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PREFACE

These are the lecture notes for Algebraic Topology, taught in the summer term of 2026 at the
Kyiv School of Economics for master students. In this lecture, we try to give an introduction
to basic notions and applications for algebraic topology. Due to time constraints, we will not
try to cover too many details, but at least we will state many results precisely.

However, we also do not want students to restrict themselves on very standard topics. So,
we try to present materials in a way that is easier to relate to some further aspects of algebraic
topology that we didn’t carefully discuss in the lecture.

Here are some examples: 1) We try to emphasize more about the simplicial set structure of
singular simplexes, which gives a first glimpse of simplicial homotopy theory and oco-category in
an introductory course for algebraic topology; 2) We focus on the Mayer-Vietoris and mapping
cone approach for the long exact sequence rather than the relative homology approach. The
reason is that those tools are somewhat closer to sheaf theory and stable oco-categories (the
oo-version of triangulated categories). In the process, we may see more about how to use
the notion of cofibration without going too much into actual homotopy theory. Especially, we
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will construct the cellular homology without relative homology, which essentially has no big
difference but sees a little more on the space level.

In addition, we make such an attempt by state supplement comments on some content about
their related notion in different/further directions (which means that you can safely skip them).
We will see some short discussions on de Rham theory, some ideas on E,-algebra when dis-
cussing the cup product, and many others.

On the other hand, we put many technical discussions in exercises, but we try to organize all
those materials easy to follow by students themselves by subdividing the big results into more
step-by-step questions. We hope students will not lose too much technical training by carefully
completing all those exercises.

Theoretically, our students have basic knowledge about homological algebra, so the discussion
didn’t show too much in the main content, but we still prepared a cheat sheet for the convenience
of readers.
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PHILOSOPHICAL INTRODUCTION

Algebraic topology aims to use invariants constructed from abstract algebra to help us
detect different topological spaces. Let’s start with one example.

Example. Consider the digits with the following font

We treat them as subspaces A of R? (i.e., the blackboard). Could you classify them up to
homeomorphisms?

Answer: They form 4 homeomorphic classes (for simplicity, we use the usual font to represent
them)

{1,2,5,7}, {6,9}, {3,4}, {8}.

For the class {1,2,5,7}, it is direct to construct homeomorphisms between them, and all of
them are homeomorphic to the interval [0, 1].

For the class {6,9}, they are related by a rotation by .

For the class {3,4}, they are homeomorphic to a letter Y.

However, how to show they are different classes? First tool, we consider we can consider
the number of (path) connected components after removing one point from A. Then you can
distinguish the class {1,2,5,7} and {3,4}. Second tool, you can consider how many loops are
in A.

You may abstract the strategy into graph theory. But we are thinking differently, we are
more interested in what kind of invariant we can extract from topology! For example, here we
use

|m0(A\ a)| = |[{Path components of A\ a}|,

and
b1(A) = “The number of (independent) loops in A.”

Both of them can be constructed from the invariant we will develop in the course!

The next question: for the two classes {1,2,5,7} and {3,4}, if we allow them to be manip-
ulated like play-dough (for example, we can flatten and stretch), then these two classes cannot
be distinguished.

It tells us one important idea: It is crucial to tell the precise meaning of different! It means
you need to have a standard to distinguish spaces. Moreover, sometimes, it makes things easier
if you allow a more flexible classification standard!

e Whether something is an invariant or not is sensitive to your standard.

e In the future, you will find that the idea you can learn from the course can be applied
not only to topological spaces, but also to algebraic varieties, or many other things (for
example, data, where there exists a subject called topological data analysis).

In this course, we will mainly focus on
Homotopy invariants such as homology, cohomology, and homotopy groups of spaces.

With them, we will see some of the very famous theorems are proven easily using homology
theory:

(1) Brouwer fixed point theorem: A continuous map between D™ must have a fixed point.
(2) Dimension invariance: Let U C R™ and V' C R™ are non-empty open sets. Suppose U
and V are homeomorphic, then m = n.

Remark. 1t is possible to define certain homeomorphic invariants, or diffeomorphic invariants.
However, it would be hard to define and compute them. It is a compromise that we focus
on homotopy invariants. They are rough in some sense, however, computable (but still hard
in general). But anyway: Good invariants are those both computable and distinguish enough
things! It means that you have to give up something to make life easier and more effective.
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1. HOMOTOPY AND HOMOTOPIC EQUIVALENCE

Now, we go to some actual math.

In this course, we always equip I = [0, 1] with the usual topology. We set S" = {x € R"*! |
|z] = 1} and D" = {z € R"*1 | || < 1}, where |z] is the 2-norm of z.

All spaces are assumed to be topological spaces, and all maps are assumed to be continuous
(in case I forget to mention topological/continuity).

Definition 1.1. Let f,g: X — Y be two continuous maps. We say they are homotopic if there

exists a continuous map H : X x I — Y such that H(z,0) = f(z) and H(z,1) = g(z), and we
H

say the map H is a homotopy between f, g. We often denote f ~ g, or f~g if H is clear.

Exercise 1.2. Show that the homotopic relation between maps defines an equivalence relation

on the set of continuous maps C°(X,Y). We often write [X,Y] = C°(X,Y)/hmtp, and a

homotopy class is denoted by [f]. For composable maps, we may define [g] o [f] := [g o f], and
show that this is well-defined.

Example 1.3. Let f,g: X — R™ be two continuous maps, then they are homotopic. In fact,
we can set the straight line homotopy

H(z,t)=(1—1t)f(x) + tg(x).

X 'd Rm N\
f f(z)
H(z,t)
R
g 9(x)

Notice that it is important that R™ is linear, otherwise it does not make sense for the formula.

Example 1.4. Set S' = {z € C: |z| = 1}. Let f,g: S — S where f is the identity map, and
g is the constant map g(z) = 1. Then we have f and g are not homotopic. We are not able to
prove it at this time.

But you can learn from the example that the homotopic relation is sensitive to the codomain
of the maps since f, g are indeed homotopic if we think of them as maps into R?.

Definition 1.5. We say two topological spaces are homotopy equivalent if there exists f : X —
Y and g : Y — X such that fg ~idy and ¢f ~idx.

Exercise 1.6. Show that the homotopy equivalence relation between spaces defines an equiv-
alence relation on the set of all topological spaces.

If the two spaces are homotopy equivalent, then we say they have the same homotopy type,
and in the same manner, we say one equivalent class of spaces with respect to the homotopy
equivalence relation is a homotopy type.

Remark 1.7. It is clear that if two spaces are homeomorphic, then they are homotopy equivalent
(i.e., have the same homotopy type). But the converse is not true, for example, R™ (m > 1) is
homotopy equivalent to a point by Example 1.9 below, but R™ is not homeomorphic to a point
since they have different cardinality.

You may think that the homotopy equivalence relation is too flexible. However, you will see
in the future that classifying spaces by homotopy equivalence is an impossible mission (but still
more approachable than homeomorphic classification)

Definition 1.8. A non-empty space X is said to be contractible if it is homotopy equivalent
to a point, equivalently, if it has the homotopy type of a point.
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Example 1.9. Let C C V be a convex set in a real topological vector space V' (for example
V =R"™). We claim that for any ¢ € C, the two spaces C' and {c} are homotopy equivalent. In
particular, convex sets are contractible.

In fact, let i : {¢} — C be the inclusion, and we define r : C' — {c} as the constant map.
Then we have ri = idy.), and f =ir : C' — C is given by f(z) = ¢ (but whose codomain is C'
not {c}. We conclude by showing that f ~ id¢.

We can actually use the linear homotopy constructed in Example 1.3, which works since C
is a convex set.

C

H(z,t)=(1—t)x+tc

Exercise 1.10. Show 1) a space X is contractible if and only if the idx is homotopic to a
constant map ¢z, : X — X for zp € X; 2) a contractible space is path-connected; 3) Similar
to Example 1.3, show that if Y is contractible, then any two continuous map f,g: X — Y are
homotopic.

Remark 1.11. Variants of the definitions

(1) For f,g: X — Y, and a subspace A C X, we say f ~4 g, and say f is homotopic to g
relative to A, if f 2 g and H(a,t) = f(a) = g(a) for (a,t) € A x I.

(2) For a topological space X and a subspace A C X, we consider the space pair (X, A). A

map f: (X, A) = (Y, B) means a map f: X — Y such that f(A) C B.
Then one can define homotopic maps and homotopy equivalence between pairs similarly.

It is often (but NOT always) the case that during a topology space is homotopy equivalent
to a subspace. We have the definition:

Definition 1.12. A subspace i : A C X is a deformation retract of X if there is a retraction
g: X — A (ie,amap g: X — A with g(a) = a for every a € A) such that ig ~ idx.
A subspace A of X is a strong deformation retract if there is a retraction g : X — A such

H
that ig ~ idx through a homotopy H with the property H(a,t) = a for all (a,t) € A x I.
H
Precisely, i.e. ig >~ idx relative to A.

Example 1.13. Let X = R"™1\ {0}, and A = S™. Then we have g(z) = x/|z| gives a retraction
that makes A a strong deformation retract of X, where we may take H(z,t) = |z|'"1z: X xI —
X.

R\ {0}

S’I’L

Exercise 1.14. Similar to the argument of Example 1.9, show that if A is a deformation retract
of X, then A is homotopy equivalent to X.
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Exercise 1.15. Let X be a topological space, and we define the cone of X as the quotient
space C'(X) == X x [0,1]/X x {0}.

Show that 1) C(S™) =2 D"*! are homeomorphic; 2) For any X, we have C(X) is contractible.
In particular, D"*! is contractible.

Hint: Try to show that [X x {0}] € C(X) is a strong deformation retract of C(X). You may
also convince yourself by seeing what happened for X = S™.

[X < {0}]

c(X)

X x{1}=2X

Exercise 1.16. Try to convince yourself that the following spaces are all homotopy equivalent.
If it is possible, write down homotopies between the relevant maps.

e A S? adding a diameter.
e A torus 72 = S x S! glued with a disk along the meridian.
e A S? glued with a tangential S!.

S? with a diameter T? with a disk glued along a meridian S? with a tangential S*

“
3)

(1) (2)

Definition 1.17. Let (Xj,zx)rex be a K family of pointed spaces, i.e. z; € X is a given
point for every k € K. We define
V Xe= || Xu/ ~

keK keK

where the relation is asking all base points (zx,k) € || cx Xk are identified to a single new
marked point pt and equipping the quotient topology on it. Then the pointed space (\/;.c - X, pt)
is called the wedge sum (or one-point union, or simply wedge) of the family (X, zx)kek-

For example, all of 3 spaces in the previous example are homotopy equivalent to S? v S' for
some marked points. Or S™/ ~ by collapsing the equator is homeomorphic to S™ Vv S".

Exercise 1.18. We consider the infinite-dimensional sphere: Consider the space of square
summable sequences ¢?(C), and set
S* = {(ci)ien € £2(C) | € C, > |es* = 1}.
1€N
Show that S°° is contractible.
Notice that: we will see later that for each n > 1, S™ is not contractible.
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2. SINGULAR HOMOLOGY
2.1. Singular simplexes. We start from the combinatorial structure of topological simplexes.
Definition 2.1. Let ¢ > 0 be an integer, we set g-simplex as the topological space (with the
subspace topology).

q
A = {(tg,...,t,) € R | Vi t; >0, Zti =1}
=0

A° Al

AQ

Example 2.2. For example, we have A! 22 [ = [0,1]. Precisely, Al = {(1 —t,¢) |t € [0,1]} =
{t|tel0,1]}.
It is easy to see that AY = DY for all ¢q. All A, are convex, so they are contractible.

We set v; for i = 0,...,q to be the vertices of A? where only ¢; = 1 and all others are zero.
With the notation, we often write a simplex by [vo, ..., v,].
U3 U3 U3
Vo
" \\//‘/UO " \\// - v
V1 U1 U1 U1
A?’ (5??: = [Uo, V1, ’1)2] (5:9 = [Ul, V2, 03] (532’ = [1)0, V1, 1)3]
It is important that AY carries many combinatorial information: Fix ¢ > 1, foralli =0,...,q,

we can define a continuous map (be careful when ¢ = 0)
521 AL Al 52@0, s ,tq_l) = (to,...,ti—1,0,t;,... ,tq_l).

We call 52 or its image the i-th face of A?. If you draw the picture, the name motives very
well!

If g is clear, we often write ' = §,. Using the notation [vg,...,v,], we can write J, =
[Uo,...’ﬁl’,...,vq].

Example 2.3. When ¢ = 1, we have 6¥ = {(0,1
Under the identification A = {(1 —¢#,¢) | t € |
with 1 € [0,1] and 6} is identified with 0 € [0,1].
When ¢ = 2, you can see the picture below, and ¢ = 3 above (space reason there is no 5%)

)} € Al and 6 = {(1,0)} c AL
0,1]} = {t |t €[0,1]}. We have 6? is identified

V2
5% = [Uo,’Uz] 58 = [U17U2]
A2
Yo 62 =[vg, ]

On the other hand, we shall consider, for i =0,...,q,

oh AT AT Gl(t, - tggn) = (fos - tic1s by + it tiga, - Lgr).
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They are called elementary degenerate simplexes: Degeneration in the sense that the domain
has a higher dimension than the range, and some parts of A? are collapsed in a certain way.

Similar to faces, we often write o* = aq

Exercise 2.4. (1) For every ¢ > 2 and every 0 <i < j < g,
S oy g2
05 00,1 =040 5;_1 AT A1
(2) For every ¢ > 0 and every 0 < i < j <gq,
oloot, =00 aflii S A2 5 AN
(3) For every ¢ > 1, every 0 <i < g, and every 0 < j < ¢+ 1,
5’ o afl i, v <7,
agoééﬂz idaaq, i=jori=j+1, AT — A9
Gitoal |, i>j+1,
A magic is that those data helps us to encode all homotopic information for a given topological

space.

Definition 2.5. For a given topological space X, a singular ¢-simplex is a continuous map:
A% — X. We denote the set of singular g-simplexes as

Sing(X), = C°(AY, X).

For a singular simplex f : A9 — X, we also often write f = [fy, ..., f;] in a similar (but with a
different meaning from previous notations), where f, = f(vq).
By pre-composing with faces and degenerations (for suitable g, i), we define

. . . 6i
di : Sing(X)g — Sing(X)g -1, f=[A = X] > di(f) = f o8y = [A71 = A Ly X,

si: Sing(X), = Sing(X)g41, f=[AT = X] s si(f) = fool = [AT1 T4 At Ly x]

With the bracket notation, we have df]( f)="1[fo,--- firo. ., fq] for simplicity.
As a consequence of Exercise 2.4, we have

(1) For every ¢ > 2 and every 0 <i < j <g,
d_jodi=d_|od.
(2) For every ¢ > 0 and every 0 <i < j <g,
Jj+1

S3+19 85 = 51199
(3) For every ¢ > 1, every 0 <i < q+ 1, and every 0 < j < g,
q 1 o dl 1 <7,
a+1° 55 = { idsing(x),, f=Jori=j+1,
yodit i>gj+ 1
Warning: In this course, we will only use faces maps d; as well as the equations
. 1
@’ odq 1 —df]odfl_l
So feel free to ignore degeneration during this course. But the role of degeneration will
somehow be explained in the following.

Supplement material 2.6. Those commutating relations means that all those data Sing(X)e =
(Sing(X )q,dq,sq)q” form a simplicial set. (And all faces data (Sing(X)g,d})s; form a semi-
simplicial set.)

Moreover, one can show that Sing(X), is a so-called Kan complex (in particular a quasi-
category), which is a model for co-groupoid (in particular co-category).
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It is proven by Milnor that you can learn all the information of X as a homotopy type from
Sing(X ).

Let us see some examples.
Example 2.7. For any curve c: [0,1] — X, we may naturally define a singular 1-simplex
c: A'=10,1] 5 X.
As explained in Example 2.3, we have d°(c) = ¢(1) € X and d!(c) = ¢(0) € X.

Example 2.8. Consider X = 5", we define
f:A" = S te A" t/|t].
Similarly, for I C {0,---,n}, we set t; = ((—1)X1®t;) (x7 is the indicator function of the set

I), and oy(t) = t;/|t;] € S™. Then we obtain 2""! many n-simplexes in S™.
You may also easily describe their boundary.

to

tq

Remark 2.9. Historically, the adjective “singular” means that, compared to literally topological
simplexes, you can allow really weird simplexes.
For example, Constant maps A? — X are singular simplexes. The Peano curve Al = I — R?

is also a singular simplex.

2.2. Singular chain and singular homology. Seems that what we do just repeats certain
geometric constructions and no algebra yet. Here it is!
Recall: For any set S, there exists an abelian group freely generated by S, say

Z]S) = @ Zz = {(ng)zes | finitely many non-zero ng}.
z€S
If m: S — T amap, we can define Z[m| : Z[S| — Z[T] by assign Z[m](z) = m(z) and extend
linearly Z[m|(>_, nex) = >, ngym(x). Then Z[m] is a group homomorphism between abelian

groups. '
Here, we shall apply the construction to Sing(X), and dy:

Definition 2.10. We define the abelian group of singular chains as
Sq(X) == Z[Sing(X)]
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and Z-linear faces maps as group homomorphisms
0 = Z[d}] : Sg(X) = Sq—1(X).
By definition, a singular ¢-chain is a formal linear combination of finitely many singular
g-simplexes
oc=ny01+ -+ ngor, n; €7, aiESing(X)q.

Remark 2.11. It is explained in Definition 2.5, we may consider Z[s’fl] as well. In this case,
we get a simplicial abelian group (Sq(X ),0;, [s ’]), as well as a corresponding semi-simplicial
abelian group (Sq(X),d}).
Lemma 2.12. We define
Oy =Y (—1)/0} : Sy(X) — Sg1(X),
i
then it satisfies that 0g—10, = 0. In particular, we set Sy(X) = {0} for ¢ <0, and set 9; =0
for ¢ <0; then Sy(X) = (S¢(X),0q) form a chain complez (in homological degree convention).

Proof. You will see that the result is a purely algebraic corollary of the faces relation dé_l odg =
& _i od!
a- q
We only need to verify the equation 0,19, = 0 on generators of S,(X) (i.e., singular sim-
plexes). For a singular simplex o : A? — X, recall the definition 9} (o) = d{ (o).

Hence
q—1 ¢q

0q-104(0) =Y > (=1)Md,_ o di(o).

=0 j=0

Using the faces relation df;—1 o dé = dfz:l o dé. We see that each term with indices (i, j) such that
j < iisequal to the term with indices (j,i—1), but with the opposite sign (—1)"/ = —(—1)/ i1,
Therefore, all terms cancel in pairs, and so

0q—104(0) = 0. O

Supplement material 2.13. The proof Lemma 2.12 only uses the face relation, and nothing
is about the topology except the constructions. This is a pattern of a general theorem that
relates simplicial abelian groups and chain complexes: Dold-Kan correspondence. We have an
equivalence between the category of simplicial abelian groups and the category of (non-negatively
homological graded) chain complexes,

sAb = Chzo (Z) .

Definition 2.14. For a topological space X, we define the singular chain complex as the
following chain complex S, (X) = (Sq(X), 9y):
9g+1 9
= Sgr1(X) == G(X) = Sga(X) = -
We set abelian groups
By(X) ==1m(0y4+1) C ker(9y) = Z4(X)
and define the ¢-th singular homology group as the quotient
Hy(X) = Zy(X)/By(X).

We call chains in Z,(X) cycles and chains in B,(X) boundaries. Elements in H,(X) as
homology classes. If two cycles o1, 02 are in the same homology class, i.e. o1 — 09 = 9y417, We
say they are homologous.

As usual, we will simply write 0 = 0, if ¢ is clear.

Notice that we do not emphasize ¢ > 0 since we get trivial data when ¢ < 0.
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Remark 2.15. Compare to Sing(X),, the key point for S,(X) is that it is an abelian group,
so we can actually do “linear algebra” to perform computation! In fancy words, S;(X) are
linearization of Sing(X),.

However, S,(X) is a huge abelian group. It is impossible to compute the singular homology by
definition. We need to develop sufficient computational tools later, such as the Mayer-Vietoris
sequence and the excision principle.

The advantage of singular homology is that it is easier to construct the entire homology
theory.

On the other hand, we will see that S,(X) loses some information compare to Sing(X), that
knows all the homotopic information of X.

Example 2.16. A continuation of Example 2.7. For a curve ¢ : I — X, we regard it as a
singular 1-simplex. Then we can also regard it as a singular 1-chain ¢ € S1(X). Then we have

dc=0%(c) — d*(c) = d°(c) — d'(c) = ¢(1) — ¢(0)

where we regard points c(i) as singular 0-simplexes.
Consequently, ¢ is a cycle if and only if ¢ is a closed curve, i.e., ¢(1) = ¢(0).

Exercise 2.17. Let C C R™ be a convex set. Take x,y € C. We denote [z, y| (resp. [y, x]) the
linear singular simplex defined by the segment I — C from z to y (resp. from y to x).

Show that [z,y] # —[y,z] in S1(C), but [z,y] + [y, x] is homologous to the zero cycle 0, i.e.
[z,y] + [y, x] = G20 for some o € Sy(X).

Exercise 2.18. A continuation of Example 2.8. Let X = 5", in this example, we construct a
singular n-simplex o7(t) = t7/|t;| € S™ where I C {0,---,n} and t; = ((—=1)X*@¢;) (x7 is the
characteristic function of the set I).

Then we have

ogn = Z(—l)moj.
I
Show that ogn is a cycle. Hint: you can start by understanding n = 1,2 cases.
Later, we will see that [ogn] is the called a fundamental class of S™, which is a generator of
H,(S™) =Z!

2.3. First computation and properties.
Proposition 2.19. Singular homology for a point X = pt. We have
Ho(pt) =7Z, Hy(pt)=0,Yq>1.

Proof. The idea is that the only possible singular g-simplex is the constant map ¢4, so we have
Sing(pt)q = {cq} is a single point set, then we have Sy(pt) = Zc, for ¢ > 0. So, the singular
chain complex is of the form

Dgi1 o B
oo Legr1 —— Lcg — Lcg—1 —> -+ L Zeg =0 —=0— -

It remains to compute 9. Since Sing(pt)y—1 also only consists of constant map, we have that
df](cq) : A971 — pt are all the same map cq—1. Consequently, we have

04cq = Z(_l)ia;(cq) — Z(—l)iCq_l = g1 — Cg1+ Cq1 — Cq1 e
i i
Therefore, we have
Ogi—1cq = 0,  Ogicq = cq—1,

and the singular complex becomes

onzdzhz —-7Z—-0—=0—---

Consequently, we have
Hy(pt) =2 Z, Hy(pt)=0,Yq> 1. O
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Proposition 2.20. For any topological space X, we have for all g
Hy(X)= @ Hy(Xa).
XQEW()(X)
Proof. In fact, since A, is path connected. Then we have
Sing(X)g= || Sing(Xa)g
XQGW()(X)

And the same reason shows that d’ respects the components decomposition.
Consequently, we have the decomposition of chain complex

S.(X)2 P S.(Xa),
XQGTFQ(X)

which induces decomposition on homology. O

Exercise 2.21. 1) Complete the detail of Proposition 2.20. 2) Based on the same idea, show
that for all ¢

Hq(u Xi) = @ Hy(X5).

Proposition 2.22. If X is path connected, then we have Hy(X) = Z- [x], where x means either
an (arbitrary) base point or the singular 0-simplez give by x.
Consequently, for all spaces X, we have

HX) =2 § =z
XQEﬂo(X)

Proof. Consider the augmentation homomorphism
6:S0(X)—>Z, ZnipiHZni,
i i

where points p; are regarded as O-simplexes.
It is clear that e is surjective for all spaces. However, we shall prove that if X is path-
connected, then
ker(e) = im(01).
Proof of the equality: it is clear thatim(9;) C ker(e). Conversely, take a € ker(e) and we
write a = ), n;p;, then we have 0 = €(a) = Y, n;. For a fixed point x € X, we pick paths v;
from z to p;, which is possible since X is path-connected. Then we regard +; as 1-simplexes,

and then set
€= Z(ni)%
i
You can compute that (recall Example 2.16)
Oie=> midryi =Y ni(pi—x) =Y _ mipi— (O_ni)z =a €im(d).

Consequently, we have the following exact sequence
S1(X) = So(X) S Z—0

and then Hy(X) = Zx (try to supplement some detail).
The second statement follows from Proposition 2.20. (]

Corollary 2.23. A space X is path connected if and only Ho(X) = Z.

Remark 2.24. Here, by the proposition, we know that the number of path components can be
computed by the rank of Hy as a free abelian group.

2.4. Variant of definition.
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2.4.1. Homology with coefficient.

Definition 2.25. Let M be an abelian group and X be a space, we define
Se(X5 M) = (S¢(X) ®z M, 04 @7 M),
and Z,(X; M), By(X; M) and Hy(X; M) in the similar way. Then we call H,(X; M) singular

homology with coefficients.

Remark 2.26. We need the coefficient setup especially when M = I, where some interesting
chain may show up in Z-coefficient. Also, certain computations would be simplified for non
Z-coefficient. So this is an important variant.

Exercise 2.27. Show 1) H,(X;Z) = Hy(X). 2) Write down and prove all properties in Sub-
section 2.3 for Hy(X;M). 3)When M = R is a commutative ring, show that H,(X;R) are
R-modules.

The following result compares homology with M-coefficient and Z-coefficient.

Theorem 2.28 (Universal coefficient theorem for homology). Let M be an abelian group and
X be a space, for each q, we have the following short exact sequence

0 — Hy(X)®z M — Hy(X; M) — Tork(H,—1(X), M) — 0.

Proof. Noticed that S,(X) is a free chain complex, then you can apply the algebraic universal
coefficient theorem A.17 to Sy (X; M) = S« (X) ®z M. O

Remark 2.29. If you don’t know what I am talking about here, you may use it directly based
on the following information: 1) Tor? commute with arbitrary direct sum, and Tor?(A, B) ~
TorZ(B, A). 2) Tor®(Z/n,Z/m) = Z/ged(m,n). 3) TorZ(Z/n, M) = 0 if M is a flat abelian
group, for example Z or F is a field of characteristic 0.

We mainly use the theorem for M = Z/n or M = Q,R,C. The data shall be enough in
practice.

2.4.2. Reduced singular homology. In the proof of Proposition 2.22, we notice that the augmen-
tation

€:S0(X; M) — M, an‘pi — an
is useful. Z l
Definition 2.30. Let M be a non-trivial abelian group and X be a space, we define the reduced
singular chain S, (X; M) as
e S (X M) D S M) s S1(XG M) D So(X M) S M 0 e
ie. Sy(X; M) = S,(X; M) for ¢ >0, S_1(X; M) =M and S,(X; M) =0 for ¢ < —1.

Its homology groups are denoted as Hy(X; M).

Exercise 2.31. Show that 1) H,(X; M) = H,(X; M) for ¢ > 0 and Ho(X; M) = Ho(X; M)OM
(try to write down the generator). 2) Hy(pt; M) = 0 for all ¢ > 0. 3) X is path connected if
and only if Ho(X; M) = 0.

Remark 2.32. In practice, we may use the reduced homology to simplify some argument since
Hy could very often to be trivial.
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3. FUNCTORIALITY AND HOMOTOPY INVARIANCE

Previously, we defined singular homology. In this section, we study in what sense singular
homologies are topological invariants.

3.1. Pushforward maps. Let f : X — Y be a continuous map. Then by post-composition,
we can define

Sing(f)q : Sing(X)q — Sing(Y)g, [A7 — X] > [AT —» X L v,

Exercise 3.1. Recall faces maps dfl. To distinguish them for different spaces, we write de ¥
and df;,Y‘
Show that
dgy o Sing(f)q = Sing(f)q—1 0 dg x-
Bonus: Try to write down and prove similar statements for degeneration maps. Consequently,
Sing(f)e : Sing(X)e — Sing(Y)s is a map of simplicial sets.

Exercise 3.2. For two composable maps X i) y 4 7 , show that
Sing(g)q © Sing(f)q = Sing(g o f)q-
Now, passing to the singular chain, we define
Definition 3.3. Let f: X — Y be a continuous map. We define
Sq(f) = Z[Sing(f)q] : Sg(X) = Sy(Y).

Lemma 3.4. The maps Sy(f) commute with 0. Therefore, Si(f) : Sx(X) — S«(Y) form a
chain map between chain complexes.

Proof. Similar to Lemma 2.12, this is a consequence (linearization) of
dey o Sing(f)q = Sing(f)g—1© d;X. O
Exercise 3.5. Complete detail for Lemma 3.4.
Definition 3.6. With the notation, we define
Hy(f) : Hy(X) = Ho(Y')

as Hy(S«(f)) via the formula H,(f)([o]) = [Sq(f)(0)].
(This is just the standard algebraic fact: a chain map between chain complexes induces maps
on homology. Do it if you are not familiar enough with homological algebra)

Remark 3.7. Please notice here We will often write fu = Si(f), f4.q = Sq¢(f) and fq = Hy(f)
for simplify notations.

Proposition 3.8. Show that 1) Sing(idx )e = idging(x), and (idx)y = idg, (x)-

2) For two composable maps X Ly s Z, show that g4 o fy = (go f)x, and then gqo f, =
(9o fg-

3) The constant map f : X — pt = X induces Hy(f) =0 for ¢ >0 and Ho(f) =idz if X is
path connected (try to figure out the general case).

4) Homology groups are homeomorphic invariants.

Proof. Term (1) is clear. The term (2) is a consequence of Sing(g), o Sing(f), = Sing(g o f)q..
Here, we show (3). In fact, by (2), we have f, factor through
Jq: Hy(X) = Hy(pt) = Hy(X).

Then by Proposition 2.19, we conclude for ¢ > 0. For ¢ = 0, we left as an exercise (Hint:

compare to Proposition 2.22).
(4) is also an exercise. O

Exercise 3.9. Finish the exercise in Proposition 3.8.
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Remark 3.10. You may know what functors are. Here, the upshot is that homology groups are
functors from the category of topological spaces and continuous maps to the category of abelian
groups.

Exercise 3.11. Write down and prove the corresponding statements for H,(X; M).

3.2. Homotopy invariance. Previously, we showed that homology groups are homeomorphic
invariants. Here, we show that homology groups are actually homotopy invariants. Compared
with the routine verification in the previous subsection, we require a real effect here.

First, we claim the following fact

Theorem 3.12. Suppose two maps f,g: X — Y are homotopic through H. Then there exists
a chain homotopy h between chain maps fyu and gu = So(X) — Si«(Y), i.e. for every q € Z, a
homomorphism
hq : Sq(X) = Sg1(Y)
such that
Og+1,vhg + hq-104.x = gp.q — [#4-

anrLX

e S (X) X s () P ()
»qd

hq
/ /f# lg#,qﬁl
< S,

o +1(Y) 5= 54(Y) 55— Sg1(Y) —

Og+1,y 94,y

Corollary 3.13. Suppose two maps f,g : X — Y are homotopic. Then they define the same
map on the homology groups
fa=9q 1 Hy(X) — Ho(Y).
In particular, if X and Y are homotopy equivalent, then Hy(X) = Hy(Y') for all q.
Proof. For the first statement, this is a standard homological fact: chain homotopic chain maps
induces the same map on homology groups. Do it by hand if you are not familiar with it!

For the second, we notice that by the definition of homotopy equivalence, we have f, g such
that fg ~idx and ¢gf ~ idy. Then we have

fa9q = (f9)q = (idx)q = iqu(X)agqfq =(9f)q = (idy)q = iqu(Y)- U

Therefore, the main technical point is the proof of Theorem 3.12.
Let me explain some ideas behind: So far, we have the homotopy

H:XxI—=Y.
As usual, we apply Sing to H to obtain

Sing(H)q+1

Sing(X x I)q+1 Sing(Y)g+1.

If we simply linearize it, we get a chain map Sy (X x I) = Se1(Y).

However, what we want is actually S,(X) — S;41(Y"), which does not follow from any naive
construction we have so far.

To do so, we should expect to have some maps

Sing(X), — Sing(X x I)g+1

compatible with faces.
It means that we should have some constructions

og: AT X s 7 AT 5 X T
On the other hand, we have the following naive construction
0: AT X ~ oxI:ATx]— X xI.

Therefore, seems that all magic is in how we divide the cylinder AY x I into simplexes.
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Construction [Simplicial decomposition of A? x I]: Here, we denote vertices in A? x 0 by
[vo,v1, - ,vq] and vertices in A? x 1 by [wp, w1, - ,w,s]. Then we construct a sequence of
q + 1-simplexes in AY x [ for i =0,...,¢:

' 1
Tg = (V05 Vi Wiy . ., W] AT S AT T

Notice here, it means that we match the vertices first, and since A9 x [ is convex, we can extend
the maps between vertices linearly to a linear simplex.

Now, we have A? x I = Uiim(Té). More importantly, we have certain relations. Here, let us
phrase them in Sing level.

Wo

wa AZ x1
w1
AZ x T
2
o ) A x0
U1

We define maps for ¢ =0, ..., q by composing 7;

T : Sing(X)g — Sing(X x Dgr1, [A9 D X] s [ATH T A0 7 2 X5 ],
Exercise 3.14. For those T% = T(j, we have the following commutative relations.
T,  0<j<i,
diTil, j=i,1<i<gq,

dIT =
dHITH =i+ 1,1<i<q—1,
Tid =, i4+1<j<q+1.
and
d°T%(0) = (o x idy) o [wy, - - . , w,], AT (g) = (o x idg) o [vg, - - -, vy)-

Supplement material 3.15. Those data actually define a certain simplicial homotopy between
simplicial maps. But we left those discussions to further reading/courses.

Now, we may linearize those maps to get

ZIT}] : Sq(X) = Sg1(X x 1)

and set
Ty = (~1)'Z[T}] : $4(X) = Sya(X x I),

i

Lemma 3.16. Fort e I =10,1], we set i : X — X x I,z — (z,t). We have
&HLXX[TQ + qulaqjx = ily# — io,# : Sq(X) — Sq(X X I).

Proof. Similar to previous proofs, this is a corollary of Exercise 3.14. O

Exercise 3.17. Finish the proof of the lemma.

Now, we can prove Theorem 3.12

Proof of Theorem 3.12. We define

T H
Byt Sg(X) =% Syu1(X x I) =% Sy 1 (V).

Then we have
Oh + ho = OH#T + H#Ta = H#@T + H#Ta = H#(@T +0T) = H#(’L'L# — i07#) =g# — f#

One small exercise for you is to think about what results we use here. O
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Exercise 3.18. State and prove the homotopy invariance for H,(X; M) and H,(X; M). Notice
that you do not need to do all the construction again by hand. In principle, you only need to
manipulate the tensor product.

3.3. Applications. Finally, let’s see some very simple applications.

Exercise 3.19. Show that if X is a contractible space, then
Hy(X;M)=0,Yqg>1, Hy(X; M) =M.
In particular, now, you shall know H,(D"; M), Hy(C(X); M), Hy(C; M) for a convex set C.

Exercise 3.20. Show that if A C X is a deformation retraction. Then the inclusion map
i: A C X induces group isomorphisms
iq : Hy(A; M) = Hy(X; M).
So, for example, now you shall know that H,(S™; M)=H, (R \ {0}; M).
Definition 3.21. For a space X, if H,(X) is a finitely generated abelian group, then the free

part of H,(X) has finite rank, we define b,(X) = rankH,(X), the ¢g-th Betti number.
We define the Euler number to be

X(X) = (=1)7by(X).

For example, we have x(pt) = 1.
Corollary 3.22. Betti numbers and Euler number are homotopy invariants of spaces.

Exercise 3.23. In fact, for fields K, for example K = F,,, Q, you may define the K-Betti number
Bq(X; K) := dimg H, (X, K).

Use the universal coefficient theorem Theorem 2.28 to show that 1) If 8,(X) are finite for all
¢; then B,(X;K) are finite for all ¢; 2)5,(X;Q) = 5,(X) for all ¢ when they can be defined, 3)
Suppose 34(X) are finite for all g. Then the Euler number x(X) = >_ (—1)7b4(X; K) for all K.

Supplement material 3.24. However, we will see later that 8,(X;F,) may differ with 3,(X) (for
example, X = RP? the real projective plane is an example). So, sometimes the IF-coefficient
homology might be a more interesting invariant.
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4. MAYER-VIETORIS SEQUENCE

In this section, we develop a major tool for computing homology: the Mayer-Vietoris se-
quence.

4.1. Small chain theorem. We start from an important technical result.
Let X be a space and U = {U; | i € I} be a family of subspaces (NOT necessarily open, but
historically we use U) such that X = U;crInt(U;), we define

Sing!!(X), = {o € Sing(X), | 3i € I, im(0’) C U;}.
It is clear that faces maps map Sing' (X )q into Sing' (X )g—1- So, its linearization form
SU(X) = (S4(X) = Z[Sing™ (X)), 0,),
which is a sub-chain complex of S, (X).
Exercise 4.1. We naturally think S, (U;) as sub-complex of S, (X), show that
SY(X) = +4e1S8:(Ui) C Si(X)
where +;¢; simply means Minkovski sum (or non-direct sum) in S, (X).

Theorem 4.2 (Small chain theorem). With the above notation, the inclusion of chain complexes
iy s SHX) C S.(X)

has a chain homotopy inverse r. : Si(X) — S}f(X) such that rii, = id and i.r. 1S chain
homotopic to id through a chain homotopy F, and moreover Fy(S.(U;)) C Swy1(U;) for all
iel.

In particular, 14« induces isomorphisms on homology groups

U . U =
HY(X) = Hy(S4(X)) = Hy(X).

Moreover, i, commutes with the augmentation €, and then can be extended to a chain ho-
motopy equivalence on the reduced singular chains, and then induces isomorphisms on reduced
homologies.

Proof. You can find it in [Hat02, Proposition 2.21]. O

Remark 4.3. Its proof is very technical and long (even Hatcher uses 4 pages to prove it), and
we will only try to explain the idea behind it. But the idea is very intuitive: We want to find
chains small enough from an arbitrary chain but does not change homology groups. So, we
may try to subdivide the A? into a bunch of smaller A?, and we can make the process chain
homotopy! The standard technique is called the barycenter subdivision: you simply divide A4
from its barycenter according to a certain rule. We give a picture for the barycenter subdivision
of A? once and twice here:

\\‘//
I
P\

So, for a given U, you can use the Lebesgue number lemma to show that if you subdivide
enough time for A%, then smaller simplexes will eventually be in some U; € U.



ALGEBRAIC TOPOLOGY 20

4.2. Mayer-Vietoris sequence.

Definition 4.4. For a space X and two subspaces X7, Xo of X. We say {X1, Xs} is a Mayer-
Vietoris duo if the inclusion of chain complex

S*(Xl) + S*(Xg) — S*(Xl U Xz)

is a quasi-isomorphism, where S,(X;) + Si(X2) is the Minkowski sum of sub-chain complexes
in S*(Xl U XQ).

Example 4.5. By Theorem 4.2, we have if X = X; U Xy with X = Int(X;) U Int(X2) as well.
Then {X, X5} is a Mayer-Vietoris duo.

Theorem 4.6. If {X1, Xs} is a Mayer-Vietoris duo, then there exists a long exact sequence
o Hy (X1 N Xg) 25 Hy(X1) © Hy(X2) 2% Hy(X1 UXe) S Hy (X1 N Xg) = -+
which is called the Mayer-Vietoris sequence.

Proof. We start by constructing a short exact sequence of complexes. We first write down the
following diagram of inclusions

X1
X1 NXs X1 U Xo
Xo
Then we set
S :S*(Xl N XQ) — S*(Xl) b S*(Xg), C+— (il#(c), —ig#(c))

ay :S:(X1) ® Su(X2) = Su(X1) + Su(X2),  (z,y) = Jig(x) + jop(y).
Then one can check that the following is a short exact sequence of chain complexes
0 = S.(X1 N Xs) 25 S (X1) @ Su(Xa) ~E5 S.(X1) + Su(X2) — 0.
Then we have a long exact sequence

Hy(s
o= Hy(X1NXo) Halow), Hy(X1)®H,(Xo

Here we denote s; = Hy(sy), but for the next term, we define
) Hq(aq#)

) Hq(aq#)

aq: Hy(X1) & Hy(Xs Hq(S+(X1) + S.(X2)) = Hy(X1U Xa)
where the last isomorphism follows from that {X;, X2} is a Mayer-Vietoris duo. With this
notation, we have the Mayer-Vietoris sequence
o Hy(X1 N Xo) 25 Hy(X1) @ Hy(Xs) 2% Hy(X1UXo) S Hy 1 (X1NXy) = -+ . O

Exercise 4.7. Show that the reduced singular homology and homology with coefficients
also have the Mayer-Vietoris sequence for the Mayer-Vietoris duo if X; and X5 are non-empty.

Remark 4.8. Important information on some constructions

(1) Here, we describe the connecting map

7]
Hq(X1 U Xg) — Hq—l(Xl N XQ) :

By definition of Mayer-Vietoris duo, for z € H,(X; U X3), the class z has a representative
singular chain o (i.e. z = [0]) such that ¢ = 21 + z2 where z; € S;(X;). Moreover, o is a
cycle, so 0y0 = Oqx1 + Oqz2 = 0, and Oyx1 = —04x2. As Oz € Sy—1(X;), then the equation
Oqx1 = —0qx2 shows Oyz1 = —0gxe € Sq—1(X1 N Xa).

We claim that, by certain diagram chasing,

9z = dlo] = [9x1] = —[9za).

Hy(Su(X1)+5,(X2)) & Hy 1 (X1NX2) = -+ .
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2) Compare to the definition of sx and ax, we may also define s, = (i14,424) and a/, =
# # # #1024 #
Ji# — jox. It does not really matter which pair of conventions we take, but we need to fix one

during your application, especially when comparing two Mayer-Vietoris sequences (for example,
in Exercise 4.10).

Supplement material 4.9. For a topological space X, the assignment U +— S, (U) actually defines
a oo-cosheaf valued in the derived category of Z-modules. The main ingredient to prove the
fact is the Mayer-Vietoris sequence. That explains why it really like the definition of sheaf in a
proper meaning.

Exercise 4.10. Let f : X — Y be a map. Let {X;, X5} is a Mayer-Vietoris duo in X and
{Y1,Y2} is a Mayer-Vietoris duo in Y such that f(X;) C Y;. Then we have a diagram of
Mayer-Vietoris sequences:

—— Hy (X1 NXo) —— Hy(X1) ® Hy(X2) —*— Hy(X1UXy) -2, Hy 1 (XinXy) —
|1 |1 12 |1

—— H,(Y1NY:) —— H,(Y1)® Hy(Y2) —— Hy(Y1 UY3) -2, Hyi(Y1nYy) ——

To simplify certain discussions, we give one more criterion for the Mayer-Vietoris duo.

Proposition 4.11. Let X = X1 U X5 be a union of two closed subspaces. Assume that X1 N Xo
is a deformation retraction for one open neighborhood V, then {X1, X2} is a Mayer-Vietoris
duo.

X1 X2

X1N Xy

Proof. Let V; = X; UV, then we know by the small chain theorem that {V;,Va} is a Mayer-
Vietoris duo with X = V; U V5.

We have that V; deformation retracts to X;. In fact, let H : V x I — V be the deformation
retraction homotopy from V to X; N X5, then we can check that H; : V; x V; defined by

Hi(z,t) =2,z €V;, Hi(x,t)=H(z,t),ze€V\V

is a deformation retraction from V; to Xj;.

Now, we run the proof of Theorem 4.6 to get the following commutative diagram of long
exact sequences

s Hy(a
L H(XI N X)) s H (X)) ® Hy(Xa) T (S,(X0) + S (X)) 2

l | l

—— Hy(V =VinVy) —— Hy(V}) & Hy(Va) —*— Hy(X =V UV,) —2—

In those vertical homomorphisms, we are only unsure if Hy(S(X1) + S«(X2)) = Hy(X) is
isomorphic or not, and all others are isomorphisms by homotopy invariance. However, in this
case, by the five lemma, we conclude that H,(S.(X1) + S«(X2)) = Hy(X) is an isomorphism.
ie., {Xi, X5} is a Mayer-Vietoris duo. O

As an application, we can finally compute homology for S™.



ALGEBRAIC TOPOLOGY 22

Proposition 4.12. Forn > 1, we have have Hy(S™) = Z for ¢ = n and otherwise H,(S™) = 0.
Consequently, we have Hy(S™) = Z for ¢ = 0,n and otherwise Hy(S™) = 0 by Ezercise 2.31,
and then x(S™) =1+ (=1)" (recall Definition 3.21).

Proof. Consider S™ and we decompose it into D'} and D" by upper and lower semi-spheres.
Then one can check {D", D"} is a Mayer-Vietoris duo by Proposition 4.11. Notice that D} N
D" = S"~ ! is the meridian sphere

Then we have the associated Mayer-Vietoris sequence. To simplify the discussion, we use the
reduced version:

c = Hy(D%) @ Hy(D™) — Hy(S™) g Hy1(S"1) = Hy-1 (D) ® Hy—a (D) — ---
Now, as H,(D") are trivial for all ¢, then we have
,(5") = Hya($™1) = Hyo(S™2) 2 oo 2 ()

Then we conclude by recall that S° = pt U pt and flq(SO) = Z when ¢ = 0 and trivial
otherwise by the reduced version of Proposition 2.20. U

We have the following quick application.

Example 4.13. Go back to Example 1.4. We have f,g: S' — S! where f = id and g is the
constant map.

Then we have f and g are not homotopic. In fact, fi = idz and ¢ : Z — Z is 0 by
Proposition 3.8. So they cannot be homotopic. The point for Proposition 4.12 here is that we
now know Hi(S') is non-trivial!

Exercise 4.14. Take finitely many path-connected spaces X; with based point z; fori =1,---d,
and we consider their wedge sum (recall Definition 1.17)

X=X,V VX,

Assume that for all 7, x; € X; has a contractible neighborhood U;, which is a deformation
retraction of x; in Xj.

1) Show that H,(X) = @ H,(X;) for all ¢; 2)* Try to prove the same result X = Ve X;
for a infinite index set I.

Hint: For 1), you may do induction on d. For 2), you really need to use the universal property
of direct sum, as well as a trick you will learn from Exercise 4.36 about compactness of A?.

Exercise 4.15. Let X be a space. Its suspension S(X) is defined as the quotient of X x I by
collapsing top X x {1} to one point and the bottom X x {0} to another point. For example, it
is easy to see that S(Sm~1) = §™.

Show that for all ¢, we have Hy(X) = H,,1(S(X)). Hint: The subspace of S(X) consist of
points [z,t] with ¢ € [0,1/2] is homeomorphic to the cone C(X).

4.3. Further applications about sphere.
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4.3.1. Brouwer fixzed point theorem. We may also prove the Browser fixed point theorem. We
start from the following lemma, which is left as an exercise

Exercise 4.16. For n > 2, show that for i : 9D™ = S"~! C D", there is no continuous map
r: D™ — D™ such that ri = idgpn. Hint: you shall use H,_1(S™ 1) = Z and the functoriality
of homology.

Theorem 4.17 (Brouwer fixed point theorem). For n > 1, every continuous map
f:D"—= D"
has a fized point.

Proof. Here, we assume n > 2, since the case n = 1 is trivial.
Assume that f has no fixed point, namely f(z) # z for all x € D™. For each x € D", define
r(z) to be the unique intersection point of 9D" with the half-line

{f(x)+tlx—flz)[t=0}.

Then r : D™ — dD" is continuous and satisfies ri = idgp» where ¢ : D™ C D™.
This contradicts Exercise 4.16. Therefore, f must have a fixed point. O

4.3.2. Mapping degree of sphere. Here, we study further the homology of S™. By Proposi-
tion 4.12, we know that H,(S™) = Z. We will give an explicit generator and see the effect of
the sphere’s self-maps.

Exercise 4.18. Recall that Exercise 2.18, we construct a cycle ogn. Here, we try to show that
[osn] is a generator of H,,(S™) = Z by the following two steps.

1) Show that under the Mayer-Vietoris boundary map 0 : H,(S") = H,_1(S""!), we have
Jlogn] = (—1)"[ogn-1]. 2) The cycle ogn can be defined for n = 0, show that [og0] is a cycle of
2 points that generate Ho(S°) = Z.

Comment: Notice, there is a sign shown in 1). To avoid it, one can normalize by using
Tgn = (—1)""*D/256.. Then we have d[rgn] = [Tgn-1]. You might notice that this sign is kind
of annoying; this is related to the orientation of S™ (as a manifold).

You shall also know that we have many other choices of chains that represent the generators.

Definition 4.19. Let f : S — S™, and we consider f, : H,(S™) — H,(S™). Since H,(S™) = Z,
there exists unique d € Z such that f,(z) = dz for all h € H,(S™). We define d as the mapping
degree of f, and denoted by deg(f).

Remark 4.20. The notion of mapping degree has now been generalized to many different set-
tings and is deeply rooted in many directions. For example, characteristic class, index theory,
enumerative geometry, and many!

We start from some elementary properties.

Exercise 4.21. Show the following 1) deg(idgn) = 1. 2) deg(fog) = deg(f) deg(g). 3)deg(const)
0. 4) If f ~ g, then deg(f) = deg(g). 5) Let r : S™ — S™ be the reflection r(xo,...,z,) =
(—xo,...,xy), we have deg(r) = —1. Hint: use [ogn] (equivalently [rgn]) or do induction using
0 Hn(S™) = Hy,1(S™71).

Next, we show the ampleness of the degree for the sphere.
Exercise 4.22. We show that for all n > 1 and d € Z, there exists a map f3: S™ — S™ with
degree d.

Hint: You can start from n = 1, where f(z) = 2¢ is the candidate. Then you can do induction

using suspension construction Exercise 4.15, which is functorial both at the space level and at
the homology group level.

By those two exercises, we can see that

deg: [S", 8" = Z
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is a surjective homomorphism between multiplicative monoid (recall that [X, X] is the monoid
of homotopy class of maps between X).
The following is harder, and we omit its proof.

Theorem 4.23 (Hopf). The degree map deg : [S™, S™] — Z is injective.

Supplement material 4.24. Now, you can use the tool from this section to show the Jordan curve
theorem and the invariance of domain. We refer to [Hat02, Section 2.B] for further reading.

4.4. Mapping cone sequence. Here, we study the mapping cone using the Mayer-Vietoris
sequence.

We start from some topological constructions.

Let X be a space, and A C X is a subspace. We take f: A — Y, and then we define

YU X =XUY/(ac A) ~ (f(a) €Y),
whose topology is the quotient topology inherited from the disjoint union X LY.

Example 4.25. Let (X, 4) = (D",S"!), and f: S"! =Y be a map. Then we call Y Uy D"
as the space glued with an n-dimensional cell D™ on Y.

Example 4.26. Let f : X — Y be a map and consider the pair (C'(X), X x 1) where we regard
the bottle X x 1 as X. Then we define the (topological) mapping cone as

C(f) =Y Uy C(X).

The inclusion Y — Y U C(X) induces a continuous map e : Y — C(f)
Notice the following property: f +— C(f) is functorial. If f ~ g, then C(f) ~ C(g).

[X < {0}]

C(f) =Y uc@)/(lz.1] ~ f(=))

Proposition 4.27. Let f : X — Y be a map, then there exists a long exact sequence

~ f ~ e ~ o ~
s Hy(X) =5 Hy(Y) =5 Hy(C(f)) = Hyg1(X) — -+,
where e : Y — C(f) is the inclusion map.

Proof. We apply the Mayer-Vietoris sequence to the Mayer-Vietoris duo {C4(f),C_(f)} in
C(f) given by

CL(f)=Y Ur X x[1/2,1, C_(f)=X x[0,1/2]/X x 0.
[X x {0}] ¢

x {12y L
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Notice that C_(f) = C(X) is contractible, then H,(C_(f)) = 0 for all q. So, the reduced
Mayer-Vietoris sequence becomes

o Hy(X x 1/2) = Hy(Cy(f) — H(C(f)) LN Hy (X x1/2) = -+ .

We also notice that Cy(f) ~ Y. Then we conclude by replacing H,(C(f)) by H,(Y) and
carefully match related maps O

Exercise 4.28. Finish the proof of Proposition 4.27. And prove that for the commutative
diagram

x 1.y

o b

x Ly
there exists a map v : C(f) — C(f’) and the following commutative diagram of mapping cone
sequences:

s B(X) I B (V) =S B (O(f) —2 Hya(X) ——
lﬂq

b bl

—— Hy(X') 5 H(Y') — H(C(f)) —2 Hyr(X) — .

Remark 4.29. If you want to use the non-reduced homology in mapping cone sequence, it is
clear that nothing will change for ¢ > 1, but for ¢ = 0, the sequence will be

e i (C()) % Ho(X) 255 Ho(Y) @ Z 5 Ho(C(f)) > 0,
where E(b,n) = eg(b) — n[v] for arbitrary but a fixed v € C(f). We use the same 0 since
it factor through the (non-canonical) inclusion Ho(X) < Ho(X) by the reduced version of 0.
More concretely, for p,q € X ~ X x 1/2 and pick paths o C C(f) (resp. 8 C C_(f)) from p
to ¢ (resp. from g to p), then ¢ = a+ € S1(C(f)) and J[c| = 0]a] = [q] — [p]. It is clear that
J[c] is a class in the reduced homology no matter which base point we take.
We left the verification to readers.

Remark 4.30. This construction essentially motivates the definition of the algebraic mapping
cone. In fact, by a careful construction, you can see from the chain level Mayer-Vietoris sequence
how to give the algebraic mapping cone.

Corollary 4.31. Let f : S"™' — X be a map, we have 1) Hy(XU;D") = Hy(X) for q # n,n—1;
2) an ezact sequence

0— Hy(X) = Hy(X Uy DY) S H, 1(S"Y) ~ Z It (X)) = Haor(X Uy D) — 0.
Proof. Notice that D™ = C(S™~1). Then it follows from Proposition 4.27. O

Example 4.32. We now compute H,(T?). We may treat T? as the quotient of the square I2
in the following manner by identifying edges with the same labeling.

v a v
\
4

) N

b b
\
4

v a v

T? RP?
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We take X = S Vv S1 ie., the boundary of the square after the quotient (where the wedge
point is v), and f: S' — S v St is defined as f : S = 9I? 4, 51y S where q is the quotient
map. Then we have that 72 = X U I D? (here, we think of the closed square I? as D?.)

We know that H,(S* Vv S1) = Z2? only when ¢ = 1 and otherwise 0 by Exercise 4.14.

By Corollary 4.31, we know Hy(T?) = Hy(S* v S') = 0, and we have the following exact
sequence

0= Ho(1%) %z 5% 22 — i,(1?) — 0.

So, we need to compute Hi(S!) = Z ELNy/f Hy(S' v S1). We keep track of the proof of
Exercise 4.14, we know the projection of f; into the first factor of Z is given by the degree of
S1 along the first circle in the wedge S'V S' (i.e. @ in the picture), which is 0: go along a circle
once and back (i.e. go along a with the opposite direction) is homotopic to the constant map.
Similarly, for the second wedge component. Therefore, we have f; = 0.

Consequently, by the exact sequence above, we have

Ho(T?) =27, H(T?) =72,
and two generators of Hy(T?) are represent by circles gives meridian and longitude of T2

Example 4.33. Similarly, the real projective plane RP? = S! Us D? can be glued along
f: St — St with f(2) = 22 of degree 2. It is clear that RP? is path-connected, so Hy = Z.
We then write down the mapping cone sequence

0 — Hy(SY) = Hy(RP?) % [y (SY) ~ 2 L {,(SY) — Hy(RP?) — 0,
i.e.
0— Hy(RP?) %7 2 7 — Hi(RP?) — 0.
Then we have Ho(RP?) =0 and H;(RP?) = 7Z/2.
It is interesting to consider the Fy coefficient. In this case, the exact sequence becomes
0 — Ho(RP%Fo) % Fy & Fy — Hy (RP%Fy) — 0,

and then Ho(RP?;Fy) = Fy and Hy(RP?;Fy) = Fa. (You can also get the Fy computation from
the universal coefficient theorem Theorem 2.28).
It is our first example that the coefficient of homology really makes a difference.

Exercise 4.34. Let X be a genus ¢ closed surface, ¥ can be constructed by gluing a 4g-gon
like T2 (this is the content for the classification theorem for closed surfaces).

v

b3

Show that
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Exercise 4.35. We study complex projective space here. We consider S2"*! = {z ¢ C**! |
|z| =1} and S acts on it by € - 2 = ¢z, We define CP" as the quotient space S27+1/S%.
Show that 1) CP"* = CP"U,,, D?"*2 for the quotient map 7, : S*"*!1 — CP" = §2n+1 /g1,
2) Hy(CP") =Z for ¢ =0,2,...,2n and trivial otherwise. 3)Let ¢ < 2n+ 1, then the inclusion
CP" c CP™"! induces isomorphism H,(CP") C H,(CP"*!).
Hint: Notice that CP! 22 S? (the projection m; : S3 — CP! = S? is called the hopf fibration).
Then you can prove by induction from this case.

FIGURE 1. Hopf fibration. From Wikipedia.

Exercise 4.36. Now, consider CP>, which is defined as S>°/S', where S is defined in
Exercise 1.18. By the inclusion S?"*! c S, we modulo it by S'-action, and then we have an
inclusion iy : CPN ¢ CP> with CP>® = UyCP". Show that for all ¢ > 0, there exists N > ¢,
we have H,(CPV) =N H,(CP>). Consequently, we have H,(CP*>) = Z if ¢ = 2k for k > 0,
and otherwise trivial.

Hint: You may use the following idea: For a singular simplex o : A? — CP*°, as A? is
compact, its image is also compact, so there exists N such that the image of ¢ is in CPV c CP>.
This is enough to show H,(ix) is surjective. To say injectivity, you may use the same idea and
Exercise 4.35-(3).

Exercise 4.37. * We have do RP? in Example 4.33, now you may try RP". As the case of
RP2, you should be careful on the coefficient.

At the end, we use mapping cone to prove the invariance for dimension

Proposition 4.38. Let U C R™ and V C R™ are open sets. Suppose ¢ : U — V is a
homeomorphism, then m = n.

Proof. We pick a closed ball in i : D C U (D = D"), this is possible by taking an inner closed
ball inside an open ball. We also pick € D (for example the center of D)

Consider j, : U\ xz — U and dy : D\ — D.

Then we have i induces homotopy equivalence

S" =~ C(dy) = C(jin).
Therefore, we have B ~
H,(C(dy)) 2 Z, Hyp(C(jz)) =0, ¢ #n.
We can apply the same discussion to V.
Now, if U and V are homeomorphism, we must have

¢q: Hy(C(jz)) = Hq(c(jw(x)))-
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Then we must have n = m since they must be non-zero for the same g¢. O

Remark 4.39. Here, the construction Hy(C(X \  — X)) is called local homology of X near
x. It would be very useful when we discuss manifolds. The above argument already shows that
X is a manifold, then H,(C(X \ x — X)) is trivial otherwise.

Supplement material 4.40. Traditionally, there exists an equivalent toolkit for computation:
relative homology + excision principle, where we will present in Section 12.

However, we choose this slightly different way to build the theory entirely based on Mayer-
Vietoris and mapping cone.

One reason for that: this flavor is more close to sheaf theory and stable co-categories (a modern
version of triangulated categories), where relative homology is either tricky to define, or simply
defined using mapping cone.

It makes relative homology less useful for certain situations (but NOT for all!). To save some
time, we left the relative homology as a reading section at the end of the notes.
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5. CELLULAR HOMOLOGY

Generally, Mayer-Vietoris sequence and mapping cone sequence are effective tools for com-
putation. But still need some case-by-case studies. Here, we define a class of spaces and a
certain homology theory such that: the chains are not too huge, the differential is computable
in finite time, and the resulting homology coincides with singular homology. Prototype of the
construction is the discussion of Subsection 4.4.

Warning: The entire section would serve as an exercise sheet.

5.1. CW complex. Recall that D" is the closed disk, and we write E™ = Int(D"). They are
called cells in some content.

Definition 5.1. For a topological space X, we say a CW decomposition or cellular decompo-
sition consists of the following data

(1) A filtration of closed subspaces
g=X"'cXcxlc...cXxic..., X:UX‘I,
q

where X7 is called the g-skeleton of X.
(2) X1 is glued from X9~! by g-cells. Precisely:
For each ¢ > 0, there exists a family of continuous maps, called the characteristic maps of
the g-cells,
ol DY — X1, acly,
such that
e L (0D7) C X97! for all a € I, and we set dpd = p&|aps : ODT — X971,
e the restriction of ¢? on E? = Int(DY): ¢&|ga : B9 — X9\ X% ! is a homeomorphism onto
its image, and
o if we set p? = Uger, @d |_|aelq D7 — X7 and 997 = Uger, 004 : Uaelq ODY — X971 then
7 extends to a homeomorphism

iqufl anq QOq : Xq_1 U&pq |_| D1 i} X1,
acly

The image ef, == & (F9) is called an (open) g-cell of X. We also call dpd the gluing map of
the cell €.
(3) The topology of X is homeomorphic to the weak topology: F' C X is closed if and only if
F'N X9 are closed for all q.

A CW complex or cellular complex is a topological space with a fixed CW decomposition.
We say X is a finite-type CW complex if there are only finitely many cells in each dimension g,
and say X is a finite CW complex if the total number of all cells are finite.

Remark 5.2. (1) CW means Closure finite and Weak topology. The notion was introduced by
J. H. C. Whitehead, which is a funny coincidence (maybe intentional) that CW appears again.
(2) Warning: When you first learn all the machines here, you may consider finite-type CW
complexes only to avoid too much technical discussion, especially about the weak topology in
the absence of infinitely many ¢-cells. But most of the results hold without finiteness, although
the proof is harder (the only exception concerns the product of CW complexes).

(3) By definition, XY is a discrete space for points, and X7 has cells of dimension at most gq.
(4) One can prove that: CW complexes are Hausdorff; finite CW complexes are compact; finite-
type CW complexes are locally compact. A subspace of CW complex is compact if and only if
it meets finitely many cells.

Example 5.3. (1) The sphere S™ is a CW complex with only one 0-cell and one n-cell.

(2) In Example 4.32, we give T2 a CW decomposition with one 0-cell v, two 1-cells a, b and one
2-cell I2. The 1-skeleton is STV S!.

(3) You can see that R = U, [n,n + 1] can be regarded as a non finite-type CW complex. Also,
CP® is a finite-type but not finite CW complex.
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Exercise 5.4. If X is a CW complex, then show that the cone C'(X) has a structure of CW
complex. Hint: this follows from the functoriality of cones (see Example 4.26) and (1) of
Exercise 1.15. Notice that, for ¢ > 1, g-cells of C(X) are classified by g-cells of X and g — 1-cells
of X times (0,1); and the 0-cell is given by C(X)? = X% x {1} U[X x {0}].

Exercise 5.5. The exercise provides certain preparation for our applications later.
Let X be a CW complex, show that for ¢ > 1 that all characteristic maps of g-cells g
combined together induce a homeomorphism between pointed space

\/ a,pt) = (X9 X1 X/ X,

quotient by X7~1
ef €3 r

Xotc X1 Xol/Xxale X1/ X971 = STV S5

Hint: By definition of ¢, it descent to ®% : S = D9/0D? — X7/X9~!. Then all of them
form a map L, ®& : USE — X9/X9 1. Then show L,®% descends to the wedge sum to get ®,
which matches the marked points. Then by definition, you may easily show ® is a continuous
bijection. Then you conclude ® is a homeomorphism: If X is finite-type, you can argue from
a short-cut that all spaces here are compact Hausdorff spaces (notice that X7 is a finite CW
complex for each ¢); in the general case, you may use the following point set topology result:
ifq1:Y — Zy and ¢o : Y — Zy are two quotient map (i.e., ¢; are surjective continuous map
and Z; equip the quotient topology), and ¢i, g2 define the same equivalence relation, then there
exists a homeomorphism between Z; and Z,.

Definition 5.6. Let X be a CW complex. A closed subspace A C X is called a subcomplex if
A is a union of cells of X (i.e. there exists subsets J, C I, for all ¢ so that A = U, U € Jyed).
For a subcomplex A C X, A has an obvious structure of CW complex.

Example 5.7. If X is a CW complex, then for all ¢, the ¢g-skelton X9 C X is a subcomplex.
The technique in Exercise 5.5 often use to study the quotient X /A, which gives X/A a structure
of CW complex.

Now, we recall two useful technical results without proof.

Theorem 5.8 ([Hat02, Proposition 0.16]). Let X be a CW complex and A C X be a subcomplex.
Then the map i : A C X satisfies the homotopy extension property for all space Y. In other
word, 1 is a cofibration.

Theorem 5.9 ([Hat02, Proposition 0.17]). For a topological space X and i : A C X be a
subspace. Ifi satisfies the homotopy extension property and A is contractible, then q : X — X /A
has a homotopy inverse such that X and X/A are homotopy equivalent.

In particular, if X is a CW complex and A C X is contractible subcomplex, ¢ : X — X/A
has a homotopy inverse such that X and X/A are homotopy equivalent.

Exercise 5.10. Let i : A C X be a subspace of a space, then we have a quotient map C(i) =
XU CA) - XU; C(A)/C(A) = X/A. Show that if X is a CW complex and i : A C X is
a subcomplex, then the quotient map X U; C(A) - X U; C(A)/C(A) = X/A is a homotopy
equivalence. Hint: Recall that Exercise 5.4.

A class of CW complexes, called A-complex, is more combinatorial and easier to understand.
It also deeply relates to the so-called simplicial complex (an ancestor of CW complex), but not
exactly the same.

Definition 5.11. A A-decomposition (or A-complex structure) of X is CW decomposition of
X such that
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o All characteristic maps are singular simplexes @& : A? — X. (Here, you may feel weird since
A? = D7 the point here is we do not want to specify those homeomorphisms A? = DY which
makes the following condition more natural.)

51'
e Forall o € I, and 0 <7 < g, there exists 8 € I,—1 such that the composition AI-1 4 A9 Fey
X equals 4,0%_1.

Exercise 5.12. In Example 2.8, we define some singular simplexes o7. Show that all those o
and their all faces (including faces of faces, and so on) define a A-complex structure on S™.
Another example of A-complex structure is for 72, where we present in Example 11.34.

5.2. Cellular homology. Here, we define a particular chain complex for CW complex, say,
the cellular chain. And we eventually show that the homology for the cellular chain computes
the singular homology for CW complexes.

Notice, we may assume X is a finite-type CW complex to avoid more technical details for
your first reading (and feel free to assume finite-type condition in all questions below if you
want). But all results and constructions in this section are true for general CW complexes.

Let us take a CW complex X, for! k> 0, we define spaces

QF = Xk /xk=1 gk = xk/xh2
where X! = X2 := @, together with the evident commutative diagram for k& > 1

Xk My xk M O,

bk

QF-1 Ly BR %, C(jy)

where wuy, v are natural maps comes with mapping cone, ¢ is induced by 7, on X*/. and
induced by qx_; on C(X*71)/. (the map v in Exercise 4.28). Evidently, we set C(ig) =
C(]Q) :XO and qo = o = Cop = Up = Vo =id.

Remark 5.13. The motivation for the construction is that: Based on the experience of Corol-
lary 4.31, only Hj,, Hj,_1 changes if we glue some k-cell. So, we would like to focus on X*, Xk~1
by modulo X*~2 on the space level. You might see that j; could be understood as i,/ X*~2 in
some sense.

In the next exercise, we will see that both C(i) and C(j;) has the homotopy type of Q*.

Exercise 5.14 (Definition for cellular chain groups). Recall that in Exercise 5.10 we show that

for a subspace i : A C X, the quotient maps C(i) = X U; C(A) - X U, C(A)/C(A) = X/Ais a

homotopy equivalence when i is a subcomplex of CW complexes. Here, we would like to use it.
For k > 1, ix and j gives inclusions of subspaces, then we have quotient maps

Sk - C(Zk) — Qk, tr : C(]k) — Qk
Remark that, as before, we simply set sg =ty = id.
It is direct to verify that sp = t o ¢x (recall ¢ : C(ix) — C(ji) defined before).

Show that C(iy) ~ Q* and C(ji) ~ QF. Then we have a commutative diagram of ISOMOR-

PHISMS
H

Hy(C(ir)) 2 Q)

|
(C(Jr)) Hy(Q").

Hint: To apply Exercise 5.10, the main job here is to show that i; and j; are inclusion for
subcomplexes of CW complexes.

Now we already show Exercise 5.5 that Q* = V,S*, we have k = ¢ all four terms are
isomorphic to @,Z[ek] for k > 1 by Exercise 4.14 and for k = 0 by Proposition 2.20.

H, Hq(tk)

1n most of subsections, we use ¢ to indicate grading; the only exception is this subsection where we prefer k.
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Notice that here we use an annoying notation Hy(fx). Later we will simply write fj if no
further confusion.

Then we define for kK > 0
Cp(X) = Hp(Q") = @, Z[ek]

ol
and C(X) = 0 for negative k.
Exercise 5.15 (Definition for cellular differential). For k > 1, show that
(1) We have commutative diagrams, for k > 2,

0 —— Hp(XF1) —% Hy(XF) —2 C(X) —25 Hp((XF1) —— Hypoy(XP)

ﬂ | [ H [ |

0 Hy(BF) —" Op(X) —2 s Cpy(X) ——— Hy_ 1 (EF)
and, for k =1,
0 —— M N (XY 2 (X)) —2 Hy(XO) —— Hy(XY oz

(X9)
| L e

Hi(EY) —" Oy (X) —2s Cp(X) —— Ho(EY) & Z

where all horizontal sequences are exact.

Hint: To construct 0 and exact sequences, we first use the mapping cone sequence Propo-
sition 4.27 (but the non-reduced version in k = 1, as explained in Remark 4.29), and then
use Exercise 5.14 to show that maps in mapping cone sequence can be replaced by maps here.
The commutativity relations for maps is then either true on spaces level, or by commutative
relations in Exercise 5.14. We also use Exercise 5.14 to show some homologies are trivial.

In particular, we have a homomorphism

dk : Ck(X) — Ckfl(X).

(2) Show djdi+1 = 0 by embedding the composition didg11 into the commutative diagram

Cr1(X

b

s Hy(XF) 2 Cp(X) —2 Hj oy (XFY) ——
\ lqk )
Cr-1(X),
where the horizontal line is the mapping cone sequence for 7.
Definition 5.16. For a CW complex X, we define its cellular chain complex by
Cu(X) = (Ck(X), dk).
Its homology groups are called the cellular homology of X, denoted by H,?W(X ).

Theorem 5.17. We have HkCW(X) ~ Hi(X) for a CW complex. In particular, cellular ho-
mology is independent of choices of CW decompositions.

We prove it through the following 2 exercises.

Exercise 5.18. For a CW complex X, show that 1) Hy(X") = 0 for k > n. 2) Hp(X") =
Hy (X" for k < n. 3) Hp(X") =2 H(X) for k < n . Hint: Use the mapping cone sequence
for i, for 1) and 2); and for 3) you shall use the idea in Exercise 4.36 and (4)-Remark 5.2.
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Exercise 5.19. Using the commutative diagram in Exercise 5.15, do some diagram chasing to

show that 1) ker dy = Hy(X"), and im(dp, ) = ker(Hy(XF) RLAUEIN Hy(X*1)). 2) Conclude
the result of Theorem 5.17 using Exercise 5.18 - 2) and 3).

Exercise 5.20 (Explicit formula for cellular differential). Let X be a CW complex. Recall
Cr(X) = @aZ[ek] where ek are k-cells.

« «

For each pair(e®, eg_l) with k > 2, define

k
fag : SE1 O¢a , yh—1 k-1 QF—L = xk-1/xk-2 P8, Slﬁc—l
to be the composite, where the last map pg is the projection to the S-th wedge summand
Xk*l/Xk72 ~ \/Slg_l.
B
In this exercise, we shall show that for &£ > 2
di([ec]) = ) _ dea(fas)lef™");
B

i.e. the matrix coefficient of dj, from eX to eg_l
sum because of (4)-Remark 5.2.
(1) Let uy € Hy(S*) = Z be the generator uy, = [rgx] such that 9(uy) = uj_; under the Mayer-
Vietoris differential (for example, we can take u; = [Tqr] in Exercise 4.18 here), and recall the
map ®F : Sk = DF/Gk—1 5 QF = Xk /X =1 Show that [ef] = (®5)(ur) € Hp(QF) = Cr(X).
(2) By definition of characteristic map *, we have the following commutative diagram of maps

is exactly deg(fag). Notice that this is a finite

Sk=1 1, pk DF/Sk1 >~ gk « = ()
lqkflo&p(’i lﬂkow’é l@’; lclg
B j t .

Q! — EF » QN ——2—— C(),

where cf is the map between cones constructed in Exercise 4.28 (i.e. v there).
Prove the following commutative diagram of homologies follows from Exercise 4.28:

Hy,(S*) 0 Hy_1(S* 1)
((b‘;)kl l(%—loa%ﬁ)k&
d
Cr(X) = Hp(Q") —— Hp—1(QF 1) = Cr—1(X),

and show that

di([ec]) = di (@8 (ur)) = (g1 0 Opg)k-1(0(u)-
(3) By our choices of uy (i.e. O(ux) = us_1), we have di([ef]) is the image the generator uy_;
of Hy_1(S*~') under the gluing map qx_1 o dp%. Conclude the matrix coefficient of dj, from e
to egfl is deg(fap)-

Exercise 5.21. For k = 1, notice that ¢}, : D' ~ I — X! is a path and ¢} (t) € X° fort = 0, 1,

Show that?
di([ea)) = [8a(D)] = [8(0)]-
Hint: This is essentially a manipulation for the comparison of reduced Hy and non-reduced
Hy, compare to Exercise 2.31 and Remark 4.29.

Exercise 5.22. Write down the cellular chain C,(X) for X = S T2 ¥ surface of genus g, CP",
and compute their homology (surely computing the cellular homology, but we know the result
is isomorphic to the singular homology). Then compare your computation with Example 4.32.
Notice, you shall give CW decomposition first!

2In principle, we can state the d; formula in terms degree as well. But then we need to be careful with the
notion of degree for S°, which is a little fretful.
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Exercise 5.23. Suppose X has a A-complex structure, show that for k > 1 that
k
d(fek]) = S(~1)i[Biek),
i=0
where 9;e® means the cell given by the map ¥ o 52. Ie the cellular boundary of ¥ is the usual
simplicial boundary of the singular simplex SOZ-
In this case, we also call the HEW (X) the simplicial homology of X.

Remark 5.24. In this section, we mainly consider cellular homology as a computational tool.
However, we may also develop an entire homology theory for cellular homology, for example,
functoriality and long exact sequences. We left the discussion to interested readers.

5.3. Some fun applications.

Exercise 5.25. If X is a finite-type CW complex, show that H,(X) is a finitely generated
abelian group for all ¢g. In particular, one can define Betti numbers for finite CW complexes.

Exercise 5.26. Recall Definition 3.21. For a finite-type CW complex X, denote ¢,(X) as the
rank of Cy(X), i.e. the number of g-cells. Show that if X is finite, then

X(X) = (=1)7eq(X).

q
This is the fancy version of 2 = x(S?) =V — E + F.
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6. KUNNETH FORMULA
In this section, we discuss the product space and its homology.

6.1. Alexander-Whitney map and Eilenberg-Zilber theorem. To study S,(X xY), we
are trying to compare it with S,(X) ® S.(Y). Therefore, it means that for a singular simplex
o:A, - X xY, we are trying to find some simplexes A, — X or A,_, = Y. We're gonna
give those construction.
Construction: For n > 0 and 0 < p < n, we define two maps
[Vo, ..., vp] : AP = A" oy, .. 0]t AP 5 AT
i.e., the first p-dimension simplex and the last gn — p-dimension simplex.

Definition 6.1. For singular simplex3 o:A" — Z and 0 < p <n, we define

] ]

0,0,V _p [Upsvn
pJ:Ap[—p>A"i>Z, Op—p : A" p“—)AngZ.

Definition 6.2. For X x Y 25 X and X x Y 25 Y, we define the Alexander-Whitney map

AW, Sp(X X Y) = (S(X) @ Se(Y)n, 0= Y p1#(,0) @ pog(onp).
p=0

Supplement material 6.3. The essence of the construction is the following question: For the
diagonal map 0 : A, — A, x A, it is clear that A, has a CW decomposition such that g-cells
are g-faces of Ay, and A, x A, has a product CW decomposition (Exercise 6.13). But in this
case, 0 does not map g¢-skeleton to g-skeleton. The work of Alexander-Whitney gives a map
& Ay = A, x Ay such that ¢’ ~ ¢ and 0’ respects the CW decomposition. And the above
construction is deeply related to the construction of §’.

Exercise 6.4. Prove the following face identities
di(po) = p—1(dio), 0<i<p-1,
dj(on—p) = (dp+j0) n—p-1, l<j<n-p,
dp(po) = do(on—p).

Then show that the Alexander-Whitney map AW : S, (X X Y) — S.(X) ® S.(Y) is a chain
map, and moreover, if f: X — X" and g:Y — Y, then fy ® gy 0o AW = AW o (f X g)4.

Theorem 6.5 (Eilenberg-Zilber). The Alexander-Whitney map AW : S, (X xY) — S.(X) ®
S.(Y) is a chain homotopy equivalence, i.e. there exists EM : Sy(X) ®@ Si(Y) = Su(X xY)
such that AW o EM ~id and EM o AW ~id.

Moreover, we can take EM such that for f: X — X" and g:Y —Y’, then (f x g)po EM =

EMo fu ®gu.

Proof. The proof needs some more fancy algebra, or careful geometry. We omit it in our course.
We refer to [Die08, Section 9.7] and exercises therein. O

Supplement material 6.6. Both EM and the homotopies here are unique upto (higher) homo-
topies.

To the reader’s convenience, we write down one very common formula of EM: We say a per-
mutation A of 1,--- ,p+ ¢ is a (p, ¢)-shuffle if \(1) < ---A(p), and A(p+1) < ---A(p+ ¢q). For
a (p, q)-shuffle, one can define a linear map [\ : APTY = [v;]; — AP x A = [s4]q X [tp]p- Let
ai={1<k<plok) <i}|,bi=[{1 <1 <q|o(p+1) <i}|, then [A] is the linear extension
the assignment

P‘](vl) = (Sawtbi)'

Then we set
EM : Su(X) @ 8,(Y) = Su(X xY), o®Tr ) sign(A)(o x 7)o [A],

3Here7 we use Z to indicate that the construction does not only work for X x Y, or X, Y.




ALGEBRAIC TOPOLOGY 36

where A runs for all (p, ¢)-shuffles.

If you know the wedge of differential form, you are probably familiar with this formula. Also,
the decomposition shown in the proof of the homotopy invariance is a special case here by taking
q=1.

Supplement material 6.7. Another interesting point is that both AW and EM works in some way
for simplicial sets. Then we can actually show that the Dold-Kan correspondence (Supplement
material 2.13) is a monoidal functor in a certain sense.

Remark 6.8. Here, we should be careful on the coefficient. If we consider Si(—; R) for a com-
mutative ring R and treat Si(—; R) as chain complex over R , then we also have S.(X;R) ®g
Si(Y;R) ~ Sy (X x Y; R) since Si(X) is a free chain complex.

Theorem 6.9 (Kinneth formula). For X,Y be two space, we have a short exact sequence

0= P H(X)@H(Y) = H(X xY)—» 5 Torf(Hy(X), Hy(Y)) 0.
ptg=r ptg=r—1
Proof. Under Theorem 6.5, we have chain homotopy equivalence S,(X) ® S, (Y) ~ S, (X xY).

Notice that S,(X) and S, (Y") are free chain complex, so S,(X)® S.(Y) computes the derived
tensor product. Then we can use the algebraic Kiinneth formula Theorem A.19. U

Remark 6.10. Here, we refer to Remark 2.29 for the black-box of Tor?. The theorem has a
generalization for all commutative rings R, but the statement is more subtle: the above still
argument work but the subtlety is when you computing a derived tensor product over R, you
need a spectral sequence for higher Tork,R. The simpleness of Z is it is a PID, so only Tor%
non-zero; and for a field F, TorI,S =0 for all £.

Therefore, for a field F, we actually have

P H,(X:F) @r Hy(Y;F) = H.(X x YV;F).
pta=r
Exercise 6.11. Suppose for X,Y we have H,(X), H,(Y) are finitely generated abelian groups

for all p, g, then H,(X x Y) is finitely generated abelian group for all r.

In particular, we have b.(X x Y) =3 . _ by(X)by(Y).

Exercise 6.12. Show that Hy(T™) = Z% where d = ({).

6.2. Product of CW complex. Though the general product theorem is harder to prove. The
case for CW complex is more intuitive. Here, we give the explanation.

Exercise 6.13. Let X,Y be two finite-type CW complexes with the set of cells {e}'} and {e{}.
We define (X x Y)" = Upyq<, XP x Y9 with the cells set {e] x €]}, and characteristic maps for
ef x el by ¢f x ¢f 1 DPH= DP x DI — X x Y. Show* that this is indeed a finite-type CW
decomposition of X x Y. Try to see the CW decomposition of T2 we gave in Example 4.32 is
the one that comes from the product of S! (with the evident CW decomposition).

Exercise 6.14. ** Show the following differential formula
dprq(e] x €f) = (dpe}) x €] + (=1)Pe] x (dgej).

Hint: The technique is similar to Exercise 5.20. But the mystery sign (—1)? comes from
choices of orientation of spheres (i.e., choice of the generator of H,(S™)).

Exercise 6.15. For X, Y be two finite-type CW complexes, and equip X x Y the product CW
decomposition of Exercise 6.13. Show that the following map induces isomorphism of chain
complex

Ci(X xY) = Cu(X) @ Cu(Y), e xelrre] @ef.

AThe product decomposition still gives a CW decomposition if one of X or Y is finite-type or both X and Y
have countably many g-cells for all g, but it is more tricky.
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Consequently, we have

Theorem 6.16. For X, Y be two finite-type CW complexes, we have a short exact sequence

0— P BSV(X) @ HSV(Y) » BV (X xY)—» @ Torf(HSW(X), HS™ (V) — 0.
ptg=r ptg=r—1
Then by Theorem 5.17, you may obtain a different proof of Theorem 6.9 for finite-type CW
complezxes.

Notice that the discussion of Remark 6.10 for the coefficient also applies.

Proof. Under Exercise 6.15, we can use the algebraic Kiinneth formula Theorem A.19. O
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7. TOPOLOGICAL FUNDAMENTAL GROUP

We are now switching to the study of the fundamental group m1(X) of a topological space
X. Its flavor is different from homology, even though, as we will see, there is a deep connection
between the fundamental group and the first homology group H;(X) of X. The definition of
the fundamental group is rather simple compared to homology groups: it is just defined as the
group of homotopy classes of loops based at a fixed point, so we do not need any chain complexes
nor homological algebra here. However, homolopy groups are more simple in the sense that they
happen to be abelian, whereas the fundamental group might be highly non-abelian. In fact, as
we will see, every group can be realized of the fundamental group of a space.

7.1. Construction and first properties.

Let X be a topological space. A path is a continuous map I — X. As a specialization of
Remark 1.11, we want to able to deform two paths with fixing endpoints, so when we speak
about homotopy of paths we require the homotopy to fix the two end points:

Definition 7.1. If f and g are two paths in X from z to y, f and g are homotopic if there exists
a homotopy H : I x I — X between them: we should have the usual conditions H(s,0) = f(s)
and H(s,1) = g(s), and also the stability of endpoints: H(0,t) = x and H(1,t) = y, for all
tel

f S

This defines an equivalence relation on paths (basically the same as Exercise 1.2), and we
write [f] for the class of f. A loop is defined as a path f : I — X with equality of the endpoint:
f(0) = f(1). The space obtained from I by identifying 0 and 1 is homeomorphic to the sphere
51, so loops can be seen as maps S' — X.

Definition 7.2. Fix a point z € X. The fundamental group m (X, x) is defined as the homotopy
classes of loops based at .

This defines 71 (X, z) as a set, but in fact composition of paths gives a natural structure of
group, as we explain now:

Composition: Given two paths f:x — yand g:y — z, g- f is the path  — 2 defined by
traversing first f, and then g, twice as fast:

(g )(s) = {f (2s) 0<

s
9(25—1) 1/2<

Be aware that there are two different conventions appearing in the literature. Our convention,

where we read the product from right to left, keeps the idea of composition of functions. The

other convention, from left to write (where ours g- f would be written f-g), is more geometrical.

This choice will be important when we speak about the monodromy action and the equivalence

between covering spaces and 7 (X, z)-sets.

An important property is that composition of paths passes to homotopy equivalence: if f ~ f’
and g ~ ¢’ via some respective homotopies H and K, the picture below (showing the square
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domain of homotopies) shows that g - f ~ ¢’ - f/. Hence we can define the composition on
homotopy classes without any ambiguity: [g].[f] = [¢ - f].

H (2s,1), 0<s<1/2,
H K (K- H)(s,t) =
K((2s—-1,t), 1/2<s<1.

0 f 1/2 9 1 8

Composition of paths is associative on homotopy classes: if f, g and h are composable paths,
we have h-(g- f) ~ (h-g) - f, as shown in the picture below.

. (h-g)-f
0 1/2 3/4 1
( 4s 1+t
<s< —~
f(1+t)’ O<ss 4’
1+t 2+t
H(s,t)=<g(ds—1—1), %gsg%
4s —2 —t 2+t
Wty 2,
{ 92—t L =°=
0 /4  1/2 1 s
h-(g-f)

Constant path: If z € X, write ¢, for the constant path based at z: ¢,(s) = z for all s € I.

_ Inverse: The inverse of f : x — y is the path iy = o also written 1, _defined by
f(s) = f(1 —s). Any homotopy H between f and f’ gives a homotopy H between f and f’:

H(s,t) = H(1—s,t)

|

Moreover, we have f - f ~ c;, as shown in the picture below:
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t
Cg
23) 1—1¢
0<t<1,0<s<-—"
f<1—t’ =rsh ==y
""""""" - 1—t 1+t
x, 0<t<l, —l<s<t
**‘}; ————— ? = H(S,t): 2 2
z 2(1—3)) 1+t
,,,,,,,,,,,, _ 0<t<l, —<s<1
x, t=1.
0 1/2 1 s
ff

Finally, it is easy to see that f-c, ~ f ~ ¢, - f.

These observations imply that 71 (X, x) is a group with the composition of homotopy classes
of paths, where the identity element is 1 = [c,], and the inverse of [f] is [f]~! = [f].

Dependence on the basepoint:

How much does 71 (X, x) depend on the basepoint 7 Let’s take y € X, and try to relate
m1 (X, z) and 71 (X, y). We need at least x and y to be in the same path-connected component.
Let h: 2 — y be a path in X. If f is a loop based at x, then hfh is a loop based at y. This
observation leads to the following result:

Proposition 7.3. The map
771(va) 7—h> Wl(Xay)
defined by [f] — [h - f - h] is well-defined and defines an isomorphism of groups.

Proof. It is easy to see that the map f — hfh passes to homotopy equivalence of loops, so 7,
is well-defined. Let f; and fo be two loops based at x:

W(fr-fol) =[h-fi- fo-hl=[h-fi-h-h-fa- ] =([f]) - W (f2)-
Morever, at the level of identity elements we have v, ([c;]) = [k - h] = [¢;]. We conclude that
is a group morphism. In fact, it is easy to check that 4 : 71 (X, y) — 71(X, z) is an inverse of
Y since it satisfies v, o vy = idy (x ) and 109, = idy, (x 2), SO Yp is an isomorphism of groups.
O

Exercise 7.4. Check that the morphism 7, depends only on the homotopy class [h].

Corollary 7.5. If X is path-connected, the fundamental group 71 (X, x) is independent from x
up to isomorphism. It is often denoted m (X).

Remark 7.6. If h : * — y and g : y — « are paths in X and f is a loop based at z, we have
Yor([f]) = lg - W[fllg - £174 so vgn([f]) = [f] if m1(X,2) is abelian. Therefore, if 71 (X, z) is
abelian, v is independent on the choice of h : x — y, hence there is a canonical way to identify
m (X, z) and m (X, y).

Definition 7.7. A space X is called simply-connected if it is path-connected and has trivial fun-
damental group: m1(X) = {1}. (By the preceeding discussion, the triviality of the fundamental
group does not depent on the choice of any basepoint.)

Example 7.8. A contractible space is always simply-connected. From (Example 1.9), we have
that any convex subspace of a real vector space is simply connected. We have for instance for
all n > 1:

m(R") = {1}, m(C") = {1}, m(D") = {1}.
Be aware that not all simply-connected spaces are contractible. When n > 2, the sphere of
dimension n is not contractible, but we will see that it is simply connected: m(S™) = {1}.
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Proposition 7.9. A space X is simply-connected if and only if there exists a unique homotopy
class of paths connecting any two points in X.

Proof. Assume X is simply connected, and f, g are two paths x — y in X. We have

f1=1f-g-91= [f-9 [9]=1lg]
N——
em (X)={1}
Reciprocally, if there is only one homotopy class of loops connecting any two points, then all
loops at x are homotopic to c;, so X is simply connected. O

Induced morphisms

Let ¢ : X — Y be a map sending a point z € X toy € Y (we will usually write ¢ : (X, z) —
(Y,y))). If fis aloop in X based at x, po f is a loop in Y based at y, leading to the following
result:

Proposition 7.10. The map ¢ : (X,z) — (Y,y) induces a group morphism
px s m(X,x) = m (Y, y)
defined by o.([f]) = [po f].
Proof. Tt is well-defined: a homotopy (f;)ier of loops based at x yields a composed homotopy

(00 Jo)ier bsed at y statisfying g (Lfo]) = [ fo = [90 fi] = wa(Lf1]). It is a group morphism
since po (f-g)=(pof) (pog),and pocy =cy. O

The existence of induced morphisms describe as above tells us that the association (X, z) —
m1(X, x) defines in fact a functor

m1(—) = Top, — Gp
from the category of pointed topological spaces Top, to the category of groups Gp.
Indeed, we have
i) id(x )« = idr, (x,0) (often written more synthetically 1, = 1)

ii) for composable maps (X, z) 2, (Y, y) 5 (Z, 2), we have (o)), = puty.

Remark 7.11. We can easily see that if ¢ : (X,z) — (Y,y) is a homeomorphism with inverse v,
then ¢, : m (X, z) = m1(Y,y) is an isomorphism with inverse 1.

Proposition 7.12. If A is a deformation retract of X, with inclusion ¢ : A — X, then 4
induces an isomorphism between w1 (A, x) and m (X, x), for all z € A.

Proof. Let r : X — A be a retraction such that tr ~ 1x. There exists a homotopy (r¢)ier :
X — X such that 7g = 1x and 7 = ¢r; so in particular r1(X) = A. If f is a loop in X based
at x, (r¢f)er gives a homotopy between rf = f and r1 f which is a loop in A. We deduce that
v:7mi(A,z) = m (X, x) is surjective. We also have v = 14, 50 1 = (7't) = T'ulyx, SO Ly should be
injective, hence an isomorphism. O

Homotopy invariance of the fundamental group:

We saw that the fundamental group is invariant (up to isomorphisms) by homeomorphisms.
However, in algebraic topology, we often like to have a stronger invariance by homotopy equiv-
alence. This is the case of singular homology, and as we explain here this is also satisfied by
fundamental groups.

Proposition 7.13. If p: X — Y is a homotopy equivalence, then the induced morphism
os (X, ) = m(Y, p(z))

18 an isomorphism for all x € X.
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Before proving this homotopy invariance, we need the following lemmas:

Lemma 7.14. Let p,q : X — Y be two homotopic maps X — Y wvia some homotopy (1)ter
with oo = p and p1 = q. Take x € X, and let h : p(x) — q(z) be the path in'Y defined by
h(t) = @i(z). With the notation ~y, introduced in (Proposition 7.3), the following diagram is
commutative:

m1(X, )
(Y, p(z)) 7 » m(Y, q(z))

Proof. For each t € I, consider the new path h; : p(z) = ¢(x) in Y defined by hi(s) = h(st) =
@st(x). If fis a loop in X based at z, o f is a loop in Y based at ¢;(x), so hy - @i f - hy is a
loop in Y based at p(z) (look at the picture below for clarity). When ¢ varies in I, this defines
a homotopy of loops in Y based at p(z) between pf (t=0) and h-qf - h, so we have the equality

p«([f]) = [h-qf - h] in 71 (Y, p(x)). Applying 75 to this equality, we get
WmP«([f])) = [ -h-qf -h-h] = [af] = a.([f]).
orf

af =¢p1f

p(z)

We are now ready to prove the homotopy invariance of the fundamental group:

Proof of Prop.7.13. Let ¢ : Y — X be a homotopy inverse of ¢, so that 1o >~ 1x and @y ~ 1y.
Consider the sequence of morphisms:

m(X, ) 25 m (Y, () L m (X, () 25 m (Y, edp().

As 1 ~ 1 x, the composition of the two first is an isomorphism since by the lemma above it
is of the form ~; for some path A in X. We deduce that the first ¢, is injective. The same
reasoning with the two last two (the composition of which is an isomorphism as well) shows
that v, is injective. The composition of the two first morphisms is an isomorphism, and both

of the are injective, which implies that the first ¢, is surjective, hence it is an isomorphism.
O

Fundamental group of a product:

Proposition 7.15. If X and Y are path-connected, then we have an isomorphism:
7T1(X X Y) ~ 7T1(X) X 7['1(Y).

Proof. By definition of the product topology, for any topological space S, a function f = (h, g) :
S — X x Y is continuous if and only if A and g are continuous. Taking S = I, we obtain a
bijection between loops in X x Y based at (z,y) and pairs of loops in X and Y based at x and
y. Taking S = I x I, we obtain a bijection between homotopies of loops in X x Y and pairs of
homotopy of loops in X and in Y ... Hence the result. O
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7.2. Examples and applications.

An important example of fundamental group is the fundamental group of the sphere S! of
dimension 1.

Define a map p : R — S! by p(s) = €27, It wraps each interval of the form [n,n + 1] once
around S?.

Proposition 7.16. We have an isomorphism:
s 1(S 1) ~ 7.
Before giving the proof, we need some lemmas about lifting of paths and of homotopies.

Lemma 7.17 (Lifting of paths and homopoties).
(i) If f : T — S is a path with f(0) = 1, for each integer n € 7 there exists a unique path
f in R with f(0) = n lifting f, ie. satisfying f = f op.
(ii) If H : I x I — S is a homotopy between two paths f.g in St satisfying f(0) = 0, then
for each integer n € Z there exists a unique lift H:IxI —>RoHtR (so that
H = H o p) satisfying H(0,0) = 0.

In fact we have (i) implies (7), taking for H the trivial homotopy from f to itself. This
lemma will proved later in the bigger generality of covering spaces, so we postpone the proof for
that moment. Let’s just say here that these lifting properties are true because S* looks locally
“like R“ and because I and I x I are compact. The lifting properties are in fact one of the most
important features of covering spaces.

Proof of Proposition 7.16. For each integer n € Z, define a loop f,, in S' by f.(s) = €™, It
is easy to see that [fi,][fn] = [fm+n], we have fo = c1, so n+— [f,] defines a morphism

i 7 — m(Sh1).

We want to see that it is an isomorphism.

If f is any loop in S! based at 1, by Lemma 7.17 (i) there exists a unique lift f of f to R such
that f(0) = 0. By Lemma 7.17 (ii), if f ~ g then f ~ g, so f(1) = §(1). Let’s give more details:
a homotopy H : I x I — S' between f and g lifts to a unique homotopy H:IxI— R with
H(0,0) = 0. The path H(0,t) has value 0 at 0 and p o HO,t) = H(0,t) = 0, so by uniqueness
of lift of paths it is the constant paths based at 0. By the same uniqueness, we have, for all
sel, f(s) = H(s,0) and §(s) = H(s,1). The path H(1,t) has initial point f(1) and projects
in S* on the same point 0, so again by uniqueness it is the constnt path f (1). So in fact His a
homotopy between the paths f and g, and f(l) =g(1).

Consequently, we have a well-defined morphism

jm(Sh1) = Z

defined by j([f]) = f(1). Note that we always have f(1) € Z since p(f(1)) = 1.

We have j([fn]) =n, so joi= 1z, iis injective and j is surjective. If f and g are two loops
in S* based at 1 such that j([f]) = j([g]), then g~ f is a loop in R based at 0. But R is simply
connected, so [§7" - f] = [co] = 1. Applying p, to the above equality gives

L=p.(1) =p([37" - F1) = 23D " 2l [FD = 9] " - [F],

so [f] = [g] and j is injective, hence it is an isomorphism. From j o i = 1z, we conclude that ¢
is an isomorphism.

O
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Direct application: We can now compute the fundamental group of the torus 7' = S x S1.
By (Proposition 7.15), we have m(T) = 71(S') x 71(S'), so we conclude that

7T1(T)=Z><Z

Definition 7.18. Let ¢ € m1(S',1) ~ Z be a generator. The degree of a continuous map
f: St — S denoted deg(f), is defined by the composite
(S 1) £y m(sh £(1) B (ST 1)

sending ¢ to deg(f)¢, where h is any path f(1) — 1 in S!. Note that ~y, is independent of h
since 71 (S, 1) is abelian (see Remark 7.6).

By the homotopy invariance diagram 7.14, if two maps f,g : S' — S! are homotopic, we
have equality of degrees: deg(f) = deg(g).

Note that deg(cy) = 0 if z € S', and deg(f,,) = n if f, : S' — S is defined by z — 2" (when
S is interprated as the complex numbers of norm 1).

We will now see some interesting applications of the above description of 7 (S%).

Fundamental theorem of algebra:

The famous Fundamental theorem of algebra states any complex polynomial P € C[X] has
a complex root. This is equivalent to saying that P splits in C (has all its roots in C). More
conceptually, it is equivalent to saying that the field C is algebraically closed, or that C is an
algebraic closure of R. There are several proves of this theorem. The most famous one uses
compacity of the complex disk and Liouville theorem in complex analysis. There is also a
more Galois-theoretical proof that uses Galois theory, Sylow theorem in group theory and the
intermediate value theorem. Here we present an elegant algebraic-topological proof using the
notion of degree of a map S' — S1.

Proposition 7.19. Let P[X]| = X"+ ;X" ' +... 4+ ¢, € C[X] be a complex polynomial, with
n > 0. Then P has a root in C.

Proof. Assume that P has no root in C. Let P:S' = S be the continuous map defined by

: P(z)
P(x) = ——.
[P ()]
Let’s investigate the degree of P. Define the map H : ST x I — S by
P(tx)
H(z,t) = ,
| P(tx)]

this defines a homotopy from cy gy () to P. We deduce that deg(P) = 0.
Define now the map H’ : S' x I — S' by

/ _ P(x,t)
T =50 )

where R

P(z,t) :=t"P(z/t) = 2" + t(c1z™ * + teox™ 2 ...+ 1" Ley).
This is a homotopy from f,, (with f,(z) = 2") to P, so we have deg(P) = n # 0. This leads to
a contradiction, hence the existence of a root of P in C. O

Borsuk-Ulam theorem in dimension 2:

Theorem 7.20 (Borsuk-Ulam in dimension 2). If f : S? — R? is a continuous map, there
exists a pair of antipodal points (z,—x) in S% with f(z) = f(—x).

This theorem is also true for any dimension n > 2. It can be proved with a similar flavor of
the following proof, but using singular homology instead of the fundamental group.
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Proof. Assume the statement is false some continous map f : S? — R2. We can define a
continuous map g : S? — S! by
fz) = f(-=
sy L) =)
[f(x) = f(=2)]
Let 1 be a loop circling around the equator of S?, namely 7(s) = (cos(2ms),sin(27s),0). Let h
be the loop in S* defined by h = gon. We have g(z) = —g(—x), so for all 0 <t < 1/2 we have
h(t) = —h(t +1/2). Let h be a lift I — R of h to R. There exist some odd integer ¢; such that
ht+1/2)=h+2,

and this expression depends continuously on t € [0,1/2]. As ¢ is an integer, it should be
constant on [0,1/2]. Write ¢t = ¢q. We have

(1) = h(1/2) + % = 1(0) + .

We deduce that [h] = qi, where ¢ is a generator of 71 (S!) ~ Z. In particular, as ¢ is odd, we
have [h] # 0. But [h] = g.([n]) = 0 since [] € 71(S?) and S? is simply-connected (we will prove
it very soon). This leads to a contradiction. O

Remark 7.21. We obtain from this theorem that there does not exist any subset of R? homeo-
morphic to S2.

Exercise 7.22. Whenever S? is expressed as the union of three closed subsets A;, Ay and As,
show that at least one of these must contain a pair of antipodal points (z, —z).

Exercise 7.23. Let D, D> and D3 three compact subsetes of R?. Show that there exists one
plane P C R? that simultaneously divides each D; into two pieces of equal measure.

7.3. Homotopy category and fundamental groupoid (just a few words). If one wants
to study fundamental groups without having to deal with basepoints, an interesting notion is
the fundamental groupoid. Without giving too much details of category theory, let’s give here
the main ideas.

Here are some categories that already appeared naturally:

e Top: the category of topological spaces, with continuous maps.
e Top,: the category of pointed topological space (X, z) (with z € X) and continuous
maps preserving the basepoints.

e Gp: the category of groups with group morphisms
We already saw that m1(—) defines a functor: Top, — Gp.
Definition 7.24. The homotopy category hTop is defined as having the same objects than
Top, but the maps between X and Y are homotopy classes of maps:

I’IOInhTOp()(7 Y) = [X, Y]

We define in the same way the pointed homotopy category hTop, from Top,, where the homo-

topies should preserve basepoints.

From (7.13), the fundamental group is a homotopy invariant functor, in the meaning that it

factors:
m1(—

~

hTop,

Top,

As a funcctor hTop, — Gp we have m(—) = Homprop, ((S*,1), ).

Definition 7.25. A groupoid is a category whose morphisms are all isomorphisms (for instance
a group is always a groupoid over a single object). Write Gpd for the category of groupoids,
with morphisms functors between categories.
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An important example of groupoid appearing in our context is the following:

Definition 7.26. If X is a topological space, the fundamental groupoid of X is II(X) € Gpd
whose object are the points of X, and the morphisms z — y are the homotopy classes of paths
from x to y.

Check that we have, for any x € X:
m (X, z) = Endpx)(2).
One can view II(—) as a functor Top — Gpd, or even as a functor hTop — Gpd, where we
do not need to deal with basepoints. The following propositions tells you that the fundamental

group and the fundamental groupoid are equivalent as groupoids, even though they are no
isomorphic since I1(X) has much more points.

Proposition 7.27. Let X be a path-connected space. If x € X, consider the group m (X, x) as
a groupoid with only one object. For each, x € X the inclusion functor

m(X,z) — II(X)
is an equivalence of categories.

Exercise 7.28. Prove it (remenber that a functor induces an equivalence of categories if it is
fully faithful and essentially surjective).

It is possible to study all the properties of the fundamental group via the more general study
of the fundamental groupoid. This point of view is partially developed in [May99].

Supplement material 7.29. Recall that we define Sing(X)e before, and we say it is a Kan complex,
which is an oco-groupoid, i.e. co-categorical version of groupoid.

There exists a truncation construction ho : Cats, — Caty, which maps oo-groupoid to usual
groupoid. One can actually prove that ho(Sing(X)e)s ~ II(X) [Kerodon, Tag/0049]. So, some-
time, we also write Sing(X)e as o (X) and write II(X) as IT<;(X).

7.4. Fundamental group and homology: special case of Hurewicz theorem.

We are going to see that the fundamental group 71 (X) and the first homology group H;(X)
are closely related.
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8. VAN-KAMPEN THEOREM
8.1. Colimits in groups.

8.2. Formulations of the theorem.

Let X be a topological space given with a cover X = (J, Ao for a family of open path-
connected subsets A, of X all containing a point given point x € X. Each inclusion 4, — X
indices a morphism j, : m1(Aq, ) = 71 (X, z), so all together they give a morphism

Ok mi(Ag, ) = m(X).

Let iqp @ m1(Aq N Ag,x) — m1(Aq,z) be induced by the inclusions A, N Ag — A,. We have
Jalag = Jpiga because they are both induced by A, N Ag — X, so the elements of the form
i0p(w)iga(w) ™! with w € m1(Aq N Ag, ) should be in the kernel of ®. Van Kampen’s theorem
tell us that this is enough to compute the fundamental group of X:

Theorem 8.1 (Van Kampen’s theorem).

In the setting above, if all the A, N Ag are path connected, the morphism ® : %k, 11 (Aq, ) —
m1(X) is surjective.

If each triple intersection is path-connected and N is the normal subgroup of w1 (X, x) gener-
ated by the elements of the form ins(w)iga(w) ™!, then ker(®) = N, so we have

m(X) >~ (tﬁl(Aa,x)) /N

Idea of the proof. We will show the surjectivity of ®. Let f = I — X be a loop based at
x. By compacity of I, there exist intermediate values 0 = sg < s15... < Sy, = 1 such that
Ji = filsi_1,s;) 15 @ path in A,,. We have f = fp,-...- fa- f1. Since Ay, N Aq, ., is path-connected,
one can choose a path g; from x to f(s;) (see picture below). The loop

(fr-gm—1)--..- (92 forg1) - (91 f1)
is homotopic to f, and it it is a composition of loops each lying in a single A,,. We deduce that
[f] € im(®), hence the surjectivity.

As for the second part, we always have N C ker(®). We will not show here that N =
ker(®) when each triple intersection is path-connected, since it is a bit long an not particularly
interesting. It relies on some ad hoc partitioning of I x I related to two different factorizations
on some element [f] € m (X, z). See [Hat02], Section 1.2 for a complete proof. O

Supplement material 8.2. In fact the theorem stated above is a consequence of the following
more general version (which can be stated for 71 (X) or II(X), we write it with the fundamental
groupoid for broader generality).

Theorem 8.3. Let X be path connected, and U a cover of X by path-connected open subsets ,
such that the intersection of finitely many is still in U. Consider U as a category (with inclusion
morphisms). The fundamental groupoid functor II(—) gives a diagram D : U — Gpd. The
fundamental groupoid II(X) is the colimit of this diagram:
II(X) = colimD = colim II(U)
Uel

For a nice proof, see [May99]. In this reference, the author deduces the colimit version for
m1(X, x) from this colimit version for II(X). This deduction uses only some “categorical non-
sense“, it the meaning that it is only a categorical consequence that does not use any more
topology.

Corollary 8.4. Let X = \/ .; Xo be a space expressed as a wedge sum (recall the Defini-
tion 1.17) of path-connected pointed subspaces (X, o), such that each X, contains a con-
tractible neighborhood U, of xo. We have

m(X) = % (Xo).
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Proof. Take the cover (Ay)aer by the open subsets A, = X, \/Bel\{a} Ug. Any finite intersec-

tion of the A,’s is contractible, and we have 7 (A4,) = m1(X4) because A, deformation retracts
on X,. We conclude using van Kampen’s theorem 8.1. U

Example 8.5 (Wedge sum of two circles). We have
m(STV S ~ZxZ
which is generated by the homotopy classes of the loops a and b as in the picture below:

Example 8.6. For n > 2, the sphere of dimension n is simply connected:

m1(S™) = {0}.
Indeed, take any point z € S™. We have an open cover S = STUS™, where ST = §"\ {z} and
S~ = 8™\ {—=x} are path connected opens of S™, whose intersection is path-connected. Both

St and S~ are homeomorphic to R", which we already know as being simply connected. The
result is a direct consequence van Kampen’s theorem.
Exercise 8.7. Find the fundamental group of the complement in R? of:
(i) a circle,
(ii) two unlinked circles,
(iii) two unlinked circles.

Hint: Remember the Exercise 1.16.
Exercise 8.8 (Hawaiian earrings). The Hawaiian earrings is defined as a subset of R? as
X = U C(1/n,1/n),
n=1

where C(a,b) denotes the circle centered at (a,0) of radius b.
Show that there is a surjection
m(X) > [] z
neN
Deduce that 71 (X) is not countable, and X is not homotopy equivalent to the countable wedge
sum of circles.

Y

Supplement material 8.9. Note that X is a compact metric space. The uncountability of its
fundamental group can be understood via the following theorem proved by Shelah in 1988:

Theorem 8.10. If X is a path-connected, locally path-connected compact metric space, its
fundamental group 71(X) is finitely generated or uncountable.

As a consequence, we get that QQ cannot be realized as the fundamental group of such spaces.
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Supplement material 8.11 (Hawaiian earrings group). Let G be the fundamental group of the
Hawaiian earrings space, sometimes called the Hawaiian earrings group. It is an interesting
group in group theory.
The group G can be embedded in the direct limit of free groups:

G — gn E,.

n>1

However, it was proved that G is not free, even though each of its finitely generated subgroups
is free (it is in a sense locally free). It is even more essentially freely indecomposable, meaning
that any decomposition

G = Gl * G2
implies that either G; or G2 must be a a finitely generated free group. In other words, this big
uncountable group G does not split into two large pieces.

8.3. Applications to cell-complexes.

We are now investigating the following question, which will lead to some interesting applica-
tions:

How is the fundamental group affected when one add some 2-cells to a space?

Let X be a path-connected space, and z € X. We attach a collection of 2-cells (eq)aes via
maps ¢, : S' — X (each e, is homeomorphic to the disk D?), producing a new space Y. If
s € S'is a basepoint of S1, ¢, defines a loop in X based at ¢, (s), which becomes nullhomotopic
in Y. For each a € I, let h, be a path from z to ¢, (s), such that Ry - Ya - ho is a path on X
based at x that is nullhomotopic in Y.

Theorem 8.12. The inclusion X <Y induces a surjection m1(X,z) — m (Y, x) whose kernel
is the normal subgroup N generated by the classes of the loops hq - Yo - ha for a € I, so we have

m(Y,z) = m(X, z)/N
Proof. O

Here are a few applications:

Orientable surfaces:

Let ¥4 be the orientable surface of genus g (there is only one homotopy class of such surfaces).
It is a CW-complex with one 0-cell, 2g 1-cells denoted a;,b; for 1 < ¢ < g, and one 2-cell, as
shown in the picture below.

Its 1-skeleton is the wedge sum of 2¢ circles, so using Corollary 8.4, we know that its funda-
mental group is *i<ip<ogZ = Fog = (a;,b; | 1 <i < g).

The 2-cell is attached along the loop given by the product of commutators [a1,b1] ... [ag, by].
From Theorem 8.12, we have:

m1(Sg) = {a1,b1, .. ag, by | [ Jlas, bi] = 0).
Corollary 8.13. The two surfaces ¥, and X, are not homotopy equivalent when g # h.

Indeed, the abelianizations 71 (%) and 71 (2;,)2 do not have the same number of generators,
so the groups m1(X,) and m;(X}) are not isomorphic.

Projective plane:

The projective plane RP? can be obtained from the disk D? by identifying the antipodal
points x with —z. Therefore, as a CW-complex, it has one 0-cell, one 1-cell a and one 2-cell
which is attached via the loop given by a? (see picture below). As a consequence, we have

71 (RP?) ~ Z./27.

We will see soon that we have more generally m (RP™) ~ Z/27 for any integer n > 2.
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Every group is the fundamental group of a 2-dimensional C'W-complex:

Proposition 8.14. For every group G, there exists a 2-dimensional CW -complex Xg with
7T1(Xg) ~@.

Proof. The group G is always a quotient of a free group (generated by some elements g,) by a
some relations 73, so that G has the presentation G' = (g4 | 7). We can contruct X¢ from the
“l-skeleton“ \/ S 1 then attaching 2-cells e% via the loops specified by the relations rg. O



ALGEBRAIC TOPOLOGY 51

9. COVERING SPACES

We will see in this section the important notion of covering spaces of a space X. We will
see that algebraic features of the fundamental group can be translated into the more geometric
language of covering spaces.

9.1. Definitions and lifting properties.

Definition 9.1. If X is a topological space, a covering space (sometimes just called covering)
of X is another space E with a map p: E — X satisfying: There ezists an open cover {Uqy}qo of
X such that for each o, p~1(Uy) is a disjoint union of open sets in E, each of which is mapped
by p homeomorphically onto U,,.

This is equivalent to saying that each point x € X has an open neighborhood U such that
p~Y(U) is a disjoint union of open sets in E, each of which is mapped by p homeomorphically
onto U. Such opens are called elementary opens for the covering space p: E — X.

The cardinality of each fiber F, := p~!(z) is locally constant, so it is constant over X when
X is connected. It is called the number of sheets of the covering p.

Examples 9.2. Here are a few simple examples of covering spaces:
e p: R — St defined by p(s) = (cos(27s),sin(2ms)) = €™ that we have already used in
(Proposition 7.16) to prove that m(S!) ~ Z,
o f,:S! = S! defined by z + 2": the sphere wrapping n times around itself,
e p: S" — RP" defined by the identification of antipodal points.

From the point of view of algebraic topology, one of the most distinctive features of covering
spaces is their behavior with respect to lifting of maps, as we already had a glimpse in the proof
of Proposition 7.16:

Proposition 9.3 (Homotopy lifting ~property). Let p: E — X be a covering of X, and
ft: Y = X (for te 1) a homotopy. If fo: Y — E is a map lifting fo, there exists a unique a
unique homotopy fi 1Y — E lifting f; (so that po fy = fi for allt € I) and that coincide with
fo att=0.

Remark 9.4. Taking Y = {point}, we get the path lifting property, for each path f: I — X
and ey € p~1(£(0)), there exists a unique path f : I — E lifting f and starting at eg.

Proof. O

Proposition 9.5. Let p: E — X be a covering space, with e € E above x € X.
(i) The morphism p, : m(E,e) — m (X, x) is injective.
(ii) The subgroup p,(m1(E,e)) consists of homotopy classes of loops in X based at x whose
lift to E starting at e are loops.
(iii) If X and E are path-connected, the number of sheets of p equals the index of the subgroup

pe(mi(E,e)) in m (X, x), te. [m1(X,x) : pu(m1(E,e€))].

Proof. (i) An element of the kernel of p, is represented by a loop f based at e with a homotopy
hy from f = po f to the constant loop ¢,. By the homotopy lifting property, there exists a lifted
homotopy of loops in E between f and ¢, hence [f] =0 in m1(E, e) and p, is injective.

(73) Let H C m1(X, x) be the subset of homotopy classes of loops based in X whose lift to E
beginning at e is a loop. It is clear that we have H C p,(m1(E,e)). To see the reverse inclusion,
observe that if [f] € p.(m1(F,€)), f is homotopic to a loop having a lift in E starting at e which
is a loop. Then the homotopy lifting property implies that the lift of f to E starting at e is a
loop as well.

(7i7) For any loop f at X based at z, write f fg)r its unique lift to F starting at e. A product
f-g with g € p.(m1(F,e)) has lift f-g ending at f(1), since g is a loop. Write H = p,(m1(E, €)),
this gives a well-defined map

m(X,2)/H 2 F, = p'(x)
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defined by [f]H — f(1). If y € F,, by the path-connectedness of F the exists a path e — y in
E, projecting to a loop f in X based at x such that f(l) =y, so ® is surjective.

To show that ® is injective, assume that ®([f1]H) = ®([fo]H). We have fi(1) = fa(1), so
f1 - fo lifts to a loop in E based at e. Therefore, from (i), [f1][f2] ! € H, so [fi]H = [f2]H
Finally, ® is a bijection. (]

The following property is a powerful and more general lifting property from X to F, when
one does not restrict to homotopies:

Proposition 9.6 (Lifting criterion). Let p: E — X be a covering space with p(e) = x, and
f:Y = X sendingy € Y to x, with Y path-connected and locally path-connected. There exists

alift f:(Y,y)— (E,e) of f to E if and only if
Si(m(Y,y)) € pu(mi(E, €)).
Proof. If such lift f exists, then from the equality f =po f we get

Fe(m(Y,9) = pu(f(m1(Y,9))) € pul(mi(E, €))
because f(m(Y, y)) C pu(m1(E,€)).

Assume now f,(m1(Y,y)) C pe(mi(E,e)). If his aloop in Y based at y, fi([h]) = [f oh] €
p«(m1(E,e€)), so the loop fh in X has a lift in F starting at e which is a loop. Let v/ € Y,
choose a path v :y — ¢/ in Y (Y is path-connected). From the path lifting property, the path
fv in X has a unique lift ffy in E starting at e. Define f ( ') = f~(1). We first need to show
that it is well-defined. Let 4/ be another path from y to y in Y. The path 7/ - v is a loop at
y, so the loop h := fo(y -v) = fy' - fy has a unique lift h in E starting at e, and it is loop.
By uniqueness of lifted paths the first part of h is f’y, and the second part is f’y’ backward, so
(1) = f4'(1), and f:Y — E is well defined.

We need now to show that f is continuous. Let z € Y, and U C X an elementary neigh-
borhood (for the covering p) of f(z): there exists an open neighborhood U of f(z) such that
p: U — U is a homeomorphism. AsY is locally path—connected, we can choose a path-connected
neighborhood V C Y of 2z in Y wwith f(V) € U. Let 2’ € V. Takeapathy:y — zin Y and a
pathn:z — ZinV. Then ny is a path from y to Z'in Y, with f( N=rf o~7]’y(1) (by definition
of f) But we also have f o ny = fn- f~, where f77 P 1f77 w1thp 1. U — U homeomorphism.
So we have f(z') = p~' f(2). In particular, V C U and f|V =p~Lf, so f is continuous.

O

Pay attention to the fact local path-connectedness of Y is necessary for the lift to b continuous.
For a counter-example that shows the necessity of local path)connectedness, see the following
exercise:

Exercise 9.7 (Warsaw circle).

We finish this subsection by a useful property of uniqueness of lifts when the value at any
single point is prescribed.

Proposition 9.8. Let p: E — X be a covering space, and f:Y — X a continuous map with
two lifts f1 and fo to E that agree at one point yo € Y. If Y is connected, then fi = fo.

Proof. We want to show that the subset Z C Y defined by Z = {y € Y, fi(y) = fa(y)} is open
and closed. Let y € Y, and U C X an open neighborhood of f(y) such that p~!(U) is the
disjoint union of some opens (U, ), of E all homeomorphic via p to U. For ¢ € {1,2}, let U,,
such that fz(y) € U,,;. By continuity, there exists some open neighborhood V of y in Y such
that f;(V) C U,

Closed: If y ¢ Z then U,, # U,, are disjoint, so the open V' does not intersect Z.

Open: If y € Z, then Uy, = U,,. We have pfi = pfa(= f) and p is injective on Uy, = Ug,,
soV CZ. |
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9.2. Universal covering. We will show that under some mild topological conditions, any space
has a unique “universal“ covering space which is simply connected. This fact will be usefull
later when we speak about the classification of covering spaces in terms of the fundamental

group.

We begin by a few definitions:

Definition 9.9. A space X is semi-locally simply-connected (we will abbreviate by SLSC) if
each point has a neighborhood U such that the induced map (U, z) — m1(X, ) is trivial.

The CW-complexes are examples of SLSC spaces, since they are locally contractible.

Remark 9.10. This notion is different from locally simply-connected (abbreviated by LSC), which
means that every point has a neighborhood which is simply-connected. In other words, LSC
means that any loop in any small neighborhood U can be deformed to the constant loop while
staying inside U, whereas for SLSC the deformation to the constant loop exists for sure in X,
but might not be possible staying in U. We always have LSC = SLSC but the converse is
not true.

Exercise 9.11. The Hawaiian earrings (see Exercise 8.8) X C R2 is not SLSC. Tts cone,
CX = X x I/X x {0}, is SLSC, but it is not LSC.

Definition 9.12. An isomophism between covering spaces p1 : £1 — X and p2 : Fs — X is a
homeomorphism f : E1 — Fs above X, meaning that p; = ps o f.

EI%EQ

R G

This defines an equivalent relation on covering spaces.

As shown by the next proposition, isomorphism of coverings can be detected by the funda-
mental group:

Proposition 9.13. If X is path-connected and locally path-connected, two connected covering
p1: E1 — X and py : By — X are isomorphic via an isomorphism f : E1 — Eo sending e; € Fq
to eo € Ey if and only if

P1x(m1(E1, e1)) = pau(mi (B2, e2)).

Proof. If such isomorphism f exists, we get p14(71(E1,€1)) C pax(m1(E2,e2)) from the relation
p1 = po o f, and we get the other inclusion from the relation ps = p; o f~1, hence the equality.

Assume that pi,(m1(E1,e1)) = pox(m(F2,e2)). By the lifting criterion Proposition 9.6, we
can lift p; to p1: (E1,e1) — (Ea,ez) such that p; = pap1. Symmetrically, we have ps : (Ea,e2) —
(E1, e1) satisfying ps = p1p2. Note now that idg, and pap; are two lifts of By — X to By — X
fixing ey, so by (Proposition 9.8) we have pap; = idg,. Symmetrically, we have pips = idg,,
showing that p; and py are inverse isomorphisms.

O

Here is the important result about the existence and unicity (up to isomorphisms) of a
simply-connected covering space of X, as soon as X satisfies some mild topological properties.

Theorem 9.14. If X is path-connected, locally path-connected and SLSC, it admit a simply-
connected covering space p: X — X, unique up to isomorphisms of covering spaces. We call it
the universal covering of X.

Note that we already some examples of universal coverings:

e p: R — S! defined by p(s) = (cos(27s), sin(27s)) = %7 is the universal covering of S*
since 71 (R) = {0},
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e p:S™ — RP" defined by the identification of antipodal points when n > 2, because we
have seen in Example 8.6 that m1(S™) = {0} when n > 2.

Here is a little heuristic before proving the existence of the universal covering. Imagine that
a simply connected covering p : X — X exists. Take z € X and Z € F,. As X is simply
connected, for each y € X there exists a unique homotopy class of paths joining Z to y by
(Proposition 7.9). Thus, we can see points of X as homotopy classes of paths in X starting at
Z. But by the homotopy lifting property, this is the same as homotopy classes of paths in X
starting at x.

Construction of a simply-connected covering. Note that in Theorem 9.14 the uniqueness up to
isomorphisms of simply connected coverings is a direct consequence of (Proposition 9.13), since
the image of any simply connected covering space of X is trivial in m(X,x). So this is the
existence that we need to prove.

Choose a point ¢ € X. From the heuristic above, let’s define:

X ={[y] | v path in X starting at z},

where homotopy class is understood as always fixing the endpoints v(0) and ~(1).
Define p : X — X by [7] = 7(1). The path-connectedness of X implies that p is surjective.

Define U as the collection of path-connected open subsets U C X such that the induced
morphism 71 (U) — 71(X) is trivial. If U € U and V' C U is open and path-connected, it is
easy to see that V' € U. We claim that U is a basis of opens for the topology of X. This is not
difficult to see, from the fact that X is locally path-connected and SLSC.

If U € U and 7 is a path in X from x to a point in U, define:
Upy :=A{[n-7] | n path in U with n(0) = (1)} € X

We know list several facts, with proofs when necessary, that lead to the fact that p: X — X
is a covering space of X. Let U € U.

(1) Upy depends only on [v] (easy by definition of X).
(2) p: Uy — U is surjective because U is path-connected.
(3) p: U — U is injective: if 0,7’ : 4(1) — y are paths in U, then [77- 7] € im(71(U) —
m1(X)) = {0}, so n and 1’ are homotopic in X.
(4) Upy = U}y if [v'] € U}y easy to check because U is path-connected.
(5) The subsets of the forms U}, with U € U form a basis for a topology on X. We need
for that to verify two things:
(i) X = Uuew, Upy ¢ this is satisfied because if sart from [y] € X, take some neigh-
borhood U € U of y(1).
(ii) Consider two subsets Uy, and Vi, with U,V € U, and take ["] € U},;NV}y. From
(4), we have U}, = Upn and V|, = V[, Take some W € U with W C UNV
and 7”(1) € W (it is possible because U is a basis of opens for the topology in X).
Then we have [y"] € Wiy
(6) The bijection p : Up, — U is a homeomorphism:
(i) if Viyy € Upy) with V € U, then p(V},) =V € U,
(ii) if V € U with V C U, then p~'(V) N Upy; = Viyy for any [y'] € Up,) with endpoint
in V, since V|, C Uy = Up,) and V},,) = V is surjective.
(7) The map p : X — X is continuous (because of (6)) and is a covering space: indeed, if
Uel,

pil(U) = |_| U['y]7
the union being disjoint because if [v"] € U},) N U}y, then Upyr) = Upyy = Upy.-
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We need know to show that X is simply-connected. Consider the as a basepoint [z] = [c,].
The space X is path-connected because any [y] € X can be joined to [z] by restricting + to the
interval [0, ¢].

Let B: 1 — X be a loop in X based at [z]. Then v := po f is a loop in X based at z,
so [ is the unique lift of v starting at [z]. Let ; be the path in X obtained by restriction of
~ to the interval [0,#]. Then ([7])ies forms a lift of v in X starting at [z], so by uniqueness
of lift we it equals 8. In particular, for each ¢ € I, we have [y] = ;. Taking t = 1, we get
[m1] = [7] = B(1) = [z]. In other words, [y] = p«[B] = 0 € m1(X,x). Recall (Proposition 9.5)
that p, : 7 (X, [z]) — m(X,z) is injective, so [8] = 0 and m (X, [z]) = {0}: X is simply-
connected. U

9.3. Classification of covering spaces and deck transformations.

We are going to see that when X is path connected, locally path-connected and SLSC, we
have a correspondence between the subgroups of m1(X) and the isomorphism classes of path-
connected covering spaces of X. It is very reminiscent of what is happening in Galois theory,
for this reason it is often called the Galois correspondence of covering spaces.

Before stating and proving the Galois correspondence, we need one lemma:

Lemma 9.15. Assume X is path-connected, locally path-connected, and SLSC. Take x € X,
then for any subgroup H C w1 (X, x), there exists a covering space p : (Xmg,y) — (X,x) such
that pi(m1(Xm,y)) = H.

Note that for a fixed subgroup H of 71 (X, ), the covering spaces of X satisfying the property
of the above lemma are all isomorphic by (Proposition 9.13).

Proof. Let’s define an equivalence relation ~z on X defined by [y] ~gx [¥] if and only if
v(1) = ~/(1) and [/ - 4] € H. Define Xz = X/ ~p as a topological space with the quotient
topology. If U € U containing (1), and n a path in U from (1) to a point in U. We have
(V] ~u [¥'] if and only if [ - 7] ~p [n-~]. In other words, Uy, and U}, re identified in Xy
as soon as Ul,] contains a point identified to a point in Up. It is easy to check that the map
Xu — X defined by [y] — 7(1). Write y for the class of [¢;] in Xp. Let v be a loop in X based
at . We know (see the proof that the universal covering we constructed is simply-connected)
that the unique lift of v in X starting at [c,] ends at [4], so it defines a loop in Xp if and
only if [y] ~p [cg], which is equivalent to [y] € H. By (Proposition 9.5), we conclude that
px(m(Xu,y)) = H. O

We are now ready to for the “Galois“ correspondence between covering spaces and subgroups
and the fundamental group:

Theorem 9.16. Let X be a path-connected, locally path-connected and SLSC space, and x € X .
The map that associates to a covering space p : (E,e) — (X,x) the subgroup pi(m1(E,e)) of
m1 (X, x) defines a bijection:

basepoint preserving isomorphism classes
of path-connected coverings of (X, x)

} = { subgroups of m1(X,z) }

If basepoints are ignored, then it gives a bijection:
isomorphism classes of path-connected) conjugacy classes of
coverings of X subgroups of m1 (X, x)
Proof. The reverse map is defined by associating X (see Lemma 9.15) to a subgroup H. Let
H be a subgroup of 71 (X, z), and p : (E,e) — (X, z) a path-connected covering space. We need
to check two points:

® X, (n1(E,e)) 1S isomorphic to E as a covering space of X: this is true because of Propo-
sition 9.13 since they correspond to the same subgroups of 71 (X, ).
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e if piy: (Xg,y) — (X, z) is the covering corresponding to H constructed in Lemma 9.15,
we have pp,(m1(Xp,y)) = H: this is from Lemma 9.15.

For the version without basepoints, check the following:

Exercise 9.17. For a path-connected covering p : (E,e) — (X, ), changing the basepoint e
to €/ inside p~!(x) corresponds exactly to changing p.(m1(E,¢e)) by one of its conjugate inside
m1(X, x). In other words, we have the fiber F}, is in bigjection with the conjugates of p, (71 (FE,€))
inside m (X, x).

U

Recall that in Galois theory, the Galois group corresponding to a field extension is defined
as the automorphism group of the big field fixing the smaller field. In our context of covering
spaces, the groups are constructed as homotopy classes of loops. Can we have a description of
the groups in terms of automorphisms of coverings, to be closer in spirit to the Galois theory
of fields?

Definition 9.18. For a covering p : F — X, define Aut(E/X) to be the group of automor-
phisms E — FE of covering spaces over X. Such an isomorphism is called a deck transformation
of the covering E of X.
Examples 9.19. e if p: R — S is the covering given by p(s) = €27, then Aut(R/S') ~
Z (translation given by integers)
o if f, : S* — Sl is given by 2z + 2™ (n-sheeted covering), then Aut(S'/S') ~ Z/nZ
(generated by the rotation of angle 27 /n).
By the uniqueness of lifting given by (Proposition 9.8), a deck transformation is completely
determined by where it sends a single point.

Definition 9.20. A covering p : E — X is normal, or reqular, if for each x € X and elements
e, € in the fiber F,, there exists a deck transformation o € Aut(E/X) sending e to €’

The two coverings given in the 9.19 are normal.

Normal coverings are the coverings with the maximal symmetry. There are the analogous,
in our context, to normal extensions of fields. The following important result confirms this
analogy:

Proposition 9.21. Let X be path-connected, locally path-connected, and p : E — X a path-
connected covering sending a point e € E to x € X. Let H = p.(m1(E,€e)):

(i) p: E — X is normal if and only if H is a normal subgroup of m1 (X, x),

(ii) Aut(E/X)~ N(H)/H, where N(H) is the normalizer of H in m1(X, x).
In particular, if p is normal, we have

Auwt(E/X) ~m(X,z)/H.
If X is SLSC and X is its universal covering, then
Aut(X/X) ~ m (X, z).

Proof. (i) We know (by Exercise 9.17) that changing the basepoint from e to €’ in F, corresponds
to conjugating H by [y] where ~ lifts to a path e — ¢’ in E. So we have

M € NH) < pu(m(E,e)) = pu(m(E,¢€))

<= Jo € Aut(E/X), o(e) = ¢ (by the lifting criterion Proposition 9.6)

This implies that £ — X is normal if and only if H is a normal subgroup of m (X, x).

(ii) Define a morphism ¢ : N(H) — Aut(E/X) by [y] = 77!, where 7 is the unique deck
transformation satisfying 7(e) = 4(1), where ¥ is the unique lift of v in E starting at e. We
need the power —1 to make it a morphism. Indeed, if [y'] € N(H) with corresponding 7', the
loop ' -~y lifts to 7(9’) - v which is a path from e to 77/(1). It is surjective by (i), and its

kernel consists of classes of loops lifting to loops in E, so ker(¢) = H. Here is a picture that
summarizes Proposition 9.21: O
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Supplement material 9.22. Compare to Theorem 8.12, we have a stronger result: For every group
G, there exists a CW-complex K (G, 1) such that 71 (K(G,1)) = G and its universal covering
exists and is contractible. Such a space K (G, 1) is unique as a homotopy type [Hat02, Theorem
1B.8], and is called an Eilenberg-Maclane space. But the price for having a contractible universal
covering space is that K (G, 1) normally has infinite many cells compare to X¢ in Theorem 8.12.
Some reason can be seen from the construction of Xg: We construct X¢g by gluing some 2-cells,
but they may be some cells that contribute non-trivially to the homotopy type of the universal
covering space. Therefore, to cancel those abnormal, we should glue more higher dimensional
cells.

For example, using Remark 9.26, we can show that K(Z/m,1) ~ S*°/(Z/m), where Z/m acts
on S*° by multiplication by the m-th root of unit.

9.4. Group actions inducing a covering. To continue the analogy with Galois theory, recall
the Artin’s lemma: if G is a group of automorphisms of a field K and K¢ denotes the subfield
of fixed elements, the extension K/K¢ is Galois with Galois group Gal(K/K%) = G. So
having a group of automorphisms induces a Galois extension with Galois group this group of
automorhisms. The goal here is to show some analogous result in our context of covering spaces
with an action of a group by homeomorphisms, where the analogous of a Galois extension is a
normal covering space.

Definition 9.23. If Y is a topological space and G a group, an action (on the left) of G on
Y by homeomorphisms is equivalent to a morphism G — Homeo(Y"), where Homeo(Y) denotes
the group of homeomorphisms from Y to itself.

Such an action is said to be even (terminology due to Fulton, some authors might use another
terminology) if for each y € Y, there exists an open neighborhood U of y such that the images
g(U) for g € G are all disjoint: g1(U)Ng2(U) #0 = g1 = go.

If G is acting on Y, let Y& = G\Y be the quotient space, or orbit space: its underlying set
is the set of orbits, and the topology is defined as making the projection Y — G\Y continuous.
Note that the notation Y'¢ is not very standard, I choose it here for the analogy with Galois
theory.

Exercise 9.24. If p : E — X is a covering space, show that the natural action of Aut(E£/X)
on E is even. What is FAU(E/X)?

Proposition 9.25 (Topological Artin’s lemma). Let G be a group acting evenly on a space Y :

(i) The quotient map p:Y — Y& defined by y — Gy is a normal covering space.
(i) If Y is path-connected, G = Aut(Y/Y?).
(iii) If Y is path-connected and locally path-connected: G ~ m (Y, yq)/pe(m1(Y,y) (with
choice of compatible basepoints).

Proof. (i) The fact that the action is even implies (check it, actually it is the minimal require-
ment to make it work) that — Y¢ is a covering space. We have G C Aut(Y/Y®) and p is
normal since its acts transitively on the fibers (which are the orbits) of any point in Y.

(ii) Assume Y to be path-connected, and take o € Aut(Y/YY). If y € Y, o(y) and y are
in the same orbit, so there exists g € G such that g -y = o(y). But deck transformations of

a path-connected covering space are uniquely determined by the image of a single point, so
g=o0€ Aut(Y/Y%), so finally G = Aut(Y/Y ).

(7i7) is a direct consequence of (ii) and Proposition 9.21.
U

Remark 9.26. If a group G act evenly on a space Y which is path-connected, locally path-
connected and simply connected, then by the above proposition we have G ~ m (Y?).
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Example 9.27. Recall that the sphere S™ is simply-connected when n > 2. The group Z/27Z
acts evenly on S™ by z — —z, and the quotient is the projective space (S”)Z/ 2Z = RP™.
Therefore, when n > 2, we have

T (RP"™) ~ Z/27.

Exercise 9.28. Recalll that ¥, stands for the compact orientable surface of genus g.

(i) By an appropriate action on the surface, use (Proposition 9.25) to show that 7 (33)
contains 7 (X11) as a normal subgroup of index 5, with 71 (23)/71(311) ~ Z/5Z.
(ii) For any positive integer n,m, construct a covering space Y41 — 2m1, identifying
giving m1 (Xn+1) as normal subgroup of m1(X,,41) of index n.
(iii) Show that if ¥, — X is a covering space, there exists some positive integers m and n
such that h = m + 1 and n = mn + 1. (Hint: think about the Euler characteristic).

Supplement material 9.29 (Finite free actions on the sphere). When a the group G is finite, for
an action of G on a Hausdorff space Y, being free is the same as being even. Apart from Z/27Z
(giving the covering S™ — RP™), one can wonder is there are other finite groups acting freely
on n.

e One can show (try it!) using relative singular homology, that Z/27Z is the only such
group when 7 is even.

e When n is odd, it is easy to construct a free action of any cyclic group Z/mZ on S",
and quotient spaces are called Lens spaces.

e In the general case, the answer is much more difficult, and was solved by Milnor (1957),
Madsen/Thomas/Wall (1976) and Davis/Milgram (1985):

Theorem 9.30. The finite groups G acting freely on S™ for some n > 1 are those
satisfying:

(i) Every abelian subgroup of G is cyclic.

(i) G contains at most one element of order 2.

These groups were completely classified by Brown in 1982.

9.5. Monodromy action and equivalence of categories.

Let p: F — X be a covering space, denote F}. for the fiber over any point z € X.

Definition 9.31. We have a left action of 71 (X, z) on F, by defining the action of [y] on e
by [v] - e = (1) where ¥ is the unique lift of v in F starting at e. It is left action (with our
convention for multiplication of paths): ([y-7n])-e = [v]-([n]-e). This is called the monodromy
action on the fiber F,. This gives a functor Fib, called the fiber functor:

{covering spaces of X} — {7 (X, z)-sets},
associating to p : E — X the fiber F, endowed with the (left) monodromy action.

The following important result tells that under some mild conditions (the same the existence
of the universal cover), this defines an equivalence of categories.

Theorem 9.32. If X is path-connected, locally path-connected, SLSC, and x € X, the fiber
functor Fib, induces an equivalence of categories between covering spaces of X and (X, x)-
sets. It induces some equivalence:

connected covering | . . " x .
_> -
spaces of X { transitive m (X, x)-sets }
Under this equivalence, normal connected coverings correspond to coset spaces of normal sub-
groups.
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10. COHOMOLOGY AND CUP PRODUCT

Now, we study cohomology theory. Superficially, cohomology gains no knowledge compared
to homology as groups. However, we will see later that we can equip a ring structure on
cohomology, which makes it essentially better than homology!

For example, we shall know that 72 and S? v S v S! are not homotopy equivalent (now you
should know that both of them have the homology groups Hy = Z, H, = Z?, H, = Z, and you
will see that the cohomology groups are the same as well) by showing their ring structure are
different.

10.1. Singular cohomology. We define singular cohomology and explain the cohomological
versions of many theorems we have previously proved. Notice: this section could also be a
review sheet for what we have learned so far (parallel to the homology version.)

Recall: For two abelian groups A, M, we have the dual pairing
(—,—) :Homz(A, M) x A — M,{a,a) = a(a).

For a homomorphism f : A — B between abelian groups and an abelian group M, we can
define its dual fV : Homy(B, M) — Homgy (A, M) as following, for 3 € Homy(B, M)

1 (B)(a) = B(f(a)),
equivalently, we can write it using the pairing

(fY(B),a) = (B, f(a))
for all (5,a) € Homg(B, M) x A.

Exercise 10.1. Here, we put the algebraic result as an exercise. Consider the short exact
sequence of abelian groups

0—>A—-B—->C-—0,

and we may take its dual exact sequence
Homy (A, M) < Homg(B, M) < Homz(C, M) < 0,

which is generally not extended to a exact sequence at Homg(A, M).
Show that if C' is free, then the dual exact sequence can be extended to SES

0 <+ Homy(A, M) < Homgz(B, M) < Homgz(C, M) «+ 0.

You may prove that if C is free, then the SES 0 — A — B — C' — 0 is isomorphic to
0>A—AdC — C — 0 (ie. the SES split), and then can show that split SES are mapped
to SES after taking dual Homy(—, M). From the argument, you also learn that this is a result
about the dual of split SES, and C' free is just a sufficient condition for splitting the SES.

Definition 10.2. For a space X and an abelian group M, we set
SUX; M) = Homg(S,(X), M), 6%:=09),:5UX; M) — ST (X;M).

Then we call the cochain complex S*(X; M) = (SP(X; M), oP) the singular cochain of X,
and we set abelian groups

BY(X; M) :=im(d;—1) C ker(é,) = Z9(X; M)
and define the ¢-th singular cohomology group as the quotient
HYUX;M)=2Z1X;M)/BY(X; M).

We call cochains in Z9(X; M) cocycles and cochains in BY(X; M) coboundaries.
If M =7, we omit M from the notation: For example, S*(X), H4(X) and so on.
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Remark 10.3. By definition, a cochain ¢ € S9(X; M) is a Z-linear function®
c:8(X)— M.
And ¢ is a cocycle means that the restriction of ¢ on the group of boundary chains By(X) is 0.

Now, let us give theorems, and to give you some key point for their proof. We only state
them for Z for simplicity.

Theorem 10.4. For a map f : X — Y, we have induced cochain map S*(f) = f# and its
cohomology H(f) = f4

fr8*(Y) = S*(X), f1:HYY)— HIX),

which are compatible with composition.
When f ~ g, we have f# ~ g (as cochain maps), and then f9 = g9.
Consequently, cohomology are homotopy invariants.

Proof. The cochain map f# = S*(f) is simply (S.«(f))Y, and then HI(f) = f? are cohomology
of S*(f). Then the homotopy invariance also follows from the result for chains (it is clear a
dual of a chain homotopy is also a cochain homotopy). O

Remark 10.5. Important! The main significant difference between (singular) cohomology and
homology is that: the direction of S*(f) = f# and H?(f) = f9, which is opposite to fx and fq.
It means that cohomologies are contravariant functors while homologies are covariant functors.

The difference is so tiny, but so important in many applications. Especially, the product
structure on cohomology follows from this reason! (But also, sometimes it is a bad thing to
have a contravariant functor, you may learn the defect for cohomology in your life sometime.)

In principle, no need to write a cochain small chain theorem. We will only write their
corollary, i.e. the Mayer-Vietoris sequence and the excision.

Theorem 10.6. We have the Mayer-Vietoris long exact sequences: If {X1,Xa} is a Mayer-
Vietoris duo, then there exists a long eract sequence

coo o Hy(X1 U Xy) 2% Hy (X)) @ Hy(Xa) 2% Hy(X1 N Xs) 2 Hyp1 (X1 U Xg) — - .
And the sequence is natural with respect to maps between Mayer-Vietoris duos.
Proof. Compare to the proof of Theorem 4.6, we only need to show that
0 — Homgz (S (X1) + Si(X2),Z) ~ S.(X1) @ Su(X2) -2 §*(X1 N Xa) = 0

is Homy (S« (X1) + S« (X2),Z) ~ S*(X1 U X3) and the sequence is exact.

The former follows from the fact that the small chain theorem gives a chain homotopy, so
after taking dual Homgz(—, Z), we have a cochain homotopy. For the latter, we use the following
fact that S.(X1)® S« (X2) is a degree-wise free chain complex, and then apply Exercise 10.1! O

Corollary 10.7. Let f : X — Y be a map, then there exists a long exact sequence
s HUCO() S HI(Y) 55 HUX) S HUY(C(f) = -

where e : Y — C(f) is the inclusion map.

Next, we consider the cellular cohomology
Definition 10.8. For a CW complex X, we define its cellular cochain complex by

C*(X; M) = (Homz(Cy(X), M), dy).

Its cohomology groups are called the cellular cohomology of X, denoted by H, (qJW (X, M).

Theorem 10.9. We have Hly,(X) ~ HY(X) for a CW complezx X.

5You can image you put some color on different piece of you space, the intuition is an early motivation for
cohomology theory.
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Notice that we do not have C*(X; M) ~ S*(X; M) here, but you can run the same argument
for Theorem 5.17 to prove the theorem.

Exercise 10.10. On the computational results, we list them all here as exercise:
(1) For a contractible space X, we have

HY(X)=0,Yq > 1, HO(X) Z.

(2) We have HY(| |, X;) = [[, H1(X;); HI(X) = HY(X),Vq HY(X) =~ HY(X) @ Z;
(3) The space X is path connected if and only if H°(X) = Z.
(4) For sphere, n > 1,

HY(S™)=20,Yg#n, H"(S")=Z
(5) For the genus g surface X, we have H*(X) = 7Z, HY(X)=7% H(X)=7Z.
(6) HY(CP™) =7 for ¢ =0,2,...,2n and trivial otherwise.
Hint: You may repeat our argument for homology. But a shortcut is using the universal
coefficient theorem below.

At the end, we present another universal coefficient theorem, which enables you to compute
the cohomology group from homology groups. We start with a warm-up exercise.

Exercise 10.11. The chain level dual pairing SP(X; M) ® S,(X) — M, (c,0) = ¢(o) descend
to k : HP(X; M) ® H,(X) — M. (Noticed that the (co)homology level pairing is not perfect,
so we do NOT have HP(X) = H,(X) in general.)

Consequently, we have a homomorphism between abelian groups

evyg : HY(X; M) — Homgz(H,(X), M).

Theorem 10.12 (Universal coefficient theorem for cohomology). Let M be an abelian group
and X be a space, for each q, we have the following short exact sequence

evy

0 — Ext}(H, 1(X), M) — HY(X; M) =™ Homy (H,(X), M) — 0.

Proof. Noticed that S,(X) is a free chain complex, then you can apply the algebraic universal
coefficient theorem fo cohomology, i.e. Theorem A.18 to S*(X; M). O

Remark 10.13. Similar to Remark 2.29, if you don’t know Ext%, you may use it directly based
on the following information: 1) Ext? commutes with finite direct sum on both variables. 2)
Ext?(Z/n,Z/m) = Z/gcd(m,n). 3) Ext?(Z/n, M) = 0 if M is projective, for example Z.

Exercise 10.14. You can also define b?(X) as rank H9(X) when HY9(X) is finitely generated.

Show that H?(X) is finitely generated Vq if and only if H,(X) is finitely generated Vg, and
b?(X) = by(X) Vq. So, it doesn’t matter whether you are defining the Betti number using
homology or cohomology.

10.2. Products on cohomology. Now, we introduce the ring structure on cohomology.

Definition 10.15. Let R to be a commutative ring, and we denote m : RQ R — R, (z,y) — xy
the ring multiplication.
Let X,Y be a spaces, we define the chain level cross-product as the composition

x : S*(X;R)® S*(Y; R) =Homy(S«(X), R) ® Homy(S«(X), R)

2y Homyz, (S, (X) ® S.(Y),R® R)

“Homgz(S.(X) ® S.(Y), R)
(S(

AW Homp,(S.(X x Y),R) = S*(X x Y R),

6Be careful here, for homology, we get direct sum, but for cohomology we get direct product. Surely they are
the same if there are finitely many factors, but different in general.
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where AWV is the dual of the Alexander-Whitney map.
If X =Y, we define the chain level cup-product as

#
—:S*(X;R)® S*(X;R) 5 S*(X x X;R) 25 S*(X; R),
where A: X — X x X,z +— (z,2) is the diagonal map.
Remark 10.16. Now, since we need to use multiplication to define the product, we need to take

the coefficient not just an abelian group, but also a commutative ring. It is clear that both the
cross product and the cup product are R-bilinear. In below, we use R = Z to simplify notation.

Exercise 10.17. Let us keep track of the process, and show the following formula for cup
product. Let ¢ € SP(X), d € S%(X) and 0 € Sp4(X), we have (recall Definition 6.1)

(¢ — d)(0) = c(po) - d(ag).
Hint: Use the explicit formula for AW and notice that p;A = idx for i = 1,2.

Notice If you don’t want to know what the Alexander-Whitney map is, the formula could
be regarded as the definition of cup product.

Exercise 10.18. Show that we can compute the cross product using cup product, for ¢ €
S9(X),d € SP(Y), we have

cxd:pﬁc»/pﬁd.

Proposition 10.19. The chain level cross/cup product satisfies the Leibnitz rule: ¢ € SP(X),
de SUY) (X =Y when discussing — ), then we have

d0(cxd)=dcxd+ (=1)Pexdd, 0(c—d)=dc—d+ (—1)Pc— dd.

Proof. For the cross product, the result essentially follows from the fact that AW is a chain
map, and the Leibnitz rule for graded tensor product. We present the details here.
We denote the composition of m and ® as ®,,, then

(e x d)) = (cOm AW W), 1 € Sprg(X x V),
Since AW is a chain map, for o € Sp14+1(X x Y) we have
(8(e % d))() = (e x d)(D) = (c@m d)AW (9)) = (@ d)(DAW (1)) = (3(c @ d)) (AW (1)).
On the tensor product cochain complex,
0(c @ d) =dc®@p d+ (—1)Pc®y, dd.

Therefore
(6(cxd))(o) = (0¢ @ d+ (—1)Pc @y, 6d) (AW (0))

= (6cxd+ (—1)Pc x éd)(0o).
Hence
d(ecxd)=0dcxd+ (—1)Pc x dd.
Next, for the cup product, we have
5(c—d) = 6A% (e xd) = A#5(c x d) = A*(Se x d+ (—1)Pe x 6d) = ¢ — d+ (—=1)Pc — 6d. O
Therefore, both the cross product and cup product descend to cohomology.

Definition 10.20. Let X be a space, we define the cohomology level cross-product and cup-

product
x: H'(X)@ H(Y) > H* (X xY), [ x[d]~ [cxd]

< HY(X) @ H*(X) = H*(X), [d < [dw [c—d]

Exercise 10.21. Prove that the cohomology level cross-product and cup-product are well-
defined using the Leibniz rule. Moreover, we have A*([c] x [d]) = [¢] — [d] and [c] x [d] =

pxlc] — py[d].

Now, we give the first example.
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Example 10.22. On H*(S™), let « be a generator of H™(S™), then by degree reason
r~—z=0.
Then we have H*(S™) & Z[z]/(x?) where |z| = n.
We can use the cross product to give a Kiinneth formula for cohomology.

Theorem 10.23. For X,Y be two spaces, and if Hy(Y) are finitely generated for all q (for
example Y finite-type CW complex), we have a short exact sequence

0— P E(X)@HY(Y) S H'(X xY)» @ Torf(Hy(X), Hy(Y)) = 0;
ptq=r pt+q=r+1
Or over a field F (but still need finitess), we have
P H(X;F) o HI(Y;F) = H' (X x Y;F).
ptq=r
Remark 10.24. It is a little weird to require a finiteness condition for the cohomological Kiinneth

formula. This is because the cohomology theory is a duall We often need finiteness to make
dual behavior not too bad anyway.

Example 10.25. Here, we use Theorem 10.23 to compute the cup product on H*(T7?). The
only non-trivial product is H'(T?)® H'(T?) — H?(T?) (except the degree reason, we still have
H(T?) @ H*(T?) — H*(T?), but you will see that this is clear by the fact that the cup product
is unital).

In fact, by the Kiinneth formula theorem, we have that

H'(S}) @ H'(S}) = H*(T?),
where you see that the cross product gives the homomorphism. Then we have that the generator
b of H2(T?) is given by b = a1 x as for H*(S}) = Za,.

But, by geometric construction, two generators of H(T?) are u; = pfa;. Then u; — up =
a1 x ag = b by Exercise 10.18. In summary, we have H*(T?) = Z[z,y]/(x?,4?) pour |z| = |y| = 1
as graded rings.

In this way, we see inductively that the isomorphism of graded commutative algebras H*(T™) &
Zlz1,- -+ ,xn)/(@2 |i=1,...,n) the exterior algebra generated by n many degree 1 elements.

At the end, we introduce the cap product, which is useful for the study of manifolds. Now, I
believe you can finish the construction as an exercise.

Exercise 10.26. We define the cap product
~:SP(X) ® Sp(X) = Sp—p(X),
on singular simplex o by
c—~0o=c(p0) - Op_p,

and we extend it linearly to all singular chains o.
Show the following

(1) The chain level boundary formula: for ¢ € SP, we have
d(c~o0)=(=1)P(0c ~ 0 —c~ Jo).
Therefore, ~ descends to a cap product on (co)homology.
~ HY(X)® Hp(X) = Hy—g(X).
(2) On the chain level, we have the formula
(¢ —d,o) = {(c,d ~ o).

Then show the same formula descends to (co)homology level.
Warning: For the terms (3), (4) below, I suggest you do it after reading the next section.
We put it here to keep the structure of the notes compact.
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(3) Let e € S°(X) be the chain level cup product unit, i.e. the singular cochain constantly
equals 1 on Sp(X). Then we have e ~ 0 = o for o € S, (X).
(4) Let f: X — Y be a continuous map, we have the projection formula for the cap product:

f#(f#cm O') =c —~ f#O'
Everything works R-linearly.

10.3. Cup product forms a ring. Now, let us explain some properties of the cup product. I
would suggest you skip the proof in your first reading.

Theorem 10.27. Let X be a space, we have that the chain level cup-product is unital, asso-
ciative, in particular, (S*(X),—) is a unital ring. If f : X — Y is a map, then f7 is a ring
homomorphism.

It descends to cohomology, and then also has that (H*(X),—) is a unital ring, and f* :
H*(Y) — H*(X) is a ring homomorphism.

Proof. We only prove the chain level result. All those laws descend to cohomology.
Recall the formula for cup product (Exercise 10.17)

(c = d)(0) = clpo)dlog), € SP(X), d € SUX), o € Speg(X).
We first show associativity. Let a € SP(X), b € S9(X) and ¢ € S"(X), and let 0 € Sp4g4r(X).

Then
((a —b) — ¢)(0) = (a — b)(ptq0) c(ov)
= alp(p+40)) 0(( p1+40)q) c(o7).

On the other hand,

(@ — (b—¢))(0) = a(po) (b~ c)((0)g+r)

= a(p0) b(q((0)g1r)) c(((@)gtr)r)-
Now the relevant faces are the same simplex:
p(pt+q0) = po, (p+a0)q = q((0)g+r), ((0)gtr)r = 7.
Hence
((a—b) —c)(o) = (a— (b—c))(0),

So — is associative.

Next, let e € SY(X) be the constant 0-cochain sending every singular 0-simplex to 1 € Z.
Then for ¢ € SP(X) and 0 € S,(X),

(e —c)(o) =e(o0)c(op) = c(o), (c—e)(o) =c(po)e(og) = c(o).
Thus e is a two-sided unit, and S*(X) is a unital graded ring.
If f: X — Y is continuous, then for c € SP(Y), d € S4(Y) and 0 € Sp4(X),

f#(e = d)(0) = (¢ — d)(f40)
c(p(f0)) d((f40)q)
c(f4(p0)) d(f(oq))
= (f7e)(0) (f7d)(0y)
((fFe) — (f7d))(0).

So f# is a ring homomorphism. O

Remark 10.28. Here, we mention that H*(X) is not simply some abelian groups, and we should
think it as H*(X) = &,H?(X), a graded abelian group. The cup product respects the degree,
so H*(X) is a graded ring. And f* preserves the degree, so f* is a homomorphism between
graded rings. Also, (S*(X),—) is a differential graded algebra.

Notice that all of the operations are R-linear if R-coefficients show up.

Exercise 10.29. Similarly, show that the chain level cross product is also associative.
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Theorem 10.30. The cohomology ring (H*(X),—) is graded commutative, i.e. for a €
HP(X),b e HY(X), we have
a—b=(-1)Pb — a.

Proof. To prove the theorem, we give a more precise result on the chain level.
For ¢ € SP(X) and d € S9(X), we define the cup-1 product

c— de SPTIl(X)
is defined by

p—1
(e —1 d)fo) = S (~DFDED (lfvg, .05, 05400 Oprgt]) Aol 1),
j=0
for every singular simplex o : AP*4~1 — X. Here [---] means the sub-simplex spanned by the

given vertices in APTI~1
The cup-1 product as the bilinear map

—1: SP(X) ® SU(X) — SPTa1(X)

satisfying the relation (its proof is similar to many differential formulas we given before, but
computation more involved, left it as an exercise)

§(c—1d)=dc—1d+ (=1)Pc—1 8d+ (—=1)Pc — d — (=1)P19d — c.
Rearranging the identity gives
c—d—(—1)Pd—c=6(c—1d) —dc—1d— (—1)Pc— dd.
Now assume that ¢, d are cocycles. Then dc = dd = 0, so the above identity reduces to
c—d—(—1)Pd—c=06(c—1d).

Thus ¢ — d and (—1)P?d — c differ by a coboundary, hence define the same cohomology
class. 0

Exercise 10.31. * Prove the identity
§(c—1d) =dc—1d+ (=1)Pc—1 dd+ (—=1)Pc— d — (—1)P7Td — c.

This computation is similar to proving AW is a chain map. But a little long.
Notice that, in the proof of the equation, we need the coefficient ring to be commutative!

Supplement material 10.32. In many textbooks, the graded commutativity is proven by intro-
ducing a certain chain homotopy.
Here, we present the proof using the cup-1 product, which is conceptually hard (especially, I
cannot explain what forces you to write down the formula), but somehow the computation is
more straightforward.
The reason for using this approach is that we want to present that the graded commutativity
actually comes from the fact

S*(X) is a E algebra.
In fact, we can define higher cup products —;: S*(X) ® S*(X) — S*(X)[¢] for all ¢ > 0 from the
combinatorial structure of simplexes (where —y=-—), and they are organized in a way that failure
of ~—; product on chain level is measured by —;iproducts. Another interesting application is
that the famous Steenrod square is computed by Sq'([z]) = [z —,—; 7] for [z] € HI(X;F2).
They further indicate fruitful structures on S*(X): ALL their composition and differential
formulas (and their multi-entries versions) are organized in “the” E., operad. And then we say
S*(X) is an Eo, algebra [MS03].
I hope the proof motivates you to view the concept of an E.,-algebra as a generalization of
commutative algebra in the homotopy-coherent sense.
In practice, it is hard to convince many people why E, algebra is a meaningful notion. Here, I
would like to slightly convince you by this proof.
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Supplement material 10.33. You might have heard the de Rham theorem: For a smooth manifold
M, we have
Hi (M) = HY(M;R).
Here are some interesting things.
1) First, let me explain its proof. [Bre93, Chapter 3]
By some smooth approximation theorem, you can show the inclusion is a quasi-isomorphism

SP(M) — S«(M),

where S2°(M) is the sub-chain generated by smooth simplexes o : AP — M.
Therefore, we have that S (M) = Homg(S° (M), R) is quasi-isomorphic to S*(M).
The point for S°(M) is that we can integral

I:QP(M)— SE (M), wwI(w)=][oc~ o wl.
AP

The Stokes theorem tells you that: I is a chain map! And then descend to a map on cohomology,
say H4(I).
You can easily prove that I is a quasi-isomorphism for open convex sets (with respect to a
Riemannian metric) since convex sets are contractible.
Then you can take a covering of M by open convex sets, and then conclude using the Mayer-
Vietoris sequences for both Hj, and H* and the 5-lemma.
2) You can prove that H*(I) is a ring homomorphism, which is helpful for you to compute the
cup product. However, this is not completely obvious as I is NOT a ring homomorphism on
the chain level. We have to work on the cohomology level: by the Fubini theorem, you can see
that H*(I) is compatible with the cross product on the cohomology level; and H*(I) commutes
with A* on both the de Rham side and the singular side. Then we conclude by Exercise 10.21.

10.4. Applications and more computations. So far, we have constructed the cup product,
but we haven’t explained why it is more useful. Now, let’s try to give you some clues.

Example 10.34. We show that 72 and S? v S' Vv 8! are not homotopy equivalent. Then we
know that both of them have the following cohomology groups.

H =7, H'=7° H?’=1.

However, we show that they are not homotopy equivalent by showing that their cup products
do not coincide.

Here, it remains to see the cup product of S? Vv St v St.

Let

ig2 1 8% = X, i1 St = X, ig: St = X
be the inclusions of the three wedge summands, and let
pg2 i X — S2, pr: X — S pr: X — St

be the maps collapsing all other summands to the wedge point. The main idea is that all i*, p*
are ring homomorphisms, so cup products are concentrated on each wedge summand.

Now, we explain it in detail.

Let u € H%(S%) = Z be a generator, and let a,b € H'(S') = Z be generators for the two
circle factors. Then

generate
HYX)=Za® 7B,  H (X)=Zy.

Now we claim that every cup product of two positive-degree classes in H*(X) is zero.
First, since H2(S') = 0, we have

a—a=pi(a) —pi(e) =pila—a) =0, B~ =ps(b) — p3(b) = py(b—b) = 0.
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Next, consider « — 3 € H?(X). Since H?(X) is generated by 7, it is enough to check
its restriction to each wedge summand. On the S?-summand, both o and 3 restrict to zero,
because they come from the two S'-summands. Hence

(o — B) = ifa(a) — i5(8) = 0.
On the first S'-summand, we have ij(8) = iip3(b) = (p2i)*(b) = 0 since pai : St — Slis a
constant map, so
i(a—p) =ij(a) —iy(8) = 0.
Similarly,
i5(a — B) = 0.

Thus a — g = 0. By graded commutativity,

Also, any product involving ~ is automatically zero for degree reasons:
since H*(X) =0 for k > 3 and H*(X) = 0.

Therefore, for X = $? v S v S, all cup products of positive-degree classes vanish. In other

words, the ring structure is trivial in positive degrees.
We can write directly that for |a| =1,|8| =1,|y| =2

H*(X) 2= Zle, B,9]/ (0, 87,72, a8, By, o).

Exercise 10.35. In fact, the trick we use here gives the following statement: Let X} be finitely
many path-connected spaces, and X = Vi X. We set i as wedge component inclusions, and py
as wedge component projections. Let H = @,50H? as the (non-unital) subring of H* (it has
enough information since H" record units), then show that iy, py, induces a ring isomorphism
HH(X) =[], H (Xk).

Supplement material 10.36. Here, we see that cohomology ring still cannot determine a space.
However, we have the following corollary of the (highly non-trivial) theorem of Mandell [Man06]:
Let X and Y be two finite CW complexes without 1-cells, suppose S*(X) and S*(Y) are iso-
morphic as E-algebras, then X ~ Y.

It is out of surprise that under some not very ridiculous conditions, the E-structure of S*(X)
determines the homotopy type of X.

Example 10.37. Here, we explain how to compute the cup product on higher genus curves.
Let ¥ is of genus g. Then H? = 7, H' =2 729 H? =~ 7. We claim that there exists generators

alaﬂlv BRI 7agaﬂg € H1(2>

and a generator w € H?(X), such that
a; — Bj = dijw, Bi — aj = —dijw,
foralli=1,...,9,and for all 4,5 =1,...,g,
a; — aj =B — B;=0.
Let
X=T1VvV---VT,

be a wedge sum of g copies of the torus 7; = S' x S'. By collapsing the complement of the g
handles of ¥ to the wedge point, we obtain a quotient map

q:x— X, pi: X =T

For each i, let H'(T;) = Zx; ® Zy; be the generators, and let u; € H?(T;) be the generator
such that
Ti =~ Yi = U, Yi — x; = —uy, xi— i =y; — yi = 0.
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Genus g surface collapsing into wedge of torus. Picture from Hatcher.

We also regard these classes as classes on X via the inclusions
p;  HY(T;) — H*(X).
Since X is a wedge sum, all cup products between positive-degree classes coming from different
wedge summands vanish. Hence for ¢ # j we have
x;— x; =0, yi — y; =0, z; —y; = 0.
Now define
ai=q"(z;), Bi=q*(y;) € H'(Z).
Since ¢ identifies the 1-skeleton of ¥ with the wedge of the 2g circles underlying the g tori,

the classes a1, f1, ..., ag, B, form a basis of H!(X).
Next, let [¥] € H2(X) be a generator. Under the map g., we have

¢[Z] = Fus + - + Fuy € Hy(X) = P Ho(Ts).
By rearrange the sign of x;, v;, u;, we may assume that for every 1,

(¢ ui, [B]) = (ui, [X]) = 1,
ie. qu[¥] = u1 + -+ +u, Since H*(X;Z) & Z, it follows that all ¢*u; are equal to the same
generator w € H%(3;7Z).
Hence

a; — B =q¢" (i — i) = ¢ (w;) = w, Bi— o =q" (yi — x;) = —¢" (0;) = —w,

and for ¢ # j, a; — B = 0.
Similarly,

ap— o =q (2 — ;) =0, o~ ai=pi— =0~ pi=0.

The following discussion will assume you know differential forms and de Rham theorem; feel
free to skip it.

Example 10.38. Here, in terms of de Rham theorem (though we didn’t completely prove it),
we compute H*(CP";R) ~ H},(CP™). We refer to [Bre93, Section 3.9] for more details0

There exists a differential 2-form called the Fubini-Study form w, which is closed and non-
exact since it is a Volume form on the compact manifold CP! (you can do this by direct
computation). In general, w"* are also closed and non-exact since they are a volume form on
CP* (in that case, you can do it by Calibration theory). Then all of [w]* generates H3xCP"
for k =0,1,...,n. Moreover, by degree reason, we have [w]"*! = 0.

Therefore, we have H*(CP™;R) = H},(CP™) = R[z] /(") for z = [w].

Remark 10.39. We also have H*(CP") = Z[z]/(z"*!). The main non-trivial ingredient here is
to show that x* are generators for the generator = of H?(CP") (where we use some non-trivial
integral computation in the de Rham theory). We will give a proof using the Poincaré duality
Example 11.38.

Exercise 10.40. * Show that if M is a compact symplectic manifold, then H?¥(M) are non-
trivial for K =0,1,...,dim M.
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11. MANIFOLD AND POINCARE DUALITY

In this section, we study topological manifolds. Importantly, we explain the Poincaré duality.

11.1. Poincaré duality.

Definition 11.1. A Hausdorff and second countable topological space M is called a topolog-
ical n-manifold if for every x € M, there exists an open neighborhood U C M of z and a
homeomorphism

~

p:U—V
onto an open subset V' C R".
Such a pair (U, ¢) is called a chart around x.

Remark 11.2. We only consider manifolds without boundary here. You may consult for refer-
ences for the definition of manifolds with boundary (or with corner in general).

Example 11.3. The spaces R", S™, and every open subset of R™ are topological n-manifolds.
Closed surface is a topological 2-manifold (in fact, this is the actual definition for surfaces).

Recall that in Remark 4.39, we already saw that local homology should be useful for manifolds.
Now we prove it.

Proposition 11.4. Let M be a topological n-manifold and x € M, and a commutative ring R.
Let j, : M\ {x} — M be the open inclusion, then

H,(C(jz); R) = R, Hy(C(jz); R) =0, Vg # n.

Proof. After picking a chart ¢ : U = V C R" with € U. By shrinking U J if necessary, we may
assume that there exists an open ball B C V centered at ¢(z) such that B C V. Set
D=¢p"YB) C U.

Then D = D™ and z € Int(D).
Then all the rest follows from the same excision argument as Proposition 4.38. U

Supplement material 11.5. Topological spaces that satisfy the conclusion of Proposition 11.4
are called homology manifolds, and then the proposition can be interpreted by: Topological
manifolds are homology manifolds.

However, there exist homology manifolds that are not topological manifolds: Take P to be the
homology n-sphere (it is misleading that a homology n-sphere is a topological manifold), which
is a topological manifold that satisfies H,(P) = H,(S™). Then its suspension P is a homology
manifold. But, X P is not a topological manifold except P = S™.

There indeed exists a homology n-sphere P that is not S™, the most famous examples come
from Poincaré. The Poincaré duality exactly comes from his study of those homology spheres.
The study eventually leads to the Poincaré conjecture, which was solved by Perelman, which
claims that a homology 3-sphere P is literally a sphere when 71 (P) is trivial.

However, another interesting side of the story is that the double suspension theorem of Ed-
wards—Cannon tells 2P = S"*+2 which is a topological manifold.

Exercise 11.6. * Show that if P is a homology n-sphere, i.e. is a topological manifold that
satisfies Hy(P) = H,(S™), then for M = X P, the conclusion of Proposition 11.4 is true. Le.
> P is a homology manifold.

On the other hand, show that M = X P is a topological manifold if P = S™ and if M = X P
is a topological manifold, then P ~ S™ (here, you may want to conclude P = S™ this is the
content of the generalized Poincaré conjecture, which is true, but more difficult to prove).

Definition 11.7. M be a topological n-manifold and = € M. A generator
pe € Ho(C(ja); R) = R

is called a local R-orientation of M at x.
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Remark 11.8. By Proposition 11.4, at each point there are exactly two choices of local Z-
orientations, namely p, and —p,. If R is of characteristic 2, then only one choice of local
R-orientation.

Now, we ask whether one can choose local orientations coherently.

Definition 11.9. Let M be a topological n-manifold and R be a unital commutative ring. An
R-orientation of M is a map

M = | | Hi(C(j2); R), x> i,
reM

such that it is coherent in the sense: for every x € M, there exists an open neighborhood
ju : U — M of x and a class
po € Hn(C(ju); R)
whose image under
Hn(C(ju); R) = Hn(C(jy); R)
is py for every y € U.

If M admits an R-orientation, then we call M R-orientable. We simply say orientable/orientation
if R=27.

Remark 11.10. The notion is compatible with the notion of orientation for smooth manifold.
However, we need more effect to prove the coincidence. Let’s omit it here.

Example 11.11. The space R™ is orientable. For every x, we define the translation map
T:(v) =v+x.
We pick u € H,(C(jo)) = Z, and then define the
pa= (T )n(p) € Hpn(C(jz)),
which is a generator since T, are homeomorphisms for all x.
To show the compatibility, at 0 € R”, we pick £ = E™ be an open ball of radius 1 centered

at 0, then H,(C(jg)) = Z and by naturality of excision we can pick a generator pup such that
the image of ug under

Hn(C(JE)> - Hn(c(jO))
is Ho-
We set Uy = E, U, = T,(Up), and
o, = (Te)n(pp) : Ho(C(jvy)) — Hn(C(ju,))-
Exercise 11.12. Check the every y € U,, the image of uy, under
Hn(C(ju,)) = Hn(C(y))
is exactly p,. And then conclude that R™ is Z-orientable.

Exercise 11.13. Show that S™ is Z-orientable.
Remark 11.14. If M is connected and orientable, then M has exactly two Z-orientations.

Exercise 11.15. Using the universal coefficient theorem Theorem 10.12 (in fact, the pair ver-
sion, which is still true following the original argument) to show that if M is Z-orientable, then
M is R-orientable for every commutative ring R.

Exercise 11.16. For commutative ring R is characteristic 2, for example Fy, show that any
manifolds are R-orientable. Hint: point here is p, = —puz, you have no choice for local-
orientation.

The following theorem is pretty fundamental:

Theorem 11.17. Let M be a connected compact topological n-manifold.
(1) If M is R-orientable, then Hy,(M;R) — Hp(C(jz); R) = R is an isomorphism for every
re M.
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(2) If M is not R-orientable, then H,(M;R) — H,(C(jz); R) = R is injective with image
{r|2r =0} for every x € M.
(3) Hy(M;R) =0 for g >n.

In the other word, the condition Hy,(M;R) = R is equivalent to M is R-orientable, and a
choice of generator for H,(M; R) = R is equivalent to give an R-orientation of M.

Remark 11.18. Its proof is long enough. As we will omit many proofs in this section, it is fine
to start from this one. You may consult [Hat02, Theorem 3.26]. Notice that in Hatcher, he
actually states and proves the result for H,(M, M \ {z}; R) in the place of H,(C(jz)). If you
know what later is, you shall know that they are naturally isomorphic.

Example 11.19. By this theorem, we know that the genus g surface ¥, the complex projective
space CP™ are orientable. And the real projective space RP"™ is orientable if and only if n is
odd.

Definition 11.20. Let M be a connected R-oriented (here, it means that we fix one orientation
already) compact n-manifold. Then the class

[M] € H,(M;R),
whose image in H,(C(ju,); R) is piz, is called the fundamental class of M (of the given orien-
tation.)

Exercise 11.21. Let M be a connected compact n-manifold that is R-orientable. Show that
if [M] is a fundamental class of one orientation, then —[M] is the fundamental class of another
orientation (call the opposite orientation).

To compact manifolds, we have the following technical result that is very useful.

Theorem 11.22. A compact topological manifold X of dimensional not equals to 4 is homotopy
equivalent to a finite CW complex. Consequently, Hy(X) and HY(X) are finitely generated
abelian groups for all q. So by(X) are well-defined for compact manifolds.

Exercise 11.23. Show that if dim X = 4, then H,(X) and HY(X) are finitely generated
abelian groups for all . Hint: Consider X x S!, and show it is a compact topological manifold
of dimension 5. Then you can use the Kiinneth formula.

Supplement material 11.24. There are some subtly here. When X is a non-compact manifold,
then X is homotopy equivalent to a CW complex that has at most countable g-cells for every
g < dim X. So, the only unknown case will be compact topological manifold of dim = 4 (anyway,
we know finiteness for (co)homology by the exercise). In this case, the good story is that if X
is compact smooth manifold, then we know X is homotopy equivalent to a finite CW complex.
It is more subtle to ask A-complex structure (triangulation), it is proven by Manolescu using
Seiberg-Witten theory that there exists for every n > 5 an topological n-manifold that do not
have a A-complex structure. Meanwhile, all smooth manifolds admit a A-complex structure.

Exercise 11.25. If M is a connected compact topological n-manifold, then if M is orientable,
then H,_1(M) (as a finitely generated abelian group) is free, and if M is not orientable, then
H,_1(M)=Z"®Z/2. Hint: use the universal coefficient theorem Theorem 2.28.

Consequently, by the universal coefficient theorem Theorem 10.12, we have H"(M) = 7Z
when M is orientable and H™(M) = 7Z/2 when M is non-orientable. Then M is orientable if
and only if H"(M) = Z, and when M is orientable, there exists a unique element in H™(M)
corresponding [M] € Hy, (M), which is still denoted by [M] € H"(M) sometime, and we call it
(cohomological) fundamental class.

Exercise 11.26. Previously, we construct an explicit generator for H, (S™), say [ogn], see
Exercise 4.18. Show that it is the fundamental class for an orientation of S™.

Supplement material 11.27. In the example for sphere, where we put a A-complex structure,
we see its fundamental class can be computed by a suitable sum of all top dimension singular
simplexes of the A-complex structure.
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The construction works in general: Suppose a compact oriented topological n-manifold M has
a A-complex structure (then it must be finite), we can construct the following n-chain

OM = E 5a§03;
a

where ¢, = %1 is determined in the following way: we take e, = 1 (resp. —1) if for some
x € p2(Int(A™)) we have [p?] € H,(C(jz)) coincides (resp. opposite) with the local orientation
1, determined by the orientation of M.

Then one can check that dops = 0 and [ops] = [M] for the given orientation.

It explains the strange sign in Exercise 2.18, and you may also see from this construction why
any manifold that equip with a A-complex structure is Fo-oriented. Another such an example
can be found in Example 11.34.

This combinatorial approach is closer to the original approach of Poincaré on his duality theorem.

Supplement material 11.28. Fundamental class also provides fruitful examples of homology class
in manifolds: If ¢ : ¥ — M is a submanifold of a manifold M, and Y is compact oriented,
i+[Y] € Haimy (M) is a homology class in M, and very often to be non-trivial. It is interesting
to know if every homology class in H,(M) can be realized by a submanifold class in this way,
which is known to be false in general (some examples are given by Thom using the Steenrod
square [Thob4]).

There are many further discussions here: 1) It is proven by Thom [Tho54] that for all homology
classes z, there exists | € N such that [z is realized by a submanifold i.[Y] = lz. 2) For
every homology class, Zinger [Zin08] proves that one can realize it by a pseudo-cycle, which
has application in differential geometry definition for the virtual fundamental class of Gromov-
Witten invariant. 3) In the case of projective varieties, a similar question about algebraic cycles
is known as the Hodge conjecture, which is still widely open.

Recall the results in Exercise 10.26, which we combine with Definition 11.20 to formula the
following theorem

Theorem 11.29 (Poincaré duality). Let M be a connected closed R-oriented topological n-
manifold. Then cap product with the fundamental class induces an isomorphism

PD: HY(M;R) — H,_4(M;R), PD(c):=c~ [M]
for every q.

Idea of the proof. Again, we will not prove it. See [Hat02, Section 3.3].

The idea for the proof is that both sides of the equivalence form cosheaves on M; and to
check they are isomorphic cosheaves, you only need to compare their costalks, which can be
easily seen from homology/cohomology of small balls.

Also notice that in Hatcher, he proves the result using H, (M, M \ K;R) where K C M is
compact, you can safely replace run his argument for H,(C(M \ K — M)). O

Supplement material 11.30. The modern form of Poincaré duality is much much far from the
result. One version is the Verdier duality, which you might learn in the sheaf theory. Another
one is Lurie’s covariant Verdier duality, which states an equivalence between the sheaf category
and the cosheaf category under mild conditions.

Exercise 11.31. * If M is a compact oriented manifold with a A-complex structure, and we
take the fundamental cycle os constructed in Supplement material 11.27. We set [fiy, - - -, fi.]a -

g Wigrovi ]
A¥ ———5 A" =5 X, then show that

PD([d]) = [ N [oam] = ellfor- s fala)lfar -+ fula
«
We will see a precise example for the computation in Example 11.34.
You may draw some picture to see the relation of the formula and dual graph (in the graph
theory sense).
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11.2. Examples and applications.

Exercise 11.32. Let M be a connected closed oriented n-manifold. Recall that we can define
the Betti number b,(X) = b9(X) as the rank of the corresponding homology or cohomology
(See Theorem 11.22, Exercise 10.14).

Show that 1) by(M) = by,—q(M) for all ¢; 2) If M is odd dimension, then x(M) = 0.

One interesting application is that you can use Poincaré duality to distinguish manifolds.

Exercise 11.33. Show that S? Vv S? is not a manifold. Hint: Use Fo-coefficient and apply the
Poincaré duality.

Example 11.34. Here, let us compute the PD : H(T?) — H{(T?).
As in Example 4.32, we think 72 as the quotient of [0, 1]? by identify certain edges, we denote
q:[0,1]? — T2

D [D.C] C
[A4,D,C]
[A, D] [B,C)
[A, B,C]
A [4, B] B

We set p1,po : T? = St x St — St projections. Let u € H(S!) be a generator, and set
a=pj(u),  B=p3(u) € H'(T?).
We know they are generators of H!(T?).
Let i1 : St — T2t v (t,0), ip : S* — T2t — (0,t), and a [S'] be the fundamental class of
St then
a=(0)([S]) = [S" x {x}], b= (i2)([S"]) = [{*} x §'] € H\(T?),
then, after choosing the fundamental class [T?] € Hy(T?) as below, we will show that
a~ [T% =b, B~ [T? = —a.
We compute directly from the chain-level definition of cap product given in Exercise 10.26,
especially, the compatibility
(c—d,o) = (c,d ~ o).
Write
A=(0,0), B=(1,0), C=(1,1), D=(0,1).
Consider the two singular 2-simplexes
oy=qo[A,B,C], or=qo[A,D,C],
and define
Zi=0y — 0], € SQ(T2).
We claim that z is a 2-cycle by direct computation.
Indeed,

dou = qu([B,C] = [A,Cl +[A, B]), 0Oor = qu([D,C] - [A,C] +[A, D))

Hence
0z = q#([B,C] —[D,C)+ [A,B] — [A, D])

But in the quotient 72 we have
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so Oz = 0. Moreover, the cycle represent the 2-cell I, then we know [z] € Hy(T?) is a generator,
and we can find an orientation to make it a fundamental class [2] = [T?].
Now define 1-cycles

a=qy[A, B],  bi=qulA, D).

These represent the two generators of Hy(T?) coming from the two S!-factors.
Next we evaluate o and S on the relevant edges. Since

a=pi(u),  B=ps(u),
we have
a([A7 B]) =1, a([AvD]) =0, a([A7 C]) =1,
and
/B([A7 B]) =0, B([AvD]) =1, /B([A7C]) =1

Geometrically, o measures winding in the first factor, while 8 measures winding in the second
factor.

We now compute the cap products. Since a,3 € S'(T?) and 2z € S9(T?), for a singular
2-simplex o we have

c~o=c(10)07.

First, for a:

10y = [A, B, (ov)1 = [B,C],

hence
a~ oy =4, B)[B,C] = [B,C].

Also,

101, = [A, D], (o)1 =[D,C],
SO

a ~or =«([A,D])[D,C] = 0.

Therefore

a~z=[B,C].
In T2, the right vertical edge [B, C] is identified with the left vertical edge [A, D], so
[ ~ z] = 0.
Thus
a~[z] =0
Next, for B: similarly, we have
g ~z=0-[D,C].
Since the top horizontal edge [D, C] is identified with the bottom horizontal edge [A, B], we get
B~ z] = —a.
Thus
§~ll=-a
So, with the orientation represented by the cycle z = oy — o, we obtain
o~ [T? =1, B~ [T?% = —a.

Exercise 11.35. Compare to Example 10.37, compute PD : H'(X) — H(X) for genus g
surface using above computation Example 11.34: For the generator «;, 8; of H'(X), we have
PD(«;) = b; and PD(B;) = —a;, where a;, b; represent corresponding cycles in the gluing
diagram in Exercise 4.34. You may also need Exercise 10.26-(4).

Our computation motivates the following definition.
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Exercise 11.36. Let M be an compact oriented topological n-manifold. We define the following
pairing, which is still denoted by —,

—: H""P(M) x HP(M) — Z, (a,b) — (a — b,[M]).
On the other hand, in Exercise 10.11, we have that the dual pairing
k: HP(X)® Hy(X) — Z,
which is generally not perfect due to the universal coefficient theorem.

(1) Show that we have the following commutative diagram
HP(M) x H" (M) —= 7

iM®PD ﬂ

HP(M) x Hy(M) —%— 7,
(2) Show the pairing — induces a perfect pairing
HP (M) free X H""P(M) free — Z, (a,b) — (a — b, [M]),,

and then where Ay, means the free part of the finitely generated abelian group A.
Similarly, we have for a field F

HP(M;F) x H" P?(M;F) > F,  (a,b) — (a — b, [M])

is perfect.

Hint: Use the universal coefficient theorem Theorem 10.12 and Exercise 10.26-(3).
(3) Show that for a 2n-dimensional manifold M, we have —: H"(M)x H"(M) — Z is symmetric
if 2n = 4k and anti-symmetric if 2n = 4k + 2.

For example, for the genus g curve, the matrix of the pairing under the bases we constructed

in Example 10.37 is < 0 Ig).
I, 0

(4) * For a 2n = 4k + 2 dimensional compact oriented manifold M, we have x(M) is even.
Notice that this is NOT true for non-oriented manifolds, for example y(RP?) = 1.

Supplement material 11.37. To certain manifolds, the pairing — is crucial. For example, Freed-
man show that for simply connected 4-dimensional topological manifolds (simply connected
implies orientability), their homeomorphism class is determined by the pairing —.

Example 11.38. We already know that CP" is a 2n-dimension manifold, and Hs,(CP") = Z
shows that CP" is orientatble, so we can use Poincaré duality for it.

Here, we show the cohomology ring of H*(CP™) is isomorphic to Z[z]/(x"*!) using the
Poincaré duality, and moreover we can pick = such that have PD(z") = [pt]. We will actually
compute the Poincaré duality PD(a:k) for k=0,...,n.

We prove it by induction. When n = 1, we know CP! = §2 and then H*(CP') = H*(S?) =
Z[x])/(x?) for |z| = 2 by Example 10.22 and we pick orientation of S? such that PD(x) = [p)].

Now, consider the higher dimension.

As the induction hypothesis, we assume H*(CP") = Z[z]/(2"*!) with PD(2") = 2" ~
(CP"] = [pt].

We consider the (hyperplane) embedding

i:CP" — CP"™, [20,...,20] = [20,- .., 2n,0].
Then we have a ring homomorphism
i* : H*(CP"™Y) — H*(CP"™),
and by the cellular homology computation, or the dual version of mapping cone sequence com-
putation, we know that i? is a group isomorphism for 0 < ¢ < 2n. In particular, we may write

H?(CP™Y) = Z[y*] for 0 < i < n for 2% = i*(y"), since 2* is a generator of H?*(CP™) by the
induction hypothesis.
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Now, by Exercise 10.26-(2), we have
(" [P = (v y ~ [CP™H) = (", PD(y)).

(The non trivial place:) In this formula, we have that PD(y) € Ha,(CP"*!) is a generator
since PD : H?> — H,, is an isomorphism between abelian groups.

On the other hand, we know y" is a generator of H2"(CP"*1). Therefore, by Exercise 11.36-
(2), the pairing

(y"*, [CP™)) = (y", PD(y)) = +1,

and then we have y"*! is a generator of H?"*2(CP"*!). Moreover, we can always assume it
equals 1 by taking a suitable orientation [CP"1].

Consequently, we have

H*(Cpn—i-l) o~ Z[y]/(yn+2)’ <17yn+1 — [CPn+1]> — <yn—i-17 [(CPn—HD =1
which finish the induction.
Now, we compute the Poincaré duality (go back to CP™ and Z[x]/(z"*1)).
Similar to the previous i, we set the subspace embedding to be iy, : CP"™* — CP", [z0,...,2n—k] —
(20, Zn—t, - - -,0]. We claim that PD(a*) = (ig)«[CP"*].
Indeed, both classes lie in Hoy,_ok(CP™) = Z, so it is enough show their pairing with the
generator "% € H?"~2(CP™) are both 1: On one hand, we have

(z"k PD(z®)) = (2% 2F ~ [CP"]) = (2", [CP")) =1,
on the other hand, we have
(@, (i) [CP"7M)) = (i (a"7F), [CP" ™)) = (" 7F, [CP" ™M) = 1.
Therefore, we have
PD(z") = (ix)«[CP" "],
as claimed.

Remark 11.39. Here, try to compare Example 10.38 as explained in Remark 10.39.

Notice that we prove this fact in R-coefficient using a certain integration trick, which indicates
the deep relation between Poincaré duality and integration of differential forms. In fact, we can
develop the entire de Rham version of Poincaré duality using integration, this is the topic of
[BT82].

Exercise 11.40. * Show that H*(CP*°) = Z[z] with |z| = 2. The ring is useful when you
study the first Chern class and the S'-equivariant cohomology.

Exercise 11.41. Using the H*(CP?*") = Z[z]/(z*"*1) to show that there is no homotopy
equivalence f : CP?" — CP?" such that f*" maps z°" to —a?".

Here, we notice that 2" = [CP?"] (the RHS means the coholomogical fundamental class here)
for an orientation. Then the exercise tells that all homotopy equivalences of CP?" preserve the
orientation of CP?",

Exercise 11.42. Now, you may be strong enough to prove by yourself the ring isomorphism
H*(RP",Fy) = Fo[z]/(z"!) with |z| = 1.

Supplement material 11.43. We mention a dual point of view for the pairing (in the language
of differential topology). Let M be an oriented compact n-dimensional smooth manifold. We
define the following pairing, which is called the intersection product,

N Hyp(M) ® Hy—q(M) — Hy—p—q(M)
by the following diagram
HP(M) x H{(M) ———— HPT(M)
lPD@PD lPD
Hy—p(M) x Hng(M) —= Hyp—o(M)

n=p
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The interesting thing is that for chains represented by submanifolds, we can compute the inter-
section product by geometric intersection (counted algebraically):
Leti: X — M, j:Y — M are oriented compact smooth submanifolds. We want to compute
i+[X] N j«[Y] (the intersection product, not the set theoretical intersection).
We assume that di, ® dj, : T,X © T,Y — T,M is surjective for allp € X NY ,ie. X and YV
intersect transversely. This is an gentle assumption: By Thom’s transversality theory, we can
always pick a small perturbation of 7,7 such that the transversality condition is satisfied and
the cycles i,[X], j«[Y] do not change.
In this case, we have that k : XNY — M is a submanifold of dimension n —dim X —dim Y, and
there exists a unique orientation such that T, M = T, X &T,Y/T,(XNY') is orientation preserving,
and we take the class k.[X NY] for this orientation. We define i.[X] N j.[Y] := k«[X NY]. The
main theorem here is that PD~!(i,[X]Nj.[Y]) = PD~1(i.[X]) — PD~1(j.[Y]) [Bre93, Chapter
IV, Theorem 11.9]. It gives a geometric interpretation of the cup product.
For example, when dim X + dimY = n, transversality means that Vp € X NY the linear map
Jp = dip, ® djy is rank n, and in this situation X NY is a finite set. We set ¢, = sign(det(.J,)),
then we have

WX NGYT= D elpt] € Z = Ho(M).

peEXNY

For example in 72 (compare to Example 11.34), you can see that PD(a — ) = bN (—a) €
Ho(T?), and a,b are represented by some S'. Those circles are intersected at exactly 1 point,
which corresponds to a — 3 = [T?] (be careful with the orientation). You may also try to think
about how to compute the cup product of ¥, in the geometric intersection way.
Another application of this geometric construction allow you compute the ring structure of
H*(CP") differently. We set x, = PD~YCP"*], where CP"~* C CP" as the linear subspace,
as the generator H2*(CP"). Then notice that a generic n — i dimension (C-linear) subspace
intersection with a generic n—j dimension subspace intersection at a n—¢—j dimension subspace
(empty if i4+j > n), it tells you that z; — z; = 4, and then we know H*(CP") = Z[z]/(z" 1)
again by setting z = xs.
Nowadays, the intersection product is developed into intersection theory, which can be define in
more setting (for example scheme or stack).

Finally, we present the Lefschetz fixed point theorem. (One of) its proof deeply relies on the
Poincaré duality.

Definition 11.44. Let f : X — X be a map and assume that H9(X) are all finitely generated,
then we define the Lefschetz number to be

AX, f) = (-1)?Tx[f: HY(X;Q) — HY(X,Q)].

Exercise 11.45. (1) Show that A(X,id) = x(X) when it can be defined.
(2) For f:S™ — S™, show that

AKX, f) =14 (=1)" deg(f).

Theorem 11.46. Let M be a compact oriented topological manifold, and f: M — M a map.
We have that if A(X, f) # 0, then f has a fized point.

Exercise 11.47. Let f : CP™ — CP™. Here we want to study existence of fixed points of f
using the cohomology ring H*(CP",Q) = Q[z]/(2™*!) and the Lefschetz fixed point theorem.

Show that: 1) If n is even, then f has a fixed point. 2) If n is odd, and f*(x) # —=z, then f
has a fixed point.

Supplement material 11.48. You can also develop the Lefschetz fixed point theorem in other
cohomology theories. For example, the Lefschetz fixed point theorem for /-adic étale cohomology
plays a very basic role in solving the Weil conjecture.
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12. HOMOLOGY FOR PAIRS AND EXCISION PRINCIPLE

In this section, we explain homology for pairs and the excision principle. This toolkit is more
or less equivalent to Mayer-Vietoris, but has certain conveniences.

In this course, we will not essentially use any tools here, so you may safely skip this section.
But you may need it at some moment in your life.

12.1. Relative homology for pair and LSE. Recall that a space pair (X, A) consists of a
space X and its subspace A. To a space pair where i : A C X is the inclusion, we have defined
Qg Sy (A) = S (X).

It is clear that this is a degree-wise injective chain map, and we can regard S.(A) as a
sub-chain complex of S,(X) (i.e., degree-wise subgroups, and inclusion commutes with the
differential since iy is a chain map).

Definition 12.1. We define the singular chain for the pair (X, A) (or relative chain) to be
Se(X,A) = 5,(X)/Sc(A).
Precisely, S,(X, A) = 9,(X)/S4(A) and Jg, (x 4y is descended from Jg, (x)-
We define H,(X, A) as Hy(S(X, A)) as the singular homology for a pair, or relative homology.
In particular, when A = @, S,(X,@) = Sy(X) and Hy(X,A) as Hy(X) that recover the
absolute case. . )
Similarly, we may also define the reduced version of cochain S*(X; M) = Homgz(S5*(X), M),
and relative version S*(X, A; M) = Homgz(S*(X,A), M) and their cohomology HY(X; M) ,
HI(X, A; M).
Remark 12.2. We can develop the Hy(X, A; M) as well. To simply notation, we will not do it
here.

Remark 12.3. In fact, Sy(X, A) = S4(X)/S4(A) is a free abelian group generated by singular
simplexes o : A? — X with im(o) does not entirely in A. But we will keep our convention to
treat it as a quotient.

Exercise 12.4. If f: (X, A) — (Y, B) is a map between pairs, try to define the induced map
f# = Si(f) : S(X, A) = S(Y, B), fo: Hq(X> A) = Hq(Y7 B).

Show that f, has homotopy invariance with respect to the relative homotopy relation. Hint:
Check carefully that the homotopy invariance relation descends to relative chains.

Exercise 12.5. For a pair (X, A), we consider the following construction:
Z)(X,A) = {c € $4(X) | De € Sy1(A)),
B (X, A) = 1m(dg11) + S4(A) C Sy(X).

Show that By (X, A) C Zy(X, A), and Hy (X, A) = Z,(X, A)/B,(X, A).
The construction gives a more geometric intuition for thinking of homology classes of H,(X, A)
as “cycles relative to A”.

4 X))

Jdo C A
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Theorem 12.6. For any space pair (X, A), we have a long exact sequence

s Ho(A) 2 Hy(X) S (X, A) 2 Hy oy (A) -

If f: (X, A) — (Y, B) is a map between pair, then f, and (f|a)q are natural with respect to
the long exact sequence in the sense that the following diagram is commutative

S H(A) s Hy(X) —— Hy(X,A) —2s H,_1(A) ——

|l | |7 |t

— Hy(B) —— H,(Y) —— H,X,B) —— H,1(B) ——

Proof. By taking a degree-wise quotient, we have a degree-wise short exact sequence, which is
moreover with respect to the differential

0= S.(A) H5 5.(X) B S,(X, A) - 0.

The short exact sequence induces the long exact sequence by standard homological algebra.
The naturality also follows since fx induces chain maps between the short exact sequences

0 —— Si(A) —— Su(X) —— Su(X,A) —— 0

l(ﬂA)# lf# lf# O

0 —— Si(B) —— S.(Y) —— S, (Y,B) —— 0
Remark 12.7. Here, let us explain a little more about the connecting map
Hy(X, A) 2 H,_1(A)
is given by
9y([0]) = [iz' 04, xp™ 0],

which is well defined by the argument for the snake lemma. We may compute the connecting
map using the exercise below.

Exercise 12.8. Under the identification of Exercise 12.5, show that the connecting map 0 :
Hy(X,A) — Hy;1(A) can be computed as follow: For any z € H,(X,A), we can find 0 €
Zy(X, A) such that [0] = 2 € Z,(X,A)/B,(X,A) = Hy(X,A), and then we have J,(z) =
[040] € Hy—1(A) (notice that o € Z, (X, A) means that 9,0 € Z; 1(A) C S4-1).

Exercise 12.9. Here, we recall subsubsection 2.4.2. Let z € X be a point, show that 1)
Hy(X,z) ~ Hy(X) for all q. 2) H, also has the long exact sequence for pairs (recall the remark
below).

Remark 12.10. You may also define H, (X, A) == H,(S:(X,a)/S«(A,a)) for a € A C X. How-
ever, you do not get anything new since Si(X,a)/S«(A4,a) = S.(X,A) as a chain complex.
However, it may cause some convenience for some discussions.

Exercise 12.11. Let f : (X, A) — (Y, B) is a map between pairs such that f : X — Y and
fla : A — B are homotopy equivalences. Then f, : Hy(X,A) — H,(Y, B) are isomorphisms.
Hint: Use the five lemma and the long exact sequence.

Notice that here we do not have a relative homotopy equivalence for pairs. So, this does not
follow directly from the homotopy invariance. In practice, it may simplify some discussion (for
example, it may be tricky to really find a relative homotopy equivalence, but easier to check
two absolute homotopy equivalences.

Exercise 12.12. Write down and prove the Mayer-Vietoris sequence for relative cohomology.
Notice that you may also write an MV sequence where you take intersection and union in the
place of A for a pair (X, A)!

Lastly, we mention that we can study a space triple (X, A, B) where B C A C X, and related
long exact sequences. It may give some interesting applications.
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Exercise 12.13. Then show that we have the following long exact sequence

C s Hy(A,B) % Hy(X,B) ™ H,(X,A) 2 H,_1(A,B) = -,

where i : (A,B) — (X,B) and j : (X,B) — (X, A).
For a morphism of triple f : (X,A,B) — (Y,C,D), we have the following commutative
diagram of long exact sequences:

- —— Hy(A,B) —— Hy(X,B) —— Hy(X,A) —— ---
|7 12 |1
- —— Hy(C,D) —— Hy(Y,D) —— Hy(Y,C) — ---
Hint: Simply repeat the proof of Theorem 12.6 for suitable chain complexes.

12.2. Excision principle. Now, we state the excision principle and prove it using the small
chain theorem Theorem 4.2.

Theorem 12.14 (Excision principle). Let (X, A) be a space pair and a subspace U C A satis-
fying U C Int(A). Then the morphism of pairs

f(X\UA\U) = (X,A)
induces a quasi-isomorphism, i.e. isomorphisms on homologies
fo: Hy(X \U,A\U) = Hy(X, A).
Proof. Take U = {X \ U, A}. Then the condition U C Int(A) implies that
Int(X \U) UInt(A) = (X \U)UInt(4) = X.
Then we can use Theorem 4.2 to U. Here, we take iy, 7y
iyt SHX) C Su(X), 74:Su(X) = SHX)
constructed from the small chain theorem. We also notice that in this case, we have
SHX) = S(X\U) + 5.(4).

Notice that A € U, so Si(A) is a sub-chain complex of S¥(X) as well as S,(X). The condition
i = id guarantee that 7.|g,(4) = idg, (4). Consequently, r. and i, descend to chain maps

SH(X)/Su(A) = [S (X \U) + 5.(A)]/S(A) & 5u(X)/5:(A) = S:(X, A).

Moreover, i,r, =~ id through Fy, and moreover F,(S.(U;)) C Si11(U;) for all I; € U. Then we
have F, also descends to a chain homotopy.
Therefore, we have i, induces

H,(1S.(X \ U) + S.(A)]/S.(4)) = H, (X, A).
On the other hand, by the third isomorphism theorem, we have
Therefore, we have
Hy(X \ U, A\U) = Hy([S.(X \U) + S.(A)]/S.(4)) = H,(X, A).
Lastly, it remains to verify that the isomorphism is induced by f,. We left it as an exercise. [

Remark 12.15. Here, we use the small chain theorem to give a direct proof of the excision
principle. You may also prove the excision principle using the Mayer-Vietoris sequence for
pairs. In fact, the excision principle and the Mayer-Vietoris sequence are equivalent. But the
proof for the equivalence is tricky, and we left you to explore.

To apply it more effectively, we introduce the following notion.

Definition 12.16. We say a pair (X, A) is good, if there exists A C X is a closed subspace
and A has an open neighborhood V' C X, and A C V is a deformation retraction.
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Proposition 12.17. For a good pair (X, A), we have the quotient map w : (X, A) — (X/A, A/A)
induces isomorphism

Tq s Hy(X, A) ~ Hy(X/A, AJA) = H,(X/A).
Proof. We consider the following commutative diagram induced by evident maps between pairs

Hy(X,A) —%—— H (X,V) «—L— H,(X\A,V\A)

Hy(X/A, AJA) —— Hy(X/A,V/A) 2 Hy(X/A\ AJA,V/A\ A/A)

By Exercise 12.11, we have a, ¢ are isomorphisms. By Theorem 12.14, we have b, d are isomor-
phisms.

However, the right most 7, is an isomorphism since 7 restrict to a homeomorphism between
(X\A,V\A)and (X/A\ A/A,V/A\ A/A) by definition of quotient space.

Then the left most 7, is an isomorphism by the commutativity of the diagram. O

Exercise 12.18. For n > 1, we have H (D", S"=1) = Z for ¢ = n, and otherwise trivial. Hint:
Use Proposition 12.17 and the computation of Hy(S™).

Exercise 12.19. Let f : X — Y be a map. Consider the mapping cone C(f), see Example 4.26.
We can treat Y as a subspace of C(f) viathemap Y - Y UC(X) - C(f) = (Y UC(X))/~
(check this is a closed embedding), then show that (C(f),Y) is a good pair and C(f)/Y = XX.
Consequently, we have ﬁq(EX ) = Hy(C(f),Y), and you may prove the mapping cone sequence
using the long exact sequence for pairs. One particular case is the closed inclusion ¢ : A C X,
then we have H, (X, A) = H,(C(i)).

Exercise 12.20. For a CW complex X, show that (X9, X97!) is a good pair for all ¢ > 1.
Then we have Cy(X) =& H, (X9, X97!). This is another way to define cellular homology (try to
use the previous exercise to show two definitions are equivalent).

Supplement material 12.21. We already see that homology for mapping cone and quotient are
deeply related. This is a pattern of a more general notion of cofibration (see [Die08, Chapter
5]), and we use the special case: A — X is a cofibration when (X, A) is a good pair. The notion
is very useful in further study of homotopy theory.

12.3. Relative cohomology.

Definition 12.22. We define the reduced version of cochain S*(X; M) = Homz(s*(X),M),
and relative version S*(X, A; M) = Homg(S*(X,A), M) and their cohomology HY(X; M) ,
HY(X, A; M).

Remark 12.23. To relative cochain ¢ € S1(X, A; M),
c:5¢(X)/Sq(A) = M,
we can literally think it as a ¢ € S9(X; M) such that ¢[g, (1) = 0. The reason is the following:

for chains, we have Sy (X) — S4(X)/S4(A) is a surjective homomorphism, but after applying
Homgyz(—, M), we have an injective homomorphism (see Exercise 10.1)

SUX,A; M) — SUX; M),
whose image can be characterized by ¢ € S(X; M) such that ¢|g (4) = 0. And in the case of

cochain, we have S?(X) — S7(A) is a quotient (looks a little weird, but this is the feature! Not
a bug.)

Theorem 12.24. For a map f : (X, A) — (Y, B), we have induced cochain map S*(f) = f#
and its cohomology Hi(f) = f4

f*:8%(Y,B) = S*(X,A), f9:HYY,B)— HYX,A),

which are compatible with composition.
When f ~ g, we have f# ~ g# (as cochain maps), and then f9 = g9.
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Theorem 12.25. We have the following long exact sequences:
(1) For any space pair (X, A), we have a long exact sequence
o HIX,A) S Hy(X) S Hy(A) S Heq (X, A) —

If f: (X, A) — (Y, B) is a map between pair, then f¢ and (f|a)? are natural with respect to
the long exact sequence in the sense that the following diagram is commutative

— % HY(X,A) —— HY(X) — HY(A) —2— HIT(X A) ——

lf* J/f* l(f‘A)* lf*
S HYY,B) —— HY(Y) —— HYB) —2 s HI' (Y, B) —
(2) Let (X, A) be a space pair and a subspace U C A satisfying U C Int(A). Then the morphism

of pair
f(X\UA\U) = (X,A)

induces an quasi-isomorphisms, i.e. isomorphisms on homologies
fUHY(X, A) S HI(X \ U, A\ U).
Proof. (1) Similar to Theorem 10.6, we only need that

0= 5% (X, A) B 5.(X) 5 §5(4) = 0

is exact since S, (A) is a degree-wise free chain complex. The chain level result
(2) Simple the dual of Theorem 12.14 because we have a chain homotopy there. U

Corollary 12.26. For a good pair (X, A), we have the quotient map 7 : (X, A) — (X/A, A/A)
induces isomorphism

7l HY(X/A, AJA) = HY(X/A) ~ HI(X, A).
12.4. Relative cup product. Here, we mention the relative cup product. Recall that the
chain-level cup product is the bilinear map (written explicitly)
SP(X)® SUX) — SPTUX),c@drs c—d= [0 € Spig(X) = c(p0)d(ay)]-

Now, as we have Remark 12.23, we regard ¢ € SP(X, A) as ¢ : Sp(X) — Z that restricts to 0
on Spy(A).
Lemma 12.27. Let ¢ € SP(X,A) and d € SI(X,B), then for o € Spiq(A) + Spq(B) C
Sp+q(X), we have ¢ — d(o) = c(po)d(oy) = 0.
Proof. By definition of o we have 0 = o4+0p, where 04 € Sy 4(A) and op € Spy4(B). Without
loss of generality, we assume that 0 = o 4. Then ,(c4) € Sp(A) and (04)4 € Sq(A). O

Proposition 12.28. If A, B is a Mayer-Vietoris duo, then the chain level cup product induces
a relative cup product

—: HP(X,A)® HY(X,B) — H"*{(X,AU B).
Proof. The previous lemma shows that the chain level cup products a bilinear map
—: SP(X,A) ® S1(X, B) = Homyz(Sp1¢(X)/[Sptq(A) + Spt¢(B)],Z),c @ d — ¢ — d.
Moreover, {A, B} is a Mayer-Vietoris duo, then we have the natural map

Sp+q(X)/[Sp+g(A) + Spa(B)] = Spq(X)/[Sprq(AU B)]

induces a quasi-isomorphism
Homgz (S5, (X)/[S:(AU B)], Z) — Homgz (5.(X)/[S«(A) + S:(B)], Z)
by the 5-lemma. Then all the rest things are routine linear algebra. O

Remark 12.29. We often use the following cases, {A, B} = {A} or {A, B} = {A, @}, where the
condition of the proposition is automatically true.
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Similarly, you can define relative cap product and relative cross product.

Those relative products can be use to state and prove some relative version of Poincaré duality,
which is useful in study of vector bundles. For example, the Thom isomorphism theorem and
Gysin sequence follows from that, and they also related to the Characteristic classes theory. We
refer to [Die08, Chapter 17, 18] for more details.
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APPENDIX A. CHEAT SHEET ON HOMOLOGICAL ALGEBRA

Here, we should recall exactness and useful situations. Also, the five lemma and the snake
lemma. We refer to [Wei94, Chapter 1-3] for more details.

In the following, we state in the homological convention (i.e., the differential decrease degree
by 1), you may easily write down the same result for the cohomological convention.

A.1. Exactness.

Definition A.1. Let
f—_1>Az£>Az+1 fi>
be a sequence of abelian groups and group homomorphisms. We say the sequence is exact at
A; if
im(fi—1) = ker(f;).
A sequence is called ezact if it is exact at every term.
The following exact sequence of 5-terms is called a short exact sequence

0-ALB%SCS0
Equivalently, f is injective, g is surjective, and im(f) = ker(g).
We often split long exact sequences into many short exact sequences.
Lemma A.2. Let
N P ﬂAq&Aq_l—%'-
be a long exact sequence of abelian groups. Then for every q there is a natural short exvact

sequence
0 — coker(fg+1) = Ay — ker(fy—1) — 0.

Definition A.3. A short exact sequence

05ALBYS S0

is said to split if one of the following equivalent conditions holds:

(1) there exists a homomorphism s : C' — B such that g o s = id¢;

(2) there exists a homomorphism r : B — A such that 7o f =id4;

(3) B~ A® C and under this identification f and g are the standard inclusion and projec-
tion.

Proposition A.4. If
0-A—->B—>C—0

is a short exact sequence and C is a free abelian group, then the sequence splits.

Proposition A.5 (Five lemma). Consider a commutative diagram of abelian groups with exact

rows
Ay Ao As Ay As
lf 1 lf 2 lf 3 lf 4 lf 5
Bl B2 B3 B4 B5

If f1, fo, f1, f5 are isomorphisms, then f3 is an isomorphism.

Theorem A.6 (Snake lemma). Consider a commutative diagram of abelian groups

A—1B » C > 0
[
0 A y B 2 ¢

whose rows are exact. Then there exists a natural exact sequence

ker(f) — ker(a) — ker(8) — ker(7) LN coker(a) — coker(3) — coker(y) — coker(g).
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The homomorphism O : ker(y) — coker(«) is called the connecting morphism.
A.2. Chain complexes.

Definition A.7. A chain complex (Cy,0y) of abelian groups consists of a sequence of abelian
groups and homomorphisms

1?) 19} 10) Og—
-LQ>C,1+1 Ll>cq_q>cq_1 Zatl, L.
such that
99009441 =0
for every q.

Definition A.8. Let (C.,9¢) and (D,,dP) be chain complexes. A chain map f. : Cy — D, is
a collection of homomorphisms

fq:Cq — Dy
for all g, such that for every ¢ the following diagram commutes:

C
Cy — Cyy

lfq J/qul
aD

Dq *q> Dq,1
that is,
C D
fq—l an = aq qu
for every q.

Proposition A.9. Let f : Cy, — D, be a chain map between chain complexes. Then f induces
homomorphisms

Hy(f): Hy(Cs) = Hy(Dy)
for all q. Moreover, if g : Dy — E, is another chain map, then
Hy(go f) = Hy(g) o Hy(f),  Hy(ide,) = idp,(c.)-
Proposition A.10. Let
O—>A*i>B*i>C’*—>O

be a short exact sequence of chain complexes. Then there is a natural long eract sequence on
homology

Hq(f)
)

Hq(B*) HQ(g)

o Hy(A =9 1 () D Hy i (A) = -

Definition A.11. Let f,g: Cx — D, be chain maps. A chain homotopy from f to g is a family
of homomorphisms

hq : Cq — Dq+1
such that

Oh+ho=f—g.
In this case we write f ~ g.

Proposition A.12. If two chain maps f,g : Cx — D, are chain homotopic, then they induce
the same maps on homology:

Hy(f) = Hqy(g)
for all q.

Definition A.13. A chain map f : C, — D, is called a quasi-isomorphism if
Hy(f): Hy(Cy) = Hy(Dy)

is an isomorphism for every gq.
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Definition A.14. Two chain complexes C, and D, are chain homotopy equivalent if there exist
chain maps

f:Cy— Dy, g:D,— C,
such that

gof~ide,,  fog~idp,.
Proposition A.15. If two chain complexes are chain homotopy equivalent, then they are quasi-
isomorphic.

Proposition A.16. Let

. =Pc
acl
be a direct sum of chain complexes. Then

Hy(C.) = @ Hy(C1)
ael
for every q.

Theorem A.17 (Algebraic universal coefficient theorem for homology). Let C. be a chain
complex of free abelian groups, and let M be an abelian group. Then for every q there is a
natural short exact sequence

0 — H,(C.) ®z M — Hy(Cy ®z M) — Tor?(H,—1(C,), M) — 0.
Moreover, this short exact sequence splits, though not naturally in general.
Theorem A.18 (Algebraic universal coefficient theorem for cohomology). Let Cy be a chain

complex of free abelian groups, and let M be an abelian group. Then for every q there is a
natural short exact sequence

0— Ext%(Hq_l(C*), M) — H%(Homgz(Cy, M)) — Homg(H,(Cx), M) — 0.
Moreover, this short exact sequence splits, though not naturally in general.
Theorem A.19 (Algebraic Kiinneth theorem). Let C, and D, be chain complezes of abelian
groups. Assume that one of Cy and D, is a chain complex of free abelian groups. Then for
every n there is a natural short exact sequence
0= @B Hy(C.) ® Hy(D.) = Hy(Co® Dy) » P Torf (Hy(Cy), Hy(D.)) — 0.
p+qg=n p+g=n—1
Moreover, this short exact sequence splits, though not naturally in general.
Remark A.20. Those 3 theorems are about derived tensor / derived Hom. So, freeness is suffi-
cient to compute the derived tensor (free implies flat) / derived Hom (free implies projective).
Let A, B, M be abelian groups. The following identities are frequently used.
(1) Tor?(A, B) = Tor’(B, A).
(2) Ext}(A, B) is contravariant in A and covariant in B, while Tor?(A, B) is covariant in both
variables.
(3) If Fis a flat abelian group (for example, free or fields of characteristic 0), P is a projective
abelian group (for example, free), and I is an injective abelian group (for example, I = Q/Z),
then
TorZ(F,M)=0,  Ext}(P,M)=0, Ext}(A,I)=0.
(4) For every n > 1,
M ®zZ/n= M/nM, Tor?(Z/n,M)={m & M |nm =0}, Exty(Z/n, M)= M/nM.
(5) For every m,n > 1,
Z/m Rz Z/n =7/ ged(m,n),
Torf(Z/m, Z/n) = 2/ ged(m, ),
Exti(Z/m,Z/n) = 7/ ged(m, n).



ALGEBRAIC TOPOLOGY 87

(6) We have

Tor?(EP Ai, B) = @ Torf(4;, B),  Torf (A, &P B; @Torl A, B))

J
and

Exty(EP Ai, M) = [ Exty(Ai, M), Extz(A, @D B)) = D Ext}(A, B;)
i i J J

whenever A is finitely generated.
(7) It A= 7" ®@F_ | Z/n;, then

Tor?(A, M) @{meM!nz = 0},

Ext} (A, M) @M/nl
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