
Nevertheless it takes merely a moment of thought to note that if 0 = 1 then R = {0},
in which case we call R the zero ring.

DEFINITION 30.2. A ring homomorphism f: R — S between two rings is a ho-
morphism between R and S as abelian groups which also preserves the multiplicative
structure:

flrs)=f(r)f(s),  f(lgr) = 1s.

The category Rings of rings has objects the rings, and morphisms the ring homomor-
phisms, and composition the usual composition of homomorphisms.

There is a forgetful functor Rings — Ab. A ring R is commutative if rs = sr
for all r, s € R. Commutative rings form a full subcategory ComRings of Rings.

DEFINITION 30.3. A subset S of a ring R is a subring if it can be regarded as a ring
with the addition and the multiplication restricted from R to S. Thus S is a subring
if 1 € S and for any r,s € S, all of rs,r + s, — s belong to S.
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Subrings are the ring-theoretic analogue of subgroups. The analogue of a normal
subgroup is an ideal':

DEFINITION 30.4. A nonempty subset I of a ring R is then said to be a left ideal
in R if, for any s,t € [ and r € R, all of s +t,7s are in I. Equivalently, an additive
subgroup [ is a left ideal if R-1 C I. Similarly an additive subgroup [ is a right
ideal if - R C I. If I is both a left ideal and a right ideal, then I is said to be a
two-sided ideal.

Thus every ideal in a commutative ring is a two-sided ideal. An ideal I C R is
said to be proper if I # R.

DEeFINITION 30.5. If R is a ring and [ is a two-sided ideal, then there is a well-defined
equivalence relation on R given by r ~ s if r — s € I. The quotient ring R/I has
as an elements the cosets r + I, with addition given by (r+1)+(s+1):=(r+s)+1
and multiplication by (r + I)(s + I) = rs + I. The natural quotient map R — R/I
is then a surjective ring homomorphism.

DEFINITION 30.6. A graded ring R is a ring R with additive subgroups R", for
n > 0, such that R = @,, R", and such that R" - R™ C R"™™. A graded ring
homomorphism f: R — S between graded rings is a ring homomorphism with the
property that f(R™) C S™ for all n > 0. This forms the category GradedRings of
graded rings.

There is a forgetful functor GradedRings — Rings. Conversely, if R is any ring,
then R can be made into a graded ring by setting R’ = R and R" = 0 for n > 1.

DEeFINITION 30.7. A graded ring R is said to be graded commutative
r-s=(=1)""s-r, Vre R", se R™.
This gives rise to a full subcategory ComGradedRings of GradedRings.

An element z in a graded ring is said to be homogeneous if z € R" for some
n. In this case one says that x has degree n. The zero element 0 therefore has
degree n for any (and every) n, and the identity element 1 is always’ homogeneous
of degree zero. We use the convention that the degree of an element is not defined
if the element is not homogeneous. An ideal [ is said to be homogeneous if it is
generated by homogeneous elements.

ExAMPLE 30.8. Let R be a commutative ring, and let @Q1,...,Q denote formal
variables. The polynomial ring R[Q1, ..., Q] has elements all formal sums
xr = Zriliz“'ik . ill 32 s ZQ, Titigi € R, ij >0,1<5< k.

Then R[Q1,...,Qy] is a graded ring, where

k
R" = Zrili?“ik : Q?Q? T sz ‘ Zij =n
j=1

IThis analogy doesn’t quite work: for instance, a proper ideal is not even a subring.
2Exercise: Why?



Thus R" is generated by all monomials of total degree’ n.

The following lemma is a trivial piece of algebra, whose proof I leave to you. We
will need it in the proof of Theorem 30.20 at the end of the lecture.

LEMMA 30.9. If ] is a homogeneous two-sided ideal in a graded ring, then the quotient
ring R/I is again a graded ring. Indeed,

R/I=EHR"+1)/I

n>0

DEeFINITION 30.10. Let X be a topological space and let R be a ring. The total
cohomology of X with coefficients in R is given by

H*(X;R) := (P H"(X;R).
n>0
This is well-defined, since a ring is in particular an abelian group. I use the notation
H* instead of H® to indicate we are taking the direct sum of all the cohomology

groups (as opposed to considering the cohomology groups as a complex). Similarly
we denote by C*(X; R) := @,,C"(X; R) (as a direct sum, not a chain complex).

Our aim is to make H*(X; R) into a graded ring when R is commutative. We
shall do this by first making C*(X; R) into a graded ring, and then showing that the
ring structure descends to cohomology. For this, let us first recall the face maps from
Lecture 7:

gt AV 5 A i=0,1,...,n

that maps the standard (n — 1)-simplex A"~! homeomorphically onto the ith face of
A™. Explicitly,

6\0(507 Sla e 7317,71) — (07 807 Sla AR 7371*1)7
fori=0,and for 1 <i<n-—1,

Ei(807 S1y.-4y Sn—l) == (807 S1y.-- 7Si—1707 Siyeen 7S’n—1))

and finally
En(807 51y .- 7877,—1) = (807 S1y+++35n—1, 0)

Where necessary we will write e7: A1 — A™,

DEerFINITION 30.11. If 0 < i < n, we define the ith front face to be the map
Fl': A" — A" by

FZ-H(SO,Sl,...,Si) = (80,81,...,Si,0,...,0),
and we define the ith back face B! : A" — A" by

B (s0,81,--+,8i) = (0,...,0,80,81,...,8;).

30ur convention implies that only monomials get a degree; an arbitrary polynomial does not have a
degree in the sense of graded rings.



As with the face maps, where possible we will just write F; and B;. Note that

F)! = B} = idan, meanwhile F{' has image eg = (1,0,...,0) and B has image
en, = (0,...,0,1). The next lemma tells us how these maps compose with each other.
LEmMmA 30.12.
1. One has ejt! = B! and et = Frtl,
2. One has:
+p _ +p _
By, ,0 B P =By, Fhipo B =F,
and
B?ni?+p o FnT+p — F:i;:z-&-p o BZL—Fm-
3. One has
bt R0 it <m,
' " R ifi>m+1.
and
ntl . pn B+l ifi<n—m,
& °© Bm = Bn+1 m+1 .o
i1 © Ciimny i >mn—m+1.
Proof. Evaluate both sides on a typical element of the desired simplex. ]

We now come to the key definition of this lecture.

DEFINITION 30.13. Let X be a topological space and let R be aring. If « € C"(X; R)
and 8 € C"™(X; R), we define a — 8 € C""(X; R), the cup product of o and 3
by requiring that

(a~ B)(o) =al(coFy,) - B(oo By), Vo: A" - X (30.1)

(since Cy4m (X)) is free abelian with basis the singular (n + m)-simplices o: A"t™ —
X, equation (30.1) does indeed uniquely determine an element of C"*™(X; R). The
expression makes sense: if o: A" — X then ooF,: A" — X and 00B,,,: A™ — X,
so that a(o o F,,) and (o o By,) are well-defined elements of R which can then be
multiplied to give another element of R.

REMARK 30.14. Cup products are usually only defined for R a commutative ring.
The reason for this will become apparent next lecture, when we show that if the
coefficient ring is commutative, then the (graded) cohomology ring is graded com-
mutative, see Remark 30.21 below. Nevertheless, everything we do in this lecture
works fine for any (possibly non-commutative) ring, so for now we won’t impose
commutativity on R.

The cup products extends by linearity to define a function

C*(X;R) x C*(X;R) — C*(X; R)

(Zo) - (Za]) = o
i J 2
Let us first check this gives us a ring structure.

4



PRroPOSITION 30.15. For any topological space X and any ring R, C*(X;R) is a
graded ring under the cup product.

Proof. Suppose a € C"(X; R) and S,y € C™(X; R). We claim that a — (8 + ) =
a ~ B+ «a — . For this, take o: A" — X. Then

(@~ (B+7)(0) =alooFp)-(B+7)(00Bp)
=a(ocoF,)-B(ocoBy)+alocoFy,) vy(ooBy)

= a~ f(0) + o~ y(0).

A similar computation shows that (a+f3) « v = a —« v+ — 7. To check associativity,
suppose a € C"(X; R), B € C"™(X; R), and v € CP(X; R). Then if o: A"T"P — X
one has

((a = B) = 7)(0) =a(o o Fuymo Fp) - B(0 0 Fyoimo Br) - v(0 o Bp),
and similarly
(@~ (B~)(0) =algoFy)- 500 Bnipo Fn)-7(0 0 Bnipo Bp).

By part (2) of Lemma 30.12, the right-hand side of both of these equations is equal
to
a(co Fy) - (oo Fyymo Bp)-v(o o B,y).

Finally, define a cochain v € C°(X; R) by
v(z) = 1g, Vo e X, (30.2)

and then extending by linearity (recall we identify singular O-simplices in X with
points in X). It is clear that v « @« = @ = a « v for any a € C"(X; R) and any
n > 0. Thus C*(X; R) is indeed a graded ring. ]

REMARK 30.16. The distributive laws give bilinearity of the cup product as a map
C*(X;R) x C*(X;R) — C*(X; R),
and hence we may regard cup product as a map on the tensor product
—: C*(X;R) ® C*(X;R) —» C*(X; R).
Now let us investigate the functorial properties of .

ProposiTIiON 30.17. Let f: X — Y. Then
fFla~ B) = ffa - f#8,

and moreover f#uvy = vy, where the units vx, vy are as defined in (30.2)



Proof. Take a € C"(Y;R) and 8 € C"™(Y;R) and o: A" — X. Then by defini-

tion

[~ B)(0) = (a~ B)(fo)
= (a~ B)(foo)
=a(foooF,) -B(foooBy)
= a(fu(oo Fy)) - B(fx(0 0 Bn))
= ffa(oc o F,) - f#B(c o By)
= (fFa - [#5)(0).

Next, if z € X then f#vy(z) = vy (f(z)) = 1. Since this holds for all z € X, we
must have f#ry = vy. [ ]

We thus have:

COROLLARY 30.18. For a given ring R, there is a contravariant functor
C*(O; R): Top — GradedRings.

Unfortunately, the ring structure on C*(X;R) is not very useful, as it is too
“large”, and almost impossible to compute. This ring structure does not restrict the
homotopy axiom, and it is not graded commutative. However, as we will now see,
the total cohomology H*(X; R) also inherits a ring structure, and this structure is
much nicer.

ProposiTiON 30.19. Let X be a topological space and let R be a ring. If a €
C™(X;R) and B € C™(X; R) then

d(o = B) =da - B+ (—1)"a - dB. (30.3)

Proof. Set p := n+m+1, so that both sides of (30.3) have degree p. Let o: AP — X
be a singular p-simplex. Let us start with the right-hand side of equation (30.3). We
have

(da~ g+ (=1)"a~dp) (o) =da(o o Fryr) - f(0 0 By)
+(=1)"(a(o o Fy) - dB(0 © Bmy1))
a(a( © Fny1)) - Blo o Bn)
)" (oo Fp) - B(8(0 0 Bmy1)))

+
n—l—l
( JOFn+1051)>'B(O’OBm)

m+1

+(=1)" | aloo Fy) - | D (=1)B(0 0 Butiog;)

J=0

Now by part (1) of Lemma 30.12, one has 0 o Fj,110ep41 =00 Fy10F, =00F,
and similarly o o B,,11 069 = 0 0 By41 0 B, = 0 0 By,. Thus the last term of the



first sum cancels with the first term of the second sum, and thus the right-hand side
is equal to

n m+1
D (=1'a(ooF, 108:)-B(coBm)+(~1)" Y (~1)/a(coF,)-B(00Bm10g;). (30.4)
i=0 Jj=1

Next, starting with the left-hand side of (30.3), we have

(e~ B)(0) = (a ~ B)(90)

=0
=Y (=1)'a(ocog;oF,) B(coeioBp)
1=0
p .
+ Z (=1)'a(ocoe;oF,)-B(0coe;oBy)
i=n+1

Since p — m =n + 1, part (3) of Lemma 30.12 tells us that this sum is equal to

Z(—l)ia(aanHogi)-B(UoBm)—i— Z (-1)a(ooF,)-B(0oBni108iy). (30.5)
1=0 t=n+1

The first sum in (30.5) is already the same as the first sum in (30.4). The second
sum is too, if we set j =4 — n. This completes the proof. ]

We can now prove the main result of today’s lecture.

THEOREM 30.20. For any ring R, there is a contravariant functor
H*(O; R): hTop — GradedRings.

Proof. Let Z* = @ Z™(X; R) and define B*(X; R) similarly. If « € Z" and g € Z™
then da = df = 0 and hence d(a -« ) = da - f+ (—1)"a —« dB = 0. Thus
a~ B € Z"™ and hence Z* is a homogeneous subring of C*(X; R).

Next, if & € Z™ and 8 € B™ then da = 0 and 8 = dy for some v € C™ (X R).
Thus

a-f=a-dy
= +((d(a - v) —da - 7)
= td(a - 7).

Thus o « B € B™™. Similarly 8 - a € B"™, and hence B* is a two-sided
homogeneous ideal in Z*. By Lemma 30.9, it follows that H*(X;R) = Z*/B* is a
graded ring, with

(@) = (B) := (a - B).



If f: X =Y then if we denote by H*(f): H*(Y; R) — H*(X; R) the map H*(f) =
> n>o H"(f) then since H"(f)(a) = (f#a), it follows Proposition 30.17 that

H*(f) ({e) ~ (B)) = H*(f)(a) = H*(f){B),

and thus H*(f) is a graded ring homomorphism. Moreover the homotopy axiom
for cohomology (Theorem 28.12) shows that if f ~ ¢ then (as graded ring homo-
morphisms) H*(f) = H*(g). It follows easily that H* is a contravariant functor as
claimed. [ |

REMARK 30.21. We will prove next lecture that if R is commutative then H*([J; R)
is actually a functor

H*(O; R): hTop — ComGradedRings.

This is not as easy as it looks (we will prove it via an application of the Acyclic
Models Theorem again!)

REMARK 30.22. As in Remark 30.16, we can view the cup product as being a mul-
tiplication
H*(X;R)® H*(X;R) - H*(X; R).

This will also be important next lecture.



LECTURE 31

Diagonal approximations and the cross
product

The goal of today’s lecture is to prove that the cohomology ring is graded commuta-
tive whenever the coefficient ring is commutative.

THEOREM 31.1. Let R be a commutative ring and let X be a topological space. Then

(@) < (B) = (~1)™(8) < (), ¥{a) € H'(X;R), (8) € H"(X;R). (3L.1)

Thus when R is commutative, the functor H*(0J; R) takes values in ComGradedRings:
H*(O; R): hTop — ComGradedRings.

This will take us some time. We begin with a general definition, which we have
already met in a different guise before.

DEFINITION 31.2. Let (C,, d) be a non-negative chain complex. An augmentation
of (C,, 0) is a surjective homomorphism

C:Ca—)Z

such that the composition ¢ 0 9: C; — Cy — Z is identically zero. We call (Cl, 0, ()
an augmented chain complex.

A chain complex that admits an augmentation necessarily has a non-zero homol-
ogy group Hy(C,). Indeed, let Zo denote the chain complex with all groups zero,
apart from the zeroth group, which is Z:

..0—-0—-0— Z —-0—->0—=0—...

in degree 0

We can regard an augmentation as a surjective chain map (: Cy — Ze. Thus we
get an induced map in homology Ho(¢): Ho(Cs) — Z = Hy(Zs), which is again
surjective.

An augmentation allows one to form the reduced chain complex C., where

C~'n =C)p forn>1, and C’o = ker (.

LEMMA 31.3. The homology groups of the reduced complex satisfy

Hn(é,), n>1,
Hy(Co) = Ho(Co) ®Z, n=0
0, n < —1.
Will J. Merry and Berit Singer, Algebraic Topology II. Last modified: Sept 01, 2018.
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Proof. We have an exact sequence 0 — Co = Cyp = Z — 0. Since Zis free this
sequence splits, and hence Cy = Cp @ Z. It follows that Z,,(Cs) = Z,,(C,) for n # 0,

Zo(Ce) = Zp(Co) ® Z, and B, (Cy) = B, (C,) for all n € Z. [ ]
We have already met one example of an augmented chain complex many times.

ExXAMPLE 31.4. Let X be a non-empty topological space, and let (x: Co(X) — Z
be the map defined by
(x(x) =1, Vz e X,

and then extended by linearity. Then (Co(X),(x) is an augmented chain complex,
and the homology of the reduced complex is the reduced homology of X, cf. Remark
12.24.

If (Cs,0,¢) and (C,,0',(’) are two augmented chain complexes, we say that a
chain map f: Cs — C) is augmentation-preserving if there is a commutative
diagram:

Equivalently, this means
Hy(¢") o Ho(f) = Ho(C): Ho(Ce) = Z.

Augmented chain complexes define a category AugComp. Let us now present a version
of the Acyclic Models Theorem for augmented complexes. We will denote a functor

To: C— AugComp

as a pair T, = (Te, (1), where T,: C — Comp is a non-negative complex valued
functor, and (r(C): Tp(C) — Z is an augmentation of the complex T,(C') for each
C € obj(C). We say an object C is totally Ty-acyclic if H,(To(C)) = 0 for all
n > 0, where T,(C) is the reduced complex associated to the augmentation (r(C).
Equivalently, H,,(Te(C)) = 0 for all n # 0, and Ho(T.(C)) = Z.

THEOREM 31.5 (The Augmented Acyclic Models Theorem). Let C be a category
with models M. Assume that §., To: C— AugComp are two functors. Assume that
for alln > 0, T,, is free with basis contained in M. Assume that each model M € M
is totally §.—acycl1'c. Then there exists a natural augmentation preserving chain map
®: Ty — Se. Moreover any two such natural augmentation-preserving chain maps
are naturally chain homotopic.

The difference between Theorem 31.5 and the non-augmented one (Theorem 23.8)
is that this time we do not need to start with a natural transformation ©: HyoT, —
Hp o S,. (The price to pay for this is, of course, that this version only works for
augmented complexes.)



COROLLARY 31.6. If instead we assume that for all n > 0, both S,, and T,, are free
with basis contained in M, and that each model M € M is both totally §.—acycl1'c
and totally T, acyclic, then every augmentation preserving natural chain map is a
natural chain equivalence.

Proof. Go back to the proof of the standard Acyclic Models Theorem 23.8, and
replace every instance of Ty — Hgo T, — 0 and Sg — Hp o Se — 0 with the
augmentations, so Z plays the role of Hy and the identity map Z — Z plays the role
of ©: HyoT, — HpoS,. Explicitly, this means that our goal is to construct natural
transformations ®,,: T;,, — S, such that the following diagram commutes.

0

o, 1 25T > Tp > 7 0
| | |
Py | Py | 1 &g lid
v v +
S S Y s 7 0
o P2 Ty T Pl Ty R0 T

But now an inspection of the proof of Theorem 23.8 show that it goes through word
for word in this new setting. Indeed, the only properties we used of Hy o T, and

Hpo S, was that S1(M) — So(M) U, 7 0 should be exact for every model M,
which follows from the fact that every model is totally §.—acyclic.

Thus the standard Acyclic Models Theorem provides us with such a ®: Ty — S,,
which moreover is unique up to natural chain homotopy. Finally, the fact that the
initial square commutes:

TO — Z

N

S() — 7
tells us that ® is augmentation-preserving. This completes the proof. [ |

REMARK 31.7. We can use Corollary 31.6 to give a quicker proof of the Eilenberg-
Zilber Theorem 27.6. Indeed, we consider augmentations

CX,Y: CO(X X Y) — Za CX,Y(x,y) = ]-7 V(z,y) € X x Y7
and
C,/X',Y: CU(X) ® CO(Y) — Z, CA/X,Y(J/‘ ® y) =1, V(x,y) € X xY. (312)

Then by assumption, an Eilenberg-Zilber morphism Q: Co(X XY) = Co(X)RCo(Y)
commutes with these augmentations. This means that the extra work we did con-
structing the © in the proof of Theorem 27.6 (the content of this was Lemma 27.7)
was unnecessary .

What relevance does this have to the problem at hand? Here is another definition.

!'Nevertheless, I thought it was mean to “remind” you of the Acyclic Models Theorem, which most of
you have probably forgotten over the winter vacation by immediately starting off with a generalisation.
Also, Lemma 27.7 will be helpful in the proof of Theorem 32.1 next lecture.



DEFINITION 31.8. A diagonal approximation D is a natural chain map Ce(X) —
Co(X) ® Co(X) that satisfies

Dy(z) =z ® =z, Vze X,

The reason for the name is the following: if Q: C¢(X X X) — Co(X) ® Co(X) is
an Eilenberg-Zilber morphism and §: X — X x X is the diagonal map §(z) = (z, x),
then
Qody: Co(X) = Co(X) @ Co(X)

is a diagonal approximation. Moreover, an application of the Augmented Acyclic
Models Theorem shows that this is the only diagonal approximation (up to chain
homotopy).

THEOREM 31.9. Any two diagonal approximations are naturally chain homotopic,
and hence in particular induce the same homomorphisms in (co)homology.

Proof. Firstly note that a diagonal approximation D could equivalently be defined
as natural chain map Ce(X) — Co(X) ® Co(X) that preserves the augmentations
(x from Example 31.4 and CS(,  from (31.2). Indeed, it is clear that a diagonal
approximation preserves these augmentations, and conversely by naturality any such
D must satisfy Do(x) = x ® = in degree zero (argue as in Remark 27.8.)

Now let M = {A™ | n > 0} denote our standard family of models in Top. We
view the singular chain functor as a functor Co: Top — AugComp, where we are using
the standard augmentation from Example 31.4. Then C, is free with basis in M (cf.
Example 23.4)

Next, consider the functor Se: Top — Comp given by Se(X) = Co(X) ® Co(X).
We can regard S, as a functor Se: Top — AugComp using the augmentation CS(,X
from (31.2). Moreover by arguing as at the end of the proof of the Eilenberg-Zilber
Theorem 27.6, we see that each model in M is totally §.—acyclic.

The result now follows from Theorem 31.5. [ |

It is still probably rather opaque to you why a diagonal approximation is (a)
interesting and (b) of any use whatsoever in proving Theorem 31.1. For, this, note
that if D is a diagonal approximation then applying Hom([J, R) we obtain

Hom(D, R): Hom(Cs(X) ® Ca(X), R) — Hom(Ca(X), R),

which suddenly “almost” looks like a multiplication on cohomology. Roughly speak-
ing, we will show that cup product is the unique multiplication on cohomology arising
from a diagonal approximation. This uniqueness statement will then quickly imply
our initial statement about graded commutativity, Theorem 31.1.

Let us mimic the construction we did in the proof of the Kiinneth Theorem for
Cohomology (Theorem 29.16).

DEFINITION 31.10. Let R be a ring. Suppose A, and B, are two non-negative chain
complexes, and let A®* = Hom(A,, R) and B* = Hom(B,, R) denote the dual cochain
complexes. Let C* = Hom(Ae ® Be, R) denote the dual cochain complex to Ae ® B,.



Given n,m > 0, define pu: A" x B™ — C™™ by setting

n+m
,U,(Ck,,@) <Z a; @ bn-‘rm—i) = a(an) : /B(bm)
=0

The map p is clearly bilinear, and hence can be thought of as a map A” @ B™ —

O™t We claim that p is also well-defined on the level of cohomology. For this,

let us make the following computation. Take any element Z?jomﬂ a; @ bpima1_i in

Cntmtl and evaluate:

n+m+1 n+m-+1 .
(dp(a® B)) < Z a; ® bn+m+1i> = pula® p) ( Z (0a; @ bpgmi1—i + (—1)'a; ® 8bn+m+1i)>

i=0 i=0
= a(Qany1) - B(bm) + (=1)"(an) - B(Obmy1)
= (da)(ant1) - B(bm) + (=1)"(an) - (dB)(bm+1)

n+m+1
= (u(da ® B) + (=1)"p(a ® dp)) ( Z a; ® bn+m+1—i> .
i=0

Thus we have shown that

dp(o @ B) = p(da ® B) + (=1)"p(a © db) (31.3)

This equation tells us that p is well-defined on the level of cohomology. Indeed,
suppose da = dfi = 0. Then du(a® 3) = 0, and moreover in this case for any o and
3’ one has that

p((a+da) @ (B4 dB")) — pla® B) =p(da’ @ B) + pla @ df') + p(da’ @ dp’)
=0

=p(da’ @ B) 4 (—=1)" u(e’ ®g%>

+(=1)" ((—D"u(a ©df’) + p(da, @ B’))

=0
=du(a/ ® B) + (—1)"du(a® ).

Thus we conclude:
LEMMA 31.11. The map

H™(A*) ® H™(B®) — H"™™(C*), () ® (B) = (u(a @ B))
is well-defined.

We will slightly abuse notation and refer to this map also as p (rather than
H™ ™ (1)) so as to keep the formulae to come not too cumbersome.
We return to the situation at hand.



DEFINITION 31.12. The cross product is the operation
Xq = Hom(Q, R)opu: C*(X;R) ® C*(Y;R) = C*(X x Y, R).

We write this as
a® B axqf.

By Lemma 31.11 (together with the fact that €2 is a chain map), the cross product
induces a map on cohomology:

x: H*(X;R)® H*(Y;R) - H*(X xY; R), (o) @ (B) = (a xq B).

In cohomology we drop the subscript 2 on Xq, since the Eilenberg-Zilber morphism
is unique up to chain homotopy, and hence different choices of 2 give rise to the
same map on cohomology. Nevertheless, on the cochain level we do need to keep the
subscript €2, since this does depend on the choice of 2.

REMARK 31.13. In the case R = Z, the induced map in cohomology agrees with the
map 7 in the Kiinneth Theorem for Cohomology (Theorem 29.16).

Next lecture, we will explicitly construct a “special” choice of Eilenberg-Zilber
morphism, which we call the Alexander-Whitney choice of Eilenberg-Zilber
morphism and denote it by Qaw. This particular choice of Eilenberg-Zilber mor-
phism gives rise to the cup product, as the next result shows.

PROPOSITION 31.14. For 2 = Qaw, the composite

Hom(Qaw,R)
—— A,

C*(X; R)®C*(X; R) % Hom(Ca(X)®C(X), R) O*(XxX;R) 5 ¢*(X: R)

is precisely the cup product. Thus if « € C™"(X; R) and € C™(X; R) then

67 (a Xy B) = @~ B. (31.4)

We will prove Proposition 31.14 next lecture, after we have constructed Qaw.

There is one more ingredient needed for Theorem 31.1, whose proof is on Problem
Sheet O.

LEMMA 31.15. Let (C,, ) be a non-negative chain complex. Then the function
twist: Co ® Co — Co @ Cs

given by
twist(c® ) = (-1)""c @ ¢, ceCy, dely,

is a natural chain equivalence.
Let us finally add commutativity of R as a hypothesis:

LEMMA 31.16. If R is commutative then

Hom(twist, R) o u(a® 8) = (—1)""u(p ® «), Vae C"(X;R), B C™(X;R).
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Proof. Suppose 0 € C;(X) and 7 € C;(X). Both sides clearly vanish on 7 ® o unless
i =n and 7 = m. In this case we compute

Hom(twist, R)u(a ® B)(1®0) = ula® B)((=1)""(c @ 7))
= (=1)""a(o) - B(7)
© (1) - a
= ()

where (x) used commutativity of R. Thus both sides agree on a basis of Hom(Cy(X)®
Ce(X), R), and we conclude

g

(
a)(r® o),

Hom(twist, R)pu(a ® B) = (—=1)""u(f ® a).
as desired. [ |

We now have all the ingredients to prove Theorem 31.1 (modulo the construction
of Qaw and the proof of Proposition 31.14, which we will do next lecture).

Proof of Theorem 31.1. We have already remarked that a diagonal approximation is
given by o d4. It is then clear from the definition that twist o € o 4 is another
diagonal approximation. Thus by Theorem 31.9, the two chain maps are naturally
chain equivalent.

Thus if we apply Hom (O, R), we see that the for any choice of Eilenberg-Zilber
morphism €2 the two compositions

Hom(Q,R)
—h

C*(X: R)®C*(X; R) % Hom(Cu(X)2Cs(X), R) C*(XxX;R) 2 ¢*(X; R)

and

C*(X;R)® C*(X;R) a s Hom(C\o(X) ® Co(X), R j

Hom (twist,R)

s C*(X; R)

L Hom(Co(X) ® Co(X), B) fog b C*(X x X3 R)

§#

induce the same map in cohomology. Taking 2 = Qaw and applying Proposition
31.14, we see that the first composition induces

() @ (B) = (@) ~ (B)

in cohomology, whereas using both Proposition 31.14 and Lemma 31.15 shows that
for €2 = Qaw the second composition induces

(@) @ (B) = (=1)""(B) ~ (a), V() € H*(X; R), (B) € H"(X; R)

in cohomology. This completes the proof of Theorem 31.1. [ |



LECTURE 32

The Alexander-Whitney Formula

We begin this lecture by writing down an explicit formula for an Eilenberg-Zilber
morphism, which we call the Alexander-Whitney choice of Eilenberg-Zilber
morphism, using the front and back face maps from the Lecture 30. In the following,
given a map 0: A" — X x Y, we denote by 7/: X xY - X and 7”/: X xY — Y
the two projections, and set ¢/ = 7’ o 0 and ¢” = 7"’ 0 7, so that o = (¢/,0").

THEOREM 32.1 (Alexander-Whitney Formula). The following formula defines an
FEilenberg-Zilber morphism:

Qaw(o) == Y (o' o F) & (6" 0 By),
i+j=n

foro = (¢',0"): A" - X x Y.

Note that this makes sense: if o is a singular zero-simplex in X XY, then o = (z, y)
for some (z,y) € X x Y, and Qaw(z,y) = 2 ® y as it should do.

Proof. We will prove the result in three steps. Throughout this proof we will write
Q) instead of Qaw, since we only consider one Eilenberg-Zilber morphism.

1. As explained above in Remark 31.7, all we need to do is show that this formula
defines a natural chain map. Then the Augmented Acyclic Models Theorem will
immediately tell us it is a natural chain equivalence Co(X X Y) = Co(X) ® Co(Y),
and hence an Eilenberg-Zilber morphism.

Next, proving naturality is easy: if f: X — X’ and ¢g: Y — Y’ then

Qo (f,g9)x(0) = Z (food' oF,)®(go0”oBj)=(fu®gs)oo).

i+j=n

We can then use naturality to reduce the problem to proving €2 is a chain map
for X =Y = A™. This is a similar argument to how we proved that barycentric
subdivision was a chain map in Lecture 13. Indeed, suppose we already know that
Q: Co(A™ X A™) = Co(A™) ® Co(A™) is a chain map. Let us denote by §: A" —
A™ x A™ the diagonal. We can also regard as a singular n-simplex in A™ x A™.
For notational clarity, we will write §, (instead of just d) to indicate the singular
n-simplex, so that 6, € Cp(A™ x A™). Now if o0: A" — X x Y is any singular
n-simplex, we can write
o= (0',0")004,

or alternatively
o= (0',0")1(6,). (32.1)
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In the following we add subscripts to each operator to show what they are defined on:
thus Axy denote the boundary operator' in Ce(X) ® Co(Y), Oxxy the boundary
operator on Co(X x Y), Qxy is the map defined on X x Y, etc. Assume we prove
that

AAn7An o QAn7An (5n) = QA”,A" o 8An’An (5n) (32.2)

Then we have the following horrendous looking computation:

AxyoQxy(o) =AxyoQxyo (o, 0")x(d,), by (32.1),
=Axyo (J%é ® J%’é) o Qan an(6n), by naturality,
= (U;ﬁt ® O’;é) o Apan an © Qan An(0y), since (0’;/: ® 0';//:) is a chain map,
= (0% ® 0%) 0 Qan an 0 Oan an(8,), by (32.2),

=Qxyo (o, 0”)# 0 dan An(p), by naturality,
=Qxy odxy o (0,0")4(dn), since (¢/,0")4 is a chain map,
=Qxy odxy(o), by (32.1),

which—provided we can verify (32.2)—shows the chain map property:

AxyoQxy =Qxyodxy.

2. We now verify that (32.2). This is a messy, but straightforward. Since ev-
erything now happens on the standard n-simplex, we will ditch the subscripts. Note
that 6, is an affine singular n-simplex in the sense of Definition 13.5. We will use
the notation” [eg,, ..., ex,] for the affine singular i-simplex A — A™ that sends ey,
to ey, for k=0,...,i. Thus F; = [eq,...,e;] and By,—; = [ej, ..., ey]. Then, recalling
we use a circumflex ~ to mean “delete” (cf. Definition 7.7), we have:

I
7
|
—_
~—
.
<)
=)
D
<
I
hadi
@
I
<
o
2.

=0 k=0
= (_1)] [607 , €55 - 762] X [eza 7en]
j<i
+ (_1)j[€07 o) ei] & [eiv y €5y aen]a
j>i

!Here this notation is slightly awkward, since we will be using X = Y = A", and thus we will be
considering the boundary operator Aan an. Oh well, too late to change it now...
2This notation was also used in the solution to Problem G.1.



where in the last equation we observed that the the terms j = ¢ in the first sum,

which are:
n

S (~1ileos. . eim1] @ ler, . en]

i=1
cancelled with the term j = ¢ in the second sum, which are:

n—1

Z(*l)i[eo, e €] @ [€ix1y -y 0]

i=0
3. Going the other way, we have

n—1

Qo A(0n) = Z((aén)/ o F;) ® ((06,)" © Bn—i-1)-

1=0

But (09,)" = my 0 0,, where w': A" x A™ — A" is projection onto the first factor.
Since 7y is a chain map, 7 0 06, = Imyd, = Oy, where® /,: A" — A" is the
identity map (regarded as a singular n-simplex in A™). Similarly (96,,)" = 9¢,,. Now
by definition

Ay, = f}(—l)jej,

=0

where £;: A"™ ' A" is the jth face. Thus
-SSR0 (Bt

Clearly €} = €] = ¢, and hence we can write this as

Qo A(d ZZ F;)® (¢j o Bp—i—1)

—Z (Fi106)®Boi+ Y (-1)/F; @ (By_iogj_i1),

1> 1<J

where we used part (3) of Lemma 30.12. But unravelling our notation, we have
(E_H O&‘j) ® Bp—i = [60,...,éj,...,€i] &® [ei,...,en],

and
F,® (anz o Sj,ifl) = {60, .. .,ei] ® [61', ce ,éj, .. .,en},

so that these two terms agree with the formula at the end of Step 2. This completes
the proof. [ |

Let us now prove Proposition 31.14 from Lecture 31, which we restate here:

3As in Lecture 13, we use the symbol ¢, to denote the identity map, when thought of as a singular
n-simplex in A™.



PROPOSITION 32.2. For Q2 = Qaw, the composite

Hom(Qaw,R)
_—

C*(X; R)®C*(X; R) % Hom(Ca(X)®Ca(X), R) C* (X xX; R) L c*(X; R)

is precisely the cup product. Thus if « € C"(X; R) and € C™(X; R) then

0 (a0 Xy B) = o~ B.

Proof. Take a € C"(X; R), 8 € C™(X;R), and let o: A™"™ — X be a singular
(n + m)-simplex. Then

5% o Hom(Qaw, R) (o ® B)(0) = (a ® B)(Qaw 0 64(0)) = (a ® B)(Quw (8 0 o).

Now using the Alexander-Whitney Formula,

n+m

Qaw(do0) =Y ((60) 0 F,) @ ((60)" © Brim—i)-
=0

But both 7/ o § and 7”7 0 § are the identity on X, so this becomes

n+m

Qaw(600) =Y (00 F) @ (00 Bnim-i).
1=0

Since o ® (3 vanishes off C,,(X) ® C,(X), we have

(a® B)(Qaw(d00)) = (a® B) (g0 F,) @ (60 Byp)
=a(ooFy,) - B(oo By)

= (o~ B)(o0).
|

REMARK 32.3. Eilenberg-Zilber morphisms are associative. This means that for
any triple of spaces X,Y, Z, the following diagram commutes up to natural chain
homotopy:

Qx vyxz

Co(X XY x Z) Co(X)®@Co(Y X Z)

QXXY,ZJ Jidx®ﬂy,z

Co(X XY)®Co(2) Ty odl Co(X) R Co(Y)® Co(2)

This follows from the uniqueness part of Augmented Acyclic Models Theorem. From
this one can deduce that the cross product is always associative on the level of
cohomology (although this already follows from the fact that the cup product is
associative.)

If we take the Alexander-Whitney choice of Eilenberg-Zilber morphisms, then
a stronger statement is true: the diagram genuinely commutes (i.e. not just up
to natural chain homotopy). This follows directly from the formula defining the
Alexander-Whitney choice of the Eilenberg-Zilber morphism, as I invite you to check.
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REMARK 32.4. Eilenberg-Zilber morphisms are also commutative. This means that
for any pair of spaces X and Y the following diagram commutes up to natural chain
homotopy:

Cu(X x V) —2Y 4 0 (X) @ Cu(Y)

tﬁ’YJ J/twistx,y

Co(Y x X) o Co(Y)® Co(X)
Here txy: X xY — Y x X is the map (x,y) — (y, ), and twistx y is the natural
chain equivalence from Lemma 31.15. This can again be proved via an application
of the Augmented Acyclic Models Theorem.

However there is an important difference compared to the associativity diagram in
the previous remark: Even if one chooses the Alexander-Whitney choice of Eilenberg-
Zilber morphism, this diagram does not have to commute on the cochain level’. This
can again be verified directly from the formula defining the Alexander-Whitney choice
of the Eilenberg-Zilber morphism.

The aim of the rest of this lecture is to show that the cross product is a homo-
morphism of graded rings. We begin with the following trivial result, whose proof I
will leave as an exercise.

LEMMA 32.5. Let R and S be rings. Then R® S also carries a ring structure, where
the multiplication is defined by

(res)-(res)=r"oss, r,r €R, ,s €5.

If instead R and S are graded rings, then R ® S can be given the structure of a
graded ring, where
(ReS)":= Y R,
i+j=n

and the multiplication is defined by
(res)-(res):=(=1)""r'"ss, reR reR" seS" ses.

REMARK 32.6. The operation (R, S) — R® S is the coproduct (cf. Definition 16.8)
in the category of commutative rings.

REMARK 32.7. If R and S are graded rings, then in fact we should use different
notation to denote the two tensor products: R ®ungraded S and R ®graded S. Indeed,
these two rings are not the same. For example, if R = Z[P] and S = Z[Q] then
R Qungraded S = Z[P, Q)] (i.e. polynomials over Z with two commuating variables P
and @), but R ®graded S consists of all polynomials over Z in two variables P and @
for which PQ) = —QP, as you can easily check. From now on, if R and .S are graded
we always implicitly take R ® S to mean R ®graded S-

4Thank you “asdf” for correcting me here! This implies that Theorem 32.8 does not hold on the
cochain level.



THEOREM 32.8. Let X and Y be topological spaces and let R be a commutative
ring. Then the cross product H*(X; R) ®graded H*(Y;R) — H*(X X Y;R) is a
homomorphism of graded rings.

g € ZP(Y;R) and 3 €
b =

Z1(Y;R). To simplify the notation we write a : (B) and define o, ¥’

similarly. We want to prove that:

(CL X b) ~“XxY (a/ X b/) = (71)mp (CL ~ X a') X (b -y b/) s

Proof. Take cocycles a € Z"(X;R), o € Z™(X;R),
= (a),

where we added subscripts to the cup products to indicate ring the multiplication
was occurring.

Consider the following commutative diagram, where dx: X — X x X is the
diagonal map (and similarly for dy and dxxy), and txy was defined in Remark
32.4.

Xxy LM (X xY)xY

\ l(idx tx,y,idy)
XXY

X x (Y xX)xY,
We then compute:

(@ xb) wxxy (a/ X b/) () H*(0xxvy) (a x bxa x b/)
= H*((sx,(sy) OH*(idX X tX,y X idy) (CL X b x CLI X b/)

@ H*(6x,0y) 0 (a x H*(twistxy)(bx a') x )

s

) (1) H* (5%, 8y) (a x a x bx V)

—

D 1y B (5x) (a x ) x H*@y) (b V)
:(— )mp(avxa) X (va b/),
where both equations labelled (f) used associativity of the cross product (Remark

32.4), (V) used commutativity of the cross product (Remark 32.4), and (#) used
Lemma 31.15. [

COROLLARY 32.9. Let X and Y are topological spaces of finite type, and assume that
H,(Y) is free abelian for all n > 0. Then the cross product H*(X) ®gradeda H*(Y) —
H*(X xY) is a isomorphism of graded rings.

Proof. We have already noted in Remark 31.13 that for R = Z, the cross product is
the map 7 from the Kiinneth Formula in Cohomology (Theorem 29.16):

0 P HEX)eH(Y) =5 HY(X xY)» @ Tor(H*(X),H'(Y)) — 0.
i+j=n k+l=n+1

The assumption that H,(Y) is free abelian means that H"(Y") is also free abelian
(Corollary 29.9), and hence each Tor group is zero on the right-hand side by part (1)
of Theorem 25.6. ]



REMARK 32.10. Using Theorem 32.8, one can give an easier definition of the cross
product that starts from the cup product. Namely, if 7/: X x Y — X and 7”: X x
Y — Y are the two projections, then for (o) € H*(X; R) and () € H*(Y; R), set

(@) x (B) := H*(x')(a) = H*(x")(B), (32.3)

where the cup product on the right-hand side takes place in the ring H*(X x Y; R).
To see this, we first claim that

H*(x")(B) = (vx) x (B), (32.4)

where vy € CY(X; R) is the unit (cf. (30.2)). To prove (32.4), first note that since
vy € H°(X;R) is the image of v, € H%(z; R) under the projection X — {z}, it
suffices to consider the case where X is a point. The case when X is a point is left
as an exercise. Anyway, with (32.4) in hand, (32.3) follows from Theorem 32.8.



LECTURE 33

Fibre bundles

In this lecture we define fibre bundles. Next lecture we will state and prove the
Leray-Hirsch Theorem, which gives conditions on when the cohomology of a fibre
bundle looks like the cohomology of a trivial (product) bundle.

DEFINITION 33.1. Let p: E — X be a continuous map between two topological spaces
E and X, and let F' be a non-empty topological space. We say that p: E — X (or
sometimes just “p”) is a fibre bundle over X with fibre F' if for every x € X, there
exists a neighbourhood U C X of z and a homeomorphism h: p~!(U) — U x F such

that the following diagram commutes:

where 77': U x F — U denotes the projection onto the first factor. It is often conve-
nient to denote by E, := p~1(z). Thus E, = F for all z € X. We call X the base
space and F is called the total space. One calls h a local trivialisation of the
fibre bundle p. We often write ¥ — E 2 X to indicate that p is a fibration with
fibre F.

One can alternatively define fibre bundles via open covers: a map p: £ — X is
a fibre bundle with fibre F' if and only if there exists an open covering {Uy | A € A}
such that for each A € A there is a homeomorphism hy: p~(Uy) — Uy x F such that
7' o hy = ply-1(v,). We call {Uy} a trivialising cover of X.

A fibre bundle p: E' — X is necessarily an open map (since projections of products
are open maps), and thus X carries the quotient topology determined by p.

ExAMPLE 33.2. It F and X are any two topological spaces then 77': X x F' — X is
obviously a fibre bundle (where 7’ denotes the first projection). We call X x F' a
trivial bundle. Similarly if F is any fibre bundle such that £ = X x F' (that is,
the homeomorphism h from Definition 33.1 can be chosen to be defined on the entire
space E) then we say that E is a trivial bundle. Thus for instance F' x X — X is
also a trivial bundle.

Trivial bundles may seem pointless, but they are more common than one would
think. We shall see next lecture that any fibre bundle over a contractible cell complex
is automatically a trivial bundle.
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EXAMPLE 33.3. The map exp: R — S! by

— 627ris

exp(s) :
from Definition 5.1 is a fibre bundle over S! with fibre Z.

Generalising this, we have the following definition, which you may have seen
previously in your point-set topology class.

DEFINITION 33.4. Let p: E — X be a fibre bundle such that F' carries the discrete
topology. Then we call p a covering space.

REMARK 33.5. In fact, covering spaces can be defined slightly more generally. Let
us a say a surjective continuous map p: Z — X is a covering space if for every
x € X, there exists an open neighbourhood U C X of x such that p~1(U) is a union
of disjoint open sets in Z, each of which is mapped homeomorphically onto U by p.
With this definition, a covering space is not necessarily a fibre bundle, since if X is
not path-connected then the sets p~!(x) and p~!(y) need not be homeomorphic if
x and y belong to different path components. However if p: Z — X is a covering
space and X' is any path component of X, then setting E := p~!(X’) one has that
plp: E — X' is a fibre bundle.

Here are some other examples of fibre bundles.

DEFINITION 33.6. Let R® — E % X be a fibre bundle. We say that p is a (real)
vector bundle if the following two additional conditions hold:

1. Each fibre F, carries the structure of an n-dimensional real vector space.

2. There is an trivialising cover {Uy} of X such that the corresponding local
trivialisations hy: p~1(Uy) — U, x R™ have the property that hy|g,: Fx —
{x} x R" is a vector space isomorphism® for each z € U).

As an example (for those of you familiar with differential geometry), the tangent
bundle of any smooth manifold is a real vector bundle. The notion of a complex
vector bundle can be defined analogously. Starting from vector bundles, one can
define topological K-theory, which is a generalised cohomology theory (cf. Remark
7 after Definition 21.9), but that’s a different course. ..

Continuing our list of examples, we now consider a famous class of fibre bundles
over a sphere. Let us temporarily denote by F either the real numbers R, or the
complex numbers C, or the quaternions H. For m = 1,2 or 4, we can view the sphere
Sm(nt1)=1 a5 a subset of F*T1:

gmnt—1 {(wo,ml, ceoyp) | mp € F and Z ;2 = 1} :
=0

We set FP" = (F**1\ {0})/ ~, where

(o, @1y oy Tn) ~ (Yo, Y1y - -+, Yn) & Ju € F\{0} such that z; = py;, Vi =0,...,n.

!That is, an isomorphism in the category of vector spaces.


https://people.math.ethz.ch/~jagnaw/teaching

There is a continuous function p: S™™+1)=1 _ FP" that sends a tuple (z;) to its
equivalence class (for F = R or F = C this agrees with our normal definition, cf
Example 18.8 and Example 18.9.) On Problem Sheet O, you will prove:

ProposiTION 33.7. For F =R, C, or H and m = 1,2 or 4 respectively,
gm=1 _y Sm(n+1)—1 £> FP™
is a fibre bundle.
We call these fibre bundles Hopf fibrations.

DEFINITION 33.8. Let p: E — X be a continuous surjective map (not necessarily
a fibre bundle). Let U C X be open. A local section s: U — E is a continuous
function such that pos = ¢, where ¢: U — X is the inclusion. If x € X has a
neighbourhood U and a local section s of p on U, we say that s is a local section
at z.

If p: E — X is a fibre bundle then for any x € X, a local section exists. Indeed,
if U C X is an open set containing x and h: p~}(U) — U x F is a local trivialisation,
then if z € F' is any point,

Ly h1 -1
U=SUxF—p (V)
is a local section defined on U, where i,(z) := (z, z).

DEFINITION 33.9. Let G be a topological group (i.e. a topological space with a group
structure, such that the multiplication and inverse maps are continuous). Let H C G
be a closed subgroup, and consider the quotient space’ G//H (whose elements are the
left cosets gH for g € H), equipped with the quotient topology p: G — G/H. We
call G/H a homogeneous space.

There is a left action of G on G/H given by g (¢’H) := (9¢9’)H, and the map p
is equivariant in the sense that

plgg) =g p(d), Vg4 €C. (33.1)
We denote by e € G/H the coset H.

LEMMA 33.10. Suppose p: G — G/H is a homogeneous space. If p has local section
s at e, then p has a local section at every point of G/H.

Proof. Let U C G/H be an open set containing e and s: U — G a local section on
U. Given z := gH € G/H, the set g - U is open in G/H and contains z, and the
function ': g - U — G defined by

s'(99'H) == gs(g'H), gHEeU
is a continuous map and by (33.1) one has

pos(ggH)=plgs(g'H)) = gp(s(¢'H)) = gg'H.

2Tn general this is not a group—H need not be a normal subgroup.



We can use this as a way to construct fibre bundles.

ProrposiTiON 33.11. Let G be a topological group at let K C H C G be closed
subgroups. Let p: G — G/H and p': G/K — G/H denote the two quotient maps.
Assume that p: G — G/H has a local section at e. Then

H/K - G/K % G/H
is a fibre bundle.

Proof. Let xz € G/H. By Lemma 33.10, there exists an open set U C G/H containing
x and a local section s: U — G of p. Define

f:UxH/K— G/K, f(gH,hK) = s(¢H)hK.

for g € G, h € H and gH € U. Then p/'f(gH,hK) = gH and so f(gH,hK) €
(p)~1(U). Now define

n: (P)'U) = Ux HIK,  n(gK) := (9H,s(gH) 'gK).

Both f and 7 are continuous, and one easily checks they invert each other. Thus in
particular 7 is a homeomorphism. Since x was arbitrary, this completes the proof. ®

On Problem Sheet O there are several applications of Proposition 33.11 for you
to investigate.
Let us now make fibre bundles into a category.

DEFINITION 33.12. Let F — E % X and F' — E' % X’ be fibre bundles. A
morphism from p to p’ is a pair (f, ) of continuous maps, where f: X — X' and
¢: E — E’ are such that the following diagram commutes:

E-—*, F

L)

XT)X/

Thus ¢ maps fibres of p to fibres of p/, i.e. for any x € X, ¢ induces a map
F=pz) = F' =) (fl2).
It is easy to check this defines the category Bun of fibre bundles. If we fix a

topological space X then there is a full subcateogory Buny of fibre bundles over X
whose objects are bundles over X and whose morphisms are pairs (idy, ).

The following definition is arguably more important (as far as algebraic topology
is concerned). We will only briefly cover it here—the study of fibrations will be taken
up again in Lecture 45.

DEFINITION 33.13. Let p: E — X be a continuous map between two topological
spaces. Let W be a topological space. We say that p has the homotopy lifting
property with respect to W if for any homotopy f;: W — X (for t € [0,1]) and
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any continuous map ¢go: W — FE such that p o g9 = fo, there exists a homotopy
gi: W — E such that po gy = fi:

E E

/)!
A IR
X

W—X W ———
fo ft

The homotopy g; is called a covering homotopy of f;.

EXAMPLE 33.14. It follows from Proposition 5.2 that exp: R — S! has the covering
homotopy property with respect to any compact convex subset of X C R™. Indeed, if
X C R" is compact convex, then so is X x I. Now given f;: X — S' and go: X — R
such that expogg = fo, Proposition 5.2 gives the existence of a unique continuous
map g: X X I — R such that expog(x,t) = fi(x). Setting g;(x) := g(x,t) gives the
desired homotopy.

DEFINITION 33.15. If p: £ — X has the homotopy lifting property with respect to
any topological space W, then p is called a fibration. If p has the homotopy lifting
property with respect to any cell complex W then p is called a weak fibration.

DEFINITION 33.16. Let X be a topological space and let {Uy | A € A} be an open
cover of X. We say that {U,} is locally finite if for any € X there exists an open
neighbourhood V such that

(AEAN|UNNV £ 0}

is finite. We say that a topological space X is paracompact if every open cover
admits a locally finite refinement.

Any cell complex is paracompact. The next important theorem relates (weak)
fibrations to fibre bundles. We will prove (half of) it when we study fibrations in
Lecture 45.

THEOREM 33.17. Let F — E % X be a fibre bundle. Then p is a weak fibration. If
X is paracompact then p is a fibration.

REMARK 33.18. A fibre bundle with discrete fibre (i.e. a covering space) satisfies a
stronger version of the homotopy lifting property: given f;: W — X and a lift go of
fo, there exists a unique lift g; of f;. This uniqueness is the main difference between
the theory of covering spaces and the general theory of fibre bundles.

We need a bit more algebra before we can get state the main result on the coho-
mology of fibre bundles (the Leray-Hirsch Theorem), which will take us the rest of
the lecture.

DEFINITION 33.19. Let R be a ring. A left R-module M is an additive abelian
group having a scalar multiplication R x M — M, denoted by (r,m) + rm such
that for all z,y € M and r,s € R, one has:



—_

r(z+y) =rx+ry.

o

(r+ s)x =rx + sx.
3. rs(z) = r(sx).
4. 1Rl' =xT.

If M and N are left R-modules, a R-module homomorphism f: M — N is a function
such that for all » € R and x,y € M, one has:

L flx+y) = f(@)+ fy),
2. flrz) =rf(x).
In this way modules over R form a category rMod.
ExaMPLE 33.20. If R = Z then zMod is just the familiar category Ab.

There is an analogous notion of a free module.

DEFINITION 33.21. Let R be a ring and let M be a left R-module. A set B C
M is called a generating set if every element of M can be written as a finite
sum of elements of B multiplied by elements of R. A subset B is called linearly
independent if for any given distinct elements by, bo, ..., b, of B, the only solution
to

r1by +1raby + -+ rpby = O

isry =19 =--- =1, = 0g. A subset B of M is called a basis if it is both a
generating set and linearly independent. We say that M is free if it admits a basis.

ExaMpPLE 33.22. If R is a field then any R-vector space V is a free left R-module.
In an analogous way one can speak of right R-modules:

DEFINITION 33.23. Let R be a ring. A right R-module M is an additive abelian
group having a scalar multiplication R x M — M, denoted by (r,m) +— mr such
that for all z,y € M and r,s € R, one has:

1. (x+y)r=ar+yr.
2. x(r+s)=ar+xs.
3. z(rs) = (zr)s.

4. xlp = x.

If M and N are right R-modules, a R-module homomorphism f: M — N is a
function such that for all r € R and z,y € M, one has:

L flz+y) = fz)+ f(y),
2. f(ar) = f(x)r.
In this way right R-modules form a category Modg.



DEFINITION 33.24. Let R, S be rings. An (R, S)-bimodule M over R is a module
which is simultaneously a left R-module and a right S-module and for which the two
scalar multiplications satisfy

r(zs) = (rx)s, VeeM, reR, se€b.
Thus for an (R, S)-bimodule one can unambiguously write rzs without parentheses.

DEFINITION 33.25. Let R be a ring, and let M be a right R-module and let N be a
left R-module. We define the tensor product over R of M and N, written M @ g N
to be the quotient of M ® N by all relations of the form (zr,y) = (x,ry) for r € R,
xr €M andy e N.

If M is a right R-module then one can show that M ®gr [1: gRMod — Ab is a
functor, and similarly 0®gr N: Modgr — Ab is a functor for each fixed left R-module
N. If M is an (R, S)-bimodule then M ®g O is actually a functor Modg — rMod.

If R =7 then M ®z N is just the normal tensor product M ® N. But in general
M ®p N really is quotient of M ® N. For example, if R = Q(v/2) then R®p R =R
but R ® R is a four-dimensional vector space over Q.

Suppose now for simplicity that R is commutative. Then left R-modules and
right R-modules and (R, R)-bimodules are the same thing, and we just call them all
“R-modules”. From now on we will only talk about the commutative case, since we
are only interested in the cohomology ring of a topological space, and as we have
seen, this is most interesting when the coefficient ring is commutative, since then the
cohomology ring is a commutative graded ring.

Indeed, if R is a commutative ring and X is a topological space, then we can view
the cohomology ring H*(X; R) as an R-module. This means that given two topolog-
ical spaces, we can take the tensor product H*(X; R) @ g H*(Y; R), which in general
is not the same as the normal tensor product H*(X; R) ® H*(Y; R). Nevertheless,
the analogue of Theorem 32.8 holds: the cross product defines a (graded) R-module
homomorphism

H*(X;R) ®r H*(Y;R) = H*(X X Y;R). (33.2)

One can then repeat the arguments from the last lecture to show that (33.2) is a
homomorphism of graded rings.

The aim of the rest of this lecture is to prove a result analogous to Corollary
32.9. Unfortunately this is quite a bit harder than the (two line) proof of Corollary
32.9—the reason being that the proof we gave of Corollary 32.9 used the Kiinneth
Theorem for Cohomology (Theorem 29.16), and that theorem was proved only for
R =17.

THEOREM 33.26. Let X and Y be topological spaces and let R be a commutative
ring. Assume that H"(Y'; R) is a finitely generated free R-module for alln > 0. Then
the cross product (33.2) is an isomorphism of graded rings.

We will eventually give three (!) different proofs of Theorem 33.26 (two this
lecture, and a third next lecture, cf. Corollary 34.13). The first method only allows
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us to prove a weak version of Theorem 33.26, but it has the advantage of being closer
to methods we understand.

DEFINITION 33.27. A principal ideal domain R is a non-zero commutative ring
with the following two additional properties:

1. If r, s are two non-zero elements of R then the product rs is also non-zero.

2. If I C R is an ideal then there exists a single element = € I that generates [ in
the sense that I = R - z.

Principal ideal domains are a useful class of commutative rings. They share
many properties with the integers: for the instance, the analgoue of the fundamental
theorem for finitely generated abelian groups holds for finitely generated modules
over a principal ideal domain. We however will only need one fact: if R is a principal
ideal domain and M is a free module, then any submodule of M is also free (this
should be compared to the fact that any subgroup of a free abelian group is itself
free.)

ProprosITION 33.28. Let R be a principal ideal domain and let M be any R-module.
Then there exists a short exact sequence 0 - K — F' — M — 0 where K and I are
free R-modules.

Proof. Exactly the same as Proposition 24.12 [ |
For principal ideal domains the definition of Tor is almost the same:

DEFINITION 33.29. Suppose R is a commutative ring and M and N are R-modules.
There is a version of Tor, which we denote by Torf*(M, N), which is defined as

Torf'(M, N) = ker(f ®@p idy),

where 0 — K i) F — M — 0 is a short exact sequence of R-modules and K, F' are
free R-modules.

We won’t go into the properties of Tor{z, save to say that if M is a free R-module
then Torf(M, N) = Torf(N, M) = 0 for any N.

REMARK 33.30. The reason for the subscript 1 in Torf is because for rings that are
not principal ideal domains, the definition of Tor® is more complicated, and there
end up being higher Tor-groups Torﬁ for n > 2.

For principal ideal domains, the proof we gave of the Kiinneth Formula for Co-
homology (Theorem 29.16) goes through with almost no changes. This gives us:

THEOREM 33.31 (The Cohomology Kiinneth Formula for Principal Ideal Domains).
Let R be a principal ideal domain. Suppose X and Y are any two topological spaces
of finite type. Then for every n > 0, there is a split short exact sequence

0— @ H(X;R)@rH/(Y;R) = H*(XxY;R)—» & Torf(H*(X;R),H (Y;R))

i+j=n k+l=n+1

— 0.



REMARK 33.32. There is a version of the Kiinneth Formula for general rings, but it
is much harder: the presence of higher Tor-groups means that one ends up with a
spectral sequence. This is beyond the scope of this course.

Theorem 33.31 immediately allows one to prove Theorem 33.26, if we make the
additional assumption that R is a principal ideal domain and X and Y are both of
finite type. Indeed, the first map in Theorem 33.31 is the cross product (cf. Remark
31.13), and thus if H™(Y;R) is free for every n implies that all the relevant Tor
groups in the Kiinneth Formula vanishes, and thus

P EH(X:R)@r H (Y;R) = H(X xY;R).
i+j=n
This completes the proof of Theorem 33.26 under the additional assumption that R
is a principal ideal domain and X and Y are both of finite type. [ |

The assumption that X and Y are of finite type is harmless, but restricting to
principal ideal domains can be annoying, so we will now outline a different argument
that avoids this. This argument is quite nice, as it uses uniqueness of Eilenberg-
Steenrod generalised (co)homology theories (the cohomological variant of Theorem
21.12.) In the proof, we will need the relative version of the two products. The
relative cup product is slightly harder, and I will leave this for you on Problem Sheet
0.

PROPOSITION 33.33. Let X be a topological space and let X', X" be open subsets of
X. Let R be a ring. The cup product induces a relative product

H*(X,X";R)® H*(X,X";R) = H*(X, X" U X"; R). (33.3)
Moreover if i: (X,0) — (X,X’) is an inclusion then and (o) € H™(X;R) and
(B) € H™(X,X'; R) then

(o) « H™(i)(8) = H" ™ (1) ({er) = (B)), (33.4)

where the left-hand side is the normal cup product in X, and the right-hand side is
the relative cup product H*(X; R) ® H*(X, X'; R) — H*(X, X'; R).

The relative cross product is much easier (using the known relation between the

cup and cross products, and the fact that we already did® the relative cup product.)

DEFINITION 33.34. If X’ C X and Y’ C Y are open subsets then for any ring R
there is a relative cross product

H*(X, X'; R) @ H*(Y,Y';R) < H*(X x Y, X' x Y UX x Y'; R).

This is defined in exactly the same way as Remark 32.10: if (o) € H"(X, X"; R)
and (8) € H™(Y,Y'; R), then H"(7'){a) € H*(X x Y, X' x Y; R) and H™(x")(53) €
H™(X xY,X xY'; R), where ' and 7" are the two projections. We then use the
relative cup product (33.3) and set

() x (B) := H (") {a) « H™(7"){B) € H"T™(X x Y, X' x Y UX xY';R).

3More precisely: we already left as an exercise.



Proof of Theorem 33.26. We will prove the result in three steps. Let us first assume
that Y is a finite cell complex Y (in this case the hypothesis that H*(Y; R) is finitely
generated is automatic.)

1. In this first step, we define two generalised cohomology theories with coeffi-
cients in R. We set

H'(X, X') =@ H(X,X;R)®r H" '(YV; R)

and

K"X,X")=H"(X xY,X' xY;R).
Let us check the Eilenberg-Steenrod axioms (we will construct the connecting homo-
morphisms when discussing the long exact sequence axiom):

1. The homotopy axiom: this is clear for both H*® and K°.

2. The long exact sequence axiom: This is clear for °®, but less so for H®. Here
are the details. Begin with the long exact sequence in singular cohomology with
coefficients in R:

.- — H™(X,X';R) —» H"(X;R) —» H"(X';R) & H""\(X, X", R) ...

Now fix k > 0 and tensor every term with the free R-module H*(Y; R). The
sequence remains exact, since H*(Y; R) is just a direct sum of copies of R. Now
to get the desired long exact sequence for H®, we simply add various shifted
sequences of this form together.

3. The excision axiom This is obvious for H*®: namely, if X; and X5 are subspaces
of X such that X = X7 U XS then H"(X, X1) = H"(X2, X1 N X5). For K* this
is also clear, since (X1 X Y)U (XoxY)=X xY and (X3 xY)N(XyxY) =
(Xl N XQ) xY.

4. The “dimension” axiom: Both H® and KC® are generalised cohomology theories,
and so do not satisfy the dimension axiom, but it is important for us later to
check that they both do the same thing to a point. For this note that if X = {x}
is a one-point space then H"(x) = R@r H"(Y; R) and K"(x) = H"(Y; R).

2. We now construct a natural transformation ®: H®* — K*. We take ® to be the
relative cross product. I leave it up to check that the following diagram commutes:

HY(X') —2s HOPL(X, X)

«| E

KM(X') —— KX, X)

and thus ® is a natural transformation. Moreover ®"(x): H"(x) — K™(*) is an iso-
morphism, since it is just the scalar multiplication map R@gr H"(Y; R) — H"(Y; R).
Thus by a slight generalisation® of Theorem 21.12, we conclude that ® is an isomor-
phism on any pair (X, X’), where X is a finite cell complex and X’ is a subcomplex.

4The only differences are that we are working in cohomology, and that the map ®"(x): H"(x) — K" (x)
needs to be explicitly checked to be an isomorphism in all degrees—in the setting of Theorem 21.12 this
was automatic, since we were working with actual homology theories.
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3. Suppose now that X and Y are infinite dimensional cell complexes. The same
strategy of proof works, but now we need an upgraded version of Theorem 21.12
that also works for infinite dimensional cell complexes. We will discuss more a more
general version of Theorem 21.12 in Lecture 46, but in this case the only difference in
the infinite dimensional case is that we need to check explicitly that both H*® and *®
satisfy the additivity axion from Definition 21.9. This is clear for K®, but less so for
H*, and this is where the assumption that H"(Y; R) is (free and) finitely generated
in each degree is used (see (34.1) in the next lecture for more details.)

4. We now complete the proof. As mentioned in Lectures 18 and 21, one can
always “approximate” an arbitrary topological space by a cell complex in such a way
that the singular homology does not change. We will state this precisely in Theorem
46.15. Thus it suffices to prove the theorem when X and Y are cell complexes, and
we already did this in the last step. This completes the proof. [ |
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LECTURE 34

The Leray-Hirsch Theorem

In this lecture we generalise Theorem 33.26 to fibre bundles. This is the famous Leray-
Hirsch Theorem. We begin with the following general result about fibre bundles,
which we will need in the proof.

DEFINITION 34.1. Let F — E % X be a fibre bundle and let f: Y — X be a
continuous map. Let

Ep={(y,2) eY x E| f(y) =p(2)}.

The map py: Ey — Y given by (y,2) — y makes F' — Ef P1.y a fibre bundle. Tt
is usually called the pullback bundle. The map ¢: Ey — E given by ¢(y,2) = 2
makes the following diagram commute:

THEOREM 34.2. Let F — E 2 X be a fibre bundle. Let Y be a paracompact
Hausdorff space, and let f,g: Y — X be two homotopic maps. Then the two fibre
bundles py and p, are isomorphic.

COROLLARY 34.3. Let F — E 25 X be a fibre bundle over a contractible paracompact
Hausdorff base space X. Then p is a trivial fibre bundle. That is, there exists a
homeomorphism h: E — X x F such that p = «’ o h, where 7’ is the first projection.

The proof of Theorem 34.2 starts with the following lemma.
LEMMA 34.4. Any fibre bundle F — E 25 I is trivial.

Proof. Since p is locally trivial, for N large enough, p is trivial over each interval
I; :=[i/N,(i+1)/N]. Let h;: I; x F — p~1(I;) be a trivialisation. Now set

ni: F— F, ni(y) :=7"o hi_1 ohi—1(y,i/n)

for i > 1 (where 7" is the second projection.) Then define

i == 1; 0= 0m
and 7y := idp. Finally, define
h: FxI—E, h(yat) = hl(ﬁl(y)vt)a tel;.

By construction, h is continuous, and is our desired trivialisation. ]
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The same proof shows that if we are given a fibre bundle over U x I, then a collec-
tion of trivialisations over U x I; can be glued together to give a global trivialisation.
Now let us sketch the proof of the following result.

PROPOSITION 34.5. Let X be paracompact and Hausdorff. Let 1y and 11 denote the
two maps X — X x I given by 1;(z) = (z,i). Suppose F — E Ly X x I is a fibre
bundle, and let p; denote the pullback bundle over X associated to 1;. Then py and
p1 are isomorphic.

Proof (Sketch). Let {Uy} be locally finite cover and let N be large enough so that p
is trivial over Uy x I;, where as before I; = [i/N, (i+ 1)/N]. By the paragraph above
the statement of the proposition, we can construct trivialisations

h)\: U)\ XFXI—)E‘U)\X[.

The goal now is to glue all these trivialisations together. The idea is roughly similar
to the one used in Lemma 34.4 above, only now one needs to work a little harder to
ensure the resulting map really is continuous. The trick is to use a partition of unity
subordinate to the locally finite cover {Uy}. This falls somewhat out of the remit of
this course, and so I will omit the details. [ |

We can now prove Theorem 34.2. The argument is the same as the one used to
prove Theorem 8.9 from Proposition 8.5.

Proof of Theorem 34.2. Let G: f ~ g be a homotopy. Then we have a fibre bundle
F — E 2% 5 ¥ x I. The fibre bundles py and py are the pullback bundles of pg
under the two maps 19 and #; respectively. Thus the result follows from Proposition
34.5. [ |

Let us now get started on the Leray-Hirsch Theorem. For this we need to intro-
duce some notation. Let F — E & X denote a fibre bundle, and let R denote a
ring. Given z € X we denote by 2, : E, — F the inclusion of the fibre.

DEFINITION 34.6. A cohomology extension of the fibre is a homomorphism
§: H*(F; R) — H*(E; R) such that for every z € X and n > 0, the composition

H'(F;R) & B (E; R) ") B (B, R)

is an isomorphism.

THEOREM 34.7 (The Leray-Hirsch Theorem). Let F — E £ X be a fibre bundle
and let R be a commutative ring. Assume that H"(F; R) is a finitely generated free
R-module for all n > 0, and that a cohomology extension £ of the fibre exists. Then
the map
L: H*(X;R) ®r H*(F;R) — H*(E; R)
given by
L: (a) @ (B) — H*(p)(a) - £(B)

is an isomorphism.



REMARK 34.8. The assumption that a cohomology extension exists is a necessary one.
Indeed, consider the Hopf fibration S* — S% — S% and take R = Z. Then H"(S!) is
finitely generated and free for all n > 0, but H*(S?) ® H*(S!) is not isomorphic to
H*(S3). Thus by the Leray-Hirsch Theorem, no cohomology extension can exist.

REMARK 34.9. Theorem 34.7 is not asserting that L is an isomorphism of rings, and
indeed this is not always the case.

The Leray-Hirsch Theorem is only useful if a cohomology extension of the fibre
exists. In the next lecture we will show that such an extension always exists when p
is an orientable sphere bundle.

We will need the following preliminary result for the proof of the Leray-Hirsch
Theorem.

LEMMA 34.10. Let p: E — X be a fibration. Assume X' C X is a subspace which

X strongly deformation retracts onto, in the sense that there exists a homotopy
ft: X — X such that

fOZian fl(X)CX/a ft(X/)CXla Vtel.
Then the inclusion v: p~'(X') < E is a homotopy equivalence.

Proof. By the homotopy lifting property with respect to E, there exists a homotopy
gt: E — E such that go = idg and such that f; op = po g for each ¢ € [0,1], as the
following picture indicates:

E LE
dg lp = gt’//"/ lp
. X N e . X

E m > X T E R 7,

We claim that g; is a homotopy inverse to 2. Indeed, going in one direction we have
1091 = g1 ~ idg. Going in the other direction, since g;(p~'(X")) C p~*(X) for all
t € I, we see that gi],1(x) =~ id,-1(x/) (as maps p~*(X') — p~1(X’)), and thus also
g1 01~ idp—1(X/). u

We now move onto the proof of Theorem 34.7. We will be completely rigorous for
the case when X is a finite dimensional cell complex, and then somewhat sketchier
for the general case.

Proof of Theorem 34.7. We begin with more notation. Given ¥ C X, denote by
Ey :=p~}(Y). We denote by &y the composite

H*(2y)
—_—

H*(F;R) % H*(E;R) H*(Ey;R),

where 1y : Fy — FE is the inclusion. Abbreviate by M the graded free module

H*(F;R). Set
Ly: H*(Y;R) @ M — H*(Ey; R)
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the map defined by
Ly : {a) ® (B) = H*(p){a) - & (B)

Thus our goal is to show that for Y = X, the map Lx is an isomorphism. We will
prove the theorem in four steps.

1. We first prove the result in the special case where X is paracompact and
pointed contractible'. In this case, by Corollary 34.3, we may assume that F =
X x F, and moreover by Lemma 34.10 there exists x € X such that the inclusion
1z By =2 F — E is a homotopy equivalence. Thus H®(z,) is an isomorphism. Since
H*(1,)0& is an isomorphism by assumption, it follows that £: H®(F; R) — H*(E; R)
is also an isomorphism. We then have the following commutative diagram:

H*(X;R) ® H*(F;R) —~— H*(E;R)

~| E

H*(F;R) ———— H*(E;R)

The left-hand vertical map is an isomorphism since H*(X;R) = R as X is con-
tractible, and so the cup product reduces to scalar multiplication map RQpH"(F'; R) —
H"(F;R). Thus L is an isomorphism.

2. We now prove the theorem for X a finite dimensional cell complex, by inducting
on their dimension. If X is a point then the claim follows from Step (1). Suppose
now the theorem holds for any cell complex of dimension n — 1, including the (n—1)-
skeleton X"~ 1. Let us write X" = U UV, where U is obtained from X" by deleting
a single point in each n-cell, and V is the union of the n-cells. We then have a
commutative diagram of Mayer-Vietoris sequences:

an

H*(X";R) ®@r M H*(Exn; R)

| |

(H*(U; R) @ M) & (H*(V; R) @5 M) 22 gx(Bys R) @ H*(Bv: R)

| |

H*(UNV;R)®p M H*(Eynv; R)

Lynv

The left-hand column is the tensor product of the Mayer-Vietoris sequence for (U, V),
tensored with the free module M. It remains exact, since as we have seen, tensoring
with a free module is an exact functor. We will prove that in Step (3) below that
Ly, Ly and Lyny are isomorphisms. Then the Five Lemma (Proposition 11.3) tells
us that Lx» is an isomorphism, which thus completes the inductive step.

!That is, X can be contracted to a basepoint by a homotopy that fixes the basepoint. Thanks to O.
Edtmair for simplfying this argument.



3. Let’s start with Lyy. We have a commutative diagram:

H*(U;R) ®r M —=U H*(Ey; R)

| J

H*( X" Y R)®@r M m H*(Exn-1; R)

The left-hand vertical map is an isomorphism, since X™~! is a strong deformation
retract of U (this is a special case of Proposition 19.8). By Lemma 34.10 (which is
applicable due to Theorem 33.17), Ey is homotopy equivalent to Exn, and hence the
right-hand vertical map is also an isomorphism. By induction L y»-1 is an isomor-
phism, and hence so is L.

Now let’s do the case of Ly. By assumption, V = | |E} for some n-cells EY
(possibly uncountably many). We obtain a commutative diagram

H*(V;R) og M —=“— H*(Ev;R)
! |
(TH* (B3 R)) ©r M [TH*(Exy; )

l |

(HH*(EXL;R) ®R M> —W [[H*(Egp; R)

All the vertical maps are isomorphisms: the two top are isomorphisms due to the
additivity of cohomology. The bottom left is an isomorphism due to the fact that if )
is a finitely generated free R-module and N, are an arbitrary collection of R-modules

then
(H NA) or Q= [[(Ma©r Q) (34.1)

It thus suffices to show that Lpp is an isomorphism, but this follows from Step (1).
Finally, consider Lyny. By arguing as above, this reduces to considering Lyngyp
for a given n-cell EY. Such a set U N EY has as a strong deformation retract a sphere
-1,
Sy
Lyneyp
H*(UNEY; R)@r M ——— H*(Eyngy; R)

! l

Sy N Ry 9r M ——— H*(Egn-1; R)

As in Step (2), the two vertical maps are isomorphisms (using Lemma 34.10 again).
But S;L*l is a cell complex of dimension n — 1, and hence the bottom horizontal map
is an isomorphism by induction.

4. We have now proved the result for all finite-dimensional cell complexes. Let
us briefly outline how to prove it for an infinite-dimensional cell complex.



Let X be a cell complex with skeleton filtration (X™). Then a cohomological ver-
sion of Proposition 20.3 tells us that the inclusion X™ < X induces an isomorphism
H{(X;R) — H(X™; R) for i < n. Similarly if F — E % X is a fibre bundle then
HY(E;R) = H(Exn; R) for i < n. This isn’t hard to prove, but it uses terminology
we haven’t introduced yet, and hence for now we will take it on faith and come back
to justify it when we start homotopy theory towards the end of the course.

From this is is easy to deduce Theorem 34.7 for X an infinite dimensional cell
complex. Fix n > 0, and let X” denote the n-skeleton of X. Then we have a
commutative diagram

H*(X;R) ®p H*(F;R) —— H*(X™;R) @ H*(F; R)

o) Jaen

H*(E;R) y H*(Exn; R)

By assumption the horizontal maps are isomorphisms in degree i < n. The right-
hand vertical map is an isomorphism by Step (3). Thus the left-hand map is an
isomorphism in degree ¢ < n. Since n was arbitrary, the theorem is proved for
infinite dimensional cell complexes.

5. Let us sketch how to extend the proof to arbitrary topological spaces X. Just
like Theorem 33.26 last lecture, this requires us to use a cellular approximation to X.
So assume there exists a cell complex Y and a continuous map f: Y — X such that
f induces an isomorphism on all (co)homology groups (we will construct such a pair
(Y, f) at the end of the course). Let py: Ef — Y denote the pullback bundle from
Definition 34.1. Define ¢: Ef — E by ¢(y,2) = z, so that the following diagram
commutes:

Ef > E

W e

YT)X

The fact that f induces an isomorphism on all cohomology groups implies that ¢ does
too—this is an immediate corollary of the long exact sequence of homotopy groups
associated to a fibration (Corollary 45.18.) It is easy to see that the cohomology
extension £ induces one in Ey, and thus F' — Ey — Y satisfies the hypotheses of the
theorem. By Step (4), we obtain an isomorphism

L: H*(Y;R) ®g H*(F;R) - H*(E¢; R)
A naturality argument gives commutativity of the following diagram:

H*(X;R) ®p H*(F;R) —— H*(Y;R) ®p H*(F; R)

r| |r

H*(E;R) s H*(Ef; R)

The horizontal maps are isomorphisms by the discussion above. Thus the left-hand
L is also an isomorphism. This completes the proof. [ |



REMARK 34.11. We proved in Theorem 16.22 that homology commutes with colimits,
and we used this in Proposition 18.17 to note that the homology of a cell complex
X is the colimit of the homology of its skeleta X™. Let us briefly say a few words
about the corresponding situation in cohomology. (This is purely for interest—it has
no relevance to the rest of this lecture!)

When working with cohomology, instead of colimits, we need to take limits”.
Limits are defined analogously to how we defined colimits in Lecture 16, by appro-
priately reversing the arrows. I invite you to guess the correct definition (We will do
this formally in Lecture 39.) This gives us a group lim H*(X™; R) (note the arrow
is pointing to the left). One might hope that the H'(X;R) = lim H'(X"™; R), but
unfortunately in general this isn’t true. This is because limits are less well behaved
than colimits, and are not exact functors from diagrams of abelian groups to dia-
grams of abelian groups. Consequently one needs to worry about the first derived
functor of lim, denoted by R! lim. Here is a correct statement:

PROPOSITION 34.12. Suppose we are given a family i,: X,, — Xpy1 for n € N of
closed inclusions. Let A be an abelian group. Assume in addition that for each n the
space X, is weakly Hausdorff. Let X = J,, Xn, endowed with the colimit topology.
Then there is a natural short exact sequence

0— R'lim (H'(X,; 4)) = H'(X; A) — lim (H'(X"; 4)) — 0.

Sadly we don’t have time to define the derived functor R' lim properly, or to
prove Proposition 34.12.

One can view Theorem 33.26 as a special case of the Leray-Hirsch Theorem. Let
us recall the statement:

COROLLARY 34.13. Let X and Y be topological spaces and let R be a commutative
ring. Assume that H"(Y'; R) is a finitely generated free R-module for alln > 0. Then
the cross product (33.2) is an isomorphism of graded rings.

Proof. We view X x Y — X as a fibre bundle via the first projection. The second
projection X x Y — Y gives us a cohomology extension of the fibre. Theorem 34.7
is thus applicable, and the result immediately follows. [ |

Let us now discuss a stronger “relative” version of Theorem 34.7, which will also
be useful. For this we need another definition.

DEFINITION 34.14. A fibre-bundle pair, written (F, F’) — (E, E') & X, consists
of a continuous map p: E — X with the property that there exists an open cover
{U,} of X and homeomorphisms of pairs

ha: (Ux x F, Uy x F') — (pH(U),p H(UN) N E)

such that p|p_1(UA) o hy = 7’ for each )\, where as usual 7’ is the projection onto the
first factor.

2Yes, this is one example where the terminology is somehow “backwards”...Don’t blame me!
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Equivalently, a fibre bundle pair (F, F') — (E, E') & X consists of a fibre bundle

FsEL X together with a subspace E/ C E and a subspace I’ C F such that

F— FE p'—El> X is itself a fibre bundle, and moreover such that local trivialisations

of p|pr can be obtained by restricting local trivialisations of p.

EXAMPLE 34.15. A disk bundle B” — E % X is a fibre bundle with fibre a ball
B". Let E’ denote the union of the boundary spheres of the fibres and let p’ = p|p.

Then S*~ 1 — E' i X is a sphere bundle (i.e. a fibre bundle with fibre a sphere),
and moreover (E, E') is a fibre bundle pair since local trivialisations of F restrict to
local trivialisations of E’ (this is because a homeomorphism B"™ — B™ restricts to
define a homeomorphism S"~! — S"~1.). We call p’ the boundary sphere bundle
of the disk bundle p.

REMARK 34.16. Let S — E 2 X denote a sphere bundle. Let

Z = ((ExI)I_IX)/~

where we identify (y,0) € E x I with p(y). There is a natural map f: Z — X whose
fibre over x € X is Z, = (E, x I)/(E,; x {0}). This is a cone over a sphere, and
hence Z, = B"t!. Thus B"*! — Z Iy X is a disk bundle. Moreover, identifying

E, = E, x {1}, we see that (B"*! S") — (Z,E) Iy X is a fibre bundle pair with
flg = p. Thus any sphere bundle can be seen as the boundary sphere bundle of a
disk bundle.

DEFINITION 34.17. Let (F,F') — (E,E') & X denote a fibre bundle pair and let
R denote a ring. A cohomology extension of the fibre is again a homomor-
phism &: H*(F, F'; R) — H*(E,E’; R) such that for every x € X and n > 0, the

composition

H" (12)

H™(F,F';R) & H(E, E'; R) H™(E,,E.; R)

is an isomorphism, where E/, = p~!(z) N E'.

Here is the Relative Leray-Hirsh Theorem. It includes the (absolute) Leray-Hirsch
Theorem 34.7 as a special case (take E' = F' = ().) The proof is almost exactly the
same as the absolute case, and I omit the details.

THEOREM 34.18 (The Relative Leray-Hirsch Theorem). Let (F, F') — (E,E') % X
be a fibre bundle pair and let R be a commutative ring. Assume that H"(F, F'; R)
is a finitely generated free R-module for all n > 0, and that a cohomology extension
& of the fibre exists. Then the map

L: H*(X;R) ® H*(F,F';R) — H*(E,E'; R)

given by
L: (@) @ (B) — H*(p){a) — £(B)

is an isomorphism.



LECTURE 35

The Thom Isomorphism Theorem

There are many important applications of the Leray-Hirsch Theorem 34.7 and its rel-

ative version Theorem 34.18. However since we only have finitely many lectures left,

we will immediately simplify the picture and restrict our attention to disk bundles.
Let (B", 5" 1) — (E,E') % X be a fibre bundle pair. Since

R, i=mn,
0, i#n,

we see that a cohomology extension £ of the fibre is the same thing as specifying a
single class t € H"(E, E'; R):

H'(B",S" % R) = {

t:=&(r"),
where r* € R = H"(B",S" 1 R) is any generator of R (i.e. any element with a
multiplicative inverse). If R = Zy, then there is only one such element r*, but for
other rings there may be more (for instance, if R = Z then both 1 and —1 work.) The
class t then has the property that H™(1,)(t) is a generator H"(Ey, E.; R) for every
x € X. Such a class t has a special name (which historically predates the notion of
a cohomology extension of the fibre).

DEFINITION 35.1. Let (B™, 8" 1) — (E,E') & X be a fibre bundle pair and let R
be a commutative ring. A Thom class for p is a cohomology class t € H"(E, E'; R)
with the property that H"(1,)(t) is a generator of H"(E,, E.; R) for every x € X.

We then have:

LEMMA 35.2. Let (B", 5" ') = (E,E') & X be a fibre bundle pair. A Thom class
exists if and only if there exists a cohomology extension of the fibre.

Proof. We have just seen that a cohomology extension of the fibre determines a Thom
class. Conversely, a choice of Thom class allows us to define a cohomology extension
of the fibre by sending a generator of H"(B",S" !; R) to t and then extending by
linearity (and setting £ to be zero in all other degrees.) [ |

The next result is just a rephrasing of the Relative Leray-Hirsch Theorem 34.18
in this special case.

THEOREM 35.3 (The Thom Isomorphism Theorem). Let (B",S"!) — (E, E') 5 X
be a fibre bundle pair and let R be a commutative ring. Suppose a Thom class t
exists. Then the map L: H (X; R) — H™™"(E, E'; R) given by

L: (o) = H'(p)(a) < t

is an isomorphism for all i > 0, and H(E, E'; R) = 0 for i < n.

Will J. Merry and Berit Singer, Algebraic Topology II. Last modified: Sept 01, 2018.
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The Thom Isomorphism Theorem 35.3 is completely useless unless one knows
that a Thom class exists. We will now prove that for R = Zy, a Thom class always
exists. Afterwards we discuss the case R = 7Z, which is a bit more subtle.

THEOREM 35.4. Let (B", 5" 1) — (E,E') % X be a fibre bundle pair. Then for
R =75, a Thom class t always exists. Moreover t is unique.

In the course of the proof, we will use the following result about cell complexes.
The proof is not too hard (it is a variation of the argument used in Lecture 19 to
show that cell complexes and their subcomplexes are “nice” pairs). Nevertheless, the
ideas are somewhat tangential to the discussion at hand, and hence we will skip it.

LEMMA 35.5. Let X be a path connected cell complex of dimension n. Then X can
be covered by (n + 1) open paracompact subsets that are contractible in X.

Proof of Theorem 35.4. Just as with our proof of the Leray-Hirsch Theorem 34.7 last
lecture, we will prove the result first when X is contractible, then for bundles where
X is a finite-dimensional cell complex, then when X is an arbitrary cell complex,
and finally the general case. This time round though we will be very sketchy in the
infinite-dimensional case'. It suffices to prove the result when X is path-connected.

1. Suppose FE is trivial (which by Corollary 34.3 is the case if X is paracompact
and contractible). For R = Zs, there is a unique generator {y) € H"(B", S"" % Zs).
Consider now the map of pairs

(B", 5™ 1) 1 X x (B, 5" 1) I (B, 5™

where 1, (y) = (z,y) and 7" is the second projection. If ¢ := H"(7")(7y) then it is
clear that ¢ is a Thom class, which moreover is unique (¢ is the image of vx x (v)
under Theorem 33.26, where vy € H°(X;Zs) is the unit class (30.2).) Let us also
note that by Theorem 33.26 we have that

HI(E, B Z5) = @@ (HY(X:Z) @2, H'(B", $" s 2,)),
k+l=i

and thus H'(E, E'; Zs) = 0 for i < n.

2. Now suppose X is the union of two open sets U and V such that all three
of By = p~}(U) and By = p~ (V) and Eyny = p~ (U NV) admit a unique Thom
class ty7, ty and tyny respectively and satisfy

H'(Fy, E};;Zs) = H(Ey, F\,; Zs) = H(Eynv, Elrv; Z2) = 0, for i < n.

Consider the inclusions:

Eyny

7N\

4

Ey
ij
FE
e
Ey

In the exam, I will only expect you to know how to prove this in the finite-dimensional case!



Then we have a Mayer-Vietoris sequence
H™YEynv, Ejny; Z2) — H(E, E';Zs) — H(Ey, Ej;; Z2)©H (By, B3 7o) — H (Eunv, Ejqy; Z2)

For i < n the first and third groups are zero, and thus so is the second group:
HY(E,E";Zy) = 0 for i < n. For i = n the sequence is:

0 — H™(E, E'; Zy) — H™(Ey, Ejy; Zs) ® H"(Ey, Ely; Zo) 2 H"(Eyev, By Z2)
Uniqueness of the Thom classes imply that

H"(gu)(tv) = H"(9v)(tv) = tuav. (35.1)

The map h is defined by

h({a),(8)) = H"(gu)(a) — H" (v )(B),

and thus by (35.1) one has h(ty,ty) = 0. Thus by exactness, there is a unique
element t € H"(E, E'; Zy) such that

H"(jp)(t) =tu,  H"(y)(t) =tv.

Since ty and ty are Thom classes for Ey and Ey it follows that ¢ is a Thom class
for X.

3. It thus follows by by induction on m that if E can be written as the union of m
trivial bundles then E itself has a unique Thom class, and moreover H'(E, E';Z5) = 0
for ¢ < n. Indeed, Step (1) did the case m = 1, and if we assume that the result is
true for < m — 1 and that X = Uy U--- U Uy, where E|y, is trivial for i = 1,...,m,
then we can apply the inductive hypothesis to all three of Uy and U U - - - U Uy, and
(U1NU2)U---U (U1 NU,y,). Then Step (2) shows that a Thom class exists for E and
that H(E,E';Z3) = 0 for i < n.

This implies the theorem is true for X a finite-dimensional cell complex. Indeed,
by Lemma 35.5, if X has dimension n, then we can write X as the union of n + 1
contractible open sets, and thus Corollary 34.3 implies that we can write E as the
union of n + 1 trivial bundles.

4. Now let us sketch how this extends to an infinite dimensional cell complex X.
If X* is the kth skeleta, then Ej, := E v+ admits a Thom class t;. Now consider

(to,t1,ta,...) € [ [ H(Er, Ey; Za).
k

This gives rise to an element ¢ € lim, H"(E}, E}; Z3). Moreover since H" 1 (Ey,, Ej; Z3) =
0 by the previous step, one also has R! lim, H""Y(Ey, E|;Z3) = 0, and thus from
Proposition 34.12 we have H"(E, E'; Zs) = lim;, H"(E}y, Ej; Z3). Thus t is an element
of HY(E, E';Zs), and this is our desired Thom class.

Finally, using our by now standard (but as yet, still unjustified!) step of approx-
imating an arbitrary space by a cell complex, the general case follows, just as in the
last step of Theorem 34.7 last lecture. ]



Now let us consider the case R = Z. The previous proof goes wrong in exactly
one place—namely, right at the beginning. There is no longer a unique choice of
generator of H"(B",S""!) (there are two possible choices). Since the argument
repeatedly used uniqueness, the entire proof breaks down. This leads us to the
concept of orientability.

For this, rather than disk bundles, it is slightly more convenient to talk about
vector bundles. This is for two reasons: firstly, you are all already familiar with an
orientation of a vector space, and secondly, this will be more helpful when we discuss
topological manifolds next lecture.

Suppose R"” — E % X is a vector bundle (cf. Definition 33.6). Let

EX =JE.\ 0.,
x

where 0, € E, is the zero element of the vector space E,. Since one also has

A R i=
H®, R\ R) =" 7
0, i#mn
(as R™\ B™ — R™\ 0 is a homotopy equivalence), one can define a Thom class in
exactly the same way.

DEFINITION 35.6. Let R” — E & X be a vector bundle, and let R be a commutative
ring. A Thom class for p is a cohomology class t € H"(E, E*; R) with the property
that H™(15)(t) is a generator of H"(Ey, Ey \ 05; R) for every x € X.

THEOREM 35.7 (The Thom Isomorphism Theorem—vector bundle version). Let

R" - E & X be a vector bundle, and let R be a commutative ring. Suppose a
Thom class t exists. Then the map L: H(X; R) — H""(E, E*; R) given by

L: () > Hi(p)a) - ¢
is an isomorphism for all i > 0, and H*(E, EX; R) = 0 for i < n.

The proof of Theorem 35.7 proceeds in exactly the same way as Theorem 35.3,
and we will refer to both results as the “Thom Isomorphism Theorem”. Moreover
the same argument as in Theorem 35.4 gives:

THEOREM 35.8. Let R — E % X be a vector bundle. Then for R = Zs, a Thom
classt € H"(E, E*;7Z3) always exists. Moreover t is unique.

Now let us discuss orientability. We begin by choosing a canonical generator of
H™R™ /R™\ 0).

DEFINITION 35.9. In Lecture 7 we defined (cf Definition 7.8) e; to be the standard
basis vector of R™"! with a 1 in the (i + 1)st position and zeroes in all other coordi-
nates. This convention was convenient for simplices, but is rather awkward for linear
algebra. Thus we introduce more notation: let ¢; € R™ be the standard basis vector
with a 1 in the ith coordinate and zeros in the other coordinates.



The following lemma is an easy computation whose proof is on Problem Sheet O.

LEMMA 35.10. Let n > 1. Let g,: A™ — R" denote the unique affine map such that
n
on(eg) = — Zqi, and on(ei) = qi, t1=1,...,n.
i=1

Then o, determines a generator (o) of Hy,(R",R"\ 0) = Z.

DEFINITION 35.11. Let R be an ring. Let v, € Hom(H,(R",R™ \ 0), R) denote
the class determined by 7, ((0y,)) = 1. Then from the Dual Universal Coefficients
Theorem 29.5, 7, determines a generator (v,) of H"(R™,R™\ 0; R) = R. We call it
the canonical generator.

DEFINITION 35.12. Let V be real vector space of dimension n > 1. An orientation
on V is an equivalence class of an ordered bases, where two bases being equivalent if
the transformation matrix taking one to the other has positive determinant.

There are thus two orientations on V', and a choice of orientation allows us to
speak of a positively oriented basis (i.e. one in the chosen equivalence class) and a
negatively oriented basis. We use the convention that (qi,...,¢q,) is a positively
oriented basis of R™. If V and W are n-dimensional vector spaces equipped with
orientations, then a linear isomorphism f: V' — W is orientation preserving if it
sends a positively oriented basis to a positively oriented basis.

Here is a cohomological version of the definition.

DEFINITION 35.13. Fix an ordered basis B = (vy,vs,...,v,) of V. Define a linear
map fp: V — R" by setting f(v;) = ¢;. Two bases B and B’ are equivalent in the
sense of Definition 35.12 if and only if* the maps fp and fp' are homotopic through
maps of pairs (V, V' \ 0) — (R™,R™\ 0). The map fp determines an isomorphism

H"(fg): H"(R",R"\ 0) - H"(V,V '\ 0).

Set (yp) := H"(fB){7n), where (7,) is the canonical generator from Definition 35.11
for A =7. We call (vg) a cohomological orientation of the vector space V.

It follows immediately that B and B’ are equivalent in the sense of Definition 35.12
if and only if (yp) = (yp/). (If they are not equivalent, then (yg) = —(yps).) Thus
a choice of cohomological orientation is the same thing as the choice of a (normal)
orientation.

Now let us extend this to vector bundles. Suppose R" — FE 2, X is a vector
bundle and h: p~'(U) — U x R" is a vector bundle trivialisation (as in Definition
33.6). We define a cohomology class

(w) = H"(x" o h){yn) € H"(Bu, Ey),

where as always, 7”: U x R” — R™ is the second projection, and Ej; = J,cyy Ex \ 0z-
Next, set hy = h|g,: By x {z} =2 E, — R"™. If we set

<7w> = Hn(hxxfyn)?

2Exercise: Why?



then we have
H" (1) {(v0) = (Vz)> Vrel,

where 1,: E;, — FE is the inclusion of the fibre. This follows from the obvious
commutativity of the following diagram:

B, —= p Y (U) —— U x R"

. I

n n
R id R

Thus via h we obtain a cohomological orientation (v,) of each vector space E, for
x € U. We call this the cohomological orientation induced by h.

So far this is just notation (we have not yet imposed any conditions on the vec-
tor bundle p). But now suppose k: p~1(V) — V x R" is another vector bundle
trivialisation, with U NV # (). This gives us a class

(w) = H"(n" o k)(yn) € H"(Ev, Ey;)

and
(’Y;c> 1= H"(ky)(n) € H"(Ey, By \ 0z).

We would like these classes to be compatible in the sense that the cohomological
orientation induced by A should agree with the cohomological orientation induced by
konUNV:

(u) = (), VaeUnv.

If this is the case we say that the two trivialisations h and k are compatible.

DEFINITION 35.14. An orienting atlas of a vector bundle R" — F 2y X consists of
an open cover {Uy} of X and vector bundle trivialisations hy: p~1(Uy) — Uy x R"
such that h) is compatible with hy whenever UxNUy # (. If an orienting atlas exists,
we say the vector bundle p is orientable. An orienting atlas defines a cohomological
orientation (y,) € H"(Eg, E; \ 0;) for every x € X. We call such a choice an
orientation of p. Thus if p is orientable and X is path-connected, there are precisely
two orientations of p.

Not all vector bundles are orientable. Here is an example of one that isn’t.
ExaMPLE 35.15. Let E be the quotient space of I x R where we identify
(0,s) ~ (1,1 —s), Vs € R.

The projection I x R — I factors through ~ to define a map p: E — S'. Then
R — E 2 S is a vector bundle called the Mébius bundle. I invite you to prove
that p is not orientable”.

We conclude this lecture by using orientability to give a version of Theorem 35.4
for R = 7.

3Hint: the name should give you a clue!



THEOREM 35.16. Let R" — E 2 X be an oriented vector bundle over a path
connected space X. Then for R =7, a Thom class t € H"(E, E*) always exists.

Proof. As already mentioned, the only place where the proof of Theorem 35.4 goes
wrong is in Step (1). But the choice of orientation rectifies this: if we are given
an orienting atlas hy: p‘l(U ») = Ux x R™ then we can define Thom classes ty, :=
(yw,) € H"(Ey,, Ea), and the compatibility condition plays the role that uniqueness
did in the proof of Theorem 35.4. [ |



LECTURE 36

Topological manifolds and presheaves

In this lecture we define topological manifolds and pre(co)sheaves.

DEFINITION 36.1. A topological space X is said to be n-dimensional locally Eu-
clidean if every point € X has an open neighbourhood U which is homeomorphic
to an open subset V' of R". A homeomorphism ¢: U — V is called a chart about z.
We call n the dimension of X.

Since R™ is not homeomorphic to R™ (this is the Invariance of Domain Theorem,
cf. Problem 1.2), the dimension is well defined. It is often convenient to assume that
a chart p: U — V at x has the property that 0 € V and satisfies ¢(z) = 0. In this
case we say that ¢ is centred at x. We can of course also assume V = R" when
needed.

DEFINITION 36.2. A topological space M is called an n-dimensional topological
manifold if:

1. M is Hausdorff.

2. M is n-dimensional locally Euclidean.

3. M is paracompact (cf. Definition 33.16.)
4

. M has at most countably many connected components.

REMARK 36.3. If a topological manifold M is compact we will—somewhat illogically—
say that M is a closed topological manifold.

The notion of boundary for a manifold is slightly confusing, because there are
two different concepts which usually do not coincide: the topological boundary and
the manifold boundary. In this course we will only ever use manifolds as defined
above, where (by definition) the manifold boundary is always empty. (So the rest of
this remark is for interest only!)

If M C R™ is a topological n-dimensional manifold then 9*®°M (the topological
boundary of M as a subset of R™, i.e. M \ M°) either satisfies M N OM = ) (when
n =m) or M = 9"PM (when n < m). This is because the “locally Euclidean”
condition is an open condition.

There is a more general notion of an n-dimensional topological manifold
with boundary, which is a Hausdorff paracompact topological space with countably
many connected components such that every point is either homeomorphic to an open
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subset in R™ or an open subset in a half-plane R" := {(q1,...,,qn) | g1 > 0}, where
we endow Rl with the subspace topology on R".

In this case one can define the interior of M, written int M to be those points in
M which have neighbourhoods homeomorphic to an open subset of R”. The manifold
boundary 0™*" M is then M \ int M.

If M is an n-dimensional topological manifold with boundary of dimension n, then
int M is a manifold (without boundary) of dimension n and 0™*" M is a manifold
(without boundary) of dimension n — 1.

If M Cc R™ is a manifold with boundary and n = m then the two concepts
coincide: 9'°PM = 9™a8)[. But if n < m then they do not need to: for example,
the sphere S? with a small open disk F removed is a two-dimensional manifold with
boundary, and 9™ (52 \ E) is the topological boundary of E in S? (which is a circle
S1). But if we sit S? inside R? in the standard way the topological boundary of
S2\ E in R? is all of S?\ E.

REMARK 36.4. We won’t prove (or use) the following facts, but they are good to
know:
e Any closed topological manifold is homotopy equivalent to a cell complex.

e Any closed topological manifold of dimension n # 4 is homeomorphic to a cell
complex.

e Any closed smooth manifold actually is a cell complex.

The following lemma gives a homological way of defining the dimension of a
topological manifold.

LEMMA 36.5. Let M be an n-dimensional topological manifold and let A be an
abelian group. For any point x € M, one has

A, i=n,
Hi(M,M\x;A)%{O o

Proof. Choose a chart ¢: U — R centred at x. Then for any ¢ > 0, one has
H;(M,M\ z;A) =2 H;(U,U \ z; A), by excision,
~ H;(R™",R"\ 0; A), as o is a homeomorphism.
|

PROPOSITION 36.6. Let M be an n-dimensional topological manifold and let A be
an abelian group. Let

OM; A):= | | Ho(M, M\ z; A)
zeM

and let p: O(M; A) — M denote the map that sends any element of H, (M, M\ x; A)

to x. Then A — O(M; A) 2y M is a fibre bundle, where we give A the discrete
topology (thus p is a covering space, cf. Definition 33.4.)
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The proof of Proposition 36.6 requires an auxiliary lemma, which in turns needs
the following definition.

DEFINITION 36.7. Let M be an n-dimensional topological manifold and let A be an
abelian group. Given subsets X CY C M we denote by

px: Ho(M, M\ Y;A) = Hy(M, M\ X; A)
the homomorphism induced by the inclusion (M, M \Y) — (M, M \ X).

DEFINITION 36.8. Let us say a closed set K C M is a convex set if there exists a
chart ¢: U — R™ with K C U such that ¢(K) is a compact convex subset of R™.

LEMMA 36.9.
1. If K C M is a compact convex set then pX is an isomorphism for all x € K.

2. Let x € M and let W be a neighbourhood of x. Then there exists a neigh-
bourhood U C W of x such that for all y € U, the homomorphism ,oyU is an
isomorphism.

Proof. Let K be a compact convex set. We may assume that there is a chart p: U —
R™ with K C U such that ¢(K) = D, where D is a compact convex subset of R”
such that 0 € D C B™. Consider the following commutative diagram, where we omit
the coefficient group A for simplicity:

H,(B", 5" 1) —— H,(R",R"\ D) &9 5 (U, U\ K) —— Ho(M, M\ K)

- ! J Jox

Hy(B", §"1) —— Hy(R",R"\0) = H,(U,U\2) —— Ho(M, M \ )

All the horizontal maps are isomorphisms: the left-hand ones are because the
inclusion S"~! < R™\ D is a homotopy equivalence. The middle two are because ¢
is a homeomorphism, and the right-hand two are excision isomorphisms.

The second statement is an immediate corollary of the first, since given any
neighbourhood W of a point x we can always find a compact convex set K such that
x € K C W. Then any neighbourhood U C K of x works. [ |

We can now prove Proposition 36.6.

Proof of Proposition 36.6. Fix x € M, and let U be a neighbourhood of  such that
pr is an isomorphism for all y € U. Define

k:U x Hy(M,M\ x; A) — p~*(U)

by k(y,(c)) := pr o (p¥)~1{c). Define a topology on O(M; A) by declaring k to be
a homeomorphism. We need to check that if k¥ and k' are two such maps defined on
overlapping neighbourhoods U and U’ of z and 2’ respectively, then the composition

(k/)*lok': (UﬂU’) X Hn(M,M\g;7A) N (UOU/) % Hn(M,M\.%'/,A)

3



is continuous. Fix y € UNU’ and choose a neighbourhood V' of g such that p is an
isomorphism for all z € V. Now consider the following commutative diagram, where
we omit the coefficient group A from the notation:

Hn(MvM \ Z)
pY %
U U/’
Ho(M, M\ z) & H,(M,M\U) Y Ho(M, M\ Uy ™ Hy (M, M\ o)
pg\ %
Hy (M, M\'V)

The map (k')~! o k is thus given by

(K)o k(z, (c) = (2,05 0 (p)) " 0 pl 0 ()7 H{e)).
In particular, the second component of (k')~! o k does not depend on the choice of
z € V, which implies that (k’)~! o k is continuous.
To complete the proof, we set h := k~1: p~(U) — U x H,(M, M \ x; A), which
gives us a local trivialisation of O(M; A). ]

Let us now put this in an nice categorical setting.

DEFINITION 36.10. Let X be an topological space. Given two open subsets U C
V CX,let Z‘U/: U < V denote the inclusion. Let Op(X) denote the category whose
objects are the open sets of X, and whose morphism sets Hom(U, V') are empty if
U ¢ V and have precisely one element if U C V:

{ef}, UCV,
0, UZYV,

DEFINITION 36.11. Let C be a category. A presheaf over X with values in C is
a contravariant functor T: Op(X) — C. A pre-cosheaf over X with values in C is”
a covariant functor Op(X) — C.

Hom(U,V) = {

Presheaves are more common than pre-cosheaves in mathematics; however in this
course we will mainly work with pre-cosheaves. Here is the standard example of a
presheaf.

ExXAMPLE 36.12. Let X be a topological space. Given an open set U of X, let C(U)
denote the set of continuous functions f: U — R. We can give C(U) the structure
of a commutative ring under pointwise operations. If U C V and zg: U — V is the
inclusion then if f € C(V) one has f o1, € C(U). Thus we have the presheaf of
continuous functions

C': Op(X) — ComRings, Uw— CU),

and
Clely): C(V) = C(U), f fou.

One normally writes f|y instead of f o zg.

2Yes, I agree this terminology seems backwards... But that’s just life.

4



REMARK 36.13. In fact, this is an example of a sheaf (not just a presheaf). However
we won'’t define sheaves (or cosheaves) in this course, since we do not need them, and
thus we will not discuss this.

EXAMPLE 36.14. Let F — E 2 X be a fibre bundle. Given an open subset U C X,
let I'(U; E) denote the space of continuous sections s: U — E of p, i.e. continuous
maps s: U — E such that s(z) € E; forallz € U. If U C V and s € I'(V; E) then
soq); € T(U; E), where again 1);: U < V is the inclusion. Thus we have another

presheaf
I': Op(X) — Sets.

Here is an example of a pre-cosheaf:

EXAMPLE 36.15. Let M be an n-dimensional topological manifold and let A be an
abelian group. Consider the functor

H,(M,0O;A): Op(M) — Ab

which sends an open set U to the homology group H,, (M, U; A) and sends an inclusion
U < V to the induced map pyy\y: Hy(M,Us A) — Hy(M, V; A)

Now let us specialise Example 36.14 to the situation at hand.

EXAMPLE 36.16. Let M be an n-dimensional topological manifold and let A be an
abelian group. Given a closed subset K C M, let I'(K; A) denote the space of
continuous sections s: K — O(M;A) of p. Since A has the discrete topology, a
section is continuous if and only if its expression in a local trivialisation is locally
constant. This means that if x € K and U is a path-connected neighbourhood of z
such that O(M; A) is trivial over U via h: p~(U) = U x H,(M, M \ z; A) then the
function 7’ ohos: U — Hyp(M, M \ x; A) should be a constant function.

Let T.(K;A) C T'(K;A) denote those sections with compact support, i.e. for
which there exists a compact set C C K such that s(z) =0 for all z € K\ C.

Since A is a group, and not just a topological space, if s,t: K — O(M;A) are
two sections, we can add them together to form a new section s + ¢. Thus T'(K; A)
and I'.(K; A) are also abelian groups.

So far, this is not quite the same as in Example 36.14 since here we have defined
I'.(K; A) for K a closed set, not an open set. To this end we consider the functor

T.(M\O;A): Op(M) — Ab
and if V C U then
To(el; A): To(M\V; A) = To(M\ U; A), s+ s[anu-

Note that T'.(M \[J; A) is actually a pre-cosheaf (not a presheaf), since the operation
U+ M\ U is contravariant (i.e. if U C V then X \V C X\ U.)

In conclusion, we have two pre-cosheaves Op(M) — Ab:
Ho(M,0;A)  and  To(M\O;A).

Our aim now is to construct a natural transformation between them. This requires
the following lemma.



LEMMA 36.17. Let U C M be open. If (c) € H,(M,U; A) then ¢ (y) = pg],\/[\U(c)
belongs to I'c.(M \ U; A).

Proof. Fix x € M \ U and let W be a small neighbourhood of x with W C M \ U.
Using a local trivialisation h: p~'(W) — W x H, (M, M \ z; A) as in the proof of
Proposition 36.6, the section ¢, becomes y ~— (y, Yo p%\U@)) on p~1 (W), which
is continuous by the definition of the topology on O(M; A).

It remains to show s € I'.(M \ U; A). Choose a cycle c =), a; ® 0; € Zp(M; A)
that represents (c). There exists a compact set C' C M such that each singular
simplex o;: A™ — M in ¢ has 0;(A") C C (cf. Lemma 17.5). Now suppose y € M\C.
Then the image of ¢ under the composition

Cn(C§ A) — Cn(M§A) — Cn(M7 C;A) — Cn<M7M\y§ A)

is zero. But this image is a representative of ¢ (y). Thus the support of b 18
contained in the compact set (M \ U)NC. ]

LEMMA 36.18. There is a natural transformation ®: H,(M,J; A) — T'.(M \ O0; A)
given by setting
(I)(U)<C> = d)(c):

where ¢y was defined in Lemma 36.17.

Proof. One needs only check that for closed sets K C L the following diagram
commutes:

L
Hy(M, M\ L A) " H, (M, M\ K; A)

@(L)l l‘P(K )

Lo(L;A) ————— T (K; A)

s—s| g

This however is immediate from the definition. [ ]

What is much less obvious is that ® is actually an natural isomorphism. We will
prove the following theorem next lecture.

THEOREM 36.19. Let M be an n-dimensional topological manifold. Let K C M be
closed. Let A be an abelian group. Then ®(M \ K): H,(M,M \ K;A) — I'.(K; A)
is an isomorphism of abelian groups. Moreover

Hi(M,M\ K;A)=0, Vi>n.

Theorem 36.19 is the first of two major theorems about the homology of manifolds
(the second is Poincaré Duality, which we will cover in Lecture 39. The reason is
it useful is that the group I'.(K; A) is much easier to compute. For instance, if we
take A = Zs then it follows immediately”’ from Theorem 36.19 that if M is a closed
connected n-dimensional topological manifold then H;(M;Zs) = 0 for ¢ > n and
_ZJHU\J7 ZQ) = 7.

3Exercise: Why? (If you can’t do the exercise, fear not: we will go over this in detail next lecture.)



LECTURE 37

Orientability and the cap product

We begin this lecture by proving Theorem 36.19 from the last lecture. Let us recall
the statement.

THEOREM 37.1. Let M be an n-dimensional topological manifold. Let K C M be
closed. Let A be an abelian group. Then ®(M \ K): H, (M, M \ K;A) — ['.(K; A)

is an isomorphism of abelian groups. Moreover
H;(M,M\ K;A)=0, Vi>n. (37.1)
To simplify the notation during the proof we will write ®(K) instead of (M \ K).

Proof. The proof is quite complicated, and we will induct over the “complexity” of
K (the precise meaning of this will become clear during the proof.) Let (VK) be
short for the statement that the theorem is true for the closed set K. So our goal
is to prove (VK) for every closed set K. Throughout the proof we will suppress the
coefficient group A from all our notation, since it plays no role. We will prove the
result in five steps.

1. Assume that (VK), (VL), and (VK NL) hold. We prove that (VK U L) holds.
For this consider the Mayer-Vietoris sequence associated to M \ (KN L), M\ K and
M \ L. We obtain the following commutative diagram, where we are using the fact
that @ is a natural transformation.

IR

Hn+1(M7M\(KmL)) 0

®(KUL)

H, (M, M\ (K UL)) I.(KUL)

((K), (L))

Hy (M, M\ K)® H,(M,M\ L) T (K)@® (L)

H,(M,M\ (KNL))

S(KrL) F.(KNL)
The Five Lemma tells us that ®(K U L) is an isomorphism, and the fact that
H;(M,M\ (KUL))=0 for i > n follows directly from the Mayer-Vietoris sequence.
Thus (VK U L) holds.

2. We now prove that (VK) holds for any compact convex set K. Indeed, for
such K we apply the commutative diagram from the proof of part (1) of Lemma 36.9
but with H; instead of Hy. If i > n then the left-hand groups are all zero, and hence
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H;(M,M \ K) = 0 for i > n. Moreover from the same lemma we have that pX is
an isomorphism for each = € K. This implies that ®(K) is an isomorphism, since a
section over a connected set is determined by a single value.

Now by induction on m > 1, we see that (VK U---UK,,) holds if K1 U---UK,,
is contained in the domain of a chart ¢: U — R™ and each K; is compact convex.
Indeed, we just did the case m = 1 and Step (1) gives the inductive step.

3. Now suppose K is any closed compact set contained in the domain of a chart
p: U — R™ Let W C U be any neighbourhood of K. Then there exists a closed
set L which is a finite union of compact convex sets such that K C L C W. The
previous step tells us ®(L) is an isomorphism. We now take the filtered colimit over
all such L to obtain

Hy(M,M\ K) = colim Hy(M, M\ L) =0, Vi>n,
L

and for i = n we get a commutative diagram:

colim, H, (M, M\ L) — H,(M, M\ K)

1 o

colim; To(L) ———— T(K)

The top horizontal map is an isomorphism by a relative version of Corollary 17.6 (we
used this in the proof of Theorem 17.9.) The left-hand vertical map is an isomor-
phism, since each individual ®(L) is an isomorphism.

Let us prove that the bottom horizontal map is an isomorphism. Indeed, if s, s’ are
two sections in I'.(L) for some L such that s|x = s| then since sections are locally
constant, there is another such K C L' C L such that s|;» = s'|1/, and thus s and
s’ give the same element in the filtered colimit. This shows that bottom horizontal
map is injective. To show it is surjective, we must show that any s € I'.(K) extends
to some L containing K. Again by locally constancy we can do this locally, so if
x € K then there is an open set U(z) such that s extends to a section s, defined on
U(x)N K. Since K is compact we can cover K by finitely many such U(x). Now set

U:= {z € UU(:U,-) | $0:(2) = 80, (2) if 2 € U(a;) N U(:Cj)} .

This is open and contains K, and by construction s extends to U. Now choose any
L of the desired form such that K C L C U. Then s extends to L, and hence the
map is surjective.

An arbitrary compact set can be written as a finite union of compact sets con-
tained in charts, so by induction and Step (1) again we obtain the result in the
compact case

4. Now suppose K is a closed set with the property that we can write K = (J;=; L;
where each L; is compact and has a neighbourhood Uj; such that U;NU; = 0 for i # j.
We show that (VK') holds. Indeed, by Step (3) (VL;) holds for all i. Moreover since
the L; have disjoint open neighbourhoods , using additivity of both homology groups
and sections we see that ®(K) = >, ®(L;), and hence (VK) holds too.
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5. We now complete the proof for an arbitrary closed set K. Since M is para-
compact and has at most countably many connected components, we can write M
as a union J;2; C; where C; C C7, | are compact sets. Set Cp = ) and set

Li=Kn(Ci\Cy).

Set K’ = U, is oqq Li and K" = |, i even Li- Now K', K" and K N K" satisfy the
hypotheses' of Step (4), and hence (VK'), (VK”) and (PK’ N K”) hold. Since
K = K'UK", by Step (1) we also have that (VK holds. ]

We now specialise our discussion of the fibre bundle O(M; A) to the case where
A is a commutative ring, and using this to define what it means for a topological
manifold to be orientable.

DEFINITION 37.2. Let M be an n-dimensional topological manifold and let R be a
commutative ring. Then for any x € M, the group H,(M,M \ z;R) is a free R-
module of rank 1. A generator of H,, (M, M \ z; R) (which corresponds to an element
of R with a multiplicative inverse) is called a local R-orientation of M at x.

DEFINITION 37.3. Let M be an n-dimensional topological manifold and let R be a
commutative ring. Let K C M be a closed subset. An R-orientation of M along K
is a continuous section s € I'(K; R) such that s(z) is a generator of H,(M, M \ z; R)
for all x € K. Thus an R-orientation along K is a continuous choice of local R-
orientation at every point z € K. We say M is R-orientable along K if an
R-orientation along K exists. For K = M, we simply say M is R-orientable. If
we consider M equipped with such an R-orientation s then we say than M is R-
oriented.

REMARK 37.4. Note that if K C L C M and M is R-orientable along L then M is
also R-orientable along K, since if s € I'.(L; R) is an R-orientation of M along L
then s|x € I'.(K; R) is an R-orientation of M along K.

DEFINITION 37.5. Given a commutative ring R, let U(R) denote elements of R with
a multiplicative inverse (the “units”). Then U(R) becomes an abelian group under
multiplication.

DEFINITION 37.6. Let Ori(M; R) C O(M; R) denote the subbundle whose fibre over
x € MisUR) C R= Hy(M,M \ z;R). We call Ori(M; R) the R-orientation
covering of M. Then U(R) — Ori(M;R) — M is another fibre bundle with fibre
U(R), and (R, U(R)) — (O(M; R),Ori(M; R)) — M is a fibre bundle pair.

Thus an R-orientation of M along K C M is the same thing as a section of s: K —
Ori(M; R). For R = Z, we drop the R from the notation and the terminology. Since
U(Z) = {£1} = Zs, Ori(M) is a double covering, which we call the orientation
covering.

PropoSITION 37.7. Let M be an n-dimensional topological manifold. The following
are equivalent:

'Here we are using the point-set topological fact that manifolds are always normal topological spaces.



1. M is orientable.

2. M is orientable along any compact subset.
3. Ori(M) — M is a trivial fibre bundle.

4. O(M) — M is a trivial fibre bundle.

Proof.
e (1) = (2) is a special case.

e (2) = (3): We may assume M is connected, since a fibre bundle is trivial if and
only if it is trivial over every connected component of the base. Since Ori(M) is
a double cover (i.e. the fibre is Zs), either Ori(M) is connected or it is trivial.
If Ori(M) is connected, then there exists a path in Ori(M) between any two
points of a given fibre. The image of such a path is a compact connected subset
K of M, and by assumption Ori(M)|x is non-trivial, since we can connect two
points of a fibre in it. But by (2) there exists a section of Ori(M)|x, and hence
Ori(M)|k is trivial. Contradiction. Thus Ori(M) is not connected, and hence
it is trivial.

e (3) = (4): The bundle Ori(M) is trivial if and only if it has a section. If s is a
section of Ori(M) then

M xZ — O(M), (z,n) — ns(x)

is a trivialisation of O(M).

e (4) = (1): If O(M) is trivial then in particular it has a section with values in
the set of generators.

So far we have defined orientability in terms of the existence of sections of
O(M;R). Using Theorem 36.19 however we can transfer to a statement about ho-
mology classes. (This is the main point of Theorem 36.19!)

THEOREM 37.8. Let M be an n-dimensional topological manifold and let R be a
commutative ring. Let K C M be a closed connected subset.

1. If K is not compact then H,(M,M \ K;R) = 0.

2. If K is compact and M is R-orientable along K then H,(M,M \ K;R) = R.
There exists a homology class (ox) € H, (M, M \ K; R) such that pX (o) is a
generator of H, (M, M \ z; R) for all x € K.

3. If K is compact and M is not R-orientable along K then one has H, (M, M \
K;R)={r e R|2r =0}

Proof. Since K is connected, a section of I'(K; R) is determined by its value at a
single point. If this value is non-zero, then the section is non-zero everywhere. Thus
there do not exist non-zero sections with compact support if K is non-compact:
I'.(K;R) = 0. Thus Theorem 36.19 tells us that if K is connected and non-compact
then H, (M, M \ K;R) = 0. (This part does not need R to a ring.)
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If K is compact then we have a commutative diagram:

Ho(M, M\ K;R) Y 1(K; R)

Py l ls'—w(x)

Hn(M, M\ 23 R) o3 T({z}; R).
If M is orientable along K then we can choose s such that s(z) is a generator. The
desired class is then given by (ox) = ®(K)~!(s).
The third part is on Problem Sheet P. [ |

In the case R = Z, one can also obtain information about the torsion subgroup
of H,—1(M, M\ K). This is the content of the following result, whose proof is again
on Problem Sheet P.

ProprosiTiON 37.9. Let M be an n-dimensional topological manifold. Let K C M
be a closed connected subset.

1. If K is non-compact then the torsion subgroup of H,_1(M, M \ K) is zero.

2. If K is compact and M is orientable along K then the torsion subgroup of
H,_1(M,M\ K) is also zero.

3. If K is compact and M is not orientable along K then the torsion subgroup of
H,_1(M, M\ K) is isomorphic to Zs.

REMARK 37.10. Let us rewrite Remark 37.4 in terms of homology classes. Suppose
K C L are compact subsets of M and M is orientable along L with corresponding
class (oy) € Hn(M, M \ L; R). Then the class (ox) := pk(or) has the property that
pE (oK) is a generator of H,(M,M \ z; R) for all z € K. Thus an R-orientation of
M 1is equivalent to a collection

{{ok) | K C M is compact}
of homology classes (ox) € H,(M, M \ K; R) that satisfy the following two compat-
ibility conditions:
1. For every = € K, the class p& (ox) is a generator of H, (M, M \ z; R).
2. If K C L then pk (o) = (ok).

Let us now assume that M itself is compact and connected. Then Theorem 37.8
can be improved:

COROLLARY 37.11. Let M be a compact connected n-dimensional topological man-
ifold. If M is non-orientable then H, (M) = 0. If M is orientable then H, (M) = Z,
and for each x € M the restriction H,,(M) — H,(M,M \ z) is an isomorphism.

DEFINITION 37.12. Let M be an orientable compact connected n-dimensional topo-
logical manifold. A generator of H, (M) is called a fundamental class of M. As
above, we use the notation {0y;) to denote a fundamental class. An oriented” closed
manifold is thus a manifold together with a choice of fundamental class.

2¢Orientable” means: a fundamental class exists. “Oriented” means: we have chosen a fundamental
class.



REMARK 37.13. Fundamental classes can be used to extend the definition of degree
(cf. Definition 15.2) to orientable compact connected manifolds.

REMARK 37.14. A vector space of dimension n is trivially an n-dimensional topolog-
ical manifold. As a check to make sure you have understood the definitions, convince
yourself that Definition 37.3 is consistent with Definition 35.12 from the two lectures
ago.

Now let us take a step back and define a new product, called the cap product.
This definition works on an arbitrary topological space, although it is most useful on
manifolds due to the duality theorems we will prove in two lectures time.

DEFINITION 37.15. Let X be a topological space and let X', X" be open sets, let R
be a commutative ring. The cap product consists of a family of R-linear maps

H"(X,X"'R)® Hpym(X, X' UX";R) —» Hy(X,X"; R), (a) @ {c) =~ (a) ~ {c).

As with the cup product, we will give the definition first in the absolute case
(where X’ = X” = ()) and then discuss the relative case. For this we begin on the
chain level and define an operation

C"(X;R) ® Chym(X; R) — Cn(X; R), a®c an~c. (37.2)
If o: A 5 X, we set
a~oc:=a(coF,)®(coBy)

This is indeed an element of C,,(X;R), since a(o o F},) is an element of R, and
00 Bp: A™ — X is a singular m-simplex in X. Now extend this by linearity to
define the operation (37.2).

The following lemma is a proved in the same way as we dealt with similar state-
ments for the cup product in Lecture 30, using the face relations from Lemma 30.12.
We omit most of the details.

LEMMA 37.16. Let X,Y be topological spaces. Let f: X — Y be continuous. Let
ac€C"(X;R), € CP(X;R), c € Chim(X; R) and v € C™"(Y; R). Then:

1. a~c)=(-1)"(a ~ dc — da ~ ¢).

2. If p=m then f(a ~ c¢) = (a ~ B)(c).

3. If p<m then (o~ ) ~c=p~ (a~c).

4. vx ~c=c, where vy € C°(X; R) was defined in (30.2).

5. f(fFy~c) =7~ fyc
Proof. The proof of (1) is on Problem Sheet P.

Let us prove (2). Assume that o: A"™™ — X is a singular n-simplex. Then
Bl ~ o) =a(ooF,) - B(co By), which is exactly the formula for (a - §)(o).



The proof of (3) is similar and I omit this, and the proof of (4) is immediate. So
let us skip to the proof of the naturality statement (5). For this we have

Y~ fyo=A(foooF)® (foooBy)
:f#’Y(UOFn)@@(fOUOBm)
= fu(f*y ~ o),

as required. [ |

It follows from statement (1) of Lemma 37.16 that the cap product operation
(37.2) is well defined on the level of (co)homology. This is the same argument as in
the proof of Theorem 30.20: indeed, if dao = dc = 0 then d(a ~ ¢) = 0, and if either
a or ¢ is a (co)boundary then a ~ ¢ is a boundary.

To extend the definition to relative groups, suppose o € C"(X, X’; R) C C™(X; R)
and ¢ € Cpypn(X'; R) + Crgn(X”; R). Then o ~ ¢ € Cpp(X”; R) from the definition.
Thus we have an induced cap product:

Cm+n (X5 R) Cm (X5 R)
Crnn (X5 R) + Crgn (X5 R) Cim(X"; R) .

C"X,X";R)®
Using the chain equivalence Co¢(X’; R) + Co(X"; R) — Co( X' U X"; R) (cf. the proof
of Theorem 141.8), we obtain the cap product as in Definition 37.15.

REMARK 37.17. An inspection of the definition of (37.2) shows that we can be a
little more precise with the choice of coefficients. Indeed, suppose M and N are
R-modules. Then the cap product in Definition 37.15 can actually be realised as

H"(X,A;M)®Hpm (X, AUB;N) = Hp,, (X, B; M®grN), (ay®(c) — () ~ (c).



LECTURE 38

Cech cohomology

We now introduce a different type of cohomology which will be useful in our study
of duality. This is called Cech cohomology.

REMARK 38.1. Some of you may have seen the definition of Cech cohomology before—
for example, in an Algebraic Geometry course—and it looked terribly complicated.
Luckily we will give the definition only in a special case (namely: compact subsets of
a Euclidean neighbourhood retract), for which one can give a much easier definition.

DEFINITION 38.2. A topological space X is called a Euclidean neighbourhood
retract if there exists an embedding i: X — R” and a neighbourhood U of i(X)
that retracts onto ¢(X). By identifying X with i(X), we can think of a Euclidean
neighbourhood retract as a subset X of R™ with the property that there exists an
open set U containing X and a continuous map r: U — X such that 2 0r = idy,
where 2: X < U is the inclusion.

Let us now begin by stating without proof two pieces of “point-set topology”
about Euclidean neighbourhood retracts. They show in particular that the property
of being a Euclidean neighbourhood retract is a topological invariant. The proofs are
not that difficult, but we don’t have time to give them here, and they don’t involve
any ideas relevant to the course. Nevertheless, I invite you to try them as exercises
if you are bored and in the mood for some point-set topology.

The first result characterises Euclidean neighbourhood retracts.

PROPOSITION 38.3. (Properties of Euclidean neighbourhood retracts)

1. Let X be a Hausdorff space. Assume X can be covered by finitely many locally
compact' open sets X;. Assume each X; is a Euclidean neighbourhood retract.
Then X is an Euclidean neighbourhood retract.

2. A set X C R" is a Euclidean neighbourhood retract if and only if X is locally
compact and locally contractible’.

The second result explains why they are useful. Again, we emphasise we are only
introducing the special case we are going to use (for instance, in the next result one
could replace “compact” with “locally compact”.)

PROPOSITION 38.4. (Extending homotopies in Euclidean neighbourhood retracts)
Let X and Y be Euclidean neighbourhood retracts, and let K C X be compact.

Will J. Merry and Berit Singer, Algebraic Topology II. Last modified: Sept 01, 2018.
LA topological space Y is locally compact if each point has a compact neighbourhood.
2 A topological space Y is locally contractible if each point has a local basis of contractible neighbour-
hoods.
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1. If f: K =Y is continuous then there exists a neighbourhood U of K in X and
a continuous map F: U — 'Y such that F|x = f.

2. Iff,g: X =Y are continuous maps and hy: K — Y is a homotopy from flx to
g|i then there exists a neighbourhood U of K in X and a homotopy hy: U =Y
such that hg = fly, h1 = glv and hy|g = hy for allt € I.

A corollary of these results is the following statement, which explains why they
fit into the framework we are interested in.
COROLLARY 38.5.

1. If M is a topological manifold and K C M is a compact set, then there exists
an Fuclidean neighbourhood retract X C M such that K C X.

2. If M is a closed topological manifold then M is a Euclidean neighbourhood
retract.

3. If X is a finite cell complex then X is a Euclidean neighbourhood retract.
Now let us begin the construction.

DEFINITION 38.6. Let K denote the category”’ whose objects are pairs (L, K), where
K C L are compact subsets of some Euclidean neighbourhood retract, and whose
morphisms are just the usual continuous maps of pairs:

Hom ((L, K), (L', K")) = {f: ( — (L', K"), f continuous} ,

with composition just the normal composition of functions. Thus K is a full subca-
teogory of Top?.

Suppose (L, K) € obj(K). Then by assumption there exists a Euclidean neigh-
bourhood retract X such that K C L C X. Suppose we are given two pairs
UcV cXandU' cV'cC X of open sets, such that K cU c U, LcV cV'.
Then we have a commutative diagram of inclusions:

(L,K)

\ £

(v, u.
Now fix £ > 0 and pass to singular cohomology with coefficients in A:

HM(L,K; A) «—— H¥(V,U; A)

\ T (38.1)

HY(V, U A)

31 did initially try and call this category by the more “logical” name CompSubsetsENR? but then
decided that was stupid and just went with K. ..



Let Op%LK) (X) denote the subcategory of Op?(X) of pairs of open sets (V,U) such
that (L, K) C (V,U), and whose morphisms are again given by inclusions (V,U) —
(V',U"). Now let Ux (L, K) denote the opposite category (cf Definition 28.1), i.e.
with the same objects but “reverse” inclusions as morphisms. Thus if (V,U) and
(V' U") belong to Ux (L, K) then:

{evi/}, UCU, vV,

Hom((vla U/)v (V? U)) = {Q) otherwise

Then from (38.1), we have a filtered diagram:
H*: Ux (L, K) — Ab,
(V,U) = HYV,U; A), ey w H Gy ) HYV', U A) — HE(V,U; A),

where z&/[’]U/: (V,U) < (V',U’) is the inclusion. This is indeed a filtered diagram,
i.e. a covariant functor, since we already passed to opposite category Ux (L, K) to
filter over, which “cancels out” the contravariance of H*.

Thus we can take the colimit (remember we already know that colimits always
exist in Ab, cf. Example 16.19), which gives us our desired construction.

DEFINITION 38.7. Let K C L C X be compact subspaces of a Euclidean neighbour-
hood retract, and let A be an abelian group. We define the Cech cohomology of
(L, K) with coefficients in A to be the abelian group

H*(L,K; A) := colim H*(V,U; A)
We use the notation H*(K; A) for H*(K,{); A).

You may wonder why we have omitted the ambient Euclidean neighbourhood
retract X in our notation H*(L, K). In fact, the Cech cohomology groups do not
depend on X, see Remark 38.13 below.

Before going any further, we will need the following technical statement about
filtered colimits.

DEFINITION 38.8. Let (A, =) and (A’, X') be two directed sets (cf. Example 16.12).
A map f: A — A’ is order preserving if A < p implies that f(\) =’ f(u). We say
that f is cofinal if for all A € A’ there exists A € A such that X <’ f(\). If A is
a directed subset of A’ and f is the inclusion A < A’ then we simply say that A is
cofinal in A’.

Recall we denote by J(A, <) the filtered category associated to the directed set
(A,=). An order preserving map f: A — A’ induces a functor Py from J(A, <) to
J(A', ="). Explicitly, on objects the functor Py is defined by

Pr(\) == f(A),  A€EA,



On morphisms, if A <y and iy, € Hom (s <)(A, p) denotes the (unique) morphism
from A to p in J(A, %) then Py is defined as

Py(iau) = ign),f(u)>

where i ¢y ¢(u) € Homyar <y (f(A), f(1t)) is the unique morphism from f(X) to f(u)
in J(A, <).

Suppose C is a category and T": J(A’, =") — Cis a filtered diagram (i.e. a functor).
If f: A — A’ is an order preserving map then f induces a filtered diagram

T =T oPs: J(A,<)— C.

The following result is left as an exercise to check how much you remember of colimits
from last semester.

LEMMA 38.9. Suppose f: A — A is a cofinal map between directed sets (A, <) and
(A, ="). Suppose C is a category and T": J(A',<") — C is a filtered diagram. Then
let T :=T" o Ps: J(A, =) — C. Then colim T exists if and only if colim T" exists, and
if so, then

colim 7" = colim 7"

Lemma 38.9 implies that if K C L C X are compact subspaces and W C X is
any open subset containing L then it suffices to take the filtered colimits over those
neighbourhoods (V,U) € Ux (L, K) with V' C W. In the following, we will repeatedly
use Lemma 38.9 without further comment.

Everything we have said so far did not actually use the assumption that both K
and L were subsets of an Euclidean neighbourhood retract. In order to make H* into
a contravariant functor, we need to associate a homomorphism H*(f): H*(L', K'; A) —
H*(L,K; A) to any morphism f: (L, K) — (L', K’) in K. This is where the Euclidean
neighbourhood retract assumption comes in handy.

DEFINITION 38.10. Assume that K ¢ L C X and K’ ¢ L' ¢ X' and f: (L,K) —
(L', K') is a continuous map of pairs. We use part (1) of Proposition 38.4 to find an
open set W C X containing L and a continuous map F: W — X' such that F|;, = f.
Now if (V/,U’) € Ux:/(L', K') then (F~Y(V'), F~Y(U’)) belongs to Ux (L, K). Thus

we can consider the composition:

. .
HE (v, U A) 2D g Rty YUY A) - BRI G A),

where the right-hand map is the map induced from the colimit. But now we get such
a map for any pair (V/,U’). Since H¥(F) commutes with (reverse) inclusions, this
shows that H*(L, K; A) is a solution of the filtered diagram H*: Ux. (L', K') — Ab.
Thus by definition of the colimit we get a map

HY(L' K'; A) » H*(L,K; A).

Let us call this map HF(f). In order for this to be a functor, we need to know that
H*(f) is independent of the choice of extension F. This is a nice exercise using part
(2) of Proposition 38.4, and I am generously leaving it for you on Problem Sheet P.

4



THEOREM 38.11. Cech cohomology defines contravariant functors
H*: K — Ab, VEk > 0.

The aim of the rest of this lecture is to show that Cech cohomology with coef-
ficients in A is an Eilenberg-Steenrod cohomology theory with coefficients in A, at
least when (L, K) are themselves Euclidean neighbourhood retracts (by Proposition
38.3 this includes cell complexes.) For less well behaved spaces Cech cohomology can
differ from singular homology (and hence is not a homology theory.)

The homotopy axiom follows from the same argument that is used to show that
map H*(f) is well defined, and this is also on Problem Sheet P.

COROLLARY 38.12. Let K C L C X and K' C L' ¢ X' be compact pairs in two
Euclidean neighbourhood retracts. Suppose f: (L,K) — (L', K') is a homotopy
equivalence. Then H*(f): H*(L', K') — H*(L, K) is an isomorphism for all k > 0.

Proof. Since H* satisfies the homotopy axiom (Problem P.4), this follows from a
general fact about functors (Problem A.2.) ]

REMARK 38.13. Tt follows from Corollary 38.12 that the Cech cohomology groups

H*(L,K) do not depend on the choice of ambient Euclidean neighbourhood retract
X.

We will now verify the remaining axioms.

PROPOSITION 38.14 (Long exact sequence). If (L, K) € K then there is a long exact
sequence

S BN A) - HEKGA) S BN G A) - YL A) ... (38.2)

Proof. The construction of § is similar to how we constructed H*(f). Let X be a
Euclidean neighbourhood retract containing L. Choose open U C V C X such that
K CcUand L CV. Then we have a map

§: HY(U; A) — H*L(V,U; A)

coming from the long exact sequence of the pair (V, U) in normal singular cohomology.
Composing this with the map H**'(V,U;A) — H*'(L,K;A) coming from the
colimit, we then have maps

H*U; A) —» B*Y(L, K; A)

for each such pair (V,U). It follows that H!(L,K;A) is a solution of the filtered
diagram H”: Ux (K,()) — Ab. Thus by the universal property of the colimit again,
this gives us an induced map 0: H*(K; A) — H*(L, K; A).

It remains to check that the sequence (38.2) is exact. This is a general fact about
filtered colimits, but rather than prove the general statement let us simply check
exactness in our special case.



Suppose d{a) = 0. Let (V,U) be as above, and suppose (a) is represented by
(o) € HF(U; A). Then §{c/) € H*1(V,U; A) represents 6(a). Since d{a) = 0, §{/)
is contained in the kernel of some restriction H**1(V,U; A) — H*1 (V' U’; A) (for
some (V',U") C (V,U)).

Fix such a pair (V/,U’). Let (o) € H*(U'; A) denote the restriction of {(a’). Then
§{a’) = 0. By exactness there exists a primitive (8') € H¥(V’; A) that maps onto
(o) under the map H*(V'; A) — H*(U’; A). This represents a class (8) € HF(L; A),
and this class maps onto () under the map H*(L; A) — H"*(K; A). This proves one
of the six conditions one needs to check exactness, and I leave the other five to you
as a wholesome exercise. [ |

Before going any further, let us build a natural transformation ®: H®* — H*
(normal singular cohomology) which commutes with the boundary operators. In-
deed, if (V,U) € Ux(L,K) then the inclusion (L,K) — (V,U) induces a map
HE(V,U; A) — HF(L,K;A). Since H* is a contravariant functor, this shows that
H¥(L,K;A) is a solution of the diagram H*: Uy (L, K) — Ab, and hence there is
a map ®(L,K): H*(L,K;A) — H*(L,K;A). An argument similar to those above
shows that ® is natural and commutes with the long exact sequence maps. In general
® is not a natural isomorphism (it need not be injective or surjective), but we do
have the following result:

PROPOSITION 38.15. Suppose (L, K) € K are both Euclidean neighbourhood retracts
themselves. Then ®(L, K): H*(L, K; A) — H*(L, K; A) is an isomorphism.

Proof. Suppose K is an Euclidean neighbourhood retract. Then Uk (K, () has a
“maximal element”, namely (K,{) itself. (We will define this more formally in
Lecture 41 and call it a terminal object, cf. Definition 41.2.) Thus H*(K;A) =
H*(K; A), and so ®(K, () is an isomorphism. Similarly if L is an Euclidean neigh-
bourhood retract we have H*(L; A) = H*(L; A). Finally to deduce the relative case
we use the fact we already know that ® is natural, and apply the Five Lemma. =

PROPOSITION 38.16 (Excision). Let M, N be compact subsets of an Euclidean neigh-
bourhood retract X. Then the inclusion (M, M N N) — (M U N, N) induces an

isomorphism
H¥(MUN,N;A) = H*(M,MNN;A), Yk>0.

Proof. This follows from the corresponding isomorphism H*(UUV,V; A) = H*(U,UN
V; A) in singular cohomology. [

PROPOSITION 38.17 (Mayer-Vietoris). For each pair M, N of compact subsets of a
FEuclidean neighbourhood retract there is a long exact Mayer-Vietoris sequence:

. HY(MUN; A) - H*(M; A)oH*(N; A) — H*(MNN; A) — H*Y L (MUN; A) — ...

Proof. The usual formal consequence of excision. [ |



REMARK 38.18. Everything we did prior to Proposition 38.16 works in the more
general setting where we only assume that L and K are locally compact. However
excision does not hold for an arbitrary pair of locally compact subsets of a Euclidean
neighbourhood retract—more hypotheses are needed. Since we will only ever use
Cech cohomology for compact subsets, I didn’t think it worth exploring this here.

In summary, we have proved:

THEOREM 38.19. Let CompENR? denote the category of compact pairs (L, K) where
K C L are both Euclidean neighbourhood retracts, with morphisms given by contin-
uous maps of pairs. Then Cech cohomology is a cohomology theory in the sense of
Eilenberg-Steenrod on CompENR?.

We conclude this lecture by emphasising once again: for an arbitrary pair (L, K) €
K, it is not true that the Cech cohomology of (L, K) agrees with the singular homol-
ogy. This is only true if K and L are themselves Euclidean neighbourhood retracts.
Note this is consistent with the cohomology version of Theorem 21.12—the natural
transformation ® induces an isomorphism on a point, and hence is an isomorphism
on any pair (L, K) of compact cell complexes. But compact cell complexes are Eu-
clidean neighbourhood retracts (Proposition 38.3), so this doesn’t tell us anything
we don’t already know.



LECTURE 39

The Duality Theorem

In this lecture we prove one of the truly key results in algebraic topology, which
we call simply the Duality Theorem. At the end of the lecture we deduce the
important special case of Poincaré Duality.

Let M be an n-dimensional topological manifold. Throughout this lecture we fix
a commutative ring R, which we will omit from the notation wherever possible.

Given any pair K C L of compact subsets of M, we can always find a Euclidean
neighbourhood retract X such that L C X C M. This follows from Proposition 38.3.
In particular, the Cech cohomology H* (L,K) is defined for any pair of compact
subsets of M. Assume now that M is oriented, so that for each compact subset
K C M, we have a class (ox) € H,(M, M\ K).

Notation: In this lecture K C L are always compact subsets of M and U and
V are open subsets U C V with

KcU and LcV.
(We are not necessarily assuming that U C L though). We denote by
uv .

the inclusion.
We use the relative cap product from Definition 37.15 with

X =V\K, X":=U\K, X":=V\L.

This gives us a map

HYV\K,U\K)® Hpym(V\K,(U\K)U (V\ L)) = Hp(V\ K,V \L).
Now consider the composition

Hk+m(M7M \ L) — Hker(Mv (M \ L) U U) i Hk+m(v \ K, (U \ K) U (V \ L))7

where in the second map we excised the closed set M \ (V'\ K) contained in the open
set (M \ L)UU.

If (¢) € Hgym(M, M\ L) then we denote by (¢)%Y the image of (¢) in Hgym(V \
K, (U\K)U (VL))

In particular, for m = n — k and (¢) = (o) we get a map

d%V: H¥(V\ K,U\ K) = H,_,(V\ K,V \ L)

Will J. Merry and Berit Singer, Algebraic Topology II. Last modified: Sept 01, 2018.


https://www.merry.io

given by

dicr(v) = () ~ {or) kL.
By excision again, this last group is isomorphic to H, (M \ K, M \ L). Hence
putting this altogether, we have a map that we denote by

DYV H*(V,U) — H, (M \ K, M \ L)

and makes the following diagram commute:

Hk(ZUV
HMNV,U) —— 25 H¥(V\ K,U \ K)
e |aw

Hy p(M\ K, M\ L) —— Hy, x(V\K,V\L)

Our aim is to show that D]U(‘i induces a map
Drgr: HY(L,K) — H,_j,(M\ K, M\ L).
This follows from the following naturality statement.

LEMMA 39.1. Let X C M be an Euclidean neighbourhood retract containing V.
Suppose U’ C V' is another pair of open sets with U C U" and V C V' C X. Then
the inclusion j: (V,U) — (V',U") satisfies for every k > 0:

D¢} = Dicp o H(j).

The proof of Lemma 39.1 is immediate from naturality of the cap product. It
follows that the maps

DYV H¥(V,U) = H,_1 (M \ K, M\ L)

form a solution to the filtered diagram H": Ux(L,K) — Ab, and hence the uni-
versal property of the colimit provides us with the desired map Dy : H*(L,K) —
Hn—k(M \ Ku M \ L)

In fact, the maps Dy, are natural transformations, as the following lemma proves.

LeMMA 39.2. Let (L,K) C (L', K’) (as pairs). Then for any k > 0, the following
commutes:

AR K PR g (MO K M L)

| !

H*(L,K) 5 Hok(M\ K, M\ L)

Proof. Let K C K' CU and L C L' C V with U C V open. Let j/: (M \ K', M \
L'y — (M \ K,M\ L) denote the inclusion. Then it follows from the definition that

Hy—1(y') o Dictys = D

The desired commutativity is now a formal consequence of properties of colimits. I
invite you to fill in the details. [ |



Here then is the main result of today’s lecture. It is one of the most important
theorems in all of algebraic topology.

THEOREM 39.3 (The Duality Theorem). Let M be an n-dimensional oriented topo-
logical manifold. Then for every pair K C L of compact subsets of M, the duality

homomorphism
Dyp: H¥(L,K) = Hy_ (M \ K, M\ L)

is an isomorphism.

The proof will take us some time. The key technical result needed is the following
commutativity statement.

PrOPOSITION 39.4. For each pair K C L of compact sets the following diagram
commutes up to a sign:

~ D
H*Y(K) —= H,_ g1 (M, M\ K)

i s

HM(L, K) S H, x(M\ K,M\L)

REMARK 39.5. The fact that the diagram in Proposition 39.4 only commutes up
to a sign is due to our convention on defining the cap product. It is possible (and
indeed, a lot of the literature does this) to set things up so that the diagram genuinely
commutes. This makes the formulae defining the cap product harder to remember
(and harder to lecture!) though, so I didn’t elect to do this.

In order to prove Proposition 39.4 we need the following general statement about
cap products.

PROPOSITION 39.6. Let X be an arbitrary topological space. Assume X = X' U X"
with X', X" open. Let Y’ C X" and Y” C X" be open sets, and put Y :=Y' UY".
Fix a homology class

(c) € Hy(X,Y)

and let (¢') be the element that (c) maps to under the following composition:
Ho(X,Y) = Hy(X, Y UX") = Hy(X, Y U(X' N X"))

where the 2 is an excision isomorphism. Similarly let (¢") be the element that {c)
maps to under the following composition:

Ho(X,Y) = Ho(X, X' UY") 2 Hy(X", (X' n X")UY”)



Then the following hexagon commutes up to a sign:

Hk_l(X/, Y’)
Hn—k‘—l—l(X/a X'N X// ch 1 X/ X”, Y'N X//)
o| |s
Hn—k(X, N0 X”, X'N Y//) Hk(X”, X'N X”)
\ %
n k’(X” Y//

Proof. As the picture suggests', the proof of this is a rather tedious application of
the Hexagon Lemma (Problem H.2). T omit the details. ]

Let us now get started on the proof of Proposition 39.4.

Proof of Proposition 39.4. By passing to the colimit is suffices to show that the fol-
lowing diagram commutes up to a sign:

oUu

D
Hkil(U) &) Hn—k-i—l(MvM\K)

i) ts (39.1)

KL

We apply Proposition 39.6 with:
X' =U, X"=V\K, Y' =0, Y'=V\ L.

Then H,(X,Y) = H,(V,V\K) = H,(M, M\ L), and we take in Proposition 39.6 our
class (c) to be (o). Then using the notation from the statement of Proposition 39.6,
oU

the two classes (¢/) and (¢”) become (oz )y and (or) %} respectively. We squidge the
hexagon from Proposition 39.6 to form the middle rectangle in the next diagram. The
top and bottom rectangles commute by naturality of the connecting homomorphisms
in homology and cohomology:

H=1(U) d » HY(V,U)

o

H-YU) ——— HFYU\K) —— HYV\ K,U\ K)
~or)BY. ~on) Y

Hp 11 (UU\NK) —2— H, w(U\K,U\L) —> H, x(V\K,V\L)

v

Hn—k—i—l(M: M \ K)

: Ho n(M\ K, M\ L),

LActually the picture is a little misleading, since in order to apply the Hexagon Lemma one first
transforms this hexagon into a different hexagon. . .



The outside square is exactly (39.1) (after reflecting and rotating). This completes
the proof. [ |

Proposition 39.4 allows us to form the following commutative (up to a sign)
diagrams:

S 1 5 s %K) ) A (LK) —— ...

DLl J/DK lDKL

oo —— Hy y(M, M\ L) —— Hy (M, M\ K) —— Hy_p 1(M\ K, M\ L) — ...

The top row is the long exact sequence of the pair (L, K) in Cech cohomology (Propo-
sition 38.14). The bottom row is the long exact sequence of the triple (M, M\ K, M\
L) (Problem F.4). The fact that the diagram commutes (up to a sign) uses Lemma
39.2 and Proposition 39.4. An application of the Five Lemma therefore tells us
that it suffices to prove the Duality Theorem 39.3 in the absolute case, that is, that
Dy : H*(K) — H, (M, M \ K) is always an isomorphism.

We also need to investigate how Mayer-Vietoris sequences behave. This is the
content of the following claim:

PROPOSITION 39.7. Suppose K and K’ are two compact sebsets. Then the Mayer-
Vietoris sequence in Cech cohomology and the normal Mayer-Vietoris sequence for
their complements commutes up to a sign:

e ~

(K UK') Drurt s Hy (M, M\ (K UK'))
Tk ~ / (DK’DK’) /
() @ H(KY) — P60, (M K) & Hy (M, M\ K)

e ~

(K N K') Dot s Hy o (M, M\ (K N K'))
1) 1)
HY K UK') Hy g1 (M, M\ (KUK'"))

Dk

One can prove this directly, but it is also a formal consequence of Lemma 39.2
and Proposition 39.4. Indeed, the connecting map in the Mayer-Vietoris sequence is
defined from induced maps from inclusions and ordinary (co)boundary operators in
long exact sequences—see the proof of Proposition 14.9 and the Barratt-Whitehead
Lemma (Proposition 11.4) if you are sceptical.



We are ready to prove the Duality Theorem. We will use an argument similar
to the one used in the proof of Theorem 36.19. Let us first formalise this in the
following “meta” theorem.

THEOREM 39.8. Let (VK) be a statement about a compact set K in a fixed manifold
M. Assume that:

1. (VK) is true for any convex compact set (cf. Definition 36.8).
2. If (OK), (VL) and (VK N L) holds then so does (VK U L).

3. If Ky D Ky D ---K := (), K; and (VKj;) holds for every i, then (VK) also
holds.

Then (VK) is true for any compact set K in M.

Proof. Since the intersection of convex sets is convex, using induction on properties
(1) and (2) tell us that (VK U---U K,,) is true for any finite union of convex sets
contained in the same chart domain.

Next, if K is any compact set in a chart domain then K is the intersection of
a sequence K1 D Ko D --- where each K; is a finite union of compact convex sets.
Thus by property (3) in this case (VK) holds.

Finally, any compact set K is a finite union of compact sets in chart domains.
Thus by induction we see that (VK) is true in this case too. ]

Now let us prove the Duality Theorem.

Proof of the Duality Theorem 39.3. We will apply Theorem 39.8 where (VK) is the
statement: Dy is an isomorphism. Thus we need only verify the three properties in
the hypotheses of Theorem 39.8.

The proof of (2) is immediate from the Mayer-Vietoris sequence (Proposition
39.7) and the Five Lemma.

Now let us prove (1) in increasingly more general cases. If K is empty then all
groups are zero. Now suppose K = {x} is a single point. If (0,) is our given generator
of H,(M,M \ ) then O — O ~ (0,) takes the generator v € H(z) = H°(z) into
(0,) again (this is part (4) of Lemma 37.16). Thus D, is an isomorphism for k£ = 0.
But for k > 0, both H*(x) and H,,_p(M, M \ z) are zero (cf. Lemma 36.5.)

Now suppose K is an arbitrary convex set in M. Let z € K. By naturality of the
duality morphism (Lemma 39.2), the following commutes:

AYEK) 255 H, (M, M\ K)

! !

HF(x) —p Ho (M, M\ 2).

We claim that the two vertical maps are isomorphisms. The right-hand vertical
map is an isomorphism by part (1) of Lemma 36.9. To show that H*(K) — H*(x)
is an isomorphism, choose a chart p: U — R™ centred at x with K C U. The set



C := ¢(K) is a compact convex subset of R™ and thus is an Euclidean neighbourhood
retract (this follows from Proposition 38.3). Thus we have isomorphisms

H*(K) = H*(C) = H*(C) = H*(z) = A*(z).

Thus Dy is indeed an isomorphism, and we have proved that hypothesis (1) holds.
To complete the proof we must show that if K1 D Ky D --- = [, K; then the
maps

colim A*(K;) - H*(K),  and  colim Hy_ (M, M\ K;) — H,_x(M, M\ K)
7 7

are both isomorphisms. The first isomorphism is an easy consequence of the defini-
tion; let us show surjectivity only. If (c) € H*(K) is represented by () € H*(U) for
some open U D K then there exists ¢ such that K; C U whence (¢) represents an
element in H*(K;). Finally for singular homology, the fact that the second colimit is
an isomorphism follows as singular homology commutes with colimits—we used this
exact statement in (17.1), see also Remark 17.8. ]

Finally, let us conclude this lecture by stating two special cases of the Duality
Theorem.

COROLLARY 39.9 (Poincaré Duality). Let M be an oriented n-dimensional closed
topological manifold with fundamental class (opr) € Hyp(M). Then

HY(M) = Hy—p (M), (c) = {e) ~ (onr)
is an isomorphism.

This is immediate from the Duality Theorem, since in this case H*(M) = H*(M)
(see part (2) of Corollary 38.5). Take L = M and K = (), and observe that the duality
morphism is simply O +— O N (onr).

On Problem Sheet P, you are asked to prove Alexander Duality, which is
another famous duality result that can be seen a special case of the Duality Theorem
39.3.



LECTURE 40

Adjoint functors

We now move onto the final section of the course. We will go back to homotopy
theory and define the higher homotopy groups m,(X,x) for a pointed topological
space (X, x).

First, however, we will spend two lectures on more abstract nonsense. In this
lecture we discuss duality in categories. Recall in Lecture 16 we defined the notion of
a colimit. We first briefly define the dual version of a colimit, which (unsurprisingly)
is called a “limit”. In Definition 16.3 we introduced a “solution” to a diagram in
a category. As mentioned in a footnote there, our definition of a solution is often
called a co-cone. This is because there is a dual notion, called a “cone”, which is
defined in exactly the same way only with the arrows reversed. As with covariant
and contravariant functors (which we typically refer to just as “functors”), in general
we will simply call both co-cones and cones simply “solutions”. Here is the formal
definition of a cone.

DEFINITION 40.1. Let C be a category. Let J be an index category and let T': J — C
be a diagram in C. A cone for T is an object K of C together with a family of
morphisms kq: K — T'(«) in C for each object a € obj(J) such that if i: @ — g is
any morphism in J then the following commutes:

K —f T(a)
o o

We write (K, {kq}) to indicate the solution.

DEFINITION 40.2. Let J be an index category and let T': J — C be a diagram in C. A
limit is a cone (L, {l,}) that satisfies the following universal property: if (K, {kq})
is any other cone then there exists a unique morphism u: K — L such that the
following diagram commutes for every morphism i: « — £ in J:

L 3 7(p)

ls
la
[

T ()
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We write L = limT'. If L exists, it is unique up to isomorphism.
Just as with colimits, some limits have special names. The simplest is the product.

ExAMPLE 40.3. Take J to have exactly two objects and no morphisms (apart from
the identity morphisms).

o Q

A product in C is the limit of a diagram 7T": J — C. For example, in Sets the product
of X and Y is just the normal cartesian product X x Y. In general, the product (in
an arbitrary category) C of two objects A and B is denoted by A B (if it exists).

On Problem Sheet () you will show that commutativity and associativity holds
for (co)products in the following sense:

LEMMA 40.4. Let C be a category and A, B,C € obj(C). Then:
1. If the products AT B and B M A exist then they are isomorphic:

ANB=BMA.

2. If the coproducts AU B and B LI A exist then they are isomorphic:

AU B=BLUA.

3. If the products AN B, BN C, (ANB)MNC and AN (B C) all exist then:
(AnB)NC=An(BNQO).
4. If the coproducts ALUB, BUC, (AUB)UC and AU (BUC) all exist then:
(AUB)UC =AU (BUC).
Warning: It does not follow without a further diagrammatic assumption that
the generalised associative law holds from the associative law involving three terms!

REMARK 40.5. In Ab the product and the coproduct (cf. Example 16.8) coincide. In
Groups they do not: the product is the direct product and the coproduct is the free
product.

The dual notion to a pushout is called a pullback.

EXAMPLE 40.6. Let J be a category with exactly three objects, {©, &, {}, and assume
that there is unique morphism ¢ — & and a unique morphism <§ — #, and that the
only other morphisms are the identity morphisms (whose existence is forced). We
write this pictorially as

»— G



A functor T: J — C is the same thing as a triple of objects (A, Bi, Bz) in obj(C)
together with a choice of two morphisms f1: A — By and fo: A — Bo.

Q@ B
apply the functor T’
AN
l lf 1
S —— B By —— A

f2

A cone corresponds to an object D of C together with two morphisms g1: D — B;
and go: D — Bs such that the following commutes:

D 2. pB

ST

BQ*}A
f2

A limit of T is a cone (L,l,l3) such that for any other cone (D, g1, g2) there is a
unique map u: D — L such that the following commutes:

By —— A
f2

We call L a pullback. In the category of sets, if f: X — Z and g: Y — Z then the
pullback of f and g is the set

X xz Y ={(z,y) e X xY [ f(z) = g(y)}-
I invite you to check what pullbacks are in other familiar categories.

Now let us move onto a filtered limit. These are defined in the same way as
filtered colimits (i.e. one starts with a filtered category), but since the arrows point
the other way one needs to use contravariant functors.

DEFINITION 40.7. Let J be a filtered index category (cf. Definition 16.11). A filtered
limit is a limit of contravariant functor T': J — C (or equivalently, a limit of covariant
functor defined on the opposite category.) We use the notation lim 7" to indicate a
limit is filtered.

As with filtered colimits, the easiest way to manufacture examples is to begin
with a directed set (A, <), form the corresponding index category J(A, <), and then
take the opposite category. Forming the opposite category essentially amounts to
replacing = with >. Let us illustrate this with the simplest possible directed set.



EXAMPLE 40.8. A sequential limit is a filtered limit on (N, >). Explicitly, let C be
a category, and assume we are given a sequence

fn:Cn+1—>Cn, n €N,

of morphisms in C. The filtered limit of 7" is an object lim 7" (which we will usually
write as lim, C), instead) together with a family of morphisms I,,: lim_C, — C,, for
n € N such that

ln = fnolnt, Vn e N.

This satisfies the universal property that if (D, {d,}) is object of C and a family of
morphisms d,,: D — C, for n € N such that

dn:fnodn+17 vnENa

then there exists a unique morphism u: D — lim, C), such that the following diagram
commutes:

dn

A

liinn Cn Cn
ll n +/
Cn+ 1

REMARK 40.9. Warning: As already mentioned in Remark 34.11, the analogue of
Theorem 16.22 for limits is not true!

DEFINITION 40.10. Let C and D be two categories. The product category C x D
is the category whose objects are ordered pairs (C, D) where C' € obj(C) and D €
obj(D), and

Homcyp((C, D), (C',D")) = {(f,g) | f € Homc(C,C") g € HomD(D,D’)} )
The composition (f, g) ocxp (f’,¢’) is defined as you expect:

(f,9) ocxp (f's9") == (foc f),(gopd).
The identity element id (¢, p) is simply the pair (idc,idp).

REMARK 40.11. As the name indicates, the product category is simply the product
(in the sense of Example 40.3 above) in the category Cat of small categories.

DEFINITION 40.12. A bifunctor is a functor defined on a product category: T': C x
D — E. We will always assume bifunctors are covariant—if we wish to consider a
bifunctor which is contravariant in one or both of its variables we simple replace the
category with the corresponding opposite category.



ExXAMPLE 40.13. Let C be any category. Then there is a Hom-bifunctor
Hom: C° x C — Sets

which assigns to an ordered pair (A4, B) of objects of C the hom-set Hom(A, B). This
bifunctor is contravariant in the first variable and covariant in the second. Explicitly,
if f: A— B and g: C — D are morphism in C then

Hom(f, g): Hom(B,C) — Hom(A, D), h+ goho f.

Now let C and D be categories, and let S: C — D and T': D — C be covariant
functors. Conisder the two bifunctors

Hom(S(0),00): C°° x D — Sets,  (C, D) + Homp(S(C), D),

and
Hom (O, T(0)): C°P x D — Sets, (C,D) — Homc(C,T(D)).

In general there is no reason for these two bifunctors to be related. However, since
they are both functors with the same source category (C°P x D) and the same target
category (Sets), one can ask the question as to when they are naturally isomorphic.
This leads to the notion of an adjoint pair, which is one of the most important
concepts in category theory.

DEFINITION 40.14. Let C and D be categories, and let S: C — D and T: D — C
be covariant functors. We say that (S,T') is an adjoint pair if there is a natural
isomorphism between the the two bifunctors

¥: Hom(S(O),0) — Hom(O, 7'(0O)).
Explicitly, this means that for every pair of objects (C, D) we are given a bijection
U(C,D): Homp(S(C), D) — Homc(C,T(D)),

which satisfies the following naturality condition: if f: C' — C’ and g: D — D’ are
morphisms in C and D respectively, then the following diagram should commute:

W(C',D)

Homp (S(C"), D) Homc(C', T(D))

Hom(S(f),9) Hom(f,T(g)) (40.1)

HOmD(S(C), D/) W HOmC(C’ T(D/))

One calls S the left adjoint functor and 7" the right adjoint functor. The ordering
is important: if (S,T) is an adjoint pair then (7', .S) may not be.

Here is a trivial example.



EXAMPLE 40.15. Let Forget: Ab — Sets denote the forgetful functor. Let Free: Sets —
Ab denote the free functor that sends a set X to the free abelian group F(X) with
basis X. Then (Free, Forget) are an adjoint pair. The function

U(X,A): Homap(F(X), A) — Homsges (X, A)

is simply given by f +— f|x. The fact that this is a bijection is precisely the state-
ment of Lemma 7.2: any function f: X — A specifies uniquely a homomorphism
f: F(X)— A.

This also works if we consider Forget as a functor Forget: Groups — Sets, but in
this case one should define Free: Sets — Groups to be the functor that assigns to a
set X the free group (not the free abelian group!) with basis X.

Here is another more interesting example of a forgetful functor forming an adjoint
pair.

ExXAMPLE 40.16. Let Met denote the category of metric spaces, and let CompleteMet
denote the full subcategory of complete metric spaces. Then there is a forgetful
functor Forget: CompleteMet — Met that forgets a metric space is complete.

Next, as you all (hopefully) remember, to any metric space (X, d) one can con-
struct a complete metric space (X, d), called the completion of X, which contains
X as a dense subspace. The completion satisfies the following universal property: if
Y is any complete metric space and f: X — Y is any uniformly continuous func-
tion, then there exists a unique uniformly continuous function f: X — Y such that
flx = f. Like all universal properties, this tells us X is unique up to isomorphism
in Met (that is, unique up to isometry).

Explicitly, X is constructed as follows. First, let X denote the set of all Cauchy
sequences (z,) in X. Define a pseudometric don X by declaring

d((wn), (27,)) = lim d(n, 27)

(this limit exists because R is a complete metric space!) Then let X denote the
quotient of X under the equivalence relation

(xn) ~ () & d((zn),(2},)) = 0.

Then d factors to define a complete metric on X. The embedding X < X sends a
point z to the equivalence class of the constant sequence x, = x.

With a bit more work, one can show that the operation X — X defines a functor
Complete: Met — CompleteMet, and (Complete, Forget) forms an adjoint pair.

Here is another algebraic example for you to work through on Problem Sheet Q).

EXAMPLE 40.17. Let R and R’ be rings (not necessarily commutative), and let M be
an (R, R')-bimodule. Then (O ®g M, Hompg/ (M,0)) forms an adjoint pair. Similarly
(M ®@pr O, Hompg(M,0)) forms an adjoint pair.

An adjoint functor pair gives rise to a unit and a counit as follows.



DEFINITION 40.18. Let C and D be categories, and let S: C — D and T: D — C be
covariant functors. Suppose (5,7 is an adjoint pair. For any C' € obj(C), taking
D = S(C) in the definition of ¥(C, D) we obtain a natural bijection

U (C,S(C)): Homp(S(C),S(C)) — Homc(C,T(S(C)).
We define the unit of (S,T") to be family of maps n: idc — T o S given by
n(C) = ¥(C, 5(0))(idg(c)): € = T(S(C)).

If C is any object of C and D is any object of D, then the following unit equation
holds:
(€, D)(g) =T(g)on(C),  Vg: 5(C) = D. (40.2)

This can be seen by considering the diagram (40.1) as follows:

v(C,5(0)

Homp (S(C), S(C)) Homc (C,T(S(C)))

HOm(S(idC)7g)‘/ ‘/Hom(idC,T(g))

Homp(S(C), D) D Hom¢(C,T(D))

Start with idg(c) in the top left-hand corner. Then going clockwise yields T'(g) o
n(C)oide = T(g) on(C), and going anticlockwise yields U(C, D)(g), which gives the
unit equation.

LEMMA 40.19. The unit is a natural transformation n: idc — T o S.

Proof. To see that 7 is a natural transformation, we need to check that if f: C' — C’
is any morphism in C then the following diagram commutes:

C n(C)

fl JT(S(f))

The unit equation (40.2) applied with g = S(f) tells us that
U(C, S(C))(S(f)) =T(S(f)) on(C). (40.3)
Now apply (40.1) again as follows:

Homp (S(C"), $(¢7)) 12D,

Homc (€', T(S(C")))
Hom(s(f)aidS(c/)))l lHom(f»T(ids(c/)))

Homo(S(C), S(C")) gy Home(C.T(S(C1)):

7



Starting with idg(cry in the top left-hand corner we obtain
n(C") o f =W(C,S(C))(S(f))- (40.4)

Combining (40.3) and (40.4) tells us that n(C") o f = T(S(f)) o n(C), which is what
we desired. n

DEFINITION 40.20. Let C and D be categories, and let S: C —+ D and T: D — C
be covariant functors. Suppose (S,7) is an adjoint pair. Given any object D of D,
taking C' = T'(D) we obtain a natural bijection

U(T(D),D): Homp(S(T(D)), D) — Homc(T'(D),T(D)),

and this allows us to define the counit of (S,T) to as the family of maps e: SoT —
idp given by
e(D) := ¥(T(D), D)~ (idp(p)): S(T(D)) — D.

If C' is any object of C and D is any object of D, then the following counit equation
holds:
U(C,D)"Yh)=¢e(D)oS(h), Vh:C —T(D). (40.5)

and the same proof as above shows that the counit is a natural transformation SoT —
idp.

REMARK 40.21. The unit equation (40.2) and the counit equation (40.5) uniquely
determine W. Thus to show two functors (S,7) are an adjoint pair it suffices to
construct the unit and the counit.

The next theorem is one of the main properties of adjoint pairs. This is probably
the only (semi-)difficult theorem in category theory that we will prove in the entire
course.

THEOREM 40.22. Let C and D be categories, and let S: C — D and T: D — C be
covariant functors. Suppose (S,T) is an adjoint pair. Then S preserves colimits and
T preserves limits. That is, if P: J — C is a diagram in C such that colim P exists,
then colim (S o P) exists as well and there is a natural isomorphism

S(colim P) = colim (S o P).

Similarly if Q: J — D is a diagram in D such that lim Q) exists, then lim(7 o Q) exists
as well and there is a natural isomorphism

T(lim Q) = 1lim(T o Q).

Proof. We will only prove the colimit statement—the statement about limits is for-
mally dual, and can be obtained by reversing arrows. We will prove the result in four
steps.

1. Let ly: P(a) — colim P denote the morphisms whose existence is guaranteed
by the colimit property for P. Assume we are given a solution (D, {d,}) for the
diagram S o P: J — D. To show that colim (S o P) exists an is equal to S(colim P)

8



we need to prove the existence of a unique map k: S(colim P) — D such that the
following diagram commutes for each morphism i: o — g in J:

(40.6)

Our plan is to apply T to this diagram and use the unit 5: idc — T o S to replace
T'S(colim P) and T'S(P(«)) with colim P and P(«) respectively. Indeed, naturality
of the unit ( Lemma 40.19) tells us gives us maps 77 := n(colim P): colim P —
T'S(colim P) and maps 7, := n(P(a)): P(a) — T'S(P(«)) such that the following
diagram commutes for every a € obj(J):

P(a) —— TS(P(a))

lal J/TS(ZQ)

colim P — T'S(colim P)

2. Let us start by applying T to the diagram above and adjoining the original
diagram on the left. This leads to the following monstrosity:

colim P ———— T'S(colim P) T(D)

la N /

lg T(dg)

P(i) TS(P(i))

P(§) ———— TS(P(9))

(40.7)
The diagram commutes because:

TS(P(i)) ona =mngo P(i), as 7 is natural,
T(dy) =T(dg) o TS(P(7)), as T is a functor.



The map h: colim P — T(D) exists and is unique because (T(D),{T(dy)}) is a
solution to the diagram P.
3. Let us now define

k := ¥(colim P, D) (h) € Homp(S(colim P), D). (40.8)

We claim that this choice of k makes the diagram (40.6) commute. Indeed, by (40.1)
the following diagram commutes:

¥(colim P,D)
—

Homp (S(colim P), D) Homc(colim P, T'(D))

Hom(S(la),idp) Hom(la,id7(p))

Homp (S(P(«)), D) @D Homc(P(«), T(D))

Thus starting with & in the top left-hand corner, going clockwise we obtain h o [,
and going anticlockwise we obtain ¥(P(«), D)(k o S(ly)). From (40.7) we have

holq =T(da) o na
and hence we conclude
T(dy) 0 Ne = V(P(a), D) (ko S(la))- (40.9)
Finally we apply the unit equation (40.2) with g = d, to obtain
V(P(a), D)(da) = T(da) © 1a-

Combining this equation with (40.9) and applying ¥(P(a), D)~! to both sides we
obtain
koS(ly) = da.

which is exactly what we wanted.
4. To complete the proof we need to show that k is unique. This follows directly
from the definition (40.8), since h is unique and ¥(colim P, D) is a bijection. [

REMARK 40.23. There is a partial converse to Theorem 40.22, called the Freyd Ad-
joint Functor Theorem. We won’t go into the details however, since we will not need
it.

In Lecture 42 we will construct an important adjoint pair of functors on the
category hTop,.

10



LECTURE 41

Group and cogroup objects

In this lecture we study group objects and cogroup objects. We begin with some
more generalities on products and coproducts. Our first result tells us the notation
(f, g) makes sense whenever the relevant (co)product exists.

PROPOSITION 41.1. Let C be a category and let A, B € obj(C).

1. Suppose the product AN B exists. Then for any C' € obj(C), there is a natural
bijection
Hom(C, A) x Hom(C, B) = Hom(C, AN B).
2. Suppose the coproduct AUB exists. Then for any C' € obj(C), there is a natural
bijection
Hom(A,C) x Hom(B,(C) = Hom(A U B, C).
Proof. For C = Sets, the first statement is a formal consequence of Problem ().3
and Theorem 40.22 (Recall we use x to denote the product in Sets.) The second
statement doesn’t quite fit into the this framework, since Hom ([, C') is contravariant
and Theorem 40.22 only worked with covariant functors.
However in both cases the proof is trivial, and goes as follows (for an arbitrary
C): Given a pair (f,g) € Hom(C, A) x Hom(C, B), the definition of the product as
a limit gives us a unique morphism h: C — A M B such that the following diagram

commutes:

c— 1 .4

l
g A A

B%AI‘IB
B

The desired isomorphism Hom(C, A) x Hom(C, B) — Hom(C, AN B) is then given
by
(f,9) = h.

To see this is a bijection we define an inverse by sending h: C' — A B to the ordered
pair (I oh,lpoh). Finally, to check naturality we must show that that if k: C' — D
is any morphism in C then the following commutes:

Hom(C, A) x Hom(C, B) ——  Hom(C, AN B)
Hom(k,A)xHom(k,B) Hom(k,AMNB)

Hom(D, A) x Hom(D, B) —— Hom(D, A1 B)

Will J. Merry and Berit Singer, Algebraic Topology II. Last modified: Sept 01, 2018.


https://www.merry.io

This follows readily from the definitions. [ |

From now on we suppress the isomorphism from Proposition 41.1 from our nota-
tion whenever possible. Thus for instance if A, B, C are three objects in a category
and the product AN B exists, then for f € Hom(C, A) and g € Hom(C, B), we denote
by (f,g) the morphism in Hom(C, A 1 B) corresponding to the ordered pair (f,g)
under the isomorphism form part (1) of Proposition 41.1.

DEFINITION 41.2. Let C be a category. An initial object in C is an object A such
that for every C' € obj(C), the set Hom(A, C') contains a single morphism, which we
denote by a¢. A terminal object in C is an object Z such that for every C € obj(C),
the set Hom(C, Z) contains a single morphism, which we denote by we. An object
is a zero object if it is both an initial object and a terminal object.

It is immediate that if an initial object exists it is unique up to isomorphism (and
similarly for a terminal object). It does not have to be actually unique though: for
instance, in Sets, the empty set is the (unique) initial object, and any set with one
element is a terminal object. Not all categories have initial and terminal objects; the
simplest example is the category of non-empty sets, which does not have an initial
object.

REMARK 41.3. One can think of a terminal project as the limit of an empty diagram
(i.e. where the index category has no objects and no morphisms). Similarly one can
think of an initial object as the colimit of an empty diagram. This has the following
nice consequence: if a category C has a terminal object, and the product AM B of
any two objects of C exists, then by induction, one can show that any finite product
A1MAy---MA, exists (n > 0.) Similarly if C has an initial object and the coproduct
AU B of any two objects of C exists, then any finite coproduct A; U As - - - LI A, exists
(n>0.)

PROPOSITION 41.4. Let C be a category.

1. Suppose an initial object A exists and assume binary' coproducts exist in C.
Then for any C € obj(C), the two “injections” C — AUC and C — CU A (i.e.
the maps induced from the colimits) are isomorphisms.

2. Suppose a terminal object Z exists and assume that binary products exist in
C. Then for any C € obj(C), the two “projections” CMZ — C and ZMNC — C
(i.e. the maps induced from the limits) are isomorphisms.

Proof. This time for variety we prove the second statement only. The other is for-
mally dual. Suppose C € obj(C), and denote by A\1: CMNZ — Cand \;: CNNZ — Z
the maps induced from the limit (thus A} = wenz.) We define an inverse to A;.
For this let k1 := (idg,we): C — C M Z, where we is the unique morphism to the
terminal object Z. Then clearly A; o k1 = ido. Next, both x1 o Ay and idonyz fit on

IThat is, the coproduct of two objects exists.



the dashed morphism in the following diagram, and hence by the universal property
of a product, they are the same:

cnz
C z
k i %”Z

cnz

Thus k3 is an inverse to A\;. The same argument shows that the other projection
A2: ZMC — C has inverse k3 = (we,ide). [}

DEFINITION 41.5. Let C be a category and C' € obj(C).

1. Suppose the product CTC exists. We define the diagonal Ax € Hom(C, CT1C')
to be the map corresponding to (id¢,id¢) € Hom(C,C') x Hom(C, C) in part
(1) of Proposition 41.1.

2. Suppose the coproduct C'LIC exists. We define the codiagonal V¢ € Hom(C'U
C, C) to be the map corresponding to (id¢,id¢) € Hom(C, C) x Hom(C, C) in
part (2) of Proposition 41.1.

The next two results are on Problem Sheet ().

LEMMA 41.6. Let C be a category. Suppose A1, Aa, By, By € obj(C) are four objects
and f;: A; — B; are morphisms fori =1, 2.
1. If the products A; M Ay and By M By exist then there is a unique morphism

fi M fao: Ay M Ay — By M By such that the following diagram commutes for
1 = 1,2, where the vertical maps are those induced from the limit:

A1 Ay —)fll_lfQ B M By

l l (41.1)

Ai fi B

2. If the coproducts A1 L As and By Ll By exist then there is a unique morphism
fil fo: Ay U Ay — By U By such that the following diagram commutes for
1 = 1,2, where the vertical maps are those induced from the colimit:

A — B

l l (41.2)

AU Ay W}BluBg

LEMMA 41.7. Suppose C is a category and B, C1,Cs, D € obj(C).

1. Assume the products B B and C; M Cy exist. Suppose f; € Hom(B, C;) for
i =1,2. Then
(fi, f2) = (f1i f2) o Ap.

3



2. Assume the coproducts D LI D and C; U Cy exist. Suppose g; € Hom(Cj, D) for
i =1,2. Then
(91,92) = Vp o (g1 U g2).

Warning: It is important to realise that in general the morphisms (f,g), f Mg
and f Ll g are all different!

Let us now give an alternative way of defining a “group”.

DEFINITION 41.8. Let C be a category that possesses a terminal object Z and finite
products. A group object G € obj(C) is an object G together with multiplication
morphism m: G MG — G and morphisms #: G — G and e: Z — G such that the
following diagrams commute:

1. Associativity:

Gnenag 29", ana

mﬂidgl lm

GNG ——— G

(the notation G M G M G is unambiguous by part (3) of Lemma 40.4.)

2. Identity:

anz <™ ang

eMidg

ZNaG

G
(here the diagonal maps are the isomorphisms from part (1) of Proposition
41.1.)
3. Inverse:
q 46 o vq g [Ode) o
o s
VA - y G 4 - A

The terminology makes sense, as the following easy examples illustrate.

EXAMPLE 41.9.
1. A group object in Sets is a group.
2. A group object in Groups (!) is an abelian group”.
3. Every abelian group is a group object in Ab.
4. A group object in Top is a topological group.

2This is because if we work in the category Groups, a morphism between two groups is necessarily
a homomorphism. Thus if G is a group object in Groups then in particular the group inversion map
0: G — G is a homomorphism. Since 0(gh) = (gh)~ = h=1g™1, if O(gh) = 6(g)0(h) for all g, h then G is
abelian.



We will be primarily interested in group objects in the category hTop,. We will
study these next lecture. For now, let us define the dual notion of a cogroup object.

DEFINITION 41.10. Let C be a category that possesses an initial object A and finite
coproducts. A cogroup object K € obj(C) is an object together with comultipli-
cation morphism p: K — K U K and morphisms ¢: K — K and o: K — A such
that the following diagrams commute:

1. Co-associativity:
K—" 3 KUK

KUK — KUKUK
plid g

2. Co-identity:

id g Lo ollid g

KUA KUK

— ——— AUK
‘\ T“ /’
> i >
(here the diagonal maps are the equivalences from part (2) of Proposition 41.1.)

3. Co-inverse:

K (idk ) KUK (idk ,9) K
47T
A 5 K 5 A

Cogroup objects are slightly less common “in nature”.
EXAMPLE 41.11.

1. The only cogroup object in Sets and Top is the empty set.

2. A cogroup object in Groups is a free group (this is fairly easy to prove if G is
finitely generated, and rather harder in general.)

3. Every abelian group is a cogroup object in Ab.

4. The only cogroup objects in Sets, and Top, are the singletons {*},
As with group objects, we will primarily be interested in cogroup objects in hTop,.
Here is the main result of today’s lecture. We remind the reader that we use x
for the product in Sets.

THEOREM 41.12. Let C be a category with a terminal object Z and finite products.
An object G € obj(C) is a group object if and only if Hom([J, G): C — Sets is actually
a functor’ Hom((J, G): C — Groups. If this is the case the the group multiplication
m(C) on Hom(C, G) is given by

m(C): Hom(C, G) x Hom(C, G) — Hom(C, G), m(C)(f,g) :=mo(f,g), (41.3)

3This means that Hom(C, G) is a group for each C' € obj(G), and if f: A — B is a morphism in C
then Hom(f, G): Hom(B,G) — Hom(A, G) is a group homomorphism.



where m is the multiplication on G and we are using the identification of Hom(C, G) x
Hom(C, G) with Hom(C, G M G) from part (1) of Proposition 41.1.

The proof will use the following corollary of the Yoneda Lemma (Problem .5).

LEMMA 41.13. Let C be a category, and suppose A, B € obj(C). Suppose ®: Hom(, A) —
Hom(O, B) is a natural transformation. Then if C' € obj(C) and f € Hom(C, A), one
has

(C)(f) = @(A)(ida) o f
(this makes sense as ®(A)(id4) € Hom(A, B).)

Proof of Theorem 41.12. We will prove the result in four steps.

1. First assume that G is a group object in C. By part (1) of Proposition
41.1, we can identify Hom(C,G) x Hom(C, G) with Hom(C,G 1 G). If we apply
Hom(C,O) to each of the three diagrams in the definition of a group object, we
see that Hom(C, G) is a group object in Sets, and hence is a group. Now suppose
h: A — B is a morphism in C. We claim that Hom(h, G): Hom(B, G) — Hom(A4, G)
is a homomorphism, where the multiplication is given by m(B) and m(A) respectively,
defined as in (41.3). For this we compute:

Hom(h, G)(i(B)(f. 9)) = Hom(h, G)(m o (.9))
—mo(f.g)oh

(foh,goh)

(

m o (Hom(h, G)(f), Hom(f, G)(g))
m(A)(Hom(h, G)(f), Hom(h, G)(g)).

= M O

2. The converse is harder. Assume that G € obj(C) has the property that for
every C' € obj(C), there is a group operation m(C): Hom(C,G) x Hom(C,G) —
Hom(C, G). As before we identify Hom(C, G) x Hom(C, G) with Hom(C,G 1 G).
With this identifcation, we claim that m: Hom (O, GMG) — Hom([O, G) is a natural
transformation. For this we must check that if f: A — B is a morphism in C then
the following commutes:

Hom(B,GMNG) B, Hom(B, G)

Hom( f,Gl‘lG)l lHom(f,G)

Hom(A,G M G) T Hom(A4, G)

This however is immediate from the definition.
Thus by the Yoneda Lemma 41.13, for every morphism h: C' — G G in C, we

have
m(C)(h) =moh,

where m € Hom(G M G, G) is defined by

m = TNfL(G M G)(idGng). (41.4)



3. We now prove that with m defined as in (41.4), the diagram for the associativity
axiom holds. Since Hom(C, G) is a group for every C' € obj(C)—and thus in particu-
lar the multiplication m(C') satisfies the associativity axiom—we have a commutative
diagram

m(C)XidHom(C,G
Hom(C, G) x Hom(C, G) x Hom(C, G) — " %“Hom(C, G) x Hom(C, G)
idgom(c,@) Xﬁ?(c)l lﬁ”‘(c)
Hom(C,G) x Hom(C, G)

T Hom(C, G)

Invoking part (1) of Proposition 41.1 again, we can rewrite this diagram as
Hom(C,GMNGMNG) ——— Hom(C,GMNQG)

| |

Hom(C,GN@G) » Hom(C, G)

Then arguing as before, we see that the going clockwise and going anticlockwise
round the square gives rise to two more equal natural transformations:

Hom(O,GMGNG) — Hom(O, G)

Thus by the Yoneda Lemma again, if k: C — G G MG is an element belonging to
the top left-hand corner then the image of k£ in the bottom right-hand corner is of
the form p o k, where:

{m o(mMidg), going clockwise,
p =

mo (idg Mm), going anticlockwise.
Taking C' =GN GMNG and k = idgrgng it follows that
mo (mMidg) = mo (idg Mm),

which is what we need for the associativity diagram.
4. Let us now define the two other morphisms # € Hom(G, G) and e € Hom(Z, G)
needed for G to be a group object. For this, let

6(C): Hom(C,G) — Hom(C, G)

denote the inversion in the group Hom(C, G). Then set 6 := 6(G)(idg). Next, let e
denote the identity element in the group Hom(Z, G). The proof that 6 satisfies the
diagram for the identity axiom and that e satisfies the diagram for the inverse axiom
are similar to the proof that m satisfied the diagram for the associativity axiom
(actually they are simpler), and we will leave them as exercises. [ |

The dual result to Theorem 41.12 is the following statement, whose proof is dual
to the one just given.



THEOREM 41.14. Let C be a category with an initial object A and finite coproducts.
An object K € obj(C) is a cogroup object if and only if Hom(K,O): C — Sets
is actually a functor Hom(K,): C — Groups. If this is the case the the group
multiplication m(C) on Hom (K, C) is given by

i(C): Hom(K,C) x Hom(K,C) — Hom(K, C), a(CY(f,9) == (f,g9) o,

where p is the comultiplication on G and we are using the identification of Hom(K, C') x
Hom(K, C) with Hom(K U K, C) from part (2) of Proposition 41.1.

We conclude with a remark that will be useful next lecture.

DEFINITION 41.15. Let C be a category with a terminal object Z. A morphism
c: C — D in Cis called a constant morphism if it factors through Z, that is, there
exists a morphism ¢: Z — D such that the following commutes:

C ———— D

>N A

Similarly if C has an initial object A a morphism k: C — D is a coconstant mor-
phism if there exists a morphism &': C' — A such that the following commutes:

e

¢ ———D

REMARK 41.16. One can recast the definition of a group object using constant mor-
phisms. This point of view is less convenient for Theorem 41.12, but will prove more
natural in the context of the group objects in hTop, that we will study next lecture.

Here are the details. Suppose G is a group object in a category C. We use
the notation from the proof of Proposition 41.4 for the projections \i: GMZ — G
and A\o: Z MG — G, together with their inverses k1 and k3. Define morphisms
J1,52: G - GG by

j1:= (idg Me) o k1, Jo = (eMidg) o ka.

Then we can enlarge the identity axiom diagram to see that the following commutes:

g,

Gnz 9™ Jong e zng



Since \; o k; = idg, we see that

mo j; = idg, mo jo = idg. (41.5)
Moreover there exists a constant map ¢: G — G such that

j1 = (idg,¢), Jo = (¢,idg). (41.6)

Conversely, if we are given a category C and an object G, together with a morphism
m: GG — G that satisfies the diagram for the associativity axiom and a morphism
f: G — G such that:

1. mo (idg,0) = mo (0,idg) are equal constant morphisms,
2. if j; and js are defined as in (41.6) with ¢ = m o (idg, #) then (41.5) holds,

then G is a group object. A similar discussion applies to cogroup objects.



LECTURE 42

Loop spaces and reduced suspensions

In this lecture we investigate group and cogroup objects in the category hTop,. We
begin however with an interlude on some point-set topology about function spaces.
As with all other point-set topology results, we won’t prove them, since the ideas
involved have nothing to do with algebraic topology.

DEFINITION 42.1. Let X and Y denote the topological spaces, and write XY for the
set of all continuous functions' from Y into X. Define a topology on XY, called the
compact-open topology by declaring that a subbasis” is all the sets of the form

(K;U):={fe X" | f(K)CU},
where K C Y is compact and U C X is open.

If X is a metric space then the compact-open topology on XY (for any Y') coin-
cides with the topology of uniform convergence on compact subsets.

DEFINITION 42.2. Let X and Y be sets. Define the evaluation map
ev: Homges(V, X) XY — X

by
ev(f,y) == f(y)
(here Homsets(Y, X) denotes the set of all functions from Y to X).

The first nice property of the compact-open topology is the following:

PROPOSITION 42.3. Let X and Y be topological spaces, and assume that Y is locally
compact and Hausdorff. Then the restriction of ev to X¥ x Y defines a continuous
mapev: XY xY — X.

DEFINITION 42.4. Suppose X, Y and Z are sets. If (: Z xY — X is an element of
Homges(Z x Y, X), define

¢*: Z = Homsers (Y, X),  ¢F(2)(y) = ((2.1)-
Similarly if ¢: Z — Homges(Y, X), define

W ZxY =X, ¢(zy) = e(2)(y).

Will J. Merry and Berit Singer, Algebraic Topology II. Last modified: Sept 01, 2018.

'We use this notation instead of the more common C(Y, X) or C°(Y, X) since these are too easy to
confuse with the singular (co)chain complex!

2This means that the compact-open topology is the smallest topology containing all sets of this form.
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It is immediate that in the category Sets, the correspondence ¢ — (! defines a
bijection
Homsges(Z x Y, X) — Homgets (Z, Homges (Y, X))
(the inverse is given by ¢ ~ ¢”). This result is called the Exponential Law for
sets. It is much less trivial that the same result holds for topological spaces, provided
Y and Z are Hausdorff, Y is locally compact, and we work with the compact-open
topology.

THEOREM 42.5 (Exponential Law). Let X, Y and Z be topological spaces.
1. Assume that Y is locally compact and Hausdorff. Then the operation ¢ — (*

defines a bijection
XZXY N (XY)Z
with inverse given by ¢ — .

2. If instead we assume that Z is Hausdorff (and no assumptions on Y') then the
map ¢ — (¢! is continuous in the compact-open topology.

3. If both conditions are fulfilled, i.e. if Y is locally compact Hausdorff and Z is
Hausdorff, then the map ¢ — (! is also an open map, and thus a homeomor-
phism.

For us, the most useful corollary of (part (1) of) Theorem 42.5 is the following.

COROLLARY 42.6. Let X, Y and Z be spaces, and assume that Y is locally compact
and Hausdorff. A function ¢: Z — XY is continuous if and only if the composition
ev o (¢ x idy) is continuous:

Zxy 2o Y oy & x

Indeed, denoting the composition by ¢, one has ¢ = (!, so the corollary follows
from Theorem 42.5.

REMARK 42.7. Suppose f,g: X — Y are homotopic, where X is locally compact and
Hausdorff. If we think of a homotopy F': f ~ g as a map F: I x X — Y (instead
of the more usual X x I — Y) then F¥: I — Y ¥ is a path in YX from f to g.
Conversely every such path determines a homotopy. Thus [X,Y] = mo(Y™X).

REMARK 42.8. The first statement of Theorem 42.5 can be alternatively phrased as
follows: if Y is a locally compact Hausdorff space then (0 x Y, ") form an adjoint
pair on Top.

Recall from Lecture 4 that an object of hTop, is a pair (X, x) where X is a topo-
logical space and x € X is the basepoint. A morphism [f] from (X, z) to (Y,y) is a
homotopy class of pointed maps f: (X,z) — (Y,y), where the homotopies are taken
relative to x.

Let us begin in Top,.



LEMMA 42.9. The category Top, has a zero object. It has finite products and co-
products.

Proof. Let x be a space with one point. Then (x,x) (as a pointed space) is a zero
object in Top,. If (X;,z;) are two pointed spaces then (X; x Xo, (x1,x2)) is the
product and the wedge (X7 V Xo, (z1,22)) (cf. Definition 18.10) is the coproduct. m

REMARK 42.10. The wedge (X1 V X, (z1,22)) is homeomorphic to the subset (X; x
{z2}) U ({z1} x X2) of (X1 x Xo,(x1,22)). Thus in Top,, the coproduct can always
be embedded in the product. This is not true in general. For instance, in Groups, if
G and G are finite groups then their product is the direct product (which is also
finite), but their coproduct is the free product (which is infinite if G; and G2 both
have more than one element.)

In general there is no easy way to pass from (co)limits in a category C to (co)limits
in a quotient category of C. However in the case of hTop, it is easy to see that the
same constructions work. Thus (x,*) is a zero object, the product is the normal
cartesian product and the coproduct is the wedge. Indeed, if F;: f; ~ g; is a pointed
homotopy Y x I — X; then (F},F): Y x I — X; x Xo is a pointed homotopy
(f1, f2) =~ (g1,92). This shows that (X; x Xo,(21,22)) also solves the universal
property for a product in hTop,, and the other statements follow similarly. Thus:

COROLLARY 42.11. The category hTop, has a zero object. It has finite products and
coproducts.

Notation: For the rest of this lecture (and indeed, the rest of the course) we
will almost exclusively be concerned with hTop,. However, constantly displaying the
basepoint is cumbersome (for instance, it stops commutative diagrams from fitting
onto the page). Thus we will often omit it from the notation, and so a pointed space
(X, z) will often (but not always) be written simply as X. When talking about Top,
and hTop,, all maps are implicitly assumed to be pointed, even if the notation does
not reflect this.

This notation applies in particular to morphism sets in hTop,. If X and Y are

two pointed spaces then we will write [X, Y], for the set of pointed maps from X to
Y.

DEFINITION 42.12. A pointed space (X, xz) is a H-group if there are continuous
pointed maps m: X x X — X and 6: X — X together with pointed homotopies

mo (idx x m) ~mo (m x idx), rel xg,

and
mo j; ~idx ~ mo j, rel o, (42.1)

where j;: X — X x X is the pointed “injection” given by ji(x) := (z,x9) and
jo(x) := (zg, z), and finally such that

mo (idx,0) ~c~mo (0,idx), rel xo,

where ¢: X — X is the constant map at zg.



For the dual definition, let us first fix notation. We identify the pointed wedge
X VX with the subspace (X x{zo})U({zo} x X) of X x X, and denote by ¢;: XVX —
X the restriction of the projection p;: X x X — X to X VX C X x X. Thus
q1(z, x0) = v = @2(wo, x) for all z € X. Recall also from the end of Lecture 20 that if

f1(X,m0) = (Z,20),  9: (Y,90) — (Z,20)
are two pointed continuous maps, there is a well-defined pointed continuous map
fVg: XVY >2ZVvVZ

defined by
T - (f($),20), Y = Yo,
(Vo) {<ZO,g<y>>, v = .

(Thus V coincides with the U notation used in the last lecture (41.2) for the coprod-
uct.)

DEFINITION 42.13. A pointed space (X, z) is a H-cogroup if there are continuous
pointed maps p: X — X V X and 9: X — X together with pointed homotopies

(idx Vp)op~(uVidy) o pu,

and
qrop~idx ~ g opu,
and finally such that
(idx,9¥) op~c~ (¥,idx) o y,

where c: X — X is the constant map at xg.
The next result is just rephrasing the definitions.

ProOPOSITION 42.14. The group objects in hTop, are the H-groups. The cogroup
objects in hTop, are the H-cogroups.

Proof. This is immediate from Remark 41.16, since the constant map c: X — X
at xo is the desired constant (and coconstant) morphism from (X, z) to itself in
hTop,. [ |

REMARK 42.15. There is a weaker notion of an H-group, which is (rather unhelpfully
called) an H-space. This is a pointed space (X,xo) together with a continuous
pointed map m: X x X — X such that both z — m(x,z¢) and = — m(xg,x) are
homotopic to the identity relative to xg. In Problem C.5 you proved that an H-space
has abelian fundamental group. Similarly there is a weaker notion of an H-cogroup,
where one only insists that the comultiplication is homotopic to the identity relative
to the basepoint in both variables, and this is called an H-cospace.

DEFINITION 42.16. Let (X, xo) be a pointed space. The loop space of (X, xg) is the

pointed space
Q(X,z0) == {ue X" |u(0) =u(l) ==z},

where the basepoint is the constant path at z.

4



We often write QX instead of Q(X,zg) (this is somewhat naughty, as the loop
space does depend on the choice of x).

THEOREM 42.17. Loop space defines a functor €2: hTop, — hTop,.

Proof. 1t suffices by Problem A.3 to show that there is a functor 2: Top, — Top,
that has the property that if f ~ ¢ (via a pointed homotopy) then Q(f) ~ Q(g). If
f+(X,20) = (Y,y0), define Q(f): Q(X,z0) = QY,y0) by u — fou. We need to
check is that Q(f) is continuous. Since Q(X,z¢) is a subspace of X/, it suffices to
show that u + fou is continuous as a map X! — Y (this is not completely trivial!)
For this consider the commutative diagram

X7 x  @ooUons) yr g
evi Jrev
> Y

X f

Since I is locally compact and Hausdorff, both maps ev are continuous. Thus going
anti-clockwise is continuous around the square, and hence going clockwise is contin-
uous. Thus u — f owu is continuous by Corollary 42.6.

Suppose now f,g: (X,xz9) — (Y,yo) are pointed continuous maps and F': f ~ g
is a homotopy rel xg. Define G: QX x I — QY by G(u,t) := F(u(-),t), and define
r: XIxI'xT— XI'xIxIbyr(u,t,s)=(u,s,t). Then r is (obviously) continuous,
and we have a commutative diagram

XIx xS  yrog

(eVXidI)OTJ, lev

X x1TI 7 Y

Starting in the top left-hand corner and going anticlockwise is continuous (since ev is
continuous)—this is just the map (u, ¢, s) — F(u(s),t)), and hence evo(G xidy) is also
continuous. Thus by Corollary 42.6 again, G is continuous. Since G: Q(f) ~ Q(g),
the proof is complete. [ |

THEOREM 42.18. If (X, x0) is a pointed space then (X, x¢) is an H-group.
Proof. As in Definition 3.9, we define m: QX x QX — QX by

u(2s),
v(2s — 1),

s <3,
m(u,v) = u*wv, (u*v)(s) == { s < i

<
<

= O

To prove that m is continuous, consider the composition

m><id1

QX x QX x I =5 QX x I <5 X.
On QX x QX x [0,1/2], this agrees with the composition

QX x QX x [0,1/2] 723 QX x I < X,

bt



where 7': QX x QX — QX is projection on the first factor and 2: [0,1/2] — I is the
map s — 2s. This composition is continuous, and hence on QX x QX x [0,1/2] the
composition evo(m xidy) is continuous. A similar argument shows that evo (m xidy)
is continuous on QX x QX x [1/2,1]. Thus by Corollary 42.6, we see that m is
continuous.

Now let us prove that m satisfies the homotopy associativity requirement. This
argument is basically the same as Proposition 3.17, we just need to be a little more
careful about checking everything really is continuous. Consider first the function

H: QX xQX xQX xIxI—>X

given by
u(d),  0sssth
H(u,v,w,t,s) == v(ds —t — 1), %§5§%7
“’(48277_2?) b2 <5<

By Corollary 42.6, F := H* is a continuous function QX x QX x QX x I — QX. By
construction F' is a pointed homotopy m o (m x idgx) ~ m o (idgx o m).

As in Definition 3.15, let eg € QX denote the constant path at zg. Define E: QX x
I - QX by E(u,t) := u, where

t+1
$< 5

£
w
N~—
I
——
S
—
i
~—
- o
VAN

xIo, TSSS]-

Then E is continuous as ev o (E X idy) is, and hence E is a homotopy from the
mo ji: u > u*eq to the identity. A similar argument shows that m o jo: u — eg* u
is homotopic to the identity.

Finally, define 0: QX — QX, 6(u) = u, where as in Definition 3.14, u(s) :=
u(l—s). If K: QX x I x I — X is defined by

o, O§5§%7

t 1

K( ¢ L ’LL(2S - t)’ 2 <s< 25
u,t,s) = o 7 3¢
w(2—-2s—1t), 5 <s< 55,
o, H<s <,

then K* is continuous (by Corollary 42.6 again), and defines a pointed nullhomotopy

for u — m(u,0(u)). Similarly u — m(6(u),u) is nullhomotopic. This completes the
proof. [ |

COROLLARY 42.19. For any pointed space X, there is a contravariant functor
[3,92X].: hTop, — Groups.

If'Y is another pointed space and [¢], [¢] € [Y, QX], then their product is m(Y")([¢], [¢])
[0 ).



Proof. Proposition 42.14 and Theorem 42.18 tell us that QX is a group object in
hTop,. Thus Theorem 41.12 tells us that [[J, QX], takes values in Groups, and (41.3)
gives the group multiplication. [ |

How about H-cogroups? These are the so-called reduced suspensions. The sus-
pension SX of a topological space X is the quotient space of X x I where we identify
X x {0} and X x {1} to a point. The reduced suspension is the pointed version of
this:

DEFINITION 42.20. Let (X, zo) be a pointed space. Define the reduced suspension

SX = (X X I)/((X x O U ({wo} % I)).

We think of XX as a pointed space, where the basepoint is the identified subset. See
Figure 42.1

SX ¥X

Figure 42.1: The suspension SX and the reduced suspension X X.

We will write [z, t] for the equivalence class of (z,t) € X x I in ¥ X. By a slighty
abuse of notation we write simply z( instead of [z, t] for the basepoint.

THEOREM 42.21. Reduced suspension defines a functor % : hTop, — hTop,.

Proof. Once again, by Problem A.3, it suffices to show that ¥ defines a functor on
Top, that respects pointed homotopies. If f: (X, z9) — (Y,yo0), define X(f): XX —
XY by X(f)[z,t] := [f(x),t]. The fact that ¥ respects pointed homotopies is a
consequence of general fact that if f,g: (W, W') — (Z, Z'") are maps of pairs that are
homotopic through maps of pairs, then the induced maps (W/W' %) — (Z/Z', %) are
also homotopic. [ |

We could prove directly that XX is always a H-cogroup, but instead we will give
a pleasing argument using Theorem 40.22 and Theorem 41.16.

THEOREM 42.22. (X,Q) form an adjoint pair on hTop,.



Proof. We want to define a natural bijection
U(X,Y): [EX,Y]. = [X,QY]..

Let the basepoints of X and Y be x¢ and yg respectively. We start from the obser-
vation that if we restrict the (inverse) of the bijection given by the Exponential Law
(Theorem 42.5):
o: X - v — @ XxI—=Y

to those ¢ such that p(zg) is the constant loop at yp and ¢(z)(0) = yo = ¢(x)(1) for
all z € X then ¢"(x,0) = ¢"(x,1) = yo = ¢’(x0,t). In other words, if p: (X,z0) —
Q(Y, o) is a pointed map, then ¢’ factors to define a map (XX, z¢) — (Y,yo). Thus
we have bijections

U(X,Y): Homrop, ((£X,20), (Y, 40)) = Homrep_ (X, z0), Y, %0))
given by ¢ — ¢! (with inverse ¢ — ¢.)
Similarly a pointed homotopy ¥X X I — Y determines (and is determined by) a
pointed homotopy X x I — QY. Thus ¥(X,Y) induces a bijection on the homotopy

classes. The fact that the required diagrams commute to make W natural is immediate
from the definitions. [ |

Our final result needs a preliminary lemma.

LEMMA 42.23. Let C be a category with a terminal object and finite products. Sup-
pose G, G’ are two group objects in C with multiplications m and m’ respectively,
and suppose h € Hom(G, G’) is a morphism with the property that

hom =m'o (hIh). (42.2)

Then for any object C' of C, the map Hom(C,h): Hom(C,G) — Hom(C,G’) is a
group homomorphism (note both Hom(C, G) and Hom(C, G’) are groups by Theorem
41.12.)

Proof. The proof is almost the same as the proof of the easy half of Theorem 41.12.
Denote by m(C') and m/(C') the group multiplications on Hom(C, G) and Hom(C, G”)
respectively (as defined in (41.3).) Then if f,g € Hom(C, G) we have

Hom(C, h)(m(C)(f,9)) = Hom(C, h)(m(f, g))
=homo (f7 g)
=m'o(ho f,hog)
=m'(C)(ho f,hog)
— () (Hom(C, 1) (f), Hom(C, h)(g)).

—
*
N2

where (x) used the hypothesis (42.2). [

COROLLARY 42.24. If X is a pointed space then XX is a cogroup object in hTop,.



Proof. By Theorem 41.14, we need only prove that the functor [XX, ], takes val-
ues in Groups. Let Y be a pointed space. By Theorem 42.22, there is a bijection
U(X,Y): [2X,Y]s = [X,QY], given by ¢ + ¢¥. By Corollary 42.19 the set [X, QY]
is a group, and we can use this to define a group structure on [XX, Y], by

AY)([C (€)= T (X, Y) T [¢F# €F].

It remains to show that if f: Y — Z is continuous then the induced map XX, Y], —
[XX, Z]« is a homomorphism. For this we consider the adjoint diagram:

T(X)Y)

X, Y], [X,QY],

Hom(idzx,f) Hom(idX7Q(f))

X, 7], ——— [X,Q7].
U(X,Z)
The map Q(f): QY — QZ satisfies the hypothesis (12.2) in Lemma 42.23, since
Q(f)(uxv) = (fou)*(fov) by definition. Thus Lemma 42.23 tells us that the right-
hand vertical map is a homomorphism. Since the horizontal maps are isomorphisms,
the left-hand vertical map is also a homomorphism. The proof is complete. [ |

REMARK 42.25. It is sometimes useful to know an explicit formula for the comulti-
plication p: XX — XX VXX (we would have needed this in order to prove Corollary
42.24 directly). The formula is:

([, 2t], %), 0<t<1/2,
(*a [.1‘,2t— 1])7 1/2 <t< 1.

p([z,t]) == {

Thus @ is “pinching” the reduced suspension. See Figure 42.2. For X = S™ this is
the same as the map we called “Pinch” at the end of Lecture 20.

Figure 42.2: The comulitplication pu.



LECTURE 43

Higher homotopy groups

In this lecture we finally get round to defining the higher homotopy groups. Let
us regard S™ as subspace of R"! in the usual way. We choose the point * :=
(1,0,...,0) € S™ for our basepoint (although we will almost always omit this form
the notation.)

DEFINITION 43.1. Given a pointed space (X, xg) and an integer n > 0, we define the
nth homotopy group

(X, z0) == [(S™, %), (X, x0)] = [S", X].

For n = 1, this is the none other than the fundamental group—the equivalence
between this definition and our original one (Definition 4.1) was shown in Problem
B.5. For n =0, it is clear that mo(X, x0) is the set mo(X) from Definition 3.6, where
the basepoint is chosen to be the path component of X containing zg. For n > 2 one
usually calls m,(X,z¢) a higher homotopy group. Of course, the word “group”
needs justifying:

PROPOSITION 43.2. For every pointed space (X, xq), mo(X, Xo) is a pointed set, and
for every n > 1, m, (X, zg) is a group.

Proof. Problem ().7 tells us that S™ is a cogroup object in hTop, for all n > 1. Thus
Theorem 41.14 tells us that [S™, 0], takes values in Groups for all n > 1. ]

In fact, for n > 2 the group m, (X, x¢) is always abelian, as we will shortly prove.
In the following, whenever possible we will start to omit the basepoint from our
notation and just write 7, (X) instead of m, (X, zg). As with all our other “basepoint-
omitting” conventions, this is somewhat imprecise. However as we will see below, if
o and z1 lie in the same path component of X then there is always an isomorphism
(X, z9) = mp (X, 21).

PRrROPOSITION 43.3. Suppose X is an H-cogroup and Y is H-group. Then the two
group operations on [X,Y], (one coming from the comultiplication p on X and one
coming from the multiplication m on'Y') coincide.

Proof. Let £x: X VX — X x X denote the inclusion, where as usual we think of
X V X as the subspace (X X {xo}) U ({0} x X) of X x X, and let & be defined
similarly. Let f,g: (X, z0) — (Y, y0) be pointed maps. By Problem ().6 the following
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diagram commutes up to homotopy:

X" s xvx Y yvy

N I

XxX ——YXY ——Y
fxg m

The group multiplication determined by m is given by

[f] #m [g] :== [m o (f,9)]
=[mo(f xg)oAx]

(using part (1) of Problem ().5). The group multiplication determined by p is given
by

[f]#u 9] = [(f,9) oy
=[Vyo(fVg)ou

(using part (2) of Problem ().5). Thus commutativity of the diagram above (up to
homotopy) tells us that

(/1 #m (9] = [f] %4 [9]

as required. ]
We can now prove:

THEOREM 43.4. If X is a pointed space and 1 < k < n, one has
Tn (X) = Wn—k(QkX)a
where QF is the composition of Q) with itself k times.

Proof. By Problem ().7 and Theorem 42.22 and Proposition 43.3, applied repeatedly,
we have

= i (QF X).

COROLLARY 43.5. If n > 2 then m,(X) is always abelian.

Proof. By Theorem 43.4 for n > 2 we have 7,(X) = 71 (2" 1X). Since Q" 71X is
an H-group by Theorem 42.18, it is also in particular an H-space (Remark 42.15).
Thus by Problem (.5, 71(Q"1X) is abelian. ]
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Let us now give another proof of Corollary 43.5 that does not use Problem C.5.
This starts from the following statement.
The following easy piece of algebra is on Problem Sheet R.

LEMMA 43.6. Let A be a set, and assume A is equipped with two binary operations
x and o such that:

1. % and o have a common two-sided unit,

2. % and o are mutually distributive, that is,
(axb)o(cxd)=(aoc)*(bod), Va,b,c,de A.

Then * and o coincide and each is commutative and associative.
This gives us the desired second proof of Corollary 43.5:

Second proof of Corollary 43.5. As in the proof of Theorem 43.4, we have
T (X) =2 [825"72 QX].

for n > 2. The proof of Proposition 43.3 tells us the that the hypotheses of Lemma
43.6 are satisfied. Indeed, the constant map is the desired two-sided identity, and to
check mutual distributivity we observe:'

([f] #m [9]) *u ([A] #m [K]) = [mo (f x g) o Ax] %, [mo (h x k)o Ax]

[V (mo fxg)oAX) (mo(hxk:)oAX)ou]
= [mo ((mo(fxg)oAx)x (mo(hxk)oAx))oAx]
= [mo((Vyo(fVvg)ou) x (Vyo(hVk)opn))oAx]
[V o(fVg) o,u,}*m[Vyo(h\/k)o,u]
= () L) % (1] 5 1K),

Thus 7, is a functor hTop, — Sets for n = 0, hTop, — Groups for n = 1, and
hTop, — Ab for n > 2. Explicitly, if f: (X,z9) = (Y, yo0) is a pointed map, then

ﬂ'n(f): 7Tn()(v HZ()) — 7771(}/; y0)7 [U’] = [fou]

We will see that these functors satisfy pointed versions of most of the Eilenberg-
Steenrod axioms (the homotopy axiom is immediate from the fact that we have
defined these functors on hTop,). We will prove the dimension axiom below. Next
lecture we will prove the long exact sequence axiom. The excision axiom does not
hold in general (in Lecture 46 we will discuss the Blakers-Massey Theorem, which
gives conditions for excision to hold.)

PROPOSITION 43.7 (The dimension axiom). If X is a one point space then 7, (X) =0
for all n > 0.

!Thanks to Raccoon for this computation!



Proof. There is only one function S™ — x, and thus [S™, %], only has one element. ®

Let us now discuss a more straightforward approach to defining the higher ho-
motopy groups. This approach is less conceptually satisfying than the one we gave
above, but it has the advantage of giving us explicit formulae, which will be helpful
in further computations. Let us denote by I" the unit cube [0,1]" and by 0I"™ its
boundary:

oI" = {(s1,...,5n) € I" | at least one s; is equal to 0 or 1}.

The following result should now be straightforward for all of you.

LEMMA 43.8. If n > 1 then there exists a homeomorphism T : I”/@I" — S™. Ifn > 2
then one can build a homeomorphism o : I”/@I” — 25" from 7 via

o:[S1y. .y 8n) = [T[S1y -0y Sn—1], Sn).

A pointed function u: (I",8I") — (X, o) induces a pointed map @: I"/OI™ —
X. If two such maps u,v are homotopic rel 91" then there is a pointed homotopy
u ~ v. It follows that there is a bijection

J: (101, (X, 20)] = [(£5" 1), (X, 20)] = mu(X,20),  Ju] = [wo o]

This allows us to endow [(I", 0I"), (X, zo)] with a group structure, and—more importantly—
it gives us an explicit formula for the group addition:

e St 25m), 0< s, <1/2,
(u+v)(s1,...,8n) == {u(51 Sn=1,28n) sn S 1/

(81, vy Sn—1,28, — 1), 1/2<s, <1.

Of course, for n = 1 this is just the usual concatenation of paths. We use the notation
u + v instead of u*v for n > 2 to emphasise that this is an abelian group operation.
The formula also gives the a third “picture proof” (Figure 43.1) that 7, (X) is abelian
for n > 2, where the shaded regions are places where the homotopy is constant.

We now aim to prove the aforementioned statement that if X is path connected
then m, (X, zg) = 7, (X, z1) for any two points zg, z; € X. The main result of today’s
lecture is the following theorem. Recall II(X) denotes the fundamental groupoid of
X, whose objects are the points of  and whose morphisms are the path classes (cf.
Proposition 3.18).

THEOREM 43.9. Let X be path connected. Then for all n > 1, there is a covariant
functor T': I1(X') — Groups.

REMARK 43.10. In general a functor 7': II(X) — Groups is said to be a local system
of groups on X. (Similarly a functor 7': II(X) — Rings is a local system of rings.)
Thus Theorem 43.9 says that the homotopy groups form a local system. Note also
that in the case n = 1 the theorem is immediate from the definition, since m (X, x)
is to the morphism set Hompy(x)(z, 7).
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Figure 43.1: Proof that 7, is abelian.

The proof of Theorem 43.9 will take some time. We begin with a collection of
preliminary results. In order to keep the notation transparent, for the rest of this
lecture the letters u, v represent elements of 7,, and the letters w, z represent elements
of 71 (the reason for this distinction will shortly become clear).

DEFINITION 43.11. Suppose U: I" x I — X is a free homotopy. Let 0 = (0,0,...,0)
denote the origin in I™. Then w(t) := U(0,t) is a path I — X. We say that U is a
homotopy along w. If in addition U(z,t) = w(t) for all x € 91" then we say that U
is a level homotopy along w. Thus U is a homotopy relative to 0I™ if and only if
U is a level homotopy along the constant path at U(0,0).

DEFINITION 43.12. Define a stereographic retraction
rI" x I — (I" x {0}) U (01" x I) (43.1)

as follows. Think of I x I as being embedded in R"*!, and let N denote the “north
star”, which for us will be the point N = (1/2,...,1/2,,2) € R*"!. Nowify € I"xI,
consider the line from N to y. This intersects (I” X {0}) U (8[" X I) in a unique
point, which we call (y).

For n = 2 this is easy to picture—the right-hand side is a “box” without a lid.
Think of the north star as floating above the box and illuminating the contents.
Given a point y in the cube, the light beam from the north star intersects the box in
a unique point, and this is (y).

Let us also denote by R the analogously defined stereographic retraction

R:I"xIxI— (I"xIx{0})uU(0I" x I x I), (43.2)
where we multiply both sides by another factor I.

To keep the notation concise, let us temporarily denote by P(X,zg) the space of
all continuous maps u: (I",0I") — (X, xp). If w is a path in X from z to z; and u

is an element of P(X, (), then we can “glue” them together to form an element of
P(X,z1) as follows:



1. Firstly define U’: (1" x {0}) U (81" x I) — X by setting
U'(z,0) = u(z), xel
and
U'(z,s) = w(s), (x,s) € 0I" x I.

This does indeed define a continuous function on 1™ x I — (I"x {0})U (01" xI)
since u € P(X,zp). (Here we are using the Gluing Lemma 2.2.)

2. Now set U :=U"or: I" x I — X. Then U is a level homotopy along w with

U(-,0) = u.
3. Finally define t,,(u) := U(-,1). Then t,,(u) belongs to P(X,x1), and we obtain
a map

tw: P(X,x9) = P(X,x1), u = by (u).
Note that (by construction) U is a level homotopy u ~ t,,(u) along w.

The following lemma explains why this construction is useful. It tells us that a level
homotopy along a contractible loop can be changed into a relative homotopy (i.e. a
level homotopy along a constant loop.)

LEMMA 43.13. Suppose w is a loop in X based at xy which is nullhomotopic rel 01
(thus [w] = 0 € 71(X,x0).) Suppose U: u ~ v is a level homotopy along w. Then
u~wv rel 0I".

Proof. Let W: I x I — X be a homotopy rel I from w to the constant loop at xg.
We glue W and U together to define a function

Vi (I x I x {0}) x (OI" x I xI) = X
by
V'(z,t,0) = U(z,t), (z,t) e I" x I,

and
V'(z,t,8) = W(t,s), (x,t,s) € OI" x I x I.

The function V’ is continuous because the two definitions agree on the overlap 91" x
I'x{0}, since U is a level homotopy. Now set V := V'oR, where R is the stereographic
retraction from (43.2). We now build from V' a new homotopy @ by setting:

V(x,0,4t), 0<t< i’
Qz,t) =S V(z, 4t —1,1), +<t<i,
V(z,1,2-2t), 3<t<L

Again, @ is continuous by the Gluing Lemma 2.2. Since
Q(.T),O) - V(.’L’,0,0) - U($70) - u(:):), Q(JJ, 1) = V(xa 170) - U(JI, 1) - ’U(.’E),

and Q(x,t) = xo for all (z,t) € I™ x I, the homotopy @ shows that u ~ v rel 9I",
which is what we wanted to prove. ]



COROLLARY 43.14. Suppose w and z are two paths in X from xg tox1 and V:u~wv
is a level homotopy along z. If w ~ z rel OI then t,,(u) ~ v rel 9I".

Proof. Let U: I x I — X be the homotopy that defines t,,(u) (i.e. U = U’ or as
specified in (2) above.) Concatenate U and V' in the normal way:

(1) U(z,1-2t), 0<t<3,
’ V(z,2t—1), +<t<1.

This defines a homotopy t,,(u) ~ v which moreover is a level homotopy along w * z.
Since by assumption w * z is nullhomotopic, Lemma 43.13 tells us that t,,(u) ~ v rel
o1m. [

We now prove Theorem 43.9.

Proof of Theorem 43.9. Define T' on objects by T'(x) := m, (X, x). Define T' on mor-
phisms by setting
Tlw] = [tw(w)],

There are several things we need to check in order to complete the proof, and we will
carry out the argument in three steps.

1. We first show that if [w] is a path class in X from z( to 1 and [u] € 7, (X, z)
then [t,(u)] is a well-defined element of m,(X,z;). Corollary 43.14 tells us that
[tw(u)] depends only on the path class [w] of w. To see that [t,(u)] only depends
on the homotopy class [u] of u, we argue as follows. Suppose U: u ~ v rel 9I",
that is, U is a level homotopy along the constant path eg based at xg. Let V be the
homotopy defining ¢,,(v) (thus V is a level homotopy v ~ ¢,,(v)). Concatenating U
and V together gives a level homotopy u ~ t,,(v) along e * w. Since eg * w ~ w rel
0I, Corollary 43.14 tells us that ¢, (u) ~ t,(v) rel OI".

2. We now prove that T does indeed take values in Groups. For this it suffices
to show that if w is a path from zg to z; and u,v € P(X,x¢), then (as elements of
P(X,x1), one has:

L (U % V) 2 by (w) * ty (V) rel 0I".

For this let U: u ~ t,(u) and V': v =~ t,,(v) denote the level homotopies that define
tw(u) and t,(v) respectively. Then define @Q: I x I — X by

U AR | - 72 b ) 0< < l’
Qoo s 4 P2 S
V(s1,...,80-1,25, — 1,5), 5 <s, <L
If 5, = % then
(S1y+-+,8n—1,28n) = (S1,...,8n—-1,1) € OI"

and
(81y+y8n-1,28, — 1) = (s1,...,8,-1,0) € OI",

and hence both U and V give the same value for all s € I, namely w(s). Thus @ is
continuous, and so @ is a level homotopy u*v ~ t,,(u) * t,,(v) along w. By Corollary
43.14 (applied with z := w) we obtain t,,(u* v) = t,,(u) * t,(v) rel OI™ as required.
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3. Finally let us check that T really is a functor. If eg is the constant path at xg
then it is clear that T'(eg) acts as the identity on 7, (X, zg), so we need only check
that if w and z are paths in X with w(1) = 2(0) then”

T([w* z]) = T[z] o T'[w] (43.3)

To see this, take u € P(X,w(0)). Then there are level homotopies u =~ t,,(u) along
w and ty,(u) ~ t,(tw(u)) along z, and concatenating gives us a level homotopy u =~
t,(tw(u)) along u. Applying Corollary 43.14 again, we obtain tyu.(u) =~ t,(t,(u)) rel
01", which is what we wanted to prove. [ |

Theorem 43.9 has several formal consequences. The first is the following version
of Proposition 4.13.

PROPOSITION 43.15. Suppose fo, fi: X — Y are continuous maps and F': fo ~ f1 is
a free homotopy from fy to f1. Choose x¢g € X and let w denote the path in Y given
by w(t) = F(xg,t). Then there is a commutative diagram:

(X, 20) Y 1 (Y, fo(0)

wm [

™ (Y, f1(20)),

Proof. If u € P(X,x) then define U: I" x I — Y by U(x,t) := F(u(x),t). Then U
is a level homotopy along w from fyou to fi ou. By Corollary 43.14 again, we have
tw(foou) ~ f1 ourel 9I™, which gives commutativity of the diagram. [

By arguing as in the proof of Proposition 4.15 we then obtain:

PROPOSITION 43.16. Suppose f: X — Y is a homotopy equivalence. Then for any
xo € X the induced map m,(f): mp(X, z0) = (Y, f(x0)) is an isomorphism.

And then as in Corollary 4.16 we have:

COROLLARY 43.17. Suppose X has the same homotopy type as a path connected
space Y. Then for all xo € X and yy € Y one has m,(X,x0) = m,(Y,y0). If X is a
contractible space then m, (X, xo) = {0} for all zp € X.

We conclude this lecture by discussing the homotopy groups of spheres.
THEOREM 43.18 (Homotopy groups of spheres).
1. One has m,(S') =0 for all n > 2.

2. If 0 < k < n then 7 (S™) = 0.
3. For all n > 1 one has m,(S™) # 0.

2This equation looks contravariant at first sight, but this is just due to our convention that w * z is
the path that first follows w and then follows z.



Proof (Sketch). The first statement follows from the long exact sequence of ho-
motopy groups for fibrations that we will prove in Lecture 45 (specifically, Corol-
lary 45.18.) Indeed, there is a fibration Z — R — S!'. Since both R and ev-
ery path connected component of Z is contractible, Corollary 43.17 tells us that
mm(R) = m,(Z) = 0 for all n > 1. Thus the long exact sequence tells us that
7, (SY) = 0 for all n > 2,

The second statement follows from the fact that if 0 < k& < n then any continuous
map f: S* — S” is nullhomotopic relative to the basepoints. This follows from the
Cellular Approximation Theorem that we will discuss in Lecture 46, see Corollary
46.14.

The fact that m,(S™) # 0 follows immediately from the fact that H,(S™) # 0.
Indeed, since H, is a functor, the latter tells us that the identity map on S™ is
not freely nullhomotopic to a constant. Thus the identity map is also not relatively
homotopic to a constant, and thus [idgn] # 0 € [S™, S"].. ]

REMARK 43.19. In fact, as we will see in Lecture 46, one actually always has
T (S") 2 7, Vn>1.

It is however an open problem to compute the homotopy groups of spheres in
general—S' is the only sphere for which all the homotopy groups are known. In
Lecture 45 we will prove give a few more “ad hoc” computations: for instance,
73(S%) = Z. But the groups can be more complicated! Indeed, one has (!!)

7T14(S4) = ZQ X Z12 X Zlgo, and 7715(54) = ZQ X ZQ X ZQ X Z2 X ZQ X Z84.



LECTURE 44

The Puppe Sequence

In this lecture we prove the analogue of the long exact sequence axiom for homotopy
groups. This requires us to define the relative homotopy groups 7, (X, X') for X' ¢ X
(the standard homotopy groups correspond to X’ being a single point x). The long
exact sequence axiom will take the following form: if X’ € X and zg € X’ then the
pointed inclusion (X', z¢) < (X, z¢) gives rise to an long exact sequence

= (X)) = (X)) = (X X)) = o (X)) — e

where we abbreviate (as usual) m,(X) = 7,(X, z¢) and 7, (X") = 7, (X', o).

A first obstacle to this making sense is that for small n, 7, (X) and 7, (X, X’) are
not groups (just pointed sets) and thus we need to redefine what exactness actually
means in this setting.

DEFINITION 44.1. A sequence of pointed sets and pointed functions
(X,2) 5 (viy) & (2,2)

is said to be exact in Sets, if
im f =kerg := g ().

If the pointed sets are groups, and the basepoints are chosen to be the identity
elements, then this recovers the standard notion of exactness. Note that here the
choice of basepoint is crucial, since “ker g” depends on the basepoint.

We now use Definition 44.1 to define what it means for a sequence to be exact in
hTop,.

DEFINITION 44.2. Let
e Xp1 > Xy > X — -

be a sequence of pointed spaces and pointed maps. We say this sequence is exact in
hTop, if for every pointed space Y the induced sequence of pointed homotopy classes:

N [Y, Xn+1]* — [Y, Xn}* — [Y) X’n,—l}* — .

is exact in Sets,. Here the basepoint of [V, X,,]. is the pointed homotopy class of the
constant map that sends all of Y to the basepoint of X,.
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DEFINITION 44.3. Let f: (X,z9) — (Y, 40) be a pointed map. The mapping fibre
of f is the pointed space

Mf:= {(x,w) e X xvY! | w(0) = yo, w(l) = f(a:)},
where the basepoint is g := (20, €y, ), where ey, is the constant path at yp.

From a categorical point of view, M f is the pullback in Top, of the diagram

Mf - » Y
3
X —Y

where evy(w) := w(1). We now define a collection of related maps.

1. There is an injection
01: QY — M, 0 (w) = (zo,w).
2. There is also a projection
fi:Mf— X, fi(z,w) = x.

Calling this projection “f1” may appear strange at first, but it will shortly seem
to be convenient.

3. We can iterate the construction of M f and define
Mfy = {(z,w,z) € Mf x X1 2(0) = 20, 2(1) = fi(z,w) = z}

This is again a pointed space, where the basepoint is (zo, ey, €s,). There is
another injection

ly: QY — M fy, ly(w) = (z0, w, €gy)-
4. There is another projection

far Mfy — M, folz,w,2) = (z,w).
5. We can then iterate a third time to form

Mf2 = {(I,U),Z,C) € Mfl X (Mf)l ‘ C(O) = €0, C(l) = fQ(.%,U),Z) = (‘T’w)}a

which is a pointed space with basepoint (zo,ey,,€x,,€0). There is an third
injection

53: QX—)MfQ, 63(2’) = (mo,eyo,z,a)),
where ¢q is the basepoint of M f. (Warning: the domain of /3 is different to
the domain of ¢; and /s!)



6. There is another projection
f3:Mf2_>Mf17 fg(x,w,z,C)Z(x,w,z).

7. We now iterate a fourth time...Only joking, we could keep going indefinitely,
but three iterations will suffice for the time being.

These maps fit together nicely to build the following commutative diagram in hTop,.

PROPOSITION 44.4. Let f: X — Y be a pointed map. Then the following diagram
is commutative in hTop,:

aox 2 Loy b Lyp o x T Ly
Z309J Jﬁg Jld]\/[f Jldx Jldy
M fo 7 y M fi & >y M f T s X 7 s Y

where the map 0: QX — QX appearing on the left-most vertical arrow is the inver-
sion 0(z) = Z.

Proof. 1 leave it up to you to check that the two squares on the right commute. The
second square actually commutes in Top, (and thus also in hTop,):

f2 0 la(w) = fo(wo,w, e50) = (20, w) = £1(w).

The left-most square only commutes up to homotopy. Indeed, if z € 2X then going
clockwise,

by o Q(f)(2) = La(f 0 2) = (0, f 0 2, €x).

Going anti-clockwise,

fz3olz00(z) = f303(2) = f3(wo, eyy, Z,€0) = (70, €yy, 2)-

To define a homotopy between the two, let us introduce the following notation: if
u: I — Z is a path and ¢t € I, let wy: I — Z denote the path us(s) = u(st), and
define @; to be the path! ;(s) := u(st) = u(1 — st).

Now define F': Q(X,zg) x I — M f1 by

F(Z,t) = (Z(l — t),f ¢} zl_t,Zt).

Then F'is continuous and F'(z,0) = (xo, f 0 2, e5,) and F(z,1) = (29, €y,, 2), so that
Uy 0 Q(f) ~ faolz0f. Finally, F(ey,,t) = (20, ey, €x,) for all t € I, and hence F is
a homotopy relative to the basepoint e,, € Q(X,zg). This completes the proof. ®

PROPOSITION 44.5. The two injections ¢o and {3 induce isomorphisms [¢s] and [(3]
in hTop,.

"'Warning: in general @; # %y, as the latter is the path s+ u(t(1 — s)).



Proof. We define a continuous map F: M f; x I — M f1 such that
F(x,w,z,0) = (z,w,z), F(x,w,z,1) € £2(2(Y,40)), F(x0, ey, €x9,t) = (T0, €yg, €x0)-

In fact, we will construct F' as a concatenation Fj x Iy of two other homotopies. For
this, first let F} denote a homotopy that begins with (x,w,z) and ends at (z,w *
€f(x)s 2). Next, let Iy denote the homotopy given by

Fy(z,w, z,t) = (2z(1 —t),w= (foz),z1-¢),
where we are using the same notation as in the proof of Proposition 44.4, i.e.

z1-4(8) = z(s(1 — t)). Then Fy(x,w,2,0) = (xo,w * ef(),2), so that the compo-
sition Fj * Fy is well-defined. Moreover

Fg(:v,w,z, 1) = (xo,w * (f o Z)76310) € gQ(Q(Ya Z/O))-

Finally, (x, ey, €4,) really is fixed throughout the entire homotopy, since ey, * e, =

Eyp-
The homotopy F' exhibits £5(2(Y,yp)) as a pointed deformation retract of M fi.
Thus [¢5] is an isomorphism in hTop,. The proof that [¢3] is an isomorphism is similar,
and I will leave this as an exercise. [ ]

The next result gives us a way of proving exactness in hTop,.

LEMMA 44.6. Let f: (X,z9) — (Y,y0) be a pointed map, and let evy: Mf — Y
denote the map evy(z,w) = w(1l). Then f is nullhomotopic rel z¢ if and only if there
exists a pointed map k: X — M f such that f = evq o k:

Mf
21 \Vl
X 7 s Y

Proof. Assume there exists a continuous map F': X x I — Y such that F(x
F(z,1) = f(z) and F(xo,t) = yo for all t. Let Fy,: I — Y be the map F,(t) = F(x,
Then define k: X — M f by

(s
SN—
Il
~ &

k(z) = (x, Fy).

This k has the desired properties.

Conversely, if such a pointed map k exists, then writing k(x) = (k1(x),w,), one
necessarily has wy, = ey,, and commutativity forces w,(1) = f(z) for each z. Our
desired pointed homotopy is then given by

F: X xI-=Y, F(x,t) = wy(t).

LEMMA 44.7. Let f: (X,z9) — (Y, yo) be a pointed map. Then the sequence
M x Ly

is exact in hTop,.



Proof. Let Z be any pointed space, and consider the induced maps in Sets,:
(Z,Mfl, > (2,X], 2 [2,Y).

Here a sends a class [g] € [Z, M f]. to the class [fi o g] € [Z, X]«, and [ is defined
similarly. We take the basepoint in [Z,Y]. to be the class of the constant map
Z — yo. Thus the kernel of § consists of all (homotopy classes) of maps h: Z — X
such that f o h is pointedly nullhomotopic. To prove exactness, we need to show:

e ima C ker 3: Define a map k: M f — M(f o f1) by setting k(x,w) = (z,w, w).
(Here M(fo f1) € Mf xY!l as fo fi: Mf — Y). With ev; defined as in
Lemma 44.6 (but as a map M(f o f1) — Y instead), it is clear this diagram
commutes:

M(fo f1)

kT

fofi
Thus fo fi is pointedly nullhomotopic. It follows that fo f; 0g is also pointedly
nullhomotopic for every [g] € [Z, M f]..

e ker § C ima: Suppose [h] € [Z, X]. and suppose [h] € ker 3. Thus there exists
F: foh ~ crel xg, where c is the constant map at yg. Define F.: I — Y by
F,(t) = F(z,t), and then define, as in the proof of Lemma 44.6, k: Z — M(foh)
by k(z) = (2, F%), so that the following commutes:

M(foh)

Z = Y

Now by definition, M(fol}) C ZxY! and the map hxidyr: ZxY!l - ZxY!
restricts to define a map h: M(foh) — Mf. Thus hok: Z — Mf, and since
fiohok = h, we have that [h] = a[h o k].

|
COROLLARY 44.8. If f: X — Y is a pointed map then the sequence
s MA B v B x Ly
is exact in hTop,.
Proof. Iterate Lemma 44.7. [ |

COROLLARY 44.9. If f: X — Y is a pointed map then the sequence

ox oy b iy x Ly

is exact in hTop,.



Proof. We apply [Z, 0], to the commutative diagram from Proposition 44.4 to form
a new commutative square:

Z,0X], — [Z,9Y], ——— [Z,M f]l, —— [Z,X]. — [Z,Y].

| | | L

(Z, M fy], —— [Z, M fi], ——— [Z,M f], ——— [Z,X], ——— [Z,Y].

The bottom row is exact in Sets, by Corollary 44.8. Since the vertical maps are
isomorphisms by Proposition 44.5, it follows that the top row is also exact in Sets,. B

The next result tells us that €2 is an exact functor on hTop,.

ProposiTION 44.10. If X — Y — Z is an exact sequence in hTop, then so is the
“looped” sequence Q21X — QY — QZ.

Proof. We use the fact that (X, Q) form an adjoint pair. For every pointed space W,
there is a commutative diagram in which the vertical maps are pointed bijections:

[SW, X], —— [SW,Y], —— [SW, Z],

| | |

W, QX], —— [W,QY], —— [W,Q2],

The top row is exact in Sets, by hypothesis. Thus the bottom row is exact in Sets,
too. Since W was arbitrary, it follows that QX — QY — Q7 is exact in hTop,. =

Putting what we have done so far together gives the following theorem, which is
the main result of today’s lecture.

THEOREM 44.11 (The Puppe Sequence). If f: X — Y is a pointed map then there
is a long exact sequence in hTop, of the form

()

n n n—1
sar ) S g 2D gy TG guetypy

which ends with Mf 2% X L5 v,

Proof. By Corollary 44.9 the sequence
QX ->QY - Mf—->X—>Y
is exact in hTop,, and by Proposition 44.10 the looped sequence

Q’X = Q%Y —» QMf) —» QX = QY

is also exact in hTop,. Since these sequences overlap, we may splice them together.
An inductive argument completes the proof. [ |



REMARK 44.12. It will not surprise you to learn that there is a dual formulation of
this result. We won’t need it, so I won’t go over the proofs, but let me summarise
the ideas. Firstly, a sequence of pointed spaces and pointed maps

= X 2 Xy 2> X1 —
is said to be coexact in hTop, if for any pointed space Z, the reversed sequence
= [ X1, Z]s — [ X, Z)s < [ Xn—1, 2w -+

is exact in Sets,. Given f: X — Y, define the’ mapping cone Cf, which is defined
as the adjunction space (X AI)U;Y, where X AT is the smash product (cf. Problem
().7). There is a natural map C'f — XX (this plays the role that ¢,: QY — M f did
above), and one obtains the following coexact Puppe Sequence:

X LY o50f—3X 55y o 5(Cf) - 22X - 22 - 22(Cf) — -

The long exact sequence for homotopy groups and the homotopy long exact se-
quence for fibrations are basically special cases of the Puppe Sequence. In this lecture
we will discuss the former, and leave the homotopy sequence for fibrations till the
next lecture.

COROLLARY 44.13. Let (X, zg) be a pointed space, and let X' C X be a subspace
containing xg. Let 1: (X', z9) — (X, z0) be the pointed inclusion. Then there is an
exact sequence in Sets,:

o 1 (X)) = a1 (X) — [SY, QM (M)]y — T (X)) — - -
which ends with [SY, M1, — mo(X') — mo(X).

Proof. Here we have just applied the functor [S° ] to the Puppe Sequence for
the inclusion 2: X’ < X, and used the definition of 7, recalling that m,41(X’) =
T (QnX ,). |

To transform this sequence into our desired long exact sequence, we want write
the terms [SY, Q"(M2)], in a more convenient form, and at the same time get a
nice description of the “connecting homomorphism” [SY, Q"(M2)], — 7, (X’). This
requires us to define the relative homotopy groups.

DEFINITION 44.14. Let X’ € X and let 9 € X'. Then (X,z0) and (X', z¢) are
pointed spaces. We refer to (X, X', zg) (or sometimes just (X, X’)) as a pointed
pair. A pointed pair map f: (X, X’) — (Y,Y”’) is a pointed map that also has
f(X') C Y'. There is also a notion of a pointed pair homotopy, which is defined
as you would guess. We write [(X, X'), (Y,Y”)]. for the space of homotopy classes of
pointed pair maps.

Now think of S"~! ¢ B", and choose * := (1,0,...,0) € S"~1.

2Warning: this is not quite the same thing as the “mapping cone” from Definition 27.2, which was
concerned with chain maps between chain complexes. The two concepts are related though.
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DEFINITION 44.15. Given a pointed pair (X, X', z¢) and an integer n > 0, we define
the nth relative homotopy group

(X, X', 20) := [(B™, 8", %), (X, X', 20)]x = [(B", S" 1), (X, X')]...
We usually abbreviate 7, (X, X', o) just as m, (X, X").

The name “group” is a bit of a misnomer, since (at least at the moment) there
is no obvious group structure on 7, (X, X’) (it is just a pointed set). This will be
rectified in Corollary 44.18 below. There is a well-defined map (of pointed sets)

§: a1 (X, X') — (X, [u] = [u|gn]. (44.1)

REMARK 44.16. One can also describe 7, (X, X') as [(I", 01"), (X, X")]«, and we will
switch back and forth between the two definitions next lecture. It is clear that if X’
is itself a point x¢ then m, (X, xo,z0) = (X, z9) = m,(X) is just the usual higher
homotopy group, since:

[(Bn7 Snil)? (X7 370)} = [(Bn/Snilv *)7 (Xv xo)] = [(Sn7 *)7 (X7 wo)] = Wn(Xv xo).
Here is the promised identification.

THEOREM 44.17. Let (X, X') be a pointed pair with inclusion 1: X' < X. There is
a bijection ©: [S°, Q"(M1)]s — mny1(X, X'). Moreover the following diagram com-
mutes, where the top two maps are from Corollary 44.13, the map j is the inclusion
(X, z0) — (X, X") (and we identify m,41(X, z¢) with m,11(X, o, x0) as above) and
d was defined in (44.1).

[S°, Q™ (M)
Tn+1(X) © T (X')
m /
7Tn+1(X, X/)

Proof. We will prove the theorem in three steps.
1. In this step we define ©. Using adjointness of (3, €)), we can rewrite

(SO, Q" (M)]. = [S™, M), = m,,(M2).

Thus given a pointed map a: S™ — M1, we want to build a pointed map of pairs
A: (B™1S™) — (X, X'). Such a map a is of the form

a(y) = (ry, wy) € X' x X', wy(0) = o, wy(l) = xy, y e S™.

An arbitrary non-zero element of B"*! can be written uniquely as ¢ - y for some
y € S™. We then define A: B"™' — X by A(0) = 29 and A(t-y) = wy(t). This

8



is continuous as wy(0) = x¢ for all y € S™. Moreover A(1-y) = wy(1l) = 2, € X/,
and thus A is a map of pairs (B"*1,S") — (X, X’). Thus our desired map © is
[a] — [A].

2. In this step we show that © is well-defined. Suppose a >~ b, and F': S™ x M1 —
X is a pointed homotopy from a to b. Thus

F(y,0) =a(y), F(y,1)=by), Vyes",

and if * is our basepoint in S™ then F(x,s) = (xq,es,) for all s € I. Now using
exactly the same trick we can build from F' a homotopy from the two maps A and
B. Indeed, writing F(y, s) = (zy,s,wy,s), our desired homotopy H: B"™! x I — X is
defined by H(t-y,s) = wy s(t). This gives a pointed homotopy of pairs H: A ~ B.

3. In this step we prove that © is a bijection. Suppose we are given a continuous
pointed map of pairs A: (B"*1,S") — (X, X'). Assume for simplicity that A(0) = xg
(note: 0 € B™! is not the basepoint, since that is x € S™.) Giveny € 5™, let wy: I —
X by the path wy(t) = A(t-y). Then define a: S™ — M1 by a(y) = (A(y), w,). This
construction A +— a is then an inverse to O.

Of course, this only worked because A(0) = xo. But it is easy to see that—up to
changing A through pointed pair homotopies—this can always be achieved.

Finally, the claim that the diagram commutes is left as an exercise in unravelling
the definitions. [ |

COROLLARY 44.18. Let (X, X') be a pointed pair. Then m,(X,X") is a group for
n > 2 and an abelian group for n > 3.

Proof. As discussed in the proof of Theorem 44.17, one has [S?, Q" (M2)], = [S™, M), =
7n(M7). Thus using the bijection © we can define a group structure on m,+1(X, X’)
for all n > 1. Since m,(M2) is abelian by Corollary 43.5 for n > 2, we see that
(X, X') is abelian for n > 3. |

We conclude this lecture by ticking off another axiom:

THEOREM 44.19 (The long exact sequence axiom). If (X, X') is a pointed pair, then
there is an exact sequence

T 1 (X)) = g1 (X)) = T (X, X)) S 1 (X)) — -

where all the maps are induced by inclusions apart from the connecting homomor-
phism 0, which was defined in (44.1).

Proof. Combine Corollary 44.13 and Theorem 44.17. [ |



LECTURE 45

Fibrations and weak fibrations

In this lecture we return to the study of fibrations. Let p: E — X be a continuous
map between two topological spaces, and let W be a topological space. Recall from
Definition 33.13 that we say that p has the homotopy lifting property with respect
to W if for any homotopy f;: W — X (for ¢t € [0,1]) and any continuous map
go: W — FE such that p o gg = fo, there exists a homotopy ¢g;: W — X such that

pog= fi:

B E
//7
2o 2T
W X W%X
0 t

The homotopy g; is called a covering homotopy of f;.

DEFINITION 45.1. We say that p: E — X is a fibration if p has the homotopy lifting

property with respect to every space W. Given z € X, we denote by F :=p~!(z) a
fibre of p.

It is not in general true that any two fibres are homeomorphic (contrast this
to fibre bundles). However as we will shortly see, any two fibres have the same
homotopy type when the base space X is path connected (and thus the notation “F”
is unambiguous as far as homotopy type is concerned.)

ExaMPLE 45.2. Let X and F be any topological spaces, set E := X x F and let
p: E — X denote projection onto the first factor. Then p is a fibration. Indeed,
if fi: W — X is any homotopy and go: W — F satisfies p o g9 = fo then writing
go(w) = (fo(w), gh(w)) € X x F, the homotopy g¢; defined by

gt(w) := (fe(w), go(w))
is a continuous map with po g, = f;.

Example 45.2 tells us that any trivial fibre bundle is a fibration. We shall come
back to this in the proof of Corollary 45.14. It is often convenient to regard a fibration
p: EF — X as a pointed map; to do so we simply pick any zg € X and let yg denote
any point in the fibre p~1(xzg).

PROPOSITION 45.3. Let p: (E,yo) — (X, mo) be a fibration with fibre F = p~1(z0).
Then F and the mapping fibre Mp have the same homotopy type.
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Proof. We have the following commutative diagram, where p1: Mp — FE is the map
p1(y,w) =y, ¢: Mp — X! is the map q(y,w) = w, and evy: X! — X is the map
evi(w) = w(l):

Mp 2 E

L b

X —— X

Let ey denote the constant path at zg. Then (y,e9) € Mp if y € F and hence
we define h: FF — Mp by h(y) = (y,eo). To complete the proof we will define a
homotopy inverse to h. Consider the continuous map

fi: Mp — X, fily,w) :=w(l —t)

(this is continuous as it is the composition of continuous maps). Since p is a fibration,
we can find a homotopy g;: Mp — E such that po g: = f; and g9 = p1. Since
pogi(y,w) = w(0) = xp, the function g; takes values in the fibre F'. Thus there is
a well-defined map k: Mp — F given by k(y,w) = g1(y,w). We claim that & is a
homotopy inverse to h.

Indeed, since g; takes values in F', the function (y,t) — g:(h(y)) is a homotopy
from idp to k o h. For the converse, we first define j,: Mp — X! by requiring that
Jt(y,w) is the path s — w(s(1 —¢)). Then jo = q and j1(y,w) = e since every
element (y,w) € Mp has w(0) = x9. Now consider the function

ly: Mp — Mp, I(y, w) == (9:(y, w), js (y, w)).

To check that I; is well-defined, we need p o g;(y, w) = ji(y,w)(1). This is true, since
both sides are equal to w(1 —t). One has ly(y,w) = (go(y,w), jo(y,w)) = (y,w) so
that Iy = idpsp. Finally {1(y,w) = h o k(y,w). Thus l; is a homotopy from idz, to
k o h. This completes the proof. [ |

We can now use this to give a simple proof that all fibres of a fibration have the
same homotopy type when the base is path connected.

COROLLARY 45.4. Let p: E — X be a fibration over a path connected space X, and
let z9,71 € X. Then the two fibres p~(xg) and p~*(z1) have the same homotopy

type.

Proof. Let M;p denote the mapping fibre of p with respect to the basepoint z;. It
suffices to show that Myp has the same homotopy type as Mip. But this is easy: if
u: I — X is a path from x; to zp (which exists as X is path connected) then the
map Myp — Mip given by (y,w) — (y,u*w) is a homotopy equivalence (the inverse
is given by (y,w) — (y,u * w).) ]

We can also use the Puppe Sequence (Theorem 44.11) to give a quick proof of
the following long exact sequence.



THEOREM 45.5 (The Homotopy Sequence of a Fibration). Let p: E — X be a
fibration with fibre F. Then there is a long exact sequence

(B Tr"—(m> Tn(X) = T 1(F) = Tt (E) — -+

Proof. Proposition 45.3 tells us that Mp and F' have the same homotopy type. Thus
Proposition 43.16 tells us that [S™, Mp]. = [S™, F]. for all n > 0. The result thus fol-
lows from applying [SY, O], to the Puppe Sequence (Theorem 44.11) to p, as in Corol-
lary 44.13, and using adjointness of (X,€) to obtain [S?, Q" (Mp)]. = [S™, Mp|, =
(57, Fl. = m(F). -

Let us now introduce a generalisation of the fundamental groupoid that involves
two spaces. We will use this to state (and sketch the proof of) a powerful result
which we call the Homotopy Theorem for Fibrations.

DEFINITION 45.6. Let X and Y be topological spaces. We define a category II(X,Y)
as follows: the objects of II(X,Y") are the continuous maps f: X — Y. A morphism
from f to g is an equivalence class of homotopies F': f ~ g, where I and G define
the same morphism if F' is homotopic to G relative to X x 91, that is, if there exists
®: X xIxI—Y such that ®(z,0,t) = f(z) is independent of ¢, ®(x,1,t) = g(x) is
independent of ¢, and ®(z, s) := ®(z, s,t) is a homotopy from &g = F' and &; = G.
Informally: a morphism in II(X,Y") is a homotopy of homotopies.

The fundamental groupoid II(X) is the special case II(*, X). I will leave it up
to you as a wholesome exercise to verify that II(X,Y) is a groupoid category (cf.
Definition 3.19), i.e. that every morphism in II(X,Y’) is an isomorphism.

REMARK 45.7. The dependence of the groupoid category on X and Y leads to the
notion of a 2-category. However, higher category theory goes beyond the scope of
this course, so I won’t go into the details.

Let us go back to fibrations. Suppose p: £ — X is a fibration, and f: Z — X is
a continuous map. The pullback (cf. Example 40.6, compare also Definition 34.1)
in Top is the topological space

Q={(zy) e ZxE[f(2) =py)},

equipped with the projection ¢: @ — Z given by q(z,y) = z. We denote by ¢: Q — E
the map ¢(z,y) = y, so that the following commutes:

Q -+ F

ql P (45.1)

ZT)X

LEMMA 45.8. The map q is a fibration.



Proof. Let hy: W — Z be a homotopy and gg: W — @Q be a continuous map such
that ¢ o go = hgp. We want to find a homotopy ¢g;: W — @ such that qo g, = hy.
Consider foh;: W — X and pogg: W — E. Then powogy= fogogyg= fohg.
Since p is a fibration, there exists k;: W — E such that pok; = foh; and kg = pogp.
We then extend gy to a homotopy g:: W — @ via

gr(w) = (he(w), ke(w)).
This is a well-defined element of Q) by construction and satisfies g o g = hy. [ |

Now suppose F': fy =~ f1 is homotopy from fy to fi. Let f; = F(-,t) as usual. Let
qo: Qo — Z and q1: Q1 — Z denote the two pullback fibrations with corresponding
maps ¢g: Qo — E and ¢1: Q1 — FE.

QO i) FE Ql L) FE

lJoi p tni ip

J —— X J —— X
fo f1

Since p is a fibration, there exists a homotopy ¥:: Qg9 — E such that ¢y = ¢ and
poy = froqg. Since the right square is a pullback in Top, there exists a map
0: Qo — Q1 such that v 00 =11 and g1 0 0 = qp.

Suppose now that F’: fo ~ fi is another homotopy from fy to f; such that F' and
F’ define the same morphism in II(Z, X). This means that there exists a homotopy
®: ZxIxI — X relative to Z x0I from F to F’. By applying the construction above
to F’, we obtain another map 6': Qo — Q1. By lifting the homotopy ®o(qp xid; xidy)
one can show that there exists a homotopy 6;: Qg — @)1 such that ¢q; 0 6; = q¢ for all
t.

Denote by hFibz the category of all fibrations over Z. An object of this category
is a fibration ¢: ) — Z, and a morphism 6 from two objects ¢y: Qo9 — Z and
q1: Q1 — Z is a homotopy class [0;] of maps Q9 — Q1 such that ¢; o §; = qo. The
construction above tells us the following.

THEOREM 45.9 (The Homotopy Theorem for Fibrations). Let p: E — X be a fi-
bration. There is a functor T),: II(Z, X)) — hFiby that assigns to a continuous map
f:+Z — X the fibration q: Q — Z defined above, and to a morphism [fi|: fo — fi
it assigns the morphism [0;] from above.

Proof. It remains to check that T is a functor. This is left as an exercise. [ ]

Since II(Z, X)) is a groupoid category and T}, is a functor, the class T)[f;] is always
an isomorphism. We obtain the following formal consequence.

COROLLARY 45.10. Let p: E — X be a fibration and let f: Z — X be a homotopy
equivalence. Then the map ¢: QQ — E from (45.1) is a homotopy equivalence.

REMARK 45.11. Theorem 45.9 is a massive generalisation of Corollary 45.4, which
(roughly speaking) corresponds to the case where we take Z to be the unit interval.



Let us now return to less abstract material. There is a slightly weaker notion
of a fibration, which is (unimaginatively) called a weak fibration. This is a map
p: E — X that has the homotopy lifting property with respect to any cell complex
W. In fact, having the homotopy lifting property with respect to any cell complex is
equivalent to having the homotopy lifting property with respect to all cubes I"™ for
n >0 (where I° = ). This is the content of the following result.

PROPOSITION 45.12. Let p: ' — X have the homotopy lifting property with respect
to any cube I™. Then p is a weak fibration, that is, it has the homotopy lifting
property with respect to any cell complex.

The proof will use the following observation that we will repeatedly make use of
throughout the rest of this lecture. There is a homeomorphism of pairs

ro (I"T I < {0}) = (B" x I, (B" x {0}) U ("' x I))
Thus if we are given maps
h:B"xI—X, k:(B"x{0})u(S"'xI)—=E,
such that the following diagram commutes:

(B*x {0})u (S x1) —E > E

J i

B" x I - s X

then the homotopy lifting property for cubes implies we can find amap [: B"xI — F
that fits along the dotted arrow:

(B"x{o})u (st xI) ——

L B
\[ /// Z/// ‘/p
» X

B" x 1 -

Proof of Proposition 15.12. Let W be a cell complex and let W™ denote the nth
skeleton of W. Assume we are given f;: W — X and a lift gy of fp. Since W carries
the colimit topology with respect to its skeleton filtration, it suffices to show that for
every n > 0 there exists a homotopy g;': W™ — FE that lifts f' := f;|x» and satisfies
96 = golxn.

We prove this by induction on n. The case n = 0 is clear, since W0 is a dis-
crete space (a discrete collection of IYs). For the inductive step, assume we have
constructed g/, Let a: (B", 8" ') — (CUW"™ L, W"~1) denote the characteristic
map of an n-cell' C. We build from a a map

k: (B"x{0}) U (S"'xI)—=FE

'T would normally call an n-cell E and the characteristic map g, but alas, both of those letters are
taken. ..



by setting k = ggpoa on B x {0} = B" and k(z,t) = g" '(a(x)) on S"~ ! x I (this is
well-defined because they both agree on the overlap S"~! x {0}.) This gives us the
following commutative diagram:

(B™ x {0}) U (5" x ﬂ E

P
-
_-

B x 1

><<—

(z,t)— fi(a

Thus we obtain a lifting over the cell E via the dotted arrow. Doing this for all the
n-cells gives us the desired extension g;*: W™ — E. The fact that g;* is continuous
is due to the fact that g;* is continuous on each n-cell, together with part (4) of
Proposition 18.17. ]

A similar argument allows us to prove the following result.

ProprosITION 45.13. Let p: E — X be a continuous map. Let i be a collection of
subsets of X such {U° | U € i} forms an open cover of X. Assume that py :=
plv: p~1(U) — U is a weak fibration for every U € 4. Then p is a weak fibration.

Proof. It suffices by the previous result to verify the homotopy lifting property for
a cube I". Equivalently, it suffices to show that given h, k such that the following
diagram commutes, we can always find an [ to fit on the dotted line (this is the
same observation as was used just before the proof of Proposition 45.12, only with

(B™, 8" 1) replaced with (I",01™)):

(I"x{o})u (01" x 1) —E— E

I"x I X

By the Lebesgue Number Lemma (Lemma 6.7), there exists N € N such that if we
chop up I" into N™ smaller cubes Iy, Is, ..., In» of equal size, and I into N intervals
Ji,...,Jn of equal size, then for every i,j, h(I; x J;) is contained in U° for some
U el

Let K™ denote the union of the m-dimensional faces of all the cubes I;, for
m =0,1,...,n. Set K~! = and [_; := k. By induction on m, we claim we can
find I, to fit along the dotted arrow:

(I" x {0}) U (K™ x Jp) —>E

[

(1" x {0})u (Km X Ji) ——— X



Indeed, it suffices to do this one cube at a time. If L is an m-dimensional cube and
OL the union of its (m — 1)-dimensional faces, then since py is a weak fibration, for
an appropriate U we can find {7, to fit along the dotted arrow:

(L x {0}) U (0L x .Ji) —==2 p=1(U)

/’/7
7 p
[ //// lL
>

LXJl U

h

Now the maps I, as L ranges over the m-dimensional faces combine together to give
us the desired [,,. Then for m = n we obtain an extension of h to a map on I"™ X Jj.
Now we repeat to extend over I" X J,, and continue. Eventually we are done. ]

This gives us a proof of the first half of Theorem 33.17:
COROLLARY 45.14. Let F — E 2 X be a fibre bundle. Then p is a weak fibration.

Proof. By Example 45.2, any fibre bundle satisfies the hypotheses of Proposition
45.13. [

REMARK 45.15. A harder version of Proposition 45.13 states that if X is paracompact
and py is a fibration for every U then so is p. Combining this result with Example
45.2 shows that every fibre bundle over a paracompact base is a fibration (this is the
second half of Theorem 33.17.)

We would like to combine Theorem 45.5 and Corollary 45.14 to obtain a long
exact sequence for fibre bundles. Unfortunately, since not every fibre bundle is a
fibration (as the base might not be paracompact”), this does not follow directly.
Thus we need another argument. Here is the last result of today’s lecture.

THEOREM 45.16 (Serre’s Theorem). Let p: E — X be a weak fibration. Let 9 € X
and set F := p~1(xg). Let yo € F and let v: (E,yo) — (E, F) denote the inclusion,
and let p': (E,F) — (X, o) be as in the picture:

(Ev yO)

-
(B, F) —— (X, 0)

/

p
Then 7, (p'): mp(E, F) — m,(X, x0) is a bijection for all n > 1.

REMARK 45.17. For n > 2, 7, (p) is an isomorphism since 7, (p’) is a homomorphism.
However for n = 1 it is just a bijection, since 71 (E, F') does not have a group structure.

2Also we didn’t prove fibre bundles over paracompact spaces are fibrations!
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Proof of Theorem 45.16. First, since p is a weak fibration, by arguing by induction
on n and using that /™™ = I™ x I, we see that given a commutative square we can
always fill in the dashed map:

" — 5 F

A
-
i // i
.

" — X
That is, in order to lift a map I — X to E, it suffices to specify the lift of a single
point.

We first prove that m,(p’) is surjective. Let u: (I",0I") — (X, x() represent an
element [u] € 7,(X,x9). Define g: I — E by g(*) = yo. Then by the diagram
above, we can find v: I" — FE such that pov = u and v(0) = yo. Since u(9I"™) =
{zo}, we have v(0I™) C F and thus v is a map of pairs (I",0I") — (E,F). Thus
[v] € o (E, F) and 7, (p’)[v] = [u]. This proves surjectivity.

Now suppose we are given u: (B",S"!) — (E, F) such that the map pou: B"/S”_1 —
X induced by pou: (B",S" ') — (X, z0) is nullhomotopic. We claim that u itself
is nullhomotopic. There is a homotopy of pointed pairs

U: (B"<I, 8" 'xI) — (X, x0), U(z,0) = pou(z),  U(z,1)=mz,  Vz€B"

Define k: (B" x {0}) U (S"~! x I) — E by setting k(z,t) = u(z). Then k is well-
defined and continuous and the following diagram commutes:

(B*x {0}) U (S ' x1) —E— E

[ i

B x 1 T > X

The argument we have used many times now gives us a map V: B"™ x I — E such
that both triangles commute:

(B™ x {0}) U (5" x I) % E

[ //////V ‘/p

B x I i » X

We can view V' as a homotopy of pointed pairs from u to a new map v := V(-,1).
The map v: B™ — F has image in F', and the existence of V shows that [u] = [v] is in
the image of the map m,(F, F) — m,(FE, F) induced by inclusion. But 7, (F, F) =0
(this is true for any space, as I invite you to verify), and hence [u] = 0.

If n > 2 then 7,(p’) is a homomorphism. We have just shown that ker 7, (p’) is
trivial, and hence m,(p’) is injective, and thus bijective. For n = 1 this argument
does not work, so let us argue directly. Suppose [ug], [u1] € 71 (E, F') are such that
[poug] = [poui] € m(X,x0). The u; are paths (I,0I) — (E, F') with u;(0) = yo. If
w 1= g * u1 then pow is nullhomotopic, and hence so is w. Since u; = ugp * w, it
follows [up] = [u1] as required. ]



COROLLARY 45.18 (Homotopy Sequence of a Weak Fibration). Let p: E — X be a
weak fibration. Choose basepoints yo € E and xg = p(yo) € X. Let F := p~!(x0).
Then there is an exact sequence

1 (E) @), Tn(X) = Tpo1(F) = mp—1(E) — - -

Proof. We consider the long exact sequence of homotopy groups for the pair (E, F')
(Theorem 44.17), and use Serre’s Theorem to replace m,(F, F') with m,(X). The
map 7,(E) — m,(X) is then the composition 7, (p') o 7,(z), where p’ and 1 are as
in the statement of Serre’s Theorem. Since this composition is just m,(p), the result
follows. [ |

Note that Corollary 45.18 is what we needed to finish the proof of part (1) of
Theorem 43.18. Further applications to the homotopy groups of spheres are on
Problem Sheet R.



LECTURE 46

Epilogue

In this final lecture I will discuss (without proof) several important topics that un-
fortunately we ran out of time to cover properly. Everything in this lecture is non-
examinable.

We begin by stating three key theorems in homotopy theory. The first is the
higher dimensional analogue of Theorem 9.7. If u: (S™, %) — (X, x0), let u': A" — X
denote the same map, precomposed with a homeomorphism of pairs (A" 0A™) —
(8™, ). This is the same notational convention we used in Remark 9.1. Arguing as
in Proposition 9.2, there is a well-defined map

h: mp(X, x0) = Hy(X), [u] — (u').

Moreover as in Proposition 21.7, this is actually a natural transformation h: m,, —
H,,. The Hurewicz Theorem we proved in Lecture 9 required us to abelianise w1 (X, z¢)
in order to get an isomorphism. For the higher homotopy groups, they are already
abelian, so this is unnecessary. On the other hand, the theorem is only true for =, if
all the lower homotopy groups vanish.

THEOREM 46.1 (The Hurewicz Theorem). Let X be a topological space and let
n > 2. Assume that m;(X) =0 for all i <n. Then also H;(X) =0 for i <n and the
Hurewicz map is an isomorphism 7, (X) — H,(X).

An immediate corollary of Theorem 46.1 and part (2) of Theorem 43.18 is:
COROLLARY 46.2. For any n > 1, m,(S™) = Z.
Another corollary is the following higher-dimensional version of Proposition 15.5:

COROLLARY 46.3. Two maps f,g: S™ — S™ are homotopic if and only if they have
the same degree.

It is convenient to give the hypotheses of Theorem 46.1 a name.

DEFINITION 46.4. A topological space X is said to be n-connected if 7;(X) = 0 for
all ¢ < n. Similarly a pair (X, X’) is n-connected if 7;(X, X’) = 0 for all i < n.

Thus a sphere is (n — 1)-connected, and the Hurewicz Theorem in degree n holds
for (n — 1)-connected spaces. We now present a partial version of the excision axiom
for homotopy groups.
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THEOREM 46.5 (The Blakers-Massey Theorem). Let X, Xy be subspaces of X and
assume that X = X7 U X5. Set Xo = X7 N Xa. Assume that (X1, Xo) is (n — 1)-
connected and (Xo,Xg) is (m — 1)-connected. Let j: (X1, Xo) — (X, X2) be the
inclusion. Then m;(3): (X1, Xo) — mi(X, X2) is an isomorphism for i < m +n — 2
and a surjection for i = m +n — 2.

Now let us return to weak homotopy equivalences, which were mentioned at the
end of Lecture 18.

DEFINITION 46.6. A continuous map f: X — Y is called a weak homotopy equiv-
alence if the induced map m,(f): m,(X,z) — 7, (Y, f(z)) is an isomorphism for all
n>0and all x € X.

A natural question is: when is a weak homotopy equivalence a genuine homotopy
equivalence.

THEOREM 46.7 (Whitehead’s Theorem). Let X and Y be path connected cell com-
plexes. Then a weak homotopy equivalence f: X — Y is a genuine homotopy equiv-
alence.

Whitehead’s Theorem is not saying that two cell complexes all of whose homotopy
groups are isomorphic are necessarily homotopy equivalent: indeed, there has to be
amap f: X — Y realising the given the isomorphisms. As a challenging example, I
encourage you to verify that RP? x §3 and RP? x S? have the isomorphic homotopy
groups in every degree, but are not homotopy equivalent (thus by Whitehead’s The-
orem there is no map RP? x §3 — RP3 x S? that induces an isomorphism on each
homotopy group.)

COROLLARY 46.8. A cell complex X is contractible if and only if all its homotopy
groups vanish.

Proof. If all the homotopy groups vanish then the constant map X — * is a weak
homotopy equivalence. ]

The next result tells us that weak homotopy equivalences behave nicely with
respect to singular homology.

THEOREM 46.9. A weak homotopy equivalence f: X — Y induces an isomorphism
Hy(f): Hy(X;A) — Hy,(Y; A)

and
H"(f): HY(Y;A) —» H"(X; A)
for any n > 0 and any abelian group A.

REMARK 46.10. Theorem 46.9 tells us that singular homology satisfies the weak
equivalence axiom in Definition 21.9, and hence we finally see that singular homology
really is (!) a homology theory.



As a sample corollary, let us prove the following result, which was used in Problem
Sheet O.

COROLLARY 46.11. Let F — E % X be a fibre bundle and assume that the fi-
bre F' is contractible. Then for all n > 0 and any abelian group A, the map
H™(p): H"(X;A) — H"(E; A) is an isomorphism.

Proof. By Corollary 43.17, Corollary 45.14 and Corollary 45.18, we see that m,(E) =
(X)) for all n > 0, and moreover, this isomorphism is realised by the projection p.

Thus p is a weak homotopy equivalence, and thus the claim follows from Theorem
46.9. [ |

Now let us define a special class of maps between cell complexes.

DEFINITION 46.12. Suppose X and Y are cell complexes with skeleton filtrations
(X™) and (Y™) respectively. A continuous map f: X — Y is said to be cellular if
f(X™) Cc Y™ for all n > 0.

In fact, every map can be made cellular.

THEOREM 46.13 (The Cellular Approximation Theorem for Maps). Every continuous
map f: X — Y between cell complexes ia homotopic to a cellular map. If f is already
cellular on a subcomplex X' C X then the homotopy can be chosen to be constant
on X'

This allows us to finish the proof of part (2) of Theorem 43.18.

COROLLARY 46.14. If k < n then any continuous map f: (S*, ) — (S™, y) is null-
homotopic rel x.

Proof. Give S* and S™ their standard cell structure (Example 18.7) consisting of one
0-cell (which we choose to be the two basepoints x and y respectively) and one k-cell
(resp. one n-cell). By the Cellular Approximation Theorem we can homotope f rel
r to a map that carries S* into the k-skeleton of S™. But this is just {y}. [

We now state a more precise version of Theorem 18.19.

THEOREM 46.15 (The Cellular Approximation Theorem for Spaces). For any space
X, there is a cell complex I'X and a weak homotopy equivalence v(X): I'X — X.
If f: X — Y is a continuous map then there is a continuous map I'(f): TX — I'Y
which is unique up to homotopy such that the following diagram commutes:

rx —Y, py

| I
XT Y

In other words: there is a cellular approximation functor I': Top — Cell and a
natural transformation y: IoI' — idtep, where I: Cell — Top is the inclusion functor.



REMARK 46.16. Combining Theorem 46.15 and Theorem 46.9 tells us that from the
point of view of (co)homology, we may always assume our spaces are cell complexes.
We used this several times during the course, for instance in the proof of Step 5 of
the Leray-Hirsch Theorem 34.7.

Finally, let us sketch the proof of the “adult” existence and uniqueness result
for homology theories (this was stated previously as Theorem 21.11—we proved the
“baby” version in Theorem 21.12.)

THEOREM 46.17 (Existence and uniqueness of a homology theory). Singular homol-
ogy is a homology theory. Moreover if (He,d) is any homology theory then (Hae,d)
is naturally isomorphic to singular homology.

Proof (Sketch). The first statement was covered by Remark 46.10 above. Now sup-
pose (He, d) is any homology theory. The aim is to show that He agrees with cellular
homology when we feed it a cell complex. Since a homology theory necessarily van-
ishes on a contractible space, by considering the exact sequence S"~' — B" —
B" / Sn—1 =~ 67 and using induction, we see that any homology theory agrees with
singular homology on a sphere S™:

Hi(S™) = Hy(S"),  Vi>0, n>0.

We now attempt to copy the proof of Theorem 20.5, replacing singular homology
with our given homology theory H,. One sees that if X is a cell complex, then the
corresponding reduced homology theory H, has the property that 7:[n(X ) agrees with
the nth homology of the the chain complex

c S Hp (XX o Hp (XL X2

where each term is free on the n-cells of X. Here we are using the fact that the
axioms of a homology theory imply that He commutes with colimits to deal with the
case when X is infinite dimensional. This complex agrees with the cellular complex
C¢U(X), but the two boundary maps could be very different. Thus the key step is
to show that the analogue of the Cellular Boundary Formula (Theorem 20.11) holds
for H,. This essentially comes down to showing that any map f: S™ — S™ of degree
k induces multiplication by k on 7—~ln(S”) By Corollary 46.3 it suffices to construct a
single map f: S™ — S™ of degree k for which H,(f) is multiplication by k. For this,
one considers a composition S” — \/f:1 S™ — S™ where we factor S™ into the k-fold
wedge of S™. That this map induces multiplication by k is not to hard to see: one
argues as in Lemma 20.12, and uses the fact that the additivity axiom implies that
’1':[. is additive on wedge sums.

Thus our arbitrary homology theory agrees with cellular homology (and hence
also singular homology) on a cell complex. The weak equivalence axiom then shows
that He agrees with singular homology on any space. This completes the proof. B

And this completes the course! Thank you everyone for coming.



Problem Sheet A

This Problem Sheet is based on Lecture 1 and Lecture 2. A (1) means I will use the
problem in lectures; a (x) means I think the problem is challenging.

PrROBLEM A.1. Let X be a topological space. Assume X can be written as an
arbitrary union
X =Jx,
i

where each X; is an open subspace of X. Assume we given a topological space Y
and continuous functions
fir Xi =Y,

with the property that
filxinx; = filxinx; Vi, 4 such that X; N X, # 0.
Then there exists a unique continuous function f: X — Y such that
flx, = fi, Vie N.

PROBLEM A.2 (). Let C and D be categories and T: C — D a functor. Suppose f
is an isomorphism in C. Prove that T'(f) is an isomorphism in D.

PROBLEM A.3 (}). Let C and D be categories. Suppose ~ is a congruence on C and
T:C — D is a functor. Assume that whenever f ~ g one has T'(f) = T(g). Prove
that T induces a functor 7”: C' — D, where C' denotes the quotient category.

PROBLEM A.4 (). Show that a topological space X has the same homotopy type as
a point if and only if X is contractible.

PROBLEM A.5. Let X a topological space. Define an equivalence relation on X x [
by (z,t) ~ (2/,t') if t = ¢ = 1. Let CX denote the quotient space (X x I)/ ~. We
call CX the cone on X. Prove that C'X is always contractible, and deduce that any
topological space can be embedded inside a contractible one.
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Solutions to Problem Sheet A

This Problem Sheet is based on Lecture 1 and Lecture 2. A (1) means I will use the
problem in lectures; a (x) means I think the problem is challenging.

PrROBLEM A.1. Let X be a topological space. Assume X can be written as an
arbitrary union
x=Jx,
i

where each X; is an open subspace of X. Assume we given a topological space Y
and continuous functions
Jir Xi =Y,
with the property that
fi|X1ﬂXj :fj’Xiij, Vl,j such that XiﬂXj#w.

Then there exists a unique continuous function f: X — Y such that

flx,=fi, VieN

SOLUTION. First we prove the existence. For any z € X there exists an ¢ such that
z € X;. Set f(xz) = fi(x). Clearly, f is well-defined, since for j # i with z € X
we have by assumption that fj(z) = fj(z). Since x is arbitrary it suffices to prove
continuity of f at x. Note that X; is open and f(x) = f|x,(x) = fi(x). Since f; is
continuous at x and z € X; = int(X;) it follows that also f is continuous at x. Now
suppose that g is another such map with the same properties. Then for every z € X
we have f(x) = fi(x) = g(x). Hence f = g which proves uniqueness.

PROBLEM A.2 (f). Let C and D be categories and T': C — D a functor. Suppose f
is an isomorphism in C. Prove that T'(f) is an isomorphism in D.

SOLUTION. Let A and B be objects of the category C such that f is a morphism
between them. By assumption f: A — B is an isomorphism in C', hence there exists
a morphism ¢g: B — A such that go f =id4 and fog = idg. Since T is a functor we
see that idp(4y = T'(ida) = T(go f) = T(g) o T(f) and similarly idpg) = T(f)oT(g).
This proves that T'(f) is an isomorphism in D.

PROBLEM A.3 (}). Let C and D be categories. Suppose ~ is a congruence on C and
T:C — D is a functor. Assume that whenever f ~ g one has T'(f) = T(g). Prove
that T induces a functor 7”: C' — D, where C' denotes the quotient category.

SOLUTION. On objects of the category C the functor T” is equal to 7. On morphisms
we define T'([f]): = T(f). This is well-defined, indeed for [f] = [g] we have that
T(f) = T(g) by assumption. We need to show that 7" satisfies the properties of a

functor. Clearly T'([g] o [f]) = T'([go f]) = T(go f) = T(g) o T(f) = T'([g]) o T'([f])
since T is a functor, and for any object A € C, T'([id]) = T'(ida) = idp(ay = idpr(a)-
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PROBLEM A.4 (). Show that a topological space X has the same homotopy type as
a point if and only if X is contractible.

SOLUTION.

”=" There exists f: X — {*} and g: {x} — X continuous such that go f ~ idx.
But gof: X — {*} — X is necessarily a constant map. Hence idx is homotopic
to a constant map, which proves that X is contractible.

7<” Let ¢: X — X be the constant map sending every point z € X to a fixed
point ¢ € X and assume idx ~ c¢. Define f: X — {x} the constant map and
g: {#} — X the constant map sending * to gq. Clearly go f = ¢ ~ idx and
f o g=idg,y. This shows that X has the homotopy type of a point.

PrROBLEM A.5. Let X a topological space. Define an equivalence relation on X x [
by (z,t) ~ (2/,t') if t =¢' = 1. Let CX denote the quotient space (X x I)/ ~. We
call C'X the cone on X. Prove that CX is always contractible, and deduce that any
topological space can be embedded inside a contractible one.

SOLUTION. Let ¢: CX — CX denote the constant map sending every point to the
equivalence class [z, 1]. (Note that [z, 1] = [2/, 1] for any two points x and 2’ in X.)
We define the homotopy H: CX x [0,1] — CX by H([z,t],s) := [z,s + (1 — s)t].
One can see that H is a homotopy between idcx and ¢, which proves that CX
is contractible. Moreover, every topological space X can be embedded into the
contractible space CX via the map i: X — CX given by z +— [z, 0].



Problem Sheet B

This Problem Sheet is based on Lecture 3 and Lecture 4. A (1) means I will use the
problem in lectures; a (x) means I think the problem is challenging.

PrOBLEM B.1 (). Let X and Y be topological spaces. Prove that any two maps
X — Y are homotopic (in fact, nullhomotopic) if either

e Y is contractible or

e X is contractible and Y is path connected.

PrROBLEM B.2 (}). Let X, Y and Z be topological spaces. Suppose A C X and B C
Y. Assume we are given two continuous maps fo, fi: X — Y such that fo|4 = fi|a
and such that f;(A) C B for i = 0,1, and also two continuous maps gg,g1: ¥ — Z
such that go|p = ¢g1|B. Assume that fo ~ f1 rel A and gy ~ g; rel B. Prove that

go © fo = g1 0 f1 rel A.
PrOBLEM B.3 (1). If (X,p) and (Y, q) are pointed spaces, prove that
(X x Y, (p,q)) = 7 (X, p) x m (Y, q).

PROBLEM B.4. If f: X — Y is freely nullhomotopic, prove that for any p € X the
group homomorphism 71 (f): m1(X,p) — 71 (Y, f(p)) is trivial',

PROBLEM B.5 (f). Take (1,0) € R? as the basepoint of S'. Prove that for any
pointed topological space, there is an isomorphism of groups:

m(X,p) 2 [(811), (X,p)],

where [(S!,1), (X, p)] denotes the morphism space in hTop, (cf. Remark 4.8.)

Will J. Merry and Berit Singer, Algebraic Topology 1. Last modified: Sept 01, 2018.
'Recall a group homomorphism ¢: G — H between two groups G and H is called trivial if ¢(g) = 1
for all g € G, where 1 is the identity element in H.
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Solutions to Problem Sheet B

This Problem Sheet is based on Lecture 3 and Lecture 4. A (1) means I will use the
problem in lectures; a (x) means I think the problem is challenging.

PrOBLEM B.1 (). Let X and Y be topological spaces. Prove that any two maps
X — Y are homotopic (in fact, nullhomotopic) if either

e Y is contractible or

e X is contractible and Y is path connected.

SOLUTION. First suppose that Y is contractible. Let F': Y x I — Y be a homotopy
between idy and the constant map ¢(y) = p for a fixed point p € Y. Le. F(-,0) = idy
and F(-,1) = c¢. Let f: X — Y be a continuous map. We want to show that f is
homotopic to the constant map ¢: X — Y with é(z) = p. We define the homotopy

H: XxI — Y
(z,t) = F(f(x),t).

Clearly, H(x,0) = F(f(x),0) = idy(f(z)) = f(z) and H(z,1) = F(f(z),1) =
c(f(z)) = é(z). Hence, f is homotopic to a constant map and hence null homotopic.

Now assume that X is contractible and Y is path connected. Since X is con-
tractible there exists a homotopy

F:XxI — X,

such that F'(-,0) = idx and F(-,1) = ¢ with ¢(x) = ¢ for every x € X and for a
fixed g € Y. Let f: X — Y be a continuous map. We want to show that f is
nullhomotopic. We define

H:XxI — Y
(1) = f(F(x,1)).

Then we have H(z,0) = f(F(x,0)) = f(z) and H(z,1) = f(F(z,1)) = f(q) a
constant map. Note that two constant maps are homotopic if their image (a point)
lies in the same path component. Indeed, let cg: X — Y and ¢;: X — Y be two
constant maps with ¢;(z) = ¢; for i = 1,2. Let v: I — Y be a path in Y such that
7(0) = go and (1) = ¢;. Then the map H(z,t) := 7(t) defines a homotopy between
¢p and ¢1. (In fact, two constant maps are homotopic if and only if their image lies
in the same path component.)

Since Y is path connected any two constant maps are homotopic. Moreover, since
homotopy is an equivalence relation, it follows that any two null homotopic maps are
also homotopic.
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PrROBLEM B.2 (1). Let X, Y and Z be topological spaces. Suppose A C X and B C
Y. Assume we are given two continuous maps fo, f1: X — Y such that fy|4 = fi|a
and such that f;(A) C B for i« = 0,1, and also two continuous maps go,g1: Y — Z
such that go|p = ¢g1|B. Assume that fy ~ f1 rel A and gy ~ g1 rel B. Prove that
go© fo = g1 o f1rel A

SOLUTION. Let F': X x I — Y be a homotopy rel A between fy and f1. Let G: Y x
I — Z be a homotopy rel B between gy and g;. Then the map

H: XxI — Z
(x,t) —  G(F(z,t),t)

is a homotopy between gg o fo and ¢ o f1. Moreover, for a point a € A we have by
assumption that F'(a,t) = fo(a) = fi(a) € B for and for every b € B we have that

G(b;t) = go(b) = g1(b). Hence H(a,t) = G(F(a,1),t) = go(fo(a)) = g1(f1(a))-

ProBLEM B.3 (1). If (X,p) and (Y, q) are pointed spaces, prove that

(X x Y, (p,q)) = 7 (X, p) x m (Y, q).
SOLUTION. Define ¢: 71 (X, p)xm1(Y, q) — (X XY, (p, q)) as follows. Let v and v be
representatives of the classes [u] € m1(X,p) and [v] € m1(Y, q). Put ¢([u], [v]) := [w],
where

w: I — X xY

t = (u(d), o).
Now we define a map ¢: 71 (X x Y, (p,q)) = m(X,p) xm(Y,q). Let p1: X xY — X
and p2: X XY — Y denote the two obvious projections. For a map w: I - X x Y
representing a class [w] € (X X Y, (p,q)) we define ¢([w]) := ([p1 o w], [p2 o w]) €
1 (Xv p) X T (Y7 Q) Clearly ¢ ?P 1d7r1 (X xY,(p,q)) and d) ¢ ldﬂl(X,p)le(Y,q)‘
PROBLEM B.4. If f: X — Y is freely nullhomotopic, prove that for any p € X the
group homomorphism 71 (f): m1(X,p) — 71 (Y, f(p)) is trivial',
SOLUTION. Here are two different proofs:

1. First consider the special case where f is actually the constant map c(x) = q.
Then the result is obvious: the induced homomorphism mi(c) : m(X,p) —
m1(Y, q) is trivial, since if u is any loop based at p then cow is the constant loop
€q-

Now for the general case: suppose F': ¢ ~ f where ¢ is the constant map
c(x) = ¢q. Fix p € X, and let w(s) := F(p,s), so that w is a path from ¢ to
f(p). Then by Proposition 4.13, we can write

m1(f) = Aw o m1(c)
as maps 71 (X,p) = m (Y, f(p)). Thus for any [u] € m (X, p),

m ()] = Aw(mi(c)[u]) = Aulq] = [ (D)),

and hence 71 (f) is trivial.

1Recall a group homomorphism ¢: G — H between two groups G and H is called trivial if ¢(g) =
for all g € G, where 1 is the identity element in H.



2. Now for a different approach. Let F': X x I — Y be a free homotopy between
f and the constant map c(z) = q. For a class [u] € m1(X,p) the map

G:S'xI =Y
(s,t) — F(u(s),t)

defines a free homotopy between f o u and c o wu. In other words, the map
fou:S" = Y is freely nullhomotopic. Hence, by Proposition 2.15 the map
f ou extends to a map ¢ : D?> — Y, where D? is the disk with boundary S,
so have g|g1 = f ou. Because D? is contractible, we know that there exists a
homotopy relative 1

K:D*x I — D?

such that K(z,0) =idp2, K(z,1) = 1Vx and K(1,t) = 1V¢. This gives rise to
a homotopy relative f(p) between the loops f o u and the constant loop f(p).
Indeed, define
H:S8'xI — Y
(S,t) = g(K’Sq(Svt))'

Therefor for every [u] € m1(X,p) we have m1(f)[u] = [f ou] = [f(p)], which is
the identity in m (Y, f(p))-

PROBLEM B.5 (f). Take (1,0) € R? as the basepoint of S!. Prove that for any
pointed topological space, there is an isomorphism of groups:

m(X,p) = [(S%, 1), (X,p)],
where [(S?,1), (X, p)] denotes the morphism space in hTop, (cf. Remark 4.8.)

SorLuTION. Consider the continuous map w: I — S1 defined by w(s) := exp |, where
exp was defined in Definition 5.1. If u is a loop in X, then @ := wow™! is a well-
defined continuous map @: S' — X. Moreover if u and v are loops with u ~ v rel
OI via a homotopy wu;(s) then @ ~ o rel 1 via the homotopy i (z) = u; o w™!(x).
Similarly if ug, u1,vo,v; are four loops such that ug(0) = vo(0), ug ~ uy rel 91 and
vo ~ vy rel A1, then (ug * vg) ow ™ ~ (ug *v1) ow ™! rel 1.

This means that there is a well defined function 71 (X,p) — [(S', 1), (X, p)] that
sends [u] to [u o w™!]. This function is in fact a bijection, as the inverse is given by
[4] + [@ o w]. Moreover, we can use this bijection to give [(S!, 1), (X,p)] a group
structure: given loops u, v set w = u * v and define

With this definition the RHS has a group structure and our bijection is in fact an
isomorphism of groups.



Problem Sheet C

This Problem Sheet is based on Lecture 5 and Lecture 6. A (1) means I will use the
problem in lectures; a (x) means I think the problem is challenging.

ProBLEM C.1. Let C be a category, and let C, Cs be two objects in C. The coprod-
uct of C1 and Cs is triple (C, f1, f2), where C'is another object in C, and f;: C; — C
and fo: Cy — C are morphisms which satisfy the following universal property: if D
is any other object in C and ¢g1: C7 — D and go: Co — D are any two morphisms,
then there exists a unique morphism h: C' — D such that the following diagram

commutes:

BN h/

1. Prove that if the coproduct exists then it is unique up to isomorphism.

2. Prove that the coproduct exists in Groups. Hint: Show that the free product
G * H is the coproduct of G and H.

PRrROBLEM C.2. Given two pointed spaces (X,p) and (Y, q), we define their wedge
product X VY as the subset of X x Y

XVY ={(z,y) e X XY |z=pory=q}.

We can view X VY as a pointed space with basepoint (p,q). Inductively, one can
also define the k-fold wedge \/f:1 X; of k pointed spaces (X;,p;). Compute the
fundamental group of the k-fold wedge' of the circle S*.

PROBLEM C.3 (}). Consider the square I x I and identify the edges as indicated
in Figure C.1. This gives us three different topological spaces: the torus T2, the
real projective plane RP? and the Klein bottle. Compute the three fundamental
groups.

PROBLEM C.4 (%). Consider the complex plane C. Given R > 0, let ¥ denote the
set
r={z2€C||z| = R}.

1. Show that X has the same homotopy type as C\ {0} for each R > 0.

2. Let Pp: ¥g — C\ {0} denote the restriction to X of the map z — 2". Show
that Pp is never freely nullhomotopic.

Will J. Merry and Berit Singer, Algebraic Topology 1. Last modified: Sept 01, 2018.
IThis space is often called a “bouquet of circles”.
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Figure C.1: Three ways to identify edges of I x I.

3. Deduce the Fundamental Theorem of Algebra: that every nonconstant complex
polynomial has a complex root.

PROBLEM C.5 (*). Let (X, p) be a pointed space. Assume there is a pointed contin-
uous map m: (X x X, (p,p)) = (X, p) with the property that the pointed maps

mi: (X,p) = (X,p),  ma(x):=m(z,p)

and
ma: (X,p) = (X,p), ma(x) := m(p, )

are both homotopic to idx rel p. Prove that 71 (X, p) is abelian.



Solutions to Problem Sheet C

This Problem Sheet is based on Lecture 5 and Lecture 6. A (1) means I will use the
problem in lectures; a (x) means I think the problem is challenging.

ProBLEM C.1. Let C be a category, and let C1,Cy be two objects in C. The co-
product of C; and Cy is triple (C, fi1, f2), where C' is another object in C, and
f1 € Hom(C1,C) and fo € Hom(C3, C), which satisfies the following universal prop-
erty: if D is any other object in C and g1 € Hom(C4, D) and g3 € Hom(Cy, D) are
any two morphisms, then there exists a unique morphism h € Hom(C, D) such that
the following diagram commutes:

Q

7 X

D ¢ Q)
2

Q
)

N A

1. Prove that if the coproduct exists then it is unique up to isomorphism.

2. Prove that the coproduct exists in Groups. Hint: Show that the free product
G * H is the coproduct of G and H.

SOLUTION.

1. Suppose (C, f1, f2) and (C, f1, fg) are two coproducts. By the universal property
of (C, f1, f2) there exists a unique h : C'— C such that the following diagram
cominutes.

~
Q

7 X

o

Q
>

N A

S

Similarly there exists a unique & such that the next diagram also commutes.

Q
&

N A

~
o
=

N

Q {44445_744444 QI

Will J. Merry and Berit Singer. Last modified: Sept 01, 2018.

—_


https://www.merry.io

We need to show that hoh = ids and hoh = ide. Notice that

Elohoﬁ = f:lofl = fi
hohofys = ho

and L
hOI}OJil = hofi = fi
hohofos = hofy = fo

Consider the diagram

Again by the universal property of the coproduct (C, f1, f2) there exists a unique
¢ such that the above diagram commutes. The identity id¢ fulfils this property
and hence by the uniqueness of the map ¢ we have that ¢ = ido. But also hoh
fulfils this property. Hence idg = ¢ = hoh. 1t follows from a similar argument
that ids = h o .

2. Let G * H denote the free product of G and H. Let i1 : G - G« H and
i9 : H — G % H be the inclusions. We show that (G * H,i1,142) is the coproduct
of G abd H. Given a third group K and two morphisms ¢; : G — K and
¢2 : H — K. Then we define the map

n:GxH — K
grthi---grhe = 91(g1)d2(h2) - - d1(gr)P2(her).

We can see that noi; = ¢1 and 1 ois = ¢o. The uniqueness of n follows
from the fact that n has to be a group homomorphism and thus must satisfy

n(gihi - -~ grhe) = n(g)n(ha) - --n(gr)n(hr) = ¢1(g1)P2(h2) - - - é1(gr) P2 (hyr).

PrOBLEM C.2. Given two pointed spaces (X, p) and (Y, q), we define their wedge
product X VY as the subset of X x Y:

XVY :={(z,y) e X xY |z=pory=q}.

We can view X VY as a pointed space with basepoint (p,q). Inductively, one can
also define the k-fold wedge \/f:1 X; of k pointed spaces (X;,p;). Compute the
fundamental group of the k-fold wedge' of the circle S*.

SOLUTION. We use the Seifert-van Kampen theorem to compute the fundamental
group. First we note that this theorem can be applied recursively and that the free
product with amalgamation is associative in the sense that (A B)«C = A* (B ()
for groups A, B and C. Hence the Seifert-van Kampen theorem can be generalised

IThis space is often called a “bouquet of circles”!



to the case of a topological space X = X1 U...U X}, where the X; are open subsets
and X7 N...N X} is non-empty and path connected. We assume that the base point
of the k-fold wedge product of St is the point (1,...,1). Then \/fz1 S* looks like the
union of k copies of S! with one point in common. The common point is (1,...,1).
Let U, be a small neighbourhood of 1 inside the circle S*, such that U, is contractible.

For i =1,...,k let X; be the set UV ... UV StV U, V...V U, where the S*
is at the ¢th position. The sets X; are open and X; N ... N X is non-empty and
path connected. Moreover X;N...N X, =U. V...V U, it is contractible and hence
simply connected. We know from the lecture that 7 (S',1) = Z. Thus is follows
from Corollary 6.6 that

k
m(\/ S (1,....1) =z*,
=1

where Z** denotes the k-fold free product of Z.

PROBLEM C.3 (f). Consider the square I x I and identify the edges as indicated in
Figure C.1. This gives us three different topological spaces: the torus T2, the real
projective plane RP? and the Klein bottle. Use the Seifert-van Kampen theorem

\ \;I-]ll‘ real pro ljvt'ﬁ\'t'/

plane RP?

.
>
e

\ The torus 72 / /'I'Iu' Klein bottle A\

< > -
Figure C.1: Three ways to identify edges of I x I.

to compute the three fundamental groups.

SOLUTION.

1. We choose the first open subset X7 of the torus to be an open ball in the
interior of the square. The second open subset X5 is chosen to be a open
subset containing the complement of X;. (See figure C.2.) The set X; is
contractible and thus simply connected. Moreover, Xo is homotopy equivalent
to the boundary of the rectangle, where the edges are identified as indicated in
the picture. Thus X5 has the homotopy type of S' Vv S!. (See Figure .2.) Let
a and b denote the two generators of 7 (Xs,p) & m(S'V St p) = Z+Z. Cleary,
X1 N X5 has the homotopy type of S'. Note that 7['1(21)(7T1(X1 N Xg),p)) C
71(X1,p) is trivial, since m(X1,p) = 1. We need to compute the subgroup
m1(22) (m1 (X1 N X2),p)) C m1(Xa,p). The map m(12) sends the generator of
71(X1 N Xa,p) to the loop corresponding to the word aba~'b~!. Therefore
71(X, p) is the quotient of the free product of m(X1,p) and 71 (X2, p) by the
normal subgroup generated by elements of the form aba~'b~! = 1. This means



that @ and b commute. By Corollary 6.6 we conclude that

7['1(T2,p) = 7T1(X2,p)/7T1(7,2)(7T1(X1 ﬂXQ),p)) = (a,b\ab = ba> =27 7.

o L
< a
1{.!*- N N
| a
| -
b W :\’ b = b ¥ 6&.}
_______ ?_(f"i
— _< . Sy x‘l o
a

Figure C.2: The torus T2

2. As before, let X1 be an open ball in the interior of the square and Xo a small
open neighbourhood of the complement of X;. (See Figure C.3.) Then X is
again simply connected and X5 has the homotopy type of a circle S'. Note
that ¢ := ab is a generator for 71 (X2, p). The map m(22) sends the generator of
m1(X1N X2, p) to the loop abab in 71 (X2, p). Moreover 1 (21)(m1(X1NXa,p) =1
since X7 is simply connected. Therefore

m(RP?,p) = 71 (X2, p)/m1(12) (71(X1 N X2),p)) = (clec = 1) = Zs.

. <
j B c c (>
V! ;‘.,\ - N i_,-\a"' - — <

X2,

Figure C.3: The projective plane RP?

3. Let K denote the Klein bottle. Let X; be an open ball in the interior of the
square and X5 a small open neighbourhood of the complement of X;. (See
Figure C.4.) The set X is simply connected and Xy has the homotopy type
of S'v S'. Let a and b denote the edges of the square. Then a and b are
generators for 7 (Xa,p) = 71 (St V St p). The loop corresponding to the word
aba~1b is contractible in X;. Therefore we have

7T1(X2,p)/7i’1(12)(7T1(X1 ﬁXQ),p)) = (a,b|aba_1b = 1).
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Figure C.4: The Klein bottle

4.

PROBLEM C.4 (%). Consider the complex plane C. Given R > 0, let ¥ denote the
set
Yr:={2€C||z| = R}.
1. Show that X i has the same homotopy type as C\ {0} for each R > 0.

2. Let Pp: ¥g — C\ {0} denote the restriction to X of the map z — 2". Show
that Pp is never freely nullhomotopic for n > 0.

3. Deduce the Fundamental Theorem of Algebra: that every nonconstant complex
polynomial has a complex root.

SOLUTION.

1. We define the map
rr:C\ {0} — Xp
z — é—lR

and the inclusion ¢ : ¥ < C\ {0}. Then 7 o = idy,,. Moreover, the map

H:C\{0}xI — C\ {0}
(z,1) = z2(1—t)+ Rt

|2
is a homotopy between i org = H(-,1) and H(-,0) = idc\ {0}-

2. Suppose by contradiction that Pj: ¥g — C\ {0} is freely nullhomotopic. Let
F : Pj ~ ¢ be a homotopy to the constant map c(z) = p. Then Pj extends to
the map

f:Drp — C\ {0}
P, 0
F(LR72—%|Z’), %

||

2| < &,

z
|z < R,

<
<
where Dp is the disk with radius R and centre 0. The set Dp is contractible
and f is continuous. For simplicity we assume w.l.o.g. that R = 1, so that Dp
is the unit ball B2. We have group homomorphisms

(B2 1) 2V men oy, 1) 22U st ).

5



But 71(B?,1) = {1} and 71(r1) o 71(f) maps the contractible loop t — €27 in
B? to n times the generator in 71(S*,1). This is a contradiction.

3. Consider the polynomial with complex coefficients:
9(z) = 2"+ an_12"" 1+ .. a1z + ag.

First we show that g|y, is homotopic in C \ {0} to the polyominal Pjl|s,.
Choose R > max{1, 37" |a;|}. Define the map

H:YpxI — C
(2,t) =230 0(1_t)az

If we can show that H (z,t) is never zero then the image of H lies in C\{0} and H
is a homotopy between g(z)|x, and Pj(z) in C\ {0}. Suppose by contradiction
that there exists a t € I and a z with |z| = R such that H(z,t) = 0. Then we
have 2" = Z?:_ol(l —t)a;z'. The triangle inequality gives

_ n—1 n—1

Z (1= t)]ai| R <> || R < (Z \ai|> R
=0 =0 1=0

If R > 1 we have R < 37" |a;|, which contradicts the choice of R.

Assume now that g has no complex roots. Define G : ¥z x I — C\ {0} by
G(z,t) = g((1 — t)z). (Since g has no root the values of G do lie in C\ {0}.)
Visibly, G is a homotopy of g|s,, in C\{0} to the constant map ag. Therefore g is
nullhomotopic and, by transitivity, Py is nullhomotopic, contradicting part (2).

PrROBLEM C.5 (%). Let (X, p) be a pointed space. Assume there is a pointed map
m: (X x X, (p,p)) — (X, p) with the property that the pointed maps

my: (X,p) = (X,p),  mi(x):=m(z,p)

and
ma: (X,p) = (X,p), ma(x) := m(p, )

are both homotopic to idx rel p. Prove that 71 (X, p) is abelian.

SOLUTION. In Problem B.3, we proved that ® : 7(X,p) x m(X,p) — m (X x
X, (p,p)), defined by ([u], [v]) = [(u,v)], is an isomorphism, where (u,v) is the path
in X x X given by s +— (u(s),v(s)). Choose [u], [v] € m1(X,p). Let ¢: X — X be the
constant path c¢(z) = p. Note that m; = mo (idx,c) and my = mo (¢,idx). Now

[v] = m1(idx)[v]
= m1(ma)[v], as mg ~ idx
= m(mo(cidx))[v]
= m1(m)([cov,v]
= mi(m)o @([cov],[v]),

[v
= m(m)o®([p,[v]), ascov=e



where [p] is the identity element in 71 (X, p). Similarly,

[u] = m1(m) o @ ([ul, [p]).

Now observe that as elements of 71 (X, p) x m1 (X, p), one has

([u], [o]) = ([p], []) - ([u], [p])-

Since 71 (m) o ® : w1 (X, p) x m(X,p) = 71 (X, p) is a homomorphism, we have

m1(m) o ®(([pl, [v]) - ([ul, [p]))
mi(m) o &([p, [v[])][ ]1(m)0<1> [u], [p])

If instead one factors ([u],[v]) = ([u],[p]) - ([p], [v]), the same reasoning shows that
m1(m)o®([ul, [v]) = [u][v]. We conclude that [v][u] = [u][v], hence 71 (X, p) is abelian.

m1(m) o ®([ul, [v])



Problem Sheet D

This Problem Sheet is based on Lecture 7 and Lecture 8. A (1) means I will use the
problem in lectures; a (x) means I think the problem is challenging.
PrROBLEM D.1 (}). Some questions on (free) abelian groups:

1. Prove that every abelian group G is isomorphic to a quotient group of the form
F/R, where F is a free abelian group.

2. Prove that every any two bases of a free abelian group have the same cardinality
(and thus the notion of the rank of a free abelian group is well-defined).

3. Prove that two free abelian groups are isomorphic if and only if they have the
same rank.

4. Prove that if G is an arbitrary abelian group then there exists a free abelian
subgroup F' of G such that G/F is torsion.

ProOBLEM D.2 (t). Let P = [z0, 21, ..., 2n] denote an n-simplex, where n > 1. Con-
struct an explicit homeomorphism (P,dP) — (B", S"1).

PROBLEM D.3 (f). Let X be a one-point space {p}. Prove' that H,(X) = 0 for all
n > 0.

PROBLEM D4 (). Let X be a topological space. Let {X | A € A} denote the path
components of X. Prove that for every n > 0 one has”

H,(X) = @ H,(X)).
AEA

Will J. Merry and Berit Singer, Algebraic Topology 1. Last modified: Sept 01, 2018.
!This is called the dimension axiom.
?In general, if {G\ | A € A} is a collection of groups, an element of @, G is a tuple (gx) where all
but finitely many of the g, are equal to the identity.
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Solutions to Problem Sheet D

This Problem Sheet is based on Lecture 7 and Lecture 8. A (1) means I will use the
problem in lectures; a (x) means I think the problem is challenging.

PrROBLEM D.1 (}). Some questions on (free) abelian groups:

1. Prove that every abelian group G is isomorphic to a quotient group of the form
F/R, where F is a free abelian group.

2. Prove that any two bases of a free abelian group have the same cardinality (and
thus the notion of the rank of a free abelian group is well-defined).

3. Prove that two free abelian groups are isomorphic if and only if they have the
same rank.

4. Prove that if G is an arbitrary abelian group then there exists a free abelian
subgroup F' of G such that G/F is torsion.

SOLUTION.

1. For an abelian group G let F(G) be the free abelian group generated by the
set G. Let B be a basis of F'(G). Since G generates F/(G) we can assume that
B C G. By Lemma 7.2 there exists a unique group homomorphsim ¢: F(G) —
G such that ¢(b) = b for every b € B. Clearly, ¢|¢ = Idg and hence ¢ is
surjective. Let R := ker ¢ then G = F(G)/R.

2. Let p be prime. A free abelian group is a Z-module. Then G/pG is a module
over Z/pZ. But Z/pZ is a field and thus G/pG is a vector space over Z/pZ.
A basis B of G induces a basis of G/pG as a vector space over Z/pZ and they
have the same cardinality. (The basis of G/pG is given by {b+ pZ | b € B}.)
Any two bases of a vector space have the same cardinality.

3. Here are two proofs:

Two free abelian groups F' and G are isomorphic if and only if the vector spaces
F/pF and G/pG are isomorphic. Hence, they are isomorphic if and only if their
bases have the same cardinality.

Let F' and G be two isomorphic free abelian groups and ¢ an isomorphism
between them. Let B be a basis of F'. Since ¢ is bijective and a group homo-
morphism it follows that ¢(B) is a basis of G and |B| = |¢(B)|. For the other
direction, let B be a basis of F' and B’ a basis of G and suppose that |B| = |B’|.
Let ¢: B — B’ be a bijection and 1: B’ — B its inverse. By Lemma 7.2 there
exists a unique group homomorphism ¢: F — G such that ¢(b) = ¢(b) for
every b € B. Similarly there exists a unique ¢: G — F such that () = (V)
for every ¥ € B’. Since B and B’ generate F and G and ¢ and ¢ are group
homomorphisms it follows that ¢~>: F — G is a group isomorphism with inverse

v:G— F.

Will J. Merry and Berit Singer. Last modified: Sept 01, 2018.
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4. Define a subset A of G to be independent if Va; € A and Vz; € Zif )", z;a;, =0

then necessarily z; = 0 Vi. By Zorn’s Lemma a maximal independent set exists,
call it B. Let F' be the free abelian subgroup of G generated by B. Then G/F
is torsion by maximality of B.
Here is another proof which is more constructive (i.e. it does not need Zorn’s
Lemma), but only' works for finitely generated groups. Let T := {g € G |
g is torsion} be the torsion subgroup. This is a normal subgroup of G and G/T
is free. Then there exists a short exact sequence

0 T — G5 G/T—0.

(Short exact sequences will soon be defined in Lecture 12.) Since G/T is free the
sequence is split, i.e. there exists a map s: G/T — G, such that pos = idg/r
and r: G — T such that r o4 = idp (you will prove this on Problem Sheet F'.)
The group homomorphism s is injective and s(G/T) < G is a free subgroup.
Moreover, G/s(G/T) = T is torsion.

PrOBLEM D.2 (t). Let P = [z0, 21,. .., zn] denote an n-simplex, where n > 1. Con-
struct an explicit homeomorphism (P,dP) — (B", S"1).

SOLUTION. Let b denote the barycentre of the n-simplex P. Since P is convex, for a
point z € P\ {b} the line spanned by ¥ — b intersects OP at a unique point, which
we call s(x). Define

¢: (P,OP) — (B™,0B")

— Zb_
o () —b]
b — 0.

This is a bijective continuous map between compact Hausdorff spaces, and hence is
a homeomorphism.

PrOBLEM D.3 (1). Let X be a one-point space {*}. Prove’ that H,(X) = 0 for all
n > 0.

SOLUTION. For every n > 0 the group of n-chains C,, (X)) has exactly one generator,
namely the constant n-chain k,: A™ — {x}. The boundary of the constant n-chain
Kp is precisely

n n Kn_1, mneven and > 2,
Okp = Z(_l)%n og; = Z(—l)i/@n,l =<0, n odd and > 1,
=0 =0 O, n = 0,

(Recall that the boundary of a 0-chain is by definition zero.) Hence, the group Z,,(X)
of singular n-chains is
0, n even and > 0,
Zn(X) =1 Cn(X)=Z"kp, noddand >1, ,
Cn(X)=Z"kp, n=0,

Thanks to “asdf” for pointing this out! The group (Q,+) (which is not finitely generated) is a
counterexample since it has zero torsion subgroup but is not free.
2This is called the dimension axiom.



and

By(X) = 0, n even and > 0,
" B Cn(X)=7Z"kn, noddand >1,

In both cases we conclude that H,(X) = Z,(X)/Bn(X) = 0 for every n > 1. In
dimension zero Z(X) =Z - ko and By(X) = 0 which shows that Ho(X) = Z.

PROBLEM D.4 (1). Let X be a topological space. Let {X) | A € A} denote the path
components of X. Prove that for every n > 0 one has’

Ho(X) = @) Hu(X)).
AEA

SOLUTION. Since an n-chain is continuous and an n-simplex is path connected, its
image must lie inside one path component. Hence Cy(X) = @,y Cn(X)). More-
over the boundary of an n-chain must lie in the same path component, i.e. the
boundary operator can be written as a sum of operators ) 0x: @ycp Cn(Xy) —
@Drcr Cn-1(X)). Therefore we have for every A\: B,(X)) C Z,(X)) C Cp(X)),
which implies
H,(X) = P Ha(X)).
AEA

®In general, if {G\ | A € A} is a collection of groups, an element of @, G is a tuple (gx) where all
but finitely many of the gy are equal to the identity.



Problem Sheet E

This Problem Sheet is based on Lecture 9 and Lecture 10. A () means I will use the
problem in lectures; a (x) means I think the problem is challenging.

PrOBLEM E.1 (}). Let G be a group. Prove that there exists at most one abelian
group A and a group homomorphism p : G — A satisfying the following universal
property: if A’ is any other abelian group and ¢ : G — A’ is a homomorphism, then
¢ induces a unique homomorphism ¢ : A — A’:

G 25 A

Prove that taking A = G? := @ / [G, G| and p the quotient map solves this universal
property.

PROBLEM E.2 (). Prove that the Hurewicz map is natural'. That is, suppose
f:(X,p) = (Y,q) is a pointed map. Prove that the following diagram commutes:

m1(X,p) SaltaN (Y, q)

| It

Hy(X) W H(Y)

PrROBLEM E.3 (}). Let u: I — X be a (not necessarily closed) path. Prove that:

1. The singular 1-chain u’ + @’ belongs to Z1(X), where we are using the notation
convention from Remark 9.1, and hence (v’ + @) is a well defined homology
class.

2. Prove that (v + ') =0 € Hy(X).

PROBLEM E.4 (}). Suppose u,v,w are three not necessarily closed paths in X. As-
sume that u(1) = v(0) and v(1) = w(0) and w(1l) = w(0), so the concatenation
u* v * w is well defined and is a loop. Prove that:
1. The singular 1-chain v’ +v'+w’ belongs to Z;(X) and hence defines a homology
class (v + v +w').
2. Since ux v *w is a loop, we know from Proposition 9.2 that (u v *w)’ belongs
to Z1(X) and hence determines a homology class ((u * v * w)’). Prove that
actually,
{((u*v*w)) =+ +uw).
Will J. Merry and Berit Singer, Algebraic Topology 1. Last modified: Sept 01, 2018.

IThe precise meaning of the word “natural” and why this exercises means h is natural will be explained
at the end of the course when we study natural transformations.
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PrROBLEM E.5 (f). Prove that a sequence A, i) B. EN C, is exact in Comp if and

only if A, ELN B, 2% C, is exact in Ab for every n € Z.

PROBLEM E.6 (1). Suppose {(C2,9") | A € A} is a family of complexes indexed by a
set A. Recall their direct sum is the complex &, C? equipped with the boundary
operator ) 9*. Prove that for all n > 0,

i (@) - @)
A A



Solutions to Problem Sheet E

This Problem Sheet is based on Lecture 9 and Lecture 10. A (1) means I will use the
problem in lectures; a (x) means I think the problem is challenging.

PrOBLEM E.1 (). Let G be a group. Prove that there exists at most one abelian
group A and a group homomorphism p : G — A satisfying the following universal
property: if A’ is any other abelian group and ¢ : G — A’ is a homomorphism, then
¢ induces a unique homomorphism ¢ : A — A’:

G —25 A

Prove that taking A = G? := @ / [G, G| and p the quotient map solves this universal
property.

SOLUTION. The fact that there exists at most once such pair (A, p) is the “usual”
universal property argument. If (A,p) and (A’,p’) were two pairs then we would
get unique homomorphisms ¢: A — A’ and ¢': A’ — A such that ¢ op = p’ and
¢ op’ = p. But then ¢' o p: A — A satisfies (¢’ o p) op = p. By uniqueness,
¢ o =1id4. Similarly ¢ o ¢’ = idy.

Let A = G* := G/[G,G] and p : G — G/[G,G] the quotient map. We want
to show that (G, p) fulfills the universal property. Let A’ be an abelian group and
¢ : G — A" a group homomorphism. Define ¢ : A — A’ by ¢([a]) := ¢(a), where
[a] € A with representative a € G. This is well-defined since ¢p(gh—hg) = ¢(g)p(h) —
d(h)p(g) = 0 for every g,h € G and hence ¢ descends to the quotient G/[G, G]. It
is easy to see that ¢~$o p = ¢. Uniqueness of the map gE also follows directly from its
definition. Suppose ¥ is another such homomorphism. Then ([g]) = é(g) = é([g]),
which shows that ¢ = ¢.

PROBLEM E.2 (f). Prove that the Hurewicz map is natural'. That is, suppose
f:(X,p) = (Y,q) is a pointed map. Prove that the following diagram commutes:

m(X,p) =Y 7 (v,0)

| I

Will J. Merry and Berit Singer. Last modified: Sept 01, 2018.
IThe precise meaning of the word “natural” and why this exercises means h is natural will be explained
at the end of the course when we study natural transformations.
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SOLUTION. Recall that mi(f)([u]) := [f o u| and Hi(f)([>_; aioi]) == [D_; aif o o).
Since all maps involved are group homomorphism is suffices to show that the diagram
commutes for a generator [u] € m(X,p). Then hq o m(f)([u]) = ((f ow)’) and
Hi(f) o hp([u]) = (fo(w))). But (fou)(so,s1) = fou(s) = fou(so,s1), which
proves the claim.

PROBLEM E.3 (f). Let u: I — X be a (not necessarily closed) path. Prove that:

1. The singular 1-chain u’ + @’ belongs to Z1(X), where we are using the notation
convention from Remark 9.1, and hence (v’ + @) is a well defined homology
class.

2. Prove that (v + ') =0 € Hi(X).

SOLUTION.
1. We check d(u' 4+ @') = u(1) — u(0) + @(1) — a(0) = 0, since (1) = u(o) and
w(0) = u(1).

2. Let 0 : A2 = X be the simplex defined by o(sq, 51, 52) := u(s1). Then 0 ogy =
W, coeyg =@ and o0 oe; = k1, where k1 : A' — X denotes the constant
1-chain with image u(0). We calculate the boundary 0o = v’ + @' — k1. Now
k1 itself is a boundary. Indeed, let xo : A2 — X denote the constant 2-chain
with image u(0). Then Ok = k1 (cf. the solution to Problem D.3.) Hence
(W+d)y=@W+1 —r)=0.

PROBLEM E.4 (1). Suppose u,v,w are three not necessarily closed paths in X. As-
sume that u(1) = v(0) and v(1) = w(0) and w(1l) = wu(0), so the concatenation
u* v * w is well defined and is a loop. Prove that:
1. The singular 1-chain «'+v'+w’ belongs to Z;(X) and hence defines a homology
class (u' + v +w').
2. Since u* v *w is a loop, we know from Proposition 9.2 that (u * v xw)’ belongs
to Z1(X) and hence determines a homology class ((u * v * w)’). Prove that

actually,
(uxv*xw)) =W +v +w).
SOLUTION.

1. O/ +v'+w") = u(1)—u(0)+v(1)—v(0)+w(1)—w(0) = 0, where the last equality
follows from the fact that u(1) = v(0) and v(1) = w(0) and w(1) = u(0).

2. Define two 2-chains o1 and o9 such that do; = v/ — (u * v)’ + «' and dog =
w' — ((u*v) *w) + (ux*wv). They are given for example by (s, 51, $2) =
(u*v)(so + 5, %5 + s2) and o2(s0, 51,52) = ((u*v) *w)'(so + 5, 5 + s2).
Then o1 + 02 € Co(X) and their boundary is d(o1 + 02) = v — (uxv) +u' +
w — ((uxv)*xw) + (uxv) =0 +u +w — ((u*xv) xw). This proves that
WHu 4wy ={(uxv)xw)) = {((uxv=*w)).

PrROBLEM E.5 (f). Prove that a sequence A, i) B, L O, is exact in Comp if and
only if A, f—") B,, 2% C,, is exact in Ab for every n € 7.



SOLUTION. Saying that A, ELN B, 2% €, is exact for all n is saying that im f,, =
ker g, for all n. A priori, that claim that the two complexes (img)es and (ker f)o
should agree is a stronger statement (since it also requires the boundary operators to
coincide). But in this case since the boundary operator is simply given by restriction
(as these are both subcomplexes of B,), and hence this latter condition is automatic.

PROBLEM E.6 (1). Suppose {(C2,0") | A € A} is a family of complexes indexed by a
set A. Recall their direct sum is the complex @, C} equipped with the boundary
operator ), 0. Prove that for all n > 0,

4, (@ cz) - @

SOLUTION. Fix n € Z. For every A we have 9, : Co — C | and 9,(C2) C C) .
This implies im(9,, ;) C ker(8;) € C; and thus

n

HA @O = KX 0 oy K0 oy )
A A

: X T oX
im ), 9, X im oy,

The isomorphism can be written explicitly as follows. An element of @, C; is
a tuple (cy)aea where all but finitely many of the ¢y € C’fl‘ are zero. The boundary
operator is given by (>, oM (ea)ren = (0*cx)aca. We define a map

[ Ha(@PC) = €D Ha(C2)
A A

by
((ex)ren) = ({en)) yen-

The element on the right-hand side does indeed belong to @, H,(Cy), since as at
most finitely many of the c¢) are non-zero, also at most finitely many of the (cy)
are non-zero. The map f is well defined as ((cx)rea) = ((¢))rea) if and only if
0 = ((cx — ch)aen). The latter if true if and only if there exists (by)rea € D, Cpi1
with the property that (3, 0*)(bx)aea = (ex —ch)aea- Then 9*by = ¢y — ¢ for each
A, and hence also (cy) = (c}) for each .

Next, for any element ({cy)) rer € D H,(CY), there always exists another ele-
ment ((6,\>)/\€A with the property that

(<c/\>)>\eA = (<5/\>)>\6A

and at most finitely many of the ¢, are non-zero. Indeed, if (c)) = 0, set ¢y := 0,
and if (cy) # 0, set ¢y := cy.

This implies that if (<C>\>),\eA € @, Hn(Cy) then {(cy)aea) does indeed belong
to H, (€D, C2). Then the same argument as above shows that the map

g: @ HLCY) - H(PC).
A A

3



by
({ex)) yen = ((ex)ren)
is well defined.

Finally, both f and g are homomorphisms by construction, and it is clear they are
mutually inverse. Thus in particular f is an isomorphism, and the proof is complete.



Problem Sheet F

This Problem Sheet is based on Lecture 11 and Lecture 12. A (f) means I will use
the problem in lectures; a (x) means I think the problem is challenging.

ProBLEM F.1 (f). Prove the Five Lemma: Suppose we have a commutative dia-
gram of abelian groups, where the two rows are exact:

A B » C > D E
K N A
Al > B’ C’ » D' » B

Prove that
1. If g and k are injectice and f is surjective, h is injective.
2. If g and k are surjective and [ is injective, h is surjective.

3. If f,g,k,l are all isomorphisms then so is h.

PrROBLEM F.2 (}). Prove the Barratt-Whitehead Lemma: Suppose we have the
following commutative diagram of abelian groups, where the two rows are exact:

i k
y Ay —25 By, —" Cp, —23 Ay g —
fnl gnl lhn lfn—l
>A;L il B/ -/ >C1/I Y ’ ;7, 1

n jn

Assume each map h,: C, — CJ is an isomorphism. Then there is a long exact
sequence:

in,f gn—1! knhints!
_)An—)(n n) Bn@A{n Lon B;l AL Y A1 — ...,

where (ip, fn): An — Bp @ Al is given by a — (in(a), fn(a)) and g, —i,,: B, ® Al, —
Bl is given by (b,a’) — g,(b) — i), (d).

n

Will J. Merry and Berit Singer, Algebraic Topology 1. Last modified: Sept 01, 2018.
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PROBLEM F.3 (%). Consider the following commutative braid of abelian groups:

N TN TN

En+1

SN T T
\Fnl \Bn/ \n/‘En/

Assume that three of the “strands” form long exact sequences:

<
e

A d En+1 An Bn En An—l —_— ...
L Dn+1 —_— Fn+l Bn Dn Fn
Fn+1 An Cn Fn An—l

Assume in addition that
im1i, C kerj, or ker 7, C im i, Vn € Z.
Prove that the fourth strand

Dn+1 En+1 Cn ‘n Dn I En

is also a long exact sequence.
PROBLEM F.4 (1). Let X" C X’ C X be subspaces. Prove there is a long exact
sequence

CCH (X XY = Ho(X, X)) = Ho(X, X') S Hy (X, X") — ...

We call this the long exact sequence of the triple (X, X', X”). Hint: Use the
previous problem!

Suppose we are given two triples (X, X', X”) and (Y,Y’,Y”), together with a
continuous map f: X — Y such that f(X’) C Y’ and f(X"”) CY". Prove there is a
commutative diagram with exact rows:

—— Hy (X, X)) —— Hp (X, X") —— Hy (X, X') —— Hp, 1 (X, X") —— ...

| | | |

e —— Hy (YY) —— Ho(YV,Y") —— Hy(Y,Y') —— Hyq (YY) —— ..

where all the vertical maps are induced by f.



PROBLEM F.5 (). Let @ # X’ C X. Prove there is a long exact sequence
v = Hy(X') = Hy(X) = Ho(X, X)) = Hy 1 (X)) — ...
which ends with Ho(X') — Ho(X) — Ho(X,X’) — 0.
PrROBLEM F.6 (}). Suppose 0 — A Sy B % ¢ = 0is a short exact sequence of

abelian groups.

1. Prove that the sequence splits if and only if there exists a map k: B — A such
that kf = id4.

2. Give an example of such a short exact sequence where B = A @ C but such
that the sequence does not split.

3. Prove that if C' is free abelian then the sequence always splits.



Solutions to Problem Sheet F

This Problem Sheet is based on Lecture 11 and Lecture 12. A (f) means I will use
the problem in lectures; a (x) means I think the problem is challenging.

PrOBLEM F.1 (f). Prove the Five Lemma: Suppose we have a commutative dia-
gram of abelian groups, where the two rows are exact:

« g .0 2,p_29

RN

N B B ! v D [N B

~

-

Prove that
1. If g and k are injective and f is surjective, h is injective.
2. If g and k are surjective and [ is injective, h is surjective.

3. If f,g,k,l are all isomorphisms then so is h.

SOLUTION. 1. Let ¢ € C such that h(¢) = 0. Then ko~(c) = vy oh(c) =0
and thus v(c) = 0 since k is injective. Then 5(b) = ¢ for some b € B and
B'og(b) = hopB(b) =h(c) =0. So g(b) € ker(8') and o/(a’) = ¢(b) for some
a’ € A’. Since f is surjective f(a) = o’ for some a € A and o/(f(a)) = g(b) by
commutativity. Then g(b—a(a)) = g(b) —goa(a) = g(b) —a’ o f(a) = 0. Since
g is injective b — a(a) = 0. Hence ¢ = (b) = B o a(a) = 0 which shows that h
is injective.

2. Let ¢ € C'. Since k is surjective k(d) = 7/(¢) for some d € D. From exactness
of the lower row ¢’ o 4/(¢’) = 0 and thus also 0 = §' o k(d) = 1 o §(d). Now
d(d) = 0 since [ is injective and thus 7y(c) = d for some ¢ € C' by exactness of
the upper row. Then ~/(h(c) — ) = 0 since v o h(c) = ko~(c) = k(d) = /().
So /(b)) = ¢ — h(c) for some V' € B’ by exactness of the lower row. Since g is
surjective g(b) = b for some b € B and ho 3(b) = 3 o g(b) = B/ (V') = — h(c).
Now Ah(B(b) +¢) = ho B(b) + h(c) = B o g(b) + h(c) = ¢ — h(c) + h(c) = ¢,

which proves that h is surjective.

3. Follows directly from part (1) and part (2).

PROBLEM F.2 (f). Prove the Barratt-Whitehead Lemma: Suppose we have the
following commutative diagram of abelian groups, where the two rows are exact:

k

i J
vy A, ——> B, ——> C, ——> A,_1 —— ...

A R

! !/ !
» A, —— B, — R
7”)’L jn

k/

n

Will J. Merry and Berit Singer. Last modified: Sept 01, 2018.
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Assume each map h,: C, — CJ is an isomorphism. Then there is a long exact

sequence:

h—l !/

in,fn .]
Q - n\An,1—>...,

n_‘/ kn
A, B,® A, 2 Bl

where (ip, fn): An — B @ Al is given by a — (in(a), fn(a)) and g, —i,,: B, ® Al, —
Bl is given by (b,a’) — gn(b) — i), (a).

SOLUTION. We need to prove the exactness at every place.

1.

im(im fn) - ker(gn - 2;1) (gn - Z;“L) o (ina fn)(a) =0n©° Zn(a) - Z;“L o fn(a) =0 by

exactness.

. ker(g, — i’) C im(ip, fn): Let (b,a’) such that g, (b) — i) (a’) = 0. Then 0 =

Jn(gn(b) —in,(a") =y 0 gn(b) — g, 0 i (a ) = Jn © gn(b) since j; o iy (a’) =0 by
exactness of the lower row. Hence 0 = j/, 0 g,(b) = hy, © jn(b) and since h,, is
an isomorphism j,(b) = 0. Then iy(a) = b for some a € A,, by exactness and
ir, 0 fn(a) = gnoin(a) = gn(b) =i, (a’). So i, (fn(a) —a’) =0 and by exactness
kgﬂ( d) = fula) — d for some ¢ € Cl 1. Now fu(a — kny1 0 hyii(d)) =
fn(a) = k(¢ ) = a’. Moreover, as i, o k,+1 = 0 by exactness we also have

in(a@—kni Ohn—‘,—l( c)) = in(a) = b. Hence (in, fn)(a —kni1 Ohn+1( ) = (b,a’).

. im(gn—ip,) C ker(knhy, ' 5l): knhy, i (gn—in, (b, a’)) = knhy ' jlgn(b) since j),i, =

0 by exactness. But k,h. 5! 9,(b) = knjn(b) by commutativity and hence by
exactness ky,jn(b) = 0. Thus k,hy, 5! (g, — il (b,a’)) = 0.

. ker(k,ht5l) C im(g, — ib,): Suppose knh, 13, (') = 0. Then by exactness

of the upper row j,(b) = h, 15/ (b') for some b € B. Moreover j! g,(b) =
hinjn(b) = 4l (V') again by commutat1v1ty Then i/, (a') = g,(b) — b" and therefor

b' = gn(b) — in(a’) € im(gn — iy,).

. im(kph,t5l) C ker(iy—1, fo—1): For this note

(in-1, fa-19knhs (V) = (in-1knhy g (), fa-1knhy 7, () = (0, kpj,, () = 0,

where the first equality follows from exactness of the upper row and commuta-
tivity. The second equality follows from exactness of the lower row.

. ker(in_1, fan_1) C im(k,h, t50): Suppose (in_1(a, fn_1(a)) = 0. Then by exact-

) =
ness ky,(c) = a for some ¢ € C,,. By commutativity kyhn(c) = frn—1(a) =0 and
thus j/,(b") = hy(c) for some V' € Bl,. Hence k,h,,* (b’) = kn(c) = a.



PROBLEM F.3 (%). Consider the following commutative braid of abelian groups:

/ \A XD/ An—1
NN e

Assume that three of the “strands” form long exact sequences:

<
e

R d En+1 An Bn En An,1 —_— ...
L Dn+1 S Fn+1 Bn Dn Fn
Fn+1 An Cn Fn Anfl

Assume in addition that
im i, C ker j, or ker 7, C im i, VneZ.

Prove that the fourth strand

Dn+1 En+l Cn n Dn In En

is also a long exact sequence.

SoLUTION. For simplicity in doing the chase we shall introduce some special notation
for it. Elements of, for example, A,, will be denoted by a,,al,,... etc. To indicate
that an element a, goes to an an element b, € B,, we simply write a,, — b,. To
indicate that there exists an element e,1 € E,y1, not yet defined, that goes to
an € A, we write 3e,+1 — a,. The zero in A,, is denoted by 04, and similar for the
other groups.

The point where we need the condition that im i, C ker j, or ker j,, C im i, is for

the exactness at C), — D,, — E,. The exactness at the other places of the sequence
follow without this assumption. Let us start with the exactness at C,, —» D,, — E,,.

1. Exactness at C,, —» D,, — E,:

(a) Assume first that imi, C kerj,. Let d,, — Og,. Then d,, — f, — 04, _,
for some f, € F,, since Og, and by commutativity. Hence 3¢, — f.
Then ¢, — d,, — f, for some d,, € D,, and by commutativity. Now
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by assumption and since ¢, — d], it must follow that d/, — Og,. Then
dp, —d), = 0, and 3b, — d,, — d,, by exactness. Moreover, b, — 0g,_ by
commutativity and thus Ja, — b,. Let a, — ¢}, then ¢, — d,, — d,, by
commutativity. Finally, we see ¢}, + ¢;, — d,, and hence ker j,, C im i,,.

(b) Now assume that ker j,, C imi,. Let ¢, — d,. Let d,, — f,, then ¢, —
fn — 04, , by exactness. Then we also have d,, — e, — 04, ,. By
exactness 3b, — e, and moreover b, — d} — e, by commutativity. For
exactness it also follows d], — Op,. Now d,, — e, and d,, — e, implies
d, —d, = 0p,. By assumption 3¢, — d,, — d,,. By commutativity and
since dy,+d], — f, it follows ¢}, = fp,. Then ¢, —¢}, — d], and ¢,,—¢, — Op,
by commutativity. Hence Ja, — ¢, — c,. Let a, — b, — d,,. By
exactness a, — b, — 0pg,, and thus by commutativity d, — Og,. Since
d,, — d], — 0, we thus have d,, = 0p,,.

2. Exactness at Ep 1 — C,, — Dy

(a) ker C im: Suppose ¢, — Op,. Then Op, — Op, and hence also ¢, — OF,,
which implies Ja, — ¢, by exactness. Now a, — b, — Op, and hence
3 fo+1 — by. Let frp1 — al,, then al, — b, by commutativity and it follows
an — a,, — 0p,. From exactness 3e,+1 — a, — a,, and since a,, — 0¢,,
which also follows from exactness, we have a, — al, — ¢,. Then e, 11 — ¢,
by commutativity and thus ¢, € im(E,4+1 — Cy).

(b) im C ker: Let ep41 — ¢,. Then ey41 — a, — 0, — Op, by commuta-
tivity and exactness. So a, — ¢, and a, — Op, by commutativity which
proves that a,, € ker(E,+1 — Cy).

3. Exactness at D,, - E, — C,,_1:

(a) ker C im: Suppose e, — O¢,_,, then e, — a, — O¢,_, and a,, — Op,,. It
follows from exactness and commutativity that 3 f,, — a,, with f, — 0p,,.
Again from exactness 3d,, — f,. Then d,, — €}, = a, and e}, — e, — 04,,.
Thus 3b, — €], — e, and b, — d], — e, — e,. We conclude d,, — d, — ey,
which shows that e,, € im(D,, — E,).

(b) im C ker: Let d,, — e, then d, — f, — an — O¢,_,. By exactness
de, — an — O¢,,_, and hence e, = O¢,,_,.

PROBLEM F.4 (f). Let X” C X’ C X be subspaces. Prove there is a long exact
sequence
CHN(X X)) = Ho(X, XY = Ho(X, X)) S Hy (X, X7) = .

We call this the long exact sequence of the triple (X, X', X”). Moreover if we
are given two triples (X, X', X”) and (Y,Y’,Y”), together with a continuous map
f: X — Y such that f(X') CY’ and f(X"”) CY”, prove

. — H, (X, X" — Hpo (X, X") — H (X, X') — H, 1 (X, X") —— ...

| | | |

s Hy (YY) —— Hy(Y,Y") —— Ho (YY) —— Hy 1 (YY) —— .

(F.1)



where all the vertical maps are induced by f.

SOLUTION. There exists a commutative braid

/ \ //,, \\\ \

N Hy 1 (X, X') Hy (X', X") Hyp1 (X7)
~ 4 T
o (X, X") HA(X') Hy (X, X") Hyr(X)
H,(X") H,(X) H,(X, X')
AN N A

Three blue strand is the long exact sequence of the pair (X', X). The green strand
is the long exact sequence of the pair (X”, X’). The pink strand is the long exact
sequence of the pair (X", X). The diagram commutes because homology is a functor
and because of naturality of the connecting homomorphism. To apply Problem F.3
we check that the composition

Ho (X', X") = Hp (X, X") — Hp(X, X')

is zero. But this is clear since it factors through H,(X’, X’) = 0. Thus by Prob-
lem F.3 the fourth strand is also exact.

To show naturality, i.e. that the diagram (I.1) commutes, it suffices to show
that that the right-most square commutes, since the others obviously do as H,, is a
functor. Reading off from the braid, the connecting homomorphism H, (X, X’) —
H,_1(X’, X") is the composition of the maps H, (X, X") = H,—1(X') = H,—1 (X', X"),
where the first map is the connecting homomorphism of the pair (X, X’) and the sec-
ond map is induced from the inclusion (X', 0) — (X', X”). We already know that
the connecting homomorphism H, (X, X’) — H,—1(X’) is a natural transformation,
i.e. the diagram

Hy,(X,X") —— Hp—1(X')

| |

H,(Y,)Y') —— H,_1(Y)

commutes, where the vertical maps are induced by f, and hence it follows immedi-
ately that the right-most square also commutes.

Remark: It is also possible to prove this by using the short exact sequence of
chain complexes

0= Co(X')/Co(X") = Co(X) /Ca(X") = Co(X)/Ce(X') = 0

(this is a short exact sequence of chain complexes by Problem (G.7). However the
proof using the commutative braid is “better”, since this does not use any properties
of singular homology other than the long exact sequence (which is one of the axioms
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of a homology theory, as we will see at the end of the course.) Meanwhile this second
proof uses the fact that singular homology is the homology of a chain complex (which
is not true for an arbitrary homology theory.)

PROBLEM F.5 (f). Let 0 # X’ C X. Prove there is a long exact sequence
co = Hy(X') = Hy(X) = Ho (X, X)) = Hyp 1 (X)) — ...
which ends with Hy(X') — Ho(X) — Ho(X, X') — 0.

SoLUTION. Let X" := {p}, where p is a point in X’. Then the claim follows imme-
diately from Problem F.4 and Corollary 12.22.

PROBLEM F.6 (f). Suppose 0 — A 5y B % ¢ = 0is a short exact sequence of
abelian groups.

1. Prove that the sequence splits if and only if there exists a map k: B — A such
that kf = id4.

2. Give an example of such a short exact sequence where B =2 A @ C' but such
that the sequence does not split.

3. Prove that if C is free abelian then the sequence always splits.

SOLUTION. Recall that by definition the sequence splits if and only if there exists a
map h : C — B such that gh = id¢.

1. (a) =: Define k : B — A by k(b) : f~%(b — hg(b)). This is well-defined
since b — hg(b) € ker(g) = im(f). Indeed g(b — hg(b)) = g(b) — ghg(b) =
g(b)—g(b) = 0, since gh = id¢. Moreover, kf(a) = f~(f(a)—hgf(a)) = a,
since gf = 0.

(b) «: For a ¢ € C, let b be any preimage of g. Define h : C — B by h(c) =
b— fk(b). This map is independent of the choice of the preimage b. Indeed,
let b" be another preimage. Then b—¥' € ker(g) = im(f) and hence it exists
a € A such that f(a) =b—V. Then fk(b—10V) = fkf(a) = f(a) =b-1V,
since kf =id4. Therefor b— fk(b) — (b — fk(t')) =b—V — fk(b—1b") = 0.
We verify: gh(c) = g(b— fk(b)) = ¢, since b is a preimage of ¢ under g and
gf =0.

2. Let A := (a]a® = 1) bet he cyclic group of order 2 and B := (b|b* = 1). Consider

the short exact sequence 0 — A ENY; JENN 0, where f(a) := 2b and ¢(b) = a.

This sequence does not split, since B is not isomorphic to the direct product
A A Let M :=@°, Ad B. Clearly A¢ M = M = B & M and we have a

exact sequence 0 — A hBam L aoMm - 0, where f(a) := (f(a),0) and
g(b,m) := (g(b),m). This sequence is exact and B& M = A® (A® M), but it
is not split.

3. Choose a basis C of the free abelian group C. For every ¢ € C choose a preimage
b € B of the surjective map g and define h(c) = b. Extend this by linearity
(Lemma 7.2). Clearly gh = id¢. Notice however that the map h is not unique.



Problem Sheet G

This Problem Sheet is based on Lecture 13 and Lecture 14. A (f) means I will use
the problem in lectures; a (x) means I think the problem is challenging.

PrROBLEM G.1. Give an explicit formula for Sd, (o) for o: A" — X in the case
n=01,2

PrROBLEM G.2 (t). Prove that if D is a convex bounded subset of some Euclidean
space then Definition 13.7 agrees with Definition 13.6:

Sdy,(0) = Sd;’ (o), Vo: A" — D affine.

PrROBLEM G.3 (}). Show that the two forms of the excision axiom (Theorems 14.7
and Theorem 141.8) are equivalent.

PROBLEM G.4. Let Cy be a subcomplex of C,. Define a map p,,: C, — C/,/C, by
¢ — ¢+ Cy, (the coset). Show that the p,’s form a chain map p: C, — C./Cs with
(kerp)e = C.

PROBLEM G.5. Prove that the first isomorphism theorem holds in Comp. If
f: Ce — C. is a chain map, prove there is an isomorphism of chain complexes:

q: Co/(ker fe — (im f)e

such that the following diagram commutes:

Co — T 5 (imf)e — C!

e

Co/(ker f)o

Here p is the map from Problem G.4.

PROBLEM G.6 (). Prove that the second isomorphism theorem holds in Comp:
if Ae and B, are subcomplexes of a chain complex C, then as chain complexes, one

has
Ao ~ Ao + Bo

AeNB, B,
PROBLEM G.7 (f). Prove that the third isomorphism theorem holds in Comp:

if Ay € Bes C C, are subcomplexes, prove there is a short exact sequence of chain
complexes

0 — Be/As 5 Co/As L Cu/Be — 0

where iy, : b, — b, + A, is the inclusion and p,, is the map ¢, + A,, — ¢, + By.

Will J. Merry and Berit Singer, Algebraic Topology 1. Last modified: Sept 01, 2018.
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Solutions to Problem Sheet G

This Problem Sheet is based on Lecture 13 and Lecture 14. A (f) means I will use
the problem in lectures; a (x) means I think the problem is challenging.

PrROBLEM G.1. Give an explicit formula for Sd, (o) for o: A — X in the case
n=0,1,2.

SOLUTION. Let us first give an explicit formula for the affine barycentric subdivision.

Let D be a convex set and let v, ..., v, be elements of D. Let o: A™ — D denote
the affine singular n-simplex defined by o(e;) = v;. By a slight abuse of notation we
write 0 = [vg,v1 ..., v,]. Note however that the v; may not be affinely independent
and hence [vg,v1,...,v,] may not be a genuine n-simplex.

1. Suppose n = 0. Then by definition Sdg"(c) = o.
2. Suppose n = 1. Let vy := %(UO + v1). Then
SdT¥ ([vo, v1]) = [vo1,v1] — [vo1, vol-

3. Suppose n = 2. For i < j, let v;; := %(vZ + ;) and let vg12 = %(vo + v + v9).

Then:

Sd3" ([vo, v1, v2] = [vo12, V12, V2] — [vo12, V12, V1] — [V012, V02, V2]
+ [vo12, Vo2, vo] + [vo12; Vo1, v1] — [vo12; Vo1, Vo]

4. General case: Given a permutation g of {0,1,...,n}, let v/ denote the barycen-

tre of the (n — i)-simplex [vy(), .-, Vg(n)]:

vy = b([Vg(i), - Vg(m)])

(where by definition the barycentre of a O-simplex [v;] is just v; again.) Then
by induction one can show that

SdSY (o) = Z sgn(g)[vg,vd, ... v9],
geS(n+1)

where &(n + 1) denotes the group of all permutations of {0,1,...,n} and
sgn(g) € {£1} denotes the signature of the permutation.

Finally for arbitrary singular simplices o we just apply the above with v; = e; and
compose with o:
Sdi (o) =0 o [ep1, e1] — o o [eo1, eo, o: Al = X,
Sda (o) =0 o [ep12, €12, €2] — 0 0 olep12, €12, €1] — o © [ep12, o2, €2]

+ 0 o [eo12, €02, €0] + 7 © [eo12, €01, €1] — T © [ep12, €01, €0], 0 A% — X,

Sd,, (o) = Z sgu(g)o o [ef,ef,... €el], o: A" — X.
gE€G(n+1)
Will J. Merry and Berit Singer. Last modified: Sept 01, 2018.
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PROBLEM G.2 (}). Prove that if D is a convex bounded subset of some Euclidean
space then Definition 13.7 agrees with Definition 13.6:

Sd,, (o) = Sd;) (o), Vo: A" — D.

SOLUTION. For an affine n-simplex o let F} denote the set of faces of o. Inductively
we define F; to be the set of faces of elements in F;_ ;. Notice that F, 1 = () as
o is a n-simplex. Let B; denote the set of barycentres of elements in F; and set
B :=JB;. Let Sd;Y(0) = > m;m; for 7, € Cp(X) and m; € Z. Clearly the faces
of affine simplices are affine. From the recursive formula in Definition 13.6 it follows
that the 7; are in 1-1 correspondence with n-simplexes spanned by n points in B and
one vertex of o. Now the claim follows from the fact that the barycentre of an affine
n-simplex o is equal to o(by,), where b, is the barycentre of the standard simplex. In
other words, chopping up an affine simplex ¢ into smaller simplices is the same as
first chopping up the standard simplex and then applying o.

Here is an alternative argument. Using the notation from the previous question,
if 0 = [vg,v1...,v,] is an affine singular n-simplex then since

n n n
0<23i6i>:23ivi7 VZSZ‘:L
i=0 i=0 i=0
we see that
ogoled,ef,....ed] =, vf,...,v7], Vge&n+1),
and hence Sdy’ (o) = Sdy, (o).

PROBLEM G.3 (}). Show that the two forms of the excision axiom (Theorems 14.7
and Theorem 141.8) are equivalent.

SOLUTION. Assume that Theorems 14.7 holds. With X = X, X; = X’ and X, =
X \ X" Theorem 14.8 follows, as X1 N Xy = X' N (X \ X”) = X'\ X”. Conversely,
if Theorem 14.8 holds, set X = X, X' = X; and X” = X \ Xo. Then X \ X" =
X\(X\X2)=XNXy=Xsand X'\ X" = X3\ (X\ Xz) = X; N X5 and Theorem

14.7 follows.

PROBLEM G.4. Let Cs be a subcomplex of C,. Define a map p,,: C,, — C,/C,, by
¢ — ¢+ Cy, (the coset). Show that the p,’s form a chain map p: C, — C_/Cs with
(kerp)o = C..

SOLUTION. The boundary operator of the complex C,/C, is given by 9'(¢ + Cy,) =
d'(¢)+Cp—1. Let 0 denote the boundary operator of Cs, which is just the restriction
of the boundary operator @' of C,. We need to check that p, commutes with the
boundary operators. Indeed, p,—1 09 (c) = & (c) + Cp_1 = & (c+ Cp) = & o py.

PrOBLEM G.5. Prove that the first isomorphism theorem holds in Comp. If
f: Ce — C. is a chain map, prove there is an isomorphism of chain complexes:

q: Co/(ker f)e — (im f)o
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such that the following diagram commutes:

Co —L & (imf)e —— C!

e

Co/(ker f)e
Here p is the map from Problem G.4.

SOLUTION. By the first Isomorphism Theorem for groups we have an isomorphsim

q:C’n/kerfn—>imfn
¢+ ker f, = f(c)

for every n. It is left to show that ¢ commutes with the boundary operators. As fis a
chain map we have f(9(c)) = 9'(f(c)) and thus god(c+ker f,,) = q(9(c)+ker fr—1) =
f(0(e)) =0 (f(c)) = & oq(c+ker f,,). Commutativity of the diagram follows directly
from the definition of q.

PROBLEM G.6 (f). Prove that the second isomorphism theorem holds in Comp:
if Ay and B, are subcomplexes of a chain complex C, then as chain complexes, one

has
Ae _ Ac+B.

A.NB.  B.

SOLUTION. Define

g:A,+ B, — A,/A,NB,
a+b—a+ A,NB,.

This map is well-defined as a + b =a' + b if and only if a —a’ =V — b € A, N B,.
Moreover, g is surjective and kerg = B,, as g(a+b) =a+ A, N B, =0+ A, N B,
if and only if a € A, N B,. It follows a + b € kerg if and only if a + b € B,. The
map ¢ is a chain map, since do g(a+b) =d(a+ A, N B,) =0(a) + Ap—1 N Bp_1 =
g(9(a) +9(b)) = g(d(a+1)), where we used the fact that for subcomplexes Do C C,
we have Op, (De) C De_1

PROBLEM G.7 (f). Prove that the third isomorphism theorem holds in Comp:
if A, C B, C C, are subcomplexes, prove there is a short exact sequence of chain
complexes

0 — Bo/Ae = Cy/As &5 Cy/By — 0
where iy, : b, — b, + A, is the inclusion and p,, is the map ¢, + A, — ¢, + By.

SOLUTION. For every n, p, oty = pn(by,+A,) = By, hence im i, ker p,,. Conversely, if
cn+ Ay, € ker p, then ¢, € B, and iy (¢, + Ay) = ¢+ Ay. The maps are chain maps,
because all boundary operators are given by restriction of the boundary operator of
C.



Problem Sheet H

This Problem Sheet is based on Lecture 15 and Lecture 16. A (f) means I will use
the problem in lectures; a (x) means I think the problem is challenging.

ProBLEM H.1 (f). Let X be path connected and let ¢: 71 (X,p) — [S, X] be the
function that sends a path class [u] to the free homotopy class of the map @: St — X
given by

(X)) = u(s), sel.
Prove this function is surjective. Moreover if (([u]) = (([v]), prove there exists
[w] € m1(X,p) such that [u] = [w] * [v] * [w]~!. Thus if 71 (X, p) is abelian then ( is
an isomorphism, and hence 71 (X, p) = [S?, X].

PrROBLEM H.2 (f). Prove the Hexagon Lemma: Suppose we have a commuting
hexagon of abelian groups and group homomorphisms:

A
/ X‘

B1 h BQ
k1 C k2
D2 m D1
x | /

E

Assume that k; and ko are isomorphisms.

1. If imi; C ker j; and im iy = ker jo, prove that the maps

Dy®d Dy — C, (IB,y) = Z2($) + il(y)a
Cw B @By, 2z  (j1(2),52(2)).

are both isomorphisms, and that in fact im¢; = ker j;.

2. Assume that imi; = kerj; and imis = ker jo and that imh C kerm. Prove
that gik; ' fi = —goks ' fo.
ProBLEM H.3. Prove the Borsuk-Ulam Theorem: Let f: S* — R™ is continu-
ous, there exists a point x € S™ such that f(z) = f(—x). Deduce that S™ is not
homeomorphic to any subspace' of R™.

Will J. Merry and Berit Singer, Algebraic Topology 1. Last modified: Sept 01, 2018.
1 This result has several interesting physical connotations. Taking n = 2, this implies that a map of the
earth cannot be drawn (homeomorphically) onto a page of an atlas. Alternatively, consider the function

f: the earth — R? given by f(a place) = (temperature at that place, pressure at that place). Then there
exists a pair of points on opposite sides of the world with the same temperature and pressure.
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ProBLEM H.4. Prove the Lusternik-Schnirelmann Theorem: Let n > 1 and
assume we can write S = A; U Ay U --- U A, 41 where each A; is either open or
closed. Then at least one of the A; contains a pair of antipodal points.

PrROBLEM H.5. Let J be a category with two objects and two non-identity morphisms:

N
o v
NN

Let T: J — Sets be a functor. Prove that the colimit of T exists. This is type of
colimit is called a coequaliser. Do the same with T: J — Ab and T": J — Top.

PROBLEM H.6 (%). Prove that the coequaliser exists in the category of compact
Hausdorff spaces.



Solutions to Problem Sheet H

This Problem Sheet is based on Lecture 15 and Lecture 16. A (f) means I will use
the problem in lectures; a (x) means I think the problem is challenging.

PROBLEM H.1 (f). Let X be path connected and let ¢: 71(X,p) — [S!, X] be the
function that sends a path class [u] to the free homotopy class of the map @: S* — X
given by '

a(e?™) = u(s), sel.
Prove this function is surjective. Moreover if (([u]) = ¢([v]), prove there exists

[w] € 71(X,p) such that [u] = [w] * [v] * [w]~!. Thus if 71 (X, p) is abelian then ( is
an isomorphism, and hence 71 (X, p) =[S, X].

SOLUTION. We consistently use the hat notation to go back and forth between loops
u: (I,0I) = (X,p) and maps a: St — X.

First note that every map @: S' — X is homotopic to a map ©: S* — X such
that 0(1) = p. Indeed, if w is a path from (1) to p then the homotopy

w(t = 3s), 0<s<i,
Uls,t) = u(™550)), L <s< 3,

S
wBs+t—3), 3L <s<1,

is such that U(s,0) = u(e?™*) and U(s,1) is the product loop @ * u * w. Thus the
homotopy V: S1 x I — X given by V(e2™ ) = U(s,t) starts at 4 and ends at a
map 0 such that 0(1) = w(1) = p. This shows that ( is surjective.

Let us now assume that (([u]) = ¢([v]); then we have a homotopy V: S x I — X
such that V(€27 0) = u(s) and V(e?™ 1) = v(s). Thus the path w: I — X given
by w(t) = V(1,t) is a loop representing an element [w] € 71 (X, p). The homotopy

W (s, 1) = U(2(1 —t)s,2st),
PUT U 4 2u(s — 1), 0+ (1= 1)(25 — 1)),

S

o= O
IA IA
— N

VANIAN

S

where U(s,t) := V(€™ t), shows that u * w ~ w * v.

Conversely, if u*w = w * v, then there exists a homotopy U: u ~ w*v*w rel d1.
So V(e2™is t) := U(s,t) is a well-defined homotopy from @ to w v w. Moreover
the homotopy

w(3s +t) Ogsg%
2= o) <
w3-3s+t) A <s<1

is such that Z: w*v*w ~ v and Z(0,t) = w(t) = Z(1,t); therefore, it defines a

homotopy V: S' x I — X via Y (e?™* t) := Z(s,t) which starts at wv *w and
Will J. Merry and Berit Singer. Last modified: Sept 01, 2018.
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ends

¢([ul)

at 0. Now compose the homotopies U and Y to obtain one from @ to ©. Thus
= (([v]). This completes the proof.

PrROBLEM H.2 (f). Prove the hexagon lemma: Suppose we have a commuting
hexagon of abelian groups and group homomorphisms:

A
/ X
B1 h BQ
k1 C k2
Dy m Dy
E

Assume that k1 and ko are isomorphisms.

1.

If im¢; C ker j; and imio = ker jo, prove that the maps

Dy ® Dy — C, (z,y) ~ i2(z) +1i1(y),
C + B1 @ Bo, z = (J1(2), j2(2)).

are both isomorphisms, and that in fact im¢; = ker j;.

2. Assume that imi; = kerj; and imis = ker jo and that imh C kerm. Prove
that g1k ' fi = —goky ' fa.
SOLUTION.
1. As jiig = ky is an isomorphism, ker(j1) Nim(iz) = {0}. Since im(iz) = ker(j2)

is follows that
ker(jo) Nker(ji) = {0}. (H.1)

For a ¢ € C let € = i1ky 'ja(c) + ioky ' j1(c) then j1(¢) = jiizky “j1(c) = ji(c)
and similarly ja2(¢) = ja2(c). Hence ¢ = ¢ by H.1. Therefore every ¢ € C has a
representation of the form ¢ = i1(dy) 4 i2(d2), where dy € Dy and dy € Do. It
is left to show the uniqueness of this representation. For any representation of
the form ¢ = i1(dy) + i2(d2) we have ja(c) = jai1(d1) + j2i2(d2) = ko(dy) and
hence d; = ky 'j2(c). Similarly do = k; 'j1(c) and the representation is unique.
To prove the second part take by € By and by € By and set ¢ = igkfl(bl) +
i1ky '(bg). Then ji(c) = jrioky (b1) = k1ky*(b1) = by and ja(c) = by. Hence for
every (b1, bs) there exists a ¢ € ¢ such that (ji(c), j2(c)) = (b1, b2). Uniqueness
follows from H.1.

Last but not least, if ¢ € ker(j;) then ilkz_ljg(c) € ker j; as j1i1 = 0. Moreover
jgilk‘;ljz(c) = kgkgljg(c) = jQ(C). Hence ilk/‘;ljg(c) —cCE kET(jl) N kel‘(jg) =
{0} by H.1 and ¢ =€ im(iy).



2. Let a € A. By part 1 and commutativity of the diagram
h(a) = igk; tj1h(a) + irky Ljah(a)
= igky ! fi(a) + i1ky " fa(a).

Applying m to both sides gives
0 = mh(a)
= migk; ! fi(a) + mirky ! f2(a)
= giky ' fi(a) + g2k3 ! fa(a),

where the last equality uses commutativity.

ProBLEM H.3. Prove the Borsuk-Ulam Theorem: If f: S® — R” is continu-
ous, there exists a point x € S™ such that f(z) = f(—x). Deduce that S™ is not
homeomorphic to any subspace' of R™.

SOLUTION. Assume that f(—z) # f(x)Vx. Then the map

g: S" — gn—1
@) - f(—x)
@) = f—a)]

is well-defined. Moreover, we can see that g is odd. Then g|gn-1: S"71 — S"~ 1 is
also odd and hence has odd degree by Theorem 15.12. But g|gn-1 extends to the
upper hemisphere of S™ and thus it has degree zero by Proposition 2.15. But zero is
an even degree, which is a contradiction.

PROBLEM H.4. Prove the Lusternik-Schnirelmann Theorem: Assume we can
write S = AjUAsU---U A, 41 where each A; is either open or closed. Then at least
one of the A; contains a pair of antipodal points.
SOLUTION.
1. First we consider the case that all A; are closed. Define the map
f: 8" = R"
x — (dist(z, A1), ..., dist(z, Ay)).

By the Borsuk-Ulam Theorem there exists a point € S™ with f(z) = f(—=z). If
the i-th coordinate of x is zero, then both x and —x are in A;. If all coordinates
are non-zero, then z and —x lie in A, 1.

1 This result has several interesting physical connotations. Taking n = 2, this implies that a map of the
earth cannot be drawn (homeomorphically) onto a page of an atlas. Alternatively, consider the function
f: the earth — R? given by f(a place) = (temperature at that place, pressure at that place). Then there
exists a pair of points on opposite sides of the world with the same temperature and pressure.



2. If all A; are open, then we find slighly smaller closed sets B; C A; such that
S"=A1UAyU---UA,41 and we apply the first case.

3. Suppose now that Ay,..., A, are closed and A;,,11, ..., Ap11 are open. Assume
that none of the set A; for i =m+1,...,n+ 1 contains antipodal points. For
i =1,...,m define the open sets C; ; ;, := {z € S" | dist(z, 4;) < 1/k}, where
k € N. By the first case, there exists for every k an ¢ € {1,...,m} such that
Ci 1k contains antipodal points. As Ay,..., Ay, are all closed, we see that, by
taking the limit for k& — 0, there exists an ¢ € {1,...,m} such that A; contains
antipodal points.

ProBLEM H.5. Let J be a category with two objects and two non-identity morphisms:

T
o v
N

Let T: J — Sets be a functor. Prove that the colimit of T exists. This is type of
colimit is called a coequaliser. Do the same with T: J — Ab and T': J — Top.

SOLUTION. Before proving the problem, let us insert a definition:

DEFINITION. Let X be a set and suppose R is an arbitrary binary relation on X
(i.e. R is simply a subset of X x X, and we think of two elements z,y in X being
related if (z,y) € R.) The equivalence relation ~ generated by R is by definition
the smallest equivalence relation on X that preserves all the relations specified by
R. Explicitly, one defines ~ by saying that x ~ y if there exists a sequence x =
g, T1,,--.,Ty =%y such that for each ¢ = 1,...,n, either:

(1) T; = X;—1 Or

(ii) (:Uifl, 1131) € R or

(iii) (.I‘Z', -Ti—l) € R.

We now prove the problem.

1. Let the two morphisms in J be i and j, and let A = T'(#), B = T(V). Write
f=T(i)and g =T(j), so the picture is this:

i f
N apply the functor T -
[ ) Y% DAttt A B
J

Let ~ be the equivalence relation on B generated by the relation R on B given
by R = {(f(a),g(a)) | a € A}. Let q¢: B — C denote the map that sends
b — [b], where [b] denotes the equivalence class. Then go f = go g and C
is a solution with co = ¢ and cq4 = go f = qog. To check that C is the
colimit, assume we have another space C’ and another map ¢': B — C’ such



that ¢’ o f = ¢’ o g. We need to find a unique map u: C — C’ such that the
following commutes:

f
N
A B—% 5 C
\\9/ \u
q i

C/

Define u([b]) := ¢/(b), where b is any element in the equivalence class [b]. In order
for this to be well-defined, we need to know that if by ~ by then ¢'(b1) = ¢'(b2).
But this is clear from the definition of ~ from R. The map u satisfies uoq = ¢
and is ungiue by construction.

2. The proof for Ab is similar. With the notation as above, first consider the
special case where g is the zero homomorphism. Then the coequaliser of f and
0 is simply the quotient of B by the subgroup f(A). In the general case, the
coequaliser of f and g is the coequaliser of f — g and the zero homomorphism.

3. Finally to obtain the coequaliser in Top we simply take the coqualiser con-
structed in Sets and endow it with the quotient topology determined by gq.

PROBLEM H.6 (%). Prove that the coequaliser exists in the category of compact
Hausdorff spaces.

SoLUTION. In the category of Hausdorff spaces the coequaliser of two continuous
mappings f,g: X — Y is the quotient Z of Y by the closure R C Y x Y of the
equivalence relation R generated by the pairs (f(),g(z)) for # € X?. Elementary
point-set topology tells us that the quotient of a compact Hausdorff space Y by a
closed relation is another Hausdorff space. Moreover since Y is compact the quotient
Z is also compact (being the continuous image of a compact set). Thus Z does indeed
belong to the desired category (this is the most important thing to check!)

Now take another compact Hausdorff space W and suppose we are given a con-
tinuous map h: Y — W such that ho f = hog. The diagonal A C W x W is closed
(again recall from the fact from point-set topology that a space is Hausdorff if and
only if the diagonal is closed). Thus (h x h)~!(A) is a closed equivalence relation
on Y containing all the pairs (f(z),g(z)) for x € X. Thus in particular it contains
R and so h factors through the quotient, giving us the desired (necessarily unique)
continuous map u: Z — W. Hence Z is indeed the colimit.

2Here R is the smallest closed equivalence relation containing R. This may not be equal to the actual
topological closure of R, as the latter may not be transitive.



Problem Sheet 1

This Problem Sheet is based on Lecture 17 and Lecture 18. A (f) means I will use
the problem in lectures; a (x) means I think the problem is challenging.

PRrROBLEM L.1 (). Prove the Invariance of Domain Theorem: Suppose U and U’
are two subsets of S™ and f: U — U’ is a homeomorphism. If U is open then so is
U’. Hint: Use the Jordan-Brouwer Separation Theorem.

PROBLEM 1.2. Prove that if R” contains a subspace homeomorphic to R then m <
n.

PROBLEM 1.3 (f). Recall the definition of a weakly Hausdorff space from Definition
17.1.
1. Prove that any weakly Hausdorff space is a T space. Give an example of a T}
space which is not weakly Hausdorff.

2. Prove that any Hausdorff space is weakly Hausdorff. Give an example of a
weakly Hausdorff space which is not Hausdorff.

3. Let X be a weakly Hausdorff space and let K be a compact Hausdorff space.
Assume f: K — X is continuous. Prove that f(K) is a compact Hausdorff
subspace of X with respect to the subspace topology.

PROBLEM 1.4 (). Let X and Y be topological spaces, and let X’ C X be a closed
subspace. Let f: X’ — Y be continuous, and let X UY denote the adjunction space.
The canonical inclusions X — X Y and Y < X UY induce maps g: X — X U;Y
and j: Y — X Uy Y. Prove that the diagram

x I Ly

| lﬂ‘

X —— XUyY
is a pushout in Top. Then prove:
1. The map j is a closed embedding,
. The restriction of g to X \ X’ is an open embedding.
. If X and Y are 17 spaces then so is X Uy Y.

2

3

4. The quotient map X UY — X Uy Y is closed if and only if f is closed.

5. If X and Y are Hausdorff and X’ C X is compact then X Uy Y is Hausdorff.
6

. If X is compact and X Uy Y is Hausdorff then X — ¢(X) is a quotient map.
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PROBLEM L5 (1). Compute the homology of CP™. Why doesn’t this work for RP"?*

PROBLEM 1.6 (}). Prove that for any m,n > 0, the space S™ x S™ can be obtained
from S™V.S™ by attaching a (m+n)-cell. Use this to compute the homology He(S™ x
S™) for all n,m > 0.

'We will eventually be able to compute the homology of RP™, but not until Lecture 21.



Solutions to Problem Sheet I

This Problem Sheet is based on Lecture 17 and Lecture 18. A (f) means I will use
the problem in lectures; a (x) means I think the problem is challenging.

PRrROBLEM L.1 (). Prove the Invariance of Domain Theorem: Suppose U and U’
are two subsets of S™ and f: U — U’ is a homeomorphism. If U is open then so is
U’. Hint: Use the Jordan-Brouwer Separation Theorem.

SOLUTION. Let p € f(U) = U’. Then there exists an x € U such that f(z) = p. Let
Be(x) C U be an open ball such that B.(z) C U. Consider S := f(0B.(z)) C S"
an embedded n — 1-sphere. By Theorem 17.11 S™\ S has two components, say X
and Y, and S is the boundary of both X and Y. As f(B.(z)) NS =0 and f(B(x))
is connected we have w.l.o.g. that f(Bc(z)) C X. Then f(B.(r)) C X = Y¢,
which is equivalent to saying that Y C S™\ f(Bc(z)). But Y is a path component of
S™M\ S = S\ f(0B(z)) hence Y = S™\ f(Bc(x)) and S"\X C S™\ f(Bc(x)) =Y. This
implies that X = f(B(z)) and X = f(Be(z)). Therefore p € f(Bc(z)) = X C U/,
where X is an open neighborhood of p in U’.

PROBLEM 1.2. Prove that if R” contains a subspace homeomorphic to R” then m <
n.

SOLUTION. Suppose there exists a homeomorphism f: R" — U, where U is open in
R™ and m > n. The inclusion

7: R" — R™
(X1,...,xp) = (T1,...,2,0,...,0)

is continuous and injective. Then the composition foi: R™ — R™ is also continuous
and injective. But im(f o) is not open in R™ since the image of 7 is contained in the
hyperplane R™ x 0 C R™. The one point compactification of R™ is the sphere S™ and
U := R" is an open subset of S™. Then foi: U — foi(U) is a homeomorphism.
But U is open in S™ and im(f o¢) € S™ is non-open. This contradicts the Invariance
of Domain Theorem.

PROBLEM 1.3 (}). Recall the definition of a weakly Hausdorff space from Definition
17.1.
1. Prove that any weakly Hausdorff space is a T1 space. Give an example of a T}
space which is not weakly Hausdorff.

2. Prove that any Hausdorff space is weakly Hausdorff. Give an example of a
weakly Hausdorff space which is not Hausdorff.
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3. Prove that if X be a weakly Hausdorff space and f: K — X is a continuous
map from a compact Hausdorff space then f(K) is a compact Hausdorff subset
of X.

SOLUTION.

1. For every p € X take the continuous map

fi{x}—X
* = .

As {x} is a compact Hausdorff space, f({*}) = {p} is closed.

We take the real line with two copies of the origin. This is the quotient of two
copies of the real line, where corresponding non-zero points on the two lines are
identified. This space is certainly 77 with respect to the quotient topology. It
is however not weakly Hausdorff. To see this consider the interval [—1, 1] with
only one origin. This is the image of an embedding of a compact Hausdorff
space but it is not closed, as the second origin is not contained.

2. Let p € f(K)¢ and define for every ¢ € f(K) two disjoint open neighbourhoods
q € Vyand p € U,. The set V, for all ¢ € K form an open cover of f(K). As K
is compact and f is continuous also f(K) is compact. Hence we find ¢1,..., ¢,
such that f(K) C V,, U...UV,,. Now U :=Ug, N...NU,, C f(K)¢is an open
neighbourhood of p and disjoint form f(K). Since p € f(K)® was arbitrary,
f(K)¢ is open and hence f(K) is closed.

We define the co-countable topology on an uncountable set S by defining the
open sets to be the sets who’s complement is countable. Let S; and S be
two non-empty open sets. Then the complement of S; is countable and S
is uncountable. Hence S7 and S must intersect, which shows that S is not
Hausdorff. Let f: K — X be a continuous map from a compact Hausdorff
space. As K is compact also f(K) is compact. A compact subset A of S
must be countable. Indeed, for every p € S take the open set defined by the
complement of p. This defines an open cover of A, which has a finite subcover
if and only if A is finite. We conclude that f(K) must be finite and thus also
closed, which shows that S is weakly Hausdorff.

3. It is clear that L := f(K) is compact with respect to the subspace topology.
We need to show that L is Hausdorff. Note that f is a closed map: if F' C K
is closed then F' is a compact Hausdorff space and hence f(F') is closed. Now
let x # y € L. Then f~!(x) and f~!(y) are are disjoint closed subspaces of the
compact Hausdorff space K, and hence admit disjoint open neighbourhoods U
and V respectively. Set

U's={zeX|[(z) CU}=L\ f(K\U),

and
Vi={zeX|f () CV}=L\f(K\V).

2



Then z € U’ and y € V'. Moreover U' N V' = (. Since K \ U is compact,
f(K\U) is closed in L, and hence U’ is open in L. Similarly V' is open in L.
Thus L is Hausdorff. This completes the proof.

PrROBLEM 1.4 (f). Let X and Y be topological spaces, and let X’ C X be a closed
subspace. Let f: X’ — Y be continuous, and let X U;Y denote the adjunction space.
The canonical inclusions X < X Y and Y < X UY induce maps g: X — X Uy Y
and j: Y — X Uy Y. Prove that the diagram

x 5 Ly

| lﬂ‘

X —— XUpY

is a pushout in Top. Then prove:
1. The map j is a closed embedding,
The restriction of g to X \ X’ is an open embedding.
If X and Y are 17 spaces then sois X Uy Y.
The quotient map X LY — X U; Y is closed if and only if f is closed.
If X and Y are Hausdorff and X’ C X is compact then X Uy Y is Hausdorff.
6. If X is compact and X Uy Y is Hausdorff then X — ¢(X) is a quotient map.

o

SOLUTION. We already know that the set-theoretic pushout exists. Let ix: X —
XUY and ty: Y — X UY denote the two inclusions and p: X UY — X U; Y the
quotient map. Notice that g = poix and j = poiy. The topology on X Us Y is the
quotient topology of X 1Y/ ~, hence p: X UY — X UY/ ~ is continuous and hence
also g and j are continuous. Given another pushout C', then there exists a unique
morphism ¢: XU;Y — C'in the set-theoretic sense. But since the topology of XU;Y
is the smallest topology such that the maps g and j are continuous, the map ¢ will
automatically be continuous. Let [z] denote the equivalence class of z € X LY/ ~.

1. Since j is injective, to show that j is a closed embedding it suffices to show
that j(C) is closed in X Uy Y whenever C is closed in Y. Since X Uy Y
has (by definition) the quotient topology induced by p, a set B C X Uy YV
is closed if and only if both g~ !(B) and j7!(B) is closed. Since j is injective,
i71((C)) = C, and thus it suffices to check that g=!(j(C)) is closed. But
g 1(5(C)) = +(f~1(C)), which is closed as 1 is a closed embedding.

2. The image [X \ X'] of g is the quotient of the set X \ X’. The map
X\ XT]—X\X
[z] =

is a well-defined, continuous inverse of g|x\xs. Hence g x\x/ is a homeomor-
phism onto its image. Moreover, if U is an open neighbourhood of z € X \ X’
then U is open in X UY as X \ X’ open in X. Then we have p~!([U]) = U,
since U € x \ X’. This is open in X UY.

3



3. A point ¢ € X Uy Y is closed if and only if p~!([q]) is closed in X UY. If g € Y
then p~1([q]) = f~'(q) U ¢, which is closed. If ¢ € X \ X’ then p~!([q]) = ¢ is
also closed.

4. Let Z :=Z1 U Zy C X UY. Then one checks that
p N [Z2)=ZU (XY UFHf(Zin X)) U fH(Zy).

Thus [Z] is closed in X Uy Y if and only if f(Z; N X") U Z5 is closed in Y. It
follows that p is closed if and only if f is closed.

5. Notice that if X’ is closed and Y is Hausdorff then the quotient map p: XUY —

X Uy Y is closed. Indeed, let Z C X' be closed, then Z is compact since X' is
compact. Hence f(Z) C Y is a compact subset of a Hausdorff space and thus
f is closed. Then by the previous part the quotient map p is also closed.
Now let a,b € X Uy Y be distinct points. Then p~!(a) and p~1(b) are disjoint
non-empty compact subsets of X Y. Since X LY is Hausdorff (as X and YV
are), there exist disjoint open sets U, V with p~!(a) C U and p~1(b) C V. Since
p is closed, there exist' open subsets U’ and V' of X Uy Y with a € U, b e V'
and p~1(U'") Cc U, p~Y(V') C V. Moreover the sets U’ and V' are disjoint as U
and V were.

6. In order to show that g: X — ¢(X) is a quotient map we need to prove it is
surjective and a set [Z] C g(X) is closed if and only if g~1([Z]) is closed. As
X is compact an g continuous also ¢g(X) is compact and hence closed, since
X Uy Y is Hausdorff. Conversely, if [Z] C g(X) is closed then p~1([Z]) is closed
in X by the definition of the topology of X Uy Y. But as Z C g(X) it follows
that ¢g=1([Z]) =i, o p~1([Z]) is closed in X.

PRrROBLEM L5 (). Compute the homology of CP". Why doesn’t this work for RP"?”

SOLUTION. By induction we want to show

HA(CP™) = {Z i = even,i < 2n

0 else.
Notice that CP? = S'/ ~ is a point and thus

Z =0

0 7=celse

H;(CPY) = {

' This is a general fact about closed maps: if h: X — Y is a closed map between two topological spaces,
W CY,and U C X is an open subset of X with A~1(W) C U then there exists an open set V C Y with
W CV and h=1(V) C U. Indeed, take

V=Y \h(X\U).

Since U is open, X \U is closed, and hence as h is closed so is h(X \U). Thus V is open. Since h=1(W) C U
we have W N h(X \ U) = 0, and thus W C V. Moreover h~1(V) = X \h "} (h(X \U)) C X \ (X \U)=U
as required.

2We will eventually be able to compute the homology of RP™, but not until Lecture 21.
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By Example 18.9 we know that CP" = B?" U, CP""!, where p: $?"~! — CP" ! is
the quotient map. By Proposition 18.13 we have an exact sequence

c++ = Hyp(CP™™ 1) — Hyp (B> Uy CP™ 1) — Hypq(S71)
— Hgn_l((CPnil) — Hopq (BQn Uy (CPnil) — HQn_z(SQnil) — ...

But as Ho,(CP" ') = 0, Hyp,_1(CP*" 1) = 0 and Ha, 2(S?""1) = 0, we have an
isomorphism
Hy, (B U, CP" 1) = Hy, 1 (S*™ 1) 27

and
Hyp—1(B* U, CP" 1) = 0.

Moreover, by Corollary 18.14 H;(CP") = H;(CP"!) for i < 2n — 2.
This argument breaks down for RP™ if n = 2.

PROBLEM 1.6 (). Prove that for any n,m > 0, the space S™ x S™ can be obtained
from S™V.S™ by attaching a (m+n)-cell. Use this to compute the homology He(S™ x
S™) for all n,m > 0.

SoLUTION. Notice that B™*" & B™ x B" and §(B™ x B") = (B™) x B"U B™ x
O(B™) = Sm~ 1 x BrUB™ x S" L. Let m,: B — B"/S""1 = §" denote the quotient
map. Assume that SV .S"™ = (S™ x {p}) U ({q} x S™). Let f: B™t" = B™ x B" —
S™ x 8™ be the map defined by f(z,y) = (mm(x), ™ (y)). As m,: E™ — S™\ {x} is
a homeomorphism also f|gmin: E™T" — S™ x S\ §™\/ §™ is a homeomorphism
and we conclude by Proposition 18.6 that S™ x S™ can be obtained from S™ v S™
by attaching a m + n-cell.

Let g = flggmn: S™T"1 — §™ Vv S™ be the attaching map. If both m and n
are zero then S° x SY is the topological space consisting of four points and we have

LOLDOLDZLZ =0

0 otherwise

H;(S° x 8%) = {

Ifm=1and n =0 then S* x S® = S1 S and

Za7 i=0,1

0 otherwise

HZ(Sl X SO) = {

and likewise for m = 0, n = 1. In the case m = n = 1, consider the long exact
sequence from Proposition 18.13

co o Hy(STV SY) = Hy(B2U, 8" v 1) — Hy (81 D (st v 8t

— Hi(B*Uy §' v S') — Ho(S") 9, (st v St - ...

The induced map H(g) sends a generator of H;(S') to the class a +b—a —b =0,
where a,b € Hy(S' v S!) are the two generators. (Notice that S' x S! is the torus,

bt



which we can view as the square with opposite edges identified. (See Problem C.3).
The attaching map send the generator of H(S') to the boundary of the square, which
has class a + b —a — b).) Hence Hy(g) is zero and as Hy(S' v S') = 0 we conclude
Hy(S1 x S') = Hy(B* Uy St v SY) = Hy(S') = Z. Ho(g): Ho(S") — Ho(S' v St
sends the class of a point to the class of a point and is therefor an isomorphism.
Hence Hy(B? Uy ST v S1) = H (S'v S') 2 Z ® Z. Thus

7 i=0,2
H(S'xShY={zez i=1
0 otherwise.

The remaining cases can be calculated by using Proposition 18.13 and Corollary 18.14.
If m # n we get

H;(S™ x S") = {Z t=0,m,n,m+n

0 otherwise

and if m = n we have

7 1=0,m+n
Hi(S"xS")=2({ZBZ i=m=n
0 otherwise.



Problem Sheet J

This Problem Sheet is based on Lecture 19 and Lecture 20. A (f) means I will use
the problem in lectures; a (x) means I think the problem is challenging.

PROBLEM J.1. Let X be the subset of the closed strip in R? between the line z = 0
and x = 1 consisting of the unit interval I and all the line segment through the origin
having slope 1/n for n € N. See Figure J.1. Prove that I is a deformation retract of

Figure J.1: The space X.

X but not a strong deformation retract.

PROBLEM J.2 (T). Let X’ C X be a closed subspace with the property that there
exists a neighbourhood U of X’ in X such that X’ is a strong deformation retract
of U. Let * the point in X/X’ corresponding to X’/X’. Prove that {*} is a strong
deformation retract of U/X’ in X/X'.

PROBLEM J.3. Let X be a finite cell complex, and define the Euler characteristic
of X to be the number

X(X) = (~1)*rank Hy(X).

>0

Let Vi denote the number of k-cells of X. Prove that

V(X = S (1N

k>0

PROBLEM J.4. Let X and Y be finite cell complexes. Show that X x Y also carries
the structure of a finite cell complex. Prove that x(X xY) = x(X)x(Y).
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PrROBLEM J.5. Let X be a topological space with cell like filtration F. Suppose
(¢) € Hy(X, F) comes from a cycle in ¢ € H,(F", F"1) (ie. 37¢=0.) Let

1 F" = X, 3 (F™0) — (F™, F" Y,

denote inclusions. Show that there exists a homology class (¢) € H,(F™) such that
H,,(3){c) = ¢. Denote by (c¢)’ := Hy,(2){c). Show that the isomorphism from Theorem
20.5 can be given explicitly by

©: Hy(X) = Hp(X, F) {e) = (C).

PROBLEM J.6. Suppose X and Y are topological spaces with cell-like filtrations
F = (F™) and G = (G") respectively. Let us say a continuous map respects the
filtrations if f(F™) C G™ for all n > 0.

1. Show that such a map f gives rise to a chain map fu: Co(X,F) = Co(Y,G),
and hence also a map H,(f): H,(X,F) - Hy(Y,G) for all n > 0.

2. Show that there is a well-defined category Filt whose objects are pairs (X, F)
where X is a topological space and F is a cell-like filtration and whose mor-
phisms are those continuous maps which respect the filtration. Prove that the
operation (X, F) — Co(X, F) defines a functor Filt — Comp.

3. Prove that the isomorphism between singular homology and the homology of
the cell-like filtration is natural in the sense that if f: (X, F) — (Y,G) is a
continuous map respecting the filtrations then the following diagram commutes:

Ho(X) —2— H,(X,F)
Hn(f)l iHn(f)

H,(Y) — H,(Y,G)
where horizontal maps are the isomorphisms from the previous problem, and
the two vertical maps are the induced maps on homology. The right-hand one
comes from part (1) above, and the left-hand one is just the normal map induced
by singuar homology.



Solutions to Problem Sheet J

This Problem Sheet is based on Lecture 19 and Lecture 20. A (f) means I will use
the problem in lectures; a (x) means I think the problem is challenging.

PROBLEM J.1. Let X be the subset of the closed strip in R? between the line z = 0
and x = 1 consisting of the unit interval I and all the line segment through the origin
having slope 1/n for n € N. See Figure J.1. Prove that I is a deformation retract of

Figure J.1: The space X.

X but not a strong deformation retract.

SOLUTION. The space X is given by {(z, 1z) | 2 € [0,1]} U{(z,0) | = € [0,1]}, where
we define I := {(x,0) | z € [0,1]}. The homotopy

H: X x[0,1] =1

(@, Loy gy L@ =20, a1 =20 0<t<1/2
Tt (z(2t —1),0) 1/2<t<1
((2,0),1) — (z(1—2t),0) 0<t<1/2

- (z(2t —1),0) 1/2<t<1

is such that H(-,0) = idx, H(z,1) € I for all z € X and H(2/,1) =2/ for all 2’ € T
and hence defines a deformation retract of X onto I. Suppose we could find a strong
deformation retract, i.e. such that H(a/,t) = 2/ for all t and all 2’ € I. Let G denote
the corresponding homotopy. Let (z,0) € I with > 0. Every d-neighbourhood of
(z,0) contains a point (z,2z) for some n big enough. G must map ((z,1/nz),t) to
the point (0,0) for some ¢ but leaves (z,0) constant for every ¢. This contradicts the
continuity of G.
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PROBLEM J.2 (). Let X’ C X be a closed subspace with the property that there
exists a neighbourhood U of X’ in X such that U is a strong deformation retract
of X. Let * the point in X/X’ corresponding to X’/X’. Prove that {*} is a strong
deformation retract of U/X" in X/X'.

SOLUTION. Let H: U x I — X' define a strong deformation retract. In particular
H(z',t) = o for all 2/ € X'. Hence H descends to a map G: U/X' x I — X'/X’
such that G({*},t) = {*} for all ¢. This defines a strong deformation retract of U/X’
to {x}.

PrROBLEM J.3. Let X be a finite cell complex, and define the Euler characteristic
of X to be the number

X(X) = (~1)*rank Hy(X).
i>0
Let Nj, denote the number of k-cells of X. Prove that

V(X = (1N,

k>0

SOLUTION. Let n be the dimension of X. By Theorem 20.5 we have H(X) =
Ho(X) and hence also their ranks coincide in all degrees. Moreover, by definition we
have H(X) = i;egffl , where 9 = 9°!" denotes the differential of the cellular chain
complex. The exact sequence

0 — ker(0y) — Cr, — im(Jg) — 0

shows that Ny = rankker(9)) + rank(im ). Similarly the exact sequence
0 — im(9g) — ker(0x) — Hr — 0

shows that rank H(X) = rank ker(dy) — rankim(Jg4+1). Now

V(X) = 37 (~1) rank Hy(X)
i>0

= (~1)FrankH" (X)
k>0

= Z(—l)k(rank ker(0)) — rankim(O41))
k>0

= Z(—l)krank ker(dy) + (—=1) 1 rank im (9 1)
k>0

= (=1)"rankim(d,41) + Z (—1)* (rank ker(9y) + rank im(0y,)) + rank ker(d)

n>k>1
= Z(_l)ka‘v

k>0

where the last equality follows from the fact that dy = 0 and hence rank ker(dy) = Ny
and im Op4+1 = 0.



PROBLEM J.4. Let X and Y be finite cell complexes. Show that X x Y also carries
the structure of a finite cell complex. Prove that x(X xY) = x(X)x(Y).

SOLUTION. Given a structure of a cell complex on X with cells E/}* of dimension n,
and attaching maps f,. Likewise a cell structure on Y with cells Egﬁ of dimension
ng and attaching maps fg. A structure of a cell complex on X x Y is given by the
cells (B, x Eg)" ™8 which have attaching maps f, X fz and dimension n, + ng.
Define recursively the subspace (X x Y)" as the space obtained from (X x Y)"~!
by attaching cells of the form (E, x Eg)""8, where n = no +ng. As X xY
carries the product topology and X and Y carry the colimit topology of their cell
decompositions, also X x Y carries the colimit topology for the cell decomposition
defined above.

PrROBLEM J.5. Let X be a topological space with cell like filtration F. Suppose
(¢) € H,(X,F) comes from a cycle in ¢ € H,(F", F*1) (i.e. 37 =0.) Let

1 F" e X, 90 (F™, ) — (F™ F™ 1Y),

denote inclusions. Show that there exists a homology class (¢) € Hy,(F™) such that
H,(7){c) = ¢. Denote by (c)’ := Hy(2){c). Show that the isomorphism from Theorem
20.5 can be given explicitly by

©: Hy(X) = Hy(X, F) (e} + (C).

SOLUTION. As ¢ € H,(F",F" ') is a cycle 37¢ = 1,1 0 6,(¢) = 0. Recall that
S, is the connecting homomorphism of the exact sequence of the pair (F™, F*~1)
and 7,1 = Hp_1(jn_1), where j,_1: (F""1,0) — (F"~! F"=2) is the inclusion.
The map 7,_1 is injective, hence d,,—1({) = 0 and thus it follows from the long exact
sequence of the pair (F™, F"~1) that there exists a (c) € H,,(F™) with H,,(jn)(c)) = C.
Consider the diagram as in the proof of Theorem 20.5:

Hpqq (FHLEFM) 0
5n+1 w l
0 ——— Hu(F") ———— Hu(F", F"1) O Hy o (FPY)
m lnnfl
Hn(Fn+1> Hn_l(Fn717an2)
0

We have isomorphisms (see the proof of Theorem 20.5)
Ho(X) 2 Hy(F™) & H, (F")/ m(6,11)
~ im(n,) . ker(dy)
Cim(Opt1)  im(Ip1)
Clearly, (¢') € Hn(X) is mapped to the equivalence class of [(c)] € Hy(F™)/im(d,11)-
The isomorphism H,(F™)/im(0,4+1) & — 5" is induced by the map 7,. Hence [{(c)]

imOpq1

is mapped to (¢) € XL — H (X, F).

im Op 41




PROBLEM J.6. Suppose X and Y are topological spaces with cell-like filtrations
F = (F™) and G = (G™) respectively. Let us say a continuous map respects the
filtrations if f(F") C G™ for all n > 0.

1. Show that such a map f gives rise to a chain map fu: Co(X,F) = C.(Y,G),
and hence also a map H,(f): H,(X,F) = H,(Y,G) for all n > 0.

2. Show that there is a well-defined category Filt whose objects are pairs (X, F)
where X is a topological space and F is a cell-like filtration and whose mor-
phisms are those continuous maps which respect the filtration. Prove that the
operation (X, F) — Co(X,F) defines a functor Filt — Comp.

3. Prove that the isomorphism between singular homology and the homology of
the cell-like filtration is natural in the sense that if f: (X,F) — (Y,G) is a
continuous map respecting the filtrations then the following diagram commutes:

Ho(X) -2 H,(X,F)
m(f)l lHn(f)

H,(Y) — H,(Y,G)
where horizontal maps are the isomorphisms from the previous problem, and
the two vertical maps are the induced maps on homology. The right-hand one
comes from part (1) above, and the left-hand one is just the normal map induced
by singular homology.

SOLUTION.
1. The chain map fyu: Co(X,F) = Co(Y,G) is defined as

H,(fn): Hy(F", F" Y — H,(G",G"Y).

Let n,1 = Hy 1(jn_1), where j,_1: (F"71,0) < (F"1, F"=2) is the inclu-
sion. And let §,, be the connecting homomorphism of the exact sequence of the
pair (F™, F"~1). Recall that the boundary operator 9, of the chain complex
Co(X, F) is given by the composition of those two maps, i.e. 9, = Mp—1 0 Op.
It therefore suffices to show that He(fs) commutes with both n and 4. It fol-
lows from the exact sequence of the pair (F™, F"~1) (see Proposition 12.3) that
OonoHyn(fn) = Hn—1(fn—1)0dp—1. As f, respects the filtration and j, is just the
inclusion we must have that f,—15n-1 = jn-1fn—1. Thus n,—1 0 Hy—1(fn-1) =
Hy 1(jn-1)oHp1(fn-1) = H(jn-1fn-1) = H(fu-1Jn-1) = Hp-1(fn-1) ©Mn—1,
where we used the fact that H, is a functor.

2. One easily sees that the first two axioms of a category are fulfilled. The
third axiom is also fulfilled, as the identity map of the topological space X
is continuous and respects the filtration. It is left to show that the operation
(X, F) = Co(X, F) defines a functor Filt — Comp. The functor send (X, F) to
Co(X,F) and a continuous map f: X — Y which respects the filtration to the
chain map H,(f,): H,(F", F"~ 1) — H,(G",G"1). As H, is a well-defined
functor the claim follows.



3. The isomorphism © is the compositon of the maps 1, := H,,(j,) and Hy,(i5) " |im Hy(in) =
H, (i imi, ). As f respects the filtration it commutes with i and j. Since H,
is a functor also Hy,(f) commutes with H,, (i, |ims,) and Hy(5).



Problem Sheet K

This Problem Sheet is based on Lectures 21 and 22. A (f) means I will use the
problem in lectures; a (x) means I think the problem is challenging.

ProBLEM K.1. Let p and ¢ be relatively prime integers. Think of S as the pairs
(z,w) € C? with |z|? + |w|?> = 1. Let ¢ = €>™/? be a primitive pth root of unity, and
define f: S% — S3 by

f(z,w) = (CZ7 qu)‘
Define an equivalence relation on S® by saying that (z,w) ~ (2/,w’) if (2/,w') =
f¥(z,w) for some integer k. The quotient space S3/ ~ is called a lens space and
denoted by L(p, q).

1. Show that L(p,q) is a compact Hausdorff space.
2. Identify L(1,1) and L(2,1).
3. Show that if ¢ = ¢’ mod p then L(p,q) = L(p,¢').

ProBLEM K.2. Show that the following' defines a cellular decomposition of S? having
p cells in dimensions 0, 1,2 and 3:

21k
EY = {(2,0) €S |argz = ﬂ}
P Jk=01.2,.p-1

2k 2n(k+1
E}l = {(Z,O) €S| UL arg z < 7r(—|—)}
p p k=0,1,2,..p—1

2k
E? .= {(z,w) €83 |argw = W}
P )r=012,.p-1

2k 2r(k+1
E} .= {(z,w)653]W<argw<ﬂ(+)} .
p p k=0,1,2,..p—1

Use the cellular boundary formula and this cell decomposition to give another com-
putation of the homology of S3.

PROBLEM K.3. Show that the quotient map S® — L(p,q) gives rise to a cellular
decomposition of L(p,q) with exactly one cell in dimension 0,1,2 and 3. Use this
to compute the homology of L(p,q). Hint: Use the decomposition of S* from the
previous question!

ProOBLEM K.4 (f). Let C and D be two categories and S,7: C — D two functors.
Suppose ®: S — T is a natural transformation. Prove that ® is a natural isomor-

phism if and only if there is a natural transformation ¥: T" — S such that ®oW¥ = idg
and ¥V o ® = idy.

Will J. Merry and Berit Singer, Algebraic Topology 1. Last modified: Sept 01, 2018.
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PrOBLEM K.5. Let C be a category and C € obj(C). Consider the hom-functor
T: C— Sets

defined as follows:
e Objects: For D € obj(C), set T'(D) := Hom(C, D).
e Morphisms: If f: A — B in C then

T(f): Hom(C, A) — Hom(C, B),

is defined by
T(f)(h) == f o h.
One normally writes this functor as 7' = Hom(C, ).

1. Let {*} be a set with one element. Prove that Hom({*},[J): Sets — Sets is
naturally isomorphic to the identity functor on Sets.

2. Let C be a category, C' € obj(C) and S: C — Sets a functor. Prove the Yoneda
Lemma”: there is a bijection from Nat(Hom(C,0), S) to S(C) given by

O — O(C)(ide).
In particular, this shows that Nat(Hom(C, ), S) is always a set.

PROBLEM K.6 (1). Let (He, ) be a homology theory satisfying the first four axioms
(homotopy, exact sequence, excision and dimension). Let (X, X)), 1 <n < N be a
finite family of pairs of spaces. Denote by

N N
i (X, X1) < <|_| X, || X,Q)
n=1 n=1

the inclusion. Prove that for all £ > 0, the map

N N
> Hilwm): @ Hr(Xn, X)) — Hy (
n=1

n=1

1=

N
/
Xo, | | X0 ]
n=1
is an isomorphism.

PrOBLEM K.7 (f). Let X7 and Xy be subspaces of X such that X = X7 U X3. Set
Xo := X1 N Xo. Let (He,9) be a homology theory satisfying the first four axioms.

2This result is a generalisation of Cayley’s Theorem from group theory: that every group G is isomor-
phic to a subgroup of the symmetric group acting on G. Meta-exercise: Make this statement precise.


https://en.wikipedia.org/wiki/Cayley%27s_theorem

Prove there is a commutative braid of the form:

H(X1) Hp (X, X2) Hp—1(X2) \
/) \\\ ! \\\\\\ / //'/)
Ha(X0) Ha(X) Ha1(Xo) Ha-1(X)
e d ~ 1
// \ / \\\\\ rd
e S ~ —
/ HTL(XZ) Hn(X7 Xl) Hn—l(Xl)

where all four braids are exact. Deduce that the Mayer-Vietoris exact sequence holds

for (Hae,9).



Solutions to Problem Sheet K

This Problem Sheet is based on Lectures 21 and 22. A (f) means I will use the
problem in lectures; a (x) means I think the problem is challenging.

PRrROBLEM K.1. Let p and ¢ be relatively prime integers. Think of S? as the pairs
(z,w) € C? with |z|> 4+ |w|? = 1. Let ¢ = €*™/? be a primitive pth root of unity, and
define f: S% — 83 by

f(z,) = ((z,w).
Define an equivalence relation on S® by saying that (z,w) ~ (2/,w’) if (/,w') =
f¥(z,w) for some integer k. The quotient space S3/ ~ is called a lens space and
denoted by L(p, q).

1. Show that L(p, q) is a compact Hausdorff space.
2. Identify L(1,1) and L(2,1).
3. Show that if ¢ ~ ¢’ mod p then L(p,q) = L(p,q).

SOLUTION.

1. 83/ ~ is compact as p : S — 93/ ~ is continuous and S® is compact. Let
p: 83 — 53/ ~ be the quotient map. It is open since S®/ ~ is equipped with
the quotient topology. Therefor the map

fiP xS 8% xS~
((z,w), (', w)) = (p(z,w), p(z',0))

is also open. Let R := {((z,w), (', w"))|(z,w) ~ (2',w)}. The set S3x S3\ R is
open (if (z,w) » (2’,w") then this identity also holds in an open neighbourhood
of ((z,w), (2, w"))). Now S3/ ~ x93/ ~\A = (93 x $3\ R) and this is open
as f is open, which shows that S3/ ~ xS3/ ~ is Hausdorff.

2. If p=¢q =1then ¢ =1 and thus L(1,1) = S3. If p = 2 and ¢ = 1 then
(z,w) ~ (,w') <= (z,w) = £(2,w') and thus L(2,1) = RP3.

3. If ¢ = ¢ mod p then {¢° ¢, ... ¢} = {CO,Ql,...,Qq"’} and hence R = R/
which shows that L(p,q) = L(p,q).

PRrROBLEM K.2. Show that the following' defines a cellular decomposition of S® having

Will J. Merry and Berit Singer. Last modified: Sept 01, 2018.
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p cells in dimensions 0,1,2 and 3:

S|
O

2
= {(2,0) € S¥idarg z = Wk}
P Jr=012,.p-1

27k 2 (k + 1
E} = {(z,()) e §%d" < arg z < 7T(+)}
p p k=0,1,2,..p—1

21k
E? .= {(z,w) € Slidargw = W}
P Jk=01.2,.p-1

2k 2n(k +1
E} .= {(z,w)ESgidW<argw<7T(+)} .
p p k=0,1,2,..p—1

Use the cellular boundary formula and this cell decomposition to give another com-
putation of the homology of S3.

SOLUTION. The space S has a cell decomposition, which is given by X0 := Ui;iEg,

X1 = {(2,0) € $3}, X? := {(z,w) € S¥arg(w) = %,k € {0,...,p—1}} and

X3 = 83 X! is obtained from X° by attaching the p — 1 1-cells E,g with the
attaching maps
oS¢ = X°
0+ Ep

1 Ep. .

Similarly X? is obtained from X! by attaching the p — 1 2-cells with attaching maps
f 2\5; P S — X
e = (e1,0).

Finally, X3 is obtained from X2 by attaching p — 1 3-cells with attaching maps
f 3\5,3 LS = X°

(1= 2%, 2) = {(mei¢’ 2emP) z>0

(V/(1 = 22)e?®, ze2m(k1)/py - 5 <0

where z € [~1,1], ¢ € [0,27) and (1/(1 — 22)e’®, 2) gives a parametrisation of the
closed 3-ball. Hence the cell decomposition has p cells in dimensions 0, 1,2, 3 and no
other cells. The cellular chain complex thus looks (up to isomorphism) like

03 02 o1

0 Y/ y ZP zP Y/ » 0

~



The boundary operator 0; is the composition of §;, which is the connecting homo-
morphism of the pair (X, X*~!), and n;—; = Hi—_1(ji—1), where ji_1 : (X;_1,0) <
(Xi—1, Xi_2) is the inclusion.

Now we are ready to compute the boundary operators. By repeatedly using the
Cellular Boundary Formula (Theorem 20.11) we see:

1. In dimension 3 we have that 95 = 0 and 93(E}) = Ef ; — Ef. Thus H§*(S9?) =
H3(S3) =2 Z.

2. Moreover, 0y(E32) = Zi;é E; for every k. Thus Ef | — E} for k=0,...,p—2
form a basis of ker(0y) = ZP~! C ZP and we see that ker 93 = im d3 which shows
that HS(S3) = Hy(S%) = 0.

3. Now, 0i(E}) = E}., — E} and al(E;_l) = E§ — E;(;)—l- Hence ker(01) =

Z-5P71 EY and im(8,) = ker(8;). Thus H{®'(S3) = H;(S%) = 0.

4. As 5o = 0 a basis of ker(dp) is given by {E°, EY — EJ, ... ,Eg_l — Eg_g}. But
E)., — E} € im(81). Thus ker(dy)/im(01) = Z - Ej and hence H§* (%) =
Ho(S3) = Z.

PROBLEM K.3. Show that the quotient map S® — L(p,q) gives rise to a cellular
decomposition of L(p,q) with exactly one cell in dimension 0,1,2 and 3. Use this
to compute the homology of L(p,q). Hint: Use the decomposition of S* from the
previous question!

SOLUTION. Let p : S3 — 53/ ~= L(p,q) denote the quotient map. Notice that
p(Eg) = p(Eld) for every k = 0,1,2,3 and every k,l € {0,...,p — 1}. Thus the cell
decomposition from the previous exercise gives rise to a cell decompositon of L(p, q)
with one cell in dimensions 0,1,2,3 and no other cells. Let E? := p(E{) denote
the d-cell of L(p,q). From the previous exercise it follows immediately that d3 = 0,
02(E?) = pE', and 9; = 0. Thus we see that

7 i=0
o - Z/pZ 1=
Hi(L(p,q)) = H{"(L(p, q)) = / .
0 =2
7 i =

ProBLEM K.4 (f). Let C and D be two categories and S,7: C — D two functors.
Suppose ®: S — T is a natural transformation. Prove that ® is a natural isomor-
phism if and only if there is a natural transformation ¥: T" — S such that ®oW¥ = idg
and ¥ o ® = idy.

SOLUTION. If @ is a natural isomorphism then for every A, B € obj(C) there exists
U (A) and ¥(B) such that



where the left rectangle is commutative and W(A)o®(A) = idg(4) and ¥(B)o®(B) =
idg(p). Asidga)oS(f) = S(f)oidg(a) also the right square is commutative. Similarly
one shows that ®(A) o W(A) = idp(4). Hence ¥ is a natural transformation. The
other direction is obvious.

PrOBLEM K.5. Let C be a category and C' € obj(C). Consider the hom-functor
T: C — Sets

defined as follows:
e Objects: For D € obj(C), set T'(D) := Hom(C, D).
e Morphisms: If f: A — B in C then
T(f): Hom(C,A) — Hom(C, B),
is defined by
T(f)(h) = f o h.
One normally writes this functor as 7' = Hom(C, ).

1. Let {x} be a set with one element. Prove that Hom({x},[J): Sets — Sets is
naturally isomorphic to the identity functor on Sets.

2. Let C be a category, C' € obj(C) and S: C — Sets a functor. Prove the Yoneda
Lemma”: there is a bijection from Nat(Hom(C, ), S) to S(C) given by

O — O(C)(ide).
In particular, this shows that Nat(Hom(C, ), S) is always a set.

SOLUTION. 1. Define the natural transformation evy,, : Hom({x},-) — id by

ev,(X) : Hom({x}, X) — id(X)
A= A(%).

Moreover, let ® : id — Hom({x},-) be given by

¢ :id(X) — Hom({*}, X)
x> (Mg x> x).

Then for every X € obj(Sets) we have evy(X) o ®(X) = idx and ®(X) o
evi(X) = idgom({«},x)> 50 evsx : Hom({*},-) — id is a natural isomorphism.

2This result is a generalisation of Cayley’s Theorem from group theory: that every group G is isomor-
phic to a subgroup of the symmetric group acting on G. Meta-exercise: Make this statement precise.
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2. Let J : Nat(Hom(C,O),S) — S(C) : ¢ — ¢(C)(idc) denote the Yoneda map.
We start by proving that J is surjective. Let € S(C). For D € obj(C) let

¢.(D) : Hom(C, D) — S(D)
A= S(A)(x).

Then ¢, : Hom(C,d) — S is a natural transformation, as for every D, E €
obj(C) and any f € Hom(D, E) the diagram

Hom(C, D) =D}

()| |sw)

Hom(C, E) wE S(E)

commutes. Indeed ¢, (E)oT (f)(A) = ¢ (E)(foX) = S(fo)(z) = S(f)oS(N)(x)
and S(f) 0 ¢=(D)(A) = S(f)S(A)(x).

To prove injectivity, suppose that J(¢) = ¢(C)(ide) = ¥(C)(ide) = J(¢).
For every D € obj(C) and for every f € Hom(C, D) we have ¢(D)(f) =

c)

D
¢(D) o T(f)(idc) = S(f) 0 6(C)(ide) = S(f)P(C)(idx) = »(D) o T(f)(idc) =
Y(D)(f). Hence ¢p(D) = (D) for every D € obj(C'), which implies that ¢ = 1.

PROBLEM K.6 (1). Let (He, ) be a homology theory satisfying the first four axioms
(homotopy, exact sequence, excision and dimension). Let (X, X)), 1 <n < N be a
finite family of pairs of spaces. Denote by

nt (X, X1) < <|_|X |_|X’>

the inclusion. Prove that for all £ > 0, the map

N
Z Hy (Zn
n=1

is an isomorphism.

n@z
=

Hi(Xn, X)) — Hy (

N
X || X,’L) :
n=1
SOLUTION. The Excision Axiom tells us that the inclusion induces an isomorphism

Hao(X, X') 2 H,(XUY, X' UY)

for any space Y. By induction, we need only consider the case N = 2. Moreover, by
the usual argument involving the Five Lemma, it is sufficient to consider the absolute
groups (see for instance the end of the proof of Theorem 21.12 in Lecture 22.) By
functoriality of H,, and the Exact Sequence axion, the following diagram satisfies the



hypotheses of the Hexagon Lemma H.2:

Thus part (1) of the Hexagon Lemma tells us that
Hn(Xl) D Hn(Xz) = Hn(Xl L Xg),
which is what we wanted to show.

ProBLEM K.7 (f). Let X; and X, be subspaces of X such that X = X7 U X3. Set
Xo := X1 N Xy, Let (He,0) be a homology theory satisfying the first four axioms.
Prove there is a commutative braid of the form:

o ~_ Hn(j1) 81 . Hn-1(io1) Hn \‘/\‘//;7
,/'// ~ \\\\\\‘ —

Ho(X, X1) H1(X1)

Ha(X2)

where all four braids are exact. Deduce that the Mayer-Vietoris exact sequence holds

for (Hae,9).

SoLUTION. Consider the long exact sequence of the pair (X1, Xp). It follows with
excision that H, (X1, Xo) = H,(X,Xs2) and H;(X2, Xo) = H;(X,X1). Hence the
long exact sequences of the pair (X1, Xy) becomes

ce.— Hn(Xo) — Hn(Xl) — Hn(X, XQ) — Hn—l(XO) — e
Similarly there is a long exact sequence

oo = Hin(Xo) = Ha(X2) = Ha(X, X1) = Ho1(Xo) — ...



The pairs (X, X;) and (X, X2) give rise to long exact sequences
coe = Ho (X)) = Hi(X) = Ho (X, X1) = Hp—1(X7) — -

and

Let i : Xy — X and igr : Xg — X be the inclusion for £ = 1,2. Similarly let
Jr (X, 0) — (X, X) denote the inclusion and J; the boundary homomorphisms for
k =1,2. (See picture.) The maps in the long exact sequences above are induced by
these maps. Hence there exists a commutative braid with exact sequences as in the
picture. Now we have a sequence

610Hn(j1)
T

) (Hn—-1(201),Hn—1(%02))

o (X) H1(Xo

where D is given by (a,b) — (Hn—1(i1)(a) — Hn—1(i2)(b)). It follows from the defini-
tion that this sequence is exact.

’Hn_l(Xl) @Hn_l(Xg) 2) Hn_1(X) — ...



Problem Sheet L

This Problem Sheet is based on Lectures 24 and 25. A (f) means I will use the
problem in lectures; a (x) means I think the problem is challenging.

PROBLEM L.1 (). Suppose A is an abelian group and {By | A € A} is a (possibly
uncountable) family of abelian groups. Prove there is an isomorphism

AP Br = P(A® By).
AEA AEA

PROBLEM L.2 (f). Suppose F and F’ are free abelian groups. Prove that FF @ F’ is
also free.

PROBLEM L.3 (}). Suppose B is a torsion-free abelian group. Prove that 0 ® B and
B ® O are exact functors.

PROBLEM L.4 (f). Suppose T: Ab — Ab is an additive functor and 0 - A — B —
C — 0 is a split exact sequence. Prove that 0 — T(A) — T'(B) — T(C) — 0 is also
a split exact sequence.

PROBLEM L.5. Let A=Z®Z D Zg ® Zs and let B = Z3 & Zs. Compute A ® B and
Tor(A, B).

PROBLEM L.6 (). Fix n > 2. Consider the projection map p: S™ — RP"™. Let
a: S™ — S™ be the antipodal map. For this problem you may assume the following
fact:

Fact: If 0: A™ — RP"™ is a singular m-simplex, then are precisely two singu-
lar m-simplices &1,69: A™ — S™ that satisfy po &; = o for i = 1,2. Moreover
o 2 =a0o o 1 l .

Define a chain map
Gm: C(RP"; Za) — Cp,(S™; Zs)

by o +— &1 + 2.

1. Show that the following is a short exact sequence of chain complexes:

0 — Co(RP™ Zo) L C4(S™; Zs) 25 Co(RP™; Z5) — 0.

Will J. Merry and Berit Singer, Algebraic Topology II. Last modified: Sept 01, 2018.
IThis follows from standard covering space theory that we will cover later on in the semester.
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2. Suppose f: 8™ — S™ is an odd map (that is, foa = ao f). Let h: RP™ — RP"
denote the induced map (so that po f = hop). Show that the following diagram
commutes for every m:

0 —— Cn(RP™ Zy) —2ms (8™ Zs) —F Cp(RP™; Zs) — 0

e | |1 Iz

3. Deduce that f: H,(S™;Z2) — H,(S";Zs) is an isomorphism. Hint: Argue by
induction on m, using the associated long exact sequence in homology from the
short exact sequence of chain complexes in part (1).

4. Deduce that f has odd degree.



Solutions to Problem Sheet L

This Problem Sheet is based on Lectures 24 and 25. A (f) means I will use the
problem in lectures; a (x) means I think the problem is challenging.

PROBLEM L.1 (}). Suppose A is an abelian group and {B) | A € A} is a (possibly
uncountable) family of abelian groups. Prove there is an isomorphism

AP Br=P(A® By).

AEA AEA

SOLUTION. Let T be an abelian group and n: A x @,., By — T a bilinear map.
Consider the following universal property. For an abelian group C and ¢: A X
@, ca By — C a bilinear map, there exists a unique homomorphism f: T'— C such
that the following diagram commutes:

A X @ycp B %T

(L.1)
[*2) k// f

It suffices to show that @,.,(A ® B)) together with the bilinear map n: A x
Dircr Br = Drca (AR By): (a, (ba)ren) = (a®by)xea satisfies this universal prop-
erty. Then Lemma 24.4 ensures that A ® @,y Bx = @ ca(A® B)y).

Let C be an abelian group and ¢: A x @,., By — C a bilinear map. Let
by € P sen B be the element that has by as the entry for index A and entries zero
otherwise. Define py: A x By — C by (a,bx) — ¢(a,by). This map is bilinear
and thus by the universal property of A ® B) there exists a unique homomorphism
fr: A® By — C such that f\(a®by) = ¢(a,by). By the properties of the direct sum
there exists a unique homomorphism

[ @rea(A®By) — C
(a®b)\)/\€A = ZAGAfA(af@b)\)-

But Y yca fala®by) = D oycppla® by) = ¢(a® Y e by) = ¢(a, (bx)rca) and
thus fon = ¢. In other words @,c,(A ® B)) together with the bilinear map

n: A X @yren By = Prea(A @ By): (a,(by)) = (a ® by) satisfies the universal
property (L..1). Using the universal property one can also show that an explicit
isomorphism is given by

AR @Dy ep By — Dyrea(A® B))
a® (ba)ren = (a®Dby)rea.

PROBLEM L.2 (). Suppose F and F’ are free abelian groups. Prove that FF ® F”’ is
also free.

Will J. Merry and Berit Singer. Last modified: Sept 01, 2018.
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SOLUTION. Let B and B’ be basis of F' and F' respectively. Then F = @, _5(b) and
F' =@, p (V). By the previous exercise we have

FeF=2=@bne )=z P wow)=@doat).

beB veB’ beBY EB’ bRb’
This proves that F'® F' is free with basis {b®@ V' | b€ B,V € B'}.

PROBLEM L.3 (}). Suppose B is a torsion-free abelian group. Prove that O ® B and
B ® [ are exact functors.

SoLuTION. Notice that a functor T is exact if and only if for every exact sequence

0-CL D% E 0 the sequence 0 — T'(C) o, T(D) ), T(E) — 0 is also

exact. If B is finitely generated and torsion-free then it is free and thus isomorphic to
Z" for some n. Then Z™ ® G = G™ by Proposition 24.8 and f ®idg becomes the map

(f,...,f). Moreover, applying [J® B to a short exact sequence 0 — C D% E S0
(fsens) D (95-+,9)

yields the sequence 0 — C" E™ — 0, which is also exact.
For the general case, we start with the following claim:

Cran. Let 0 — C 25 D be exact, and let A be any abelian group. If z € ker(f®id4)
then there exists a finitely generated subgroup A’ C A and an element 2’ € C @ A’
such that 2’ € ker(f ®ida: C® A — D® A’) and such that x = (id¢ ®1)(2), where
i: A' — A is the inclusion.

Proof. Suppose = Y, ¢, ® ai. Then by assumption

d flen)®apr=0€D®A
k=1

Let F' be the free abelian group with basis D x A and let N be the subgroup of
F generated by all the relations that define the tensor product D ® A (i.e. so that
D ® A= F/N.) Then we have an exact sequence 0 =+ N — F % D ® A — 0, where
u(d,a) = d®a. Since ) f(cx) ®ap =0 € D® A, there m > 1 and elements a; € A
and d; € D for j =1,...,m such that

Zf(ck) ® ay = Zu(dj’a;‘)'
k=1 j=1

Now let A’ denote the subgroup of A generated by the a; and the a’;. Then A’ is

finitely generated. Set

/.
T

n
x ::ch@)akGC@A'.
k=1

Then certainly (idc®1i)(2’') = 2. Moreover (f®ida/)(z') =0 € D® A’, since we have
ensured that all the relations that make (f ® ida)(z) =0 are present in D® A’. =m



Now we prove the result in the case where B is torsion-free. Let 0 — C i>

. id
D % E — 0 be a short exact sequence. Consider the sequence 0 - C ® B %

DB ELLEN E®B — 0. By Proposition 24.10 it is left to show that ker(f®idg) = 0.
Suppose z := Zle ¢; ®b;) =€ ker(f ®idp). Let B’ be the subgroup of B given to us
by the claim, and let 2’ € C' ® B’ be such that (idc ®¢)(z') = z, where i: B — B is
the inclusion. Then B’ is torsion-free and finitely generated and thus it is free. But
this forces 2’ = 0, since we already know that (0 ® B’ is exact. Thus also x = 0, and

this completes the proof.

PROBLEM L.4 (f). Suppose T': Ab — Ab is an additive functor and 0 - A — B —
C — 0 is a split exact sequence. Prove that 0 — T(A) — T(B) — T(C) — 0 is also
a split exact sequence.

SOLUTION. Notice that

CrAamM. A sequence 0 — A i) B% C=>o0is split exact if and only if there exist
homomorphisms k: B — A and h: C' — B such that

9f=0

kf =idy

gh =id¢
kh=0

idp = fk+ hg

Proof. If the sequence splits then k and h exist and by Proposition 12.15 the first
three equalities hold. By Proposition 12.16 we also have that B = im f @ imh. As
g and k are surjective this implies B = im fk @& im hg and thus idg = fk + hg.
Moreover, as kf = id4 this also proves that kh = 0. For the other direction it
suffices to show that ker g C im f. Let « € B such that g(z) = 0. Then x = idg(z) =
fk(x) + hg(z) = fk(x) and hence x € im f. ]

As T is a functor it preserves the first four equalities. If T is also additive the
last equality is also preserved. This proves that T' preserves split exact sequences.

PROBLEM L.5. Let A=ZBZ P ZeDZs and let B = Z3 ® Zs. Compute A ® B and
Tor(A, B).

SOLUTION. We know from Proposition 24.8 and 25.6 and Problem [..1 that for abelian
groups A and B) the following identities hold:

ARZ=A

AP B =4 B)

AEA AEA
Tor(Z,A) =0

Tor(A, @ B)) = @ T(A, Byea)

A€A A€A



We will prove the following general fact:
CLAM. Zp @ L = Lged(n,m)-
Proof. The homomorphism

1 — 1®1

is surjective. The greates common divisor ged(n, m) can be defined as the smallest
positive integer d which can be written in the form d = ax + by, where = and y
are integers. If follows that kernel of ¢ is given by ged(n,m)Z, which proves the
claim. [ |

Another general fact is
Cram. Tor(Zn, Zm) = Zged(n,m)
Proof. A short free resolution of Z,, is

1—n

0z 2y 2l g Lo

Applying the fuctor O ® Z,, gives

1—n 1—1®1

Then Tor(Zy, Zy,) = ker(Zy, on, L) = Lged(n,m)- u

Using these properties we compute

ARBXLZRZ3)® (ZQLs)® (ZRZLs) ® (Z® Ls)
©(Zg @Z3) ® (Zg R Zs) @ (Zs @ Z3) ® (Zs @ Zs)
273Dl Dl Dy D73 D0D 0D Zs
~73 O 73

and

Tor(A, B) =(Tor(Z, Z3) ® Tor(Z, Z5))2 @ Tor(Ze, Z3) ® Tor(Ze, Zs)
® Tor(Zs, Z3) & Tor(Zs, Zs)
~Tor(Ze, Z3) ® Tor(Zs, Zs)
=73 D Zs.
PROBLEM L.6 (x). Fix n > 2. Consider the projection map p: S™ — RP". Let

a: S™ — S™ be the antipodal map. For this problem you may assume the following
fact:

Fact: If 0: A™ — RP"™ is a singular m-simplex, then are precisely two singu-
lar m-simplices 61,69: A™ — S™ that satisfy po &; = o for i = 1,2. Moreover
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5’2 = ao&l"'.

Define a chain map
Gm: C(RP"; Za) — Cp,(S™; Zs)

by o +— &1 + 2.

1. Show that the following is a short exact sequence of chain complexes:
0 — Co(RP™ Zo) 25 Cu(S™; Zs) 25 Co(RP™;Z5) — 0

2. Suppose f: S™ — S™ is an odd map (that is, foa = ao f). Let h: RP™ — RP"
denote the induced map (so that po f = hop). Show that the following diagram
commutes for every m:

0 —— Cp(RP™ Zy) —2 Cp(S™ Zo) —2— Cpp(RP™; Zo) — 0

e | |1+ |e

0 —— Co(RP™Zs) —— Cin(S™5 %) —r Crn(RP™ Zg) — 0

3. Deduce that H,(f): H,(S™;Zs) — H,(S™;Z2) is an isomorphism. Hint: Argue
by induction on m, using the associated long exact sequence in homology from
the short exact sequence of chain complexes in part (1).

4. Deduce that f has odd degree.

SOLUTION. We call the simplices 61 and &9 the lifts of o.

1. The map py is surjective as every o: A¥ — RP™ has two lifts ¢; and 5. Since
we work with coefficients in Zo the kernel of p4 is generated by o1 + d2. Thus
ker pu = imgq. The map g is injective, as the lift of a cycle will be a cycle
again. (If 6(7) = o, then 0(7;) = &; for ¢ = 1,2.) The boundaries 97 and doy
lift the boundary Jo, i.e. py(95;) = do for i = 1,2. If follows that p4 and g
commute with the boundary operators.

2. Notice that pfo; = hpd; = ho, since pf = hp. Thus for every k-simplex
o: A¥ — RP" with lifts 6; i = 1,2, the two lifts of ho are f&; i = 1,2. This
immediately implies that the left square in the diagram commutes. The right
square commutes since pf = hp.

3. Since Tor(Z,Zs) = 0 it follows from the Universal Coefficient Theorem that

" %22, 1=0,n
H"(S;ZQ):{O i#0,n

Furthermore, Tor(Zsy, Zs) = Zy and thus

ZZa OS’LSTL,

H;(RP";Zs) =
( 2) {O, otherwise.

IThis follows from standard covering space theory that we will cover later on in the semester.



Using these facts and part two of the exercise we get a long exact sequence in

homology

0 —— Hu(RP",Zs) 9 H, (57, Zo) 2% Ho(RP™ Z0) —2 s Hy \(RP™Z5) —— 0 —— ...

H, (?)l lHn lHn Hn—l(?)l

0 — Hy(RP™,Z5) 9 m(sm,25) %L 1 (RPPZ0) —2 s Hy ((RP™Z) —— 0 —— .

o —— 0 — Hy(RP"Zy) —>— H;_1(RP™Zy) — 0 —> ...
| ()
o —— 0 —— Hy(RP";Zy) —>— H;_1(RP™Zy) — 0 —> ...

W 0 —— Hi(RP™Z) —— Ho(RP™Zs) 229 Ho(5m:29) 2% Hy(RP™70) —— 0

lHl @ Ho (})l lHo(f) lHn %)

W 0 —— HI(RP™Zy) —— Ho(RP™Zs) 2% Ho(sm:25) % Hy(RP™ 7o) —— 0

In this diagram all non-trivial homology groups are isomorphic to Zg (apart
from Hy(S™;Zs) which is Zy @ Zs.) Notice that a homomorphism Zs — Zs that
is either injective or surjective must be an isomorphism. Therefore by exactness
of the rows the above diagram simplifies to

0 —— Hyu(RP™, Zy) —— Hy(S™, Zy) —2— Hy,(RP™;Zy) —— Hp 1 (RP™ Zy) — 0 — ...

()| 220 | s ()

0 —— Hp(RP",Zy) —— Hy(S™,Zy) —2— Hy,(RP™;Zy) —— Hp_1(RP"Zy) — 0 — ..

. —— 0 —— Hy(RP™Zy) —— H;_(RP"Zy) — 0 — ...
lHi (f) Hi 1 (?)l
. —— 0 —— Hy(RP™Zy) —— H;_{(RP"Zy) — 0 — ...

. —— 0 —— H{(RP™Zy) —— Hy(RP";Zy) —2— Ho(S™:Zy) —— Ho(RP™;Zy) — 0

|m@ Ho )| 2% |0

. —— 0 —— H{(RP"Zy) —— Ho(RP™;Zy) —2— Ho(S";Zy) —— Ho(RP™;Zy) — 0



The maps Ho(f) : HQ(Sn; ZQ) — Ho(Sn; ZQ) and Ho(f) : HQ(RPn, ZQ) — Ho(RPn, Zg)
are obviously isomorphisms (as a singular 0-simplex always generates Hy(X) for
X path connected, cf. Proposition 8.3.) Using the isomorphisms in the diagram

above we conclude by induction on the dimension ¢ that H;(f) and H;(f) are
isomorphisms for all 4.

. Notice that for any pair X’ € X and a group homomorphism ¢: A — A’ in-
duces a chain map Cy, (X, X'; A) = Cp(X, X'; A)) by ¢4 (>, aioi) = >, ¢(a;)o;.

Indeed,
5¢>#(Z aio;) = Z(ﬁ(ai)a(%) = ¢#3(Z aio;).

Thus it also induces a homomorphism H,(¢): H, (X, X'; A) — H,(X, X; A).
If f: (X,X’) = (Y,Y’), one can see that H,(¢) commutes with H,(f) as

Hy, (f)Hn () <Z ai0i> = <Z ¢(a¢)fom> = H,(¢)Hyu(f) <Z ai0i>~

1—1

Let f: 8" — S™ be a map of degree d and let ¢: Z —— Zy be a group
homomorphism. Then we have the commutative diagram

7z = Hysmz) Y g snz) =7

Lﬁ | i | laﬁ

Ty —Z Hoy(S™70) 22V [ (57,70) —2s 7,

Commutativity and the fact that the map H,, (f) across the top is multiplication
by d implies that also the map H,(f) across the bottom is multiplication by
d. Hence the map H,(f): Hn(S";Z2) — Hp(S™;Z2) is an isomorphism if only
only if d =1 mod 2, or in other words if d is odd. By part (4) an odd map
f: 8™ — S™ has odd degree.



Problem Sheet M

This Problem Sheet is based on Lectures 26 and 27. A (f) means I will use the
problem in lectures; a (x) means I think the problem is challenging.

PrROBLEM M.1 (). Let C,, C., Do, D, be four non-negative chain complexes, and let
f,f/ZC.—>D., g,g’:Cﬁ—>D/.,

be chain maps. Assume that f and f’ are chain homotopic and ¢ and ¢’ are chain
homotopic. Prove that f ® g is chain homotopic to f' ® ¢'.

PROBLEM M.2 (f). Let 0 — C, ER C. % C¥ — 0 be a short exact sequence of

non-negative chain complexes. Let Do be a non-negative free chain complex. Prove

that . .
0— Co® Dy L2% 01 @ Dy 224 €7 9 Dy — 0

is another short exact sequence of chain complexes.
PrOBLEM M.3. Compute the homology of RP™ x RP™ for all even m and n.

PROBLEM M.4 (%). In each of the following three examples, show that X and Y have
the same singular homology groups but they are not homotopy equivalent.

1. X=8'xStand Y = Stv Stvs2,
2. X=RP3and Y =RP2 Vv S3.
3. X=S'vs?2vsS3andY = 5! x §2.

Will J. Merry and Berit Singer, Algebraic Topology II. Last modified: Sept 01, 2018.
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Solutions to Problem Sheet M

This Problem Sheet is based on Lectures 26 and 27. A (f) means I will use the
problem in lectures; a (x) means I think the problem is challenging.

PrROBLEM M.1 (). Let C,, C., Do, D, be four non-negative chain complexes, and let
f,f/ZC.—>D., g,g’:Cﬁ—>D/.,

be chain maps. Assume that f and f’ are chain homotopic and g and ¢’ are chain
homotopic. Prove that f ® g is chain homotopic to f' ® ¢'.

SOLUTION. Suppose that Q: Cy — D, is a chain homotopy from f to f’, that is
f—f =Q0+0Q. We claim that Q ® g is chain homotopy from f ® g to f' ® g.
Indeed, if ¢ € C}, and d € D, then

(Q®g)oA+Ac(Q®g))(cwd)=(Q®g)(Oc®d+ (~1)"(c®dd)) + A(Qc® gd)
=Q0c® gd + (—1)"Qc ® god
+(0Qc ® gd) + (—=1)"(Qc © dgd)
=((Q0c + 9Qc) ® gd) + (—1)"(Qc, g0d — dgd)
=0

((f = f)(c) ® gd)
=(feg)(ced) —(f ®g)lcad).

Similarly if P is a chain homotopy from g to ¢’ then f’® P is a chain homotopy from
f'®gto f'®g'. Putting these together we have chain homotopies:

®g ~ ffog ~ ffad,
f 9Q®gf gf,®Pf g

which completes the proof.

PROBLEM M.2 (). Let 0 — Cl EN C, % C” — 0 be a short exact sequence of
non-negative chain complexes. Let Do be a non-negative free chain complex. Prove
that . )

0— Co® Do 12% ¢! @ D, 2% ¢ % Dy — 0

is another short exact sequence of chain complexes.

SOLUTION. As D, is free for every n we have with Problem [..3 that

0— C D, 2% '@ D, 299 ¢ D, — 0

Will J. Merry and Berit Singer. Last modified: Sept 01, 2018.
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is exact for every i. Thus also
1®id i ®id
0= P o 2 @ clep, 22 P el e D, -0
i+j=n i+j=n i+j=n

is exact for every n. By definition (Co ® C)),, =Y C; ® O} and thus

i+j=n
0— Co@ Do 129 o & D, 229 07 @ Dy =5 0
is exact.

PrROBLEM M.3. Compute the homology of RP™ x RP™ for all even m and n.

SOLUTION. Assume that m < n and that ¢ is odd. Then for any 0 < k < i, at least
one of k and 7 — k are even. Thus

P (H.(RP") @ H; x(RP™)) = Hy(RP") © H;(RP™) & H;(RP") @ Ho(RP™).

0<k<s

Thus:
Zo®Zo, i<m
P (H(RP") @ Hi_x(RP™)) = { Zy m<i<n,
0<k<i 0, i>n.

Likewise the torsion groups

@ Tor (Hu(RP"), Hi_j_1(RP™))
0<k<i—1

contribute 7(n, m, i) many copies of Zg, where r(n,m,i) is the number of 0 < k <4
such that k is odd and both k£ < n and i — k — 1 < m. Explicitly,

.
[ay

, 1 < m,

NG w‘

r(n,m,i) = m<i<mn,

max {2t 0§ >

Putting this altogether, we obtain for ¢ odd that:

H(RP" xRP™) = P Z»,
s(nym,i)
where
24 %, 1< m,
s(n,m,i) = {14+ 2, m<i<n,
max{ 2= oY i >,
A similar analysis works if ¢ is even. The case m = n is easier.

Here is an alternative proof, which uses the idea of a double complex. The chain
complex of RP™ and RP™ are both of the form

z3z%72%...2725%7.



Taking their tensor product yields

7z 2572572 2,757
2 -2 2 -2 2
0 0 0 0 0

7z 257572 2,757
2 -2 2 —2 2

7z 257572 2,757

o] [= |

y/A ) A BN A 2,757

oo b P

7 25727 2 2,7 257

Some of the vertical maps become —2, which follows from the fact that A|C¢®C]~ =
O ®id + (—1)4d ® 0. (Ce(RP™) ® Co(RP™));, is the direct sum of the groups at
postion (7, j) such that i + j = k. Consider the square

0 0
0,7z 2572
2 -2
0 ) 0 (M.1)
> L Z >
0 0

The homology groups at the top right, top left and bottom left of (M.1) are all zero.
At the bottom right the homology is isomorphic to Zs. Suppose (i, j) is the index of
the group at the bottom right of this square. The boundary operator (for notational
simplicity, we will write C; for all the groups, etc)

A|(Ci+l®Cj)@(Ci®Cj+l): (Cip1 ® CJ) (G ® Cj+1) - Ci® Cj
maps the element 1®1+1®1t02® 1+ 1® (—2) =0. But

Alci0c;+1)t (Cip1 ® Cjp1) = (Cig1 @ Cj) @ (C; @ Cjg)
sends 1®1 to 2®1+1®2. Thus 1®1+1®1 is a boundary and 2(1®1+1®1) is a cycle.
Hence this contributes another Zy factor to the homology group H;yj+1(Ce(RP™) ®

3



Co(RP™)). We will write this Zy factor at position (i + 1,7). (Although strictly
speaking this is not the homology at the index (i 4+ 1, ;). However, we only care to
represented it somewhere in the diagonal corresponding to the indexes (¢/,5’) such
that ' 4+ j" = i+ j 4+ 1.) The homology groups can therefor pictorially be represented
as follows:

0 Zo 0 .. 0 Zio 0
0 Zs 0 . 0 Z Z
0 Zo 0 0 Zo 0
0 Za 0 0 Lo 0
0 Zo 0 0 L Lo
0 Lo 0 ... 0 Zio Y/

By Theorem 27.6 and 26.5, Hy(RP™ x RP™) = H;(Co(RP™) ® Co(RP™)). Thus
Hi(RP™ x RP™) is the sum of the groups in the diagram at position (n — i,j) with
145 =k.

PROBLEM M.4 (x). In each of the following three examples, show that X and Y
have the same homology groups but they are not homotopy equivalent.

1. X=8'xSland Y =S'v Stv S

2. X =RP?and Y =RP?V S3.

3. X=5'vs?2vS3andY =St x §2
SOLUTION.

1. With the Kiinneth Formula we compute

Hy(S' x SY) = Hy(SY)Y @ Hi(SY) = Z
Hi(S* x 8Y) = H(8Y) @ Hy(SY) ® Ho(S') @ H,(Sh) = 72
Ho(S', ') = Hy(S") ® Ho(S1) = Z,

where we used the fact that Tor(Hg(S'),0) = 0 since Ho(S") is free. In order
to compute the homology groups of Y, let X; be a small open neighbourhood

4



of ST v S! that deformation retracts onto S' Vv S'. Likewise, let X5 be a small
open neighbourhood of S? that deformation retracts onto S?. Mayer Vietoris
gives

Hy(S' v S'v S?) =~ Hy(S?) =7
Hi(S'v Stv S?) = Hi(SY) @ Hy(S') = 7Z?
Hy(S'v Stv s?) =z,

X and Y are not homotopy equivalent since they have different fundamental
groups. The fundamental group of X has been computed in Problem C.3:

T (St x St p) = 72

The fundamental group of Y can be computed with Seifert-van-Kampen. As
before, let X; be a small open neighbourhood of S' Vv S! that deformation
retracts onto S' Vv S!. Let X3 be a small open neighbourhood of S? that
deformation retracts onto S2. Then

w1 (Stv StV S% p) = m (St SY) s« (S?) 2 (StVSY) =2 Z«Z.

. We already know the homology groups of RP3 :

which proves that X and Y have the same homology groups.

One way of seeing that X and Y are not homotopy equivalent is to show that
they have non-isomorphic cohomology rings. The cohomology ring of RP?
with coefficients in Zs is isomorphic to Zs[t]/t>. The cohomology ring of Y is
isomorphic to Zs[t]/t?> ® Zs. These facts will be proved shortly in lectures.

Another way of seeing that they are not homotopy equivalent is by showing
that their universal covers are different. The universal cover of X is S® and the
universal cover of Y is S2V S3. This will also be covered in the lecture in a few
weeks.



3. Using Mayer Vietoris we compute

Hj

and the Kiinneth formula yields

H3(S' x §?) = H(S') @ Hy(S?) =7

Hy(S' x S%) = H (S ® H{(S?) @ Ho(S') @ Hy(S%) = Z
Hy(S' x 8?) = H,(S") ® Ho(S?) @ Ho(S') @ H(5%) =7
Hy(S' x 8?) =7

There are again several methods to show these spaces are not homotopy equiv-
alent. Here is one using the universal cover.

Suppose f: S v §%2v 83 — S! x S? is a homotopy equivalence. Then f in-
duces an isomorphism of the homology groups in every degree. In particular
Hs(f): H3(S'VvS?Vv.S3) — H3(S! x S?) is an isomorphism. Consider the inclu-
sion i: 83 < S1v 2V 83, Set g := foi. Using for example cellular homology
we see that H3(i): H3(S%) — H3(S' v 8% v %) is an isomorphism, and thus
also Hs(g): H3(S3) — H3(S! x S?) is an isomorphisms.

The universal cover of Y is p: R x 8?2 — S x §%2. By the properties of the
universal cover a map S% — S x S? must factor through p:

§3 9 s RxS?

b

St x §2

and we get the following commutative diagram:

Hy(5%) 29 (R < 51
m lﬂs
x S%).

As H3(R x S?) = H3(S?) = 0 this contradicts the fact that Hz(g) is an isomor-
phism. Thus the homotopy equivalence f cannot exist.



Problem Sheet N

This Problem Sheet is based on Lectures 28-31. A (f) means I will use the problem
in lectures; a (x) means I think the problem is challenging.

PROBLEM N.1 (1). Let A be any abelian group. Prove that Hom (O, A) and Hom(A, )
are left exact. That is, prove that if B Iy B % B” - 0 is exact then so is

0 — Hom(B", A) Hom{gA), Hom(B', A) Hom(7A4), Hom(B, A),
and if 0 —» B L B’ % B is exact then so is
0 — Hom(A, B) Hom(A1), Hom(A4, B) Hom(4,9), Hom(A4, B”).

Now let F' be a free abelian group. Prove that Hom(F, ) is an exact functor.

PROBLEM N.2 (}). Let A be a finitely generated abelian group, with torsion subgroup
T(A). Prove that Hom(A,Z) = A/T(A) and that Ext(A,Z) = T(A).

PROBLEM N.3 (}). This problem explores divisible groups.

1. Prove that an abelian group D is divisible if and only if the following property
holds: Suppose g: A — B is an injective homomorphism of abelian groups and
h: A — D is a homomorphism. Then there exists a homomorphism f: B — D

such that fg = h:
0—— A—5B

-,

.
 f

O

(Compare this to Lemma 22.3.)

2. Deduce that if D is divisible then Hom(O, D) is an exact functor, and hence
Ext(A, D) = 0 for any abelian group D.

3. Prove that any abelian group B is a subgroup of a divisible group D. Deduce
that for any abelian group B, there exists a short exact sequence

O—>B—>Di>E—>O

where both D and E are divisible. In analogy with short free resolutions (Def-
inition 24.11), let us' call such a sequence a short divisible resolution of B.

Will J. Merry and Berit Singer, Algebraic Topology II. Last modified: Sept 01, 2018.
! As with the terminology “short free resolution”, this is not standard.
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4. Let A and B be abelian groups. Let 0 — B — D Jy E = 0 denote a short
divisible resolution of B. Prove there is an exact sequence

0 — Hom(A, B) — Hom(A, D) — Hom(A, E) — Ext(A, B) — 0,

and hence that
Ext(A, B) = coker Hom(A, f).

Hint: Use (29.2) from Theorem 29.3. As remarked there, the proof of (29.2) is
essentially identical to the corresponding exact sequences in Theorem 25.6, and
hence we may take this as already proved. This is not true of the first exact
sequence (29.1) from Theorem 29.3. (In fact, you will prove (29.1) in part (8)
of this problem below.)

5. Let0 - B — D i> E — 0 denote a short divisible resolution of B. Consider a
cochain complex (C*®,d) with

D, n=0,
C":=qE, n=1,
0, n#0,1.

and differential d: C° — C* given by f: D — E. Prove that H°(C*) = B. Now
let A denote any other abelian group, and consider the new” cochain complex
Hom(A, C®). Prove that H'(Hom(A, C*)) = Ext(A, B).

6. Prove the following analogue of Proposition 22.4: if h: B — B’ is a homomor-
phism of abelian groups, and0 = B —+D - E —+0and 0 — B — D' — E' —
0 are short divisible resolutions of B and B’ respectively, with corresponding
cochain complexes (as in the previous part) C* and (C’)®, then there exists a
chain map m: C* — (C”)* such that H(m) = h. Prove moreover that any two
such chain maps m and m’ are chain homotopic.

7. Deduce that Ext((J, A): Ab — Ab is a well-defined contravariant functor.
8 If0 - A— A — A” — 0 is an exact sequence of abelian groups 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(4’, B) — Ext(A, B) — 0.

PROBLEM N.4. Let X be a topological space and R a commutative ring. Assume that
the additive group H*(X; R) has no elements of order 2. Prove that if (o) € H*(X; R)
has odd degree then (o) — (o) = 0.

PROBLEM N.5 (x). Compute the cohomology ring structure of H*(S™) and H*(T™),
where T™ is the n-torus S x --- x S1.
—_—

n times

2This is again a cochain complex, since Hom(A, ) is a covariant functor.



Solutions to Problem Sheet N

PrROBLEM N.1 (f). Let A be any abelian group. Prove that Hom((J, A) and Hom(A, O)
are left exact. That is, prove that if B Iy B % B” - 0 is exact then so is

0 = Hom(B", 4) 229, gom(p, A) 22U gom(B, 4), (N1
and it 0 — B L B' % B is exact then so is
0 = Hom(A, B) 2 gomea, By 29, gom(a, B").  (N.2)

Now let F' be a free abelian group. Prove that Hom(F, ) is an exact functor.

SOLUTION. Let us prove that (N.1) is exact. There are three things to show:

1. Hom(g, A) is injective: If h € Hom(B”, A) satisfies Hom(g, A)(h) = 0 then h
vanishes on the image of g. But g is surjective and thus h is identically zero.

2. im Hom(g, A) C ker Hom(f, A): If If h € Hom(B"”, A) then Hom(f, A)oHom(g, A)(h) =
hogof=0asgof=0.

3. kerHom(f, A) C im Hom(g, A): This one is harder. Suppose k € Hom(B’, A)
satisfes k o f = 0. Define h: B” — A by h(V") = k() if g(b') = b”. This
is well defined, since if g(b') = g(b)) = b” then v/ — b} € kerg = im f. Thus
b — b, = f(b) for some b € B, and thus g(b') — g(b)) = gf(b) = 0. Now
observe that Hom(g, A)(h) = ho g =k, since ko g = h for every b € B. Thus
k € imHom(g, A).

The proof that (N.2) is similar, and we omit it.
Finally, let us show that Hom(F,O) is exact. By (IN.2), we need only show that

ifif0 - AL B % ¢ = 0is exact then Hom(F,g): Hom(F, B) — Hom(F,C) is
surjective. So suppose h: F' — C. By Lemma 22.3, there exists k: F' — B such that
gok=h:

B——C——=0
Thus Hom(F, g)(k) = h. This completes the proof.

PROBLEM N.2 (1). Let A be a finitely generated abelian group, with torsion subgroup
T(A). Prove that Hom(A,Z) = A/T(A) and that Ext(A,Z) = T(A).

SOLUTION.

Will J. Merry and Berit Singer. Last modified: Sept 01, 2018.


https://www.merry.io

1. Let T(A) C A be the torsion subgroup of A. Then A/T(A) is torsion free and
finitely generated and thus it is free. Consider the short exact sequence

0—-T(A) - A— A/T(A) — 0. (N.3)

Since A/T(A) is free this sequence splits, and hence by Lemma 28.14 the se-
quence remains exact after applying Hom([J, Z).

Now observe that Hom(7'(A),Z) = 0. Indeed, if a € T(A) then there exists
n € N such that na = 0. If ¢: T(A) — Z is a homomorphism, then n¢(a) =
¢(na) = 0 which implies ¢(a) = 0 as Z is torsion free. Since a was arbitrary, ¢
is identically zero.

Thus Hom(A,Z) = Hom(A/T(A),Z).

But now if F' is any finitely generated free abelian group then Hom(F,Z) =
F. Indeed, let {b1,...,b.} be a basis of F. Then the homomorphisms ¢; €

Hom(F,Z) defined by
1 i— i
b e
0 i#J

form a basis of Hom(F,Z) and the map F' — Hom(F,Z): a; — ¢4, extends to
an isomorphism of groups.

We conclude
Hom(A,Z) = Hom(A/T(A),Z) = A/T(A).

2. Since A/T(A) is free, Ext(A/T(A),Z) = 0. Thus from the long exact sequence
from (29.1) (this sequence will be proved in the next problem!) applied to the
short exact sequence (N.3) we obtain

Ext(A,Z) =2 Ext(T(A),Z).

It thus suffices to show that if T" is a finitely generated torsion subgroup then
Ext(T,Z) = T. For this, let ay,...,as be a minimal generating set of 7. Note
that

ng := min{k € N | ka = 0}

is finite for every a € T. Let F be the free group generated by aq,...,as and
let f: F — F denote the homomorphism defined by a — ny,a on the basis and
extended linearly. A short free resolution of 1" is given by

0sFLF-T 0
Then by definition,
Ext(T,Z) = Hom(F,Z)/imHom(f,Z) 2 F/im f = T,

where the second last isomorphism follows from the fact that as we have just
seen above, Hom(F,Z) = F for a finitely generated free group F. Thus
Ext(A,Z) = Ext(T(A),Z) = T(A).



PrROBLEM N.3 (). This problem explores divisible groups.

1. Prove that an abelian group D is divisible if and only if the following property
holds: Suppose g: A — B is an injective homomorphism of abelian groups and
h: A — D is a homomorphism. Then there exists a homomorphism f: B — D

such that fg = h:
0—— A—5B

-

S

O

(Compare this to Lemma 22.3.)

2. Deduce that if D is divisible then Hom(O, D) is an exact functor, and hence
Ext(A, D) = 0 for any abelian group D.

3. Prove that any abelian group B is a subgroup of a divisible group D. Deduce
that for any abelian group B, there exists a short exact sequence

O—>B—>Di>E—>O

where both D and E are divisible. In analogy with short free resolutions (Def-
inition 24.11), let us' call such a sequence a short divisible resolution of B.

4. Let A and B be abelian groups. Let 0 - B — D i> E — 0 denote a short

divisible resolution of B. Prove there is an exact sequence
0 — Hom(A, B) — Hom(A, D) — Hom(A, F) — Ext(A,B) — 0,

and hence that
Ext(A, B) = coker Hom(A4, f).

Hint: Use (29.2) from Theorem 29.3. As remarked there, the proof of (29.2) is
essentially identical to the corresponding exact sequences in Theorem 25.6, and
hence we may take this as already proved. This is not true of the first exact
sequence (29.1) from Theorem 29.3. (In fact, you will prove (29.1) in part (8)
of this problem below.)

5. Consider a cochain complex (C*®,d) with

D, n=0,
C":=(E, n=1,
0, mn#0,1.

and differential d: C° — C* given by f: D — E. Prove that H°(C®) = B and
H'(Hom(A, C*)) = Ext(A, B).

! As with the terminology “short free resolution”, this is not standard.



6. Prove the following analogue of Proposition 22.4: if h: B — B’ is a homomor-
phism of abelian groups, and0 -+ B —+D - E —+0and 0 — B — D' — E' —
0 are short divisible resolutions of B and B’ respectively, with corresponding
cochain complexes (as in the previous part) C* and (C’)®, then there exists a
chain map m: C* — (C")® such that H°(m) = h. Prove moreover that any two
such chain maps m and m’ are chain homotopic.

7. Deduce that Ext(0J, A): Ab — Ab is a well-defined contravariant functor.

8 If0 - A— A — A” — 0 is an exact sequence of abelian groups 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(4’, B) — Ext(A, B) — 0.

SOLUTION.

1. Let us begin with a lemma. Let B be an abelian group and let A and A’ be
subgroups. Suppose C' is another abelian group and f: A — C and f': A’ — C
are homomorphisms such that

flana = f'lanar-

Then there is a unique extension f + f’ of f and f’ to the subgroup A + A’ of
B given by
(f + f)a+a’) = f(a) + f'(d).

For this consider the short exact sequence
0 AnA' b A B A+ 4 -0

where h(a) := (a,—a) and k(a,a’) := a + a’. The assumption implies that the
im h lies in the kernel of f & f': A® A’ — B. Thus f @ f’ factors to give a
well-defined map on the quotient A + A’.

Now going to the question, if a + E has infinite order in D/E then the group
generated by F and a is just E ® Z - a and we extend by f @ 0.

First suppose D is divisible. Let g: A — B is an injective homomorphism of
abelian groups and h: A — D is a homomorphism. Set A" := g(A). We can view
h as a homomorphism A’ — D, and our goal is to extend h to homomorphism
defined on all of B. We will use Zorn’s Lemma. Consider all pairs (f, E') where
A" C E C B is a subgroup and f: E — D is a homomorphism such that
flar = h. We introduce a partial order on these pairs by inclusions. The union
of any totally ordered chain is itself, and hence by Zorn’s Lemma there exists
a maximal pair (f, E). We claim that F = B. Suppose a € B\ E.

If a + E has infinite order in B/FE then we immediately arrive a contradiction,
since then we can extend f to F @& Z - a by setting f(e + na) := f(e) for any
e € E and n € Z. This contradicts maximality of E.

If however a + F has finite order m then we use divisibility to D to find d € D
such that md = f(ma). We then apply the above claim with f': Z-a — D



given by f’'(a) = d. Then the claim allows us to extend f to F + Z-a (which is
bigger than F) via f + f’, which again contradicts maximality of E. Thus we
conclude that £ = B.

For the reverse direction, fix d € D and n # 0. We consider the inclusion
nZ — 7 and the homomorphism nZ — D given by nm +— md:

0 nz « > 7

-,
-,

nmr—)mdi 7
D

%

Then if a := f(1) one has na = d. Thus D is divisible.

. The first statement follows exactly as in the solution of Problem N.1. The
second statement is then immediate from the definition of Ext.

. First let us remark that any quotient of a divisible group is divisible, as follows
readily from the definition. Let F' denote the free abelian group with basis the
elements of B. Then there is a surjection F' — B, and B = F/R for some
R C F. Let Q be the rational vector space on with the elements of B. Then
Q is divisible, and hence so is D := @/R. Since B = F/R C /R, we see that
B is a subgroup of D. The quotient group D/B is again divisible, and thus we
have a short divisible resolution 0 - B — D — D/B — 0.

. Let A and B be abelian groups. Let 0 - B — D — E — 0 be a short divisible
resolution of B. Then from (29.2) from Theorem 29.3, there is an exact sequence

0 — Hom(A, B) — Hom(A, D) — Hom(A, E) — Ext(A, B) — Ext(A, D) — Ext(A, E) — 0.
Since D and E are divisible, this sequence actually reads

0 — Hom(A, B) — Hom(A4, D) — Hom(A, E) — Ext(A4, B) — 0.

. This is obvious.

. Our goal is find homomorphisms g,¢ such that the following diagram com-
mutes:

0 yB—tsp_J1 ' 0
hl 9 'y (N.4)
0 > B i, D’ 7 E > 0

The composition i’ o h: B — D’ extends to a map g: D — D’ by divisibility
of D' (cf. part (1)). The first square then commutes by construction. Next,
regarding 7,7’ as inclusion, there is an induced diagram with exact rows:

0——D/B—L5E
g

o]
0 —— D'/B' —— F
J

=/
/



Then by divisibility of E’, the map j' o g extends to a map ¢’': E — E’, and by
construction the second square of (N.4) commutes.

Now suppose k, k' are two other choices, i.e. so that the following commutes as

well:
0—B—sD-13E—0
L e
0 » B 5 D’ 7 E > 0

The desired chain homotopy is equivalent to the existence of a map p: B/ — D
such that

poj=g—k  jop=g -k
But this is easy: the map g — k vanishes on B, and hence induces a map
D/B — D’. By divisibility this extends to a map p: E — D', giving us the
following commutative diagram:

0 yB—typ_J1 ' 0
A
0 s B’ D’ E s 0

The lower right-hand triangle commutes because j is surjective.

7. This follows from the previous part in exactly the same way that we showed in
Proposition 25.3 that Tor(O, A) is a well-defined covariant functor.

8. Let 0 = B — D — E — 0 denote a short divisible resolution of B, and let C'*
denote the corresponding cochain complex. If 0 - A — A’ — A” — 0 is exact
then by part (1) we have a short exact sequence of cochain complexes:

0 — Hom(A"”,C*) — Hom(A',C*) — Hom(A4, C*) — 0.

The desired long exact sequence is then the long exact sequence in cohomology
associated to this short exact sequence of cochain complexes.

PROBLEM N.4. Let X be a topological space and R a commutative ring. Assume that
the additive group H*(X; R) has no elements of order 2. Prove that if (o) € H*(X; R)
has odd degree then (o) « (o) = 0.

SOLUTION. Let d denote the degree of () and suppose that d is odd. Then also d?
is odd and

2
(@) < {a) = (-1)"(a) ~ (@) = ~{a) - (a),
and thus 2- () « (@) = 0. As H*(X; R) has no elements of order 2 this implies that
(@) = (a) = 0.
PROBLEM N.5 (x). Compute the cohomology ring structure of H*(S™) and H*(T"),
where T is the n-torus S' x --- x S'.
—_——

n times



SOLUTION.
1. Theorem 29.5 implies that

Z k=0,n

k/rqny ~ m n ~ )
H"(5") = Hom(H(5"), Z) {0 k£ 0.m

Moreover, the isomorphism is
¢: H"(Hom(Cs,Z)) — Hom(H,,(C,),Z))

given by
C{e) = (c)-

Let o7 : A" — S™ be the n-simplex such that o] Am\pAn 18 a homeomorphism
onto the upper hemisphere B_’T_H and such that do,, is mapped to the equator
S7~1. Similarly, let o, : A" — S™ be the n-simplex such that J\An\aAn is a
homeomorphism onto the lower hemisphere B! and such that do,, is mapped
to the equator S"~!. We may assume that do;" = —do,, such that o + o~
is a cycle and (ot + 07) is a generator of H,(S™). Notice that for any 0-
simplex o the class (o) generates Ho(S™). Moreover, if 6 is another 0-simplex
then (og) = (dp). Let a: C,(S™) — Z be a cochain such that («) generates
H"™(S™). We may assume that ((«): H,(S™) — Z is the isomorphism that
sends (o} + 0, ) to 1. Let 8: Cy(S™) — Z be a cochain such that () generates
HY(S™). We may assume that ((3): Ho(S™) — Z is the isomorphism that sends
(00) to 1.

In order to compute (o — ) it suffices to evaluate o — 8 on o,} + o, .

a~ (o +0,) =alo) o F,) - Bo) o Bo) + oy, o F,) - B0, o Bo)
=afoy)-1+a(o,) -1
= aloy +03),

where we used the fact that F} = ida» and that B has image eg = (0,...,0,1).
Thus (a - ) = («).

The product (a) — («) must be zero by degree reasons. Indeed (o) - (a) €
H?(S™) = 0.

Finally,

B~ B(og) = B(og o Fy) - B(og 0 By) = B(o0) - Blog) =1-1=1.

The last equality follows, since for a 0-simplex o; we have o;0 Fy = 0; = 0;0 By.
We conclude that (8) —« (8) = (5). The cohomology ring H*(S™) is therefor
isomorphic to Z[{a)]/({a) — (a) = 0)

2. The Kiinneth formula gives Hy(S* x ... x Sy =@, , .,  Hy(SH®...®
H; (S'). Moreover, since all groups Hy(S' x ... x S1) are free Theorem 29.5
gives

H*(S' x ... x §') = Hom(H(S* x ... x §'),7)

B HomH, (S")®...0 H,,(S"),Z).
7:1+---+in:k'

1



Let o1: A — 8! be the 1-cycle such that al\Al\aAl is a homeomorphism onto
S\ {p} and such that do; is mapped to the point p. We use a superscript to
indicate the factor of the product S* x ... x S'. A basis of Hy(S' x...x S')is
given by 8] :== (o)) @ ... (e} V@ (o)) @ (e} @ ... @ (o) for j € {1,...,n}.
Similarly, a basis of Hy(S! x ... x S') is given by {521""’2"“ = (03)®...®
<Ugn>’il <9< ... < ik},where

5j _ {1 j€E {’il,...,ik}.
0 otherwise
Let (a?) be the elements in H(S* x ... x S1) corresponding to the homomor-
phism
1 i=j
0 i#j

Then the (a’)’s form a basis of H!(S! x ... x S'). Moreover we see (similar as
in the first part of this exercise) that (a?) - (a’) vanishes if i = j and if i # j it
gives a generator of H2(S! x ... x S') that corresponds to the homomorphism

Hy(S' x...x SY) =z, S{H{

HQ(Sl X ... X Sl) — 7, 821,12 = (i1,12) ' (4,7) '
0 otherwise

The other products can be calculated in a similar way. The cohomology ring
H*(T™) is therefore isomorphic to Z[{al), ..., (a™]/((a?) < (a?) = 0).

Remark: An alternative way to compute H*(7T™) is to use induction on n,
starting from the fact that we know the case n = 1 from the previous part, and
T = St x T"1 and by Corollary 32.9, H*(T") = H*(S') @ H*(T"1).



Problem Sheet O

This Problem Sheet is based on Lectures 32-35. A (f) means I will use the problem
in lectures; a (x) means I think the problem is challenging.

ProBLEM O.1 (f). Let (C,,0) be a non-negative chain complex. Prove that the
function
twist: Co @ Co — Co @ C,

given by
twist(c® ') = (=1)""d ® ¢, ce€Cy, dely,

is a natural chain equivalence.

PROBLEM O.2 (f). Denote by F either the real numbers R, or the complex numbers
C, or the quaternions H. For m = 1,2 or 4, we can view the sphere S™("+1)=1 a5 g
subset of F"+1:

gmnt—1 {(xo,xl, ooy Zp) | i € F and Z 2| = 1} :
i=0
Set FP" = (F"*1\ {0})/ ~, where
(0, 1,y Tn) ~ (Y0, Y1, - - Yn) & Ju € F\{0} such that z; = py;, Vi =0,...,n.

Let p: S™m+1)=1 _ FP" denote the function that sends a tuple (z;) to its equivalence

class. Prove that
Smfl N Sm(n+1)71 £> FP"

is a fibre bundle.

PrROBLEM 0.3 (). Let n > 1. Let 0,,: A™ — R" denote the unique affine map such
that'

n
on(eg) = — Zqi, and on(€;) = qi, 1=1,...,n.
i=1

Prove that o, determines a generator (o,,) of H,(R",R"\ 0) = Z.

PrROBLEM 0.4 (7).

1. Let X be a topological space and let X', X" be open subsets of X. Let R be a
ring. Prove that the cup product induces a relative product

H*(X, X', R) @ H*(X, X" R) = H*(X, X' UX"; R).

Will J. Merry and Berit Singer, Algebraic Topology II. Last modified: Sept 01, 2018.
1See Definition 35.9 for an explanation of this notation.
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2. Let X be a topological space and let X’ be an open subset of X. Let R be a
ring. Let i: (X,0) — (X, X’) denote the inclusion. Suppose (a) € H"(X; R)
and (8) € H™(X, X'; R). Prove that

(o) = H™(i)(B) = H" ™™ (i)((a) - (B)),

where the left-hand side is the normal cup product in X, and the right-hand
side is the relative cup product H*(X; R)® H*(X, X'; R) — H*(X, X'; R) from
part (1).
PrOBLEM O.5 (1). Let X,Y be topological spaces. Let X' C X and Y’ C Y. Assume
that Y is a closed retract of Y and moreover that there exists a neighbourhood W of
Y’ in Y such that Y’ is a strong deformation retract of W. Let R be a commutative
ring, and assume that H"(Y,Y”; R) is a finitely generated free R-module for all n > 0.
Prove that the relative cross product from Definition 33.34 is an isomorphism:

H*(X,X';R) @ H*(Y,Y'; R) 55 H*(X x Y, (X' x Y) U (X x Y'); R).
Hint: The case Y’ = () was proved in Theorem 33.26.

PROBLEM O.6 (). In this problem you may use the following result without proof”:

THEOREM. Let F — E & X be a fibre bundle and assume that the fibre F is con-
tractible. Then for all n > 0 and any abelian group A, the map H"(p): H"(X;A) —
H"(E; A) is an isomorphism.

We will prove this result in a few lectures time. Now let (B", S"~') — (E,E') &
X be a fibre bundle pair with X path connected. Let t € H"(E, E';Z3) denote the
Thom class. Let j: (E,() < (E, E") denote the inclusion.

1. Prove there is a unique class ¢ € H"(X;Z2) such that
H"(p)(e) = H"(5)(?).

One calls € the Euler class of the bundle.
2. Prove there is a long exact sequence called the Gysin Sequence given by

. o . Hitn " . .
o HI(XG ) =5 B (X ) W, i (g 0y o BIYY(XZ) s
Hint: Consider the long exact sequence in cohomology associated to the pair
(E,E') and try to fit this in to a commutative diagram involving the desired
Gysin Sequence. You will need to use part (2) of Problem O.4 in order to show
the diagram commutes.

3. Use the Gysin sequence to compute the cohomology ring H*(RP™;Zs) for all
n > 1.

2We will sketch the proof of this in Lecture 46, cf. Corollary 46.11. However for vector bundles this
result is obvious: the map s: X — FE defined by x — 0, satisfies pos =idx and s o p ~ idg. Similarly if
we start with a sphere bundle S™ — E — X and then form the disk bundle B"*! — Z — X (following
the method in Remark 34.16) that has the given sphere bundle as its boundary sphere bundle, then again
the result is obvious, as there is a section s: X — Z that sends z to the point in Z, corresponding to
E, x {0}.



Solutions to Problem Sheet O

PrOBLEM O.1 (}). Let (C,,0) be a non-negative chain complex. Prove that the
function
twist: Co @ Co — Co @ C

given by
twist(c® ) = (=1)""c @ ¢, c€Cp, de€Cp,

is a natural chain equivalence.

SOLUTION. Let A denote the boundary operator on C¢ ® Co. Then if ¢ € C,, and
d € Cy, then

AoTt(cad)=(-1)""A(d ®c)
= (—=1)"" (8¢ @ c+ (—=1)™¢ @ dc)
(=)™ @ c+ (—1)"™ ™ @ dc.

Going the other way round:

ToA(c® )

T(0c®d + (-1)"c® )
(_1)(n—1)mcl ® e + (_1)n+n(m—1)acl Qe
(=)™ ™ @ dc + (—1)""dd ® c.

Since (—1)™ = (—1)~™, it follows that A o7 = 70 A. It is then clear that 7 is a
natural isomorphism.

PROBLEM O.2 (}). Denote by F either the real numbers R, or the complex numbers
C, or the quaternions H. For m = 1,2 or 4, we can view the sphere S™("t1-1 45 g
subset of F"+1:

n
gmnth—1 {(a:o,azl, ooy Tp) |y € F and Z 2| = 1} :
i=0
Set FP" = (F"*1\ {0})/ ~, where
(o, @1y« yTn) ~ (Yo, Y1y - -+, Yn) & Ju € F\{0} such that z; = py;, Vi =0,...,n.

Let p: §™(n+1)—1 _y FP" denote the function that sends a tuple (x;) to its equivalence

class. Prove that
gm—1 _ Sm(n«H)fl £> FP™

is a fibre bundle.

Will J. Merry and Berit Singer. Last modified: Sept 01, 2018.
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SOLUTION. We define an open cover {Vp, Vi,...,V} of FP" by setting
Vi :=Alzxo,z1,...,25] € FP" | 2; # 0},

where [- - -] denotes the equivalence class under p. Then define maps h;: V; x ™1 —
p~ ' (Vi) by
hi ([xo,x1,. .., Tpl, A) i= %2(330, Xlyeeoy Tp)-
Tin/ 2k [Tkl
The map k;: p~1(V;) — V; x S™~! given by
T
ki(xo, x1,...,Tpn) := <[:U0,:B1, ey Tnl, )
|4
is an inverse for h;. Thus the h; are homeomorphisms.

PROBLEM 0.3 (f). Let n > 1. Let 0,,: A™ — R" denote the unique affine map such
that'

n
on(eo) = — Zqi, and  op(e) = g, i=1,...,n.
i=1

Prove that o, determines a generator (o) of H,(R™,R™\ 0) = Z.

SOLUTION. First note that the image ¥ := im(o) C R™ of ¢ is an n-simplex in R"
satisfying 0 € ¥\ 0¥ and (e.g. by excision) we have an isomorphism He(R",R™\ 0) =
H.(,0%).

Next, note that we also have an isomorphism

Ho(A™, 0A™) 5 H,(2,0%) = Hy(R",R"\ 0): (1) s (o 0 T)

and therefore, in order to show that (o) is a generator of H,(R™ R™\ 0) it suffices
to check that the identity map ¢, : A™ — A" (viewed a a singular simplex) induces
a generator (¢,) of H, (A", 0A™) = Z.

Consider the diagram

H, (A", 0A") —=— H,_1(dA")

F (0.1)
H,(A"JOA™, )

The horizontal map is the boundary map from the (reduced) LES for the pair
(A™ 0A™), which is an isomorphism by looking at the neighbouring terms in the
LES. The vertical map is induced by the quotient map (A", 0A™) — (A" /OA"™, %)
and is an isomorphism since (A", JA™) satisfies the hypotheses of Theorem 19.2.
Let oy @ A" — A™/OA™ be the quotient map. The image of (¢,) under the
vertical map is (ay,) € H,(A"/OA™, %), while its image under the horizontal map is

the class (8n—1) € Hp—1(0A™) with

Bt =0nly =Y (1)} € C_1(0A™),
=0

1See Definition 35.9 for an explanation of this notation.



where 7 : A"~1 — A" is the i-th face map of the simplex A™. So once we know
that (8,_1) generates H,_1(dA™), we can conclude from (O.1) that (a,) generates
H,(A™/OA™, %).
It is clear that (Bo) generates Ho(OA'), so we know that (o) generates Hy(A'/OAY, ¥),

which is what the problem asks us to prove for n = 1. We now proceed by induction;

for the inductive step, consider the map ¢ : 9A™ — A"~1/9A"~1 which collapses

all except the zero-th face to a point, and the induced map Hy,_1(¢): H,_1(0A™) —
H,_1(A™1/9A™ 1 x). Observe that Hy,—1(¢){Bn-1) = (an_1); since (a,_1) gener-
ates by inductive assumption, we conclude that (3,_1) generates.

ProOBLEM O.4 (7).

1. Let X be a topological space and let X', X" be open subsets of X. Let R be a
ring. Prove that the cup product induces a relative product

H*(X, X', R) @ H*(X, X" R) = H*(X, X' UX": R).

2. Let X be a topological space and let X’ be an open subset of X. Let R be a
ring. Let i: (X,0) — (X, X’) denote the inclusion. Suppose (o) € H™(X; R)
and (8) € H"(X,X'; R). Prove that

(o) = H™(i)(B) = H" ™ (i) ({) = (B)),

where the left-hand side is the normal cup product in X, and the right-hand
side is the relative cup product H*(X; R)®@ H*(X, X'; R) — H*(X, X'; R) from
part (1).

SOLUTION.

1. We will assume that X is a cell complex (the general case can be dealt with
via cellular approximation). We denote by C™(X, X’ + X”; R) the subgroup of
C™(X; R) consisting of cochains vanishing on chains in X’ and on chains in X”.
Notice that the usual cup product induces a cup product

C™(X,X';R) x C"(X,X";R) — C™*"(X, X' + X" R).

Moreover, we denote by C, (X’ + X”) the subgroup of C,(X) consisting of
sums of chains in X’ and chains in X", and by C™(X’ + X”; R) its dual. Recall
from Theorem 14.2 that the inclusions 1y : Co(X' + X") — Co(X' U X”) form
a chain homotopy equivalence and hence induces isomorphisms on homology
(note that X', X" are open). Therefore, by dualizing we get that the restrictions
Ly C*(X'UX";R) — C*(X' + X"; R) induce isomorphisms on cohomology.
Moreover, we have inclusions j : C*(X, X' U X”; R) — C*(X, X' + X"; R) and
hence we get the following commutative diagram where the rows are short exact
sequences:

0— C*X,X'UX";R) — C*(X;R) — C*(X'UX";R) — 0

l iid f# (0.2)

0 — C*(X, X'+ X"R) — C*(X;R) — C*(X'+ X";R) — 0



This leads to the following commutative diagram on the cohomology level, where
the rows are long exact sequences:

-+ H"Y(X'UX";R) » H"(X,X'"UX";R) - H"(X;R) - H*(X'UX";R) ~
| I
+ H"Y X'+ X":R) » HYX, X'+ X";R) > H*(X;R) > H"(X' + X";R) ~
(0.3)
By the 5-Lemma we conclude that we have isomorphisms
H' (X, X'UX";R) 2 H"(X, X'+ X"; R),
and hence the cup product induces a relative cup product

H*(X, X' R) @ H*(X, X" R) — H*(X, X"UX"; R).

2. This follows from the definition of the relative cup product as in the previous
part of this problem. We will treat the general case. As we have seen in the
previous part, the usual cup product induces a cup product C™(X, X'; R) ®
C"(X,X";R) = C™(X, X' + X"; R) and hence we get the following com-
mutative diagram (the vertical maps are induced by the respective inclusions):

C™(X,X'; R) ® C™(X, X"; R) = C™ (X, X' + X" R) <~ O™ (X, X' UX"; R)

| | |

C™(X;R)® C"(X;R) ———— C™"(X;R) +——=—— C™"(X;R).

Recall from the previous part that j is a quasi-isomorphism, that is, it induces
an isomorphism on cohomology. Therefore we obtain the following commutative
diagram on the cohomology level:

H™(X,X';R) ® H*(X,X"; R) = H™™(X, X' UX"; R)

| |

H™(X;R)® H"(X;R) ——— H™"(X; R),
from which the result follows.

PRrROBLEM O.5 (1). Let X,Y be topological spaces. Let X’ C X and Y/ C Y. Assume
that Y is a closed retract of Y and moreover that there exists a neighbourhood W of
Y’ in Y such that Y’ is a strong deformation retract of W. Let R be a commutative
ring, and assume that H"(Y,Y”; R) is a finitely generated free R-module for all n > 0.
Prove that the relative cross product from Definition 33.34 is an isomorphism:

H*(X,X';R) @ H*(Y,Y;R) = H*(X x Y, (X' x Y)U (X x Y'); R).

Hint: The case Y’ = () was proved in Theorem 33.26.



SoLuTION. We already did the case Y/ = () in the proof of Theorem 33.26. Let
* denote the point corresponding to Y’ in the quotient space Y/Y’. By Theorem
19.2, H,(Y,Y') = H,(Y/Y', %) for all n > 0. Using naturality of the Dual Universal
Coefficients Theorem 29.5 and the Five Lemma, one sees that the same holds for
cohomology with coefficients in R (or indeed, any abelian group): H™(Y,Y’; R) &
H™(Y/Y',x; R) for all n > 0.

Consider the following commutative diagram:

H*(X, X1 R)@p H*(Y/Y', %, R) ———— H*(X,X";R) opr H*(Y,Y"; R)

«| E

H*(X x (Y)Y, (X' x (YY) U(X x*)) —— H*(X xY, (X' xY)U(X xY’'); R)

The top horizontal map is an isomorphism due to the discussion above. The lower
horizontal map is an isomorphism, since the two quotient spaces are homeomorphic.
Thus if we prove the left-hand vertical map is an isomorphism, then the right-hand
one is too. This reduces the theorem to dealing with the case where Y is a point.
So assume Y’ consists of a single point p. Since p is a retract of Y, the long exact
sequence of the pair (Y, p) splits. Thus by Lemma 25.13, we can tensor this sequence
with H*(X, X’; R) and remain exact. Thus the top row of the following commutative
diagram is exact, where we omit the R from the notation so it fits on the page:

H*(X,X")®r H*(Y,p) —— H*(X,X') @z H*(Y) —— H*(X, X') @r H*(p)

I

x x H*(X xp, X' x p)

E

H*(X XY, (X xp)U(X'xY)) — H*(X xY, X' xY) — H*(X xp)U(X'xY), X' xY)

The bottom row is also exact, since (X X p, X’ X p) is a retract of (X x Y, X’ x Y).
The middle and right-hand cross products are isomorphisms by Theorem 33.26, and
thus by the Five Lemma the left-hand cross product is also an isomorphism.

PROBLEM 0.6 (%). In this problem you may use the following result without proof”:

THEOREM. Let F — E 2 X be a fibre bundle and assume that the fibre F is con-
tractible. Then for all n > 0 and any abelian group A, the map H"(p): H"(X; A) —
H"(E;A) is an isomorphism.

We will prove this result in a few lectures time. Now let (B", S"') — (E, E') %
X be a fibre bundle pair with X path connected. Let t € H"(E, E';Z3) denote the
Thom class. Let j: (F,() — (E, E") denote the inclusion.

2We will sketch the proof of this in Lecture 46, cf. Corollary 46.11. However for vector bundles this
result is obvious: the map s: X — FE defined by x — 0, satisfies pos =idx and s o p ~ idg. Similarly if
we start with a sphere bundle S™ — E — X and then form the disk bundle B"*! — Z — X (following
the method in Remark 34.16) that has the given sphere bundle as its boundary sphere bundle, then again
the result is obvious, as there is a section s: X — Z that sends z to the point in Z, corresponding to
E, x {0}.



1. Prove there is a unique class ¢ € H"(X; Z3) such that

H"(p)(e) = H"(3)(1).
One calls € the Euler class of the bundle.

2. Prove there is a long exact sequence called the Gysin Sequence given by

‘ e il ‘ .
o H(X: ) =5 HIT™(X Z) 2B, prin (g1 7,) o HITY(X Z) —

Hint: Consider the long exact sequence in cohomology associated to the pair
(E, E') and try to fit this in to a commutative diagram involving the desired
Gysin Sequence. You will need to use part (2) of Problem O.4 in order to show
the diagram commutes.

3. Use the Gysin sequence to compute the cohomology ring H*(RP"™;Zs) for all
n > 1.
SOLUTION.
1. This is immediate as H"(p) is an isomorphism by the Theorem.

2. Consider the following diagram. The top row is the long exact sequence in
cohomology for the pair (E,E’), where as above j: (E,0) < (E,FE’) is the
inclusion. The bottom row is the Gysin sequence.

. it+n . . .
Hit (B, B Zg) Y Hitn(B;2y) ——— HAW(B' L) —— H (B, B Zy)

] [Ea E L

HY(X;Zy) ———— H™™(X;Zy) T H™ (B’ Zy) ————— H'"Y(X;Zy)
B/

The vertical maps are all isomorphisms. We need only check that the diagram
commutes, and the only square for which this is not immediate is the first one.
But if (o) € H'(X : Z2) then

H™"(3) 0 L(a > H’*”(J)( "(p){a) < 1)
H'(p){a) — H"(3)(t)
H'(p){a) - H"(p)(e)
—H’+”(p) ({) ~e).

Here () used part (2) of Problem O.4 and (1) used the definition of the Euler
class.

3. Note that RP" is path connected. We have a sphere bundle S — S 2 Rp"
(c.f. Problem O.2), where p is the usual quotient map. Consider the mapping
cylinder

Z = ((S” x 1) uRP”)/ ~,



where (y,1) ~ p(y). There is a natural map ¢ : Z — RP" with fibre Z, =
(pzt x I)/(p~Y(x) x 1) = B! over x € RP". Identifying p~1(z) = p~!(x) x 1
we have that

(B!, 8% — (2,5™) & RP™

is a fibre bundle pair with g|s» = p (see Remark 34.16). Let ¢ € HY(RP™; Zy)
be the Euler-class. Now by the Gysin sequence
g <€ rritl m pn. H*N D) prig1 an. i+1 1 DN,

.. > H(RP™,Zy) — H" (RP™;Zy) ——— H"""(S™;Z2) - H" " (RP";Zs) — ....
Thus as H*(S™;Zs) = 0 for i # 0,n, the map - ¢ is an isomorphism for

0 < i< mn-—1, and in degree 0 it is surjective and in degree n — 1 it is also
injective. In degree 0 is always injective (this can also bee seen by analyzing

the starting part of the LES), so to complete the proof that O — O -« ¢ is an

isomorphism in all degrees 0 < ¢ < n — 1, it remains to show that in degree
n — 1 it is also surjective. For this look at the tail end of the sequence:

H"Y(RP™; Zy) =5 H™(RP™; Zy) — H™(S™;Zs) L H"(RP"; Zy) — H" Y (RP™; Zy).

The last group is zero as RP™ has a cell structure with no (n + 1)-dimensional
cells. Thus the map h must be surjective. Since both groups are Zsy, h must be
an isomorphism. Thus « ¢ is surjective and hence an isomorphism.

We conclude that H*(RP™;Z) = Zs[e]/e™+! with € of degree 1.



Problem Sheet P

This Problem Sheet is based on Lectures 36-39. A (f) means I will use the problem
in lectures; a (x) means I think the problem is challenging.

PROBLEM P.1 (}). Let M be an n-dimensional topological manifold. Let K C M be
a compact connected subset. Let R be a commutative ring and assume that M is
not orientable along K. Prove that

H,(M,M\ K;R)={re€R|2r=0}.

PROBLEM P.2 (}). Let M be an n-dimensional topological manifold. Let K C M be
a closed connected subset. Prove that:

1. If K is non-compact then the torsion subgroup of H,,_1(M, M \ K) is zero.

2. If K is compact and M is orientable along K then the torsion subgroup of
H,_1(M,M\ K) is also zero.

3. If K is compact and M is not orientable along K then the torsion subgroup of
H,_1(M,M\ K) is isomorphic to Zs.

PrROBLEM P.3 (f). Let X be a topological spaces. Let a € C"(X;R) and ¢ €
Cn+m(X; R). Prove that

da~c)=(—1)"(a~dec—da~ c).

PrROBLEM P.4 (). Let f: (L,K) — (L', K’) be a continuous map between com-
pact pairs (L, K) and (L', K’) contained in some Euclidean neighbourhood retract
X. Let A be an abelian group and let £ > 0. Prove that the induced map
H*(f): H*(L',K'; A) — H*(L,K;A) from Definition 38.10 is well defined. De-
duce that the Cech cohomology functor from Theorem 38.11 satisfies the homotopy
axiom. Hint: Use part (2) of Proposition 38.4.

PROBLEM P.5 (). Let M be a closed connected topological manifold of dimension
n — 1, and let f: M — S™ be a homeomorphism onto its image. Set K := f(M).
Prove Alexander Duality:

H*(M) = Hy_ 1 (S™\ K).

Deduce that S™\ K has two connected components. Remark: This is a far-reaching
generalisation of the Jordan-Brouwer Separation Theorem 17.11.

Will J. Merry and Berit Singer, Algebraic Topology II. Last modified: Sept 01, 2018.
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Solutions to Problem Sheet P

PROBLEM P.1 (f). Let M be an n-dimensional topological manifold. Let K C M be
a compact connected subset. Let R be a commutative ring and assume that M is
not orientable along K. Prove that

Ho(M,M\ K;R) = {r € R|2r = 0}.
SOLUTION. Let Ori(M) — M denote the projection and let
G :={p:0ri(M) — Ori(M) | ¢ is a homeomorphism, p o ¢ = p}
be the automorphism-group of Ori(M). We will use the following two lemmas.

CLAIM. Let M be a connected n dimensional topological manifold. Then Ori(M) is
a double covering with automorphism group

G=Zy={Ly|)* =1}
Let ¢ act on R and Ori(M) by multiplication by —1. Then the associated covering
Ori(M) xg R := (Ori(M) x R)/G
is isomorphic to O(M; R) = | |,cps Hn(M, M\ 2;Z) ® R.

Proof. Let ¢ € G, then ¢ is fibre-preserving, since pop = p. As the fibres of Ori(M)
are discrete and ¢ is continuous, ¢ is determined by its value at a single point. (If
¢ interchanges the two points in the fibre we have p? = id, otherwise ¢ = id.) The
map
f:0ri(M) x R— |_| H,(M,M\z;Z)@R : (u,r)—u®r
zeM

descends to

f:0ri(M) xg R — |_| H,(M,M\z;Z)®R : [(u,7)]—u®r
zeM

where [(u, g)] denotes the equivalence class of (u,g). Any element u®r € H, (M, M\
r;7) ® R can be written as v ® s, where u € Hy,(M, M \ x;7Z) is a unit. Moreover
f([(u,7)]) = v ® r vanishes if and only if r = 0. Thus f is an isomorphism. ]

CrLAM. Sections in I'(K; R) are in one-to-one correspondence with continuous maps
A:Ori(M)|g — R

satisfying Ao = —A\.
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Proof. By the previous claim, a section

s:K — | | Ho(M,M\ x;R)
reK

corresponds to a section s : K — (Ori(M) xg R)|k. Define
AN:Ori(M)|g = R ugy — 1y,

where 7, € R is given by s(x) = [(ug,ry)]. Then A(—u,) = —r, and thus Aop = —\.
Conversely for a given A : Ori(M)|g — R with Ao = —\, define

s: K — (Ori(M) xg R)|g : x> [(ug, Mug)] = [(—uz, AM(—uy))].
|

By the second claim, a section in I'(K; R) corresponds to a continuous map A :
Ori(M)|x — R satisfying Ao = —\. Since M is non-orientable along K, Ori(M)|x
is connected and therefore A\ is constant, i.e. A = r for some r € R. But Aop = =\
implies r = —r, i.e. 2r = 0.

Since K is compact, Theorem 36.19 yields an isomorphism ®(K) : H, (M, M \
K;R) - T.(K;R) =T(K;R) and we obtain the result.

PROBLEM P.2 (}). Let M be an n-dimensional topological manifold. Let K C M be
a closed connected subset. Prove that:
1. If K is non-compact then the torsion subgroup of H,_1(M, M \ K) is zero.

2. If K is compact and M is orientable along K then the torsion subgroup of
H,_1(M,M\ K) is also zero.

3. If K is compact and M is not orientable along K then the torsion subgroup of
H,_1(M,M\ K) is isomorphic to Zs.

SoLUTION. Notice that the torsion subgroup T'(G) of an abelian group G is

T(G)= P T,

p prime
where T)(G) := D, primelg € G | In € Z: p"g = 0}. Moreover, recall that we have
Tor(G,Zq) = {g € G|qg = 0}.
1. Let ¢ € Nyy. As K is non-compact, Theorem 37.8 yields

0= H,(M,M\ K;Zg)
= (Hpy(M,M\ K;Z) ® Zq) ® Tor(Hp,—1 (M, M\ K;Z),Zq)
= Tor(Hp—1(M, M\ K;Z),Zq),
where the second identity follows from the universal coefficient theorem and

the third identity follows again from Theorem 37.8. Since g was arbitrary, this
shows T'(Hp—1(M, M\ K;Z)) = 0.



2. Let ¢ € N5y1. As K is compact and M orientable along K, Theorem 37.8 implies

Zg = Hp(M,M\ K;Zg)
= (Hy(M,M\ K;Z)®Zg) ® Tor(Hp,—1 (M, M\ K;Z),Zq)
= Zg® Tor(Hp—1 (M, M\ K;7Z),Z,),
where the second identity follows from the universal coefficient theorem and the
third identity follows again from Theorem 37.8. Therefore, Tor(H,_1(M, M \

K;7Z),Zq) = 0 and as g was arbitrary it follows that the torsion subgroup of
H,_1(M,M\ K;Z) is zero.

3. We know that H,_1(M, M \ K) is finitely generated and hence we may write

m
T(Hy (M, M\ K)) = Z,, £ >2,m>0.
=1

Let ¢ € N. Using the result from Problem P.1 twice as well as the universal
coeflicient theorem, we get:
{reZy|2r=0}=H,(M,M\ K;Z,)
= (Hy(M,M\ K)®Zy) ® Tor(Hp—1 (M, M\ K),Zy)
= Tor(Hp, 1 (M, M\ K),Zy,).

Note that
0 if q is odd
{reZy|2r=0=1<" ?q%so
{0,2}, if ¢ is even
and
m m
TOI'(Hn_l(M, M \ K)a Zq) = TOT(@ Zfz‘? Zq) = @ chd(ﬁi,q)'
i=1 i=1

We conclude that for even ¢ the following holds:

m
@ chd(fz‘,q) = Ly,
i=1

which implies that m = 1 and ¢; = 2. This shows the result
T(Hp-1(M,M\ K)) = Zs.

PrROBLEM P.3 (f). Let X be a topological spaces. Let a € C"(X;R) and ¢ €
Crn+m(X; R). Prove that

da~c)=(—-1)"(a~dec—da ~ c).
SoruTION. We will make use of Lemma 30.12 throughout. In particular

n+m n+1 Yo
€n+m o Fnerfl — Fn+1 °& ifi<n
’ " Fntm, ifi>n+1,



and
n+m s
2,_:n-‘,-m o Bn+m—1 _ Bmfl’ if ¢ n
3 —1 - oo
‘ " Biitmogn o oifi>n+1.

1—n’
Using these identities we compute the following three expressions.

n—+m
a~0c= Z (—1)ia ~(co 5?+m)

=0

=3 (~Dia(coef ™o FpFm) - (coept ™o BT

i 1
=Y (-Dia(eo T o) - (co Bt

n+1
i=0
n+m '
+ 3 (—Dia(co Fyt™) - (co BR™oel,) (P.1)
i=n+1

do ~ ¢ = dadco FLH™) - (co BL)
= a(d(co FHM) - (co BL™)

n+1
= > (-Dialeo Fpi" o el ™) - (co BT (P.2)
1=0

O(a ~c) =al(co EI™).d(co BL™™)

=afco FM™). (Z(—l)i(c o B o 6;”))

i=0
n+m A
=3 (- aleo B - (co B oel,) (P.3)
=n

Equations (P.1), (P.2) and (P.3) finally imply the result:

(~1)" (e ~ Be — da ~ &) =(~1)" - (1) a(co Fiit ocitl) - (co BLT )
——

N——
Fptm Bt moep
n+m .
+(=1)" Y (=Da(co Fpt™) - (co Bpfm o)
i=n—+1

n+m

=3 (1) "alco FI™) - (co B Mo el

=0(a ~ ¢).



PROBLEM P.4 (). Let f: (L,K) — (L', K’) be a continuous map between pairs
(L,K) and (L',K’). Let A be an abelian group and let & > 0. Prove that the
induced map HF(f): H*(L',K'; A) — HF(L,K;A) from Definition 38.10 is well

defined. Deduce that the Cech cohomology functor from Theorem 38.11 satisfies the
homotopy axiom. Hint: Use part (2) of Proposition 38.4.

SOLUTION. We will prove something a little more general. Let K C L C X and
K c L' ¢ X’ be compact pairs in two Euclidean neighbourhood retracts, and suppose
fy9: (LK) — (L', K') are homotopic maps. By part (1) of Proposition 38.4, we
may assume that both f and g can be extended to F' and G respectively on some
neighbourhood of L.

By part (2) or Proposition 38.4, we can find another smaller neighbourhood W
of K in X and a homotopy H;: W — X' such that Hy|w = F|w and Hi|lw = Glw.

Now fix a pair U’ C V' C X’ of open sets in X’ such that K/ C U’ and L' C V.
Set

Vi={zeW|Hy(z)e V' Vtel01]}, U:={zeW|Hz)eU', Vtel01]}.

Then U C V C X are open and K C U, L C V, and Hi|y: (V,U) — (V',U’) defines
a homotopy from F|y to G|y. In particular, by the homotopy axiom in singular
homology,

H*(F|y) = H*G|y): H*(V',U") — H*(V,U).

Now consider the following commutative diagram, where the maps labelled i are all
induced from inclusions, and the unlabelled maps are those induced by the universal
property of the colimit:

HE(F)

)\H’“(F)v

)
H*(G) HE(V,U)

G~HU)) H

1*(L, K)

Hk(V’, U’

HNF-H(V), F~1(U))

(2

HNGY(V),

It follows that the map H*(V',U’) — H*(L, K) induced by F (i.e. going clockwise
round the outer square) is the same as the map induced by G (i.e. going anticlockwise
round the outer square). Since (V',U’) was an arbitrary element of Ux/ (L', K'), it
follows that induced maps H*(L, K) — H*(L, K) are the same (cf. Definition 38.10.)

Taking f = g shows that the definition of H*(f) does not depend on the choice of
extension F. Thus H*(f) is well-defined, and moreover if f ~ g as maps (L, K) —
(L', K") then we have just shown that H*(f) = H¥(g). Thus the homotopy axiom
holds for Cech cohomology.

PROBLEM P.5 (%). Let M be a closed connected topological manifold of dimension
n — 1, and let f: M — S™ be a homeomorphism onto its image. Set K := f(M).



Prove Alexander Duality:
H*(M) = H, (5" \ K).
Deduce that S™ \ K has two connected components.

SOLUTION. Let y be a point not in K. By the Duality Theorem, using coefficients
in Zy (remember every manifold is Zy-orientable) we have

Hk(Kax§ZQ) = Hn—k(sn\$vsn \ K; ZQ)

Since Hy(S™ \ z,y;Zs2) = 0 for all kK > 0, from the long exact sequence of the triple
we have Hy,_;(S" \ x,S" \ K;Z2) = H,_;—1(S™ \ K,y;Zy). Since both K and x
are an BEuclidean neighbourhood retracts by Corollary 38.5, we have H* (K, x; Zy) &
HF(K, x;7Z5), and thus

HY(K,2;Z5) = Hy—j—1(S™ \ K, y; Zo).
Finally using Corollary 12.22, we obtain
H"(M;Z) = Hyy 1 (S™\ K; Zs).
Since H"~'(M;Zy) = Zy by Theorem 37.8, we obtain Hy(S™ \ K;Zy) = Zy, which
implies that S™ \ K has two path connected components by Corollary 12.12. Fi-

nally, since S™ \ K is open (in S™), it is locally pathwise connected. Thus the path
components agree with the connected components, and the result follows.



Problem Sheet Q

This Problem Sheet is based on Lectures 40, 41 and 42. A () means I will use the
problem in lectures; a (x) means I think the problem is challenging.

PrROBLEM Q.1 (}). Let C be a category and A, B,C € obj(C). Prove that:
1. If the products AM B and B M A exist then they are isomorphic:

ANB=BMA.

2. If the coproducts AU B and B U A exist then they are isomorphic:

AU B=BLUA.

3. If the products AN B, BN C, (AN B)MNC and AT (BMNC) all exist then:
(AnMB)nNC=An(BNQO).

4. If the coproducts AUB, BUC, (AUB)UC and AU (B UC) all exist then:
(AUB)UC =AU (BUCQO).

PROBLEM Q.2 (). Let R and R’ be rings (not necessarily commutative), and let M
be an (R, R')-bimodule. Prove that (0 ®r M, Hompg (M,0)) forms an adjoint pair.
Prove also that (M ®z O, Hompg(M,)) forms an adjoint pair.

PrROBLEM Q.3 (). Let A be a set, and consider the functor Hom(A, O): Sets — Sets.
Construct a functor T': Sets — Sets such that (7, Hom(A,)) forms an adjoint pair.
Does there exist a functor S: Sets — Sets such that (Hom(A, ), S) forms an adjoint
pair?

PROBLEM Q.4 (1). Let C be a category. Suppose Aj, As, B1, B € obj(C) are four
objects and f;: A; — B; are morphisms for i = 1, 2.

1. Prove that if the products A; M Ay and By M By exist then there is a unique
morphism f1M fo: A1MAs — B1MBs such that the following diagram commutes
for ¢ = 1,2, where the vertical maps are those induced from the limit:

A1 M As %B]_HBQ

| |

As fi » Bi
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2. Prove that if the coproducts A; L As and By U By exist then there is a unique
morphism f1U fo: A1UAs — BilBs such that the following diagram commutes
for ¢ = 1,2, where the vertical maps are those induced from the colimit:

A — B

| |

AU As WB“JBZ

PROBLEM Q.5 (f). Suppose C is a category and B, Cy,Co, D € obj(C).

1. Assume the products B M B and C; N Cy exist. Suppose f; € Hom(B, C;) for
1 =1,2. Prove that
(f1, f2) = (f1 M f2) o Ap,
where Ap € Hom(B, BN B) was defined part (1) of Definition 41.5.
2. Assume the coproducts D LI D and C} U Cy exist. Suppose g; € Hom(Cj, D) for
1 =1,2. Prove that
(91,92) = Vpo (g1 U g2),
where Vp € Hom(D U D, D) was defined in part (2) of Definition 41.5.

PROBLEM Q.6 (1). Let (X, z¢) denote a pointed space. Let £: XVX — X xX denote
the inclusion, where as usual we think of X VX as the subspace (X x{zo})U({zo}xX)
of X x X.

1. Assume X is an H-group with multiplication m. Prove that the following
diagram commutes up to homotopy:

XvX

NG

XxX —>X

2. Assume X is an H-cogroup with comultiplication u. Prove that the following
diagram commutes up to homotopy:

X -ty xvx

L

X x X

PROBLEM Q.7 (x). The aim of this exercise is to deduce that spheres are cogroup
objects in hTop,. Given pointed spaces X and Y, define the smash product X AY
to be the pointed space’ X x Y/(X VY) (where as usual we think of X VY as a
subspace of X x Y.)

"Warning: The smash product really does depend on the basepoint. For instance, I A I is homeo-
morphic to I x I if we choose 0 € I as the basepoint in both factors, but if we choose 1/2 as the basepoint
then it is homeomorphic to the wedge of four copies of I x I.



1. Prove that if X is a locally compact Hausdorff space then ¥ X is homeomorphic
to X A S! (as pointed spaces).

2. Given a locally compact and Hausdorff space X, let X*° = X U oo denote the
one-point compactification of X, which we think of as a pointed space where
oo is chosen as the basepoint’. Prove that if X and Y are locally compact
Hausdorff spaces then X A Y is homeomorphic to (X x Y.

3. Deduce that ¥.S" is homeomorphic to S"*! for all n > 0, and thus that S™ is
a cogroup object in hTop, for all n > 1.

2Since X is locally compact and Hausdorff, X is compact and Hausdorff.


https://en.wikipedia.org/wiki/Alexandroff_extension

Solutions to Problem Sheet Q)

This Problem Sheet is based on Lectures 40, 41 and 42. A () means I will use the
problem in lectures; a (x) means I think the problem is challenging.

PROBLEM Q.1 (). Let C be a category and A, B,C € obj(C). Prove that:
1. If the products AM B and B M A exist then they are isomorphic:

ANB=BMNA.

2. If the coproducts AU B and B U A exist then they are isomorphic:

AMB=BMA.

3. If the products AN B, BN C, (AN B)MNC and AT (BMC) all exist then:
(AnMB)NC=An(BNQO).

4. If the coproducts AUB, BUC, (AUB)UC and AU (B UC) all exist then:
(AUB)UC =AU (BUCQO).

SoLUTION. We prove (1) only; the other parts are analogous. The products are limits
and hence satisfy the universal property of Definition 40.1. Thus there exist unique
morphisms u : AMMB — BMAandv: BlMTA— AN B such that

AN B

and
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commute. The compositions vou : AMB — AN B and uov: BMA— Bl A make
the following two diagrams commute:

ANB

Since id gsnp and id g4 also make these diagrams commute, it follows from the unique-
ness property of the universal property that idanp = vowu and idgna = uowv.

PROBLEM Q.2 (). Let R and R’ be rings (not necessarily commutative), and let M
be an (R, R')-bimodule. Prove that (0 ®z M, Hompg/ (M,)) forms an adjoint pair.
Prove also that (M ®p O, Hompg(M,O)) forms an adjoint pair.

SOLUTION. We need to show that there is a natural isomorphism :
U : Homp (O ®g M,0) — Homp (O, Hompg (M, 0)).
Given a right R-module A and a left R' module B, define
U (A, B) : Homp/ (A ®r M, B) — Hompg(A, Homp (M, B))

by
a— (V(A,B)(a):a— ala®-)).

This is bijective, as the inverse is
B = (a®@m i Ba)(m)).
If f: A— A" and g : B — B’ are module homomorphism the diagram

Homp (A' 0 M, B) — 2, Homp(A’, Homp: (M, B))

Hom(f®gidas,9) Hom(f,Hom(M,g)) (Ql)

HomR/(A ®pr M, B/) W} I‘IOIHR(A7 HOHIR/<M, B/))



commutes. Indeed, start with a morphism « in the top left-hand corner and go
around the diagram in clockwise direction. This yields

a— (d—ald®:) — (a—=goa(fla)®-))
Going anticlockwise yields
a —— (a@m—goa(f(a)@m)) —— (a—=goal(f(a)®:)).

Hence, the diagram commutes and W is a natural isomorphism, which proves the
statement.

The proof that (M ®pr 0O, Homp(M,0)) forms an adjoint pair is very similar.
The natural isomorphism

@(A, B) : HomR(M Qp L, D) — HOHI/R(D,HOIHR(M, D)),
is defined by
a— (O(A,B)(a):a— al-®a))
for every left R'-module A and right R-module B.

PrROBLEM Q.3 (T). Let A be a set, and consider the functor Hom(A, O): Sets — Sets.
Construct a functor T': Sets — Sets such that (7, Hom(A, )) forms an adjoint pair.
Does there exist a functor S: Sets — Sets such that (Hom(A, ), S) forms an adjoint
pair?

SOLUTION. Let T : Sets — Sets be the functor defined by
T(C):=AxC
and
T(f):=1dax f
for C € Sets and f a morphism in the category of sets. We claim that there exists a
natural isomorphism ¥ : Hom(A x O, 0) — Hom(O, Hom(A, 0)). Given C, D € Sets

define
U(C,D) : Hom(A x C, D) — Hom(C,Hom(A, D)),

by
a— (Y(C,D)(a) : c— af-c)).
This is a bijection as
B ((a,c) = B(c)(a))
is the inverse. It is left to show that VC,C’, D, D’ € SetsandVf :C — C',g: D — D’
the diagram

Homges(A x C', D) M Homges(C’, Hom(A, D))

Hom(Idx f.g) Hom(f, Hom(A,g)) (Q-2)

Homgeis(A x C, D') W Homseis(C, Hom(A4, D))



commutes. Recall that
Hom(Ildg x f,g9): a— goaoldy x f

and
Hom(f,Hom(A,g)): B+ goBo f.

Starting with « on the top left of the diagram and going around clockwise yields the
morphism:

goU(C",D)(a)o f:cr goal, f(c),

where ¢ € C. Counterclockwise yields the morphism:
goaoldsx f:cw goa(, f(c)).

Thus the diagram commutes and ¥ is a natural isomorphism.

Let S = {a, b} be a set with two elements. Then S = {a} U {b} is the coproduct
of {a} and {b} in the category of Sets. But Hom(A,S) is not the coproduct of
Hom(A, {a}) and Hom(A, {b}). Hence, the functor Hom(A,) does not preserve
colimits. Hence, Hom(A, ) does not have a right-adjoint, since if it did, it would
preserve colimits. (This is the content of Theorem 40.22.)

PrROBLEM Q.4 (). Let C be a category. Suppose Aj, As, B1, By € obj(C) are four
objects and f;: A; — B; are morphisms for i = 1, 2.

1. Prove that if the products A; M Ay and By M By exist then there is a unique
morphism f1M fo: A1MAs — B1MBs such that the following diagram commutes
for ¢ = 1,2, where the vertical maps are those induced from the colimit:

A1 M As %B]_HBQ

! |

As fi » Bi

2. Prove that if the coproducts A; Ll A and By U By exist then there is a unique

morphism f1U fo: A1UAs — Bl Bs such that the following diagram commutes
for ¢ = 1,2, where the vertical maps are those induced from the limit:

A — B

| |

A U As WBlLlBQ

SoLUTION. 1. Using Definition 40.1 we obtain the following commutative diagram,



where k1, ko are the induced maps of the limit A; U As:

ko

A1 Ay —

Ay

N ~~~__ [f20ka
\ S Teal
AN TN 3ANS S~ lﬁ
N -

\
. R “~
k1 AN BiMBy — By

N\
flokl AN l
N
N
N
N
N
N
A

-
Ay f1 By

This immediately yields the desired commutative diagrams.

PROBLEM Q.5 (f). Suppose C is a category and B, Cy,Ca, D € obj(C).

1. Assume the products BN B and Cy M Cy exist. Suppose f; € Hom(B,C;) for
1 = 1,2. Prove that

(f1, f2) = (f1 M f2) o Ac.

2. Assume the coproducts DU D and Cy U Cy exist. Suppose g; € Hom(C;, D) for
1t =1,2. Prove that

(91,92) = Vpo(g1Ug2).
SOLUTION.

1. By Proposition 41.1 (f1, f2) € Hom(B,C; M Cy) is the unique morphism such
that the following diagram commutes:

B—" ¢

12 o, (Q3)

Cy TCHWCQ
2

Similarly, Ap € Hom(B, B B) is the unique morphism such that
B—"1 ., p
idp - Is (Q4)

B<Z—BI_IB
B

commutes. Recall also from Problem ().4, that f; M fo € Hom(B 1 B,C; M Co)
is the unique morphism such that the diagrams

BB - oine,

| | (Q.5)

bt



commute for ¢ = 1,2. Combining the commutative diagrams (().4) and (().5)
we obtain the following commutative diagram:

f1

idp

B B Ch
idp ~ Ip
B ——— BNB o,
I finfz
52 o CindcCy

By the uniqueness of the morphism (fi, f2) in (().3) we conclude that (f1, f2) =
il faoAp.

PROBLEM Q.6 (). Let (X, x¢) denote a pointed space. Let £: XV X < X x X denote
the inclusion, where as usual we think of X VX as the subspace (X x{zo})U({zo} x X)
of X x X.

1. Assume X is an H-group with multiplication m. Prove that the following
diagram commutes up to homotopy:

XVvX

NG

XxX —— X

2. Assume X is an H-cogroup with comultiplication u. Prove that the following
diagram commutes up to homotopy:

X "y XxvXx

I

X x X

Proof. Both parts follow immediately from the definition of an H-(co)group, once one
realises that the inclusion £: X VX < X x X agree with the maps (ji,j2): X VX —
X x X and (q1,¢2): X VX — X x X (the notation is using Proposition 41.1!). For
example, both & and (g1, ¢2) solve the dashed arrow in the following diagram:

XVX
PR
X | X

X x X



PROBLEM Q.7 (x). The aim of this exercise is to deduce that spheres are cogroup
objects in hTop,. Given pointed spaces X and Y, define the smash product X AY
to be the pointed space’ X x Y/(X VY) (where as usual we think of X VY as a
subspace of X x Y.)

1. Prove that if X is a locally compact Hausdorff space then XX is homeomorphic
to X A S! (as pointed spaces).

2. Given a locally compact Hausdorff space X, let X*° = X U oo denote the one-
point compactification of X, which we think of as a pointed space where oo is
chosen as the basepoint. Prove that if X and Y are locally compact Hausdorff
spaces then X A Y is homeomorphic to (X x Y)*.

3. Deduce that 5™ is homeomorphic to S™*! for all n > 0, and thus that S™ is
a cogroup object in hTop, for all n > 1.

SOLUTION.

1. Since X is locally compact and Hausdorff the map idx x exp: X xI — X x St
is a quotient map. Thus the composition p: X x I - X x ST = X A Sl is a
quotient map. Since (X x I) / ker p = XX, the claim follows from the definition
of the quotient topology.

~

2. For Z a compact Hausdorff space and Z' C Z a closed subspace, one has Z/7" =
(Z \ Z'")*° (as pointed spaces) by properties of the one-point compactification.
Since X® AY>® = (X*® x Y*)/(X*® V Y) is the quotient of a compact
Hausdorff space by a closed subspace, it follows that X°° A Y is the one-point
compactification of (X x YY)\ (X*°V Y*). But

(X xY®)=(XxY)U{oo} x YY) U (X x {c0}),

and
(X®VY™) = ({oo} x Y™)U (X x {oo}),
so their difference is X x Y as required.
3. For n = 0 this is obvious. For n > 1, since the one-point compactification of

R™ is S™, one has

6™ 2 8" A ST 2 (R AR™ 22 (R x R)™ = (R™H1)*° = gntl,

"Warning: The smash product really does depend on the basepoint. For instance, I A I is homeo-
morphic to I x I if we choose 0 € I as the basepoint in both factors, but if we choose 1/2 as the basepoint
then it is homeomorphic to the wedge of four copies of I x I.

7


https://en.wikipedia.org/wiki/Alexandroff_extension
https://en.wikipedia.org/wiki/Alexandroff_extension

Problem Sheet R

This Problem Sheet is based on Lectures 43, 44 and 45. A () means I will use the
problem in lectures; a (x) means I think the problem is challenging.

PrROBLEM R.1 (f). Let A be a set, and assume A is equipped with two binary
operations * and o such that:
1. % and o have a common two-sided unit,

2. x and o are mutually distributive, that is,
(axb)o(cxd)=(aoc)*(bod), Va,b,cde A.

Prove that * and o coincide and that each is commutative and associative.

PROBLEM R.2.
1. Let f: (X,z0) — (Y,y0) be a pointed continuous map. Define a space F'f by:

Ff:={(z,w)e X xY"|w(1) = f(z)}.

Let p: F'f — Y be the map (z,w) — w(0). Prove that p is a fibration with
fibre the mapping fibre M f of f.

2. Assume X is path connected. Let g: X — Y be any continuous (not necessarily
pointed) map. Prove that one can write ¢ = p o h where p is a fibration and h
is a homotopy equivalence.

ProBLEM R.3. Consider the Hopf fibration S' — $2 — S? from Proposition 33.7.
Use the long exact sequence of homotopy groups to prove that' 73(S5?) = Z and that
7 (93) =2 1, (S?) for all n > 3. Deduce that m3(S?) # 0. Try to visualise this.

PROBLEM R.4. Let p: E — X be a weak fibration with fibre F'. Prove that mo(E, F)
is abelian. If F' is simply connected, prove that m(p): m (E) — 71(X) is an isomor-
phism.

PROBLEM R.5 (x). Let X = S?Vv §% and let Y = CP?. Prove that X and Y have
the same homology groups. Prove however that m4(X) 2 m4(Y) and hence that X
and Y are not homotopy equivalent.

Will J. Merry and Berit Singer, Algebraic Topology II. Last modified: Sept 01, 2018.
'No, you may not simply quote the Hurewicz Theorem 46.1!
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Solutions to Problem Sheet R

This Problem Sheet is based on Lectures 43-46. A (f) means I will use the problem
in lectures; a (x) means I think the problem is challenging.

PrROBLEM R.1 (f). Let A be a set, and assume A is equipped with two binary
operations * and o such that:

1. % and o have a common two-sided unit,

2. x and o are mutually distributive, that is,

(axb)o(cxd)=(aoc)*(bod), Ya,b,c,de A

Prove that % and o coincide and that each is commutative and associative.

SOLUTION. Let e denote the unit. Then
axb=(aoe)*(eob)=(axe)o(exb)=aob.

Thus * and o coincide. Next,

axb=(eoca)*(boe)=(exb)o(axe)=boa=Dbxa,
which proves commutativity. Finally
ax(bxc)=(aoe)*(boc)=(axb)o(exc)=(axb)x*c,
which proves associativity.

PrROBLEM R.2 ().
1. Let f: (X,z0) — (Y,y0) be a pointed continuous map. Define a space F'f by:

Ff:={(z,w) € X x Y| w(1) = f(2)}.

Let p: F'f — Y be the map (x,w) — w(0). Prove that p is a fibration with
fibre the mapping fibre M f of f.

2. Assume X is path connected. Let g: X — Y be any continuous (not necessarily
pointed) map. Prove that one can write g = p o h where p is a fibration and h
is a homotopy equivalence.

SOLUTION.

Will J. Merry and Berit Singer. Last modified: Sept 01, 2018.
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1. Let V be a topological space, h;: V' — Y be a homotopy and gg: V — Ff amap
such that pogg = hg. We want to show that there exists a homotopy g;: V — F'f
such that po g, = hy, Vt. Let 7, € Y be the path s +— 74,(s) = hy(1—s) (V).
Writing

go: V—=Ff; v (x(v),0, = (t— 0y(t))

we define the path I — Y

Tew(2r), 0 <r < %
ou(2r—1), 3 <r<1.

W 1= 0y * Teo(r) = {

This is well-defined since 7¢,(1) = ho(v) = p o go(v) = 0,(0). Let
g:V—=>Ff; v (2(v),we).

Then we have wy (1) = 0,(1) = f(z(v)) and p o gi(v) = w4, (0) = ht(v).
2. Define
h: X = Fg; o (7,¢44))

where ¢, is the constant path at g(z) and let

9(z)

q: Fg— X; (z,w)—x
be the projection. Then we have that ¢ o h = idx and moreover
HFgXI%Fg? ((xaw)vt)H(l‘)w’[t,l])

is a homotopy between h o ¢ and idpy. Thus h is a homotopy equivalence and
poh(z) = o) (1) = g(x).

PrOBLEM R.3. Consider the Hopf fibration S' — $2 — S? from Proposition 33.7.
Use the long exact sequence of homotopy groups to prove that' m5(S?) = Z and that
7 (93) =2 1, (S?) for all n > 3. Deduce that m3(S?) # 0. Try to visualise this.

SOLUTION. By Theorem 45.5 and Theorem 43.18 we have a long exact sequence as
follows:

o= m3(SY) = w3 (S?) = m3(5?) = m(S) = m(S?) = ma(S?) = w(SY) = m(S?) = ...
~—— ~—— ~——
=0 =0 =0 =7, =0
Therefore (again by Theorem 43.18) we get (by induction) that m,(S%) = m,(S?)
for all n > 3 and m(S?) = Z. Since 73(S%) # 0 by Theorem 43.18, we also have
m3(S?) # 0.

PROBLEM R.4. Let p: E — X be a weak fibration with fibre F'. Prove that ma(E, F')
is abelian. If F' is simply connected, prove that m(p): m (E) — 71(X) is an isomor-
phism.

'No, you may not simply quote the Hurewicz Theorem 46.1!



SOLUTION. By Theorem 45.16 (Serre’s Theorem) we have that mo(p'): mo(E, F) —
m9(X, xp) is an isomorphism. By Corollary 43.5 mo(X, xg) is abelian, thus mo(E, F')
is abelian as well. If F'is simply connected, then mo(F') = m1(F) = 0 and the long
exact sequence of Corollary 45.18 takes the form

o (F) > m(B) ™Y (X)) = mo(F) = ..
=0 -0

which proves that 71 (p): m(E) — 71 (X) is an isomorphism.

PROBLEM R.5 (x). Let X = S?V §% and let Y = CP?. Prove that X and Y have
the same homology groups. Prove however that m4(X) 2 m4(Y) and hence that X
and Y are not homotopy equivalent.

SOLUTION. Let X C Y be a subspace pf the topological space Y. Recall that X is a
retract of Y is and only if 3 a continuous map r: Y — X such that r|x = fx (r is
called retraction). S% is a retract of S? v S*. Indeed, define

07 lf'il;?épl

7":Szx{pQ}u{pl}XS4—>{p1}><S4; (:r,y)»—>{ e
(xz,y), ifz=p.

In particular
52 v st

54 - » 4

commutes and thus we get the following commutative diagram

7r4(54)

By Theorem 43.18 we know that m4(S*) # 0 and hence 74(S? vV %) cannot vanish.

Now consider the fibre bundle S' — §2+1 B Cpm = §27+1/ « (here n = 2).
By Corollary 45.14 p: §?7*1 — CP™ is a weak fibration and using the long exact
sequence for weak fibrations (Corollary 45.18) we get

o= ma(SY) = ma(S°) = ma(CP?) — m3(SY) — ...

By Theorem 43.18 we have that 74(S') = m3(S') = 0 and 74(S®) = 0, therefore
74(CP?%) = 0. Hence m4(CP?) # my(S? v §*) and we conclude that CP? is not
homotopy equivalent to S? v S4. (Note that H;(CP?) = H;(S% Vv S%), Vi.)
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