Part 11
Chain complexes and homology
groups

7 Abelian groups

So far the tools we have presented were purely combinatorial in nature, not
algebraic. A triangulation of a space is a typical example of a combinatorial
method. This means that we are describing the topological object using the
set consisting of simplices. This set has a combinatorial structure, like the
information about the way simplices intersect with each other, but it has no
algebraic structure. This is because we have not introduced a useful way to
"add” simplices together in an abstract way.

Recall that an algebraic operation on the set X is just a mapping x: X X
X — X. Informal idea is that an algebraic operation should be a rule that
operates on the pair x, y of elements of X and produces a result of this oper-
ation x(x,y) which is an element of X again. The functional notation k(z,y)
is almost never used, instead it is usually notated x x y. Also, familiar sym-
bols like 4+ and - are used to denote algebraic operations. In the former case
operation is called ”addition”, in the latter - "multiplication”. In this course
we will mainly be dealing with operations that are denoted additively.

Addition in the set of real numbers or, more generally, addition in vector
spaces is an example of an algebraic operation in the set. The scalar multi-
plication -: R x V' — V is not - unless V' = R. It is an algebraic operation
in more general sense, but not an algebraic operation on any set.

We assume that the reader is familiar with the basic concepts of abstract
algebra, such as group, homomorphism etc, as well as the result related. For
the sake of convenience we will however briefly recollect them.

Definition 7.1. A set G equipped with an algebraic operation + s called an
abelian group if the following conditions are satisfied.

i) Associativity of the addition:

(r+y)+z=a+(y+2)
forallz,y, z € G.
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i)

iii)

iv)

Commutativity of the addition :
r+y=y+zx
forall x,y € G.

Zero element:
There exists an element 0 € G such that

(7.2) O+x=x=2x4+0
forall x € G.
For every x € G there exists an opposite element —x € G such that

(7.3) z+ (—2) = 0.

It can be shown that a zero element of an abelian is always unique. Also
the opposite of every element is also unique. Whenever a set G is equipped
with addition +, that makes it an abelian group, it is customary to denote
the group as a pair (G, +).

Examples 7.4. 1) The set of all natural numbers N equipped with stan-

2)

3)

4)

dard addition + satisfies conditions i), ii), 1ii) , but not condition ).
Only zero has opposite element in N. Hence (N, +) is not an abelian
group.

If one tries to enlarge N by adding opposite elements, one arrives natu-
rally at the concept of negative numbers and the set Z. of whole numbers.
The set Z of all whole numbers IS an abelian group with respect to ad-
dition.

Other well known examples of abelian groups with respect to familiar
addition of numbers are the group of rational numbers (Q, +), the group
of real numbers (R, +) or the group of complex numbers (C,+). Also,
every wvector space V' is an abelian group with respect to addition of
vectors - this is a part of the definition of a vector space.

The set of integers Z: has another well-known algebraic operation - mul-
tiplication -. Pair (Z,-) is not an abelian group with respect to this oper-
ation for the same reason (N, +) is not an abelian group - most integers
do not have opposite elements, which are called ”inverse numbers” in
this case. The natural way to fix this leads to the construction of ratio-
nal numbers Q, but (Q,-) is still not an abelian group, because 0 does
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not have an inverse. For the same reason (R, -) is not an abelian group.

Howewver the set of all nonzero real numbers R* = R\{0} is closed under
multiplication, in other words multiplication is a well-defined algebraic
operation in R*. The pair (R*,-) is an abelian group. The zero element
of this group is a number 1. Opposite of number x € R* is its inverse
number %

Also (Q*,-) is an abelian group. Here Q* = Q \ {0}.

Suppose (G,+) is an abelian group and H C G. We say that H is a
subgroup of G if it satisfies the following conditions.

e H is closed under operation +, in other words for all x,y € H also
r+yeH.

e Zero element 0 is an element of H.
e For every x € H its opposite element —z € H.

It is clear that if H is a subgroup of GG, the restriction of the operation +
on H x H defines an algebraic operation in H. Moreover (H,+) is then an
abelian group as well.

Examples 7.5. 1) The group (Z,+) is a subgroup of the group (Q,+).
The group (Q,+) is a subgroup of the group (R, +).

2) Consider the group (R*,-) of non-zero real numbers equipped with mul-
tiplication. The subset R, consisting of all positive real numbers is a
subgroup of (R*,-).

3) It is easy to show (see any basic course in abstract algebra or prove it
yourself ) that subgroups of (Z,+) are precisely the sets of the form

nZ ={nzx | v € Z}
for some fixed n € N.

Suppose (G, +) and (G’,+') are abelian groups. A mapping f: G — G’
is called a homomorphism of abelian groups if it preserves the algebraic
structure, i.e. if for all z,y € G

fle+y) = fx)+ fy).
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Any homomorphisms defines two important canonical subgroups - the kernel
Ker f and the image Im f (compare this to the corresponding notions in
linear algebra). These are defined by

Ker f={z € G| f(x) =0},
Im f={f(z) | z € G}.

Here 0 is a zero element of the group G’. Kernel is a subgroup of G and
image is a subgroup of G’.
Suppose f: G — G’ is a homomorphism between abelian groups. Then

- f is injection if and only if Ker f = {0} is a trivial subgroup of G
consisting of a zero element only.

- f is surjection if and only if Im f = G.

- If f is bijection, then its inverse mapping f~': G’ — G is also a bijective
homomorphism of groups.

A bijective homomorphism f: G — G’ is called an isomorphism. If there
exists an isomorphism between abelian groups G and G’ we say that groups
are isomorphic and denote this as G = G’. Isomorphic groups are ”the same”
up to the way elements are called - algebra do not see any difference between
them.

Examples 7.6. 1) Fizn € N and consider a mapping f: Z — Z defined
by f(x) = nz, x € Z. Because addition of numbers is distributive over
multiplication,

fla+y) =nlz+y)=nz+ny = f(x)+ f(y) for all x,y € Z.

Hence f is a homomorphism. Its image Im f is a subgroup nZ of Z. Its
kernel is a trivial subgroup {0} whenever n # 0. Hence in this case f
s an injection, thus also bijective as a mapping 7 — nZ. In particular
nZ is isomorphic to 7 itself.

Whenn = 0 image Im f = {0} is a trivial group and the kernel Ker f =
7. is the whole group.

2) Consider the mapping f: Z — R* defined by f(x) = (—1)*. This map-
ping maps even integers onto number 1 and odd integers onto number
—1. Since

flety) = ()" =(-1)"-(=1)",

110



3)

4)

f is a homomorphism between abelian groups (Z,4+) and (R*,-). Its ker-
nel is Ker f = 27, the set of even integers. Its image isIm f = {1, —1}.
Hence in particular R* has a subgroup consisting of two elements. This
s our first example of a non-trivial finite group.

The groups (R, +) and (R, ) are isomorphic as abelian groups, because
the mapping exp: R — R, exp(z) = e is an isomorphism of groups.
Its inverse is a natural logarithm mapping In: R, — R.

Assuming the reader is familiar with complex numbers, consider the
mapping f: R — C* defined by

f(x) = (cos(2mz),sin(27mx)).

Here C* = R?\ {0} is a set of non-zero complex numbers, which is
an abelian group with respect to the multiplication of complex numbers.
Formulas for the sine and cosine of the sum of two angles easily imply
that f is a homomorphism of groups (verification left as an exercise).
The kernel of this homomorphism is precisely the group of integers 7.
and the image Im f is the unit sphere in the plane,

Imf=5"={yeC||y|=1}.

Quotient groups.

The concept of a quotient group and isomorphism theorems related to it

are among the most important ideas in abstract algebra. They will also be
essential for the construction of homology groups.

Suppose (G, +) is an abelian group and H is a subgroup of G. We define

a relation ~y on G by asserting that x ~y y if and only if  —y € H.

The following facts are proved in the standard courses of abstract algebra.

(2)

(3)

Proposition 7.7. (1) Relation ~py is an equivalence relation.

The equivalence class of an element x € G s

xr+H={x+h|heH}=H+z=T.

There is a well-defined algebraic operation + on the set G/ ~y, which
s defined by
(x+H)+(y+H)=(x+y)+H.
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(4) The quotient set G/ ~py equipped with this operation is an abelian
group. The zero element of this group is H, which is an equivalence
class of the zero element 0 € G.

The abelian group G/ ~p is usually denoted G/H and is referred to as
a quotient group (or a factor group) of H in G. An equivalence class x + H
of the element x € GG is also denoted shortly as 7.

In general group theory, where groups are not assumed to be commuta-
tive, in order for G/H to be a group H needs to be so-called normal subgroup,
but in the case of abelian groups every subgroup is automatically normal.

The canonical projection p: G — G/H from a group to its factor group
is a homomorphism with respect to operations in both groups. This follows
directly from the definition of the algebraic operation in G/H. Also, p is
always surjective. The kernel of p is exactly the subgroup H.

The most important applications of factor groups lies within factorization
and isomorphism theorems.

Proposition 7.8. Factorization theorem.

Suppose (G,+) and (G',+") are abelian groups and let H be a subgroup of
G. Let f: G — G be an arbitrary homomorphism. Then there exists a
homomorphism f: G/H — G’ such that the diagram

G L
N
G/H

commutes, i.e. such that fop = f if and only if H C Ker f. If such f exists,
it 1s unique and given by the formula

f(@) = f(z)

for all x € G. Mapping f is injective if and only if H = Ker f. Mapping f
is surjective if and only if f is surjective. More generally Im f = Im f.

The mapping f: G/H — G’ provided by the previous proposition is
referred to as the induced mapping. Applying factorization theorem for the
case H = Ker f we obtain the following important result.
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Corollary 7.9. Isomorphism theorem.
Suppose (G, +) and (G',+') are abelian groups and f: G — G’ is a homo-
morphism. Then the induced mapping f: G/ Ker f — Im f given by

f(@) = f(z),z €d,
is an isomorphism of groups.

Examples 7.10. (1) Let n € N. The group of integers modulo n is, by
definition, quotient group

Z = 7/0Z.

Forn = 0 this group is essentially a group of integers Z. Otherwise it
is a finite group that has exactly n elements. Every element of Zy is of
the form k for0 <k <n—1, i.e.

Zn, =A0,...,n—1}.

(2) Consider the mapping f: Z — R* defined by f(x) = (—1)* from the
example 7.6. By an isomorphism theorem f induces an isomorphism
f:Z/Ker f — Im f. Since Ker f = 2Z and Im f = {1, -1}, we see
that the subgroup {1, —1} of R* is isomorphic to Z/27 = Zo. It is not
hard to see this also directly.

(8) As an example of an application of a more general factorization theorem
7.8 suppose m € N and n € N are such that m is divisible by n 1i.e.
m = nk for some k € N. It follows that mZ C nZ. Now, the group
nZ is a kernel of a projection p: Z — Z,. By the theorem 7.8 p can be
factorized to a surjective homomorphism p: Ly, — Zy,.

Example 7.11. In the algebra textbooks the isomorphism theorem 7.9 is of-
ten referred to as “the first isomorphism theorem (of group theory)”. There is
also "second isomorphism theorem”, which is actually, in a sense, a certain
application of the isomorphism theorem. Since we shall need it later, let us
go through it as an example.

Suppose G is an abelian group and H, K its subgroups. Then the subset
H+K={h+k|heHkeK}CG

is a subgroup of G (easy verification, left as an exercise). It is clear that H
and K are both subgroups of H + K. In particular there exists an inclusion
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i: H— H+ K and also the canonical projectionp: (H+ K) — (H+ K)/K.
Consider the composite homomorphism o« = poi: H — (H + K)/K. This
mapping is a surjection. This is seen as following. Suppose © = h+k €
(H + K)/K is a class of an element h + k € H + K, where h € H and
k€ K. Then (h+k)—h =k € K, so h+k = h in the factor group
(H+ K)/K. It follows that

a(h) = p(i(h)) = h = z.

Hence « is a surjection. Next we calculate the kernel of a. Suppose h € H
15 such that

ah)=h=0
in the factor group (H + K)/K. By definition this means that h € K. Hence
Kera= HNK. Since a kernel of a homomorphism is always a subgroup, we
also see that the intersection H N K of two subgroups is always a subgroup
as well. Of course this can be easily shown also directly from the definition.

Applying the isomorphism theorem to the mapping o, we obtain that there
exists induced isomorphism

a: H/(HNK) — (H+ K)/K.

This fact is exactly what is known as "the second isomorphism theorem?”.

8 Free abelian groups

Supppose (G, +) is an abelian group and x € G. We define integer multi-
plicities nx of x, n € Z, in a natural way as following. First we defined it for
non-negative values of n.

For n = 0 we assert 0x = 0. Here 0 on the left side is an integer 0 € Z,
while 0 on the right side is a zero element of the group. We continue by
induction. Suppose nz is already defined for some n > 0. Then we assert

(n+1)x =nx + .

By definition 12 = (0+ 1)z = 0z +2 = 0+ x = z for every x € G. Less
formal, but more natural way to think about the multiplicity nz is to realize
that it is x summed up with itself precisely n times,

ne=gx+xr+...+.

n times
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This defines nz for non-negative n. For n < 0 we assert
nx = (—n)(—x).
Multiplicities satisfy the following natural equations.
(n4+m)x = nz + mx, and
(nm)x = n(mx), foralln,m € Z,x € G

The verification of this equations are left to the reader as an exercise.

Through the concept of multiplicities one can think of integers as scalars
of the theory of abelian groups, just like real numbers are scalars for vector
spaces. Using this analogy we call the expression of the form

nry+...+ NnETg,

where n; € Z, x; € G, i = 1,...,k, where G is an abelian group, a linear
combination of the elements x1,...,xy of the group G. Integers nq,...,n;
are coefficients of this combination.

Linear combinations, and, more generally finite sums in abelian groups are
often convenient to denote using so-called sigma-notation » . For example a
sum nixy + ...+ ngxr above can be more compactly written as

k
i=1
The following result is completely analogous to the similar statement for

vector spaces.

Lemma 8.1. Suppose G is an abelian group and A C G 1is an arbitrary
subset. Then the smallest (with respect to inclusion) subgroup G(A) of G
that contains A 1is the set

G(A) ={na1 +...+mpap [kEN, n; €Z,x; € Aji=1,... k}
of all possible linear combinations of elements of A.

Proof. Exercise. O

In the formulation above we are allowing case k = 0, which is so-called
“empty sum”. By definition we assert the value of this sum to be the zero
element 0 of the group. The subgroup H(A) above is called the subgroup
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generated by the set A. We also say that the set A generates or spans the
group H(A).

If an abelian group G equals to its subgroup G(A) for some finite subset
A C G, we call the group G finitely generated.

Suppose G is an abelian group. A subset A C G is linearly independent
or free if for all ap € A,k =1,...,n and ny,...,ng € Z the condition

nlal—l—...—l—nkak:O

is equivalent to ny = ... = ng = 0. If independent subset A also generates
the whole group i.e. if every element z € G can be written as a finite sum

x:nlal—l—...—l—nkak,

where n; € Z,a; € A, we say that A is a basis of an abelian group G. An
abelian group G is free if it has a basis.

Lemma 8.2. Suppose G is a group and A C G. Then A is a basis of G if
and only if every element x € G has a unique representation in the form

r=nia1 + ...+ ngag,
where n; s a non-zero integer and a; € A for everyt=1,... k.

Proof. Exercise. O

In the lemma above we also allow the case k£ = 0, i.e. an empty sum.
Remember, that the value of this sum is a zero element.

Examples 8.3. (1) The group of integers Z is free. It has a basis A = {1},
consisting of only one element. Indeed, the singleton {1} generates the
group, since nl =n for everyn € Z. Also ifn=n-1=0, thenn = 0.
Hence {1} is a basis of Z. Another basis for 7 is a singleton {—1}.
There are no other basis.

(2) The theory of vector spaces and the theory of abelian groups is not
completely similar. In particular we know from linear algebra that every
finite dimensional vector space has a (finite) basis. Actually it can
be shown that every wvector space has a basis, even if it is not finite
dimensional - in that case the basis is infinite. The analogous claim for
abelian groups is not true at all/

For example consider the group Z, of integers modulo n, for n > 1.
Then Z,, is finite, hence in particular trivially finitely generated. How-
ever it does not have a basis. In fact much more general claim is true
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- an abelian group that has at least one so-called non-trivial torsion
element is not free. An element x € G of the group G 1is torsion if
there exists n € 7Z such that nx = 0. Zero element is trivially torsion
element. A torsion element which is not zero is a non-trivial torsion
element. We leave it as an exercise to verify that a free abelian group
does not have a non-trivial torsion element.

Any element of Z,, is a torsion element, since nx = 0 for every x € Z,.
Hence Z,, is not free if n > 1. if n = 1 the group Z,, is the trivial group
{0}. Trivial group is always free - it has an empty basis.

In fact the result, which is analogous to the fact that every finitely
dimensional vector space has a basis in the theory of abelian groups is
the following - every finitely generated abelian group that has no non-
trivial torsion elements is free (and has finite basis). This fact is proved
in the abstract general algebra. We won’t need it in this course.

(8) The group of rational numbers (Q,+) does not have torsion elements.
However, it it not finitely generated and it is not free. We leave the
proof of this claims to the reader.

(4) The group of positive rational numbers (Qx,-) equipped with multipli-
cation is free. The set of prime numbers P = {2,3,5,...} is a basis
of Q. This follows from the fundamental theorem of arithmetic, which
asserts that every positive integer m can be expressed as a product

_ k1 ke ky
m=pypy...Dp-

where | > 0 and ky,...,k; € Ny in a unique way. Notice that for
m = 1,1 =0 1e. the product is "empty”. From this it follows that
every rational number can be written (in the unique way) as a product

k
¢=prs .
where k; is either positive or negative integer for every i = 1,...,1L.
This implies the claim.
The group (Q., ) of all non-negative rational numbers is not free, since

it contains a non-trivial torsion element (—1).

Basis have the following important extension property. It asserts that in
order to define a homomorphism f: G — H, where G is free, it is enough to
specify the images of the basis elements. Those can be arbitrary. Compare
this to the similar result in linear algebra, regarding basis of vector spaces.
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Lemma 8.4. Suppose G is an abelian group and a subset A C G is a basis
of G. Suppose f: A — H, where H is an abelian group, is a mapping of
sets. Then there exists a unique group homomorphism g: G — H which is
an extension of f i.e. gla) = f(a) for all a € A.

Proof. Exercise. O

So far the only examples of free abelian group we have seen were the triv-
ial group consisting of one element, the group of integers Z and the group
of positive rational numbers equipped with multiplication. We proceed by
constructing canonical set of examples of free abelian groups. We will show
that any given set is a basis of a free abelian group.

The idea of the construction is the following. Let A be an arbitrary set.
Suppose a set A is "embedded” in an abelian group G i.e. is a subset of G.
Since G contains all elements a € A it also contains all integer multiplies na,
n € Z,a € A. Since G is closed under its addition, it must contain all the
possible finite sums of these multiplies, i.e. all possible linear combinations

niay + ...+ nNgag,

where n; € Z and a; € A. If we forget about the group G itself, we can also
think of such a sum as a 7 formal sum ” made of elements of A. A formal
sum like these can be identified with the indexed collection of its integer
coefficients (ny,...,ny). For the element a of A which does not occur in the
sum above (i.e. a # aj,...,a;) we can think that it actually does occur,
with the coefficient n = 0. In this manner we can extended the indexed
family (nq,...,nx) to the indexed family (n4)eea. On the other hand, Such
an indexed family can be thought of as a function f: A — 7Z. The set of
such functions is denoted by

ZA = {f: A= 17}

Moreover, not every element of Z4 can come from a formal sum. Every
indexed family that comes from a formal sum has the additional property
that only finite amount of its coordinates differs from zero.

Definition 8.5. A function f: A — 7Z is said to be finetely supported if

By={acA| f(a) # 0}

s a finite subset of A. This set is called the carrier of f.
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The subset of Z4 consisting of finitely supported functions is denoted
ZM Tt is clear that a function f € Z# is finitely supported if and only if
there exists a finite B C A such that f(a) =0 for all a ¢ B.

The set Z4 has a natural structure of an abelian group, with addition +
defined ”point-wise” by

(f +9)(a) = f(a) + g(a)

for all f,g € Z4 and A € A.

The zero element of this group is the constant zero function 0: A — Z,
defined by 0(a) = 0 for all @ € A. The opposite element of f € Z4 is a
function — f defined point-wise by

(=)(a) = —f(a),a € A.

Lemma 8.6. (Z4,+) is an abelian group and Z'*) is a subgroup of Z*, hence
an abelian group as well.

Proof. Exercise. O

If the set A is finite, every element of Z* is finitely supported, hence in

that case Z(Y) = ZA. If, on the other hand, A is infinite, Z(Y is a proper
subgroup of ZA.
Note a particular special case A = (). Then there exists one and only one
mapping f: A — Z (so-called empty mapping. This mapping is trivially
finitely supported. Thus, by definitions, Z?, as well as Z0 are both trivial
groups {0}. We usually denote such a group simply by 0.

Whenever a finite set A is written in the form A = {ay,...,a,}, we also
denote Z4 = ZW by
Zlay, as, ..., ayl.

Hence, if A = {a} is a singleton, we denote Z* = Z|a.

The notion of finitely supported families also allows us to give another,
more elegant version of Lemma 8.2. Suppose G is an abelian group, A C G a
subset and let (14).e4 be an element of Z*) i.e. a finitely supported family
of integers indexed on the set A. We can define the sum ) _, nq.a by the

formula
E Ngdl = E Nga,

acA a€B
where B on the right side is the carrier of the finitely supported family
(ng)aca. Since B is by definition finite, the sum on the right is a well-defined
finite sum of element of the group G.
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Lemma 8.7. Suppose G is an abelian group and A C G is a subset. Then A
is a basis of G if and only if every element x € G has a unique representation

as a sum
g Nga,

acA

where the family (ny)aeca is finitely supported.

Proof. Suppose A is a basis. Then A in particular spans the group G, so
every element x € G can be written in the form

x:nlal—l—...—l—nkak,

where n; € Z and a; € A. Let B = {ay,...,ar} C A. Define the family of
integers (nq)aca by asserting n, = n,, if a = a; and n, = 0 otherwise. Then,
by definition

Znaa =nNnia; + ...+ ngap = .

acA

Hence every element of G' can be represented as a sum ), n,a, where the
family (n,)aeca is finitely supported.
Next we show that such a representation is unique. Suppose

E Ne@ = T = g n.a

a€A acA

for some finitely supported families (n,)qca and (n),)qca of integers. We have
to show that n, = n/, for all @ € A. Let B be the union of carriers of both
families. Then B is finite, as a union of two finite sets and n, = 0 = n/, for
all a ¢ B. Hence it is enough to show that n, = n, for all a € B. Moreover,

Znaa = Znaa = Zn;a = Zn;a.
acA aeB a€B acA
Sums in the middle are regular finite sums. Subtracting one sum from the
other, we obtain
Z(na —n)=0.

a€eB

Since we are assuming that A is linearly independent and B C A, it follows
that n, —n,, = 01ie. n, =n/ for all « € B. This is what had to be shown.

The proof of the other direction is left to the reader as an exercise. [
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Suppose A is an arbitrary set. Let us show that Z() is a free abelian
group by construct a canonical basis for Z(Y). For every a € A let

fo€zZW

be defined by
1, ifr=a,
fa(x) = {

0, otherwise .

It is clear that f, # f, whenever a # b, so we identify a with f, and think of
A as a subset {f, : a € A} of Z.

Lemma 8.8. The set {f, | a € A} is a basis of an abelian group Z™).
Proof. Exercise. O

Since we can identify A with the basis {f, | a € A} of Z(*Y) we obtain, in
particular, the following result, which will provide us with a starting point
of the construction of the singular and simplicial homology groups.

Corollary 8.9. Suppose A is an arbitrary set. Then there exists an abelian
group with basis A.

The free abelian group, that has A as a basis, is actually unique up to an
isomorphism.

Lemma 8.10. Suppose A is a basis of a free abelian group G. Then G 1is
isomorphic to ZW)

Proof. Consider a mapping a: A — ZW, a(a) = f,. Since G is free and A is
its basis, by Lemma 8.4 a can be extended to a homomorphism a: G — Z(Y
of abelian groups.

On the other hand the correspondence a — f, is bijective, and collection
{f. | a € A} is a basis of Z) | so conversely we can define a homomorphism
B: Z¥) — G with the property 3(f,) = a, for all @ € A. The composite
homomorphism v = o «a: G — G has the property v(a) = a = id(a) for all
a € A. Since A is basis and +,id are both homomorphism, by the uniqueness
part of the claim in Lemma 8.4 we see that v = id. In other words foa: G —
G is identity mapping. Similarly we see that avo 3: Z) — ZA) is identity.
Hence o and 8 are inverses of each other, in particularly isomorphisms. [
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If A is a basis of a free abelian group G we also call elements of A free
generators of G.
It can be shown that the size of the basis determine the free group uniquely
up to an isomorphism, i.e. Z® 2 Z(5B) if and only if there is a bijection
between A and B. We will need this result for the special case of finite sets
A, B, so we prove it only in this special case later in this chapter. Before
that let us also recollect the useful notion of the direct sum of abelian groups.

Direct sums.
Suppose (Gga)aca is a collection of abelian groups. We want to find the
simplest and most universal abelian group, that would include all groups G|,
as subgroups. The construction is a generalization of the same idea, that lead
to the construction of the free group Z“). Indeed, a group G that contains
every group G, would also contain all possible finite sums of the form

Tog + Tap + ...+ Xy,

where z,, € Gy, for all ¢ = 1,... k. This leads naturally to the following
exact construction.

First we form so-called direct product [].,., Ga, which, by definition,
consists of all possible families (z,)aca, Where x, is an element of the group
G, for all @ € A. An element x, € G, is called a-component of the family
(Ta)aca-

For every 8 € A there exists a projection mapping pg: []
which is the canonical projection,

P(B)((Za)aca) = 5.

An element (z,)aca of the direct product is called finitely supported if
there exists a finite subset B C A such that z, = 0 € Gg for all « ¢ B. In
other words for all, but a finite amount of the indexes, a component of the
family is a zero element of the corresponding groups. We denote the set of
all finitely supported elements of [] ., G, by

Ga — G@,

acA

acA
@QEAGQ

and call the direct sum of the groups (Gg)aca-

Direct product is given a natural structure of an abelian group with ad-
dition + defined ”componentwise”. In other words we assert

(xa)aeA + (ya)aeA = (xa + ya)aeA-
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Lemma 8.11. The direct product [],. 4 Go is an abelian group. The zero
element is the family (0)aea, whose every component is a zero element of
the corresponding group. The opposite of the element (x4)aca 1S an element
(_Ia)aeA'

The direct sum GoecaGo is a subgroup of the direct product, in particular
an abelian group.

Proof. Exercise. O

We will be mainly interested in the direct sum @pe 4Go. If A ={ay, ..., a,}
is finite, we also denote the direct sum as

G, @Gy @ ... ® Gy,

In this case direct sum equals to the direct product.

For every index € A there exist natural mapping
Py Daca Ga — Gg,

called projection to G, defined by

prﬁ((:ca)aeA) = Ig-

Also, for every 3 € A there exists a natural mapping ig: Gg = @acaGa,
called inclusion of the group Gp into the direct product. It is defined as
following. Suppose x € Gg. We let ig(z) to be the family (x,)aea such that
zg =z and x, =0 € G, for a # 5. Clearly ig(x) is finely supported, so the
mapping ig: Gg — @acaG, is well-defined.

Proposition 8.12. Canonical projection prg: Saca Goa — G is surjective.
Canonical inclusion ig: Gg — @acaGq s injective, so really is an inclusion.
Hence ig(Gg) is isomorphic to Gg for every ff € A.

FEvery element x of the direct sum @oecaGo can be written as a finitely
supported sum of the form

x = Zia(xa),

acA

where x, € G, and the family (x,) is finitely supported in a unique way. In
fact this equation is true if and only if * = (Ta)aca-
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Proof. Exercise. O

Since ig: G — @aecaGy is, by the previous Proposition, an isomorphism
to the image ig(Gp), we identify the group G with the subgroup ig(Gg) of
the direct sum ®,c 4G

The following property of direct sum is in fact universal property that
characterizes direct sum up to an isomorphism. We won’t formalize this
claim, since we do not need it.

Lemma 8.13. Suppose (Gy)aca is a collection of abelian groups and H is an
abelian group. Suppose that for every a € A a homomorphism f,: G, — H
of groups is given. Then there exists unique homomorphism f: @aeaGo — H
such that foig = fg for all B € A. Hereig: Gg — @acaGq 1s a canonical
embedding.

This mappings is defined by the formula

f((a)aca) = fa(Ta)

Proof. Suppose f: @®aca Go — H is a homomorphism such that foig = f3
for all g € A. Suppose * = (4)aca. By the Lemma 8.12 we have that

r = Z i0(Za),
acA

where the sum is essentially finite i.e. finitely supported. Since f is a homo-
morphism, we have that

flx) =Y fliala)) =D falwa).
acA acA

This proves that f is unique and must be given by this formula. Conversely
it is enough to prove that the mapping given by this formula is well-defined
and a homomorphism. This is a simple straightforward calculation. O

The mapping f: @qea Go — H such that foig = fzforall 5 € A, given
by the previous lemma, is sometimes denoted simply as ) . 4 fo- Then

Z fal(Ta)aca) = Z falra)

acA acA

for all (z4)aca € BacaGa-
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Example 8.14. The group (R*,-) of non-zero numbers equipped with multi-
plication is isomorphic with the direct sum Zo @ R, where R is equipped with
addition. This is seen as follows. Let fi: Zs — R* be the homomorphism
defined by f1(m) = (=1)" (see example 7.10) and let fy: Ry — R* be the
inclusion of sets. Then the homomorphism f1 + fo: Zo & Ry — R* exists
and easily seen to be an isomorphism (exercise). Finally we notice that by
example 7.6, 3) the group (R™,-) is isomorphic to (R, +).

Similary one sees that (Q*,-) is isomorphic to Zo ® Q4, where Q4 is
(example 8.3) isomorphic to the free abelian group ZM.

Suppose (Gy)aca and (G',)aeca are collections of abelian groups indexed
on the same A and suppose that for every a € A a homomorphism f,: G, —
G, of groups is given. The direct sum

f = @aeAfa: DacA Ga — @OLEAGZX
is a mapping defined by
foz((xa)aEA) = (f(xa))aeA-

This is actually unique homomorphism given by the previous Lemma applied
to the collection of mappings j, o fo: Go — G', where jg: Gy — DacaGy, =
G'.

Suppose H, is a subgroup of G, for every a € A. Let t: H, — G, be
a natural inclusion of subset H, into GG,. Then we can form a mapping

L= Dly: @aEA Ha — @QEAGQ'

On easily verifies that this mapping is an injection, in fact an inclusion of
sets. In other words the direct sum

H = ®acal,

is a subgroup of the direct sum @, 4G, in a natural way.

Lemma 8.15. Suppose H, is a subgroup of G for every a € A. Denote
G = ®ocaGa,
H = @ocal,.

Let pr,: G, — G,/ H, be canonical projection to the factor group for every
a € A. Then the mapping ®pr,: G = BacuaGao/H, is a surjective homo-
morphism of groups that induces an isomorphism

G/H = @aGAGa/Ha-
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Proof. By isomorphism theorem 7.9 it is enough to notice the mapping & pr,,
is a surjection and that the kernel of this mapping is precisely H. The
verification of these facts is left to the reader as an exercise. O

The operation » | that turns a collection of mappings f,: G, — H into a
single homomorphism f = (3> fo): ®acaGa — H assumes that all mappings
fo have the same target group H. Sometimes a construction ”in the different
direction”, where the domain is kept fixed, is needed. In general such a
construction works for direct products, not direct sums. However, since in
the final case both notions coincide, it does involve direct sum, when the
index set A is finite. Since this is the only case we need, we shall formulate
and prove the next result only for this case.

Lemma 8.16. Suppose G, Hy, ..., H, are abelian groups and suppose that

foreveryi =1,...,n we are given a homomorphism f;: G — H;. Then there
exists unique f: G — @, H; such that
pjof=1i

forallj=1,...,n. Herep;: & H; = H; is the projection,

p(x1, ..., %) = ;.

The mapping f is defined by
f(zla s ,Zlfn) = (fl(zl)a tet fn(zn))

Proof. Exercise. O

The free group Z“) we have constructed before, is a special case of the
direct sum. Indeed, if we take G, = Z for every a € A, then the direct sum
BacaG, is precisely the group Z. In particular, whenever A = {ay, ..., a,}
is finite, we have that

74 — Zlay) @ Zlas] & ... & Z[ay),

where every subgroup Z[a;| is isomorphic to the group of integers Z in a natu-
ral way. When A = {ay, ..., a,} has n elements, we simply denote Z4) = Z".
If B={b,...,b,} is another set that has n elements, groups Z*) and Z*)
are isomorphic in a natural way, so this notation can’t cause confusion.

Next we show that the size of the basis of a free group is unique - whenever
it is finite.
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Lemma 8.17. Suppose A and B are sets and A is finite. Then ZY = 7,(B)
if and only if B is finite and has the same amount of elements as A, |A| = | B]

Proof. Let G be an abelian group and denote
2G ={2z | z € G}.

It is easy to see that 2G is a subgroup of G (exercise). Hence we can also
form the quotient group G/2G.

Let f: G — H be an isomorphism of groups and consider the mapping
g=pof:G— H/2H, where p: H — H/2H is a canonical projection to the
factor group H/2H. This mapping is a surjective homomorphism of groups
and its kernel Ker g = 2G (check it!). Hence, by the isomorphism theorem
7.9, g induces an isomorphism between quotient groups G/2G and H/2H.

Next we apply this construction to the case G = Z®) and H = Z(B). We
know that
ZW = @ueal.

From the definition it follows, that
27 = @,cu27Z.
By Lemma 8.15 the factor group Z* /2Z() is isomorphic to the direct sum
DacAZ /27 = DacALs.

Hence, if Z) and Z® are isomorphic, also the direct sums @uecaZs and
@pepZs are isomorphic. It is easy to see that if A is infinite, also the direct
sum @PycaZs is infinite. On the other hand, if A is finite, also B,caZo is
finite and in fact has precisely 2/4! elements. Thus, if @eecaZs and SpepZs
are isomorphic and A is finite, also B must be finite and 214 = 28I, This
implies that |A| = |B|, hence the claim. O

Simplicial chains.
Now let us finally apply the abstract general algebra to our objects of study
- A-complexes, and later, more generally, to the arbitrary topological spaces.

Let K be a A-complex. For every n € N let [K,] be the collection of
geometrical n-simplices of K (i.e. two simplices are considered the same if
they are identified in the complex K).

By C,(K) we denote the free abelian group Z*"! on the set [K,]. By con-
struction the elements of C,(K) are formal sums of geometrical n-simplices
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of K with integer coefficients. The elements of C,,(K) are called the sim-
plicial n-chains of the complex K. The set [K,,] of geometrical n-simplices
is the basis of this group. The group C,(K) will be called the group of
simplicial n-chains of the complex K.

Example 8.18. Consider a A-complex K (o) where o is an ordered 2-simplex
[Vo, V1, Va]. It consists of all the faces of o, with no identifications.

Now C,(K) is zero for n > 2, since complex do not have simplices in
these dimensions. For n = 2 there is only one 2-simplez, so Cy(K) is a free
group based on one element [vo, vy, Va|, hence isomorphic with Z. Elements
of this group have the form nlvy, vy, va], n € Z.

Forn =1 there are three 1-simplices, so C1(K) is a free group on 3 free
generators, thus isomorphic to Z®) . Elements can be written uniquely in the
form

n[vo, vi] +m[ve, va] + [[vi, Vo], n,m,l € Z.

Since there are 3 vertices, Co(K) is also free on 3 generators, with elements
of the form
nvg +mvy + lvy

(we write [v;| = v; to simplify the notation).
If we identify all vertices of o we obtain another A-complex K'. This

has the same groups C,,(K') as C,(K) for n # 0, but Co(K) is free on one
element vy = vi = v, since all the vertices are the same now.

If we identify two 1-sides [vq, v1] and [vy, Vo] we obtain another A-complex

K", for which C1(K") is free on two elements - one being [vo, v12] and the
other being [vo, V1] = [v1, Vo).

Singular chains
Suppose X is a topological space. For every n € N let

Sing, (X) ={f: A" — X|f is continuous }.

Here A, is a canonical n-simplex defined by

Ay ={(z1,. . 7)Y < 1}
=1
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We consider A,, as an ordered simplex (eg, e1, ..., e,), where ¢g = 0 and ¢; is
an ith element of the standard basis of R".

Elements of Sing, (X) are called the singular n-chains in X.

Definition 8.19. Suppose X is a topological space. For n > 0 we define
C(X) to be the free abelian group with the basis Sing,,(X). The group Cp,(X)
is called the group of the singular n-chains of X.

The term ”singular” refers to the fact that the only "regularity” we ex-
pect out of the basis elements of the group C,(X) is continuity. The image
of such an element need not to look like simplex, and, as a consequence, can
contain ”"singularities”, holes etc.

In the special case of empty space X = (), there are no mappings f: A, —
X, for any n € N. Hence in this case C,(X) = Z? = 0 is a trivial group for
every n € N.

Simplicial chains as subgroup of singular chains.
Suppose K is a A-complex. Then we have the group of simplicial n-chains
C,(K) defined. Since the polyhedron |K]| is a topological space, we also have
the group of singular n-chains C),(|K|). There is a natural way to consider
Cy(K) a subgroup of C,,(|K|) as following.

Suppose K is a A-complex and suppose ¢ € K is one of its simplices.
We have previously defined the standard mapping ¢,: ¢ — |K| which is
essentially a restriction of the canonical projection p: Z — |K| to a simplex

o. Here
7 = |_| o

ceK

is a disjoint topological union of simplices of K. Strictly speaking, the map-
ping ¢, is not necessarily singular simplex in |K|, since o need not to be a
standard simplex. But this technical detail is easy to fix, since every simplex
is homeomorphic to a standard simplex.

Thus let ¢ be an n-dimensional simplex of K. Let a: A, — o be the
unique simplicial homeomorphism that preserves the order of vertices. We
define a simplicial singular n-simplex f,: A, — |K| to be the composition
fo = g, o a. Then f, is indeed a simplicial singular n-simplex in the space
|K|, i.e. an element of the group C, (| K]).
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Suppose 0 ~,, ¢’ in K|. Let f: 0 — ¢’ and o’: A,, — ¢’ be the unique
order preserving simplicial homeomorphisms. Then, by uniqueness, o' =
foa. Also g, o f = g,. It follows that

faz:gazoa’:galofoa:gaoa:fa.

Thus for = fo, i.e. we can talk about the singular n-simplex f, defined by
the geometrical simplex [0] of K, f,) = f,. This mapping is also called the
characteristic mapping of the geometrical simplex [o]

Conversely, if o and o’ are n-simplices of K that are not identified, thus,
define different geometrical simplices, then f, # f! (follows easily from
Lemma 6.14).

Suppose [0] = [vo,...,V,] is a geometrical n-simplex of K. We define
tn(lo]) = fio) € Sing,(|K|) C Cn(|K]) to be the characteristic mapping of
0. Since different geometrical simplices define have characteristic mappings,
the mapping ¢, is an injection that maps a basis generator of C,(K) to
a certain basis generator of C,(]K]). It follows that the mapping ¢, de-
fines (by the universal property of free groups) an injective homomorphism
tn: Cp(K) — Cy(|K|). Hence we can identify [o] with a corresponding char-
acteristic mapping fi,). This makes it possible for us to regard C,(K) as a
subgroup of C,,(|K|). The mapping ¢,: Cy,(K) — C,(|K]) is then regarded
to be the inclusion of the subgroup C,(K) into the group C,(|K]).

9 Boundary operator and homology groups

We have defined the group C,,(X) of singular n-chains for every topological
space X and every n > 0 and also the group C,(K) of simplicial n-chains
for every A-complex K and every n > 0.

As such this algebraic objects are too big to be useful for the purpose
of topology. They also do not reflect the essential properties of geometry of
the spaces we wish to study. In order to construct more usable invariants we
need to come up with a way to connect this groups with each other. This
is done with the aid of boundary operators.

Consider an ordered n-simplex o = (vg,...,v,). This simplex has a
boundary Bd o, which, as a set, is the union of all (n — 1)-dimensional faces
of 0. Since we assume that o is ordered, each (n — 1)-dimensional face can
be written as d'c = (vo,...,V;,...,Vy,) i.e. can be given a well-defined index
i =0,...,n. Also, the face d'c has a natural order induced straight from
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the original order given on the vertices of 0. However if you think of the
boundary geometrically, as a topological entity, it turns out that this order
do not always look "natural”.

To see what we mean by that, let us consider the special case of triangle
i.e. a 2-simplex (vg,vy,Vve). An obvious advantage of the triangle is that
we can actually draw it, as well as its boundary, and then test our intuition
using that drawing. In our search for the precise exact definitions we will
start off with an informal discussion, which is aiming to look for the right
kind of motivation. Once we find and justify that motivation, we will switch
to the formal mathematics.

From the point of view of our geometrical intuition the boundary of the
triangle looks like a ”continuous” (meaning here ”connected”) closed path
that starts at the vertex vg, goes around the boundary once through the
vertices v, and vy, ending at the same vertex vq it started off in. In other
words if you think of the boundary as kind of "moving, dynamic” path,
it makes a circular motion, which is not surprising, since as a space the
boundary is homeomorphic to the circle S'. This natural circular motion
has a natural orientation - the path first goes from vy to vy, i.e. "travels”
along the edge (vg,vy), then goes from vy to vq, i.e. "travels” along the
edge (v1,Vvy), then finally ”travels” along the edge (vq, vo). This motion also
defines a sort of a natural orientation of the whole triangle (indicated in the
picture by the arc shaped arrow in the centre of the triangle) - which is the

7 clockwise ” orientation in the case of this particular triangle.
Vi
Z
N
Vo \&)

Hence, if we think of the boundary Bd(vy, vy, vy) as a geometrical entity
that consists of those edges, taken in accordance with this orientation you
may express it algebraically as an expression

Bd(vo, vi, v2) = (vo, V1) + (v1,Va) + (v2, Vo).

Now, if you recall the original ordering of the vertices, you see that in the sum
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on the right side the faces (vg, vq1) and (vy, vo) have their "natural ordering”
inherited from the original ordering (vg, vy, vy). The face (va,vy), on the
other hand, has an ”opposite ordering” in this expression. Hence we learn
that the natural geometrical orientation of a triangle, whatever it means, do
not necessarily coincide with the ordering of vertices - for some faces it does
and for some other it don’t.

The face (v, Vvp) is an edge, i.e. an interval, a 1-simplex. The orientation
on the edge can be interpreted to indicate which of two vertices we regard as
the starting point of an interval and which - as the end point. An arrow drawn
on the edge show precisely the direction we want to move along - from the
starting point to the end point. Thus it is natural to think that switching of
the direction ”reverses the orientation”. Algebraically it is natural to agree
that if we switch that orientation, the ”sign” of anobject changes to the
opposite. In other words it is natural want to agree that

(v2,vo) = —(Vo, Va).
Using that agreement we end up with ”the formula”
Bd(VQ,Vl,Vg) = (VQ,Vl) + (Vl, V2) — (VQ, V2).

in which all faces are written with their induced order.

Along the way we have also decided what we mean by the orientation
of a 1-simplex (vg,vy) - it is what we defined as "order”. We can think of
one simplex as a directed "arrow”, a path from the point v to the point
vi. These points together form the boundary of this path. If we change
this orientation to opposite, we obtain an arrow (vy,vg) which goes from v;
to vo. Hence - as we already agreed - it is natural to think that (vi,vg) is
(vo,v1) "with an opposite sign”, so we write

(v, Vo) = —(vo, v1).
Vi Vi
Vo Vo
simplex (vg, v1) simplex (vy, vg)

It follows that a given 1-simplex has exactly two orientations. If we in-
terchange the order of two vertices, it interchanges the orientation to the
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opposite. This statement is obvious for an interval, but its generalization for
the arbitrary simplex is crucial for the concept of orientation.

Before we will define orientation of an arbitrary simplex formally, let us
go back to the triangle. Our visual intuition tells us that there are exactly
two natural ways to give the triangle and its boundary an orientation - a
clockwise way and the counter-clockwise way. They correspond to two ways
to go around the boundary, which is essentially a circle. Look at the picture
below, where we took a triangle (vg, vy, vs) oriented clockwise, and then
made a reflection, which interchanged two vertices vy and vy, laving the

third vertex v, fixed.
Vi Vo

pd \ Vo
Vo ~ Vo vy ~

The picture shows that such a reflection changed orientation of a simplex,
to the opposite, counter clockwise orientation.

The conclusions are as following. An arbitrary 2-simplex has two ori-
entations, just like a 1-simplex did. Moreover, these orientations also have
the property of switching to the opposite, whenever two vertices are inter-
changed. We have checked it for the case when vy and v; are interchanged,
the reader can go through other cases and verify that this property remain
true for all cases.

Finally, let us look at the last case that we can actually draw, the case of
a 3-simplex (v, vy, vy, v3) i.e. a tetrahedron. The 2-faces of a tetrahedron
are triangles. We already have a good idea about what we mean by an
orientation of a triangles - it can be ”clockwise” or ” counter-clockwise”.
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Vi

V3

e

Vo Vo

From the picture one sees immediately that the faces (vg, vy, vs) and
(v1, Ve, v3) have opposite orientations - if one is taken to be ”clockwise”,
the other will forced to look ”counter-clockwise” to us and vice versa. One
can check all the 2-faces and compare their orientations in the same fashion
(exercise). As a result one obtains that the faces (v, va, v3) (a Oth face) and
(vo, V1, v3) (a 2nd face) have the same orientation, while the faces (v, va, v3)
(a 1st face) and (vg, vi, va) (a 3rd face)also have the same orientation, which
is opposite to the orientation of the faces (vi,vsy,v3) and (vg, vy, v3). If we
call the first orientation ”positive”. Algebraically this can be written in the
form

Bd(V07V1,V2,V3) = (V17V27V3) - (V07V27V3) + (V07V17V3) - (V07V17V2)

for the boundary of a tetrahedron.

It is now clear that the combination of these orientations of the triangles
of the boundary define what we should think of as an orientation of the whole
tetrahedron, although it is more difficult to give it as simple geometrical in-
terpretation as we had for the case of an interval and a triangle. But what
we can easily do is to check what will happen if we interchange the order of
two vertices, for instance vertices vg and v;. There are two faces, the 2-face
and the 3-face that contain both vertices, so as we interchange these vertices
in these triangles, their orientation will switch to the opposite, as we already
know. What about a Oth face and a 1th face? Well, the orientation of the Oth
face does not change, since the order of its vertices will remain the same. But
in the "new” ordered simplex (vy, vg, Vo, v3) this face does not have index 0
any more, it has an index 1, since it lies opposite the vertex vq, which now
has order number 1, so the orientation of this face will switch to the opposite
as well. The same, as you can check, is true for the face (vq,va, v3).
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Hence, we see that for tetrahedron the operation of interchanging two ver-
tices switches the orientation of all the faces, in least in the case of vertices
vy and vy. The reader is invited to check all the other cases as an exercise.

We are now motivated enough to formalize these observations.
Recall that a permutation of the finite set {0,...,n} is, by definition, a
bijection a: {0,...,n} — {0,...,n} of that set to itself. If vo < vy <... <
v, is a particular ordering of the vertices of a simplex and « is a permutation
of the set {0,...,n} one can define another ordering <’ by asserting that

Va(0) <! Va(1) < < Va(n)-

Conversely, having any fixed ordering vop < vi < ... < v,, we can obtain
any other ordering wy <" w; <’ ... <" w/ of the same set of vertices from
the original ordering vy < vi < ... < v, in this way using a unique permu-
tation « - it will be the unique permutation that maps an index ¢ to an index
J = a(t) with the property w; = v;.

Recall that a permutation « of the set {0,...,n} is called a transpose
if it interchanges two elements, leaving other elements fixed. To be more
precise « is a transpose if there exist i, j € {0,...,n}, i # j so that a(i) = j,
a(j) =i and a(k) = k if k # 4, 7. In this case one often writes oo = (i7).

Every permutation of the set {0, ..., n} can be written as a composition of
transposes. This representation is not unique, but the oddity of the amount
of transposes needed to represent a given permutation is an invariant of the
permutation. In other words if « is a permutation that can be written as a
composition of n transposes as well as the composition of m transposes, both
n and m are even or both are odd. In the former case permutation is called
even, in the latter case - odd. These fact are usually proved in the course of
linear algebra with connection to the theory of determinants, so we assume
the reader is familiar with them.

Now suppose vog < vi < ... < v, and wg < w; <’ ... <’ w, are two

different orderings of the same set of vertices of a simplex o. Let a be the
unique permutation of the set {0,...,n} for which w; = v4 .
We say that ordered simplices (vg, vy, ..., v,) and (wg, Wy, ..., w,) (that are
the same simplex except for ordering) have the same orientation (or ori-
ented coherently) if the permution « is even. If the permutation « is odd,
we say that the orderings have opposite orientation.
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The relation ”(vg,vy,...,v,) and (wg, wy,...,w,) have the same ori-
entation” is an equivalence relation in the set of all orderings of the set of
vertices of a simplex o.

The orientation of a given simplex ¢ is an equivalence class of this re-
lation. It follows that every simplex has two orientations, except for the case
of a 0-simplex, which has only one possible orientation.

Note that this definition is motivated by our earlier observation that
transposes (which are odd permutations) must switch the orientation of a
simplex to the opposite. It is also natural to think that the composition of
permutations is compatible with the orientation switching. Since all permu-
tations can be written as a composition of transpose, these two requirements
actually define the notion of an orientation uniquely - the definition given
above is the only possible one.

Suppose o = (Vvg, V1,. .., V,) is an ordered simplex and let ¢, j € {0,...,n}
be indices, i < j. Consider the i’th face ¢ = (vo,...,V;,...,Vv,) and the
j'th face 07 = (vo,...,Vj,...,Vy), i < j. We would like to test whether o;

and o; have "the same” orientation or not. We cannot do it directly now,
using the definition of an orientation of a simplex as above, since these two
simplices are actually different and we did not define a way to see if two
different simplices have the same orientation or not. It is possible to do it in
general for the same dimensional simplices lying in the same space, but we
won’t go into most possible case. Instead we argue as following.

Both simplices ¢; and o; have the same n—2 vertices (vo, ..., V;, ..., Vj,...
ordered in the same way. They only differ in vertices v; and v;. The ordering
of o; looks like (vo,...,Vi_1,Vit1,...,V;_1,Vj,Vj+1,...,Vy) and the order-
ing of o; looks like (vo, ..., Vi_1,Vi, Vit1, ..., Vi1, Vi1, ..., V). We look at
how many transpose we need in order to interchange vertices v; and v;,
since that would correspond to the oddity of the "permutation” that turns
a simplex o; into o, leaving their common side (vo,..., V4, ..., V;,...,Vy)
untouched. It is easy to verify that in order to do that one needs exactly
(j —4) amount of transposes - first you interchange b with v;_;, then b with
v;_o and so on, until b gets to the ith place.

Hence, according to that natural observation, we agree that the orienta-

tions of ¢ and ¢’ are coherent if (j — i) is even and are opposite if (j —7)
is odd.

The conclusion is the following. We see that all (n — 1)-dimensional faces
of an n-dimensional ordered simplex ¢ fall into two categories. The faces with
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the even indexes all have the same orientation, and the faces with the odd
indexes also have the same orientation, which is opposite to the orientation
of even-indexed faces. If we call the former orientation positive and the latter
- negative, we obtain algebraic formula

n

Bd(vo, ..., va) = > (=1)'(Vo,..., Vi, ..., V)

=0

for the boundary of n-simplex. This is the formula we "borrow” both for
simplicial and for the singular groups of chains. The definition of the orien-
tation and the intuitive motivation for it that we have gone through is not
needed from the formal point of view - one can just define boundary opera-
tor by the formula as above and proceed with the formal constructions and
results. This is how it is often done in the literature. Such an approach,
however, might leave the bad taste of the "magic trick” in the mouth of
the student, who feels like he can show why the formula works for his or her
purposes but has no idea how anyone could come up with it in the first place.

Boundary operator for the groups of simplicial chains.

Suppose K is a A-complex and let n > 1. In the previous section we have
constructed the group C,(K) of simplicial n-chains. By construction this is a
free group with the set of all geometric n-simplices [vo, .. ., v,] of K as a basis.

Motivated by our discussion of orientation we define the boundary op-
erator dy,: Cp,(K) — C,_1(K) as a unique homomorphism which maps a
generator [vo,...,Vv,] € C,,(K) by the formula

n

Vo, -, Va] = Y _(=1)'[Vo, ..., Vi, V] € Cuy(K).

1=0

By Lemma 8.4 such a homomorphism exists and is unique.
Boundary operator for the groups of singular chains.

Let X be a topological space and let n > 1. We define a boundary oper-
ator d,,: Cp(X) — C,_1(X) as following.

Let i € {0,...,n} be an index. By Lemma 2.15 there exists a unique
order-preserving simplicial mapping &’ : A"™* — A" defined by
e (e;.‘_l) =e}, if j <1,
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en(ef )y =€}, ifj>i
Here A, is a standard n-simplex with vertices ef, ..., e} for every n € N.
Note that in this context we use also upper indices to emphasize the dimen-

sion of the simplex.

By construction the mapping ¢ is the unique order-preserving simplicial
mapping A"~! — A" whose image is precisely the i-th face [}, ..., e}, ..., e"]
of A™.

By the definition the group C,(X) is the free abelian group with basis
consisting of all possible continuous mappings f: A" — X.
Let f: A™ — X be a generator of C,(X). We define

di(f) = foel: A" 5 X.

Mapping d’ (f) is evidently continuous, as a composition of two continuous
mappings, hence a (generator) element of C),_1(X). We call it the i-th face
of the singular simplex f.

We define the boundary operator d,,: C,,(X) — C,,_1(X) as the unique
homomorphism which maps a generator f € Sing,,(X) of the group C,(X)
by the formula

i=0
Once again, by Lemma 8.4 d,, exists and is unique.

Let us get back to the simplicial chains. Suppose X = |K|, where K is a
A-complex. In the previous section we have noticed, that we can consider the
group C,(K) of the simplicial n-chains as a subgroup of the group C,(|K|)
of simplicial n-chains in the polyhedron |K|. This amounts to identifying a
geometric n-simplex o = [vy,...,Vv,], which is a basis generator of C,(K)
with its characteristic mapping f,, which is a basis generator of C,,(K).

It is easy to see that for every i = 0,...,n the composition f, o’ is the
characteristic mapping fg, of the i-th face of the simplex o, the simplex

d'o =[Vo,...,Vi,...,Val.

Hence for the generator [vo,...,v,] € C,(K) the simplicial boundary

operator
n

da[vo, .. Va] =) (=1)'[Vo, ..., Vir. o, Vil

=0
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we have defined before, gives the same result as the boundary operator of
Cn(]K]) applied to [vo, ..., V,] as an element of C,(|K|). By uniqueness the
same is true for all elements of C,,(K).

In other words, if we think of C),(K) as a subgroup of C,, (| K|), the bound-
ary operator d,: C,(K) — C,_1(K) is simply just the restriction of the
boundary operator d,,: C,(|K|) = C,—1(]K]) onto the subgroup.

The special cases of the formula for the simplicial boundary operator in
cases n = 1,2, 3 are
di[vo, V1] = v1 — Vo,

d2[V07V17V2] == [V17V2] - [V07 VZ] + [V07V1]7
d3[Vo, V1, Va, V3] = [V1, Vo, V3] — [Vo, Vo, V3] + [Vo, Vi, V3] — [V1, V2, V3],
Analogous formulas for singular homology in these dimensions look similar.
The following theorem provides us with the fundamental property of the
boundary operator, which is essential for the construction of the homology
groups. It asserts that the composite of two consecutive boundary homo-
morphisms is always a trivial zero mapping. Since the simplicial boundary

operators are restrictions of the singular boundary operators, it is enough to
prove this result for the singular groups.

Theorem 9.1. Suppose X is a topological space and let d,,: Cp(X) —
Crn_1(X) be the boundary operator for every m > 1. Then, for all n > 2 we
have that

dy,_10d, =0.

In order to prove this theorem, we first make a notice of the following
technical result, whose proof is left to the reader as an exercise.

Lemma 9.2. Supposen >1 and 0 < j <i<n. Then
dy 1 (dy,f) = dy 2 (d,f)
for all f € Sing, (X).
Proof. Exercise. O

Prove of the theorem 9.1:
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Proof. Let f € Sing, (X). Then

dof = Z(—l)idi;(f),

hence "
dnadn(f) =Y (=1)'dy_rdi,(f) =
i=0
n n—1 ' o '
= (=D)(=1)d),_,d,(f) = A+ B,
i=0 j=0
where

A= 3 (~)Hd_d(f),

0<i<j<n—1
B= Y (=1 _d(f).
0<j<i<n
The change of index i to K = ¢ — 1 in the last sum shows that we can also
write -
B= ) ()M di(f) =
0<j<k<n—1
== Y ()M (df)=-A
0<j<k<n—1
where the previous lemma is used in the second to last equation. Hence

A+ B = 0 and the claim is proved for the free generators. This suffices. [

The theorem 9.1 shows that singular chain groups (as well as simplicial
chain groups) form an example of what is generally known as a chain complex.

Definition 9.3. A chain complex (C,d) is a collection (Cy)nez of abelian
groups indexed on the set Z of integers, together with the collection of homo-
morphisms d,,: C, — C,,_1, for every n € Z, called the boundary opera-
tors of this complex, such that

dn—l o dn: Cn — Cn—Z

s a zero homomorphism for every n € 7.

dn

dn+1
On-l—l Cn

Cpor — ...
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If C, =0 for all n < 0 a chain complex is said to be non-negative. If
all groups C,, are free (abelian) groups, the complex is said to be free.

The theorem 9.1 shows that the groups singular groups C,(X) together
with the boundary operators d,, form a chain complex. To be precise we
defined these groups only for n > 0 (and d,, only for n > 0). We extend
the definition by asserting C,,(X) = 0 for n < 0 and d,, = 0 for n < 0. The
equation d,_1 o d, = 0 is then satisfied (trivially) also for n < 1. Hence we
obtain a non-negative free chain complex C(X), called the singular chain
complex of the topological space X.

Suppose K is a A-complex. The simplical chain groups C,,(K) equipped
with its boundary operators also form a non-negative free chain complex.
Just as above we define C,,(K) =0 for n < 0 and d,, = 0 for n > 1.

This complex is called the simplicial chain complex of the A-complex
K.

Homology.
Suppose (C,d) is an arbitrary chain complex. Denote

Z,(C) = Ker d,

B,(C) = Imdy 1.

Both Z,(C) and B, (C) are subgroups of C,,. Elements of Z,,(C) are called
n-cycles of the complex C, elements of B, (C) are called n-boundaries
of the complex C.

Suppose x € B,,(C) is a boundary chain. Then, by definition, x = d,, .1y
for some y € ()41, hence

dy(x) = dpdpi1y = 0.
This implies that = € Z,(C). We have shown that
B,(C) C Z,(C),

ie. B,(C) is a subgroup of Z,(C). Hence, for all n € N, we can form the
factor group
H,(C) = Z,(C)/BJ(C).
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This group is called the n-th homology group of the chain complex C.
The elements of H,,(C) are equivalence classes of the n-cycles x € Z,(C), de-
noted T = x + B, (C) € H,(X). Two elements x,y of Z,(C) define the same
homology class if and only if x —y € B,(C) i.e. if and only if v —y = d,, 412
for some z € C,41.

By applying this construction to the singular chain complex C'(X), where
X is a topological space, we obtain for every n € N the homology group

H,(C(X)), which will be denoted simply by H,(X) and called the n-th
singular homology group of the topological space X.

Likewise for a A-complex K we obtain for every n € Z the homology
group H,(C(K)) of the simplicial chain complex C(K), which is denoted
simply by H,(K) and called the n-th simplicial homology group of the
A-complex K.

Of course in both cases we trivially have that H,(X) = 0 = H,(K) for
n < 0, since complexes are non-negative, so only homology groups of non-
negative index are interesting.

At this point this seems like a purely abstract mathematical game, since
we have not motivated the notions of cycles, boundaries and homology.
Surely we can define the groups Z,,(X), B,(X) and then form the quotient
groups Z,(X)/B,(X), but why should we?

To give a little bit of a geometrical motivation consider a boundary of a
2-simplex o = [vg, v1, vo| which algebraically is the expression

dU = [V07 Vl] + [V17V2] - [V07 VZ]

and topologically is the circle S'. Now, consider the image of this boundary,
lying in some topological space X. The corresponding singular chain in
C1(X) is a cycle, since already as a subset of 2-simplex it is a boundary
do, so its boundary is zero by the basic property of the boundary operator.
Hence it defines a class in the homology group H;(X).

Geometrically this image looks like a quotient of the circle S*, in other
words it looks like a ”1-dimensional hole”. If we are able to "fill” this hole
in the space X, in other words if we can find the image of the 3-simplex
[Vo, V1, Vo] in the space X, then we don’t really have a hole in X, it is
"patched”. On the other hand algebraically in this case our cycle will be
a boundary, hence will define the zero class in the homology group H;(X).
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But, if on the contrary we cannot find the bigger simplex to fill this hole in

X, this cycle won’t be a boundary any more, hence will define a non-trivial
element of H(X).

The same kind of reasoning applies in the higher dimensions. Thus a non-
trivial element of the homology group H,(X) indicates that we have found
an "n-th dimensional hole” in the space X.

For n = 0 this analogy does not work directly - non-trivial spaces always
have non-trivial zero dimensional homology, as we will see later, but they do
not need to have 0-dimensional holes in them. This can be fixed with the
concept of reduced homology, which we will also study later.

Before we slide further and deeper into complicated and abstract theory,
let us go through a couple of actual computations of homology groups directly
from the definition. This will also provide some real feel of handling the
algebraic objects we are attempting to use.

With the exception of some trivial cases, it is usually very hard, prac-
tically impossible to calculate singular homology groups directly from the
definition. The reason for that is that there are usually too many continuous
mappings A, — X, so the groups C,(X) of singular n-chains, that are in-
volved in the calculations, are usually extremely big. In order to be actually
able to calculate them we will develop tricky results and technics. In practise
the calculations of homology groups directly from the definition are possible
only for the small chain complexes, such as simplicial chain complexes of
sufficiently small A-complexes.

Example 9.4. Let’s start off with a particularly simple A-complex K , which
has only one edge [vo, v1] with no identifications, and two different vertices
Vo, vi. The polyhedron of this complez is an interval [0, 1].

For this complex C,,(K) is a trivial group for n # 0,1. The group Co(K)
is a free abelian group based on two elements, and C1(K) is a free abelian
groups with one generator. More precisely

Co(K) = Z[vo| ® Z]v4],

Co(K) = Z[ve, v1].

In particularly for n # 0,1 we immediately see that the group of cycles Z,(K)
is a trivial group, hence also its factor group H,(K) is a trivial group.

The only interesting boundary operator is dy: C1(K) — Co(K), since the
other boundary operators must be zero homomorphisms. We first calculate
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what boundary operator does to the only generator [vo,vi] of C1(K). By
definition of the boundary operator we have that

d1([V0,V1]) =Vi — V=212,

where we denote x = vy — vy € Cy(K). Obviously x # 0 (because vo, vy form
a basis). Since dy is a homomorphism, we have, for every n € Z that

di(n[vo, v1]) = nz.

The arbitrary element of C1(K) is of the form n|vg, v1] for the unique integer
n € Z. Since x # 0 and free group does not have non-trivial torsion element,
it follows that dy(a) = 0 only when a =0 € Cy(K). In other words dy is an
injection, so Z1(K) = Kerd; = {0} is a trivial group. As a consequence, its
factor group Hi(K) is also trivial.

It remains to calculate the group Ho(K) = Zy(K)/Bo(K). Nowdy: Co(K) —
C_1(K) is necessarily a zero mapping, since the group C_1(K) is trivial.
Hence

Z(](K) = Ker do = C()(K) = Z[VO] ©® Z[Vl].

On the other hand, by the calculation above
Bo(K) =Imd; = {nx | n € Z}

is a free subgroup of Co(K) generated by an element x = vy — vo. Thus, we
have to determine the exact nature of the factor group

(Zla] ® Z[b])/Z[b — al,

where we denoted a = vg and b = vy.

This is a standard situation which is usually resolved as following. The
aim is to use Lemma 8.15, which asserts, for instance, that

(G1 9@ Gy)/(Hy @ Hy) = G1/H, & G/ Hs,

whenever Hy is a subgroup of an abelian group G, and Hy is a subgroup of
an abelian group Go. We cannot use this result directly at this point to the

factor group
(Zla] ® Z[b])/Z[b — al,

since Z[b — a] is not a subgroup of either Z[a] or Z[b]. So first we have to
arrange things so that the group in the "denominator” is also in the "nomi-
nator”, so that we can ”quotient it out”.
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The direct sum Zla] ® Z[b] is a free abelian group with basis {a,b}. It
can be shown (exercise!) that in that case the set {b — a,b} is also basis
of Zla) & Z[b]. "Switching” from the "old” basis {a,b} to the "new ” basis
{b—a,b} means that

Zla) ® Z[b] = Z[b — o] & Z[b].
Next we apply the result of the Lemma 8.15
(G1® Gs)/(Hy® Hy)) 2 G1/H, & Gy/H,
to the case Gy = Hy, = Z[b — a], G» = Z[b], Hy = {0}, obtaining
(Z[a)BZ[b])/Z]b—a] = (Z[b—a]BZ[b))/Z[b—a] = (Z]b—a]/Z[b—a))D(Z]b]/{0}) = Z[b] = Z.
Hence Hy(K) = Z.

The result of the calculation is the following. Up to an isomorphism the
simplicial homology groups of K are

H“K):{Z,#nzo

0, otherunse .

In many cases one is interested in comparing groups of different complexes
or spaces in order to see if they are isomorphic, so it is enough to know
groups only up to an isomorphism. That is why it is customary to denote
the obtained results of the calculation in the form of the simplest isomorphic
group, such as Z. or Z, etc.

In more sophisticated situations this might not be enough and more de-
tailed structure of the group is needed. So, if it is not quite enough to know
that Hy(K) is essentially Z, one might keep a track of its generator. From
the calculation above it follows that Hy(K) is generated by the class b of the
element b = vy. Since b — a € By(K), it follows that in the quotient group
Hy(K) we have that

a=>0,

so the class of a = vq is a generator of Ho(K) as well (it equals to the
generator b).

Example 9.5. Let 0 = [vo,Vy,Vs] be a 2-simplex. Let us calculate the
simplicial homology of the complex K = Bd o, which represents its boundary.
This complex has 3 simplices in the dimension 1 and three simplices (vertices)
in the dimension 0.
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Formn < 0 or for n > 1 complex K has no simplices in dimension n,
so Cp(K) = 0 for those values. The group Cy(K) is a free group on 3
free generators a = vy, b = vi,¢c = vy, while Cy is also a free group on 3
generators x = [vq, V1], y = [V1, Vo] and z = vy, va].

The only interesting boundary operator is, as in the previous example the
operator dy. It is defined by

di(nz+my+1z) = n(b—a)+m(c—b)+l(c—a) = (n—m)b+(m+1)c—(n+l)a.

Here we used directly the fact that every element of C1(K) can be written in
the form nx + my + lz for unique integers n,m,l € Z. We see that for an
element o = nx + my + lz € C1(K) the condition a € Kerd; is equivalent
to the conditionsn —m =m+1=n-+1=0. It is easy to deduce that this
conditions are equivalent to equations n = m = —l. Hence the kernel of dy
consists of the elements of the form nx +ny —nz=n(zr +y — z).

It follows that Z1(K) = Kerd; is a free group on 1 element, generated
by an element x +y — z. Since the complex has no 2-simplices, B1(K) =
Imdy =0, hence Hi(K) = Z,(K)/B1(K) is essentially Z,(K) = Kerd,, i.e.,
a free group on 1 generator [a + b] + [b, ¢] — [a, ¢, isomorphic to Z.

This illustrates precisely the idea of homology - we have detected a 1-
dimensional hole in the boundary of triangle, which is represented by the
closed loop, that goes around it. Essentially this is the reason why the first
homology group of K is non-trivial.

It remains to calculate Ho(K). This is left as an exercise to the reader.

Example 9.6. Mobius band.

Let us calculate the simplicial homology of the complex K, that represents
the Mobius band. The precise structure of the complex is given by the picture
below. Notice that the order of vertices is given by their integer indices.

V3 a/ Vo
U
b/N ¢ N c
\
Vo a> Vi

In this complex we have two 2-simplices, which we denote U and V', 4
edges, which we denote by a,b,c,d and two vertices - vg = vy = = and
Vi = V3 =Y.
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First we calculate Hy(K) = Zy(K) = Kerdy. For all n,m € Z we have
that

do(nU4+mV) = n(a+d+c)+m(—d—b+a) = (n+m)a+(n—m)d+nc—mb =0

if and only ifn =m =n+m =n—m =0, hence n = m = 0. In other
words Ker dy is trivial, so Hy(K) = 0. What about the image of dy? By the
calculation above it is the set

By(K)={n(c+a+d)+m(b—a+d)|nmeZ} C Ci(K)

(the sign of m is switched for the convenience), so clearly it is a free group
on two elements generated by the elements a +c+d and b—a +d

On the other hand
di(na+mb+kc+ld) = n(y—x)+m(y—x)+k(z—y)+l(y—y) = (n+m—k)y+(k—n—m)x =0

if and only ifn+m—k=0=k—n—m = —(n+m—k), hence if and only
if k=n+m. Thus

Z1(K) = Ker dy = {na+mb+(n+m)c+ld = n(a+c)+m(b+c)+ld|n,m,l € Z}

is a free group on three generators - a + ¢,b+ ¢,d (as an exercise you can
check that these elements are independent, although we don’t really need that
information). Now a+c = (a+c+d)—d and b+c = (b—a+d)+(a+c+d)—2d,
so the group generated by a + ¢,b + ¢ and d is contained in the free group
generated by elements a + c+ d,b— a + d,d (as another exercise check that
these elements are independent!). Conversely a +c+d = (a + ¢) + d and
b—a+d= (b+c)—(a+c)+d, so the group generated by a+c+d,b—a+d,d
is contained in the group generated by a + ¢, b+ ¢ and d. Thus

Zi(K)=Kerdy =Zla+c+d| ® Z[b — a + d] ® Z[d).
Hence
H{(K) = Z1(K)/Bi(K) = (Zla+c+d|®Zb—a+d|®DZ[d)) / (Z[a+c+d)|BZ[b—a+d]) = Z[d] = Z.

Notice that the first homology group Hi(K) is generated by the class of the
edge d i.e. by the diagonal of the square (which topologically looks like the
circle, since its end points are identified).

It remains to calculate Hy(K) = (Z[z] & Z[y])/ Im d,. Since
dy (na+mb+ke+ld) = n(y—z)+m(y—z)+k(z—y)+l(y—y) = (n+m—k)y+(k—n—m)z =
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where | = n+m — k, it follows that By(K) = Imd, = Z[x — y|. It is easy to
check that {x — y,y} is also a basis for Cy. Hence it follows that

Hy = (K)(Zlx - y)  Z[y))/Zlx — y) = Zly) > L.

Both classes T and § generate the group Ho(K). For T it follows from the
above calculation and the equation T = x — y+7y =y, where we used the fact
that x — y is a boundary element in Cy(K).

Example 9.7. So far all the homology groups we have calculated were simple
free groups. As a more sophisticated example let us calculate the simplicial
homology of the complex K, which represents the projective plane RP?. The
exact structure of K is indicated in the picture below.

Vo a Vi
<
N~
U
b C b
N A2
\
N
Vo g' Vs

Now Cy(K) = Z[U] ® Z[V] and
do(nU+mV) = n(c—b+a)+m(c—a+b) = (n—m)a+(m—n)b+(n+m)c =0
if and only ifn4+m=n—m =0 i.e. if and only if n =m = 0. Hence dy is
injective, so its kernel is trivial, and consequently the group Ho(K) is trivial.

The calculation above also implies, that By(K) = Imdy is a group gener-
ated by the elements ¢ —b+a and c —a +b.

Denote vg = vy = x, vo = v3 = y and observe that
di(na+mb+lc)=nly—z)+m(ly—z)=Mn+m)(y—x) =0
if and only if n = —m. Thus
Z\(K) =Kerdy, = {n(a —b) +lc|n,l € Z},

so Z1(K) is a free group generated by the elements a — b and c.

148



Next we use the fact (exercise) that if {a, B} is a basis of a free abelian
group, then also {a £ B, B} is a basis of the same group. We apply this fact
first to the elements c—b+a,c—a+0b (check that they are independent, hence
a basis of the group Im dy they generate!) to obtain the basis {2¢,c — (a —0b)}
for Imdsy. On the other hand, the same fact applied to the basis {a — b, c}
(check that it is a basis!) of Kerd; gives the basis {c¢,c— (a —b)} for Kerd,.
Hence

Hy(K) = (Z[c]oZ[c—(a—=b)]) /(Z[2d®Z]c—(a—b)] = Z[d]/Z[2c] = L/2Z = Z,.

Thus the first homology group of the projective plane is a group of two ele-
ments, generated by the only non-trivial element [c]. Since [c] = [c — (a —
b)]+[a—0b], and c—(a—0b) is a boundary element, it follows that [c] = [a—b],
so we can think of the generator also as the image of the ” half-ark ” on the
boundary of the disk B%. The homology class of this ark is not trivial, but if
we add it to itself, thus “travelling” it twice - back and forth as the picture
indicates - we obtain a circle, which is trivial in homology.

It remains to calculate the 0-th homology. Again Hyo(K) = (Zlx] ®
Zly])/ Imd;. Since

di(na+mb+1lc) = (n+m)(y — x),

we see that Imdy, = Zly — z|. Since {y — x,x} is a basis for Cy(K), we see
that Hy(K) = Z[z| = Zy] = Z.

Composition of paths and homology.

Recall that a path in a topological space X is a continuous mapping
f: 1 — X, where I = [0,1] is a unit interval. Paths can be ”composed” in
the following sense.

Let s €]0,1[ be an arbitraty point of an open interval |0,1[. Suppose
fyg: I — X are paths such that f(1) = g(0). Then we define f-;g: [ — X
by the formula

_ f(t/5)7 if 0 <t <s,
fsg(t) = {g((t—s)/(l_s))’ ifs<t<l.

The idea is that we first ”travel” along the path f and then continue with the
path g. The switching from f to g happens in s. Notice that both formulas
agree for t = s, since we are assuming f(1) = ¢(0). Lemma 3.4 easily implies
that f -5 g is well-defined and continuous, hence a path in the space X. The
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path f - g is called the composition of paths f and g (with respect to s). It
is defined only when f(1) = g(0).

The composition of paths is a starting point of the construction of homo-
topy groups, which are a part of homotopy theory. We are only interested in
them because of the useful connection to the homology theory.

Since I = [0,1] is the same thing as standard 1-simplex A;, every path
f: I — X is an element of C}(X). Since

a path f is a cycle if and only if f(0) = f(1) i.e. the starting point of f is
the same as its end point. Such a path is called a loop. A composition f - g
of two loops f,g: I — X is also a loop (when defined).

Lemma 9.8. Suppose f,q: I — X are paths in a topological space such that
f(1) = g(0). Let s €]0,1] be arbitrary. Then (f + g) — f s g is a boundary
element of C1(X) i.e. there exists a 2-simplex F': Ay — X such that

le:(f+g)_fsg

Proof. 1t is enough to construct a continuous mapping F': Ay — X such that
doF' =g, dF = f -5 g, doF = f. Then, by definition, we will have that

dF =g—f-s9+f,
which, by commutativity of addition, is what we need.

(0,1)

f s g
(0,5)

(0,0) f (1,0)

The geometric idea behind the construction of F' is simple. Look at the
picture of the standard simplex A, above. On the z; axis F' has to coincide
with f, on the zo-axis, with f-; g and on the remaining face [eq, e;] it has to
coincide with g.
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For every z = (x1,z2) € Ay we find a unique u € [0, 1] such that z lies on
the segment between (u,0) and (u, 1 — ). The idea is that on that segment
F will be a path from f(u) to g(1 — u), passing through f(1) = g(0) at the
point that lies on the line x5 = s(1 — ). This line is precisely the line that
goes through (0, s) and (1,0). Using those ideas as a motivation it is possible
to come up with the following exact definition of F': Ay — X,

flxy 4+ 22/5), 9 < s(1 —xq),

Hrn) = {g<<x2 (= 2)/(1 = 9), 7 2 s(1 - 2).

Notice that when x5 = s(1 — x1), we have that

flar+za/s) = f(1) = g(0) = g((22 — s(1 — 21)) /(1 — 9)).

A straightforward verification of the facts that F is well-defined, continuous,
and satisfies the desired properties is left to the reader. O

Let D ={0=s0<s1 <...<8y, =1} be a finite subset of the interval
I = [0,1] that includes end points 0,1. We index elements of D by their
order. A set D is called a division of the unit interval. Divisions are familiar
from the construction of Riemann integral in the basic calculus course.

The definition of a composed path can be generalized using divisions as
following. Suppose D = {0 = 59 < s1 < ... < s, = 1} is a division
of I and let fi,..., f,,: I — X be paths in the topological space X such
that f;(1) = fi11(0) for all ¢ = 1,...,m — 1. We define the composition
[I, fi: I = X by the formula

Hfi(t) = fi((t = si—1)/(si — si—1)), when 5,1 <t < s;.

Corollary 9.9. Suppose D = {0 =59 < 51 < ... < 8, = 1} is a division of
an interval I and let fi,..., fm: I — X be paths in the topological space X
such that f;(1) = fix1(0) for alli=1,...,m —1. Then

O -11+
i=1 D
is a boundary element in the group C1(X).

Proof. Follows by induction on m from the previous Lemma. Details left as
an exercise. U
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Example 9.10. Consider the circle S* and the mapping v: I — S,
v(t) = (cos(2mt), sin(27t)).

Since v(1) = (1,0) = v(0), v is a loop, hence an element of the group of cy-
cles Z1(SY). This implies that there exists an equivalence class 7 in homology
group Hy(SY). Later we will show that H\(S') = 7Z is a free abelian group
with one generator and 7 actually generates Hy(S1).

Let D ={0 =359 <81 <...< S8y =1} be a division of an interval I. For
everyi=1,...,m we define v;: I — S by

7i(t) = (cos2m((1 —t)s;—1 + ts;),sin 2w ((1 — t)s;-1 + ts;)).

The image of y; is an ark that connects the points v(s;—1) = 7:(0) and v(s;) =
vi(1). It follows that

divi =v(si) —y(sic1),i=1,...,m,

S0
m

(Y ) = (v(s:) = v(sia)) = (1) =(0) =0,
i=1 i=1
sox = Y i v is a cycle in C1(S*). Moreover, it follows easily from the
definitions, that 1], fi = ~v. Hence, by the previous Corollary, > " v —
is a boundary element. Since both v and Y_;", v; are elements of Z1(S*), so
their equivalence classes in homology group H,(S') erist, we have that

T=Y y=7¢€ H (5.
1

(2

Once we know that 7 is a generator of Hy(S'), this will also imply that
SO i s a generator of Hy(SY) for any choice of the division D.

10 Chain mappings, subcomplexes and quo-
tient complexes

Recall that a chain complex (C,d) consists of a family (C,),ez of abelian
groups indexed on the set Z of integers, together with the family of homo-
morphisms d,: C,, — C,,_1, for every n € Z. These mappings are called the
boundary operators of the complex and are assumed to satisfy the equation

dn—l Odn =0
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for all n € Z.

The group Z,(C) of n-cycles is the kernel Kerd,, of the boundary op-
erator d,. The group B,(C) of n-boundaries is the image Imd, ;1 of the
boundary operator. For every n € Z the group B, (C) is a subgroup of the
group Z,(C). The homology group H,(C) is defined to be a factor group

Zn(C)/Bn(C).

Suppose (C,d) and (C’,d') are chain complexes and suppose that for
every n € Z a homomorphism f,,: C,, — C!, of abelian groups is given. The
collection f = {f, | n € Z} is called a chain mapping if the components
fn of f commute with boundary operators i.e. if for every n € Z we have
that

d;L o fn = fn—l Odn-

This can also be illustrated by the commutativity of the diagram

c,—I
e
Coy It or

Thus a chain mapping is not "a mapping” in the classical sense, but rather
a family of mappings.

Suppose f: C — ' be a chain mapping and n € Z. We claim that f,
maps n-cycles to n-cycles and n-boundaries to n-boundaries.
Let z € Z,(C) be an n-cycle in the complex C. Then in C” we have that

dngn(z) = fn—ldn(f) = fn_l(O) =0.
Thus f,(z) € Z,(C"). We have shown that
fn(Zn(C)) = Zn(C")

for every n € Z. The restriction of f,, as a mapping Z,(C) — Z,(C") will
also be denoted by f,,.
Next suppose z = d, .1y i.e. z € B,(C). Then

fn(z) = fndn—i-l(y) = d;H-l(fn—i-ly)

is a boundary element. Hence

fn(Bn(C)) = By(C")

153



for all n € Z.

Consider a composite homomorphism g, = p, o f.: Z,(C) — H,(C"),
where p,: Z,(C") — H,(C") is a canonical projection to a factor group.
Then g, maps B,(C) to zero, since for every x € B,,(C') we have that f,(x) €
B, (C"), so

gn(®) = pu(fulz)) = 0 € Ho(C").

By the factorization theorem 7.8 g,, induces the unique homomorphism H,(C)
H,(C") on abelian groups. This induced mapping is denoted f,. By the con-
struction it satisfies the equation

fo(T) = fulz)

for all z € Z,(C). Strictly speaking f, depends on the dimension n as well
- for every n € Z we have its own induced homomorphism f.: H,(C) —
H,(C"). If one needs to emphasize the index, this mapping can be denoted
more precisely by (f,)«, but this notation is cumbersome, so usually it is not
used if not necessary.

Example 10.1. Suppose X and Y are topological spaces and f: X —'Y 1is
a continuous mapping. Fixn € N. Let o € Sing,,(X) be a singular n-simplex
o: A, = X. The composite mapping

filo)=foo: A, =Y

s continuous, hence a singular n-simplex in the space Y. By Lemma 8.4
there exists the unique group homomorphism fy = (fi)n: Co(X) — Co(Y)
defined on generators by

filo) = foo.

Forn < 0 we define f; to be a zero mapping.
The collection fy = ((fi)n) is a chain mapping C(X) — C(Y) (Ezercise).

The induced homomorphism (fy)s: Ho(X) — H,(Y) in homology will be
denoted simply by f..

Chain mappings can be composed in a natural way. This means the fol-
lowing. Suppose f: C — C" and g: C' — C” are chain mappings between
chain complexes. Then for every n € Z we can form a composite homo-
morphism g, o f,: C;, = C/. The collection (g, © f,)nez consisting of these
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composites satisfies the definition of a chain mapping, since for every n € Z
we have that

dZO (gnofn) = (dgogn) o fn= (gn—l od;)ofn =

= 9gn-10° (d; © fn) = gn-10° (fn—l © dn) = (gn—l © fn—l) ody.

In other words, if f: C'— C" and g: ¢! — C” are chain mappings, we can
define their composite g o f: C'— C”, which is also a chain mapping.

For every chain complex C there exists the identity chain mapping id.
This is chain mapping, defined component-wise to be the identity homomor-
phism id,,: C,, — C,,, n € Z. The verification of the fact that this collection
satisfies the definition of a chain mapping, is trivial.

A chain mapping f: C' — (" is called an isomorphism of chain com-
plexes if there exists a chain mapping g: C' — C, called the inverse of f,
such that go f =id and f o g = id.

Lemma 10.2. Suppose f: C — C" is a chain mapping. Then f is an iso-
morphism of chain complexes if and only if f,: C, — C! is a bijection for
every n € N.

If f is an isomorphism, its inverse is unique. It is denoted f=!.
Proof. Exercise. O

Chain complexes C' and C’ are said to be isomorphic if there exists an
isomorphism f: C — C’. Notice that in order for two chain complexes to be
isomorphic it is not enough that groups C,, and C/, are isomorphic for all
n € N. An isomorphism also has to chain mapping i.e. it has to commute
with boundary operators.

The operation of taking the homomorphism f, induced in homology by
the chain mapping f "respects” composition.

Lemma 10.3. (1) Suppose f: C — C" and g: C" — C” are chain map-
pings between chain complexes. Then for the mappings induced in ho-
mology we have that

(g © f)* = g« 0 fu: Hn(C) - Hn(C”)
for alln € Z.

(2) For the identity chain mappingid: C — C' the induced mappingid,: H,(C) —
H,(C) is the identity homomorphism for aln € Z.
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Proof. Exercise. O

In the example 10.1 we have defined for every continuous mapping f: X —
Y between topological spaces X and Y a canonical chain mapping fy: C(X) —
C(Y) between corresponding singular chain complexes. We have also agreed
to denote the homomorphism induced by this chain mapping in homology
simply by f.: H,(X) — H,(Y).

The correspondence f +— f, is ”functorial”, in the following exact sense.

Lemma 10.4. (1) Suppose f: X — Y and g: Y — Z are continuous
mappings between topological spaces. Then for the mappings induced in
homology we have that

(go fle=geo fur Hy(X) = Ho(2)
for alln € 7Z.

(2) For the identity chain mappingid: X — X the induced mappingid,: H,(X) —
H,(X) is the identity homomorphism for all n € Z.

Proof. Follows from Lemma 10.3 and the fact that (go f); = g; o f;. Details
left as an exercise. O

The previous Lemma implies that the singular homology is a topological
invariant. This means that homeomorphic spaces have isomorphic homol-
ogy groups. Hence in order to show that two spaces X and Y are not home-
omorphic it is enough to show that H,(X) and H,(Y) are not isomorphic
for at least one n € Z.

Corollary 10.5. Suppose f: X — Y is a homeomorphism. Then f.: H,(X) —
H,(Y) is an isomorphism for all n € N.

Proof. Let g: Y — X be the inverse of f. Then
id=id, = (go f)« =g.0 fs,
and similarly f, o g, =id. Hence g, is the inverse of f,. O

The fact that singular homology is a topological invariant is not surpris-
ing, since the singular chain complex is defined in terms of the continuous
mappings. On the contrary, the similar statement is not obvious at all for
the simplicial homology. Given an arbitrary polyhedron X, there are many
very different A-complexes K that represent X i.e. for which the polyhedron
| K| is homeomorphic to X. Hence the natural question that arises is the
following.
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Suppose K and K’ are A-complex, that have the same polyhedra, i.e.
|K| and |K’| are homeomorphic as topological spaces. Is simplicial homol-
ogy group H,(K) then isomorphic to the simplicial homology group H, (K")
for every n € N7

The answer is yes. In fact if X = |K]| is a polyhedron, then the simpli-
cial homology group H,(K) is always isomorphic to the singular homology
group H,(X). This fact has many useful implications and applications, for
instance we can regard simplicial homology as a technical tool that enables
us to calculate singular homology of the space we are interested in (provided
it can be triangulated).

The precise formulation of the fact mentioned above is the following

proposition. Here ¢ = (¢,,)nez is a collection of the inclusions ¢, : C,(K) <
C,(|K]) defined earlier.

Proposition 10.6. Suppose K is a A-complex. Then the inclusion v: C(K) <
C(|K|) is a chain mapping that induces isomorphisms in homology. In other
words

te: Hy(K) — H,(|K|)
is an isomorphism for all n € 7.

We will prove the proposition 10.6 later (and only for finite complexes),
after we have developed enough machinery to be able to do it.

Subcomplexes and quotient complexes.

Since chain complexes are essentially collections of abelian groups, many
notions and results from the theory of abelian groups have natural general-
izations in the world of chain complexes.

Let (C,d) be a chain complex. Suppose that for every n € Z we are
given a subgroup C! of C,, such that d,(C!) C C! _, for all n € Z. Then the
collection C" = {C/ } ez together with the restrictions

as boundary operators clearly defines a chain complex (C’,d"). We call the
chain complex (C’,d) a chain subcomplex of the chain complex (C,d).
In that case the collection i = {i,: C! — C,}, that consists on natural
inclusions of subgroups defines a chain mapping i: C' — C. We call this
mapping the inclusion of the subcomplex C” into the complex C'.
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A pair of chain complezes is a pair (C,C"), where C' is a chain complex
and C’ is its subcomplex.

Suppose (C’,d’) is a subcomplex of (C,d). Since d,(C!) C C!_, for all
n € N, the homomorphism d,, induces, by the Factorization Theorem 7.8, a
homomorphism

dy: Cy/Cl — Cpy/C!

for all n € Z. From the definition it follows that these homomorphism satisfy
the defining property of boundary operators,

En_loan:O,nGZ.

Hence, if we denote C,, = C,/C’, we obtain a chain complex (C,d).

We call this complex a quotient chain complex of the complex C’ in the
subcomplex C'. It is also denoted by C'/C".
The quotient mappings p,: C, — C,/C!, n € Z, define a chain mapping
p: C — C/C'. This chain mapping is called the natural projection to the
quotient complex. The exact verification of the fact that p is a chain mapping
is left to the reader as an exercise.

Examples 10.7. (1) Suppose L is a subcomplex of a A-compler K. In
that case we call the pair (K, L) a pair of A-complezes.

Since the set of generators of the simplicial chain group C, (L) is a sub-
set of the set of generators of the group C,(K), we can consider C, (L)
a subgroup of C,(K) for everyn € Z. Since the boundary operator on
C,(L) is obviously the same as the restriction of the boundary operator
on Cn(K), we see that C(L) is a subcomplex of C(K). The corre-
sponding quotient complex C'(K)/C(L) is denoted C(K, L) and called
the simplicial chain complex of the pair (K, L). It is easy to see that
this is complex is free. As a basis of C,,(K, L) one can take the equiva-
lence classes of the geometric n-simplices of K, which are not simplices

of L (exercise).

The n-th homology group of the complex C'(K, L) is denoted H, (K, L)
and is called the n-th relative homology group of the pair (K, L).

(2) Suppose A is a subspace of a a topological space X. An element of
Sing,,(A) is a continuous mapping f: A, — A, which can be identified
with an element f € Sing, (X), with f(A,) C A. This amounts to
regarding it as a mapping to X, not A.
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(3)

Conversely any f: A, — X with the property f(A,) C A defines a
unique element of Sing,, (A) in an obvious way. Hence the set of the
generators of C,(A) can be identified with the subset of the set of the
generators of Cy,(X) and thus we can consider C,,(A) as a subgroup of
Cn(X) for alln € Z in a natural way.

The corresponding quotient complex C(X)/C(A) is denoted C(X, A).
It is easy to see that it is a free complex, with the set of generators of
Cn(X, A) being the set of all continuous mappings f: A, — X with
Im f ¢ A.

The n-th homology group of C(X, A) is denoted H, (X, A) and is called
the relative n-th homology group of the pair (X, A).

The homology groups H,(K) and H,(X) defined earlier are often re-
ferred to as the "absolute ” homology groups, as opposed to “relative”
groups we have just defined for pairs. Notice that, however, absolute
groups can be thought of as special cases of relative groups, because the
relative group H,(X,0) is essentially the same as the absolute group
H,(X) and similar remark apply to simplicial groups.

Hence from the technical point of view it is enough to consider the
relative groups only. In order to classify spaces we are more interested
in the absolute groups. However, it turns out that in order to actually
calculate them, we do need relative groups as well, as a useful technical
tool.

As we have already seen simplicial complex C(K) is a subcomplex of
the singular complex C(|K|) for every A-complex K. The inclusion
1 =C(K) — C(|K]|) is a chain mapping.

Many constructions and results from the theory of abelian groups and
homomorphisms have natural generalizations for the chain complexes and
chain mappings. In particular suppose f: C' — D is a chain mapping. Then
the collection of subgroups C! = Ker f,, is a subcomplex of C, which we
naturally denote Ker f. Likewise the collection of subgroups D!, = Im f,, is a
subcomplex of D, which is denoted Im f. We leave it to the reader to verify
this claims.

The straightforward analogues of the factorization and isomorphisms the-
orems are true for chain complexes and chain mappings. The proof is left to
the reader as an exercise.
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Proposition 10.8. Factorization theorem for the chain complexes.
Suppose C' and D are chain complexes and let C' be a subcomplex of C.
Let f: C — D be a chain mapping. Then there exists a chain mapping
f:C/C" — D such that the diagram

N 7

c/c

commutes, i.e. such that fop = fif and only if C' C Ker f. If such a
mapping [ exists, it is unique and given by the formula

fn(@) = fulz)

for allz € Cy,n € Z. The mapping [ is injective if and only if C' = Ker f.
Mapping f is surjective if and only if f is surjective. More generally we have
that Im f = Im f.

The mapping f: C'/C’ — D provided by the previous proposition is re-
ferred to as the induced chain mapping.

Corollary 10.9. Isomorphism theorem for chain complexes.
Suppose Cand D are chain complexes and f: C' — D is a chain mapping.
Then the induced mapping f: C/Ker f — Im f given by

fn(T) = fn(x>vx € Cp,n€Z,
s an isomorphism of chain complexes.

Suppose (C,C") and (D, D’) are pairs of chain complexes and suppose
that f: C'— D is a chain mapping, such that f maps C’ into D', hence de-
fines by restriction also a chain mapping f|: ¢’ — D’. In this case we say that
f is a chain mapping of pairs and denote this by f: (C,C") — (D, D’).
Since f(C) C D), for all n € Z, the mapping f induces, by the factorization
theorem, a chain mapping f: C/C’ — D/D’ in quotient complexes. To be
precise f is constructed as following. Let p: D — D/D’ be the canonical
projection and consider the composition ¢ = po f: C — D/D’. Since f
maps C’" into D’ and p maps D’ into zero, ¢ C Ker g. Thus, by the factor-
ization theorem for chain complexes 10.8, there exists unique chain mapping
f:C/C" = D/D', defined by




forallz € C,,/C), n € Z.

Suppose (X, A) and (Y, B) are topological pairs. Recall that the mapping
f: X — Y which maps A into B is called a mapping of topological pairs.
This is also denoted by f: (X, A) — (Y, B). In case f is a mapping of pairs,
it defines by restriction the mapping f|: A — B.

Suppose f: (X, A) — (Y, A) is a mapping of pairs. Then the induced
chain mapping f;: C(X) — C(Y') maps the subgroup C(A) into the subgroup
C(B). In other words f;: (C(X),C(A)) — (C(Y),C(B)) is a chain mapping
of pairs.

Thus there exists the induced homomorphism f: C(X,A) — C(Y, B)
between the relative chain complexes. This mapping, in its turn, induces
homomorphisms f: H,(X,A) — H,(Y, B) in relative homology, for all n €
Z. This homomorphism will be also denoted simply as f.: H,(X, A) —
H, (Y, B), if no confusion can arise.

Induced mappings between relative homology groups have the same func-
torial properties as in the absolute case. The proofs are similar and left as
exercises.

Lemma 10.10. (1) Suppose f: (X, A) — (Y,B) and g: (Y,B) — (Z,C)
are continuous mappings between topological spaces. Then for the map-
pings induced in homology we have that

(go flx=gso fu: Hy(X,A) — H,(Z,C)

for alln € Z. Here f.: Hy(X,A) — H,(Y,B) and g.: H,(Y,B) —
H,.(Z,C).

(2) For the identity chain mapping id: (X, A) — (X, A) the induced map-
ping idy: H,(X,A) — H,(X,A) is the identity homomorphism for al
n € 2.

Example 10.11. Suppose (X, A) is a topological pair. Then (X,0) is a
topological pair too and the identity mapping id: X — X can be thought of
as a mapping j: (X,0) — (X, A) of pairs. Hence there exists induced chain
mapping jy: Cp(X) — Cp(X,A) = C,(A)/C,(A), for every n € Z. It is
easy to see (exercise!) that this mapping is actually the same as canonical
projection p: Cp(X) — C,(A)/Cn(A) to the factor group, for every n € Z.

Example 10.12. Suppose (X, A) and (Y, B) are topological pairs such that
X C Y and A C B. Then the inclusion X — Y defines a mapping
it (X, A) = (Y, B) of pairs. This mapping induces a chain mappingiy: C(X, A) —
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C(Y, B), as usual. This mapping in general will not be an injective any more.
However, there is an important special case, in which it is injective. Since
we will need it later, let us look at it closer.

Suppose that above A = X N B (notice that in general we only have
A C XN B). Let us show that under this additional assumption the homo-
morphism (i), Cn(X, A) = C,(Y, B) is an injection, for every n € Z.

Since (iy)y, s, by construction, induced by a composition i, = p,0i,: Cp(X) —
Co(Y)/Cu(B), where p,: C,(Y) — Cn(Y,B) is a canonical projection and
in: Co(X) — Cu(Y) is an inclusion. By factorization theorem 10.8 this
induced mapping is injective if and only if C,(A) = Keri,. The inclu-
sion Cn(A) C Keri), is clear and known from before. Conversely, suppose
x € Keri!,. Then p,(i,(x)) = 0. Since Ker p, = C,(B), we have that i,(x) €
Cn(B). Since i,: Cp(X) — C,(Y) is an inclusion of a subgroup, we have
that i, (z) = x € Cp(X). Hence in(x) =C(X)NC(B) =C(X NB)=C(A).
Hence C,,(A) = Ker ), and the claim is proved.

A mapping f: (X, A) — (Y, B) is called homeomorphism of pairs if there
exists g: (Y, B) = (X, A) such that go f = idx and go f = idy. Such a map-
ping ¢ is then called an inverse of f. Topological pairs (X, A) and (Y, B) are
called homeomorphic if there exists a homeomorphism f: (X, A) — (Y, B)
of pairs.

Corollary 10.13. Suppose f: (X, A) — (Y, B) is a homeomorphism of pairs.
Then f.: H,(X, A) — H,(Y, B) is an isomorphism for all n € Z.

Proof. Let g: (Y,B) — (X, A) be the inverse of f. Then, by the previous
Lemma
id:id*:(gof)*:g*o *)

and similarly f, o g, =id. Hence g.: H,(X,A) — H,(Y, B) is the inverse of
feo: Ho(X, A) = H, (Y, B). O

11 Short exact sequences and induced long
sequences in homology

Suppose we have a sequence

(11.1) e A I, A
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of abelian groups and homomorphisms. It can be unlimited in both di-
rection, i.e. indexed on the set of integers Z, or stop somewhere on the left
or/and on the right. We say that this sequence is exact at A, if

Ker f, =Im f, 11

provided, that the mappings f,, and f,1 are defined.
If the sequence is exact at every group A, that appears in it, we say that
the sequence is an exact sequence (of abelian groups and homomorphisms).

The condition Im f,,; C Ker f, is equivalent to the condition f,.10 f, =
0. Hence the sequence (11.1) above is exact at A, if and only

1)fns10 frn =0 and
2)Ker f, C Im f,,41.

Let (C, d) be a chain complex. We can think of it as an unlimited sequence

dn

dn+1
On-l—l Cn

Cpo1 — ...

of abelian groups and homomorphisms. The condition d, 1 o d,, = 0, that
boundary operators satisfy, is equivalent to the condition

Imd,; C Kerd,.
By the definition of exactness the sequence 11 is exact at C,, if and only
Z,(C) =Kerd, =Imd,.; = B,(C)

i.e. if and only if H,(C) = 0. Usually this does not happen, of course. In
some sense one can say that homology groups of a chain complex measure
the extend to which the complex, thought of as a sequence 11 as above, fails
to be exact.

A chain complex (C,d) is called acyclic if it is exact as a sequence.
From the previous considerations we see that (C,d) is acyclic if and only if

H,(C) =0 for all n € Z.

An exact sequence of the form

0 AL o2 B 0

is called a short exact sequence (of abelian groups). In other words an
exact sequence is short exact if it contains exactly 5 groups and the first as
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well as the last group in the sequence are trivial groups, which we denote
simply by 0. The first homomorphism 0 — A is a zero homomorphism, since
it is the only homomorphism from the trivial group to any group. For the
similar reason the last homomorphism of the sequence B — 0 is also zero
homomorphism.

Example 11.2. Suppose A is a subgroup of an abelian group B. Denote the
inclusion mappingi: A — B and let p: B — B/A be the canonical projection
to the quotient group. Then the sequence

0 A—>B—"2-B/A 0

1S exact.

This follows from the Lemma 11.3 below. Later we will see that this exam-
ple is fundamental in a sense that every short exact sequence is ”essentially”

of the form 11.2.
Lemma 11.3. The sequence

0 AL.p 2. ¢ 0

of abelian groups is short exact if and only if all of the following conditions
are satisfied.

(1) f is injection,

(2) g is surjection,

(3) Im f = Ker f.

Proof. Exactness at A means that Im(0) = 0 = Ker f, which means precisely
that f is injection. Likewise exactness at C' means that Im g = Ker0 = C,
i.e. g is surjective. Finally, exactness at B by definition means that Im f =
Ker f. O

It follows that every short exact sequence is "essentially” of the form
11.2. Indeed since f is an injection, we can identify A with a subgroup
Im f of B. Under this identification mapping f becomes the inclusion of
subgroup A into the group B. Since g is surjective, and its kernel equals a
subgroup A, the isomorphism theorem 17.6 implies that g induces an isomor-
phism g: B/A = C. Under this identification g corresponds to the canonical
projection p: B — B/A.

In precise and more formal way these observations can be expressed as
following.
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Lemma 11.4. Suppose

0—sA-—toB 9.0+

is a short exact sequence of groups. Denote A’ =1Im f C B, leti: A — B be
the inclusion p: B — B/A’ be the canonical projections. Then there exists
isomorphisms a: A — A’ and v: C' — B/A’ that make the diagram

0 A—~B—LB/A 0

commute.

In the formulation of the previous lemma we have used the expression
"this diagram commutes”. We have encountered this terminology couple of
times before and we will talk even more about commutative diagrams in the
future, so perhaps an official explanation is in order.

The diagrams that we will draw usually contain abelian groups (or other
algebraic objects), which are indicated as the ”"points”, as well as the homo-
morphisms between the groups, which are indicated by directed arrows. The
direction of an arrow that represents a homomorphism f: A — B is from
object A to the object B. Object A is then the starting point of an arrow f,
while object B is the end point.

A 7path” in the diagram is a finite sequence f1,..., f, of arrows such
that the end point of f; is the starting point of f;.;. Whenever we have such
a path, we can form the composite homomorphism f, o...o f;, because it
will be well-defined. Sometimes the diagram will contain two different paths
from A to B. For instance there might be a ”triangle”,

h C
X 74
B
The expression ”this triangle commutes” means that if you go from A to C

along two different paths - straight or through B - you will get the same
result. This just means that h = g o f. Slightly more complicated example

A
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arises when diagram contains a square in the form

A—f>B

bk

c—*.D.

The commutativity of this square means that go f = k o h.

Thus, when we say that some diagram commutes, what we mean is that
all the paths in the diagram, that has the same start and the same end,
amount to the same result, when calculated as composition. For example in
the diagram

0—s-A-t.p_9 ¢ 0

Pk

0 A —~B—LB/A 0

above the commutativity essentially means that ioa = o f and yog = pof.
Usually it is pretty clear from the context and from the diagram what
”commutativity” of that diagram means.

Short exact sequences of chain complexes and long exact ho-
mology sequence

The diagram
0—sc—Loc2.0—~0

of chain complexes and chain mappings is called a short exact sequence
if it is exact in every dimension as the sequence of abelian groups and homo-
morphisms i.e. if the sequence

0—C o, T 0
is short exact for every n € Z.

Applying Lemma 11.3 to the sequence 11, for every n € N, we see that f is
an embedding of chain complexes, hence C’ can be considered a subcomplex
of C, while C can be identified with a quotient complex C'/C”. In other words
the sequence is essentially isomorphic to the sequence

0 -0 L.C 0
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where i: C" < (' is an inclusion of s subcomplex and p: C' — C/C' is a
canonical projection.
Suppose

0 oL.c2.C 0

is a short exact sequence of chain complexes. We shall construct for every
n € Z a canonical homomorphism

A=A, Hy(C) — H,_(C").

This mapping will be referred to as a boundary operator induced by the
short exact sequence 11.

fn gn -
00— Oy 222 €y 20y ——0
ldln+1 ‘/dnﬂ ldnﬂ
O C;L fn Cn gn 6n 0
R
1 fnfl In—-1 —=
0 n—1 Cn—l Cn—l 0

Suppose z € C,, is a cycle, i.e. an element of Ker(d,). Since g, is a
surjection, there exists an element y € C,, such that g,(y) = z. Then

In-1(dn(y)) = dn(gn(y)) = En(x) =0.

Since the sequence is exact, this means that there is an element z € C/
such that f,_1(z) = d,(y). Moreover z is unique, since f,,_; is an injection.
Let us show that z is a cycle. We have that

a1 (2) = dn1(fn-1(2)) = dn-1dn(y) = 0.

Since f,—2 is an injection, it follows that d),_,(z) = 0 i.e. z in indeed a cycle
in C/_,. Hence the class Z € H,_1(C") is defined. We assert

o(x) =z
We want this construction to define a mapping §: Z,(C) — H,_1(C"). So
far this is not clear, since the construction involved a choice of an element y €
C.,, hence we need to show that d(z) actually does not depend on this choice.
Suppose y' € C, is another element such that ¢,(y') = x and let 2’ € Z/
be the unique element with f,,_1(z') = d,(v'). Since g,(y) = g.(y'), it follows
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that y — v’ € Kerg, = Im f,,, so there is u € C/ such that f,(u) =y — v
Now

fn—ld;(u) = dn(fn(u)) = dn(y) - dN(y/) = fn—l(z - Z/)'

Since f,_ is an injection, it follows that
d (u) =2z—2,

hence z — 2/ € B,_1(C"), so Z = 2 in the factor group H,_1(C’). We have
proved that the construction as above determines a well-defined mapping

§: Z,(C) — H,_,(C").

Lemma 11.5. The mapping d is a homomorphism and factors through B,(C),
hence induces a homomorphism

An: Ho(C) — Ho 1(C).

Proof. Suppose x,2' € Z,(B). Let y,y’ € C, such that g(y) = z, g(v') = 2’
Let z,2" € C!_; be such that f(z) = d,(y), f(2) = dn(y'). Then f(z+2') =
do(y+vy') and g(x + 2') =y + y'. Thus

Sx+a2)=z2+2=2+72=06(x)+6(2).
Hence 0 is a group homomorphism.

Suppose z € B,(C) and let w € C,,, be such that d,,;(w) = r and
v € Cyyq be such that g,.1(v) = w. Then

In(dn1v) = du(g(v)) = dn(w) = z,

hence we can choose y = d,,11v to be the element of C),, with the property
gn(y) = . Now d,(y) = dndp1v =0, so A(z) = 0, by the definition.

Hence B, (C) C Kerd. By Theorem 7.8 § induces the unique homomor-
phism
Ay Hy(C) — H, 1 (C).

O

Let us go through the construction of boundary homomorphisms once

more. Suppose
f

0 ' 2.0 0
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is a short exact sequence of chain complexes and let n € Z. Suppose T €
H,(C) is a class of an n-cycle x € Z,(C). First, using the fact that g, is a
surjective mapping, we take y € C,, with the property ¢,(y) = . Then we
notice (using exactness of the sequence) that there exists unique z € C/,_;
such that f(z) = d,(x). Moreover, it turns out that z is an n-cycle in C’, i.e.

belongs to Z,_1(C"). We assert
A, (T) =Z.

It was shown that this definition does not depend on the choice of y above and

defines a homomorphism A,,: H,,(C') — H,_1(C") between homology groups.

The homomorphisms A, : H,(C) — H,_1(C") constructed are referred
to as boundary homomorphisms in homology induced by the short exact se-
quence (11). Despite of the similarity of the terminology, one should not
confuse this boundary homomorphisms with boundary operators of a chain
complex.

Boundary homomorphisms A,, are natural in the following sense.
Lemma 11.6. Suppose
f

0 o4 c-2.C 0
la lﬁ l“f
0 p-L.p 2D 0

is a commutative diagram of chain complexes and chain mappings with exact
rows.
Then the diagram

D) —* H,—1(D')

is commutative. Here A, : H,(C) — H,_1(C") on the upper row is the bound-
ary homomorphism induces by the short exact sequence

0 oL .o 0

and A,: H,(D) — H,_1(D") in the lower row is the boundary homomor-
phism induces by the short exact sequence

f

0 D’ D-2-D 0
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Proof. Exercise. O

Remark 11.7. This is not the first time we refer to the "naturality” of some
construction. In mathematics this term is often used in non-strict sense, just
to indicate that some construction is psychologically "natural”. However, in
the field of mathematics known as ”category theory” this term has been given
a precise and exact meaning. We do not have an intention to go into category
theory in this course, but it is worth to mention that category theory has a
close relationship with algebraic topology, so anyone who is serious about
getting acquainted with more advanced algebraic topology is seriously advised
to get familiar with category theory as well.

We do not present the exact definition of naturality, since it would involve
going through the basics of category theory. The idea is that natural construc-
tion should commute with all "essential mappings” that are involved.

One of the most important results in homological algebra is the existence
of the long exact sequence of homology groups, induced by the short exact
sequence of chain complexes.

Suppose

f

0 ' (o yg 0

is a short exact sequence of chain complexes. Then, for every n € Z we

have induced mappings in homology f.: H,(C') — H,(C) and g¢.: H,(C) —

H,(C). We also have boundary homomorphisms A,,: H,(C) — H,_1(C").
Putting all these homomorphisms together, we obtain an infinite sequence

vl An 1 / * * -~ n
o Hyt (O) 25 H(C) Lo Ho(C) 2 H,(C) —2% Hy 1 (C7) — . .

This sequence is called the long exact sequence of homology groups,
induced by the short exact sequence of chain complexes (11). As the termi-
nology suggests this sequence is always exact.

Theorem 11.8. Suppose

0—=C' L2 T—0
is a short exact sequence of chain complexes. Then the sequence

e Ho (O) 27 [ (O L 1, () 2 H(C) —22 H,y 1 (CF) —— ..

is exact sequence of abelian groups and homomorphisms.
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Proof. 1) Exactness at H,(C').

Since g o f = 0, in homology we have that g, o f, = (g o f), = 0. Hence

Im f, C Ker g,.

Conversely suppose = € Z,(C) is such that g(x) = ¢, = 0 in the group
H,(C'). By definition of the factor group, this means that g(z) = d,, 11w for
some w € Cpyq1. Let v € C) 41 be such that g(v) = w. Such a element exist,

since ¢ is a surjection. Then

g(dn+lv) = En—l—lg(v) = g(:c),

hence x — d,1v € Kerg = Im f, by exactness. Consequently there exists
z € O] such that

T — dpv = f(2).
Since f,_1 is an injection, it follows easily that z is a cycle. Indeed
fo1(d,(2)) = dnf(2) = dn(® — dpy1v) =0,

so d,(z) = 0 by injectivity of f,,_1.
Thus there exists an equivalence class z € H,(C") and

f*z:f(z> :x_dn+1U:§7

since the boundary element d,,, ;v becomes zero in homology.
We have shown that Ker g, C Im f,. This concludes the proof of the exact-
ness at H,(C).

2)Exactness at H,(C').

First we prove that A, o g, = 0. Suppose y € Z,(C), and let x = g(y) €

Z,(C). We claim that
An(9(y)) = An(T) = 0.

To see that we recall how A, is defined. For the cycle z € Z,,(C') we choose y
to be the element of C,, with the property g(y) = x. Then A, () is the class
of the element u € C/_, with the property f,_1(u) = d,(y). But d,(y) =0,
since we assume that y € Z,(C). Also, f,_1 is injection so if f,_1(u) = 0,
then also u = 0. Since A, (Z) = u by definition, we obtain that

An(9+(y)) = An(T) =1 =0,
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which is what we wanted to prove.
The proof of the inclusion
Ker A C Im g,
is left as an exercise.

3) Exactness at H,(C"): an exercise. O

Long exact sequence in homology is natural, in the following sense.

Proposition 11.9. Suppose

0 o L.oc 2. 0
ook
0 p-Lr.p 2D 0

is a commutative diagram of chain complexes and chain mappings with exact
rows.
Then the diagram

e Hyt (O) 22 1 (O L 1 () 2 H(C) —2% H,y 1 (C) —— ..

o Hp(D) 22 11, (D)) L 1, (D) 2~ H, (D) 22
18 commutative.

Proof. Commutativity of the part

is proved in Lemma 11.6. The commutativity of other squares follows directly
from Lemma 10.3. For example, since o f = f’ o o, we have that

ﬁ*of*:floa*
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in homology, which is exactly the commutativity of the part

O

As an interesting application of the long exact homology sequence let us
prove an interesting result from the homological algebra, we shall use later.
First we need the following technical result.

Lemma 11.10. Suppose that

0 A—.p P ¢ 0

is a short exact sequence of chain complexes and chain mappings. Then if
two of the complexes A, B, C are acyclic, then all three of them are acyclic.

Proof. Recall that a chain complex D is acyclic if it is exact as a sequence
or equivalently if H, (D) =0 for all n € Z.

By the theorem 11.8 short exact sequence 11.10 induces long exact se-
quence in homology

1i1(C) 25 Hy (A) = Hy (B) —— H,\(C) =2 H, oy (A) — ...

..—H

Under our assumption ”almost all” groups in this exact sequence are
actually trivial - since two of the complexes A, B, C are acyclic. Denote by
D the third complex, which is not assumed to be acyclic. Consequently for
every n € Z a part of the long exact sequence around H, (D) looks like

o 0—L (D)L 0.

Since the sequence is exact at H,, (D), this implies that H,(D) = 0. Indeed,
0=Imf=Kerg=H,(D).

This proves the lemma. O
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Proposition 11.11. Suppose

0 0 0
d{!L+1 d{n d{nfl
An—i—l An An—l
Qn+1 Qn Qn—1
dn+1 dn dnfl
Bn+1 Bn Bn—l >

0 0 0

is a commutative diagram of abelian groups and homomorphisms. Assume
that all columns are exact and the middle row is exact. Then the upper row
is exact if and only if lower row is exact.

Proof. This result can be proved ”directly” using co-called ”diagram chas-
ing”, but we shall prove it using long exact homology sequences.
First of all we notice that an exact sequence

dnJr 1 dn

By,

B, 1 —— ...

Bn+1

can be considered as a chain complex B = (B),)nez in a natural way, with
mappings d,: B, — B, _; serving as boundary operators. Moreover, since
the sequence is exact, it is acyclic as a chain complex, i.e. H,(B) = 0 for all
n e z.

Suppose lower row

dn+1
On-l—l Cn

dn

Cpor — ...

is also exact. Then we can consider it as an acyclic chain complex C' as well.
This complex has mappings d,,: C,, — C,_1 as boundary operators and we
also have H,(C) =0 for all n € Z.

Since we are assuming that the diagram 11.11 commutes, the collection
B = (Bn: B, — C,) of homomorphisms is a chain mapping f: B — C
between chain complexes (since it commutes with the boundary operators).
Moreover, by assumptions, every column, i.e. every sequence

Bn

0 A, -2~ B, C, 0
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is a short exact sequence of abelian groups. It follows that for every n € Z
the abelian group A,, is "essentially” (isomorphic to) the kernel Ker /3, of the
homomorphism f,. The mapping a: A, — B, is then an inclusion. Hence
we may identify A, with Ker 3, for every n € Z. It is a general fact that
whenever §: B — (' is a chain mapping between chain complex, the collec-
tion of subgroups (Ker f3,,),ez is a subcomplex of the complex B, denoted
naturally by Ker . Hence we may think of A = (A4, ),ez as a subcomplex of
B, in particular as a chain complex equipped with the boundary operators
d: A, = A,_1. The inclusion «, then constitute a chain mapping (inclu-
sion) a: A — B between chain complexes.

Hence so far we have established, that all three vertical sequences in the
diagram 11.11 can be considered as chain complexes, under the assumption
that both middle sequence B as well as the lower sequence C' are exact. We
have also established the existence of the short exact sequence

0 A—>.p . ¢ 0

of chain complexes and chain mappings. Here complexes B and C are acyclic.
By the previous Lemma also A must be acyclic. This is equivalent to it being
exact as a sequence.

The other case, in which A and B are exact is proven in the same way.
First one shows that C' is essentially a quotient complex B/A, in particular
a chain complex. O

Long exact homology sequence of a topological pair

Let (X, A) be a topological pair. Then for every n € N there exists a

sequence
0 —— Cy(A) = Cu(X) = Cu(X, A) —=0
of abelian groups, which is exact by definition of the singular groups involved.
Here i: A — X is an inclusion and j: (X,0) — (X, A) is a map of pairs.
Recall that jy is, in fact, a canonical projection to the factor group. Since
this sequence is exact for all n € Z and mappings 44, j; are chain mappings,
there exists exact sequence
Jy

0 C(A) —2 C(X) — L Cp(X, A) ——0

of chain complexes.
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By the theorem 11.8 there exists long exact sequence

(X, A) B H(A) =2 H (X)) —2 Ho (X, A) =2 Hy(A) —— . ..

of singular homology groups. This exact sequence is called the long exact
homology sequence of the pair (X, A).

Suppose f: (X, A) — (Y, B) is a continuous mapping of the topological
pairs. Then f induces chain mappings f; between chain complexes C(X) —
C(Y), C(A) - C(B) and C(X,A) — C(Y, B), and the diagram

0—— C(A) 2= O(X) 5 C(X, A) —=0
o lfﬁ lfﬁ
0——C(B)—=C(Y) —2- (Y, B) ——0

commutes. Hence proposition 11.9 implies that there is a commutative dia-
gram

i .

A

S——=H, (X, A) 52— H,(A) —== H,(X) > H,(X, A)—> no1(A) —. ..

P 7 A

.— = H, 1 (Y,B) 2~ H,(B)—== H,(Y)—X~ H,(Y,B) =2~ H,_(B) — ...

with rows long exact homology sequences of the pairs (X, A) and (Y, B).

There is also a useful generalization of the long exact homology sequence
for the triples. A topological triple is a triple (X, A, B) of topological
spaces where B C A C X. In this situation we have a short exact sequence
(exercise)

0——C(A, B) = O(X, B) 2~ C(X, A) —0,
where i: (A, B) — (X,B) and j: (X,B) — (X, A) are obvious inclusions.
This implies the following result.

Lemma 11.12. Suppose (X, A, B) is a topological triple. Then there exists
exact sequence

o Hp (X, A) 2 H, (A, B) —2~ H, (X, B) 2~ H,(X, A) —2~ H,_\(A,B) —

This sequence is called the long exact homology sequence of the triple
(X, A, B). It is natural with respect to the mappings of triples.

176



Moreover for the boundary operators A of the long exact homology sequences
of the pair (X, A) and A" of the triple (X, A, B) we have the commutative
diagram

H,(A)
/
Hn+1(X’ A) Tx
K
H,(A, B),
where i: A — (A, B) is an inclusion.
Proof. Exercise. O

”Mappings of triples” are defined in an obvious way. Long exact homol-
ogy sequence of the pair (X, A) is, by definition, the same as the long exact
homology sequence of the triple (X, A, ).

Similarly for the pair of A-complexes (K, L) there exists the long exact
homology sequence of the pair (K, L)

o Hy (K, L) 2~ H,(L) —> H(K) —> H,(K, L) 2~ H,_(L) — . ..

that involves simplicial homology groups. Here i: C, (L) — C,,(K) is an in-
clusion of a subgroup C,,(L) into the group C,,(K) and j: C,(K) — C, (K, L)
is a canonical projection to the factor group, for all n € Z.

Let n € Z. Consider the canonical inclusion ¢,: C,(K) — C,(|K|) of
the group of simplicial n-chains of the A-complex K into the group of sin-
gular chains of the corresponding polyhedron |K|. Recall that this map-
ping is defined by ¢,(0) = f,, for every geometrical simplex o of K, where
fo: A, — | K| is a characteristic mapping of the simplex o.

For the subcomplex L of K there exists similar inclusion ¢,: C,,(L) —
Cn(|L]). Let j,: Co(K) — C,(K,L) and j,: C,(|K|) — C,(|K]|,|L|]) be
the canonical projections into factor groups. The composite j,: t,: C,(L) —
Ch(| K|, |L|) clearly maps C,,(L) into zero element of C,,(|K|,|L|). By the fac-
torization theorem there exists a well-defined homomorphism z,,: C,,(K, L) —
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Cn(]K1,|L|) that makes the diagram

Co(K) —2~ Oy (K, L)

T

Cu(IK]) = Cu(IK 1, L)

commutative. We drop the bar from notation 7,, and denote this induced ho-
momorphism also simply by ¢,,. It is easy to see that collection of homomor-
phisms ¢,: C,,(K, L) — C,(|K|,|L|) defines a chain mapping ¢: C(K,L) —
C(|K|,|L|) between chain complexes.

The diagram

0 (L) — O(K) — %~ O(K, L) ——0

U

0 — C(|L)) =~ C(|K|) —% C(|K], |L]) —0

of chain complexes and chain mappings with exact rows is commutative.
Hence, by the naturality of the long exact sequences in homology, we obtain

the commutative diagram
(11.13)

o Hy (K, L) 2 H, (L) —> H(K) —2~ Hy(K, L) —2—~ H, (L) —— . ..

oo Hp1 (| K, |L]) S Hy(|L|) =~ Ho(|K|) —> Hy (K|, |L]) === Hpa (| L]) — ..

between long exact homology sequences.

This result also provides us with a motivation for the next extremely
useful algebraic result. As already mentioned, we want to prove eventually
that ¢, H,(K) — H,(|K|) is an isomorphism for all n € N, whenever K is a
A-complex. Let’s take a look at the commutative diagram (11.13) between
long exact sequences of the pairs (K, L) and (|K|,|L|). Suppose that we
already know that the result is true for the subcomplex L (for example in
finite case L could have less simplices than K, so we could use an inductive
assumption) and also for the pair (K, L). Then, in the diagram (11.13) above
all five vertical mappings are isomorphisms, except for the one in the middle.
Now, if we could prove that under this assumptions the middle mapping also
must be an isomorphism, we will have precisely the result we want. Luckily
the so-called five lemma tells us that this is precisely the case.
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Lemma 11.14. Suppose we have a commutative diagram

Gy —> Gy —> G5 —> Gy —> G

AN

H, H, Hj Hy H;

B1 B2 B3 Ba

of abelian groups and homomorphisms with exact rows. Then

1) If f1 is surjective and fo, f4 are injective, also f3 is injective.

2) If f5 is injective and fo, fy are surjective, also f3 is surjective.

In particular if f1, fo, f1, f5 are isomoprhism, also f3 is an isomorphism.

Proof. We will prove 1) and leave 2) as an exercise.
The proof is an example of so-called diagram chasing. Suppose f3(x) =0
for some z € GG3. We must show that x = 0. Now

0= 53(f3(x)) = falas(z)).

Since fy is injective, az(z) = 0. Since the upper row is exact, x = aq(y) for
some y € Gy. We have

Ba(f2(y)) = fslaa(y)) = fs(z) =0,

hence, since the lower row is exact, there is z € H;y such that £1(z) = fa(y).
Now f; is surjective, so there is u € G such that fi(u) = z. Consequently

folar(u)) = Bi(fi(u)) = Bi(z) = f2(y).

Since f, is injective this implies that y = «;(u). Hence

T = as(y) = ax(ai(u)) =0
by exactness. O

We will see many examples of the applications of the five lemma.

Finally we discuss the splitting of the exact sequence.

/

Suppose 0 AL .o 9. p 0 and 0 AL o 2B 0
are short exact sequences with the same first and third (non-trivial) groups.
We say that these sequences are isomorphic (in the strong sence) if there
exists a homomorphism «: C' — C” such that the diagram




commutes. Observe that we can also write this diagram in the form

0—sAt 2. 0

N

0 ALl o 2. B 0.

Since identity mappings are obviously isomorphisms, the application of the
five lemma 11.14 implies that in this case o must be an isomorphism. This
explains the choice of the terminology.

Suppose A and B are abelian groups. There exists the direct sum A& B
and canonical inclusions i: A - A® B, j: A @ B defined by

i(a) = (a,0),

j(b) = (0,b)
as well as the canonical projections p: A& B — A, ¢: A® B — B defined
by

It is easy to see that the sequence
0—=A—“AaBL~B—>0,

is a short exact sequence. We shall call such a sequence trivial short exact
sequence .

Definition 11.15. Suppose

0 AL . c 2. B 0

s a short exact sequence. We say that this sequence splits if it is isomorphic
(in the strong sense) to the trivial sequence

0—=A—“ApBL ~B—50.

Notice in particular, that in this case the middle group C' is isomorphic
to the direct product A ® B.

In practice one usually uses other, alternative definitions, presented in
the next lemma.
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Lemma 11.16. Suppose

0—A—1-Cc—2-B—0
is a short exact sequence of abelian groups. Then the following conditions
are equivalent.
1) The sequence splits.

2) There exists a homomorphism f': C' — A such that f' o f =1id.
3) There exists a homomorphism ¢': B — C' such that g o ¢’ = id.

Proof. Suppose the sequence split. Then there exists an isomorphism a: C' —
A @& B such that

ADB

Let pri: A@® B — A be the canonical projection, pr,(a,b) = a.
Define f' =prioa: C — A, g =a 1oj. Then

f'(f(a)) = priaf(a) = prii(a) = pri(a,0) = a,

9(g'(0)) = ga~'(j (1)) = p(j(b)) = p(b,0) = b,
hence f'o f =1id and go ¢’ = id.
Hence 1) implies 2) and 3).

Suppose f': C'— A is such that f' o f =id. Define a: C' — A& B by

a(c) = (f'(c), g(c))-

Then pa(c) = g(c), i.e. poa =g. Also af(a) = (f'(f(a),9(f(a)) = (a,0),
hence v o f = 4. In other words the diagram

C
/ X
0—=A a B——0
\ /
A@ B
commutes.
The proof that 3) implies 1) is similar and left to the reader. O
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There is an important special case, in which we can be sure that the
sequence splits.

Lemma 11.17. Suppose

0 AL o2 B 0

is a short exact sequence. If B s a free abelian group, then this sequence
splits.

Proof. Exercise. O

Since C,(X,A) (C,(K, L)) is a free abelian group for every topological
pair (X, A) (simplicial pair (K, L)), and for every n € Z, it follows that the
sequences

0 C(A) 2 C(X) — L O (X, A) ——0

0—— Cp(L) —2s Op(K) —2 Co(K, L) ——> 0

splits for every n € Z. In particular C,,(X) is isomorphic, as an abelian
group, to the direct product C,,(A) ® C, (X, A), for every n € Z.

However, this does not necessarily mean that the chain complex C(X)
is isomorphic to the chain complex C(A) & C(X; A) (which can be defined in
an obvious way)! The reason for that is the following. It is true that for every
n € Z there exists a group isomorphism «,: C,(X) = C,(A) @ C,(X, A),
but usually they have nothing in common, so if you put them together, the
family o = () might not be a chain mapping!
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