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§0.1 Abstract

This report presents an in-depth exploration of homology theories in Algebraic Topology, focusing
on the use of the Acyclic Model theorem to establish the equivalence between singular and simplicial
homologies. The report begins with a comprehensive overview of homology theory, highlighting its
importance in discerning topological properties through the study of algebraic invariants.

One of the main focus of the report is the Acyclic Model theorem, which provides a crucial link
between singular and simplicial homology. The theorem demonstrates that these two models yield
equivalent results, thereby affirming the validity and applicability of homology theory. A rigorous
proof of the acyclic model theorem is presented, emphasizing the intricate connections between the
two homology theories and the insights gained through their equivalence.

Furthermore, the report introduces the powerful Mayer-Vietoris sequence as a valuable tool in
homology theory. This sequence allows computation of homology groups by breaking down spaces
into smaller, overlapping subspaces. By utilizing the Mayer-Vietoris sequence, the report explores
its application in proving important theorems, including the renowned Lefschetz fixed point
theorem and the Jordan-Brouwer separation theorem. Concrete examples and illustrations
are provided to elucidate the application of the sequence and demonstrate its utility in topology.

§0.2 Introduction

Why do we need Homology Theory? We know the fundamental group, m; detects 1-dimensional
holes. In general, it counts the equivalence class of homotopic loops. Similarly, we can define m,, for
n € N. These are called Homotopy groups.

We know, 1 depends only on 2-skeleton of a polyhedron. It might seems like 7,, depends on (n+1)-
skeleton structure of the space. But it is not the case. Consider the space X = S?. We know that
the sphere do not have any 4-cell. So it might seems 73(S?) = 0 but in fact 73(S?) = Z.

So, higher homotpy group do not directly depends on cell structure of a polyhedron. Computing
them is not an easy task. This is why we define homology group H,,, which detects n-dimensional
holes. This group is directly related to cell structure of the polyhedron.

Homology theory involves a sequence of covariant functors H,, to the category of Abelian groups.
We will define homology on two catagories. Singular Homology is defined on category of topo-
logical spaces Top. Finally, Simplicial Homology defined on the category of Simpicial complex.



Some Categorical definition

§1.1 Category of chain Complexes

Here, our main aim is to define Category of Chain Complexes Chain®. Before doing that we
have to define some terminology such as differential group, graded groups etc. After defining chain
complex we will construct a functor from the category Chain™ to Gradedgroups which will be our
Homology functor.

Definition 1.1.1 » Differential group }

C consist an Abelian group C and an endomorphism 9 : C — C such that 9% = 0.
e Here, 0 is called boundary operator.

Here, ker 9 = Z(C) is called “cycles” and Imd = B(C) called “boundaries”. Since, % = 0 we must
have B(C) C Z(C). The homology group H(C) is the quotient,
H(C)=2Z(C)/B(C)

If 7: C — C' is a homomorphism between two differential groups that commutes with differential
(9) then it maps boundaries to boundary and cycles to cycles. It will induce a homomorphism
Tw : H(C) — H(C"), which maps {z} — {7{z}}.

Definition 1.1.2 » Graded group }

graded group C = {C,} is collection of Abelian groups indexed by integer. A homomor-
phism of degree d from one graded group to another 7 : C' — C' is sequence of homomorphism

{Td : Cq — Cq+d}

Chain Complex C' is a graded group in which groups are differential groups and homomorphism
0q are of degree —1. i.e.
Bq : Cq — Cq_1

such that the composition 9,044+1 = 0.

Oq+1 9q
Cop1 —> Cy — Cyq

For most of the chain we consider C; = 0 for ¢ < 0. For a complex chain C the group of cycles
Z(C) is a graded group with the collection {Z,(C) = ker d,}. The group of boundaries are defined
by {B;(C) =Imd,+1}. A chain map between two chain complexes C' and C” is a homomorphism
of degree 0 commuting with differentials. Which means the following diagram commutes,

0,
Cq — Cq—l

T{ yq,l

/ /
Gy —5 Cima



We can create a category of chain complex whose objects are “Chain Complexes” and morphisms
are “Chain maps”. We call this category of chain complex and denote it as Chain®. Whenever we
are given a chain complex C we will imagine it like a sequence of Abelian groups and homomorphism
like following With 0,04+1 = 0,

8+1 0,
---—>Cq+1q—>C'q—q>Cq_1—>---

If 7: C — C' is a chain map, it will induce a homomorphism 7, : H(C) — H(C") such that,

(1:)q({2}) = {74(2)}
whenever, z € Z,(C'). With the above observations in our hand we can verify the following theorem.

Theorem 1.1.1

We can treat H as a covariant functor from Chain® to Gradedgroups, which assigns a
chain complex C' to its homology group H(C) and a chain map 7 to a homomorphism 7.
ie. H(T) = 7.

For example, we will define a category of chain complex on a Simplicial complex.

1.1.1 § Chain complex defined on a Simplicial complex

Simplicial Complex

A Simplicial Complex consist a set V' = {v} of vertices and a set S = {s|s CV} of
simplezres such that,

1. Any set consisting of exactly one vertex is a simplex.

2. Any non-empty subset of simplex is a simplex.

We have a geometric realization (sometime it is called polyhedron) of the above definition as
following.

A simplicial complex K is collection of simplexes of different dimension such that,

1. Every face of a simplex is also a simplex in K but of different dimension.

2. Non-empty intersection of two simplex o1 and o5 is face of both the simplex.

For example S? can be treated as a simplicial complex. We can show sphere is homeomorphic to a
tetrahedron. Which is nothing but union of four triangle or 2-simplexes. We can define a category
of simplicial complex whose elements are simplicial complex and morphisms are simplicial map.

Definition 1.1.3 » Simplicial map }

Simplicial map ¢ : K1 — Ksq is a continuous map that maps every simplex of K1 to a simplex
of ’CQ.

Suppose K be a simplicial complex. Let s be a ¢g-simplex with vertices vg, -+ ,vq then [vg, -, v4]
denotes the oriented ¢-simplex. If any simplex of K differs from [vg, - - - ,v,] by an odd permutation
then we will say it has opposite orientation if the simplex differs by an even permutation then that
simplex has same orientation. If ¢ < 0 there is no oriented simplex. ¢ = 0 each vertex v € K is a
0-simplex.

Let, Cy(K) denotes the free Abelian group generated by all oriented g-simplices of K with respect
to a relation oy + 09 = 0 whenever oy, 0o represent same simplex but in opposite orientation.



For example consider [vg, v1] and [v1,vp] represent the same simplex with opposite orientation. We
will take [vg, v1] + [v1,v0] = 0 in Ca(K).

Now we will define a homomorphism (for ¢ > 1) 9, : Cy(K) — Cy—1(K) on generators by,

8q : [UOa"' 7Uq] = Z (_1)i[v07"' 7137;7"' 7vq]

0<i<q
Here, [vo, -+, ¥ -+ ,v,] means the face of the simplex [vg,- - ,v4] opposite to v;. Define 9, to be
trivial for ¢ < 0. We will calculate 0,041 as following,

Bgr1([vo, -+ s vg41]) = D (=1)[vo, -+ Gy -, 0g11]
i
8‘16q+1([v0’ T 7vq+l]) = Z(_l)l-"_] [UO’ T 7’UAj7 e 7’&7:7 o 7’Uq+1]

i#]

- Z(—l)iﬂ[vo,“' i, i V] —
i<j

Z(—l)i“[voy-- iy Uy, Ugs)

j<i

=0

We have 0;0,41 = 0. Which means that we can treat

e G () 255 €y () 2 -
as a chain complex. If K; and K3 are two simplicial complex with a simplicial map ¢ we can
associate a chain map C(y) : C(K1) — C(K3) defined by C(p)([vo, -+ ,vq]) = [@(v0),- -+, p(vg)].
All the ¢(v;) may not be equal. If ¢(v;) = ¢(v;) for at-least one pair of {i,j} then we will treat,
[e(vo), -, p(vy)] as 0 in Cy(K2). C(p) maps elements of C, (K1) to elements of C,(K3). From the
above observations we can conclude the following theorem.

Theorem 1.1.2

There is a covariant functor C' from the category of Simplicial complex to Chain® which
assigns K to C(K).

e composition of the homology functor H with C' will give us the simplicial homology
functor from the category of simplicial complexes to the Gradedgroups. It is composition
of two covariant functors. So it is also a covariant functor.

¢ ExXAMPLE : Simplicial Homology of RP? is computed below.
We have to decompose RP? into simplexes and have to look at the simplicial structure of the space,
we can get RP? by the following identification of sides of a square.

b b b
a b—a C h—s@ b
a a a

In the above figure we have seen how we decomposed K = RP? into two triangle whose sides are
identified in a specific way. We have seen that there is O-simplex which is vertices of the square after
identification there is only two class of points, call then x,y. There is 1-simplexes which is sides of
square after identification, there is three class of edges. And 2 two simplex namely L and U.

We can see that Co(K) =Z & Z , C1(K) = Z3 and C5(K) = Z @& Z and C,(K) = 0 for ¢ > 3. We
have the following chain complex,



o o) 13} 3]
0272 273 572 20

Notice that 92(U) = a+b+cand 02(L) = b+a—c. So, Imdy = (a + b+ c,a + b — ¢). We can see both
a+b+cand a+b— c are linearly independent so, Imdy = Z?2, ker 9, = 0. We have 9;(a) =  —y and
01(b) =y — x and 91(c) = 0 so, Imd; = Z. From here we can see ker 9, = (a + b, ¢). So, H2(K) =0
and Hy(K) = Z and,

H,(K) = ker 91 /Tm0s
={(a+bcla+b+c,a+b—rc)
= 7o
Zifq=0
H,(RP?) = Zy if g =1

0 otherwise

1.1.2 § Chain complex defined on a topological space

Consider A? be a closed simplex which can be expressed as [po, - - - , pq]. Also assume, [po, -, Pg+1]
be the closed A?t! simplex. Now we will define i-th face map as,

€oyq i AT — AIF!
This maps A? to the face [po, -+ ,Pi, -+ ,Pg+1] opposite of i-th vertex in A1, Notice that,
Sq+25011 = gr28gia
Let, o be a continuous map from A? to a topological space X. Let, A,(X) denote the free Abelian
group generated by the continuous maps o : A? — X. Now we will define a homomorphism
Oy Ag(X) = Ay—1(X) as
dufo)= Y (-1iooc,

0<i<q

We will again compute 9,04+1 as following,
940q+1(0) = 3q(2(—1)i0 °€gr1)
= Z oo (1))

Z<j j<l

= E )'*oo (el el) + E D'*oo(e) 460 )
i<j j<t

. z+] J i—1)+7 J i—1
=Y (D)oo (elyeh) = > (1) Too (el el
i<j 7j<i—1

=0

We can again write A(X) as a chain complex,

—>Aq+1"—“>A —>Aq 1=

In the category Top the morphisms are the continuous maps. If X, Y € Top and f € hom(X,Y)
then A(f) : A(X) — A(Y) is a chain defined by,

A(f)(o) = foo

With the previous observations in our hand we can come up with the following theorem,



Theorem 1.1.3

There is a covariant functorA : Top — Chain™.The composition of A with the homology
functor H gives us a covariant functor from Top — Gradedgroups. Which is known as
Singular Homology functor.

§1.2 Chain homotopy

,{ Definition 1.2.1 » Chain Homotopy } N

Consider C and C’ are two chain complexes. Let, 7,7’ : C — C’ are two chain map. A chain
Homotopy D : 7 ~ 7’ is a homomorphism of degree 1 such that,

D+DO=1—17

On other words, 0g1Dy + D10, = 7, — 7, for all ¢
\_ )
Let, 7 and 7’ be two chain maps between two chain complexes. Now if there is a chain homotopy
from 7 to 7/ we will write 7 ~ 7/. It can be verified that ~ is an equivalence relation. The equivalence
class of chain maps from C to C’ is denoted by [C, C'].

§ Lemma: Composites of chain homotopic maps are chain homotopic.

Proof. Let, 7 ~ 7' are chain maps between C and C’ and D : 7 ~ 7/. Similarly, let, D : 7 ~ 7/ are
chain maps from C’ — C”. From the given condition we already have,

D+ Do=1—171
9D+ DY =77
Multiply 7 from left in the first expression and Multiply 7' from right in the second expression and
add that two expression to get,

77— 77" = 8" (7D + D7') + (7D + D1')d
We can take 7D + D7’ as homotopy for 77 ~ 7/7". -

Definition 1.2.2 }

A chain complex is said to be contractible if there is a homotopy between the identity chain
map and the zero chain map. i.e 1o ~ O¢.

A chain complex C' is said to be acyclic if H(C) = 0.

§ Lemma: If 7, 7' are chain homotopic, then induced homomorphisms between homology
groups are equal. i.e.

/
Te = T,

Proof. If D : 71~ 7' For any z € Z,(C), 04(2) = 0. So, 0, 1Dy(2) = 74(2) — 7,(2) Which means
74(2) = 7,(2) € Im0; ;. And hence, 7.[2] = 7;[2].

§ Lemma: A contractible chain complex is acyclic.

Proof. If C is a chain complex such that 1¢ ~ O¢ then they will induce a map (1¢), and (0¢)..
They will be same by the above lemma. So identity and trivial homomorphism of homology groups
can be same when H(C) = 0. [ |



¢ EXAMPLE : C is a chain complex which is acyclic may not be contractible.
Proof. Cq =0 for ¢ #0,1,2. Take Cy =Z, C; = Z and Cy = Zo.

z% 7% 7,

0Oy is the map x — 2z and 0; is the map 2n — 0 and 2n+ 1 — 1. We can see that 019> = 0. In this
case H(C) = 0 but this chain is not contractible. If there was a homotopy D : 1¢ ~ 0. that would
tell us 91 Dy = 1g which means there is a right inverse of 0. But there is only trivial homomorphism
from Zo — 7 which is absurd.

Theorem 1.2.1

A free chain complex (i.e. a chain complex where all Abelian groups are free) is acyclic if
and only if it is contractible.

Proof. If the chain complex is acyclic we have H,_;(C) = 0 which means Z,_1(C) = B,—1(C). We
can say, 0, : Cy = Z,—1(C) is surjective homomorphism. We can define (because chain complex is
free Abelian and subgroup of free Abelian group is free Abelian)

Sqg—1: Zq_l(C’) — Cq
such that ;5,1 = 1z,_,(¢)- Define D, as s,(1¢c, — s4-10,) which is map from C; to Cyy1.
8q+1Dq + qulaq = 1cq

D = {D,} is homotopy between 1¢ and Oc. ]

§1.3 Acyclic Model Theorem

In the previous theorem 1.2 we have constructed a chain homotopy between two chain maps. We can
generalize this idea for constructing chain maps and giving homotopy between them. This method
is known as method of acyclic models. For that we have to define category with models and explore
their properties.

A Category with models is a category C with a collection of objects M. This collection is called
“Models”.

(-[ Definition 1.3.1 » Free functor on models } ~

Let, C is a category with models M. Let, F' : C — Chain® be a covariant functor. We
will say F is Free on the models M if, for every X € C ;, M, € M there exist elements
me € F(M,) such that {F(f)(me)} for all @ and f: M, — X forms a basis for F(X). We
will say {go € F(M,)} is basis of F.

\_ )

([ Definition 1.3.2 » Acyclic functor on models } N

The covariant functor F' is said to be acyclic in positive dimensions if H,(F(M)) = 0 for

all M € M and g > 0.
\_ J

For example if we consider the singular chain complex functor A, it is free on the models,

M={A?: qeNU{0}}

Where A? is g-simplex (geometric realization). Similarly, for simplicial chain complex C we have
the models,

M={5:5€ S}

Where, 5 means the set of all faces of s which is a simplicial complex. C'is free on the models M.



Theorem 1.3.1 (Acyclic Model Theorem)

Let, C be a category with models M. Let, F, E be covariant functors from C to Chain®.
Such that F'is free and F is acyclic then,

1. For every natural transformation ¢ : Ho(F) — Hy(E) there is a natural chain map
7 : F — FE such that 7 induce ¢.

2. Two such natural chain maps 7,7’ : F — E are naturally chain homotopic.

The first part of the theorem says there is a natural chain map 7 : F — E such that the following
diagram commutes,

d/
“ g R B —— 0
T1 T0 lﬂﬁ
v ' a/
2. g 2 B2 HE —0

Before proving the acyclic model theorem we have to see some results from category theory.

§ Lemma: C be a category with models M. Consider the commutative diagram of functors
C — Chain™ and natural transformations,

F—">G—"25G"
Y lﬂ la
E L5 E-—T"5 E"

In which o7 = 0 and Imp = kerm on M and F is free on M then there exists a natural
transformation v : F — E’ making the first square commute.

Proof. For proof one can look at [ ] chapter 9, page-241.

Proof of Acyclic Model Theorem. (1). For every X € M we can see Hy(F(X)) is Imd;. So,
0}, is surjective whose kernel is Fy(X)/Hy(E (X)) and hence in the following diagram the lower row
is exact at Fy for each X € C.

Fo - HF — 0
ol
Ey -2 HE — 0

We can see that the second square is commuting. By the previous lemma we can say there is a
10 : Fo — Ey such that the above diagram commutes. Once we have shown existence of 73 by
induction we can show that 7, exists for all ¢ > 0.

(2). Assume 7,7’ are two chain maps induced by ¢. We will find a degree 1 natural homomorphism
S:F — FEie, Sg: Fy, — Ejy1 such that,

O+1Sk + Sk—1dr = 7, — 73,

This will provide us a homotopy between two chain maps. Consider, S_; =0 and 0y = 7, = T,_1-
We can look at the following diagram,

Fy— 5 Fp,——0

Lo e b

E141>E0*>0



By the lemma we will get Sy : Fy — F; such that the above diagram commutes. i.e. 915y = 6.
For inductive step at k — 1. i.e. we already have constructed Sg_1.

1
Fy, Ey, 0
|
Or—Sk_1dr J/O
v W
Evi1 —— Ey —— Ep_y
Ok+1 Ok

If we can show that 2nd diagram commutes we can apply the previous Lemma to get Sy.

O (O — Sk—1dy) = OO — (Ox—1 — Sk—2di—1)dx
= OOy — Op—1dy,
= 0 [because 6 is a chain map]
]
While proving the theorem we have introduced a new chain map 6 — Sx_1di. Recall that for 1.2 we

used similar idea but here we just modified the same idea. This is one of the most useful techniques
in methods of acyclic models | .

10



Homology of Simplicial Complexes

§2.1 Augmented Chain complex and Reduced Homology

In the category of nonempty simplicial complexes, any simplicial complex P consisting of a single
vertex is a terminal object. If K is a nonempty simplicial complex (Similarly for Top one-point space
is terminal object.), the simplicial map X — P has a right inverse.Therefore, the induced homology
map H(K) — H(P) has a right inverse. Hence, H,(P) = 0 if ¢ # 0 and Hy(P) = Z, it follows that
there is an epimorphism (surjective homomorphism) Hy(K) — Z.

Since, Ho(K) = Co(K)/01C1(K), there is an epimorphism e : Cy(K) — Z such that €9y = 0. An
augmentation of a chain complex C' is an epimorphism € : Cy — Z such that €0, = 0. We sometime
represent it as,

CSLZ
If any chain C' has an augmentation then we will call that chain an augmented chain. We can
construct a chain complex in which every element is 0 except Cy which is Z. Call this chain complex
Z. For an augmented chain ¢ is actually an chain map to Z.

e We can see oriented chain complex of a simplicial complex K is augmented chain complex by
sending each vertex [v] to 1. Singular chain complex of a topological space is also augmented.
Sending each simplex o : A? — f to 1.

If a chain map preserves augmentation of two augmented chain complex then we call that map
augmentation preserving chain map. We can form a category of Augmented chain compler where
objects are augmented chain complex and morphisms are augmentation preserving chain map.

Definition 2.1.1 » Reduced Chain Complex }

If C is augmented chain complex then reduced chain complex is the chain complex where
Cqy=0C4if ¢# 0 and Cy = kere and 9, = 0.
e Notice that e9; = 0 which means 9;(C1) € Cp.

The homology of the reduced chain C is called reduced homology of C. We denote it by H ().

§ Lemma: If C is an augmented chain then,

On other language we can say H(C) = H(C) & Z.

Proof. Since 7Z is a free group and the following sequence is exact,

kere > Cy = 7

11



We can write Cp = Cy @ Z and Z,(C) = Z,(C) for ¢ # 0 and B,(C) = B,(C). Homology functor
commutes with the sum in the category of chain complex. So, Ho(C) = Hy(C) & Z. [ ]

COROLLARY. An augmented chain complex cannot be acyclic.

§ Lemma : 1 Let, C' be an augmented chain, then the reduced chain C' is contractible if and
only if € is a chain equivalence of C with Z.

Before going to the proof of the lemma we will introduce mapping cone of chain map.

Mapping cone of a chain map

Let, 7 : C — C’ be a chain map between two chain complexes C' and C’. The cone of the
map 7 is defined by a chain complex C” such that Cf = Cy—1 @ Cz,; and corresponding
boundary operator is represented as,

A |
5=(""" 3)

q

Theorem 2.1.1

A chain map 7 is a chain equivalence if and only if the mapping cone C7 is contractible.
Proof. Assume that 7 : C — C' is a chain equivalence. There exist 7/ : ¢/ — C and D : C — C
and D' : ¢/ — C' such that D : 77 ~ 1g and D' : 77/ ~ 1¢v.

/
T ) We can check that,

D

0 —-D
-0 0 D 7 n D 7 -0 0\ (lc¢ O
T 0 0 -D 0 -D T J) \0 1lg

D ! . . . . . .
( T > will work as homotopy between identity and 0 map in C”. So C7 is contractible.

Now consider the operator

0 -D

Conversely, assume that D is a chain contraction of C™. Define 7’ : ¢! — C and D : C — C and
D' : C" — ' by the equations,
(7' (¢),=D' (")) = D (0,¢)
(D(e), ") = D(c,0)
Direct verification shows 7/ to be a chain map and D : 7/7 ~ 1¢ and D’ : 77/ ~ 1¢v, so 7 is a chain
equivalence. [

COROLLARY. A chain map between two free chain complex is equivalence if and only if mapping
cone of the chain map is acyclic.

Proof of Lemma 1. Let C” be the mapping cone of the chain map € : C' =+ Z. Then Cf = Z
and C7 = Cy—1 if ¢ > 0, and 0] = € and 9] = —0,;—1 for ¢ > 1. By above theorem ¢ is a chain
equivalence if and only if C” is chain contractible. We will show that C” is chain contractible if and
only if C is chain contractible.

If D7 is a chain contraction of C” we can say that, the restriction of this map at C'q will give us a
contraction of C'. If D is a contraction of C then define D™ : C™ — C7 such that Df : Z — Cy = CT
is right inverse of €.

Now, DT : CT — C3 which is map between Co — C1 we know, Cy = C:‘o @ Z, so we can map
D7 to 0 on Dy(Z) and —Dy on Cy. Define, Dy : Cy—1 — Cy is equal to —Dy_1 to get the desired
homotopy between the chain maps 1¢ and O¢. |

12



Theorem 2.1.2

Let C be a category with models M or and let G and G’ be covariant functors from e to the
category of augmented chain complexes such that G is free and G’ is acyclic. There exist
natural chain maps preserving augmentation from G to G’, and any two are naturally chain
homotopic.

Proof. Let {g; € Go (M;)},, be a basis for Gy. Since G' is acyclic. We can say, Ho (G' (M;)) = Z
and ¢’ be the isomorphism. So, there is unique z; € Ho (G’ (M;)) such that ' (z;) = e (g;).

A natural transformation Ho(G) — Ho (G’) is defined by sending {3n;;Go (fi;) (9;)} € Ho(G(X))
to Y n; Gy (fij) z; € Ho (G'(X)) for j € Jy and f;; € hom (M;, X) where X is any object of C.
This chain map commutes with the augmentation. Hence, it is augmentation preserving chain map.
Now by acyclic models theorem any such augmentation preserving map will be homotopic. |

COROLLARY. Let, C be a category with models M. G,G’ be covariant functors C — Chain®’
both the functors are free and acyclic on model M. Then G and G' are naturally chain equivalent
and any natural chain map preserving augmentation is a natural chain equivalence.

§2.2 Comparing Singular and Simplicial complexes

Now we are going to compare two chain complexes C' and A for a simplicial complex K. Geometric
realization of a simplicial complex can be treated as a topological space. So we can talk about Sin-
gular chain complex A(|K]). For this purpose we will introduce a chain complex A(K) intermediate
of them.

An ordered ¢-simplex of K is a sequence vg, v1, .. .,v4 of ¢+ 1 vertices of K which belong to some
simplex of /. We use (vo,v1,...,v4) to denote the ordered g-simplex consisting of the sequence
Vg, V1,...,0q of vertices. For ¢ < O there are no ordered g-simplexes. An ordered 0 -simplex (v)
is the same as the oriented 0 -simplex [v]. An ordered 1l-simplex (v,v’) is the same as an edge
of . We define a free non-negative chain complex, called the ordered chain complex of I, by
A(K) = {Ay(K), 04}, where Ay(K) is the free Abelian group generated by the ordered g-simplexes
of K [and Ay(K) =01if ¢ < 0] and 9 is defined by the equation,

0y (Vo, V1, ...,0q) = Z (=1)" (Vo, -+ iy -+, Vq)

0<i<gq

Then A(K) is a chain complex, and if I is nonempty, A(K) is augmented by the augmentation
e(v) = 1 for any vertex v of K. If ¢ : K1 — Ks is a simplicial map, there is an augmentation
preserving chain map (vo, -+ ,vq) = (¢(v0), -+, ¢(vq))

Alp) : A(Ky) = A(K3)

We can easily verify the following lemma.

§ Lemma: There is a covariant functor A from the category of nonempty simplicial complexes
to the category of free augmented chain complexes which assigns to I the ordered chain
complex A(K).

If L is a sub-complex of K and ¢ : L — K, then A(7) : A(L) — A(K) is an injective homomorphism
by means of which we identify A(L) with a sub-complex of A(K). If C(K) is the category defined by
the partially ordered set of sub-complexes of K and M(K) = {5 | s € K}, then A is a free functor
on C(K) with models M. For any simplicial complex K there is a surjective chain map (preserving
augmentation if IC is nonempty)

w:AK) = C(K)
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such that p(vg,v1,...,v4) = [vo,v1...,0]. p is a natural transformation from A to C' on the
category of simplicial complexes. We shall show that it is a chain equivalence for every simplicial
complex.

Theorem 2.2.1

Let K be a simplicial complex and let w be the simplicial complex consisting of a single
vertex. Then A(K * w) and C(K % w) are chain contractible.

K +w is a simplicial complex whose vertex set is V(K)w. And for any simplex o € K, o Hw is also
a simplex in ICx w. Geometrically joining each vertex of K to an external point w and constructing
corresponding faces of different dimension.

Proof. 'We will prove it for A, and it will follow similarly for C. It is enough to show ¢ : A(Kxw) — Z
is a chain equivalence. Since, € : Ag(K *w) — Z is epimorphism we must have a 79 : Z — Ag(K xw)
defined as 79(1) = w. We can construct a chain map 7 : Z — A(K % w) by taking other morphisms
as 0. Notice that, e o7 = 1z. Define D as (vo,--- ,vq) — (w,vp,- -+ ,v4). Take D as homotopy
between 1 (jc«w) and 7o €. |

COROLLARY. For any simplez s € K, A(5) and C(3) are acyclic.

Theorem 2.2.2

For any simplicial complex K the natural chain map p : A(K) — C(K) is a chain equivalence.

Proof. 1f K is empty, A(K) = C(K) and p is the identity, so the result is true in this case. If K is
nonempty, it follows from the above corollary that A and C' are free and acyclic functors on C(K)
(category of partially ordered sub-complex of ) with models M(K) ={5|s e K}.

» If a simplicial complex is disjoint union of components K = [[ K, then C;(K) = @C;(K,). We
know homology functor from chain complex to graded group commutes with direct sum. Hence,
H(C(K)) = @H(C(Kq))-

COROLLARY. If K is a nonempty connected simplicial complez, then fIO(IC) =0.

Proof. Let, vg be a fixed vertex of IC. For any vertex v there is an edge path ejes - - - e, of K starting
at vo and ends at v. Then it is a 1-chain ¢, € A;(K) such that dc, = v—vg. Since £(} ] n,v) = > 1y,
we see that, > n,v is any 0-chain of Ay, then > n, = 0.

8(2 NyCy) = vav — vavo = Znuv

So, ker e is equal to Imd;. Hence Hy(A(K)) = 0. |

§ Lemma: For any simplicial complex which is connected has homology groups equal to
Z. If the space has some connected components then the homology groups will be the free
Abelian group of rank = number of connected components of /.

§2.3 Betti number and Euler characterestic
If L is a sub-complex of K, there is a relative, oriented homology group

H(K, L) = {H,(K,L) = Hy(C(K)/C(L))}

Similarly, there is a relative ordered homology group H(A(K)/A(L)). If H,(K, L) is finitely gener-
ated (which will necessarily be true if K — L contains only finitely many simplexes), it follows from
the structure theorem (theorem 4.14 in the Introduction) that H, (K, L) is the direct sum of a free
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group and a finite number of finite cyclic groups Zy, ® Zyp, & ... ® Zy,,, where n; divides n;y; for
i=1,...,k—1.

The rank p (Hy(K, L)) is called the ¢-th Betti number of (K, L), and the numbers ni, na, ..., ng
are called the g-th torsion coefficients of (K, L). A graded group C is said to be finitely generated
if Cy is finitely generated for all ¢ and C; = 0 except for a finite set of integers ¢q. Given a finitely
generated graded group C, its Euler - Poincare characteristic denoted by x(C), is defined by,

Theorem 2.3.1
Let C be a finitely generated chain complex. Then

Proof. By definition, Z,(C) C C, and the quotient group C,/Z,(C) = B,_1(C). So,
p(Cq) = p(Z4(C)) + p(By-1(C))
Similarly, H,(C) = Z,(C)/B,(C),
p(Z4(C)) = p(Hy(C)) + p (By(C))
Eliminating p (Z,(C)), we have
p(Cq) = p(Hy(C)) + p(Bg(C)) + p(By-1(C))

Multiplying this equation by (—1)? and summing the resulting equations over ¢ yields the result. B

COROLLARY. If K — L is finite and if oy equals the number of q-simplexes of K — L, then

X(K, L) = 5(=1)%a,

Importance of Euler characteristic

Homology is a topological invariant, and moreover a homotopy invariant: Two topological
spaces that are homotopy equivalent have isomorphic homology groups. It follows that the
Euler characteristic is also a homotopy invariant.

For example, any contractible space (that is, one homotopy equivalent to a point) has trivial
homology, meaning that the 0-th Betti number is 1 and the others 0. Therefore, its Euler
characteristic is 1. This case includes Euclidean space R™ of any dimension, as well as the
solid unit ball in any Euclidean space, the one-dimensional interval, the two-dimensional disk,
the three-dimensional ball, etc.

For another example, any convex polyhedron is homeomorphic to the three-dimensional ball,
so its surface is homeomorphic (hence homotopy equivalent) to the two-dimensional sphere,
which has Euler characteristic 2. This explains why convex polyhedra have Euler character-
istic 2.
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Singular Homology

We have seen in 1.1.2 how to construct a chain complex of a given topological space. We have
defined Singular Homology functor from Top to Gradedgroups. We will begin with computing
singular homology groups of some special topological spaces.

Definition 3.0.1 » Star Shaped Space }

A subspace X C R" is said to be star-shaped if there is a point g € X such that, for each
x € X, the line segment from zg to x lies in X.

§ Lemma: Let X be a star-shaped subset of some euclidean space. Then the reduced singular
complex of X is chain contractible.

Proof. Without loss of generality, X may be assumed to be star-shaped from the origin. We define
a homomorphism 7 : Z — Ag(X) with 7(1) equal to the singular simplex AY — X which is the
constant map to 0. Then e o7 = 1. We define a chain homotopy D : A(X) — A(X) from 15(x)
to Toe.

If 0 : A? — X is a singular ¢g-simplex in X, let D(c) : A"l — X be the singular (¢ + 1)-simplex in
X defined by the equation,

D(a) (tpo + (1 = t)a) = (1 = t)a(a)
for a € |p1,...,pgr1| and t € I. If ¢ > 0, then (D(0))® = ¢, and for 0 < i < ¢, (D(0))0*V) =
D (¢W). If ¢ = 0, then (D(0))® = ¢ and (D(c))™ = 7(1). Therefore,

8D+D811A(X) — TOE

COROLLARY. Reduced Homology of a star shaped set X is 0. For a convez subset of a Euclidean
space the reduced homology group is trivial group.

If K is simplicial complex then there is a natural homomorphism between the ordered simplicial chain
complex and the singular chain complex. An ordered g-simplex (vg, - - ,vq) of K, there is a singular
simplex that is the linear map A? — (vg,- - ,v,). We can call this map v : A(K) — A(|K]). Which
is an augmentation preserving chain map. We can treat v as a natural transformation between the
functors A(e) and A(Je|).

COROLLARY. For any simplex s the chain map v induces an isomorphism of the ordered
homology group of § with the singular homology group of |3].

Proof. Because v preserves augmentation, v induces a homomorphism 7, from H(A(5)) to H(|3]).
We can write v, = v, @ 1z. We have H(A(5)) = 0= H(|s|). So, v, is an isomorphism. |
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Theorem 3.0.2 (Homotopy Axiom)

If fo, f1: X — Y are two continuous maps which are homotopic. Then,

A(fo) = A(f1): AX) = A(Y)

Furthermore, the induced homomorphism, fo. and fi. between corresponding homology
groups are equal.

Proof. We will begin with a lemma which will immediately indicate the following theorem.

§ Lemma: Let, ho,h; : X — X X I, where ho(x) = (2,0) and hy(z) = (z,1). The maps
ho, h1 : X — X x I induce naturally chain-homotopic chain maps,

A (ho) ~ A (h1) : A(X) = A(X x I)

Proof.  Let A'(X) = A(X x I). Then A and A’ are covariant functors from the category of
topological spaces to the category of augmented chain complexes and A (hg) and A (hq) are natural
chain maps preserving augmentation from A to A’. Since A is free with models {A?} and

A (AY) = A(A? x )

is acyclic, by previous lemma. We can say that A (hg) and A (h;) are naturally chain homotopic
using the Corollary of 2.1. O

Let FF: X x I — Y be a homotopy from fy to fi. Then fo = Fho and f; = Fh;. Therefore, using
above lemma,
A (fo) = A(F)A (ho) =~ A(F)A (k1) = A (f1)

e Since A? is path connected for every ¢, any singular simplex ¢ : A? — X maps A? to some path
component of X. Hence, if {X,} is the set of path components of X, then A(X) = @A (X;). Since
homology functor over Chain™ commutes with direct sum we can conclude the following result.

COROLLARY. The singular homology group of a space is the direct sum of the singular homology
groups of its path components.

Theorem 3.0.3
If X is a nonempty path-connected topological space, then Hy(X) = Z.

Proof. Let x( be a fixed point of X. For any point x € X there is a path w, from zy to z. Because
A' is homeomorphic to I,w, corresponds to a singular 1-simplex o, : A! — X such that 0,(0) =
and o,(1) = x9. A singular O-simplex in X is identified with a point of X. Therefore, a 0 -chain
(that is, a 0 -cycle) of X is a sum Xn,z, where n, = 0 except for a finite set of z. Since & (Xn,x) =
> ng, we see that if € (D" nyx) = 0 [that is, if > n,x € Ag(X) ], then

0 (Z nmow) = anx — (Z nz) Tg = Zr%x
Therefore, Hy(X) = 0 and hence Hy(X) = Z. |

COROLLARY. OR, any topological space X, Ho(X) is a free group whose rank equals the number
of nonempty components of X.

If A is a subspace of X, there is a relative singular homology group,

H(X, A) = {Hy(X, A) = Hy(A(X)/A(A))}
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of X modulo A. H(X, () = H(X) is called the absolute singular homology group of X. The relative
homology group is a covariant functor from the category of topological pairs to the category of
graded groups.

Theorem 3.0.4
If fo, f1:(X,A) — (Y, B) are homotopic, then

fo* = fl* : H(X,A) — H(Y,B)

Proof.  Let, H be the homotopy between f; and fo. Then fy = Hhg and fi = Hhi, where
ho,h1 : (X, A) — (X x I, A x I) are defined by ho(x) = (z,0) and hy(z) = (v, 1) there is a natural
chain homotopy D : A (hg) =~ A (hy), where ho,h; : X — X x I are maps defined by hy and h;.
Because, D is natural chain homotopy, D(A(A)) C A(A x I). For i =0 or 1 there is a commutative
diagram,

A(A) — A(X) ——— A(X)/A(A)

A(hi)l A(hi)l lA(Ei)

AAXI) —— AX xI) —= AX xI)/A(AXI)

Just by passing the quotient We can get a chain homotopy D : A(ho) ~ A(hy). So, We have
hosx = h1«. Just by taking composition with H we will get the required result. |

o If H,(X, A) is finitely generated, its rank is called the ¢g-th Betti number of (X, A) and the orders
of its finite cyclic sumands given by the structure theorem are called the qth torsion coefficients of
(X,A). If H(X, A) is finitely generated, its Euler characteristic is called the Euler characteristic
of (X, A), denoted by x (X, A).

§3.1 Barycentric Subdivision

Definition 3.1.1 » Linear simplex }

A singular simplex o : A? — A" is said to be linear if o (Xt;p;) = Xt;0 (p;) for t; € I with

St = 1.

A linear simplex o in A™ is completely determined by the points o (p;). If zo,21,...,24 € A", we
write (2o, 21,...,%q) to denote the linear simplex o : A? — A™ such that o (p;) = z;. With this
notation, it is clear that,

O (0, .., 1) = S(=1) (w0, ..., Ty ..., T4)

Furthermore, the identity map &, : A™ — A" is the linear simplex &, = (po,p1,-.-,pn). The free
abelian group generated by the linear singular simplex will form a chain complex A’(A™) C A(A"™).

Let by, be the bary-center of A™ (that is, b, = ¥;55). For ¢ > 0 a homomorphism,

Bt AL (A") = AL (A™)

is defined by, (zo,...,zq) — (bn,To,...,2q). Let 7: Z — Aj (A™) be defined by 7(1) = (b,). It can
be shown that,

ﬁn : 1A/(An) X~ TOE

For every topological space X we define an augmentation-preserving chain map

sd: A(X) = A(X)
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Define, chain homotopy D : A(X) — A(X) between sd and 15(x). We have the commutative
diagram,

A(X) —%5 A(X) A(X) —25 AX)
A(f)l lA(g) A(f)l lA(h)
A(Y) —25 A®Y) A(Y) —2 A(Y)

sd and D are defined on ¢-chains. If ¢ is a O-chain we will define sd(c) = ¢ and D(c) = 0. If we have
universal singular complex, &, : A" — A™ we will define,

sd (&n) = Bn (sd0 (§n))

For any singular n-simplex o : A™ — X we define,

sd(a) = A(0) (sd (&)
D(o) = A(0) (D (¢n))

If X is a metric space and ¢ = ¥n,o is a singular g-chain of X, we define
mesh ¢ = sup {diam o (A?) | n, # 0}

§ Lemma: Let A" have a linear metric and let ¢ be a linear g-chain of A™. Then

mesh(sdc) < % eshe
qg+1

Proof. It suffices to show that if 0 = (x¢, z1,...,x,) is a linear g-simplex of A”, then mesh

(sdo) < qj_%mesh o

Ifb = quﬁxi distance from b to any convex combination of the points g, z1,..., 24 is less than or
at most equal to
q
P mesh (2o, ..., 2q)

We can conclude that, mesh sdo < sup {mesh(sdaa), q_%la}. By Induction on g we have,

mesh(sddo) < a1 mesh do
q

< Lmesha
q+1

We next define augmentation-preserving chain maps sd™ : A(X) — A(X), for m > 0 by induction
sd? = Ia(x) and sd™ = sd(sd™~1). using the above lemma we can conclude,

COROLLARY. Let A™ have a linear metric and let c € Ay (A™). Then

mesh (sd™c) < {q} mesh ¢
qg+1

Let, U = {A} be a collection of subsets of a topological space X and let A(U) be the subcomplex of
A(X) generated by singular g-simplexes o : A? — X such that o (A?) C A for some A € U. Since,
sd and D are natural, sd(A(U)) C AUU) and D(AU)) C AU).
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§ Lemma: Let U = {A} be such that X = U{ int A | A € U}. For any singular g-simplex o
of X there is m > 0 such that sd™o € A(U).

Proof. We can write,A? = U{c~!(intA) : A € U}. We can give A? a metric (Linear metric). Since
this is a compact metric space we can assume, \ > 0 be Lebesgue number for the above covering.

We can choose m such that, (#)m diamA? < \. By the previous corollary we can say that,
mesh sd™&, < A. Therefore, every singular simplex of sd™¢, maps into o~ (int A) for some 4 € U.
Then sd™o is a chain in A(U). |

Theorem 3.1.1

Let U = {A} be such that X = U{int A | A € U}. Then the inclusion map A(U) — A(X) is
a chain equivalence.

Proof. For each singular simplex o in X let m(o) be the smallest nonnegative integer such
that sd™ g e A(U). Now, m(cD) < m(c) and m(s) = 0 if and only if o € A(U). Define
D:A(X)— A(X) by

m(o)—1
D(o) = Z Do sd’ (o)
j=0
Then, D(¢) = 0 if and only if o € A(U). Also,

0D(0) = sd™ (o) =Y sd’ (o) = > _ Dsd’(do)
= 54" (0) ~ 0~ o< emier-1 Y (1) Dsd? (o)

m(a'(w)fl
Dao) =S (-1 Y Dsd (o“))
i j=0
B ~ 'm(a)fl ' 4
= o0+ 0D(0) + DI(0) = Z(_l)l Z D sd’(c®) + sd™) (o)
i m(o(®)
Now, we can define 7 : A(X) — A(U) by 7: 0 = 0 +9D(0) + DI(0). If i : A(X) — A(U), then
Toi=1a@) and D :i07 >~ 15(x). So, i is a chain equivalence. ]
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Mayer-Vietoris Sequence

If we are given any connected open covering of a topological space X, and the intersection of the
covers are connected (path-connected) then we use the “Van-Kampen Theorem” to find fundamental
group of X in terms of the fundamental groups of the open covering of X. (Actually we can do it
for more general case where we calculate ‘fundamental groupoid’| D

Mayer-Vietoris Sequence gives us same kind of technology to calculate Homology groups. If we are
given a simplicial complex X which can be written as X = K1UKs then we can write homology group
of X in terms homology groups of K; and KCy. This can be derived from an exact Sequence which is
known as Mayer-Vietoris Sequence. Before going into that we will introduce some techniques widely
used in homological algebra. We might omit some proofs of elementary results from homological
algebra. These can be found in | Jor | ].

84.1 Some Glimpse of Homological methods

We will form a category of short exact Sequence. We define a homomorphism of exact sequence T
such that the following diagram commutes,

0 ' C c” 0
14k
0 ¢’ c c” 0

We can notice that both rows of the above diagram are a chain complex. So, homomorphism of
exact sequence is kind of a chain map. With this homomorphism we can form a category of exact
sequence whose objects are exact sequence and morphisms are the homomorphism defined above.
We only need category of exact sequence on chain complex. Suppose, C,C’,C" are chain complex
with differential 9,0’,9" respectively. By an exact Sequence of chain complex we mean, in the
following commutative diagram each column is exact.

0 0 0
I
»Cly —5 Ch— Oy >
Lo,

» Cyp1 — Cp —— Cy >
> % %g’/i@l’ >
q+1 q q—1
| | |
0 0 0

We already know that Homology is a covariant functor from the category of chain complex to category
of graded groups. For a chain complex we only have Imd,11 C ker d, this is weaker condition then
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the condition required for the chain to be exact at Cy. So homology group H, measures how far
the sequence is from being exact. So there is a relation between exactness and homology of chain
complex. We will describe this relation by the following theorem.

Theorem 4.1.1

There is a covariant functor from the category of short exact sequence of chain complex to
exact sequence of groups.

If we are given an exact sequence of chain complex 0 — €' % C' LNyo LN 0, the functor
will send it to an exact sequence,

B g () 2 Hy(C) 2 B0 2 H_(C1) > -

Consider, H, H', H" are covariant functor defined from category of exact sequence of chain complex
«

category of graded groups. For an exact sequence of chains 0 — C’ — C LNy 0, H,H', H" sends
it to H(C), H(C"), H(C") respectively. We will show there is a natural transformation 0, : H" — H'.
This is kind of same work we do for proving snake lemma | ]. This 0, will be connecting
H,11(C") with Hy(C"), as we can see in the statement of the theorem.

§ Lemma: For a short exact sequence of chain complex there is a natural transformation
O« : H" — H, such that if {z"} € H(C”), then 8,{z"} = {71057 12"}

Proof.  We will begin with diagram chasing of the following commutative diagram, (along green
line)

« 1

B
!
0 qg+1 C‘I‘H- q+1

i

— 0

0 o —2 e, o 0
a/J{ (’)\L ia//
0 Cl_y " Cpr 2y —— 0

Let, 2" is a ¢ cycle of C”. Since f is surjective we have ¢ € C, such that §(c) = 2”.

B(0(c) = 9"(B(c)) = 9"(z") = 0

Which means, dc € ker 8 = Ima. So, there is ¢ € C;_; such that a(c’) = c¢. Now, we will define a
homomorphism 9, such that, 9,.{z"} = {¢}.

To prove 0, is well-defined (chasing diagram opposite to the red path)we will take ¢; € C, such that,
B(c1) ~ 2". We can see that, 3(c)—B(c1) € Im9”. Thereis d” € Cy, such that, 0"d" = (c)—B(c1).
There is d € ¢441 such that, d’ = B(d). So we have

Bler) = B(c) + B(dd) = B(c + 0d)
Now, we can write ¢; = ¢+ dd + a(d') for some d' € C}_;. Now, dc; = d(c+ a(d')) = a(c + d'd’)

which gives us, a™1(dc;) = ¢ + 9'd’ ~ /. Once we have proved it can be easily checked 0. is
homomorphism from H(C") — H(C"). [ |

Proof of theorem 4.1 From the consequence of the above lemma we can say there is a sequence of
homological groups with homomorphism as following,

B H (O 25 H(0) 2 H(07) 2 Hy o (CF) >
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We only have to check the above sequence is exact. We will prove exactness at Hy(C") rest two
cases are easy to verify | ]

If {z} € Hy(C) then we have,

0.(B({z}) = 0.({B()}) = {a™'c} = {a7(0)} = {0}

So we have Imf3, C ker d,. For another direction let {z”} € ker .. As we have done previously, there
is ¢ € C, such that 8(c) = 2" and a™'9(c) = 9'd for some d' € C,. The difference {c — a(d')} €
H,(C) such that,

Bule — a(d)} = {8(c) — Ba(d)} = (="}

Which means ker d, C Img,. Hence, we have shown exactness at H,(C"). [ ]
COROLLARY. Given a short exact sequence 0 — C' = C' or 0,
1. ¢ is acyclic iff 8, : H(C) =2 H(C").
2. Cis acyclic iff 0, : H(C") = H(C").
3. C" is acyclic iff o, : H(C") = H(C).

Let, K be a simplicial complex and L; C Ly C K be sub-complex of . Let, i : Ly — K and
j : L1 — K. By Noether’s isomorphism theorem, we will have an exact sequence,

0= O(L2)/C(Ly)  C(K)/C(Lr) % C(K)/C(Lg) = 0
By theorem 4.1 we will have an exact sequence of relative homology groups,
D, iy o D4
o T Hy(La, L) 2 Hy(K, L) 2% Hy(K, L) = Hy1(La, Ly) — -+

This is called homology sequence of the triple (K, Ly, L1). If we have L; = ) then the resulting
homology sequence is,

oo 2 H (L) 25 Hy(K) 25 Hy(K, Ly) 25 Hy_y(Ly) — -+

If L ¢ K is a sub-complex of K, we have C(L) C C(K) we can also see that, C(K)/C(L) =
C(K)/C(L). We know there is a short exact sequence of chain complexes,

0= C(L) % CK) L c(K)/OL) =0

This will give us an exact sequence of homology groups, which is called reduced homology sequence
of pair (KC,L).

Some results from homological algebra

Five Lemma : Consider the following commutative diagram where each row is exact.

Ay Ay As Ay Asg
Y1 \L \LA; 2 J/’Y-'f» \Lﬁy 4 \L"J 5
By By Bs By Bs

If 41,72, 74, V5 are isomorphism then s is also an isomorphism. | ]

¢ EXAMPLE :If s is an n-simplex, then

f[()f Oifg#n—1
&)= Zifg=n-1
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Proof. Here $ means the simplicial complex made by taking the proper faces of s. We define § to
be the simplicial complex formed by taking all the faces of s. Since, s is a n-simplex the proper faces
of s must be at most n — 1-simplex. Which means C($) = Cy(3) for ¢ # n. In § we count n-simplex
itself as a face which is not present in 5. We have, Cy(5)/Cy($) = 0 for ¢ # n and C,(5)/C,(s5) = Z.
H,(5,5) {O 1.f q#n

Zifq=n

Since we have H,(5) = 0 we have an exact sequence, 0 — H,(5, §) LEN H, 1(3) — 0. It means we

have H,(5,3) = H, 1(3). [
We have proved 2.1 that p is a chain equivalence between ordered chain complex to oriented chain
complex. So, p, will induce isomorphism in corresponding homology groups. For any simplicial
pair (K, L) the natural transformation p induce homomorphism between two exact Sequences as
following,

> Hy(A(L)) —— Hy(A(K)) —— Hy(AK)/A(L) — -

o Iz Iz

<o ——— Hy(L) —— H(K) ——— H,(K,L) —— - --

Using ‘five lemma’ we can see that, p, induce isomorphism from Hy(A(K)/A(L)) to Hy(KC, L).

84.2 Mayer-Vietoris Sequence

Suppose, we have two sub-complex K7, K5 of a simplicial complex I, now both K1 UK and K1 NKy
are simplicial complex. Let, i1, 19, j1,j2 are inclusion map shown as following,

K

KlﬂKg Kl UK2
Ky

Notice that, C(Kl N KQ) = C(Kl) N C(Kg), C(Kl U KQ) = C(Kl) + C(KQ) If we define j :
C(Ky) @ C(K3) = C(K1 UKay), as j(c1,¢c2) = C(j1)(c1) + C(j2)(c2). It is easy to see that it is a
homomorphism. Every element in C(K; U Ky) = C(K;) + C(K2) can be written as C(j;)(c}) +
C(j2)(c2)’, we can take (¢}, ch) as pre-image of ¢ via j. So, j is surjective homomorphism. The
kernel of j is,

ker j = C(K;) + C(K2)/C(K,) ® C(K2) = C(K; N K>)
We will take the obvious inclusion i : C(K; N Ks) — C(K7) & C(K3) defined by,

¢ = (C(ir)(c), =C(i2)(c))

This will help us to give an short exact sequence of chain complexes,

0= C(K; NK») 5 C(K) @ O(K,) & O(K; UK,) — 0

By theorem 4.1 there is an exact sequence of homology groups known as Mayer Vietoris Sequence.
This sequence is shown as following,

O« s o O
e —> Hq(Kl ng) — Hq(Kl) @HQ(KQ) j—) Hq(Kl UKQ) — Hq—l(Kl ﬂKg) — e

Here, iy = (4142, —i2+2) and j. (21, 22) = j1x21 + Jos22 are the corresponding maps.
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We can similarly define reduced Mayer Vietoris sequence. If K7 N K5 is non-empty then we can
create a commutative diagram as following,

0—— Co(K1 QKQ) —_— Co(Kl)@Co(KQ) —_— Co(Kl UKQ) — 0

0 z o 787 b Z 0

Where a(n) = (n, —n) and S(m,n) = m + n. Since the rows are exact, there is an exact sequence
of kernels of ¢,¢ @ e. So, there is an exact sequence of reduced chain complexes,

0= C(K) NEK») 5 C(K) @ O(K,) L C(K, UK,) — 0
The corresponding exact sequence of reduced homology groups is,

D H (K N Ky) 2 Hy(Ky) & Hy(Ks) L Hy(Ky UK,) 2

If (K3, L1) and (K2, Ly) are two simplicial pairs in . Then we will have the following commutative
diagram,

[ [ [

0—— C(Kl sz) —_— C(Kl)@C(KQ) —_— C(Kl UKQ) — 0

l | |

0 C(K1nK>) C(K.)®C(K2) C(K1UK>) 0
C(LlﬁLz) C(Ll)@C(LQ) C(L1UL2)

The bottom row gives us an exact sequence of chain complexes. The corresponding exact sequence
of homology groups is called relative Mayer Vietoris sequence.

2 H (K N Ky, Ly N Ly) 25 Hy(Ky, Ly) & Hy(Ky, Ly) 2 Hy(Ky UKy, Ly U Ly) 25 .

Definition 4.2.1 » Excision Map ]
An inclusion map (K1, L1) < (Ka, L) is called an excision map if K1 — L; = Ky — Lo. }

The exactness of Mayer Vietoris sequence is closely related (in fact, equivalent) to the following
excision property.

COROLLARY. Any excision map between simplicial pairs induces an isomorphism on homology.
P’f’OOf. If (Kl,Ll) C (KQ,LQ) is an excision map, then Ko = Lo U Ky and L1 = K1 N Lo. By
Noether’s isomorphism theorem,

C(K1)/C(L1) = C(Ky) + C(L2)/C(L2) = C(K3)/C(La)

e For the ordered chain complex it is true that A(K; N K3) = A(K7) + A(K2). Therefore all the
results for oriented simplicial complexes can be replaced by ordered simplicial complex.

For topological space scenario is different. An inclusion map (X7, A1) < (Xs, A2) is called ezcision
map if X1\ A1 = X3\ A2. It is not true that every excision map induces isomorphism of singular
homology groups. It is not true that for any two topological space X7, X5 there is a Mayer Vietoris
sequence related to them.

¢ EXAMPLE :Let, f : R — R is defined by,
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. l i
f(q:):{sm“” fz>0

0 otherwise

Also let X = {(z,y) € R? :y > f(z)} U{z =0} and X5 = {(z,y) e R? : y < f(z)} U{z =0}. We
can see that, X; U X2~ = R2 and X3 N X5 consists two path-components. Therefore, there is no
homomorphism from H;(X; U X5) — Ho(X; N X3) which will make the sequence

Hl(Xl U XQ) — Ho(Xl n Xg) — f{()(Xl) D f{()(XQ)

exact at Ho(X) N X3). Because both ends are trivial but Hy ® Z = Z & Z.

We need some specialization of the pairs X7, Xo € Top to get a Mayer-Vietoris sequence related to
them.

Definition 4.2.2 » Excisive couple }

The pair { X1, X2} said to be excisive couple if the chain map A(X7)+A(X3) — A(X1UX3)
induces an isomorphism of homology.

COROLLARY. If X; U Xs = int X; Uint Xy then {X1, X2} is an excisive couple. It follows from
theorem 3.1.

In particular we can say if A C X then {X, A} is always an excisive couple. The relation between
an excisive couple {X1, X2} and excision maps is expressed as follows.

Theorem 4.2.1

{X1, X5} is excisive couple if and only if the inclusion map (X1, X; N X5) < (X7 U Xo, X5)
induces isomorphism in homology groups.

Proof. Let, j: (X1,X1 NX2) — (X1 U Xa, X5) be the excision map. We can have the following
commutative diagram induced by inclusions,

A(X1) A(j) A(X,UX5)
A(leXQ) A(XQ)
A(X1)+A(X2)
A(X2)

We can see 7 is isomorphism and thus j, = 7.4, will be an isomorphism if and only if i, is an
isomorphism. It can be shown from five lemma thati/, is isomorphism if and only if A(X;) +
A(X32) — A(X;UX3) induce isomorphism of homology, which is equivalent to the condition { X1, X2}
are excisive couple. |

COROLLARY. Let, U C A C X be such that U C int A. Then the excision map of (X —U, A—U)
in (X, A) induces an isomorphism of singular homology.

Proof. We have U C U C A, so we also have (int A)¢ C U¢ C int U¢ (here, all the complement taken
within X'). By the previous corollary we have {X — U, A} is an excisive couple. By the previous
theorem we are done. This is often called excision property of singular theory. |

For any subsets X; and Xs of a space, A (X7 N X5) = A(X7) NA(X3), and there is a short exact
sequence of singular chain complexes

02 AXINXa) 5 AX)®A(X) D A(Xy) +A(X) =0

This gives us an exact sequence of homology groups,

O H(X N X)) B Hy(X0) @ Hy(X) 25 Hy(AX) + A(X2)) 25 Hy (X1 N Xa) — -+
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If we have {X;, X>}, an excisive couple then we can replace Hy(A(X1) + A(X2)) by Hg(X:1 U X5).
We will call this sequence Mayer Vietoris sequence of singular theory of an excisive couple. If
X1 N X5 # 0 we will have a reduced Mayer-Vietoris sequence.

If (X1,A1) and (Xa, As) are pairs in a space X, we say that {(X1,41), (X2, A2)} is an excisive
couple of pairs if {X;, Xo} and {A;, A2} are both excisive couples of subsets. In this case it follows
from the five lemma that the map induced by inclusion

[A (X1) + A (X2)] / [A (A1) + A (A2)] = [A (X3 UX2)] / [A (A U Ap)]

induces an isomorphism of homology. Hence, if {(X1, A1), (X2, A3)} is an excisive couple of pairs,
there is an exact sequence called relative Mayer-Vietoris sequence.

'.%Hq(leXQ’AlmAQ) AHQ(Xl’Al)@Hq(X%Aﬂ qu(Xl U Xy, A1 U Ag) L

¢ ExaMPLE :For n > 0

0 g#n
Z q=n

I:Iq (8") = {

Proof. We will begin with S°. Which is nothing but two disconnected points. So, Ho(S") = Z & Z
and Hy(S°) = 0 for ¢ > 0. So, we can say, Hy(S®) = Z and H,(S") = 0 for ¢ > 0.

Let p and p’ be distinct points of S™. Because S™ — p and S™ — p’ are contractible (each being
homeomorphic to R"), H (S™ — p) =0 = H (S® — p). Since, S™ — p and S — p/ are open subsets of
S™, it follows that {S™ — p,S™ — p'} is an excisive couple. From the exactness of the corresponding
Mayer-Vietoris sequence, it follows that,

0.+ H, (8") = H, 1 (5" — (pU))
Now notice that S" — (pUp’) is homeomorphic to R™ — {0} which has deformation retract onto S"~*.
Which means H, 1 (S" — (pUp')) = H, , (S*=1). Finally, we have H,(S") = H, , (S*=1), now
induction on n will give us the required results. |

R™ is locally compact and Hausdorff. If R™,R™ are homeomorphic for distinct m,n, one-point
compactification of them will be homeomorphic by uniqueness of one-point compactification. But
that is not possible as their homology groups are different. We can conclude the follows corollary.

COROLLARY. For m # n, R™ and R™ is not homoeomorphic

Theorem 4.2.2
Let (X, A) be a pair such that A is retract of X. Then,

H(X) = H(A) ® H(X, A)

Proof.  Let, r be a retraction 7 : X — A and j : (X,0) — (X, A). We have r,i, = 1p(a) where,
i: A<= X. So, i, is injective and r, is surjective. We have the following exact sequence of chain
complex,

0= A(A) - A(X) = AX)/A(A) =0

We will have a exact sequence of homology groups, where ker i, = Imd, = {0}. Also, there is a split
r« in the short exact sequence. We can write, H(X) = H(A) ® H(X, A).

qul(A)

lueay -~ T
/// Tx
P I

0 -2 H, 1(A) = H,_(X) —2 H, (X, 4) 250
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