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Chapter 0

Algebraic preliminaries

The study of simplicial homology requires basic knowledge of some fundamental
concepts from abstract algebra. The purpose of this introductory chapter is to
introduce these concepts. For a more detailed treatment of the subject, we refer
the reader to a textbook on groups, rings and modules.

0.1 Groups, rings, and fields

0.1.1 Groups

An abelian group (G, +) is a set G together with a binary operation + : GXG —
G satisfying the following axioms:

Gl (a+b)+c=a+ (b+c) forall a,b,ceG.
G2 There is an identity element 0 satisfying a4+0 = 0+ a = a for each a € G.

G3 For each a € @G, there is an element —a, the inverse of a, such that
a+ (—a)=(—a)+a=0.

G4 a+b=b+aforallabedG.

The first three axioms define a group, whereas the fourth axiom makes the
group abelian. For the purposes of this document, only abelian groups are of
importance. We typically let G denote the group (G,+), thus assuming that
the binary operation + is clear from context.

Some important abelian groups are the set of integers Z, the set of rationals
@, the set of reals R, and the set of complex numbers C. In all cases, the
operation + is just ordinary addition. Another important example is Z, =
{0,1,...,n — 1} equipped with addition modulo n.

We also have a group structure on each of the sets Q* = Q\{0}, R* = R\ {0},
and C* = C\ {0}. In this case, the group operation is multiplication, and the
identity element is 1. To avoid confusion, let us restate the axioms in the
language of multiplicative groups:

G1’ (ab)c = a(be) for all a,b,c € G.

G2’ There is an identity element 1 satisfyinga-1=1-a = a for each a € G.

)
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G3’ For each a € G, there is an element a~!, the inverse of a, such that

aa ' =a"ta=1.

G4’ ab = ba for all a,b € G.

Here, we write ab=a - b.

Note that Z* = Z \ {0} is not a group under multiplication. Namely, given
a € Z*, there is no b € Z* such that ab = 1 unless a € {1,—1}. For any prime
p, the set Zy = Z, \ {0} turns out to be a group under multiplication modulo
p. If n is the product of two integers a and b, both at least 2, then Z} is not a
group. Namely, suppose that there exists an integer x such that ax = 1 in Z,,.
Then

b=>b-1="b(ax) = (ba)r =nx =0

in Z,. This is a contradiction; hence a is not invertible in Z,,.

0.1.2 Rings

A commutative ring (R,+,-) is a set R together with two binary operations
+:RXxR— Rand -: R x R — R satisfying the following axioms:

R1 R forms an abelian group under addition.

R2 There is an element 1 € R satisfying 1-a=a-1=a for all a € R.
R3 a(be) = (ab)c for all a,b,c € R.

R4 (a+b)c = ac+ be for all a,b,c € R.

R5 ab = ba for all a,b € R.

The first four axioms define a ring, whereas the fifth axiom makes the ring
commutative. For the purposes of this document, only commutative rings are
of importance. As for groups, we let R denote the ring (R, +,-).

We have that Z, Q, R, C, and Z,, are all commutative rings. In this docu-
ment, we will state most definitions and results in terms of an arbitrary com-
mutative ring, but the reader may always think of this ring as being one of the
rings just mentioned. The most important ring for our purposes is Z.

By the way, note the disctinction between R and R. The former will typically
denote any commutative ring, whereras the latter denotes the particular ring of
real numbers.

0.1.3 Fields

A field is a commutative ring F such that F\ {0} forms an abelian group under
multiplication. The characteristic of a field is the smallest positive integer p
such that the sum 1+ ---+ 1 of p ones is zero. If no such p exists, then we
define the characteristic to be zero. The characteristic of a field is either a prime
number or zero.

By the examples in Section 0.1.1, we deduce that Q, R, and C are infinite
fields. Moreover, Z, is a finite field for each prime p. The former fields have
characteristic zero, whereas Z, has characteristic p. We may also deduce that
7 is not a field, and neither is Z,, when n is composite.



0.2. MODULES 7

0.2 Modules

0.2.1 Definition of vector spaces and modules

Let F be a field. A wvector space (V,F,+,-) over the field F is a set V', together
with an addition operation + : V' xV — V and a scalar multiplication operation
-t F x V — V, satisfying the following axioms:

1. V forms an abelian group under addition.

2. (ab)v =a(bv) for all a,b € F and v € V.

3. a(u+v) =au+av and (a+b)v =av +bv for all a,b € F and u,v € V.
4. 1l-v=vforallveV.

We let V' denote the vector space (V, T, +,-).

In Section 0.1.3, we noted that the set of integers Z does not form a field. In
particular, we are not allowed to define vector spaces over Z. Yet, axioms 1-4
above still make sense for F = Z. Given any commutative ring R, we say that
V = (V,R,+,") is an R-module if axioms 1-4 are satisfied with F = R. Note
that F-modules and vector spaces over F coincide when F is a field.

Example. For a given ring (R, +,-), let R’ = (R, +) denote the underlying abelian
group. The group R’ becomes an R-module if we define the product of ¢ € R and
z € R’ in the obvious way, i.e., as the product ax in R viewed as an element in R’.
One typically uses the same symbol R to denote both the ring and the corresponding
R-module. Indeed, the formal description of R’ is (R, R,+,-). Compare to the
convention that R denotes both the field of reals and the one-dimensional vector
space over this field.

Example. Let n > 1 be an integer. Consider the additive group Z,,. We obtain
a Z-module structure on Z,, by defining the product between = € Z and a € Z,
to be (za) mod n. It is straightforward to check that Z,, satisfies the axioms for a
Z-module.

A subset S of an R-module M is a submodule of M if S itself has the structure
of an R-module with addition and scalar multiplication being the restrictions
of the corresponding operations in M. If R is a field, then submodules are the
same as subspaces.

Example. Let kZ denote the Z-module of integer multiples of k. Then kZ is a
submodule of the Z-module Z.

0.2.2 Homomorphisms and isomorphisms

Let M and N be two R-modules. An R-module homomorphism is a map f :
M — N such that
flam +bn) = af(m) +bf(n)

for any a,b € R and m,n € M. In the case that R is a field, one typically refers
to module homomorphisms as linear maps or linear transformations.

An isomorphism is a bijective homomorphism. Two modules M and N
are isomorphic, written M = N, if there exists an isomorphism f : M — N.
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The relation of being isomorphic is an equivalence relation. For example, the
relation is symmetric, because if f : M — N is an isomorphism, then its inverse
f~': N — M is a homomorphism and hence an isomorphism.

Example. For each k& > 2, we have that the map ¢ : Z — Z given by

p() = ka
is a homomorphism but not an isomorphism. For example, there is no x such that
o(z) = 1. Now, let kZ denote the Z-module of integer multiples of k. Then ¢

defines an isomorphism from Z to kZ, and the inverse is given by mapping y to y/k
for each y € kZ.

A homomorphism f is injective if and only if the only solution to the equation
f(x) =01is x = 0. Namely, f(z) = f(y) if and only if f(x —y) = 0.

0.2.3 Sums and direct sums

Given R-modules My, Mo, ..., My, we define the direct sum

M=M &M@ & My
to be the set of all vectors (my,ma,...,my) such that m; € M; for 1 <i < k.!
We obtain an R-module structure on M by defining vector addition and scalar

multiplication in the obvious manner:

(s smi) + (e omly) = (my 4 mi .. my £ m),

r(mi,...,mg) (rmq,...,rmyg).

Given two submodules A and B of the same R-module M, we may form the
sum

A+B={a+b:a€ Abe B}

The reader may check that A 4+ B is an R-module. We have a surjective homo-
morphism ¢ : A@® B — A+ B given by

o(a,b) =a+b.
The map ¢ is an isomorphism if and only if every x € A + B can be expressed
in only one way as a sum a + b such that a € A and b € B. In such a situation,
we will identify the sum A + B with the direct sum A & B. A useful criterion
is that a given sum A + B is direct if and only if
a+b=0<=a=0=0.

This is equivalent to saying that AN B = {0}.

10One may also consider direct sums of infinitely many R-modules, but we will not make
any use of this construction in this document.
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0.2.4 Free modules

An important R-module is R™, the direct sum of n copies of R. We refer to
such a module as a free R-module of rank n. When R is a field, this is the
same as an n-dimensional vector space over R. For arbitary commutative rings,
the situation is more complicated. For example, we already saw that Z, is a
Z-module, and this module is not free. Indeed, free Z-modules are either infinite
or zero, whereas 7Z,, is finite and nonzero for n > 2.

An R-module M is finitely generated if there is a finite set {my,...,mp} C M
such that every element in M can be written as rymi + --- + rpmy for some
r1,...,7x € R. We write

M = (my,...,mg). (1)

In this document, we will focus almost entirely on finitely generated R-modules.
Let M be a free and finitely generated R-module. A subset B = {by,...,b,}
in M forms a basis for M if every element in M can be written as a linear

combination of by,...,b, in a unique manner. Specifically, for any * € M,
there are unique elements Aq,..., A, € R such that
r = Ab1+ -+ Ayby, (2)

and any such linear combination is an element in M. Just as for vector spaces,
every basis of a free R-module M has the same number of elements, the rank of
M.

Given any set B = {bq,...,b,}, we may define the free R-module with basis
B. By definition, this module consists of all formal linear combinations of the
form (2). In particular, the module is isomorphic to R™.

0.2.5 Finitely generated abelian groups

By a famous result known as the fundamental theorem of finitely generated
abelian groups, there is a representation of every finitely generated Z-module M
as a direct sum of a free Z-module and a finite Z-module;

M=7Z"¢G,

where G is finite. Moreover, this representation is unique up to isomorphism.
Specifically, if M admits another decomposition as M = v/ Yed , where G’ is
finite, then n = n’ and G = G’. The value n is the rank of M. In particular,
any finite Z-module has rank zero.

In turn, by the fundamental theorem of finite abelian groups, any finite Z-
module G admits a decomposition as a direct sum

G:th@zqz@"'@zqw

where ¢1 < ¢o < --- < qi, and ¢; is a power of a prime for each i. Again, the
decomposition is unique up to isomorphism.

Note that the stated theorems refer to abelian groups, not Z-modules. Yet,
for any abelian group M, there is one and only one way to define a Z-module
structure on M. We thus have a bijective correspondence between Z-modules
and abelian groups, which means that we may suppress the module structure
from notation. For example, we will often refer to the free Z-module Z" as a
free (abelian) group of rank n.



10 CHAPTER 0. ALGEBRAIC PRELIMINARIES

To obtain the bijective correspondence, let G = (G, +) be an abelian group.
We want to impose a Z-module structure (G,+,-) on G, which amounts to
defining scalar multiplication. By axiom 4 in Section 0.2.1, we must define
1-m = m for all m € G. Moreover, letting &k > 1, repeated application of
axiom 3 yields that k- m must be the sum of k copies of m, whereas another
application of axiom 3 yields that we must define (—k)-m = —(k-m). Namely,

m=0+1)-m=0-m+1-m=0-m+m=0-m=0
and
0=0-m=(k+(—k) - m=k-m+(—k) -m.

As a consequence, there is indeed only one way to define scalar multiplication.
Conversely, one easily checks that the given procedure indeed yields a valid
scalar multiplication and hence a well-defined Z-module.

An important fact about abelian groups is that any subgroup of a free abelian
group is again free. This is not true for general modules. More precisely, there
exist rings R with the property that a submodule of a free R-module is not
necessarily a free R-module.

0.2.6 Quotients

Let Z be an R-module, and let B be a submodule of Z. For z,y € Z, define
T ~ y to mean that y — x € B. This is an equivalence relation and gives rise
to equivalence classes. We define Z/B to be the set of such equivalence classes.
Specficially, each element in Z/B is of the form

[z]={x+b:beB}={y:y—=x € B}.
Sometimes, we will find it convenient to write
[z] =z + B.
We obtain an R-module structure on Z/B by defining
Alz] + plyl = e + pyl.

Using the definition, one may prove that this is well-defined.
There is a homomorphism p : Z — Z/B defined by p(x) = z + B. We refer
to p as the projection map.

Example. Let Z = Z and B = kZ. Then x ~ y if and only if z = y (mod k).
In particular, the elements of Z/(kZ) are the congruence classes modulo k, which
means that Z/(kZ) is isomorphic to Zy. The projection map p : Z — Z/(kZ) maps
an integer to its congruence class modulo k.

In the case that R is a field, we have the important identity
dim Z/B = dim Z — dim B. (3)

To see this, fix a basis eq,...,e, for B, and extend the basis with elements
€rgl,---,Erts t0 a basis for Z. Then [e,41],..., [er+s] form a basis for Z/B.
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Example. Let Z = Q2 and let B be the subspace generated by (1,1). Then
(x,y) ~ («',y") if and only if

(x,y) = (2',y) + t(1,1) for some t € Q,

which is equivalent to saying that x —x’ = y —3’. This means that the equivalence
classes are

(&, 0)] ={(t+y,y) :y € Q}.
In particular, Z/B is a one-dimensional space generated by [(1,0)]. Indeed, the two
vectors (1,1) and (1,0) form a basis for Q2.
When R = Z, we have an identity similar to (3):
rank Z/B = rank Z — rank B. (4)

For a complete proof, we refer the interested reader to a textbook on modules.
It is important to note that Z/B is not necessarily free even if Z and B are
both free. For example, we already noted that Z/(kZ) = Zy,. This group is not
free, whereas both Z and kZ are free of rank one.

Quotients commute with direct sums in the following sense.

Proposition 0.2.1 Let Z7 and Zs be R-modules, and let By and Ba be sub-
modules of Z1 and Zs, respectively. Then

Z1 _Zoy 71D Lo

gt T
B, By B ®B;

Proof. Define ¢ : % D g—z — % by

©(z1 4+ B1, 22 + Ba) = (21, 22) + B1 @ Bs.

This is a well-defined homomorphism, because if z, = z; + b; for some b; € B;
and ¢ € {1,2}, then

(21, 25) + B1 @ By = (21, 22) + (b1,b2) + B1 @ By = (21, 22) + B1 ® Bo.

The reader may check that ¢ is a bijection, which concludes the proof. O

0.2.7 Isomorphism theorems

There are three important results in abstract algebra known as the three iso-
morphism theorems. We state and prove them for R-modules.

One may associate two particularly important R-modules to any given ho-
momorphism f: M — N. The kernel of f is the submodule of M consisting of
all z € M that are mapped to zero under f;

ker f ={z¢e€ M : f(z) = 0}.
The image under f is the submodule of N defined by

imf={be N:b= f(x) for some x € M}.
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Theorem 0.2.2 (First Isomorphism Theorem) Let f : M — N be a ho-
momorphism. Then there exists an isomorphism

M im f
P— .
g ker f m

Proof. For [x] € M/ker f, we define g([z]) = f(z). To see that this is well-
defined, note that any element in [z] is of the form z + y for some y € ker f,
and f(z+vy) = f(z) + f(y) = f(x). Now, g is injective, because

9([z]) =0 <= f(x) =0<= z € ker f < [z] = [0].

Moreover, g is surjective, because we have for any y € im f that

y = f(x) = g([z]).
As a consequence, g is an isomorphism. [l

As indicated by the discussion in Section 0.2.3, there is a close relationship
between A+ B and AN B. The following theorem makes the connection precise.

Theorem 0.2.3 (Second Isomorphism Theorem) Let A and B be two sub-
modules of an R-module M. Then there is an isomorphism
A A+ B
g: — .
ANB B

Proof. Define amap f: A — (A+ B)/B by
fla)=la] ={a+b:be B}

We have that f is surjective. Namely, suppose that [z] € (A + B)/B. Then
x =a+0b for some a € A and b € B. We obtain that

[z] = [a] = f(a).

As a consequence, im f = (A+ B)/B. By the First Isomorphism Theorem 0.2.2,
there exists an isomorphism g : A/ ker f — (A + B)/B. Observing that ker f =
AN B, we are done. ([

The following reformulation of the Second Isomorphism Theorem is very
useful for our purposes.

Corollary 0.2.4 Let B be a submodule of an R-module Z. Suppose that By C
B and Zy C Z are R-modules satisfying the equations

Z = Zy+ B,
By = ZyNB.
Then
ZEZO
B By

Proof. By the assumptions and the Second Isomorphism Theorem 0.2.3, we

have that
Z Zo+B _ Zo _ Zo

B B  Z,NB By
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Theorem 0.2.5 (Third Isomorphism Theorem) Let A, B, and C be three
R-modules such that C' is a submodule of B and B is a submodule of A. Then
there exists an isomorphism

CAJC A

g: BJC ~ 5
Proof. We define a map f: A/C — A/B by
fla+C)=a+ B,

where we let a + C denote the element {a+c: c € C} in A/C, and analogously
for a + B in A/B. This is well-defined, because if a’ € a + C, then

¢ —a€eCCB=d+B=a+B.

It is clear that f is surjective. By the First Isomorphism Theorem 0.2.2, we
deduce that
AlC A

ker f B’
Now, a + C belonging to ker f is equivalent to f(a + C) = B, because B
constitutes the zero element in A/B. This is true if and only if a € B, which

in turn is equivalent to saying that a + C' € B/C. Hence ker f = B/C, which
concludes the proof. O
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Chapter 1

Simplicial homology

1.1 Simplicial complexes

The term simplicial complex may refer to either of two seemingly unrelated con-
cepts. The first concept is that of an abstract simplicial complex, which is a
family of sets that is closed under deletion of elements. The second concept is
that of a geometric simplicial complex, which is a geometric object in Euclidean
space consisting of simplices! of various dimensions (points, line segments, tri-
angles, tetrahedra, and so on), glued together according to certain rules. As
we will see in a moment, the two concepts are in fact closely related: For every
geometric simplicial complex, there is an underlying abstract simplicial complex
describing its combinatorial structure. Conversely, one may realize any abstract
complex as a geometric complex.

1.1.1 Abstract simplicial complexes

An abstract simplicial complez is a family A consisting of finite subsets of a
given set X such that the following condition holds:

o If 7€ Aand o C 7, then 0 € A.

Members of a simplicial complex A are called faces of A, and the dimension of
a face 7 is |7| — 1. The dimension of A is the maximum among all dimensions
of faces of A. If 0 C 7, then we say that o is a face of 7. A face 7 is a maximal
face of A if there is no face o of A such that ; o. We refer to 0-dimensional
faces as wvertices and to 1-dimensional faces as edges. A simplicial complex of
dimension at most 1 is a (simple and loopless) graph. A simplicial complex Ay
is a subcomplex of A if Ag C A. For k > —1, the k-skeleton A®) of A is the
subcomplex of A obtained by removing all faces of dimension greater than k.
For example, the 1-skeleton of A is a graph.

In this document, we will only consider finite simplicial complexes. Equiva-
lently, our simplicial complexes will have a finite number of vertices. For each
n > —1, we let f, = f,.(A) be the number of faces of A of dimension n. The
f-vector of A is the vector (f_1, fo, f1,--., fa), where d is the dimension of A.

1One simplex, several simplices or simplezes.

15
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Running example 1. The sets
0,a,b,c,d,ab,ac,be,bd, cd, abc

form a simplicial complex E;. Here, we write a = {a}, ac = {a, c}, and so on. The
f-vector of Ey is (1,4,5,1).

1.1.2 Geometric realizations of simplicial complexes

One may realize a simplicial complex as a geometric object in R™, and the
procedure is roughly the following. Identify each vertex with a point. For each
edge ab, draw a line segment between the points realizing the vertices a and b.
Next, for each 2-dimensional face abe, fill the triangle with sides given by the line
segments realizing ab, ac, and bc. Continue in this manner in higher dimensions.
For example, realize each 3-dimensional face abcd as the tetrahedron with sides
given by the four filled triangles realizing the 2-dimensional faces contained
in abcd. Note that the full realization of an abstract simplicial complex is
determined by how we realize the vertices of the complex.

Running example 1. Figure 1.1 gives a geometric realization in the plane of the
simplicial complex E;. Since the label of each face is given by the vertices it

a ab b
abce
ac be bd
¢ cd d

Figure 1.1: Geometric realization of E7, our first running example.

contains, it suffices to label the vertices in the realization. From now on, we will
typically not label any other faces.

For completeness, we give a formal definition of a geometric realization of a
simplicial complex. For any d > 0, define the standard d-simplex to be the set

Xd:{()\o,...,)\d):/\7;20f0r0§i§d,/\0+---+/\d:1}C]Rd+1.

Equivalently, X is the convex hull of (1,0,---,0),(0,1,---,0),...,(0,0,---,1).
Let A be an abstract simplicial complex with vertex set V, and let f : V — R"
be any map. For any nonempty d-face o = {ao,...,aq} of A, we have that f
induces a map f, : X4 — R™ by

fo(Aos -5 Aa) = Aoflao) + -+ Aaf(aa).

In Figure 1.2, we illustrate a possible scenario in the case d = 2.
We say that f induces a geometric realization of A if the following hold:

e The map f, is injective for each o € A\ {0}.
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f(ao)

flaz) f(a1)

Figure 1.2: The map f, transforms the standard 2-simplex on the left into the
filled triangle on the right, mapping (1,0,0) to f(ao), (0,1,0) to f(a1), and
(0,0,1) to f(az)-

e For any nonempty o, 7 € A, we have that
imfa ﬁime = imfaﬁ‘ry

where im f denotes the image under f. Here, we adopt the convention
that im fy = 0.

The first condition is equivalent to saying that the point set {f(a) : a € o} is
in general position. This means that there is no nontrivial linear combination
> ;Aif(a;) = 0 such that ) . A; = 0. The second condition is equivalent to
saying that

im f, Nim f Cim fonr,

because we always have the other direction. In words, the intersection between
the realizations of any two faces contains nothing more than the realization of
the greatest common face of the two simplices. The actual geometric realization
is the union

Al= |J imf,.

UEA\{@}

Note that |A| depends on the choice of vertex map f.

If A has k vertices a1, . .., ax, then we may realize A in R* by mapping a; to
e;, where e; denotes the ith unit vector in R*. This is the standard geometric
realization of A, which is unique up to the order of the vertices.

Running example 2. Let F, be the simplicial complex with vertices a™, a=, b,
b~, c¢t, and ¢~ such that the maximal faces are all sets consisting of exactly one
element from each of {at,a™}, {b*,b7}, and {c¢*,c~}. Counting faces, one
obtains that Ey contains 6 vertices, 12 edges, and 8 triangles, which yields the
f-vector (1,6,12,8). On the left in Figure 1.3 is a geometric realization of Ey \
{a=b~c™} in R2. On the right is a geometric realization of Fy in R®. This
realization is the boundary of an octahedron, one of the five Platonic solids.
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NP7
A4

Figure 1.3: Geometric realizations of Fy \ {a b~ ¢~} (on the left) and F5 (on
the right), where F5 is our second running example.

Running example 3. Let E5 be the simplicial complex with vertex set {a, b, c,d, e, f}
and with the following maximal faces:

abd, bee, acf,aef,bdf, cde, abe,bef, acd, def.

Clearly, Fs5 is not a very big family; the f-vector is (1,6, 15,10). Nonetheless, this
complex is tricky to realize geometrically. In fact, it is impossible to realize it in R?
without some intersection of faces containing more than it should.? Allowing some
cheating, one may still illustrate E3 in R? as a triangulated hexagon, as illustrated
in Figure 1.4. Note that the boundary of this hexagon consists of two copies of each
of the vertices a, b, and ¢ and also two copies of each of the edges ab, bc, and ac.
To obtain a proper realization of E3, we need to identify all these pairs of copies.
This cannot be done in R? or even R3: we need a Euclidean space of dimension at
least four.

1.2 Oriented simplices

Let F be a commutative ring; the reader may think of F as the ring of integers
Z or a field. Let A be a simplicial complex. For each n > —1, we form a
free F-module C,(A;F) with a basis indexed by the n-dimensional faces of A.
Specifically, for each face apa; - - - a,, we have a basis element eq q;.....a,,- We
refer to a basis element as an oriented simplex. Note that the rank of C,(A;F)
is the nth value f,,(A) in the f-vector of A. We refer to C,,(A;F) is the chain
group of degree n. This terminology stems from the fact that the modules
C(A;F) form a “chain” via certain maps to be discussed in Section 1.3. When
F is clear from context, we will often write C,,(A) = C,,(A;F).

2The reason is that any geometric realization of E3 is homeomorphic to the real projective
plane RP2, and there is no embedding of this topological space in R3.
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Figure 1.4: Halfway to a geometric realization of E3, our third running example.
To make this a true realization, we need to glue together opposite points on the
hexagon.

Running examples. For F1 = {0, a,b, c,d, ab, ac, bc, bd, cd, abc}, we get that

C_1(By) = {Xep:\eF}F,

Co(B1) = {Aa€a+ Mvep + A€+ Ageq : Aa, Ay, Ao, A € F} = 4,
Ci(E1) = {Mav€ap+ -+ + Aed€ed : Aaby-- s Aeqg € F} 2T,
Co(E1) = {Xeape:AeF}=F.

The chain groups for E; and E3 are equally simple to describe.

The tilde symbol over C' is a somewhat awkward convention among math-
ematicians. Its only purpose is to indicate that we define the chain group of
degree —1 to be F. Authors who adopt a strictly geometric viewpoint prefer to
define this group to be zero, because there is no sensible geometric interpretation
of the empty set. Specifically, they define

Cn(A;F) if —1,
Caasm) = { AT

For n > 0, it turns out to be inconvenient to use the notation eq q4;,...,a,, t0
denote oriented simplices. Instead, we will write

ag Nagr N Nap = €qq,a1,....an-

For example, a A b represents the oriented simplex e, ;. In degree —1, we stick
to the notation eg.
The symbol A denotes so-called exterior product. It satisfies the rules

bANa = —aAbd
aNa = 0
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for any oriented 0-simplices a and b. We may apply this rule to oriented simplices
in higher dimensions. For example,

bAdANaNc=—-bANaNdANc=aNbANdNc=—aANbAcAd.

Here, each change of sign corresponds to interchanging two adjacent elements.
Throughout Section 1.3, we will assume that this rule makes sense, is well-
defined, and does not cause any contradictions. We postpone the formalities to
Section 1.4.

1.3 Boundary maps

We define boundary maps 0y, which are algebraic counterparts to the geometric
notion of oriented boundaries. The boundary map 0, is a homomorphism that
takes an element z in C’n(A) and associates to it an element in C’n_l(A), the
boundary of x.

Formally, we define 0,, on a given oriented simplex ag A a; A --- A a, by

n
On(ag Nay N+ Nan) =D (1) ag A+ ANap_y Adp Ny A---Aan (1.1)
r=0

for each n, where a, denotes removal of the element a,. In the special case
n = 0, we let dy(a) = ey for each vertex a. To obtain a homomorphism, we
extend 9, linearly to the whole of C,(A).

The boundary maps satisfy the equation 9, o d,+1 = 0; we always get zero
when taking the boundary twice. Before proving this, we give some heuristic
motivation for why this is a desirable property of the boundary maps. Consider
the geometric notion of boundary in small dimensions. The boundary of a curve
consists of the two endpoints of the curve. If the curve is closed, then the two
endpoints coincide, which means that the curve does not have any boundary.
Now, consider the unit circular disk. The boundary of this disk is a circle, which
is a closed curve. In particular, when taking the boundary of the boundary of the
disk, we are left with nothing. The same remains true for any “well-behaved”
closed and bounded set in R?; the boundary of the boundary is empty, because
the boundary is a closed curve, or the disjoint union of several closed curves.?

Interpreting a given edge ab as a line segment oriented from a to b, we define

O1(anb)=b—a

and extend 9; linearly to the whole of C}(A). The counterpart of a closed curve
in our setting is the graph-theoretical concept of a set of edges forming a cycle,
say a square {ab, be, cd,da}. Now,

O(aNb+bAc+eNnd+dha)=(b—a)+(c—b)+(d—c)+ (a—d)=0.

Thus the given definition indeed yields an algebraic counterpart of the fact that
a closed curve has vanishing boundary.

3By the boundary of a d-dimensional manifold, we mean the set of points on the manifold
with no open neighborhood homeomorphic to the open (d — 1)-ball.
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Figure 1.5: Triangle with oriented boundary.

Proceeding to the next dimension, consider a triangle abc as illustrated in
Figure 1.5. The boundary of this triangle consists of the three edges ab, bc, and
ac. Again aligning with the geometric notion of oriented boundary, we define

Oa(aNbAC)=bAc—aANc+alb

and extend 9y linearly to the whole of Cy(A). The sign of a A ¢ is —1, because
the edge is directed from ¢ to a. We write the boundary the way we do (rather
than writing bAc+cAa+aAb), because it turns out to be convenient to preserve
the order of the vertices in each simplex when computing the boundary.

We note that

O100x(aANbAc)=(c—b)—(c—a)+ (b—a)=0.

By linearity, this implies that ) o dx(z) = 0 for any = € Co(A). Conversely,
given that we want this equation to hold, we do not have much choice when
defining 05. Specifically, assigning

Oa(aNbAC)=XbAc+ AaAc+ daAb,
we obtain that

O100x(aNbAc) = X(e—b)+ Ai(c—a)+ Aa(b—a)
= (—)\1 — /\Q)Cl + (—)\0 + /\Q)b + ()\0 + /\1)6.

For this to be zero, we must define Ay = —Ag and Ao = Ag.

Something similar turns out to be true also in higher dimensions. More
precisely, adopt the convention that the coefficient of a1 A - - - A a,, should be one
in Oy (ap Aag A---Aay) for each n. For 0, 0 9,41 to be zero for each n, we must
then define 9, (ap A a1 A --- A ay) as in (1.1) for each n. Namely, suppose that
Oy is indeed defined like this, and assume that

n+1
Oni1(ao Nar A= Aang1) = Y Ar-ao A= Ap_1 Ay Adpgr Ao Al
r=0

for some constants Ag,...,Ap4+1, where \g = 1. For r < k, there are two
appearances in 0y, © pq1(ao A ag A -+« A ap A ang1) of the oriented simplex
obtained from ag A a3 A -+ A an A ant1 by removing a, and ar. The first
appearance is obtained by removing first ay and then a,, and the corresponding
coefficient is Ag - (—1)". The second appearance is obtained by removing first
a, and then ag. This time, the coefficient is A, - (—1)’“*1, because aj ends up
on position k — 1 after we have removed a,. Summing, we get that

M (CD)TH A (P =0 = (<) = (DR,
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Since Ao = 1, this yields that Ay = (—1)* for all k.

By the above discussion, we obtain the desired double boundary condition:
Proposition 1.3.1 We have that Oy, 0 0,41 = 0 for every n.

An equivalent way of expressing Proposition 1.3.1 is to say that the sequence

~ ~ On ~ On—1
—

C(A) - 22 G (A) 2 Co(A) —2 Ca(A)

defines a chain complex. We will discuss general chain complexes in Section 2.1.
We refer to C(A) as a simplicial chain complex.

Running example 1. The complex F; has dimension 2, which means that we get
the following simplicial chain complex:

CE): 0 — Co(By) —2— OyE) —2 Co(By) —2— ¢y (E) — 0.

All other chain groups are zero. Remembering that E; has f-vector (1,4,5,1), we
obtain that C(E7) has the following schematic structure:

0 F I F4 F 0.

1.4 Orientations of oriented simplices

We still have to settle the issue that there are different ways to arrange the
vertices in an oriented simplex.

Start with the 1-dimensional case. There are two ways we may represent an
edge ab as an oriented simplex: a A b and b A a. Yet, we want just one basis
element for each edge, not two. As already discussed in Section 1.2, we solve
this problem by making the identification

bAa=—aAb.

We think of a A b and b A a as having opposite orientations.

Proceeding to dimension two, we may arrange the vertices a, b, and c of a face
abc in six different ways, which gives rise to six oriented simplices representing
the same face:

aANbAc aANcAb bAaNc bAcANa cNaAb cAbAa.

Again we want just one basis element, not six. We already gave an identification
rule in Section 1.2, which yields that

aANbAc=—-bANaANc=bAcANa=—-cAbANa=cANaANb=—aAcADb

In each step, we interchange two adjacent elements, and the sign changes ac-
cordingly. One may check by hand that we obtain no contradictions.

Yet, we also need to check that the assignment of signs aligns with the
boundary map. Again, this can be done by hand. For example,

KbANanc)=bAa+aNc+cAb=—aANb—bAc+aAc=—02(aNbAc),
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which aligns with the assignment bAaAc=—-aAbAec.

To explain the general rule, fix a total order on the vertex set of A. For any
vertices xg, 21, ..., %, forming an n-dimensional face, we define a pair (z;, ;)
to be an inversion in x = xg Az A--- Axy if i < j and x; > x;. For example,
ifa <b<c¢<d, then bAdA aA c contains the three inversions (b,a), (d,a),
and (d, c¢). We define inv(x) to be the number of inversions of x. For example,
invibAdAaANc)=3.

Consider a face agay - - - a,, assuming that ap < a1 < -+ < an, and let 7
be a permutation of {0,...,n}. Write b, = ar(), a =aoAai A--- A ap, and
b=0byAby A---Ab,. We define

b= (—1)"vP) . g (1.2)

Lemma 1.4.1 The assignment (1.2) aligns with the boundary map 0,,. Equiva-
lently, when computing 0, (b) according to the rule (1.1), the result is (—1)™v(P).
On(a).

Proof. Let a, be the oriented (n — 1)-dimensional simplex obtained from a by
removing a,, and define b,. analogously in terms of b and r. We obtain that

n n

On(b) =) (=1)" b= (=) HE g

r=0 r=0

For the last step, we use the fact that b, = ar(,).
It remains to prove that

inv(b,) = inv(b) + 7(r) +r (mod 2). (1.3)

for each r. Namely, this will imply that

n n

Z(_l)r-l—inv(br) Ay = Z(_l)‘ﬂ'(r)-i-inv(b) “Ar(r)

r=0 r=0

SIEG LD S Ce AR
r=0

= (=1)nvb). En:(_l)k - ay
k=0
= (=)™ 9,(a).

Now, let o, be the number of inversions of the form (b;,b,) = (ar@, ar @)
in b, and let 5, be the number of inversions of the form (b,,b;). Note that

inv(b) = inv(b,) + a; + ;.
In particular, (1.3) yields that it suffices to prove that
ar + B =w(r)+r (mod 2). (1.4)

We have that o, is the number of elements among 7(0),...,7(r — 1) that are
greater than 7(r), whereas (3, is the number of elements among 7(r+1), ..., 7(n)
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that are less than 7(r). Since there are r — o, elements among 7(0),...,w(r—1)
that are less than 7(r), we conclude that 8, = 7(r) — (r—«;.). As a consequence,

ar+Gr=a,+7(r)—(r—a,) =20 +7(r) —r=n(r)+r (mod 2),

which yields (1.4). O

In some situations, it might be convenient to extend the definition of ag A
ai A---Aay to the situation that a; = a; for some ¢ and j. As indicated already
in Section 1.2, we then define ag A a1 A --- A a, to be zero. This is indeed
compatible with the boundary map. For example, if ap = a1, then

On(ar Nar A~ Nap)=arANag A+ Nap —ar ANas A+ Na, +w=w,

where w is a linear combination of elements all starting a; A a1, hence zero. We
leave the general case to the reader.

1.5 Products of chain group elements

It is possible to define some kind of product between chain group elements. Yet,
for the product to be compatible with the boundary map (in a manner to be
described below), we must leave the product undefined for certain combinations
of elements. As a consequence, what we will consider is not a product in the
proper sense of the word. In this context, it is worth mentioning the theory
of simplicial cohomology, a theory dual to the theory of simplicial homology
under development in this document. Within that theory, it is indeed possible
to define a proper product.

For the purposes of this section, say that two oriented simplices a = ag A
-+ Aar and b = bg A -+ A by are compatible if {ag,...,a,} U {bg,...,bx} € A.
If a and b are compatible, we define the (exterior) product between a and b to
be

aAb=agA---ANa NbgA---ADbg.

By compatibility, this is either an oriented simplex in C~'T+k_1(A) or zero, the
latter being the case if a; = b; for some 4 and j.

More generally, suppose that ¢; = Y, Aa-a € Cr(A) and 3, b - b €
Ch (A) are two linear combinations of oriented simplices such that a and b are
compatible whenever )\, # 0 and Ap, # 0. Then we may form the product

c1 N\ ey = Z)\aub -aAbe C‘Hk,l(A).
a,b

We leave it to the reader to check that
co Ncp = (—1)(r+1)(k+1)01 N Co

and
8r+k—1(cl A CQ) = 8r(01) N co + (—1)T+161 A 8k(62).

In particular, if ¢; and co are both cycles, then ¢ A o is again a cycle.
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Example. We have that

(a—b)A(c—d) = ahc—aAd—bAc+bAd,
(a—b)A(a—¢c) = aNa—aAc—bAa+bAc
= cNa+aAb+bAc

Also, our running example F3 has a cycle in degree 2 that we might write as
(at —a )Nt =b7)A(ch —c).

This is indeed an element in Cy(A;F); every selection of one element from each of
the three parentheses yields a face of A.

We do not allow products between oriented simplices that are not compat-
ible. The problem is that such a product would not be an oriented simplex
corresponding to a face of A, meaning that we ought to define the product to
be zero. Yet, such a definition would conflict with the boundary map. For
example, if A = {0,a,b}, then we cannot define a A b to be zero, because
O1(anb)=b—a#0.

1.6 Definition of simplicial homology

Now, we define the homology of a simplicial complex A. Loosely speaking,
the homology gives an algebraic measure on the amount of cycles that are not
boundaries.

Formally, we define the F-module Z,(A;F) of cycles and the F-module
B,,(A;F) of boundaries by the following formulas:

Zn(AF) = kerd,
= {z2€Cu(A;F): 0,(2) =0},
B, (A;F) = im0O,41
= {2€Ch(A;F): 2= 041 (x) for some z € Cpy1(A;F)}.

By Proposition 1.3.1, we have that B, (A;F) is a submodule of Z,(A;F). We
define the simplicial homology in degree n of A to be the quotient

H,(A;F) = Z,(A;F)/ B (A;F);

see Section 0.2.6 for more information about quotients. We refer to members of
H, (A;F) as homology classes; each such member is an equivalence class under
the relation z ~ 2/ <= z — 2’ € B, (A;F). We let [2] denote the homology class
containing the cycle z.

The tilde symbol over H indicates that we consider reduced homology. This
means that the underlying chain group in degree —1 is C',l(A; F)=F ey and
that the boundary map 9y is defined by 9y(a) = ey for each vertex a. We obtain
unreduced homology H,,(A;F) by setting C_1(A;F) = 0 and defining 9y to be
the zero map. In all degrees n > 1, we always have that H, (A;F) = H,(A;F).

In certain particularly well-behaved cases, one may view the homology as an
algebraic measure on the amount of “holes” in A. Specifically, given a subset
X of Euclidean space R™, we define a hole of X to be a bounded connected
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component of R™ \ X, the complement of X in R™. For a given k > 0, assume
that the (k+ 1)-skeleton A1 of A admits a geometric realization X in RFF1,
Then it is possible to prove that Hy, (A;F) is a free F-module of rank the number
of holes of X.

Running examples. The geometric realization of F; in Figure 1.1 consists of one
hole. Namely, the region in R? surrounded by the three edges bc, cd, db is bounded
and is separated by |E;| from the unbounded region outside |E;|. In Section 1.7.1,
we show that ﬁl(El;IF) indeed has rank one, and the homology class of the cycle
bAc+cAd+dAbis a generator of ﬁl(El;]F).

The geometric realization X of F5 in Figure 1.3 also consists of one hole. This
is because X divides R3 into one bounded region inside X and one unbounded
region outside X . Indeed, we will see that JEIQ(EQ;IE‘) has rank one, and a generator
is given by the homology class of the cycle

(at —a )AT =b7)A(ch —c). (1.5)

In the general case, the interpretation of homology as a measure on holes
breaks down. We just have to look at our third running example Fs3 to arrive
at a significantly more intricate situation. Let the underlying ring F be Z. As
is indicated in Figure 1.4, we have a cycle a Ab+bA ¢+ c A a with the property
that twice that cycle is a boundary. Yet, the cycle itself is not a boundary. In
Section 1.7.3, we show that H;(Fs;Z) is a finite group with two elements, the
nonzero element being the homology class of a Ab+bAc+ cAa.

1.7 Explicit homology computations

In this section, we use explicit methods to compute the homology of our running
examples. The main purpose is to give the reader the opportunity to study the
technical details of a homology computation. As we will see in Chapters 2 and
3, there exist more efficient methods for computing homology. In particular,
the reader should not be discouraged by the technical complexity of some of the
computations below.

We will only look at homology in degree one and higher. In Section 1.8, we
give general formulas for the homology in degrees —1 and 0. As it turns out,
the homology in those degrees is zero for all three running examples.

1.7.1 Running example 1

We have that Z(FE1;F) = 0, because the only face of dimension 2 is abe, and
d2(A-aNbAc)=0if and only if A = 0. As a consequence, Hz(E1;F) = 0.
Next, we consider Hi(F7;F). First, we note that By (E1;F) is generated by
h(anbAc)=aANb—aAc+bAc=z.

Next, let z be an element in Z; (F1;F). This means that 01(z) = 0 and that z
is a linear combination

Z2=Xap-aNb+ Age-aNCc+ e bACH Npg -OANd+ Aeg-c N d,
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where Agp, Aac, Abe, Avds Aed € F. Note that

81(2) = 81()\ab-a/\b—|—/\(w-a/\c—|—/\bc-b/\c+)\bd-b/\d+/\cd-c/\d)
= (_)\ab - A(L(:)a + (Aab - )\bc - Abd)b
+ (Aae + Ave — Aca)c + (Avd + Aca)d.

Setting \yp = t and \.q = u, this yields that A\,c = —t, \pg = —u, and A\pe = t+u.
In particular, Z;(E1; F) is generated by

zi=aAb—alc+bAc (t=1,u=0),
zo=bAc—bAd+cNd (t=0,u=1).

To compute ﬁl(El; F), we note that z and y belong to the same homology class
if and only if y — 2 is a multiple of 21, the generator of By (F1;F). This means
that the members of Hy(E1;F) = Z1(E1;F)/B1(Eq; F) are of the form

[uze] = {tz1 + uzg : t € F}.

In particular, P~I1(E1; F) has dimension 1 and is generated by [z2].
To summarize, we have the following result.

Proposition 1.7.1 We have that

{5 42

1.7.2 Running example 2

For convenience, we represent each face o of E5 as a sequence rst, where r, s,t €
{0,1, x}. Specifically,
0 ifat €o,
r= 1 ifa” €o,
x ifat,a” ¢o.

The symbols s and ¢ are defined analogously in terms of b* and ¢*, respectively.
For example, 0x1 represents the face a*c™. We use the same sequences to
represent the corresponding oriented simplices.

Computing Z5(Fs; F) is equivalent to finding all vanishing linear combina-
tions of the column vectors in the matrix in Figure 1.6; in this matrix, we only
indicate nonzero elements. Each column in the matrix is the boundary of the
face labelling the column, expressed in the basis given by the labels of the rows.
Suppose that z € Z3(Ey;F), and let A5 be the coefficient of rst in the expan-
sion of z. By the first four rows in the matrix, we obtain that A\igs = —Agst
for any s,t € {0,1}. By the next two rows, we get that Agio = —Agoo and
Ao11 = —Ago1- Finally, the ninth row yields that Agpr = —Agog- To summarize,
z is a cycle if and only if

z=X-(000—001—-010+011 — 100 + 101 + 110 — 111)

for some A € F, meaning that Z»(FEs;F) = F. Since By(Eq;F) = 0, we deduce
that Hy(E9;F) = F. Going back to original notation and setting A = 1, we note
that we may express the above cycle in the form (1.5).
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000 001 | 010 011 | 100 101 | 110 111
x 00 1 1
x01 1 1
x10 1 1
x11 1 1
oxo0 | —1 -1
0x1 -1 -1
1x0 —1 -1
1x1 -1 -1
00x 1 1
01x 1 1
10x 1 1
11x 1 1

Figure 1.6: Matrix describing the map 0> : C'Q(Eg; F) — C’l(Eg; F).

x 00 1

x01 1

x10 1

x11 1

0x0 | —1 -1 1

0x1 —1 -1 1

1x0 -1

1x1 -1

00x 1 1 -1 -1 1
01x 1 1 -1
10x 1 1 -1
11x

Figure 1.7: The result after applying a prudent choice of column operations on
the matrix in Figure 1.6.

Next, consider Bj(FEy;F). This is the module spanned by the columns of
the matrix in Figure 1.6. To obtain a handier description of the module, we
perform elementary column operations on this matrix. We leave it to the reader
to check that Bj(FEs;TF) coincides with the module spanned by the columns in
the matrix in Figure 1.7.

To compute H, (E9;TF), let 2 € Z1(E9;F). We have that z belongs to the same
homology class as some element such that the coefficient of x00 is zero. Namely,
if the coefficient of x00 is A, then we may transform z by subtracting A times the
first column of the matrix in (1.7). The resulting element remains in the same
homology class as z, because the columns of the matrix all belong to By (Es;F).
Proceeding with the other columns, we conclude that z belongs to the same
homology class as an element 2’ with the property that we have zero coefficients
in front of x00, x01, x10, x11, 0x0, 0x1, and 00x. Equivalently, 2’ is a
linear combination of the remaining oriented simplices. Finding all possible z’
is equivalent to finding all vanishing linear combinations of the column vectors in
the matrix in Figure 1.8. One easily checks that the only such linear combination
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Ix0 1x1 O01Ix 10x 11x
x %0 1
xx1 1
x0x 1
x1x 1 1
0x X -1
Ixx | =1 -1 -1 -1

Figure 1.8: Matrix describing relevant parts of the map 0; : C‘l(Eg;IE‘) —
Co(E2; F).

is the trivial one with all zeros. As a consequence, 2’ = 0. The conclusion is
that there is just one single homology class, which is equivalent to saying that
H,(Ey;T) is 0.

We summarize our results in a proposition.

Proposition 1.7.2 We have that

mEm={ § 2y

1.7.3 Running example 3

Finally, we consider E5. The module Z3(Fs;F) is given by all vanishing linear
combinations of the column vectors in the matrix in Figure 1.6.

abd bce caf | aef bfd cde|abe bef cad | def
ab 1 1

be 1 1

ca 1 1
ef 1 1
fd 1 1
de 1 1
ad | —1 1
ae 1 —1

af 1] -1
be -1 1

bf 1 -1
bd 1 -1
cf -1 1

cd 1 -1
ce 1 —1

Figure 1.9: Matrix describing the map 8, : Cy(Es; F) — Cy(Es;F).

Performing row operations, we arrive at the matrix in Figure 1.10. Note
that we have the element 2 in the lower right corner. This element could be
either nonzero or zero depending on the underlying ring F. Specifically, if F is Z
or a field of characteristic different from 2, then the matrix has full rank, which
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means that Hy(E3;F) = Zo(E3;F) = 0. If F is a field of characteristic two, then
the last row of the matrix is zero. In this case, Hy(FE3;F) = Z2(E5;F) 2 F, and
a generator is given by the sum of all ten oriented simplices.

abd bce caf |aef bfd cde| abe bef cad | def

1 1
1 1

1 1
1 1
1 1
1 1

1 1

1 1
1 1

Figure 1.10: The matrix in Figure 1.9 after a prudent choice of row operations.

Proceeding to degree 1, we obtain a nice description of By (Fs;F) by per-
forming column operations on the matrix in Figure 1.9; see Figure 1.11 for the
resulting matrix, whose columns span Bj(Es5;F). Note that the rightmost col-
umn is equal to twice the cycle v = —bf +bd + c¢f —cd = bd + dc + cf + fb.
This column will be zero if I is a field of characteristic two.

ab 1

be 1

ca 1

ef 1

fd 1

de 1

ad | —1 1

ae 1 -1 1

af 1|-1 -1

be -1 1 1

bf 1 -1 —-1]-2
bd 1 -1 -1 1 2
cf -1 1 2 2
cd 1 —-1] -2
ce 1 —1 -1 -1

Figure 1.11: The matrix in Figure 1.9 after a prudent choice of column opera-
tions.

To compute ﬁl(Eg; F), we proceed as with Fs. Precisely, let z € Z1(Eq; F).
We may use the first nine columns of the matrix in Figure 1.11 to get a cycle
z' in the same homology class as z such that the coefficients are zero in front of
ab,be, ca,de,ef, fd,ad, ae, be. It remains to determine all cycles that are linear
combinations of the remaining six basis elements a f,bf, bd, cf, cd, ce. Two such
cycles belong to the same homology class if and only if they differ by a multiple
of the cycle 2+; this cycle is the rightmost column of the matrix in Figure 1.11.
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af bf bd cf cd ce
al|—1
b -1 -1
c -1 -1 -1
d 1 1
e 1
f 1 1 1

Figure 1.12: Matrix describing relevant parts of the map 0 : C, (Es;F) —
Co(E3; F).

Looking at Figure 1.12, we draw the conclusion that all cycles are of the
form A - for some A € F. Two such cycles A1y and A2y belong to the same
homology class if and only if A\; — Ae = 2z for some x € F.

To present a general formula for the homology of F3, we need the concept
of annihilator. For x € F, we define Annp(z) = {y € F: zy = 0}.

Proposition 1.7.3 We have that
. F/(2F) ifn=1,
H,(F3;F) ¢ Annp(2) ifn=2,
0 if n ¢ {1,2}.
For example,
~ ) ~ Q/(2Q)=0 ifn=1,
Ha(E3Q) = { Anng(2) =0 ifn =2,
~ . ~ 7/22) =7y ifn=1,
Hn(Es Z) = { Annz(2) =0 ifn=2,

7 . ~ ZQ/(2Z2):ZQ ifn=1,
Hn(E&ZQ) - { AHHZZ (2) _ Z2 ifn =9

1.8 Homology in low degrees

As promised, we give general formulas for the homology in degrees —1 and 0 of
a simplicial complex A. We also say a few words about the degree 1 in the case
that A is a graph.

1.8.1 Homology in degree —1

Unless A = ), we always have that Z_1(A;F) = F-ep. If A = {(}, then
B_1(A;F) = 0, which means that H_;(A;F) = F. Otherwise, there is some
vertex a in A. Since Jy(a) = ey, we get that B_1(A;F) = Z_1(A;F), which
means that H_;(A;F) = 0. To summarize,

- o~ ) F if A ={0},
H_1(AF) = { 0 otherwise.

Note the distinction between the void simplicial complex ) containing nothing
and the empty simplicial complex {@)} containing the empty set and nothing
else.
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1.8.2 Homology in degree 0

Let V be the vertex set of A. We note that a linear combination ) . Aea
belongs to Zo(A;F) if and only if ), ., Ay = 0. Namely, the boundary of \,a
is Aqep. The reader may check that Zy(A;F) is a free F-module of rank |V|— 1.

To determine By(A;TF), define a relation ~ on the vertex set of A by letting
a ~ b if and only if there is a edge path (apai,aras,...,am—1ay) such that
a = ag and b = a,,. It is a simple exercise to show that ~ defines an equivalence
relation. Let V1, Vs, ..., V} be the equivalence classes, and fix a vertex r; in each
V;. For each a € V; \ {r;}, define @ = a — r;. We claim that By(A;F) coincides
with the free submodule M of Co(A;F) with basis X = {a@:a € Vi \ {r;},1 <
i < k}. In particular, Bo(A;F) has rank |V| — k.

To prove the claim, first note that By(A;F) is generated by all boundaries
01(ab) = b— a such that ab is an edge of A. By definition, a ~ b whenever ab is
an edge in A, which implies that a and b belong to the same equivalence class
V;. Since

o(ab)=b—a=(b—-r)—(a—r;)=b—a,

we conclude that By(A;F) is a submodule of M. For the reverse inclusion,
it suffices to show that @ is a boundary for each a € V; \ {r;} and for each
i such that 1 < ¢ < k. Now a € V; if and only if there is an edge path
(aga1,a1az,. .., am—1am) such that r; = ag and a = a,,. Observing that

O1(agar + araz + -+ + am-1am) = am — ap = a —r; = a,

we obtain the desired boundary.

Now, the reader may check that we obtain a basis for Zy(A;F) by adding
the element 7; = r; — ry to the set X for 1 <i <k — 1. To conclude, ﬁO(A;F)
is a free F-module of rank (|[V|—1) — (|JV| — k) = k — 1, and a basis is given by
the homology classes of the elements 71, ..., 7,_1.

We refer to the equivalence classes Vi,..., Vi as the connected components
of A. By the above discussion, we may conclude the following.

Proposition 1.8.1 For any simplicial complex A, we have that
Ho(A;F) = R
where k is the number of connected components of A.

Using unreduced homology instead of reduced homology, we obtain the formula
Ho(A;F) = Fk. This is one instance for which we get a nicer formula for
unreduced homology than for reduced homology. As will be clear later on,
there are other instances for which quite the opposite holds.

1.8.3 Homology in degree 1 for 1-dimensional complexes

As suggested by our treatment of our running example Fs3 in Section 1.7.3, the
situation in degree 1 is too complicated to allow for a simple formula like the
one in Proposition 1.8.1. In the case that A has no faces of dimension greater
than one — i.e., A is a graph — there is indeed a nice formula. Specifically, we
then have that

Hy(A;F) = Femvrh,
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where e is the number of edges, v the number of vertices, and k£ the number of
connected components of A. We leave the proof to the interested reader. The
module Hy(A;TF) is the cycle space of the graph A.
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Chapter 2

Combinatorial techniques

So far, our computations have been straightforward applications of linear alge-
bra. Such a brute force approach works fine as long as the underlying simplicial
complex is small enough, but once the complex grows too large, we need to find
other means for computing the homology. In this chapter, we consider some
methods that are mainly combinatorial in nature. In Chapter 3, we proceed
with more algebraic methods.

2.1 General chain complexes

We will discuss methods that apply to a more general setting involving arbi-
trary chain complexes, not just simplicial chain complexes. Moreover, we will
frequently need to transform simplicial chain complexes into new chain com-
plexes that are not necessarily simplicial. For this reason, we introduce a more
general notion of chain complexes.

Let F be a commutative ring. A chain complex C over F is a sequence (C,, :
n € Z) of F-modules, called chain groups, along with F-module homomorphisms

dn:C%f_’C%fl

such that
dp odpy1 =0 for n € Z. (2.1)

We refer to d,, as a boundary map. We always denote the boundary map by
d,, in the general case, thus reserving the notation 9, for boundary maps in
simplicial chain complexes.

As we did already in Section 1.3, one typically illustrates a chain complex
as a sequence with arrows between the groups in the following manner:

d, dn—
"o, At

dniy2 dny1
C:... Coois c,

In this document, we will focus on finite chain complexes. In such complexes,
only finitely many chain groups are nonzero. The simplicial chain complex
associated to a finite simplicial complex is always finite.

As in the case of simplicial complexes, we may define submodules of C,
consisting of cycles and boundaries. More precisely, we define the F-module

35
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Zn(C) of cycles and the F-module B, (C) of boundaries by the following formulas:

Zn(C) = kerd, ={z€C,:0,(2) =0},
imdp41 ={z € Cp: 2= 0ht1(x) for some z € Cp11}.

™
3
=~
S

|

In any chain complex, we have that
By (C) C Zy(C).

Indeed, (2.1) is equivalent to saying that all boundaries are cycles. We define
the homology in degree n of C to be the quotient
Z,(Q) kerd,,

Ha(€) = Bn(C)  imdng;

What we refer to as the simplicial homology H,,(A;F) of a simplicial complex
A is really the homology H,(C(A;F)) of the simplicial chain complex C(A;F)
associated to A.

2.2 Splitting chain complexes

An important technique for computing the homology of a chain complex is to

split it into smaller chain complexes. One may then compute the homology of

each piece separately and finally add the pieces together to get the full homology.
To formalize this idea, we need a few concepts. Given a chain complex

dpt2 dnt1 dn dn—1
C:"' — C%+1 C% C%—l
a subcomplex of C is a chain complex
d, d d dn_
/. n+2 2 n+1 ’ n 2 n—1
(GEEE n+1 C% n—1

such that the following hold:
e (! is a submodule of C,, for each n.

e The restriction of d,, to C!, defines a homomorphism to C/,_; for each n.
Equivalently, d,,(C}) C CJ,_, for each n.

The most important subcomplexes of a simplicial complex A are the ones arising
from subcomplexes Ag of A.

Proposition 2.2.1 If A is a simplicial complex and Ag is a subcomplex of A,
then C(Ag) is a subcomplex of C(A).

We leave the proof to the reader.
A chain complex C splits into two chain complexes

dn dn—1

d d
/. n+2 12 n+1 ’ ’
(GEEERY C¥+1 C% C%fl

dn, dp—1

d d
" . n+2 17 n+1 1
e 2L on c

"
Chfl

if the following hold:
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e Each of C’" and C” is a subcomplex of C.
e C, is the direct sum of C}, and C]/ for each n.
We write C=C' @ C".
Theorem 2.2.2 If C=C & C", then
H,(C)=H,(C")® H,(C")

for every n.

Proof. We may write each element ¢ € C,, uniquely as a sum ¢’ + ¢”, where
¢ € Cl and ¢ € C/. To indicate that the sum is direct, we write ¢ = ¢’ @ .
The boundary map has the property that

dp(d ® ") =dp() D dn().

In particular, d, (¢’ ® ¢”) = 0 if and only if d,,(¢') = d,,(¢”) = 0, which means
that
kerd, = (C! Nkerd,) ® (C/ Nkerd,).

For similar reasons, we have that

imd,, = (C!, Nimd,) ® (C! Nimd,,)
By Proposition 0.2.1, we get that
(C], Nkerd,) @& (C} Nkerd,)

H,(C) = - ;
(©) (C! Nimd,) ® (C” Nimd,)
-~ Cl/ Nkerd, C!Nkerd,
~ C/Nimd, —~ C’Nimd,
= Hn(c/) SY) Hn(cn)a
which concludes the proof. O

Running example 1. Let Ag be the subcomplex of F; obtained by removing the
faces a, ab, ac, and abc. We claim that we may write C(F;) = C(Eq;F) as the
direct sum of C(Ag) and the chain complex C’ with the following chain groups:

C(/) = <Cl - b>a
C; = (abyac+ cb),
Cy = (abe);

Cl, =0forn ¢ {0,1,2}. Here, we use the notation (1) from Section 0.2.4, and we
write abe instead of a A b A c.
To prove the claim, we first note that

d(abc) = ab— (ac+cb) € Cy,

d(ab) = d(ac+cb) = b—acC),
8(&—1)) = 0 S CL17
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which yields that C’ is a subcomplex of C(E7). By Proposition 2.2.1, C(Ag) is also
a subcomplex. It remains to show that

én(El) = 07/7, S én(AO)

for each n. Now,

C/—l D éfl(AO) = 0 @ <e®>a
G @ Cold) = la-b) @ (hed),
Ci @ Ci(Ag) = (abjac+cb) @ (be,bd,cd),
Cy @ Cy(Ag) = (abc) @ 0.

One easily checks that we indeed get C,(E;) in each case, which concludes the
proof of the claim. As a consequence,

H,(Ey) = H,(C) & H,(Ay).

We leave it to the reader to verify that C’ has zero homology and that ﬁn(Ao) is
zero unless n = 1, in which case H1(Ag) = F. Using Theorem 2.2.2, we hence
reestablish the result from Section 1.7.1.

One may generalize Theorem 2.2.2 to the situation where C is the direct sum
of k subcomplexes CV, ..., C*) By an induction argument, we get that

H,(CQ)= H,(CWY @ - @ H,(CW). (2.2)

2.3 Collapses

Let o and 7 be faces of a simplicial complex A such that the following hold:
e 7 is maximal in A.
o 0 =71\ {z} for some z € 7.
e 7 is the only maximal face of A containing o.

The above conditions mean that the family A\ {o, 7} is a simplicial complex.
We refer to the procedure of removing {o, 7} from A as an elementary collapse.

Proposition 2.3.1 For any elementary collapse A — A\{o, 7} = Ay, we have
that ~ R
H,(A;F) = H,(Ag; F)

for all n.

Proof. Write k = dimo = dim7 — 1. Let C’ be the subcomplex of C(A) =
C(A;TF) with the property that the nonzero chain groups are

Cllc+1 = (),
Cy, (Ok41(7)).

This is indeed a chain complex, because dy1+1(7) € C}, and O (Ok41(7)) =0 €
C._,. The reader may check that all homology groups of C' are zero.



2.3. COLLAPSES 39

a / b a b

Figure 2.1: Elementary collapse with respect to the pair (ab, abc).

We claim that the chain complex C(A) splits as
C(A) =C @ C(Ay).

By Theorem 2.2.2 and the fact that C’ has zero homology, this yields the propo-
sition.

Now, it is clear that Cy4+1(A) is the direct sum of (7) and Cyy1(A¢). More-
over, we may write

Cr(A) = (8(7)) + Ci(Ao), (2:3)

and this is again a direct sum. Namely, let z be an element in Cj(A). The
coefficient of o in J(7) is £1. For simplicity, let us assume that the coefficient
is 1. We may write © = Ao + z¢ for some A € F and z¢ € Cy(Ap). Noting that

x=MXo+x0=A(7) + Ao — A7) + xo,

we obtain (2.3), because A(c — 9(7)) + 29 € Cr(Ap). In addition, the sum is
direct. Namely, suppose that A - 9(7) + z¢o = 0. Then the coefficient of ¢ in z
must be —\, because the coefficient is +X in (7). Yet, there is no occurrence
of ¢ in xp, which means that A must be 0. As a consequence, z is also zero;
hence the sum is direct. This concludes the proof. O

Running example 1. Look at the elementary collapse £y — Fj \ {ab,abc} = EY;
see Figure 2.1 for a geometric illustration. We obtain that

C_1(Er) = 0 ® (ep),
O(El) = 0 &) <a,b, c, d>,
Ci(E)) = (ab—ac+bc) @ (ac, be,bd,cd),

Csy (El) = (abc> D 0.

Proceeding with the elementary collapse Ef — E’\ {a, ac} = Ag, we may split the
chain complex further as

0:1 (El) = 0 ©® 0 ©® <e@>,
~O(El) = 0 ® <b_ a“> ® <b,C, d>,
Ci(E1) = (ab—ac+bc)y & f(ac)y & (bc,bd,cd),
Cy(Ey) = (abe) ® 0 ® 0.

The first two components of this direct sum form the subcomplex considered in the
example in Section 2.2.
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We refer to a sequence of elementary collapses
A=Y -3l %2 ... 55" = A (2.4)

as a collapse from A to Ag. Applying Proposition 2.3.1 r times, we obtain the
following important result.

Proposition 2.3.2 If there is a collapse from A to Ag, then
(A F) 2 1, (Ao )

for every n.

~

In the example, we applied Proposition 2.3.1 twice to conclude that ﬁn(El; F) >~
Hn(A(); IF)

Let Ag be a simplicial complex, and let a be a vertex not in Ag. The cone
Cone(Ag) = Cone,(Ag) over Ag with apex a is the simplicial complex obtained
from A by adding o U {a} for each o € Ay. Equivalently, A is a cone with
apex a if 0 U {a} is a face of A whenever o is a face of A.

Proposition 2.3.3 If A is a cone with apex a, then H,(A;F) =0 for every n.

Proof. We use induction on the number of faces of A. If A is the void complex
0, then C,, (A) = 0 and hence ﬁn(A) = 0 for all n. Suppose that A is nonempty,
and let 7 be a maximal face of A. We must have that 7 is of the form o U {a}
for some ¢ not containing a. Moreover, ¢ is not contained in any other faces,
because if cU{z} is in A for some x # a, then we also have that cU{z,a} € A,
contradicting the assumption that 7 is maximal. We conclude that A — A\
{o,7} = A’ defines an elementary collapse. Clearly, A’ is again a cone with

apex a. By induction, H,(A") = 0 for all n; hence Proposition 2.3.1 yields that
Hy,(A) =0 for all n. O

_ One may also prove Proposition 2.3.3 directly. Specifically, let z be a cycle in
Cr(A;F). We may write 2 = ¢g+a/cy, where ¢g, ¢1 are elements in Cy,—1(Ag; F)
and A = Cone,(Ag). We have that

0=0n(2) =0n(co) +c1 —aAdp_1(c1).

For this to be zero, we need ¢; = —9(cg) and 9,—1(c1) = 0. Yet, this means
that
Ont1(aNeo) =co—aNdp(co) =co+aNec =z

hence z is a boundary. Since this is true for every cycle z, we conclude that the
homology is zero. The expression a A ¢y being a valid chain group element is
because A is a cone with apex a.

The full simplex on a vertex set V is the simplicial complex 2V of all subsets
of V. Writing d = |V | — 1, we refer to 2V as a d-simplex.

Corollary 2.3.4 If A is a d-simplex for some d > 0, then ﬁn(A;IE‘) =0 for
alln > 0.
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Proof. For any v in the vertex set of A, we have that A is a cone with apex v.
By Proposition 2.3.3, we are done. t

A complex A is collapsible if there is a collapse from A to the void complex
) (not to be confused with {#}). By the proof of Proposition 2.3.3, cones are
collapsible.

Corollary 2.3.5 If a complex A is collapsible, then ﬁIn(A) =0 for every n.

Proof. This is an immediate consequence of Proposition 2.3.2. O

_ There exist simplicial complexes A that are not collapsible but still satisfy
H,(A;F) =0 for all n.

2.4 Collapsing in practice

Suppose that we are given a simplicial complex A and a subcomplex Agy. We
want to find out what it means for A to admit a collapse to Ag. By definition,
there is then a sequence of elementary collapses as in (2.4). Let o;,7; be such
that X1\ ¢ = {0;,7;} and o; C 7;. Define M to be the set of pairs (o;,7;) for
1 < i <r. This means that M is a matching of faces of A such that every face
not in Ay appears in exactly one pair. Equivalently, M is a perfect matching
on A\ Ag.

Here, a matching on a family A is a set M of pairs (o,7), where o and 7
are distinct members of A, such that no member of A appears in more than
one pair. The matching is perfect if every member appears in exactly one pair.
Members of A that appear in some pair are matched, whereas other members
are unmatched.

We say that a matching M on a family A of sets is an element matching if
every pair in M is of the form (o \ {z},0 U {z}) for some z € X and ¢ € A.!
For simplicity, we will often write 0 \ x = o \ {z} and c Uz = o U {z}. All
matchings considered in this document are element matchings. By the above
discussion, we conclude the following.

e For a simplicial complex A to admit a collapse to a subcomplex Ag, it is
necessary that there exists a perfect element matching on A\ Ag.

Yet, this condition is not sufficient. For example, A = {0, a,ab,b,bc, ¢, ac}
cannot be collapsed to Ag = {0}, but there is a perfect element matching on
A\ Ag given by the pairs

(a,ab), (b,bc), (¢, ac). (2.5)

The problem with this matching is that none of these pairs can be the pair used
in the first elementary collapse; each of a, b, and ¢ belongs to two maximal faces,
not just one.

As it turns out, there is a combinatorial description of the condition that a
perfect element matching M on A\ Ag corresponds to a collapse. For generality,
let A be an arbitrary family of sets, and let M be an arbitrary element matching
on A. Form a directed graph D(A, M) with one vertex for each member of A
and with edges defined according to the following rules.

INote that the pair is (0,0 U {z}) if 2 ¢ o and (o \ {z},0) if z € 0.
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e There is a directed edge from o\ z to 0 Uz whenever (o \ z,o0Uz) belongs
to the matching M.

e There is a directed edge from o U x to o \ z whenever (o \ z,0 U z) does
not belong to the matching M.

We say that M is an acyclic matching if D(A, M) does not contain any directed
cycles.

Example. If M is the matching in (2.5), then D(A, M) contains the directed cycle
a—ab—b—bc—c—ac—a.

In particular, M is not an acyclic matching.

Figure 2.2: A complex A along with a matching M on the family of faces outside
the subcomplex Ay with maximal faces bc, bd, cd.

acf abe

AN
/NAN

Figure 2.3: The directed graph D(A, M) associated to the matching M illus-
trated in Figure 2.2. We exclude unmatched faces.

Example. Let A be the complex in Figure 2.2; the maximal faces of this complex
are abc, abe,acf,bd, cd. Let Ay be the subcomplex with maximal faces bc, bd, cd.
In the figure, we have indicated a perfect matching M on A\ Ag. This matching
consists of the following pairs:

(e, be), (a,ac), (f,cf), (ae,abe), (ab, abe), (af,acf).

We illustrate the associated digraph D(A, M) in Figure 2.3. One may check that
D(A, M) does not contain any directed cycles. In particular, M is an acyclic
matching.
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T0 T1 T2 73 Tr—2 Tr—1
[ ] [ ] [ ] [ ] v [ ] [ ]

go g1 g2 g3 Or—2 Or—1

Figure 2.4: Cycle in a digraph corresponding to a non-acyclic matching.

Proposition 2.4.1 Every directed cycle in D(A, M) is of the form
(007 T0,01,T1y- -+, 0p—1, T’r‘—l)

such that
0i;0(i+1) modr C Ti and (O’i,Ti) e M, (26)

and r > 3; see Figure 2.4 for an illustration.

Proof. In a directed cycle in D(A, M), the number of up-steps (steps of the
form ¢ — o U x) is equal to the number of down-steps (steps of the form
ocUz — o). There is no directed path (p,o,7) consisting of two consecutive
up-steps, as this would imply that o is matched with both p and 7. As a
consequence, at most every other step can be an up-step. A straightforward
counting argument yields that exactly every other step is an up-step. O

Proposition 2.4.2 There is a collapse from A to Ag if and only if there exists
a perfect acyclic matching M on A\ Ag.

Proof. Suppose that M is a perfect acyclic matching on A\ Ag. Since D(A, M)
contains no directed cycles, there must be a face o in A\ Ag such that there
are no arrows directed to o. Let 7 be the face matched with o. Since no arrows
are directed to o, we must have that o is the smaller face. Let a be such that
7 = oUa. Now, o cannot be contained in any face 7/ # 7 of the same dimension
as 7, because then there would be an arrow from 7’ to . Moreover, 7 must be
a maximal face of A, because if 7 U b belongs to A for some b ¢ 7, then so does

(tUb)\a=0cUb,

which implies that there is an arrow from o U b to o, a contradiction. As a
consequence,

A — A\{o,7}

is an elementary collapse. Proceeding inductively, we obtain a sequence of
elementary collapses from A to Ay.
The other direction is left to the reader. O

Example. With A, Ag, and M defined as in Figure 2.2, we obtain a sequence of
elementary collapses by collapsing with the matched pairs in the following order:

(af,acf),(f,cf), (ae,abe), (e, be), (ab, abc), (a, ac).
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For example, we may start with (af, acf), because there is no arrow directed to a f
in D(A, M); see Figure 2.3. As a consequence, A can be collapsed to A, which
means that H,,(A) = H,(Aq) for all n.

More generally, we have the following characterization of acyclic matchings.

Proposition 2.4.3 A matching M on a family A is acyclic if and only if the
matched pairs can be labelled (o1,71),- .., (0k, Tk) such that the following condi-
tions hold:

(i) For1 <i< j <k, we have that dimo; < dimo;.

(i) For1l<i< j <k, we have that o is not contained in ;.

Proof. A matching M satisfying (i)-(ii) is acyclic. Namely, assume the op-
posite, and let ¢ be minimal such that 7; appears in a cycle in D(A, M). By
Proposition 2.4.1, 7; is followed in the cycle by o; and 7; for some j # ¢ (note that
the indices ¢ and j do not have the same meaning here as in that proposition).
By (ii), we must have that j < ¢, which is a contradiction to the minimality of
i.

Conversely, suppose that M is acyclic. For any labeling (o1,71),..., (0K, Tk)
of the matched pairs such that (i) is satisfied, we have that (ii) can only be
violated if dimo; = dimo;. In particular, we may restrict our attention to all
matched pairs (o, 7) such that dimo is equal to a fixed value. Since D(A, M)
does not contain any directed cycles, there must be some matched pair (o1, 71)
with the property that 7 does not contain o for (o,7) € M \ {(¢61,71)}. By
induction on the size of M, the pairs in D(A, M)\ {(c1,71)} can be labelled as
(02,72), ..., (0K, T) such that (ii) is satisfied. Adding (01,71} at the beginning
of the list, we observe that (ii) is still satisfied. This concludes the proof. O

Example. Again, consider A, Ag, and M defined as in Figure 2.2. The following
arrangement of the pairs in M satisfies the conditions in Proposition 2.4.3:

(a,ac), (e, be), (f,cf), (ab,abc), (ae, abe), (af,acf).

We obtain a collapse from A to Ag by starting with the pair on the far right and
then going left. There are many other possible arrangements, but the pair (ab, abc)
must appear before the pair (ae, abe), because abe contains ab.

We conclude the section with some useful results. See Section 2.7 for exam-
ples.

A finite partially ordered set or poset is a pair P = (X, <), where X is a
finite set and < is a binary relation on X satisfying the following conditions for
all z,y,2z € X:

o < x.
o If x <yandy <z, then z =y.

o If xr <yandy <z then z < 2.
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An (order-preserving) poset map between two posets P = (X,<p) and Q =
(Y, <g) is a function f: X — Y such that f(x) <¢g f(y) whenever z <p y. We
will often write f : P — . We obtain a poset structure on a family A of sets
by definining ¢ < 7 whenever o C 7.

Lemma 2.4.4 ([1, 2]) (Cluster Lemma) Let A be a family of sets, and let
f A — Q be a poset map, where Q) is an arbitrary poset. For q € Q, let M, be
an acyclic matching on

N e)={oeA: flo)=q}.

Let
M= M,
q€Q

Then M is an acyclic matching on A.

Proof.  Assume the opposite, and let (o9, 70,...,0.-1,7»—1) be a cycle in
D(A, M) satisfying (2.6). Let qo, ..., q-—1 be such that oy, 7 € f~(qx) for 0 <
k <r—1. Since O (k+1) mod r C 7k, we get that 4d(k+1) mod r = f(U(k+1) mod r) <
f(or) = qx. Via a simple induction argument, this implies that g < gi for any
pair k, k'. Swapping k and k', we obtain ¢ < qxr, which implies that g, = qr; Q
is a poset. Hence all sets in the cycle are contained in one single family f~1(q),
which is a contradiction. (]

A very common situation is described in the following corollary.

Corollary 2.4.5 Let A be a family of subsets of a set X, and let Y be a subset
of X. For p CY, let M, be an acyclic matching on the family

A,={ceA:onNY = p}.

Define

M= M,
pCY

Then M is an acyclic matching on A.
Proof. Let 2Y denote the poset of all subsets of Y ordered by inclusion. A

poset map from A to 2V is given by mapping a face ¢ to o N'Y. Namely, if
0 C7,then cNY C7UY. By Lemma 2.4.4, we are done. |

Our final lemma gives another approach to constructing acyclic matchings.
The idea is to pick an element x and match o\  with o U x whenever possible.

Lemma 2.4.6 Let A be a family of subsets of a set X, and let x € X. Define

M, = {(c\z,0Uz):0\z,0Uz € A};
A, {o:0\z,0Uz € A}

Let M’ be an acyclic matching on A’ = A\ A,. Then M = M, UM’ is an
acyclic matching on A.
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Proof.  Assume that (o9, 70,...,0,-1,7r—1) is a cycle in D(A, M) satisfying
(2.6). Since M’ is an acyclic matching on A’, there must be some pair {o;, 7}
that is included in M, rather than in M’; by construction, we then have that
7; = o;Uz. For simplicity, assume that ¢ = 0. Since 7,._1 is not matched with oy,
we must have that x ¢ 7,_;. This means that there is some j € {1,...,r — 1}
such that « € 7;_1 and « ¢ 7;. However, this implies that 7,1 = o; U x,
which is a contradiction, because we would then have that (o;,7,-1) € M, by
construction. O

2.5 Basics of discrete Morse theory

Now, we generalize the situation from Section 2.3. The topics discussed in this
section form the basis of discrete Morse theory, a method introduced by Robin
Forman.

Let

dn dn—1

dn+2 dn+1
C Lot Cn,+1 Cn Cn—l

be an arbitary chain complex C of free and finitely generated F-modules. We
assume that we have a fixed basis &, of each (). For example, if C is the
simplicial chain complex associated to a simplicial complex, then we may choose
En to be the usual set of oriented simplices of dimension n. For simplicity, we
write d = d,, for each n.

Any element ¢ in C), admits a unique representation

c= Ao O
n

as a linear combination of the basis elements, where A\, € F for each 0. We
refer to A\, as the coefficient of o in c¢. For x € Cp41, we let (z : o) denote the
coefficient of o; in d(z).

Let k£ be an integer, and let 0 € & and 7 € E,r1. We want to define the
concept of a generalized elementary collapse involving the pair (o, 7). It turns
out to be convenient to drop the maximality requirements on 7. In the simplicial
case, this leaves us with one single requirement:

e o0 =71\ for some z € T.
In the general case, we require the following:
e The coefficient (7 : ¢) of ¢ in d(7) is invertible in F.

In the case that F is a field, this means that the given coefficient is a nonzero
element in F. If F = 7Z, then the coefficient must be 1 or —1.

Given an elementary collapse from a simplicial complex A to a subcomplex
Ag, we deduced in Section 2.3 that C(A) can be written as a direct sum C' @
C(Ap), where C' has zero homology. In our more general setting, we want to
obtain a similar decomposition C = C' ® E, where again C’ has zero homology.
As we will see, the procedure is a little bit more complicated than in Section 2.3.

To start with, let

1 = G\ {7}
& = &\ {o}.
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Defining 5 = &, for all other choices of n, we obtain a new family of F-modules
Cn, where C, is the free F-module with basis &,. Yet, we get two problems; for
simplicity we write d = d,, for all n.

1. It is not necessarily true that d(z) € Cj for all # € Chi1, because we
might have that (x : ) # 0.

2. Tt is not necessarily true that d(z) € Cyi1 for all # € Cjy, because we
might have that (z: 7) # 0.

These problems are a consequence of our dropping the maximality requirements
on 7. We start by taking care of the first problem. As it turns out, our solution
to this problem will also solve the second problem.

For any basis element € € ;41 \ {7}, define

(e:0)

)\EZ(T o)
and (c:0)
eze—)\eTze—(T:U)-T.
Note that
(EZO'):(620)—)\6(7'20'):(620)—((:_::Z)) (t:0)=0

In particular, d(€) € ék Redefine gk;Jrl as

Eos1 = {€: €€ &t \ {T}}.
Moreover, redefine é,m to be the free F-module with basis §k+1.

Example. Consider the chain complex corresponding to the simplicial complex con-
sisting of all subsets of the set {r,s,t,u}. Consider the pair (o,7), where o = rt
and 7 = rst. In this case, k = 1. Note that

(rst:rt) = —1,

because the coefficient of 7t in O(rst) = rs + st —rt is —1.
Now, look at the basis elements € # rst in degree 2. We have that

i1t
A = exrt) _ (e 1),
(rst :rt)
which yields that
Arsu = —(rsu:rt) = 0,
Mt = —(rtu:rt) = =1,
Astu = —(stu:rt) = 0.
This means that we should define
rsu = rsu—0 = rsu,
rtu = rtu—(—rst) = rtu+rst,

stu = stu—0 = stu.
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One easily checks that 7t does not appear in the boundary of any of these elements.
For example,

O(rtw) = O(rtu+rst) = rt+tu—ru+rs+st—rt
= rs—r1u+ st+tu.

After having solved the first problem, it remains to_consider the second
problem: We want d(x) to lie in Ciyq for every x € Cria = Ckia. Now,
Ek+1 U{T} is a basis for Cyy;1. In particular, there are numbers g, such that

d(z) = Z L€ + prT.

e€€kr1\{7}

Since d?(z) = 0, we get that

0=(d(z):0) = Z pe(€:0) + pr(7T:0) = pr(7: 0).
e€€k+1\{7}

The last equality is a consequence of the fact that (€: o) = 0 for alle € E,1\{7}.
Since (7 : o) is invertible, we obtain that p, must be zero. As a consequence,

d(x) S 6‘k+1.

Example. Let us continue with the same example as before. Since k = 1, we want
to check that d(x) € C; for each © € Cs5. Now, C3 = (rstu), and we get that

A(rstu) = stu — rtu + rsu — rst = stu — (rtu + rst) + rsu = stu — rtu + rsu.

This indeed belongs to Cs.

We may conclude the following.

Proposition 2.5.1 Let 0 € & and 7 € Epy1 be such that (7 : o) is invertible
i F. Then

~ dny2 ~ dnit1 jan d o dn—1
C:oov —— n+1 Cn ~ Cnfl

defines a chain complex, where én is the submodule of C,, with basis

R {e—((iz) Tie€&1} fn=k+1,

En=1 &\{o} ifn=Fk,

En otherwise.

Let C’ be the subcomplex of C with the property that the nonzero chain groups
are C;_, = (1) and C}, = (d(7)). We obtain the following.

Proposition 2.5.2 Let C be defined as in Proposition 2.5.1. Then C is the
direct sum of C' and C. In particular, H, (C) = H,(C) for each n.
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Proof. We already concluded that Cisa subcomplex of C. As a consequence,
it suffices to show that C,, is the direct sum of C/, and C,, for each n. This
is immediate unless n € {k,k 4+ 1}. For n = k, the proof is identical to that
of Proposition 2.3.1. For n =k + 1, it is easy to check that we obtain a basis
for Ck41 by adding 7 to Ex41. To prove the final statement in the proposition,
apply Theorem 2.2.2 and use the fact that the homology of C’ is zero. (]

After having considered the situation for one single matched pair, we now
consider a general matching

M ={(o;,7:): 1 <i<r},

where o; and 7; are basis elements such that (9(7;), 0;) is invertible for each 1.
For any = € Cy, we write degx = d.

Theorem 2.5.3 Suppose that the following hold:
(i) For1 <i<j<r, we have that dimo; < dimo;.
(ii) For1l <i<j<r, we have that (0(r;),0;) is zero.

Then it is possible to form a new chain complez C such that Hn(E) = H,(C) for
all n and such that the rank of C,, is equal to the rank of C,, minus the number
of basis elements e € {0, 7;,: 1 <1 < r} such that dege = d.

For simplicial chain complexes, conditions (i)-(ii) are equivalent to saying that
the matching is acyclic; apply Proposition 2.4.3.

Let us sketch a proof. Starting with the very last pair (o, 7%), we may
use the above procedure to transform C into a new chain complex C with the
same homology as C. If k = 1, then we are done. Otherwise, we observe the
folloing: When moving from C to C, we only modify basis elements e such
that (0(e),ok) # 0. Among the elements o1, 71,...,0%-1,7k—1, there is no such
element by assumption. In particular, conditions (i)-(ii) still hold for the pairs
(01,71)5 -, (Ok—1,Tk—1) in C. Using an induction argument, we may hence
transform C into a chain complex with properties as in the theorem.

2.6 Joins, deletions, and links

Some important constructions in the theory of simplicial complexes are those of
joins, deletions, and links.
2.6.1 Joins

Let X and Y be two sets such that X NY is empty. Let A be a family of subsets
of X, and let I be a family of subsets of Y. The join of A and I' is the family

AxI'={6Uy:6e€ AyeT}.

Observe that A« = () and A « {0} = A. If both A and I' are simplicial
complexes, then A xT' is also a simplicial complex.
For example, any cone is a join, because

Cone,(I') = {0,a} «T.
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See Section 2.3 for more discussion on cones.

For another important special case, let I' be a simplicial complex, and let a
and b be two vertices not in I". The suspension Susp(T") = Susp, ,(I') is the join
{0, a,b} * T. Equivalently,

Susp(T") = {o,0U{a},cU{b}:0 €T}

We examine suspensions in Section 2.6.2.
Given a matching Ma on A and a subfamily I'y of I, we define

Ma+To={(cU~,TU7Y): (0,7) € Ma,v € I'y}. (2.7)

If Ma is a perfect matching on A, then Ma *xI'g is a perfect matching on A*I'y.
We define Ag * Mr analogously for any subfamily Ay of A and any matching
MronT.

In the following, § always denotes a member of A, whereas v denotes a
member of T'.

Proposition 2.6.1 Let X and Y be two sets such that X NY is empty. Let A
be a family of subsets of X, and let T be a family of subsets of Y. Suppose that
we have acyclic matchings Ma and My on A and T, respectively. Then there
is an acyclic matching on A xT" such that 6 U~ is unmatched if and only if § is
unmatched with respect to Ma and v is unmatched with respect to Mr.

Proof. Define a matching M on A % I' as the union of the following two
matchings.

o MaxT.

e C x Mp, where C is the family of members of A that are unmatched with
respect to Ma.

Note the asymmetry in the construction. It is clear that é Uy is unmatched if
and only if ¢ is unmatched with respect to Ma and + is unmatched with respect
to MF.
It remains to prove that M is an acyclic matching. Assume the opposite,
and let
(6o U0, 01 U1, ..., 02p—1 Uy2r_1)

be a cycle in D(A «T', M). Consider the sequence
(80,01, ..., 02r—1).

By construction, for each i, we have that either §; = §;41 or there is a directed
edge from §; to d;41 in D(A, Ma) (indices are computed modulo 2r). Since
D(A, M) is acyclic, we must have that §; = d;41 for all 4, which yields that all
d; are equal to some fixed 6.
If 6 is matched in Ma, then there cannot be a directed edge from § Uy to
0U~" unless 4" C ~y. This rules out the existence of a directed cycle in this case.
Suppose that § is unmatched in Ma, and consider the sequence

(70771) N 5727“—1)-

Again by construction, this sequence forms a directed cycle in D(I', M), a
contradiction. ]
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Corollary 2.6.2 Suppose that A admits a collapse to Ag and that T’ admits a
collapse to T'g. Then A *xT' admits a collapse to Ag x T'g.

Proof. The given conditions are equivalent to A\ Ay and I'" \ Iy admitting
acyclic matchings. Proposition 2.6.1 yields that A « I'\ (Ag * I'g) admits a
perfect acyclic matching. By Proposition 2.4.2, this is equivalent to saying that
A x T" admits a collapse to Ag * I'g. O

In particular, the following is true.

Corollary 2.6.3 Let A and I' be simplicial complexes. If A is collapsible, then
A x T is collapsible.

2.6.2 Links and deletions

Let A be a simplicial complex, and let a be a vertex in A. The deletion of A
with respect to a is the subcomplex

dela(a) ={oc € A:a ¢ o}
The link of A with respect to a is the subcomplex
linka (a) = {0 € dela(a) : o U {a} € A}.

Note that A is the disjoint union of dela(a) and {a} * linka (a).

The following proposition is a special case of a more general result discussed
in Section 3.3. Since we will need the proposition already in Section 2.7, we give
a separate proof here.

Proposition 2.6.4 Let n be integer, let A be a simplicial complex, and let a be
a vertex such that Hy(dela(a);F) = Hy,—1(dela(a);F) = 0. Then

H,(A;F) = H,_(linka (a); F).

Proof. Write D = dela(a) and L = linka (a). We may write any element z in
Co(A) as asum z = x4 a Ay, where z € C,(D) and y € C,,_1(L). Note that
z is a cycle if and only if 9,,(z) +y = 0 and 9,,—1(y) = 0. In particular, we may
write any element z in Z,(A) as a sum z = x — a A 9y, (), where 2 € C,,(D)
and 0,(z) € C~'n_1(L). Also note that we may write any element z in B, (A) as

2=0ht1(@+aANy)=0h11(x)+y—aAdn(y)

for some x € C~'n+1(D)~ and y € ?’n(L)
Define a map ¢ : Cp,(A) — Cp—1(L) by

px+any)=y.

By the above discussion, ¢ induces a map ¢* : H,(A) — H,_1(L). Namely,
if z € Z,(A), then () is of the form —d, () for some z € Cy(D) such that
On(z) € C,_1(L), hence an element in Z,_1(L). If z € B,(A), then o(z) is of
the form 9, (y) for some y € C,,(L), hence an element in B,,_1(L).

It remains to prove that ¢* is an isomorphism. First, assume that z is an

element in Z,(A) such that ¢(z) is an element in B, _1(L). Writing z = x —a A
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This belonging to B,,—1(L) means that 9,(x) = 9,(z’) for some =’ € C,(L)
Now,

O (), where z € Cp,(D) and 9, (z) € C,,_1(L), we obtain that ¢(z) = —9, ().

2=0ht1(anNa’) = z—aAdp(x)—2 +and,(z)
= x—2 € Z,(D) = B,(D);
the last equality follows from the fact that H,(D) = 0. As a consequence,
2z € Bp(A), which yields that ¢* is injective.
Next, let w be any element in Z,,_;(L). Since Z,,_1(D) = B,_1(D), we have
that w = 0y, () for some x € C,, (D). This yields that z = —x + a A Op(x) is an
element in Z,(A) such that ¢(z) = w. In particular, ¢* is surjective. O

Corollary 2.6.5 We have that ﬁn,(Suspmb(F);F) = H,_(I;F) for every n.

Proof. Write A = Susp, ,(I'). We observe that
dela(a) = Cone(T),
linka(a) = T.

Using Proposition 2.3.3, we deduce that H,(dela(a);F) = 0 for all n. As a
consequence, Proposition 2.6.4 yields that

H,(A;F) 2 H,_; (linka (a); F) = H,_,(T;F),

which concludes the proof. ([

Running example 2. We have that Es is a triple suspension of {{)}. Specifically,
define X = {0},

Y1 = Suspg+ o-(Xo) = {0,at,a"},
Yo = Suspyiy-(X1) = {0,at,a”,07,b7,aTbT,aTbT, a7 b, a7b 7},
Y3 = Suspg+ .- (X2).

Then By = ¥3. Since H,(S0;F) 2 F if n = —1 and H,(Z0;F) = 0 otherwise,
Corollary 2.6.5 applied three times yields that H, (E2;F) = Fifn=-1+3 =2
and H,(E2;F) = 0 otherwise. Hence we reestablish the result from Section 1.7.2.

Corollary 2.6.5 is also a special case of a general result about joins, which
we state for completeness.

Theorem 2.6.6 Let A be a simplicial complex such that all homology groups
of A are free F-modules. Let T' be any simplicial complex. Then

H,(A«TiF) = P Hi(AF) @ H;(I;F).
i+j=n—1

Here, A®y B is the tensor product over I of the two F-modules A and B. In the
case that A and B are free F-modules with bases {e1,...,e,} and {€],..., e},
respectively, the tensor product A ®p B is the free F-module of rank rs with
basis {e; ® e; 1 <@ <rl<j < st We refer the interested reader to a
textbook in algebra for the general definition and to a textbook in algebraic

topology for a proof of Theorem 2.6.6.
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2.7 Independence complexes

We look at independence complexes, which are simplicial complexes defined in
terms of graphs. Such complexes A are characterized by the fact that a face o
belongs to A if and only if every subset of o of size two belongs to A.

Let G = (V,E) be a simple and loopless graph. Equivalently, G is a 1-
dimensional simplicial complex. A vertex set A in a graph G is independent (or
stable) if no two vertices in A form an edge. We define Ind(G) to be the family
of independent sets in G. The family Ind(G) has the property that if B € Ind(G)
and A C B, then A € Ind(G). In particular, Ind(G) is a simplicial complex. We
refer to Ind(G) as the independence complez of G.

For a vertex v, we define Ng(v) to be the set of vertices w such that vw
belongs to E. Equivalently, Ng(v) is the set of vertices adjacent to v. Note
that v itself does not belong to Ng(v). Define Ng[v] = Ng(v) U {v}. We write
N(v) = Ng(v) and N[v] = Ng[v] when the graph G is clear from context.

For a vertex set U in a graph G, let G — U be the graph obtained from G by
removing the vertex set U and all edges with at least one endpoint in U. We
write G—v = G— {v}. For an edge set K, let G\ K be the graph obtained from
G by removing all edges in K (but not the vertices contained in the edges), and
let G U K be the graph obtained from G by adding all edges in K. We write
G\e=G\{e} and GUe =G U{e}.

The following observation is sometimes useful.

Proposition 2.7.1 Let G be a graph, and let a be a vertex in G. Then

deljng(@y(a@) = Ind(G —a),
linkjng(g)(a) = Ind(G — Na]).

We leave the proof to the reader.

Let K, denote the complete graph on n vertices; the vertex set of K, is a
set V of size n, and the edge set consists of all subsets of V of size two. For two
graphs G; = (V1, E1) and G = (Va, Es) defined on disjoint vertex sets V7 and
V5, the disjoint sum G + G» is the graph with vertex set V3 U V5 and edge set
Ei1U Es.

We are interested in the homology of Ind(G). For simplicity, we write
H,[G] = H,(Ind(G); F). We start with some simple observations.

Proposition 2.7.2 If G' = K1 + G, then Ind(G’) is the cone over Ind(G). In
particular, Hy|G'l =0 for all n.

For the second statement, apply Proposition 2.3.3.

Proposition 2.7.3 If G’ = Ko+G, then Ind(G") is the suspension over Ind(G).
In particular, H,|G'] = H,_1[G] for all n.

For the second statement, apply Corollary 2.6.5.

The following two propositions have nearly identical proofs. They are special
cases of a more general result discussed in Section 3.3; see Section 3.5 for more
details.

Proposition 2.7.4 Let G be a graph, and let a be a vertex in G. Suppose that
Ind(G — Nfla]) is collapsible. Then Ind(G) admits a collapse to Ind(G — a). In

particular, H,[G] = H,[G — a].
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Proof. The members of Ind(G) \ Ind(G — a) are all 7 € Ind(G — a) such that
a belongs to 7. Equivalently, 7 \ @ is an independent set in G — N[a]. To
summarize,

Ind(G) \ Ind(G — a) = {a} * Ind(G — Nla]).

By assumption and Proposition 2.4.2, Ind(G — N[a]) admits a perfect acyclic
matching M. We transform M into a perfect matching M’ on Ind(G)\Ind(G—a)
by replacing each pair (o, 7) in M with the pair (o Ua,7 Ua). Again applying
Proposition 2.4.2, we get that Ind(G) admits a collapse to Ind(G — a). O

For vertices a and b, write N[ab] = N]a] U N[b].

Proposition 2.7.5 Let G be a graph, and let a and b be nonadjacent vertices
in G. Suppose that Ind(G — Nab]) is collapsible. Then Ind(G) admits a collapse

to Ind(G U e), where e denotes the edge ab. In particular, H,|[G] = H,|G U €].

Proof. The members of Ind(G) \ Ind(GUe) are all 7 € Ind(G) such that both a
and b belong to 7. Equivalently, 7\ ab is an independent set in G — Nab]. To
summarize,
Ind(G) \ Ind(G U e) = {ab} * Ind(G — N|[ab)).

By assumption and Proposition 2.4.2, Ind(G — NJab]) admits a perfect acyclic
matching M. We transform M into a perfect matching M’ on Ind(G)\ Ind(GUe)
by replacing each pair (o, 7) in M with the pair (o0 Uab, 7 Uab). Again applying
Proposition 2.4.2, we get that Ind(G) admits a collapse to Ind(G U e). O

Corollary 2.7.6 Let G be a graph, and let a and b be adjacent vertices in G.
Suppose that Ind(G — Nab]) is collapsible. Then Ind(G \ e) admits a collapse to
Ind(G), where e denotes the edge ab. In particular, H,[G] = H,[G \ €].

2.7.1 Example

Let G’ be a graph with the schematic structure illustrated on the left in Fig-
ure 2.5. More precisely, there are vertices a,b,r,s,t in G’ such that N(r) =
{a,s}, N(s) = {r,t}, and N(t) = {s,b} and such that a and b are nonadjacent.

G G

Figure 2.5: Example graphs.
Letting G1, G2, Gs, G4 be the graphs illustrated in Figure 2.6, we note the
following:

* The vertex s is isolated in G’ — N[ab]. In particular, Ind(G’) is collapsible
to Ind(G1) by Proposition 2.7.5.

* The vertex t is isolated in G; — Nar]. In particular, Ind(Gz2) is collapsible
to Ind(G;) by Proposition 2.7.5.
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@ a ? ? ‘f\ b a *** ) a. ** b
G G Gs Gy
Figure 2.6: More example graphs.

* The vertex r is isolated in G2 — N|[tb]. In particular, Ind(G3) is collapsible
to Ind(G2) by Proposition 2.7.5.

* The vertex r is also isolated in G — N|[t]. In particular, Ind(Gs3) is col-
lapsible to Ind(G4) by Proposition 2.7.4.

We conclude that

Hn[G/] = I:In[Gl] = I_}n[G2] = I:In[GS] = I:In[G4]

for all n.
Now, G4 is the disjoint sum of K5 and G, where G is the graph illustrated
on the right in Figure 2.5. In particular, Proposition 2.7.3 yields that

f{n[Gél] = f{n—l[G]
for all n. To summarize, we have that
H,|G' = H, 1G] (2.8)

for all n.

For example, let G’ be the cycle graph O. This is the graph with vertex
set {1,...,k} and edge set {12,23,34,...,(k — 1)k, 1k}. Assume that k > 6.
Choosing (a,r,s,t,b) = (1,k,k — 1,k — 2,k — 3) and writing e = ab, we note
that

G = (0 —{r,s,t})Ue = Op_s.

In particular, ~ ~
Hn[Ok] = Hn71[0k73]~
Examining Ind(O) by hand for k¥ < 5 and using induction on &, we obtain that
H,,[Og] is zero for all n and k, except that
Hp (O3] = F?
f{k [03m+1]
Hi[O3m 2]

1R
==

for all m > 1.
Let us give a second method for deriving the identity (2.8). We may divide
Ind(G’) into the following families:

* The family Fp of graphs not containing a and b;
Fop=A{0,r,s,t,rt} *Ind(G — {a,b}).
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* The family F, of graphs containing a but not b;

Fo ={a,as,at} * Ind(G — Na] U {b}).

* The family Fp of graphs containing b but not a;

Fp = {b,br,bs} * Ind(G — {a} U N[b)).

* The family F,; of graphs containing both a and b;
Fap = {ab,abs} * Ind(G — Nab]) = Ind(G’) \ Ind(G1),
where (7 is the graph on the left in Figure 2.6.

We obtain a collapse from Ind(G’) to Ind(G1) by forming the matching
Moy, = {(ab,abs)} * Ind(G — Nlab]);

we use the notation in (2.7). Namely, this is a perfect matching on Fy;, and the
matching is acyclic by Proposition 2.6.1.

By Corollary 2.4.5, we obtain an acyclic matching on Ind(G7) by taking the
union of any acyclic matchings on the families Fy, F,, and F,. Let us pick the
matchings

My = {(@,7),(,rt)} *Ind(G — {a,b}),

M, = {(a,at)}*Ind(G — N[a] U {b}),

My, = {(bbr)} «Ind(G — {a} U N[b)).
By Proposition 2.6.1, each of these matchings is acyclic. In particular, the union
M = MyU M, U M, is acyclic.

Note that M is a perfect matching on deljng(g,)(s) = Ind(G1 — s) and that
the family of unmatched faces is

{s} * linkjng(c,)(s) = {s} * Ind(G1 — N[s]) = {s} * Ind(G).

Since H,[G1 — s] = 0 for all n, we may apply Proposition 2.6.4 to obtain (2.8).



Chapter 3

Algebraic techniques

3.1 Exact sequences

One of the most important concepts in mathematics is that of an ezact chain
complex. In such a complex

dn dn—1

dny2 dn41
Coovr 2, 0y c, C,_, ot

every cycle is a boundary. Equivalently,
Z,(C) = B,(Q)

for every n. One typically refers to exact chain complexes as (long) exact se-
quences. The word “long” means that the sequence extends indefinitely in both
directions; we have a chain group C), defined for every n € Z. There is also the
concept of a short exact sequence. This is a sequence involving only five groups,
the very first and the very last being zero;

0— A", pB_—*,(C 0.

The sequence being exact means that ¢ : A — B is injective, s : B — C is
surjective, and im1i = ker s. More generally, we have the following result.

Proposition 3.1.1 Suppose we have an exact sequence of F-modules

dny2 dn41 d, dn—1
A:... —= An+1 . An _n Anfl s ...

Then the following hold.
o Ifd,y1 =0, thend, : A, — A,_1 is injective.
o Ifd,_1 =0, then d, : A, — A,_1 is surjective.
In particular, d, : A, — Ap_1 is an isomorphism if d,4+1 and d,—1 are both

ZETO Maps.

Proof. The homomorphism d,, is injective if and only if kerd,, = 0, and d,, is
surjective if and only if imd,, = A,,—1. Now, if d,11 = 0, then 0 = imd, 41 =
kerd,. Moreover, if d,_1 = 0, then A, = kerd,,_1 = imd,. For the final

57
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statement, a homomorphism is an isomorphism if and only if it is injective and
surjective. O

There is an entire area of mathematics — homological algebra — devoted to
the study of exact sequences and their relatives. Since a chain complex C is
exact if and only if H,(C) is zero for every n, one may view the homology of C
as a measure on how far C is from being exact.

3.2 Chain maps and chain isomorphisms

Another important concept is that of isomorphic chain complexes. Intuitively,
two chain complexes are isomorphic if it is possible to identify the chain groups
of the two complexes in a way compatible with the boundary maps.

Let

Stz fnt1 fn fn-1
Xiooo —— X4 X, Xn-1

gn+2 In+1 9n gn—1
Y: oo —— Y11 Y, Y,.—1

be two chain complexes. A chain map ¢ : X — Y is a sequence (¢, : n € Z) of
F-module homomorphisms ¢,, : X,, — Y,, such that

Pn—1 0 fn = 0gn—1°Yn
for all n. This means that the following diagram commutes:

fn fn—l
—_

ﬂ Xn—i—l Jnit Xn Xn—l

<Pn+1J/ SOnJ/ San—IJ/

gn+1 gn In—1
" Y, n Y, 2, ...

gn+2

YnJrl

Equivalently, the result when going from X,, to Y,,—; does not depend on
whether we go first right and then down or first down and then right. Note
that ¢, induces a homomorphism

or s Hy(X) — Hy(Y).
Namely, if = € ker f,,, then
0= @n-1/n(T) = gnpn(xr) = @n(x) € ker g,
Moreover, if z € im f,,41, meaning that x = f,,11(2’) for some 2’/ € X,,11, then

‘Pn(x) = ‘Pnfn+1(33/) = gn+1(§0n+1(x/)) = (Pn(x) €imgyy1-

We say that a chain map ¢ is a chain isomorphism if every (,, is an isomor-
phism.

Proposition 3.2.1 With notation as above, suppose that ¢ is a chain isomor-
phism, and let n € Z. Then p, induces an isomorphism

@y Hy(X) — Hy(Y)

for each n.
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Proof. We have that

on(ker fr) = on(ker pn_1fn) = @n(ker gnp,) = ker g,

because ¢,_1 is injective and ¢, is surjective. As a consequence, @ is surjective;
for every y € ker g, there is an = € ker f,, such that ¢ (x +im f,41) = y +
im gn41. Moreover,

‘Pn(im fn+1) = gn+1(§0n+1(Xn+1)) = gn+1(Yn+1) =imgny1,

because ;11 is surjective. In particular, x € im f,, if and only if ¢, (z) € im g,,
because ¢y, is injective. We deduce that ¢ is injective; ¢ (x +im f,,41) is zero
if and only x € im f,41. (]

3.3 Relative homology

Let C be a chain complex, and let C(9 be a subcomplex of C. We define the
relative chain complex

dn+2 dn 1
Q e QnJrl i Qn

of the pair (C, C(?)) in the following manner. The nth chain group of Q is defined
to be the quotient

] dn_
b Qpy

Cn
Qn = T(LO) .

The boundary map a?,n : Qn — Qn_1 is the one induced by d, : C, — C,_1.
Specifically,
do(z 4+ CO) = dy(z) + C2,.

This is well-defined, because dn(qu,O)) C Cfl()jl. We let H,(C,C(?)) denote the
homology in degree n of Q and refer to it as the relative homology of the pair
(C,C),

For a simplicial complex A and a subcomplex Ag, let C(A, Ag;F) denote
the relative chain complex of the pair (C(A;F), C(Ag;F)). For convenience, we
write

Hn(Av AO; F) = Hn(C(Av ]F)v C(AO; ]F))

We refer to this as the relative homology of the pair (A, Ag).

The situation is particularly nice for simplicial complexes. Specifically, we
may identify the quotient C,, (A;F)/C,(Ap; F) with the submodule of Cy, (A;TF)
generated by all oriented simplices corresponding to faces of dimension n in
A\ Ay. We obtain the boundary én(c) by computing the ordinary boundary
On(c) and removing all oriented simplices corresponding to faces of Ag.

Running example 1. Let 2V be the full simplex on the vertex set V = {a,b,c,d}.
Then 2V \ E; is the family {ad, abd, acd, bcd, abed}. In particular,

C3(2V,Ey;F) = (abed) =T,
Co(2V,Ei;F) = (abd, acd, bed) = F?,
C1(2¥, Ex; F) {ad) = TF.

e

1%
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Forn ¢ {1,2,3}, we have that C,,(2", F1;F) = 0. The boundary maps are defined
by

do(abd) = —ad,
Os(abed) = bed —acd+ abd, 0z2(acd) = —ad, 0i(ad)=0.
do(bed) = 0,

For example, abc does not appear in the boundary of abed, because abc € Ej.

Formally, write T" = A\ A, and let P, be the submodule of C'n(é) generated
by oriented simplices in T" of dimension n. We may write Cp,(A) = Cp (Do) ® Py
In particular,

_ == > — & — = Py
Cn(AO) Cn(AO) @ 0 Cn(AO) 0

here, we use Proposition 0.2.1. The reader may check that an isomorphism
Pn + Pn — Cn(A)/Cr(Ao) is given by

©n(p) = p + Cn(Ao).

Define 9, : P, — Py_1 by On (p) = po, where pg is the unique element in P,_q
such that po — 0, (p) € Cp—1(Ap). Then

@n—lén(p) = po+ C~(n—1(AO) }
= On(p) + (Po — On(p)) + Cn-1(Ao)
= 8n(p) + én—l(AO) = 6n(p + OW(AO)) = 8An§0n(p)'

In particular, C(A, Ag; F) is isomorphic to the chain complex

én+2 én+l én én—l
P(A,Ag) :--- Pri1 P,y —

P,

It is clear from the above procedure that the chain complex P(A,Ap) only
depends on A\ Ay, not on the particular choice of A and Ag. Specifically, if
A\Ag =T\Ty, then P(A, Ag) = P(T',Ty). To summarize, we have the following
result.

Proposition 3.3.1 LetT' and A be simplicial complexes, let I'g be a subcomplex
of T, and let Ag be a subcomplex of A. If T'\Tg = A\ Ay, then C(T',T;F) and
C(A, Ag; ) are isomorphic. In particular,

H, (T, To; F) & Hy (A, Ag; F)

for all n.

For the final statement, apply Proposition 3.2.1.
Return to the general case. In what follows, a crucial observation is that

there exists a map
d* : H,(C,C) — H,(C"),

This map sends the homology class of an element = + C’T(LO) € Z,(C,CY) to the
homology class of the element d, (z) € Z,_1(C(?)). This is well-defined, because

ifce C,(lo), then
dp(z +¢) — dp(x) = dp(c) € Bn_l(C(O));
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hence d,(x) and d,(x + ¢) belong to the same homology class.

Note that elements in im d}, are not necessarily zero. Specifically, an element
Y€ C,(,F)_)l might be a boundary of some element in C), without being a boundary
of any element in CT(LO).

The following theorem is one of the most important results in homological
algebra. The long exact sequence in the theorem is known as the long ezxact
sequence for the pair (C,C(0)).

Theorem 3.3.2 For any chain complex C and any subcomplez CO of C, we
have the following long exact sequence.

1 Hpi1(C) — Hyyi(C,CO) i
dy iy Hn(c(O)) L Hn(C) S—:L> Hn(C, C(O)) L

d; i Sp_
N n—l(C(O)) N H,_1(0) _n7t,
The map %}, is induced by the inclusion map ip : C,(ZO) — Cy, the map s}, is
induced by the projection map s, : C, — C’n/CT(LO), and the map d}, is defined
above.

Proof. Write C1) = C. For z € Z,(C%) and i € {0,1}, let [z]; denote the
homology class of x in H,(C®"). For x + c? e Z,(CV C0)) et [x]2 denote
the homology class of « + i in H, (CW O,

First, we prove that imi* = kers:. We note that [z]; belongs to imi} if
and only if there is an element x’ € Zn(C(O)) such that x — 2’ € Bn(C(l)). As a
consequence, s’i’ is zero, because s}, maps [z]; to

[2]a = [z — 2|2 + [2"]2 = [0]2.

Conversely, if [x]; € kers?, then z — d(y) € i for some y € C,(,,l_zl. Writing
2’ = x — d(y), we note that 2’ € Z,,(C(9) and z — 2’ € B,,(C™); hence [z]; =
[#']; € imi¥.

Second, we prove that im s} = kerd’. We note that [z]y belongs to im s¥
if and only if there is an element 2’ € Z,,(C™") such that z — 2’ € C(9. As a
consequence, d sy is zero, because d, maps [z to

[dn(2)]0 = [dn(z — 2")]o + [dn(2")]o = [0]o.

Conversely, if [z]2 € kerd, then d,,(z) = dn(x(o)) for some (0 € CT(LO). Writing
2’ =2 — 2 we note that 2’ € Z,(CV) and 2 — 2/ € C(O; hence [z]y = [2/] €
ims;.

Third, we prove that im d;, = kers* ;. We note that [z]o belongs to imd}; if
and only if there is an element y € C,,(CY)) such that z — d,,(y) € B,,_1(C(?).

As a consequence, i}, _,d} is zero, because i _; maps [z]o to

[z]i = [ = du(y)h + [dn(y)]1 = [0]1-

Conversely, if [z]o € keréZ, then z = d,,(y) for some y € ctV; hence [x]2 € im sf.

O
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Corollary 3.3.3 The following hold for any integer n.
(i) If H,(C©) = H,,_1(C) =0, then H,(C) = H,(C,C®).
(i) If H,(C) = H,_1(C) =0, then H,_,(C(») = H,(C,C).
(iil) If Hpy1(C,C) = H,(C,C®) =0, then H,(C) = H, (C).

Proof.
(i) Suppose that H, (C(?) = H,,_;1(C®) = 0. Then we get the exact sequence

- * *
7 s dy,

0 —*— H,(C) —*— H,(C,C9) —— 0.

In particular, H,(C) = H,(C, C(O)).

(ii) Suppose that H,(C) = H,_1(C) = 0. Then we get the exact sequence

o«
n—1

0 —" . H,(C,cO) % g (coy

In particular, H, _;(C(*) = H,(C,C©),

(iii) Suppose that H,,1(C,C() = H,(C,C®) = 0. Then we get the exact
sequence

*

S

g -
0 —, H,(C®) —— H,(C) —— 0.
In particular, H, (C) = H,(C(©).
O

Corollary 3.3.4 For any simplicial complex A and any subcomplex Ao of A,
we have the following long exact sequence.

i . s* . o

S Hn+1(A) sl HnJrl(AvAO) S
oy . i* ~ s* - *
T B, (M) e Hu(A) T Ha(A D)
o 1 (M) LN T0_1(A) Sno1

The map iy, is induced by the inclusion map ip : Cin(Ao) - C(A), the map s*
is induced by the projection map sy : Cp(A) — Cp(A)/Cr(Dy), and the map
0} is defined in the same manner as d, in Theorem 3.5.2.

Corollary 3.3.5 The following hold for any integer n.
(i) If Ho(Ao; F) = H,_1(Ao; F) = 0, then H,(A;F) 2 H, (A, Ag; F).
(it) If H,(A;F) = H,_1(A;F) =0, then H,_1(Ao; F) = H, (A, Ag; F).
(iii) If Hoy1(A, Ag;F) = Hy (A, Ag; F) = 0, then H,(A;F) = H,(Ag; F).

Let 2V be a k-simplex; k = |[V| — 1. We obtain the boundary of a k-simplex
by removing the maximal face V from 2V.
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Corollary 3.3.6 If X is the boundary of a k-simplex, then

[ . ~ F an =k— 1’
H,(%;F) = { 0 otherwise.

Proof. Let A be the full k-simplex 2V; we have that V has size k + 1. Then
A\ X consists of one single simplex of dimension k. As a consequence,

F ifn=k,

H, (A, % F) = { 0 otherwise.

Now, H,(A;F) = 0 for all n by Corollary 2.3.4. As a consequence, H,,_(3;F) =
H,(A,%;TF) by Corollary 3.3.5 (ii), which yields the desired result. O

For any simplicial complex A; and any subcomplex Ay, it is easy to construct
a simplicial complex Ay with the same homology as the pair (A1, Ag).

Corollary 3.3.7 Let A1 be a simplicial complex, and let Ay be a subcomplex
of Ay. Let a be a vertex not in Ay. Define

Ay = Cone, (Ag) U A;

this is the simplicial complex obtained from Ay by adding cUa for each o € Ay.
Then ~ R
Hn(A% F) = Hn(AIa AO; IF)

Proof. By Proposition 2.3.3, we have that Cone,(Ag) is collapsible. As a
consequence,

H,(Ag:F) = H,(As, Cone,(Ag); F).
Yet, Ay \ Cone,(Ag) = Az \ Ag, which implies that

H,(Ag, Coney(Ag)) =2 Hy (A1, Ag).

As a consequence, we obtain the desired result. 1

Note that A; = dela,(a) and Ag = linka,(a). In the case that H,(A;) =0
for all n, we recover Proposition 2.6.4. Namely,

Hy(A2) = Hy (A1, Do) = Hy1(Ao) = Hy—1(linka, (a))
by Corollary 3.3.7 and Corollary 3.3.5 (ii).

3.4 Mayer-Vietoris sequences

In Section 3.3, we related the homology of a complex C to the homology of a
subcomplex C(©) via a long exact sequence involving the relative homology of the
pair (C,C(©). In this section, we discuss another long exact sequence relating
the homology of two subcomplexes of the same complex to the homology of
their sum and intersection.

Let

dn+2

Xn—i—l

dn+42

Yn+ 1
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be subcomplexes of the same complex C. Let X4Y be the subcomplex of C with
chain groups X,, +Y,,. Moreover, let XNY be the subcomplex with chain groups
X, NY,. One easily checks that these are indeed chain complexes. The long
exact sequence in the following theorem is known as a Mayer- Vietoris sequence.

Theorem 3.4.1 With notation as above, we have a long exact sequence

I : h
S Hoppa(X@Y) 2 Hop (X 4Y) —2
- ) . .
S g XNY) s HaXeY) — Ha(X+Y) e
hy, fra In—1

—— H,_1(XNY) —— Hp,_1(XaY)

The map [ is induced by the map f, : C,(XNY) — C,(X®Y) given by
fn(s) = (s, —s). The map g is induced by the map g, : Cp(X®Y) — Cr(X+Y)
given by gn(xz,y) =x +y. The map hi is given by mapping the homology class
of z to that of d,,(x), where x is any element in X,, such that z —x € Y,,.

Remark. Recall from Theorem 2.2.2 that
H,(X®Y) = H,(X)® H,(Y).

Proof. We may identify X N'Y with a certain subcomplex of X @ Y. Namely,
let W be the subcomplex with chain groups

Wn = {(57 _8) RS Xn N Yn}

We leave it to the reader to check that we obtain a chain isomorphism ¢ :
XNY — W defined by ¢, (s) = (s, —s) for all s € X,,NY,,. Theorem 3.3.2 yields
a long exact sequence

*

¥ s d*
2 Hypn(X@Y) — Hpq (XY, W) —5

d ik EM .
L Hop (W) —"— H,(X®Y) —— H,(X®Y,W) LN

I Ha (W) =5 H, (X @ Y) —h

Now, let Q denote the relative chain complex of the pair (X ® Y, W). We claim
that we obtain a chain isomorphism

P:Q—X+Y

by

for any z € X and y € Y. The map v, is well-defined, because if (z/,y’) —
(x,y) € Wy, then 2’ — x + ¢y’ — y = 0, which yields that

gty =aty+ @ty —y) =a+y
Moreover, v, is injective, because ¥, ((x,y) + W,,) = 0 if and ouly if y = —z,

which is equivalent to saying that (z,y) € W,,. Finally, 1, is surjective, because
any element in X, +Y7, is of the form x+y = ¥, ((x,y)+W,,). As a consequence,
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we get a long exact sequence as in the theorem, and it only remains to show
that f, g», and h; are as specified there.
Now, f is induced by iy, and

inpn(s) =in(s,—s) = (s,—s) = fu(s).
Moreover, g7 is induced by ¢,,s,, and

Vnsn(2,y) = Yu((z,y) + W) =2 +y = gu(2,y).

Finally, h’ maps the homology class of an element x + y = 9, ((z,y) + W,,) €
ker d,, to the homology class of

P (dn (@), dn () = ¢ (dn(2), —dn (@) = dn(2).

This concludes the proof. ([l
Let A and I be simplicial complexes. We note that

C(AF)NC(;F) = CANTLF),
CA;F) +C(IF) = CAUTLLF).
In particular, we have the following result.

Corollary 3.4.2 With notation as above, we have a long exact sequence

L H1 (8) @ Ho (1) 215 Hpi(AUT)

S gaanrn) e B A)e () 2 H,(AUT)
hy, frna gn_1

—" H, 1 (ANT) == H, 1 (A) U H, ()

The maps f, g, and b} are defined as in Theorem 3.4.1.

3.5 Independence complexes revisited

Recall definitions and concepts from Section 2.7. As before, we write H,[G] =
H,(Ind(G);F), and we also write Cy,[G] = Cy,(Ind(G);F). One may view Theo-
rems 3.5.1 and 3.5.4 as algebraic generalizations of Propositions 2.7.4 and 2.7.5.

Theorem 3.5.1 Let G be a graph, and let a be a vertex in G. Then we have
the following long exact sequence.

L Hon|G] —  H,[G - Nla]] —2—
i g . . Jna

I Ha[G -] 2 Ha[G]

The maps iy, and j;, are induced by the inclusion maps i, : C,[G —a] — C,[G]
and jn : Cp|G — Nla]] — C,[G —a]. The map t;, is induced by the map t, :
Cn[G] — Cn_1|G — Nla]] given by t,(x+aAy) =y for each x € Cy,[G — a] and

y € Cp_1]|G — Nla]].
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Proof.  Consider the long exact sequence for the pair (Ind(G),Ind(G — a)). As
concluded in the proof of Proposition 2.7.4,

Ind(G) \ Ind(G — a) = {a} * Ind(G — Nla]).
Now, this is equal to
Cone,(Ind(G — Nla])) \ Ind(G — Nla]).
As a consequence, Proposition 3.3.1 and Corollary 2.6.5 yield that

H,(Ind(G),Ind(G —a)) = I?n(Conea(Ind(G — Nla])), Ind(G — Nla]))

Ifnfl(lnd(G — Nla]))
= H,_1[G — Nld]].

By the long exact sequence for the pair (Cone,(Ind(G—Nla])), Ind(G—N|a])),
we have an isomorphism ¢, from H,(Ind(G),Ind(G — a)) to H, 1[G — N|a]]
given by mapping the homology class of a Ay + C’n,[G — a] to the homology class
of O,(a Ay) = y. As a consequence, the map ¢ = ¢,s’ sends the homology

class of x + a Ay to the homology class of y, and the map j; = 8n+1g0;1 sends
the homology class of y to the homology class of 9,4+1(a Ay) = y. (]

1%

Corollary 3.5.2 Let G be a graph, and let a be a vertex in G.
(i) If H,[G —a] = H, 1[G — a] = 0, then H,[G] = H,,_1[G — N[a]].
(it) If Hpy1|G] = H,[G] =0, then H,[G — a] = H,[G — N|d]].
(iii) If H,[G — Nl[a]] = H,_1]G — Nla]] = 0, then H,[G] = H,[G — a].

Corollary 3.5.3 Let G be a graph, and assume that a and b are vertices such
that a is the only neighbor of b. Then

H,[G] = H, 1[G — Nla]]

for all n.

Proof. We have that b is isolated in G — a, which implies that H,[G —a] =0
for all n. Applying Corollary 3.5.2 (i), we obtain the desired result. (]

Example. Let Py be the path of vertex length k. This is the graph with vertex set
{1,...,k} and edge set {12,23,34,...,(k—1)k}. Let kK > 3, and choose a = k—1
and b = k. Then the conditions of Corollary 3.5.3 are satisfied, which yields that

H,[Py] = Hy_1[Px — Nla]] = Hy_1[Pp_s).
Observing that Py = {0}, Pr = {0,1}, and P, = {0, 1,2}, a simple induction
argument yields that H,,[Py] is zero for all n and k, except that

Hyp—1[P3n) = Hyp[Paygo] = F
for m > 0. .
One may also choose a = k — 2, in which case we get that H,[P; — N[a]] =0
for all n. By Corollary 3.5.2 (iii) and Proposition 2.7.3, we conclude that

Hn[Pk] = Hn[Pk - a] = Hn[K2 + Pk,?,] = anl[Pk73]~
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Theorem 3.5.4 Let G be a graph, and let a and b be nonadjacent vertices in
G. Then we have the following long exact sequence.

i* *

b1 o Uyl o lr 1
— H,1[G] — H,_1[G — Nlab]] ——
oy ~ i ~ uy, -~ Lo
—— H,|[GUe] —— H,|G] —— H,_2[G— Nab]] ——

2 Haq[GUe] — H, 1[G —=bs

Proof. 'This time, consider the long exact sequence for the pair (Ind(G), Ind(GU
e)). As we concluded in the proof of Proposition 2.7.5,

Ind(G) \ Ind(GU e) = {ab} * Ind(G — N|[ab]).
Now, this is equal to
Cone, »(Ind(G — Nlab])) \ Susp,, ,(Ind(G — Nfab])),

where Cone, (A) = Cone,(Coney(A)) As a consequence, Proposition 3.3.1,
Corollary 3.3.5 (ii), and Corollary 2.6.5 yield that

H,(Ind(G), Ind(G Ua))

H,,(Cone, (Ind(G — Nab])), Susp, ,(Ind(G — Nlab])))

Fo 1 (Susp,p (1nd(G — Nab])))

>~  H, 5(Ind(G — Nlab]))

= H, |G — Nlab]].

1%

This concludes the proof. O

The interested reader may check the following;:
e The map i* is induced by the inclusion map i, : C,[G U e] — C,,[G].

e The map /* is induced by the map ¢, : Cn|G — Nlab]] — Cyi1|G Ue]
given by £, (z) = (b —a) A x.

e The map uy, is induced by the map wu,, : C,[G] — ~n,2[g — Nab]] given
by un(x +aAbAy) =y for each z € C\,[GU ] and y € Cy,—2[G — N|ab]].

Corollary 3.5.5 Let G be a graph, and let e = ab be an edge not in G.
(i) If H,[GUe] = H, 1[G Ue] =0, then H,[G] = H,_5[G — Nlab]].
(ii) If H,11[G] = H,[G] = 0, then H,[GUe] = H,, 1[G — Nlab]].
(iti) If H, 1[G — Nlab]] = H,_2[G — N{ab]] = 0, then H,[G Ue] = H,[G].

Example. Again, consider P, and assume that £ > 3. Choose ¢ = k — 1 and
b = k; write e = ab. We note that k is an isolated vertex in Py \ e. In particular,

H,[P; \ €] =0 for all n. Picking G = P \ e in Corollary 3.5.5 (ii), we get that

IN{T,,[P]C] = Hn—l[Pk - N[ab]] = f{n_l[Pk_g].
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Finally, let G be a graph, and let a and b be adjacent vertices in G. Note
that

Ind(G —a)NInd(G —b) = Ind(G — {a,b}),
Ind(G —a)UInd(G —b) = Ind(G).

Applying Corollary 3.4.2, we obtain the following result.

Corollary 3.5.6 Let G be a graph, and let a and b be adjacent vertices in G.
Then we have the following long exact sequence.
fovr 5 ~ 1l f
s oG - ] © Hoa[G - 5] 1 Hya[G)
h* L - * - - *
It G- {ab)] T HA[G—d @ H G-~ H,[G)

h;, 0 1]G — {a,b}] EELEIN H, 1[G —a] ® H, 1[G —b] -

The maps f, g, and h} are defined as in Theorem 3.4.1.

Corollary 3.5.6 yields identities similar to the ones in Corollaries 3.5.2 and 3.5.5.
We leave the details to the reader.

Figure 3.1: The situation in Corollary 3.5.7.

Corollary 3.5.7 Let G be a graph, and let a, b, and c be vertices forming a
triangle such that N(c) = {a,b}. See Figure 3.1 for an illustration. Then

H,[G) = H, 1[G — Nla]] ® H,_1[G — Nb]|
for all n.

Proof. Note that c is isolated in G — {a, b}. In particular, Corollary 3.5.6 yields
that

H,[G] = H,[G — a] ® H,[G —b].
Now, b is the only neighbor of ¢ in G — a, which yields that

I:In[G —a] = ﬁnfl[(G —a) — Ng—a[b] = I:Infl[G — Ng|[0]]

by Corollary 3.5.3. Similarly, H,[G — b] & H,,_1[G — Ng[a]]. As a consequence,
we obtain the desired result. (]
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Figure 3.2: Example graph.

Example. Let G be the graph in Figure 3.2. We note that the conditions of
Corollary 3.5.7 are satisfied. Now, G — N|a] is isomorphic to Ps, whereas G — N [b]
is isomorphic to P5. As a consequence, we get that

R R F ifn=1,
Hn[G] = anl[P‘;] (&) anl[Pg,] = F ifn=2,
0 otherwise.
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