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Preface

The intent of this book is to introduce the reader to the beautiful world of
Combinatorial Algebraic Topology. While the main purpose is to describe the
modern research tools and latest applications of this field, an attempt has
been made to keep the presentation as self-contained as possible.

A book to teach from

The text is divided into three major parts, which provide several options for
adoption for course purposes, depending on the time available to the instruc-
tor.

The first part furnishes a brisk walk through some of the basic concepts of
algebraic topology. While it is in no way meant to replace a standard course
in that field, it could prove helpful at the beginning of the lectures, in case the
audience does not have much prior knowledge of algebraic topology or would
like to focus on refreshing those notions that will be needed in subsequent
chapters. The first part can be read by itself, or used as a blueprint with
a standard textbook in algebraic topology such as [Mun84] or [Hat02] as
additional reading. Alternatively, it could also be used for an independent
course or for a student seminar.

If the audience is sufficiently familiar with algebraic topology, then one
could start directly with the second part. This is suitable for a graduate or
advanced undergraduate course whose purpose would be to learn contempo-
rary tools of Combinatorial Algebraic Topology and to see them in use on
some examples. At the end of the course, a successful student should be able
to conduct independent research on this topic.

The third and last part of the book is a foray into one specific realm
of a present-day application: the topology of complexes of graph homomor-
phisms. It fits well at the end of the envisioned graduate course, and is meant
as a source of illustrations of various techniques developed in the second part.
Another possibility would be to use it as material for a reading seminar.
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What is different in our presentation

In the second part we lay the foundations of Combinatorial Algebraic
Topology. In particular, we survey many of the tools that have been used
in research in topological combinatorics over the last 20 years. However, our
approach is at times quite different from the one prevailing in some of the
literature.

Perhaps the major novelty is the general shift of focus from the category
of posets to the category of acyclic categories. Correspondingly, the entire
Chapter 10 is devoted to the development of the fundamental theory of acyclic
categories and of the topology of their nerves, which in turn are no longer
abstract simplicial complexes, but rather regular triangulated spaces.

Also, Chapter 11 is designed to give quite a different take on discrete
Morse theory. The theory is broken into three major branches: combinatorial,
topological, and algebraic; each one with its own specifics. A very new feature
here is the recasting of discrete Morse theory for posets in terms of poset
maps with small fibers. This, together with the existence of a universal object
associated to every acyclic matching and the Patchwork Theorem allows for
a structural understanding of the techniques that have been used until now.

There are further novelties scattered in the remaining four chapters of
the second part. In Chapter 13 we connect the notion of evasiveness with
monotone poset maps, and introduce the notion of NE-reduction. After that,
the importance of colimits in Combinatorial Algebraic Topology is empha-
sized. We look at regular colimits and their relation with group actions in
Chapter 14, and at homotopy colimits in Chapter 15. We provide complete
proofs for all the statements in Chapter 15, based on the previous groundwork
pertaining to cofibrations in Chapter 7. Finally, in Chapter 16, we take a dar-
ing step of counting the machinery of spectral sequences to the core methods
of Combinatorial Algebraic Topology.

Let us also comment briefly on our citation policy. As far as possible we
have tried to avoid citations directly in the text, choosing to present material
in the way that appeared to us to be most coherent from the contemporary
point of view. Instead, each chapter in the second and third parts ends with
a detailed bibliographic account of the contents of that chapter. Since the
mathematics of the first part is much more classical, we skip bibliographic
information there almost completely, giving only general references to the
existing textbooks. An exception is provided by Chapter 8, where the material
is slightly less standard, thus justifying making some reading suggestions.
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1

Overture

The subject of Combinatorial Algebraic Topology is in a certain sense a clas-

sical one, since modern algebraic topology derives its roots from dealing with

various combinatorially defined complexes and with combinatorial operations

on them. Yet the aspects of the theory that we consider here and that we

distinguish under the title of this book are far from classical and have been

brought to the attention of the general mathematical public fairly recently.
If one asks oneself the question

What does Combinatorial Algebraic Topology do?

then the answer will be the same of for regular algebraic topology: one com-
putes various algebraic invariants of topological spaces, for example homology
groups, or special cohomology elements such as characteristic classes; at times,
one is even able to determine the homotopy type. The discriminating feature
is provided not by what one is computing, but by how and for which classes
of topological spaces it is done.

More precisely, in this book the focus will be on the algebraic topology
of cellular complexes, which are combinatorial both locally, meaning that the
cell attachments are simple, and globally. Being combinatorial locally usu-
ally means that we have simplicial complexes, though more and more, fur-
ther classes of complexes, such as cubical and prodsimplicial ones, find their
application in Combinatorial Algebraic Topology. The word “globally” here
refers to the fact that the cells themselves are combinatorially enumerated. Of
course, the meaning of being combinatorially enumerated is open to interpre-
tation, and probably cannot formally be pinned down without the loss of the
desired flexibility. Typically this alludes to the fact that one has a bijection
between cells and some objects that are universally perceived as combinato-
rial, for example graphs, partitions, permutations, and various combinations
and enrichments (e.g., by labelings) of these.

Additionally, though the cell attachment maps are easy, the cell inclu-
sions themselves indicate some combinatorial relationship between the objects
that are indexing the cells in question. Normally, to obtain the combinatorial
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objects that are indexing the cells on the boundary of a given cell o, one would
need to perform some combinatorial operation on the object that is indexing
o itself.

Such complexes arise in all sorts of contexts. Sometimes the complexes
are simply given directly, though more often they are induced implicitly. For
example, frequently one happens to consider a topological space that allows
additional structure, such as some kind of stratification. The combinatorial
data that can be extracted from such a stratification is the partially ordered
set of strata. This is of course a serious trivialization of the space, since only
the bare incidence structure is left. There are then standard ways, such as
taking the nerve, to associate a simplicial complex to this poset, with the idea
that some of the algebro-topological invariants of this complex will reflect
something about the initial stratification.

This is an example of a procedure that constitutes the first of perhaps
the three major venues of Combinatorial Algebraic Topology: being able to
derive new interesting combinatorial objects by building suitable models for
topological questions. A classical example of this is the so-called Goresky—
MacPherson formula, which we mention in Subsection 9.1.2. In short, given
a collection of linear subspaces, this formula provides a way to calculate the
cohomology groups of the complement of the union of these subspaces, in
terms of a certain “combinatorial model,” namely homology groups of the
so-called order complex of a combinatorial object associated to this family of
subspaces, the intersection lattice, see Subsection 9.1.2 and (9.1) for precise
details.

The second major venue is that the methods of computation that are es-
tablished as standard in algebraic topology lead to the unearthing of new dis-
crete structures. For example, spectral sequences are such a tool, and once the
filtration on the studied complex is chosen, the calculation, though possibly
technically challenging, is nonetheless uniquely determined. The subsequent
steps in the computation will unveil new combinatorial objects on a constant
basis. As an example, we refer to the lengthy computation performed in Chap-
ter 20 of this book. The primary goal there is to calculate the homology groups
of certain standard prodsimplicial complexes associated to cycle graphs. How-
ever, in performing the actual calculation along the lines prescribed by the
spectral sequence, one uncovers the important Hom; construction and wit-
nesses the appearance of other classical instances of combinatorial complexes.
This can trace its genesis to the original work of Eric Babson and the author
on the resolution of the Lovasz Conjecture.

Finally, the third major venue is that the combinatorial properties of the
indexing objects from discrete mathematics get distinguished by the topology,
providing a deeper insight both into the structure theory of these objects and
into which part of it is relevant for topology. For example, there are many
operations on graphs. However, it is specifically the operation of fold that has
been singled out in the study of the Hom complezes, based solely on the fact
that it is extremely well behaved from the topological point of view.
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As another example, we refer to a combinatorial computation of some
concrete Stiefel-Whitney characteristic classes in Theorem 19.13 in Subsec-
tion 19.2.2. There, once the combinatorial description of the characteristic
classes has been found, the entire calculation hinges on one combinatorial
lemma, namely Lemma 19.14.

In addition to the beautiful fundamental theory, Combinatorial Algebraic
Topology has numerous applications. Classically, these lie in discrete mathe-
matics, as well as in theoretical computer science. As we shall see in Chap-
ter 9, there are many constructions that take some combinatorial data as
input and produce some cell complex as output. This time, the idea is that
the algebro-topological invariants of this complex should have a bearing on
the combinatorial properties of the initial data.

One famous application is the so-called Evasiveness Conjecture; see Chap-
ter 13. To get a rough idea, the reader should consider the set of all graphs
on n vertices, where n is fixed, satisfying a certain graph property that is pre-
served by deletion of edges (e.g., planarity). The Evasiveness Conjecture then
says that if one is trying to determine whether a given graph has this property
or not, by using simple edge oracle, i.e., by asking whether a certain edge is in
the graph or not, then one may have to ask all (g‘) questions. Curiously, this
conjecture is still open, although it has been settled using topological meth-
ods for some special cases, including when n is a prime power. Chapter 13
provides more insight into this and related problems.

Let us consider a further example here at some length. Assume that we
have a graph G and we are asking ourselves whether it is possible to break the
vertices of G into 3 disjoint groups such that no two vertices in the same group
are connected by an edge. Even though this question sounds very elementary,
in practice it is extremely difficult to answer. In fact, using the language of
computational complexity theory, this problem is NP-complete. In concrete
terms, this implies that any multiplicative increase of the computer speed by
a constant factor will yield only an additive increase in the size of the instances
(here meaning the number of vertices of the graph) for which the problem can
be solved in the lifetime of the universe.

Of course, sometimes one can say right away that such a partition is im-
possible. This happens, for example, if G has four vertices all of which are
connected to each other. However, this is a very restricted set of configura-
tions, since this argument would be local in nature, we would find a small
subgraph that is already not possible to partition. Most interesting cases have
some sort of global obstructions, where one has to pay attention to the whole
graph before concluding whether such a partition is possible.

There is an indirect way to try to answer this question, though. It is
as follows. Assume that we have constructed in some clever way a cellular
complex X (G), and that our construction is functorial, meaning that graph
homomorphisms induce continuous maps. The partition of the set of vertices
of G into three groups as desired could be phrased by saying that we are taking
a graph homomorphism from G to the complete graph on three vertices, called
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K3. Therefore, if such a partition were possible, we would have a map from
X(G) to X(K3).

Of course, by itself, this conclusion does not contradict anything yet. In
fact, for any two nonempty topological spaces there is a continuous map from
one to the other: simply map the entire first space to some chosen point in
the second one. Assume, however, that there is an additional structure on the
space X (G), namely a free involution, and assume further that the induced
map from X (G) to X (K3) must commute with the respective involutions. This
is already more restrictive, since for two given spaces which free involutions,
it may happen that no such map exists.

For example, by the Borsuk-Ulam theorem it is impossible to map a higher
dimensional sphere to a lower dimensional one in a way that commutes with
the antipodal maps. Or here, if X(G) is connected and X (K33) consists of
several connected components and no single component is mapped to itself by
the involution, then again no such involution-preserving map is possible. Note
that to use this statement for different graphs, we would need each time to
worry only about the connectivity of X (G), since the complex X (K3) could
be analyzed and understood once and for all.

We will expand on this line of argument in the last part of the book, where
we will actually look at applications of somewhat more sophisticated invari-
ants, which are routinely used in obstruction theory. Namely, we explore the
use of Stiefel-Whitney classes associated to involutions (or to free Z-actions,
or to line bundles) for this sort of question. However, before an application
of such complexity can be properly put in context, it is important to develop
the toolbox of Combinatorial Algebraic Topology.

We finish this introductory chapter by stressing that the field of Combi-
natorial Algebraic Topology is both large and fast-growing. New connections
to other areas are found continuously, reaching currently even to such distant
subjects as computer vision and statistical analysis. We hope that this text
will serve the function of helping to fill the void between the standard course
in topology and this forefront of research.
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Cell Complexes

In this chapter we consider all sorts of cell complexes that make an appear-
ance in the combinatorial context. Following the tradition, we begin in Sec-
tion 2.1 with the abstract simplicial complexes, which have long been the main
workhorse applications to discrete mathematics. After dealing with them, we
proceed in Section 2.2 to look at polyhedral complexes, including general-
ized simplicial complexes, cubical complexes, and, more generally, prodsim-
plicial complexes, which have all proved important in Combinatorial Algebraic
Topology.

Section 2.3 is entirely devoted to triangulated spaces. These will be of cru-
cial importance when we study nerves of acyclic categories in Chapter 10, and
will also appear in various combinatorial quotient constructions in Chapter 14.
Finally, the last section of this chapter considers the general CW complexes.

2.1 Abstract Simplicial Complexes

2.1.1 Definition of Abstract Simplicial Complexes and Maps
Between Them

We start by recalling a basic and simple yet versatile way to describe topo-
logical spaces by means of purely combinatorial data.

Definition 2.1. A finite abstract! simplicial complex is a finite set A
together with a collection A of subsets of A such that if X € A andY C X,
then'Y € A.

We denote the abstract simplicial complex described in Definition 2.1 sim-
ply by A. The element v € A such that {v} € A is called a vertex of A. We
denote the set of all vertices of A by V(A). When A consists of all subsets of
A, it is called a simplez, and is denoted by A“. In the same spirit, the sets

! Sometimes for brevity the word abstract is omitted.
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0 € A are called simplices of A. Those simplices § € A that are contained in
no other simplex of A are called mazimal.

Ezample 2.2. The collection of sets {0, {1}, {2}, {3}, {1,2},{1,3},{2,3}} is
an abstract simplicial complex. To obtain the simplex A{12:3} one would
need to add to this collection the set {1,2,3}.

Given two finite abstract simplicial complexes Ay and As such that o € A
implies o € As, we say that Ay is an abstract simplicial subcomplex of Asg,
and write A; C Ay. If in addition there exists o € Ay such that o ¢ Ay, we
say that A; is a proper subcomplex of As.

One also talks about the dimension of each simplex, which is 1 less than
its cardinality as a set. When a simplex has dimension d, one says d-simplez.
Vertices have dimension 0. The dimension is defined for finite abstract sim-
plicial complexes as well: it is equal to the maximum of the dimensions of its
simplices. The dimension is denoted by dim. If A; is an abstract simplicial
subcomplex of As, then dim A; < dim As.

For any finite abstract simplicial complex A, the collection of all simplices
of A up to dimension d is called the d-skeleton of A, and is denoted by A4
or Skq(A).

Remark 2.8. The void and the empty.
Some words about degeneracies occurring in this context are in order. In
Definition 2.1 we have allowed the empty collection of sets. The corresponding
abstract simplicial complex is called the void abstract simplicial complex, and
is denoted by @, or by {}. The void abstract simplicial complex is the only
one that does not contain the empty set as one of its simplices.
Alternatively, we may also have the collection consisting of an empty set.
The corresponding abstract simplicial complex is called the empty abstract
simplicial complex, and is denoted by {(}. Notice that the sets of vertices of
the void and of the empty complexes are empty sets.

Remark 2.4. The dimensions of the empty simplex and of the void complex.
When determining the dimension, one should keep in mind the degenerate
case of the empty simplex ) € A. By definition, since the cardinality of the
empty set is 0, the dimension of this simplex is equal to —1. Correspondingly,
the dimension of the empty simplicial complex is equal to —1. We set the
dimension of the void simplicial complex to be equal to —oo.

Remark 2.5. The term simplez.

The meticulous reader may have noticed that the term simplez was used by
us in two ways, first, to denote any set that is in the collection of sets defining
an abstract simplicial complex, and second to denote the abstract simplicial
complex whose collection consists of all sets. The distinction is of course purely
formal, and the reason one usually uses the same term for these two notions
is that one can associate to each § € A the simplex A?, which in turn will be
a subcomplex of A.



2.1 Abstract Simplicial Complexes 9

Definition 2.6. Let Ay and A be two finite abstract simplicial complexes.
A simplicial map from A; to As is a set map f: V(A1) — V(As) such that
if o is a simplex of Ay, then f(o) is a simplex of As. In such a situation, we
shall simply write f: Ay — As.

In this definition we have used the notation f(S) := {f(s)|s € S} for any
set S and any function f on S.

Ezample 2.7. Let Ay = Ay = {0, {1}, {2}, {3}, {1,2},{1,3},{2,3}}. Then any
f:[3] — [3] is a simplicial map, whereas the same is not true for A; = Ay =

{0, {1}, {2}, {3}, {1,2},{1,3}}.
Let us make some observations on the properties of simplicial maps:

e The identity map on the set of vertices is always a simplicial map from
the abstract simplicial complex onto itself.

e The composition of two simplicial maps is again a simplicial map, since
a simplex maps to a simplex, which again maps to a simplex.

e Even if the function f is bijective and simplicial, its inverse does not have
to be simplicial.

e For any abstract simplicial complex A and for any finite set A, an arbitrary
set map f : V(A) — A induces a simplicial map f: A — A4,

e Whenever A; and Ay are abstract simplicial complexes such that A; is
a subcomplex of As, we have a natural simplicial inclusion map A; — As.

e For A= Al and any abstract simplicial complex A, there exists a unique
simplicial map from A to A; this map takes all vertices of A to the vertex
of A.

e For any abstract simplicial complex A, there exists a unique simplicial map
from the void abstract simplicial complex to A. Additionally, if A is not
the void abstract simplicial complex, then there exists a unique simplicial
map from the empty abstract simplicial complex to A.

Definition 2.8. Let Ay and Ay be two abstract simplicial complexes, and
let f : Ay — Ag be a simplicial map between them. Then f is called
an isomorphism of abstract simplicial complexes if the induced map
f:V(A4)) = V(As) is a bijection and its inverse induces a simplicial map as
well. If such an isomorphism exists, then Ay and As are said to be isomor-
phic as abstract simplicial complexes.

Clearly, the isomorphism is an equivalence relation. It is the “equality”
relation for the abstract simplicial complexes.

An important special class of simplicial maps are isomorphisms f : A — A,
where A is an abstract simplicial complex. These maps are called automor-
phisms of A. The composition of two automorphisms is again an automor-
phism, and an inverse of each automorphism is also an automorphism; hence
the set of automorphisms forms a group by composition. This is the group
of “symmetries” of the abstract simplicial complex A, and we denote it by
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Aut (A). For example, the group of automorphisms of the abstract simplicial
complex in Example 2.2 is the full symmetric group Ss.

Until now, we have restricted ourselves to considering the finite abstract
simplicial complexes. The natural question is, what happens if we drop the
condition that the ground set should be finite. We invite the reader to check
that all the definitions make sense, and that all the statements hold just as
they do for the finite ones. For reasons that will become clear once we look at
the notion of geometric realization, we keep the condition that the simplices
have finite cardinality. We restate Definition 2.1 for future reference.

Definition 2.9. An abstract simplicial complex is a set A together with
a collection A of finite subsets of A such that if X € A and Y C X, then
Y e A

Ezxample 2.10. Let A be the set of natural numbers. Then we obtain an ab-
stract simplicial complex by taking all finite subsets o € A such that for any
two elements from o, one of them must divide the other one.

Remark 2.11. In Chapter 4 we shall see that the finite abstract simplicial
complexes together with simplicial maps actually form a category, and that
the same is true if one takes all abstract simplicial complexes.

2.1.2 Deletion, Link, Star, and Wedge

Since the abstract simplicial complexes are some of the main characters of
Combinatorial Algebraic Topology, there is a large variety of concepts and
constructions pertaining to them. We shall now describe some of these.

Definition 2.12. Let A be an abstract simplicial complex, and let T be a sim-
plex of A. The deletion of 7 is the abstract simplicial subcomplex of A,
denoted by dla(T), defined by

dia(r):={c€ Alo 2 7}.

In the degenerate cases, the deletion of the vertex v from the abstract sim-
plicial complex {0, {v}} will give the empty simplex, whereas the deletion of
the empty set from any abstract simplicial complex will give the void simplex.
Furthermore, if S is a set of simplices of A, then we define the deletion of S
by setting

dla(S):={o € Alo 27, forall 7 € S} = () dla(r). (2.1)
TES

Another important concept in the context of abstract simplicial complexes
is that of a link of a simplex.
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Definition 2.13. Let A be an abstract simplicial complex, and let T be a sim-
plex of A. The link of T is the abstract simplicial subcomplex of A, denoted
by Ika(7), defined by

lka(r):={c€eAleonT=0, andc UT € A}.

For example, in a hollow tetrahedron, the abstract simplicial complex A
consisting of all subsets of {1,2, 3,4} except for the set {1,2,3,4} itself, a link
of an edge consists of the two vertices that do not belong to that edge. Note
also that the void simplex can never be the link of anything, since any link
contains an empty set.

In analogy to the definition above, if S is a set of simplices of A, then we
define the link of S by setting

ka(S):={ce€AjlonT=0, and o UT € A, forall T € S} (2.2)
= () ka().

TES

Closely related to the notion of link is the notion of star.

Definition 2.14. Let A be an abstract simplicial complex, and let T be a sim-
plex of A.

(1) The closed star of 7 is the abstract simplicial subcomplex of A, denoted
by stara(7), defined by

stara(r) :={oc € AloUT € A}

(2) The open star of T is the set of simplices of A, denoted by ostara(7),
defined by
ostara(r) :={o € Alo D 7}.

For any simplex 7 € A, we have
Ik (7) = stara(7) NdIA(V (7))

and
A = ostar (1) Udla(7),

where the latter union is actually disjoint. Furthermore, for a vertex v € A,
we have a simple but important for subsequent chapters decomposition

A =stara(v) Udla(v). (2.3)

Definition 2.15. Given two abstract simplicial compleres Ay and As, with
vertices v1 € V(A1) and va € V(Az), the wedge of Ay and As, with respect
to the vertices v1 and ve, is the abstract simplicial complex Ay V As defined
by
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o V(A1 VAy) = V(A1) \{v1}) U(V(A2) \ {va}) U{v};

o 0 CV(A1VAy) is a simplex of AV Ag if and only if either o C V(A;)U
{v} and o is a simplex of Ay once v is replaced with ve, or o C V(Az)U{v}
and o is a simplex of As once v is replaced with vs.

Even though the abstract simplicial complex A; V Ay depends on the choice
of vertices v; and v, in practice these are usually suppressed from notations.

2.1.3 Simplicial Join

The following is one of the most fundamental constructions that allow one to
produce new abstract simplicial complexes from old ones.

Definition 2.16. Let Ay and As be two abstract simplicial complexes whose
vertices are indexed by disjoint sets. The join of A1 and As is the abstract
simplicial complex Ay x Ay defined as follows: the set of vertices of Ay x Ag
is V(A1) UV (As), and the set of simplices is given by

A x Ay ={oc CV(A)UV(A) |oNV (A1) € Ay and e NV (Ay) € As}.

Clearly, we have commutativity: for arbitrary abstract simplicial com-
plexes Ay and As, the joins Ay * As and Ay x Aq are isomorphic. The join is
also associative; namely, for arbitrary abstract simplicial complexes Ay, As,
and Az, the joins (A1 x Ay) x Az and A; * (Ay * Az) are isomorphic.

Another important property of the join is that for any abstract simplicial
complex A and any simplex 7 € A, the abstract simplicial complexes lk A (7)*7
and star(7) are isomorphic.

Joining with the abstract simplicial complex consisting of a single vertex
is also called coning. One can also take a join with the abstract simplicial
complex with n vertices and no simplices of dimension 1 and higher. This is
the n-coning, giving the same result as a sequence of n single conings.

Ezxample 2.17.

(1) We have A4 x AB = AAVB,

(2) The join of an arbitrary abstract simplicial complex A with the empty
simplex is equal to A.

(3) The join of an arbitrary abstract simplicial complex with the void simplex
is equal to the void simplex.

2.1.4 Face Posets

A standard combinatorial gadget that one associates to an abstract simplicial
complex is that of a face poset. To start with, we have the following definition.

Definition 2.18. A partially ordered set, or simply poset, P is a set
together with a relation > that satisfies the following three axioms:
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(1) idempotency: for any x € P, we have x > x;
(2) antisymmetry: for any v,y € P, if x >y and y > x, then x = y;
(8) transitivity: for any x,y,z € P, if x >y and y > z, then © > z.

Given a poset P, we let > denote the covering relation in P, i.e., for
xz,y € P, we write x > y if x > y and there is no z € P such that z > z > y.
The following poset is of a particular importance.

Definition 2.19. Let A be an arbitrary abstract simplicial complex. A face
poset of A is the poset F(A) whose set of elements consists of all nonempty
simplices of A and whose partial order relation is the inclusion relation on
the set of simplices.

The following is a classical notion in order theory.

Definition 2.20. Let (P,>) be a poset. A total order >y on the set of ele-
ments of P is called a linear extension L of P if for any two elements x,y
of P we have x > y whenever x > y.

For example, for an arbitrary abstract simplicial complex A, a standard
linear extension of the face poset F(A) is obtained by setting o >, 7 whenever
dimo > dim 7, and choosing an arbitrary order within each set of simplices
of the same dimension.

2.1.5 Barycentric and Stellar Subdivisions
There are two standard ways to subdivide abstract simplicial complexes.

Definition 2.21. Let A be an abstract simplicial complex. The barycentric
subdivision of A is also an abstract simplicial complezx, which is denoted by
Bd A and defined by

BdA={{o1,...,0t}|01 D02 D Doy,0; € At > 1} U{0}.

In particular, the set of vertices of Bd A is indexed by the nonempty simplices

of A.

While taking barycentric subdivision is useful in many situations, some-
times it just produces too many simplices. The next definition provides a more
economic, local construction.

Definition 2.22. Let A be an abstract simplicial complez, and let o be a sim-
plex of A. The stellar subdivision? of A at ¢ is the abstract simplicial
complezx sd (o) defined by the following:

2 The stellar subdivision is a special case of combinatorial blowups; see [FK04] for
the definition and [CDO06, Del06, FK05, FM05, FS05, FY04, Fei05, Fei06] for
further applications of the latter concept.
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o For the set of vertices we have V(sda(o)) = V(A) U {6}, where & simply
denotes the new vertex “indexed by o,” and in case o itself is a vertex, we
have & = o, and no new vertex is introduced.

o The simplex T € A is a simplex of sda (o) if and only if T does not contain
o as a subset. Additionally, the abstract simplicial complex sda(o) has
simplices of the form TU{6}, where T € A such that TUo € A and 7 does
not contain o as a subset.

For example, if o is a vertex itself, then sd (o) is isomorphic to A. Next
we show that taking the barycentric subdivision can be accomplished by a se-
quence of stellar subdivisions.

Proposition 2.23. Let A be an arbitrary finite abstract simplicial complez,
and let L be an arbitrary linear extension of the face poset F(A). Then, the
barycentric subdivision Bd A is isomorphic to the abstract simplicial complex
obtained from A by a sequence of stellar subdivisions, consisting of one stellar
subdivision for every nonempty simplex of A, taking the simplices in decreasing
order with respect to the given linear extension.

Proof. Let {o1,...,0:} be the set of all nonempty simplices of A, indexed
along the given linear extension, i.e., o0; > 0;_1, for every i = 2,...,¢t. Fur-
thermore, we set oy 1 := ). For every i = 1,...,¢ we let A; denote the abstract
simplicial complex obtained as a result of the sequence of stellar subdivisions
of 01,09,...,0;, and we use the convention that Ag = A. We need to show
that the complex A; is isomorphic to Bd A. This follows from the following
more general claim.

Claim. For every k =0, ..., t, the simplices of the abstract simplicial complex

Ay are indexed by the l-tuples (64,,...,64,_,,04,), satisfying conditions

o [>1;

e 0y D -+ D 0y, where all the set inclusions are strict, which implies
i < --- <y

o i1 <k <y in particular iy =t + 1 is allowed, whereas we always have
1—1 < t.

The simplex indexed by (6;,,...,64,_,,04,) has dimension |+ |o;,| — 2, and its
boundary simplices are obtained by either deleting any of the elements in the
tuple except for the last one, or replacing the last element by its proper subset.

Proof of the claim. We use induction on k. For £ = 0 we have only the
simplices with [ = 1, and the conditions of the claim describe precisely the
abstract simplicial complex A. Consider now what happens when we pass
from the complex Ai_; to the complex Ay, for k > 1.

First, the simplices of Aj_; that contain the simplex indexed by (o%)
get removed. Since we follow a linear extension, the simplex o is maximal
in dla({o1,...,0k—1}). Hence, according to the induction assumption, the
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removed tuples are indexed by (6i,,...,0i,_,,0%), satisfying the condition
Ojp D+ D04, O O0k.

After that, the new simplices are added. By the definition of the stellar
subdivision together with our induction assumption, these are indexed by
the pairs ((64,,...,04,_,,04,),0%) such that the abstract simplicial complex
Ag_1 has a simplex that contains both (6y,,...,8i,_,,04) and oy, but the
simplex (&4,,...,04,_,,04,) itself does not contain ox. These conditions are
equivalent to o;,_, D o D 0y, and therefore, one can think of the added
simplices as being indexed with the tuples (6,,...,6;,_,,0%,04) such that
Ojp D" D04_5 D0k D0y

All in all, we see that this description of the simplices that are added or
removed when taking the stellar subdivision of (o) in Ag_1, together with the
induction assumption that the conditions of our claim describe the abstract
simplicial complex Ay_1, implies that the conditions of our claim describe
the abstract simplicial complex Ay, as well, providing the induction step. This
finishes the proof of our claim. 0O

In particular, for kK = t we have only the simplices (6;,,...,6;,_,,0), i.e.,
i; = t + 1. The rule for the simplex inclusions given in the claim is the same
as that for Bd A, and hence the abstract simplicial complex A; is isomorphic
to the abstract simplicial complex Bd A. O

In particular, Proposition 2.23 suggests one standard way to view the
barycentric subdivision as a sequence of stellar ones: simply start by taking
the stellar subdivisions of the simplices of top dimension, then take the stellar
subdivisions of the simplices of dimension one less, and so on, until reaching
the vertices.

For dealing with subdivisions in later chapters, it is practical to introduce
the following shorthand notation: when a simplicial complex As subdivides
another simplicial complex Ay, we shall write Ay ~ A;. We shall also use the
same notation for more general classes of complexes.

2.1.6 Pulling and Pushing Simplicial Structures
Let A and B be two sets, and let f : A — B be a set map.

Definition 2.24. Assume that A is an abstract simplicial complex on A. We
define the pushforward abstract simplicial complex f(A) by setting

f(A):={f(o)]o e A}.

The pushforward abstract simplicial complex satisfies the following univer-
sal property: whenever (2 is an abstract simplicial complex on B such that f
is a simplicial map, the complex f(A) must be an abstract simplicial subcom-
plex of (2. Phrased colloquially, f(A) is obtained by pushing the simplicial
structure A forward, and it is the minimal one that makes the set map f
simplicial.
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Definition 2.25. Assume that {2 is an abstract simplicial complex on B. We
define the pullback abstract simplicial complex f=1(§2) by setting

F7H(2) = {0 C A| f(0) € 2, o] < o0}

The pullback abstract simplicial complex satisfies the following universal
property: any abstract simplicial complex on A such that f is a simplicial map
must be an abstract simplicial subcomplex of f~1(f2). Again, one could say
that f~1(£2) is obtained by pulling the simplicial structure {2 back, and it is
the maximal one that makes the set map f simplicial.

Note that f~1(£2) does not denote two different things, since if the set map
f is bijective, then f(A) is isomorphic (as an abstract simplicial complex) to
A, and f~1(£2) is isomorphic to {2.

The reader is invited to check that the following properties of pullbacks
and pushforwards hold for any abstract simplicial complex A:

id(d) =4, f(g(A) =(fog)(4), fHg7(A) = (g0 (A).

2.2 Polyhedral Complexes

2.2.1 Geometry of Abstract Simplicial Complexes

It is now time to describe the geometric picture that is encoded by the com-
binatorial data of an abstract simplicial complex.

Various definitions of the geometric realization
Definition 2.26.

(1) A geometric n-simplex o is the convex hull of the set A of n + 1 affine
independent points in RN, for some N > n. The convex hulls of the subsets
of A are called subsimplices of o.

(2) The standard n-simplex is the conver hull of the set of the endpoints

of the standard unit basis (1,0,...,0),(0,1,0,...,0),...,(0,...,0,1) in
R+,

More generally, given any finite set A, we have the vector space R4, whose
coordinates are indexed by the elements of A; and correspondingly, for any
subset B C A, we can define a standard B-simplex in R? as the one that is
spanned by the endpoints of the part of the standard unit basis indexed by
elements in B in that vector space. In this language, the simplex described in
Definition 2.26(2) would be called the standard [n + 1]-simplex in R+,

Definition 2.27. Given a finite abstract simplicial complex A, we define its
standard geometric realization to be the topological space obtained by tak-
ing the union of standard o-simplices in RY(A) | for all o € A.

Any topological space that is homeomorphic to the standard geometric real-
ization of A is called the geometric realization of A, and is denoted by | A|.
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Very often, for the sake of brevity, in case no confusion arises, we shall talk
about the topological properties of the abstract simplicial complex A, always
having in mind the properties of the topological space |A|. We note that the
geometric realizations of the void and of the empty complexes are both empty
sets.

It is possible to give a similar definition of the geometric realization for
the infinite case. However, one would need a careful treatment of the resulting
infinite-dimensional vector space and the topology involved. Instead, we use
this as an opportunity to introduce a gluing process, which will be used to
construct various classes of cell complexes.

Given a nonempty abstract simplicial complex A, the constructive defini-
tion of the geometric realization of A goes as follows:

e Start with an arbitrary vertex of A, and then add new simplices one by one,
in any order, with the only condition being that all the proper subsimplices
of the simplex that is being added have already been glued on at this point.

e Assume that we are at the situation in which we would like to glue the
simplex o € A onto the part of the realization X that we have so far. The
new space is X Ugas A%, which is obtained by identifying the boundary
of A? with the subspace of X, which is the result of gluing the simplices
corresponding to the proper subsimplices of o. In shortly, the simplex A
is glued onto X along its boundary in the natural way.

One way to think of this gluing process is the following. We have a col-
lection of simplices {A%},¢A, together with inclusion maps i, , : A7 — AT,
whenever o is a proper subset of 7. The space | 4] is obtained from the disjoint
union of the simplices by one extra condition: we would like to identify two
points whenever one of them maps to the other one by one of these inclusion
maps.

Of course, one easy way to satisfy such a condition is simply to identify
all points, and to obtain just a point as the resulting quotient space. The
additional requirement for the gluing process is that this identification should
be in some sense “minimal”’; in other words, no identification is done unless
it is a consequence of the prescribed identifications. We shall see how similar
universality conditions appear in further definitions of the cell complexes.
Furthermore, in Chapter 4 it will be demonstrated how all of these are just
special instances of the general colimit construction.

Yet another alternative to define the geometric realization of an abstract
simplicial complex would be to give a direct description of the set of points
together with topology. This is what we do next.

Definition 2.28. Given a set S, a convex combination of the elements in
S is a function f: S — R such that

o f(x)>0, forallz € S;
o f(x)#0, for only finitely many x € S;
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o Dpesfl@)=1.

The finite set {x € S| f(x) # 0} is called the support of the convex combina-
tion and is denoted by supp .

The convex combination is usually written as an algebraic expression
> wes f(x)x. These expressions can be added and multiplied by real num-
bers in the usual way. In this notation, two algebraic expressions differing
only in terms with zero coefficients will be identified.

The crucial observation is that the points of the geometric realization of
an abstract simplicial complex A are in 1-to-1 correspondence with the set of
all convex combinations whose support is a simplex of A. In fact, the support
of each convex combination tells us precisely to which simplex it belongs.

Furthermore, we can define a distance function on the set of all convex
combinations by setting

d (Z fa), Zg<x>x> =3 1£(2) - g(a)] (2.4)

zeS zeS zeS

It is easy to check that (2.4) indeed defines a metric on our space; hence one
can take the topology induced by this metric. This is exactly the topology of
the geometric realization.

Intuitively, one can say that the points that are near to a point in the
geometric realization can be obtained by a small deformation of the coefficients
of the corresponding convex combination. If the deformation is sufficiently
small, then the nonzero coefficients will stay positive. However, even under
a very small deformation it may happen that the zero coefficients become
nonzero. This is allowed as long as the support set remains a simplex of the
initial abstract simplicial complex. Geometrically, this corresponds to entering
the interior of an adjacent higher-dimensional cell. An illustration is provided
in Figure 2.1.

Geometry of simplicial maps

Proposition 2.29. Let Ay and As be arbitrary abstract simplicial complexes.
A simplicial map f: Ay — Ag induces a continuous map |f| : |A1] — |As|.

Proof. We define |f| by setting
|f]: Z tiv; — Z tif (vi). (2.5)
’UiEV(Al) ’UiEV(Al)

Since simplices are required to map to simplices, this map is well-defined. We
leave the proof of the continuity as an exercise. O

We note that when both A; and Aj are finite, the map |f| is actually
a restriction of a linear map |f| : RV(41) — RV(42) whose matrix is the
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Fig. 2.1. Coordinate description of points of a geometric realization of an abstract
simplicial complex.

standard 0-1 matrix associated to the set map f: V(A1) — V(Az): it simply
maps a basis vector e; to the basis vector ey ;.
In general, it is clear from (2.5) that

|fogl=1flolgl (2.6)

whenever f and g are simplicial maps, and that

=11 (2.7)

whenever f has an inverse, that is also a simplicial map.

It follows that an automorphism of an abstract simplicial complex induces
a continuous automorphism of its geometric realization, and that the geomet-
ric realizations of two isomorphic abstract simplicial complexes are homeo-
morphic, with homeomorphisms induced by the isomorphism maps. On the
other hand, the existence of a homeomorphism between |A;| and | As| does not
imply the isomorphism of A; and As. If a topological space allows a simplicial
structure, then it allows infinitely many nonisomorphic simplicial structures.

2.2.2 Geometric Meaning of the Combinatorial Constructions
Geometry of deletion, link, star, and wedge

Geometrically, the deletion operation does precisely what it is supposed to
do: it deletes from A all the simplices that contain the simplex 7.

For a vertex v, the link is modeling the simplicial complex that one obtains
if one cuts the given simplicial complex by a sphere of small radius with the
center in v. For a general simplex 7, one thinks of the link of 7 intuitively as
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the space of directions emanating from any interior point of 7, transversally
to 7 itself. If 7 is just a vertex, then this vertex is taken in place of the interior
point.

Since the open star of a simplex is not an abstract simplicial complex,
one cannot take its geometric realization. However, sometimes one instead
considers the open subspace of |A| given by the union of the interiors of the
geometric simplices corresponding to the simplices in the open star, where
again the interior of a vertex is taken to be the vertex itself.

The decomposition (2.3) turns into

|A| = |stara(v)| U |dla(v)],

where we explicitly remark that |stara(v)| is a cone with apex v.

It is easy to see that Definition 2.15 carries over to the case of topological
spaces with a selected point (the so-called based spaces) essentially without
change.

Definition 2.30. Given topological spaces X1 and Xo, with points x1 € X3
and xo € Xo, we define the wedge of X1 and Xo to be the quotient space
X1V Xy = (X1 UXy)/ ~, with the equivalence relation given by x1 ~ 3.

Clearly, for two abstract simplicial complexes A; and As, we have
[A1V Ag| = | Ay V| Ay], (2.8)

where the wedges are taken with respect to the same pair of points.

Geometry of the simplicial join

One can define the join of arbitrary topological spaces. Let I denote the closed
unit interval.

Definition 2.31. Let X and Y be two topological spaces. The join of X and
Y is the topological space X +Y defined as follows:

X*Y=IxXxY/n~,

where the equivalence relation ~ is given by

o (07 :L.7 y) ~ (07x7g)? fOT’ all y’g 6 Y’.
o (1,z,y) ~(1,%,y), for allx,2 € X.

We note that for two abstract simplicial complexes A; and As one has
A% | 4] 2 Ay * Ao, (2.9)

where on the righthand side we take the simplicial join.
Given geometric realizations of A; in R™ and Ay in R™, a geometric
realization of A; * Ay in R™*+"+1 can be obtained as follows. Identify R™
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with the coordinate subspace of R™*+"*! given by (z1,...,2m,0,...,0), and
identify R™ with the translated coordinate subspace of R™*"*! given by
0,...,0,y1,...,Yn,1). Take the induced embeddings of |A;| and |As| into
R™+7+1 and let |A; * Ay| be the union of convex hulls of pairs of simplices:
one from A; and one from As.

First, if o is a simplex in |A;| and 7 is a simplex in |As|, then the
union of the sets of vertices of ¢ and 7 is a linearly independent set. Sec-
ond, these newly spanned simplices will not overlap (other than along their
boundaries), since the convex combination of x € |A;| and y € |Aq,
z = (x1,-.-,Tm,0,...,0), y = (0,...,0,91,...,Yn, 1), has the coordinates
(1 =t)z1,..., (L = O)zm, ty1, ..., tyn,t), defining z, y, and ¢ uniquely.

Ezample 2.52.

(1) For an arbitrary topological space X, the space X x point is called a cone
over X, and the space X * S° is called a suspension of X; the latter
terminology comes from the fact that one can view the space X as being
suspended on threads between the two opposite apexes inside the space
susp X.

(2) Let m and n be arbitrary nonnegative integers. Then we have

™M 4 §" = Sm-&—n-‘rl. (210)
To see (2.10), note that in general, (X *Y) * Z = X % (Y x Z). Therefore

S ST =85+ xSYx S0 % xS0 =8V k... xS0 = §mAAL

m+1 n+1 m-+n—+2

In parallel with the explicit embedding described above, the points of
a join of two spaces can be described as follows. The equivalence class of the
point (t,z,y) € I x X x Y is denoted by ((1 — t)z,ty). This notation helps
encode the fact that when ¢t = 0, then y does not matter, and when ¢ = 1,
then x does not matter. More generally, a point on the join of finitely many
topological spaces X - - -x X can be described as (t121, toxa, . .., tgxy), such
that t1 +to+---+tp=1,and t; >0foralli=1,... k.

We also remark that instead of taking the successive joins, one can think
of X1 % ---x X}, as the quotient space

Xl**Xk:A[k] ><X1><"'><Xk:/~7

where the equivalence relation ~ is given by (o, z1,...,25) ~ (a, 2, ..., 2})
if tuples (z1,...,2) and (27,...,z},) coincide on the support simplex of «
(where the support simplex of « is the minimal subsimplex of Al*l contain-
ing ).
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Geometry of barycentric subdivision

The geometric realizations of the abstract simplicial complexes Bd A and A
are related in a fundamental way.

Proposition 2.33. For any abstract simplicial complex A, the topological
spaces |A| and |Bd A| are homeomorphic.

Proof. The explicit point description of the geometric realization of an ab-
stract simplicial complex tells us that the points of |A| are indexed by convex

combinations ajv; + -+ + asvs such that {vy,ve,...,vs} € A, whereas the
points of |Bd A are indexed by convex combinations bjoy + - - 4 bio; such
that o1 D 09 D -+ D o0y. Let us now give the procedure for translating

between the two point descriptions.
(1) To define a continuous function f : |A| — |BdA|, take a point z =

ayvy + -+ + asvs in |A]. Choose a permutation (i1,1is,...,%s) that orders the
coefficients 0 < a;, <a;, <---<a;, <1l.Fork=1,...,s we set
bp := (s — k+1)(as;, —a;,_,) and oy == {vi,, Vi, 500 ) (2.11)

where the convention a;, = 0 is used. The point f(z) is encoded by the convex
combination byoy + - -+ + bs0,.

While the formulae (2.11) give a succinct algebraic definition of the func-
tion f, it is also possible to see an intuitive algorithmic picture. To start with,
by the properties of our point encoding, we can assume that a; # 0, for all
i € [s]. Let @ := min(as,...,as), and set by := sa and o = {v1,...,vs}.
After that, we proceed recursively with the linear (though no longer convex)
combination (a; — a)vy + -+ - + (as — a)vs as follows.

e Delete all the zero terms, say k terms remain.
Set by to be equal to ka’, where a’ is the minimum of the remaining
coefficients, and set o5 to be the set of the remaining vertices.

e Subtract a’ from the remaining coefficients and repeat the whole procedure
to find the next pair b; and 0.

Note, that in the end we shall get the same convex combination as using (2.11),
just with the zero terms already removed. This algorithm is illustrated by
the pictogram-like Figure 2.2.

(2) To define a continuous function g : |BdA| — |A|, take a point y =
bioy + -+ + biop in |Bd A|. The point g(y) can be encoded by the convex
combination ajvq + -+ + asvs, where {vy,...,vs} = o01. To determine the
coefficient of v;, let k be the maximal index such that v; € o;. Then we set
a; := by /|o1|+ba/|o2|+- - -+bi/|ok|. In words, one could say that each simplex
o; distributes its coeflicient in a fair way to its vertices.

It follows immediately from our description of topology on geometric real-
izations of abstract simplicial complexes that the maps f and g are continuous.
We leave it as an exercise for the reader to verify that these two maps are
actually inverses of each other. 0O



2.2 Polyhedral Complexes 23

Ajy Qiy Qjy Q55 Qi Qig
Fig. 2.2. The horizontal levels correspond to the successive steps of the algorithm
computing the value of the function f.

One way to think about the barycentric subdivision, which can come in
handy in certain situations, is the following. First, we define the barycentric
subdivision in the standard n-simplex. By definition, it is the simplicial com-
plex obtained by stratifying the standard n-simplex with the intersections
with the hyperplanes x; = z;, for 1 <7 < j < n+ 1. The new vertices will be
in barycenters (also called the centers of gravity) of the subsimplices of the
standard n-simplex, hence the name barycentric.

When the abstract simplicial complex A is finite, then we can take its
standard geometric realization and take the barycentric subdivisions of the
individual n-simplices as just described. This gives the geometric realization
of the barycentric subdivision of A. When, on the other hand, the abstract
simplicial complex A is infinite, we can take the barycentric subdivisions of
its simplices before the gluing and then observe that the gluing process is
compatible with the new cell structure; hence we will obtain the geometric
realization of the barycentric subdivision of A as well.

2.2.3 Geometric Simplicial Complexes

Sometimes the embedding of the geometric realization in the ambient space
is prescribed from the beginning and is of importance. For this reason, many
texts in algebraic topology introduce the following concept.

Definition 2.34. A geometric simplicial complex K inRY is a collection
of simplices in RN such that every subsimplex of a simplex of K is a simplex
of K and the intersection of any two simplices of K is a subsimplex of each
of them.

As for abstract simplicial complexes, the collection of all simplices of K of
dimension less than or equal to d is called the d-skeleton of K, and is denoted
by K@ or Sky(K). For example, K is the set of vertices, K is the edge
graph, etc.
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Example 2.35. Define a simplicial complex K as follows: the set of vertices is
Ko ={0}U{L|neN}, and the set of edges is K; :{{ﬁ-l’ﬂ ’ nEN}.
Definition 2.36. For a geometric simplicial complex K, let |K| denote the
union of all simplices of K. The topology on |K| is defined as follows: every
simplex o of K has the induced topology, and in general A C |K| is open if
and only if ANo is open in o, for all simplices 0 € K (equivalently, the word
“open” could be replaced with the word “closed”).

We note here that if K has finitely many simplices, then the intrinsic
topology of | K| is the same as the topology induced from the encompassing
space R™. Otherwise, the two topologies may differ. To illustrate that effect,
consider the simplicial complex in Example 2.35. The induced topology on
the union of simplices is that of a unit interval; in particular, the set {0} is
not open. On the other hand,

0} o= {{0}, if o = {0};
0, otherwise.

In particular, {0} is open in |K|. The topological space |K| is not connected,

whereas it would be connected if we simply took the induced topology.

In general, a geometric realization of an abstract simplicial complex is
a geometric simplicial complex, while the combinatorial incidence structure
of the geometric simplicial complex will give an abstract one.

The notions of a subcomplex and simplicial maps are defined for the
geometric simplicial complexes in full analogy with the abstract simplicial
complexes. These notions then coincide under the described correspondence
between the two families of simplicial complexes. Note that when two com-
plexes K and L have dimension less than 2, i.e., can be viewed as graphs, the
graph homomorphisms (see Definition 9.20) between K and L are simplicial
maps, but not vice versa.

To illustrate the use of the topology described in Definition 2.36, we prove
the following result.

Proposition 2.37. Let L be a subcomplex of a geometric simplicial complex
K; then |L| is a closed subspace of | K]|.

Proof. For an arbitrary simplex o € K, the intersection o N|L| is a union of
those subsimplices of o that belong to L; in particular, it is closed. 0O

By our discussion above, Proposition 2.37 implies that whenever A; and
Ao are abstract simplicial complexes and A7 is a subcomplex of As, we know
that |A1| is a closed subspace of |As|. In fact, if A; is also finite, we see that
|Aq| is a compact subspace of |As.
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2.2.4 Complexes Whose Cells Belong to a Specified Set
of Polyhedra

In this subsection we shall describe a general procedure that allows one to con-
sider families of complexes whose cells are sampled from some specified set of
polyhedra. In this way we will construct both familiar families as well as com-
plexes that only recently have proved to be of importance for combinatorial
computations.

Polyhedral complexes

Recall that a convex polytope P is a bounded subset of R¢ that is the solution
of a finite number of linear inequalities and equalities. Recall that F* C P is
called a face of P if there exists a linear functional f on R¢ such that f(s) = 0,
for all s € S, and f(p) >0, for all p € P.

Definition 2.38. A geometric polyhedral complex I" in RY is a collec-
tion of convex polytopes in RN such that

(i) every face of a polytope in I is itself a polytope in I';
(ii) the intersection of any two polytopes in I' is a face of each of them.

Most of the terminology, such as skeleton, subcomplex, join, carries over
from the simplicial situation. One new property worth observing is that a di-
rect product of two geometric polyhedral complexes is again a geometric poly-
hedral complex, whereas the same is not true for the geometric simplicial
complexes.

Let C be a geometric polyhedral complex. For every face F' of C we insert
a new vertex b in the barycenter of F', i.e., bp = % Zle v;, where vy, ..., Uk
are the vertices of F. We can now subdivide each face of C' into simplices
in the inductive manner: the edges are simply divided into two, and at each
step, the face F' is subdivided by spanning a cone from bg to the subdivided
boundary of F'. Clearly, this will give a homeomorphic geometric simplicial
complex.

Let us now adopt the gluing process from Subsection 2.2.1 to define a more
general family of complexes.

e We start with a discrete set of points. This is our 0-skeleton, and we
proceed by induction on the dimension of the attached faces.

e At step d we attach the d-dimensional faces, all at once. Each face is
represented by some convex polytope P in the sample space R%. To attach
it we need a continuous map f : 9P — X, where X denotes the part of the
complex created in the first d — 1 steps. The attaching map must satisfy
an additional condition: we request that it should be a homeomorphism
between OP and f(OP), and that this homeomorphism should preserve
the cell structures, where the cell structure on 9P is simply the given
polytopal structure, and the cell structure on f(9P) is induced from the
previous gluing process.
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When a cell of the complex was obtained by gluing on the polyhedron P;
we shall sometimes simply say that this cell is the polyhedron P.

Definition 2.39. A topological space X is called a polyhedral complex if
1t can be obtained by the above gluing procedure.

Fig. 2.3. Examples of polyhedral, cubical, and prodsimplicial complexes.

An example of a polyhedral complex is shown on the left of Figure 2.3.
Again, all the basic operations and terminology of the simplicial complex
extend to the polyhedral ones. This includes the barycentric subdivision, since
it can be done on the polyhedra before the gluing, and then one can observe
that the obtained complexes will glue to a simplicial complex in a compatible
way.

For future reference we introduce the following notion.

Definition 2.40. Let X be a polyhedral complex, and let S be the set of some
of its vertices. We let X[S] denote the polyhedral complex that consists of all
cells whose set of vertices is a subset of S. This complex is called the induced
subcomplex.

The notion of the link does not generalize in a straightforward fashion.
We shall not need it in this generality, so rather than indulging in technical
details, we provide some intuition behind the various constructions that exist
in the literature. The notion of a link in triangulated spaces, which we will
actually need, will be defined rigorously in the next section.

To start with, notice that every polyhedral complex is embeddable into
RY for a sufficiently large number N. Indeed, all we need to verify is that we
can attach each cell to an embeddable complex X so that it stays embeddable,
possibly increasing the dimension. Assume that X C RY and add one more
dimension. Place a vertex on the new coordinate axis and span a cone over
the subspace of X along which the new cell is to be glued. Since the attaching
map of the new cell is a homeomorphism, we see that adding this cone is the
same up to homeomorphism as actually attaching the new cell to X. Hence
the resulting complex is embeddable as well.
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Once the complex is embedded into RY, a usual way to define the link of
a vertex v is to place a sphere of sufficiently small radius with its center in v.
The intersection of this sphere with the complex is the link. To see that this is
actually a polyhedral complex, it is enough to notice that up to face-preserving
homeomorphism, the intersection of a small sphere with the polytope can be
replaced by the intersection with a hyperplane. This hyperplane can be found
as follows: take the hyperplane H whose intersection with our polytope is
equal to the considered vertex, and consider the parallel translation of this
hyperplane by a sufficiently small number in the direction of the polytope.

Finally, one can also define the link of an arbitrary face ¢ of the polyhedral
complex. To do that, take any point x in the interior of ¢. It has a small
closed neighborhood that can be represented as a direct product B? x Q,
where d = dim o, B% is a closed ball of dimension d, and Q is some polyhedral
complex, which can be thought of as the transversal complex of ¢. The face
o is replaced by the vertex x in @), and we can take the link of z in Q. This
is the link of ¢ in our polyhedral complex.

Complexes glued from simplices

It is now possible to define whole classes of complexes by specifying the set
of allowed polyhedra. The first and most natural set of polyhedra that one
could choose is the set of all simplices.

Definition 2.41. A polyhedral complex whose cells are simplices is called
a generalized simplicial complex.?

A generalized simplicial complex may be not representable as a geometric
realization of an abstract simplicial complexes. Perhaps the simplest example
is the complex with two vertices and two edges connecting these vertices.
However, all constructions involving abstract simplicial complexes, including
simplicial maps, can also be done with the generalized simplicial complexes in
the sense of Definition 2.41. The generalizations are straightforward and left
to the reader.

Cubical complexes

In many contexts, such as geometric group theory, another family of complexes
is of fundamental importance.

Definition 2.42. A polyhedral complex whose cells are cubes of various di-
mensions s called a cubical complex.

The join operation does not work well for the cubical complexes. Instead,
we see that a direct product of two cubical complexes is again a cubical com-
plex. An example of a cubical complex is shown in the middle of Figure 2.3.

3 We choose not to call it a simplicial complex to avoid confusion with the termi-
nology in other literature.
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Prodsimplicial complexes

The next class of complexes provides a hybrid of the cubical and simplicial
complexes.

Definition 2.43. A polyhedral complex whose cells are direct products of sim-
plices is called a prodsimplicial complex.

This is a class of polyhedral complexes that contains the generalized sim-
plicial complexes and is closed under direct products. An example of a prod-
simplicial complex is shown on the right of Figure 2.3.

2.3 Trisps

Given an abstract simplicial complex A with the set of vertices [n], we see
that the natural order on the set [n] induces an order on the set of vertices of
each simplex. More generally, an abstract simplicial complex equipped with
a partial order on the set of vertices such that it induces total orders on
the sets of vertices of every simplex is called an ordered abstract simplicial
complez.

In this section we define a class of spaces, the so-called triangulated spaces,
which in this book will simply be called trisps,®> whose open cells are simplices
with coherently ordered vertex sets, but which are more general than ordered
abstract simplicial complexes.

2.3.1 Construction Using the Gluing Data

A trisp is described in a purely combinatorial way by its gluing data.

Definition 2.44. The gluing data for a trisp A comprise the following parts:

e a sequence of sets So(A),S1(A),..., where the set S;(A) indexes the i-
simplices of A, for all i > 0, and the sets S;(A) are not required to be
finite;

e for each m < n, and for each order-preserving injection f : [m + 1] —
[n + 1], we are given a set map By : Sp,(A) — Sp(AQ) satisfying two
additional properties:

(1) for any pair of composable order-preserving injections [k + 1] =R [m+1]

J, [n+ 1], we have Byoq = By o By;
(2) for any identity map id, : [n + 1] — [n + 1], we have Biq, = idg, ().

4 This class of complexes has recently gained in importance in Combinatorial Al-
gebraic Topology; see [Ko0O5a).

5 Our terminology follows Gelfand & Manin [GeM96], though the abbreviation trisp
appears to be used here for the first time. The same objects have appeared in the
literature under other names, most notably as semisimplicial sets in Eilenberg &
Zilber [EZ50], and, more recently, as A-complezes in Hatcher [Hat02].
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Let us say a few words to illuminate the second point in Definition 2.44.
When thinking through it, the reader should identify for her- or himself the
order-preserving injections into the set [n + 1] with the subsets of [n + 1].
Therefore, each such order-preserving injection f : [m + 1] — [n + 1]
should be thought of as indexing certain m-dimensional subsimplices of the
n-dimensional simplices. For example, when m = 1 and n = 2, there are pre-
cisely three order-preserving injections [2] < [3], corresponding to the fact
that a triangle has three edges. For each such map f we have a set map
By : Sp(A) — Sp(A4), and for each o € S,(A), the value By(o) simply tells
us onto which m-simplex we should glue the corresponding m-simplex from
the boundary of o.

The fact that the gluing data are discrete and are given by set maps
only is very important. The precise gluing procedure is as follows. Note that
an order-preserving injection f : [m + 1] < [n + 1] induces a linear inclusion
map My : R+ — R™"! which takes the ith vector of the normal orthogonal
basis in R™*! to the f(i)th vector of the normal orthogonal basis in R™"*1.
In particular, it can be restricted to a homeomorphism from the standard
m-simplex to a certain m-subsimplex of the n-standard simplex. This is the
map that glues this subsimplex of a simplex ¢ € S, to the m-simplex B¢(o) €
S (A). The condition Bjoy = B, o By ensures that the gluing procedure is
consistent.

Definition 2.45. A trisp A is the complex that is obtained from the gluing
data from Definition 2.44 by the gluing procedure above.

It may be informative to observe that in order to specify a trisp, we just
need to list these order-preserving injections for the codimension-1 pairs, i.e.,
when m = n — 1. We also see that when an n-simplex is attached, each of its
proper open subsimplices is attached by a homeomorphism to a simplex that
is already in the complex.

In the structure of trisps, the “vertices” of each simplex have a prescribed
order. In particular, all edges in A are directed. When v and w are vertices
of A, and e = (v,w) is an edge directed from v to w, we shall often write
(v — w) instead of e.

Remark 2.46. Notice that we have not excluded the possibility that all of the
simplex sets S;(A) are empty. The trisp for which this happens is called the
void trisp.

Recall furthermore that for the nonvoid abstract simplicial complexes we
have also had an empty simplex. It is practical to have it for the trisps as
well. Therefore we adopt the convention that we also have the set S_;(A).
If this set is empty, then also all other sets S;(A) are required to be empty;
otherwise, we require that |S_;(A)| = 1. Since by convention [0] = 0, there
is a unique order-preserving injection f : [0] < [n] for each n, and the map
By : 8,(A) — S_1(A) is the unique map that takes everything to one element.
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In a trisp there could be several simplices with the same set of vertices,
and furthermore, the boundary of every simplex may have self-identifications.
In the combinatorial applications, we shall usually have spaces without such
self-identifications. Therefore, it is useful to distinguish this special case by
a separate definition.

Definition 2.47. Let A be a trisp with the gluing data ({S;(A)}:, {By}y).
Then A is called a regular trisp if the vertices of every o € Si(A) are
distinct, i.e., the values By, (o), fori=1,...,k+1, are all distinct; here each
fi : [1] = [k + 1] is the injection defined by f;(1) := .

Clearly, if the vertices of o € Si(A) are distinct, then in fact, all the
subsimplices of the attached simplex are glued over distinct subsimplices. In
particular, the simplex is glued over a homeomorphic copy of its boundary. In
this book, regular trisps will appear as nerves of acyclic categories.

Given a generalized simplicial complex, see Definition 2.41, choose an ar-
bitrary order on its set of vertices. This will induce an order on vertices of
every simplex, and one can see that the gluing maps will be order-preserving.
Hence we will get a regular trisp. Conversely, once the orderings of vertices in
every simplex are forgotten in a regular trisp, we get a generalized simplicial
complex.

However, it is of course not true that an abstract simplicial complex with
already chosen orders of vertices in simplices can be realized as a trisp. The
simplest example is provided by the hollow triangle in which the directions
on edges are chosen so that these go in a circle.

triangulated spaces not a triangulated space

Fig. 2.4. Examples.

2.3.2 Constructions Involving Trisps

Essentially all constructions on the abstract simplicial complexes generalize
to the trisps. It might be instructive to follow some of this in further detail.
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To start with, the deletion of a vertex, or, more generally of a higher-
dimensional simplex, is straightforward. When A is a trisp and o € S,,(A4)
is an m-simplex of A, the gluing data of the trisp dla (o) are obtained from
the gluing data for A by deleting the element o from S,,(A) and deleting all
elements of S,,(A), for n > m that map to ¢ under some map By. In other
words, we delete all simplices that contain o as a part of their boundary.

Defining a link is only slightly more difficult. Let again A be a trisp, given
by its gluing data as specified by Definition 2.44, and let o € S,,,(A) be an m-
simplex of A. We shall now describe the gluing data of a trisp lka(o). To
start with, the sets indexing simplices are given by

Sn-m-1(Ika(0)) :=={(f;7) [T € Su(Q), [ : [m+1] = [n+1], 0 = By(7)},

where the injection f is assumed to be order-preserving. Let us define the
gluing maps. Assume that n > k > m, and we have an order-preserving
injection ¢ : [k — m] — [n —m]. Take 7 € S,,(A) such that B;(7) = o, where
f is an order-preserving injection f : [m+1] < [n+1]. The maps ¢ and f give
rise to order-preserving injections g : [m+1] — [k+1] and h: [k+1] — [n+1]
as follows. First of all, identify the target set of ¢ with the complement of the
image of f. Now, to find h simply take the union of images of f and of ¢. We
also find the map g by taking the image of f inside that union. We can now
define

By (Ika(0))(f;7) = (9, Bu(A)(7))-

We leave the verification of the compatibility condition to the reader. The
geometric meaning of the link is the same as for generalized simplicial and
polyhedral complexes.

For a trisp A and a simplex o, the star of o, denoted by star (o), is a cone
with apex, which we denote by o as well, over the link of o in A. In particular,
it is always contractible.

It is also possible to define joins of trisps. Assume that the triangulated
spaces Ay and A, are given by their gluing data and let us describe the gluing
data for the trisp A; x As. The sets indexing simplices of A; x Ay are given
by

Sn(ArxAg) = | {(o1,02) |01 € Si(A1), 02 € Sj(A2)}.
i+j+1=n
Let us describe the gluing maps. Assume that we have an order-preserving
injection f : [m+1] — [n+1], and let (01, 02) € S, (A1 xAs), say 01 € S;(41)
and og € S;(Az). Note that n+1= (i + 1)+ (j + 1), and set

a:=ImfNli+1]|—1land f:=|ImfN{i+2,...,n+1} —1.

We have a + 8+ 1 = m. The map f can then be represented by two order-
preserving injections f1 : [a + 1] — [i + 1] and fo : [+ 1] — [j + 1]
Correspondingly, we have two gluing maps By, (A1) @ S;[A1] — So[A4] and
By, (Ag) : Sj[As] — Sp[As]. Thus we can define
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By(Ay x Az) : (01,02) — (By,(01), By, (02)).

We leave it to the reader to verify the gluing compatibility condition. Note
that as a topological space, A; x Ay is homeomorphic to the topological join
of A; and As.

The maps between trisps are defined in the natural way as maps between
their sets of simplices that commute with the gluing maps.

Definition 2.48. Let Ay and As be two trisps. A trisp map F between A
and As is the following collection of data: for every simplex o € S, (A1) we
have a triple (n(o),p(c), F (o)), where

e n(o) <n is a nonnegative integer,

e p(o):[n+1] — [n(o) + 1] is an order-preserving surjection,

o F(0) € Sy0)(AQ2); this is the simplex in Ay of dimension n(o) to which o
is mapped by F following the map p(o).

These data are required to satisfy the following axiom: for any order-preserving
injection f : [m + 1] — [n + 1], there exists an order-preserving injection
g : [n(Byf(o)) + 1] — [n(o) + 1] such that

gop(Bs(o)) =p(o)o f (2.12)

and
By(F(0)) = F(By(0)), (2.13)

where the gluing maps are taken in the corresponding trisps.

The composition of trisp maps is defined by composing the structure data
in the natural way. One can see that the composition is well-defined by con-
catenating the corresponding commutative diagrams. It is easy to see that
the identity map is a trisp map, and that the composition of trisp maps is
associative.

Assume that A is a trisp and that F is an automorphism of A4, i.e., the trisp
map F takes A to itself, and it is a trisp isomorphism. Then Definition 2.48
specifies the following;:

e for every simplex o € S,,(4), we have n(c) = n, p(¢) = id[,41), and hence
F(0) € 5.(A);

e for any order-preserving injection f : [m + 1] < [n + 1], the map g whose
existence is stipulated by Definition 2.48 is equal to f;

e condition (2.13) translates into the commutation relation

By(F(0)) = F(By(0))- (2.14)

Given a trisp A, we can define its barycentric subdivision Bd A, which
is actually a regular trisp. The set of vertices of Bd A is equal to the union
So(A) U S1(A)U---. The d-simplices of Bd A are indexed by (d + 1)-tuples
(o, f1,---, fa), where o € S,,,, and the f;’s are order-preserving injections
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fi + [nic1] < [ng], for some ng < my < -+ < ng. The boundary simplices
of such a d-simplex are obtained by either replacing two injections f; and
fi+1 with their composition or by deleting the map f; and at the same time
replacing the simplex o with By, (o).

Since the barycentric subdivision of the generalized simplicial complex is
a geometric realization of an abstract simplicial complex, we can be sure that
after taking the barycentric subdivision twice, the trisp will turn into the
geometric realization of an abstract simplicial complex. On the other hand,
with many trisps, taking the barycentric subdivision once would not suffice
for that purpose.

2.4 CW Complexes

In this section we define the most general class of cell complexes that we use,
the CW complexes. Roughly speaking, a CW complex is made up of balls
of different dimensions, glued to each other, possibly in a fairly complicated
manner.

2.4.1 Gluing Along a Map

First we need some terminology. Let an m-cell be a topological space home-
omorphic to an m-dimensional closed unit ball B™ = {v € R™||jv|| < 1}.
An open m-cell is a topological space homeomorphic to the interior of a ball
Int B™. The CW complexes are constructed from such cells by means of a gen-
eral gluing procedure. We have already seen several instances of that. Since
the gluings we need now are more general, we would like to be more pedan-
tic about precise definitions. To start with, the actual gluing step is what is
called “attaching by a continuous map.” More precisely, we have the following
definition.

Definition 2.49. Let X and Y be topological spaces, let A C X be a closed
subspace, and let f : A —'Y be a continuous map. Y Uy X denotes the quotient
space X [[Y/ ~, where the equivalence relation ~ is generated by a ~ f(a),
for alla € A. We say that the space Y Uy X is obtained from Y by attaching
X along f.

Note that the mapping cone and the mapping cylinder, which will be
defined in Section 6.3, are examples of the space attachment constructions.
Attaching a cell along its boundary is another such example, in this case
X = B™ A= 0B™, and the attachment map is an arbitrary continuous map
f:0B™ =Y.

Observe that the space Y Uy X is equipped with the quotient topology,
which means that S C Y Uy X is open if and only if ¢~!(9) is open in X []Y,
where ¢ : X [[Y — Y Uy X is the quotient map.
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2.4.2 Constructive and Intrinsic Definitions

We shall now give the first definition of a CW complex; this one is along the
same “gluing” lines that we have followed several times already.

Definition 2.50. (Constructive).
A CW complex X is obtained by the following inductive construction of the
skeletons:

(1) The 0-skeleton X©) is a discrete set.

(2) Construct the n-skeleton X ™) by the simultaneous attachment of the n-
cells to X"~V along their boundaries. In particular, X gets the quotient
topology as described above.

(3) Equip the space X = |, X ™) with the weak topology: A C X is open if
and only if AN X™ is open for any n.

Unwinding definitions we get that A C X is open if and only if f;1(A) is
open for any cell «, where f, : B? — X is the attachment map (also called
the characteristic map).

Note that for an arbitrary CW complex X, the space X ™ /X (=1 ig
homeomorphic to a wedge of n-dimensional spheres, one for each n-cell of X.

Definition 2.51. Let X be a CW complex; A C X is called a subcomplex
if A is a union of open cells such that if e C A, then e C A.

An important property of CW complexes is expressed by the following
proposition.

Proposition 2.52. A compact subspace of a CW complex is contained in a fi-
nite subcomplex.

We leave the verification of this proposition to the reader.

Corollary 2.53. For each open cell e in a CW complex X, its closure € is
contained in finitely many open cells.

This proves a part of the equivalence of the two definitions of CW complex.
Historically, the CW structure was defined intrinsically, as follows.

Definition 2.54. (J.H.C. Whitehead).

Let X be a Hausdorff topological space, and assume that it is represented as
a disjoint union of open cells eq. Then, the pair (X, the collection of the cells
{ea}a) is called a CW complex if the following two conditions are satisfied:

(1) For any «, there exists a continuous map fo : B™ — X (m is the dimen-
sion of ey ) such that
e the restriction of f, to Int B™ is a homeomorphism onto eq;
o [, (OB™) is a subset of a union of finitely many cells of dimension less
than m.
(2) The subset A C X s closed in X if and only if ANeé, is closed for any c.
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2.4.3 Properties and Examples

CW complexes enjoy several properties:

e CW complexes are normal (meaning that disjoint closed subspaces can be
encapsulated in disjoint open subspaces);
a CW complex is connected if and only if it is path connected;
all CW complexes are locally contractible.

A nicer class of complexes is obtained by imposing an extra condition.

Definition 2.55. A CW complex X 1is called regular if for each cell o, the
restriction of the characteristic map fo : OBo — fo(0B4) is a homeomor-
phism.

For example, all the cell spaces, except for the trisps that we have defined
up to now are regular CW complexes. Regular trisps are also regular CW
complexes.

Ezample 2.56.

(1) There are many representations of the sphere S™ as a CW complex. Two
popular ones are as follows:

(a) There is one 0-cell and one n-cell. There is only one choice of the
attachment map, and the obtained complex is not regular.

(b) There are 2 cells in each dimension. The n-cells are attached to S"~!
by the identity maps along their boundaries. This is a regular CW
complex, and the cell structure is invariant under the antipodal map.

(2) A torus can be economically represented by one 0-cell, one 2-cell, and two
1-cells.

(3) The real projective space RP™ can be represented as a CW complex with
one cell in each dimension from 0 to m. This cell structure is the Zso-
quotient, with respect to the antipodal map, of the cell structure on the
sphere S”, which we described in (1)(b) above.

(4) The complex projective space CP™ can be represented as a CW complex
with one cell in every even dimension from 0 to 2n. The interior of the
2n-cell corresponds to all the points (1 : 21 : -+ : z,) identifying it with
C™. The characteristic map identifies the ray generated by the vector v
(the boundary of C™ can be thought of as the set consisting of all the rays
emanating from the origin) with the point (0 : v).
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Homology Groups

The general idea of homology theory is to have computable algebraic invari-
ants of topological spaces. One basic set of invariants is given by the Betti
numbers. These can be further enriched: for example, one can consider ho-
mology groups or cohomology rings. In the opposite direction, one can also
simplify, and consider such invariants as the Euler characteristic, which could
be much easier to compute.

As usual, these invariants are used to distinguish between topological
spaces. In fact, it will turn out that most of the invariants that we will define
are preserved by a coarser equivalence relation than homeomorphism, called
homotopy equivalence. Thus the invariants may also help in distinguishing
the homotopy types of spaces.

In the subsequent sections we shall define homology in stages, proceeding
from special to increasingly general settings. For example, the boundary map
will be introduced four times in various contexts: as a set map (Betti numbers
over Zo of abstract simplicial complexes), as a linear transformation (Betti
numbers of trisps), as an abelian group homomorphism (homology with inte-
ger coeflicients), and finally using the winding numbers (cellular homology).

3.1 Betti Numbers of Finite Abstract Simplicial
Complexes

In the first section of this chapter we would like to introduce the reader to
the basic invariants as quickly as possible. We therefore restrict our attention
to finite abstract simplicial complexes for now.

Let A be a finite abstract simplicial complex, and let S,,(A) be the set of
n-simplices of A, for all n > 0. Let C,,(A) be the set of all subsets of S, (A),
in particular |C,,(A)| = 2!9(4)]. We define a function, called the boundary
operator Oy, : Sy (A) — C,—1(A4), as follows:
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{vo,- s v} = (J{{vo, -85y vn

i=0
where {vg, ..., 0;,...,v,} means the subset of {vg,...,v,} obtained by remov-
ing the element v;, and the double bracket {} comes from the fact that we are
dealing with a set of sets. In words, the set {vy,,...,v,} is mapped to the set

of all the subsets that can be obtained from it by deleting one of its elements.
The definition of the boundary operator can be extended to all subsets of
Sn(A), which we still denote by 9, : Cr,(A) — C,,—1(A), by setting

On(2) = @D 9n(9),

Sex

for all X' € C,,(A), where @ denotes the exclusive or. Spelled out in words:
the set X' of n-simplices is mapped to the set of all (n — 1)-simplices that can
be obtained from an odd number of simplices in X' by deleting one of their
vertices.

Let Im(9,,) denote the image of the boundary map 9,, : Cp,(A) — Cp,—1(4).
Furthermore, let us call the subset of C,,(A) consisting of the families of
subsets of S, (A) that are mapped by d,, to the empty set the kernel of 9,
and let us denote it by Ker(d,). It is convenient to adopt the convention that
C_1(A) consists of the empty set alone, and that Ker(9dy) = Cy(A).

Before we proceed, we need the following combinatorial lemma.

Lemma 3.1. Let S be a finite set, and let X be a family of subsets of S that
contains the empty set and that is closed under the operation ®. Then we have
|X| =24, for some 0 < d < |S].

Remark 3.2. Lemma 3.1 is an easy consequence of linear algebra over the
finite field Zs. Indeed, the elements of the set S can be identified with the
coordinates of Z‘Qsl, which is an |S|-dimensional vector field over Z,. Under
this identification, the subsets of S are vectors in that vector space, and the
condition that the family X' is closed under the operation & translates to the
fact that X' is a linear subspace of Z|25|. Say this subspace has dimension d.

Then by linear algebra over Z,, we see that | 2| = 2.

Alternatively, one can also give a combinatorial proof that does not use
linear algebra.

Proof of Lemma 3.1. If X contains no other sets except for the empty one,
the statement trivially holds with d = 0. Let us proceed by induction on |X].
We can assume without loss of generality that S = [n], and that there exists
A € ¥ such that n € A. Let X be set of the sets in X' that do not contain n,
and let X5 be set of the sets in X' that do.

The operation of taking the symmetric difference with A gives a bijection
between X; and Y5. On the other hand, X' is a disjoint union of Xy and X5,
hence |X| = |X] + |X2| = 2|X1|. By the induction assumption, since Y is
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a family of the subsets of [n — 1] that is closed under @, we have |X;| = 29,
for some d. We conclude that || = 29T, O

Examples of families of sets that satisfy the conditions of Lemma 3.1 are
the kernel and the image of every boundary map 9, since 9, (X @ X3) =
On(X1) ® 0, (X2) for arbitrary Xy, Yy € C,(A). We are now ready to state
the main definition of this section.

Definition 3.3. Let A be a finite abstract simplicial complex. Let n > 0, and
assume that [Im(9,41)| = 2¢, |Ker(0,)| = 2¥, for some i and k. We define the
nth Betti number of A with coefficients in Zy to be (8,(4) :=k —i.

An important property of this boundary operator is that when applied
twice it gets reduced to the trivial map.

Lemma 3.4. Let A be a finite abstract simplicial complex. Then for alln > 0,
the composition map Op, © Opy1 maps every set to the empty one.

Proof. For any X € C,,;1(4), the simplices in 9,,(0,+1(X)) are obtained by
taking some simplex in X and deleting from it two different vertices. This
can be done in two different ways, depending on the order in which the two
vertices are removed. In the total symmetric difference these two simplices
give the combined contribution ), and hence the total value of 9,,(9,+1(X))
is equal to 0 as well. O

One way to rephrase Lemma 3.4 is to say that Ker(d,,) contains Im(9,,+1)
for all n > 0. In particular, we see that the Betti numbers are always non-
negative.

3.2 Simplicial Homology Groups

3.2.1 Homology Groups of Trisps with Coefficients in Z,

We shall now upgrade our discussion from Section 3.1 in two ways: first we
replace abstract simplicial complexes with arbitrary trisps; second we now
phrase our invariants algebraically as groups.

Let A be a trisp. For n > 0, we let C,,(A) be vector spaces over Zy with
basis indexed by the elements of S,,(A). The boundary operator 0, : Cy,(A) —
Cpn-1(4) is a linear transformation that can be defined as follows. For n > 1
and an n-simplex o € S, (A) we set

n+1

On(0) = ZBfi(o*), (3.1)

where for ¢ ranging from 1 to n+ 1, f; : [n] < [n + 1] is the order-preserving
injection whose image does not contain the element i. The definition is then
extended linearly over Zy to the whole vector space Cy,(A).
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We would like to point out that in the special case that A is actually
an abstract simplicial complex, formula (3.1) reads as

On({vo, ..., vn}) ;:Z{UO,...,@,...,U”}, (3.2)

where {vg,...,v,} is an n-simplex of A.
An element of C,,(A) is called an n-chain of A. We use the convention
that C'_1(A) = {0}, and hence Jp : Cp(A) — C_1(4) is a 0-map.

Lemma 3.5. Let A be a trisp, and let the boundary operator 9, be as defined
by (3.1). Then we have
3n_1 o 8n - O7 (33)

for allm > 0.

We remark that frequently the identity (3.3) is simply stated as 9% = 0.

Proof of Lemma 3.5. For n = 0 the statement is obvious. Let n > 1, and
take 0 € S, (A). Since By o By = Bjo4, we see that to each simplex in the
sum Oy,_1(0,0) we can associate an order-preserving injection [n — 2] < [n].
On the other hand, each such order-preserving injection can be represented as
a composition of order-preserving injections [n — 2] — [n—1] < [n] in exactly
two ways. This means that there will be precisely two identical simplices
associated to each order-preserving injection [n — 2] < [n]. This implies that
the total sum 9,,_1(9,0) is 0. O

Let Z,(A;Zs) denote the kernel of 9,,, and let B,,(A4;Zs) denote the image
of 9,+1. The elements of the vector space Z,(A;Zs) are called n-cycles with
Zs-coefficients, and the elements of the vector space B, (A;Z2) are called n-
boundaries with Zs-coefficients. Again, reformulating Lemma 3.5 we obtain
the following corollary.

Corollary 3.6. For an arbitrary trisp A and any integer n > 0, we have
Bn(A,ZQ) g Zn(A,ZQ)

Now we have all the notions in hand to give an algebraic analogue of
Definition 3.3.

Definition 3.7. For n > 0, the nth simplicial homology group with
Zo-coefficients of A is defined by

H,(A;7Zs) == Zp,(A;Z2)/Bn(A4; Zs).
We shall skip the coefficients when these are clear.

Remark 3.8. Clearly, H, (A;Z2) actually has a structure of a Zs-vector space,
since it is a quotient of a vector space by a vector subspace. It is, however,
customary to call it homology group.
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3.2.2 Orientations

To move beyond the case of Zs-coefficients, we need to introduce an additional
structure: the choice of orientations of all the simplices.

Assume that A is an abstract simplicial complex, and let o = (vg, ..., v,)
be an n-dimensional simplex of A. We have a permutation action of the sym-
metric group S,,41 on the set of the vertices of . Clearly, this action is transi-
tive, i.e., it has only one orbit. When restricted to the action of the subgroup
A, 41 of even permutations, we shall have two orbits, since A,,41 is a subgroup
of index 2.

Definition 3.9. The above-defined orbits of An+1-action are called orienta-
tions of 0.

We have a total of two possible orientations, which geometrically corre-
spond to choosing an orientation on the linear subspace spanned by the sim-
plex. We shall use the term oriented stmplex to denote a simplex with a chosen
orientation, and we shall denote it by [vg,. .., vy].

Ezample 3.10. We have [vg, v1, v2] = [v1, V2, Vo] # [vo, V2, v1].

Note that an ordering on the set of vertices V' (A) gives an order within each
specific simplex of A as well. In particular, this implies that such an ordering
gives an induced orientation on all the simplices in our complex.

When A is an arbitrary trisp, the simplices in the gluing data come with
a standard orientation. Sometimes, however, it can be advantageous to con-
sider some nonstandard orientations. It is therefore useful to have the following
notion.

Definition 3.11. Let A be an arbitrary trisp. An orientation of A is a col-
lection of functions {€,}52,, where €, : Sy (A) — Za, for all n > 0.

Intuitively we think that €, (o) = 0 corresponds to the orientation induced
by the order of the simplices, whereas €, (c) = 1 corresponds to changing that
orientation to the opposite one.

3.2.3 Homology Groups of Trisps with Integer Coefficients

We shall now combine the orientations of Subsection 3.2.2 with the algebraic
procedure of Subsection 3.2.1.

Let A be an arbitrary trisp, with the standard orientation on its simplices.
For n > 0, let C,,(A) denote the free abelian group generated by the oriented
simplices of A of dimension n, that is,

Cp(A) = Z o0 | Co €L
€S, (AQ)
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The algebraic convention that we use is that whenever the simplex changes
its orientation, the corresponding generator changes its sign. Put formally, we
generate the free abelian group by all orientations of simplices, and then take
the quotient by the relation stating that the sum of the opposite orientations
of the same underlying simplex is equal to 0.

In line with the previous terminology, a linear combination  ; . S, (A) Ca0
is called an n-chain with integer coefficients, and the group C,(A) is called
an n-chain group with integer coefficients.

Just as in previous cases, one can define the boundary operator, which this
time is an abelian group homomorphism

Op Cn(A) - n—l(A)a

as follows: on oriented simplices, which are the group generators here, it is

defined by
n+1

On(0) = > (~1)"'By,(0), (3.4)
i=1
and in the case of the abstract simplicial complex, by

n

[v07...7vn]>—>2(—1)i [Vay ey DiyevyUn],s (3.5)

=0

which are then extended linearly to the whole abelian group C,(A). We see
that equations (3.4) and (3.5) differ from equations (3.1) and (3.2) only by
sign.

More generally, when some other orientation ¢ on A is chosen, equa-
tion (3.4) changes to

n+1

(o) = Z(_l)i—i_len(a)en*l(Bfi () By, (o). (3.6)

i=1
Ezample 3.12. We have 02 ([vo, v1, v2]) = [v1,v2] — [vo, v2] + [vo, v1]-

Lemma 3.13. Let A be an arbitrary trisp, and let A be the boundary operator
defined by (3.4). Then for n > 0 we have

0100, = 0. (3.7)

Proof. In the case that A is an abstract simplicial complex, we see that the
oriented simplex [vo, ..., 0;,...,0j,...,v,] appears in Op—1(0n[vo, . . ., Un]) two
times. This is the same as in our previous proofs. The additional ingredient
here is “chasing signs”: the two copies come once with the coefficient i+ (j—1),
when v; is deleted first, and once with the coefficient j 4 i, when v; is deleted
second. The total contribution is therefore 0, and hence we can conclude that
On—1(0n[vo, ..., v,]) = 0.
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The case that A is a trisp is completely analogous. 0O

As before, Z,(A;7Z) := Ker(9,,) are the n-cycles with integer coefficients,
and B, (A;Z) :=Im(0,4+1) are the n-boundaries with integer coefficients. For
all n > 0, we have B, (4;Z) C Z,(A;Z).

Definition 3.14. Let A be an arbitrary trisp, and let n > 0. The nth sim-
plicial homology group with integer coefficients of A is defined by

H, (A7) := Z,(A; 7)) Bo (A Z). (3.8)

In particular, H, (A;Z) is an abelian group, and H;(A;Z) = 0, whenever
n > dim A. To denote the totality of the homology groups one uses the no-
tation H,.(A;Z), where * stands for a variable to be assigned. We shall also
omit the coefficients when it does not lead to ambiguity.

Ezxample 3.15.

(1) Let us calculate the homology groups of a hollow triangle, i.e., let A be
the abstract simplicial complex whose set of vertices is {vg,v1,v2} and whose
set of edges is {{vg, v1}, {v1,v2},{vo, v2}}. Its chain groups are

o Co(A) = ([vo], [v1], [v2]) = Z°,

o C1(4) = ([vg, v1], [v1,v2], [vg, v2]) = Z°.

The boundary operator is 01([v;,v;]) = —[vi] + [v;], for all 4,5 € {0,1,2},
i # j. Therefore, for the homology groups we have

Ho(A) = Zo(A)/Bo(A) = Co(A)/([vo] — [v1], [vo] — [va]) = (vo + Bo(4)) =Z
and
Hi(A) = Z1(A)/B1(A4) = Z1(4) = ([vo, v1] + [v1, v2] — [vo, v2]) = Z.

Clearly, H;(A) =0 for i ¢ {0,1}.

In general, we see by a similar calculation that when A is the boundary of
an n-simplex, i.e., V(A) ={0,1,...,n}, and all subsets of {0,1,...,n} except
for {0,1,...,n} itself are simplices of A, we have H;(A) = 0 for i #n — 1,
and Hn—l(A) =Z.

(2) For any trisp that is homeomorphic to a 2-dimensional torus T', we have
Hy(T) = Z, Hi(T) = Z?, Hy(T) = Z, and H;(T) = 0 for i # {0,1,2}. We
shall not do a complete computation here, since it is tedious and will be done
more succinctly later in the book.

In general it is easy to see by a computation similar to the above that
Hy(A) = Z¢, where c is the number of connected components of A.

Remark 8.16. Let us point out two problems with this definition:
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(1) It is unclear why the homology groups are independent of the particular
triangulation. This can be resolved, for example, by passing to the singular
homology, which is defined later on in this chapter. We shall simply assume
the fact, and refer the interested reader to any of the standard textbooks
in algebraic topology.

(2) Simplicial computations, even for such small spaces as the torus, can be
rather tedious. A quicker way to compute is provided by the cellular ho-
mology, which we introduce in Section 3.6.

3.3 Invariants Connected to Homology Groups

Classically, one studied invariants of topological spaces that were actually
numbers, not groups. In this section we shall extract these numbers from
H.(A).

3.3.1 Betti Numbers and Torsion Coefficients
To start with, we need a classical result from group theory.

Theorem 3.17. (Basis theorem for abelian groups)

Every finitely generated abelian group can be written as a direct product of
cyclic groups of prime-power order with a finite number of infinite cyclic
groups. In this presentation, the summands are uniquely determined up to
isomorphism and order.

Let A be a trisp such that H,(A;Z) is finitely generated. This holds,
for example, if A has only finitely many simplices in each dimension. By
Theorem 3.17, the group H,(A;Z) can be represented as a direct sum F & T,
where F is a free group and T is a finite group.

The rank of F' (i.e., the number of generators of F) is called the nth Betti
number of A and is denoted by 3, (A). The elements of T are called the torsion
elements of H, (A;Z). When T is trivial, one says that the nth homology is
torsion-free, or simply that there is no torsion.

The torsion part can be represented as a direct product of cyclic groups
of prime power order. The exponents of this groups are called the torsion
coefficients. The nth Betti number and the torsion coefficients are uniquely
determined by the group H,(4;Z).

Finally, let us remark that the Betti numbers can be defined also when the
groups H,(A;Z) are not finitely generated. One simply takes the rank of this
group as the definition. In this generality it is possible that a Betti number is
equal to infinity.
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3.3.2 Euler Characteristic and the Euler—Poincaré Formula

The following is perhaps the most basic numerical invariant of a topological
space considered in algebraic topology.

Definition 3.18. Let A be a trisp with finitely many simplices. The Euler
characteristic of A is defined by

X(A) =Y (=1)T7 =3 (=1)"[S,(A)]. (3.9)
cEA n>0

The crucial property of the Euler characteristic is that passing to the Betti
numbers simplifies the righthand side of (3.9) tremendously, due to major
cancellations that take place in the process.

Theorem 3.19. (Euler—Poincaré formula).
Let A be a trisp with finitely many simplices. Then we have

X(4) =Y (=1)"Ba(4). (3.10)
n>0
Before we proceed with the proof, let us recall that a sequence

"_>An+1_’An_)An71_>"'

of abelian groups is called ezxact if for every n, the kernel of the map from A,
to A,—1 is equal to the image of the map from A, 11 to A,.

Proof of Theorem 3.19. We have exact sequences
0— Z,(4) — Cr(Ad) — B,,—1(4) — 0

and
0 — Bp(4Q) — Z,(A) — H,(A) — 0.
By general abstract algebra we have tk C,,(A) = rk B,,_1(A) + 1k Z,,(4), and
tk Z,,(A) = 1k B,,(A) + rk H,,(A). Combining these, we get
rk C, (A) = 1k By,—1(A) + tk H,,(A) + 1k B, (AQ).

Summing over all n yields

X(A) =D (=1)"kCu(A) = Y (~1)"tk Hi(A) = Y (=1)"Ba(4),
n>0 n>0 n>0
which finishes the proof. O

We remark that formula (3.10) allows us to extend the definition of the
Euler characteristic to any trisp whose homology groups vanish above a certain
dimension: simply take (3.10) as the definition of x(A).
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3.4 Variations

3.4.1 Augmentation and Reduced Homology Groups

A useful variation of the definitions above is that of reduced homology groups.
To define these, let us take another look at dimension —1. Until now, we have
always set C_1(A) := 0. However, as the reader will recall from our discussion
in Chapter 2, we do have an extra simplex in dimension —1, unless of course
our complex is void. B N

Let us define the reduced chain groups {C,(A)}52_; by setting Cy,(A) :=
Cn(4), for n > 0, and

C_i(A) =

~ Z, if A is not void;
0, otherwise.
Assume that A is not void, and let £ denote a chosen generator of 6’: 1(A). For
n > 1, set 9, := 9. Set dy(v) := e for all vertices v, and extend 9y linearly
to the whole group Cy(A). The process of adding the group C_1(A) together

with the boundary operator 0y is called augmentation.
Definition 3.20. Let A be an arbitrary trisp. Set Z,(A) := Ker(d,) and

gn(A) = lm(@m_l). The reduced homology groups of A are defined by

The difference between the reduced homology groups and the nonreduced
ones is not large. In fact,

Hi(A) = Hy(A), fori>1,

Ho(A) = Ho(A) x Z, if A is not void;
0 N ﬁo(A) = 0, otherwise,

~ 0, if A is not the empty complex;
o (A) :{ pty comp

7, otherwise.

In the same vein, we get reduced Betti numbers Bz(A) If the complex is not
empty and not void, then its reduced Betti numbers are equal to the nonre-
duced ones in all dimensions except for 0, where we have (5y(A) = Fo(A) + 1.
For the empty complex we see that B_l = 1, and all other reduced Betti
numbers are equal to 0, whereas for the void complex all of its reduced Betti
numbers are equal to 0.

Finally, the reduced Euler characteristic is defined by setting

- x(4) — 1, if A is not void,
R(2) = @=L
0, otherwise.
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3.4.2 Homology Groups with Other Coefficients

The complete algebraic apparatus described in Subsection 3.2.3 can be set up
with an arbitrary commutative ring R with unit taking the role played by Z.
In this scenario, C,, (A; R) are free R-modules generated by the simplices of A.
The boundary operator is still defined by (3.4) and (3.5) and then extended
by R-linearity. The R-modules Z,(A;R) and B,(A;R) are also defined in
the same way, for all n > 0.

Definition 3.21. Let A be an arbitrary trisp. For all n > 0, the quotient
H,(A;R) = Z,(A;R)/Bp(A;R) is called the nth homology group of A
with coefficients in R.

Again there is some abuse of terminology here, since H,(A;R) actually
has the inherited structure of an R-module.

As a special case, one can take any field, such as Zs or Q, to be the field
of coefficients. In this situation, the homology groups are vector spaces over
the respective field, and the complete homology information is encoded by the
Betti numbers over this field, which are defined to be the dimensions of these
spaces. It is a comforting thought to know that any field of characteristic 0
will give the same Betti numbers as the ones we got from the homology groups
with integer coefficients.

In general, passing between the homology groups with different coefficients
requires some work. Just to give an example, let A be the real projective plane
RP?, then we have

i|H. (A, Z)|Ho (A, Z5)
0 Z Zs
1 Z, Zs
2 0 Zo

The description of the exact mechanism of going between various homology
groups requires some homological algebra, which lies beyond the intended
scope of this book.

3.4.3 Simplicial Cohomology Groups

Simplicial cohomology is a notion dual to that of simplicial homology.

Let A be an arbitrary trisp. For n > 0 we let the nth cochain group C™(A;7Z)
be the free abelian group of all homomorphisms from C,(A;Z) to Z. The
elements of C"(A, Z) are called n-cochains. One can think of an n-cochain as
a way to assign some integer values to all n-dimensional oriented simplices.
Algebraically, we set

C™(A;Z) :=Hom (Cn(A),Z) = Y co0™|co €Ly,
€S, (A)
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where o* is the support function, it takes the value 1 on ¢ and 0 on the other
simplices.

By general linear algebra, for all n > 0, we can evaluate n-cochains on
n-chains:

C"(AZ) x Co(AZ) — Z,
defined by
(C, e) = <C7 6> = C(e)’

which is the same as a bilinear extension of the rule

(0%, 7) = 1, if o =71
a1 = 0, otherwise.

Instead of the boundary operator decreasing the dimension, we have the
coboundary operator O™ : C"(A;Z) — C"*1(A;Z), which increases it. The
operator 0" is defined by the rule

(0" f)(0) := f(On+10), (3.11)

for all f € C"(A;Z), and o € Cp11(4; 7).

We would now like to make equation (3.11) more explicit. Assume that
A is an abstract simplicial complex, and replace f by o* in (3.11). Then, for
an oriented simplex 7 € Cy,11(A;Z), 7 = [vg, ..., Vnt1], we have

n+1
(0"0*) (1) = 0*(Onyr7) = 0* (Z(—w‘[vo, U P ,vn+1]>

i=0
(1), if there exists i such that o = [vg, ..., 04, .., Vny1];
=< (=1)""L if there exists i such that o = —[vg, ..., Di,. .., Vns1];
0, otherwise.
(3.12)

Summarizing we see that (3.12) yields
oot = "1, (3.13)
w

where o = [vg, ..., U], Tw = [W,v0,...,v,], and the sum is taken over all w
such that 7, is a simplex of A. It is not difficult to produce a similar explicit
description for arbitrary trisps, we leave the details to the reader.

Note that by (3.11) we have 9" 0 9"~! = 0, for all n > 0. Therefore we
can define the cohomology groups as quotients in the same way as we did for
homology.

Definition 3.22. For an arbitrary trisp A, and any n > 0, the nth co-
homology group of A with integer coefficients is defined by setting
H"(AZ) := Z"(A;Z) ) B (A; Z) = Ker(9™) /Tm(0™1).
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Similar to homology, the elements of Z™(A) are called n-cocycles, and the
elements of B"(A) are called n-coboundaries.

Example 3.23.
Let us calculate the cohomology groups of a hollow triangle as above, i.e., let
A be the abstract simplicial complex whose set of vertices is {vg, v1,v2}, and
whose set of edges is {{vg, v1}, {v1,v2}, {vo,v2}}.

The cochain groups are C°(A) = ([vg]*, [v1]*, [v2]*) = Z* and C*(A) =
{[vo, v1]*, [v1,v2]*, [0, v2]*) = Z3. The values of the coboundary operator are

°([vo]*) = [v1,v0]* + [v2,v0]* = —[vo, v1]* — [vo, v2]*,
O ([v1]*) = [vo, v1]* + [va2, v1]* = [vo, v1]* — [v1, va]*,
80( 1)2]*) = [’1)07’02]* + [1)1,’1)2]*.

We conclude that
HO(A) = Z°(A)/B°(A) = 2°(4) = ([vo]" + [o]" + [v2]*) = Z

and
HY(A) = Z'(A)/B*(A) = ([vg, 1]* + BY(4)) = Z.
Clearly, H*(A) = 0 for i ¢ {0,1}.

In general, the homology and cohomology groups can be different. For
example, let A again be the real projective plane RP?. Then we have

i| H.(A,Z)| H*(A, Z)
0 Z Z
1 Z 0
2 0 Lo

Remark 3.24. The notions of reduced cohomology and of cohomology with
coefficients in a field, or, more generally, in a commutative ring with unit, are
defined in complete analogy with the homology setting. We leave the details
to the reader.

3.4.4 Singular Homology

While the simplicial homology is very elementary to define and is to a certain
extent useful for computations, it is not very suitable for theoretical purposes.
For example, already proving that it does not depend on the triangulation
is quite a hassle. An alternative way to introduce homology is provided by
considering the singular homology groups. An additional advantage of this
approach is that we are no longer bound to trisps, so we can let X be any
topological space.

To start with, for any n > 0, we define a singular n-simplex to be any
continuous map from the standard n-simplex to our space, o : A" — X, and
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let S, (X) denote the set of all singular n-simplices of X. Here comes the
first difference from the simplicial homology: not only is the set of singular n-
simplices not finite, in fact it is huge - unless our space X is rather degenerate,
it is not countable.

Furthermore, let R be an arbitrary commutative ring with unit, and set

Sing,,(X;R) : {ZCUO'O'ES X), CJGR}.

At first it does not seem such a good idea to take this extremely large set
of singular n-simplices, and then, on top of that, to span a free R-module,
taking the elements of this set as a basis. It turns out, however, that most of
this module will cancel out, once we pass to homology.

Similar to what we have done before, we can define the singular boundary
operator Oy, : Sing, (X;R) — Sing,,_,(X;R); only this time the boundary is
taken on the standard simplex first, before mapping it to X:

n

On(0) =) (~1)"cod;,

=0

where d; : A"™! < A" is the ith boundary (n — 1)-simplex inclusion to
the standard n-simplex. Just as before, we set Z5"8(X;R) := Ker(d,) and
BS"8(X;R) :=Im(0y,41) and arrive at the following definition.

Definition 3.25. Let X be an arbitrary topological space. For any n > 0, the
quotient HSM8(X;R) := Z5Me(X;R)/B3"e(X;R) is called the nth singular
homology group with coefficients in R.

Some properties of singular homology are immediate; among these we find
the following:

e the singular homology groups do not change if the topological space is
replaced with a homeomorphic one;

e for any two topological spaces X and Y, for any continuous map f: X — Y,
and for any n > 0, we have the induced R-module homomorphism f, :
H,(X;R) — Ho(Y3R).

To verify the second property note that the composition of f with continuous
maps corresponding to singular simplices yields group homomorphisms f; :
Ci(X;R) — Ci(Y;R), for all ¢ > 0. It is easy to see that these homomorphisms
commute with the boundary operators, and therefore induce the R-module
homomorphisms mentioned above.

We state here without proof the central fact pertaining to singular homo-
logy, which will allow us to use it instead of simplicial homology, whenever it
appears opportune.

Theorem 3.26. For an arbitrary trisp A, its simplicial and singular homo-
logy groups are isomorphic.
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In particular, Example 3.15(1) together with Theorem 3.26 shows that,
independently of the triangulation, the homology groups of an n-dimensional
sphere are given by H,;(S";Z) = 0 for i # n, and H,(S™;Z) = Z.

3.5 Chain Complexes

In this section we introduce a notion from homological algebra that is behind
all our definitions of homology and cohomology.

3.5.1 Definition and Homology of Chain Complexes

Definition 3.27. Let R be a commutative ring with unit. A chain complex
C is a sequence
) On42 On41 c, i On—1

> Upp1r — n—1 "7 -+,

where the Cy’s are R-modules, and the 0, ’s are R-module homomorphisms,
which are called differentials, satisfying the identity O, o Opy1 = 0, for all n.

We extend the by now familiar notation Z,(C;R) := Ker(9,) and
B, (C;R) := Im(0y41) to the case of chain complexes. The property 9, o
On+1 = 0 implies that Z,(C;R) 2 B,(C;R), for all n, making the following
definition possible.

Definition 3.28. For a chain complex C, the homology groups are defined
by H,(C;R) := Zp,(C;R)/Br(C; R).

It is also convenient to introduce a cochain complex, which is a chain

complex with differentials turned around:

n—2 n—1 n n+1
c=...0  con19, on 2 ot

where again the C™’s are R-modules, the 0"’s are R-module homomorphisms,
and we require that "1 o 9" = 0, for all n > 0. Associated with a cochain
complex, one has the cohomology groups

H"(C;R) := Ker(d™)/Im(0" ).

In fact, both H,(C;R), for a chain complex C, and H"(C;R), for a cochain
complex C, are R-modules.
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3.5.2 Maps Between Chain Complexes and Induced Maps
on Homology

Now we define the structure-preserving maps between chain complexes.

Definition 3.29. Let C! = (CL,9!) and C? = (C2,0?) be two chain com-
plezes. A collection of R-module homomorphisms f = {fu}n, fn: CL — C2,
is called a chain map, written f : C! — C2, if the following diagram com-

mutes:
o,

Cp —— Chy
"l = (3.14)
5

2 n 2
Cn Cn— 1

Turning all the arrows around gives the definition of cochain maps. Note
furthermore that the identity maps give a chain map, that chain maps can be
composed coordinatewise, and that this composition rule is associative.

Probably one of the most used properties of chain maps is that they induce
maps on the homology groups. Indeed, let C! = (C!,d}) and C? = (C?,02)
be two chain complexes, and let f : C' — C? be a chain map. Since the
diagram (3.14) commutes, we have:

(1) if o € B,(C"), then o = 8} (7), for some T € C} ; hence
fa(0) = fa(Onia (1)) = 0741 (fas1 (7)) € Bul(C?),
50 we may conclude that
fn(Bn(Ch)) € Bu(C?); (3.15)
(2) on the other hand, if o € Z,(CL), then 9 (0) = 0; hence
9 (fu(0)) = fa1(0,(0)) = fa-1(0) = 0,
50 this time we may conclude that
fa(Zn(Ch)) C Z,(C?). (3.16)

Proposition 3.30. Let C' and C? be arbitrary chain complexes. Then any

chain map f : C' — C? induces homomorphisms on the homology groups
fe: Hy(CHR) — Hy(C%R), for all n.

Proof. For an arbitrary o € Z,,(C!) we set f.(0+ B,(CY)) := f.(0)+ B,(C?).
The inclusions (3.15) and (3.16) imply that this map is a well-defined R-
module homomorphism. 0O

The homomorphisms induced on the homology groups enjoy two important
properties:
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(1) when C' = C?, and f = id, we have that id, is the identity map of the
homology groups;

(2) when we have two chain maps f : C! — C? and g : C?> — C3, we can see
that g« o fo = (g0 ).

One phrases these properties by saying that the homology construction is
functorial. The formal framework for this terminology will be introduced in
Section 4.3.

Again, turning all the arrows around, one can verify that the cochain maps
induce homomorphisms on the cohomology groups.

3.5.3 Chain Homotopy

An important part of the theory of chain complexes is the observation that
the chain maps can be deformed algebraically.

Definition 3.31. Let C! = (C1,8!) and C? = (C2,02) be two chain com-

plexes, and let f = {fn}n and g = {gn}n be two chain maps f,g : C* — C2.
A sequence of homomorphisms {@y,},, where &, : Cp — C2_ |,

L 9l Py 5l
n+2 1 n+1 1 n 1 n—1
' Cn—i—l Cn On— 1
l¢n+l l‘f’n l‘pnfl
82 52 02

82
. n+3 C%_,’_? n+2 CTQLJ’_I n+1 0721
1s called a chain homotopy between f and g if for all n we have
Dp100p + 02,1 0Py = fr — gn. (3.17)

Clearly, the existence of a chain homotopy between two maps is an equiv-
alence relation: just replace @ with its negative to show the symmetry, and
add two chain homotopy maps to show the transitivity.

Without a doubt, the most important use of chain homotopies is to be
able to show indirectly that two chain maps induce the same homology ho-
momorphisms.

Proposition 3.32. Let C! = (CL,0}) and C? = (C2,0?2) be two chain com-
plexes, and let f, g : Ct — C? be two chain maps such that there exists a chain
homotopy @ between f and g. Then the induced maps fv,gs : H.(C') —
H.,(C?) are equal.

Proof. To show that the induced maps f, and g, are equal, it is enough
to verify that for any n > 0 and for any o € C}} such that o € Ker(d}), the
homology classes [f(0)] and [g(o)] are equal. Applying (3.17) to this situation,
we see that

[f(0)] = [9(0)] = [f(0) = g(0)] = (0741 (Pn(0))] = O,
which finishes the proof. 0O
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3.5.4 Simplicial Homology and Cohomology in the Context
of Chain Complexes

Let us now return to the simplicial context. For any trisp A, the alge-
braic structure introduced in Subsection 3.2.3, and more generally in Sub-
section 3.4.2, can be summarized as a sequence of R-modules and R-module
homomorphisms

0 Co(A;R) <& (A R) <2 Co(AR) & -

which is then called a simplicial chain complex of A with coefficients in R,
and is denoted by C.(A;R). The homology groups of this chain complex as
defined in Subsections 3.4.2 and 3.2.3 coincide with the simplicial homology
groups of A.

In the dual case, the algebraic structure introduced in Subsection 3.4.3 is
best phrased as a cochain complex C*(A;R):

0— CYAR) L CHAR) T CHAR) 2o

This one is called a simplicial cochain complexr of A with coefficients in R,
and is denoted by C*(A;R). The cohomology groups of this cochain complex
as defined in Subsection 3.4.3 coincide with the simplicial cohomology groups
of A.

Finally, we mention that we also have the augmented simplicial chain com-
plez of A with coefficients in R:

0 — Z < Co(MR) & O (AR) & Co(AR) &
which is denoted by 5*(A;R) and whose homology groups coincide with
the reduced simplicial homology groups of A, which were defined in Sub-
section 3.4.1.

3.5.5 Homomorphisms on Homology Induced by Trisp Maps

We are now ready to tie the previously defined notions together and show
that trisp maps induce maps on homology. Handling the general trisps is not
difficult, but can be unnecessarily technical. It is much more easily dealt with
once one has the machinery of simplicial sets. Therefore we refer the reader to
any general text on simplicial sets, such as [May92], for the proof of this fact
in full generality. Here we give only an argument for simplicial maps between
abstract simplicial complexes.

Proposition 3.33. Let Ay and As be arbitrary abstract simplicial complezes,
and let f : Ay — Ag be a simplicial map. Then for all n > 0, the map f in-
duces homomorphisms on the homology groups fi : H.(A1;R) — Hy (A2 R).
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Before the proof, let us introduce the following convention: [vg,...,v,] =0
if v9 = wvy. It follows from our orientation discussion that this implies
[vo,...,vs]) = 0 if there exist ¢ # j such that v; = v;. This works well with

the boundary operator

On([v,v,v9,...,0,]) = [V, 02, ..., 0s] — [V, 02, ..., V)

+Z(—1)i [v,v,v9,...,Di,...,vn] = 0.
i=2

This convention will simplify our arguments considerably, since by using it we
can avoid dealing with different cases, and can perform a unified computation.

Proof of Proposition 3.33. By Proposition 3.30 we need to show that a sim-
plicial map f : Ay — Ay will induce a chain map between the corresponding
simplicial chain complexes f: C,(A1;R) — Cu(A2;R).

On the oriented simplices the chain map is simply defined by

fni 0o, svn] = [f(vo), ..., flon)],

where we used the above convention that [wo,...,w,] = 0 if not all the
vertices are distinct. By the linear extension, this induces a map of chain
groups fn : Cn(Al) - Cn(A2)

By definition of chain maps, to see that the collection of maps { f,, },, defines
a chain map, we need to see that the following diagram commutes:

Co(Ay)) =2 Coii(Ay)

n| I

Co(A) =2 €y (A)

By linearity, it is enough to verify this fact for oriented simplices, which
is straightforward, as the following diagram shows:

On : ~
[vo, .-+, Un] — Z;L:O(—l)l[vo,...,vi...,vn]

| |»
o)y oy f(0n)] =22 S (=1 [ (W) F (W) -, ()]

We conclude that a simplicial map between abstract simplicial complexes
induces a chain map between associated simplicial chain complexes, and hence
also the homomorphisms between the corresponding homology groups. 0O

We would like to make three remarks to expand on Proposition 3.33.
Remark 8.34. Just as for the chain complexes, the construction is functorial

in this case as well, that is, the identity map induces an identity map, and
a composition of two maps induces the composition of the induced maps.
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Remark 3.35. For two trisps A; and As, a trisp map f : Ay — As in-
duces a chain map between associated augmented simplicial chain complexes,
and therefore homomorphisms on reduced homology f* : H*(A;;R) —

Remark 3.36. For two trisps Ay and A, a trisp map f : Ay — A, also induces
a cochain map between associated simplicial cochain complexes. However,
this map goes in the opposite direction f : C*(Ay;R) — C*(A1;R), and
therefore it induces a map between corresponding cohomology groups going
in the opposite direction as well, f*: H*(A2; R) — H*(A1; R).

3.6 Cellular Homology

3.6.1 An Application of Homology with Integer Coefficients:
Winding Number

Let v be a closed curve in R?, i.e., v : S' — R2, and assume that the origin does
not belong to the image of . Using homology groups with integer coefficients,
it is possible to formalize the intuitive notion of “the number of times the curve
~ winds around the origin.”

Let X be the unit circle centered at the origin. Define 7 : S' — X by
mapping each t € S to v(¢)/ ||y(t)||. This map is well-defined, since the vector
~(t) is always different from 0. By the functoriality, we have the induced map
Yt H1(SY;Z) — H1(X;Z).

On the other hand, we know that H;(S';Z) = H,(X;Z) = Z. Clearly, the
group homomorphisms ¢ : Z — Z are uniquely determined, hence classified,
by the value (1). We fix the unit element in H;(S!) by fixing an orientation
of the curve.

Definition 3.37.

(1) The winding number! of a closed curve 7 is the value . (1), where the
map 7 is defined as above.

(2) More generally, for an arbitrary continuous f : S* — S™, we have an
induced map f. : H,(S";Z) — H,(S™;Z). Again, H,(S";Z) = Z, and the
value fi(1) is called the degree of f, and is denoted by deg(f).

The winding number of a closed curve, and more generally, the degree
of a continuous map between spheres of the same dimension, are invariants,
which are useful in many situations. We shall need these to define the so-called
incidence numbers, which in turn allow one to give an explicit description of
cellular homology.

! Sometimes this invariant is called the signed winding number.
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3.6.2 The Definition of Cellular Homology

The main reason why CW complexes are so handy for concrete computations
of homology groups is that it turns out that one can substitute the simplicial
chain complex with another, usually much smaller, chain complex, which we
now proceed to define.

Given a CW complex A, for all n > 0, the R-module CS(A; R), called
the nth cellular chain group, is generated by all n-cells, rather than by all
n-simplices:

cel(A) .= Z o0 | e ER }, (3.18)
€S, (A)

where S,,(A) denotes the set of all n-cells of A. The boundary operator is
then defined as follows: for an n-cell ¢ we have

oSy = Z[T : o, (3.19)

T

where the sum is taken over all (n — 1)-cells of A, and the numbers |7 : o] are
the incidence numbers. These are defined by

[T : 0] = deg(pr o fas),

where fs, : OB" — A1) is the attachment map of the cell o, and p, is
the composition p, : A=Y — A=) /AM=2) _, §=1 where the first map
is the quotient map shrinking the (n — 2)-skeleton to a point, and the second
map is the projection onto the sphere corresponding to 7.
Together, equations (3.18) and (3.19) define the cellular chain complex of
a given CW complex:
8Cell

8% 6
"+2 Cell “n +1 Cell Cel
i e Ik poen %0 o

acell
! (3.20)

Although in general it may be hard to compute the incidence numbers, in
particular situations it is often geometrically clear what they are.

Definition 3.38. For an arbitrary CW complex A, the homology groups of the
cellular chain complex defined above are called cellular homology groups
of A, and are denoted by HE"(A;R).

The alert reader will notice that we have not proved that the algebraic
structure in (3.20) is in fact a chain complex. For that, one would need to verify
that the cellular boundary operator satisfies the equation 95" 0 S = 0 for
all n. To do so directly from definition (3.19) would require a fairly technical
analysis of the incidence numbers.

Fortunately, there is another interpretation of the cellular chain groups as
certain relative homology groups. The above property of the cellular boundary



58 3 Homology Groups

operator would then follow from the exactness of certain parts of the associ-
ated long exact sequence. We shall therefore assume that the cellular homology
is well-defined without proof for now, and will return to it in Chapter 5, where
the necessary additional tools will be introduced and studied.

Dually, we can associate a cochain complex C&_;(A;R) to a cell complex
A in the standard way: Cg&.;(A;R) is taken to be a free R-module with the
generators indexed by the n-dimensional cells (the module of R-valued func-
tionals on cells of A), and the differential maps are given by the corresponding
coboundary maps. Sometimes this particular cochain complex is called a cel-
lular cochain complex.

3.6.3 Cellular Maps and Properties of Cellular Homology

As mentioned above, for CW complexes it does not matter which definition
of the homology groups one uses. We give here the precise statement without
a proof.

Proposition 3.39. For any CW complez A and any commutative ring R
with unit, the homology groups HE(A;R) and Hfmg(A;R) are naturally
isomorphic.

Because of this, we shall usually omit designations Sing and Cell and just
write H,(A). As an immediate corollary of this fact we see that if a topological
space X has a CW structure that does not have any ¢ — 1 or ¢+ 1 cells, then
the group H,(X) is free, and §,(X) is equal to the number of g-cells. This, for
example, immediately yields the homology groups of spheres S™, for n # 1, as
well as the homology groups of CP".

It is important to note that the cellular homology also enjoys functoriality
as long as the maps are taken to be cellular.

Definition 3.40. Let Ay and As be arbitrary CW complexes. A continuous
map [ : Ay — Ag is called cellular if f(Agn)) C A;"), for all n.

In particular, the identity map is cellular and the composition of two cel-
lular maps is again cellular. We also see that a cellular map f induces a con-

tinuous map A™ /ALY 5 AU AP for all n > 0.

Theorem 3.41. Let Ay and Ay be CW complexes. A cellular map f: A1 — Aq
induces group homomorphisms f. : H,(A1) — H,(As), for every n > 0.

Again we see that the identity map induces identity maps, and that the
composition of two cellular maps induces the composition of induced maps.
Theorem 3.41 is best when one uses the alternative definition of cellular ho-
mology using the relative homology groups. It will follow in that context from
the naturality of the associated long exact sequence of a pair. We postpone
the precise argument until Subsection 5.2.2.

Remark 3.42. More generally, any continuous map f : Ay — As induces group
homomorphisms f, : H,(4A1) — H,(Az), for every n.
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Concepts of Category Theory

Category theory can be viewed as a metalanguage, whose main utility is to
create a common framework for seemingly diverse notions. We have already
used several of its concepts in disguise and will now proceed with the formal
introduction.

4.1 The Notion of a Category

The basic stock-in-trade of the theory is that of a category.

4.1.1 Definition of a Category, Isomorphisms

Definition 4.1. A category C is a pair of classes' (O, M) satisfying certain
properties. The class O is called the class of objects, and the class M is
called the class of morphisms.

The class M is actually a disjoint union of sets M(a,b), for every pair a,b €
O, with a given composition rule

M(avb) XM(b,C)HM(CL,C), (m17m2)_>m20m1-

This composition rule is required to satisfy the following axioms:
e composition is associative, when defined;

! This word is needed here in order to avoid getting into straits of set theory. Intu-
itively, this means that we assume the existence of a universe U, which consists
of all sets, and call the subsets of U classes. The main problem is that if we try
to consider all sets with a certain property, the so-called comprehension principle,
then we might get something that is not a set, but a class. The famous example
of this is considering all sets that do not have themselves as a member. This issue
is not central for the kind of mathematics that we consider in this book, so we
refer the interested reader to [McL98, Sections 1.6, 1.7] and to [AHS06] for further
details.



60 4 Concepts of Category Theory

o for each a € O there exists a (necessarily unique) identity morphism 1, €
M(a,a) such that 1,0 f = f, go 1, = g, whenever the compositions are
defined.

A category C is called small if the class of objects O(C) is a set.

We use the following notation: for a morphism ¢ —— b, we write a =
domm, or a = 9*m, and b = codm, or b = dem. We call 9*m the domain of
m, and we call dgm the codomain of m.

Given a category C, its opposite category, denoted by C°P, is the one we get
by “inverting all arrows,” i.e., O(C°P) = O(C), and for every pair of objects
z,y € O(C), we have Mcor (z,y) = Mec(y, x), with the same composition rule
as in C.

Given categories C and D, we say that D is a subcategory of C if O(D) is
a subclass of O(C), for every z,y € O(D) we have Mp(z,y) C Mc(z,y), and
the identity morphisms and the composition rule in D are inherited from C.
If, in addition, we have Mp(z,y) = Mc(x,y) for all z,y € O(D), then we
say that D is a full subcategory of C.

The following terminology corresponds to the intuitive notion of equality
between objects:

e A morphism m is called an inverse of m if both compositions m o m and
m o m exist, which are then both equal to identity morphisms.

e A morphism is called an isomorphism if it has an inverse.
Two objects are called isomorphic if there is an isomorphism between
them.

Clearly, being isomorphic is an equivalence relation. First, the inverse of
the isomorphism has an inverse (the isomorphism itself), hence is an isomor-
phism too. Second, a composition of two isomorphisms is also an isomorphism,
since by associativity its inverse is simply the composition of the inverses of
the two isomorphisms, taken in the reverse order.

An automorphism is a morphism m, which has an inverse, and whose
domain coincides with its codomain. Automorphisms of a fixed object in the
category form a group with respect to the composition.

4.1.2 Examples of Categories

The best way to get acquainted with categories is to look at the numerous
examples that can be found in almost every branch of mathematics.

Ezxample 4.2. The category of sets, Sets.

e The class of objects consists of all sets.
e For two sets A and B, the set M(A, B) cousists of all set maps A — B.

We note that A and B are isomorphic in Sets if and only if they have the
same cardinality.
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Example 4.3. The category of topological spaces, Top.

e The class of objects consists of all topological spaces.
e For two topological spaces A and B, the set M (A, B) consists of all con-
tinuous maps A — B.

We note that A and B are isomorphic in Top if and only if A and B are
homeomorphic as topological spaces.
Ezxample 4.4. The category of groups, Grp.

e The class of objects consists of all groups.
e For two groups G and H, the set M(G, H) consists of all group homomor-
phisms G — H.

We note that G and H are isomorphic in Grp if and only if the groups G and
H are isomorphic as groups.

Example 4.5. The category of abelian groups, Ab.

e The class of objects consists of all abelian groups.
e For two abelian groups G and H, the set M(G, H) consists of all group
homomorphisms G — H.

We note that H and G are isomorphic in Ab if and only if the abelian groups
G and H are isomorphic as groups.

Ezxample 4.6. The category of modules over a ring, R-Mod.

Let R be a ring.

e The class of objects of R-Mod consists of all R-modules.
e For two R-modules A and B, the set M(A, B) consists of all R-module
homomorphisms A — B.

We note that A and B are isomorphic in R-Mod if and only if they are
isomorphic as R-modules.

Example 4.7. The category of vector spaces over the field k, Vecty.

Let k be a field.

e The class of objects consists of all vector spaces over the field k.
e For two vector spaces over the field k, V and W, the set M(V, W) consists
of all linear transformations V" — W.

We note that V and W are isomorphic in Vecty if and only if V and W are
isomorphic as vector spaces.

Ezxample 4.8. Free category generated by a directed graph G, FCg.
Let G be a directed graph.
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The set of objects consists of all vertices of G.

For two vertices x and y, the set M(z,y) consists of all directed paths from
x to y (including the empty path in the case = y). The composition is
defined by path concatenation.

We note that x and y are isomorphic in FC¢ if and only if z = y.

Ezxample 4.9. The category defined by a partially ordered set P.
To an arbitrary partially ordered set P, see Definition 2.18, we can associate
a category as follows.

The set of objects consists of all elements of P.

e For two elements x and y, the set M(z,y) is empty unless z > y; otherwise,
it consists of a unique element (x — y). The composition M(x,y)oM(y, 2)
is defined only if x > y and y > z, in which case we have

(z—y)o(y—2)=(z—2).
We note that = and y are isomorphic in P if and only if x = y.

Ezxample 4.10. The category defined by a group G.
Let G be a group.

e The set of objects consists of one element e.
e The set of morphisms M(e,e) is indexed by the elements of G, with the
composition defined by the group multiplication.

We shall denote this category by CG.
Ezxample 4.11. The category of graphs, Graphs.

e The class of objects consists of all graphs.
e For two graphs T and G, the set M(T,G) consists of all graph homomor-
phisms T" — G see Definition 9.20 and Proposition 9.22.

We note that T and G are isomorphic in Graphs if and only if 7" and G are
isomorphic as graphs.

Example 4.12. The category of abstract simplicial complexes, ASC.

e The class of objects consists of all abstract simplicial complexes.
e For two abstract simplicial complexes Ay, Ay € O(ASC), the set of mor-
phisms M(A;, Ay) consists of all simplicial maps A; — A,.

We note that A; and As are isomorphic in ASC if and only if they are
isomorphic as abstract simplicial complexes.

Example 4.13. The category of trisps, TriSp.

e The class of objects consists of all trisps.
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e For two trisps Ay, Ay € O(TriSp), the set of morphisms M(A;, Ay) con-
sists of all trisp maps A; — As.

We have not defined the notion of isomorphisms between trisps. It is natural
to take it as a definition that two trisps are isomorphic if and only if they
correspond to isomorphic objects in TriSp.

Example 4.14. The category of reqular trisps, RTS.

e The class of objects consists of all regular trisps.
e For two regular trisps Ay, Ay € O(RTS), the set of morphisms M (A, As)
consists of all trisp maps A; — As.

Example 4.15. The category of chain complezes of R-modules, R-CCom.
Let R be a ring.
e The class of objects consists of all chain complexes of R-modules.

e For two chain complexes C!,C? € O(R-CCom), the set of morphisms
M(C',C?) consists of all chain complex homomorphisms C' — C2.

Again, the notion of isomorphisms between chain complexes was not, defined.
We take it as a definition that two chain complexes are isomorphic if and only
if they correspond to isomorphic objects in R-CCom.

4.2 Some Structure Theory of Categories

Let us look at some concepts that can be defined in terms of the notion of
a category alone.

4.2.1 Initial and Terminal Objects

Often our category has special objects, distinguished by the structure of mor-
phisms that have this object as their domain or as their codomain.

Definition 4.16.

e An initial object of a category C is an object init € O(C) such that for
any object a € O(C), there exists a unique morphism init — a.

e A terminal object of a category C is an object term € O(C) such that
for any object a € O(C), there exists a unique morphism a — term.

Following are examples of initial objects:

in C = Sets, init is the empty set;

in C = Grp, init is the group with one element G = {e};
in C = Graphs, init is the empty graph;

in C = ASC, init is the void abstract simplicial complex;
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e when C is the category defined by a partially ordered set, init is the max-
imal element, when it exists; it is denoted by 1.

Following are examples of the terminal objects:

in C = Sets, any set with one element is a terminal object;

in C = Grp, term is the same as init;

in C = Graphs, term is the loop graph, i.e., the graph with one vertex

and one edge; we call this graph CK7;

e in C = ASC, any abstract simplicial complex {0, {v}}, where v is some
vertex, is a terminal object;
e when C is the category defined by a partially ordered set, term is the

minimal element, when it exists; it is denoted by 0.

Initial and terminal objects do not have to exist. In any case, the category
can be extended by adding an element with a unique morphism to or from
every other object. Even if the initial and terminal objects already exist, they
are not necessarily unique. The good news, as the next proposition shows, is
that they are unique up to isomorphism.

Proposition 4.17. In an arbitrary category C, any two initial objects are
isomorphic, and any two terminal objects are isomorphic.

Proof. We give an argument for two initial objects. To obtain the proof for
terminal objects, simply reverse all the arrows. Let init; and inite be initial
objects of C. Since init; is an initial object, there exists a unique morphism
« : inity — inito. Since inits is an initial object, there exists a unique morphism
[ : inity — inity. Since there exists only one morphism from init; to itself, we
conclude that the composition morphism Foa must be an identity. In the same
way a o 3 must be an identity. This proves that « and [ are isomorphisms,
and hence init; and inity are isomorphic. 0O

4.2.2 Products and Coproducts

We start with the notion of a coproduct. Although it is dual to product on the
theoretical level, it is easier to construct than the product in most concrete
cases in algebra, topology, and combinatorics.

Definition 4.18. Let C be a category, and let a and b be two objects of C.
The coproduct of a and b is an object ¢ = a ][ b together with morphisms
a:a—c¢ B:b— c (called the structure morphisms) satisfying the following
universal property: for every object d and morphisms & : a — d, B:b—d,
there exists a unique morphism v : ¢ — d such that the diagram in Figure 4.1
commutes.

Intuitively, one should think of the coproduct of a and b as the way to
combine a and b without any additional constraints. In many situations this
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Fig. 4.1. The coproduct universal diagram.

amounts to taking a disjoint union or something induced by a disjoint union.
It is also natural to think about the structure morphisms « and 3 as corre-
sponding inclusion maps.

Ezample 4.19. Examples of coproducts:

in C = Sets, the coproduct of two sets is their disjoint union; the structure
morphisms are the inclusion maps;

in C = Grp, the coproduct of two groups G and H is their free product,
i.e., the product obtained by forming all strings of the elements from G and
H, without any relations additional to those induced by already existing
relations in G and in H; the structure morphisms are the inclusion maps;
in C = Graphs, the coproduct of two graphs is their disjoint union; the
structure morphisms are the inclusion maps;

in C = ASC, the coproduct of two abstract simplicial complexes is also
their disjoint union, and the structure morphisms are again the inclusion
maps.

Reversing all arrows, we obtain the dual notion of a product.

Definition 4.20. Let C be a category, and let a and b be two objects of C. The
product of a and b is an object ¢ = a ] b together with morphisms a : ¢ — a,
B¢ — b, satisfying the following universal property: for every object d and
morphisms & : d — a, 8 : d — b, there exists a unique morphism v : d — ¢
such that the diagram of Figure 4.2 commutes:

B

[0
a<=——cCc—=)

& 7 3

d

Fig. 4.2. The product universal diagram.
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This time around, the intuition for the product of a and b should be
that of a direct product. The structure morphisms should be thought of as
corresponding projection maps.

Ezxample 4.21. Examples of products:

e in C = Sets, the product of two sets is their direct product; the structure
morphisms are the projection maps;

e in C = Grp, the product of two groups G and H is their direct product,
i.e., the set G x H, with the product defined by the rule

(91, h1) - (g2, h2) = (g1 - g2, h1 - ha);
the structure morphisms are the projection group homomorphisms.

The special case of products and coproducts in a partially ordered set
regarded as a category leads to an important notion.

Definition 4.22. A poset P is called a lattice if when regarded as a category,
it has products and coproducts.

Let now C = Graphs.

Definition 4.23. For arbitrary graphs T and G, the direct product T x
G is defined as follows: V(T x G) = V(T) x V(G), and E(T x G) =
{((z,9), (") [ (z,2") € E(T), (y,9) € E(G)}.

For example, Ky x K5 is a disjoint union of two copies of K5, whereas
G x LK is isomorphic to G for an arbitrary graph G.

Proposition 4.24. For arbitrary graphs T and G, their direct product (to-
gether with the projection graph homomorphisms) and their categorical product
in Graphs coincide.

Proof. Assume that H is a graph, and that « : H — T, 8 : H — G are
graph homomorphisms. Define a set map ¢ : V(H) — V(T) x V(G) by
p(h) = (a(h), B(h)), for all h € V(H).

First, the map ¢ is a graph homomorphism, since if (hy, he) € E(H), then
(a(h1),a(h2)) € E(T) and (B(h1),B(ha)) € E(G), since « and [ are graph
homomorphisms. This implies ((a(h1), B(h1)), (a(h2), B(h2))) € E(T x G) by
the definition of the direct products of graphs.

Second, the graph homomorphism ¢ is the unique one satisfying the com-
muting relations, since already the corresponding set map is unique. 0O

Finally, let us consider the case C = ASC. On the one hand, we see
already with the example of two intervals that a topological direct product of
the geometric realizations of two abstract simplicial complexes does not have
an a priori given simplicial structure. On the other hand, it may well be that
there is a categorical product that is different from the topological one.
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Definition 4.25. Let Ay and Ay be arbitrary abstract simplicial complezes.
We define Ay [ Aa to be the following abstract simplicial complex:

o for the set of vertices we set V(A [[Aq2) = V(A1) x V(Ay), and let
p1: V(A1 ][ AQ2) — V(A1) and pa : V(AL []A2) — V(As) be the corre-
sponding projections;

o the simplices of A1 [ As are defined by the rule saying that o € Ay [] As
if and only if p1(0) € A1 and pa(0) € As.

It is clearly seen that set maps p; and ps from Definition 4.25 actually induce
simplicial maps p; : Ay [[ Az — Ay and pa : Ay [[ Ay — As.

Proposition 4.26. For arbitrary abstract simplicial complexes Ay and As,
the abstract simplicial complex Ay [] Az, together with projection maps p;
and pa, is the categorical product of Ay and As in ASC.

Proof. As we have already mentioned, p; and po are simplicial maps. All we
need to do is to verify universality. Assume therefore that we have an abstract
simplicial complex A and two simplicial maps ¢q; : A — Ay and g2 : A — As.

We define ¢ : V(A) — V(A1 [[A2) by setting ¢(v) := (q1(v), g2(v)).
Clearly, this is the only possible choice if we want the thus formed triangles to
commute, i.e., if we require ¢; = p1 o ¢ and ¢o = py o g. Hence the uniqueness
of the set map follows.

Finally, for 0 € A, set 7 := ¢(0). Using the same commuting relations we
see that p1(7) = q1(0) and pa(7) = ¢2(0); in particular, both are simplices. By
Definition 4.25 we get that 7 € Ay [] As, and hence the map ¢ is simplicial. O

For example, the categorical product of two simplices A4 and AP is the
simplex AA*B

Proposition 4.27. Let C be an arbitrary category, and let a, b be objects of C.
Any two coproducts of a and b are isomorphic. Also, any two products of a
and b are isomorphic.

Proof. Again, we will prove the statement just for the coproducts. Assume
that both ¢; and ¢y are coproducts of a and b. Since ¢; is a coproduct, there
exists a unique morphism v : ¢; — ¢o such that ay = y30aq and By = 1 00;.
Since ¢ is a coproduct, there exists a unique morphism 75 : ¢ — ¢; such that
ar =720z and 1 = 720 (.

We have 7 0 72 0 g = 77 0o @1 = ag, and analogously, 71 0 72 0 B =
~1 0 1 = (2. In other words, the morphism 1 0 y2 : ¢3 — ¢ commutes with
a9 and with §2. By the universal property of the coproduct ¢y we have that
such a morphism is unique; on the other hand, the identity morphism satisfies
these commuting relations as well. Hence 77 075 is an identity morphism, and
in the same way we can prove that 72 o y; is an identity morphism as well.
This implies that ¢y is isomorphic to co. O

Initial and terminal objects, as well as products and coproducts, are spe-
cial cases of more general constructions of limits and colimits. The latter are
defined and investigated in Section 4.4.



68 4 Concepts of Category Theory

a " Y2 b

T

Fig. 4.3. Isomorphism of two coproducts.

C2

4.3 Functors

In this section we introduce structure-preserving maps between categories.

4.3.1 The Category Cat

Definition 4.28. Given two categories C7 and Cs, a functor F : Cy — Cy
is a pair of maps Fo : O(C1) — O(Cy) and Faq : M(Cr) — M(Cs) such that

(1) Fm(M(z,y)) € M(Fo(x), Fo(y)), for all z,y € O(C1);
(2) Fam(ida) = id gy (a), for all a € O(Cy);
(8) Epq(my oma) = Fa(ma) o Faq(msz), for all mi,mo € M(Cy).

When no confusion arises we shall just write F' instead of Fp and Fg.
Clearly, the identity maps define the identity functor. Also, two functors can be
composed, their composition is again a functor, and the rule of the composition
is associative.

Ezample 4.29.

(1) Forgetful functors.
This is a generic name for functors that forget part of a structure. We have
forgetful functors Top — Sets, Grp — Sets, Graphs — Sets, ASC —
Sets, that map topological spaces, groups, graphs to the underlying sets.
We also have a forgetful functor Vecty — Ab, that maps vector spaces
to the underlying abelian group that has vector addition as the group
operation.

(2) Undversal functors.
These are functors that add some structure in a universal way. For ex-
ample, we have a functor Sets — Grp, which maps each set S to the
free group generated by elements of S. Another example is a functor
Sets — Vecty, which maps each set S to the vector space with a ba-
sis indexed by elements of S. Perhaps a more interesting universal functor
goes from Grp to the category of C-algebras. It takes each group to its
group algebra C[G].

(3) There is a multitude of functors induced by various algebraic structures.
For example, any group homomorphism ¢ : G — H induces a functor
Cp:CG — CH.
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Definition 4.28 allows us now to define a new category.

Definition 4.30. The category of small categories, Cat, is defined as follows:

e the class of objects of Cat consists of all small categories;
o for two small categories C1 and Cy, the set M(Cy,Cq) consists of all functors
Cl — Cg.

We can see all the notions related to a category that we have defined so
far in the context of Cat.

(1) Two categories C1,Co € O(Cat) are called isomorphic if they are isomor-
phic as objects in Cat.

(2) The category Cat has an initial object: it is the empty category, whose
sets of objects and of morphisms are both empty.

(3) The category Cat also has terminal objects: these are categories with one
object, whose only automorphism is the identity.

(4) The coproduct of two categories C1,Co € O(Cat) is their disjoint union;
namely, it is defined by

o [Je) =o@)[oc),
and for a,b € O(C1 [[C2) we have

Me, (a,b), ifa,be OC);
Me, Ic- (a,b) = § Mc,(a,b), if a,b € O(Co);
0, otherwise.

It is easy to see that the corresponding inclusion maps C; — C; [[C2 and
Co — C1 ][ Cy are functors.
(5) The product of two categories C1,Co € O(Cat) is defined by

O(Cl X CQ) = O(Cl) X O(Cz),
and for (a,as), (b1,bs) € O(Cy X C3) we have
Me, xe, ((a1,b1), (az,b2)) = Me, (a1,b1) x Me,(az,bs).

Again, it is easy to see that the corresponding projection maps C; x Co — C;
and C; x Co — Cqy are functors.

The functors that we have described so far are sometimes called covariant
functors. This is done in order to distinguish them from the contravariant
functors. A contravariant functor is defined analogously to the covariant one
with the only difference that it “turns the arrows around,” i.e., F(M(z,y)) C
M(F(y), F(z)). Note that a contravariant functor F : C; — Cs is the same as
any of the covariant functors F : C; — C5° and F : C{¥ — Ca.
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Ezxample 4.51.

(1) The dualizing functor F : Vecty, — Vecty mapping a vector space V to
its dual V* is a contravariant functor. Indeed, we recall from linear algebra
that a linear transformation f : V' — W induces a linear transformation
f:W* = V* by mapping w* € W* to f*(w*) € V* defined by

F(w*)(v) == w*(f(v)), for all v € V.

(2) Let G be a group. Then taking an inverse is a contravariant functor from
CG to itself.

4.3.2 Homology and Cohomology Viewed as Functors

One of the reasons why homology groups play such a central role in many
contexts is that the whole construction can be viewed as a certain functor.

As we have seen in Chapter 3, a simplicial map f : Ay — A, will in-
duce R-module homomorphisms on the homology groups f. : Hy(A1;R) —
H;(A2;R), for any commutative ring R and any d > 0. This map sat-
isfies all the properties of Definition 4.28, and hence we have a functor
ASC — R-Mod. This functor is covariant. If we consider homology groups
with integer coefficients, or with coefficients in a field k, then we will get
covariant functors ASC — Ab and ASC — Vecty.

If we consider cohomology groups instead, we will get a classical example
of a contravariant functor.

Proposition 4.32. For any commutative ring R and any d > 0, we have
a contravariant functor H* : ASC — Ab mapping an abstract simplicial
complez A to HY(A;R).

Proof. We just need to see that a simplicial map f : Ay — Ay induces
an R-module homomorphism f* : H¥(Ay;R) — H?(A;R) which satisfies
the properties of the contravariant functor. This can be done by dualizing the
proof of Proposition 3.33. O

4.3.3 Group Actions as Functors

Let G be a group, and X an object of the category C. The group action of
G on X is by definition a functor from CG to C that maps o to X, where
we have used o to denote the unique object of G. This is just a formal way
of saying that the elements of G give rise to the “structure-preserving maps”
(morphisms in our language) from X to itself.

For example, C could be the category of topological spaces, or abstract
simplicial complexes, or posets, in which case the structure-preserving maps
would respectively be continuous maps, or simplicial maps, or order-preserving
maps (see Definition 10.3).
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If we have a functor F : C; — C and a G-action on z € O(Cy), then by
composing F with the functor encoding the group action, we get a functor
from G to Cy. This is the so-called induced action.

For example, an action on an abstract simplicial complex induces an action
on the underlying topological space; this is a composition with the geometric
realization functor. An action on a poset P induces an action on the order
complex A(P), which is defined in Chapter 9; this is a composition with
the order complex functor. Furthermore, it induces a G-action on any given
homology group H;(A(P);R), which, in case R is a field, is the same as
a linear representation of G over R.

4.4 Limit Constructions

4.4.1 Definition of Colimit of a Functor

Colimit is a very useful notion in all sorts of combinatorial contexts. We shall
give a hands-on definition and refer the reader to standard texts [McL98,
Mit65] for further details.

Let C; and Cy be two categories and let F': C; — Cy be a functor between
them. Intuitively, one can think of this functor as a diagram, a picture in which
some objects of Cy are connected with arrows. These objects are the images
of objects of C; under F', and the arrows are the images of morphisms of C;
under F'. Accordingly, the arrows “should compose right,” as is prescribed by
functor axioms.

Let us call a sink of F' an object L of Cs, together with a collection of
morphisms pointing from the objects in the diagram to the object L, i.e.,

F(a) 2o, L, for all a € O(Ch), such that these new morphisms commute
appropriately with the old morphisms in the diagram. Formally, we require
that for all m € Mc¢, (a1,az2) we have Ay, o F(m) = A, .

Definition 4.33. Given a functor F : C; — Co, we call a sink of F,
(L, {Xa}aco(cy)), its colimit if it is universal in the following sense: for any

other sink (L, {S‘G}aEO(Cl)) there exists a unique morphism L 2~ L such that
Xa = @0 Ay, foralla e O(Cy). We write L = colim X.

We have already seen several instances of colimits. The easiest, though
admittedly somewhat degenerate, case is that in which the category C; is
empty. In this situation, there are no morphisms A,, and the only condition
on the object L is that for any other object L there exist a unique morphism
L -5 L. This is now easily recognized as the definition of the initial object.

Another previously seen case is that in which C; consists of two objects
and has only identity morphisms. Then, the definition of a colimit translates
word for word into the definition of the coproduct.

We invite the reader to take her or his favorite category C;, choose the
functor F', and see what the definition of the colimit translates to.
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4.4.2 Colimits and Infinite Unions

One situation in which viewing constructions as colimits brings some clarity is
to consider infinite analogues of some familiar objects. Sometimes this can be
accomplished by taking an infinite union, and sometimes we need to add some
more structure. Let us give here some examples. Consider first the embedding
sequence of Euclidean spaces

in—1

RY & R2 2L S e &y gt e (4.1)

)

where i,, : R® — R"*! ig the usual initial coordinate embedding, i.e.,
in (@1,...,Tn) — (Z1,...,2,,0). (4.2)

The embedding sequence (4.1) can be viewed as a diagram of spaces and
continuous maps, and we can take its colimit. It is a nice exercise to see that
in this case the colimit construction actually delivers the infinite union of
spaces. Thus we define the infinite-dimensional Fuclidean space by setting

R := [j R™,
n=1

where the union is taken with respect to the embedding maps (4.2). The
elements of R* are simply all vectors with countably many coordinates, of
which only finitely many are allowed to be different from 0. The usual vector
addition and scalar multiplication give the vector space structure on R*°.
Let now S™ denote the unit sphere in R™. Restrictions of i,, from (4.2)
yield an embedding sequence as well:
St g2z et gn dn gntt ekt (4.3)
Taking the colimit of this diagram of spaces yields what is known as the
infinite-dimensional sphere
o0
s = s™
n=1

This space will be of use once we look at the classifying spaces of finite groups
and Stiefel-Whitney characteristic classes in Chapter 8.

It is easy to recognize the category lurking in the background of the two
previous examples. Both sequences (4.1) and (4.3) can be viewed as functors
Fy, F5 : IE — Top, where IE denotes the category of initial embeddings. It is
defined as follows:

e the set of objects of IE is taken to be the set of natural numbers N =
{1,2,3,...};
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e for any m,n € N, we have

1

0, otherwise,

, ifm<n,

(Mig(m,n)| = {

which defines the composition rule uniquely.

One possible intuition that one could have when thinking of the category IE
is to view the elements m € N as sets [m], and whenever m < n, to view
the morphism m —%» n as the embedding of the initial interval ¢ : [m] — [n],
taking x to x.

Let us now consider yet another functor with IE as the source, though
this time having the category of groups as a target, F' : IE — Grp. Namely,
consider the following diagram of symmetric groups:

81{2)82&"'1218n&8n+1231"'a (4.4)
where each map ¢, : S, — Sp41 is the group homomorphism induced by
the initial embedding [n + 1] < [n]. The image of i, is the Young subgroup
Sn X 51 - SnJrl.

Taking the colimit of the functor F', we obtain the infinite permutation
group So. It can be explicitly described as follows:

e the elements of So, are all bijections ¢ : N — N for which there exists
a number N(y) such that ¢(z) = z, for all > N(p);
e the multiplication rule is given by the composition of bijections.

Naturally, most of the commonly used colimits can also be defined directly,
without using the framework of category theory. However, one usually has
many choices for possible definitions. Recognizing that something is a colimit
for some functor helps us to make the right choice.

4.4.3 Quotients of Group Actions as Colimits

Our next goal is to interpret the quotients of group actions as colimits. As-
sume, that X is some mathematical object (e.g., topological space, vector
space, abstract simplicial complex, graph), and assume that a group G acts
on X. Let us first informally contemplate what a quotient X/G should be.

Imagine that X itself consists of some kind of elements (points, vectors,
simplices). Then the most natural thing to do would be to glue together two
elements whenever one is mapped to the other by the group action. In other
words, take orbits of elements as the new elements.

A problem arises when one also tries in a consistent way to impose addi-
tional structure to make sure that the collection of orbits of X can be made
into the mathematical object of the same nature (read: belonging to the same
category) as X. In many situations this will lead to additional identifications,
which can be controlled with a varied degree of success.
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Colimits provide us with a streamlined formal framework to say precisely
what the quotient should be by telling us which universal property this object
should satisfy. Namely, assume that X is an object of category C. This is
the “hidden” parameter. Choosing the category means that we specify which
structure is preserved by the group action, hence in which category we want
the quotient to be taken. Most often there are many choices. We can have
a topological space X and the group G acting by continuous maps. But we
can also just view X as a set and allow all bijections. We will expand on this
discussion in Chapter 14.

4.4.4 Limits

An important dual notion of the colimit is that of a limit. It is indeed obtained
from the definition of the colimit by reversing all arrows.

Let again C; and Cy be two categories and let F' : C; — Cy be a functor. Let
us call a source of F' an object L of Co, together with a collection of morphisms

L2 F(a), for all a € O(C4), such that for all m € Mc¢, (a1, a2) we have
F(m) oAy, = Aay-

Definition 4.34. Given a functor F' : C; — Ca, we call a source of F,
(L, {Xa}aco(cy)), its limit if it is universal, i.e., if for any other source

(E, {S\G}aeg(cl)) there exists a unique morphism L —2> L such that A\, =
Aa 0@, for alla € O(Cy). We write L =1lim X.

Examples of limits are provided by terminal objects, as well as by products.

4.5 Comma Categories

4.5.1 Objects Below and Above Other Objects

We start with a standard concept, which is pervasive in combinatorial con-
texts.

Definition 4.35. Let C be a category, and let x € O(C). The category of
objects below z, denoted by (xz | C), is defined as follows:

e the class of objects O(x | C) consists of all morphisms m € M(C) such
that 0*(m) = x;
o the set of morphisms M(xz | C) consists of all composable morphism chains
mi mo . . . mi
r — y — z. Such a chain is seen as a morphism from r — y to

22 o and one speaks about a commuting triangle formed by the

objects x,y, z and the morphisms my, ma, and ms o my.

Analogously, one can define (x 1 C), the category of objects above x, by
taking as objects all morphisms m € M(C) such that 9,(m) = x, and taking
appropriate commuting triangles as morphisms.
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4.5.2 The General Construction and Further Examples

The construction from the previous subsection can put into a more general
context, which, gratifyingly, will then specialize to further useful and inter-
esting notions.

Definition 4.36. Let A, B, and C be categories, and let F' : A — C and
G : B — C be arbitrary functors. The comma category of F' and G, denoted
by (F | G), is defined as follows:

e the class of objects O(F | G) consists of all triples (xz,y,m) such that
x € O(A), y € O(B), and m € M(C), m: F(x) — G(y);

o et (z1,y1,m1) and (x2,ya, ma) be objects of (F | G). The set of morphisms
between these two objects consists of all pairs of morphisms («,3) such
that o € M(A), a : 21 — 22, f € M(B), B:y1 — y2, and my o F(a) =
G(B) omy, i.e., the diagram (4.5) commutes:

Flar) — F(a,)

J lm (4.5)

G(y1) % G(y2)-

There are several special cases of the comma category construction. First,
taking A =1, B = C, G = id¢, and taking F' : 1 — C to be the functor
mapping the unique object of 1 to some given object z € O(C) gives the
category (x | C) described in Definition 4.35.

Symmetrically, taking A = C, B =1, F = id¢, and taking G : 1 — C to
be the functor mapping the unique object of 1 to some given object € O(C)
gives the category (z T C).

Another example is provided when we take A = B = C and F = G = id¢.
This gives the category of all morphisms of C| often called the category of
arrows of C, with the “new” morphisms being all commuting diagrams of
“old” morphisms.

Finally, let us remark that it is possible to take one of the functors F' and
G in Definition 4.36 contravariant. This will also yield a category, which we
denote by O(F°P | G) if F is taken to be contravariant, and O(F | G°P) if G
is taken to be contravariant. This construction will come in handy when we
define the analogue of intervals for acyclic categories.
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Exact Sequences

One of the ancient principles for dealing with a larger calculation is to subdi-
vide it into smaller computational tasks. In this chapter we shall investigate
one application of this principle, which allows one to break down the calcula-
tion of the homology groups of a CW complex into two hopefully simpler com-
putations of homology groups of some chain complexes. The natural question
of putting the computed information together to yield the homology groups
of the original complex has an elegant algebraic answer due to Eilenberg: the
so-called long exact sequences.

While the long exact sequences provide us with the first tools for comput-
ing the homology groups, they also serve as a good introduction to the more
technical subject of Chapter 16: the spectral sequences. Intuitively, one could
think of the long exact sequences as the gadget that allows one to break the
homology group computation into two tasks, whereas the spectral sequences
allow us to start with more, hopefully easier, tasks, and then work our way
through the deep waters to the final answer.

5.1 Some Structure Theory of Long and Short Exact
Sequences

5.1.1 Construction of the Connecting Homomorphism

It is easy to generalize the notions of submodule and quotient module to that
of general chain complexes.

Definition 5.1. Let B = (B.,d.) be a chain complex of R-modules, and let
us choose R-modules A; such that A,, C By, and additionally 0(A,) C Ap—_1,
for all n.

o The chosen modules form a chain complex A = (A, 0y), which is called
a subcomplex of B.
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e The chain complex B/A = (B./A,0s) is called a quotient complex.
Note that the boundary operator is well-defined on the quotient because of
the extra condition O(A,) C Ay,_1.

Clearly, the associated collections of inclusion maps i = {in }tn, in : An — By,
and projection maps p = {pntn, Pn : Bn — By /A, both describe chain maps.

Given a subcomplex A of the chain complex B, there arises a natural
question:

What is the relation between the homology groups of A and those of B?

Do they “sit inside” of H,(B) just as the chain complex A sits inside of B? In
other words, is the induced map on the homology groups i, : H.(A) — H,.(B)
an injection?

A quick analysis will show that the answer to these questions is negative.
The reason is that we may have an element ¢ € A, such that there exists
an element b € B, satisfying 0b = ¢, in particular dc = 0, but there is no
a € Ay, satisfying da = c¢. In other words, the homology class [c] is trivial
in H,(B), but not in H,(A).

The kernel of the map 4, : H,(A) — H,(B) consists of those cycles of A,
that are boundaries of elements from B, 1. Intuitively, it may be helpful to
think that these homology cycles of B were considered nontrivial, as long as
one looked only inside 4; once the scope of attention was widened to all of B,
it was revealed that these were actually boundaries, and have to be canceled
in the total calculation.

Let us now reformulate our observations so as to produce a map. In the
first rough approximation, what we want is a map from B,,1+1 to H,(A) that is
very close to the boundary map. This of course will not work so directly, since
0By,41 is not contained in A,,. So, to start with, our map will be defined only
on the set of those b € B,,;1 whose boundary lies in A,,. Second, since we mod
out the boundaries 9A, 11 in the target space H,(A), we may as well define
the desired map on the quotient space B,+1/A,+1. The crucial observation
now is that the set of elements of B,,+1/A,+1 whose boundary lies in A,, is
by definition precisely the set of (n + 1)-cycles in the chain complex B/A,
so we have a map Op41 @ Znt1(B/A) — Hp(A). Finally, the values of the
boundary operator on the boundaries B,,1(8/.A) lie in A,,11; hence we get
the induced map

Ons1: Zns1(B/A)/Bpi1(B/A) = Hni1(B/A) — Hp(A).

By the above discussion, this map is well-defined, and is in fact a homomor-
phism of R-modules. We also note that since our map is derived from the
boundary operator in a very direct way, we find it convenient simply to use
the same notation.

Definition 5.2. The maps 0. : H.(B/A) — H._1(A) defined above are called
connecting homomorphisms.
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In light of the intuitive picture above, the connecting homomorphisms can
be thought of as cancellation maps, which remove the superfluous cycles from
the homology groups H.,(A).

The connecting homomorphisms are natural, which is just another way of
saying that they are functorial in the following sense.

Proposition 5.3. Assume that A, B, A and B are chain complexes such that
A is a subcomplex of B, and Aisa subcomplex ofB Assume furthermore that
we have a chain complex map ¢ : B — B such that p(A) is a subcomplex of A.
Then the diagram

Hyi1(BJA) —2— H,(A)

sal ls@ (5.1)

Hn—&-l(g/j) — Hn(A)

commutes for all n.

Proof. Let us trace the diagram (5.1) in both directions. First,

@(O([c] + Ant1)) = ¢([0c]) = [p(c)].

On the other hand,

O(e([d + Ant1)) = O([p(e)] + Ans1) = [(p(e))]:

By our assumptions, ¢ is a chain complex map; hence ¢(dc) = 5(90(0)), and
the commutativity of the diagram (5.1) follows. O

A natural question is why these maps are called connecting homomor-
phisms. What do they connect? We shall next embark on constructing the
algebraic apparatus that will allow us to give an answer to that question.

5.1.2 Exact Sequences

On the level of chain complexes, one has a feeling that one should be able
to put A and B/A together to reconstruct B. It is close at hand to ask the
same for the homology: how can we put together H,(A) with H.(B/A) to get
H,.(B)?

To start with, even the prehomology picture is not at all too clear. We
certainly do not in general have B = A@® B/A when A and B are R-modules,
not even when R = Z, i.e., when A and B are abelian groups. As an example,
take B = Z, and take A = 2Z. We have B/A = Zy, but Z # Z & Zs, since Z
does not have nonzero elements of finite order, while Z & Zo does. The exact
relationship between B, A, and B/A is best phrased in the language of short
exact sequences, which we now proceed to introduce.
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Definition 5.4.

(1) A chain complex of R-modules C = (C\, f+) is called an exact sequence
if for all i, we have Kerf; = Imf; ;.
(2) A sequence of chain complexes and chain maps

n+2 n+1 n n—1
L entlY L en 2 ol L

is called exact if it is exact in each dimension, i.e., if C* = (C2, %),
then the sequence

n+2 n—1

va ©y @
. Cn+1 d Cn e Cn 1 ¥4

is required to be exact for all d.

(3) A map between two exact sequences (of R-modules or chain com-
plezes) (Ax, o) and (By, B«) is a collection of maps (R-module homo-
morphisms or chain complex maps) {on }n such that the following diagram

commutes:
Qnt2 Qn41 an Qp—1
> An+1 An An—l >
Pn41 J{ Yn J, Pn—1 l
Bri2 Brn+1 Bn Brn-1
. n+1 Bn an 1

Note that the definition of the chain complex itself already encompasses
“half” of the exactness condition: we have Ker(f;) 2 Im(f;+1). To require the
opposite inclusion to hold as well is the same as to ask the chain complex to
have trivial homology groups in all dimensions.

The most trivial instance of the exact sequence is the one with all terms
equal to 0. Next comes the one with all but two consecutive terms being 0.
That special case coincides with the notion of isomorphism. Allowing one more
consecutive term to be nontrivial yields what is perhaps the most important
special case.

Definition 5.5. An ezact sequence (of R-modules or of chain complezes) is
called a short exact sequence if all the terms are 0 except possibly three
consecutive ones:

0—ASB2 0o (5.2)

Exact sequences form a subcategory of the category of all chain com-
plexes and chain complex homomorphisms. The same is true for short exact
sequences, or in fact for any set of exact sequences with a fixed set of indices
where the terms are allowed to be nontrivial.

Let us now return to the situation in which A is a subcomplex of B. We
see that even though we may not have B = A ® B/A, we do have a short
exact sequence
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0— AL B2 B/A 0, (5.3)

where 7 and p are the standard inclusion and projection maps. This is the
language in which the relation between A, B, and B/A is phrased.

On the other hand, the fact that the sequence (5.2) is exact means exactly
three things:

e the map i is injective;
e the map p is surjective;
e we have i(A) = Ker(p).

This means that A is isomorphic to i(A), while C'is isomorphic to B/Ker(p) =
B/i(A). In other words, all short exact sequences can essentially be written in
the form (5.3). To underline this fact, one says that the term B is an extension
of A by C. Being able to write the middle term as the direct sum of the two
others is an additional property that one sometimes has. It is formally defined
as follows.

Definition 5.6. A short exact sequence (5.2) is said to split if there exists
an isomorphism ¢ : B — A ® C such that 1 = poi and p = wo @, where
t:A— A®C is the injection into the first term, and w: A® C — C is the
projection onto the second term.

5.1.3 Deriving Long Exact Sequences from Short Ones

As we have already noted, passing to homology is bound to make things
more complex, since, for example, injective maps may cease to be injective. It
turns out that instead of one short exact sequence, the relationship between
H,(A), H,(B), and H,(B/A) is best described as a long exact sequence,
which involves the groups H,(A), H.(B), and H,(B/A) in all dimensions.

Theorem 5.7. (Zig-zag lemma).
Assume that

0—>AL>BL>C—>O (5.4)

is a short exact sequence of chain complexes. Then we have a long exact
sequence of homology groups

On T * n i
SR (A) S Ho(B) 25 Hy(€) 25 Hooa(A) =5 (5.5)
where i, and p. are the maps between the homology groups induced by the
maps i and p, and O, is the connecting homomorphism constructed in Sub-
section 5.1.1.

Proof. By our discussion above, we may assume that A is a subcomplex of
B, and replace C with B/A. We do that to be able to phrase the proof in
simple words. Furthermore, we have already checked that all the connecting
homomorphisms are well-defined, so it remains only to check the exactness of
the sequence (5.5).
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(1) Ezactness in Hy,(B). By definition of induced maps, both the kernel of p,
and the image of i, consist of those homology groups [b] € H,(B) that
have a representative in C,(.A).

(2) Ezactness in H,(B/A). By definition, the image of p, consists of those
[b] + A, that have a representative whose boundary is 0. In other words,
there must exist a € A, such that 9(b —a) = 0, i.e., the condition can be
equivalently reformulated as 9b € 0A,,. On the other hand, the kernel of
the corresponding connecting homomorphism consists of those [b]+ 4,, for
which we have [([b] + A,)] = 0. Since [O([b] + A,,)] = [[0b] + DA,,] = [9b],
this gives the same condition.

(3) Ezactness in Hp(A). The image of a connecting homomorphism consists
of all those [a] € H,(A) for which there exists b € B, 41 such that 9b = a.
This is precisely the condition defining the kernel of i, as well.

Thus the exactness of (5.5) is verified. O

We also note that by Proposition 5.3, any map between short exact se-
quences

0 A——B—-L.¢ 0
Lol
0 A—-B -t 0

induces a map between the corresponding homology long exact sequences

Ont1 i D d
=

5.2 The Long Exact Sequence of a Pair and Some
Applications

5.2.1 Relative Homology and the Associated Long Exact Sequence

In the next definition we encounter the first and simplest case of a filtration.
These will be investigated in greater depth in Chapter 16.

Definition 5.8. Let X be an arbitrary topological space, and let A be a sub-
space of X. Then we call the ordered pair (X, A) a pair of spaces. When
X is a CW complex and A is its CW subcomplez, the pair (X, A) is called
a CW pair. When X and A are simplicial complexes, the pair (X, A) is called
a simplicial pair.
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It is easy to see that when (X, A) is a pair of spaces, the singular chain
complex of A is a subcomplex of the singular chain complex of X.

Definition 5.9. Let (X, A) be a pair, and let R be a commutative ring with
unit. The relative homology of this pair with coefficients in R is denoted
by H.(X,A;R), and it is defined to be the homology of the quotient chain
complez H,(CS™8(X;R)/CE™E(A;R)).

A direct translation of Theorem 5.7 yields the following useful long exact
sequence.

Theorem 5.10. (Long exact sequence of a pair).
For any pair of spaces (X, A) we have a long exact sequence of homology
groups

Remark 5.11. There is also a version of the long exact sequence (5.6) using
the reduced homology instead:

2O (A) A HL (X)) S Ho (X, A) 25 H g (A) 2 (57)

This fact follows from Theorem 5.7 as well, when one lets A and B be the
augmented singular chain complexes of A and of X.

We note that, unlike the usual homology, the relative homology does not
have a reduced analogue. This is because in taking the relative homology, the
augmentations cancel out in the quotient.

Remark 5.12. In full analogy with Definition 5.9 one can define the relative
cohomology of a pair (X, A) as the cohomology of the cochain complex
Cing(X, A), where CF; (X, A) consists of all functions on n-cells that have
value 0 on the singular simplices inside A. Theorem 5.7 can be applied to the
short exact sequence

0— Céking(A) A Céking(X) — Cging(Xa A) — 0,
yielding the cohomology version of the long exact sequence (5.6):

gntl ~ *

ST Hm(A) S (X)) £ HYX,A) 2D N A) S (5.8)
Definition 5.13. Given two pairs of spaces (X, A) and (X, A), a continuous
map ¢ : X — X is called a map between pairs if p(A) C A.

The naturality of the connecting homomorphism yields the following fact.

Proposition 5.14. Any map ¢ between pairs of spaces (X, A) and ()?,g)
induces a chain complexr map between the corresponding homology long exact
sequences of these pairs.
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5.2.2 Applications
Revising cellular homology

Let X be an arbitrary CW complex. It is easy to see that for every k > 0,
the relative homology group Hk(X(k)7X(k_1)) is free abelian, with a basis
indexed by the k-cells of X. Hence, we can use the group H;C(X(k)7 X(k_l))
as an alternative definition for the cellular chain group CF°"'(X). The cellular
boundary operator 95! : CFe(X) — CP°U(X) can then be defined as the
composition of maps

Hk(X(k),X(kfl)) 9, Hk_l(X(kfl)) N Hk_l(X(kfl),X(]“Q)),

where the first map is the connecting homomorphism from the long exact
sequence of the pair (X(k), X(k_l))7 and the second map is the corresponding
map from the long exact sequence of the pair (X =1 X (*=2)),

Using this approach, it is easy to see that the cellular boundary maps
compose to 0. Indeed, by construction we have

Ot 0O =it 00?0l 00",
where the maps are the appropriate ones from the corresponding long exact
sequences:
Hy(X®, x (k=1 o!
Hpy (X*=D, X (h=2)
Hi_q (X(kfl)
Hk_Q(X(k72)
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In particular, the composition 9% o il is a 0-map, since both maps are from
the long exact sequence of the pair (X(k’l), X(k*Q)). Hence the composition
G,Sflll o 3,?6“ is also 0.

It is also now easy to prove Theorem 3.41. Indeed, a cellular map ¢ :
X — Y induces a map of pairs ¢ : (X X)) - (Y y*-1) for all k,
and hence, by Proposition 5.14, it induces a map between cellular homologies
po s HEN(X) — HEN(Y).

Geometric model for relative homology

Assume that X is an arbitrary CW complex and A is a subcomplex of X.
Construct a new space @ by taking X and adding a cone over A. It is straight-
forward to extend the cellular structure from X to Q: we will get a new vertex,
the apex of the cone, and each cell of A will yield a new additional cell, whose
dimension is one higher. The next proposition shows that the space @ is in
a sense a geometric model for the relative homology.
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Proposition 5.15. For CW complezes X, A, and Q, as above, we get
H,(Q) = Hu(X,A), for all n.

Proof. Let C' denote the cone over A, which has been added to X, and
consider the reduced version of the long exact sequence of the pair (@, C):

O F(C) — F(Q) — HA(Q2C) 2 i (C) — -

We note that the chain complexes CE(Q)/CCN(C) and CCN(X)/CCN(A)
are isomorphic; hence H,(Q,C) = H,(X, A), for all n. The statement of the

proposition now follows from the fact that H, (C) =0, for alln. 0O

Homology of the suspension

Our last application concerns the suspension construction, which was defined
in Example 2.32(1). Let X be an arbitrary CW complex. Its suspension is
suspX = X x S', and there is a straightforward way to extend the cellular
structure of X to the entire susp X. Namely, we add two new vertices, one for
each apex, and each cell o of X gives rise to two new cells o4 and o_, one
inside each cone, such that dimo; = dimo_ = dimo + 1.

Theorem 5.16. For an arbitrary CW complex X we have

Hn(sust) = Hn+1(X)7 (59)
for all n.

Proof. Let C denote one of the cones over X this is a “half” of susp X. By
Proposition 5.15 we have H,(susp X) = H,(C,X). On the other hand, the
reduced version of the long exact sequence for the pair (C, X) coupled with
the fact that H,(C) = 0 gives the equality H,(X) = H,11(C,X) for all n.
This implies (5.9). O

5.3 Mayer—Vietoris Long Exact Sequence

Another standard long exact sequence describes what happens when we glue
together two CW complexes. Assume that X is a CW complex that we have
represented as a union of two of its subcomplexes X = AU B. We have four
cellular inclusion maps

i':ANB— A, i?:ANB— B, j':A— AUB, j*:B<— AUB,

which induce corresponding maps between homologies.
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Theorem 5.17. (Mayer—Vietoris long exact sequence)
Given A, B, and X = AU B as above, we have the following long ezact
sequence:
- H,(AnB) 28 1, (A)eH,(B) L H,(AUB) -2 H,_,(ANB) 228 ..
(5.10)
where diag(z) = (i1(x), i2(x)) and diff(z,y) = j1(x) — 12(y).

Proof. Consider the following sequence of chain complexes and chain complex
maps:

0 — CCell(A N B) 228 oCell( 4) ¢ cCel () B oCell 4y B) — 0, (5.11)
where diag(x) = (i'(),i?(x)) and diff(x,y) = j'(z) — j2(y). Let us verify
that the sequence (5.11) is exact. The injectivity of diag is obvious, as is the
exactness in CSN(A) @ CC°(B). The surjectivity of diff follows from the fact
that each cell of AU B either lies completely in A or lies completely in B (or
both), and therefore every cellular chain of AU B can be represented as a sum
of a chain of A with a chain of B.

We can therefore apply Theorem 5.7, and using the fact that

H(C7N(A) @ C7N(B)) = Ho(CPN(A) @ Ho(CPN(B)) = Ho(A) @ Hu(B),
we derive the long exact sequence (5.10). O

Remark 5.18. We also have a reduced version of the sequence (5.10):

- 5 H,(ANB) =% H, (A)@H,(B) “* H,(AUB) <> H, 1 (ANB) =% ...
(5.12)

Remark 5.19. The cohomology version of the sequence (5.10) is obtained, as
expected, by reversing all the arrows:

& g AnB) P gr e H(B) 8 grauB) & B (ANB) YL
(5.13)

In the case of a Mayer—Vietoris sequence, the naturality of connecting homo-
morphisms yields the following statement.

Proposition 5.20. Assume that the CW complexes X and )~(~are represented
as unions of CW subcompleres: X = AU B and X = AU B. Assume fur-
thermore that we have a cellular map ¢ : X — X satisfying the additional
conditions p(A) C A and o(B) C B. Then ¢ induces a chain complex map
between the corresponding Mayer—Vietoris homology long exact sequences.
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It is interesting to see how Theorem 5.17 can be applied to the two appli-
cations of Subsection 5.2.1.

First, when X is a CW complex and A a subcomplex, we have constructed
the CW complex @) by attaching a cone C' over A. Thus Q@ = C' U X and
A =CnX. Since H,(C) = 0 for all n, it is handy to employ the reduced
version of the Mayer—Vietoris long exact sequence. What we then get is the
reduced version of the long exact sequence of the pair (X, A), with H,.(Q)
instead of H,(X, A). One can then use this to show the actual isomorphism
between the homology groups, using the so-called 5-lemma. We do not need
that here, so we refer the reader to any of the standard textbooks in algebraic
topology.

Second, in the case of suspension, we note that susp X = C1UCs, where C
and Cs are the two cones that we spanned over X when constructing susp X.
Furthermore, we have C; N Cy = X and H,(Cy) = H,(Cs) = 0, for all n.
Using the reduced version of the Mayer—Vietoris long exact sequence we once
again confirm the equalities (5.9).
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Homotopy

6.1 Homotopy of Maps

Given two topological spaces X and Y, one can introduce an equivalence
relation on the space of all continuous maps from X to Y.

Definition 6.1. Two continuous maps f,g : X — Y are called homotopic
is there exists a continuous map F : X x [0,1] — Y such that F(—,0) = f
and F(—,1) = g. In that case, we write f ~ g.

Let us see that Definition 6.1 actually produces an equivalence relation.
First, by setting F(x,t) := f(x) independent of ¢, for all z € X, t € [0,1],
we see that any map f is homotopic to itself. Second, if f,g : X — Y are
homotopic with a homotopy given by F : X x [0,1] — Y, we can define
the reverse homotopy G : X x [0,1] — Y by setting G(x,t) := F(z,1 — t).
This gives a homotopy from g to f, thus verifying the symmetry. Finally, given
three continuous maps f,g,h : X — Y and two homotopies F': X x[0,1] =Y
from f to g and G: X x [0,1] — Y from g to h, one obtains a concatenated
homotopy H : X x [0,1] = Y from f to h by setting

F(x,2t if t <1/2;
H(x, t) = (1‘7 )’ I — / )
G(z,2t — 1), otherwise.
The equivalence classes of this equivalence relation are called homotopy
classes of maps, and are denoted by [f].

Ezxample 6.2.

(1) An arbitrary continuous map f : S' — S? is homotopic to any map that
takes the entire circle to one point in S2.

(2) Let T denote the 2-dimensional torus, T = S! x S'. The following two
maps f,g: St — T are homotopic: f wraps S! diagonally, i.e., f(x) := (z, ),
for x € S', and g traverses the factor circles one after the other, i.e.,



90 6 Homotopy

( SOi) (e2tpi’0)7 lfOSQOSTF,
e = N
g (0,e2¢72m) " otherwise.

Proposition 6.3. The composition of homotopy classes of maps is well-
defined if we set

lg] e [f]==1lg° /], (6.1)
for any pair of continuous maps f: X —Y andg:Y — Z.

Proof. Assume first that f is homotopic to some map f : X — Y and that
the homotopy is given by H : X x [0,1] — Y. The homotopy from go f to
go f is given by the composition map H:X x [0,1] My 9,7

Assume now that g is homotopic to some map g : ¥ — Z and that the
homotopy is given by H : Y x [0,1] — Z. The homotopy from go f to go f
is given by the composition map H : X x [0,1] PAdy o [0,1] N/

An important property of the homotopic maps is that they become iden-
tical once we pass to the algebraic invariants that we have defined.

Theorem 6.4. Given two CW complexes X and Y and two homotopic cellu-
lar maps f,g: X — Y, the induced maps on homology are the same, i.e., we
have f, = g«

The proof of Theorem 6.4 lies outside the scope of this book. It can be
found in all standard textbooks in algebraic topology; see, e.g., [Hat02, The-
orem 2.10].

6.2 Homotopy Type of Topological Spaces

Theorem 6.4 motivates the introduction of the corresponding equivalence re-
lation on the topological spaces themselves.

Definition 6.5. Two topological spaces are called homotopy equivalent if
there exist continuous maps ¢ : X — Y and ¢ : Y — X such that potp ~ idy
and 1 o p ~idx. In that case, we write X ~Y .

Indeed, Theorem 6.4 implies the following fundamental fact, strengthen-
ing the homeomorphism invariance that was previously mentioned in Re-
mark 3.16.

Theorem 6.6. Homology groups are homotopy invariants; in other words, if
X andY are homotopy equivalent CW complezes, then H,(X) = H,(Y), for
any n > 0.



6.3 Mapping Cone and Mapping Cylinder 91

Proof. Let ¢ : X — Y and ¢ : ¥ — X be continuous maps such that
po ~idy and ¥ oy ~idx. By Theorem 6.4 we have ¢, ot =idy, (y) and
Yy 0, = idg, (x), which allows us to conclude that H,(X) = H,(Y'), and the
maps ¢, and 1, are inverses of each other. 0O

The homotopy equivalence is indeed an equivalence relation. The only
nontrivial part of this statement is the verification of transitivity. Assume that
we have three topological spaces X, Y, and Z, and four maps ¢ : X — Y,
Yv:Y =X, f:Y —>Z and g: Z — Y such that pot ~idy, ¢ o p ~idx,
gof ~idy, and fog ~ idz. Repeatedly using (6.1), we see that (pog)o(foyp) =
Yo(goflop~yop~idyx and (fop)o(pog) = fo(poth)og~ fog ~idy.
The equivalence classes of this equivalence relation are called homotopy types
of topological spaces.

We are now ready to define a new category HTop, the so-called homotopy
category. Its objects are the same as those of Top: the topological spaces.
However, the morphisms are different: they are all the homotopy classes of
continuous maps. Using the previously defined terminology, we say that two
objects in HTop are isomorphic if and only if the corresponding topologi-
cal spaces are homotopy equivalent. This is a usual “quotient” situation in
category theory: the set of objects is left intact and the set of morphisms is
quotiented, producing more isomorphisms.

Ezample 6.7.

(1) A ball of arbitrary dimension is homotopy equivalent to a point.

(2) The Mdbius band is the topological space which we obtain from a rectangle
by identifying a pair of opposite sites, changing the directions, e.g., we can
take the space ([0,1] x [0, 1])/ ~, with the identification relation given by
(0,2) ~ (1,1—x), for all z € [0, 1]. It is easy to see that the Mdbius band is
homotopy equivalent to a circle. The homotopy equivalence maps are given
by embedding S' as the middle circle of the Mébius band, respectively by
shrinking the Mobius band onto its middle circle.

(3) If an interval is attached to a sphere S? by both ends, then the space
obtained is homotopy equivalent to the wedge of S? and S!.

(4) Gluing a disk along its boundary to the 2-dimensional hollow torus along
one of the torus’s generating circles will give a space that is also homotopy
equivalent to the wedge of S? and S'.

6.3 Mapping Cone and Mapping Cylinder

Before we proceed, we would like to define two very important constructions
for topological spaces, which also behave well if we have cellular structures.

Definition 6.8. Let f : X — Y be a continuous map between two topological
spaces. The mapping cylinder of f is the quotient space
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M(f) = (X x ) UY)/ ~,
where the equivalence relation ~ is defined by (x,1) ~ f(x), for all x € X.

Example 6.9. Let X = SY, Y = [0,1], and let f map all points in X to the
point 1/2. Then M(f) is the cone over S! attached by its apex to the middle
point of the interval [0, 1]. See Figure 6.1(left).

Definition 6.10. Let f : X — Y be a continuous map between two topological
spaces. The mapping cone of f is the quotient space

Cone(f) = (X x ) UY)/ ~,

where the equivalence relation ~ is defined by (x,1) ~ f(z) and (z,0) ~ (y,0),
forallz,y € X.

Ezample 6.11. Let X, Y, and f be as in the previous example. Then Cone(f)
is the sphere S? attached to the middle point of the interval [0,1]. See Fig-
ure 6.1(right).

Fig. 6.1. A mapping cylinder and a mapping cone of a map taking everything to
a point.

Let us now look to see what happens when X and Y are CW complexes
and the map f is cellular. We need three important general facts about CW
complexes. We provide intuitive explanations, but no formal proofs.

Fact 1. If X is a CW complex, then X x I has a naturally induced product
CW structure.

Consider the CW structure on I consisting of two 0-cells (the endpoints)
and one 1-cell. One can take the cells of X x I simply to be the products of
cells in X and in I. In particular, there are two copies of X sitting inside of
X xI,as X x {0} and X x {1}, and each one is a CW subcomplex.

Fact 2. If X is a CW complex andY a CW subcomplex of X, then X/Y has
a naturally induced quotient CW structure.



6.4 Deformation Retracts and Collapses 93

The cells of X/Y are precisely those cells of X that are not in Y, together
with one 0-cell, which denotes the result of shrinking Y to a point. The new
attaching maps are best described as compositions of the old ones with the
map that shrinks all cells of Y to a point.

Fact 3. If X and Z are CW complexes, Y is a CW subcomplex of X, and
f Y — Z is a cellular map, then X Uy Z has a naturally induced CW
structure.

The cells of X Uy Z are those cells of X that do not belong to Y, together
with all cells of Z. For the cells of Z, the attaching maps do not change,
whereas for the cells of X, the new attaching maps are again best described
as compositions of the old attaching maps with the map that identifies points
in Y with their images under the cellular map f.

We are now ready to see, using Facts 1 and 3, that there is a natural
induced CW structure on M(f). In this structure we have the cells of X, the
cells of Y, and, additionally, the cells of X multiplied by an interval glued in
the appropriate way. This is because M(f) = (X x I) U; Y, where f maps
the bottom copy of X inside X x I to the CW complex Y along the cellular
map f.

Observe that it is important in Example 6.9 to choose the CW structure
on the interval [0, 1] so that the map f is cellular. For instance, if we take the
endpoints to be the vertices and the open interval (0,1) to be the 1-cell, then
the induced cell structure on M(f) will not be well-defined, since we are not
allowed to glue the boundaries of cells onto the interiors of cells of the same
dimension or higher.

When both X and Y are CW complexes and the map f is cellular, there is
a natural induced CW structure on Cone( f) as well. This is because Cone(f) =
M(f)/X, where we quotient the top copy of X inside of X x I to a point, and
use Fact 2.

6.4 Deformation Retracts and Collapses

Definition 6.12. Let X be a topological space, let A C X, and leti: A — X
be the inclusion map. A continuous map f: X — A is called

a retraction if f|a =ida;

e ¢ deformation retraction ifio f : X — X is homotopic to the identity
map idx ;

e gstrong deformation retraction if there exists a homotopy F : X xI —
X between i o f and idx that is constant on A, i.e., F(a,t) = a, for all
tel anda € A.

Correspondingly, A is called a retract, a deformation retract, or a strong
deformation retract of X.
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Note that in a comb space

C =10,1] x {0} U {0} x L_J{} x [0,1] € R?,

all points are deformation retracts of C, but not all points are strong defor-
mation retracts of C.

A useful example of a strong deformation retraction is provided by the
following.

Definition 6.13. Let A be a generalized simplicial complex. Let o, 7 € A such
that

(1) 7 C o, in particular dim T < dimo;
(2) o is a mazimal simplex, and no other maximal simplex contains T.

A simplicial collapse of A is the removal of all simplices v such that
7 C v C 0. If additionally, we have dimT = dimo — 1, then this is called
an elementary collapse.

When A; and A, are two generalized simplicial complexes such that there
exists a sequence of collapses leading from A; to As, we shall use the notation

AN\, A

Proposition 6.14. A sequence of collapses yields a strong deformation re-
traction, in particular, a homotopy equivalence.

Another source of strong deformation retracts is provided by mapping
cylinders.

Proposition 6.15. Let f : X — Y be a continuous map between two topolog-
ical spaces. Then'Y is a strong deformation retract of M(f).

Proof. Let ¢ : Y < M(f) be the inclusion map, and let g : M(f) — Y be
defined by g(z,p) = f(x) (= (x,1)) for (z,p) € X xI,and g(y) =y fory € Y.

Clearly, goi : Y — Y is the identity map, so we just need to show that
there is a homotopy between idyi(s) and 70 g : M(f) — M(f) that keeps V'
fixed. Define G : M(f) x I — M(f) by

G((z,p),t) = (z,1 —t(1 —p))

and G(y,t) = y, for all (z,p) € X x I,y € Y, and ¢t € I. Clearly, G is
continuous, G(—,0) =io g, and G(—, 1) = idyp). O

Although strong deformation retraction seems like a much stronger op-
eration than homotopy equivalence, it turns out that two topological spaces
are homotopy equivalent if and only if there exists a third space that can be
strong deformation retracted both onto X and onto Y. One possible choice for
this third space is simply the mapping cylinder of the homotopy equivalence
map; see Corollary 7.16.
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6.5 Simple Homotopy Type

The converse of Proposition 6.14 is not true: there are abstract simplicial
complexes that are contractible, yet not collapsible. The situation is somewhat
clarified by the following result.

Theorem 6.16. A generalized simplicial complex A is contractible if and only
if there exists a sequence of collapses and expansions (operation inverse to the
collapse, also called an anticollapse) leading from A to a vertex.

More generally, one benefits from the following definition.

Definition 6.17. Two generalized simplicial complexes are said to have the
same simple homotopy type if there exists a sequence of elementary col-
lapses and expansions leading from one to the other. Such a sequence is called
a formal deformation.

Theorem 6.16 is a special case of the fundamental theorem that in par-
ticular says that two simply connected generalized simplicial complexes are
homotopy equivalent if and only if they have the same simple homotopy type.

It is known that a subdivision of any generalized simplicial complex X has
the same simple homotopy type as X. Let us show a special case of that.

Proposition 6.18. Let X be the geometric realization of an arbitrary abstract
simplicial complex. Then there exists a formal deformation from X to Bd X.

Proof. To start with, since the barycentric subdivision can be represented as
a sequence of stellar subdivisions, see Subsection 2.1.5, it is enough to find
a formal deformation leading from X to sd(X, o) for an arbitrary simplex
o € X. One choice of such a deformation is a concatenation of two steps.

Deformation algorithm from X to sd(X, o).

Step 1. Add a cone over stx (o). More precisely, consider a new simplicial
complex X’ such that V(X’) = V(X) U {v}, X is an induced subcomplex of
X', and lkx/v = stx (o).

Step 2. Delete from X’ all the simplices containing o.

Since stx (¢) is a cone, in particular collapsible, Step 1 can be performed as
a sequence of elementary expansions. Furthermore, Step 2 can be performed
as a sequence of elementary collapses as follows: the set of simplices that are to
be deleted can be written as a disjoint union of sets A and B, where B is the
set of all simplices that contain both ¢ and v. Clearly, adding v to a simplex
is a bijection p : A — B. Let {71...,7:} be a reverse linear extension order
on A then {(r, u(71),..., (7, (7))} is an elementary collapsing sequence.

Finally, we see that performing Steps 1 and 2, in this order, will yield
a stellar subdivision of X at o, and therefore our description is completed. O
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6.6 Homotopy Groups

In this section we define yet another family of algebraic invariants of topolog-
ical spaces. We give just a very brief overview without proofs.

Definition 6.19. Let X be a topological space, choose xg € X, and let n > 0.
The set of homotopy classes of maps ¢ : S* — X mapping the north pole of
S™ to xg is denoted by w, (X, xo).

When n > 1 this set can be equipped with a product operation as follows: to
compose ¢ : S — X with ¢ : S” — X, choose a great circle passing through
the north pole, and shrink it to a point (when n = 1 we identify the two poles).
Now map the obtained wedge of two copies of S™ to X by taking the map ¢
on one copy of S™ and taking the map ¥ on the other copy. In both cases, the
wedge point plays the role of the north pole on each S™.

The set m, (X, xo) with this operation is called the nth homotopy group
of X with base point xg.

One can show that the product is well-defined, and that one indeed gets
a group. For example, the inverse is obtained by precomposing ¢ : S — X
with the reflection in one of the coordinates of S™, fixing the north pole;
here S™ is viewed as a unit sphere. The set 7o(X, o) is simply the set of all
path-connected components.

As m1(X, ) we obtain the so-called fundamental group of X with base
point zg. The fundamental group plays an important role in the theory of
covering spaces, which we do not cover in this book. It is also closely related to
the homology groups; namely, when X is path-connected, the group Hi(X;Z)
is the abealinization of the fundamental group.

In can be shown that when the base point is changed within the path-
connected component, the new homotopy group is isomorphic to the old one.
Therefore, whenever the considered topological space is path-connected, we
shall skip the base point from the notation. Again, the proof is not difficult.
One basically has to stretch a part of the sphere that is close to the north
pole along the path connecting the old base point with the new one.

An important fact is that when n > 2, the group m,(X) is abelian. This
happens because in dimensions 2 and higher it is possible for two balls on the
boundary of the sphere to go around each other, whereas on the circle they
would have to pass through each other.

Another interesting property, which we state without a proof, is that for
any two spaces X and Y and any n, we have

Tn(X X Y) = 10 (X) X 10 (V). (6.2)

More generally, there is a long exact sequence connecting homotopy groups of
the involved spaces in any fibration.
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Ezample 6.20.

(1) We have 71 (S') = Z, and 7, (S') = 0 for n > 2. The distinct elements of
71 (S!) can be realized by wrapping S* around itself various numbers of times,
with direction encoding the sign.

(2) For a two-dimensional torus T we have m1(T") = Z x Z, and 7, (T) = 0 for
n > 2. This follows from the previous example and equation (6.2).

(3) One radical difference between homotopy and homology is illustrated by
the case of spheres. Whereas it was very easy to determine the homology
groups of spheres, their homotopy groups are in general unknown, and are
the subject of current research. Thus our first example of S! is an exception
rather than the rule.

For S™, n > 2, it still remains true that ,(S") = Z, and m,,(S™) = 0,
for m < n. However, the higher homotopy groups can be nontrivial. The first
example is 3(S?) = Z. Further examples are 74(S?) = Za, 76(S?) = Z12, and
7T10(S4) = Z24 X Z3.

An easy but important property of homotopy groups is their functoriality.

Proposition 6.21. Let X and Y be topological spaces, and let f : X — Y
be a continuous map. Then the composition with f will induce a group homo-
morphism fi : 7, (X) — m,(Y), for any n.

Furthermore, if Z is also a topological space and g :' Y — Z is a continuous
map, then we have (go f). = g« o fu.

Thus we see that m, is yet another example of a covariant functor Top —
Ab. We leave verification of Proposition 6.21 to the reader.

6.7 Connectivity and Hurewicz Theorems

One of the most useful tools for calculating fundamental group is Van Kam-
pen’s theorem, which allows us to cover our space by nice subspaces and then
reconstruct the total fundamental group from the fundamental groups of the
covering spaces and their intersections.

Theorem 6.22. (Van Kampen’s theorem).

(1) Assume that X is a topological space with base point x, and assume that
A and B are path-connected open subspaces of X such that AN B is also
path-connected, © € AN B, and X = AU B. Then m (X, x) is the colimit of
the following diagram:

w1 (AN B, x) SN m (A, )
| (6.3)
m1 (B, x)
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where i, : M (AN B,x) — m(A,z) and j. : m (AN B,z) — m(B,z) are
induced by the inclusion mapsi: ANB— A and j: ANB — B.

(2) More generally, assume that X is covered by finitely many path-connected
open subspaces A;, i =1,...,n. Assume that x € A;, for alli=1,...,n, and
that all intersections are again path-connected. Consider a diagram, general-
izing (6.3), consisting of the fundamental groups of all possible intersections
and all maps between them induced by inclusions of intersections. Then the
fundamental group of X is the colimit of this diagram.

The proof of Van Kampen’s theorem is elementary, though it requires some
topological finesse. We refer the reader to any of the standard textbooks.

Remark 6.23. For combinatorial applications it is useful to note the following
variation of Van Kampen’s theorem: X is assumed to be a CW complex, and
the subspaces A; are all assumed to be the CW subcomplexes of X.

To derive Remark 6.23 from Theorem 6.22 we can simply replace each
subcomplex A; by an e-neighborhood of A;. The € can be chosen small enough
so that the resulting diagram of groups is the same for both the open and the
CW covering.

Definition 6.24. A path-connected topological space X is called simply con-
nected if its fundamental group is trivial.

For many calculations, the most frequently used special cases of Theo-
rem 6.22 will suffice.

Corollary 6.25. Assume that A, B, and AN B, are path-connected.

(1) If both A and B are simply connected, then so is AU B.
(2) If AN B is simply connected, then m (AU B) = m1(A) 71 (B).

Proof. These are both corollaries of Van Kampen’s Theorem; just substitute
the assumptions in diagram (6.3) and take the colimit. O

Ezxample 6.26. Let us calculate the fundamental group of the projective plane
RP? using Van Kampen’s theorem. Consider a standard representation of RP?
as a unit disk in the plane with the boundary self-identified by the antipodal
map, i.e., z ~ —x. Let A be the disk centered at the origin with radius 1/2,
and let B be obtained from RP? by removal of the interior of A. We have
AU B = RP?, and it is easy to equip RP? with a CW structure such that
A and B are CW subcomplexes (alternatively, one could thicken A and B
a little bit so as to obtain a topologically identical open covering of R]P’Z).

In either case, Van Kampen’s theorem can be applied. The space A is
contractible, the intersection A N B is homeomorphic to a circle, and the
space B deformation retracts to a circle. To see the last of these facts, simply
retract the punctured unit disk to its boundary, and note that the antipodal
self-identification of the boundary again produces a circle. We have m1(A) = 0
and 11 (B) = m (ANB) = Z. The fundamental group homomorphisms induced
by the inclusion maps i4 : AN B < A and i® : AN B — B are the following:
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e the map iZ : 7 (AN B) — m(A) has to be a 0-map;
e the map i? : 71 (AN B) — m(B) is given by & + 2x; this is clear from
geometric considerations.

The definition of the colimit translates in this case to saying that the funda-
mental group RP? is the universal group such that the group homomorphism
@ : m1(B) — m (RP?) takes the generator of 71 (B) to an element of order 2.
Hence we conclude that m; (RP?) = Zj.

Definition 6.27. For k > 1, a topological space X is called k-connected if
its homotopy groups m(X),...,mx(X) are all trivial.

In particular, 1-connected is the same as simply connected. For conve-
nience, we also adopt the convention that 0-connected means path-connected,
(—1)-connected means nonempty, and any space is (—2)-connected.

We are now ready to formulate an important fact relating homology with
homotopy groups.

Theorem 6.28. (Hurewicz theorem)
Let X be an arbitrary CW complex. Assume that X is simply connected, and
that Hi(X;Z) =0, fori=0,...,k. Then X is k-connected.

Conversely, if X is (k—1)-connected, for some k > 2, then PNIZ-(X; Z)=0,
fori=0,...,k—1, and H,(X;Z) = m(X).

The proof of Hurewicz theorem is outside the scope of this book. Instead,
we formulate some useful corollaries for future reference. For both statements,
assume that X is a CW complex, and that A and B are CW subcomplexes,
such that X = AU B.

Corollary 6.29. If A and B are k-connected, and ANB is (k—1)-connected,
for some k > —1, then AU B is k-connected.

Proof. The statement is immediate for kK = —1 and k = 0. For k = 1 this is
just Corollary 6.25(1).

Assume that & > 2. By Corollary 6.25(1) we see that X is simply con-
nected. Using Hurewicz theorem for spaces AU B, A, and B, we see that
H;,(ANB;Z) = H;(A;Z) = H;(B;Z) =0,fori =0,...,k—1, and H,(A;Z) =
I?k(B;Z) = 0. Substituting this information into the Mayer-Vietoris long
exact sequence for relative homology (5.12) we see that H,;(X;Z) = 0, for
i=0,...,k. The statement follows now if we apply Hurewicz theorem to the
space X. 0O

Corollary 6.30. If AUB and AN B are k-connected, for some k > —1, then
both A and B are k-connected.

Proof. Again the statement is immediate for k = —1.
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Assume k > 0. Applying Hurewicz theorem to AU B, and to AN B we
see that H;(AN B;Z) = H(AUB;Z) =0, for i = 0,...,k. By the Mayer-
Vietoris long exact sequence for relative homology (5.12), we get ﬁ]i(A; Z) =
ﬁi(B; Z)=0,fori=0,...,k. For k =0 this already proves the statement.

Assume k > 1. By Corollary 6.25(2) we have m (AU B) = m1(A) x m1(B),
implying that both A and B are simply connected. If k£ = 1, this is precisely
what we want to prove. If k£ > 2, the statement follows by applying Hurewicz
theorem to spaces A and B. 0O

We end this chapter with an important theorem due to Whitehead, which
we state here without a proof.

Theorem 6.31. (Whitehead’s theorem)

Let X and Y be connected CW complexes, and assume that ¢ is a cellular
map from X toY that induces isomorphisms on all homotopy groups. Then
© gives a homotopy equivalence between X and Y .

It is important to stress functoriality in Theorem 6.31. Otherwise, the
statement is false: there exist connected CW complexes that are not homo-
topy equivalent but whose homotopy groups are isomorphic. Following is a fre-
quently used corollary of Theorem 6.31.

Corollary 6.32. A CW complex X whose homotopy groups are all trivial is
contractible.

Proof. A map from X to a one-point space is a cellular map that induces
isomorphisms on all homotopy groups; hence by Theorem 6.31, it gives a ho-
motopy equivalence. O

Corollary 6.33. A simply connected CW complex X whose homology groups

H;(X;Z) are all trivial is contractible.

Proof. By Hurewicz Theorem 6.28, all homotopy groups are trivial as well;
hence we may use Corollary 6.32. O

Finally, we state without proof some results that are often useful in Com-
binatorial Algebraic Topology.

Proposition 6.34. Let ¢ : X — Y be a map between simply connected CW
complezes that induces isomorphism maps ¢, @ H,(X;2) — H,(Y;Z) for
all n. Then, the map ¢ s a homotopy equivalence.

Proposition 6.35. Assume that X is a (k — 1)-connected CW complex of
dimension k, where k > 0. Then X is homotopy equivalent to a wedge of
k-dimensional spheres.
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Cofibrations

7.1 Cofibrations and the Homotopy Extension Property

The following notion is one of the most classical and important in homotopy
theory.

Definition 7.1. Let A and X be topological spaces, and let i : A — X be
a continuous map. The map i is said to have the homotopy extension
property (HEP) if for any topological space Y, any continuous map f :
X =Y, and any homotopy H : AxI — 'Y satisfying H(a,0) = f(i(a)), for all
a € A, there exists a homotopy H : X x I — 'Y such that H(i(a),t) = H(a,t),
foralla € A and allt € I, and ﬁ(z,O) = f(x), for allx € X. A map having
homotopy extension property is called a cofibration. See Figure 7.1.

A X

idg X0 idxy x0

commutes

this map exists, so ]
e

i % idy both triangles commut

Fig. 7.1. The homotopy extension property.

Let us consider a special case of Definition 7.1, when i : A < X is an inclu-
sion map. In this case we have a continuous map f : X — Y and a homotopy
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H: AxI—Y of the restriction of f to a subspace A. The condition for the
inclusion map to be a cofibration says that one should be able to extend the
homotopy of A to the homotopy of the entire space X.

Interestingly, this special case captures the whole generality of the notion
of a cofibration, as our next proposition shows.

Proposition 7.2. If a map i : A — X is a cofibration, then i is a homeomor-
phism onto its image i(A).

Proof. Consider the inclusion map j : A — M(i) taking A to the bottom
of the mapping cylinder, i.e., j takes a € A to (a,1) ~ i(a). See Figure 7.2.
Furthermore, consider the homotopy H : A x I — M(i), mapping (a,t) —
(a,1 —t). Clearly, the inclusion map f : X — M(i) (induced by the identity
idx : X — X) and the homotopy H satisfy the conditions of Definition 7.1;
hence there must exist a homotopy H:XxI— M(7) such that ﬁ|XX0 =f
and _

H(i(a),t) = H(a,t), (7.1)
forallae A, te .

Observe that for ¢ > 0, the map H(—,t) : A — M(i) is a homeomorphism
onto its image. Fix t > 0, say t = 1. The inverse i of the map i : A — i(A) is
now given by taking the composition of the maps H(—,1) : i(A) — M(i) and
H (- 1):Ax0— A,

Indeed, on the one hand, we have i 0i = H (=, 1) 0 H(—,1) 0i =
H='(—,1)o H(—,1) = id4, where we have used (7.1) for the second equality.

On the other hand, for every a € A we have (i014)(i(a)) =i((i0i)(a)) =i(a),
and hence i 07 = id;(4). O

Fig. 7.2. Illustration to the proof of Proposition 7.2.

Let us remark that so far, we have made no implicit assumptions on the
topological spaces that we consider. It can be useful to know that when the
space X is Hausdorff and the inclusion map ¢ : A — X is a cofibration,
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the space A must be closed in X. The proof of this is not difficult and will be
extracted from the proof of Proposition 7.7.

Proposition 7.3. Let A be a subspace of X. Then the following statements
are equivalent:

(1) the inclusion map i : A — X is a cofibration;

(2) the mapping cylinder M(i) is a retract of X x I; this means that there
exists a map v : X x I — M(i) such that v o j = idny;), where j is the
standard inclusion map j : M(i) — X x I.

Proof. Assume first that the inclusion map ¢ : A — X is a cofibration.
Consider maps f : X — M(é) and H : A x I — M(i), where the first one is
induced by the identity map idyx : X — X, and the second one identifies the
cylinder A x I with the corresponding cylinder inside the mapping cylinder
M(i). These maps satisfy the conditions of Definition 7.1; hence there must
exist a homotopy H : X x I — M(i) extending the maps H and f. Clearly,
this implies that H is the desired retract map: H 0 j = idwn(s)-

Conversely, assume that r : X x I — M(i) is the retract map as speci-
fied in (2). Assume furthermore that we are given a map f : X — Y and
a homotopy H : A x I — Y such that H(a,0) = f(a), for all a € A. Define
H:XxI—Y by taking the composition map ¥ or : X x I — M(i) - Y,
where ¢ : M(i) — Y is the map induced by f together with H. O

7.2 NDR-Pairs

Definition 7.4. A pair of topological spaces (X,A), A C X, is called an
NDR-pair (which is an abbreviation for neighborhood deformation retract)
if there exist continuous maps u : X — I (think of it as a separation map)
and h : X x I — X (think of it as a homotopy) such that

(1) A=u"1(0);
“A is the kernel of u”; in particular, A must be closed!
(2) h(z,0) =z, for allz € X;
“homotopy starts with the identity map”;
(3) h(a,t) =a, forallt €1, a € A;
“the entire set A stays pointwise fixed through the homotopy process”;
(4) h(z,1) € A, for all x € X, such that u(x) < 1;
“all points that are close to A will in the end wander inside A.” (See
Figure 7.3.)

Intuitively one can think that (X, A) is an NDR-pair if “one can thicken
A a little bit without changing its topology.”



104 7 Cofibrations

Fig. 7.3. Illustration to Definition 7.4.

Ezxample 7.5.

(0) Let X =R", and let A be a point. Then (X, A) is an NDR-pair.

(1) Let X =[0,1], A=10,1). Then (X, A) is not an NDR-pair.

(2) Let X be the whole real line, and let A = {0}U{1/n|n € N}. Then (X, A)
is not an NDR-pair.

It is a good exercise to show that the inclusion map i : A — X in Ex-
ample 7.5 (1) and (2) is not a cofibration by a direct argument, i.e., without
using Proposition 7.7.

Proposition 7.6. If (X, A) is an NDR-pair, then (X x I, A x I) is an NDR-
pair as well.

Proof. Take the appropriate maps u and h for the NDR-pair (X, A), and
extend them to (X x I, A x I) by simply ignoring the second parameter I,

i.e., we set u(z,t) ;== u(z) and h(z,t,p) := h(z,p). O

The next proposition connects the notions of cofibration and NDR-pairs.

Proposition 7.7. Let A be a closed subspace of X. Then (X, A) is an NDR-
pair if and only if the inclusion map i : A — X is a cofibration.

Idea of the proof. It might be helpful for the reader to have the following
geometric picture in mind. When thinking of NDR-pairs, imagine the open
neighborhood of A as made of some flexible material, say of rubber, whereas
the outside of the neighborhood is made of some solid material. Then, when-
ever we have a homotopy (read: movement) of A, we can make the rubber
surrounding A move along, stretching or shrinking accordingly, thereby ex-
tending the homotopy of A to the homotopy of the entire space X. We shall
now make this argument formal.
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Proof of Proposition 7.7.
Assume first that (X, A) is an NDR-pair. Let u: X - Tand h: X xI — X
be appropriate maps. The retraction r : X x I — M(37) is defined by

(z,1), ifxe Aort=0;
r(z,t) == < (h(z,1),t —u(x)), ift>wu(x)andt > 0;
(h(z,t/u(x)),0), if u(z) >t and u(z) > 0.
This map is obviously continuous and satisfies all the required properties.
Assume now that i : A — X is a cofibration, and let 7 : X x I — M(i) be
the retraction whose existence is guaranteed by Proposition 7.3. Furthermore,

let p1 : X X I — X and ps : X x I — I denote the standard projections. Then
we define u : X — I by setting

u(z) == stlel?(t = p2(r(z,t))),

for an arbitrary x € X. We also define h: X x I — X to be the composition
of the retraction with the first projection map

h(z,t) :=p1(r(z,t)).
Let us check that the maps h and u satisfy the conditions of Definition 7.4:

(1) u=1(0) = A, since u(x) = 0 means r(z,t) € A x I, for all t > 0. On the
other hand, A x I is closed in X x I; hence r(z,0) € Ax I as well, implying
x € A,

h(z,0) = p1(r(x,0)) = p1(z,
h(a,t) = pl( (a,1)) = (a)

if u(z) <1, thenpg( (z,

—~ e~
W N
NN

0) =z, for all z € X
t)=a,forallt €I, ac A;
> 0, hence p1(r(z,t)) € A. O

=~

1))

7.3 Important Facts Involving Cofibrations

There are several statements that intuitively seem likely to be always true,
which in fact require the extra condition that the maps be cofibrations. Here
is the first one.

Proposition 7.8. If (X, A) is an NDR-pair and A is contractible, then the
quotient map q : X — X/A is a homotopy equivalence.

Proof. Let ag € A. By our assumptions, A contracts to ag. Let us denote the
contraction map by ¢ : A X I — A. Let H : X x I — X be the map that
extends this contraction. It exists, since i : A — X is a cofibration. The map
H(—,1) takes all of A to ag; hence it induces a map p : X/A — X. The map
p is a homotopy inverse of the map ¢. The homotopy idx ~ p o ¢ is given by
H, and the homotopy idx,4 =~ q o p is induced by H, since Hax; € A. O

The intuitive statement that “taking a cone is the same as taking a quo-
tient” can also be made precise as follows.
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Corollary 7.9. If (X,A) is an NDR-pair, then the quotient map q
Cone(i) — X/A is a homotopy equivalence.

Proof. It is easy to see that if (X, A) is an NDR-pair, then (Cone(i), C') is an
NDR-pair as well, where C' the actual cone inside of Cone(7), i.e., the image
of A x I under the structural quotient map (A x I) [[ X — Cone(7). Indeed,
ifu:X — 1T and h: X x I — X are the appropriate maps for the NDR-pair
(X, A), as in Definition 7.4, the corresponding maps u : Cone(i) — I and
I : Cone(i) x I — Cone(i) are extensions of u and h. Simply set @ to be 0 and
set h to be the identity map on the interior of the attached cone.

Since we have a homeomorphism Cone(i)/C = X/A, which commutes
with the quotient maps, and C' is contractible inside of Cone(z), the corollary
follows from Proposition 7.8. O

The next proposition states a fundamental property of CW pairs.

Proposition 7.10. Let (X, A) be a CW pair. Then there exists a strong de-
formation retraction of X X I onto X x {0}UA X I. In particular, the inclusion
map i : A — X is a cofibration.

Proof. The topological space X x I has a natural CW structure with cells
labeled o x {0}, o x {1}, and o x (0,1), where o is an open cell of X. To get
X x{0}UA x I from X x I, we need to remove cells of the type o x (0,1)
and o x {1}, where o is not a cell in A. This can be done starting from the
top-dimensional cells o € X \ A, and moving down in dimension.

At each step, a removal of a pair of cells (o x {1},0 x (0,1)) is a strong
deformation retraction of & x I onto o x {0} U do x I, where & denotes the
closure of the open cell 0. It can be visualized as follows: let B™ be a unit ball,
take a radial projection of B™ x [0,1] onto B™ x {0} UdB™ x I, and attach
this cylinder onto o x {0} U do x I using the identity map on I and on the
interior of B™, and the characteristic map of o on 0B™. O

A further intuitive statement is that the homotopy type of spaces obtained
by gluing over a map should not change if the map is replaced by a homotopic
one.

Proposition 7.11. Let (X, A) be a CW pair. Let Y be an arbitrary topological
space, and assume that continuous maps f,g : A — Y are homotopic. Then
the spaces X Ur Y and X Uy Y are homotopy equivalent.

Proof. Let H : A x I — Y denote a homotopy between the maps f and g,
and consider the space Z = (X x I) Uy Y. Since (X, A) is a CW pair, Propo-
sition 7.10 implies the existence of a strong deformation retraction of X x I
onto X x {0} U A x I. This induces a strong deformation retraction of Z onto
(X x{0JUAXT)UgY =X UsY.

On the other hand, symmetrically, a strong deformation retraction of X x I
onto X x {1} U A x I induces a strong deformation retraction of Z onto
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(X x{1}JUAXxI)UgY = X U, Y. Hence we can conclude that X Uy Y is
homotopy equivalent to X U, Y. 0O

An important corollary of Proposition 7.11 concerns the homotopy type
of CW complexes.

Corollary 7.12. The homotopy type of a CW complex does not change if the
cell attachment maps are replaced by the homotopic maps.

Proof. This is immediate if we take the constructive definition of CW com-
plexes, and use Proposition 7.11 to deform the attaching maps.

In fact, one can get a very explicit picture. Assume that we are attaching
a cell e” to a CW complex X over the cell’s boundary sphere S*~!. Let
H: AxI—Y denote the homotopy between the maps f and g. We set

2V, for 0 < A<1/2,
p(Av) == { / (7.2)

H(v,2\—=1), for1/2<AX<1,

where v denotes any unit vector, and we set p(z) := z, for all x € X. Then
the map ¢ : X Ug e™ — X Uy e” is a homotopy equivalence. 0O

7.4 The Relative Homotopy Equivalence

The concept of homotopy equivalence can be made relative.

Definition 7.13. Let X and Y be topological spaces, and let A be a subspace
of both X and of Y. A continuous map f : X — Y such that fla = ida
is called a homotopy equivalence rel A if there exists a continuous map
g:Y — X such that

(1) gla =ida;

(2) there exists a homotopy from idx to g o f which keeps A fized, that is,
H(a,t) =a for alla € A;

(3) there exists a homotopy from idy to f o g which keeps A fized.

The next theorem will be our main technical tool for proving all sorts of
gluing statements.

Theorem 7.14. Suppose that (X, A) and (Y, A) are both NDR-pairs, and that
we have a continuous map f: X — Y, such that

(a) f is a homotopy equivalence;
(b) fla =ida.

Then f is a homotopy equivalence rel A.
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Proof. The proof is broken into the following steps: first, we construct a map
g :Y — X, which satisfies g|4 = ida; then we check the conditions (2) and
(3) of Definition 7.13.

To start with, let h : Y — X be some homotopy inverse of f. It exists
since we assumed that f is a homotopy equivalence. Since h is a homotopy
inverse, there exists a homotopy H : X x I — X such that H(—,0) = ho f and
H(—,1) = idx. When restricted to A, this is a homotopy H|axr: Ax I — X
between maps h|4 and id4 (since f|4 =id4). Set Hy := H|ax7.

We have assumed that (Y, A) is an NDR-pair, so by Proposition 7.7, the
inclusion map 7 : A <— Y has a homotopy extension property. Therefore, there
exists a homotopy G : Y x I — X that extends h and Hy, i.e., such that
G(—,0) =h and Glaxr = Ha. Set g :== G(—,1) : Y — X. By construction, g
is homotopic to h, and g|4 =ida.

Next, we check condition (2) of Definition 7.13. First, we would like to
make it crystal clear why there is anything to be checked at all. The thing is
that even though we know that go f is homotopic to idx and that gof|4 = id 4,
we cannot be sure that the homotopy between g o f and idx will fix A along
the way. In fact, usually this will not happen. However, fortunately, we need
to show only the ezistence of such a homotopy. The idea now is to start with
some homotopy, and then transform it to another homotopy, one that will fix
A along the way. To achieve this we will need a homotopy of homotopies.

Consider the homotopies connecting maps

go fewho fewidy, (7.3)

where the first homotopy is taken to be G(—,1 —t) o f, and the second ho-
motopy is taken to be H. When these homotopies are restricted to A, we get
a sequence

idyg e~ h e id g, (7.4)

where the first homotopy is H4(—,1 —t) and the second one is H4. A crucial
observation now is that the homotopies in (7.4) are time inverses of each other;
this follows from the fact that the homotopy G extends the homotopy H 4.

Having noticed this property of the homotopies in (7.4), we shall now
describe their deformation. The idea is that instead of “homotoping” the map
id4 all the way to h and then the same way back, we can start by stopping
short of reaching h, homotoping the same way back, and then waiting the
remaining time at id 4. The point where we stop will be at time 1 — ¢, so that
at time 0 we simply stand at id 4, thus having reached our goal.

Formally, we define £2: (A x I) x I — X as follows:

id 4, ift1 +t2>1;
Q(fatlatQ) = HA(_71_2t1), if 2t1 +to < 1;
Hy(—, =142t +2t5), if 2ty +t2 > 12>t +to;

see Figure 7.4 for a graphic illustration of this deformation.
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Now we need the homotopy of homotopies 2 (X xI)x I — X extending
the homotopy (7.3) along the homotopy of homotopies {2. Recall that by one
of the previous exercises, (X x I, A x I) is an NDR~pair; hence the inclusion
map Ax I — X x [ is a cofibration. This implies the existence of the extension
2. To get H we trace 2 along the western, northern, and eastern (following
the latter in the opposite direction) sides of the square:

2(z,0,3t), if0<t<1/3;
H(z,t)={ Q(x,3t —1,1), if1/3<t<2/3;
Q(x,1,3-3t), if2/3<t<1.

This way we obtain a homotopy X x I — X that takes go f to idx, fixing
A along the way. In other words, we have verified that g o f ~ idx rel A.

the stopping line

ta

T

the turning line

0 1/2 1

1

Fig. 7.4. The homotopy of homotopies in the proof of Theorem 7.14.

Finally, we need to check condition (3) of Definition 7.13. The same way
as in the previous check of condition (2), we have a homotopy f o g «w
f o h «~ idy. However, this time we cannot be sure that on A the homotopy
process breaks down into two symmetric parts (here symmetric means that
the two parts are time reverses of each other). Indeed, f o g «~ foh by
foG(—,1—1), but foh «w idy by some other homotopy R, which exists
since h is a homotopy inverse of f, and enjoys no a priori known properties.

This means that we must repeat the very first step, i.e., getting a homotopy
inverse to satisfy condition (1) as well. This time around we have to do it
for the pair (g, f) instead of the pair (f,h). As a result, we obtain a map
f:X — Y such that f|4 = idy and fog e idy rel A (earlier, we found
g in this way). We have f ~ fo(go f) = (fog)of ~ f rel A. Hence
fogn~ fogn~idy rel A (sincef~fre1Aandg|A:idA). a
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We are now ready to derive two important corollaries.

Corollary 7.15. (Subspace retraction).
When (X, A) is an NDR-pair, the inclusion map i : A — X is a homotopy
equivalence if and only if A is a strong deformation retract of X.

Proof. Applying Theorem 7.14 to the map i : A — X gives that i is actually
a homotopy equivalence relative to A. This means that there exists a map
r: X — A that is a homotopy inverse of i relative to A. Untangling definitions,
this translates to 7|4 = id 4, and 407 ~ idx rel A, which means precisely that
A is a strong deformation retract of X. 0O

Corollary 7.16. (Mapping cylinder retraction).

A continuous map between topological spaces f : X — 'Y is a homotopy equiv-
alence if and only if X is a strong deformation retract of the mapping cylin-
der M(f).

Proof. First notice that the inclusion 7 : X < M(f), given by i(z) =
(x,0), is a cofibration. Simply set u(z,t) = t, u(y) = 1, h(z,t1,t2) =
(a:,max (2;1_7;;2, 0)), and h(y,ta) :=y.

Second, both j : Y — M(f) and r : M(f) — Y are homotopy equivalences.
Since f =roi and i ~ j o f, this implies that f is a homotopy equivalence if
and only if 4 is. This, using Corollary 7.15, proves the statement. 0O
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Principal I'-Bundles and Stiefel-Whitney
Characteristic Classes

This chapter is in no way intended to be a comprehensive introduction to the
subject of principal bundles and characteristic classes. Rather, we have tried
to assemble a number of relevant results to entice the reader to consult the
standard texts. Most of the given proofs are sketchy, though the proofs of the
statements that are needed for later applications are complete.

8.1 Locally Trivial Bundles

8.1.1 Bundle Terminology

In many situations the considered topological space has some additional as-
sociated structure that is locally trivial, but may contain some important
information when considered globally. In such a case, the concept of a bundle
may turn out to be useful.

Definition 8.1. Let B and F' be topological spaces. A locally trivial fiber
bundle over B with fiber F' is a topological space E together with a contin-
wous map p : B — B, such that for every x € B there exists an open neighbor-
hood U of z for which p=*(U) is homeomorphic to U x F, and the restriction
of p to p~1(U) is the standard projection onto the first termp:U x F — U.

Under the conditions of Definition 8.1, the space B is called the base
space, the space F is called the fiber, and the space F is called the total space.
The map p is called the canonical projection associated to the fiber bundle.
Sometimes we denote the bundle by the triple (E, B, p), and sometimes we
give it a separate name. We shall always assume that the spaces E, B, and F'
allow CW structures, and that p is a cellular map.

We shall consider only locally trivial bundles; hence we will just say “fiber
bundle” or sometimes just “bundle.” In some texts one allows a slightly more
general type of bundles, where the fibers may be different over various path-
connected components of B. We shall not make use of this generality.
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The first, and simplest, example of a bundle is that of a direct product
E = B x F, with the canonical projection being the projection onto the first
term. Not surprisingly, this bundle is called a trivial bundle.

Ezample 8.2.

(1) The squaring map S' — S!, defined by z + 22, gives a fiber bundle
with £ = B = S! and the fiber F = S: this bundle is shown on the left of
Figure 8.1.

(2) The projection of a Mobius band onto the middle circle is a fiber bundle
with the Mobius band being the total space, the base space B =2 S!, and the
fiber F 22 [0, 1]; this bundle shown on the right of Figure 8.1.

@)
-

Fig. 8.1. Examples of fiber bundles.

8.1.2 Types of Bundles

Fiber bundles are often distinguished by the allowed type of fiber. For exam-
ple, one can have spherical bundles, where the fiber is a sphere of a certain
dimension. Another possibility is to take a discrete set as a fiber. The study
of such bundles is the subject of the theory of covering spaces.

A very important and frequently studied type of bundles is that of the vec-
tor bundles. In this case, the fiber is required to have the structure of a vector
space (usually over the real or complex numbers), and the homeomorphism
p~1(U) 2 U x F is required to be a vector space isomorphism for each = € U.

Ezxample 8.5.

(1) The following are two distinct real line bundles (i.e., vector bundles whose
fibers are R') over S': the trivial bundle and the twisted bundle, where the
line changes orientation after passing once around the circle; cf. Figure 8.1.
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(2) A prominent (and original) instance of vector bundles is that of the so-
called tangent bundles. Intuitively, for a manifold M C R? of dimension 7, one
takes E C M x R to be the totality of all tangent spaces to points in M. We
refer to [MSta74] for a precise and intrinsic (i.e., independent of the particular
embedding of M) definition of the tangent bundle.

8.1.3 Bundle Maps

The next definition describes perhaps the single most important operation on
fiber bundles.

Definition 8.4. Let o = (E, B, p) be a fiber bundle, and assume that we have

a continuous map @ : B — B. We define a fiber bundle with B as a base space
by taking the total space

E:={(be)|beB,ecE, pb)=ple)} CBxE

and letting p : E — B be the projection onto the first term.
We call this bundle the pullback of o along the map ¢, and denote it by
p*a. We also set p*E := F.

Another name for the bundle ¢*«a is the bundle induced from « by the
map .

Definition 8.5. Assume that we have two fiber bundles an = (E1,B1,p1)
and s = (E3, Ba,p2). A bundle map f from a; to as is a pair of maps
f=e fB), fE: E1 — E3 and fp : By — Ba, such that following diagram
commutes:

£y LN Ey

Pll le
/B
Bl —— 32

and furthermore, fg mduces homeomorphisms on fibers, i.e., for any b € By,
the restriction fg : py 1 (b) — py ' (fB(D)) is a homeomorphism.

As a whole, we obtain a category of fiber bundles and bundle maps. It
is customary to fix the fiber and consider all bundles with this fiber. One
can also additionally fix the base space and consider the category of all fiber
bundles with a given fiber over this base space.

Definition 8.6. Given two fiber bundles oy = (E1,B1,p1) and as =
(E2, Ba,p2), a bundle map f = (fg, fB) from ay to as is called a bundle
isomorphism if both maps fg and fp are homeomorphisms.

An important special case of Definition 8.6 arises when B; = By and
fp = idp. We can therefore speak of isomorphism classes of bundles over
a fixed base space.
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Proposition 8.7. Assume that we have two fiber bundles oy = (E1, B1,p1),
a9 = (Ea, Ba,p2), and a bundle map f = (fg, f) from a1 to as. Then ay is
isomorphic to the induced map fias.

Proof. The bundle isomorphism is given by the map
p1 X fe 1 Er — fpE2 C By X By,

where e — (p1(e), fr(e)). It is well-defined since fp op; = p2 o fr. We leave
the verification that this is an isomorphism to the reader. 0O

Theorem 8.8. Assume that « = (F, B,p) is a fiber bundle and that we have
two continuous maps f,g : B — B such that f is homotopic to g. Then the
pullback bundles f*a and g*a over B are isomorphic.

Proof. This is a standard argument in fiber bundle theory. We refer, for
example, to [Ste51] for details. O

Theorem 8.9. Any fiber bundle over a contractible base space is trivial.

Proof. Assume that « = (E, B,p) is a fiber bundle, and assume that B is
contractible. Let ¢ : B — B be a map that takes the whole space B to some
point b € B. By our assumptions, the maps ¢ and idp are homotopic. It
follows by Theorem 8.8 that the pullbacks ¢*« and idz«a are isomorphic. On
the other hand, we see that g*« is a trivial bundle, and idga = E. O

8.2 Elements of the Principal Bundle Theory

8.2.1 Principal Bundles and Spaces with a Free Group Action

The bundles become rigid and have interesting structure theory when the
fibers are groups that coherently act on themselves.

Definition 8.10. Let I be a topological group. A principal I'-bundle is
a fiber bundle (E, B, p) with I'-action on E such that

(1) the group I acts on fibers, i.e., p(g(e)) = p(e) for alle € E, g€ I';

(2) the group I' acts locally trivially, i.e., for all b € B there exists a neigh-
borhood U of b for which there exists a I'-homeomorphism h : p~*(U) —
U x I', where the I'-action on U X I' is the multiplication of the second
term such that the diagram in Figure 8.2 commutes.

As we shall see later, already the principal Zs-bundles may contain useful
information.

Definition 8.11. Given two principal I'-bundles oy and as, a bundle map
f = ([, fv) between ay and agy is called a principal I'-bundle map if the
map fr is I'-invariant.
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h
p (U)——= UxT

U

Fig. 8.2. The commuting diagram for Definition 8.10, where pr; denotes the pro-
jection onto the first term.

The notion of bundle isomorphism generalizes straightforwardly by re-
quiring that the isomorphism map be [-invariant. To summarize, we have
a category of principal I'-bundles as objects and principal I'-bundle maps as
morphisms.

An alternative way to describe this category is by considering spaces with
a free action of the group I'. Consider a regular CW complex X with a cellular
action of a finite group I'. As mentioned in Chapter 4, a structural way to
visualize such an action is to view it as a functor from the category associated
to the group I" (it has one object and morphisms in bijection with elements of
I'. The composition law corresponds the group multiplication) to the category
of regular CW complexes and cellular maps. This functor maps the unique
object of the category associated to I" to X, and it maps the morphisms to the
cellular maps of X into itself. When no confusion arises, we shall simply denote
these maps by the group element itself. In some cases, for example when the
group acts on different spaces and these actions need to be distinguished, we
shall write vx, indicating that here the specific action on the complex X is
considered.

If desired, the ['-action can be made to be simplicial by passing to the
barycentric subdivision (cf. [Bre72, Hat02]). For the interested reader we re-
mark here that sometimes one takes the barycentric subdivision even if the
original action already is simplicial. The main point of this is that one can
make the action enjoy an additional property: if a simplez is preserved by one
of the group elements, then it must be pointwise fixed by this element.

Definition 8.12. We say that a topological space X is a I'-space if I' acts
on X and this action is free, meaning that for every x € X and v € I' such
that ~y is different from the identity element, we have yr # x.

Furthermore, when X andY are two I'-spaces and f : X — Y is a continu-
ous map, we call f a I'-map if, additionally, it commutes with the correspond-
ing I'-actions, that is, for every x € X andy € I, we have f(yxx) = vy f(z).

It is easily checked that the composition of two I'-maps is again a I'-map,
and that I'-spaces together with I'-maps form a category, which we call I'-Sp.
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8.2.2 The Classifying Space of a Group

For any topological group I' one can construct a contractible space EI" on
which the group I' acts freely. This space EI is called the total space of
the universal bundle of I'. The terminology comes from the fact that one has
a principal I'-bundle with the base space EI'/I" and the total space EI", which
one calls the universal bundle of I.

Definition 8.13. The quotient space EI'/I" is called the classifying space
of the group I'. It is denoted by BI.

The classifying space of I' is also known as the associated Eilenberg—
Mac Lane space, or K(I',1)-space; see, e.g., [AM94, Bre93, GeM96, Hat02,
McL95, May99, Wh78].

There are various ways to find the space EI' with desired properties.
A prominent one is the so-called Milnor construction:

El=IxIxI%---,

where the infinite join is to be interpreted as a colimit if the I'-invariant
embedding sequence

I'sTIsIn—Ts«Ix[ <. (8.1)

with the embedding maps being the identity on the initial terms, and the
diagonal I'-action.

For future reference, we recall the standard way to encode points in joins
of topological spaces. Assume that X is a join of topological spaces {T;}cr,
where [ is either finite, or countable, in which case the join is defined by
ordering elements of I and taking the appropriate colimit of partial joins.
The points of X can be encoded as sequences {c;x;};cr, where z; € T; for all
i € I, and the numbers ¢; are the barycentric coordinates, i.e., 0 < ¢; < 1,
> icr € = 1, and only finitely many ¢; are different from 0. The topology is
naturally reflected in this encoding: small variations of points in X correspond
to small variations of points z; and small changes of coordinates.

Proposition 8.14. The space EI" obtained by the Milnor construction is con-
tractible.

Proof. It is easy to see that a join of a k-connected space with a nonempty
one is always (k + 1)-connected, and that a join of any two nonempty spaces
has to be connected. It follows that an n-fold join of I with itself is (n — 2)-
connected, and therefore all the homotopy groups of EI" are trivial. Since
EI has a natural structure of a CW complex, it follows by Corollary 6.32 of
Whitehead’s theorem that EI" is contractible.

It is also easy to present a concrete contraction of the space EI'. One can
construct a homotopy from the identity map to the map that maps the entire
space EI" to some point in EI" in two steps:
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Step 1. The identity map of EI" into itself is homotopic to the map ¢ under
which the ith factor is mapped identically to the (2i)th factor, i.e.,

(c121, Coxa, 323, ... ) — (0,c121,0, coxa, 0, 33,0, . ..).

The homotopy can be constructed as an infinite sequence of factor shifts in
the same way as in the proof of Theorem 8.17.

Step 2. Let x be any point of I'. The map ¢ is homotopic to the one taking all
points of EI" to the point (x,0,0,...). A concrete homotopy is obtained by
simply letting all points of EI" with 0 as the first coordinate “slide toward”
the point (z,0,0,...); namely, the map H : [0,1] x EI' — EI" is defined by

H(t,(0,c1m1, cowa, 323, - . . )) = (tx, (1 — t)erzy, (1 — t)caze, (1 — t)czzs, ... ),

forallt €[0,1]. O

One alternative to Milnor’s construction is to take a trisp whose n-
simplices are indexed by all sequences [go, g1, - - -, gn], g; € I, and the bound-
ary map is just skipping elements. The '-action can be defined by

g'[907"'7g71]:[g'g()?"'ag'gn]'

The quotient of this space BI' = EI'/I" coincides with the nerve of the one-
object category, which we have previously associated to an arbitrary group.

It seems that there is some choice involved in picking the “right” space EI'.
Quite to the contrary, the next theorem, which we give here without a proof,
states that all these choices lead to essentially the same object.

Theorem 8.15. Assume that E1 and Eo are both contractible I'-spaces. Then
there exists a I'-invariant homotopy equivalence between Ey and FEs; in par-
ticular, E1/T" and E2/T" are homotopy equivalent.

Perhaps the most important property of the space EI', and the associated
principal I'-bundle, is its universality. The next proposition states one-half
of the universality property: every principal I'-bundle can be mapped to the
universal one.

Proposition 8.16. Whenever X is a CW complex with a free cellular I'-
action, there exists a I'-invariant map w : X — EI'. Moreover, if d is the
dimension of X, then the map w can be constructed so that its image is con-
tained in the first d + 1 factors of EI' = s« I" % ---.

Proof. A map w with the required properties can be constructed by induction
over the skeletons of X. To start with, pick one vertex from each I'-orbit in
the 0-skeleton of X. Map these vertices to the vertex (x,0,0,...) € EI', where
x is some chosen vertex of I'. Then extend the map to the entire 0-skeleton
of X in the unique I'-invariant way.
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Now we describe how to extend the map to the d-skeleton of X, under the
assumption that it has already been defined for the (d — 1)-skeleton. Since the
I'-action on X is cellular, the set of d-cells of X is a disjoint union of I'-orbits.
The extension is now done orbit by orbit.

Assume that O is an orbit to which we would like to extend the map w.
Pick an arbitrary d-cell o € O. The map w is defined on the boundary of o,
which is homeomorphic to S*~! before ¢ is attached; hence to extend w to o,
we just need to extend this map from the sphere S*~! to the map from the
disk B¢. This can be always done, since the (d — 1)th homotopy group of EI"
is trivial. There is now a unique way to extend w to the rest of the orbit O
by using the I'-invariance of w.

Since we are using only the triviality of the (d — 1)th homotopy group to
find the extension, the image of the extension of the map w to the d-skeleton
can be chosen to lie within the first d + 1 factors of EI' =T« ["'x---. O

The next theorem covers the other part of universality: the bundle map to
the universal bundle is unique up to homotopy.

Theorem 8.17. For an arbitrary I'-space X, any two I'-maps f,g: X — EI'
are I'-homotopic. In particular, the induced quotient maps f/I',g/I" : X/I" —
EI'/T" = BI' are homotopic.

Proof. Let the maps f, g have the form

f(@) = (cr(@) fr (@), ea2) fo (), - )

and
9(z) = (d1(2)g1(2), d2(x)g2(2), - .. ),
and consider new maps defined by

f(@) = (e1(@) f1(2), 0, c2() fo(2), 0, ..

and
g(l‘) = (07 dy ('r)gl ($>7 0, d2(£)92(m)’ 0,... )

We can construct a homotopy from f to f in infinitely many steps. As a first
step, take the homotopy

H(t,x) = (cr(2) fr(x), tea(x) fa(2), (1 = t)ea(2) fa(2), tes(x) fa(2), - - ),

for all ¢ € [0, 1]. This shifts down the terms so as to eliminate the first 0 from
the definition of f . As further steps we take the homotopies that shift down
the terms and eliminate further 0’s from left to right. If the image of f was
contained in the join of finitely many terms I, then only finitely many steps
are needed. Otherwise, we observe that each point is kept fixed in all but
finitely many homotopies.
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Concatenating all these homotopies together, we see that f is homotopic
to f. Analogously, we can see that g is homotopic to g. It is now easy to find
a homotopy H between f and g. For example, one can take

H(t, z) := (ter(2) f1(2), (1 = t)di(2)g1(x), tea () f2(2), (1 — t)da(2)g2(2), . . ),
forallt €[0,1]. O

We are now ready to state what is often referred to as the main structure
theorem for principal bundles.

Theorem 8.18. (Principal bundle classification theorem)

Let X be a CW complex. The function P from the set of homotopy classes of
maps from X to BI', [X,BI], to the set of isomorphism classes of principal
I'-bundles over X that takes each continuous map f : X — BI to the pullback
of the universal bundle over BI' along f is a bijection.

Proof. To start with, P is well-defined, since by Theorem 8.8 it takes homo-
topic maps f,¢g: X — BI' to isomorphic principal I'-bundles.

Furthermore, the map P is surjective, since by Proposition 8.16, for any
principal I'-bundle over X we can find a bundle map to the universal bundle,
and therefore, by Proposition 8.7, the initial bundle over X can be obtained
as the pullback of the universal one.

Finally, a fairly direct application of Theorem 8.17 implies that the map
P is injective. O

8.2.3 Special Cohomology Elements

Passing to cohomology, we see that the induced map (w/I')* : H*(BI') —
H*(X/I') does not depend on the choice of w, and thus the image of (w/I")*
consists of some canonically distinguished cohomology elements.

Definition 8.19. For z € H*(BI'), we let w(z,X) denote the element
(w/T)*(z), which we call the characteristic class associated to z.

Let Y be another regular CW complex with a free action of I', and assume
that ¢ : X — Y is a I'-invariant map. By Proposition 8.16 there exists
a Imap v : Y — EI'. Hence, in addition to the map w : X — EI', we
also have a composition map v o . Passing to the quotient map and then
to the induced map on cohomology, we get yet another map ((vo ¢)/I)* :
H*(BI') — H*(X/I'). However, as we mentioned above, the map on the
cohomology algebras does not depend on the choice of the original map to EI".
Thus, since ((vo p)/I")* = (¢/I')* o (v/I')*, we have commuting diagrams,
see Figure 8.3, and therefore we have proved the following proposition.

Proposition 8.20. Whenever X and Y are I'-spaces, and whenever ¢ : X —
Y is a I'-map, we have
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Yy 7 (x/T) = vy
vor (wow)/T)" w/T)"
Fig. 8.3. Functoriality of characteristic classes.
w(z, X) = (p/I')"(w(z,Y)), (8.2)

where z is an arbitrary element of H*(BI').

In other words, the characteristic classes associated to a finite group action
are natural, or, as one sometimes says, functorial. This is a very important and
useful property. For example, it allows one to find algebraic obstruction to the
existence of I'-equivariant maps by computing the appropriate characteristic
classes.

8.2.4 Zo-Spaces and the Definition of Stiefel-Whitney Classes

Specifying I' := Zgy in Definition 8.12, we see that a Zs-space X is a CW
complex equipped with a fixed-point-free involution, that is, with a continuous
map v : X — X such that 42 is an identity map. Correspondingly, we have Zo-
maps as continuous maps that commute with these involutions, and a category
of Zs-spaces as objects and Zs-maps as morphisms, which is called Z»-Sp.

Let us now assume that we would like to construct line bundles over the
base space B, which is given as an abstract simplicial complex. We consider
the open covering of B by open stars of vertices of B. Since the open stars are
contractible, by Theorem 8.9 the line bundle will be trivial when restricted
to each star. Therefore, all we need to do is to start with trivial bundles over
open stars and then specify how these glue together along the intersections
of two open stars. Such a specification is a choice for each intersecting pair,
whether the bundles glue with orientations preserved or reversed. Any choice
of specifications will define a total bundle as long as it is coherent over the
triple intersections.

Clearly, the same combinatorial data describes all possible Zs-principal
bundles. Therefore, we can freely switch between these two families of bundles.
Starting from the line bundle, the associated Z,-principal bundle is obtained
by replacing each line by the unit sphere S. Conversely, starting from a Zo-
principal bundle, the associated line bundle is obtained by “sticking a line”
into each fiber, with this line oriented away from the identity element toward
the nontrivial element of Z,.
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There are many classical examples of Zs-spaces. A central one is that of
an n-dimensional sphere, with the antipodal map x — —x playing the role of
the structural involution. We denote this one by S}. Note that the embedding
sequence (4.3) from Section 4.4 can be viewed as the Zs-invariant embedding
sequence

i1 Tn—1 in

Siqggg...%gggggﬂigl..., (8.3)

since the maps i,, as defined in (4.2), are automatically Zs-maps. This means
that we can extend the antipodal map to the infinite-dimensional sphere as
well. We denote the obtained Zs-space by S°.

Specifying I' = Zs in the considerations above, we get a Zs-map w : X —
So¢ = EZsy. Furthermore, we have the induced quotient map

w/Z2X/Z2—>Sgo/ZQZRIPOO:BZ2 (84)

Let us remark that the infinite-dimensional projective space RIP™ appearing
in (8.4) could also be defined as a colimit of the embedding sequence of the
finite-dimensional projective spaces

rp! Y pp? W0 LB g /T g

.y
et (8.5)
which is obtained from the embedding sequence (8.3) by taking the Zo-
quotient.

The crucial fact now is that in this particular case, the induced Zy-algebra
homomorphism

(’UJ/ZQ)* : H*(RPOO,ZQ) — H*(X/ZQ,ZQ)

is determined by very little data. Namely, let z denote the nontrivial cohomol-
ogy class in HY(RP*;Zsy). Then H*(RP™;Zs) ~ Zs[2] as a graded Zo-algebra,
with z having degree 1. We denote the image (w/Z2)*(2) € H'(X/Za;Zs)
by @i (X). Obviously, the whole map (w/Zz2)* is determined by the ele-
ment i (X).

Definition 8.21. The element w1 (X) € H'(X/Z2;7Z5) is called the Stiefel—
Whitney class of the Zo-space X.

Clearly, @®(X) = (w/Z3)*(z*). Furthermore, by Proposition 8.20, if Y’
is another Zs-space, and ¢ : X — Y is a Zy-map, then (¢/Z)* (w1 (Y)) =

As an example we can quickly compute w; (S%), for an arbitrary nonneg-
ative integer n. First, for dimensional reasons, w(S?) = 0. So we assume
n > 1. Next, we have S?'/Zo = RP". The cohomology algebra H*(RP";Z,) is
generated by one element 3 € H!(RP";Z,), with a single relation 3" = 0.
Finally, the standard inclusion map ¢ : S} — S° is Zs-equivariant, and in-
duces another standard inclusion ¢/Zs : RP" < RP*. Identifying RP" with
the image of ¢/Zs, we can think of it as the n-skeleton of RP*>°. Thus the
induced Zs-algebra homomorphism (¢/Z2)* : H*(RP*>;Zs) — H*(RP";Zs)
maps the canonical generator of H'(RP™; Z5) to 3, and hence we can conclude
that wy(SP) = .
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8.3 Properties of Stiefel-Whitney Classes

8.3.1 Borsuk—Ulam Theorem, Index, and Coindex

The Stiefel-Whitney classes can be used to determine the nonexistence of
certain Zo-maps. The following theorem is an example of such a situation.

Theorem 8.22. (Borsuk-Ulam theorem).
Let n and m be nonnegative integers. If there exists a Zo-map ¢ : S} — SV*,
then n < m.

Proof. Choose representations for the cohomology algebras H*(RP";Zsy) =
Zs|a] and H*(RP™; Zy) = Zo|f], with the only relations on the generators be-
ing a™*! = 0 and #™*! = 0. Since the Stiefel-Whitney classes are functorial,
we get (/)" (1 (ST)) = w1 (D).

On the other hand, by the computation in Subsection 8.2.4, we have
w1(SP) = a and w1 (SY) = 5. So (¢/Z2)*(8) = «, and hence

o™ = (p/Z2)*(B)" ! = (9/22)"(B™H) = 0.

Finally, since "' = 0 is the only relation on «, this yields the desired
inequality m >n. O

The Borsuk—Ulam theorem makes the following terminology useful for
formulating further obstructions to maps between Zs-spaces.

Definition 8.23. Let X be a Zs-space.

e The index of X, denoted by IndX, is the minimal integer n for which there
exists a Zo-map from X to S.

e The coindex of X, denoted by Coind X, is the mazimal integer n for which
there exists a Za-map from S7 to X.

Assume that we have two Zs-spaces X and Y, and that v : X — Y is
a Zo-map. Then we have the inequality

Coind X < IndY.

Indeed, if there exist Zo-maps ¢ : S — X and ¢ : ¥ — S}, then the
composition

st x Ly Lsm
yields a Zs-map between two spheres with antipodal actions; hence by the
Borsuk-Ulam theorem, we can conclude that n < m. In particular, taking
Y = X and ¢ = id, we get the inequality

Coind X < Ind X,

for an arbitrary Zs-space.
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8.3.2 Stiefel-Whitney Height

The following number is a standard benchmark for comparing Zs-spaces with
each other.

Definition 8.24. Let X be an arbitrary nonempty Zo-space. The Stiefel—
Whitney height of X (or simply the height of X ), denoted by h(X), is
defined to be the mazimal nonnegative integer h such that wh(X) # 0. If no
such h exists, then the space X is said to have infinite height.

For example, we have h(S?) = n, for all nonnegative integers n. We remark
that for a nonempty Zs-space X we have w;(X) = 0 if and only if no con-
nected component of X is mapped onto itself by the structural Zs-action; in
other words, the structural involution must swap the connected components
of X. In this case, consistent with Definition 8.24, we will say that the height
of X is equal to 0.

As mentioned before, if X and Y are two arbitrary Zs-spaces and ¢ : X —
Y is an arbitrary Zs-map, then the Stiefel-Whitney characteristic classes are
functorial, i.e., we have (¢/Z2)*(w1(Y)) = w1 (X), which in particular implies
the inequality

h(X) <h(Y).

We note that for an arbitrary Zs-space X, the existence of a Zs-equivariant
map S? — X implies n = h(S!?) < h(X), whereas the existence of a Zs-
equivariant map X — ST implies m = h(S7*) > h(X). This can be best
summarized with the inequality

Coind (X) < h(X) < Ind (X).

8.3.3 Higher Connectivity and Stiefel-Whitney Classes

Many results giving topological obstructions to graph colorings had the k-
connectivity of some space as the crucial assumption. We describe here an
important connection between this condition and nonnullity of powers of
Stiefel-Whitney classes.

First, it is trivial that if X is a nonempty Zs-space, then one can equi-
variantly map SU to X. It is possible to extend this construction inductively
to an arbitrary Zs-space, in a way analogous to our proof of Proposition 8.16.

Proposition 8.25. Let X and Y be two regular CW complexes with a free
Za-action such that for some k > 0, we have dimX < k and Y is (k — 1)-
connected. Assume further that we have a Zo-map ¥ : XD — Y, for some
d > —1. Then there exists a Zo-map p : X — Y such that ¢ extends 1.

Please note the following convention used in the formulation of Proposi-
tion 8.25: d = —1 means that we have no map % (in other words, X ! = (),
hence no additional conditions on the map .
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Proof. By assumption, the cellular structure on X is Zs-invariant. We con-
struct ¢ inductively on the i-skeleton of X, for i > d+ 1. If d = —1, we start
by defining ¢ on the 0-skeleton as follows: for each orbit {a, b} consisting of
two vertices of X, simply map a to an arbitrary point y € Y, and then map
b to v(y), where v is the free involution of Y.

Assume now that ¢ is defined on the (i — 1)-skeleton of X, and extend the
construction to the i-skeleton as follows. Let (o, 7) be a pair of i-dimensional
cells of X such that yo = 7. The boundary do is an (i —1)-dimensional sphere.
By our assumptions, i — 1 < dim X — 1 < k — 1; hence the restriction of ¢
to do extends to o. Finally, we extend ¢ to the second cell 7 by applying the
involution v: ¢|, := (¢|s) oy. O

Corollary 8.26. Let X be a Zo-space, and assume that X is (k—1)-connected,
for some k > 0. Then there exists a Zo-map ¢ : S¥ — X. In particular, we
have wh(X) # 0.

Proof. Since S¥ is k-dimensional, the statement follows immediately from
Proposition 8.25. To see that w?(X) # 0, recall that the Stiefel-Whitney
classes are functorial; therefore we have (¢/Zs)* (¥ (X)) = @w¥(SF), and the
latter has been verified to be nontrivial. O

Corollary 8.26 explains the rule of thumb that in dealing with Zs-spaces,
the condition of k-connectivity can be replaced by the weaker condition that
the (k+1)th power of the appropriate Stiefel-Whitney class is different from 0.

8.3.4 Combinatorial Construction of Stiefel-Whitney Classes

Let us describe how the construction used in the proof of Proposition 8.25
can be employed to obtain an explicit combinatorial description of the Stiefel-
Whitney classes.

Let X be a regular CW complex and a Zs-space, and denote the fixed point
free involution on X by . As mentioned above, one can choose a simplicial
structure on X such that v is a simplicial map. We define a Zs-map ¢ : X —
Sg° following the recipe above.

Take the standard Zs-equivariant cell decomposition of S{° with two an-
tipodal cells in each dimension. Divide X (9, the set of the vertices of X, into
two disjoint sets X(®) = AU B such that every orbit of the Zs-action contains
exactly one element from A and one element from B. Let {a,b} be the 0-
skeleton of S5°, and map all the points in A to a, and all the points in B to b.
Call the edges having one vertex in A and one vertex in B multicolored, and
the edges connecting two vertices in A, resp. two vertices in B, A-internal,
resp. B-internal.

Let {e1,ea} be the 1-skeleton of S3°. One can then extend ¢ to the 1-
skeleton as follows. Map the A-internal edges to a; map the B-internal edges
to b. Note that the multicolored edges form Zs-orbits, 2 edges in every orbit.
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For each such orbit, map one of the edges to e; (there is some arbitrary choice
involved here), and map the other one to es.

Since the Zs-action on the space X is free, the generators of the cochain
complex C*(X/Z2;Z3) can be indexed with the orbits of simplices. For an ar-
bitrary simplex & we denote by 75 the generator corresponding to the orbit of
d; in particular, 7,(5) = Ts.

The induced quotient cell decomposition of RP* is the standard one, with
one cell in each dimension. The cochain z*, corresponding to the unique edge
of RP*, is the generator (and the only nontrivial element) of H!(RP™;Z,).
Its image under (¢/Zs)* is simply the sum of all orbits of the multicolored
edges:

@(X) = (p/Z2)" (") = > T (8.6)
multicolored e
where the sum is taken over representatives of Zs-orbits of multicolored edges,
one representative per orbit.

To describe the powers of the Stiefel-Whitney classes, wf(X), we need
to recall how the cohomology multiplication is done simplicially. In fact, to
evaluate wf (X) on a k-simplex (vg, vy, ..., vs), we need to evaluate w; (X ) on
each of the edges (v;,v;41), for i =0,...,k— 1, and then multiply the results.
Thus, the only k-simplices on which the power @ (X) evaluates nontrivially
are those whose ordered set of vertices has alternating elements from A and
from B. We call these simplices multicolored. We summarize with

w]f(X) = Z Tos (8.7)

multicolored o

where the sum is taken over representatives of Zs-orbits of multicolored k-
dimensional simplices, one representative per orbit.

8.4 Suggested Reading

We refer the reader to the wonderful book of tom Dieck, [tD87], for further
details on equivariant maps and associated bundles. We also recommend the
classical book of Milnor and Stasheff, [MSta74], as an excellent source for
the theory of characteristic classes of vector bundles. Generalities on bundles,
including principal bundles, can be found in [Ste51].
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Combinatorial Complexes Melange

A principal constituent of the subject of Combinatorial Algebraic Topology is
the fact of existence of a large variety of complexes whose description is purely
combinatorial. In this chapter we survey many different situations in which
complexes defined by combinatorial data arise. While a certain attempt to
structure this set of examples is taken, a complete classification is impossible,
due to the nature of the subject.

9.1 Abstract Simplicial Complexes

9.1.1 Simplicial Flag Complexes

Perhaps the simplest situation of an abstract simplicial complex derived from
combinatorial data is that of a flag complex. For a graph G and a subset
S C V(G) of its vertices, we let G[S] denote the corresponding induced graph.

Definition 9.1. Given an arbitrary graph G, we let CI(G) denote the abstract
simplicial complex whose set of vertices is V(G) and whose simplices are all
subsets S C V(G) such that G[S] is a complete graph.

The abstract simplicial complex Cl(G) has various names: it is called
a flag complex in algebraic topology, while it is called a clique complex in
combinatorics, prompted by the fact that cligue is another term used in graph
theory for complete subgraphs.

Given a graph G, its complement G is the graph with the same set of
vertices such that (v,w) is an edge of G if and only if v # w and (v,w) is
not an edge of G. A set of vertices S C V(G) is called independent if for all
v,w € S we have (v,w) ¢ E(G).

Definition 9.2. For an arbitrary graph G, the independence complex of
G, called Ind(QG), is the abstract simplicial complex whose set of vertices is
V(G) and whose simplices are all the independent sets (anticliques) of G.
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Since independent sets of G are the same as the cliques of G, we see that

Ind (G) is isomorphic to Cl(G) as an abstract simplicial complex.

9.1.2 Order Complexes
Definition and examples

Another classical way to describe an abstract simplicial complex by combi-
natorial data is that of the order complex of a poset. Recall that for a poset
P, the set S C P is called a chain if S is totally ordered with respect to the
partial order of P. The following is a special case of Definition 15.5.

Definition 9.3. Let P be a poset. Define A(P) to be the abstract simplicial
complex whose vertices are all elements of P and whose simplices are all finite
chains of P, including the empty chain. The complex A(P) is called the order
complex of P.

Ezxample 9.4.

e The order complex of a totally ordered set A with n elements is a sim-
plex A4,

o Let O, = {a},...,al,a?,... a2}, with the partial order generated by
af >af |, forallp,qge{1,2},i=1,...,n—1. Then the order complex of
the poset O, is the join of n copies of S°. This can be realized as a polytope
called a cross-polytope; in particular, it is homeomorphic to S*~!. See
Figure 9.1(left).

e Let n € N, and let B,, be the set of all subsets of [n], partially ordered
by inclusion. One can see that the abstract simplicial complex A(B,,) is
isomorphic to the barycentric subdivision of the boundary of an (n — 1)-

simplex; in particular, it is homeomorphic to S*~2. See Figure 9.1(right).

Fig. 9.1. Order complexes of O3 and By \ {0, [4]}.



9.1 Abstract Simplicial Complexes 131

o Let n € N. The partition lattice II,, is the partially ordered set whose
elements are all set partitions of the set [n], and the partial order is that
of refinement. The partition lattice has a minimal element {1}{2}...{n}
and a maximal element [n]. See Figure 9.2 for the first few examples. It will
later be shown that A(IT,,) is homotopy equivalent to a wedge of (n — 1)!
copies of S?2.

1,2,3
12
12,3 1,23
1,2
12,3
H2 Hg H4

Fig. 9.2. Partition lattices.

Order complexes of posets are special cases of flag complexes, which appear
in many contexts. Let us mention two of these here.

Connections to the theory of subspace arrangements

First, the topology of order complexes of certain lattices plays a role in the
theory of arrangements. Namely, let A = {4;,...,A4,} be a collection of
finitely many linear subspaces in k%, where k = R or k = C, such that 4; DA
for i # j. Such a collection is called a subspace arrangement. Depending on
the choice of the field k, one speaks of a real or a complex arrangement. The
topological space M 4 := kd\u;’zlAi is called the complement of arrangement
A, and its algebraic invariants are of interest in various applications.

The intersection data of a subspace arrangement may be represented by
a lattice; recall Definition 4.22.

Definition 9.5. To an arbitrary subspace arrangement A= {A1,..., A} in
k? one can associate a partially ordered set L 4, called the intersection lat-
tice of A. The set of elements of L 4 is

{K Ck*|31C [n], such that [ A; = K} U {k*}

el
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with the order given by reversing inclusions: x <., y if and only if x D y.
In particular, the minimal element of L 4 is kd, and the mazximal element is

nKGAK'

The intersection lattice of an arrangement is in fact a lattice in the order-
theoretic sense. For example, if we take the special hyperplane arrangement
Ag_1, called the braid arrangement, consisting of all hyperplanes x; = z;, for
1 < i < j <d, then the intersection lattice is precisely the partition lattice
114, independent of the choice of the field k.

The following theorem describes the cohomology groups of the complement
of a subspace arrangement in terms of the homology groups of the order
complexes of the intervals in the corresponding intersection lattices.

Theorem 9.6. Let A be a subspace arrangement in C¢, or in RY, and let L 4
denote its intersection lattice. Then

H'(Ma)~ P Heodirng(2)—i—2(A©0, ). (9.1)

>0
€LY

The formula (9.1) is also known as the Goresky—MacPherson formula.
A real subspace arrangement A in R? can always be complezified by tak-
ing the linear subspaces in C? defined by the same equations as those in A.
The complexified arrangement has the same intersection lattice, and therefore
we obtain the following proposition as a direct consequence of the Goresky—
MacPherson formula.

Proposition 9.7. For any real subspace arrangement, the sum of Betti num-
bers of its complement is equal to the sum of Betti numbers of the complement
of its complexification.

The complement of the real hyperplane arrangement is just a union of
contractible spaces: these are the pieces into which the hyperplanes cut the
Euclidean space. Proposition 9.7 implies that the sum of the nonreduced
Betti numbers of the complement of the complexification of a real hyperplane
arrangement is equal to the number of these pieces. For instance, the braid
arrangement Ag_; cuts R? into d! pieces, indexed by all possible orderings of
the coordinates; therefore the sum of the Betti numbers of the complex braid
arrangement is equal to d!.

Posets of subgroups

The following family of posets appears in the context of homological group
theory.

Definition 9.8. For a group G and a prime p, we denote by S,(G) the poset of
all nontrivial p-subgroups of G, i.e., the subgroups whose cardinality is a power
of p. Furthermore, we let A,(G) denote the poset of all nontrivial elementary
abelian p-subgroups of G.
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It turns out that the abstract simplicial complex A(A,(G)) is homotopy
equivalent to A(S,(G)). This has led to several investigations of these and
other posets of various families of subgroups of a given group G. More specif-
ically, one is trying to understand and to formalize connections between the
group-theoretic properties of the considered families of subgroups and the
topological properties of the order complexes of the corresponding posets.

9.1.3 Complexes of Combinatorial Properties

Another prominent combinatorial procedure to describe abstract simplicial
complexes is the following. Let (2 be a set of combinatorial objects of some
kind, equipped with an equivalence relation of isomorphism, and assume that
we have a function F' that associates to each object from (2 a subset of some
universe set V. Any collection C' of the isomorphism classes in {2 gives rise to
an abstract simplicial complex A(C) as follows:

o CV is a simplex of A(C) if and only if it is contained in F(A) for
some object A whose isomorphism class is in C.

As an example, let {2 be the set of all unoriented graphs on n vertices,
where n is fixed. We take V' to be the set of all ordered pairs (i, 7) such that
1 <i < j<mn,and we let F map a graph to its set of edges. The isomorphism
relation on 2 is the usual graph isomorphism. Frequently one specifies the
collection of isomorphism classes C' as above in a compact way by simply
taking all graphs satisfying some graph property.

Naturally, the examples are endless, and easy to make up. One instance,
which has appeared in knot theory, comes from the graph property of be-
ing disconnected. It can be shown that the complex of disconnected graphs
on n vertices is homotopy equivalent to the order complex of the partition
lattice II,; see Proposition 13.15.

Another option is to let {2 be the set of oriented graphs on n vertices, again
for fixed n. This time we take V' to be the set of all ordered pairs (4, j) such
that 1 <4,5 <n, i ## j, and let F' map each oriented graph to its set of edges.
Again, the isomorphism relation is the usual oriented graph isomorphism, and
any property of oriented graphs will yield an abstract simplicial complex along
the described scheme. One of the examples that has appeared in the literature
is the complex of directed forests.

9.1.4 The Neighborhood and Lovasz Complexes

The following construction was one of the first used to export topological ideas
to graph theory.

Definition 9.9. Let G be a graph. The neighborhood complex of G is
the abstract simplicial complex N'(G) defined as follows: its vertices are all
nonisolated vertices of G, and its simplices are all the subsets of V(G) that
have a common neighbor.
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Let N(v) denote the set of neighbors of v, i.e.,
N(@) = {z € V(G)| (1v,2) € E(G)}.

Then the maximal simplices of N(G) are precisely the maximal elements
N(v), for v € V(G). Furthermore, for an arbitrary subset A C V(G), we let
N(A) denote the set of common neighbors of A, i.e.,

N(A) = NueaN(v).

This gives an order-reversing map N : F(N(G)) — F(N(G)). It can be seen
that N3 = N, cf. Proposition 17.23, and that N2(A) D A, for any A C V(G).

Definition 9.10. The complez A(N(F(N(Q)))) is called the Lovasz com-
plex of G and is denoted by Lo(G).

As we shall see in Subsection 13.2.2, the abstract simplicial complex
Bd (NV(G)) collapses onto the complex Lo(G).

9.1.5 Complexes Arising from Matroids

In many situations the following concept turns out to be the right formaliza-
tion.

Definition 9.11. A matroid M on a finite ground set V is a nonempty
collection I of subsets of V' such that every subset of a set in I is in I as well,
and such that the following augmentation property is satisfied: if o,7 € I, and
|o| > |7|, then there exists x € o \ T such that T U{x} € I. The elements of I
are called independent sets.

By Definition 9.11, the independent sets of a matroid form an abstract
simplicial complex. The maximal independent sets, and hence the maximal
simplices of the associated complex, are called the bases of the matroid. It can
be shown that this abstract simplicial complex is always homotopy equivalent
to a wedge of spheres of the dimension equal to dimension of the matroid
minus one.

9.1.6 Geometric Complexes in Metric Spaces

A number of abstract simplicial complexes used in discrete and computational
geometry, as well as in computational topology have gained prominence in
the recent years. These complexes are defined starting from some data in
a metric space. Strictly speaking, in current applications the input data is not
combinatorial, but rather geometric. However, due to a profusion of metric
spaces in combinatorial contexts, we include the definitions of these families
of abstract simplicial complexes.
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Definition 9.12. Let M be a metric space, and assume that we are given
a set S of points in M and a nonnegative real number t. The Rips complex
R:(S) is the abstract simplicial complex whose set of vertices is S, and o C S
s a simplex if and only if the distance between any two points in o does not
exceed t.

Clearly, the Rips complex is a special case of a flag complex, with the
underlying graph being the graph of all edges that are not longer than ¢. It is
most frequently used to vary the parameter ¢ between 0 and oo and then to
study the occurring filtrations of the simplex with the set of vertices .S, often
using the gadget of persistent homology.

Sometimes the complex R;(S) is called Vietoris-Rips complex. A possible
variation on the Rips complex is to take as simplices those sets of vertices
that are contained in a closed ball with radius t.

We shall write a pair (c,7%) to denote a closed ball in a metric space,
where ¢ € M denotes the center, and r is the radius. Given a point z € M,
and a closed ball B = (c,7?), we set the weighted square distance between x
and B to be sd(x, B) := d(z,c)? — 2.

Consider now a collection of closed balls B = {B;}!_; in a metric space
M, where B; = (c;,r?), the ¢;’s are their centers, and the r;’s are their radii.
For each ball B; we define its weighted Voronoi region! as

Vg, '= B, N{x € M |sd(z, B;) < sd(z, B;), for all j € [n]}.

Clearly, the weighted Voronoi regions give a closed covering of the union
of the balls B;. The nerve of this covering, see Definition 15.14, is denoted by
D(B), and is called the dual complez of this ball collection. This is an abstract
simplicial complex, whose vertices are indexed by the balls {B;} ,, and such
that o is a simplex in D(B) if and only if the intersection of the corresponding
weighted Voronoi regions is nonempty. In the special case when the radii are
taken to be large and equal, the complex D(B) is also called the Delaunay
triangulation.

In Euclidean space, it can be seen that the weighted Voronoi regions and
all their intersections are contractible; therefore it follows by the nerve lemma
(Theorem 15.21) that the dual complex of a ball collection is homotopy equiv-
alent to the union of these balls.

The next definition gives an extension of these ideas that has turned out
to be very useful in concrete applications.

Definition 9.13. Let B = {B;}"_,, B; = (ci,r?), be a collection of balls in
a metric space, and let o be a real parameter. The alpha complex D (B) is
defined to be the dual complex of the ball collection By = {(c;,72 + )} .

As the parameter a varies from —oo to 0 and on to oo, the corresponding
alpha complex goes from the empty set to the dual complex of the ball collec-
tion, and on to the Delaunay triangulation associated to the set of the centers

! Our terminology may differ in minor details from that used in the literature.
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of the balls, providing an interesting filtration of the latter, which became the
subject of intense study.

Finally, we give a construction that is very recent, yet has already proved
itself to be beneficial. Let M be a metric space, and assume that we are given
two sets of points A, B C M such that all distances d(z,y), x € A, y € B, are
different; this is just a genericity condition.

Definition 9.14. The abstract simplicial complex W (A, B), called the wit-
ness complex, consists of all subsets o C B such that for every T C o there
exists a point w in A that “witnesses” T in the following sense: every point in
7 is closer to w than every point in B\ T.

The points in A are called data points, and the points in B are called
landmark points. Usually one assumes that there are many more data points
than landmark ones.

An alternative way to think of Definition 9.14 is the following. Assume
that we have n data points and N landmark points. Every data point induces
an order on the landmark points: just sort them with respect to their distances
to that point. Every such ordering can be visualized as a path in the Hasse
diagram of the Boolean lattice By, starting from the point nearest to the
chosen data point, then proceeding to the union of the two closest ones, then
on to the three closest ones, and so on. Now, the witness complex W (A, B) is
the maximal abstract simplicial complex whose face poset is contained in the
union of these paths.

In Figure 9.3 we show an example with N = 4 landmark points, which
are drawn solid black, and n = 5 witness points, which are drawn white.
On the right of that same figure we see the witness complex of that point
configuration. In Figure 9.4 we show the corresponding Boolean algebra with
fat paths indicating the five paths corresponding to the witness points.

In concrete successful applications of the witness complex, the crux of the
matter is the choice of the landmark points, and many ingenious strategies
have been devised.

9.1.7 Combinatorial Presentation by Minimal Nonsimplices

There is a dual presentation of abstract simplicial complexes; namely, instead
of describing those sets of vertices that are simplices, one can specify those
that are not, with the rule that if A is not a simplex and B D A, then B is
not a simplex either. This if often handy in the combinatorial context, since
the description of the minimal nonsimplices is at times more compact than
that of maximal simplices.

For example, the minimal nonsimplices in flag complexes are all of cardi-
nality 2: these are the pairs of vertices that are not connected by an edge. As
a consequence, for the order complexes of posets, the minimal nonsimplices
are pairs of noncomparable elements.
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Fig. 9.3. A point configuration and its witness complex.

Fig. 9.4. The Boolean algebra with paths corresponding to the point configuration
from Figure 9.3.

Also, for the complexes of combinatorial properties, the description can
be more succinct when it uses the forbidden patterns instead of the allowed
ones. For example, for the complex of disconnected graphs, the minimal non-
simplices correspond to spanning trees. For the complex of directed forests,
the minimal nonsimplices are all pairs of directed edges that have the same
end vertex, together with all directed cycles.

The neighborhood complex of a graph is an example in which this dual de-
scription is not useful. On the other hand, the matroid complex is an example
in which both descriptions are frequently used, depending on the circum-
stances. The dual presentation in this case uses the term circuits, which play
the role of the minimal nonsimplices, and goes as follows.
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Definition 9.15. A matroid M on a finite ground set V is a collection C of
nonempty subsets of V', called circuits, such that no proper subset of a circuit
is a circuit, and if x € Cy N Cy, for some C1,Cy € C, Cy # Cs, then (C1 U
Co) \ {z} contains a circuit.

The minimal nonsimplices in Rips complexes are pairs of vertices at a dis-
tance exceeding the parameter ¢, whereas the alpha complexes and the witness
complexes do not seem to benefit from the dual presentation.

9.2 Prodsimplicial Complexes

In recent years, several families of complexes that appeared in combinatorics
were not simplicial, but rather prodsimplicial.

9.2.1 Prodsimplicial Flag Complexes

Just as in the simplicial case, there exists a canonical way to associate a prod-
simplicial complex to a graph.

Definition 9.16. Let G be an arbitrary graph. We define the prodsimplicial
complex PF(Q) as follows: the graph G is taken to be the 1-dimensional skele-
ton of PF(G), and the higher-dimensional cells are taken to be all those prod-
ucts of simplices whose 1-dimensional skeleton is contained in the graph G.
The complex PF(QG) is called prodsimplicial flag complex of G.

The prodsimplicial flag construction allows one to specify a prodsimplicial
complex by a relatively compact set of data. The reader should note that while
a simplicial complex is always also a prodsimplicial complex, a simplicial flag
complex is usually not a prodsimplicial flag complex. An example of that is
provided by a hollow square.

9.2.2 Complex of Complete Bipartite Subgraphs

First, we define a well-known concept in the generality that we need here.

Definition 9.17. Let A, B C V(G), A,B # 0. We call (A, B) a complete
bipartite subgraph of G if for any x € A, y € B, we have (x,y) € E(G),
i.e., Ax B C E(GQ).

In particular, note that all vertices in AN B are required to have loops, and
that the edges between the vertices of A (or of B) are allowed; see Figure 9.5.

Let G be a finite graph. Recall that AV(®) is a simplex whose set of
vertices is V(G); in particular, the simplices of AV(E) can be identified with
the subsets of V(@). Clearly, AV(%) x AV(%) can be thought of as a polyhedral
complex whose cells are direct products of two simplices.
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Fig. 9.5. A complete bipartite subgraph.

Definition 9.18. The complez Bip (G) is the subcomplex of AV (%) x AV(S)
defined by the following condition: o x T € Bip (G) if and only if (o,7) is
a complete bipartite subgraph of G.

Note that if (A, B) is a complete bipartite subgraph of G, and AcC A,
B C B, A,B # (), then (A, B) is also a complete bipartite subgraph of G.
This verifies that Bip (G) is actually a subcomplex.

Ezample 9.19. Recall that K,, denotes the complete graph on n vertices, and
L,, denotes the string graph on n vertices, i.e., we have V(L,) = [n], and
B(Ly) ={(i,i+1)|i=1,...,n—1}:

(1) the complex Bip (K7?) is a vertex, here K¢ is the loop graph;

(2) the complex Bip (L3) consists of two disjoint 1-simplices;

(3) the complex Bip (K3) is a hexagon;

(4) the complex Bip (K,,) is isomorphic as a cell complex to the boundary
complex of the Minkowski sum A™ 4 (—A™). See Figure 9.6.

S
s

Fig. 9.6. Bip (K,)

The prodsimplicial complex Bip (G) is our first example of the so-called

Hom (—, —)-construction, namely, as a polyhedral complex it is isomorphic to
Hom (K>, G).
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9.2.3 Hom Complexes

The family of the Hom complexes has recently been very prominent in the
study of obstructions to graph colorings.

Graph homomorphisms

Perhaps the main issue distinguishing graphs from mere 1-dimensional simpli-
cial complexes is that one allows only the rigid maps between them, instead
of considering all possible simplicial maps.

Definition 9.20. For two graphs T and G, a graph homomorphism from
T to G is a map ¢ : V(T') — V(G) such that if x,y € V(T) are connected by
an edge, then o(x) and ¢(y) are also connected by an edge.

In other words, ¢ : V(T') — V(G) induces ¢ x ¢ : V(T) x V(T) — V(G) x
V(G), and the condition for this map being a graph homomorphism translates
into

(o x )E(T)) € E(G).
Expressed verbally: edges map to edges.
Ezxample 9.21.

(1) The identity map id: G — G;

(2) The unique map G — K¢, where K? is the loop graph, i.e., the graph
with one vertex and one edge;

(3) A graph homomorphism ¢ : G — K,, is the same as a vertex coloring
of G with n colors. In particular, the chromatic number of G, denoted

by x(G), is the minimal n such that there exists a graph homomorphism
¢ : G — K,; see Definition 17.2.

Proposition 9.22. If p: T — G and ¢ : G — H are graph homomorphisms,
then the composition o ¢ : T'— H 1is again a graph homomorphism.

Therefore, as mentioned in Chapter 4, the graphs together with graph
homomorphisms form the category Graphs.

Adding topology

We shall now define Hom (T, G) for an arbitrary pair of graphs T' and G. As
a model, we take the definition of Bip (G). Let again AV (%) be a simplex whose
set of vertices is V/(G). Let C(T', ) denote the direct product [, ¢y (7 AV(©)

i.e., the copies of AV(%) are indexed by vertices of T'.

Definition 9.23. The complex Hom (T, G) is the subcomplex of C(T,G) de-
fined by the following condition: o = erV(T) o, € Hom (T, G) if and only if
for any z,y € V(T), if (z,y) € E(T), then (04,0,) is a complete bipartite
subgraph of G.
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Let us make a number of simple but fundamental observations about com-
plexes Hom (T, G).

(1) The topology of Hom (T, ) is inherited from the product topology of
C(T,G). By this inheritance, the cells of Hom (T, G) are products of simplices.

(2) The complex Hom (T, G) is a polyhedral complex whose cells are indexed
by all functions n : V(T) — 2V(&)\ {#} such that if (x,y) € E(T), then
n(z) x n(y) € E(G). The closure of a cell n consists of all cells indexed by
i V(T) — 2V(E)\ {0} that satisfy 7j(v) C n(v), for all v € V(T). We shall
make extensive use of the n-notation.

(3) The points of the topological space Hom (T, G) can be given the following
explicit description. Let vy, ..., v; be the vertices of the graph T. Let S; C
V(G), for all ¢+ = 1,...¢t, such that (S;,S;) is a complete bipartite graph
whenever (i,7) is an edge of T. Then (S51,...,S;) indexes a cell whose points
are indexed by all tuples (A(S1),...,A(St)), where for an arbitrary set S, we
let A(S) denote a convex combination of the points in S.

(4) In the literature there are several different notations for the set of all graph
homomorphisms from a graph T to the graph G. Since an untangling of the
definitions shows that this set is precisely the set of vertices of Hom (T, G), i.e.,
its O-skeleton, it feels natural to denote it by Hom") (T, G).

(5) On the intuitive level, one can think of each n : V(T) — 2V()\ {p}
satisfying the conditions of Definition 9.23 as associating nonempty lists of
vertices of G to vertices of T with the condition on this collection of lists being
that any choice of one vertex from each list will yield a graph homomorphism
from T to G.

(6) The standard way to turn a polyhedral complex into a simplicial one is to
take the barycentric subdivision. This is readily done by taking the face poset
and then taking its nerve (order complex). So here, if we consider the partially
ordered set F(Hom (T, G)) of all n as in Definition 9.23, with the partial order
defined by 7 < 5 if and only if f(v) C n(v), for all v € V(T), then we
get that the order complex A(F(Hom (T, G))) is a barycentric subdivision of
Hom (T, G). A cell 7 of Hom (T, G) corresponds to the union of all the simplices
of A(F(Hom (T, @G))) labeled by the chains with the maximal element 7.

9.2.4 General Complexes of Morphisms

As mentioned above, one way to interpret the definition of the Hom complexes
is the following: the cells are indexed by the maps 7 : V/(T) — 2V()\ {}} such
that any choice ¢ : V(T) — V(QG) satisfying ¢(z) € n(z), for all z € V(T),
defines a graph homomorphism ¢ € Hom(®) (T, G). One can generalize this as
follows.

Let A and B be two finite sets, and let M be a collection of some set maps
¢ : A — B.Let C(A,B) = [[,ca AP where AP is the simplex having B
as a vertex set, and copies in the direct product are indexed by the elements
of A.
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Definition 9.24. Let Hom p;(A, B) be the subcomplex of C(A, B) consisting of
all 0 = [[,c 4 02 such that any choice ¢ : A — B satisfying p(z) € o, for all
x € A, yields a map in M.

Intuitively one can think of the map ¢ as the section of o, and the condition
can then be verbally stated as: all sections lie in M.

Clearly, these complexes are prodsimplicial. It will be shown in Sec-
tion 18.1.1 that complexes of morphisms Hom _ (—, —) are in fact prodsimplicial
flag complexes.

An example of a complex of morphisms is shown in Figure 9.7. This exam-
ple comes from the following choice of parameters: A = {a,b,¢,d}, B = {1, 2},
and a map ¢ : A — B is in M if and only if |¢~!(2)| < 2. This collection of
maps cannot be a set of graph homomorphisms for any graphs 7" and G such
that V(T) = A and V(G) = B. One can see this as follows. First, since the
map taking all elements in A to 2 is not in M, we conclude that there is no
loop on 2, and that the graph G has edges. Let (z,y) be an edge in T, possi-
bly a loop. The map taking both x and y to 2 and the other vertices to 1 is
allowed, mapping an edge to a vertex without a loop. This is a contradiction.

The complex in Figure 9.7 can be visualized as follows: take a regular
tetrahedron, pick its center of gravity as one of the vertices, and then span six
rhombi with one of the vertices in this center, and edges of the tetrahedron

as one of the diagonals.

Fig. 9.7. A complex of morphisms.

Here are a few possible specifications of the parameters in the general
construction.
(1) As mentioned above, if we take A and B to be the sets of vertices of two
graphs T and G, and then take M to be the set of graph homomorphisms
from T to G, then Hom 5s(A, B) will coincide with Hom (T, G).

(2) We think of a directed graph G as a pair of sets (V(G), E(G)) such that
E(G) CV(G) x V(G).
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Definition 9.25. For two directed graphs T and G, a directed graph
homomorphism from T to G is a map ¢ : V(T) — V(G) such that
(o x 9)(E(T)) € E(G).

Let A and B be the sets of vertices of two directed graphs T and G, and
let M to be the set of directed graph homomorphisms from 7 to G. Then
Hom 57 (A, B) is the analogue of Hom (T, G) for directed graphs. See Figure 9.8
for an example.

For a directed graph G, let u(G) be the undirected graph obtained from
G by forgetting the directions, and identifying the multiple edges. We remark
that for any two directed graphs G and H, the complexes Hom (G, H) and
Hom (u(G),u(H)) are isomorphic if E(H) is Zo-invariant with respect to the
Zo-action that changes the edge orientations.

11
G= &6—@
21 13
22 32 33

Fig. 9.8. An example of a Hom complex for two directed graphs.

(3) Let A and B be the vertex sets of abstract simplicial complexes A; and
Ay, and let M be the set of simplicial maps from A; to As. Then Hom 5/ (A, B)
is the analogue of Hom (7', G) for the abstract simplicial complexes.

(4) Alternatively, one could also restrict oneself to considering only the “rigid”
simplicial maps ¢; that is, one could require that dim(¢(c)) = dimo, for
all o € Aq.

(5) Recall that a hypergraph with the vertex set V is a subset H C 2" Let A
and B be the vertex sets of hypergraphs H; and Hs. There are various choices
for when to call a map ¢ : A — B a hypergraph homomorphism. Two possibil-
ities that we mention here are that one could require that ¢(H;) C Ha, or one
could ask that for any Hy € H;, there exist Hy € Hy such that ¢(Hy) C Ha.
The example (3) is a special case of both. Either way, the corresponding com-
plex Hom 57 (A, B) provides us with an analogue of Hom (T, G) for hypergraphs.

(6) Let A and B be the vertex sets of posets P and @, and let M be the set
of order-preserving maps from P to @ (see Definition 10.3) then Hom ps(A, B)
is the analogue of Hom (T, G) for posets.
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9.2.5 Discrete Configuration Spaces of Generalized Simplicial
Complexes

A standard concept in algebraic topology is that of a configuration space.
Here we consider the discrete version.

Definition 9.26. Given a generalized simplicial complex A and a positive
integer n, the discrete configuration space of A is the prodsimplicial sub-
complex of A*™, denoted by DC,,(A), defined by the condition: 1 X -+ X oy, €
DC,(A) if and only if o;Noj =0, for all i,j € [n], i # j.

A special case of DC,,(A), when A is 1-dimensional, has been a subject
of extensive recent study. In this case the complex is actually cubical, a fact
that can be used to advantage in applying the methods of geometric group
theory.

We can connect the discrete configuration spaces to Hom complexes by
noticing that for any generalized simplicial complex A and any positive inte-

ger n, we have
DC,(A) = A" NHom (K, Ky), (9.2)

where ¢ is the number of vertices of A.
The identity (9.2) motivates the introduction of the following more general
object.

Definition 9.27. For any generalized simplicial complex A and arbitrary
graphs T and G, we set

AT, G) .= A" NHom (T, G), (9.3)

where n denotes the number of vertices of T. In other words, 2(A,T,G) is
the prodsimplicial subcomplex of A*™ defined by the condition: o1 X -+ X oy €
(A, T,G) if and only if whenever (i,5) € E(T) and v € 0;, w € 0, we have
(v,w) € E(G).

As remarked earlier, one special case is £2(A, Ky, K,,) = DC,,(AQ), where ¢
is the number of vertices of A. Another special case is

Q(AM T, G) = Hom (T, @), (9.4)
where t is the number of vertices in T, and Al is the simplex with vertex
set [t].

9.2.6 The Complex of Phylogenetic Trees

In this subsection we describe a cubical complex with combinatorial cell struc-
ture that has been suggested as a systematic framework for studying phylo-
genetic questions in biology.
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Let n be a positive integer, n > 3. We consider all rooted trees, without
vertices of degree 2, whose leaves have been labeled 0 to n; call these n-trees.
The leaf labeled 0 is taken to be the root. We call the vertices that are not
leaves internal vertices, and we call the edges connecting internal vertices
internal edges. In such a tree, the number of internal edges varies between 0
and n — 2. We fix the lengths of noninternal edges to be 1, but we shall allow
the lengths of internal edges to vary.

The trees are considered, as usual, up to isomorphism; that is we do not
take into consideration the particular embedding in the plane. For each iso-
morphism class T we consider an open cube I(T") whose dimension is equal to
the number of the internal edges. The coordinates in such a cube are indexed
by the internal edges, and we have a bijection between the points of the cube
I(T') and the trees of type T, where the lengths of internal edges are taken to
be the corresponding coordinates of the point of I(T).

One can think of this as imposing a topology on the space of trees, where
a small perturbation of a point corresponds to small change in the lengths of
the internal edges. One can go a step further and allow the small perturbations
also to create short edges. This corresponds to gluing smaller-dimensional
open cubes onto the boundaries of the larger cubes. Finally, we can also allow
infinite lengths of edges, and this way close up our cubes by adding cubes at
infinity.

Definition 9.28. For a positive integer n > 3, the above procedure describes
a cubical complex T, called the complex of phylogenetic trees.

An example of such complexes is shown in Figure 9.9.

9.3 Regular Trisps

Many of the complexes that arise in combinatorics have the structure of reg-
ular trisps, allowing a completely combinatorial description. Let us describe
one of the most prominent examples. As we have seen, one way to present
an abstract simplicial complex by combinatorial means is to take the order
complex of some poset consisting of combinatorial objects. Almost without
exception, this poset allows an action of some finite group; in fact, often the
acting group is the finite symmetric group.

Assume now that P is a poset and assume that a group G acts on P in
an order-preserving way. Since the order complex construction is functorial,
this in turn will induce a simplicial action on the complex A(P). In fact,
it is easy to see that in this situation the topological quotient has a natural
induced cell structure, with new cells being the orbits of the old cells, and that
furthermore, one gets a regular trisp. More details on this will be provided in
Chapter 14.

It goes without saying that such quotient complexes serve as a bounti-
ful source of combinatorially defined regular trisps. One example is derived
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0

Ts link of the origin in T}

Fig. 9.9. Complexes of phylogenetic trees.

from the symmetric group action on the partition lattice; the action is in-
duced by the permutation action on the ground set. The obtained regular

trisp A(II,,)/S, turns out to be contractible, and even stronger, collapsible.

2,2,1 3,2

2,1,1,1

4,1 3,1,1

)

Fig. 9.10. The regular trisp A(l5)/Ss.

In Figure 9.10 we have pictured the regular trisp A(I15)/Ss. This complex
consists of five triangles: four in the background, and the fifth one is in front
filled with a somewhat darker color. The vertices of this quotient complex are
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indexed with the number partitions of n; these are precisely the S,,-orbits of
the set partitions of n. Several collapsing sequences are readily seen in this
special case. We examine the case of general n in greater detail in Section 11.2.

9.4 Chain Complexes

In many pivotal combinatorial applications we do not have a geometric pic-
ture. Instead, algebraic objects such as chain complexes arise directly. In this
case we are dealing with vector spaces, or more generally, with modules over
some ring whose bases have some kind of combinatorial indexing, together
with maps between these vector spaces, also these given in a combinatorial
way.

One standard situation in which such objects arise occurs when one is
proceeding with spectral sequence computations. Even if the original subject
of study was a topological space, given by its cell structure, after a suitable
filtration is chosen and the first tableau is set up, we are facing the task of
computing the next tableaux. Once the appropriate differential is understood,
this amounts to computing the homology of a family of chain complexes, each
one given combinatorially. One notable larger instance of this framework is
given in Chapter 20.

The next definition describes a concrete example that arises in a direct way
in the theory of arrangements. Given an arbitrary matroid M, let us describe
how to construct an algebra OS(M), called an Orlik—Solomon algebra. First,
take the exterior algebra F (M) generated by all closed sets in M of rank 1.
If M has no loops and no parallel elements, this is the same as taking all
elements of M as generators. Assume that we have n generators, which we
denote by eq,...,e,. For any subset S C [n] we let eg denote the wedge
product e;, A---Ae;,, where S = {iy,...,it}, and i1 < --- < i;z. The exterior
algebra E(M) is equipped with the standard boundary operator @ defined by

8(1'1/\"‘/\1}) :ZL'Q/\"'/\.’ttfl'l/\xg/\"'/\"Et+'"+(*1)t71.’£1/\"'/\1’t_1,

for arbitrary generators z;. Next, consider the ideal Ipg of E generated by all
the boundaries of circuits. Note that since z1 AJ(x1 A+ Axy) = 2y A Ay,
for arbitrary generators x;, this ideal includes eg for all dependent sets S.

Definition 9.29. The quotient algebra OS(M) = E(M)/Ios is called the
Orlik—Solomon algebra of the matroid M.

Since the ideal Ipg is graded, the quotient OS(M) inherits the natural
grading. We denote the graded parts by OS*(M).

Definition 9.30. Assume that we are given an arbitrary A and B open in
AU B, a matroid M, and a weight function w, associating a real number to
each closed set in M of rank 1. Its Orlik—-Solomon algebra OS(M) can be made
into a cochain complex {OS*(M),d"}22, called the Orlik—Solomon cochain
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complex, by taking multiplication by the element w(ei)e; + - -+ + w(ey,)en as
the coboundary operator.

Given a hyperplane arrangement A, we know that its intersection lattice is
a geometric lattice; hence one can associate to A a matroid M (.A) whose closed
sets correspond to the elements of the intersection lattice. It is known that
in certain nondegenerate cases, the cohomology of the Orlik—Solomon cochain
complex of this matroid coincides with the cohomology of the complement of
A, with a local system of coefficients corresponding to the chosen weights.

An additional natural question that arises in the context of the combina-
torially defined chain complexes is that of geometric interpretation: construct
a geometric framework in which the chain complex at hand can be found.
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to the work of Babson and the author on quotient constructions for partial



9.5 Bibliographic Notes 149

orders; see [BKO05]. The case A(II,,)/S, was specifically the subject of study
in [Ko00].

The Orlik—Solomon algebra and Orlik—Solomon cochain complex are cor-
nerstones of a whole direction within arrangement theory. We recommend
starting with Orlik & Solomon, [0S80], and Yuzvinsky, [Yuz01], and proceed-
ing with the references in the second paper.

Finally, we mention two general references related to the contents of much
of the second part. First, an excellent survey article by Bjorner, [Bj96]; a por-
tion of the second part is an enhanced and updated version of this article.
Second, a textbook by Matousek, [Ma03], which contains many wonderful
applications of topological methods.






10

Acyclic Categories

10.1 Basics

Many results in Combinatorial Algebraic Topology have until now been for-
mulated in the context of posets. In this chapter we would like to emphasize
the more general framework of acyclic categories. As we shall see in subse-
quent chapters, no additional difficulties will arise, so there is virtually no
penalty to pay for this generality. On the contrary, the situation gets clarified
and even simplified in some cases, for example, in dealing with quotients of
complexes equipped with group actions in Chapter 14.

Most concepts and constructions involving acyclic categories are intro-
duced in analogy with those used in the context of posets. Often these trans-
late into classical notions of category theory, while in some cases they yield
notions that are not standard at all.

10.1.1 The Notion of Acyclic Category
We start by defining the main character of this chapter.

Definition 10.1. A small category is called acyclic if only identity mor-
phisms have inverses, and any morphism from an object to itself is an identity.

We shall always assume that both O(C) and M(C) are finite. This makes
statements and proofs easier, though many results remain valid in the infinite
case as well, either in their original form or with minor alterations.

Recall from Chapter 4 that any poset P can be viewed as a category in the
following way: the objects of this category are the elements of P, and for every
pair of elements z,y € P, the set of morphisms M(xz,y) has precisely one
element if z > y, and is empty otherwise. Clearly, this determines the compo-
sition rule for the morphisms uniquely. When a poset is viewed as a category
in this way, it is of course an acyclic category, and intuitively, if posets ap-
pear to be more comfortable gadgets, one may think of acyclic categories as
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Fig. 10.1. Examples of acyclic categories.

generalizations of posets, with more than one morphism allowed between the
elements, and consequently with a more complicated composition rule.

Another way to visualize acyclic categories is to think of them as those
that can be drawn on a sheet of paper, with dots indicating the objects, and
straight or slightly bent arrows, all pointing down, indicating the nonidentity
morphisms; see examples in Figure 10.1.

It can be shown, and is left to the reader, that a category C' is acyclic if
and only if

e for any pair of distinct objects z,y € O(C), at most one of the sets
Mce(z,y) and Mc(y, z) is nonempty,
o Me(z,z) ={id,}, for all z € O(C).

One way the acyclic categories generalize posets can be formalized as fol-
lows. For any acyclic category C' there exists a unique partial order > on the
set of objects O(C) such that M¢(x,y) # 0 implies x > y. We denote this
poset by R(C). Furthermore, it is immediate that an acyclic category C' is
a poset if and only if for every pair of objects x,y € O(C), the cardinality of
the set of morphisms M¢c(z,y) is at most 1.

We call a morphism indecomposable if it cannot be represented as a com-
position of two nonidentity morphisms. An acyclic category C'is called graded
if there is a function r : O(C) — Z such that whenever m : x — y is a non-
identity indecomposable morphism, we have r(z) = r(y) + 1.

10.1.2 Linear Extensions of Acyclic Categories

It is straightforward to generalize the classical notion of linear extension of
posets, see Definition 2.20, to the context of acyclic categories. To underline
this, we give here the definition using similar wording.

Definition 10.2. Let C be an acyclic category. A total order = on the set of
objects of C' is called a linear extension of C' if for any two distinct objects
z,y € O(C) we have x > y whenever Mc(z,y) # 0.
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For example, x > y > z > r is a linear extension of the third acyclic
category depicted in Figure 10.1. In fact, the set of linear extensions of C'
coincides with the set of linear extensions of R(C').

It is easy to see, for example using induction, that an acyclic category has
at least one linear extension. In a way, a converse of this statement is true as
well: if a category C has a linear extension and every morphism of an object
into itself is an identity, then C' must be acyclic.

10.1.3 Induced Subcategories of Cat
In working with posets, the following notion is standard.

Definition 10.3. A set map f : P — Q between sets of elements of two posets
is called order-preserving if x >y in P implies f(z) > f(y) in Q.

In the context of acyclic categories, the role of order-preserving maps is
played by functors; see Chapter 4 for their definition. It is an important and
very useful fact that all acyclic categories together with all possible functors
between them form a full subcategory of Cat; we call that category AC.

We can also consider all posets, and all possible functors between them.
This is also a full subcategory of Cat, which we shall call Posets. The
functorial properties provide one explanation for the wide occurrence and
accepted usefulness of order-preserving maps, as opposed to, for example,
order-reversing ones.

Sometimes it is useful to further restrict our attention to the subcategories
consisting only of finite acyclic categories, or posets. The subcategory of finite
posets is the one in which most of Combinatorial Algebraic Topology has been
done until now.

10.2 The Regular Trisp of Composable Morphism
Chains in an Acyclic Category

The appearance of acyclic categories in Combinatorial Algebraic Topology is
in large part motivated by the existence of a construction that associates to
each acyclic category a geometric object, more precisely, a regular trisp.

10.2.1 Definition and First Examples

The next definition is a special case of a more general construction of the
nerve of a category.

Definition 10.4. Let C be an acyclic category. The nerve'of C is a reqular
trisp, denoted by A(C), constructed as follows:

! Sometimes it is called the geometric realization of C.
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The set of vertices of A(C) is precisely the set of objects of C.

For k > 1, the set of k-simplices Si(A(C)) is the set of all composable
morphism chains consisting of k nonidentity morphisms. The boundary
(k — 1)-simplices of such a simplex 0 = (a9 —> a; —2 --- 5 a;) are

indexed by composable morphism chains of three types:

. . m me—1 Mt410M¢ mMi42 mip
(1) the morphism chain ag —> -++ — a1 — Q1 — =+ —> ag

obtained by skipping the object as, fort =1,... k — 1, and composing
the adjacent morphisms;

(2) the morphism chain a; —2 ay —2 - % ay, obtained by skipping the
first object ag and the adjacent morphism;

(3) the morphism chain ag T o 25 iy obtained by skip-
ping the last object ay,, along with its adjacent morphism.

The (k — 1)-simplex indexed by the composable morphism chain skipping

the object a;, for i = 0,...,k, is glued to o by the map By, (o), where

fi i [k] = [k + 1] is the order-preserving injection skipping the indez i.

It is easy to see that this description yields a well-defined regular trisp,

according to Definition 2.47. Indeed, a k-simplex indexed by a composable
morphism chain ag —5 a1 —2 -+ % g, is attached without any identifica-
tions along its boundary, since the category C is assumed to be acyclic.

When it is more appropriate, e.g., in Chapter 12, we will forget about the

orientations of the simplices of A(C) and just view A(C) as a generalized
simplicial complex.

Ezxample 10.5. Figure 10.2 shows the regular trisps that realize the nerves
of previously considered acyclic categories. Note that in these examples, the
nerves are not (geometric realizations of) abstract simplicial complexes.

z Y r

Fig. 10.2. Nerves of acyclic categories from Figure 10.1.

For posets, Definition 10.4 simplifies somewhat; in fact, we recover the

definition of the order complex; see Definition 9.3. Thus, in this case, the
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regular trisps A(P) are always abstract simplicial complexes. On the other
hand, when P is a poset, the abstract simplicial complex A(P) is always a flag
complex; see Section 9.1.1; hence, for example, a hollow triangle cannot be
realized as an order complex of a poset, or even more generally as a nerve of
an acyclic category.

10.2.2 Functoriality

The following proposition is the basis for many applications of the construc-
tion A.

Proposition 10.6. The nerve construction above gives a functor A : AC —
RTS, where RTS denotes the category of reqular trisps.

Proof. Given two acyclic categories C' and D, and a functor F : C — D,

. . m m m
each composable morphism chain ag — a; —> --- —5 a; maps to the
F(ay), where

composable morphism chain F(ao) 7m) Fl(aq) Tm) | Tl

some of the morphisms may actually end up being identities. By the discussion

in Section 2.3 we see that this induces a trisp map A(F) : A(C) — A(D).
Furthermore, a trivial functor F : C — C induces a trivial trisp map

A(F) : A(C) — A(C), and A commutes with taking a composition: A(Fz o

F1) = A(Fz) o A(Fq). Therefore we may conclude that A yields a functor as

claimed. O

An example of a functor between acyclic categories and an associated trisp
map between their nerves is shown in Figures 10.3 and 10.4. For posets, Propo-
sition 10.6 translates into saying that an order-preserving map between posets
P and @ (these are the morphisms in Posets) induces a simplicial map be-
tween the corresponding order complexes A(P) and A(Q), which additionally
preserves edge orientations.

z o()
a1 &2 p(ar) o(az)
%
b oo /= (1) = ¢(y2)
B Ba o(B1) = p(Ba)
z v(2)
Cl C2

Fig. 10.3. A functor between acyclic categories.
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T @(f)
Alp)
~~———~F
Y1 Y2 e(y1) = ¢(y2)
A(Cy) A(Ch)

Fig. 10.4. The trisp map between nerves of acyclic categories induced by the functor
in Figure 10.3.

10.3 Constructions

10.3.1 Disjoint Union as a Coproduct

For two arbitrary acyclic categories C and D, we let C' [ [ D denote the disjoint
union of C' and D. As a matter of fact, this is the coproduct of C' and D in
AC; see Definition 4.18.

It is obvious that A commutes with coproducts, in other words, we have
A(CTID) = A(C)ITA(D). At the same time, it is important to note at
this point that A does not commute with colimits in general. The question of
commutativity will be investigated in much more detail in Chapter 14.

For future use, let n denote the poset with n elements and no order rela-
tions, i.e., n =1 H e Hl.

—_———

n

10.3.2 Stacks of Acyclic Categories and Joins of Regular Trisps

Instead of putting two acyclic categories side by side, one can also put one on
top of the other.

Definition 10.7. Let C' and D be two acyclic categories. The stack of C and
D is the acyclic category C @ D defined by

e O(Ca®D)=0C)]1O(D);

e for a pair of objects x,y € O(C ® D) we have

MC(xvy)v 7,f.13,y € O(O)a
Mcop(z,y) = ¢ Mp(z,9), ifz,y € O(D);
a single morphism x — vy, if x € O(C),y € O(D).
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The composition rule for morphisms of C ® D is induced by the composition

rules for M(C) and M(D).

Clearly, the composition rule for morphisms of C' @ D is uniquely deter-
mined by the condition that the images of the inclusion maps C' — C'@® D and
D — C® D are full subcategories, and the fact that M(z,y) has cardinality 1
when z € O(C),y € O(D).

The second acyclic category in Figure 10.1 can be seen as a stack of
the acyclic category with two objects and two nonidentity morphisms and
the acyclic category with one object. Another example of a stack is shown in
Figure 10.5.

Fig. 10.5. An example of a stack of two acyclic categories.

We note that for an arbitrary acyclic category C, the acyclic category C@1
is obtained from C by adding a terminal object, while the category 1 & C' is
obtained from C' by adding an initial one. In the special case of posets we
recover the following classical concept.

Definition 10.8. (Stacks of posets). Let P and Q be two posets. The stack?
of P and Q is the poset P® Q whose set of vertices is P[] Q and whose order
relation is given by

either x,ye P, x<uy;
x <y if and only if < or z,y€eqQ, z<uy;
or rePyeq.

For arbitrary acyclic categories C and D we have an isomorphism of regular
trisps:
A(C @ D) = A(C) * A(D), (10.1)

since the simplices of the regular trisp A(C'@® D) are precisely all ordered pairs
of simplices of A(C) and A(D) glued in the right way, see Subsection 2.3.2.

2 Also called ordinal sum.
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Recall the poset O,, = {al,...,al,a2,... a2}, with the partial order gen-
erated by af > af |, forall p,q € {1,2},7=1,...,n—1, which was introduced
in Subsection 9.1.2. In the new notations, we have O, = 2@ --- @ 2, where

we sum up n copies. Then, we have

B
S
N
I
B
N
@
@
)
I
L
N
*
*
B
N
I

SO .. xS0 2§
N———

n n n

10.3.3 Links, Stars, and Deletions

One of the simplest operations one can do on an acyclic category is that of
a deletion of a set of vertices. Once the vertex is deleted, all the simplices
that contained this vertex in the nerve will be deleted as well; hence for
an arbitrary acyclic category C, and for arbitrary set of objects S C O(C),
we have A(C'\ S) = dla)S.

Recall that in Chapter 4 we defined the categories of objects in C' below
and above a given object x, which we denoted by (z | C) and (z 7 C). When
C is an acyclic category, it makes sense to modify the notation as follows:
C<yp:=(z ] C) and C5, := (x T C). Furthermore, we set Ccy 1= C<; \ {id,}
and Cs; 1= C>, \ {id, }. Clearly, when C is an acyclic category, the categories
C<z, Ceq, Csy, and Cs 4 are all acyclic as well. Furthermore, for posets we
simply get the standard notions of the subposets of all elements below or
above z.

x id,
3 o B
_ a B
’y o =
vop y B
v v
" v v
z Yo Yo
C CY<r1: C<:1c

Fig. 10.6. Acyclic categories of objects below = and strictly below x.

For any acyclic category C, and z € O(C), we have following formulas:

star p(c)r = Cone(lkp(cyz) = A(Cep @ {id,} ® Cs)
= A(Ccp) x {x} x A(Cs ). (10.3)
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We can see how these formulas are satisfied for the example in Figure 10.6.
To prove formula (10.2), let us describe a bijection between the sets of sim-
plices on the left- and on the right-hand sides. By definition, the k-simplices
of the regular trisp lk(cyz are indexed by those (k + 1)-simplices of the reg-
ular trisp A(C) that have z as a vertex. This is the same as the composable
morphism chains

mi mo mp m n ni no Ngq
a0—>a1—)-~-—>ap—>l‘—)b0—>b1%---—)bq7

where p+¢+1 = k. On the other hand, k-simplices of the join A(C<,)*A(Cs,)
are indexed by all pairs of simplices (o, 7) such that o is a p-simplex in A(C<,.),
7 is a ¢-simplex in A(Cs,), and p+ ¢ + 1 = k. In turn, the p-simplices of
A(C<,) are indexed precisely by all composable morphism chains ag RUEN

ap 22 .. Iy ap ™, z, whereas the g-simplices of A(Cs,) are indexed
precisely by all composable morphism chains & —— by — by —2 - - BN 7

Thus we have the promised bijection.

It is easy to see that this bijection induces a trisp isomorphism, and hence
formula (10.2) is proved. Formula (10.3) is proved in just the same way, with
the element z inserted everywhere.

10.3.4 Lattices and Acyclic Categories

The natural generalization of the notion of a lattice would be to require that
the acyclic category have all finite products and coproducts. Unfortunately,
this does not bring anything new, as the next proposition shows.

Proposition 10.9. Let C be an acyclic category that has all products of two
elements. Then C' is a poset.

Proof. Assume that there exist two objects x,y € O(C) such that |[M(x,y)| >
2. Choose my, ms € M(zx,y) such that my # mo. Let (2, p1,p2) be the product
of z and y, which we have assumed must exist. Recall that in this notation,
z€ O(C), and p; : z — x and py : 2 — y are the projection morphisms.

Consider the morphisms id; : © — z and m : ¢ — y. By the universal-
ity property of the product construction, these two morphisms should factor
through (z,p1,p2), that is, there exists @ : * — z such that p; o @ = id,
and ps o & = my. Since the category C' is acyclic, we can conclude that
a = p; = id;, and hence z = z. It follows that po = m;.

Repeating the same argument with a different initial choice of morphisms,
namely with id; : * — x and mso : * — y, we get po = my. This contradicts
our assumption that the morphisms mi and ms are different. O

Also, by symmetry, any acyclic category C' that has all finite coproducts
of two elements must be a poset.
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10.3.5 Barycentric Subdivision and A-Functor

The following definition allows us to turn an acyclic category into a poset, as
far as the topology of the associated space is concerned.

Definition 10.10. For an arbitrary acyclic category C, let BAC denote the
poset whose minimal elements are objects of C, and whose other elements are
all composable morphism chains consisting of nonidentity morphisms of C.
The elementary order relations are given by composing morphisms in the
chain, and by removing the first or the last morphism. The poset BAC' is
called the barycentric subdivision of C.

In Figure 10.7 we show an acyclic category and its barycentric subdivision,
whereas in Figure 10.8 we show corresponding nerves.

" (,v)  (B:7)
of |5 "
yoa=7v0f Z i "9
PP

z x Y z
C Bd C

Fig. 10.7. An acyclic category and its barycentric subdivision.

In Section 10.2 we have saw to construct a cell complex out of an acyclic
category. There is a standard way to go in the opposite direction as well.

Definition 10.11. For a regular CW complex K, let F(K) denote the poset
of all closures of nonempty cells of K ordered by inclusion.

Just like A, this is a functor from the category of regular CW complexes
to the category of posets, since a cellular map between regular CW complexes
will induce an order-preserving map between their face posets.

Given a regular CW complex K, we recall that the simplices of Bd K are
exactly those sets {bg,,...,br,} that correspond to sequences of closures of
cells including each other Fy C F» C --- C F;. So we have

BdK = A(F(K)), (10.4)

which geometrically means
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AC) A(Bd ©)
Fig. 10.8. Nerves of the categories in Figure 10.7.

[BAK| = [A(F(K))| = K. (10.5)

In particular, as an immediate corollary of (10.5) we see that an arbitrary
reqular CW complex is homeomorphic to the order complex of some poset.
We also obtain an alternative way to define the barycentric subdivision of
an acyclic category C:

BdC = F(A(Q)). (10.6)
The combination of equations (10.4) and (10.6) implies
ABAC) = A(F(A(C))) =Bd (A(C)). (10.7)

Example 10.12. Let P be a totally ordered set with n elements. Clearly, its
barycentric subdivision is the Boolean algebra with the minimal element re-
moved: Bd P = B, \ {0}. Equation (10.7) implies that

A(B, \ {0}) = Bd(A(P)) = Bd A

Furthermore, B,,\ {0, 1} is the face poset of the boundary of A"}, Applying
(10.4), we get

AB,\ {0,1}) = A(F(8AM) = Bd (9AM)) = §"=2,

which was already observed at an earlier point.

10.4 Intervals in Acyclic Categories

10.4.1 Definition and First Properties

Given a poset (P, >) and two elements z,y of P such that x > y, the (closed)
interval [y, z] is the set of all elements z of P satisfying x > z > y, equipped
with the partial order induced from the partial order of P.
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In the context of acyclic categories, the intervals correspond to the follow-
ing objects.

Definition 10.13. Let C be an acyclic category. Let m € M(C), and set
x:=0°m and y := Oen. The interval I,,, is a category defined by:

e the set of objects of I, consists of all ordered pairs or morphisms that
compose to m, i.e., O(I,) = {(m1,ma) | mi,ma € M(C),mz2 0omy =m};

e given two objects of I, (m1,ma) and (m1,ms), the set of morphisms
between these two objects is indexed by morphisms o such that comy =
mi1 and mg o a = meo, and the rule of composition is induced from the
category C'; see Figure 10.9.

mi mi

Fig. 10.9. The composition rule in the interval.

An example is shown in Figure 10.10. We remark that when we say that,
for example, a o m; = my, we do implicitly require that in particular the
composition be well-defined, i.e., in this case, we require that dem; = 0°«.

x (idz, )
Bioog = a2
Bioag =
B2 ooy =
Broas=1\5[ |4

Y
C

Fig. 10.10. Example of an interval.
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Furthermore, we say that the set of morphisms between (mi,ms) and
(m1, mg2) is indezed by the morphisms «, rather than just taking the mor-
phisms themselves, because the same morphism « may give rise to different
morphisms in I,,: this happens, for example, in Figure 10.10. Alternatively,
formally we could have said that the set of all morphisms between (mq,ms)
and (mq,ms) in the category I, consists of all quintuples (mq, ma, M1, Mo, )
of morphisms of C' such that my o m; = mgyom; = m, a« omy; = my, and
Mg o &« = my. The composition would then be defined by the rule

(M1, Mo, My, Ma, B) o (M1, ma, M1, Mg, &) = (M1, ma, M1, Mz, Foa), (10.8)

where again we refer the reader to Figure 10.9. With the formal definition
(10.8) it is easy to verify that I,,, is well-defined as a category, i.e., that it has
identity morphisms and that the composition is associative.

The interval category has both an initial and a terminal object. In-
deed, given an acyclic category C' and its morphism m, the initial object
of I, is (idy,m), whereas the terminal one is (m,id,), where z = 9°m
and y = O¢m. When (mq, msg) is any object of I,,, it is easy to check that
(id, m,m1,ma,mq) is the unique morphism from (id,,m) to (m1, ms), and
that (mq, ma, m,idy, ma) is the unique morphism from (m,mo) to (m,id,).

Proposition 10.14. For any acyclic category C, and any morphism of C,
Definition 10.13 produces a well-defined acyclic category.

Proof. Let m be the chosen morphism of C. We verify that I,,, is a well-defined
category. To start with, the rule of the composition is obviously well-defined
and associative. This is easily checked, using the fact that the composition is
associative in the category C itself. Furthermore, for any object (mq,mg) of
I,,, there is the corresponding identity morphism (mjy, ms, my, me,id, ), where
T = 0oy = 0°meo; the latter follows directly from the definition.

Let us now verify that I,,, is acyclic. Given a morphism (mq, ma, m1, ma, )
of I, its inverse (if one exists) must be of the form (mj,ms, m1, ma, 3), such
that f o a = id,, where x = 0sm1 = 0®mq. Since C is acyclic, only identity
morphisms have inverses in C; hence o = 8 = id,,. This implies that m; = m;
and mg = msy. Therefore, also in I,, only identity morphisms have inverses.

Furthermore, a morphism from an object (m,ms) of I, to itself is of the
form (mq,ma, m1, ma, @), where o is a morphism from z = dem; = 9*ma to
itself. Since C' is acyclic, this implies that « = id,, hence (mq,ma, m1, ma, @)
itself is an identity morphism. O

Clearly, the interval construction is symmetric, i.e., if C' is an acyclic cat-
egory, m its morphism, and m°P is the morphism corresponding to m in C°P,
then

Lor = (In)P. (10.9)

The next proposition is an important observation connecting intervals in
acyclic categories to the arrow categories.
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Proposition 10.15. Let C' be an acyclic category with a terminal object t.
Let m be any morphism of C' satisfying t = Ogm, and set x := 0*m. Then we
have I,, = C<,.

Proof. We observe that since ¢ is a terminal object, for any m; € M(C) satis-
fying 0*m = 0°m,, there exists a unique morphism ms such that mioms = m.
In particular, we have an object (m1, ms) of I,,, and the second morphism in
this pair is uniquely determined by the first. We recall Definition 4.35 and see
that this fact gives a bijection between objects of I,,, and objects of C<,.

Furthermore, we see that in the definition of the morphisms of I,, the
commutativity requirement for the lower triangle is always trivially satisfied.
This leaves us with requiring just the commutativity of the upper triangle,
which under the bijection above translates exactly to the commutativity con-
dition in Definition 4.35. This shows that the above bijection extends to yield
an isomorphism of categories. O

By symmetry we also see that if a category has an initial object s, and m
is a morphism satisfying 0*m = s, then I,,, = C>9, m.

10.4.2 Acyclic Category of Intervals and Its Structural Functor

The entirety of intervals of the category C itself can be equipped with the
structure of the category.

Definition 10.16. Let C be an acyclic category. The category of intervals
of C, which we denote by I(C) is defined as follows:

e the set of objects of I(C) is given by the set of morphisms of C;

e for two objects my and ms of I(C), the set of morphisms from my to
my in I(C) is indexed by all pairs («, ) such that o, € M(C) and
me = Fomyoa.

The composition rule in I(C) is given by the trapezoidal combination rule
shown in Figure 10.11.

Q2

aq

msg | --|me o mo ma =

b1

P2

Fig. 10.11. Composition rule in the category of intervals.
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Formally, if (a1, 1) is a morphism from my to ma, and (ag, B2) is a mor-
phism from msg to mg, then the composition morphism from my to ms is given
by (a1 0az, Bz 0 B1).

Some examples of categories of intervals are shown in Figure 10.12. The
first one in this figure is the category of intervals of the acyclic category
with two objects and two nonidentity morphisms. The second, resp. the third
one is the category of intervals of the first, resp. the second category shown
in Figure 10.1. Please note that the first two categories in Figure 10.12 are
posets. The third category is also drawn in a simplified way: we skipped the
arrows and did not draw those compositions of nonidentity morphisms that
are unique in this case.

id, i, id. id, i,  id.

A

Boa yoa=rvof

Fig. 10.12. Examples of categories of intervals of acyclic categories.

When C is a poset, the category I(C) is simply the poset of all closed
intervals of C ordered by reverse inclusion.

Proposition 10.17. For an arbitrary acyclic category C, the category of in-
tervals 1(C) is acyclic as well.

Proof. Indeed, an inverse of a morphism («, 3) would be of the form (e, B),
such that 9°a = 0,@, dea = 0°a, O°B = Duf3, and s = 9*f. Since C is
acyclic, this implies that o and g are identity morphisms in C, hence (a, 5)
is an identity morphism in I(C).

Furthermore, a morphism of an object m to itself must have the form
(o, B) such that « is a morphism of 9*m to itself, and § is a morphism of
Oem to itself. Again, this implies that «, 3, and hence also («a, 3), are identity
morphisms in their respective categories. O

The fact that objects of I(C) actually index intervals of C is best expressed
by phrasing it in terms of a functor.

Definition 10.18. For an arbitrary acyclic category C, we define a functor
Int : I(C) — AC as follows. First, it takes every morphism of C to the
associated interval, i.e., for m € M(C), we set Int (m) := I,,,. Second, given
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a morphism (a, B) in I(C) going from my to ma, for my, me € M(C), we set
Int («, 8) (we skip the double brackets for clarity) to be the functor from I,
to I, defined by (10.10) and (10.11):

o for (71,72) € O(I;m,) we set
Int (o, B)(71,72) = (1 0, B072) € O(In,), (10.10)

see the left part of Figure 10.13;
b fOT’ (717727:7117771277) EM(Iml) we set

Int (C¥7ﬁ)(’}/1,"}/2,§1,ﬁg,’r) = ('Yl ° O‘76 OfYZaﬁl o Oé,/B O§27T); (1011)

see the right part of Figure 10.183.

«
Y1
mo mi
V2
B

Fig. 10.13. The definition of functor Int (a, 3).

We think of Int as a structural functor associated to I(C). Let us see
that it is well-defined. First, we check that Int («, ) is a functor for any
(a, B) € M(I(C)). We see that Int (o, 3) maps identity morphisms to identity
morphisms, since this simply means that 7 in (10.11) is an identity morphism.
It is also easy to check that Int (o, ) maps composition of morphisms to
composition of morphisms:

Int (o, B)((V1, Y2, V15 V25 T2) © (V1,725 V15 V25 1))

= Int (o, 3)(71,72,71,72, 720 T1) = (10, Boye, 10, B0, T 071)
=Moa,foy,M1oa,B072,m2)0(y10a,8072,710a,80%,71)

= Int (o, B) (31, V2,71, 72, 72) © Int (e, B) (71,72, 715 72, T1)-

Second, we can check that Int itself is a well-defined functor. An identity
morphism in I(C) is of the form (idge.,,1ids,m); this is mapped to the identity
by (10.10) and (10.11). Furthermore, Int (g 0 aq, B2 o f1) = Int (ag,B2) ©
Int (aq,31), as one again can verify from (10.10) and (10.11).
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10.4.3 Topology of the Category of Intervals

As it turns out, the topology of the category of intervals of an acyclic category
is the same as that of the original category itself.

Theorem 10.19. For any acyclic category C, the regular trisp A(I(C)) is
a subdivision of the regular trisp A(C), i.e., we have

A(I(C)) ~ A(C). (10.12)

Proof. We define continuous maps f : A(C) — A(I(C)) and g : A(I(C)) —
A(C), which are inverses of each other.

First, take z € A(C). By definition, x is encoded by a composable mor-
phism chain ag —% a1 —2 --- =% qy,, consisting of nonidentity morphisms
and coefficients tg,...,t; such that tg +---+t, =1 and 0 < ¢; < 1, for all
i=0,...,k. If k=0, then f maps x to the vertex id,, € A(I(C)). Otherwise,
assume k > 1. To describe f(z), we need to give a composable morphism
chain in I(C) and the corresponding set of coefficients. Let ¢ = min(tg, ty).
We take my omy_q10---0my as the last object in this composable morphism
chain, with the corresponding coefficient 2¢. After that, we construct the rest
of the composable morphism chain, and the coefficients recursively according
to the following rule:

e if tg > t;, then proceed with ag —> a3 —> --- il ak—1, using the

connecting morphism (id,,, m);

o if ty < t1, then proceed with a; — ag —2 - % g, using the connect-
ing morphism (my, idg, );

e otherwise proceed with a; —2 ay —2 ... i ak_1, if it is nonempty,
using the connecting morphism (mg, my),

where in all three cases we hand over the coefficients t; intact. In other words,
t is subtracted both from ¢y and from t;, after which the objects with zero
coefficients get deleted.

In the end, we either have an empty composable morphism chain, which
means that our process has terminated, or we have one object a;, with some
coefficient ¢, left. In the latter case, we finish our construction by putting the
object a; with coefficient ¢t as the first object in the composable morphism
chain that we are constructing.

For example, if kK =4, and tc = 0.1, t; = 0.3, to = 0.2, t3 = 0.2, t4, = 0.2,
then f(z) is encoded by the composable morphism chain

. (m2,m3) (idaq ,yma) (my,ida,)

idg, — mgomg — "mgomzomg ——  M40Mgz0OMy0OMy,
with the corresponding coefficients 0.2, 0.4, 0.2, 0.2; see the left part of Fig-
ure 10.14.

Let now y € A(I(C)). It is encoded by a composable morphism chain

Yo (e0By) | (oxBe) Yk, consisting of nonidentity morphisms and coefficients
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Fig. 10.14. Illustrating definitions of f and of g.

to,...,tx such that o+ -+t =1land 0 <t¢; <1, foralli =0,...,k. Set
a; = 0%y; and b; := 0¢7;, for i = 0,... k. An example of such a chain is
shown in the right part of Figure 10.14. Consider the following composable
morphism chain in C going along the perimeter of the diagram in Figure 10.14:
ap 2 2 g0 2% gy B By
We set g(y) to be the point that is encoded by this chain with the coefficients
of a; and of b; being each equal to t;/2, for all ¢ = 0,...,k. Notice that
this composable chain may contain identity morphisms. As is customary in
such a case, we then skip this morphism, identify its endpoints, and add their
coefficients.

To check that the maps f and g are continuous, we just need to see that
this is the case on closed simplices. This is straightforward, since all our ma-
nipulations with coefficients give continuous functions, including the case in
which the coefficients are set to 0. Also, clearly these maps are inverses of each
other. This shows that the spaces A(C) and A(I(C)) are homeomorphic. Fi-
nally, one can see that the image of any closed simplex of A(I(C)) under g
is contained in some closed simplex of A(C). Therefore A(I(C)) is actually
a subdivision of the regular trisp A(C). O

The interested reader is invited to see how the statement of Theorem 10.19
works out for the categories of intervals depicted in Figure 10.12.

10.5 Homeomorphisms Associated with the Direct
Product Construction

10.5.1 Simplicial Subdivision of the Direct Product

The product of two arbitrary objects, see Definition 4.20, exists in the category
Cat. The next definition describes an explicit construction.
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Definition 10.20. Let C' and D be arbitrary categories. The direct product
C x D is the category defined by the following:

e the class of objects is given by O(C x D) := O(C) x O(D);
o for objects (x1,y1), (x2,y2) € O(C x D), the set of morphisms is given by
Mexp((z1,y1), (22,92)) = Mc(21,22) X MD(y1,Y2)-

Fig. 10.15. A direct product of two acyclic categories. There are actually four mor-
phisms denoted by the fat middle morphism on the right-hand side. They correspond
to the four possible compositions of morphisms to the left of it, or, symmetrically,
to the right of it.

When C and D are acyclic categories, their product C'x D will be an acyclic
category as well, see Figure 10.15 for an example. Furthermore, when P and
Q) are posets, we recover the classical notion of a direct product of posets,
namely the poset whose set of elements is the set of all pairs (p,q), p € P,
q € Q, equipped with the partial order given by (p1,¢1) < (p2,¢2) if and only
if pr <py and q1 < go.

The next theorem is a classical statement about acyclic categories.

Theorem 10.21. For arbitrary acyclic categories C' and D, the topological
space A(C x D) is homeomorphic to A(C) x A(D). In fact, a stronger state-
ment 1s true:

A(C x D)~ A(C) x A(D). (10.13)

Proof. Let us compare the point descriptions of the spaces in (10.13).
On the right-hand side (RHS), the points can be described as pairs of

. . . « @
linear combinations (sgag+- - -+ skak, tobo + - - - +tmbm ), where ag —> a3 —

a . . . & B B :
- 2% a4, is a composable morphism chain in C, by — by — -+ 2% b, is

a composable morphism chain in D, s;,t; > 0, Zf:o s; =1, and Z;n:o t; =1,
where both chains consist of nonidentity morphisms. It is important to remark
here that even though the morphisms aq,...,ar and By, ..., B, do not enter
the description of the points explicitly, implicitly they remain part of the
data, and a different choice of morphisms between the same objects will yield
different points in A(C) x A(D).
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On the left-hand side (LHS), the points can be described as linear com-

binations ro(do,i)g) -+ rn(&mgn), where ao 24 B G, Gp, 1S
a composable morphism chain in C, bo & b1 LN i b, is a composable
morphism chain in D, Y7 jr; =1, r; >0, and for every i = 1,...,n, at least

one of the morphisms @; and (; is a nonidentity morphism.
Let us now describe the bijection between the points of A(C x D) and
A(C) x A(D,).

(1) (LHS) — (RHS).

TO(dO;EO) +Tn an7 n <Zrzawzrz z) )

and the corresponding morphisms aq, ..., a; and (i, ..., O, are obtained from
ai,...,0, and Bl, e ,Bn by omitting the identity morphisms. For example,
%(ambo) + %(ambl) + %(ahbl) = (%ao + %al, %bo + %bl)

(2) (RHS) — (LHS).

Take the collection of partial sums 0, 81,581+ S2,...,81+ -+ Sk_1,t1,t1 +
to,...,t1+- - -+tm_1,1 and order them in increasing order, eliminating the du-
plicates. Denote the obtained sequence by Xy =0,%4,...,%Y,-1,2, =1, and
set r; = X; — X;_1, for i = 1,...,n. Furthermore, set (di,i)i) = (as@), bg(i)),
where f(7) is the minimal index such that sy +---+s5¢;) > X, and g(i) is the
minimal index such that ¢y +--- 4 t4;) > %;. The morphism from (a;, ZN)l) to
(Zli+1,6i+1) is given by the input data morphisms a; — a;4+; and 131 — Bi+17
one of which (but not both) might be an identity morphism.

Our two constructions yield continuous maps, which are inverses of each
other; in particular, they must be bijections. Furthermore, since every simplex
of A(C x D) gets mapped inside some cell of A(C) x A(D), we see that
A(C x D) is a simplicial subdivision of A(C) x A(D), which incidentally has
the same set of vertices. 0O

Example 10.22.

(1) Recall that Bs consists of two ordered elements. It is not difficult to check
that By x- - - xBs = B,,, where there are n factors. On the other hand, applying
(10.13), we obtain

A(By) = A(By) x -+~ x A(Bg) = I

Thus we see that A(B,,) is a triangulation of the n-dimensional unit cube. It is
perhaps worth noting that this triangulation does not introduce new vertices,
and that the number of maximal simplices is equal to n!. In fact, they are
naturally indexed by the permutations of n, as are the maximal chains of B,,.
See the left and the middle parts of Figure 10.16.

(2) Taking P to be a chain with m elements, and @ to be a chain with n
elements, we see that A(P x Q) gives a simplicial subdivision of the direct
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product of two simplices A" x A" without introducing new vertices. See
the right part of Figure 10.16.

00 20
Al2l Al

Fig. 10.16. Subdivisions in Example 10.22.

10.5.2 Further Subdivisions

When the considered acyclic categories have terminal and/or initial objects,
there exist further subdivision results that are sometimes useful. Both results
are corollaries of the main Theorem 10.21.

Theorem 10.23. Assume that C' and D are acyclic categories.

(1) If both C' and D have terminal objects tc and tp, then
A((C X D)>(tc,tp)) ~ A(Cste) * A(D>tp), (10.14)

where the simplicial structure on the right-hand side s the standard one
of the join of two regular trisps.

(2) If both C' and D have initial objects s¢ and sp, as well as terminal objects
tc and tp, then

A(C x D) ~ susp (A(C) x A(D)), (10.15)

where C' and D denote the acyclic categories obtained from C and D by
removing the initial and the terminal elements, and the simplicial structure
on the right-hand side is again the standard one.

Proof. To see (10.14), we represent the space A(Csy., ) * A(Ds¢,,) as a union
of spaces A(Cs¢.) X A(D) and A(C) x A(Ds¢,, ), which intersect over a copy
of A(Cst.) x A(Dst,); here we recall that, according to (10.1), we have
A(C) = A(Csy) * {tc} and A(D) = A(Dsy),) * {tp}. Geometrically, one
could think of the join A(Cs¢,,)* A(Ds¢, ) being cut along the “middle” copy
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of A(Cst) X A(Dsyp,); see the left part of Figure 10.17. Correspondingly, we
can decompose A((C' X D)s(i,tp)) as a union of A(Cs¢, x D) and A(C x
D~:,), which in turn intersect in A(Csi. X Dst,); see the right side of
Figure 10.17.

Fig. 10.17. Decompositions proving (10.14).

By Theorem 10.21 we know that we have the following subdivisions:
A(C>tc X D) ~ A(C>tc) X A(D)’ A(C X D>tD) ~ A(C> X A(D>tD)7 and
A(Csty X Dstpy) ~ A(Csiy) X A(Dsy,). Furthermore, these subdivisions
are natural, in the sense that this subdivision of A(Cs¢.) X A(Dsy,) co-
incides with the restrictions of these subdivisions of A(Cs¢,) x A(D) and
A(C) x A(Dsy,,). The statement (10.14) follows from this.

The subdivision statement (10.15) is slightly more complicated, but follows
by a similar argument. This time, we represent the space susp (A(C) * A(D))
as a union of spaces A(C,.)*A(D), which is the same as {tc}* A(C)+A(D),
and A(C)*A(D<s, ), which is the same as {tp }* A(C)*A(D). These intersect
over a copy of A(C')x A(D). The decomposition of A(C"x D) that we get here
is a little more interesting: we represent it as a union of A((C'x D>¢p,) < (s¢,5p))
and A((Cste X D)< (se,sp)), Which intersect in A((Cst X Dstp)<(s0,5)); S€€
Figure 10.18.

By the proved statement (10.14), we have
A((C % Dstp)<(so,5p) ~ AlCcse) * A(D) = {tc} * A(C) * A(D),
A((Cste X D)<(sc,sp)) ~ A(C) ¥ A(D<se) = {tp} * A(C) * A(D),
A((C>tc X D>tD)<(sc,sD)) ~ A(C) * A( )

Again, this subdivision of A(C')* A(D) coincides with the restrictions of these
subdivisions of {tc} x A(C) x A(D) and {tp} * A(C) * A(D). The statement
(10.15) follows from this. O
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Fig. 10.18. Decomposition proving (10.15).

10.6 The Mobius Function

10.6.1 Mo6bius Function for Posets

First, we recall the classical facts about the Mobius function for posets. As
mentioned in Section 10.4, for an arbitrary poset P, let I(P) denote the set
of the finite intervals of P. Define the function u : I(P) — C as follows:

o u(x,z):=1, for all z € P;
o u(z,y) = *Zzgzq, wl(x, z), for all x <y, z,y € P.

The function p is called the Mdébius function. An alternative way to
define p is via the incidence algebra of P. All functions f : I(P) — C form
a C-algebra, with pointwise addition, pointwise multiplication by complex
numbers, and the following convolution product: for f,g : I(P) — C we

define
(fog)wy) = > flx,2)g(zv).
z<z<y
Define special functions e, ¢ : I(P) — C, by &(x,y) := 1, for all z < y, and
e(z,x) =1, e(x,y) = 0, for z # y. The Mobius function can now be defined
as the solution of the identity po & =e.

Theorem 10.24. For any finite poset P with a mazimal and minimal ele-
ments, we have

(0, 1) = X(A(P)). (10.16)

Proof. Clearly, (10.16) is true for |P| < 3. We proceed by induction on |P|.
Let x be a maximal element of P. Set @ = P\ {z}. By the definition of
the Md&bius function we have

,U'P((l i) = *MP((A)v z) + /LQ(Ov i) (10.17)
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On the other hand, topologically AA(P) is obtained from A(Q) by attaching
a cone with apex in « and base A(0, z). In terms of Euler characteristics we
obtain

X(A(P)) = x(A(Q)) + x(cone) — x(A(0, z)).
Since x(cone) = 1, we conclude that
X(A(P)) = X(A@Q)) = X(A(0, 2))- (10.18)
The comparison of (10.17) with (10.18), together with the induction assump-
tion, yields the result. O

10.6.2 Mobius Function for Acyclic Categories

The Mobius function for posets is in fact a special case of the notion of
a Mobius function for acyclic categories.

Definition 10.25. Let C be an acyclic category with a terminal object t.
A function p : O(C) — Z is defined as follows:

o u(t)=1
o forxe OC), x#t, we set

p(x) = —Z,u((“).m), (10.19)

where the sum is taken over all nonidentity morphisms m € M(C) such
that 0°m = x.

Fig. 10.19. Mobius functions for acyclic categories from Figure 10.1 with added
terminal objects.

For future reference, we mention that moving all summands in (10.19) over
to the left-hand side, we get
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> w@em) = 0. (10.20)

m:0®*m=x
In analogy with Hall’s theorem we have the following statement.

Theorem 10.26. For any finite acyclic category C with an initial object s
and o terminal object t, we have

u(s) = X(A(C)). (10.21)

Proof. Choose a linear extension of C. We can see by induction on the position
in this linear extension that for any z € O(C) we have

plw) = (-1, (10.22)

(&
where the sum is taken over all composable morphism chains ¢ of the type

mi ma Mi(c)—1 mi(e)
T——a1r —— 0~ Q-1 —— &

where all morphisms are nonidentity, and with I(c), the length of ¢, being the
number of morphisms.

Indeed, equation (10.22) is clearly true for = ¢, where we use the con-
vention that an object of C' is a composable morphism chain of length 0.
The induction step follows immediately from equation (10.19), since the term
1(Gem) counts those composable morphism chains that start with m, and the
minus sign is there to account for the fact that we have just added another
morphism.

Since t is an initial object and s is a terminal one, substituting = s
in equation (10.22), and recalling the definition of the nerve of an acyclic
category, we obtain (10.21). O

The notion of incidence algebra has its analogue for acyclic categories as
well. As is to be expected, the role of intervals in a poset is taken over by
morphisms of a category.

Definition 10.27. Let C be an arbitrary finite acyclic category. The inci-
dence algebra of C is the C-algebra of all functions o : M(C) — C, with
pointwise addition, pointwise multiplication by complex numbers, and with the
following convolution product o: for «, 3 : M(C) — C, m € M(C), we define

(o B)(m) = > a(my)B(ma),

mi,ma

where the sum is taken over all pairs of morphisms my,my € M(C) such that
Mg 0 My = M.
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This convolution product is associative, since we have

((aoB)oy)(m)=(ac(Boy)(m)= Y almi)b(ms)y(ms).

ms3omoomi=m

Define special functions e, & : M(C) — C by £(m) := 1, for all m € M(C),
e(idy) = 1, for all x € O(C), and e(m) = 0, for all nonidentity morphisms
m € M(C). Tt is readily seen that e is a two-sided unit for this convolution,
that is, xoe = eoa = a, for any o : M(C) — C.

Proposition 10.28. Let C' be an arbitrary finite acyclic category. The equa-
tion po& = e has a unique solution, which is also called the Mobius function.
This solution will automatically satisfy the equation £ o p = e as well.

Proof. Used on identity morphisms, the equation p o £ = e implies that
u(id;) = 1, for all z € O(C). For nonidentity morphisms the equation poé = e

translates to
pm)=—">" p(m). (10.23)
e did

Let n = |O(C)|, and let L : O(C) — [n] be a linear extension bijective on
elements; such an L exists by the discussion in Subsection 10.1.2. Order all
morphisms of C' in any way so that the difference L(0*m) — L(0em) does not
decrease. Then (10.23) expresses pu(m) through the values of i on morphisms
that precede m in this order. This proves, by induction on the order L, that
po & = e has a solution, and that it must be unique.

Analogously, the equation £ o p = e has a unique solution. If these two
solutions are different, then denote them by p; and po, and consider the
product pg o€ o uo. The following is a standard computation from, e.g., group
theory:

p2=eopuz = (u1o&)opuy=pyo(€opus)=poe=pui,
and it shows that pu; = ps. 0O

Some examples of this Mobius function are shown in Figure 10.20. When
x is an object our previously used shorthand notation from Definition 10.25
translates to p(z) = p(m), where m is the unique morphism m :  — t.

The set of all functions f : O(C) — C is the dual of the vector space whose
basis elements are indexed by the set O(C'). It is important to notice that the
following equation describes the algebra representation of I(C) on this vector
space:

(af)(@)= ) a(m)f(@em), (10.24)
o*m=x
for all z € O(C), f: O(C) — C, and a : M(C) — C. To see that (10.24)
actually defines an algebra representation, we need to prove that

ef = f, (10.25)
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1 1 1
-1 -1 -1
-1 0 1 1 1
-1 -1 -
1 1 1

Fig. 10.20. Mobius functions on morphisms of acyclic categories from Figure 10.1.

for all f: O(C) — C, and

a(Bf) = (aop)f, (10.26)
for all f: O(C) — C and «, 5 : M(C) — C. Let z € O(C). The following
computation verifies (10.25):

(@)= > e(m)f(@em) = f(Duids) = f(x).
o*m=x
To see (10.26), we expand both of its sides. We have

(@BMN@) = > alm)(Bf)(@emi)

o*mi=x

= Z (a(mﬂ > ﬂ(m2)f(3om2)>

o*mi=x O®*mao=0em1

> alm)B(ms)f(ems),

9%my=x

0®mo=0emq
and on the other hand,

(wo@)f)@)= D (aop)(m)f(9em)

o*m=x

_ ( 3 a(ml)ﬂ(m2)> F(oum)
d*m=zx

moomi=m

= Y a(m)B(ms)f(@m).

o®*m=ux
mogomy=m

Comparing the two outcomes, we see that they are actually equal; hence
(10.26) is verified.

Theorem 10.29. (Mé&bius inversion for acyclic categories).
Let f,g: O(C) — C. Then the following two statements are equivalent:
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o g(x) =) ge,n_y [(Oem), for all x € O(C);
o f(x) =2 gemey M(m)g(dem), for all z € O(C).

Proof. The statement of the theorem is simply the translation of the fact
that £f = g is equivalent to f = pg. The latter is true since p o £ = e, using
(10.25) and (10.26). O

Proposition 10.30. For arbitrary acyclic categories C and D, and any mor-
phisms a € M(C), 8 € M(D), we have

pexp(a, f) = pol(a)pp(B)- (10.27)

Proof. We have

pola)up(B) = Y polar)- Y po(B)

(a2,B2)0(ar,B1)=(,0) Qzoa1=a B20oB1=0
= ba=id - 0p=id = (a,B)=id>

where dg is the Kronecker delta function: it is 1 if S is true, and 0 if .S is false;
for example, §o—iq is 1 if and only if « is an identity morphism. O

10.7 Bibliographic Notes

Most of the material of this chapter is new and has not appeared elsewhere.
The interested reader may benefit from a standard text in category theory,
such as [McL98], as an additional source of information. In the special case
of posets instead of acyclic categories, the standard references are [Sta97]
and [Bj96].

Originally, the Mo6bius function was introduced for integers. The text-
book [Sta97] contains a great deal of material about the M&bius function for
posets, including Theorem 10.24, which is also called Hall’s Theorem.
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Discrete Morse Theory

11.1 Discrete Morse Theory for Posets

When the set of cells of a CW complex is given by means of a combinatorial
enumeration, and the cell attachment maps are not too complicated, for in-
stance if the CW complex in question is regular, it is natural to attempt to use
the standard notion of cellular collapse to simplify the considered topological
space, while preserving its homotopy type.

Since the presentation of the cell complex is combinatorial, once this course
of action is taken, it becomes imperative to have a language as well as an ap-
propriate combinatorial machinery for dealing with allowed sequences of col-
lapses. Accordingly, we shall first investigate what happens on the purely
combinatorial level of posets, before proceeding to drawing topological con-
clusions and looking at applications.

11.1.1 Acyclic Matchings in Hasse Diagrams of Posets

Recall from Definition 6.13 that for a generalized simplicial complex A, a sim-
plicial collapse is simply a removal of interiors of two simplices o and 7 such
that

e dimo =dim7+1;
e the only simplex containing o is o itself;
e the only simplices containing 7 are o and 7.

Sometimes such a collapse is called an elementary collapse. Note that a sim-
plicial collapse is possible if and only if there exists a simplex 7 whose link
in A consists of a single vertex; the simplex o is then given by the span of
7 and v. For a general CW complex one has to take care of some additional
technicalities; see Definition 11.12.

In any case, we see that the combinatorial encoding of a set of collapses is
best provided by a matching consisting of a collection of pairs of cells (7, 0)
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such that o contains 7, and dimo = dim 7 4 1. Clearly, not every matching of
this type can be turned into a sequence of collapses. For instance, no allowed
sequence of collapses for the simplicial complex in Figure 11.1 can be found
in the matching depicted on the right of that figure.

Fig. 11.1. A hollow triangle and a matching in its face poset.

It is easy to see what goes wrong in this example: the prospective collapses
are all “hooked up” with each other in a cyclic pattern, which we are unable
to break by doing only single collapses. This simple observation leads to the
following formalization.

Definition 11.1.
(1) A partial matching! in a poset P is a partial matching in the underlying
graph of the Hasse diagram of P, i.e., it is a subset M C P x P such that

e (a,b) € M implies b > a;
e ceach a € P belongs to at most one element in M.

When (a,b) € M, we write a = d(b) and b = u(a).
(2) A partial matching on P is called acyclic if there does not exist a cycle

by = d(b1) < by = d(bg) < -+ < by, = d(by) < by, (11.1)

with n > 2, and all b; € P being distinct.

A popular way to reformulate condition (2) of Definition 11.1 is the fol-
lowing. Given a poset P, we can orient all edges in the Hasse diagram of P so
that they point from the larger element to the smaller one. After that, given
a partial matching M, change the orientation of the edges in M to the oppo-
site one. The condition in question now says that the oriented graph obtained
in this fashion has no cycles.

We see that Definition 11.1 allows a more general situation than just the
collapses that we described above. This makes our situation quite different
from the simple homotopy theory considered in Section 6.5. For example,
a partial matching consisting of a single pair of simplices b > a is always

b Also called discrete vector field.
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acyclic. The reader is invited to intuitively think about such pairs as internal
collapses. The idea is to remove all the matched elements in some appropriate
order, so that the homotopy type of the underlying space is kept intact. We
call the unmatched elements, i.e., the elements that will remain, critical, and
denote the set of critical elements by C'(P, M).

The next theorem is the crucial combinatorial fact pertaining to matchings
in Hasse diagrams of posets. It characterizes acyclic matchings by means of
linear extensions.

Fig. 11.2. Acyclic matching and the corresponding linear extension.

Theorem 11.2. (Acyclic matchings via linear extensions)
A partial matching on P is acyclic if and only if there exists a linear extension
L of P such that the elements a and u(a) follow consecutively in L.

Proof. Assume first that we have a linear extension L satisfying this property,
and that at the same time, we have a cycle as in (11.1). Set a; = d(b;), for
i=1,...,n. Then

bit1 = a; = a; <p bit1 = a; <p a1

(since a;11, biy1 follow consecutively in L). Thus a, >1 an—1 >1 -+ >
a1 >, ag = an, yielding a contradiction.

Assume now that we are given an acyclic matching, and let us define L
inductively. Let @ denote the set of elements that are already ordered in L.
We start with @ = (). Let W denote the set of minimal elements in P\ Q. At
each step we have one of the following cases.

Case 1. One of the elements c in W is critical.

In this case, we simply add ¢ to the order L as the largest element, and proceed
with Q U {c}.

Case 2. All elements in W are matched.

Consider the subgraph of the underlying graph of the Hasse diagram of P\ @
induced by W U u(W). Orient its edges as described above, i.e., they should
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point from the larger element to the smaller one in all cases, except when
these two elements are matched, in which case the edge should point from the
smaller element to the larger one. Call this oriented graph G.

If there exists an element a € W such that the only element in W U u(W)
that is smaller than wu(a) is a itself, then we can add elements a and u(a) on
top of L and proceed with QU {a,u(a)}. Otherwise, we see that the outdegree
of u(a) in G is positive, for each a € W. On the other hand, the outdegrees in
G of all a € W are equal to 1. Since therefore outdegrees of all vertices in the
oriented graph G are positive, we conclude that G must have a cycle, which
clearly contradicts the assumption that the considered matching is acyclic.

An example of a linear extension derived from an acyclic matching by this
procedure is shown in Figure 11.2. O

11.1.2 Poset Maps with Small Fibers

Next, we would like to characterize acyclic matchings by means of a special
class of poset maps.

Definition 11.3. Given two posets P and Q, a poset map ¢ : P — @Q is said
to have small fibers if for any q € Q, the fiber ¢~1(q) is either empty or
consists of a single element or consists of two comparable elements.

Fig. 11.3. A poset map with small fibers.

An example is shown in Figure 11.3. We remark that since ¢ is a poset
map, if for some ¢ € Q the fiber ¢ ~1(q) consists of two comparable elements,
then one of these two elements must actually cover the other one. Therefore,
to any given poset map with small fibers ¢ : P — @ we can associate a partial
matching M () consisting of all fibers of cardinality 2.

Theorem 11.4. (Acyclic matchings via poset maps with small fibers)

For any poset map with small fibers ¢ : P — @, the partial matching M (p) is
acyclic. Conversely, any acyclic matching on P can be represented as M (ip)
for some poset map with small fibers .
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Proof. The fact that ¢ : P — @ is a poset map implies that the induced
matching M(yp) is acyclic: for if it were not, there would exist a cycle as
in (11.1), and ¢ would be mapping this cycle to a set of distinct elements
q>q2 > >q > q of Q, for some ¢, yielding a contradiction.

On the other hand, by Theorem 11.2, for any acyclic matching on P there
exists a linear extension L of P such that the elements a and wu(a) follow
consecutively in L. Gluing a with u(a) in this order yields a poset map with
small fibers from P to a chain. O

In the proof of Theorem 11.4 we have actually constructed a poset map
with small fibers into a chain. These maps are especially important, and we
give them a separate name.

Definition 11.5. A poset map with small fibers ¢ : P — @Q is called a col-
lapsing order if ¢ is surjective as a set map, and Q) is a chain.

Given an acyclic matching M, we say that a collapsing order ¢ is a collaps-
ing order for M if it satisfies M (¢) = M. The etymology of this terminology
is fairly clear: the chain ) gives us the order in which it is allowed to perform
the prescribed collapses.

11.1.3 Universal Object Associated to an Acyclic Matching

It turns out that for any poset P and any acyclic matching on P, there
exists a universal object: a poset whose linear extensions enumerate all allowed
collapsing orders.

Definition 11.6. Let P be a poset, and let M be an acyclic matching on P.
We define U(P, M) to be the poset whose set of elements is MUC(P, M), and
whose partial order is the transitive closure of the elementary relations given
by S1 <y Sa, for 81,52 € U(P,M) if and only if x < y, for some x € Sy,
Yy e SQ.

Note that in the formulation of Definition 11.6 we think of elements of M
as subsets of P of cardinality 2, while we think of elements of C(P, M) as
subsets of P of cardinality 1. One can loosely say that Definition 11.6 states
that U(P, M) is obtained from P by gluing each matched pair together to
form a single element, with the new partial order induced by the partial order
of P in a natural way. See Figure 11.4 for an example.

Of course, the first natural question is whether this new order is actually
well-defined. The next proposition answers that question and also explains in
what sense U(P, M) is a universal object.

Theorem 11.7. (Universality of U(P, M))
For any poset P and for any acyclic matching M on P, we have:

(1) the partial order on U(P, M) is well-defined;
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Fig. 11.4. A universal poset associated with an acyclic matching.

(2) the induced quotient map q : P — U(P, M) is a poset map with small
fibers;

(3) the linear extensions of U(P, M) are in 1-to-1 correspondence with col-
lapsing orders for M ; this correspondence is given by the composition of
the quotient map q with a linear extension map.

Proof. To prove (1) we need to check the three axioms of partial orders.
The reflexivity is obvious, and the transitivity is automatic, since we have
taken the transitive closure. The only property that needs to be proved is
antisymmetry. So assume that it does not hold, and take X,Y € U(P, M)
such that X <y Y, Y <y X, and X # Y. Choose a sequence

X<US1<U"'<USp<UY<UT1<U"'<UTq<UX, (11.2)

with the minimal possible p and ¢q. Since p and g are chosen to be minimal,
all the sets S1,...,5, and 11, ...,T; must have cardinality 2.

Let us first deal with the case p = ¢ = 0 separately. If | X| = |Y| =1, say
X ={z},Y = {y}, then we have z < y and y < z, hence x = y, since P itself
is a poset. If | X| =1 and |Y| =2, say X = {z}, Y = (a,b), then b > = and
T > a, since x # b, x # a. This gives b > = > a, yielding a contradiction to
the assumption that b covers a. By symmetry of (11.2) this argument covers
the case |X| =2, |[Y| = 1 as well, so we can assume that |X| = |Y]| = 2. In
this case X <y Y <y X is a cycle, contradicting the assumption that our
matching is acyclic.

From now on, we have p + ¢ > 1. Assume first that |X| = |Y| = 1, say
X={z}, Y ={y}. If p=0and ¢ =1, let T} = (a,b), with b > a. On the
one hand, we have x < y; on the other, b > y, x > a. Combining, we get
b>y >x > a, implying x = y, since b covers a. Again by symmetry this
takes care of the case p =1 and ¢ = 0 as well.

Without loss of generality we may now assume that either p + ¢ > 2, or
Y| =2 and p+ ¢ > 1. In the first case,
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S <y - <y Sp <y Ti <U"’<UTq

yields a cycle, contradicting the assumption that our matching was acyclic; in
the second case such a cycle is given by

S1 <U"'<USp<UY<UT1 <U"'<UTq-

Part (2) is straightforward. If z < yin Pand z € X, y € Y, for X, Y €
U(P,M), then X <Y in U(P, M) by the definition of the partial order on
U(P, M), though we may actually get equality. So ¢ is a poset map, and
the fibers are small, since we have just proved that X <y Y together with
Y <y X implies X =Y.

Let us now prove (3). Given a linear extension | : U(P,M) — (@), the
composition [og : P — @ is of course a poset map with small fibers, and it is
surjective since both [ and ¢ are surjective.

Conversely, assume that ¢ : P — @ is a collapsing order for M. Since ¢ is
surjective, =1 (x) is nonempty for every x € Q; in fact, we have a bijection
between sets p~1(z), for z € @, and elements of U(P, M ). To factor ¢ through
U(P, M), we set I(q(¢~ (z))) := x, for each z € Q. We have [ o ¢ = ¢ as set
maps. To see that the map [ is order-preserving, notice that an elementary
relation S > T, for S, T € U(P, M), implies that there exist z € S, y € T such
that « > y, which in turn implies p(z) > ¢(y), since @ is order-preserving,
and notice furthermore that all relations S > T' are just the transitive closures
of the elementary ones.

Thus, we get the desired 1-to-1 correspondence between linear extensions
of U(P, M), and collapsing orders for M. O

11.1.4 Poset Fibrations and the Patchwork Theorem

Beyond the encoding of all allowed collapsing orders as the set of linear ex-
tensions of the universal object U(P, M), viewing the posets with small fibers
as the central notion of the combinatorial part of discrete Morse theory is
also invaluable for the structural explanation of a standard way to construct
acyclic matchings as unions of acyclic matchings on fibers of a poset map.

The following construction generalizes Definition 10.7 of the stack of
acyclic categories. Since we will need this only for posets, we satisfy our-
selves here with formulating the special case. The generalization to acyclic
categories is straightforward.

Definition 11.8. A poset fibration is a pair (B,F), where

e B is a poset, thought of as the base of the fibration;
F = {Fy}zen is a collection of posets, indexed by the elements of B,
thought of as individual fibers.
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Associated to such a fibration we have a poset F(B,F), defined as the
union Uge g Fy, with the order relation given by a > f if either «, 8 € F},, and
a > fin Fy, for some x € B, or a € F,, B € F, and >y in B. This is the
total space.

Furthermore, we have a poset map p : E(B,F) — B defined by p(«) := z
if @ € F,. In particular, we have p~!(z) = F,, for all # € B. This is the
structural projection map of the total space to the base space, whose preimages
are the fibers.

The notion of poset fibrations satisfies the following universality property.

Theorem 11.9. (Decomposition theorem)
For an arbitrary poset fibration (B, F), where F = {F,}.cn, and an arbitrary
poset P, there is a 1-to-1 correspondence between

e poset maps ¢ : P — E(B,F);
o pairs (V,{gs}zcp), where ¥ and each g,’s are poset maps ¢ : P — B and
gz 1Y (x) — Fy, for each x € B.

Under this bijection, the fibers of ¢ are the same as the fibers of the maps g, .

Proof. One direction of this bijection is trivial: given a poset map ¢ : P —
E(B,F), we obtain the poset map ) : P — B by composing ¢ with the
structural projection map p : E(B,F) — B, and we obtain the poset maps
gz by taking the appropriate restrictions of the map .

In the opposite direction, assume that we have a poset map ¢ : P — B
and a collection of poset maps g, : ¥~ (z) — Fy, for all z € B. Define
¢ : P — E(B,F) by taking the value of the appropriate fiber map:

1/1(04) = YGo(a) (04)7

for all @ € P. Let us see that this defines a poset map. For a > 3, a, 3 € P, we
have (o) > (), since ¢ is a poset map. If (o) = ©(8), then gy () >
9o(8)(B), since g,(a) (= gp(s)) is a poset map. Otherwise, we have ¢(a) >
©(3), and hence g, (q) () > gy(5)(B), by the definition of the partial order on
the total space E(B,F). O

The decomposition theorem 11.9, is often used as a rationale to construct
an acyclic matching on a poset P in several steps: first map P to some other
poset @, then construct acyclic matchings on the fibers of this map. By the
observation above, these acyclic matchings will “patch together” to form an
acyclic matching for the whole poset. See Figure 11.5 for an example. For
future reference, we summarize this observation in the next theorem.

Theorem 11.10. (Patchwork theorem)

Assume that ¢ : P — @ is an order-preserving map, and assume that we have
acyclic matchings on subposets ~1(q), for all ¢ € Q. Then the union of these
matchings is itself an acyclic matching on P.
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Proof. The role of the base space here is played by the poset @, and the
fiber maps g, are given by the acyclic matchings on the subposets ¢ ~!(q).
The decomposition theorem tells us that there exists a poset map from P to
the total space of the corresponding poset fibration, and that the fibers of this
map are the same as the fibers of the fiber maps g,. Since the latter are given
by acyclic matchings, we conclude that we have a poset map from P with
small fibers that corresponds precisely to the patching of acyclic matchings
on the subposets ¢ ~1(q), for g € Q. O

3

2
/\_/.\? 2
1 1

Q

Fig. 11.5. Acyclic matching composed of acyclic matchings on fibers.

We conclude our discussion of poset maps with small fibers by mentioning
that this point of view yields a rich class of generalizations. Indeed, any choice
of the set of allowed fibers will yield a combinatorial theory that could be
interesting to study. One could, for instance, allow any Boolean algebra as
a fiber. This would correspond to the theory of all collapses, not just the
elementary ones, which we get when considering the small fibers. One can take
any other infinite family of posets. One prominent family is that of partition
lattices {I1,,}52 ;. What happens if we consider all poset maps with partition
lattices as fibers?

11.2 Discrete Morse Theory for CW Complexes

11.2.1 Attaching Cells to Homotopy Equivalent Spaces

We shall use the following standard fact of algebraic topology, which we state
here with only a sketch of a proof.

Theorem 11.11. Assume that X1 and X1 are two homotopy equivalent topo-
logical spaces, and let h : X1 — Xo be some homotopy equivalence. Let o be
a cell with attachment maps f1 : 0o — X1 and fo : 0o — Xo such that ho fi
is homotopic to fs; see Figure 11.6.



188 11 Discrete Morse Theory

Under these conditions, the space X1 Uy, o is homotopy equivalent to the
space Xo Uy, 0.

do
f1 f2

Xy

Xo

Fig. 11.6. Attaching a cell to homotopy equivalent spaces.

The homotopy equivalence in Theorem 11.11 can be described by giving
an explicit map f : X1Uy 0 — XoUy,0. This map is induced by the map h, and
by the homotopy H : 0o x I — X satisfying H(0c,0) = fo, H(0o,1) = ho f.
To describe f, we identify ¢ with the unit disk D™, and do with the bounding
unit sphere S"~!. Then we set (cf. Corollary 7.12)

f(z) :=h(z), forze Xy,

2tv, for0<t<1/2, veS*1
f(tv) := o
H(v,2t—1), forl/2<t<1, veS" %L

The following two special cases of Theorem 11.11 are often distinguished
as being of particular importance:

Case 1. X; = Xy, and h =idx,.

This is a special case of Proposition 7.11, which is used, for example, in jus-
tifying the fact that the homotopy type of a CW complex is uniquely deter-
mined even if the cell attachment maps are given only up to homotopy; see
Figure 11.7.

Fig. 11.7. Changing the attachment map by a homotopy.
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Case 2. ho f1 = f5.

In fact, if ho f; = fo, then it is much simpler to describe the homotopy

equivalence map f: X1 Uy, 0 — Xy Uy, 0. We may simply set
h(zx), forze Xy;

flz) = { (11.3)

N T, for z € Int 0.

11.2.2 The Main Theorem of Discrete Morse Theory for CW
Complexes

Intuitively, a cellular collapse is a strong deformation retract that pushes the
interior of a maximal cell in, using one of its free boundary cells as the starting
point, much like compressing a body made of clay. The cellular collapses can
be defined for arbitrary CW complexes.

Definition 11.12. Let X be a topological space and let Y be a subspace of X.
We say that Y is obtained from X by an elementary collapse if X can be
represented as a result of attaching a ball B™ to Y along one of the hemi-
spheres. In other words, if there exists a map ¢ : B" ' — Y such that
X =Y U, B", where B™ ! denotes one of the closed hemispheres on the
boundary of B™.

Such a collapse is called cellular if additionally X is a CW complex, and
X is a CW complex obtained from 'Y by attaching two cells: Bi_l (this is the
opposite hemisphere of Bﬁfl) and B™, with ¢ inducing the necessary attaching
maps as above.

The simplicial collapse defined in Section 6.4 is a special case of Defini-
tion 11.12. We are now ready to formulate the central result of this section. For
technical convenience, we restrict ourselves to considering cellular collapses in
the setting of polyhedral complexes only.

Theorem 11.13.

(Main theorem of discrete Morse theory for CW complexes)

Let A be a polyhedral complex, and let M be an acyclic matching on F(A)\{0}.
Let ¢; denote the number of critical i-dimensional cells of A.

(a) If the critical cells form a subcomplex A, of A, then there exists a sequence
of cellular collapses leading from A to A..

(b) In general, the space A is homotopy equivalent to A., where A. is a CW
complex with ¢; cells in dimension 1.

(¢) There is a natural indexing of cells of A, with the critical cells of A such
that for any two cells o and T of A. satisfying dimo = dim7 + 1, the
incidence number [T : o] is given by

[rio]=> we). (11.4)

C
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Here the sum is taken over all alternating paths c connecting o with T,
i.e., over all sequences ¢ = (o,a1,u(ar),...,at,u(ar), 7) such that o > aq,
u(as) = 7, and u(a;) = a1, fori =1,...,ar—1. For such an alternating
path, the quantity w(c) is defined by

w(c) = (=1)"ay : o][r : u(ay) H ﬁ[ai-H cu(ay)],  (11.5)

where the incidence numbers in the right-hand side are taken in the com-
plex A.

Remark 11.14. The converse of Theorem 11.13(a) is clearly true in the fol-
lowing sense: if A, is a subcomplex of A and if there exists a sequence of
collapses from A to A., then the matching on the cells of A\ A. induced
by this sequence of collapses is acyclic. In particular, a polyhedral complex
A is collapsible if and only if the poset F(A)\ {0} allows a complete acyclic
matching.

Proof of Theorem 11.13. Take the linear extension L satisfying the condi-
tions of Theorem 11.2.

Proof of (a). Clearly, the linear extension can be chosen so that all the
critical cells come first. Hence, if read in decreasing order, L gives a sequence
of cellular collapses leading from A to A..

Proof of (b). We perform induction on the cardinality of F(A). If | F(A)| =1,
the statement is clear. For the induction step, let o be the last cell in L.

Case 1. The cell o is critical.

Let A = A \ Into, and let ¢ : do — A be the attaching map of o in A.
The matching M restricted to Ais again acyclic, and the critical cells are the
same, with o missing. Hence by induction, there exist a CW complex A. and
a homotopy equivalence h : A — A.. B

Consider the composition attaching map hoy : do — A.; see Figure 11.8.
By Theorem 11.11, we conclude that AU, o ~ A th o. Note that A =
A U, 0. The theorem follows by induction 1f we set A, 1= A -Uhop 0. The new
homotopy equivalence map is given by equation (11.3).

oo

Fig. 11.8. Attaching a critical cell.
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Case 2. The cell o is not critical.

In this case we must have (d(0),0) € M. Note that d(o) is maximal in F(A)\
{o}, and let A= A\ (Into UIntd(c)).

Clearly, removing the pair (d(c),o) is a cellular collapse; in particular,
there exists a homotopy equivalence f : A — A. On the other hand, by the
induction assumption, there exist a CW complex A, with ¢; i-dimensional
cells and a homotopy equivalence f : A — A.. Hence, setting A; := A., we
have obtained the desired homotopy equivalence fo f: A — A,.

Proof of (c). We would like to give an elementary geometric argument. Let
o be some critical cell of A of dimension n. Initially, o was attached along its
boundary sphere, but after all the internal collapses, the attachment became
more intricate. We would like to envision the attaching map as “a map of the
world” drawn on the boundary sphere do. When the attaching map changes,
we “redraw” this map, usually only locally.

Recall that the collapses can be performed so that the dimension of the
collapsing pairs does not increase (the dimension is measured by the one of
the two cells that has higher dimension). This means that first all collapses of
dimension n can be performed, then all collapses of dimension n — 1.

We think of this collapsing as a dynamic procedure, and we start by tracing
the changes of the attachment map of o when the collapses of dimension n
are executed. Let (a,u(a)) be such a collapse. If a was not in the image of
the attaching map of ¢ at this point, then this collapse does not alter the
attaching map. If a is in the image of the attaching map of o at this point,
then this collapse alters the attaching map (the map of the world on do) as
follows: a gets replaced with du(a) \ Int a. In a polyhedral complex this says
that a gets replaced with the Schlegel diagram of u(a) with respect to a; see
Figure 11.9 for an example. This process will continue until all the collapses
of dimension n are done.

Fig. 11.9. Internal collapses as boundary subdivisions: the result of collapsing
(234,2345) and (345, 3456).

Once it is finished, the only cells of dimension n—1 that appear in the image
of the attaching map of o are the critical ones and those that are matched to
the cells of dimension n — 2. The execution of collapses of dimension n — 1,



192 11 Discrete Morse Theory

which follows after that, has a simple effect on the latter ones: they are being
internally collapsed, leaving no contribution to the incidence numbers.

This means that the only thing that we need to understand is how often
and with which orientations the critical cells of dimension n — 1 will appear
on the boundary sphere do. It follows from our iterative procedure above
that appearances of a given critical cell 7 are in one-to-one correspondence
with the alternating paths. Indeed, every replacement of a with du(a) \ Int a
corresponds to prolonging the alternating path with the edge up (a,u(a)), and
then extending it with all possible edges down (b, u(a)).

The correctness of (11.4) follows from the following observation, which
allows us to trace the evolution of incidence numbers of the cells on do. When
the cell a with the incidence number € gets replaced by the cells du(a) \ Int a,
each such cell b gets the incidence number —efa : u(a)][b: u(a)]. O

It is easy to see that the proof of Theorem 11.13(b) actually works in
greater generality: one can take arbitrary CW complexes, at the same time
replacing cellular collapses by arbitrary homotopy equivalences. More pre-
cisely, we have the following result.

Theorem 11.15. Let X be a CW complez, and let
Fo(X) C Fl(X) c.--C Ft(X) =X

be a CW filtration of X such that the subcomplex Fo(X) is just a single vertex,
and such that for all i = 1,... t, either F;(X)\ Fi—1(X) consists of a single
cell, or the inclusion map f; : F;_1(X) — F;(X) is a homotopy equivalence.

Then X is homotopy equivalent to a CW compler whose cells are in
dimension-preserving bijection with the cells of X, which appear as F;(X) \
Fi_1(X).

Proof. If the inclusion map f; : F;_1(X) — F;(X) is a homotopy equivalence,
then there exists ¢; : F;(X) — F;_1(X), which is a homotopy equivalence as
well. After this observation, the proof of Theorem 11.13(b) works one-to-one,
with critical cells replaced with F;(X)\ F;_1(X) whenever the latter consists
of a single cell, and with collapses replaced by such maps g;. O

11.2.3 Examples
Example 0: Internal collapses on the boundary of a simplex

Our first example is rather simple. Let A be the boundary of an n-dimensional
simplex. We see that F(A)\ {0} = B,.;1. Consider the following matching M
on B, 11: (S,SU{1}) € M for all S C {2,...,n+1}. Clearly, this is an acyclic
matching, and the only critical simplices are 0 = {1} and 0 ={2,...,n+1}.
Therefore ¢cg = ¢,_1 = 1, whereas ¢y = -+ = ¢,_o = 0. It follows that
A~ S* 1 asis of course expected.
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Example 1: The independence complexes of strings and cycles

Our first real application is concerned with the independence complexes of
graphs, which were defined in Subsection 9.1.1. Recall that for an arbitrary
integer n > 1, we let L,, denote the graph consisting of n vertices and n — 1
edges that connect these vertices so as to form a string.

Proposition 11.16. For any n > 1, we have

Sk ifn = 3k;
Ind(L,,) ~ < pt, if n =3k +1;
S*, if n =3k + 2.

Proof. Assume that the vertices of L,, are labeled 1 through n in the same
sequence as they occur along the string. Let k& denote the maximal integer
such that 3k < n. Furthermore, let C be a chain with k£ + 1 elements labeled
as follows:

c3 > Cg > -+ > C3k > Cp.

We define a map ¢ : F(Ind (L)) — C by the following rule. The simplices
that contain the vertex labeled 3 get mapped to c3; the simplices that do
not contain the vertex labeled 3, but contain the vertex labeled 6 get mapped
to cg; the simplices that do not contain the vertices labeled 3 and 6, but contain
the vertex labeled 9 get mapped to cg; and so on. Finally, the simplices that
contain none of the vertices labeled 3, 6, ..., 3k all get mapped to ¢, (the
index r stands here for the rest).

Clearly, the map ¢ is order-preserving, since if one takes a larger simplex,
it will have more vertices, and the only way its image may change is to go up
when a new element from the set {3,6,...,3k} is added and is smaller than
the previously smallest one.

Let us now define acyclic matchings on the preimages of C' under the
map . We split our argument into three cases.

Case 1. First we consider the preimage ¢! (c3). For any simplex o € ¢~ 1(c3)
we have 3 € o and hence 2 ¢ o. It follows that pairing o < o @ {1} provides
a matching that is well-defined and is obviously acyclic.

Case 2. Next, we consider the preimages ¢~ !(cg) through ¢~!(csz). Let t
be an integer such that 2 < t < k. The preimage ¢~ !(c3;) consists of all
simplices o such that 3,6,...,3t — 3 ¢ o, while 3t € 0. In particular, we have
3t—1 ¢ o. This means that the pairing o < oc®{3t—2} provides a well-defined
matching, which is acyclic.

Case 3. Finally, we consider the preimage ¢~ !(c,). We consider three sub-
cases.

If n = 3k + 1, then this preimage is a face poset with a cone with apex in n;
in particular, the pairing o < o @ {n} provides an acyclic matching with



194 11 Discrete Morse Theory

one critical cell ¢ = {n}, which has dimension 0. By Theorem 11.10 we can
conclude that Ind (Lsgk41) is collapsible.

If n = 3k, we see that X = ¢~ !(c,) is a face poset of the boundary of a k-
dimensional cross-polytope, which is the same as the k-fold join of S° with
itself. By Theorem 11.10 the matching constructed up to now is acyclic, and
it gives us a collapsing sequence leading to X. In particular, this shows that
Ind (L3y) is homotopy equivalent to SF~1.

If n = 3k + 2, we see that X = p~!(c,) is a face poset of the boundary
of a (k + 1)-dimensional cross-polytope, since this time around we have the
k-fold join of S® with itself. The rest is just the same, and we conclude that
Ind (L3j2) is homotopy equivalent to S¥. O

Note that the proof of Proposition 11.16 actually yields a stronger state-
ment: instead of contractibility, we actually get a collapsibility, and instead
of a mere homotopy equivalence to a sphere of some dimension, we get a se-
quence of collapses, leading to an explicit sphere, sitting inside Ind (L,,) as
a subcomplex.

For an arbitrary integer n > 2, we let C,, denote the cycle with n ver-
tices. These vertices are labeled 1, ..., n, with arithmetic operations on labels
performed modulo n. The homotopy type of the independence complexes of
cycles allows an easy description as well.

Proposition 11.17. For any n > 2, we have

Sk=tvsk=1 ifn = 3k;

nd(Cn) = {S’f—l, ifn=3k+1.

Proof. Let k denote the maximal integer such that 3k < n + 1, and let the
chain C be defined in the same way as in Proposition 11.16. Furthermore,
let ¢ : F(Ind (C,)) — C be the order-preserving map also described by the
same rule as the one in Proposition 11.16. Again, we are looking for acyclic
matchings on the preimages.

To start with, the matchings on the preimages ¢ ~1(cg) through ¢=1(c31)
defined identically to Proposition 11.16 are again well-defined and acyclic,
without any critical cells. The cases of the remaining two preimages are slightly
different.

The preimage ¢~ !(c3) is the same as the face poset of Ind (L, _3) with
a minimal element added. Taking the acyclic matching for Ind (L,_3) and
augmenting it by matching the critical 0-cell with the minimal element yields
a new acyclic matching. If n = 3k+ 1, this matching has no critical cells at all.
Otherwise, i.e., if n = 3k, or n = 3k — 1, it has one critical cell in dimension
k—1.

Finally, we describe an acyclic matching on the preimage ¢ ~!(c,) by con-
sidering three cases.

If n = 3k — 1, then we know that 3,6,...,3k — 3,3k ¢ o, where we recall
that with our conventions 3k = 1. Therefore, we are dealing with a face poset
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of a cone with apex in 2, and hence pairing 0 < o @ {2} gives a well-defined
acyclic matching with one critical cell {2} in dimension 0.

If n = 3k, then we again have a face poset of the join of k copies of S°.
Denote the sets of vertices of these k copies of S° by {x1,y1}, ..., {7k, yx}-
Consider the pairing o < o @ {z;}, where ¢ is the minimal index such that
yi ¢ o. This is a well-defined acyclic matching with critical cells {1} of
dimension 0, and {y,...,yx} of dimension k — 1.

If n = 3k+1, then we have a face poset of k—1 copies of S° and one copy of
Ind (L3). Denote the sets of vertices of these k— 1 copies of S° by {x1,y1}, - ..,
{Tr-1,Yr-1}, and let {zk, yx, 21} be the vertices of Ind (Ls), with y;, being the
middle vertex. Consider the pairing with the same rule: o < o ®{z;}, where i
is the minimal index such that y; ¢ o. This is a well-defined acyclic matching
with critical cells {1} of dimension 0, and {yi,...,yr} of dimension k — 1.
O

For future reference, let us remark that the proofs of Proposition 11.16 and
Proposition 11.17 imply that the inclusion graph homomorphism ¢ : L3, —
Csk41 induces an isomorphism on the homology groups i, : H.(Ind (Lsy)) —
H* (Ind (Cgk+1)).

Example 2: The simplicial complex A(IT,,) is homotopy equivalent
to a wedge of (n — 1)! spheres of dimension n — 3

Recall the partition lattice IT,, introduced in Chapter 9.

Theorem 11.18. For n > 3, the simplicial complex A(II,) is homotopy
equivalent to a wedge of spheres of dimension n — 3.

Proof. The statement is obviously true for n = 3, so we assume that n > 4
and proceed by induction. Set a := (1)(2,3,...,n), and let @ to be the interval
consisting of all partitions having a singleton block (1) with reversed order,
ie., Q:=0, o7y, - We define an order-preserving map ¢ : F(A(IL,)) — Q by
the following rule:

a chain c is taken to the minimal element of @Q that can be added to c.

One example is shown in Figure 11.10. To analyze this rule, take ¢ €
F(A(IL,)), assume ¢ = (m < my < --- < m), and consider various cases.
Case 1. If o > 7, then ¢(c) = a.

Case 2. If a 2 m and either o > w1 or k = 1, then p(c) = 7, A a.

In words: find the smallest partition 7y in ¢, where 1 is a part of a nonsingleton
block B, and then partition B into (1) and B\ {1}. This also shows that the
minimal element in this rule is unique; hence the map ¢ is well-defined.

To see that ¢ is order-preserving, it is enough to notice that if the chain is
increased, then the minimal possible element of @), i.e., the maximal possible
element of [0, &, that can be added to this chain will either remain the same
or increase in @ (resp. decrease in [0, o], ).
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1)2/3]4
1]23]4 1)2/34
1]24/3
12[34
1]234

Fig. 11.10. The map ¢ for n = 4.

By Theorem 11.10 it is now sufficient to construct acyclic matchings on
the fibers ¢ ~!(z). We do this again with case-by-case analysis.

Case 1. Let S = ¢ 1((1)(2)...(n)). Clearly, the poset S is in fact a disjoint
union S = S U --- U S,, where S; is the subposet consisting of all chains
containing the element (1:)(2)...(: —1)(i +1)...(n), for i = 2,...,n. Each
poset S; is actually a copy of F(A(IT,_1)) U {0}. By induction, there exists
an acyclic matching on F(A(II,,_1)) that has one critical cell in dimension 0
and (n — 2)! critical cells in dimension n — 4.

In the poset F(A(IT,_1)) U {0} this acyclic matching can be extended to
have only the top-dimensional critical element, since the other one is matched
with 0. When considered in S;, these maximal chains consist of n— 2 elements;
hence they correspond to critical simplices of dimension n — 3 in A(I1,,).

Case 2. Let S = ¢~ !(7), for 7 # (1)(2)...(n). The matching rule in this
case is the following: add 7 to the chain if it is not there already; otherwise,
remove it. Obviously this gives an acyclic matching. The only element that
is not matched is the chain consisting only of 7: this one would have to be
matched with an empty chain, which, by our assumptions, is not there. This
corresponds to one critical cell of dimension 0.

Summarizing our considerations, we get (n—1) x (n—2)! = (n—1)! critical
cells of dimension n — 3 and one critical cell of dimension 0. We may therefore
conclude that A(IT,,) is homotopy equivalent to a wedge of (n — 1)! spheres
of dimension n — 3.

The spheres are enumerated by these critical cells of dimension n — 3. If
desired, the recurrence above can be avoided and the chains corresponding to
these critical cells can be listed explicitly. These are indexed by permutations
of {2,...,n}, where for every such permutation (i1, ...,%,—1) the correspond-
ing chain c is given by

c=(1,01)(2)...(n) < (1,i1,32)(2) .. (n) < -+ < (L, in_2)(in_1)-
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The dual cochains of these simplices can also be taken as a basis for the
cohomology group H"3(A(I1,);Z). O

In the next two examples we illustrate how one can check the acyclicity of
a partial matching directly, bypassing the patchwork theorem.

Example 3: The generalized simplicial complex A(IT,,)/S,
is collapsible

The indexing of the simplices of A(II,,)/Sh.

The simplices of A(I1,,) can be indexed with sequences of the set partitions of
[n], where the partitions refine each other. One can think of such a sequence
as a forest, where vertices are ordered into levels, each level correspond to
a set partition of [n], and each vertex on that level corresponds to a block of
this partition.

We can therefore index the simplices of A(I1,,) with such “leveled forests,”
where the vertices carry subsets of [n] as labels, and the label of each vertex is
equal to the union of the labels of its children; see Figure 11.11 for an example.
If one desires, one can also add two artificial levels: one on top, consisting of
one vertex having the label [n], and one on the bottom, consisting of n leaves
having labels 1 through n; this way we obtain labeled trees. Clearly, the labels
of the bottom level determine all other labels.

3 2 3 2
2 1 1 1 1 1 1 2
Fig. 11.11. Examples of labeled forests indexing 2-simplices of the generalized

simplicial complex A(II,)/Sn.

The symmetric group S,, acts by permuting the ground set [n]. We leave
it as an exercise to see that an S,-orbit of a labeled tree as above consists
of all labeled trees with the same cardinalities of the labels on the vertices.

As a result of this observation, we can index the simplices of A(I1,)/S,, with
the labeled trees as above, with the difference that the labels are positive
integers, and labels on each level form a number partition of n (instead of the

set partition of [n]). For example, the vertices of A(II,)/S,, are indexed with

number partitions of n, edges of A(I1,,)/S, are indexed with the ways two
such number partitions can refine each other, and so on.



198 11 Discrete Morse Theory

We also see that, both in the case of A(I1,) and in that of A(II,,)/S,,
the boundary operator is obtained by deleting entire levels from trees and
reconnecting vertices transitively through the deleted level.

2 3
2 3 2 3 2 2 1
2 1 2 1 1 1 2 1 1 2 1
1 1 2 1

Fig. 11.12. An example of the boundary operator in the generalized simplicial

complex A(I1,)/Sn.

When A is a number partition of n, A = (A\1,...,A), we define so(\) =
SO 1A and pa(N) = (292, 1m22(Ny = (2,...,2, 1,...,1). Clearly
s2(A)  n—2-s2(A)
12 () refines A.

Theorem 11.19. The generalized simplicial complex A(I1,,)/S, is collapsi-
ble, for allm > 3.

Proof. Set X,, := A(Il,,)/S,,. The quotient map p : A(Il,,) — X, is cellular.
The vertices of X, are indexed by the number partitions A of n, A # (n), (1™).
These partitions are partially ordered by refinement. We call the vertices that
have the form (2¢,1"72%), for some a, special.

Let us now describe an acyclic matching on P = F(X,,). Let F € P. If
all vertices of F' are special, then we put F' in the set of critical simplices.
If not, define A(F') to be the smallest not special vertex of F. If us(A(F)) is
a vertex of F, then we match F' with F'\ {u2(A\(F))}; otherwise, we match F
with F' U {u2(A(F))}.

To see that this is a valid matching, note that

A(F) = AF U pa(A(F)))-

Next, we show that the obtained matching M is acyclic. Assume that
there exists a sequence oyg,...,0; € P such that all o; are different, with the
exception og = oy, and such that u(o;) > o441 for 0 < ¢ < ¢t — 1. Assume
that u(oo) = (a1,...,0q,b1,...,b3), where the a;’s are special and b; is not.
Then g = (a1, ...,6a-1,b1,...,b3). Since oy is matched upward, and u(oy) #
u(o1), we have o1 = (aq,...,aq,ba, ...,b3). We see that the number of special
vertices in oy is larger by 1 than in oy. Repeating the argument, we see that
o has t special vertices more than og; therefore oy # o;. This leads to the
conclusion that M is an acyclic matching.



11.2 Discrete Morse Theory for CW Complexes 199

The critical simplices form a subcomplex of X,,, which we call X¢. By
Theorem 11.13, there exists a sequence of elementary collapses leading from
X, to X¢. Observe that if A = (ai,...,a;) and B = (by,...,b;) are two
simplices of A(I1,) such that for i = 1,....¢, both a; and b; are of the type
(2%, 17=2) for some «y, then there exists g € S, such that g4 = B, i.e.,
p(A) = p(B). This implies that X is a simplex, so we can conclude that X,
is collapsible.

Note that this matching can also be found in a functorial way as follows.
Let @ be a chain with [n/2] elements labeled with the numbers 1,...,|[n/2]
in reverse order; i.e., 1 labels the maximal element. Define ¢ : P — @ by
mapping the cell F € P to the maximal number k such that (2%, 1"=2%) is
either a vertex of F' or can be added to F' to form a new cell. This is an order-
preserving map, since taking a bigger cell will either keep this number k the
same or decrease it.

An acyclic matching on the fiber ¢ =1(k), for k € Q, is simply obtained by
adding the vertex (2%, 1"~2%) to cells that do not have it, or removing it from
those that do. The only critical cell has dimension 0, and it can be found in
the fiber p~1(k), for k = [n/2]: it is the vertex (2%, 1"~2%) which cannot be
removed, since the empty cell is not being matched. 0O

Example 4: Bounded sets in a lattice

As we have seen in Chapter 9, there are a number of constructions associating
a simplicial complex to a poset (or more generally, to a category); here is yet
another one that works for lattices.

Definition 11.20. Let £ be an arbitrary finite lattice. We define J(L) to be
the simplicial complex whose set of vertices is equal to the set of elements of

L, and whose simplices are gll subsets S C L that have a nontrivial lower
bound, i.e., such that \ S # 0.

Clearly, the simplicial complex [J(£) contains A(L) as a subcomplex. It
turns out that much more is true.

Theorem 11.21. Let £ be an arbitrary finite lattice. Then J (L) \, A(L).

Proof. As the centerpiece of the argument we define the following partial
acyclic matching on F(J(L£)). Let S be an arbitrary simplex of J(L£). Assume
that F(J(L£))[S] is not a chain. Set t := | S|, and let {a1,as,...,a:} be a linear
extension of F(J(£))[S], ie.,if 1 <i < j <t, then a; # a;.

Let k(S) be the maximal index, 1 < k(S) < ¢, such that a1 < az < -+ <
ap(sy, and agsy < ag, for all k(S) + 1 < i < t; see Figure 11.13. If S has
no minimal element, then we set k(S) := 0. Set a(S) := aps)+1 A -+ A ay.
Since F(J(L))[S] is not a chain, we have k(S) < ¢ — 2, and hence a(S5) is
well-defined.
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Let X be the set of all subsets S C £ such that F(7(£))[S] is not a chain
and such that a(S) € S. For S € X define u(S) := S U {a(S)}; again see
Figure 11.13. Clearly, 1 defines a partial matching, and, since for any S € X
we have a(u(S)) = a(S), we see that the set p(X) U X consists of all subsets
S C L such that F(J(£))[S] is not a chain. Consequently, the set of critical
elements C(F(J (L)), i) consists of all chains S € F(A(L)).

a;,i > k(S) a;, i > k(S)

Fig. 11.13. The partial matching pu.

Let us see that the partial matching u is acyclic. Assume that there exists
asequence Si, ..., S; € X, wheret > 2, such that u(S1) > Sz, u(S2) = Ss, ...,
u(Sy) > Si1. Let again {a1,as,...,a:} be a linear extension of F(J(L£))[S1],
as above. By the definition of covering relations, and since Ss # S1, we have
Sy = p(S1) \ {a;}, for some 1 < i <¢. If 1 < i < k(Sy), then a(S2) = a(Sy),
which, together with S = p(S1) \ {a(S1)}, implies a(S2) € Sz, and hence
So € u(X), giving a contradiction.

Finally, the only option left is that k(S;) +1 < i < ¢, in which case
a(S2) > a(Sy), since the join is taken over a set in which each element is
larger than a(S). If the equality a(S2) = a(S7) holds, then Sy € u(X), again
giving a contradiction. Thus we have shown that a strict inequality must hold:
a(Sg) > Q(Sl).

Analogously, we can prove that a(S;4+1) > a(5;), forall 1 <i <t —1, and
that a(S7) > a(S:), which, when combined together, yields a contradiction
to the assumption that the matching is not acyclic. By Theorem 11.13 we
see that the acyclic matching p provides a sequence of elementary collapses

leading from J(L£) to A(L). O

More applications will appear in the subsequent sections.
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11.3 Algebraic Morse Theory

In this section we give a version of discrete Morse theory that is adapted to
the setting of arbitrary free chain complexes.

11.3.1 Acyclic Matchings on Free Chain Complexes
and the Morse Complex

Let R be an arbitrary commutative ring with unit. Recall that a chain complex
C, consisting of R-modules,

On42 Ont1 -1
Com e 2 Oy 28 0y 2y 2

is called free if C), is a finitely generated free R-module for all n. When no
confusion can occur, we simply write 0 instead of 9,,. We also always require
that C, be bounded on the right.

In order to introduce a combinatorial element into this setting, we need
to choose a basis (i.e., a set of free generators) §2,, for each C,. When this
is done, we say that we have chosen a basis 2 = |J,, {2, for the entire chain
complex C,. We write (C, £2) to denote a chain complex with a basis. A free
chain complex with a basis is the main object of study of algebraic Morse
theory.

Given a free chain complex with a basis (C, £2) and two elements o € C,
and b € (2,,, we denote the coefficient of b in the representation of « as a linear
combination of the elements of §2,, by kg («, ), or, if the basis is clear, simply
by k(a, b). For x € C,, we write dim x = n. By convention, we set ko (a, b) = 0
if the dimensions do not match, i.e., if dim « # dim b.

Note that a free chain complex with a basis (Cl, {2) can be represented as
a ranked poset P(C\, £2), with R-weights on the order relations. The elements
of rank n correspond to the elements of (2,,, and the weight of the covering
relation b = a, for b € 2,,a € 2,_1, is simply defined by wo(b = a) :=
k(0b,a). In other words,

0b = Zw(g(b - a)a,

b>a
for each b € (2,,. Again, if the basis is clear, we simply write w(b = a).

Definition 11.22. Let (Cy, 2) be a free chain complez with a basis. A partial
matching M C 2x 2 on (Cy, 2) is a partial matching on the covering graph
of P(Cy, 2) such that if b = a, and b and a are matched, i.e., if (a,b) € M,
then w(b > a) is invertible.

It is important to note that Definition 11.22 is different from the topo-
logical one, which was used in Theorem 11.13. In the algebraic setting, the
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condition that the matched cells form a regular pair (in the CW sense) is re-
placed by requiring that the covering weights in matched pairs be invertible.
However, the notion of acyclic matching, which is purely combinatorial, since
it is defined on the level of posets, remains the same.

Given such a partial matching M, we denote by U,,(£2) the set of all b € (2,
such that b is matched with some a € §2,,_1, and analogously, we denote by
D, (£2) the set of all a € (2,, that are matched with some b € §2,,11. We let
Cn(£2) := 2, \ {U,(2) UD,(2)} denote the set of critical basis elements of
dimension n. Finally, we set U(£2) = |, Un(£2), D(12) := |U,, Dn(£2), and
C(2) =, Cn(92).

Given two basis elements s € (2, and t € {2,,_1, the weight of an alternating
path

p={(s>=d(by) <by > d(ba) <bg > -+ =d(by) < by > 1), (11.6)
where n > 0 and all b; € U(2) are distinct, is defined to be the quotient

w(s = d(b1)) - w(by = d(b2)) - - w(by > t)

W) = D" T S 00) - ws = d)) - wlon = db)). LT

The reader is invited to compare (11.7) with formula (11.5). Additionally, we
shall use the notation p® = s and pe = t.

Definition 11.23. Let (Cy, 2) be a free chain complex with a basis, and let
M be an acyclic matching. The Morse complex

M M aM
LI oM oM L, oM

n+1 n—1

)

is defined as follows. The R-module CM is freely generated by the elements
of C,,(£2). The boundary operator is defined by

oM (s) = S wp) - pa.

p

for all s € C,,(£2), where the sum is taken over all alternating paths p satisfying
p® = s. Again, if the indexing is clear, we simply write O™ instead of OM.

Given a free chain complex with a basis (C, £2), we can choose a different
basis {2 by replacing each a € D,,(2) by a = w(u(a) > a)-a, because w(u(a) = a)
is required to be invertible. Since

kx(z,a) = ko(z,a)/w(u(a) = a), (11.8)

for any = € §2,, we see that the weights of those alternating paths that do
not begin with or end in an element from D, (§2) remain unaltered, since the
quotient w(z > z)/w(y = z) stays constant as long as z,y # a. In particular,
the Morse complex will not change. On the other hand, by (11.8), w(u(a) -
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a) =1, for all a € D(£2), so the total weight of the alternating path in (11.6)
will simply become

wz(p) = (=1)"wz(s = d(b1)) - wi(by = d(b2)) - - wz(by = 1).

Because of these observations, we may always replace any given basis of C,
with the basis §2 satisfying w(u(a) = a) = 1, for all a € D({2).

11.3.2 The Main Theorem of Algebraic Morse Theory

The chain complex --- — 0 — R AR 0 — .-+, where the only
nontrivial modules are in the dimensions d and d — 1, is called an atom chain
complex, and is denoted by Atom (d).

The main theorem of algebraic Morse theory brings to light a certain
structure in C,. Namely, by choosing a different basis, one can represent C.
as a direct sum of two chain complexes, of which one is a direct sum of atom
chain complexes, in particular acyclic, and the other one is isomorphic to C:M.
For convenience, the choice of basis can be performed in several steps, one step
for each matched pair of the basis elements.

Theorem 11.24.

(Main theorem of discrete Morse theory for free chain complexes)

Assume that we have a free chain complex with a basis (Cy, §2), and an acyclic
matching M. Then C, decomposes as a direct sum of chain compleres CM @
T., where T, ~ ®(a,b)€/\/l Atom (dimb).

It can be advisable to use the example in Subsection 11.3.3 as an illustra-
tion for the following proof.

Proof. To start with, let us choose a linear extension L of the partially ordered
set P(Cy, £2) satisfying the conditions of Theorem 11.2; and let <, denote the
corresponding total order.

Assume first that C is bounded; without loss of generality, we can assume
that C; = 0fori < 0, and ¢ > N. Let m = | M| denote the size of the matching,
and let [ = |2| — 2m denote the number of critical cells.

We shall now inductively construct a sequence of bases £2°,0!,..., 2™
of C,. More specifically, each basis will be divided into three parts: C(£2%) =
{ck, ... e}, D(F) = {ak,... ak}, and U(2%) = {bF,... b}, such that
af = d(b¥), for all i € [m].

We start with 2° = 2 and the initial condition b} <z, b?,,, for all i €
[m — 1]. Since the lower index of k_(—, —) and w_(— > —) will be clear from
the arguments, we shall omit it to make the formulas more compact.

When constructing the bases, we shall simultaneously prove by induction
the following statements:

(i) O = Culk] @ AY & - - AF, where C,[k] is the subcomplex of C, generated
by 28\ {af,... ak %, ... b}, and AF is isomorphic to Atom (dimbF), for
i€ [k];
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(i) for every z* € {b} ,,...,bE} UC(2F), y* € C(2F), we have w(z* -
yb) = >_pw(p), where the sum is restricted to those alternating paths from 20
to y° that use only the pairs (a?,b?), fori € [k].

Clearly, all of the statements are true for £ = 0. Assume k > 1.

Transformation of the basis 2! into the basis 02F:
we set

o af:= (%’,2_1;
bﬁ — bllzfl .
. )
b =Pl — (k- a’,z_l) . bZ_l, for all zF=1 € 281, & +# ay, by,.

First, we see that £2* is a basis. Indeed, assume b “leC, Fori#n,n—-1,

we have 28 = Qk ! hence by induction, it is a basls Then 2F_, is obtained

n—1
from .Qk i 1 by addmg a linear combination of other basis elements to the
basis element ak ~1: hence 2F_| is again a basis. Finally, 2F is obtained from
k=1 by subtracting multiples of the basis element b],zfl from the other basis
elements; hence it is also a basis.

Next, we investigate how the poset P(C,, £2%) differs from P(C,, 2F~1). If
x # by, we have w(z? = af) = k(92*, af) = k(92" af ") = k(92" af ) -
w(zh= = af ) - k(ObF 1, ay )y =0, where the second equality follows from
the fact that 2F
other basis elements to the basis element ak ! and the last equality follows
from k(ObF !, af7t) = 1.

Furthermore, since 2* is obtained from 25~1 by subtracting multiples of
the basis element bﬁ_l from the other basis elements, we see that for x € 02F 15
y € QF y # by, we have w(z* = y*) = w(2*~! = y*~1). Additionally, since
the differential of the chain complex squares to 0, we have 0 = >~ . » w(xk -
) w(zk = af) = w@h = bF) - wdf = af) = w(z® = bY), where the second
equality follows from w(z* = af) = 0, for z # by.

We can summarize our findings as follows: all weights in the poset
P(C,, 2%) are the same as in P(C,, 2¢~1), with the following exceptions:
(1) w(z* = k) =0, and w(b} = 2*) =0, for x # ay;

(2) w(af = z*) = 0, and w(z* = af) =0, for x # by;
3) wzh =y ) w(zF=1 = yF ) —w(xht - ag . (bﬁ_1 = yk=1), for
T EQN, Yy e 1 v F b,y # ar.

In particular, the statement (¢) is proved. Furthermore, the following fact
can be seen by induction, using (1), (2), and (3):
Fact (x). If w(z® = y*) £ w(z*=1 = y*=1), then b9 > 4°.

Indeed, either y € {ax, by} or y is critical or y = a;, for k > k such that
w(bﬁ_1 = y*~1) £ 0. In the first two cases, b) >, y° by the construction of L,

is obtained from 2%~ by addlng a linear combination of

n—1 n—1
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and the last case is impossible by induction, and again, by the construction
of L.

We have w(by > a¥) = w(b;?*1 - a?il), for all j, k. Indeed, this is clear for
j = k. The case j < k follows by induction, and the case j > k is a consequence
of Fact ().

Next, we see that the partial matching M* := {(a¥,b¥) |i € [m]} is acyclic.
For j < k, the poset elements bé’?, aé? are incomparable with the rest; hence they
cannot be a part of a cycle. For i > k, we have w(béC = ak) = w(bf_1 = a1y,
by Fact (*). Hence by induction, no cycle can be formed by these elements
either.

Finally, we trace the boundary operator. Let % € {bf,,..., bk }UC(£2%),
y* € C(N2%). We have w(z* = y*) = w(@F 1 = ¢ 1) — wh! =
ay " Hw(by™t = y*1). By induction, the first term counts the contribution
of all the alternating paths from z° to 3° that do not use the edges b? - a?,
for | > k. The second term contains the additional contribution of the alter-
nating paths from z° to y° that use the edge b > a?. Observe that if this edge
occurs, then by the construction of L, it must be the second edge of the path
(counting from z°), and by Fact (), we have w(zF~1 = af 1) = w(z® = af).
This proves the statement (i7), and therefore concludes the proof of the finite
case.

It is now easy to deal with the infinite case, since the basis stabilizes as
we proceed through the dimensions, so we may take the union of the stable

parts as the new basis for C,. O

We remark that even if the chain complex C* is infinite in both directions,
one can still define the notions of the acyclic matching and of the Morse com-

plex. Since each particular homology group is determined by a finite excerpt
from C*, we may still conclude that H,(C,) = H,(CM).

11.3.3 An Example

Note that the proof of Theorem 11.24 is actually an algorithm. In this subsec-
tion we illustrate the workings of this algorithm on a concrete chain complex,
namely one associated to some chosen triangulation of the projective plane;
see Figure 11.14. For the sake of clarity, we restrict ourselves to Zs-coefficients.
In our figures, a solid line directed from a basis element  down to the basis
element y means that Ox contains y with coefficient 1 when 0z is decomposed
in the current basis of the chain group in dimension dimy, that is, the basis
consisting of elements that are depicted in the figure in question on the same
level as y.

The algorithm starts by picking an extension L satisfying the conditions
of Theorem 11.2; this is done in Figure 11.15.

This linear order yields the initial basis £2°; see Figure 11.16.

Applying the basis transformation rule to £2° is especially easy, since we are
dealing with Zs-coefficients: all we need to do is to replace all basis elements
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Fig. 11.16. The basis £2°.

x containing a; in their boundary by x + b1, and recompute the boundaries in
the new basis. Again, since we are working over Zs, the new boundaries of the
basis elements in the same dimension as by are simply obtained by taking the
symmetric sum (exclusive or) of the sets covered by x and by b;. The analogy
with Gaussian elimination is apparent. The resulting basis with corresponding
boundaries is shown in Figure 11.17.

We continue in the same way to obtain the bases 22 through £2°, as shown
in Figures 11.18-11.21. In each figure, the thick line denotes the next collapse.
The important thing that one should keep in mind is that at each step, the
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Fig. 11.17. The basis 2'.

poset in the figure is given with respect to the new basis, i.e., the boundaries
all have to be recalculated accordingly.

Fig. 11.19. The basis £23.

The final answer is presented in Figure 11.21. It is a good illustration of
Theorem 11.24 in this special case. In the new basis, shown in circles and
rounded rectangles, our chain complex splits into five atom chain complexes
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Fig. 11.20. The basis 2%,

@ @ (b4+b3)(cg+b4+b3+b5)
(a3+b1+b2) (a5+b1+c2) (02+b2) (a4+b1+cg+b2)
©

Fig. 11.21. The basis £2°.

and the Morse complex. The five atom chain complexes correspond to the
initially matched pairs, and have no influence on the homology of the chain
complex. The Morse complex is especially simple in this case, since all the
differentials O™ come out to be trivial. This, of course, would have been
different if we had worked with integer coefficients. The interested reader is
invited to contemplate the latter case.

11.4 Bibliographic Notes

Discrete Morse theory is a tool that was discovered by Forman, whose original
article [For98], as well as a later survey [For03], are warmly recommended as
excellent sources of background information, as well as some topics that we
did not cover in this chapter.

Our main innovation in Section 11.1 is the equivalent reformulation of
acyclic matchings in terms of poset maps with small fibers, as well as the
introduction of the universal object connected to each acyclic matching. The
patchwork theorem 11.10 is a standard tool, used previously by several au-
thors. We think that the terminology of poset fibrations together with the
decomposition theorem 11.9 give the patchworking particular clarity.
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The material of Sections 11.2.1 and 11.2.2 is quite standard, though our
proof of Theorem 11.13(c) is a new ad hoc argument.

We have taken our examples from various sources. Proposition 11.16 and
Proposition 11.17 were both originally proved in [K099], though in a different
way. Theorem 11.18 has been proved in [Bj80], whereas Theorem 11.19 can
be found in [Ko00]. Finally, Theorem 11.21 is taken from [Ko06c].

Algebraic Morse theory was discovered independently by several sets of
authors. We invite the reader to consult the original sources [JW05, Ko05c,
Sk06], providing excellent insight into various aspects of the subject, as well
as supplying further applications. Our treatment here follows the algorithmic
presentation in [Ko05c]|.
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Lexicographic Shellability

Lexicographic shellability is an important tool for studying the topological
properties of the order complexes of partially ordered sets. Although, as we
shall see in Remark 12.4, discrete Morse theory is more powerful as a method,
shellability may still be useful in concrete applications. We take a detailed
look at this concept in this section.

Our presentation centers on the lexshellable posets, as the most general
form of lexicographic shellability. We start with the classical situation of order
complexes of posets, and then proceed to describe how this generalizes to
nerves of acyclic categories.

12.1 Shellability

12.1.1 The Basics

The topological fact that gets the whole theory going is that for an
n-dimensional simplex o, any union of (n—1)-dimensional simplices 7 U- - -UTy,
from the boundary of o is either homeomorphic to an (n — 1)-dimensional
sphere, if we take the entire boundary, or is contractible. In the latter case,
it is in fact a cone, in which any vertex from 7 N --- N 7, can be taken as
an apex.

Definition 12.1. A generalized simplicial complex A is called shellable if its
mazimal simplices can be arranged in linear order Iy, F», . .., Fy in such a way
that the subcomplex (Ui:ll F;) N Fy, is pure and (dim Fy, — 1)-dimensional for
allk=2,...,t.

Note that in Definition 12.1 we use the notion of a generalized simplicial
complex. In particular, multiple simplices on the same set of vertices are
explicitly allowed. Also, we shall call a generalized simplicial complex pure
if all of its maximal simplices have the same dimension.
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An ordering of maximal simplices satisfying the conditions of Defini-
tion 12.1 is called a shelling order. For the right intuition here, one should
think of the whole complex as being decomposed (shelled) by removing the
maximal simplices (along with all those subsimplices that do not belong to
the remaining maximal simplices) in order of decreasing index. The condition
in Definition 12.1 then says that the intersection of the simplex that is being
removed with the remainder of the complex is pure, having dimension one
less than this simplex. Alternatively, one could also think that our general-
ized simplicial complex is being glued together from the maximal simplices, in
order of increasing index. In this light, the term gluing order would probably
be more precise in describing what happens.

A maximal simplex o is called spanning with respect to the given shelling
order if it is glued along its entire boundary. We denote the set of the spanning
simplices by Y. As a matter of fact, this set depends on the shelling order.
However, for reasons of brevity, we shall omit its mention from our notation.

We remark for future use that the conditions of Definition 12.1 can equiv-
alently be formulated as follows.

Proposition 12.2. Assume that A is a generalized simplicial complex and
Fy, ..., F; are its mazimal simplices. The complex A is shellable if and only if
the following holds: whenever o is a simplex in F;NEj, for some 1 <14 < j <t,
such that dimo < dim F; — 2, there must exist 1 < k < j and a simplex 7 in
F, N F} such that T contains o as a proper subsimplez.

By repeated application of the condition in Proposition 12.2, one can al-
ways choose the simplex 7 so that dim7 = dim F; — 1, i.e., 7 = Fj \ {x}, for
some vertex x of Fj.

Note that in the case of an abstract simplicial complex, the condition
of Proposition 12.2 becomes somewhat simpler; namely, it says that for any
1 <i < j<t, there exists 1 < k < j such that F;, N F; = F}; \ {z}, for some
x ¢ F;; in other words, |F; \ Fi| = 1 and Fi, N F; 2 F; N F};. In the actual
proofs, it is often more convenient to check this condition instead.

Another obvious but useful fact is that if we are given a shelling order,
then those maximal simplices that are glued along the entire boundary may
be glued at any later point, and this will give a shelling order as well. We
can therefore always assume that these simplices occur as the tail part of
the shelling order. The order in which they appear in the tail is again of no
importance.

The next theorem summarizes the most important properties of a shellable
generalized simplicial complex.

Theorem 12.3. Assume that A is a shellable generalized simplicial complex,
with Fy, Fy, ..., F; being the corresponding shelling order of the maximal sim-
plices, and X being the set of spanning simplices. Then the following facts
hold:
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(1) The generalized simplicial complex obtained by the removal of the interiors
of the spanning simplices, that is, the complex A=A \UyexInto, is
collapsible. Even stronger, this complex can be obtained from a simplex by
a sequence of gluing simplices not merely over collapsible subcomplezes,
but in fact over cones.

(2) The generalized simplicial complex A is homotopy equivalent to a wedge of
spheres that are indexed by the spanning simplices and have corresponding
dimensions. More precisely, we have

A~ \/ stme. (12.1)

oceX

(8) The cohomology groups of A with integer coefficients are free, and the set
of elementary cochains {o*},cx can be taken as a basis.

Proof. We think of A as being glued from the maximal simplices, adding them
one by one, with the index increasing in the shelling order. As mentioned in
the beginning of this section, the condition in Definition 12.1 implies that each
new simplex is glued either over a contractible subcomplex, which is in fact
a cone, or over its entire boundary. The statement (1) follows immediately.

To see statement (2) note that by the previous remark, we can first glue
all the maximal simplices that are not spanning, and then proceed with the
spanning ones. After the first part we have a contractible complex A in hand.
By Proposition 7.8 we see that A is homotopy equivalent to A/A, with the
quotient map giving a homotopy equivalence. The latter is in effect obtained
by gluing the spanning simplices over their entire boundaries to a point, which
is thus a wedge point. Both statements (2) and (3) now follow. O

When additionally the complex A is pure, it follows from Theorem 12.3(2)
that the reduced Betti number is nonzero only in the top dimension. Therefore,
by the Euler—Poincaré formula, in this case the cohomology groups can be
computed simply by computing the Euler characteristic. In the even more
special case that A is an order complex of a poset A = A(P), by Hall’s
theorem, it suffices to compute the value of the Mobius function p p(f)7 i).

Remark 12.4. As mentioned above discrete Morse theory is more powerful as
a method than shellability. The rationale for this fact is provided by The-
orem 12.3(1), saying that the complex A := A\ |J, 5 Into is collapsible,
coupled with the fact that a generalized simplicial complex is collapsible if
and only if there exists an acyclic matching on the set of its simplices; see
Theorem 11.13(a) and Remark 11.14.

_ In fact, any shelling order gives several collapsing sequences on the complex
A. To find one, notice that adding a new simplex along the shelling order adds
a Boolean lattice to the face poset; hence the acyclic matching can be extended
by any acyclic matching on this Boolean lattice.
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12.1.2 Shelling Induced Subcomplexes

The next theorem provides a handy criterion for being able to conclude that
an induced subcomplex (see Definition 2.40) of a shellable complex is shellable
as well.

Theorem 12.5. Assume that A is a shellable generalized simplicial complex,
and let S be some subset of the set of vertices of A. Assume furthermore
that the induced generalized simplicial complex A[S] satisfies the following
condition:

if o is a mazimal simplex in A, then o N A[S] = o[S] is a mazimal
simplex in A[S].

In this case, the generalized simplicial complex A[S] is shellable as well, and
a shelling order on its maximal simplices is induced by any shelling order
on A.

Proof. First we notice that any maximal simplex 7 of A[S] can be obtained
as an intersection of A[S] with some maximal simplex of A: just take any
one that contains 7, and use the fact that we are dealing with an induced
subcomplex. Since the converse of that statement is the assumption of the
theorem, we see that the list of intersections of maximal simplices of A with
A[S] consists of all maximal simplices of A[S], though each maximal simplex
will typically appear several times on that list.

Let now F1y,..., F; be the maximal simplices of A arranged in a shelling
order. Let Dy, ..., D,, be the list of the maximal simplices of A[S] obtained
from the list Fy N A[S],...,F; N A[S] by going left to right and deleting
a simplex if it has already occurred on the list. We let i; denote the index
of the source of the maximal simplex Dj, i.e., we have D; = F;; N A[S], and
furthermore, D; = F; N A[S] implies i; < i. We claim that Dsq,...,D,, is
a shelling order for A[S].

We shall verify the equivalent shelling condition from Proposition 12.2.
Let 1 < a < b < m, and consider a simplex ¢ in the intersection D, N Dy
such that dimo < dim D, — 2. By our construction, we have i, < i3, and
of course, o is a simplex of F;, N F;,, with dimo < dim F;, — 2. Therefore,
since F1i,..., F} is a shelling order for the generalized simplicial complex A,
there must exist j < ¢ such that F; N F;, contains a simplex 7, which in turn
contains o as a proper subsimplex. As remarked earlier, this simplex 7 can
always be chosen so that dim 7 = dim F;, — 1; in other words, 7 = Fj, \ {z},
with « ¢ 0. We now consider two different cases.

Case 1. Assume that z ¢ S. Then, since F; D 7, we have
Fj n A[S] o71N A[S] = Eb ﬂA[S] = Dy.

On the other hand, F; N A[S] is a maximal simplex of A[S]; hence F; N
A[S] = Dy. This, together with j < 4, contradicts our construction of the list
Dy,...,D,,.
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Case 2. Assume that z € S. Then TN A[S] = Dy \ {z}. Set Dy, := F; N A[S].
Clearly, by the way the list Dy, ..., D,, was constructed, the inequality j < i3
implies k£ < b. On the other hand, we have

DyNDy, = (F;NA[S))N(F;, NA[S]) = (F;NF;,)NA[S] D TNA[S] = Dy \ {z}.

Since z ¢ o and dimo < dim D, — 2, we conclude that the simplex Dj \ {z}
contains o as a proper subsimplex.

These two cases verify that Dy,..., D,, is a shelling order for A[S]. O

The conditions of Theorem 12.5 are reasonably restrictive. They have to
be, since most subcomplexes of the shellable complexes are not shellable.
However, it turns that in combinatorial situations these conditions are often
satisfied in a natural way.

12.1.3 Shelling Nerves of Acyclic Categories

One standard situation in which shellability has often been used is the study of
the order complexes of partially ordered sets. Classically, posets whose order
complexes are shellable are themselves called shellable. There is, however, no
difficulty whatsoever to extend the framework of shellability to encompass the
case of nerves of acyclic categories, which are generalized simplicial complexes
as well.

One standard convention in the literature is always to assume that the
poset P has the maximal and the minimal elements, and that we are shelling
the order complex A(P). For acyclic categories this would correspond to the
assumption of existence of initial and terminal elements. We shall be explicit
in our statements and not use this assumption implicitly.

When an acyclic category is shown to be shellable, and all of its maximal
chains have the same number of morphisms, the number of spheres can be
found by computing the Mdbius function. The latter can often be done by
some explicit combinatorial counting procedure.

Theorem 12.5 can frequently be applied in this situation. When the acyclic
category C' is graded, one can take any rank selection R. Clearly, the nerve
of R is an induced subcomplex of the nerve of C'. Furthermore, one can see
that any maximal chain of C' will intersect R in a maximal chain; hence
the conditions of Theorem 12.5 are satisfied. We can therefore conclude the
following proposition.

Proposition 12.6. If under the conditions above, the nerve of C is shellable,
then so is the nerve of R. The explicit shelling order for A(R) can be obtained
from any shelling order for A(C) by taking the restriction and then omitting
repetitions.

One can also consider questions of what happens if one performs other con-
structions involving shellable acyclic categories. However, since our foremost
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interest in shellability is its topological consequences, we are not interested in
constructions for which it is clear what happens with the topology. Therefore,
we have limited our considerations to the case above.

12.2 Lexicographic Shellability

12.2.1 Labeling Edges as a Way to Order Chains

One possible procedure for ordering maximal simplices of A is to associate to
each simplex a string of numbers, and then take the lexicographic order on
these. R

More specifically, let P be a poset, and let P denote the poset obtained
from P by augmenting it with a minimal and a maximal element. Let us do
as follows:

(1) LabAel with integers all the covering edges in the poset 13, including the
edges (0, ) and (y, 1).

(2) The maximal simplices of the order complex A(P) correspond to maximal
chains of P. Associate to each such chain a string of integers by reading off
the labels from the covering edges, starting from below, and then order the
maximal simplices of A(P) following the lexicographic order on these strings.

Naturally, in order to be able to decide uniquely which of the simplices we
should take first, we require that no two maximal simplices receive the same
string of labels. Observe that this actually implies that in every interval the
maximal chains can be lexicographically ordered as well, and no two chains
will receive the same string of labels.

The natural question that arises now is, what conditions should we put on
the edge labeling so that the order of the maximal simplices that is obtained
in the way described above will actually be a shelling order?

There is almost no difference between considering pure posets (i.e., posets
in which maximal chains all have the same length) and the nonpure ones, so
we will not make any distinction. However, there is one additional condition,
which we always require to be satisfied, whenever we are labeling a nonpure
poset.

Prefix condition. For any interval [z,y] of P and for any two maximal
chains my and ms in [z,y], the label sequence of my is not a prefix of the label
sequence of mo.

Clearly, the prefix condition subsumes the requirement that in any interval
no two chains may have the same string of labels.

Remark 12.7. The additional condition for the nonpure poset is needed in
order to make sure that we avoid the following peculiar situation. It may
happen that there are two maximal chains ¢ and d differing from each other
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d=x<r<y<t
c=x<p<qg<y<t

Fig. 12.1. What can go wrong in the nonpure case.

only in the interval [z,y] such that ¢ < d, but c|j; ) > d|[5,,). See Figure 12.1
for an example.

12.2.2 EL-Labeling

The following condition is sufficient to guarantee shellability of the order com-
plex.

Definition 12.8. A poset P is said to be EL-shellable if one can label cov-
ering edges of P with elements from a poset A so that for every interval [x,y]
in P, the following EL-conditions are satisfied:

(i) there is a unique increasing maximal chain ¢ in [x,y] (increasing means
that the associated labels form a strictly increasing sequence);
(i1) ¢ < ¢ for all other mazimal chains ¢ in [z,y].

The labeling satisfying these conditions is called an EL-labeling.

In the formulation of Definition 12.8 we have used the symbol < to mean
“lexicographically preceding.” We will often say “lexicographically less” or
just “less.” We recall here that a sequence of poset elements (A1,...,A:) is
said to lexicographically precede another sequence of elements (1, ..., fiq)
from the same poset if there exists k& < min(¢,q) such that A\; = p,, for all
1<i<k—1and \g < pg, \p # k-

Given an edge labeling, we call a maximal chain weakly decreasing if the
associated string of labels is weakly decreasing. Here, a sequence of poset
elements (A1,...,A\;) is said to be weakly decreasing if for any 1 <i <t¢—1 we
do not have \; 11 > \;, i.e., either the elements \;; and \; are incomparable,
or )\Z’Jr]_ < )\z
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Proposition 12.9. Let P be an EL-shellable poset. Then the simplicial com-
plex A(P) is shellable. Moreover, the spanning simplices corresponding to
the induced lexicographic shelling order are indexed by the weakly decreasing
chains.

We shall not prove Proposition 12.9 separately; rather, it will follow from
the more general Theorem 12.15.

Ezxample 12.10.

(1) Take the Boolean algebra with the minimal and the maximal elements
removed, P := B, \ {0, [n]}. A covering relation A > B is a pair of subsets
of [n] such that |[A\ B] = 1. Let {z} = A\ B, and take x to be the label
of A > B. One can check that this is an EL-labeling. Furthermore, there is
exactly one weakly decreasing chain, obtained by arranging the elements of
the set [n] in decreasing order.

By Proposition 12.9 we can therefore conclude that A(P) is homotopy
equivalent to a sphere of dimension n — 2. Of course, we know that A(P) is
actually homeomorphic to a sphere of dimension n—2, but we cannot conclude
this from the existence of the EL-labeling alone.

(2) Let k,m be positive integers such that 1 < k < m < n. Take P to be
the following rank selection of B,: for S € B,, we have S € P if and only if
k < |S| < m. It follows from the previous example and Proposition 12.6 that
A(P) is shellable.

Let us now see that the poset P is EL-shellable. We label the edges of p
as follows:

e theedges S < T, for S #0, T # 1, are labeled with the unique element of
T\ S, as in (1);
the edges 0 < S are labeled with max S;
finally, the edges (S, 1) are labeled with min([n] \ S).

Let us check that this yields an EL-labeling.

First, the intervals [S,T], with S # 0, T # 1, are the same as in (1);
therefore the conditions for the EL-labeling are satisfied.

Second, consider the interval [0, 5], for S # [n]. The lexicographically
least chain is obviously the one that starts with the set K, consisting of the k
smallest elements of S, and then proceeds toward S by adding the elements
of S\ K in increasing order. It is also the unique increasing chain, since
if we start our chain with some k-subset K’ that is different from K, then
max K’ > max K, and somewhere along the chain we will have a label that is
less than max K'.

Third, consider the interval [S, 1], for S # (. Let T' be the subset consisting
of the n — m largest elements of [n] \ S; we have S C [n]\ T C [n]. The
lexicographically least chain in [S, 1] proceeds from S to [n]\ T’ by adding the
elements of [n]\ (SUT) in increasing order, and then as the last step the whole
subset T is added. This is the unique increasing chain, since otherwise, the
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chain would have to end with adding some subset T” different from T, because
min7” < min T implies that we would somewhere before have to have a label
that is larger than minT".

Finally, consider the interval [G, i]. By essentially amalgamating the argu-
ments of the two previous cases, we see that the unique increasing chain is
given by 0 < {1,...,k} <{1,... ) kk+1}<---<{1,...,n—m} < [n].

The poset is pure, so all the weakly decreasing chains have the same length,
and we just have to count how many there are. Let ¢ be a weakly decreasing
chain. Assume that ¢ starts with S and ends with [n]\ 7', and let [n]\ (T'US) =
{a1,...,am—r} such that a; > -+ > am—. Then the part of ¢ between S
and [n] \ T is uniquely determined, and the string of labels assigned to ¢ is
(max S,ai,...,am—k, minT). We see that c is weakly decreasing if and only
if max S > max([n] \ (SUT)) and minT < min([n] \ (SUT)), and that the
number of weakly decreasing chains is equal to the number of ways to choose
the k-subset S and the (n — m)-subset T satisfying these inequalities.

12.2.3 General Lexicographic Shellability

Definition 12.11. We say that a poset P has a LEX-labeling if we can
label edges of P with elements of a poset A so that the following condition is
satisfied:

LEX-condition. For any interval [z,t], any mazimal chain c in [z,t], and
any y,z € ¢ such that x <y < z < t, if c|[5,.) is lexicographically least in [z, 2]
and c|jy.4 is lexicographically least in [y,t], then c is lexicographically least in
[x,].

A poset is called lexshellable if it possesses a LEX-labeling.

We shall see that, in a sense that will be made precise by Theorem 12.15(1),
this is the most general condition possible. Yet it is not more difficult to check
it than the EL-conditions, and additionally, this condition allows labelings
that are often more natural for the examples considered.

The LEX-condition is illustrated in Figure 12.2. It is immediate that the
EL-condition implies the LEX-condition. Indeed, the chains c|, . and ¢ 4
would be increasing, so since they overlap, the chain ¢ = c\[mﬁz] U c|[y7t] would
be increasing too.

Remark 12.12. Tt is not difficult to see that taking integers as labels in Defin-
ition 12.11 does not make it less general, since taking a linear extension of A
will give us a LEX-labeling again. However, it is often more natural to have
the elements of some poset as labels.

The corresponding question for EL-shellability is still open. However, since
EL-shellability implies lexshellability, it loses its attractiveness.

The LEX-condition has several equivalent formulations.
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if ¢ is lex. o
least here - ~ then it is also
.- lex. least here
and here

Fig. 12.2. The condition for the lexicographic shelling.

Proposition 12.13. For any poset P and for any edge labeling of 13, the
following conditions are equivalent to the LEX-condition:

(1) SLEX-condition (“short lexicographic condition”).
For any interval [x,t], any mazimal chain ¢ in [x,t], and any y, z € ¢ such
that © < y < z, we know that if c|f, . is lexvicographically least in [z, 2]
and c|py 4 is lexvicographically least in [y,t], then c is lexicographically least
in [x,t].

(2) BS-condition (“bad subchain condition”).
For any interval [z,t], any mazimal chain ¢ in [x,t] such that ¢ is not
lexicographically least in [x,t], and c|jy 4 contains at least two elements
excluding x and t, there exist elements y, z € c such that |y, ) is a proper
subchain of ¢ and ||, ) is not lexicographically least in [y, z].

(3) SBS-condition (“short bad subchain condition”).
For any interval [z,t], any mazimal chain ¢ in [x,t] such that ¢ is not
lezicographically least in [x,t], there exist elements y,q,z € c¢ such that
y < q =<z and c|y,, . is not lexicographically least in [y, z].

Proof. It is obvious that (LEX) = (SLEX) and (BS) < (SBS).

(SLEX) = (SBS).

Condition (SLEX) can be reformulated in the following way: if ¢ is not lexi-
cographically least in [x,t], then either c|, . is not lexicographically least in
[z, z] or ¢|[y,t] is not lexicographically least in [y, t], which proves the SBS-
condition.

(SBS) = (LEX).

Consider an interval [z, t], ¢ a maximal chain in [z,t], y,2 € ¢, z <y < z < ¢,
such that c is not lexicographically least in [z, ], but c|(, .) is lexicographically
least in [z, 2] and ¢, 4 is lexicographically least in [y,t]. Then there exist
p,q,7 € csuch that p < ¢ < r and |, ,) is not lexicographically least in [p,7].
Obviously either y < p or r < z. Assume y < p (the other case goes along



12.2 Lexicographic Shellability 221

the same lines). Then p, ¢, 7 € ¢, 4. Since c|}, ) is not lexicographically least
in [p,r], we conclude that c|, , is not lexicographically least in [y, t], which
gives a contradiction. O

Definition 12.14. Given an edge labeling of a poset, we say that a saturated
chain ¢ is mediocre if for any z,y,z € ¢ such that x < y < z, the chain
C|[z,2) is not lexicographically least in [z, z].

So, a mediocre chain ¢ does not have to be the lexicographically worst
(maximal) one, but it is also never the lexicographically best (minimal) when
restricted to any given interval. Clearly, in the special case of the EL-labeling,
the mediocre chains are precisely the weakly decreasing ones.

Theorem 12.15. Let P be a poset.
(1) The following two statements are equivalent:

(a) the simplicial complex A(P) is shellable and it is possible to label the edges
of P with elements of some poset so that the induced lexicographic ordering

of the maximal chains of P gives a shelling order;
(b) the poset P is lexshellable.

(2) In the shelling order induced by a LEX-labeling, the mediocre maximal
chains correspond to the spanning simplices, and can therefore be used to
deliver a basis for the cohomology H*(A(P);Z).

Proof. We start by proving (1).

(b) = (a). .

Let P be a lexshellable poset, and let A be a LEX-labeling of edges of P. We
will prove that the lexicographic ordering of the maximal chains in P gives
a shelling order on the maximal simplices of A(P).

Let ¢1, ¢2 be two maximal chains such that ¢; < ¢, and let [a, b] be the first
interval on which ¢; and ¢y differ; see Figure 12.3. Consider the restrictions
a = ciljgp and B = cil[ap)- Since ¢; < ¢z, by Remark 12.7 we must have
a < (. In particular, by the SBS-condition, there must exist z,y, z € 3 such
that x <y < 2, and the chain ¢;|[, -] is not lexicographically least in [z, 2].

This implies that there must exist a chain v in [z, 2] that lexicographically
precedes ca|[; .. Consider the following concatenation: d := c3|g ,j0v0cal, 1-
Clearly, d < ¢c2 and dNey = ¢\ {y} 2 ¢1 N cg, which verifies the shelling
condition of Definition 12.1.

(a) = (b).

Reading the proof of the other direction backward, we see that the shelling
condition implies the SBS-condition, which by Proposition 12.13 implies that
the poset is lexshellable.

Finally, we verify (2). The spanning simplices are by definition those that
are glued along the entire boundary in the shelling process. Clearly, on the level
of chains, this means those chains ¢ that can be replaced by a lexicographically
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C1 C2

Fig. 12.3. Two maximal chains.

preceding chain on any subchain of length 2. This, in turn, is precisely the
definition of the mediocre chains. 0O

Let us return to example (2) above, that of the rank selection of a Boolean
algebra. Consider the following labeling:

e theedges S < T, for S #0, T # 1, are labeled with the unique element of
T\ S, as in (1);

e the edges 0 < S are labeled with the set S (these sets are ordered lexico-
graphically);

e finally, the edges (S, 1) get arbitrary labels (one may also simply abstain
from labeling these).

Let us verify that this is a LEX-labeling. Consider an interval [z, t], a maximal
chain ¢ in [z,?], and y, 2 € ¢ such that z < y < z < t, and such that ¢[[, ) is
lexicographically least in [z, z] and clj, 4 is lexicographically least in [y, ].

The fact that cl,, . is lexicographically least in [z, 2] means that either
the labels of the chain are increasing, or, if z = @, that we start with the
minimal subset of z and then proceed with an increasing sequence of labels.
Symmetrically, the fact that c[f, 4 is lexicographically least in [y, t] means that
we start with an increasing sequence of labels, which additionally, if ¢ = [n],
constitute the minimal elements of [n] \ y.

This implies that ¢ is lexicographically least in [z,¢]: if x = (), then ¢ must
start with the set consisting of the k smallest elements in ¢; if ¢ = [n], then ¢
must end by adding the n — m largest elements of [n] \ ¢, and along the way
the elements are added in increasing order.

We remark that this example is rather characteristic for what happens in
the lexshellable posets. The labels that one uses are often more natural and
suitable for the combinatorial situation at hand than those in EL-labelings.
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Importantly, one has to know only how to compare labels on the edges on the
same level. In fact, if additionally, all edges leaving a vertex upward happen
to have different labels, then we need to know only how to compare these.

A large class of posets for which it appears inopportune to try to com-
pare edges on different levels is that of the intersection lattices of subspace
arrangements. This is because the edges (O,x) encode the subspaces them-
selves, whereas other edges encode the combinatorial nature of the subspace
intersections. On the other hand, knowing the homology groups of the nerve
complexes of the intersection lattices (and intervals therein) is very impor-
tant, since according to the Goresky—MacPherson formula, these encode the
cohomology groups of the complements of subspace arrangements.

Finally, we note that a rank selection of a lexshellable ranked poset is
again lexshellable. In fact, the labels are easy to make out of the labels for
the original poset: just label each new covering relation x < y with the lexi-
cographically least label sequence for a maximal chain connecting x with y in
the original poset. Once again, we benefit from the fact that we do not have
to compare labels of edges on different levels.

12.2.4 Lexicographic Shellability and Nerves of Acyclic Categories

For the sake of simplicity we have so far discussed lexicographic shellability
in the context of order complexes of posets. It turns out that working in
the generality of nerves of acyclic categories does not cause any substantial
problems, and essentially everything can be extended to this context.

So let us assume that C' is a finite acyclic category, and let C' denote the
category obtained from C' by augmenting it with an initial and a terminal
object. We would like to shell the nerve A(C). This time around, we shall
label not the edges in the Hasse diagram of a poset, but rather the morphisms
that cannot be represented as a composition of two morphisms, none of which
is an identity. Recall that we called such morphisms indecomposable.

The main difference in the acyclic category case is that the notion of the
interval is replaced with the notion of the morphism. Accordingly, a maxi-
mal chain in the interval is replaced with the composable sequence of inde-
composable morphisms, which together compose to yield the corresponding
morphism. To abbreviate our language, we say that a maximal composable
sequence of morphisms (myq,...,mg) is “in m” if it composes to m.

The translation of the prefix condition is then straightforward. The trans-
lation of the LEX-condition is very easy as well. However, we write it out
explicitly for future reference.

LEX-condition for acyclic categories.
For any morphism m, and any composable sequence of indecomposable mor-

phisms ¢ = (my,...,my) in m, let i,j € [k] be some indices such that
1 <i<j<k If (m,...,mj) is lexicographically least in mj o --- o mq,
and (Miy1, ..., my) is lexicographically least in my o - -- om;y1, then c is lex-

icographically least in m.
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Definition 12.16. We call an acyclic category C lexshellable if the aug-
mented category C' possesses a labeling of indecomposable morphisms satisfy-
ing the LEX-condition.

The notion of mediocre chains gets replaced by the composable sequences
of indecomposable morphisms such that each subsequence is not lexicograph-
ically least in the corresponding composition morphism.

Theorem 12.17. Let C be an acyclic category.
(1) The following two statements are equivalent:

(a) the generalized simplicial complex A(C) is shellable and it is possible to
label the edges ofé' with integers so that the induced lexicographic ordering
of the maximal chains of C' gives a shelling order;

(b) the acyclic category C' is lexshellable.

(2) In the shelling order induced by a LEX-labeling, the mediocre composable
sequences of indecomposable morphisms correspond to the spanning simplices,
and can therefore be used to deliver a basis for the cohomology H*(A(C);Z).

Proof. The proofs of both Proposition 12.13 and Theorem 12.15 hold mu-
tatis mutandis with the notion of interval replaced with that of a morphism,
and the notion of covering replaced with the notion of indecomposable mor-
phism. It is also handy to use the equivalent condition for shellability given
in Proposition 12.2. We leave the details to the reader. O

12.3 Bibliographic Notes

Results on shellability date back at least to [BM71]. The notion of EL-
shellability for pure posets was first introduced in [Bj80, Chapter 2]. The gen-
eral lexicographic shellability (lexshellability) described in Subsection 12.2.3
was first introduced in the author’s Ph.D. thesis; see also [Ko97]. It is cu-
rious that this concept was not discovered earlier, taking into account the
equivalence given by Theorem 12.15.

Lexicographic shellability for the nerves of acyclic categories appears in
Subsection 12.2.4 for the first time.

We also refer the interested reader to the wonderful book [GoM88] and to
[K097] for further comments on connections between topology of posets and
arrangements.
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Evasiveness and Closure Operators

One of the classical applications of topological methods in combinatorics is
the proof of the so-called Evasiveness Conjecture for graphs whose number of
vertices is a prime power. In this chapter we describe the framework of the
problem, sketch the original argument, and prove some important facts about
nonevasiveness. One of the important tools is the so-called closure operators,
which are also useful in other contexts.

13.1 Evasiveness

13.1.1 Evasiveness of Graph Properties

Let us fix a natural number n and consider the set of all graphs with n vertices.
If the vertices are labeled, then we have a permutation action of S,, which
induces an action on the set of labeled graphs. This action maps graphs to
isomorphic graphs, and in fact by definition, the orbits of this action are
precisely the isomorphism classes of graphs. Recall that a graph property is
simply a set of unlabeled graphs, which is the same as the set of labeled graphs
closed under the above-mentioned permutation action. A graph from this set
is then said to satisfy this property.

Definition 13.1. A graph property is called monotone if the set of graphs
that satisfy this property is closed under removal of edges.

Examples of monotone properties include planarity and the property of
being disconnected. The condition in Definition 13.1 is basically the same
condition as the one defining abstract simplicial complexes. In fact, the fol-
lowing is the standard construction associating an abstract simplicial complex
to a monotone graph property.

Definition 13.2. Given a monotone graph property G of graphs with n ver-
tices, the abstract simplicial complex A(G) has (g) vertices labeled by ordered
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pairs (i, ), for 1 <1i < j < n, which correspond to potential edges in the graph.
A set of such pairs forms a simplex in A(G) if and only if the corresponding
graph has the property G.

A graph property is called trivial if either no graphs with n vertices satisfy
it, in which case A(G) is void, or all graphs with n vertices satisfy it, in which
case A(G) is an (n — 1)-dimensional simplex.

Let us now consider the following algorithmic situation. We are given a cer-
tain graph property G, which we know, and a certain graph G, which we do
not know. However, we can ask an oracle questions of the type

is the edge (i,7) in G?

Our task is to decide whether graph G satisfies the property G. We would
like to ask as few questions as possible. More precisely, we are interested in
knowing how many questions we have to ask in the worst-case scenario. For
example, if the graph property is trivial, then we do not need to ask any
questions at all. On the other hand, if the property is being a complete graph,
then we might be forced into asking (g) questions. This would happen if the
answers to the first (g) — 1 questions were all positive.

Definition 13.3. A graph property G of graphs on n vertices is called evasive
if in the worst case we need to ask (Z) questions in the course of the algorithm
described above. Otherwise, the graph property is called nonevasive.

By a simple induction on the number of vertices, it will follow that if G
is a nonevasive graph property, then the abstract simplicial complex A(G) is
collapsible; see Proposition 13.7 and Proposition 13.9.

It is not all too trivial to construct nonevasive graph properties. One ex-
ample of such a property is being a so-called scorpion graph. Here a graph G
on n vertices is called scorpion if it has 3 vertices s, ¢, and b such that

e vertex s, called the sting, is connected only to vertex ¢;
e vertex t, called the tail, is connected only to vertices s and b;
e vertex b, called the body, is connected to all vertices but s.

Let us call vertices s, t, and b as above special. See Figure 13.1 for an example
of a scorpion graph.

To see that being a scorpion graph is nonevasive, note first that if we have
a scorpion graph, then the special vertices are determined uniquely: the body
is the unique vertex of degree n — 2, the sting is the unique vertex that is
not connected to the body, and the tail is the unique vertex that is connected
to the sting. Moreover, given any one of them, the other two can be found;
alternatively, it can be checked in linear time whether they exist. This can be
done by asking all the edges connected to the vertex suspected to be special
and following the found edges. For example, if we suspect that = is a sting,
we can first test all the adjacent edges. We must find precisely one edge, say
(z,y). Then we test all the edges adjacent to y. We must find precisely one
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71N

Fig. 13.1. An example of a scorpion graph.

more edge, say (y, z). Finally, test all the edges adjacent to z and verify that
z has valency n — 2; otherwise, the graph is not a scorpion graph. We proceed
similarly if we suspect x to be a tail or a body.

Equipped with these observations we can now perform the following algo-
rithm. Take any vertex = and test all edges adjacent to x. If the valency of
x, denoted by val(x), is 0 or n — 1, then the graph is not a scorpion graph.
If its valency is 1, 2, or n — 2, then either z itself has to be special, or, when
val(z) = 1 or 2, one of its neighbors has to be special. Each one can be checked
in linear time. Assume therefore that 3 < val(z) < n— 3. In this case the only
option for x is to be a nonspecial vertex. Let B denote the set of vertices
adjacent to z, and let S denote the set of vertices not adjacent to x. The sting
and the tail, if they exist, must lie in S, and the body, if it exists, must lie
in B.

The algorithm now runs as follows. Take a vertex y € B and a vertex
z € S. Test the edge (y, z). If the oracle says that this is an edge, then delete
z, choose a new vertex Z instead, and proceed. In this case we know that the
deleted vertex z is not a sting, since it is connected to something that cannot
be a tail. If, on the other hand, the oracle says that (y,z) is not an edge,
then delete y, choose a new vertex gy instead, and proceed. In this case we
know that either the deleted vertex is not a body, or the remaining vertex z
is a sting. The algorithm terminates when either B or S becomes empty. If
S is empty at termination, then our graph is not a scorpion graph, since we
could not have deleted the sting in the process, and yet we did not find it.
If, on the other hand, the set B is empty at termination, then for our graph
to be a scorpion graph, the last tested vertex in S must have been the sting,
since otherwise we did not delete the body from B and we also did not find
it. Thus we finish by testing this last vertex for being a sting.
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Since the total number of queries is linear in the number of vertices, we see
that for sufficiently large n we will need substantially fewer than (;’) questions.
In particular, this graph property is nonevasive.

Clearly, if an edge is removed from a scorpion graph, the obtained graph
no longer has to be a scorpion graph. In other words, being a scorpion graph
is not a monotone graph property. In fact, the following is perhaps the most
important open question pertaining to evasiveness of graphs.

Conjecture 13.4. (Evasiveness Conjecture, a.k.a. Karp Conjecture)
Every nontrivial monotone graph property for graphs on n vertices is evasive.

So far, the Evasiveness Conjecture has been verified in the case when n is
a prime power, and additionally, when n = 6. Beyond being an important fact,
the proof has also acquired quite a bit of resonance due to its nontrivial use
of topological techniques. We would like to sketch the argument here. First
we need the following result.

Theorem 13.5. Let I” be a finite group, and assume that there exist a prime p
and a normal p-subgroup H such that

(1) the quotient group I'/H is cyclic,
(2) the group I' acts on a Zy-acyclic simplicial complex A.

Then we have x(Ar) = 1, where Ar denotes the fized-point set of the I'-action
on A.

Here we shall assume Theorem 13.5 without proof. Let us instead prove the
Evasiveness Conjecture for prime powers, using some simple statements, which
will be proved in the next subsection.

Proof of the Evasiveness Conjecture for prime powers.

Assume now that n = pf, for some prime number p. Assume that the Eva-
siveness Conjecture is false for that value of n, and let G denote a monotone,
but nonevasive, graph property. Furthermore, let GF(n) denote a field with
n elements, which exists because n is a prime power, and let GF(n)* denote
the multiplicative group of that field. Let I" be a subgroup of S,, consisting of
all affine maps in GF(n),

I''={z—azx+blae GF(n)", b€ GF(n)},
and let H be the subgroup of I" consisting of all parallel translations,
H:={z—z+b|bec GF(n)}.

We see that H is a p-group; more precisely, |H| = p'. Furthermore, H is
a normal subgroup of I', since it is the kernel of the group homomorphism
¢: I' — GF(n)* that takes the affine map (z — ax + b) to a. The quotient
group I'/H is isomorphic to GF(n)*, with the isomorphism induced by the



13.1 Evasiveness 229

already mentioned group homomorphism c¢. A general fact from field theory
tells us now that the group I'/H is cyclic.

Since the graph property G is nonevasive, we know that the abstract
simplicial complex A(G) is collapsible; see Proposition 13.7(2). In particu-
lar, it has to be Z,-acyclic. We can now use Theorem 13.5 to conclude that
X(A(G)r) = 1. On the other hand, the group I" acts doubly transitively on
the set [n], i.e., any ordered pair of points can mapped to any other ordered
pair of points by a transformation from I'. This means that the group I" acts
transitively on the set of vertices of the abstract simplicial complex A(G).
Therefore, the only point of A(G) that can possibly be fixed by every element
in I' is the barycenter of the simplex on all (g) vertices, which of course can
be the case only when A(G) is a full simplex. This contradicts our assumption
that the graph property G is nontrivial. O

13.1.2 Evasiveness of Abstract Simplicial Complexes

As we have seen in the previous section, some of the most important results
concerning evasiveness were obtained by topological methods. As a matter of
fact, the whole concept can be extended to a purely simplicial context, as the
next definition shows.

Definition 13.6.

(1) A finite nonempty abstract simplicial compler X is called nonevasive if
either X is a point, or, inductively, there exists a verter v of X such that both
X\{v} andlkxv are nonevasive. Otherwise, the complex X is called evasive.
(2) For two nonempty abstract simplicial complezes X and Y we write X \ g
Y (or, equivalently, Y /yg X ) if there exists a sequence X = A1 D Ag D -+ D
Ay =Y such that for alli € {1,...,t—1} we can write A; \{z;} = Ai+1, and
the abstract simplicial complex 1k a,x; is nonevasive.

In the situation described in Definition 13.6(2), we say that the abstract
simplicial complex X NE-reduces to its subcomplex Y. The following facts
about NE-reduction are useful for our arguments

Proposition 13.7.

(1) If X1 and X5 are abstract simplicial complezes such that X1 \pyg X2 and
Y s an arbitrary abstract simplicial complex, then X1 *Y \gyg X2 * Y.
A cone over any abstract simplicial complex is nonevasive.

(2) The reduction X \gg Y implies the existence of a collapsing sequence
X N\ 'Y, which, in turn implies that, viewed as a topological space, Y 1is
a strong deformation retract of X.

(3) On the numerical side, if X \gr Y, then the Euler characteristics of
X and Y are the same. In particular, a nonevasive abstract simplicial
complex has reduced Euler characteristic equal to 0.
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Proof. Statement (1) follows from the fact that if v is any vertex of an abstract
simplicial complex X, then we have the equalities lkx.yv = (lkxv) * Y and
(X Y)\ {o} = (X \ {u}) Y.

To see statement (2) we can first prove that a nonevasive abstract simpli-
cial complex is collapsible. Perhaps the simplest argument is to use induction
on the number of vertices. Indeed, if our abstract simplicial complex has one
vertex, then it must be nonempty and is therefore collapsible. For the induc-
tion step we notice that for any abstract simplicial complex X and any vertex
v of X, if both lkx (v) and dlx (v) are collapsible, then so is X. To find a col-
lapsing sequence for X, start by collapsing away all the simplices that contain
v, following some collapsing sequence for lkx (v). This will remove the open
star of v, and we can finish off by continuing with any collapsing sequence
for dlx (v).

The full generality of statement (2) follows now from the definition of NE-
reduction and the fact that the open star of v can be collapsed away as long
as the link of v is collapsible.

Statement (3) follows immediately from (2). O

The following is a very important conjecture about evasive abstract sim-
plicial complexes, which has now been open for quite some time.

Conjecture 13.8. (Evasiveness Conjecture for abstract simplicial complexes)
Let X be a nonempty abstract simplicial complex with the vertex set [n].
Assume furthermore that I is a subgroup of S,, such that the permutation
action of I" on [n] is transitive. Then either X is evasive or it is isomorphic to
the full (n — 1)-dimensional simplex.

The Evasiveness Conjecture for abstract simplicial complexes is still open
for general n. It has been verified for the case when n is a prime power, as
well as for the special cases n = 6, 10, and 12.

Definition 13.6(1) can be reinterpreted algorithmically as follows: we know
a certain abstract simplicial complex X, and there is some chosen subset o of
the set of vertices of X that we do not know. We need to decide whether o is
a simplex of X by asking the oracle questions of the type “is v in o ?” where v
is some vertex of X. The abstract simplicial complex X is then called evasive
if in the worst case scenario, we may have to ask this question for all vertices
of X.

An example of a nonevasive complex is a simplex: we need to ask no
questions at all. An example of an evasive complex is given by the boundary
of a simplex: if the answer to all our questions hitherto is “yes,” then we will
have to keep querying until the very last vertex, since the question whether o
is a simplex will hinge on the question whether it contains all vertices.

The algorithmic reformulation above makes the next proposition immedi-
ate.

Proposition 13.9. A monotone graph property G is evasive if and only if the
associated abstract simplicial complex A(G) is evasive.
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Proof. To decide whether a graph G has property G is the same as to decide
whether its set of edges is a simplex of A(G). The queries “is this edge in G?”
get translated precisely into the queries “is this vertex in your presumed sim-
plex?” 0O

Clearly, when interpreted this way, the notion of evasiveness can be ex-
tended to an arbitrary set system. Having done that, one can as well attempt
to drop the monotonicity in Conjecture 13.8, which will yield the following
conjecture.

Congecture 13.10. (Generalized Aanderaa—Rosenberg Conjecture)

Let X be a collection of subsets of the set [n] such that § € X' and [n] ¢ X.
Assume furthermore that I" is a subgroup of S,, such that the permutation
action of I" on [n] is transitive. Then X' is evasive.

It is easy to prove the Generalized Aanderaa—Rosenberg Conjecture in the
case when n is a prime power. First, we note that the notion of Euler charac-
teristic can be defined for any set system X by setting x(X) := > g5 (—1)!50.
Just as in the simplicial case we see that the reduced Euler characteristic of
a nonevasive set system is equal to 0.

Proof of the Generalized Aanderaa—Rosenberg Conjecture in the
case when n is a prime power.

Assume that n = p’, for some prime number p, and assume that X is a noneva-
sive set system. Assume furthermore that the group I" is a subgroup of S,
satisfying the conditions of Conjecture 13.10. Let O be an arbitrary orbit of
the -action on Y. Let k denote the cardinality of the sets in O. Since the
permutation action of I" on [n] is transitive, every element of [n] is contained
in the same number of sets in O, which we denote by m.

Double counting the number of pairs (4, z), where z € [n], A € O, and
x € A, yields the identity |O|-k = p'-m. Since [n] € X, we have 1 < k < p'—1,
and therefore we see that p must divide |O|. Clearly, the entire collection of
subsets X' is a disjoint union of I'-orbits, and since we have shown that the
cardinality of each orbit is divisible by p, we can conclude that the reduced
FEuler characteristic of X' is congruent to —1 modulo p. Thus, the set system
2} cannot be nonevasive. O

The Generalized Aanderaa—Rosenberg Conjecture in its full generality is
wrong. We describe here a counterexample for n = 12; cf. Figure 13.2. Let I
be the cyclic subgroup of Sy generated by the cycle (1234567891011 12).
Clearly, I" acts transitively on the set of vertices. Let A be the family of all
subsets of the sets of the I'-orbit of {1,4,7,10}, let B be the family of all
subsets of the sets of the I'-orbit of {1,7}, and let C be the family of all
subsets of the sets of the I'-orbit of {1,5,9}. Consider the I'-invariant set
system X := (A\ B) UC.

A concrete algorithm proving that the set system X' the so-called Illies
system, is nonevasive is shown in Figure 13.3. In this figure, the following
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Fig. 13.2. A counterexample to the Generalized Aanderaa—Rosenberg Conjecture.

conventions are used: the rectangular box with straight corners with one or
more numbers in it means “ask whether these numbers are in our set”; the
rectangular box with rounded corners with a number a in it means “ask about
all remaining elements ezcept for a whether they are in our set” (the point
here being that we will not have to ask about a, verifying that this set system
is in fact nonevasive).

13.2 Closure Operators

13.2.1 Collapsing Sequences Induced by Closure Operators

The following concept is of fundamental importance in studying the topolog-
ical properties of order complexes of posets.

Definition 13.11. An order-preserving map ¢ from a poset P to itself is
called a descending closure operator if p?> = ¢ and p(x) < z, for any
x € P; analogously, ¢ is called an ascending closure operator if p?> = ¢
and o(x) > x, for any x € P.

Ascending and descending closure operators induce strong deformation
retractions of A(P) onto A(p(P)). Here we give a short and self-contained
inductive proof of the following stronger fact.

Theorem 13.12. Let P be a poset, and let ¢ be a descending closure operator.
Then A(P) collapses onto A(o(P)). By symmetry, the same is true for an
ascending closure operator.

Proof. We use induction on |P| — |¢(P)|. If |P| = |¢(P)|, then ¢ is the
identity map and the statement is obvious. Assume that P\ ¢(P) # () and let
x € P be one of the minimal elements of P\ ¢(P).
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Fig. 13.3. An algorithm for the Illies set system.

Since ¢ fixes each element in P, ¢(x) < z, and ¢ is order-preserving, we
see that P, has ¢(x) as a maximal element; see Figure 13.4. Thus the link
of z in A(P) is A(Psy) * A(P<y) = A(Psy) ¥ A(P<y(y)) * @(2); in particular,
it is a cone with apex ¢(z).

Fig. 13.4. P<a: = chp(ac)'

Let 01,...,0¢ be the simplices of A(Ps,) * A(P,(,)) ordered so that the
dimension is weakly decreasing. Then
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(01 U {L)L‘},O’l U {.’K, QD((L')}), sy (Ut U {LL‘},O’t U {(t, QD(:L')})

is a sequence of elementary collapses leading from A(P) to A(P\ {z}). Since
¢ restricted to P\ {z} is again a descending closure operator, A(P \ {z})
collapses onto A(p(P \ {z})) = A(p(P)) by the induction assumption. 0O

Remark 13.13. There is a direct way to describe the elementary collapses in
the proof of Theorem 13.12, bypassing the induction. Namely, for x € Bd P\
Bdp(P), = (1 < -+ < zp), let 1 < ¢ < k be the minimal possible
index such that z; ¢ @(P). Then either ¢ = 1 or ;1 € @(P). If p(z;) =
Z;—1, then match (x \ {z;_1},x); otherwise, match (z,z U ¢(z;)). The latter
is possible since either ¢ = 1, or z; > 2,1 and p(z;) # x;—1 imply @(z;) >
p(ri—1) = z;—1. It is now easy to verify that this is an acyclic matching, see
Definition 11.1(2), and thus one can alternatively derive the result by using
discrete Morse theory.

13.2.2 Applications
Application 1.

Our first application involves an abstract simplicial complex stemming from
a certain set of graphs.

Definition 13.14. Let DGy, be the abstract simplicial complex of all discon-
nected graphs on n labeled vertices. In other words, the vertices of DGy, are all
pairs (i,7), with i < j, 1,7 € [n], i.e., all possible edges of a graph on n labeled
vertices; and simplices of DGy, are all collections of edges that form a graph
with at least two connected components.

It turns out that topologically, the simplicial complex of all disconnected
graphs is essentially equivalent to the already considered order complex of the
partition lattice.

Proposition 13.15. Let n > 3. The simplicial complex Bd (DGy) collapses
onto the order complex A(II,); in particular, it is homotopy equivalent to
a wedge of (n — 3)-dimensional spheres.

Proof. Set @ := F(DG,). Define the map ¢ : Q@ — @Q, taking each graph to
its transitive closure. It is easily checked that ¢ is an order-preserving map,
that ¢? = ¢, and that G < ¢(G), for any graph G. We conclude that ¢ is an
ascending closure operator.

The image of ¢ consists of all graphs whose connected components are
complete graphs. These graphs can be indexed with the set partitions of [n]
by associating to each graph the set partition given by its connected compo-
nents. Since the graphs are nonempty and disconnected, we get exactly all
set partitions of [n] except for (1™) and (n). These partitions are ordered by
refinement, and we conclude that ¢(Q) = II,,.

Clearly, A(Q) = Bd(DG,), so by the Theorem 13.12 we conclude that
Bd (DG,,) collapses onto A(II,). O
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Application 2.

Let G be an arbitrary graph. Recall from the Subsection 9.1.4 that we
have an order-reversing map N : F(N(G)) — F(N(G)), which maps every
set of vertices to their common neighbors. Recall also that the complex
A(N(F(N(G)))) is called the Lovdsz complex of G and is denoted by Lo(G).

Since the map N is order-reversing, we see that the map N? is order-
preserving. Furthermore, it follows directly from Definition 9.10 that for any
vertex set A C V(G), we have N?(A) D A. Indeed, if v € A, then for all
w € N(A) we have (v,w) € E(G), and therefore v € N?(A).

Since N is order-reversing, the inclusion N?(A) D A implies the inclusion
N3(A) C N(A). On the other hand, substituting N(A) instead of A into
that first inclusion, we obtain N3(A) D N(A). Thus, we can conclude that
N3(A) = N(A); in particular, N(F(N(Q))) = N2(F(N(Q))).

Proposition 13.16. The simplicial complex Bd (N(G)) collapses onto its
subcomplex Lo(G).

Proof. Define the map ¢ : F(N(G)) — F(N(G)) by simply setting ¢ := N2
From our previous comments, it is clear that ¢ is an order-preserving map,
that ¢ = ¢ (i.e., that N* = N2), and that A < p(A), for any A C V(G). We
conclude that ¢ is an ascending closure operator.

By Theorem 13.12 we conclude that the complex Bd (M (G)) collapses onto
Alp(FIN(G)))) = AN (FN(G))) = AN(FN(G)) = Lo(G). DO

Application 3.

The next definition describes yet another object, which is standard in Combi-
natorial Algebraic Topology. Recall, that in order theory, elements that cover
the minimal element 0 are called atoms.

Definition 13.17. Let £ be a lattice. The atom crosscut complex I'(L)
associated to L is defined as follows:

e the set of vertices of I'(L) is equal to the set of atoms of L, denoted
by A(L);

o a subset o C A(L) is a simplex in I'(L) if and only if the join of elements
in o is different from 1.

Recall that a lattice £ is called atomic if all elements of £ can be repre-
sented as joins of atoms.

Theorem 13.18. For any atomic lattice L, the simplicial complez Bd (I'(L))

collapses onto A(L).
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Proof. Define a map ¢ : F(I'(L)) — F(I'(L)) as follows: a simplex o maps
to A< j(s), where J(o) is the join of all elements in o. Clearly, ¢ is order-
preserving, ¢? = ¢, and ¢(0) 2 0.

By Theorem 13.12 we conclude that the complex A(F(I'(L))) = Bd (I'(£))
collapses onto A(¢(F(I'(L)))). On the other hand, since the lattice is atomic,

we have o(F(I'(L))) = L, and so Bd (I'(£)) collapses onto A(L). O

Remark 13.19. Application 1 above is a special case of Theorem 13.18, since
DG, = I'(I1,).

For an arbitrary lattice £, let £, denote the sublattice consisting of all
the elements that are joins of atoms. By the argument above, we see that
Bd (I'(£)) collapses onto A(L,). On the other hand, the map ¢ : £ — L
mapping z to the join of the elements of A(L)<, is a descending closure map,

and its image is precisely equal to L,.

We summarize: for an arbitrary lattice £, both Bd (I'(£)) and A(L) collapse

to A(L,).

13.2.3 Monotone Poset Maps
Next, we would like to relax conditions on closure operators somewhat.

Definition 13.20. Let P be a poset. An order-preserving map ¢ : P — P is
called o monotone map if for every x € P either x > p(z) or z < p(z).
If ¢ > p(x) for all x € P, then we call ¢ a decreasing map; analogously, if
x < @(x) for all x € P, then we call ¢ an increasing map.

We remark here on the fact that while a composition of two decreasing
(resp. increasing) maps is again a decreasing (resp. an increasing) map, the
composition of two monotone maps is not necessarily a monotone map. To
see a simple example, let P be the lattice of all subsets of {1,2}, and define
o(S) = SU{2} and y(T) = T\ {1}, for all S,T C {1,2}. The composition
T o S maps all the subsets to {2}; in particular, it is not a monotone map.

However, any power of a monotone map is again monotone. Indeed, let
¢ : P — P be monotone, let x € P, and say « < ¢(x). Since ¢ is order-
preserving, we conclude that p(x) < ¢?(z), ¢?*(z) < ¢*(z), etc. Hence z <
©N(z) for arbitrary N.

The following proposition shows that monotone maps have a canonical
decomposition in terms of increasing and decreasing maps.

Proposition 13.21. Let P be a poset, and let ¢ : P — P be a monotone
map. There exist unique maps o, 3 : P — P such that

e the map ¢ can be represented as a composition p = a o 3;
e« is an increasing map, whereas [ is a decreasing map;
e we have Fixa UFix (3 = P.
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Proof. Set
o) = {@(93), if o(z) > 2

T, otherwise,

and

x, otherwise.

Bz) = {so(fv), if () < ;

Clearly, ¢ = a0 3, and Fixa UFix 8 = P. To see that « is an increasing map,
we just need to see that it is order-preserving. Since « either fixes an element
or maps it to a larger one, the only situation that needs to be considered is
x,y € P,z <y, and a(x) = p(z), a(y) = y. However, under these conditions
we must have ¢(y) < y; thus we get a(y) =y > ¢(y) > p(z) = a(z), and
so « is order-preserving. That ( is a decreasing map can be seen analogously.
Finally, the uniqueness follows from the fact that each z € P must be fixed
by either a or 3, and the value ¢(x) determines which one will fix . O

13.2.4 The Reduction Theorem and Implications
The next theorem strengthens and generalizes Theorem 13.12.

Theorem 13.22. Let P be a poset, and let ¢ : P — P be a monotone map.
(a) Assume x € P such that o(x) # x, and P<, U P~ is finite. Then the
abstract simplicial complex A(P<,) * A(Ps,) is nonevasive.

(b) Assume that P O @ 2 Fixyp, that P\ Q is finite, and that for every
x € P\ Q, the set P., U Ps, is finite. Then A(P) \ae A(Q); in particular,
the simplicial complex A(P) collapses onto the subcompler A(Q).

Remark 15.23.
(1) Note that when P is finite, the conditions of Theorem 13.22(b) simply
reduce to P 2O @ 2 Fixp.

(2) Under the conditions of Theorem 13.22(b), the simplicial complex A(P)
collapses onto the simplicial complex A(Q). This implies Theorem 13.12 as
a special case. In particular, the complexes A(P) and A(Q) have the same
simple homotopy type.

(3) Under the conditions of Theorem 13.22(b), the topological space A(Q) is
a strong deformation retract of the topological space A(P).

(4) Any poset @ satisfying P 2O Q D (P) will also satisfy P 2 @ 2 Fixy;
hence Theorem 13.22 will apply. In particular, for finite P, we have the fol-
lowing corollary: A(P) \ae A(¢(P)).

The proof of Theorem 13.22 follows the general lines of the proof of The-
orem 13.12. However, there are some further technicalities to be dealt with.
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Proof of Theorem 13.22.

We can assume that P # . The proof is by induction, and to start with,
some explanation is in order. For finite P the proof is by induction on |P|,
and both statements are proved in parallel, with statement (a) being proved
first. For infinite P, we can first prove statement (a) using statement (b) for
finite posets, and then prove statement (b) by induction on |P| — |@|, which
is assumed to be finite.

Let us now proceed with the induction. We start with statement (a). Since
the expression A(P<;) * A(Ps;) is symmetric with respect to inverting the
partial order of P, without loss of generality, it is enough to consider only the
case p(z) < x. Let us show that in this case, A(P,) is nonevasive.

Let ¢ : P., — P, denote the restriction of ¢. It is easy to see that 1) is
a monotone map of P.,. By the induction hypothesis we see that A(P<;) \uE
A(P<y(a)), since Fix¢p C 9(P<y) € P<y(s), and P, is finite. On the other
hand, A(P<,(,)) is a cone; hence by Proposition 13.7(1), it is nonevasive,
and therefore A(P.;) is nonevasive as well. Again by Proposition 13.7(1), it
follows that A(P,) * A(Ps,) is nonevasive. Thus (a) for P follows from (b)
for P, 2 Pe ()

Let us now prove statement (b). To start with, we replace the monotone
map ¢ with a monotone map v satisfying v(P) C @ and Fixy = Fixe. To
achieve that objective we can set v := o, where N = |P\Q|. With this choice
of v, the inclusion v(P) C @ follows from the assumption that Fix¢ C Q.

Take an arbitrary € P\ Q. Since x ¢ ~v(P), we have x # «(z); hence by
(a) we know that lkapyz = A(P<;) * A(Ps;) is nonevasive. This means that
A(P) \ae AP\ {z}).

Let the map ¢ : P\{z} — P\ {z} be the restriction of the map ~. Clearly,
1 is a monotone map, and Fix¢ = Fix~. This implies Fix¢y C @Q; hence by
the induction hypothesis, A(P \ {z}) \ar A(Q). Summarizing, we conclude
that A(P) \ue A(Q). This shows that (b) for P O @ follows from (a) for P
together with (b) for P\ {z} 2 Q. O

13.3 Further Facts About Nonevasiveness

13.3.1 NE-Reduction and Collapses

NE-reduction can be used to define an interesting equivalence relation on the
set of all abstract simplicial complexes.

Definition 13.24. Let X and Y be abstract simplicial complexes. Recursively,
we say that X ~y Y if X \ne Y or'Y xe X, or if there exists an abstract
sitmplicial complex Z such that X ~yg Z and Y ~yg Z.

Clearly, if X is nonevasive, then X ~yg pt; but is the opposite true? The
answer to that is no. As one example, consider the standard instance of a space
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Fig. 13.5. A house with two rooms.

that is contractible but not collapsible: let H be the so-called house with two
rooms; see Figure 13.5.

Independently of a particular triangulation, the space H is not collapsible;
hence it is evasive. On the other hand, we leave it to the reader to see that it
is possible to triangulate the filled cylinder C' given by the equations |z| < 1,
22 + 9% < 1, so that C \yg H.

Recall from Section 6.4 that the analogous equivalence relation, where \ yg
and “yg are replaced by \, and 7, is called the simple homotopy type, and
that the celebrated Whitehead theorem implies that the simplicial complexes
with the simple homotopy type of a point are precisely those that are con-
tractible; see Theorem 6.16. Therefore, the class of simplicial complexes that
are NE-equivalent to a point relates to nonevasiveness in the same way as con-
tractibility relates to collapsibility. Clearly, this means that this class should
constitute an interesting object of study.

We conjecture that NE-equivalence is much coarser than Whitehead’s sim-
ple homotopy type.

Conjecture 13.25. There exists an infinite family of finite simplicial complexes
{X;}$2, all of which have the same simple homotopy type such that X, %y
X, for all i # j.

Finally, let us remark that whenever we have abstract simplicial complexes
X ~y Y, there exists an abstract simplicial complex Z such that X g
Z \ak Y. Indeed, assume that A \yg B /v C, for some abstract simplicial
complexes A, B, and C. Set S := V(A)\V(B), and set T := V(C)\V(B). Let
D be the abstract simplicial complex obtained by attaching to A the vertices
from T in the same way as they would be attached to B C A. Clearly, since
the links of the vertices from S did not change, they can still be removed in
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the same fashion as before, and therefore we have A “yg D \ e C. Repeating
this operation several times, and using the fact that the reductions 'y (as
well as \yg) compose, we prove the claim.

13.3.2 Nonevasiveness of Noncomplemented Lattices

Let £ denote a finite lattice. For z € £ we write Coz(x) for the set of com-
plements of z, i.e., the set {y € L]z Ay =0 and z Vy = 1}, while CoVr(x)
will denote the set of upper semicompliments of x: {y € L|xVy=1}.

Theorem 13.26. Let L be a finite lattice. Let x € L and let P = L\ B,
where Co¥ c(x) 2 B 2 Cor(x). Then A(P) is nonevasive; in particular, it is
collapsible.

Remark 15.27.
(1) A particularly interesting special case is B = Co(z) = (), that is, x has

no complements. Then A(L) is nonevasive.

(2) For symmetry reasons, the theorem remains true if upper semicomplements
are replaced by lower semicomplements.

(3) The result of Theorem 13.26 can be translated to algorithmic language in
the following way. Let P be as in the formulation of Theorem 13.26. Assume
that A is a subset of P that is not known in advance. One is allowed to ask
questions of the type, “Is y in A?” where y € P. Then there exists a strategy
that determines whether the set A is a chain in P, using at most |P| — 1
questions.

Proof of Theorem 13.26.
We use induction on the number of elements in the poset £. Since z € P, we
know that A(P) is not empty. Furthermore, if P consists of only one element,
then A(P) is a simplicial complex consisting of only one point, and hence is
nonevasive by definition.

Assume now that |£| > |P| > 1. In order to show that A(P) is nonevasive,
we shall find a suitable element y € P for which we shall prove the following
two claims:

Claim 1. The order complex A (P \ {y}) is nonevasive.

Claim 2. The order complex A (ng &) sz) is nonevasive.

One way to show that A(Q) is nonevasive (for @) taken from the claims
above) will be to write @ in the form £\ B’, where £’ is some lattice such
that |£/| < |£] and CoYz/(2) 2 B’ D Cor/(2), for some z € L'\ B, and to
use induction.

We divide the main part of the proof into two cases, depending on the
choice of y.
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Case 1: the primary case.
There exists an element y such that y is an atom of P and x # y.

Proof of Claim 1.
Since y is an atom, £’ = £\ {y} is a lattice. Also, it is clear that x € L. Set
B'=BnL. Then L'\ B = (L\ B)\{y} = P\ {y}. If t € Cop (), then
zVt=1and 2 At=0in £'. However, the identity z At = y is impossible in
L, since then it would imply y < x, which we have assumed to be false. Hence
At =0in L, sot € Cog(x) and therefore B’ D Co,/(z). Furthermore, if
teCoVe(x), t #y, thent € Co¥p/ (x), ie., CoY ()2 CoVp(z)NL.

So we have shown that Co¥ z/(z) 2 B’ D Cor/(x), and hence A (P\ {y})

is nonevasive by the induction hypothesis.

Proof of Claim 2.

We refer to Figure 13.6 for an illustration of our argument. We see that £ =
[y, i] is a lattice, since it is an interval in the lattice £. Let z = x V y. Since y
is an atom and y £ x, we know that = Ay = 0. On the other hand, we have

y ¢ Cor(x),soz#1.

Fig. 13.6. The comparison diagram for Case 1, Claim 2.
Set B' = L' N B. First we show that Coz/(2) C Cog(x) N L. Take t €
Cor/(z). Thent ANz=yand tVz=1. But
l=tVvz=tV(zVy =({tVy Ve=tVz.
Let a =t A z. Clearly
z=zVy>r>rxAt=a

and
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t>z Nt =aq;

hence
y=tANz2>a.

Since z > a we get 0 = 2 Ay > a, hence a = 0, and so t € Coc(z)N L.
Therefore we get

Cor(z) CCor(z)NL CBNL =DB.

Furthermore,
B'=BNnL CCoV,(z)NL CCo¥ri(z),

where to prove the last inclusion we just note that if t V2 = 1, then t vV z =
tVazVy=1Vy=1. Claim 2 now follows, since L'\ B’ = Px,,.

Case 2: the secondary case.
For every atom y € P we have x > y.

Consider the map ¢ : P — L<,, mapping y — yAz. Clearly, ¢ is a descending
closure operator, whose image is L<,. By a previous theorem it follows that
A(P) \ae A(L<,), and since the latter is a cone with x as an apex, we
conclude that A(P) is nonevasive. O

13.4 Other Recursively Defined Classes of Complexes

In this section we mention some other classes of abstract simplicial complexes
that are studied in Combinatorial Algebraic Topology and are defined in a re-
cursive way. These families are less prominent than the nonevasive complexes,
so we shall keep our presentation brief.

Definition 13.28. A pure abstract simplicial complexr X is called vertex-
decomposable if it is empty or if there exists a vertex v of X such that both
the link lkx (v) and deletion dlx (v) are vertez-decomposable.

For example, the simplicial complex consisting of a single vertex is vertex-
decomposable, since both the link and deletion of this vertex are empty. Fur-
thermore, any simplex is vertex-decomposable.

Definition 13.29. A pure abstract simplicial complex X is called con-
structible if it is a simplex, including the empty simplex, or if it has con-
structible subcomplexes Y and Z such that

e we have X =Y UZ;
the complex Y N Z is constructible;
e we have dim X =dimY =dim Z = dim(Y N Z) + 1.

We finish by stating without proof the following important proposition.
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Proposition 13.30. For an arbitrary pure abstract simplicial complex we
have the following implications:

nonevasive = vertex-decomposable = shellable = constructible,

with all implications being strict.
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Colimits and Quotients

14.1 Quotients of Nerves of Acyclic Categories

14.1.1 Desirable Properties of the Quotient Construction

Assume that we have a finite group G acting on a finite poset P in an order-
preserving way. The purpose of this chapter is to study a construction of the
quotient associated with this action. One structural approach is to view P
as an acyclic category and to view the group action of G as a functor from
the one-element category associated to the group G to AC. Then, as we have
pointed out earlier in Subsection 4.4.3, it is natural to define P/G to be the
colimit of this functor. As a result, P/G can in general turn out to be an acyclic
category, which is not necessarily a poset.

Our plan for this chapter is as follows. After describing the formal setting in
Section 14.2 we proceed in Section 14.3 with imposing different conditions on
the group action. We shall give conditions for each of the following properties
to be satisfied:

(1) the morphisms of P/G are exactly the orbits of the morphisms of P; we
call it regularity;

(2) the quotient construction commutes with the nerve functor;

(3) the category P/G is again a poset.

Since the quotient of the group action on a poset is in general an acyclic
category, whereas the quotient of the group action on an acyclic category, as
we shall see, is always acyclic itself, the class of acyclic categories appears here
as a natural category that contains the category of posets, and is at the same
time closed under taking quotients.

14.1.2 Quotients of Simplicial Actions

Before we proceed with the general setup, let us see what makes things com-
plicated in the simplicial situation. To do that, let us consider a simplicial



246 14 Colimits and Quotients

G-action on X, where G is a finite group and X is a finite abstract simplicial
complex. What can in general be said about the quotient X/G? It is easy to
take the topological quotient, but the simplicial (or cell) structure on it may
not be derived from the simplicial structure of X in a very nice way.

Consider, for instance, the reflection action of the additive group Zs on
an interval. The topological quotient is again an interval. One of its vertices
is an orbit of the original Zs-action on the vertices of the interval, whereas
the other one is not. This is not a very pleasing situation; therefore we would
like to require that the action satisfy further properties.

Condition (S1). For any group element g € G and any simplex o € X such
that g(o) = o, we have g|, = id,.

In words, Condition (S1) says that if a simplex is preserved by a group
element, then it is fixed by that group element pointwise. Note that this
condition is not satisfied in the example of the Zs-action above.

Condition (S2). For any group element g € G, and any simplex o € X, we
know that g fizes g(o) N o pointwise.

Clearly Condition (S1) is a special case of Condition (S2), when g(o) =
o = g(o)No. Here is an example of a situation in which Condition (S1) holds,
whereas Condition (S2) does not.

Ezxample 14.1. Let X be the hollow triangle, i.e., the abstract simplicial com-
plex consisting of three vertices 1, 2, and 3 and three connecting edges (1, 2),
(1,3), and (2,3). Let G be the cyclic group with three elements, and let the
generator of this group act on X by cyclic shifting: 1 +— 2, 2 +— 3, 3 — 1.
Clearly, Condition (S1) is true, since no element other than the identity ever
preserves a simplex, whereas Condition (S2) fails, for example, if one takes g
to be the generator of the group, and takes o = (1, 2).

When Condition (S1) or both Conditions (S1) and (S2) are valid, we can
say something useful about the quotient.

Proposition 14.2. Assume that we have a simplicial action of a finite group
G on a finite abstract simplicial complex X. Then the following hold:

(1) If this action satisfies Condition (S1), then X/G can be viewed as a CW
complex whose cells are indexed by G-orbits on the set of the simplices
of X.

(2) If, in addition, this action satisfies Condition (S2), then the quotient com-
plex is a generalized simplicial complez.

Proof. If our action satisfies Condition (S1), then there will be no self-
identifications of open cells. Hence the quotient X/G can be obtained by
gluing in the orbits of open cells along the quotients of the original attaching
maps. This proves part (1) of the proposition.

If the action additionally satisfies Condition (S2), then there will be no
self-identifications of the closed cells either. In other words, the new attaching
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maps are the same as the original ones. Hence the quotient X/G is a general-
ized simplicial complex; see Definition 2.41. O

Let us next consider a similar, yet somewhat different, situation, where X
is a finite trisp and the group G acts by trisp maps.

Proposition 14.3. Assume that we have a trisp action of a finite group G
on a finite trisp X. Then the following hold:

(1) The quotient X/G is again a trisp, whose simplices are indexed by the
G-orbits of the set of simplices of X.

(2) If, furthermore, X is a finite reqular trisp and the G-action satisfies Con-
dition (S2), then the quotient trisp X/G is again regular.

Proof. To see (1), notice that a trisp map always preserves the order of
the vertices in each simplex; hence Condition (S1) is always satisfied. This
is basically the reason why (1) holds for arbitrary trisp actions. The formal
argument is as follows. For every nonnegative integer n, set S,,(X/G) to be the
set of G-orbits of S, (X). Furthermore, for an arbitrary simplex o € S, (X)
and arbitrary order-preserving injection f : [m + 1] — [n + 1], we set

By(X/G)([o]) := [Bf(X)(0)], (14.1

)
where we use square brackets to denote the G-orbits. The value of B;(X/G)
is well-defined, since the commutation relation (2.14) tells us that [o1] = [02]
implies [Bf(X)(01)] = [Bf(X)(02)]. We also obviously have Bfo4(X/G) =
By(X/G) o Bf(X/G) and Biq, (X/G) = idg,(x/¢), and hence the quotient
X/G has a well-defined trisp structure.

To see (2), we just need to verify that no two vertices belonging to the same
simplex are identified by the group action. This follows from Condition (S2),
since if o is a simplex and both v and g(v) are vertices of o, for some g € G,
then g(v) € o0 Ng(o), and hence g(g(v)) = g(v), implying g(v) =v. O

Proposition 14.3 can now be applied in the case of a group action on a finite
acyclic category.

Proposition 14.4. Let C' be a finite acyclic category, and let G be a finite
group acting on C. Then A(C)/G is a regular trisp, whose simplices are in-
dexed by the G-orbits on the set of simplices of A(C).

Proof. First, by our discussion in Chapter 10, A(C) is a trisp, and the induced
G-action on A(C') is a trisp action. Hence it follows from Proposition 14.3(1)
that A(C)/G is also a trisp, whose simplices are indexed by the G-orbits on
the set of simplices of A(C).

Furthermore, since the acyclic category C' is assumed to be finite, we know
that if there is a morphism between x and g(x), then g(z) = z, for any g € G,
z € O(C). It follows that for any simplex o of A(C') and any group element
g € G, the intersection g(o) N o consists of objects and morphisms that are
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all fixed by g. Thus, our action satisfies Condition (S2), and the regularity of
A(C)/G follows from Proposition 14.3(2). O

Let us look at a few classical examples to see what may happen.

Ezxample 14.5. The symmetric group S,, acts on the Boolean algebra B,, by
permuting the ground set. Every S,-orbit can be uniquely encoded by the
sequence of the cardinalities of the sets in the chain. Analyzing how these are
glued together, we see that A(B,,)/S, is an n-simplex.

Ezxample 14.6. The group Zs actson P =2 @ - - - @ 2, by simultaneously swap-

ple 14 group Zs ¥y y swap
n+1

ping elements in each copy of the antichain 2. We have seen that A(P) is

homeomorphic to S”, and we can see that the induced Zs-action is antipodal;

hence the quotient A(P)/Zs is homeomorphic to the projective space RP".

Ezample 14.7. Recall that I, denotes the poset of all set partitions of [n],
ordered by refinement. Again, the symmetric group S, acts on II,, by per-

muting the ground set, and we can consider the quotient complex A(IT,)/S,.
This space has been considered in Sections 9.3 and 11.2.

14.2 Formalization of Group Actions and the Main
Question

14.2.1 Definition of the Quotient and Formulation of the Main
Problem

Our main object of study is described in the following definition.

Definition 14.8. We say that a finite group G acts on a finite acyclic cate-
gory C if there is a functor Ac : G — AC that takes the unique object of G
to C. The colimit of Ac is called the quotient of C by the action of G and
is denoted by C/G.

To simplify notation, we identify Ac(g) with g itself. Furthermore, in
Definition 14.8 the category AC could be replaced with a different one. For
example, when considering the group actions on posets, one could ask to
take the colimit with the category of posets instead. The resulting notion of
quotient would then be different; see Example 14.9.

Main Problem. Understand the relation between the topological and the
categorical quotients, that is, between A(C/G) and A(C)/G.

To start with, by the universal property of colimits, see Definition 4.33,
there exists a canonical map A : A(C)/G — A(C/G). In Section 14.3 we shall
give combinatorial conditions under which this map is an isomorphism.
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14.2.2 An Explicit Description of the Category C/G

It can be shown in general that if a group G acts on the category C, then
the colimit C'/G exists. In combinatorial situations it is useful to have an ex-
plicit description, which we now proceed to give.

When z is an object or a morphism of C, we denote by G(z) the orbit of
x under the action of G. For objects we have O(C/G) = {G(a)|a € O(C)}.
The situation with morphisms is more complicated. Define a relation < on
the set M(C) by setting = < y if there are decompositions z =z 0--- oz
and y = yy o --- oy with G(y;) = G(a;) for all i € [t]. The relation < is
reflexive and symmetric, since G has an identity and inverses; however, it is
not in general transitive. Let ~ be the transitive closure of «; it is clearly an
equivalence relation. Denote the ~ equivalence class of by [z].

Perhaps a better way to understand the relation ~ is to note that it is
the minimal equivalence relation on M(C) closed under the G-action and
under the composition. That is, we require that a ~ g(a) for any g € G, and
that if z ~ 2’ and y ~ 3/, and z oz’ and yoy' are defined, then xoz’ ~ yoy/ .
It is not difficult to check that the set {[z]|z € M(C)} with the relations
Be[z] = [Dez], O°[x] = [0°x] and [x] o [y] = [z o y] (Whenever the composition
x oy is defined) are the morphisms of the category C/G.

Let us now look at a few more examples illustrating various points that
we have considered so far.

Ezxample 14.9. Let P be the poset in the middle of Figure 14.1. Let Zs act
on P by simultaneously permuting a with b and ¢ with d. Arrow (I) shows
P/Zs in P, whereas arrow (II) shows P/Zs in AC. Note that in this case the
quotient in AC commutes with the functor A (the canonical surjection A is
an isomorphism), whereas the quotient in P does not.

P N
a b
@ (D)
N N
c d
~x._____-7
Fig. 14.1. Quotient taken in the category of acyclic categories versus the one taken
in the category of posets.

Ezxample 14.10. Let P be the poset in Figure 14.2. Let Zy act on P by simul-
taneously permuting a with b and ¢ with d, while fixing x. The quotient P/Zs
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is a fully ordered set with three elements; hence A(P/Zs2) is 2-simplex. On the
other hand, the nerve A(P) is a union of four simplices that is homeomorphic
to a 2-dimensional disk, with the induced action given by the antipodal map.
The quotient A(P)/Zs is a simplicial complex consisting of two 2-simplices,
also shown in Figure 14.2. In this case, the canonical map A maps both 2-
simplices of A(P)/Zy onto the 2-simplex of A(P/Zs), identifying two edges.

P N

a b
T [
c d

P P/Z, P)/Z, A(P/Zs)

Fig. 14.2. An example in which the map A is not an isomorphism.

14.3 Conditions on Group Actions

In this section we consider combinatorial conditions for a finite group G acting
on a finite acyclic category C that ensure that taking the quotient of this group
action commutes with the nerve functor.

14.3.1 Outline of the Results and Surjectivity
of the Canonical Map

If Ao : G — AC is a group action on a category C, then Ao Ax : G — RTS
is the associated group action on the nerve of C. It is clear that A(C/G) is
a sink for A o Ag, see Subsection 4.4.1, and hence, as previously mentioned,
the universal property of colimits guarantees the existence of a canonical map
A: A(C)/G — A(C/G). We wish to find conditions under which this map is
an isomorphism.

First, we prove in Proposition 14.11 that A is always surjective. Further-
more, G(a) = [a] for a € O(C), which means that, restricted to 0-skeletons,
A is an isomorphism. If the two regular trisps were abstract simplicial com-
plexes (only one face for any fixed vertex set), this would suffice to show
isomorphism. Neither one is an abstract simplicial complex in general, but
while the quotient of a complex A(C')/G can have simplices with fairly arbi-
trary face sets in common, A(C/G) has only one face for any fixed edge set,
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since it is a nerve of an acyclic category. Thus for A to be an isomorphism it
is necessary and sufficient to find conditions under which

(1) the map A is an isomorphism restricted to 1-skeletons;
(2) the simplicial complex A(C)/G has only one face with any given set of
edges.

We will give conditions equivalent to A being an isomorphism, and then
give some stronger conditions that are often easier to check. The strongest of
these conditions is also inherited by the action of any subgroup H of G acting
on C, a fact that is useful when we want to take quotients for the induced
subgroup actions.

To start with, recall that a simplex of A(C/G) is a composable morphism
chain, i.e., ([m1],...,[m¢]), with m; € M(C) and de[m;_1] = 9°[m;]. On the
other hand, a simplex of A(C)/G is an orbit of a composable morphism chain
(n1,...,m¢), n; € M(C), which we denote by G(ny,...,n:). The canonical
map A is given by A(G(n1,...,n)) = ([n], .., [ne])-

Proposition 14.11. Let C be a category and G a finite acyclic group acting
on C. Then the canonical map X : A(C)/G — A(C/G) is surjective.

Proof. By the above description of A it suffices to fix a composable morphism

chain ([my],...,[m:]) and to find a composable morphism chain (nq,...,n;),
with [n;] = [m;]. The proof proceeds by induction on ¢. The case t = 1 is
obvious; just take ny = m;.

Assume now that we have found ny, ..., n;—1 such that [n;] = [m;], for i =
1,...,t—1,and nq,...,n;_1 compose, i.e., 0°n; = g1, fori=1,...,t—2.

Since [Qent—1] = [Qemp—1] = [0*my], we can find g € G such that g(9*m,) =
Oeni—1. If we now take ny = g(m), we see that n;—; and n; compose, and
[n¢] = [m:], which provides a proof for the induction step. O

14.3.2 Condition for Injectivity of the Canonical Projection

Let C be a finite acyclic category and assume that a finite group G acts on C.
We impose the following condition on our action.

Condition (R). If z,ys,yp € M(C) such that Qex = 0°y, = 0%yy and
G(ya) = G(yb)7 then G(:C © ya) = G(l‘ © yb)-

Condition (R) is illustrated by Figure 14.3.

Definition 14.12. Let C be a finite acyclic category and let G be a finite group
acting on C. We say that the action is regular if it satisfies Condition (R).

The next proposition shows why Condition (R) is the right one for our
purposes.
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Fig. 14.3. Condition (R).

Proposition 14.13. Let C' be a finite acyclic category and G a finite group
acting on C. This action satisfies Condition (R) if and only if the canonical
surjection A : A(C)/G — A(C/G) is injective on 1-skeletons.

Proof. The injectivity of A on 1-skeletons is equivalent to requiring that
G(m) = [m], for all m € M(C'), while Condition (R) is equivalent to requiring
that G(m o G(n)) = G(m on), for all m,n € M(C) with d¢m = 0°n; here
m o G(n) means the set of all m o g(n) for which the composition is defined.

Assume that A is injective on 1-skeletons. Then we have the following
computation:

G(moG(n)) = G(m) o G(n) = [m] o [n] = [mon] = G(mon),

which shows that Condition (R) is satisfied.

Conversely, assume that the Condition (R) is satisfied, that is, we have
G(m o G(n)) = G(m on). Since the equivalence class [m] is generated by G
and composition, it suffices to show that orbits are preserved by composition,
which is precisely G(m o G(n)) = G(mon). O

14.3.3 Conditions for the Canonical Projection
to be an Isomorphism

The following theorem is the main result of this section. It provides us with
combinatorial conditions that are equivalent to A being an isomorphism.

Theorem 14.14. Let C be a finite acyclic category and let G be a finite group
acting on it. The following two conditions are equivalent:

Condition (C1). Let t > 2, and assume that both (mq,...,my_1,m,) and
(m1,...,mi_1,mp) are composable morphism chains. Furthermore, assume
that G(mg) = G(my). Then there exists some g € G such that g(mg) = mp
and g(m;) =my, for all 1 <i <t—1; see Figure 14.4.

Condition (C2). The canonical surjection A : A(C)/G — A(C/G) is
mjective.
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For language convenience, if one of Conditions (C1) and (C2) is satisfied,

we shall also say that Condition (C) is satisfied. In this case, the map A is
an isomorphism.

LR

g ma

Fig. 14.4. Condition (C1).

Proof of Theorem 14.14. Condition (C1) is equivalent to requiring that
G(my,...,my) = G(mq,...,my_1,G(my)), where this notation is used, as
before, to describe all sequences (my,...,m:—1,g(m:)) that are composable
morphism chains. Condition (C2) implies Condition (R) above, and so it can
be restated as G(my,...,m¢) = (G(m1),...,G(my)).

Condition (C2) implies Condition (C1) by the following computation:

Gmi,...,m) = (G(my),...,G(my)) = G(G(my),...,G(my))
;) G(ml,. .. ,mt,l,G(mt)) 2 G(ml, e ,mt).

Let us now also see that Condition (C1) implies Condition (C2). To
show that (G(my),...,G(my)) = G(mq,...,m;), we need to see that if
(mq,...,my) is a composable morphism chain, and ¢1,...,¢: € G such that
(g1(m1), ..., g+(my)) is again a composable morphism chain, then there exists
g € G such that g;(m;) = g(m;), for alli =1,...,1.

Set hy := g1. Condition (C1) applies for ¢ = 2 to the composable morphism
chains (hi(mq), h1(me)) and (hi(mq),g2(m2)), implying that there exists
an element hy € G such that hohy(my) = h1(my) = g1(m1) and hohy(ms) =
g2(ms). Next, Condition (C1) applies for ¢ = 3 to the composable morphism
chains (hghl (ml), hghl(mg), hghl(mg)) and (h2h1 (ml), h2h1 (mg), gs (mg))7
yielding an element h3 € G such that hshohi(mi) = g1(my), hshohi(ms) =
g2(mg) and hshaohi(mg) = gs(ms). Continuing this procedure for higher val-
ues of ¢, we will eventually find the element g := h; - - - hoh; € G that satisfies
gi(m;) =g(m;) foralli=1,...,¢t. O
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Example 14.15. We give an example of a group action that satisfies Condi-
tion (C) for ¢t = 1,..., k but does not satisfy Condition (C) for t = k + 1. Let
P41 be the order sum of k + 1 copies of the 2-element antichain. The auto-
morphism group of Py is the direct product of k + 1 copies of Zs. Take G
to be the subgroup of index 2 consisting of elements with an even number of
nonidentity terms in the product.

The following condition implies Condition (C), and is often easier to check.

Condition (St). There exists a set {Sm}mem(c), where we include objects
of C in the indezing set as identity morphisms, such that for any m € M(C)
the following three properties are satisfied:

(1) we have Sy, C Stab (m);

(2) we have inclusions Sy, C Sgem C Spr, for any m' € M(C), such that
Oem = 0°m;

(8) the set Sgem acts transitively on {g(m)|g € Stab (0°m)}.

Proposition 14.16. Condition (St) implies Condition (C).

Proof. Let C be a finite acyclic category, and assume that G is a finite
group acting on C. Let morphisms my, ..., m_1, mq, mp € M(C) and a group
element ¢ € G be as in Condition (C1). Then, since g € Stab (9°m,), by
part (3) of Condition (St), there must exist § € Sge.,, such that g(m,) = my.
Now, by part (2) of Condition (St), one can conclude that §(m;) = m,, for all
iet—1]. O

We say that the strong Condition (St) is satisfied if Condition (St) is
satisfied with the specific choice S, := Stab (a). Clearly, in such a case parts (1)

and (3) of Condition (St) are obsolete, and part (2) is reduced to saying that
Stab (Jem) C Stabm, for all m € M(C).

Ezample 14.17. Here is an example of a group action satisfying Condition (St)
but not the strong Condition (St). Let C = B, the lattice of all subsets of
[n] ordered by inclusion, and let G = S,, act on B,, by permuting the ground
set [n]. Clearly, for A C [n], we have Stab (A) = Sa x Spj\a, where for
X C [n], Sx denotes the subgroup of S,, that fixes elements of [n]\ X and acts
as a permutation group on the set X. Since A > B means A D B, part (2)
of Condition (St) is not satisfied for S4 =Stab(A), since Sa x Sppa 2
Sp X S\ - However, we can set Sy := S4 instead. It is easy to check that
for this choice of {Sa}aen,, Condition (St) is satisfied.

We close the discussion of the conditions stated above with the following
proposition.

Proposition 14.18.

(1) The sets of group actions that satisfy Condition (C) or Condition (St) are
closed under taking the restriction of the group action to a subcategory.
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(2) Assume that a finite group G acts on a finite acyclic category C so that
Condition (St) is satisfied. Let x € O(C), and take a subgroup H of G
such that S, C H CStab(z). Then Condition (St) is satisfied for the
action of H on C<,.

(3) Assume that a finite group G acts on a finite acyclic category C so that
the strong Condition (St) is satisfied, and assume that H is a subgroup
of G. Then the strong version of Condition (St) is again satisfied for the
action of H on C'.

Proof. Parts (1) and (3) of the proposition are obvious.

Let us now show part (2). Recall that objects of C<, are all pairs (a,m)
such that 9*m = x and dym = a. Set S(a, m) := S,. Furthermore, a morphism
between (a,mq) and (b,myp) in C<, is a morphism of C such that m; =
m om,. For the sake of precision, we denote such a morphism by the 5-tuple
(m, a,mg,b,myp). Set S(m,a,mg,b,mp) := Sp,.

To check part (1) of Condition (St) for the action of H on C<,, we
note that S(a,m) = S, C S,, C Stabg(m) N H = Stabg(a,m), where
the second inclusion follows from S,, € S, C H. Furthermore, we note
that S(m,a,mq,b,mp) = S, C Stabg(m) N S, NS, C Stabg(m) N
Stabg(mg) N H = Stabg(m, a,mg,b, my), where the first inequality follows
from S, C S, C Sp, € S, and the last equality follows from the fact that
mp = m o mg; hence Stabg(m) N Stabg(m,) C Stabg(mp).

Part (2) of Condition (St) remains true, since we have S(b,m;) = Sy C
§(m7a,ma,b,mb) =S5, CS, = §(a,ma).

We finish by checking part (3) of Condition (St). Let (a, m,) be an object of
C<g, and let (m, a, my, b, my) be a morphism in that category. Let furthermore
g € Stabg(a,m,) C Stabg(a). By our assumption, there exists h € S, such
that h(m) = g(m). On the other hand, we have g(m,) = m,, and since
Sa C Sm, C Stabg(my), we also have h(mg) = m,. Finally, we have h(mp) =
h(momyg) = h(m)oh(mg) = g(m)og(m,) = g(ms), and part (3) is completely
checked. O

14.3.4 Conditions for the Categories to be Closed Under Taking
Quotients

Recall that if C is a finite acyclic category and T is a functor from C' to itself,
it is easy to show that whenever x # T'(x), for some € O(C), we must have

Mce(z, T(x)) = Mc(T(z),z) = 0.

Proposition 14.19. Let C be a finite acyclic category and let T be a functor
Jrom C to itself. Then A(Cr) = A(C)a(ry, where Cr denotes the subcate-
gory of C fived by T, while A(C)a(r) denotes the subcomplex of A(C) fized
by A(T).

Proof. Obviously, we have A(Cr) € A(C)a(r). On the other hand, if for
some z € A(C) we have A(T)(x) = =z, then the minimal simplex o that
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contains z is fixed as a set. Since the order of simplices is preserved by T', the
simplex o must be fixed by T" pointwise; thus z € A(Cr). O

The category of finite acyclic categories can be seen as the closure of the
category of finite posets under the operation of taking the quotient of group
actions. More precisely, we have the following statement.

Proposition 14.20. The quotient of a finite acyclic category by a group ac-
tion is again a finite acyclic category. In particular, the quotient of a finite
poset by a group action is a finite acyclic category.

Proof. This follows directly from our direct description of the corresponding
colimit in Subsection 14.2.2. 0O

Next, we shall state a condition under which the quotient of an acyclic
category is a poset.
Condition (SR). If z,y € M(C) such that 9°x = 0%, and G(dex) =
G(Day), then G(x) = G(y).

Condition (SR) is illustrated by Figure 14.5.

Proposition 14.21. Let C' be a finite acyclic category and let G be a finite
group acting on C. The following are equivalent:

(1) The group action satisfies Condition (SR);
(2) The group G acts regqularly on the category C and C/G is a poset.

Proof. The implication (2) = (1) follows immediately from the regularity of
the action of G and the fact that there must be only one morphism between

[0°2](= [0°y]) and [dez](= [Dey])-

Fig. 14.5. Condition (SR).

Let us prove the implication (1) = (2). Obviously, Condition (SR) implies
Condition (R); hence the action of G is regular. Furthermore, if 2,y € M(C)
and there exist g1, go € G such that ¢1(0°z) = 9°y and g2(0ex) = Doy, then
we can replace z by ¢1(z) and reduce the situation to the one described in
Condition (SR), namely that 9*z = 0*y. Applying Condition (SR) and acting
with g7 ! yields the result. O

When P is a poset, Condition (SR) can be stated in simpler terms.
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Condition (SRP). If a,b,c € P such that a > b, a > ¢, and there exists
g € G such that g(b) = ¢, then there exists § € G such that §(a) = a and

g(b) =c.

Fig. 14.6. Condition (SRP).

That is, for any a,b € P such that a > b, we require that the stabilizer of
a act transitively on Gb; see Figure 14.6.

Proposition 14.22. Let P be a finite poset and assume that G is a finite
group acting on P. The action of G on P induces an action of G on the
barycentric subdivision Bd P. Then (BdP)/G is a poset and the simplicial
complezes A(Bd P)/G and A((Bd P)/G) are isomorphic.

Proof. Let a = (a; > -+ > a;), a € Bd P, and assume b € Bd P and a > b.
Clearly, if g € G fixes a, then it fixes each a;, for ¢ = 1,...,t; hence it fixes
b as well. In other words, Stab (a) CStab (b). It follows that the G-action
on (Bd P)°P satisfies the strong Condition (St); hence by Proposition 14.11,
Theorem 14.14, and Proposition 14.16, the simplicial complexes A(Bd P)/G
and A((Bd P)/G) are isomorphic.

Furthermore, if also ¢ € Bd P such that a > ¢, then it is clear that if
g(b) = ¢, then b = ¢, since the action preserves the order of the a;’s. Hence
Condition (SRP) is satisfied as well, and so by Proposition 14.21, (Bd P)/G
is a poset. O

14.4 Bibliographic Notes
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the author, [BKO05]. The reader is encouraged to consult the original text for
a more general discussion, including the generalization to the infinite cate-
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Homotopy Colimits

15.1 Diagrams over Trisps

15.1.1 Diagrams and Colimits

We start directly by defining the main character of this chapter.

Definition 15.1. The following data constitute what is called a diagram of
topological spaces D over a trisp A:

e for each vertex v of A we have a topological space D(v);
e for each edge (v — w) we have a continuous map D(v — w) : D(v) —
D(w).

Additionally, we require that these maps commute over each triangle in A.

We remark that if the maps commute over each triangle, then they com-
mute over each simplex in the trisp A. Definition 15.1 describes the notion
of a diagram of topological spaces, though clearly any other category can be
substituted instead of the category of topological spaces and continuous maps.
This construction is also functorial, meaning that any functor F : A — B will
turn diagrams of objects from A into diagrams of objects from B.

Ezample 15.2.

(1) To any continuous map f from a topological space X to itself there is
a standard way to associate a diagram of the kind described in Definition 15.1.
Namely, let A be a trisp with one vertex v and one edge (v — v). Then one
sets D(v) := X and D(v — v) := f; see the first diagram in Figure 15.1.

(2) Furthermore, to any continuous map f : X — Y between topological
spaces one can associate such a diagram as well. Namely, let A be a trisp
with two vertices v and w, and an edge (v — w). Then one sets D(v) := X,
D(w) :=Y, and D(v — w) := f; see the second diagram in Figure 15.1.

(3) There is also another diagram associated to a continuous map f: X — Y
between topological spaces. This one is over a trisp with three vertices a, b,
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and ¢, and two edges (¢ — a) and (¢ — b). We set D(c) := X, D(b) :=Y, and
D(c — b) := f. Furthermore, we let D(a) be a point. This defines the map
D(c — a) uniquely; see the third diagram in Figure 15.1.

(4) Similarly, when X, Y, and Z are topological spaces such that Z = X UY,
there is also a standard diagram D of this type. Namely, again let A be the
trisp described in (2). We set D(a) := X, D(b) := Y and D(c) := X NY,
and the maps D(c — a) := (X NY — X) and D(c — b) := (X NY <= Y),
where the latter two are the corresponding inclusion maps; see the rightmost
diagram in Figure 15.1.

S
<

XNy

f
O f
X

Y * Y X Y

Fig. 15.1. Examples of diagrams over trisps.

The first construction associated to such a diagram is the operation of
“gluing along all maps.”

Definition 15.3. Let D be a diagram of topological spaces over a trisp A.
A colimit of D is the quotient space colimD = [, c r«) D(v)/ ~, where the
equivalence relation ~ is generated by x ~ D(v — w)(z), for all v,w € A
and all x € D(v).

When objects and morphisms of a category C are considered as a 1-skeleton
of a trisp and the diagram is given by a functor F : C — Top, Definition 15.3
gives the same construction as the previously defined colimit of functors.

It can be instructive to go through Example 15.2. In (1) we get the quotient
space X/ ~ with the induced quotient topology, where the equivalence relation
is generated by = ~ f(z), for all x € X. In (2) the colimit is equal to Y. In
(3) the colimit is the quotient space Y/ f(X), meaning that all points in the
image f(X) get identified and we have the induced quotient topology. Finally,
in (4) we have coimD = X UY.

15.1.2 Arrow Pictures and Their Nerves

Often, the base trisp is generated by some smaller combinatorial data.

Definition 15.4. An arrow picture C is a pair of sets (O, A), where O is
the set of objects and A C O x O is the set of arrows equipped with the
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partial rule of composition, meaning that to some pairs of arrows o : a — b
and B : b — ¢ one associates a third arrow 7y : a — ¢, which is called their
composition, and is denoted by v = o .

For example, any category is an arrow picture. Another example is ob-
tained if we take a poset P, take its elements as objects, and take all pairs
(z,y) such that x > y, x # y as arrows, so that if z > y > 2, then the arrows
x — y and y — z compose to give x — z (since we asked for only one arrow
between comparable objects, there is no other choice).

A sequence of arrows ag — a1 —> --- =% q, is called composable if
any subsequence can be composed and the end result will not depend on the
order of composition. For example, when n = 3 this condition translates to the
following statements: m; and msy are composable, ms and mg are composable,
mo omy and mg are composable, m; and m3 oms are composable, and finally
(mg omg) omy = mgo (mgomy).

Definition 15.5. Let C be an arrow picture. The nerve of C, denoted by BC,
s a trisp whose vertices are objects of C and whose n-simplices are all com-
posable sequences of arrows ag — a1 — -+ — an. The simplex attachments
are described by skipping a verter a;, and, in case i # 0,n, composing the
arrows a;—1 — a; and a; — a;4+1 after that.

One example of an arrow picture and its nerve is shown in Figure 15.2.
In the special case when C is a category, the space BC coincides with the
classifying space of C.

Fig. 15.2. An arrow picture on the left and its nerve on the right. In this arrow
picture we assume that v = 8 o a, and that arrows « and 3 do not compose.

Definition 15.6. Let C = (A, O) be an arrow picture. A diagram of topo-
logical spaces over C is a rule associating a topological space D(v) to every
object v € O, and a continuous map D(v — w) for every arrow (v — w) € A
such that whenever o, 3 € A and the composition a o 3 is defined, we have

D(ao fB) =D(a) o D(B).
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Again, the topological spaces and continuous maps can be replaced with
any other category. In fact, when C is a category, a diagram of topological
spaces over C is nothing but a functor D : C — Top.

We note that when considering a poset P, in order to specify a dia-
gram of spaces over A(P), by the commutativity condition we need only give
a topological space D(z) for every « € P and to describe a continuous map
D(x — y) : D(z) — D(y) for each pair x,y € P such that z covers y.

It is easy to see that a diagram over an arrow picture C will give rise to
a diagram over its nerve BC. This is often used as a compact way to describe
a diagram over trisps, and some literature considers only diagrams of this
type. It is straightforward to define the colimit of a diagram over an arrow
picture. As a matter of fact, one gets the same space as the colimit of the
associated diagram over its nerve.

Example 15.7. We would like to specifically mention a very important exam-
ple. Let X be a topological space, and let a group G act on X by continuous
maps. Recall that in Chapter 4 we described how to view G as a category with
one object o, and with one arrow corresponding to each group element so that
the arrow composition corresponds to multiplication in G. Now we can let D
be the diagram over G (and hence over BG) defined as follows: D(0) = X,
and the continuous maps for arrows encode the G-action on X. In this case
we have colimD = X/G.

15.2 Homotopy Colimits

15.2.1 Definition and Some Examples

While the colimit construction is useful for many things, it is too rigid to allow
for topological operations on diagrams over trisps. For example, when spaces
over the vertices are replaced by the homotopy equivalent ones, the homotopy
type of the colimit of the corresponding diagram may change. For this reason,
one considers the more flexible notion of a homotopy colimit, which we now
proceed to define.

Definition 15.8. The homotopy colimit, denoted by hocolim D, of a dia-
gram D of topological spaces over a trisp A, is the quotient space

hocolim D = H (o x D(vg))/ ~,

O=Vg—>—Un

where the disjoint union is taken over all simplices in A. The equivalence
relation ~ is generated by the following condition: for 7; € do, T, = vy —
= Uy — e >y, let fi o — o be the inclusion map; then

o fori>0, 1, x D(vg) is identified with the subset of o X D(vy) by the map
induced by f;;
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o formg=wv — - — vy, we have fo(a) X © ~ a X D(vg — v1)(x), for any
a € 19, and x € D(vg).

In other words, to construct homotopy colimit, consider the disjoint union
of spaces D(v), for v € A©: then for any directed edge v — w glue in the
mapping cylinder of the map D(v — w), taking D(v) as the source and D(w)
as the base of it; furthermore, for every simplex v — w — wu glue in the
“mapping triangle” of maps D(v — w), D(w — u), and D(v — u), and so on
for the whole A.

Example 15.9. Let us see a few examples of homotopy colimits involving some
of the diagrams that have previously appeared in the text.

(0) If D(v) is a point, for any v € A® then hocolimD = A. We call such
a diagram a point diagram over A.

(1) The homotopy colimit of the diagram from Example 15.2(1) is obtained
by attaching a cylinder X X [0, 1] to X by two ends, using id x as the attaching
map on one end, and using f as the attaching map on the other end; see the
first space in Figure 15.3.

(2) The homotopy colimit of the diagram from Example 15.2(2) is precisely
the mapping cylinder of the map f, My.

(3) The homotopy colimit of the diagram from Example 15.2(3) is the mapping
cone of the map f, Coney; see the space in the middle of Figure 15.3.

(4) The homotopy colimit of the diagram in Example 15.2(4) consists of two
spaces X, Y, and a cylinder connecting the two copies of X NY inside X and
Y with each other; see the last space in Figure 15.3.

(5) Let X and Y be two given topological spaces and let us take another
diagram over the poset a < ¢ > b: D(a) = X, D(b)=Y, D(c)=X xY,
and the morphisms are the standard projections. Then one can see that
hocolim (D) = X « Y.

(6) Consider the diagram in Example 15.7. In this case, hocolim D is the
so-called Borel construction: hocolimD = (X x EI')/G = X xg EI'. The
cohomology of this space is by definition equal to the equivariant cohomology
of X. In the special case that X is just a point, we get hocolimD = BI’,
which is the classifying space of the group G and whose cohomology is by
definition equal to the cohomology of the group G.

15.2.2 Structural Maps Associated to Homotopy Colimits

Let us now enrich the set of diagrams by introducing appropriate structure-
preserving maps.

Definition 15.10. Let Dy and Ds be two diagrams over the same trisp A.
A diagram map F : D; — Ds is a collection of maps F(v) : D1(v) — Da(v),
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Fig. 15.3. Examples of homotopy colimits.

for each v € A©) that commute with the arrow maps of diagrams, i.e., for
any v,w € A (v — w) € Ay, the following diagram commutes:

F(v)

Dyi(v) —— D2(v)
Dl(v—mu)l l'Dz(v—m)) (151)
F(w
Di(w) 5 Daw)

We remark that for a fixed trisp A, the diagrams of objects of any fixed
category over A, together with diagram maps form a category.
For a diagram D over A we have a base projection map

proj = pp : hocolimD — hocolimD = A

induced by the diagram map D — 5, where D is the point diagram. In
general, a diagram map F : D; — D5 induces a continuous map between the
corresponding homotopy colimits hocolim F : hocolim D; — hocolim D,
induced by id, x F(v) : ¢ X D1(v) — 0 x Da(v).

Another structural map is the so-called fiber projection

¢ : hocolimD — colim D,

which is induced by the map that simply forgets the first coordinate.
Let us see what these maps are for the diagrams of spaces considered in
Examples 15.9.

Ezample 15.11.

(0) For the diagram from Example 15.9(0), we see that the base projection
is just an identity map p, = ida, whereas py : hocolim D — x* is the trivial
map taking everything to a point.

(1) For the diagram from Example 15.9(1), we see that p; is the canonical
projection of the homotopy colimit to S!, whereas py is the quotient map
that collapses each “string” along the attached cylinder to a point.

(2) For the diagram from Example 15.9(2), we see that p; is the canonical
projection of the mapping cylinder to an interval, whereas py collapses the
mapping cylinder to its base space.
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(3) For the diagram from Example 15.9(3), we see that py is the canonical
projection of the mapping cone onto an interval, whereas py collapses the
actual cone inside the mapping cone to a point, which is the same as to
collapse the image of X in Y to a point.

(4) For the diagram from Example 15.9(4), we see that py is the projection
onto an interval, which can be thought of as schematically depicting the gluing
process, whereas py collapses the cylinder so as to obtain X UY.

(5) For the diagram from Example 15.9(5), we see that p; is the canonical
projection of the join onto an interval, whereas p; collapses everything to
a point.

(6) For the diagram from Example 15.9(6), both projections are quotients
of the canonical product projections; namely, the maps X x EI' — X and
X x EI' — EI' give rise to corresponding maps X xg EI' — X/G and
X x¢EI'—-EI'/G=BI.

15.3 Deforming Homotopy Colimits

It is now time to formalize an important property of homotopy colimits: their
flexibility with respect to homotopy type. It turns out that if the topological
spaces in a diagram are replaced by homotopy equivalent ones in a coherent
way (as a diagram map), then the homotopy type of the homotopy colimit
does not change.

Theorem 15.12. (Homotopy lemma)

Let F : D1 — D5 be a diagram map between diagrams of spaces over A
such that for each v € A the map F(v) : D1(v) — Do(v) is a homotopy
equivalence. Then the induced map hocolim F : hocolim D; — hocolim D,
18 a homotopy equivalence as well.

Proof. Let M be the diagram consisting of mapping cylinders derived from
F,ie., for v € A we let M(v) = Mz, and for v — w we let M(v —
w) : Mg(y) — Mz, be the induced map given by the naturality' of mapping
cylinders. It is not difficult to see that Mpocolim # = hocolim M. Indeed,
to start with, they both consist of the same two types of pieces, namely,
7 x Dy(v) and o x Dy (v) x I, where 0,7 € A and v € A(®). Furthermore, one
can also verify directly that the identification maps are the same. We leave
this verification as an exercise.

It is obvious that Mpecolim 7 deformation retracts onto hocolim D», and it
remains to be checked that it also deformation retracts onto hocolim D;. We
shall construct this retraction by induction on the dimension of the underlying
trisp A.

! Naturality means that the construction behaves well with respect to maps.
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We start with dim A = 0. In this case, the space Mpocolim 7 is simply
a disjoint union of several mapping cylinders, one for each vertex of A. Since
for each v € A the map F (v) is a homotopy equivalence, we can apply the
mapping cylinder retraction, as in corollary 7.16, to each one of these mapping
cylinders, and derive the necessary conclusion.

Assume now that dimA = n > 0. We already know by the induction
hypothesis that the space Mﬁ;clolim +Uhocolim D; deformation retracts onto
hocolim D;, where Mﬁ;clolim # denotes the part of the mapping cylinder lying
over the (n — 1)th skeleton of A. Let X denote Mpocolim 7, and let A denote
Mol i 7 UhocolimD;. We need to show that the space X deformation
retracts onto A.

Clearly, since retractions happen in separate cells, it is enough to consider
the case when A is a single n-simplex. Let us denote this simplex by 0 — 1 —

- — n (with the indicated orientations), and let A; = Dy(i), B; = Ds(i), for
1 =0,...,n.

It is not difficult to see that the pair (X, A) is NDR. Therefore it is enough
to show that the inclusion map A — X is a homotopy equivalence. As we
have said, A deformation retracts onto hocolim Dy, which in turn, by the
construction of homotopy colimit, deformation retracts onto A,,. On the other
hand, again by the construction of homotopy colimit, the whole space X
deformation retracts onto the mapping cylinder of the map F(n) : A,, — Bj.
Since F(n) is a homotopy equivalence, we conclude that A, < Mz, is
a homotopy equivalence, which in turn implies that A <— X is a homotopy
equivalence as well. 0O

Remark 15.13. It may be worthwhile to explicitly mention the following spe-
cial case: when all the spaces D(v) in the diagram are contractible, then we
have a diagram map from D to the point diagram defined in Example 15.9(0).
It follows by Theorem 15.12 that the homotopy colimit of our diagram is
homotopy equivalent to the base trisp, with the homotopy equivalence given

by pp.

15.4 Nerves of Coverings

15.4.1 Nerve Diagram

When X is a topological space, we shall say that a family of sets {X,;};cr is
a covering of X if

e X, C X, foralliel,

X; #0, for all i € I;
UiEIXi:X'

We say that a covering has some specific property (such as open or locally
finite) if every set in the covering has this property. Another covering {Y;} e
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is called a refinement of {X;}iecr if for every j € J, there exists i € I such
that ¥; C X;.

Definition 15.14. Let X be a topological space, and letU = {X; }ier be a cov-
ering. The nerve of U is the abstract simplicial complez, denoted by N (U),
whose set of vertices is given by I and whose set of simplices is described as
follows: the finite subset S € I gives a simplex of N (U) if and only if the
intersection ﬂies X7 1s nonempty.

We shall see later that under further conditions on the covering spaces X;
and their intersections, there exists a close relationship between the topology
of the space X and the topology of the nerve complex N (U).

Definition 15.15. Let X be a topological space, and letU = {X; }ier be a cov-
ering of X. We define a diagram of spaces D over the space BAN (U) as
follows:

[ D(S) :Xi1 ﬁ"-ﬂXik, fOTSE./\/(U), S = {i1,...,ik},'
e D(S; — Ss) : D(S1) — D(S2) is the inclusion map, for Si1,S52 € N(U),
Sy C 5.

We call D the nerve diagram of U.

The importance of the nerve diagram will come to the fore in the rest of
this section.

15.4.2 Projection Lemma

It is easy to see that when X is a topological space, U = {X; }ic; is a covering
of X, and D is the nerve diagram of U, then colimD = X.

Definition 15.16. Let U = {X;}icr be a locally finite open covering of X.
A partition of unity for U is a collection of continuous maps {@;}icr,
i : X — [0,1] such that

(1) supp; € X;, for alli € I;
(2)> crpi(x) =1, forallz € X.

If U is not assumed to be locally finite, then we define a partition of
unity subordinate to U to be a partition of unity for some locally finite
refinement of U.

Note that the condition (2) in Definition 15.16 can always be weakened in
the following way: if we found functions {y;}icr, @i : X — [0,1], such that
supp ¢; € X; and the sum function ), ; ¢;(z) is nowhere zero, then dividing
all these functions by >, ; @;i(z), we achieve the normalization.

Definition 15.17. A topological space X is called paracompact if it is
Hausdorff and every open covering {X;}icr of X has a locally finite refine-
ment.
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We cite the following theorem without proof.

Theorem 15.18. (Existence of a partition of unity)

If X is paracompact, and U is an open covering of X, then there exists a par-
tition of unity that is subordinate to U. Moreover, if U is locally finite, then
there exists a partition of unity for U.

Perhaps a different name for our next result could have been “lifting
lemma,” since de facto, the intersections get lifted over simplices of differ-
ent dimensions. However, we choose to adopt the current terminology in the
literature considering the projection map instead.

Theorem 15.19. (Projection lemma)

Let X be a paracompact topological space, let U = {X;}icr be a locally finite
open covering of X, and let D be the nerve diagram of U. Then the projection
map py : hocolimD — colimD = X is a homotopy equivalence.

Remark 15.20. When X is a CW complex, the open covering in Theorem 15.19
may be replaced by a covering by subcomplexes. This is the formulation that
turns out to be most useful for combinatorial applications. More generally, it
works for coverings such that (X, X;) is an NDR-pair, for all ¢ € I.

Proof of projection lemma. Choose a partition of unity {¢; }:cr for U. We
note that in our situation, a point in hocolim D can be encoded as a pair
(ar, B), where « is a point in the interior of some o € N'(U) (if dimo = 0,
drop the word interior), o = (i1,...,i), and § € X;, N---N X;,. So, the
preimage pjil(x) is the barycentric subdivision of a (k — 1)-simplex when
LL'EXZ‘I ﬂ-“ﬂXik andx%Xi lfl¢ {i1,...,ik}.

Now we define the map g : X — hocolim D as follows: for x € X we set

g(z) == (Z goi(;v)vi,x> ,
i€l

where v; denotes the vertex of N'(U) corresponding to X;. Note that g is well-

defined, since by definition of the partition of unity, if ¢ X;, then ¢;(x) = 0.

B
ANB

hocolim D

Fig. 15.4. The Segal map and the linear deformation.
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By construction, we have fg = idx. Let us see that idpocolimp iS ho-
motopic to gf. The homotopy is given by the linear deformation connecting
(X er Xi(@)vi, ) with (3, @i(z)v;, x); see Figure 15.4. We leave it as an ex-
ercise to verify that this gives a continuous deformation. 0O

15.4.3 Nerve Lemmas

In combinatorial situations it often turns out that the space that we consider
has a combinatorially motivated decomposition into simpler pieces. Often,
these pieces and all of their intersections have similar combinatorial structure
and can be analyzed by induction. This is one of the reasons why the next
result is applied so often in Combinatorial Algebraic Topology.

Theorem 15.21. (Nerve lemma)
If U is a finite open cover of X such that every nonempty intersection of sets
in U is contractible, then X ~ N(U).

Remark 15.22. If X is a CW complex, the nerve lemma holds for covers by
subcomplexes.

Proof of nerve lemma. Let D be the nerve diagram of I/, and let D* be the
trivial diagram over BAN (i), i.e., all associated spaces are points. Consider
the unique diagram map F : D — D*. Since all maps F(o) for o € N (U) are
homotopy equivalences, we can conclude by the homotopy lemma that also
the map hocolim F : hocolim D — hocolim D* is a homotopy equivalence.

Furthermore, by the projection lemma, the map ps : hocolimD —
colim D is a homotopy equivalence. Since colimD = X and hocolim D* =
N (U), the nerve lemma follows. O

As an application of the nerve lemma, let us prove the topological equiv-
alence of the two product notions that we have so far defined for abstract
simplicial complexes.

Proposition 15.23. Let A1 and Ay be two arbitrary finite abstract simplicial
complezes. Then the direct product A1 X As is homotopy equivalent to the
categorical product Ay [] As.

Proof. For any two simplices 01 € Ay and 02 € Ag, let o1 [ 02 denote the
simplex of A [] Az spanned by the set of vertices V(o) x V(02); cf. Defin-
ition 4.25. We see that when oy, resp. o9, ranges over all maximal simplices
of Ay, resp. Ag, the family {01 [[ 02}0,,0, is a simplicial subcomplex cover of
Aq ] As. Since

(01 Haz) N (O’i HO'/Q) = (o1 Noy) H (o2 Nay), (15.2)

and each oy [] o2 is contractible, we can use Theorem 15.21 to conclude that
Aq ] Qs is homotopy equivalent to the nerve of this covering.
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On the other hand, when o1, resp. o2, ranges over all maximal simplices of
Ay, resp. Ag, the family {01 X 02}4, 0, is @ CW subcomplex cover of A; x As.
Again, each o1 X oy is contractible, and

(01 X 02) N (0] x 0b) = (o1 Na}) x (o2 Na)). (15.3)

Therefore we can use Theorem 15.21 to conclude that A; x As is homotopy
equivalent to the nerve of this covering.

The proposition follows now from the fact that the equations (15.2) and
(15.3) imply that the nerves of the two coverings that we have considered are
isomorphic to each other as abstract simplicial complexes. O

Sometimes, we do not know that the covering complexes and their inter-
sections are contractible. Instead, only partial information about their con-
nectivity can be extracted. The more general nerve lemma then allows us to
draw a weaker assumption about the connectivity of the total space.

Theorem 15.24. (Generalized nerve lemma).

Let X be a simplicial complez, and let A= {A;}?_, be a covering of X by its
subcomplezxes. Assume that for some k > —1, for every {i1,...,i:} C [n], the
complex A;, N--- N A;, is either empty or (k —t + 1)-connected. Then X is
k-connected if and only if N'(A) is k-connected.

Proof. Passing to the barycentric subdivision, we can always achieve that
the subcomplexes A; are induced, i.e., for all i € [n], we have 4; = X[V;] =
X N A+, where V; is the set of vertices of A;. The proof now proceeds by
deforming the complex X and the subcomplexes {A4;} ;.

Deformation Step. Choose an arbitrary m € [n]. Replace X with X =
X U AV and replace A; with A; = A; U AV»"Vi for all i € [n].

We now prove several properties of this deformation.

(1) The family {A;}™, is a covering of X.
Proof. We have X = X UAY" = X UA,, = (U, 4) U4, CUL, 4;.

(2) The subcomplexes A; are induced.
Proof. This follows from the following calculation: X N AY: = (X u Avm) N
AV = (X N AV U (AY N AY) = A4, U AV = 4,

(3) The nerve of the covering does not change: N'(A) = N (A).
Proof. The subcomplexes intersect if and only if their sets of vertices intersect.
We see that their sets of vertices do not change.

(4) The complex X is k-connected if and only if X is k-connected.
Proof. We have XﬁAVm~: A,,, which is k-connected. So if X is k-connected,
then by Corollary 6.29, X = X U AVm is k-connected as well.

Conversely, assume that X = X U AV» is k-connected. Since X N AV»= A4,,
is k-connected, we see that X is k-connected by Corollary 6.30.
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(5) The conditions of the generalized nerve lemma are still satisfied, i.e., if the
intersection of ¢ of the A;’s is nonempty, then it has to be (k—t+1)-connected.
Proof. We have the following verification:

Ay, NN Ay, = XN AV Vi — (X U AV 0 AV DNV
= (Xn A‘Glﬂ"'mfit) U AVmNViy NNV,
= (A;, N---NA;,)UAVmOVa Vi

By our assumptions, A;; N---N A;, is (k — t + 1)-connected, whereas A;, N
Ce N A, NAVROVa Vi = AN Ay N -- N Ay, is (k — t)-connected. By
Corollary 6.29 we may conclude that A;, N---N A;, is (k — t + 1)-connected.

Note that in particular, during such a deformation step, A,, gets replaced
with the simplex A, = AVmand that if A; was a simplex already, then
A; = A; U AV»TVi = AViis a simplex again. It follows that applying this
deformation step n times if necessary, we can produce the covering of the final
deformed space X by simplices. The statement now follows by property (4)
coupled with the regular nerve lemma. 0O

15.5 Gluing Spaces

15.5.1 Gluing Lemma

The next result shows that if they are coherent, homotopy equivalences can
be glued together. We shall give an explicit proof to illustrate the combined
use of the projection and homotopy lemmas.

Theorem 15.25. (Gluing lemma)

Let A, B,C, and D be topological spaces such that A and B are open in AUB,
and C and D are open in C U D. Let furthermore f : AUB — CUD be
a map such that the restriction maps fla : A — C, flg : B — D, and
flanp : ANB — CND are homotopy equivalences. Then [ itself is a homotopy
equivalence.

Remark 15.26. The gluing lemma holds when AU B and C' U D are CW com-
plexes and A, B, C, and D are subcomplexes. More generally, it holds for
cofibrations.

Remark 15.27. A straightforward argument allows one to generalize Theo-
rem 15.25 to the case of covering by finitely many spaces. Simply pro-
ceed by induction on the number of covering spaces, using the formula
AN (AU UA, 1) = (A, NA)U---U (A, NAp_1).

Proof of the gluing lemma. If AN B = CND = (), then the statement
is trivial, so assume that these are nonempty. Let D; be the nerve diagram
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of the covering of AU B by A and B, and analogously, let Dy be the nerve
diagram of the covering of C U D by C and D. The continuous map f induces
a diagram map F : D; — Ds, and hence a map between homotopy colimits
hocolim F : hocolim D; — hocolim D5. By the homotopy lemma, the map
hocolim F is a homotopy equivalence.

Let s1 : colimD; — hocolim D; be the Segal map defined in the proof of
the projection lemma, where it was also shown that it is a homotopy equiv-
alence. Finally, the projection map py : hocolim Dy — colim D is a homo-
topy equivalence by the projection lemma, and therefore we conclude that the
composition

pfohocolimFos;: AUB =colimD; — colimD, =CU D

is a homotopy equivalence. Tracing the definition of the Segal map, we see
that the following diagram commutes:

hocolim F
——

hocolim D, hocolim D,

T pfl
AUB T AN CuD

i.e., that this composition map is actually equal to f. O

15.5.2 Quillen Lemma

As an application of the gluing lemma, let us prove the so-called Quillen
lemma, which turned out to be a useful tool in Combinatorial Algebraic Topol-

ogy.

Theorem 15.28. (Quillen lemma)

Let ¢ : P — @ be an order-preserving map such that for any x € Q the com-
plex A(p~1(Q>.)) is contractible. Then the induced map between the simpli-
cial complezes A(p) : A(P) — A(Q) is a homotopy equivalence.

Proof. We use induction on |Q|. If |min Q| = 1, then ¢=!(Q>,) = P; hence
A(P) is contractible, and therefore A(y) : A(P) — A(Q) is a homotopy
equivalence. Before we proceed with the induction, let us verify a simple fact.

Fact. If A is a proper upper ideal in Q, then ¢ : o~ 1(A) — A induces a ho-
motopy equivalence A(p) : A(p~1(A)) — A(A).

Proof of the fact. For x € A we have A<, = Q<. Therefore A(A<,) =
A(Q<z) is contractible. The conditions of the Quillen lemma are thereby
satisfied, and the fact follows by induction, since |A| < |Q]. O

Assume now that |Q] > 2. Let  be a minimal element of (). Since the
posets Qsz, @>, and @\ {z} all are upper ideals in @), we may conclude that

the maps A(¢) : Alp™ (@>2)) = A(@>a), Aly) : Alp™H(Q3z)) — AQ4),
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and A(p) : Al 1@\ {z})) — A(Q \ {=}) all are homotopy equivalences.
Since additionally we have

Ae™HQ=2)) N Ale™HQ\ {2})) = Ale™(@52)),

Alp™HQ22)) UA(e™H(Q\ {2}) = A(p™1(Q)) = A(P),
A(Qz2) NAQ\ {z}) = A(@>z), and A(Q>2) U A(Q\ {z}) = A(Q),

we can apply the gluing lemma to conclude that A(p) : A(P) — A(Q) is
a homotopy equivalence. O

15.6 Bibliographic Notes

Homotopy colimits is a subject of several books and surveys. A classical source
is provided by [BoK72]; see also [Vo73]. Probably the first use of homotopy
colimits in combinatorics can be found in [ZZ93]. Our treatment of the general
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for a more in-depth approach.

A good general reference on gluing spaces is the textbook [Hat02]. Several
arguments here are essentially borrowed form excellent research articles. For
example, the proof of the projection lemma, Theorem 15.19, is adopted from
[Se68], while our approach to the generalized nerve lemma follows [BKLS85].
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context.

Our treatment is self-contained with the exception of the standard The-
orem 15.18, whose proof can be found in many textbooks, see, for example,
[Bre93, Chapter I, Section 12].

The Quillen lemma originally appeared in [Qu73] and [Qu78], with both
sources being well worth a further look.
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Spectral Sequences

Spectral sequences constitute an important tool for concrete combinatorial
calculations of homology groups. In this chapter we shall give a short intro-
duction, which is aimed at setting up the notation and at helping the reader
to develop intuition. Our presentation will be purely algebraic, using the topo-
logical picture only as a source for the algebraic gadgets.

The spectral sequence setup comes in two flavors: for homology and for
cohomology. For convenience and to suit our applications we shall describe
here only the cohomology version. The homology is readily obtained by the
usual process of “inverting all arrows.”

16.1 Filtrations

In concrete situations it can be difficult to compute the cohomology groups
of a cochain complex without using auxiliary constructions. The idea behind
spectral sequences is to break up this large task into smaller subtasks, with
the formal machinery to support the bookkeeping. This “break-up” is usually
phrased in terms of a filtration.

Definition 16.1. A (finite) filtration on a cochain complex C = (C*,0%) is
a nested sequence of cochain complezes

C=- It 2 o O ot 2
J )
for 3 =0,1,2,...t, such that C=Cy D C1 2D -+ D Ci—1 2 C; (that is why we
suppressed the lower index in the differential).

In general, infinite filtrations can be considered, but in this book we limit
ourselves to the finite ones. Given a filtration C =Cy D C1 D --- D (4, for the
convenience of notation we set C_; = Cyy1 = 0.
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There are many standard filtrations of cochain complexes. For example,
if a cochain complex is bounded, say C* = 0, for ¢ < 0, or ¢ > t, then the
standard skeleton filtration is defined as follows:

i {Ci, iti>j;

J 0, otherwise.

This filtration turns out to be not very interesting, since computing the co-
homology groups with its help is canonically equivalent to computing the
cohomology groups from the cochain complex directly, thus nothing new is
gained from this approach.

For a CW complex X, a classical way to define a filtration on its cellular
cochain complex is to choose a cell filtration on X, i.e., a sequence of cell

subcomplexes X = X; O X;_; O .-+ D Xy (again for the convenience of
notation, we set X_1 = (). The cellular cochain complexes C; = C*(X, X;_1),
for 5 =0,...,t+ 1, form a sequence of nested cochain subcomplexes. Recall

that C*(X, A) denotes the set of all functions that take the value 0 on all cells
of A.

If the CW complex X is finite-dimensional, then, taking X; to be the
ith skeleton of X, we recover the standard skeleton filtration on the cochain
groups C*(X). A much more interesting situation is described in the following
definition.

Definition 16.2. Assume that we have a cell map p : X — Y and a filtration
Y=Y, DY, 1 D - DYy Define a filtration on X as follows: set X; :=
o 1Y), for i = 0,...,t. This filtration on X is called the pullback of the
filtration on Y along .

Of special interest is the pullback filtration of the topological skeleton
filtration on Y. A similar filtration arising from fiber bundles is called the
Leray—Serre filtration. We extend the use of this name to our more general
case, and we also use it for the corresponding filtration on the cellular cochain
complex of X.

16.2 Contriving Spectral Sequences

16.2.1 The Objects to be Constructed

Once we have fixed a filtration C = Cy D Cy 2D --- 2 C, C; = (C},0%), on
a cochain complex, we can proceed to compute its cohomology groups by
studying auxiliary algebraic gadgets derived from that filtration following the
blueprint that we now describe.

Namely, rather than working with the 1-dimensional cochain complex di-
rectly, we study a sequence of 2-dimensional tableaux E}* n = 0,1,2,....

Recall that initially, our cochain complex had the usual differential, going up
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one in degree 9* : C* — C**!. Here, each tableau E}* is equipped with
an almost diagonal differential:

LT L *+n,x+1-n
dy* BT — EY .

One expresses this fact by saying that d,, is a differential of bidegree (n, —n +
1). The reader may want to think of it as a “generalized knight move”; see
Figure 16.1.

g+1—-mn -

p p+n

Fig. 16.1. The differential of bidegree (n, —n + 1).

Each subsequent differential d,, is in a way derived from the original dif-
ferential 0*, and furthermore, E:Lj_kl is the cohomology tableau of E>* in the
appropriate sense. The idea is then to compute the tableaux E'* one by one,
until they stabilize. The stabilized tableau is usually called EZ:*.

We would like to alert the reader at this point that even after the tableau
E%* is computed, it can still require additional work to determine the co-
homology groups of the original cochain complex. Surely, if R is a field, the
situation is easy. Namely, one has

HYC)= P E-°. (16.1)

p+q=d

However, if R is an arbitrary ring (for example R = Z), then one may need to
solve a number of extension problems before obtaining the final answer. This
has to do with the fact that, as mentioned above, in a short exact sequence
of R-modules

0—A-%BL 0o,

the R-module B does not necessarily split as a direct sum of the submodule
A and the quotient module C. We take a closer look at this question in
Subsection 16.2.3.
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16.2.2 The Actual Construction

Let us now describe more precisely how the tableaux F;* and the differentials
d,, are constructed. As auxiliary modules, for arbitrary p and g we set

p+n

Zp0 = Crran (97) L (CP*‘?“) , (16.2)

where whenever S is a set, we use (0*)1(S) to denote the set of all elements
whose coboundary belongs to S. Thus, ZF9 is the set of all (p+ ¢)-cochains on
level p or lower (i.e., with higher index) whose coboundary goes down to the
level p + n or lower. It may help intuition to think of this as a set of cochains
that are “still cocycles at step n.”

Furthermore, for arbitrary p and ¢, we set

B = CPt N (ogtg—l) , (16.3)

i.e., BP9 consists of all elements of C’I’j*q that lie in the image of 0* from

Cgigfl. One may think of this as a set of cochains that are “already cobound-
aries at step n + 1.” The discrepancy of 1 between the indexing of the steps
for cocycles and for coboundaries is the same as when one defines the relative
homology: one takes those whose boundary is one level down and divides by
boundaries of those at this level.

These are the settings for n > 0. Finally, for n = —1, we use the following
convention:

Zr=cpttand B =0t (R
Finally, we set
ZB1 = Kerd* N Ch+1 and BY1 .= Imd* N CETa.
Clearly, we have

p,q P,q P,q ) ) p,q p,q p.q
B_lgBo gBl ggB&qu&qggzl gZO gZ_l-

Let us check various identities. To start with, as a direct consequence of
the identity 0* o 9* = 0, we have

*(zZP1) C Zptmantl, (16.4)
Furthermore, since 9*(ZP11971) € BP0+ and 9*(B24,) = 0, we get
gr(Zr 4 gy € el et (1)

It is now time to define the tableau entries. These are given by certain
quotients as follows:
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Byt = zp [ (Z000 + B, ) (16.6)

for all 0 < n < oo. Again the analogy with the relative homology is in order: we
take those whose boundary is one level lower, the “relative cycles,” and divide
by those that are boundaries plus those that are one level lower themselves.

Inclusions (16.4) and (16.5) imply that the differential 0* induces a map
from EP9 to ELT™4="+1 yia the quotient maps, which we choose to call dB:4,
or just d, if it is clear what the indices p and ¢ are. It seems reasonable to
call the map d,, a differential as well.

One can view the tableau (E}*,d,) as a collection of nearly diagonal
cochain complexes. This allows one to compute the cohomology groups, just
as for the usual cochain complexes, by setting

HP(E}" dy) 1= Ker (BR1 2 gt} [ (gt o, pra)

In this context we can make the meaning of the words “E:Lfl is the cohomology
tableau of E*” precise; namely, we have

B, = HP(E" dy). (16.7)

One can verify equation (16.7) formally, using equation (16.6). For brevity,
we omit this verification, since it is not needed for our combinatorial compu-
tations. Instead we observe that the intuitive meaning of the identity (16.7)
is rather clear.

Indeed, passing from E?:? to E£f1: means expanding our scope of vision
by one level in each direction. That is we now look at those cochains whose
coboundary lies (modulo lower coboundaries) n + 1 levels down, which is one
deeper than before, and divide out those that are discovered to be boundaries
when we look n levels up; again this is one more than previously. This, on
the other hand, is precisely what one does when computing the cohomology
groups of this “knight move” skew cochain complex.

It could be instructive to unwind these definitions for some special cases.

Let us start with n = 0. It follows from our conventions for n = —1 that
Byt = (cprin 07 (ot f(cnr o (er )
=yt /Ceri (16.8)

Furthermore, the differential 9* : C2T4 — CPT4+! induces the differential

dy : EP? — EPT which is nothing else but the differential of the relative
cochain complex (Cp,Cpy1). By equation (16.7), this yields

BT = HPY9(Cy,Coa). (16.9)

Moreover, in the case ¢t = 1, i.e., when the filtration consists in choosing
a single cochain subcomplex, one can show that the only nontrivial differential
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d™ . B> — EPY s, in fact, nothing but the connecting homomorphism
0* : H1(Cy,C1) — HI1(Cy) in the long exact sequence associated to the
pair of cochain complexes (Cy,Cy).

Usually, unless some additional specific information is available, it is hard
to say what happens in the tableaux for n > 2. The important thing is that
with the setup above, the spectral sequence runs its course and eventually
converges (modulo the extension difficulties outlined above) to the cohomology
groups of the original cochain complex.

16.2.3 Questions of Convergence and Interpretation
of the Answer

There are two important questions associated with general spectral sequences:
the question of convergence — when does the process terminate? and the ques-
tion of interpretation of the final tableau — what shall one do to extract the
cohomology groups from the final tableau?

The first question is not of much concern if one assumes, as we do, that
the filtration is finite. In our case the nonzero entries are all concentrated to
a finite rectangle, so, once n grows large, the differentials will no longer fit
into the rectangle, and so will not cause any further changes. We will end up
with the stable tableau that is denoted by EZ*.

The entries of this tableau are E29 = ZB4/(Zb+14=1 + BP.a). These filter
the cohomology of the original cochain complex as follows:

EPd = FPHIH-Q(C’ 8*)/Fp+1H”+q(C, ), (16.10)

where we set FPH*(C,0*) := Imi*, for the inclusion map ¢ : C, — C. This
means that if we are working over a field, then the cohomology H*(C,9*)
can be recovered as a direct sum (16.1). Otherwise, one can proceed as fol-
lows. Fix the dimension d = p + ¢, and consider all E2:? with p +q = d
and p = 0,...,t. By (16.10) we have E% = F'H?(C,0*), and E{;17 =
Ft=1HA(C,0%)/FtHY(C,d*). This means that we can find F*~1H?(C,9*) by
solving the extension problem

0 — EiZM — F1HYC,0%) — EYY — 0.

Inductively, solving further extension problems for lower values of p, we
shall eventually compute H¢(C,d*).

16.2.4 An Example

Let us illustrate how a typical computation may run with a simple example.
Let X be the CW complex shown in Figure 16.2, which is homeomorphic to
RP?. The arrows indicate the cell orientations.

Consider the subcomplex filtration X = Xy C X; C X, where Xy =
{z,y} and X; = {z,y,a}. Then we have



16.3 Maps Between Spectral Sequences 281

T

Fig. 16.2. A cell subdivision of the real projective plane.

C*(X)=17?—17° — 72,
C*(X,Xo)= 0 — 73 — 72,
C*(X,X1)= 0 — 7> - Z°

The four consecutive tableaux are shown in Figures 16.3, 16.4, 16.5, and 16.6,
where as usual for a cell o we use ¢* to denote the cochain that evaluates to 1
on o, and to 0 on all other cells. We conclude that, as expected, H*(X) = Z,
HY(X) =0, and H*(X) = Zs.

o (=59%) (a*) (A7, 43)

P it
O e Ar - Ay

-1 0 0 (b*, c*)

Fig. 16.3. The E; *-tableau.

16.3 Maps Between Spectral Sequences

Sometimes, instead of understanding the spectral sequence of the cochain
complex of interest, one succeeds in analyzing the one that is in some sense
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=0 a* — =247
y =0
0 @ny) | —=1| (a) |—=| (a4
d1 dl
-1 0 0 (b* —c*)
q 0 1 2
p
Fig. 16.4. The E] "-tableau.
0] &%y 0 (A7)/{247)
* > b* — ¢
d2 y* — " — b*
-1 0 0 (b* —c*)
q 0 1 2
p

Fig. 16.5. The E;"-tableau.

close to it. The question of comparing spectral sequences arises naturally in
that context.

Definition 16.3. A morphism between spectral sequences (E;", d,)
and (EX™, d.) is a collection of homomorphisms { f21},, , 4, f27: EP4 — EP:4

that commute with the tableau differentials, i.e., f*od, = dno f*, and each
[niq is as a map on cohomology of “knight-move” cochain complexes, induced

by £,

In fact, one can show that spectral sequences together with morphisms
between them form a category.

The standard situation in which a morphism between spectral sequences
arises is that in which we have a map between the underlying CW complexes
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0| (" —y") 0 (A7)/(247)
~1 0 0 0
q 0 1 2
p

Fig. 16.6. The E; *-tableau.

that respects filtration, i.e., for two filtered CW complexes
X=X,2X12--2Xoand X =X, 2 X,-1 2 2 Xy,

we have a cellular map ¢ : X — X such that o(X;) C X;, for all 4. This is
in full analogy with the fact that a map of pairs induces a homomorphism of
the corresponding long exact sequences.

Theorem 16.4.
(1) A cellular map between filtered CW complexes that respects the filtration
induces a morphism between the spectral sequences that are defined by these

filtrations.
(2) If for some n, all the homomorphisms f}>* are isomorphisms, then the
homomorphisms fI* are isomorphisms for all s > n, including s = oo.

Furthermore, the map induces an isomorphism of the cohomology groups

H*(X) = H*(X).

Again, for the sake of brevity, we omit the proof of Theorem 16.4. The
required argument is fairly straightforward, and the only part that requires
a little bit of work is the very last statement. This can be done by the repeated
use of the five lemma.

16.4 Spectral Sequences and Nerves of Acyclic
Categories

16.4.1 A Class of Filtrations

Let now K be a finite acyclic category. We would like to describe a special class
of filtrations on the cochain complex C*(A(K)). In order to construct such



284 16 Spectral Sequences

a filtration, one needs to choose the following data: an induced subcategory K,
which we call J, and a function f : J — N such that f(x) # f(y) whenever
there is a morphism between x and y; in other words, the preimage of each
element in N is required to form an antichain in J. The most frequent choices
of the function f are the rank function on J (when it exists) and an arbitrary
linear extension of J. The choice of J itself is more subtle and usually depends
heavily on the combinatorial description of the acyclic category K.

Having chosen the subcategory J and the function f, let us now first define

an increasing filtration on the regular trisp A(K). Let I' = ag —% a; —2

- % 4, be a composable morphism chain (not necessarily maximal) in K.
Define the pivot of I', piv(I"), to be the object in I' N J at which the highest
value of the function f is attained. Furthermore, we call this highest value
the weight of I', and denote it by w(I"); in other words, w(I") := f(piv(I")).
By construction, we know that f takes different values on different elements
in I' N J, and hence the notion of pivot and its weight is well defined. If
I'nJ =0, we say that the chain I" has weight 0. This assignment of weights
gives us a filtration of the regular trisp A(K) as follows: for all £ > 0 and
i > 0 we set A; := A(K;), where K; is the full subcategory of K consisting
of all elements of weight < i. For convenience, we also set A_; := ). Clearly,
we have A_1 C Ay C Ay C --- C A, where ¢ is the maximal value attained
by the function f.

By definition of the nerve of an acyclic category, the differential skips one
of the objects of the composable morphism chain. Omitting an object other
than the pivot does not alter the weight of this chain, while omitting the
pivot turns another element into the new pivot, on which f takes a lower
value than on piv(I"). Thus the resulting chain has a strictly lower weight.
Hence 0.(4;) C 4A,, i.e., the differential operator 0, respects the filtration.

Now we set C; := C*(X, X;_1) to get a filtration on the cochain complex
C*(A(K)) =Cy 2C 2 -+ 2 Cy = 0. The following general fact helps us
understand the first tableau of the corresponding spectral sequence.

Fact. Assume that X is a reqular trisp, and that Y is a subtrisp of X such
that the vertices in X \'Y have no edges in between them. Then we have

!
C*(X,Y) =P (lkxvy), (16.11)
i=1
where {vy,...,u} is the set of the vertices in X \'Y, and the notation * — 1

is used to indicate a shift (in this case by one) in indexing.

For a € J, we let S, be the induced subcategory of C with the set of
objects (K \ J)U{be J| f(b) < f(a)}. Since the objects of J that are added
to the complex in the same filtration step form an antichain, we can use the
general fact above and derive

EP? = HPH(C,, Cpyy) = @ HP (kg g,y 0), (16.12)
a€f=1(p)
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for p > 1. For p = 0 we simply have
EYT = HI(A(K \ J)). (16.13)

In the next subsection we will see that one can in general relate the Mobius
function in an acyclic category to the values of the tableau entries in a spectral
sequence computing the cohomology groups of the associated nerve. Here,
Proposition 16.5 specializes to

p(s) = pievs(s) + > s, (ma) - ps, (ma), (16.14)
acJ

where my is the unique morphism from a to s, and ms is the unique morphism
from ¢ to a.

Let us now consider several special cases of the construction above. First,
assume that P is a lattice. Let  be any element of P, and set J := P\ Ps,.
Finally, let f be an arbitrary order-preserving function on J U {6} Then
equation (16.14) gives Weisner’s theorem, which says that

pp(0,1) = — Z wp(0,a). (16.15)
ave=1
Another standard special case arises when P is a poset, J is a lower ideal
in P, and f is an order-preserving function. In this case, the formula (16.12)
specializes to

EP = @ HPU(A(P<)x A(Pou N (P\ ). (16.16)
acf~1(p)

Finally, let us take P to be a ranked poset, and let us choose J = P and
f(z) =1k (x). In this case, equations (16.16) and (16.13) specialize to

Bt = P HTHA(P<)).
rk (a)=p

We can read off the so-called Whitney cohomology groups of P from the
E7"-tableau:

w(P)y= P EV' =P H T (A(P)), fordeZ.
pt+q=d acP

16.4.2 Mobius Function and Inequalities for Betti Numbers

In this subsection we restrict ourselves to the field coefficients. The homology
and cohomology spectral sequences are then just the duals of each other. We
formulate the results using cohomology.

When specializing to a spectral sequence for the cohomology of the nerve
of an acyclic category, we immediately observe that its Mdbius function can
be read off from the E'*-tableau, for any nonnegative integer n.



286 16 Spectral Sequences

Proposition 16.5. Let C be a finite acyclic category with a terminal object t
and initial object s, and let (E}*)5% be a spectral sequence converging to the
cohomology of A(C). Then, for any n we have

po(s)= Y (=1)PHrkEDY — 1. (16.17)

DP,qE€ZL

Proof. For arbitrary n, we define the Euler characteristic x(E*) to be the
sum yo o cp(=1)PTrk ER9. By (16.7), we know that B}, = HP(Ep*, dy),
and hence, fixing p + ¢ and using the Euler—Poincaré formula, we get

Stk = ST (Cayhk e,

p+q=d p+g=d

for all d. Summing over all d, we obtain the equality x(E}*) = x(E; ), for
all n.

Furthermore, since x(E%*) = x(A(C)), we get x(E:*) = x(A(C)), for
all n. Finally, Theorem 10.26 says that pc(s) = x(A(C)), and so formula
(16.17) follows. O

As we have seen earlier, formula (16.17) specializes to several well-known
formulas for Mobius function computations, once the spectral sequence is
specified.

Before the proof of the next proposition let us recall the following useful
fact from group theory.

Fact. If G is an abelian group and H is a subgroup of G, then rk(G) =
rk(H) + rk(G/H).
This fact is fairly standard and we shall not give an argument here.

Proposition 16.6. Let C be a finite acyclic category, and let (E5*)>2, be
a spectral sequence converging to H*(A(C)). If for some n, we happen to

have E) =0, for all p,q € Z such that p + q = d, then we can conclude that

Ha(A(C)) = 0.
Furthermore, for any d and for any n we have

Ba(A(C)) < > rkERT (16.18)
pt+q=d

and

Ba(A(C)) = Ba-1(A(C)) — Ba1(A(C))
> Y rkERO— Y rkERY— Y rkERY. (16.19)

p+q=d p+q=d—1 p+g=d+1

Proof. From the identity (16.7) we can conclude that rk El'f, < rk EP4,
for all p, ¢, and n. Hence EX¢ = 0 would imply E}’{; = 0, and so the ﬁrst
statement of the proposition follows. Furthermore, we have
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Ba(A(C)) =tk Ha(A(C)) = Y tk BRI < > tkELY,
ptg=d p+q=d

for all d and all n.

We shall now prove the inequality (16.19). Let us fix d and n, and let
us set d° = dp|pp-2natan-r, d' = do|gp-nain-1, & i= dy|pre and d° =
dn| prtma-ntl. Then we have the following cochain complex:

— — d — — d d
. E£ 2n,q+2n—1 0 E;z; n,qg+n—1 1 E,Z’q 2

d: _ d —
2 Eﬁ—&-n,q n+1 3 E7;:+2n,q 2n+2

From (16.7) we know that E}'!, = Kerdg/lmdl, Pt = Kerdl/Imdm

and Eﬁi?’q_"ﬂ = Kerdg/Imdg; hence we have

vk B2 — rk BEOT T e pRaT ]
= (rkKerdy — rkImd;) — (tk Kerd; — rkImdy) — (rk Kerds — rk Imds)
= (rkKerdy + rkImds) — (rk Kerd; + rkImd;) — (rk Kerds + rk Imds)

+ rkImdg + rk Imdz > rk BP9 — vk BP=matn=t _yk ppma=ntl - (16.20)

Summing inequalities (16.20) over all pairs (p, ¢) such that p+ ¢ = d, we
obtain

> rkERC— Y rkERY— Y rkEDY

p+q=d pt+q=d—1 ptg=d+1
p,q p,q P.q .
< Y rkERL - > xkERL - > tkERE; (16.21)
p+q=d pt+q=d—1 pq=d+1

hence using formula (16.7), we get
Ba(A(C)) = Ba—1(A(C)) — Ba+1(A(C))

= > tkER7— > 1kERI- > 1kERS

p+g=d p+g=d—1 p+g=d+1
> Y rkERT— > xkERT— > rkERC
p+g=d ptg=d—1 ptg=d+1

This finishes the proof. O

When we are dealing with the nerve of a lattice, this additional structure is
sufficient to make a stronger statement about the Betti numbers of its nerve.

Theorem 16.7. Let P be a finite lattice, x an atom in P. Then the following
inequalities hold:
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B(0,1) < > Br1(0,y), (16.22)
yVr= i
Z (ﬂk—l(()v y) - ﬁk—Q(oa y) - ﬂk(ﬁa y))
yV.’r:i
< Br(0,1) = Br—1(0,1) = Brya (0, 1). (16.23)
In particular, if 6k,2(67y) = ﬂk((),y) =0, for ally € P, such that yV z =1,
then .
Be(0,1) = > Bra(0,y)
y\/xzi
Proof. Let J = P \ ]5295 and let z1,...,z; be any linear extension of J.

Consider the spectral sequence E that is associated to the ideal J, where we
filtrate using the given linear extension of J. Observe first that P\ J = P>,
is contractible. Also, for any a € J, we have (a,1) N (P\ J) = (a,1) N Ps, =
PZm\/a-

This means that (a,1) N (P J) is contractible
xVa)unless zVa=1. When 2Va =1 we get (a
formulas (16.13) and (16.16), we obtain

ctually a cone with apex

(a
,1)N(P\ J) = 0. So, using

EPY — Hp+q71(A(P<xp)), if Tp Vo= 1;
' 0, otherwise.
The inequalities (16.22) and (16.23) follow from inequalities (16.18) and
(16.19). O

16.5 Bibliographic Notes

The existing literature on spectral sequences is rich, and our introduction here
is just the tip of the iceberg. We encourage the interested reader to consult
some of these excellent sources, e.g., [FFG86, McC01], for further reading.
In particular, the verification of equation (16.7) can be found in [McCO01,
Section 2.2]. Furthermore, we refer to [McCO01, Section 3.1] for the complete
proof of Theorem 16.4.

The material of Section 16.4 is inspired by [Ko01]. The new contribution
of the current presentation is doing everything in the generality of acyclic
categories. We also phrase everything in terms of cohomology instead of ho-
mology.

There are several papers that use the approach of Section 16.4. For ex-
ample, in [FK00] the case P = D, i, where D, ; is the intersection lattice
of the k-equal arrangement of type D, has been considered. In this situation
it turned out to be appropriate to take J to be the set of all the elements
without unbalanced component. Phil Hanlon, in [Han91], considers the case
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in which J is a lower-order ideal and f is the rank function (he considers pure
posets only).

The uniform treatment of general formulas in Section 16.4 has many spe-
cializations within combinatorics. For example, special cases of formula (16.14)
can be found [Sta97]. For more information on Weisner’s theorem itself the
reader may want to consult [Sta97, Corollary 3.9.3]. Baclawski has introduced
in [Bac75] Whitney homology groups of a poset P; these are dual to the Whit-
ney cohomology groups from Subsection 16.4.1.

Finally, we mention for the sake of completeness that the reader who is
interested in a proof of the fact that whenever G is an abelian group and H
a subgroup, one has rk (G) = rk (H) + vk (G/H), may, for example, consult
[KM79, Exercise 7.2.2.].






17

Chromatic Numbers and the Kneser
Conjecture

As mentioned in the introduction, one of the main themes of Combinatorial
Algebraic Topology is to study problems on the borderline between discrete
mathematics and algebraic topology, whose solutions benefit from the inter-
action of the two fields. Usually, this implies constructing a topological space
starting with a discrete object as an input, or, conversely, providing a discrete
model for an already existing geometric or topological setting.

In this part of the book we describe a topological approach to the classical
problem of vertex-colorings in graphs, which roughly can be summarized by
the following scheme:

Graph G —  Topological space X (G)
1
Combinatorial — «— Topological
properties of G properties of X (QG)

17.1 The Chromatic Number of a Graph

17.1.1 The Definition and Applications

To keep this part as self-contained as possible, we repeat some of our con-
ventions. In our considerations all the graphs are undirected, unless explicitly
stated otherwise. We do not allow multiple edges, but we do allow loops.

For a graph G, V(G) denotes the set of its vertices, and E(G) denotes the
set of its edges. If convenient, we think of F(G) as a Zy-equivariant subset of
V(G) x V(G), where Zy acts on V(G) x V(G) by switching the coordinates:

(z,y) = (y, ).
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Definition 17.1. Let G be a graph. A vertex-coloring of G is a set map
c: V(G) — S such that (z,y) € E(G) implies c(z) # c(y).

Clearly, a vertex coloring exists if and only if G has no loops.

Definition 17.2. The chromatic number of G, x(G), is the minimal car-
dinality of a set S such that there exists a vertez-coloring ¢ : V(G) — S.

If G has loops, we use the convention x(G) = oo.

The literature devoted to the applications of computing the chromatic
number of a graph is very extensive. Two of the basic applications are the
frequency assignment problem and the task scheduling problem.

The first one concerns a collection of transmitters, with certain pairs of
transmitters required to have different frequencies (e.g., because they are too
close). Clearly, the minimal number of frequencies required for such an assign-
ment is precisely the chromatic number of the graph, whose vertices corre-
spond to the transmitters, with two connected by an edge if and only if they
are required to have different frequencies.

The second problem concerns a collection of tasks that need to be per-
formed. Each task has to be performed exactly once, and the tasks are to be
performed in regularly allocated slots (e.g., hours). The only constraint is that
certain tasks cannot be performed simultaneously. Again, the minimal num-
ber of slots required for the task scheduling is equal to the chromatic number
of the graph whose vertices correspond to tasks, with two vertices connected
by an edge if and only if the corresponding tasks cannot be performed simul-
taneously.

17.1.2 The Complexity of Computing the Chromatic Number

The problem of computing the chromatic number of a graph is NP-complete,
implying that the worst-case performance of any algorithm is, most likely,
exponential in the number of vertices. In fact, several seemingly much more
special problems are NP-complete as well. Two examples are the problem
of deciding whether a given planar graph is 3-colorable, and the problem of
finding a coloring with 4 colors for a 3-colorable graph.

On the positive side, deciding whether x(G) = 2 (i.e., whether the graph
is bipartite) is computationally much easier: plain depth-first search yields
O(|V(G)| + |E(G)]) performance time. Also, one can 4-color a planar graph
in polynomial (in fact quadratic) time.

In the general case, however, the picture remains bleak even if we switch
to considering approximations. For example, it is known that if a polynomial-
time approximate algorithm for graph coloring exists (in precise formulation,
meaning that the output of the algorithm does not differ by more than a con-
stant factor, which is smaller than 2, from the actual value of the chromatic
number), then there exists a polynomial-time algorithm for graph coloring,
which, of course, is not very likely.
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Much of the same can be said about running tests to yield lower bounds for
the chromatic number. Even the most immediate one, computing the clique
number, is not good, since this is an NP-complete problem as well. The ex-
istence of cliques of a fixed size can be decided in polynomial time, but does
not provide a very interesting test.

The original Lovasz test, which was based on computing the connectivity
of a certain abstract simplicial complex associated to the graph in question,
also has high computational complexity, since determining the triviality of the
homotopy groups is an extremely hard problem, even in low dimensions.

It is then a positive surprise that the tests based on the Stiefel-Whitney
characteristic classes are polynomially computable if we fix the test graph and
the tested dimension and consider the computational complexity with respect
to the number of vertices.

17.1.3 The Hadwiger Conjecture

A special place in the theory of vertex-colorings of a graph is occupied by the
so-called four-color problem — the question whether there is a four-coloring
of a planar map such that every pair of countries that share a (nonpoint)
boundary segment receive different colors. Let us show the weaker five-color
theorem. Before we can prove it, we need a standard fact, which is a special
case of the Euler—Poincaré formula.

Theorem 17.3. Let G be a nonempty finite connected graph, drawn in a plane
without self-intersections. Let R(G) denote the set of regions into which the
plane is divided. Then we have the following formula:

V(O] + [R(G)] - [E(G)] = 2. (17.1)

Proof. We shall prove (17.1) by induction on the number of edges in G. If G
has no edges, then, since G is connected, |V(G)| = 1 and |R(G)| = 1; hence
the formula (17.1) follows.

Assume now that we have at least one edge. If G has no cycles (in particular
no loops), then G is a tree. It is then well known that in this case, |V(G)| =
|E(G)| + 1. Since also |R(G)| =1, we get (17.1).

If G has a cycle (for example, if some vertex has a loop), let e be an
arbitrary edge of this cycle. Consider the graph G’ obtained from G by deleting
e. Since e is a part of a cycle, the graph G’ is again connected. Furthermore, we
have V(G) = V(G') and |G’| = |G| — 1. Finally by the Jordan curve theorem,
the edge e borders two different regions, which are merged when e is removed;
thus |[R(G")| = |R(G)| — 1, and (17.1) follows by the induction hypothesis. O

Lemma 17.4. An arbitrary planar simple graph G has a vertex with valency
at most 5.
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Proof. Assume the contrary. Then we have 2|E(G)| = >, v () val(z) >
erv(c) 6 = 6|V (G)|. Also, since the graph is simple, every region is bound
by at least 3 edges, so the double counting of incidences (edge, region) gives
2E(G)| = Yrer) 8(r) = X erie) 3 = 3[R(G)|, where s(r) denotes the
number of bounding edges of the region r. Summarizing, we get

[E(G)| = [E(G)|/3+2|E(G)|/3 = [V(G)| + |R(G)],
which contradicts the formula (17.1). O

Theorem 17.5. (Five-color theorem).
Every loopless planar graph is five-colorable.

Proof. Let G be the graph under consideration. Since having multiple edges
does not change the chromatic number, we can assume that G is a simple
graph.

According to Lemma 17.4, there exists a vertex x of G with valency at
most 5. If the valency of x is at most 4, then we can color G — z by the
induction hypothesis with at most 5 colors, and then color  with whichever
color was not used for one of its neighbors.

So we can assume that the valency of x is exactly 5. If there exists a coloring
of G — x with at most 5 colors such that not all neighbors of x have different
colors, then we can again color x with whichever color was not used for one
of its neighbors.

Fig. 17.1. Finding a color-alternating path.

Consider now a 5-coloring of G —z, with all neighbors of x having different
colors. Let a, b, ¢, d, e index the neighbors of x in clockwise order, starting from
an arbitrary neighbor, and assume that these are colored with colors 1, 2, 3,
4, and 5 respectively. Let C' be the maximal induced subgraph of G satisfying
the following conditions:
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e (U is connected;
e ( contains the vertex a;
o all vertices C' are colored either with color 1 or with color 3 (in particular,

C is bipartite).

If we recolor all the vertices of C' simultaneously, by swapping colors 1 and 3,
then we obtain a new vertex-coloring of G. If ¢ does not belong to C, then
such a recoloring will produce a 5-coloring of G such that vertices a and ¢
have color 3; hence we can color the vertex x with the color 1.

Assume now that ¢ belongs to C. Let D be the maximal induced subgraph
of G defined in a way identical to how we defined C', with the difference being
that we start with the vertex b instead of a, and follow the colors 2 and 4
instead of the colors 1 and 3. Again, if the vertex d does not belong to D,
then we re-color D by swapping colors 2 and 4 and then color z with the
color 2.

Finally, assume that d belongs to D. Take an arbitrary non-self-intersecting
path p connecting a and ¢ without going through x, together with the edges
(a,x) and (c,x). This is a non-self-intersecting loop [. Vertices b and d lie
on different sides of this loop; thus, by the Jordan curve theorem, any path
connecting them should cross I. But, we can find a path p connecting b and
d inside D, so we obtain a contradiction, since the paths p and p are colored
with different color sets, and therefore they cannot intersect; see Figure 17.1
for an illustration. O

As a result of various contributions, the four-color theorem was reduced
to the analysis of the large but finite set of “unavoidable” configurations.
Following that, the original conjecture was proved 1976 by Appel & Haken,
using extensive computer computations. A new, shorter, and more structural
proof (though still relying on computers) was obtained only rather recently, in
1997, by Robertson, Sanders, Seymour & Thomas. The usual way to formulate
this theorem is to dualize the map to obtain a planar graph, coloring vertices
instead of the countries.

Theorem 17.6. (The four-color theorem).
Every loopless planar graph is four-colorable.

In 1943, Hadwiger stated a conjecture closely related to the four-color
theorem. Recall that a graph H is called a minor of another graph G if H
can be obtained from a subgraph of G by a sequence of edge-contractions.

Conjecture 17.7. (Hadwiger conjecture).
For every positive integer ¢, if a loopless graph has no K;; minor, then it has
a t-coloring, in other words, every graph G has K, () as its minor.

The Hadwiger conjecture is trivial for H(G) = 1, since K; is a minor
of any graph. For x(G) = 2 it just says that K5 is a minor of an arbitrary
graph containing an edge. If x(G) = 3, then G contains an odd cycle, and in
particular it has K3 as a minor. Currently, the Hadwiger conjecture has been
proved for x(G) < 5.
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17.2 State Graphs and the Variations of the Chromatic
Number

17.2.1 Complete Graphs as State Graphs

Clearly, for any two positive integers m and n, a graph homomorphism ¢ :
K,, — K, exists if and only if m < n. More generally, we can now restate
Definition 17.2 in the language of graph homomorphisms.

Definition 17.8. The chromatic number of G, x(G), is the minimal pos-
itive integer n such that there exists a graph homomorphism ¢ : G — K.

In fact, we can see the following.

Corollary 17.9. If there exists a graph homomorphism ¢ : T — G, then
x(T) < x(G).

Proof. If G can be colored with n colors, then there exists a graph homomor-

phism ¢ : G — K,,. Considering the composition T G EA K, we conclude
that T' can be colored with n colors as well. O

In this sense, the problem of vertex-colorings and computing chromatic
numbers corresponds to choosing a particular family of graphs, namely un-
looped complete graphs; fixing a valuation on this family, here we are mapping
K, to n, and then searching for a graph homomorphism from a given graph
to the chosen family that would minimize the fixed valuation. Using intuition
from statistical mechanics, we call such a family of graphs state graphs.

A natural question arises: are there any other choices of families of state
graphs and valuations that correspond to other natural and well-studied
classes of graph problems? The answer is yes, and we shall describe two ex-
amples in the following subsections.

17.2.2 Kneser Graphs as State Graphs and Fractional Chromatic
Number

Let us now consider the family of Kneser graphs {K G, }n>2k, and choose
the evaluation KG,, ; — n/k.

Definition 17.10. Let n, k be positive integers, n > 2k. The Kneser graph
KG,, 1 is defined to be the graph whose set of vertices is the set of all k-subsets
of [n], and the set of edges is the set of all pairs of disjoint k-subsets.

Example 17.11.

o K3y ) is a matching on (Qkk) vertices;
e K@y, is the unlooped complete graph K,;
o K(j 5 is the Petersen graph.
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Definition 17.12. Let G be a graph. The fractional chromatic number
of G, x¢(G), is defined by

where the infimum is taken over all pairs (n, k) such that there exists a graph
homomorphism from G to KG,, .

An equivalent definition reads as follows.

Definition 17.13. Let G be a graph. The number X ¢(G) is defined by
%5(G) = int 2

where the infimum is taken over all covers of V(G) by n independent sets
I, ..., I, such that each vertez is covered at least k times, i.e., |{i|v € I;}| >
k, for allv € V(QG).

Of course, by making the independent sets smaller if necessary, we can
always achieve the precise covering of each vertex by k sets.

Next we give yet another equivalent definition, which might help to explain
the usage of the word fractional.

Definition 17.14. The fractional coloring is a function f : I(G) — Rx
such that for everyv € V(G) we have 3¢ ey ver f(I) 2 1; here I(G) denotes
the collection of all the independent sets of C%

The weight of a fractional coloring is defined to be the sum of the values
of f over all independent sets: weight(f) = ZIGI(G) f().

The number X r(G) is defined to be the infimum of the weight, taken over
the set of all fractional colorings.

Note that the usual vertex coloring is a fractional coloring defined by
f:I(G) — {0,1}, where the maximal monochromatic independent sets map
to 1, and all other sets map to 0. The weight of this fractional coloring is equal
to the number of colors; hence we have X((G) < x(G).

Proposition 17.15. We have X7(G) = Xx¢(G).

Proof. First, we can interpret the choice of n independent sets Iy,...,I, as
a function f : I(G) — Zxo such that } ;g f(I) = n. Therefore, we obtain
a fractional coloring g : I(G) — Rxg, defined by ¢g(I) := f(I)/k. Then g
is well-defined, since > ¢y ver 9U) = 1k - X 1cryver fI) 2 k/k = 1.
Clearly, the weight of g is equal to n/k. Thus Xf(G) < Xx¢(G).

On the other hand, consider a fractional coloring with rational values f :
I(G) — Qx¢. Choose k € Z>( such that for all independent sets I, we have
kf(I) € Z>o. Then g : I(G) — Z>g, defined by g(I) := kf(I), is a covering



300 17 Chromatic Numbers and the Kneser Conjecture

of V(G) with k - weight(f) independent sets, so that each element of V(G)
belongs to at least k of these independent sets.

Summarizing, we can conclude that if we limit our consideration to the
rational-valued fractional colorings, then we get X\?(G) = Xs(G). Since we are
considering the infimum, we get X;(G) = x;(G). O

We note that by the theory of linear programming, the infimum of the
weight of a fractional coloring can always be achieved by some rational-valued
fractional coloring.

Proposition 17.16. We have X¢(G) = x5(G).

Proof. We establish a bijection between coverings by n independent sets
Ii,..., I, such that every point is covered k times and graph homomorphisms
G — KGn,k.

Let A be a |V(G)| x n matrix with entries from the set {0,1} defined as
follows:

e if we start with a covering by n independent sets Ii,...,I,, then the
column C} is the characteristic vector of the set I;, and we read the rows
to find a graph homomorphism ¢ : G — KG,, ;

o if we start with a graph homomorphism ¢ : G — KG,, i, then the row R,
is the characteristic vector of the set ¢(v), and we read the columns to
find a covering by n independent sets.

In both cases, the condition on the matrix A is the same: if (v,w) € E(G),
then for all ¢ € [n], A, ; and A, ,; cannot both be equal to 1. It is easy to see
that this establishes the desired bijection. O

17.2.3 The Circular Chromatic Number

Again, we start by defining the appropriate family of graphs.

Definition 17.17. Let r be a real number, r > 2. Then R, is defined to be
the graph whose set of vertices is the set of unit vectors in the plane pointing
from the origin, and two vertices x and y are connected by an edge if and only
if 2w /r < «, where « is the sharper of the two angles between x and y (or
if these two angles are equal).

Note that both the number of vertices and valencies of the vertices (if
r > 2) are infinite.

Definition 17.18. Let G be a graph. The circular chromatic number of G
is Xc(G) = inf r, where the infimum is taken over all positive reals r such that
there exists a graph homomorphism from G to R,.

In other words, the family of the state graphs is {R, },>2, and the chosen
valuation is R, — r.
It is possible to define x.(G) using only finite state graphs.
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Definition 17.19. Let n, k be positive integers, n > 2k. Then Ry, i, is defined
to be the graph whose set of vertices is [n], and two vertices x,y € [n] are
connected by an edge if and only if

k<lz—yl<n—k

Examples:

e Ry is a complete matching on 2k vertices;

e Ropy1k is a cycle with 2k 4 1 vertices;

L4 Rn,l = Kn,l = Kna

e R, o is the unlooped complement of a cycle with n vertices.

The equivalent definition of x.(G) in terms of finite-state graphs is also
functorial.

Proposition 17.20. Let G be a graph. We have the equality
n
c G) = inf — ’
Xe(G) nf 7

where the infimum is taken over all pairs (n, k) such that there exists a graph
homomorphism from G to Ry, .

Here, the state graphs are {R,, x}n>2k, and the chosen valuation on this
family is again Ry,  — n/k.
We remark that for any graph G, we have

X(G) —1 < xc(G) < x(G).

17.3 Kneser Conjecture and Lovasz Test

17.3.1 Formulation of the Kneser Conjecture

Considering the elementary definition of the Kneser graphs, it turned out to
be surprisingly difficult to determine their chromatic numbers.

To start with, it is easy to see that x(KGp ) < n — 2k + 2. Indeed, the
following is an example of a vertex coloring: for fixed i = 1,...,n — 2k + 1,
let the set C; C V(KG, ) consist of all k-subsets of [n] that contain the
element ¢. Clearly, for fixed i, each C; is an independent set, and therefore all
vertices in C; can be colored with the same color. On the other hand, the set
{n—2k+2,...,n} has n — (n — 2k + 1) = 2k — 1 elements, so any of its k-
subsets must intersect, which means that V(K G, )\ (C1U- - -UC), _ok+1) is an
independent set as well. Thus we have decomposed the vertex set V(K G, )
into n — 2k + 2 independent sets, which is just another way of saying that
X(KGn) <n—2k+2.

The Kneser conjecture states that in fact equality holds. This was proved
in 1978 by L. Lovasz, who used geometric obstructions of Borsuk—Ulam type
to show the nonexistence of certain graph colorings.
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Theorem 17.21. (Kneser—Lovasz)
For arbitrary positive integers n,k such that n > 2k, we have x(KGn ) =
n — 2k + 2.

Theorem 17.21 was rather influential for further developments in this field.
We shall sketch the modern version of its proof in the next three subsections.

17.3.2 The Properties of the Neighborhood Complex

Recall that in Subsection 9.1.4, more precisely in Definition 9.9, to an arbitrary
graph G we have associated an abstract simplicial complex, called the neigh-
borhood complex, which we denoted by A (G). Note that when A C V(G) is
a simplex of N'(G), then so is N(A). However, mapping A to N(A) would not
give a simplicial map from N (G) to itself. Instead, we need to proceed to the
face poset of N'(G), which in our notation is called F(N(G)).

Clearly, if A, B C V(G) and A C B, then N(A) D N(B). This means that
we have an order-preserving map N : F(N(G)) — F°P(N(G)); recall here
that for an arbitrary poset P we denote by P°P the poset that has the same
set of elements as P and whose partial order is defined by x < y in P°P if and
only if x > y in P.

Proposition 10.6 implies that we get a simplicial map

A(N) : A(FN(@))) — AFPN(@)),

or, rephrasing, A(N) : Bd (M (G)) — Bd (N(G)), where we have used that
A(F(K)) = Bd (K) is true for any abstract simplicial complex K.

Ezxample 17.22.

(1) Taking G = K3, we see that A(N) is an antipodal map on a hexagon. In
general, for G = K,,, A(N) is an antipodal map on the barycentric subdivision
of the boundary of the (n — 1)-dimensional simplex.

(2) Take G = Lg, which is a connected graph with three vertices and two
edges. Then NV (G) is a disjoint union of a point and an interval, and A(N)
maps the isolated point to the barycenter of the interval, and it maps the
entire interval to the isolated point.

We see from our examples that for G = K,,, the map A(N) gives a Zo-
action on N(G), whereas for G = L3 it does not.

Proposition 17.23. The map A(N) is an involution when restricted to the
image of A(N), in other words, we have A(N)? = A(N).

Proof. This has been proved in Subsection 13.2.2, Application 2. 0O

Ezample 17.24. Let G be the graph defined by the set of vertices V(G) =
{1,2} and the set of edges F(G) = {(1,1),(1,2),(2,1)}. The complex N (G)
is equal to the 1-simplex APl The map A(N) maps the barycenter of the
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1-simplex to the vertex 1, it maps the vertex 2 to the vertex 1, and it maps
the vertex 1 to the barycenter of the 1-simplex. We see that the image of
A(N) is the 1-simplex spanned by the vertex 1 and the barycenter of N (G),
and that the Zs-action on it is the reflection map.

We see that the Zs-action induced by A(N) does not have to be free.

Proposition 17.25. The Zs-action on Im(A(N)) induced by A(N) is free if
and only if G has no loops.

Proof. It is a general fact that a finite simplicial group action on a simplicial
complex is free if and only if there is no simplex whose set of vertices is
preserved by the action.

The simplices of Bd (N (G)) = A(F(N(G))) are chains of F(N(G)). Since
the action reverses the order, we see that the Zs-action on Im(A(N)) induced
by A(N) is not free if and only if there exists a chain C such that A(N)(C) =
C°P.

This is equivalent to saying that there exist A, B € F(N(G)) such that
A C B, N(A) = B, and N(B) = A. Indeed, such a pair would produce the
required chain (consisting of one or two elements); on the other hand, the
middle edge, or element of the chain C with the properties above, would give
such a pair.

If such a pair (A, B) exists, then all the vertices in A have loops, since
N(A) D A. On the other hand, if there exists v € V(G) with a loop, (v,v) €
E(GQ), then A = N(N(v)), B = N(v) is an appropriate pair, since N(v) 2 {v}
implies N(N(v)) C N(v). O

17.3.3 Lovasz Test for Graph Colorings

Lovész has introduced the neighborhood complex N'(G) as a part of his topo-
logical approach to the resolution of the Kneser conjecture. The hard part
of the proof is to show the inequality x(K, ) > n — 2k + 2, and Lovész’s
idea was to use the connectivity information of the topological space N (G)
to find obstructions to the vertex-colorability of G. More precisely, he proved
the following statement.

Theorem 17.26. Let G be a graph such that N'(G) is k-connected for some
keZ, k> —1. Then x(G) > k + 3.

The main topological tool that Lovész employed was the Borsuk—Ulam
theorem. Since then, topological equivariant methods have gained ground and
become part of the standard repertoire in combinatorics.

It will be shown in Theorem 18.3 that the complexes N'(G) and Bip (G)
have the same simple homotopy type. This fact leads one to consider the
family of Hom complexes as a natural context in which to look for further
obstructions to the existence of graph homomorphisms.

Before proceeding with the proof of Lovasz’s theorem, we need the follow-
ing useful lemma.
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Lemma 17.27. Let X be an arbitrary Zo-space and let k be an integer, k >
—1. If X is k-connected, then there exists a Zo-map f : S¢ — X, for all
0<d<k+1.

Proof. This follows immediately by repeated application of Proposition 8.25.
O

We are now ready to give a sketch of the proof of Theorem 17.26, which will
become complete once the details of the structure theory of Hom complexes
are presented in Chapter 18.

Proof of Theorem 17.26. First of all, since Bip (G) is homotopy equivalent
to N (G), we can replace the simplicial complex N (G) by the prodsimplicial
complex Bip (G). Now assume x(G) < k + 2. Then there exists a graph ho-
momorphism ¢ : G — Kjio. In Subsection 18.3.5 it will be shown that this
induces a Zs-map

¢ : Bip (G) — Bip (Kg2),

where the Zs-action on Bip (G) is induced by the nontrivial Zs-action on Ko.
It will be shown in Proposition 19.8 that Bip (K,) is Zs-homeomorphic to
Sn=2 for all integers n > 2, where as we recall from Chapter 8, S¢ denotes the
d-dimensional sphere with the antipodal Zs-action. Hence, we have actually
obtained a Zy-map ¢%2 : Bip (G) — Sk.
On the other hand, by Lemma 17.27, there exists a Zg-map f : SF*1 —
Bip (G). Combining these, we obtain a sequence of Zo-maps

K.
sk L Bip (G) £ sk
This, however, contradicts the Borsuk—Ulam theorem (Theorem 8.22). 0O
17.3.4 Simplicial and Cubical Complexes Associated to Kneser
Graphs

To finish the proof of the Kneser conjecture (Theorem 17.21), we still need
to see that the neighborhood complex of Kneser graphs is sufficiently con-
nected. In fact, it turns out that the homotopy type of these complexes can
be determined precisely.

Proposition 17.28. For arbitrary positive integers n and k such that n > 2k,
the abstract simplicial complex N (KG,, 1) is homotopy equivalent to a wedge
of spheres of dimension n — 2k. In particular, the complex N (KG, 1) is (n —
2k — 1)-connected.

Proof. Consider the order-preserving map
0 : FIN(KGni)) = FN(KGn1)),

defined by
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where X is an arbitrary nonempty collection of k-subsets of the set [n], which
forms a simplex in the neighborhood complex N (KG,, 1), and |J X denotes
the union of all the subsets from the collection X. Clearly, we have ¢? = ¢, and
p(X) > X, and hence ¢ is an ascending closure operator. By Theorem 13.12 we
see that the simplicial complex A(F(N(KG,x))) = BAN(KG, 1) collapses
to the simplicial complex A(Im(yp)).

On the other hand, it is easy to see that the image of the operator ¢
consists of all subsets S C [n] such that k& < |S| < n — k. In other words,
the poset Im(y) is a certain rank selection of the Boolean algebra B,. By
Proposition 12.6, see also specifically Example 12.10(2), we know that the
order complex of that poset is homotopy equivalent to a wedge of spheres of
dimension (n — k) —k=n—2k. O

Theorem 17.21 now follows. Though this is a short and clarifying proof
of Proposition 17.28, we shall investigate the complexes associated to Kneser
graphs at some further length to uncover some interesting cubical construc-
tions and to illustrate some other techniques that we developed in Part II.

By Theorem 18.3 we can replace the neighborhood complexes N (KG,, 1)
by the Hom complexes Bip (KG,, 1) as far as the homotopy type is concerned.
Again, we define an order-preserving map

¢« F(Bip (KGp k) — F(Bip (KGp k),

defined by
(X, M) = (U217UE2>

where X1 and X5 are both arbitrary nonempty collections of k-subsets of the
set [n] such that A N B whenever A € ¥y and B € X, and as before, the
symbol (J denotes taking the union of all the subsets in the corresponding
collection. As is easily seen, the map 1 is an ascending closure operator, and
hence by Theorem 13.12, the simplicial complex Bd Bip (KG,, ) collapses
onto its subcomplex A(Im(v))), to which we now restrict our attention.

For the rest of this subsection we let P,  denote the poset Im(t)) with the
order reversed. It can be described as the poset consisting of all ordered pairs
(S1,52) of subsets of the set [n] such that |S1| > k, [S2| > k, and S; NSy = 0.
The partial order is given by the rule (T1,T%) > (Sl, Sy) if and only if T3 C S
and T € S;. The crucial observation now is that this poset P, j is actually
a face poset of a cubical complex.

Definition 17.29. We call the cubical complex whose face poset is given by
P, i as above the Kneser cubical complex and denote it by KC), 1.

The dimension of KC), j is equal to n — k. Its maximal cells are indexed
by pairs (S1,S2) of disjoint subsets of [n] such that |Si| = |Sa| = k, and its
vertices are indexed by subsets S C [n] such that k£ <|S| < n — k, the actual
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index being (S, [n]\ S). Though we already know at this point that the cubical
complex KC, 1 is homotopy equivalent to a wedge of (n — k)-dimensional
spheres, we would now like to describe an acyclic matching on the set of its
cells that is maximal in the following sense: it has one 0-dimensional critical
cell, and all other critical cells have dimension n — k.

Let @ denote the chain n >n —1 > --- > n — k, and consider the order-
preserving map

2 Pn,k B Q7

defined by
(S1,52) — max ([n] \ S2).

According to Theorem 11.10, it is enough if we construct appropriate
acyclic matchings on the preimages ¢ ~*(m), for n—k < m < n. Let us now fix
such an m. For any element (S7, S2) in =1 (m) we know that m+1,...,n € Sa,
and of course that m ¢ Ss.

Whenever possible, we now match the elements (51, S2) and (S1@{m}, S2),
where @ denotes the symmetric sum. This is clearly an acyclic matching, and
the critical cells are indexed by all pairs (S7,S2) such that |S7| = k and
m € S;. These elements form an upper ideal in ¢ ~!(m); hence we are free to
extend our acyclic matching in this set in any way we want.

Set now ¢ := max ([m] \ S1), and match, whenever possible, the old criti-
cal elements (S1,S2) and (S1, 52 @ {t}). Again, clearly the total matching is
an acyclic one. The final critical cells are indexed by all pairs (S1,S2) such
that |S1] = |S2| = k, m € S1, and ¢t € Sy. These cells are all of dimension n—k.
Additionally, if m = k, there is one more critical cell of dimension 0 indexed
by ({1,...,k},{k+1,...,n}). This concludes the description of our matching
and provides an alternative proof of the fact that the cubical complex KC), j
is homotopy equivalent to a wedge of (n — k)-dimensional spheres.

17.3.5 The Vertex-Critical Subgraphs of Kneser Graphs

Recall that for a graph G and a vertex v € V(G), the notation G — v denotes
the graph that is obtained from G by deleting the vertex v and all edges
adjacent to v, i.e., the new set of vertices is given by V(G —v) := V(G) \ {v},
and the new set of edges is given by E(G—v) := E(G)N(V(G—v)x V(G —v)).

Shortly after it was published, Lovasz’s resolution of the Kneser conjecture
was complemented by finding a maximal subgraph having the same chromatic
number as the original Kneser graph. To formulate this result, we recall that
a graph G is called vertez-critical if for any vertex v € V(G), we have x(G) =
X(G —v) + 1.

Definition 17.30. Let n, k be positive integers, n > 2k. The stable Kneser
graph KGS?,‘C“’ is defined to be the graph whose set of vertices is the set of
all k-subsets S of [n] such that if i € S, then i+ 1 ¢ S, and if n € S, then
1 ¢ S. Two subsets are joined by an edge if and only if they are disjoint.
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GStab

Clearly, K is an induced subgraph of KG,, x.

Theorem 17.31. The graph KGSt“b is a vertex-critical subgraph of KGy, i,
i.€., KG;??,‘;Z’ is a vertex-critical graph, and X(KG;ffgb) =n—2k+2.

17.3.6 Chromatic Numbers of Kneser Hypergraphs

Theorem 17.21 was generalized in 1986 to the case of hypergraphs. To start
with, recall the standard way to extend the notion of the chromatic number
to hypergraphs.

Definition 17.32. For a hypergraph H, the chromatic number x(H) is, by
definition, the minimal number of colors needed to color the vertices of H so
that no hyperedge is monochromatic.

Next, there is a standard way to generalize Definition 17.10 to the case of
hypergraphs.

Definition 17.33. Let n, k,r be positive integers such that r > 2 and n > rk.
The Kneser r-hypergraph K G, , is the r-uniform hypergraph whose ground
set consists of all k-subsets of [n ], and the set of hyperedges consists of all r-
tuples of disjoint k-subsets.

Using the introduced notations we can now formulate a generalization of
Theorem 17.21.

Theorem 17.34. For arbitrary positive integers n,k,r such that r > 2 and
n > rk, we have
) n—rk+r
WG = [P

r—1

17.4 Bibliographic Notes

For the proof of the fact that deciding whether a given planar graph is 3-
colorable is NP-complete, we refer to [GJ79], whereas NP-completeness of
coloring a 3-colorable graph with 4 colors was first shown in [KLS93]. The
quartic time for the 4-coloring of a planar graph was obtained in [AH89]. This
was later improved to quadratic time in [RSST]. We refer to Garey & Johnson,
[GJ76], for an in-detail elaboration on the subject of approximate algorithms
for graph colorings.

The question of computing x(G) for the planar graph G has a long history.
The question was formulated in 1852 by F. Guthrie; see [Gut80]. The first time
this question appeared in print was in a paper by Cayley, [Cay78], after which
it became known as the four-color problem, one of the most famous questions
in graph theory, as well as a popular brain-teaser. There is a very extensive
literature on the subject; see, e.g., [Har69, KS77, MSTY, Ore67, Th9g|.
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The apparently first proof, offered by A. Kempe in 1880, [Kem79], turned
out to be false, as did many later ones. The flaw was noticed in 1890 by
P. Heawood, [Hea90], who also proved the weaker five-color theorem. Impor-
tant contributions to the four-color problem, were made (among others) by
G. Birkhoff and H. Heesch, [Hee69]. The original announcement of the resolu-
tion of the four-color problem by Appel & Haken can be found in [AH76], and
[AHS9] is the last reprint. The reference to the work of Robertson, Sanders,
Seymour & Thomas on this subject is [RSST].

Hadwiger has stated his conjecture in [Had43]. The case x(G) = 4 is
reasonably easy, and was shown by Hadwiger, [Had43], and Dirac, [Dir52].
Furthermore, it was shown in 1937 by Wagner, [Wag37], that the case x(G) =
5 of the Hadwiger conjecture is equivalent to the four-color theorem.

We recommend an excellent and comprehensive textbook by Godsil and
Royle, [GRO1], where more about fractional chromatic number can be found.
As for the circular chromatic number of a graph, we refer to nice articles
[Vi88, ZhuO1] for rather extensive information.

The Kneser conjecture was posed in 1955, see [Kn55], and solved in 1978
by L. Lovész; see [Lov78]. Shorter proofs of the Lovész theorem were obtained
by Bérany; see [Bar78|, and Greene; see [Gr02], both using some versions of
the Borsuk—Ulam theorem; see also [GRO1]. A nice brief survey of these has
been written by De Longueville; see [dL03].

The vertex-critical subgraphs of Kneser graphs, complementing the proof
of Lovdsz’s theorem (Theorem 17.21), were found by Schrijver, in [Sr78], who
proved Theorem 17.31. Alon, Frankl, and Lovdsz, [AFL86], have generalized
Theorem 17.21 and proved Theorem 17.34. Their argument makes use of the
generalization of the Borsuk—Ulam theorem that has previously appeared in
the work of Bérdny, Shlosman, and A. Szfics; see [BSS81].

There has been a substantial body of further important work; some of the
references are [Dol88, Kr92, Kr00, Ma04, MZ04, Sar90, Zie02]. There have
also been multiple constructions, such as box complexes, designed to gener-
alize the original Lovasz neighborhood complexes. However, as later research
showed, the tests obtained in that way were completely convertible, since the
Zo-homotopy types of these complexes were very closely related, either by
simply being the same, or by means of one being the suspension of another,
or something close to that. This means that all these constructions are avatars
of the same object, as explained in [Ziv05a]. In contrast to that, the Hom com-
plexes have been shown to have an intricate and interesting behavior, going
substantially beyond the original Lovdsz complexes.
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Structural Theory of Morphism Complexes

18.1 The Scope of Morphism Complexes

18.1.1 The Morphism Complexes and the Prodsimplicial Flag
Construction

In this section we would like to prove a property that holds for general mor-
phism complexes, which were described in Definition 9.24. A crucial fact about
this family of prodsimplicial complexes is that Hom _ (—, —) complexes are fully
determined by the low-dimensional data; in fact, it turns out that already
knowing the 1-skeleton suffices; cf. Definition 9.16.

Proposition 18.1. All complezes Hom _(—, —) with isomorphic 1-skeletons
are isomorphic to each other as polyhedral complexes. More precisely, the com-
plexes Hom _(—, —) are prodsimplicial flag complezes.

Proof. Let us consider a complex X of the type Hom ps(A, B), where A, B
and M are a priori unknown. Trivially, the O-skeleton of X is the set M itself.
Furthermore, the 1-skeleton tells us which pairs of set maps p,v : A — B
differ precisely in one element of A.

Clearly, for o = [[,c4 0. € C(A, B) to belong to Hom (4, B), it is re-
quired that the 1-skeleton of o be a subgraph of the 1-skeleton of Hom »; (A, B).
Let us show that the converse of this statement is true as well.

Let I" be the 1-skeleton of X. For every edge e in I' let A(e) € A denote
the element in which the value of the function is changed along e. Since we
do not know the set A, we can only make statements of the type, the labels of
these two edges are the same/different.

Assume that we have S C M such that S can be written as a direct
product S =57 X S X -+ x S;. Assume furthermore that the subgraph of I’
induced by S is precisely the 1-skeleton of the corresponding cell.

First, consider three elements a,b,c € Sy X --- x S; that have the same
indices in all S;’s except for exactly one. Then, by our assumption on S, the
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subgraph of I" induced on the vertices a, b, and ¢ is a triangle. Clearly, if three
changes of a value of a function result in the same function, then the changes
were done in the same element of A, i.e., A(a,b) = A(a,c) = A(b,c).

Next, consider four elements a,b,c,d € S; X --- x S; such that pairs of
vertices (a,b), (b, ¢), (¢,d), and (a,d) have the same indices in all S;’s except
for exactly one. Assume further that this index is not the same for (a,b) and
(b, ¢): say a and b differ in S, and b and c differ in Ss.

According to our assumption on S, (a,b), (b, ¢), (¢,d), and (a,d) are edges
of I'. If A(a,b) = A(b,c), then I" contains the edge (a,c), and A(a,b) = A(a, ¢),
which contradicts our choice of S.

If, on the other hand, A(a,b) # A(b,c), then, since changes of functions
along the paths a — b — ¢ and a — d — ¢ should give the same answer, we
are left with only one possibility, namely, that A(a,b) = A(¢,d) and A(b,c) =

Aa,d).

Let a € Sy x --- xS, a = (a1,...,a;). By our first argument, if b €
Sy X o+ xS, b= (a1,...,0,...,a;), then A(a,b) does not depend on a;
and @;. Furthermore, let ¢,d € S1 x --- xS, d = (a1,...,85,...,a1), ¢ =
(@1,...,84,...,85,...,a¢), for ¢ # j. By our second argument, applied to
a,b,c,d, we get that A(a,b) = A(e,d). If iterated for various j, this implies
that A(a,b) does not depend on aq,...,a;—1,0i41,...,a; either; thus it may

depend only on the index 1.

Finally, this label should be different for different i’s, since otherwise, by
the same argument as above, we would get more edges in the subgraph of I”
induced by S than what we allowed by our assumptions.

Summarizing, we have shown that the cell o = [, 4 0 € C(A, B) belongs
to Hom ps (4, B) if and only if the 1-skeleton of o is a subgraph of I'. This
implies that Hom 5;(A, B) is uniquely determined by its 1-skeleton. O

Proposition 18.1 comes in handy when we need to show that certain prod-
simplicial complexes cannot be represented as Hom complexes, since it imposes
the rather rigid restriction of being a prodsimplicial flag complex.

We finish this section by noting that not every prodsimplicial flag complex
is representable as a Hom complex. For example, let us consider a (hollow)
pentagon. Clearly, it is a prodsimplicial flag complex. On the other hand, if it
can be represented as a Hom complex then we can trace the changes in the set
maps following around the pentagon once. Since we have five changes, and no
value can be changed only once, we see that at most two different values will
be changing as we go around the pentagon; hence one of the values will be
changed at least three times. This implies that there exists a value that will
be changed along two adjacent edges, which implies that our complex must
contain a triangle. This is a contradiction, and thus a pentagon cannot be
represented as a Hom complex.
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18.1.2 Universality

It happens very often that a family of combinatorially defined complexes is
universal with respect to the invariants that one is interested in computing.
This is also the case not only for general Hom complexes, but even for the
Bip (—) complexes.

Theorem 18.2. For each finite abstract simplicial complex X with a free Zo-
action, there exists a graph G such that Bip (G) is Za-homotopy equivalent
to X.

Proof. We shall satisfy ourselves here with proving a weaker statement, find-
ing G such that Bip (G) is homotopy equivalent to X. To start with, since
Bip (G) is homotopy equivalent to A/ (G), we can deal with the neighborhood
complex instead.

For an arbitrary finite abstract simplicial complex X with a free Zs-action
v we associate a graph G x as follows:

the set of vertices of Gx is the same as the set of vertices of X;
two vertices v and w are connected by an edge if either w = v or (w,yv)
is an edge in the 1-skeleton of X.

Let us now consider the graph associated to the barycentric subdivision
of X. In our notation, this graph is called Ggq x. We claim that the neighbor-
hood complex of this graph N (Gpq x) is homotopy equivalent to Bd X, and
hence to X.

Consider the so-called closed star covering of Bd X, that is, its covering
by all closed stars of its vertices. A subset of these stars has a nonempty
intersection if and only if it contains a vertex, which means that there is
a vertex that is connected with the centers of all these stars, and possibly
coincides with one of them. Therefore, we see that the nerve of this covering
coincides with the neighborhood complex A (Gpq x). To prove the homotopy
equivalence we will show that whenever a set of these stars has a nonempty
intersection, then it must be contractible, and then invoke Theorem 15.21.

Recall that the vertices of Bd X are indexed with subsets of the set of
vertices of X. Let Aq,...,A; be a collection of such subsets such that the cor-
responding closed stars intersect, and let S be any vertex in this intersection.
After possible reindexing we may assume that for some 0 < k < ¢, we have
A; C S, foralll <i<k,and A; D S, for all k+1 <i <t. We shall consider
two cases.

Assume first that k > 1. In this case, set B := UF_; A;. We have B # .
We claim that the intersection of the closed stars of the A;’s is a cone with
apex in B. To see that, take an arbitrary simplex ¢ = (B; C --- C B,) in
this intersection. The sets A; can all be inserted into this inclusion chain. Let
7 be the simplex obtained from ¢ by adding B. This simplex is well-defined,
since we can insert B in the same spot where we can insert Aj. The set B
is possibly larger than Ay, but since the subsequent B;’s contain all the sets
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Aq, ..., Ay, they will also contain B. On the other hand, the simplex T is
still in the intersection of the considered closed stars, because B contains all
the sets Aq,...,A; and is contained in Agyq,...,A;. This proves that the
intersection of the closed stars in this case is a cone, and hence contractible.

The remaining case is k& = 0. In this case, we can set B := Ni_, A;, and
using a completely analogous argument, we see that the intersection of the
closed stars will be a cone with apex in B, and hence contractible as well. O

18.2 Special Families of Hom Complexes

18.2.1 Coloring Complexes of a Graph

Tt is useful to think of Hom (G, K,,) as a way to put a topology on the space of
all n-colorings of G. We call these complexes the coloring complexes of G. The
fact that Hom (G, K,,) is nonempty encodes the fact that that G is n-colorable.
The connectivity of Hom (G, K,,) expresses a certain flexibility property of
the set of all n-colorings of the graph G. Intuitively, one should think that
the higher the connectivity (that is, the greater the number of the initial
homotopy groups that are trivial), the more flexible the set of all n-colorings
of the graph G is. The significance of the other properties of Hom (G, K,,) is
at present the subject of an active field of research.

1 2
*——=0
3 2 1 3
*——o *——=0
3 1 2 3
*——=0 *——=0
2 1
*——=0
Hom (Lg = KQ,Kg) 1,3 13 Hom (Lg,Kg)

Fig. 18.1. Coloring complexes of strings I.

Some examples of such complexes are shown in Figures 18.1, 18.2, and
18.3. In these figures we used the following notation: L,, denotes an n-string,
i.e., a tree with n vertices and no branching points, C,,, denotes a cycle with
m vertices, i.e., V(Cp) = Zm, E(Cp) = {(z,z+ 1), (x + 1,2) |z € Z, }.
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Fig. 18.2. Coloring complexes of strings II.

18.2.2 Complexes of Bipartite Subgraphs and Neighborhood
Complexes

As mentioned above, Hom complexes were introduced as a one parameter
expansion of the family of neighborhood complexes. The next theorem makes
this statement precise.

Theorem 18.3. For an arbitrary graph G, the neighborhood compler N (QG)
and the polyhedral complex Bip (G) have the same simple homotopy type.

Proof. Set P := F°(Bip (G)) U {0,1}. As was mentioned before, P is a lat-
tice, and A(P) = Bd Bip (G). By Theorem 13.18(b), we see that both simpli-
cial complexes Bd Bip (G) and Bd I'(P) collapse onto the simplicial complex
A(P,). See Figure 18.4 for an example of the poset P,.

Description of I'(P). The vertices of I'(P) are all the pairs (A, B), A,B C
V(G) such that N(A) = B and N(B) = A. These can be indexed with the
simplices A € N(G), A € Im(N), which is the same as to take the elements
of N(F(N(@))) or the vertices of A(N(F(N(QG)))) = Lo(G).

The simplices of I'(P) are all sets of pairs {(A1,B1),...,(As, By)} such
that N_, A; # 0, and (\'_, B; # 0. Since N(A) N N(B) = N(AU B), for
arbitrary subsets A, B C V(G), and since B; = N(A;), for 1 < i < ¢, the
second condition amounts to saying that N (Uf:1 A;) # 0.
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12 12
3 3
231 2 13
Hom (04, K3)
Fig. 18.3. Coloring complexes of cycles.
6,2 5,2 6,4 6,5 4,2 2,4 5,6 4,6 2,5 2,6

N7

46,2 56,2 6,12 6,23 45,2 5,23 26,4 6,45 26,5 4,12 12,4 5,26 45,6 4,26 23,5 2,45 23,6 12,6 2,56 2,46

456,2 46,12 56,23 6,12345126,4 26,45 236,5 5,236 45,26 4,126 12345,623,56 12,46 2,456

Fig. 18.4. The poset P, for P = F°P(Bip (G)) U {0, 1}.

Let £ denote the poset of all A € N(G), A € Im(N), ordered by inclusion,

with a minimal and a maximal element attached. Clearly, A(L) = Lo(G).
From the description of I'(P) above, we see that A(L) is a subcomplex of
I'(P). On the other hand, by Theorem 11.21, the simplicial complex J (L)
collapses onto A(L).

Let p be the acyclic matching from the proof of Theorem 11.21 that gives
the collapsing sequence. We claim that the restriction of & to F(I'(P)) is again
an acyclic matching. Since F(I'(P)) is a lower ideal in F(J (L)), the only thing
that has to be checked is that if S € F(I'(P)) N X, then u(S) € F(I'(P));

here X is as in the proof of the Theorem 11.21.
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Assume that S = {A4i,...,A;}, where the sets are listed in the linear
extension order, i.e., if 1 <i < j <t then A; 2 A;. Let a(S) be the subset
of V(G) defined as in the proof of Theorem 11.21. Clearly, a(S) C A,;. This
implies that a(S) U U§:1 A = U§:1 A;, and therefore, the set of pairs

N(S) = {(Al’ Bl)a tey (At’Bt)a (a(S)> N(G(S)))}

is a simplex of I'(P). We conclude that the restriction of p to F(I'(P)) gives
a collapsing sequence from I'(P) to Lo(G).

Let us summarize our findings in the following concatenation of sequences
of collapses and expansions:

Bd Bip (G) \, A(P,) / BAI(P), I'(P)\ Lo(G) /BAN(G), (18.1)

where the first two sequences are given by Theorem 13.18(b), the third se-
quence is given by the restriction of the acyclic matching p as above, and the
fourth sequence is given by Proposition 13.16.

The discussion in Section 6.5 implies now that the polyhedral complex of
all bipartite subgraphs of G, Bip (G), and the neighborhood complex N (G),
have the same simple homotopy type, and yields an explicit formal deforma-
tion between these two complexes. 0O

18.3 Functoriality of Hom (—, —)

Recall from Subsection 4.1.2 that Graphs denote the category of all finite
graphs.

18.3.1 Functoriality on the Right

Let T, G, and K be three arbitrary graphs, and let ¢ be a graph homomor-
phism from G to K. For any graph homomorphism v : T' — G, i.e., a vertex
of Hom (T, G), we have the composition pov : T — G — K, i.e., a vertex of
Hom (T, K). In general, the composition induces a poset map

f: FHon(T,G)) — F(Hom (T, K)),

namely, for n : V(T) — 2V \ {p}, we have f(n) = 2% o, where 2¢ :
2VIE N\ L} — 2V \ [} is the map induced on the subsets.

One can check that the poset map f : F(Hom(T,G)) — F(Hom (T, K))
comes from a cellular map from Hom (7', G) to Hom (T, K), which we denote
by ©T.

Moreover, a detailed analysis of the polyhedral structure of Hom (7', G),
using the explicit point description of Hom (T, G) from Subsection 9.2.3, shows
that cells (direct products of simplices) map surjectively to other cells, and
that this map is a product map induced by the corresponding maps on the
simplices. Therefore, ¢ is a polyhedral map.
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Ezample 18.4. Recall that Bip (K3) is a hexagon, and Bip (K}) is the polyhe-
dron in Figure 9.6. Consider ¢ : K3 — K4 mapping i to i, for any ¢ € {1, 2, 3}.
Then the cellular map 2 includes the hexagon as one of the meridians of
Bip (K4).

Now we can draw the following conclusion.

Proposition 18.5. For any fized graph T, the Hom construction yields a co-
variant functor Hom (T, —).

Proof. The only property that has to be checked is that for any graph ho-
momorphisms ¢ : G — K and ¢ : K — L, we have

(o) =¢Top”.

This equality is true on the level of poset maps, since it just amounts to taking
a composition of two relabelings. Hence it is also true for the corresponding
cellular maps. 0O

18.3.2 Aut (G) Action on Hom (T, G)
The functoriality on the right has the following important consequence.

Proposition 18.6. The map given by ¢ +— T is a group homomorphism
from Aut (G) to Aut (Hom (T, Q)); in particular, Aut(G) acts cellularly on
Hom (T, G).

Proof. Assume ¢ € Aut(G). We have induced maps ¢! : Hom (T,G) —
Hom (T, G) and (¢~1)T : Hom (T, G) — Hom (T, G). Since

(e )T o = (¢ o) = (idg)" = iduon(1.0),
we have (p~1)T = (pT) =1, and therefore ¢ € Aut (Hom (T, G)). O

Ezxample 18.7.

(1) The automorphism group of K3 is the symmetric group Ss. The transpo-
sitions act on the hexagon Bip (K3) as reflections that fix the barycenters of
two opposite sides.

(2) For an arbitrary graph G, the symmetric group S, acts cellularly on
Hom (G, K,), which is the topological space of all n-colorings of G.

18.3.3 Functoriality on the Left

The situation is slightly more complicated if one considers the functoriality in
the first argument. Let us choose some graph homomorphism ¢ from T to G,
and let K be some graph.

Again, using composition we can define an order-preserving map
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g : F(Hom (G, K)) — F(Homn (T, K)).
Namely, for 7 : V(G) — 2V N\ {(} and v € V(T), we set

g(n)(v) :=n((v)).

This map is well-defined, since if v,w € V(T) and (v,w) € E(T), then
(¥(v),¥(w)) € E(G), and therefore, for any x € n(¢(v)) and y € n(p(w)),
we have (z,y) € E(K). Furthermore, this map is order-preserving: if 7 > 7,
ie., if 7(w) D n(w), for any w € V(T), then g(7)(w) = 7(¢(w)) 2 n(¥(w)) =
g(m)(w).

Intuitively, one can think of the map g as the pullback map. It is important
to remark that if ¢ is not injective, it may happen that dim g(n) > dim#. Since
g is an order-preserving map, the induced map between abstract simplicial
complexes A(g) : Bd (Hom (G, K)) — Bd (Hom (7, K)) is simplicial and gives
the corresponding map of topological spaces, which we denote by . It is
important to notice that the map g does not always come from a cellular map.

Ezample 18.8. Consider a graph homomorphism v : Ly — K5. The induced
map Y, : Bip (K3) — Hom (L3, K3) is not cellular, but it becomes simplicial
once we pass to the barycentric subdivisions. This is illustrated in Figure 18.5.

Blp (Kg) Hom (Lg,Kg)

Fig. 18.5. Mapping Bip (K3) to Hom (L3, K3).

However, on the positive side, we have the following proposition.

Proposition 18.9. If the graph homomorphism ¢ : T — G is injective on the
vertices of T, then there exists a polyhedral map h : Hom (G, K) — Hom (T, K)
such that topologically, h = k.

Proof. This follows from an ad hoc argument by a direct analysis of point
descriptions; see Subsection 9.2.3. The crucial fact is that the cells are mapped
to cells of equal or smaller dimension. O

We are now ready to draw a conclusion that is dual to Proposition 18.5.
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Proposition 18.10. . For any fixed graph K, the Hom construction yields
a contravariant functor Hom (—, K).

Proof. We only need to check the following fact: for any sequence of
graph homomorphisms ¢ : T — G and ¢ : G — L, the induced maps
g : Hom(G,K) — Hom (T, K) and ¢ : Hom(L,K) — Hom (G, K) satisfy
the identity

YK opr = (poi)k.
However, this identity is immediate on the level of poset maps. 0O

18.3.4 Aut (T) Action on Hom (T, G)

Again, the functoriality on the left has concrete and useful implications.

Proposition 18.11. The group Aut(T) acts on Hom (T,G) by polyhedral
transformations.

Proof. Let ¢ € Aut (T'). Then ¢ : Hom (T, G) — Hom (T, G). As before, we
have

(p Naopa=(poy e = (idr)e = idgon (1,6)-
Therefore, we get an action of Aut (T') on Hom (T, G). By Proposition 18.9 this
action is polyhedral. O

Proposition 18.12. Let G be an arbitrary graph without loops. Let further-
more v € Aut (T), and assume that there exists a verter v € V(T) such that
(v,7(v)) € E(T). Then ~g is a fized-point-free map.

Proof. Since ¢ is a polyhedral map, if it has a fixed point, then there
must exist a cell that is preserved by 7g. This means that there exists n
such that n(v) = n(y(v)). On the other hand, (v,v(v)) € E(T) implies that
n(v) x n(y(v)) € E(G); hence either G must have loops, or n(v) must be
empty. Each conclusion contradicts our assumptions. 0O

As an important example we single out the case in which ~ actually flips
some edge of the graph T'. In this situation, Hom (T, G) is actually a Zs-space,
meaning a topological space with a free Zs-action. The reflection actions on
Ky, Co.41, and Cy, (flipping two edges) are special cases of that.

18.3.5 Commuting Relations

Proposition 18.13. Let ¢ : T — T’ and ¢ : G — G’ be graph homomor-
phisms. Then the following diagram commutes:

’

Hom (T, G) —— Hom (T",G")
l% l%, (18.2)

¢T
Hom (T,G) —— Hom(T,G’)
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Proof. The easiest way to see that the diagram (18.2) commutes is on the
level of posets. The elements of F(Hom (1", G)) may be encoded as t-tuples of
sets (A1, ..., As), where [t] = V(T”) and A; C V(G) for each i € [t]. Following
the diagram either way, we obtain the [V (T')|-tuple (..., ¥(Ayw), .. ), where
the set 1)(A,()) is in the position indexed by v € V(T). O

Obviously, the fact that the above diagram (18.2) commutes implies that
the map ¥ : Hom (T, G) — Hom (T, G’) preserves the Aut (T) action, as well
as that the map ¢¢ : Hom (T',G) — Hom (T, G) preserves Aut (G) action.

Combined with the previous remarks, we see that, if v is an involution of
T that flips an edge, G and G’ have no loops, and ¢ : G — G’ is a graph
homomorphism, then ¢? : Hom (T,G) — Hom (T, G’) is a Zy-map (meaning
a Zs-equivariant map of Zg-spaces).

Example 18.14. An arbitrary graph homomorphism of loop-free graphs ¢ :
G — G’ will induce Zo-maps ©*2 : Bip(G) — Bip(G’) and ¢“2r+1
Hom (CQT_H, G) — Hom (CQTJ,_]_, G/)

Furthermore, one can see that if « acts both on the graph T and on the
graph 7', and we have a ['-equivariant map ¢ : T — T’, then the map
v¢ : Hom (T",G) — Hom (T, G) is I'-equivariant as well; and the same is true
for the map ¢ : Hom (G, T) — Hom (G, T").

More generally, if the diagram

T —=— T
sal L@’ (18.3)
T 2T
commutes, then the diagram
Hom (T, G) —=— Hom(T,Q)
@GT Tﬁc (18.4)
Hom (77, G) <Y Hom (T’, G)
commutes as well, and the same is true for the right argument.

Example 18.15. A Zs-equivariant inclusion i : Ko < Co,11 induces a Zs-map
ic : Hom (Car41,G) — Bip (G).

Remark 18.16. All of the results in this section hold for general morphism
complexes as long as the set maps compose accordingly.



320 18 Structural Theory of Morphism Complexes

18.4 Products, Compositions, and Hom Complexes
18.4.1 Coproducts
For any three graphs G, H, and K, we have
Hon (G [ [ H, K) = Hon (G, K) x Hom (H, K), (18.5)
and if G is connected and G # K, then also
Hom(G,HHK) = Hom(G,H)HHom(G,K),

where the equality denotes isomorphism of polyhedral complexes.

The first formula is obvious. To verify the second one, note that for any
graph homomorphism 7 : V(G) — 2V (¢} and any z,y € V(G) such
that (z,y) € E(Q), if n(x) N V(H) # 0, then n(y) C V(H), which under the
assumptions on G implies that {J,cy () n(z) € V(H).

18.4.2 Products

For any three graphs G, H, and K, we have the following homotopy equiva-
lence:
Hom (G, H x K) ~ Hom (G, H) x Hom (G, K). (18.6)

This can be strengthened as follows.

Proposition 18.17. The left-hand side of the formula (18.6) is simple ho-
motopy equivalent to the right-hand side.

Proof. Consider the following three maps:

opm . V) XV(K) _, oV (H)
opx . QV(H)XV(K) _, 2V(K)7

and
¢ oVH) o gV(K) _, 2V(H)><V(K)7

where 2P# and 2P¥ are induced by the standard projection maps py : V(H) x
V(K) — V(H) and px : V(H) x V(K) — V(K), and c is given by ¢(A, B) =
A x B. We let ¢p : 2VUED)XV(E) _, oVH)xV(K) denote the composition map
B(S) = (20 (S), 20 () = 200 (S) x 20K (S).

Given a cell of Hom (G, H x K) indexed by 7 : V(G) — 2VE)XVE)\ {1
one can see that the composition function ¥ o7 : V(G) — 2VFE)*XVE)\ [}
will also index a cell. Indeed, for any (x,y) € F(G) we know that (n(z),n(y))
is a complete bipartite subgraph of H x K, which is the same as to say
that for any a € n(z) and 8 € n(y), we have (py(),pu(8)) € E(H) and
(px(0), p(8)) € E(K). If we now choose & € th(n(z)) and 3 € b(n(y)),
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we have py(a) = pg(a) for some a € n(z), and py(B) = pu(B) for
some (3 € 7(y), hence verifying that (pz (&), pu(8)) € E(H). The fact that
(pk (&), px(B)) € E(K) can be proved analogously.

This means that we have a map

¢ : F(Hom (G, H x K)) — F(Hom (G, H x K)).

It is easy to see that ¢ is order-preserving and ascending. It follows from
Theorem 13.12 that the complex A(F (Hom (G, Hx K))) = Bd (Hom (G, Hx K))
collapses onto the complex A(Im(p)).

On the other hand, we see that F(Hom (G, H)) x F(Hom (G, K)) = Im(yp)
with the isomorphism given by the map (n1,72) — 7, where n(z) = n(z) x
n2(z), for any x € V(G). Thus we conclude that the complex Bd (Hom (G, H x

om (G, H
K)) collapses onto the complex A(F(Hom(G,H)) x F(Hom (G, K))). Our
argument is now complete, since we know that A(F(Hom (G, H))
F(Hom (G, K))) =2 A(F(Hom (G, H)))x A(F(Hom (G, K))) = Bd (Hom (
Bd (Hom (G, K)) 2 Hom (G, H) x Hom (G, K). O
For the analogue of the formula (18.6), where the direct product is taken
on the left, we need the following additional standard notion.

Definition 18.18. For two graphs H and K , the power graph K is defined

by

o V(KH) is the set of all set maps f: V(H) — V(K);

e (f,9) € BE(KH), for f,g:V(H) — V(K) if and only if whenever (v,w) €
E(H), we also have (f(v),g(w)) € E(K).

It is easy to see that the power graph notion is introduced precisely so
that for any triple of graphs the following adjunction relation holds:

Hom® (G x H, K) = Hom ") (G, KT). (18.7)

In our topological situation the formula (18.7) generalizes up to homotopy.
More precisely, we have the following homotopy equivalence:

Hom (G x H, K) ~ Hom (G, K'). (18.8)

Proposition 18.19. The left-hand side of formula (18.8) is simple homotopy
equivalent to the right-hand side.

Proof. Define a map 1 : 2V( (K™  oVE™) s s ¥(12), as follows:
g € () ifandonlyif g(z) € {f(z)]| f € 2}, for allz € V(H). In other words,
we use the collection of functions {2 to specify the sets of values that functions
from (f2) are allowed to take. Clearly, we have 9(£2) D 2. Take a cell of

Hom (G, KH), n : V(G) — V(K™ \ {0}, and consider the composition map
Yon:V(G) — 2VE™)\ {0}. Since 7 is a cell, we know that if (z,y) € E(G)
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and o € n(x), B € n(y), then (o, 8) € E(KH), i.e., whenever (v,w) € E(H),
we have (a(v), f(w)) € E(K).

Choose & € (n(z)) and 3 € (n(y)). To check that (&,p)
we need to check that for any (v,w) € E(H), we have (a(v), 8(w)) € E(K).
However, by the definition of ¥, we know that a(v) = «a(v) for some a €
n(z), and B(w) = B(w) for some B € n(y). It follows that (a(v),3(w)) =
(a(v), B(w)) € E(K), and hence ¢ on is again a cell.

As a consequence, the composition gives us an order-preserving ascending
map ¢ : F(Hom (G, K%)) — F(Hom (G, K™)). The image of this map is iso-
morphic to F(Hom (G x H, K)). The isomorphism map takes the poset element
n:V(G)x V(H) — 2VE)\ {0} to the poset element 7 : V(G) — 2V ED)\ {9}
defined by

(@) ={f: V(H) = V(K) [ f(v) € n(z,v), for all v € V(H)},

for all z € V(G). By Theorem 13.12, we conclude that the simplicial com-
plex A(F(Hom (G, KH))) = Bd (Hom (G, K*T)) collapses onto its subcomplex
A(Im(p)) = Bd (Hom (G x H,K)). O

We obtain an interesting special case of the formula (18.8) when substitut-
ing G = K¢ (which means a graph with one looped vertex). Since K¢xH = H,
for any graph H, we conclude that Hom (H, K) ~ Hom (K¢, K*) for any two
graphs H and K. As seen directly for an arbitrary graph G, Hom (K¢, G) is the
clique complex of the looped part of G, i.e., of the subgraph induced by the
set of vertices that have loops. In particular, the complex Hom (K¢, G) is sim-
plicial. On the other hand, a vertex f € V(K) has a loop if and only if f is
a graph homomorphism. We can therefore conclude that for arbitrary graphs
H and K, the complex Hom (H, K') is homotopy equivalent to the clique com-
plex of the subgraph of K induced by the set of all graph homomorphisms
from H to K.

18.4.3 Composition of Hom Complexes
For three arbitrary graphs 7', G, and K, there is a composition map
¢ : F(Hon (T, G)) x F(Hom (G, K)) — F(Hon (T, K)),

whose detailed description is as follows: for graph homomorphisms o : V(T') —
2VIEN\ (P} and B : V(G) — 2VE)\ {B}, define the map 3 : 2V(9)\ {0} —
2V {0} by

for S € 2V D\ {0}, B(S) := UsesB(z),

and then set £(a, 8) == (Boa : V(T) — 2V \ {p}). It is easy to check
that this map is well-defined. Indeed, let x,y € V(T) be such that (z,y) €
E(T), choose arbitrary a € a(z) and b € a(y), and then choose arbitrary
a € B(a) and b € B(b). Clearly, (x,y) € E(T) implies (a,b) € E(G), since a is
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a graph homomorphism, which then implies (a, ZN)) € E(K), since 3 is a graph
homomorphism.
Applying the nerve functor A to the poset map &, we get a simplicial map

A(€) : A(F(Hom (T, G)) x F(Hom (G, K))) —> Bd (Hom (T, K)),

and hence, since for any posets P; and P», the simplicial complex A(P; x Ps)
is homeomorphic to the polyhedral complex A(P;) x A(P,) (in fact it is its
subdivision), we have a corresponding topological map

Hom (T, G) x Hom (G, K) — Hom (T, K).

18.5 Folds

18.5.1 Definition and First Properties

It became clear early on that Hom complexes behave well with respect to the
following standard operation from graph theory.

Definition 18.20. For a graph G and a vertex v € V(G), the graph G — v
is called a fold of G if there exists a vertex u € V(G) such that u # v and
N(u) D N (v).

Let G — v be a fold of G. We let ¢ : G — v — G denote the inclusion
homomorphism, and let f : G — G — v denote the folding homomorphism

defined by
u, for x =wv;
flx) = {

xz, foraxz#wv.

Note that i is a graph homomorphism for an arbitrary choice of v € V(G),
whereas f is a graph homomorphism if and only if G — v is a fold, so in
particular, this could be taken as an alternative definition of the fold.

Ezxample 18.21.

e A tree folds to any one of its edges.

e A 4-cycle folds to any one of its edges.

e Let F be a forest. Its complement F folds to a complete graph K,,, where
n is the maximal cardinality of an independent set in F.

Theorem 18.22. Let G — v be a fold of G and let H be some graph. Then

(1) the simplicial complex BdHom (G, H) collapses onto the simplicial complex
BdHom (G — v, H);

(2) the prodsimplicial complex Hom (H,G) collapses onto the prodsimplicial
complex Hom (H, G — v).
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The maps ig and f¥ are strong deformation retractions.

Corollary 18.23.

(1) If T is a finite tree with at least one edge, then the map ik,
Hom (T, K,,) — Bip(K,) induced by any inclusion i : Ky — T is a homo-
topy equivalence; in particular, Hom (T, K,,) ~ S"~2.

(2) If F is a finite forest, and Ty,..., T} are all its connected components
consisting of at least two vertices, then Hom (F, K,,) ~ Hle sn-2,

Curiously, another computable special case is that of an unlooped comple-
ment of a forest.

Proposition 18.24. Let F' be a finite forest, and let G be an arbitrary graph.
Then Hom (F', G) ~ Hom (K, G), where m is the mazimal cardinality of an in-
dependent set in F.

18.5.2 Proof of the Folding Theorem

Proof. First we show that BdHom (G, H) collapses onto BdHom (G — v, H).
Identify F(Hom (G — v, H)) with the subposet of F(Hom (G, H)) consisting
of all n such that n(v) = n(u). Let X be the subposet consisting of all
n € F(Hom (G, H)) satistying n(v) 2O n(u). Then F(Hom (G —v,H)) C X C
F(Hom (G, H)). Consider order-preserving maps

F(Hom (G, H)) - X 2 F(Hon (G — v, H))

defined by
u), for x = wv;
Bn(z) = {n( )

n(x), otherwise; n(x), otherwise;

{n(u) Un(v), for x=w;
for all z € V(G); see Figure 18.6. Maps « and /3 are well-defined because G —v
is a fold of G. Clearly foa = F(ig), « is an ascending closure operator, and
0 is a descending closure operator. Since Im F(ig) = F(Hom (G — v, H)), the
statement follows from Theorem 13.12.

We show that Hom (H,G) collapses onto Hom (H,G — v) by presenting
a sequence of elementary collapses. Define V(H) = {x1,...,z:}. For n €
F(Hom (H,G)), let 1 < i(n) <t be the minimal index such that v € 9(z;)).
Write F(Hom (H, G)) as a disjoint union AU B U F(Hom (H,G — v)), defined
as follows: for n € AU B we have n € A if u ¢ n(x;,), and we have n € B
otherwise.

There is a bijection ¢ : A — B that adds u to 7(z;(,)) without changing
other values of 7. Adding u to 7(z;(,)) yields an element in F(Hom (H,G)),
since G — v is a fold of G. Clearly, p(«) covers a, for all « € A. We take the
set {(a, p(a)) |« € A} to be our collection of elementary collapses. These are
ordered lexicographically after the pairs of integers (i(a), — dim «).
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MQV
) X

Hom (L37 Kg

Bip (K3)

Fig. 18.6. A two-step folding of the first argument in Hom (L3, K3).

Let us see that these collapses can be performed in this lexicographic
order. Take n > «, 7 # p(a). Assume i(n) = i(a). If n € B, then n = p(&),
i(a@) = i(a), and dim& > dima. Otherwise, n € A and dim#n > dima. The
third possibility is that i(n) < i(«). In either case, n was removed before o
was. O

Instead of verifying that the sequence of collapses is correct in the last
paragraph of the proof, we could simply notice that the defined matching is
acyclic and derive the result by discrete Morse theory; see Theorem 11.13.

Remark 18.25. In analogy with the first part of the proof, we can show that
BdHom (H, G) collapses onto BdHom (H, G —v) by rewriting F(fH) as a com-
position of two closure operators.

Indeed, let Y be the subposet consisting of all n € F(Hom (H, G)) such that
for all z € V(H), n(z) N {u,v} # {v}, i.e., for any x € V(H) we have that
if v € n(x), then u € n(z). Then F(Hom (H,G —v)) C Y C F(Hom (H,G)).
Consider order-preserving maps

F(Hom (H,G)) 2V - F(Hom (H, G — v))
defined by

on(z) = {Z(x) U{u}, ifven(x); on(z) = {Z(x) \{v}, ifven(x);

(z), otherwise; (z), otherwise;

for all z € V(H).

The map ¢ is well-defined because G — v is a fold of GG, and the map
is well-defined by the construction of Y. We see that 1 o ¢ = F(f), ¢ is
an ascending closure operator, and ¢ is a descending closure operator. Since
Im F(fy) = F(Hom (H, G — v)), the statement follows from Theorem 13.12.
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Using Characteristic Classes to Design Tests
for Chromatic Numbers of Graphs

In principle, all sorts of characteristic classes carry obstructions to graph col-
orings. Here we shall look at the applications of Stiefel-Whitney classes asso-
ciated to free involutions.

19.1 Stiefel-Whitney Characteristic Classes and Test
Graphs

19.1.1 Powers of Stiefel-Whitney Classes and Chromatic Numbers
of Graphs

The following theorem describes the standard way to use the nonnullity of
the powers of Stiefel-Whitney characteristic classes associated to Zs-spaces
as tests for graph colorings.

Theorem 19.1. Let T and G be two arbitrary graphs such that T has a Zso-
action that flips some edge in T, whereas G has no loops. Assume that
w¥ (Hom (T, G)) # 0, and that w¥ (Hom (T, K,,,)) = 0, for some integers k > 0,
m > 1. Then we can conclude that x(G) > m + 1.

Proof. By Proposition 18.12, we know that under the assumptions of the
theorem, the prodsimplicial complex Hom (T, H) is a Zs-space for any loop-
free graph H.

Assume now that the graph G is m-colorable, i.e., that there exists a graph
homomorphism ¢ : G — K,,. By functoriality of the Hom construction, it will
induce a Zy-map ¢T : Hom (T, G) — Hom (T, K,,).

Since the Stiefel-Whitney characteristic classes are functorial and we as-
sumed that @} (Hom (T, K,,)) = 0, the existence of the Zs-map ¢’ implies
that also @! (Hom (T, G)) = 0, thus yielding a contradiction to the assumption
of the theorem. O

Examples of graphs that appear as the graph 7" in Theorem 19.1 include
the complete graphs and the cycles.
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Remark 19.2. Tt is easy to see that the proof of Theorem 19.1 works just the
same if the family of complete graphs is replaced with some other family, and
we are interested in obtaining obstructions to the maps from some graph G
into this new family.

19.1.2 Stiefel-Whitney Test Graphs

The next definition describes the family of test graphs that are most useful
when it comes to looking for characteristic class obstructions to graph color-
ings.

Definition 19.3. Let T be a graph with a Zs-action that flips an edge. Then
T is called o Stiefel-Whitney n-test graph if we have

h(Hom (T, K,)) = n — x(T).

Furthermore, T is called a Stiefel-Whitney test graph if it is a Stiefel-
Whitney n-test graph for every integer n > x(T).

A direct application of Theorem 19.1 yields the next corollary, which also
serves as an explanation for our terminology.

Corollary 19.4. Assume that T is a Stiefel-Whitney test graph. Then for
an arbitrary graph G, we have

X(G) > x(T) + h(Hom (T, G)). (19.1)

This property can be taken as a blueprint for the homotopy version of
Stiefel-Whitney test graphs.

Definition 19.5. A graph T is called o homotopy test graph if for an
arbitrary graph G, the following equation is satisfied:

X(G) > x(T') + connHom (T, G). (19.2)

Note that by Corollary 8.26, we have h(X) > conn X + 1 for an arbitrary
Zs-space X. Therefore, comparing equations (19.2) and (19.1), we see that if
a graph T is a Stiefel-Whitney test graph, then, it is also a homotopy test
graph.

Let us stress again that in analogy to the fact that the height is defined
for Zs-spaces, the term Stiefel-Whitney test graph actually refers to a pair
(T,~), where T is a graph and ~ is an involution of T" that flips an edge. The
following question arises naturally in this context.

We describe an important extension property of the class of Stiefel-
Whitney test graphs.
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Proposition 19.6. Let T be an arbitrary graph, and let A and B be Stiefel-
Whitney test graphs such that x(T) = x(A) = x(B). Assume further that
there exist Zso-equivariant graph homomorphisms ¢ : A — T and ¢ : T — B.
Then T is also a Stiefel-Whitney test graph.

Proof. Let n be an arbitrary positive integer. By the functoriality of Stiefel-
Whitney characteristic classes, we have

h(Hom (A, K,,)) < h(Hom (T, K,,)) < h(Hom (B, K,,)).

Hence n — x(A) < h(Hom (T, K,,)) < n — x(B), which, by the assumptions of
the proposition, implies h(Hom (T, K,)) =n — x(T). O

The next corollary describes a simple but instructive example of the situ-
ation in Proposition 19.6.

Corollary 19.7. Any connected bipartite graph T with a Zso-action that flips
an edge is a Stiefel-Whitney test graph.

Indeed, we have Zs-equivariant graph homomorphisms Ky — T — Ko,
where the first one is the inclusion of the flipped edge, and the second one is the
arbitrary coloring map. Since by Proposition 19.8, K5 is a Stiefel-Whitney test
graph, we conclude that T is also a Stiefel-Whitney test graph. In particular,
any even cycle with the Zs-action that flips an edge is a Stiefel-Whitney test
graph.

19.2 Examples of Stiefel-Whitney Test Graphs

19.2.1 Complexes of Complete Multipartite Subgraphs

We have seen in Theorem 18.3 that the complex Bip (G) has the same simple
homotopy type as the neighborhood complex of G. In particular, the complex
Bip (K,,) is homotopy equivalent to the sphere S"~2. The following proposition
summarizes more complete information.

Proposition 19.8.

(a) The prodsimplicial complex Bip (K,+1) is isomorphic as a polyhedral com-
plex to the boundary complex of the Minkowski sum A™ 4+ (—A™).

(b) The Zg-action on Bip (K,4+1) induced by the flip action of Zy on Ko
corresponds under this isomorphism to the central symmetry.

Proof. Let M, stand for the Minkowski sum
[_1/25 1/2}n + [(_1/2a _1/2a ceey _1/2)a (1/27 1/27 R 1/2)]7

where [—1/2,1/2]™ denotes the cube in R™ whose vertices are all the points
with coordinates having absolute value 1/2. The polytope M,, is a zonotope
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in R™. Tts dual, M, is the polytope associated to the hyperplane arrangement
A={Ay,..., Ay11} defined by

(z; =0), for 1 <i<m;
Ai = n .
(> j=17;=0), fori=n+1

Let us identify each cell  : V(Ky) — 2V(En)\ {@} of Bip(K3) with
the ordered pair (4, B) of nonempty subsets of [n] by taking A = n(1) and
B = 1n(2). Set P := F(Bip (Kp+1))°?. We shall see that P is isomorphic to
the face poset of M,,, where we set @ := F(M,,). The future isomorphism will
be denoted by p.

First, note that faces of the cube [—1/2,1/2]™ are encoded by all n-tuples
of 1/2, —1/2, and the symbol *, where the latter symbol denotes the coordi-
nate where the value can be chosen arbitrarily from the interval [—1/2,1/2].
For an arbitrary n-tuple z, we let supp () C [n] denote the set of the indices
of coordinates that are either nonzero or are denoted by the symbol *. Addi-
tionally, for an arbitrary number k, we let supp (x, k) C [n] denote the set of
the indices of the coordinates that are equal to k (in particular, they cannot
be denoted by the symbol ).

Vertices of M,, are labeled by all n-tuples of 1, —1, and 0 such that 1 and
—1 are not present simultaneously, and not all the coordinates are equal to 0;
that is, v is a vertex of M, if and only if v € {0,1}" or v € {0,—1}", and
v # (0,...,0). These vertices correspond to atoms in P as follows:

. {(supp<v>,[n+1]\supp(v», if v e {0,1)";
([n + 1] \ supp (v), supp (v)), if v € {0, —1}".

Clearly, restricted to atoms, p is a bijection.

Those faces of M,, that are contained in the closed star of (1,...,1) can be
indexed by f € {0,1,*}", where |supp (f,1)| > 1. Symmetrically, those faces
of M, that are contained in the closed star of (—1,...,—1) can be indexed by
f €{0,—1,%}", where |supp (f, —1)| > 1. For these faces p can be defined as
follows:

Fo (supp (f,1),supp (f,0) U{n+1}),  if feSt(L,...,1);
(supp (f,0) U{n + 1},supp (f,-1)), if feSt(-1,...,—1).

Finally, we consider the faces of M, that are not in St(1,...,1) U
St (—1,...,—1). Each such face is the convex hull of the union of two faces,
fUf, such that f e St(1,...,1), f € St(—1,...,—1), with the con-
dition that supp (f,0) = supp (f,—l), supp (f,1) = supp (f, 0). The ele-
ment of P associated to such a face under p is (supp (f,1),supp (f,0)) =
(Supp (fa O)a Supp (fa _1))

It is an easy exercise to check that p defines a poset isomorphism between
P and @), which in turn induces the required cell complex isomorphism.
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Finally, a brief scanning through the definition of p in different cases reveals
that p is equivariant with respect to the described Zs-actions on both sides.
Hence the last part of the proposition follows. O

The following notion provides an alternative way for describing the com-
plexes of all n-colorings of complete graphs.

Definition 19.9. Let X;,..., X, be a family of abstract simplicial complexes
with isomorphic sets of vertices. The deleted product of this family is the
subcomplex of the direct product of X1, ..., X; consisting of all cells 7 X+ - X7y
satisfying ; N\ 1; = 0, for any i # j.

Clearly, the complex Hom (K,,, K,,) can be viewed as a deleted product of
m copies of (n — 1)-dimensional simplices. In this context, the special case
m = 2, which is dealt with in Proposition 19.8, is well known.

14 1
2A3 2A35

1 1

VAW WA

1 15

2A34 2A3

Link of a vertex in Hom (K3, K5)

Fig. 19.1. Complexes of graph homomorphisms between complete graphs.

For m > 3, the prodsimplicial complexes Hom (K,, G) can be thought of as
consisting of all complete m-partite subgraphs of G. Even in the case G = K,
it seems complicated to understand Hom (K,,,G) up to homeomorphism; see
Figure 19.1. However, we still obtain a good description of the homotopy type.

Theorem 19.10. Let us assume that m and n are positive integers and that
n > m. The prodsimplicial complex of all n-colorings of a complete graph
with m vertices, Hom (K, K,,), is homotopy equivalent to a wedge of (n—m)-
dimensional spheres.

Proof. We use induction on m and on n — m. The base is provided by the
cases Hom (K, K,,), which is a simplex with n vertices, hence contractible, and
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Hom (K, K,,), which consists of n! points, that is, a wedge of n! — 1 spheres
of dimension 0. We assume now that m > 2 and n > m + 1.
For i € [m] let A; be the subcomplex of Hom (K,,, K,,) defined by

Ay = {n: [m] — 2"\ {0} |n & 0(j), for j € [m], j # i}.

Since any two vertices of K, are connected by an edge, n cannot be in 7(i1) N
n(iz), for iy # io. This implies that (J!"; A; = Hom (K, K,,).
Clearly, for any i # j, i,j € [m], we have

AN A= {n:[m] — 200\ {0} |n ¢ n(k), for all k € [m]},

so A; N A; is isomorphic to Hom (K,,, K,,—1); hence by induction, it is (n —
m — 2)-connected.

We shall now see that each A; is (n — m — 1)-connected. Since all A4;’s
are isomorphic to each other, it is enough to consider A;. Let us describe
a partial matching on P(A;). For n € P(A;) such that n ¢ n(1), we set
w(n) := 1, defined by

(i) = n(l)U{n}, fori=1;
n

(i), fori=2,3,...,m.

Obviously, this is an acyclic matching and the critical cells form a sub-
complex A C A defined by n € A if and only if (1) = {n}. Thus
A = Hom (K1, Kp—_1). Since by Theorem 11.13, Alis homotopy equivalent to
Aq, and Alis (n—m —1)-connected by the induction assumption, we conclude
that A; is (n — m — 1)-connected for any i.

It follows from Theorem 15.24 that the space Hom (K,,, K,) is (n —m —1)-
connected, since the nerve of the covering is in fact contractible. On the other
hand, the dimension of the complex Hom (K,,, K,) is n — m, and therefore it
follows from Proposition 6.35 that Hom (K, K,) is homotopy equivalent to
a wedge of spheres. O

Introducing a new piece of notation, let us say that the complex
Hom (K,,, K,,) is homotopy equivalent to a wedge of f(m,n) spheres. Let
S(—,—) denote the Stirling numbers of the second kind, and SFy(x) =
Y sk S(n, k)x™ denote the generating function (in the first variable) for these
numbers. It is a well known fact from enumerative combinatorics that

SFy(z) =2%/((1 —2)(1 —22)--- (1 — kx)).

For m > 1, let Fp,(x) = ), ~, f(m,n)z™ be the generating function (in the
second variable) for the number of spheres. Clearly, Fi(z) = 0 and Fy(x) =
22/(1 - x).

Proposition 19.11. The numbers f(m,n) satisfy the following recurrence re-
lation:



19.2 Examples of Stiefel-Whitney Test Graphs 333

fm,n) =mf(m—1,n—1)+ (m—1)f(m,n—1), (19.3)
for n > m > 2, with the boundary values f(n,n) = n!—1, f(1,n) = 0 for
n>1, and f(m,n) =0 for m > n.

Then the generating function F,,(x) is given by the equation

Fo(x)=(m!-x-SF,_1(z) —2™)/(1+z). (19.4)

As a consequence, the following nonrecursive formulas are valid:

f(m,n) = (=)™ Ll (—1)" Zn: (-=1)*S(k —1,m —1) (19.5)

k=m
and

m—1
fmyn) = 3 (=1)mHht (kf 1) k", (19.6)
k=1

forn>m > 1.

Proof. Let x(m,n) be shorthand notation for the nonreduced Euler char-
acteristics of the complexes Hom(K,,, K,), and for i = 1,...,m, let the
subcomplex A; be as in the proof of Theorem 19.10. Since we know that
Hom (K,,, K,) = Ui, Ai, A; N A; = Hom(K,,, K,,—1), for all i # j, and
A; ~ Hom (K,;,—1, Kp,—1), for i € [m], we can conclude using simple inclusion
exclusion counting that

x(m,n) =mx(m—1,n—1)— (m —1)x(m,n—1), (19.7)

for n > m > 2, and that additionally, x(n,n) = n!, x(1,n) = 1, for n > 1.
Since x(m,n) = 14+ (=1)"""f(m,n), a simple computation shows the validity
of the relation (19.3).

For m > 1, let Gy, (x) = >_,,~; x(m,n)z™. Multiplying each side of equa-
tion (19.7) by ™ and summing over all n yields G, (x) = m -z - Gp_1(x) —
(m—1)-z-Gy(x), implying

Gm(l’) = me xGmfl<x)7

1+ (m—1)
for m > 1, and hence, since Go(z) = 1/(1 — z), we get

m! . x™
1-2)1+2)1+2z)...(14+ (m—1)zx)
=ml-z- (=)™ SF, 1(~z)/(1-2),

Gn(z) =

for m > 0. By multiplying the identity f(m,n) = (—=1)™*t"(x(m,n) — 1) by
" and summing over all n > m, we get
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Fp(2) = (=1)"Gm(=z) — 2™ /(1 + 2)
= (—)™ el (—2) - (~1) L Sy (@)/(1+2) — 2™ /(1 + )
=(ml-z-SFu_1(z)—2™)/(1+z).

Equation (19.5) follows now from comparing the coefficients in equa-
tion (19.4). To prove equation (19.6) we see that it fits the boundary val-
ues and satisfies the recurrence relation (19.3). Verifying relation (19.3) is
straightforward, and so is checking that equation (19.6) holds for m = 1 and
for m = 2. Finally, the validity of equation (19.6) for n = m > 2 can be
seen by expanding the expression (e¢* —1)™-e~* by the binomial theorem and
comparing the coefficient of ™ on both sides of the expansion. 0O

In particular, for small values of m, we obtain the following explicit formu-
las: f(2,n) =1, forn >2, f(3,n) =2"—3,forn >3, f(4,n) =3"—4-2"+6,
forn >4, f(5,n) =4" —-5-3"4+10-2" — 10, for n > 5.

We can now use Theorem 19.10 to give lower bounds for chromatic num-
bers of graphs in terms of Stiefel-Whitney classes of complexes of graph ho-
momorphisms from complete graphs.

Theorem 19.12. Let G be a graph, and let n,k € Z such thatn > 2, k > —1.
If w} (Hom (K, G)) # 0, then X(G) > k +n.

Proof. After substituting T = K, and m = k+ n — 1 in Theorem 19.1,
all we need to do is to see that w}(Hom(K,,Kyin_1)) = 0. By Theo-
rem 19.10, the complex Hom (K, Kj1,—1) is homotopy equivalent to a wedge
of (k — 1)-dimensional spheres. Hence, by dimensional reasons we conclude
that ot (Hom (K, Kgin-1)) =0. O

19.2.2 Odd Cycles as Stiefel-Whitney Test Graphs

Recall that for r € N, we let Cy,41 denote both the cyclic graph with 27 4 1
vertices and the additive cyclic group with 2r 4+ 1 elements. The adjacent
vertices of v € Ca,41 get labels v + 1 and v — 1. Taking the negative in the
cyclic group gives an involution 7 of the graph with a fixed vertex 0 and
a flipped edge (r,r + 1).

The study of the complexes X, ,, := Hom (C,41, K,), where r > 1 and n >
3, has been of special interest. Under the involution above, X,. ,, is a Zy-space;
hence the Stiefel-Whitney characteristic class @1 (X,.,,) € H(X,.,,/Za; Z2) of
the associated line bundle can be considered.

Theorem 19.13. (Babson—Kozlov conjecture).
For all integers r and n such that r > 1, n > 3, we have

w?_z(Xr,n) =0. (19.8)
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We shall now give a short self-contained combinatorial proof of Theo-
rem 19.13 by taking a concrete cochain representative of w?fz(X,,,n) and cer-
tifying that it is a coboundary of another cochain for which we shall provide
a combinatorial description.

First we fix notation. For an arbitrary cell complex X, we let X¢ denote the
set of d-dimensional cells of X (this is different from taking a d-skeleton). Since
we are working with coefficients from Zs, we may identify d-cochains with
their support subsets of X?. Under this identification, the cochain addition is
replaced by the symmetric difference of sets, which we denote by the symbol &.
The coboundary operator translates to

S = @{T e Xi |t oo},
g€S

for an arbitrary subset S C X, . For any v € Cy,41, we set

Ay ={oe X |o(v)=[n—1]}

n

and
By,:={o€ X’ lo(v-1)Uc(v+1) =[n—1]}.

For S C X¢ . set

r,n?

q(S) = @P{Z20} € C4(X,. ) Z2),
oesS
where Zoo = {o,v0}. We see that q(Ag) = 0, because Ag is symmetric with
respect to the Zs-action. Also, we clearly have ¢(S @ T) = q(S) @ ¢(T), for
any S,T C X, . Finally, since 7 N~y = () for any cell 7 € XZ#!, we have the
commutation relation ¢(85) = d¢(S) for any S C X/, .

It is easy to describe a cochain representing the cohomology class
w?‘z(Xnn). To do that, let ¢ : Ky — (4,41 be the graph homomorphism
given by ¢(1) = r, ¢«(2) = r + 1, where V(K3) = {1,2}. This induces an alge-
bra homomorphism

@ H*(Blp (Kn)/ZQ,ZQ) — H*(Xryn/Zz;Zg).

It follows from Proposition 19.8 that Bip (K, )/Zs = RP" 2. Let us choose
7 € Bip (K,,)"~2, which is given by 7(1) = [n—1], 7(2) = {n}. Since the coho-
mology class that is represented by the dual of an arbitrary cell generates the
group H"‘Q(R[P’n_Q; Zs), we have w?fz(Bip (K,)) = [{Z27}]. By functoriality
of Stiefel-Whitney characteristic classes, we get

@1 (Xpn) = [p({Z27})].
Comparing this to our notations, we derive
w?_Q(Xr,n) = [q(4,)]- (19.9)

The next lemma provides the crucial combinatorial ingredient needed for
the proof of Theorem 19.13.
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Lemma 19.14. We have 0B, = Ay,_1 @ Ayy1, for any v € Copyq.

Proof. According to our construction, the cells in 0B, are obtained by taking
a cell 0 € B, and adding z to o(w), for some = € [n], w € Car41. We consider
two cases.

Case 1. When w # v + 1, we get a cell 7 that appears in 0B, twice: once in
0oy and once in Jogy, where o1, 09 are obtained from 7 by deleting one of the
elements from 7(w).

Case 2. When w = v £+ 1, we also get a cell 7 that appears in 0B, twice:
once in do; and once in Jog, where o1, o2 are obtained from 7 by deleting
{z} = 71(v—=1)N7(v+1) either from 7(v —1) or from 7(v+1), unless of course
we have |7(v—1)|=1or |7(v+1)| = 1.

The latter cells in Case 2 appear once in 0B, and yield the desired term
Ay_1® Ay O

We are now ready to give the proof of the theorem.

Proof of Theorem 19.13.
To start with, we take the shortest way to get from the vertex labeled r to the
vertex labeled 0 in the graph C5,1, where each step consists in jumping over
a vertex in the graph. The direction in which we should start jumping depends
on the parity of r. Accordingly, if r is even, set ¢t :=r/2 and v; :==r — 2i + 1,
for ¢ € [t]; otherwise, set ¢ := (r +1)/2 and v; :=7r + 2i — 1, for 7 € [¢].

We find the cochain, whose coboundary equals the representative of the
appropriate power of the Stiefel-Whitney characteristic class by setting

K :=Pq(B.,). (19.10)
i=1

Indeed, a straightforward coboundary computation yields

t

= P a(Av, 1) @ q(Av 1) = 9(4,) @ g(Ao) = q(Ar),
=1

hence the sequence of equalities
w{“?(Xr,n) =[q(A)] =[0K]=0

finishes the proof. 0O

An example of the cochain K defined by equation (19.10) is shown in
Figure 19.2.
The following theorem is an important corollary of Theorem 19.13.
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1 2
3 3 —3 3
2 1 1 2
1/ \2
3 2 3 1
2 1 1 2
\1 2/
3 2 3 1
2 3 1 3

Fig. 19.2. A cochain whose coboundary equals the power of the characteristic class.

Theorem 19.15. (Lovész conjecture).
For an arbitrary graph G and any integers r and k such that r > 1, k > —1,
we have the following implication:

if the complex Hom (Car11,G) is k-connected, then x(G) > k + 4.

Proof. Assume that x(G) < k + 3, which means that there exists a graph
homomorphism ¢ : G — Kj3. By functoriality of the Hom construction this
yields a Zy-map

v : Hom (Coyq1,G) — Hom (Copp1, Kpt3).

On the other hand, if Hom (Cs,41, G) is k-connected, then according to Corol-
lary 8.26 there exists a Zo-map p : S’;H — Hom (Car+1, G). For the character-
istic classes this gives

0 = wh*! (Hom (Corp1, Kiy3)) — w"*' (Hom (Corp1, G))

. wk+1(g§+l) 7& 0,

thus yielding a contradiction. O

19.3 Homology Tests for Graph Colorings

It is important to stress that most of the results that provide lower bounds for
the chromatic numbers of graphs in terms of topological invariants for some
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associated complexes are actually tests. These tests are used as follows: given
a family of graphs, one tries to compute various invariants, and those that
one succeeds in computing will give lower bounds for the chromatic number.
It can therefore be useful to have tests that are derived from other tests, but
that can be easier to compute. In this section we describe one instance of such
a situation by deriving homology tests from the tests based on Stiefel-Whitney
characteristic classes.

19.3.1 The Symmetrizer Operator and Related Structures

A standard notion that one considers in the context of Za-spaces (X, ) is the
so-called symmetrizer operator 0 : C*(X;Zs) — C*(X;Zs). It is defined by
setting 0(p) := ¢ + v*(p), for arbitrary ¢ € C*(X;Z2). Note that v* o § =
0 o~v* = 6; hence 6 o § = 0. Also, we remark that the symmetrizer operator
commutes with the coboundary operator. When c is an i-dimensional cell of X,
we let ¢* denote the corresponding generator of the cochain group C*(X; Z,).
With this notation, we have

g (q(e)7) = 6(c"), (19.11)

for an arbitrary i-cell c. Indeed, 6(c*) = ¢* + v*(c*) = ¢* + v(c¢)*. The latter
cochain evaluates to 1 on ¢ and on ~(c), and to 0 on other cells, which by
definition is the same as the left-hand side of (19.11).

An easy but important observation for us is that for an arbitrary Zs-space

X, we have
Im(0) = Im(q*) = C7,(X; Zs). (19.12)

The crucial fact needed to see (19.12) is that the involution v is fixed-point-
free. Indeed, for any nonnegative integer i, the vector space C%Z (X;Zs) has
a basis consisting of 8(c*), where ¢ ranges over a set of i-dimensional cells of X
obtained by choosing exactly one cell from each orbit of the Zy-action on the
set of all i-dimensional cells of X. This shows that Im(0) = C7_ (X;Zz). On
the other hand, equation (19.11) implies immediately that Im(¢*) C Im(6).
In fact, one sees further that ¢* : C*(X/Z2;Z2) — Im(6) is an isomorphism.
We let p* : Im(0) — C*(X/Zs;Zs) denote its inverse.

19.3.2 The Topological Rationale for the Tests

Theorem 19.16. Let X be a nonempty Zo-space with finite Stiefel-Whitney
height. Then we have H*X)(X;Zy) # 0.

As a separate remark, we note that Theorem 19.16 does not get stronger if
we, as would be natural to do in full parallel with the theorem of Walker, write
the invariant cohomology H;ix) (X;Zs) instead of HMX)(X;Zj,). This is true
because if V' is a nontrivial vector space over Zs, and y is an involution of V,
then ~v fixes a nontrivial subspace of V. To see the latter fact, simply take any
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nonzero element x € V, and notice that either x + y(x) is a nonzero vector
fixed by v, or else z 4+ y(z) = 0, and hence = v(z), and so z is a nonzero
vector fixed by . As a matter of fact, the cohomology class that our proof of
Theorem 19.16 produces will come out to be Zs-invariant anyway.

Proof of Theorem 19.16. For convenience of notation we set d := h(X).
Let ¢ : X — S2° be a cellular Zs-map, and consider the commuting diagram
of topological spaces and continuous maps shown in Figure 19.3, where the
vertical arrows correspond to quotient maps.

X S
q f
7
X/Zs o/ RP>

Fig. 19.3. The commuting diagram of topological spaces.

It induces a commuting diagram of cochain Zs-algebras, shown in Fig-
ure 19.4.

"N, .

(X3 Zy) <~ O*(52°; L) (e} =———{h}}
|| p r* q | |p* I
C*(X/Zz;ZﬂM C*(RP*; Zs) {si} M {ri}

Fig. 19.4. The commuting diagram of cochain algebras, and the special cochain
elements.

For all nonnegative integers i, we have §(h}) = f*(r}), and we set ¢; :=
©*(hy) and s; := (¢/Z2)*(r}); see Figure 19.4. Then we have d¢; = 0c;41, since
p* is Zo-invariant, and furthermore, ¢*(s;) = f¢; for all i, by commutativity
of the diagram in Figure 19.4.

By our construction, [sq 1] is a trivial class in H¥tY(X/Zy; Zs), i.e., sq41 =

d¢, for some ¢ € CHX/7q; 7). Tt follows that
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Ocar1 = q*(sa1) = ¢°(0¢) = d(q"¢) = O(67),

for some 7 € C4(X;Zy).
The calculation 0(cq + 07) = Ocgy1 + O(07) = 0 shows that cq + 07 is
a cocycle. On the other hand,

Y (eq 4+ 07) = v*(cq) + 07 = Ocq + cq + 07 = Ocq—1 + (cq + 07);

hence additionally, the cohomology class [cq + 7] is Zs-invariant.

If the class [cq + 07] is trivial, then there exists a cochain n € C4~1(X; Zy)
such that On = c¢q+07. Applying the symmetrizer operator, we obtain 9(6n) =
0(0n) = 0(cq + 01) = bcq.

Finally, we apply p* to the last equality. Since p*(fcy) = sq4, we obtain
sq = O(p*(6n)), in particular [s4] = 0, yielding a contradiction. 0O

Since we are working over the field Zo, the cohomology groups are isomor-
phic to the homology groups, so Theorem 19.16 implies the following result.

Corollary 19.17. Let X be a nonempty Za-space with finite height. Then we
have Hy(xy(X;Z2) # 0.

Furthermore, Theorem 19.16 is optimal in the sense that its converse does
not hold. In other words, it is not true that the minimal dimension in which
the reduced cohomology with Zs-coeflicients of the space X is nontrivial is
equal to the Stiefel-Whitney height of X.

As a first example, we may take the space X to consist of two points and
a circle, and let v swap the points and act antipodally on the circle. Clearly,
H(X;Zy) = 73, while h(X) = 1.

As another, slightly more complicated, example, let X be the topological
space obtained by taking a 2-dimensional sphere S? and “gluing 2 ears to it,”
i.e., attaching two circles at antipodal points. Let furthermore v be an invo-
lution of X that restricts to the antipodal map on the initial sphere S?, and
that switches the two attached circles. Clearly, H!(X;Zs) = Z3. On the other
hand, we have Zo-maps i : S2 — X and p : X — S2, where the first one
is an inclusion map and the second one restricts to the identity map on the
initial S?, and maps each added circle to the corresponding attaching point.
It follows that h(X) = 2.

19.3.3 Homology Tests
Theorem 19.16 implies the following homological test for graph colorings.

Theorem 19.18. Assume that T is a graph with a Zs-action that flips an edge
such that additionally,

(1) T is a Stiefel-Whitney test graph,
(2) Hi(Hom (T, G); Z2) = 0, fori <d.
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Then x(G) > d+ 1+ x(T).
Proof. If H;(Hom (T,G);Zs) = 0, for all i < d, then by Corollary 19.17 we

have h(Hom (T, G)) > d + 1. Substituting this into Corollary 19.4, we obtain
X(G) > x(T) +h(Hom (T,G)) > x(T) +d+1. O

19.3.4 Examples of Homology Tests with Different Test Graphs
We shall now look at different examples of using homology tests.
Example 1. Let G be the disjoint union of an edge and a triangle.

The complex Bip (G) is a disjoint union of two isolated points and a circle.
It follows that Ho(Bip (G)) = Z2; hence the best value of d for T = Kj in
Theorem 19.18 is d = —1. Thus the bound given by the homology test using
Ky is d + 2+ 1 = 2; see Figure 19.5.

On the other hand, the complex Hom (K3, G) is a disjoint union of six
isolated points. It follows that Ho(Hom (K3, G)) = Z3; hence the best value
of d for T = K3 in Theorem 19.18 is d = —1. Thus the bound given by the
homology test using K3 is d+3-+1 = 3, which is in fact equal to the chromatic
number of G. Again, we refer to Figure 19.5.

[ ] [ ]
([
([ [ ]
[ ]
( [ ]
G Bip (G) Hom (K3, G)

Fig. 19.5. The graph tested in Example 1 and the corresponding Hom complexes.

Furthermore, we remark that Hom (Cs,G) consists of two disjoint cycles;
hence the homology test with C5 as a test graph also yields the optimal bound
x(G) = 3.

Example 2. Let G be obtained by taking a complete graph on four vertices
K, and attaching a path of length [+ 1 by its endpoints to two of the vertices
of this Ky; see Figure 19.6.

Assume that [ > 4, label the vertices of the added path sequentially 1
through [, label the vertices of the initial K4 to which the path has been
attached by 0 and [ + 1 respectively, and finally label the two remaining
vertices of K4 by a and b.

Recall, that Bip (K4) is the boundary of the 3-dimensional polytope shown
in Figure 9.6. Let us understand the change in this complex that occurs when
we pass from Ky to G. The maximal cells of Bip (G) are:
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Fig. 19.6. The graph tested in Example 2.

e four tetrahedra [{0}, {a,b,l+1,1}], [{a,b,l14+1,1},{0}], [{{+1},{0,a,b,l}],
[{0,a,b,1},{l + 1}];

o 2l edges [{1},{0,2}], [{0,2},{1}], [{2}, {1, 3}], {1, 3}, {2}], - .-,
{3 Al =10+ 1], {1 =1, 1+ 1}, {1};

e the maximal cells of Bip (K4), except for the four triangles that are con-
tained in the four tetrahedra above, such as [{0}, {a,b,! + 1}].

Here [A, B] denotes the cell indexed by associating the set A to the first vertex
of K5 and associating the set B to the second vertex of Ks.

The complexes Bip (G) differ slightly depending on whether ! is odd or
even; see Figure 19.7. However, it is easy to see that in either case, Bip (G)
is homotopy equivalent to a wedge of one 2-dimensional sphere with two
circles: Bip (G) ~ S? v St v St Tt follows that Hy(Bip (G);Z2) = 0 and
Hy (Bip (GQ); Zs) = Z2. Hence the best value of d for T = K5 in Theorem 19.18
is d = 0. Thus the bound given by the homology test using K is d+2+41 = 3.

Consider now T = Kj. Since the attached path is sufficiently long, we
see that the complex Hom (K3, G) is actually isomorphic to Hom (K3, Ky). Also
taking T = C5, we see that the 5-cycle cannot wrap around the attached
path, and that in fact, Hom (C5, G) is isomorphic to Hom (C5, G'), where G’ is
obtained from K, by attaching two edges: one edge to 0 and one to [ + 1.
Since the graph G’ folds to the graph K,, we may conclude by Theorem 18.22
that Hom (Cs, G) ~ Hom (C5, K4).

Clearly, both complexes Hom (K3, K,) and Hom (Cj, K4) are connected
(in fact, the prodsimplicial complex Hom (C5, K4) is homeomorphic to RP?).
Therefore we have Ho(Hom (K3, Q); Zy) = Ho(Hom (Cs, G); Zs) = 0. Hence the
best value of d for T'= K3 or T' = (5 in Theorem 19.18 is d = 0. Thus the
bound given by the homology test using K3 or C5 is d + 3 + 1 = 4, which
matches the chromatic number of G.

Example 3. Let G be the graph depicted in Figure 19.8.
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Bip (G) Bip (G)
for odd [ for even [

Fig. 19.7. The Hom-complexes appearing in Example 2.

e

1
NRARANE:

as bs C3 d3

az

2N

Fig. 19.8. The graph tested in Example 3.

It is easy to see that x(G) = 4. Let G’ denote the graph obtained from G
be deleting the edge e. We have x(G') = 3.

First we consider the homology test with the test graph T = K. Ac-
cordingly, let us analyze the structure of the cell complex Bip (G). Let vy, v
denote the vertices of Bip (G) that are indexed by [{a1 },{d1}] and [{d1}, {a1}].
Clearly, Bip (G) is obtained from Bip (G’) by attaching two cones, with apexes
in v1 and ve. The complex Bip (G’) is connected, since G’ is a connected graph
with odd cycles.

Consider now the cone with apex vy. It is attached to Bip (G’) over the
link of vy in Bip (G). It is easy to see that this link consists of two tetrahedra
[{a1}, {a2,as,b2,b3}], [{c2,c3,d2,ds},{d1}], and two paths connecting these
tetrahedra arising from the 2-cells [{a1,c3}, {b2,d1}] and [{a1,c2}, {b3,d1}].
Similarly we can see the link of vy as well.

We see that to understand whether the first homology group of Bip (G) is
trivial requires quite a bit of additional work. In this case the complex does
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actually turn out to be simply connected; for the sake of brevity we omit the
verification of this fact. In particular, Hy(Bip (G);Z2) = 0, and furthermore,
it is easy to see that Hy(Bip (G); Zy) # 0; hence the best value of d for T = Ko
in Theorem 19.18 is d = 1. Thus the bound given by the homology test using
Kyisd+2+4+1=4.

Next we consider the test graph T' = C5. To see that in this case the
homology test yields the optimal bound x(G) > 4 it is enough to verify that
Hom (C5, G) is connected.

To start with, notice that G’ folds to a triangle: simply fold the vertices
dy,ds, ds, then ¢1,co, 3, and finally by, bg, bs. This means that Hom (Cs, G') ~
Hom (C's, K3); in particular, it has two connected components, indexed by the
directions in which the 5-cycle wraps around the 3-cycle. One direct way to
see this winding direction is as follows: map G’ to a triangle with vertices
{x1,29,23} by taking a;,b;,¢;, and d; to z;, for i« = 1,2,3. This associates
a map from C5 to K3 to each map from Cs to G; hence the corresponding
winding direction is well-defined.

Consider now a vertex v of Hom (C5, @) (this is the same as a graph ho-
momorphism from C5 to G) that maps some edge of C5 to the edge (a1,d1).
We write the graph homomorphisms from C5 to G as 5-tuples of values of
this homomorphism, following sequentially around the 5-cycle. Without loss
of generality we may assume that v = (ay,d1, z,y, 2).

Case 1. If x = d;, for some ¢ € {2,3}, then y = ¢;, for j # 4, and we see that
(a1,d1,d;, cj, 2) is connected to (ai,d1, ¢, ¢j, 2) by an edge.

Case 2. If x # d;, then x = ¢; for some i € {2,3}. We see that (a1,ds,¢;,y, 2)
is connected to (a1,b;,¢;,y, 2) by an edge, where j # 1, 4.

In both cases we conclude that all the vertices of Hom (C, G) are connected
by a path to one of the vertices of Hom (C5,G’). Since the latter has two
connected components, we conclude that also the complex Hom (Cs, G) has at
most two connected components.

To see that the complex Hom (C5,G) is actually connected, we need to
present a path that connects two vertices whose winding directions (which
were defined above) are different. Such a path is given by the three vertices
(c1,c¢2,d1,¢3,b2), (c1,¢2,d1,a1,b2), (c1,c2,bs,a1,b2); see Figure 19.9.

As mentioned above, it follows that the homology test with the test graph
T = (5 detects the chromatic number of G correctly.

As we have seen in the last example, even if the homology tests using
an edge or an odd cycle yield the same bound for the chromatic number, it
is often easier to verify this bound using the odd cycle, since the tests are
done in one dimension lower, so we have to verify that something is connected
instead of verifying that the all loops are boundaries, or we have to deal with
loops instead of the 2-dimensional cycles, and so on. For these reasons, it
appears in general to be preferable to test with graphs with high chromatic
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Fig. 19.9. The path connecting vertices with different winding directions.

number, although naturally there is no guarantee that these tests will give
sharp bounds.

We finish by describing a large class of graphs for which the homology
tests with the test graph K3 produce a better answer than the ones with
the test graph Ks. Assume that G; and G5 are connected graphs such that
X(G1) > x(G2) > 3 and Gy is triangle-free. Let G be obtained by identifying
the distinct vertices vy,...,v; € V(G1) with some ¢ distinct vertices of Ga,
where t is arbitrary; see Figure 19.10. Finally, assume that the shortest path in
G connecting vertices v; and v; has at least three edges, for any 1 <17 < j <1t.

Proposition 19.19. Let G, G1, and G5 be graphs satisfying the conditions
above. Then the homology test for G with the test graph Ks gives the same
bound as the homology test for G, with the test graph K3. On the other hand,
the homology test for G with the test graph Ka gives the bound 3.

Proof. First, we see that Hom (K3, G) = Hom (K3, G1), since G is assumed to
be triangle-free. This means that the homology test for G with K3 as the test
graph gives the same bound as the analogous test for G.

On the other hand, the prodsimplicial complex Bip (G) has nontrivial ho-
mology already in dimension 1. Indeed, since the vertices vy, ..., v; are chosen
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U1

Ut

Fig. 19.10. Gluing G from G; and Go.

to be sufficiently far from each other, Bip (G) can be obtained from the union
of Bip (G1) and Bip (G2) by gluing in 2¢ additional simplices. Each such sim-
plex is obtained by choosing a vertex v;, for some i € [t], and then either taking
all edges leaving v; or taking all edges entering v;. These simplices are dis-
joint, and we see that up to homotopy equivalence, the effect of adding these
simplices is the same as that of attaching 2t cords connecting the complexes
Bip (G1) and Bip (G2).

Since these initial complexes are connected, we can conclude that Bip (G)
is homotopy equivalent to the wedge of the complexes Bip (G1), Bip (G3), and
2t —1 copies of S'. Thus, no matter what the chromatic numbers of the graphs
G, G1, and G4 are, the homology test using K5 as the test graph will give
only the bound 3 for x(G). O

19.4 Bibliographic Notes

Our terminology of various test graphs developed in Subsection 19.1 follows
essentially the survey [Ko05a]. The reader is invited to consult this source for
further details.

The proof Proposition 19.8 concerning the complex of bipartite subgraphs
of a complete graph is taken from [BK06, Proposition 4.3], though the state-
ment itself was known long before that. Theorem 19.10 was formulated and
proved for the first time in [BK06, Proposition 4.5], where Theorem 19.12 was
also derived as a corollary. In the same paper, Proposition 19.11 was proved
as [BK06, Proposition 4.6].

The Lovész conjecture (here Theorem 19.15) was from the very beginning
an important motivation for developing the theory of Hom complexes. It was
originally settled by Babson and the author in a series of papers [BK03, BK06,
BKO04].
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The Babson-Kozlov conjecture (here Theorem 19.13) stating that odd
cycles are Stiefel-Whitney test graphs was first formulated in [BK04, Ko05a].
The case r = 1 of Theorem 19.13 was settled by Babson and the author
already in [BK06]. For r > 2 and odd n, it was proved by the same authors
in [BK04]; see also [Ko05a], where the remaining case, r > 2, n > 4, n is even,
was conjectured. The latter was then proved by Schultz in [Su05a, Su06]. The
proof presented here is adapted from [Ko06d], where an extremely short and
purely combinatorial proof of the Babson—Kozlov conjecture was found by the
author.

Our presentation in Section 19.3 is adapted from [Ko07], where the idea
of running various topological tests for obtaining lower bounds for chro-
matic numbers of graphs was further developed. The topological result, The-
orem 19.16, generalizes a result of Walker, [Wa83]. Even in the special case
considered in [Wa83] the proof given here is simpler, bypassing the homotopy
considerations and dealing directly with the cohomology groups.






20

Applications of Spectral Sequences to Hom
Complexes

20.1 Hom; Construction

20.1.1 Various Definitions

We shall now define an abstract simplicial complex called Hom, (T, G), which is
closely related to Hom (7', G). It is easier to compute various algebro-topological
invariants for this complex. We shall then connect the Hom and Hom, construc-
tions by means of a spectral sequence.

A subcomplex of a total join

Let T and G be arbitrary graphs. We shall define Hom, (T, G) analogously
to Hom (T, G), replacing the direct product with the join. We note here that
whenever we talk about Hom (T, G), we always assume that the graph T is
finite.

Let, as before, AV(®) be a simplex whose set of vertices is V(G). Let
J(T,G) denote the join *gEeV(T)AV(G), i.e., the copies of AV(®) are indexed
by vertices of T. A cell (simplex) in J(7T,G) is a join of (possibly empty)
simplices *,ev (7)04; the dimension of this simplex is } <y (p (dim o, +1) —1.
Observe that this number is finite, since we assumed that 7" is finite. Here we
use the usual convention that dim @ = —1.

Definition 20.1. For arbitrary graphs T and G, Hom, (T, G) is the simplicial
subcomplex of J(T,G) defined by the following condition: o = *yev ()0 €
Hom, (T, G) if and only if for any xz,y € V(T), if (xz,y) € E(T), and both o,
and o, are nonempty, then (o4,0,) is a complete bipartite subgraph of G.

The intuition behind this definition is that we relax the conditions of the
Hom case by allowing some of the “coloring lists” to be empty. One can think
of Hom, (7', G) as a simplicial structure imposed on the set of all partial graph
homomorphisms from T to G, i.e., graph homomorphisms from an induced
subgraph of T" to the graph G.
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In analogy with the Hom case, we can describe the simplices of Hom (T, G)
directly: they are indexed by all i : V(T) — 2V(%) satisfying the same condi-
tion as in Definition 9.23. The closure of 7 is also defined identically to how
it was defined for Hom. So the only difference is that n(z) is allowed to be
an empty set, for x € V/(T).

A link of a vertex in an auxiliary Hom complex
The following construction is the graph analogue of the topological coning.

Definition 20.2. For an arbitrary graph G, let G4 be the graph obtained
from G by adding an extra vertez a, called the apex vertex, and connecting it
by edges to all the vertices of G including a itself, i.e., V(Gy) = V(G)U{a},
and E(G4) = E(G)U{(z,a),(a,z) |z € V(G1)}.

We note that for an arbitrary polyhedral complex K such that all faces of
K are direct products of simplices, and a vertex x of K, the link of x, lkx (),
is a simplicial complex. This follows from the fact that a link of any vertex in
a hypercube is a simplex, and the identity Ik axp) (v, w) = lka(v) * Ikp(w),
for arbitrary polyhedral complexes A and B (compare with identities (10.2)
and (10.14)).

We are now ready to formulate another definition, which is equivalent to
Definition 20.1.

Definition 20.3. For arbitrary graphs T and G, the simplicial complex
Hom (T, G) is defined to be the link in Hom (T, G,) of the specific graph ho-
momorphism o that maps all vertices of T to the apex vertex of G4 ; in short,
Hom (T, G) = lkyon (1, ) (@)

The equivalence of the definitions follows essentially from the following
bijection: let n € F(Hom(T,G1))sqa, and set 7(v) := n(v) \ {a}, for any
v € V(T). Clearly, 7 € F(Homy(T,G)), and it is easily checked that this
bijection produces an isomorphism of simplicial complexes. See Figure 20.1
for an illustration.

Functorial properties of the Hom; construction

Just as in the case of the Hom (—, —) construction, Hom, (7, —) is a covariant
functor from Graphs to Top. For two arbitrary graphs G and K and an ar-
bitrary graph homomorphism ¢ from G to K, we have an induced simplicial
map ¢! : Hom (T, G) — Hom, (T, K).

Again, as in the case of Hom (—, —), the situation is somewhat more com-
plicated with the functoriality in the first argument. Let T, G, and K be three
arbitrary graphs. This time, for a graph homomorphism ¢ from T to G to
induce a topological map from Hom (G, K) to Hom (T, K), we must require
that ¢ be surjective on the vertices. We can define the topological map ¥k
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in the same way as for the Hom (—, —) case, but if ¢ is not surjective on the
vertices, then we may end up mapping a nonempty cell to an empty one. If,
in addition, we want a simplicial map ¢k : Hom; (G, K) — Hom, (T, K), then,
as before in Subsection 18.3.3, we must require that 1 be injective, hence
bijective, on the vertices.

In particular, we still have that the group Aut (T") x Aut (G) acts on the
complex Homy (7', G) simplicially. The difference is that we do not have the
freeness as easily as we had in the Hom (—, —) case. For example, for an involu-
tion v of T to induce a free action o on Homy (T, G) we need to require that
all orbits of v on V(T') be of cardinality 2, and that the vertices in the same
orbit be connected by an edge. For instance, the action of Zy on Homy (K5, G)
is free, whereas the reflection Zs-action on Hom, (Ca,41,G) is not.

20.1.2 Connection to Independence Complexes

Let us introduce some further graph terminology.

Definition 20.4. For an arbitrary graph G, the strong complement CG is
defined by V (CG) = V(G), and E(CG) = V(G) x V(G) \ E(G).

For example, 0K, is the disjoint union of n loops. This coincides with the
notation K, which we have already used in Subsection 4.2.1 to denote the
terminal object in the category Graphs.

SRR
S

Hom, (K3, A Hom (K3, A4)

Fig. 20.1. The +-construction.

We have defined the independence complexes of graphs in Subsection 9.1.1,
Definition 9.2. Sometimes, it can be convenient to view the simplicial complex
Hom, (G, H) as the independence complex of a certain graph.

Proposition 20.5. For arbitrary graphs T and G, the simplicial complex
Hom, (T, G) is isomorphic to the simplicial complez Ind(T x CG).
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Specializing Proposition 20.5 to G = K,,, and taking into account 0K,, =
[T, CK; (observed above) and the fact that for arbitrary graphs G; and Go
we have

Ind (G [[ G2) = Ind (G1) *Ind (Ga),
we obtain the following corollary.

Corollary 20.6. For an arbitrary graph T, the simplicial complex
Hom, (T, K,,) is isomorphic to the n-fold join of the independence complex
of T, which in our notation is called Ind(T)*".

When G is loop-free, the dimension of the simplicial complex Hom (7', G),
unlike that of Hom (T, G), is easy to find, once the size of the maximal inde-
pendent set of G is computed.

Proposition 20.7. For an arbitrary graph T and an arbitrary loop-free
graph G, we have

dim(Hon (T, G)) = |V(G)| - (dim(Ind(T)) + 1) — 1.

Proof. Indeed, let s = dim(Ind (7"))+1 be the size of the maximal independent
set in T'. Since G is loop-free, every vertex of G occurs in at most s of the
sets n(x), for z € V(T'). On the other hand, we can choose an independent
set S C V(T') such that |S| = s, and then assign

otherwise.

() = {;/(G), for z € S;

This gives a simplex of dimension |[V(G)| - (dim(Ind (7)) +1) — 1. O
For example, dim(Homy (Cop11, Ky)) =n-((r—1)+1) - 1=nr — 1.

20.1.3 The Support Map

For any topological space X and a set I, there is the standard support map
from the join of I copies of X to the appropriate simplex

supp : ;X — A

which “forgets” the coordinates in X.

Specializing to our situation, for arbitrary graphs T and G, we get the
restriction map supp : Hom, (7, G) — AY(T). Explicitly, for each simplex
of Homy (T, G), n : V(T) — 2V(©) the support of 7 is given by suppn =
V(T)\ n=1(0). See Figure 20.2 for an example.

An important property of the support map is that the preimage of the
barycenter of AYV(T) is homeomorphic to Hom (T, G). This is the crucial step
in setting up a useful spectral sequence. The assumption that T is finite is
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Fig. 20.2. The support map from Homy (K>, A) to AR

crucial at this point, since an infinite simplex does not have a well-defined
barycenter.

An alternative concise way to phrase the definition of the map supp is
to consider the map t* : Hom, (T,G) — Hom, (T,CK;) ~ AV(T) induced by
the homomorphism ¢ : G — CKj. Then for each 7 € Hom, (T, G) we have
suppn = t7(n), where the simplices in AV(T) are identified with the finite
subsets of V(7).

20.1.4 An Example: Hom (Cy,, K;,)

A special case that is useful for the computation that we will make in
this chapter is the complex Homy(C,,, K,). By Corollary 20.6, we have
Hom, (Cy, Ky) =~ Ind (C),)*™. On the other hand, the homotopy type of the
complexes Ind (C,,,) was completely described by Proposition 11.17; hence we
can derive the following explicit description.

Corollary 20.8. For any m > 2, n > 3, we have

Vanr copies S™7Lif m = 3k;
Hom, (Cpp, K) = {Snklomes if m =3k + 1.

The utility of this fact comes from the fact that the spectral sequence, that
we will now proceed to set up, will be converging to the cohomology groups
of Homy (C)y,, K,). For future reference, we also record the following specific
observation.

Proposition 20.9. For all integers m,n such that m > 5, n > 4, we have
H(Hom (Cyn, K,,)) =0, fori < m+n — 4, with the one exception (m,n,i) =
(7,4,7).
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Proof. By Corollary 20.8, we just need to check that
nk—1>m+n—4, (20.1)

where k = |(m + 1)/3]. If m € {5,6}, then & = 2, and (20.1) reduces to
n + 3 > m, which is true. Thus we can assume that m > 7. Notice that
k > (m —1)/3; hence (20.1) would follow from n(m —1)/3 + 3 > m + n. This
can be rewritten as nm—3m—4n+9 > 0, or equivalently as (n—3)(m—4) > 3.
Since n > 4, m > 7, this inequality is valid, with the equality only whenm = 7,
n=4. 0O

20.2 Setting up the Spectral Sequence

20.2.1 Filtration Induced by the Support Map

For simplicity, we shall for now consider Zs-coefficients. The additional issues
arising in connection with switching to integer coefficients will be analyzed in
Section 20.6.

For an arbitrary function 1 : V(T) — 2V(%), we let 1, denote the chain in
C(Hom (T, G)) consisting of a single simplex (with coefficient 1) indexed by
77; when no confusion arises, we identify this chain with the simplex itself. Fur-
thermore, we let 1} denote the corresponding dual cochain. We consider the
Leray—Serre filtration of the cellular cochain complex C*(Homy (T, G); Z2) as-
sociated with the support map. To describe the considered filtration explicitly,
define the subcomplexes FP = FPC*(Hom (T, G);Zs) of C*(Hom, (T, G);Zs)
as follows:

12}

g—1 q q+1
FP.... }Fp,qa_,vaqHa_,...,

where
FP9 = FPCY(Homy (T, G); Zs)
=2y [0} |1 € Honl(T,G), Jsupp| = p+1],  (202)

the map 0* is the restriction of the differential in C*(Hom (T, G);Z2), and
Hom(f) (T, G) denotes the gth skeleton of Hom (T, G). In words: we filter by
the preimages of the skeletons of AY(T)| and each FP4 is a vector space over
Zo generated by all elementary cochains corresponding to g-dimensional cells
that are supported in at least p 4+ 1 vertices of T'. Note that this restriction
defines a filtration, since the differential does not decrease the cardinality of
the support set. We have

Cl(Hom (T, G); Zy) = FO1 D 14 > ... D plVDI-ta 5 plV(Dla —



20.2 Setting up the Spectral Sequence 355
20.2.2 The 0th and the 1st Tableaux

Next, we shall describe the Oth and the 1st tableaux of this spectral sequence,
and then perform a partial analysis of the second tableau.

To start with, as an additional piece of notation, by writing the brackets [—]
after the name of a cochain complex we shall mean the index shifting (to the
left); that is, for the cochain complex C = (C*, d*), the cochain complex C[s] =
(C*[s],d*) is defined by C[s] := C***. We sharpen the reader’s attention on
the fact that when considering integer coefficients, we choose not to change
the sign of the differential.

Proposition 20.10. For any p, we have

FP/FP = @ C*(Hom (T[S], G); Zs)[—p). (20.3)
ISSCIVPJr1

Hence, by (16.8), the zeroth tableau of the spectral sequence associated to the
cochain complez filtration F*, and converging to HPT4(Hom (T, G);Zs), is
given by

Ept=crtipr, = @ CY(Hom (T[S, G); Zo). (20.4)
SCV(T)
|S|=p+1

Furthermore, using (16.9), we obtain the description of the first tableau
as well:

EPY = HPY(FP PP = @D HY(Hom (T[S, G); Zo). (20.5)

SCV(T)
[S|=p+1

20.2.3 The First Differential

According to the formula (20.5), the first differential @59 : BP9 — EPTH9 g
actually a map

@ H(Hom (T'[S], G @ H(Hom (T'[S], G); Zs).
SCV(T) SCV(T)
|S|=p+1 |S|=p+2
For Sy C 51 C V(T), let i[S1, Sa] : T[S2] — T[S1] be the inclusion graph
homomorphism. Since Hom (—, G) is a contravariant functor, we have an in-
duced map ig[S1,S2] : Hom (T'[S1], G) — Hom (T'[S2], G), and hence an induced
map on the cohomology groups

i¢:[S1, 2] : H*(Hom (T'[S2), G); Z2) — H™*(Hom (T'[S1], G); Zz2).
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Let 0 € Hi(Hom (T'[S], G); Zz), for some g and some S C V(G). The value of
the first differential on o is then given by

&0y =Y iglSu iz}, S)(0). (20.6)

zeV(T)\S

We shall next detail the formula (20.6) by introducing specific generators
for the groups in the first tableau.

20.3 Encoding Cohomology Generators by Arc Pictures

20.3.1 The Language of Arcs

Let us now introduce some further notation. Let S be a proper subset of
V(Cy,). We call the connected components of the graph C,,[S] either single-
tons or arcs depending on whether they have 1 or at least 2 vertices. For v € S
we let a(.S, v) denote the arc of S to which v belongs (assuming this arc exists).
Furthermore, for an arbitrary arc a of S, we let a = [ae,a®]m, and finally, we
set @ := [ae — 1,a® + 1], so |a] = |a|] + 2, if |a| < m — 2. We stress that the
arithmetic operations as well as intervals are taken mo@o\ m; for example,
[m, 1], and [1, 2], are arcs with two vertices each, while [m, 1], =[m—1,2],,

and [ﬁ]m = [m, 3],,. To make the formulas easier, we also think of the cycle
a = Cy, itself as an arc, in which case we use the convention a, = a® = 1.

When A is a collection of arcs, we set V(A) := (J,c4 @ Ae := Uyca @, and
we let A denote the union Ugean @

Definition 20.11. Let t > 1. A t-arc picture is a pair (S, A), where S is
some proper subset of V(Cy,), and A is a set consisting of t different arcs of
C[S]. We refer to arcs in A as marked arcs, and sometimes simply call
(S, A) an arc picture.

20.3.2 The Corresponding Cohomology Generators

For S C V(C,,) such that |S| = p+1 < m, the t-arc pictures (5, A) will index
the generators of Ef’t(nfz). To introduce these, let V = {v,}aca be a set of

vertex representatives of A, i.e., v, € a for each a € A. Now set

oy = Zni, (20.7)
n

where the sum is taken over all  : § — 20"\ {#} such that n(v,) = [n — 1],
for all a € A, and |p(w)| =1, for all w € S\ V.

It is easily checked that o4} is a cocycle of Hom (C,,[S], K,). Indeed, tak-
ing the coboundary means adding an element from [n] to one of the lists on S.
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Since lists over vertices in V' are already maximized, we can only add an ele-
ment to one of the single-element lists over vertices in S\ V. Each such list
assignment is obtained in exactly two ways: namely, from the list assignments
that we get by removing one of the two elements from this 2-list. Since we are
working over Zs, the total sum then equals 0.

When vertex representatives move along edges, the corresponding coho-
mology class [05] does not change. Therefore, we may limit our attention to
aﬁ.. The only reason we introduce the vertex representatives at all is for the
later calculations with integer coefficients. In this case, the cohomology class
[03] changes sign according to a certain pattern. Both the proof of the fact
that the cohomology class does not depend on the choice of the vertex repre-
sentative over Zs-coefficients and the description of the sign change pattern
over Z-coefficients can be found in Subsection 20.6.2.

It is now time to interpret the formula (20.6) in terms of our combinatorial
generators. Since the differentials in the spectral sequence are induced by the
differential in the original chain complex, we may conclude that

a([ef)) = | (20.8)

wégS

where the sum is taken over all w not in S such that adding w to S does not
unite two arcs from A. Note that (20.8) is also valid when |S| = m — 1, if we
define o¢; in the same way for S = [m]. It might be worthwhile to observe at
this point that the set of marked arcs in S U {w} is equal to A if and only if

20.3.3 The First Reduction

By (16.7), in order to obtain the second tableau {F;*} we need to calcu-
late the cohomology groups of the complex (El*’(”_g)t, dq). Let (Af,dy) be its
subcomplex generated by all classes [O’f‘.} such that A =V (C,,).

Proposition 20.12. For all t, we have
(B2 = H*(A7). (20.9)

Proof. We give a direct combinatorial matching argument using the chain
complex version of the discrete Morse theory from Section 11.3.

The matchings can be done as follows: for each collection of arcs A such
that A # V(C,,), choose some element x4 € V(Cy,) \ 4; then an element

S?{IA}}

[03.] is matched with the element |:O' " , where @ denotes the symmetric

difference (exclusive or) of sets. One can then check that this matching is
acyclic, in the sense of the paragraph after Definition 11.22.

Indeed, assume that there exists acycle yy < x1 = y1 < o = -+ < T > ¥,
where x; and y; are matched for all i = 1, ..., ¢. Consider the covering relation
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Z; > Yi—1, for some ¢ = 2,... ¢. Using (20.6) and (20.8), one can see that in
this situation, x; must be obtained from y;_; by adding an element to its
indexing set S that extends one of the arcs in A, since otherwise the set A
does not change, hence the element x4 does not change, and so the element
y;—1, which contains x4, cannot be matched upward. The same should hold
for the covering relation y; < x7.

Clearly, this leads to a contradiction, since the total length of arcs in A
does not change on the matching edges in the cycle (A itself does not change
there), while it increases along other edges. The critical elements are precisely
those [03 ] for which A = V(C,,), and therefore the identity (20.9) follows
from Theorem 11.24. O

20.4 Topology of the Torus Front Complexes

20.4.1 Reinterpretation of H*(Aj,d;) Using a Family of Cubical
Complexes {®P..n,q}

Combining Proposition 20.12 with formula (20.8), we see that to compute
the second tableau of our spectral sequence we need to calculate cohomology
groups of a certain cochain complex, which we have combinatorially described
by choosing an explicit basis of generators and then writing out the differen-
tials in terms of these generators.

Our next idea is to reinterpret the cochain complex (Af,d;) as a chain
complex that computes the Zs-homology of a certain cubical complex. We
now proceed with defining these complexes. For a natural number n > 2,
a circular n-set is the set of n points that are equidistantly arranged on the
circle of length n.

Definition 20.13. Let m,n, and g be natural numbers. The cubical complex
Don.g 15 defined as follows:

o wertices of P n,g are indexed by all possible selections of m elements from
the circular n-set, so that every two of the chosen vertices are at a distance
at least g;

e to index higher-dimensional cubes we take all possible collections of m
sets, where each set either contains a single element of the circular n-set
or consists of a pair of two elements at distance 1; the sets are required to
be at minimal distance g, where the distance between two sets is defined
as the minimum of the distances between their elements.

Clearly, the dimension of a cube indexed by a collection of sets is equal to
the number of 2-element sets in this collection, and one cube contains another
if and only if the corresponding collection of sets contains the collection of
sets associated to the second cube. See Figure 20.3 for a graphic explanation.
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Fig. 20.3. Indexing of cubes in @55 5.

For convenience of formulation, we introduce the convention that the com-
plex @ 5, 4 is a point. One can quickly list some trivial cases of the complexes
D, n,g- To start with, a necessary and sufficient condition that these com-
plexes be nonempty is that n > gm. The complex &, , 1 is just a point,
and more generally, @, gm ¢ is a disjoint union of g points. It is not difficult
to check by hand that the complex &, , 4 is connected whenever n > gm.
The next case to consider is @, gm+1,9- The interested reader is invited to
check that @, gm+1,¢ is a cycle of length gm + 1. Finally, we remark that the
dimension of @, ,, 4 is equal to min(m,n — gm).

The usefulness of this family in our context becomes apparent from the
following proposition.

Proposition 20.14. The cochain complex (Cy(Pym,3; Z2), d) is isomorphic to
the chain complex (A}, dy), with the module Ci(®¢ . 3;Z2) corresponding to
the module AT""~'"""1 for all i.

Proof. We think of a collection of sets that indexes a cube in @ ,,3 as
a collection of gaps between the arcs from A. This will clearly give a dimension-
preserving bijection between the cubes of @; ,, 3 and the collections of ¢ arcs
A such that A = V(Cy). The condition that the distance between sets (read:
between gaps) be at least 3 corresponds to the requirement that arcs must
have at least two elements. It remains to compare the differential maps: they
coincide by the formula (20.8). Note that we are using the fact that we are
working over Zs-coefficients. 0O
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Since we know that @, ¢m 4 are disjoint unions of g points, it is enough
to assume from now on that n > gm.

20.4.2 The Torus Front Interpretation

Let m and n be two positive integers. An (m, n)-grid path is a directed path on
the unit orthogonal grid using only the unit basis vectors (0,1) (northbound
edge) and (1,0) (eastbound edge) and connecting the point (—z,z) with the
point (m — x,n + x), for some integer x.

Definition 20.15. Consider the action of the group Z X Z on the plane, where
the standard generators of Z X Z act by vector translations, with vectors (—1,1)
and (m,n). An (m,n)-torus front (or sometimes simply torus front) is
an orbit of this (Z x Z)-action on the set of all (m,n)-grid paths.

The reason for choosing the word torus here is that the quotient space of
the plane by this (Z x Z)-action can be viewed as a torus, where each (m,n)-
grid path yields a loop following the grid in the northeasterly direction; see
Figure 20.4. We notice that every torus front has a unique representative start-
ing from the point (0, 0). It will soon become clear why we choose to consider
the orbits of the action rather than merely considering these representatives
of the orbits.

torus reflection axes

sharp corners

(5,3)-torus front

Fig. 20.4. (5,3)-path and the associated torus front.

A northwestern sharp corner of a torus front is a vertex that is entered
by a northbound edge and exited by an eastbound edge; in the same way,
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a southeastern sharp corner of a torus front is a vertex that is entered by
an eastbound edge and exited by a northbound edge.

An elementary flip of a torus front is either a replacement of a northwestern
sharp corner at (a,b) by a southeastern sharp corner at (a + 1,b — 1) or vice
versa. It may help to think of a torus front as a sort of flexible snake, where
the sharp corners (meaning the vertex in the sharp corner, together with the
two adjacent edges) can be flipped about (as if using ball-and-socket joints)
the diagonal line connecting the neighbors of the sharp corner vertex.

Finally, A flip of a torus front is a collection of noninterfering elementary
flips, i.e., the flipped vertices are at least at distance 2 from each other, where
the distance is measured along the front; see Figure 20.5. The picture that we
have in mind is that the torus front propagates through the torus by means of
flips. Since we want flips to encode cells, we prefer to think of them as schemes
of allowed elementary flips, rather than a concrete process of replacing one
torus front with another. For a flip F', we call those torus fronts, which can
be obtained by actually performing all the elementary flips from F' (meaning
here choosing one of the two positions for each flipped corner), the members
of F.

Definition 20.16. Let m,n, and g be natural numbers. The cubical complex
TFyn,g ts defined as follows:

o wvertices of TFy, n g are indexed by all possible (m,n)-torus fronts whose
horizontal legs have length at least g; here the length of the leg is taken to
be the number of vertices it contains;

o the higher-dimensional cubes of TFy, ,, 4 are indexed by all possible flips of
(m,n)-torus fronts whose members are vertices of TFy, n.g-

Notice that for g = 1 there are no conditions, so T'F,, ;1 simply has all
(m, n)-torus fronts as vertices and all flips as higher-dimensional cubes. It is
also important to remark that the term “horizontal legs” includes the legs of
length 1; in other words, for g > 1, it is prohibited that the torus front contain
two consecutive northbound edges.

Proposition 20.17. For any natural numbers m,n, and g, the cubical com-
plexes Pry g and TFy, y—m g are isomorphic.

Proof. Let S C [n], |S| = m, be a vertex of @, ,, We can construct
an (m,n—m)-grid path as follows. Start out from the point (0, 0); then, for all
i from 1 to n perform the following step: either move along the northbound
edge if ¢ € S, or move along the eastbound edge if i ¢ S. Since |S| = m,
we will eventually reach the point (m,n — m). It is obvious that this gives
a bijection between vertices of ®,, 4 and (m,n — m)-grid paths satisfying
the extra restriction that the horizontal legs be of length at least g.

It is also clear that moving along edges in @,, ,, 4 corresponds to elementary
flips in T'Fy, n—m,q- This is completely obvious as long as the flip does not
concern the vertex (0,0) (or equivalently, the vertex (m,n —m)). If, on the
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millstones of T’

Fig. 20.5. A flip of a (5, 3)-torus front consisting of three noninterfering elementary
flips.

other hand, the edge in @, 4 indicates that we should flip the sharp corner
(0,0), then we can do that as well, but then we should also flip (m,n—m), and
we will get an (m,n —m)-path from (1,—1) to (m+ 1,n—m —1); translating
back we will again get an (m,n — m)-path from (0,0) to (m,n —m).

If the flips are done on torus fronts instead of grid paths, then we do not
need to consider different special cases, which is the main reason why we chose
to replace the paths by the orbits of the (Z x Z)-action. 0O

Note that the complex TF, ,_,1 is isomorphic to the complex
TFy—m,m,1, and so the complex &, ,, 1 is isomorphic to the complex ®,,_p, 5 1.

To understand the complexes &,, ,, 4 satisfying n > mg, we shall study the
complexes T'F, ,, o with n > m(g — 1).

20.4.3 Grinding

We shall now drastically simplify complexes T'F;, ,, 4 by means of a collapsing
procedure that we call grinding. To illustrate the idea, let us consider the case
m=mn =3, g =1. The complex TF331 (= P3,6,1) consists of two cubes, in-
dexed by the set collections {{1,2},{3,4},{5,6}} and {{1,6},{2,3},{4,5}},
and six additional squares; see Figure 20.6.! Each of these squares con-
tains a vertex that does not belong to any other maximal cell; for example,
for the square indexed with {{1,2},{3},{4,5}} this vertex is indexed with
{{2}, {3}, {4}}. Therefore, we can collapse these six squares through these six
vertices, and the only thing left will be the two cubes hanging together by
their endpoints. This is the characteristic picture we shall now see in general.

! The figure is reproduced courtesy of Eva-Maria Feichtner.
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/
\

Fig. 20.6. The complex T'F3 31 = P36,1-

Let T be an (m,n)-torus front, which we represent as an (m,n)-grid path
starting from (0,0). We associate to T two lines M, (T) and M,.(T) defined
as follows: both lines are parallel to the line L passing through the points
(0,0) and (m,n), and they both are tangential to the grid path representing T,
My (T) from the northwest, and M, (T') from the southeast; see Figure 20.5.
We call these two lines the millstones of T

The width of the torus front T, denoted by w(T), is the distance between
the millstones measured along the line x = —y. Clearly, the width cannot be
less than /2/2, and the minimum is achieved only when m = n by the torus
front, where northbound and eastbound edges alternate at every step.

We let E,.,(T) denote the set of points in TN My, (T'), which we call
northwestern extreme corners; in the same way, Fs.(T) = TN Ms.(T) denotes
the set of southeastern extreme corners. Extreme corners are by construction
always sharp corners.

As mentioned above, each sharp corner defines an elementary flip of T,
during which it remains a sharp corner but changes orientation. If this sharp
corner were extreme, then the new sharp corner would be extreme (on the
opposite side) if and only if w(T) < /2. Clearly, for any torus front, the
elementary flips of northwestern extreme corners are mutually noninterfering,
and therefore form one flip; the same is true for the southeastern extreme
corners. Furthermore, if w(T) > v/2/2, then these two sets of elementary flips
do not interfere with each other either. Indeed, if they did, it would mean that
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two neighboring vertices on the torus front were extreme corners of different
orientations, which would imply w(T) = v/2/2.

Assume now that w(T) > v/2, and consider the total flip of all extreme
corners. It is geometrically clear that performing any combination of these el-
ementary flips will not increase the width of the torus front, and that perform-
ing all of the northwestern flips, or all of the southeastern flips, simultaneously
will for sure decrease it.

Another important observation is that if an extreme northwestern corner
is flipped on a torus front where all horizontal legs have length at least g, then
all horizontal legs have length at least g in the obtained torus front as well;
the same is true if we flip an extreme southeastern corner. To see this, note
that the only time the horizontal leg could be decreased is when one of its
endpoints would be flipped. Assume that the horizontal leg in question runs
from vertex a to vertex b, that a is flipped (no loss of generality here), and
denote by ¢ the vertex that we reach by the northbound edge from b. Then
the slope of the line connecting a with ¢ is 1/(g — 1), and since we assumed
m(g — 1) < n, we have 1/(g — 1) > m/n. The vertex a is flipped; hence it is
a northwestern extreme corner, since ¢ must lie on M,,,,(T") or to the southeast
of it. This implies that 1/(g — 1) < m/n, yielding a contradiction.

20.4.4 Thin Fronts

Let us now describe the cells that will, in a sense to be specified later, form
a core of the cubical complexes T'Fy, p 4.

Definition 20.18. We call a torus front T thin if w(T) < /2; we call it
very thin if w(T) < /2.

It is easy to construct a very thin torus front for fixed m and n: simply start
from the point (0,0) eastward and then approximate the line connecting (0, 0)
with (m,n) as closely as possible, staying on one side of this line (touching
the line is permitted). It is clear that if the approximation is not the closest
possible, then w(T) > v/2.

It is also important to notice that since we assumed m(g — 1) < n, each
horizontal leg in a thin torus front has length at least g; this can be proved
with the same argument as the one we used to show that flipping all extreme
corners preserves that property as well.

Let I denote the line segment connecting (0, 0) with (m, n). Counting from
the origin in the northeasterly direction, the first point on I with integer coor-
dinates, other than the origin itself, is (m/ ged(m,n), n/ ged(m,n)), which can
be achieved in (m+n)/ ged(m,n) steps (it is customary to denote the greatest
common divisor with simple round brackets, but since (m,n) is used to de-
note the point on the plane with these coordinates, we prefer here a somewhat
longer notation).
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The very thin torus front which we just constructed will have (0,0) as
a northwestern extreme corner, and after that the northwestern extreme cor-
ners will repeat with the period (m +n)/ ged(m,n). From this we see that in
general, to determine a very thin torus front we just need to specify where on
the part of the torus front connecting two subsequent northwestern extreme
corners the origin will lie. Therefore, we conclude that there are precisely
(m+n)/ ged(m,n) very thin torus fronts, and that the width of any very thin
(m, n)-torus front depends only on m and n.

We now extend the definition of width. For any flip F', we define its width
w(F') to be the maximum of widths of all the torus fronts that are members
of F'. The concepts of millstones and extreme corners can be extended to flips
as well; see Figure 20.5.

We call a flip F' thin if w(F) < v/2. The thin flips play an important role
in our context, as the next theorem indicates.

Theorem 20.19. For any natural numbers m,n, and g, there exists a se-
quence of collapses leading from the cubical complex TF,, ,, 4 to its subcomplex
consisting of all thin flips.

Proof. To start with, we observe that if o and 7 are cells of T'F}, .4, and o
is contained in 7, then w(o) < w(7). Therefore, it is enough to describe how
to collapse away all the cells of a certain width (> v/2), under the condition
that the cells of larger width are already gone.

Let us fix this width and denote it by w. To every cell o we can associate
cells o1 and o, as follows: ¢! is obtained from o by adding elementary flips
on all extreme corners that do not yet have them, whereas o' is obtained
from o by removing the elementary flips on all extreme corners, where in each
elementary flip we keep the extreme corner (since w > /2, both corners of
an elementary flip cannot be extreme; hence this is well-defined). Note that
it is possible that o = ¢! or o = o, but not both.

By our discussion above, if all horizontal legs have length at least g in
vertices of o, then the same is true for all cells in the interval [o|,o]. We
also see that by our construction, all cells in the interval [o|,c] have the
same width. Moreover, each such interval is isomorphic to a Boolean algebra
By, where t is equal to the number of extreme corners. Clearly, the intervals
o], UT] are disjoint, and the removal of such an interval constitutes a collapse,
as long as o is the only maximal cell containing o| at the given time.

This observation allows us to do as follows: restrict the partial inclusion
order to the cells o', choose a linear extension of this partial order, and then
remove intervals [o|, o'] following the linear extension in decreasing order. The
statement follows now from the fact that if 7 contains o, then 7! contains o',
since at the moment the interval [0}, o] is being removed, this will translate
to the condition that if 7 contains o, then T=0l. O

Let us now finish our study of torus fronts by analyzing the subcomplex
Thing, n,g of T'Fy, 4 consisting of all thin flips.
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Proposition 20.20. For any natural numbers m,n, and g such that n >
m(g—1), the complex Thin,, , 4 consists of (m+n)/ ged(m,n) cubes, each one
having dimension ged(m,n), which are connected together by their diagonally
opposite end vertices, like a garland, to form one cycle.

Proof. Let v be a thin torus front. Flipping a corner that is not extreme will
give a flip of width strictly larger than v/2; hence this is not allowed. If, on
the other hand, an extreme northwestern corner is flipped, then the width of
this flip is equal to v/2, and flipping another extreme northwestern corner will
not change the width, whereas flipping any other vertex will increase it. The
same holds for flipping extreme southeastern corners. It follows that there are
two ways to get a maximal cell adjacent to v: either by flipping all extreme
northwestern corners or by flipping all extreme southeastern corners.

On the other hand, if F' is a maximal cell, we have w(F) = v/2. If we now
choose a torus front T belonging to this cell, we will also have w(T) = v/2,
except for two cases: if in each elementary flip we either always choose the
northwestern path, or if we always choose the southeastern path. We see that
each maximal cell contains exactly two torus fronts of width strictly smaller
than v/2, and that these are opposite corners of the cube. Since Thin,, , 4 is
connected, the conclusion follows. O

We remark that since each cube can further individually be collapsed onto
a path connecting two opposite vertices, Theorem 20.19 and Proposition 20.20
entail that T'F,, ,, 4 can be collapsed onto a cycle.

20.4.5 The Implications for the Cohomology Groups
of Hom (C,, Kp)

We now have enough information to complete the computation of the en-
tire second tableau, except for the (m — 1)th column, the latter contain-
ing the cohomology groups of Hom (C,,, K,). Since the cohomology groups
of Homy (Cy,, Ky) are nontrivial in only one dimension, we can then use
this to derive almost complete information about the cohomology groups of
Hom (Cp,, K,,) with Zs-coefficients. In fact, with a little extra effort we can
describe H*(Hom (Cy,, K,); Z2) completely already with what we have now.
However, for the sake of brevity we postpone the complete determination to
Section 20.6, where the general case of integer coefficients will be dealt with.

By Propositions 20.12 and 20.14, to compute the values EY?, for p # m—1,
it is enough to calculate the Zs-cohomology groups of the complexes &, ,, 3, for
the required range of the parameter ¢t. These, on the other hand, are isomor-
phic to H*(Thin, ,,—; 3;Z2), which follows from Proposition 20.17 and Theo-
rem 20.19. Finally, by Proposition 20.20, we see that H®(Thint,—¢3;Z2) =
HY(Thing ,,_¢ 3;Za) = Zs, and the other cohomology groups are trivial. Trac-
ing back all the indices, we obtain the following answer.
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Proposition 20.21. The nonzero entries EY?, for p # m — 1, are the fol-
lowing: Ey~3"=2 = 7, Eyp=im22) — pretmbin=2) _ 70 for2 <t <
|(m—1)/3], and EY° = Zy. If additionally 3|m, then Egm/S_l’m("_Q)/S =73.

The nonzero entry E2™/371m=2/3 _ 73 gtems from the fact that the
complexes P, g4 are disjoint unions of g points, and are not homotopy
equivalent to circles.

It needs to be explained why Ej'~2""2 = 0. If the entries in the (m —
1)th column were all 0, we would of course have Ey" ~2n=2 — 7,. However,
by Proposition 20.9, we know that H™ "~ 4(Hom (C,,, K,);Z2) = 0, unless
(m,n) = (7,4). Since all the entries to the northwest from Ej"~>""? that
could potentially eliminate this entry at a later stage of the spectral sequence
computation are 0, we have no choice but to conclude that the map

d1 : E;n—Z,n—Q/Im(dl . EIn—Z’),n—Z N ElrrL—Z,n—Q) SN E{n—l,n—Q

is injective, and so Ey'~*""? = 0. The case (m,n) = (7,4) can be computed
directly.

Since the reduced cohomology of Homy (C,,, K,,) is concentrated in one
dimension, Proposition 20.21 allows us to compute almost all cohomology
groups of Hom (Cy,, K,,). The complete computation is done in Section 20.6,
see Theorem 20.27 for a full answer.

20.5 Euler Characteristic Formula

While the cohomology groups and even the Betti numbers of the Hom com-
plexes are usually very hard to compute, the Euler characteristic may turn
out to be a more accessible invariant.

To start with, let 7' and G be arbitrary graphs. A simple counting in the
filtration that we imposed on the simplicial complex Hom (7T, G) yields the
following formula:

X(Hom((T,G)) = Y (=1)I¥"'X(Hon (T[S], G)); (20.10)
0ASCV(T)

compare also with Proposition 20.26.

Theorem 20.22. Let T and G be arbitrary graphs. Then we have

RHom(T,G) = 3 (~1)SH g(tom, (T[S], @) (20.11)
0£SCV(T)

Proof. Take the formula (20.10), and apply Mébius inversion on the Boolean
algebra without the minimal element of all subsets of V(7). O
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Theorem 20.23. For an arbitrary graph T, we have the following formula:

X(Hom (T, K,)) = Y (=1)"¥Ig(Ind(T[S]))". (20.12)
PD#ASCV(T)

Proof. By Corollary 20.6 we know that Hom, (7T, K,,) = Ind (T)*". On the
other hand, for any two simplicial complexes X and Y, we have Y(X *Y) =
—X(X)X(Y). It follows that X(Hom (T, K,)) = (=1)""1x(Ind (T))"™. Substi-
tuting this into identity (20.11) yields formula (20.12). O

This gives a new proof of the following result.

Corollary 20.24. For arbitrary positive integers m and n such that n > m,
we have

X (Hom (K, K, :mil— ntk+1 m ", .
X(Hom (K, K,)) kz_:l( 1) (k+1)k (20.13)

Proof. Since Ind (K}) is just a set of ¢ points, we have X(K;) =t — 1. Substi-
tuting this into equation (20.12) and noticing that the summands depend on
the cardinality of S only, we obtain (20.13). O

If we try to use formula (20.12) to compute the Euler characteristic of
Hom (Cy,, K;,), we will need nontrivial reductions to get a nice answer. Using
Proposition 20.21 instead yields a very simple formula directly. This reflects
very well the reduction that often occurs in passing between tableaux in the
spectral sequence computation, since using the filtration on the simplicial
complex Homy (T, G) as we did is the same as using the first tableau of our
spectral sequence.

Corollary 20.25. For arbitrary positive integers m and n such that m > 5,
n > 4, we have

(—1)nk—m, ifm=3k+1,

(_1)nk—m(2n _ 3)’ me — 3k (2014)

X(Hom (Cyn, Kp)) = {

Proof. The entries E}" "2/ and B 1""2) cancel out in pairs,
except for E5'~*""? which we can discount since E3*~>""? already canceled
out with EJ" ~1772 Thus the only nontrivial contribution comes from the
Betti numbers of the total complex Homy (C,,, K,,) and in case m = 3k from

the entry E2™/371m(n=2)/3 n

20.6 Cohomology with Integer Coefficients

20.6.1 Fixing Orientations on Hom and Hom; Complexes

In this section we work only with integer coefficients, so we shall suppress Z
from the notation. To be able to work with integer coefficients we need to
choose orientations on cells so that the differential maps can be determined.
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Let T and G be two graphs, and let us fix an order of the vertices of T
and of G. When convenient, we may identify vertices of T, resp. of G, with
integers 1,...,|V(T)|, resp. 1,...,|V(G)|, according to the chosen orders. First
we deal with the simplicial case of Hom, (7', G), which is simpler. The vertices
of Homy (T, @) are indexed with pairs (z,y), where z € V(T), y € V(G)
such that if x is looped, then so is y. We order these pairs lexicographically:
(z1,11) < (x2,y2) if either 1 < xa, or &1 = x5 and y; < y2. Then we orient
each simplex of Hom, (7', G) according to this order on the vertices. We call
this orientation standard, and call the oriented simplex 1. We identify this
simplex with the corresponding chain, and denote the dual cochain by 7} .

Next we deal with C*(Hom (T, G)). On each cell n € Hom(T,G) we fix
an orientation (also called standard) as follows: orient each simplex 7(i) ac-
cording to the chosen order on the vertices of G; then order these simplices
in the direct product according to the chosen order on the vertices of T. We
call this oriented cell 7; a choice of orders on the vertex sets of T" and G is
implicit.

Note that permuting the vertices of the simplex 7(i) by some o € S}, ;)|
changes the orientation of the cell i by sgn o, and that swapping the simplices
with vertex sets 7(i) and 7(i+1) in the direct product changes the orientation
by (—1)dimn(@)-dimn(i+1) Fyrthermore, if 7 € Hom “+1 (T, G) is obtained from
n € Hom (T, G) by adding a vertex v to the list 7(t), then we have

[ 77) = (=), (20.15)

where k is the position of v in 7j(¢), and d is the dimension of the product of
the simplices with the vertex sets n(1),...,n(t—1), i.e.,d = 17t+z;;11 [n(5)]|-

Let C* be the subcomplex of C*(Hom, (T, G)) generated by all 7, for
n:V(T) — 2V(% such that suppn = V(T). Set

X*(T, Q) := C*[|V(T)| — 1]. (20.16)

Note that both C*(Hom (T, G)) and X*(T, G) are free Z-modules with the bases
{n*}y and {n }, indexed by n : V(T) — 2@\ {0} such that 3" n(j)| =
|V (T)| + 4. Furthermore, when 7 is a cell of Hom (T, G), we set

)= Y InG)l
1< V()]
For any 7 : V(T) — 2V(@\ {B}, set p(ny) := (=1)°y. The induced map
p*: XY(T,G) — C'(Hom (T, R)) is of course an isomorphism of abelian groups
for any ¢. It turns out that more is true.

Proposition 20.26. For any two graphs T and G, the map p* : X*(T,G) —
C*(Hom (T, G)) is an isomorphism of the cochain complexes.
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Proof. We need to check that the map p* commutes with the differentials,
and it is enough to do this for a generator %, where suppn = V(7). Com-
paring the incidence number from (20.15) for Hom (T, G) with the one for the
simplicial complex Hom (T, G), we see that the difference is the multiplicative
functor (—1)*~t, where ¢ is the index of the simplex in the direct product
where the new vertex is added. On the other hand, by the definition of ¢(n)
we know that (—1)¢(" = (fl)c(ﬁ)'(*l)l_t, which proves that the incidence
numbers coincide once C*(Homy (T, G)) is replaced with X*(T',G). O

20.6.2 Signed Versions of Formulas for Generators [G"S/]

Let us now return to considering the cohomology classes [U‘S,] defined in
Subsection 20.3.2, though this time we are working with integer coefficients.
Clearly, these still index the generators of EY =2 The new feature appear-
ing when we are working over integers is that the sign of the generator may
change when vertex representatives move along edges.

Next, we describe the pattern of the sign change. Let S be a proper subset
of [m], so that C,,[S] is a forest. Let (S, A) be an arc picture, and let V' be
the set of vertex representatives. Choose an arc a € A and denote its vertex
representative by v € a. Choose w € a such that (v,w) € E(Cy,), and set
W = (VU {w})\ {v}. We would like to understand the sign change that
occurs when v is replaced by w as the vertex representative of a. Let [[, K>
denote the disjoint union of copies of Ks indexed by A. We define a graph
homomorphism [[, K2 — C,, as follows: for the copy of K; indexed by a
we choose one of the two graph homomorphisms Ky — (v, w), for the other
copies of Ky we take any graph homomorphism mapping one of the vertices
of K5 to the vertex representative of the corresponding arc, and mapping the
other vertex of K to any of the neighboring vertices in S.

The graph homomorphism described above induces a Zs-equivariant map
H*(Hom (][ 4, K2, K,,)) — H*(Hom (C,,[S], K;,)), where the Zs-action on the
left-hand side is induced by the antipodal action on the copy of Ks in-
dexed by a. On the other hand, we have Hom ([ [ 4, K2, K,,) = [, Bip (K,) =
114 S"=2. and the Zs-action on the last space is the antipodal action on the
factor indexed by a. Recall that the antipodal action on S™ changes the sign of
the n-dimensional cohomology generator if and only if n is even, and the same
is true if we are acting on one of the factors in a direct product. Using already
introduced terminology, we can take p* (U‘S,) as a representative for the gener-
ator of H*"=2)(Hom (C,,[S], K,)) that we are considering. If (v,w) # (1,m),
then there is no further sign change, and we get

[o* (o)) = (=1)"*[p" (o).

If, on the other hand, (v,w) = (1,m), then the Zs-action does not inter-
change two neighboring simplices, but the first one and the last one instead.
One of these simplices has dimension 0 and the other one has dimension n — 2.
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Using the rules for the sign change described in Subsection 20.6.1, we see that
we get the additional sign factor (—1)"(|A|_1), since we have to swap sim-
plices of dimension n — 2 in total |A| — 1 times, and each swap yields the sign
(71)(”*2)2 = (=1)™; we ignore the swaps involving 0-dimensional simplices,
since they do not influence the sign. So in this case we get

0" (o9)] = (=1)" 4 [p* (o).
Combining this with Proposition 20.26, we get
(o] = = [o3/] (20.17)

if (v,w) # (1,m), since the swapped vertices have different parity. In case
(v,w) = (1,m), the swapped vertices may or may not have different parity,
so we have an additional sign factor (—1)"?, where b is the number of vertices
in S between w and v. So in this case we get

[O_‘S/‘] — (_1)n|A|+nb+n+l [Ugv} ) (2018)

Next, we look at the analogue of the formula (20.8). Combining the con-
struction of generators o4 with the choice of orientations on Hom (T, K,,), we
get the following formula:

di([op]) = (—1yEn () [ai“w}} , (20.19)
w¢S
where the sum is taken over all w such that adding w to S does not unite two
arcs from A, and the sign (—1)%" () is given by the formula

sgn(w) =|SNw—-1]+n-|VNw-1]. (20.20)

The same way as for Zy-coefficients, equation (20.19) is also valid when |S| =
m — 1.

20.6.3 Completing the Calculation of the Second Tableau

We shall now do the same computation as we did in Subsection 20.4.5, only
this time with integer coefficients.

The first obstruction is that Proposition 20.14 may no longer be valid,
since we have to take the signs into account. However, though the cochain
complexes (A7,d1) and (Cy(P¢m,3;Z),d) may not be isomorphic, the only
difference is that some of the incidence numbers differ by a sign.

The argument using torus fronts with which we computed H, (Pt m,3;Z2)
consisted in presenting a sequence of collapses leading from T'F;,,—;3 to
Thing ,,,—¢,3. Due to isomorphism of cochain complexes over Zsg, stated in
Proposition 20.14, these collapses could have been performed directly on
(Azkv dy )
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It is now crucial to realize that the same collapses can still be performed in
the cochain complex (A}, d;), even though we are working over the integers.
This follows from the version of discrete Morse theory for chain complexes
from Section 11.3, since our matching is acyclic and the weights on the match-
ing relations, which here are the incidence numbers, are +1, hence invertible
over Z.

Let m —t > 2t, i.e., m > 3t, and consider the complexes Thin; ,,,—¢ 3. On
each maximal cube, choose any of the shortest paths connecting the opposite
vertices by which these cubes hang together. Such a path has ged(t,m —t) =
ged(t, m) edges. It is obvious that the collapsing process can be continued
until the whole complex Thin; ,,,—2 3 is collapsed onto this path P. Let us
extend this collapsing to (Af,d;) as well, and let us denote the remaining
chain complex by (Q¢,d1).

The chain complex (Q;, d1) has only two nonzero entries, so let us write it
as 0 — Qf — QY — 0. If we worked over Zg, this chain complex would be sim-
ply computing the homology of a circle with coefficients in Zs. Over integers
we have signs, and there are two possibilities: either H;(Q:) = Ho(Q:) = Z,
or H1(Q:) =0, and Ho(Q¢) = Z2. To distinguish between these two cases we
shall now calculate the differential.

Both groups Q; and QY have m generators. The boundary of each gener-
ator of Q; is a sum of exactly two generators of QY with coefficients +1. Let
a be the number of those generators of @} for which these two coefficients
are equal. It is easy to see that Hy(Q:) = Ho(Q:) = Z if « is even, and
H,(Q:) =0, Hy(Q:) = Za, if a is odd, so all that remains is to calculate the
parity of a.

Fig. 20.7. Three cases of the sign calculation.

One may think of generators of @} as being indexed by t-arc pictures
(S, A), with all but one gap consisting of one element, and one 2-element gap,
denoted by [z — 1, z];,. Taking the boundary corresponds to narrowing this
gap in two different ways: by extending one of the bordering arcs clockwise or
counterclockwise. We break our calculation into three cases. See Figure 20.7.
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Case 1. 2 < 2 < m — 1. By formula (20.19), filling in « — 1 or = will have
the same sign. Furthermore, when filling in z, we shall also need to move the
vertex representative from x + 1 to z. These vertices have different parity in
the order on V(C,,[S U {a}]); hence by (20.17) we get an additional factor
—1 for this generator. We conclude that all these generators of Q; do not
contribute to a.

Case 2. x = m. Again, by formula (20.19), filling in  — 1 or z will have
the same sign. However, in this case we have to be careful about the sign
caused by moving the vertex representative from 1 to m. By formula (20.18),
the additional sign is (—1)""*"*1 since b = m —t — 2 and |A| = t. So the
contribution to « is 1 if mn + n is odd, and 0 otherwise.

Case 3. z = 1. In this case shifting the vertex representative gives the sign —1,
by (20.17). The nontrivial contribution comes instead from the fact that filling
x and x — 1 may give different signs. The difference in signs is (—1)7t+m+i+L
since m—t—1+t(n—2) is the total number of vertices (if counted with multi-
plicities) in positions 2 through m — 1. Therefore, in this case the contribution
to ais 1if nt +m+t+ 1 is even, and 0 otherwise.

By construction of the path P, the group Q} contains exactly one generator
with x = m, andq exactly one generator with z = 1. Summarizing, we see
that « is odd if and only if mn +n +nt +m + ¢ + 1 is odd. Note that
mn+n+nt+m+t+1=(m+t+1)(n+1). Thus we obtain the extension of
Proposition 20.21 to the case of integer coefficients. We present it in Table 20.1.

n,m,t E;n7t72,t(n72) E;’nftfl,t(n72)
t=1

m(n + 1) is odd, 0 0
m(n + 1) is even, Z 0
n is odd,

or m —+t is odd, 7 Y/
2<t<[(m—1)/3]

n is even,

and m + t is even, 0 Lo
2<t<|[(m—-1)/3]

n is any,

and 3|m, 0 VA
t=m/3

Table 20.1. The entries of the second tableau in the case of integer coefficients.
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20.6.4 Summary: the Full Description of the Groups
H*(Hom (Cyny K1) Z)

For an abelian group I', we let I'(d) denote the copy of I in a graded Z-
algebra, placed in dimension d.

Theorem 20.27. For any integers m,n such that m > 5, n > 4, we have
_ L(m—2)/3]
H*(Hom (Crn, K0 )iZ) = | @D Avwmn | © B, (20.21)

t=1

Z(tn —3t) @ Z(tn — 3t + 1), if n is odd or m+1t is odd,
Atmn =

o Zo(tn — 3t + 1), if n is even and m +t is even,
(20.22)
and
72" =3(nk —m), if m = 3k,
B =1 Znk—m+2), ifm=3k+1, (20.23)

Z(nk —m), if m=3k—1.

For example, H*(Hom (Cy, K4); Z) = Ay 6.4® Bsu = Z(1)BZ(2) B Z3(2) =
Z(l)@Zl4(2), and H* (HOIII (Cg, Kﬁ), Z) = A1,8,6 @A27876 @Bg,ﬁ = 2(3)@2(4)@
Zo(7) ® Z(10).

Proof of Theorem 20.27.

Recall that all cohomology groups of the simplicial complex Hom, (Cyy,, K,)
are zero except for one; see Corollary 20.8. Since our spectral sequence con-
verges to H* (Homy (Cyy, Kp,); Z), we know that almost all entries in the second
tableau should cancel out.

Since n > 4, the calculation summarized in Table 20.1 implies that there
will be no nonzero differential between entries in columns 0,...,m — 2. If
n > 5, then the differentials with entries in the (m — 1)st column as a target
will never have the same target entry. If n = 4, the targets for two such
differentials may be the same, but then the sources will simply sum up. This
follows from the pattern of the entries and from the algebraic fact that if we
have a group homomorphism f : A — G such that f is an injection, A is either
Z or Zs, and G/Im(f) is isomorphic to Z, then G is isomorphic to A & Z.

Since H'(Hom, (Cyn, K,)) = 0, for i < nk — 1, we obtain the “A part”
of (20.21), with the exception of a single entry in the case m = 3k + 1,
which is dealt with below. So we are done with the calculation of almost all
cohomology groups of Hom (C),, K,) at this point. To get the remaining “B
part,” we need to see what happens on the diagonals x 4+ y = const > nk — 2.
We shall consider three cases.
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Assume first that m = 3k — 1. We see from Table 20.1 that the top (in
terms of the sum of coordinates) nonzero element is E;n_k’("_Q)(k_l). This
element is on the diagonal m —k+ (n —2)(k—1)=m+nk—-3k—n+2=
nk—n+1= (nk—1) — (n — 2); hence it is n — 2 diagonals away from the
diagonal nk — 1, and we conclude that B, , = Z(nk —m).

Assume now that m = 3k. The top nonzero element in columns 0, . .., m—2

is E;nfk*l’k(nd), which lies precisely on the diagonal x +y = nk — 1. By the

analysis in Subsection 20.3.2, the generators of Ej' “hLR=2) are given by
those [0 _] for which S is obtained from [m] by deleting every third element,
which can be done in three different ways, and A is the collection of all m/3
arcs of length 2. By construction, we see that in this case d(ai.) = 0, where the

differential is taken in C*(Homy (Cyy, K,)). Additionally, there are no nonzero
elements northwest from Fy" ~k=LE(=2) 1t follows that the spectral sequence

differential dj, : By F71F =2 _, prlnk=ml ey sero-map, and therefore
E;"ik*l’k(nfz) = 73. Choosing a field F of arbitrary characteristic, we see
that the Betti number of the entry Ej' ™™™ is equal to 2" —3 if n > 5, and
2" — 2 if n = 4. Since this does not depend on the choice of F, we conclude
that H™ ™ (Hom (Cpy, Kp,)) = B ™™ is equal to the direct sum of the
corresponding number of copies of Z, and hence By, , = 72" =3(nk —m) in
this case.

Finally, assume that m = 3k 4+ 1. In this case we have to deal with the
differentials from Eglik*lk(nfm = E;nik*l’k(nfz) = Z, and if n = 4, also
from E;nik’%*z = Zs. Let X4 denote Hom (Cy,, K,,), let X C X, be the
subcomplex consisting of all cells n such that |suppn| < m, and consider
the cohomology long exact sequence of the pair (X, X). Since the reduced
cohomology groups H* (X 4;7Z) are trivial in all dimensions except for nk — 1,
we find the following exact sequence inside the considered one:

0 — H™(Xy, X) — H" 1 (X)
L H"k_l(X+) - an_l(XJr,X) — H"k_Q(X) «— 0. (20.24)

The crucial observation now is that the map f is an inclusion map to a direct
summand. To see this, set Y := Homy (Cp,[V(Ci,) \ {1}], K) C X. By the
remark at the end of Example 1 in Subsection 11.2.3, and by the fact that
Hom | (Cp,, K;) ~ Ind (C,,)*™, we see that the inclusion map i : ¥V — X,
induces an isomorphism of the cohomology groups i* : H*(X ) — H*(Y). The
isomorphism map i"*~1 factors as H"*~1(X}) EN H™=Y(X) — H"™ 1Y),
since f itself is induced by the inclusion map X < X7T. It follows from
this factorization that f is an inclusion map to a direct summand, so the
sequence (20.24) splits in this sense.

Reinterpreting this for our original spectral sequence, we see that this
means that the differential dyyy : Ey' F~2H0=2) _ prolok=m+l ¢ 5 ero-
map, and that if n = 4, then the differential dj_; : E;n*k’%*2 — E;nfl’k is
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an isomorphism. This proves the “B part” as well as the rest of the “A part”
in this case. O

20.7 Bibliographic Notes and Conclusion

This chapter is almost entirely based on the papers [BK04] by Babson and
the author, and [Ko05b] by the author, also [Ko0O5a] can be useful to consult.
The notion of Hom; and the canonical spectral sequence connecting the Hom
and Hom; complexes were introduced in [BK04]. However, a technically sim-
pler presentation from which we have drawn here is [Ko05b], where also the
combinatorial theory of mills and grinding, which was necessary to complete
the computation, was developed.

We finish by mentioning that our goals for Part III of the book were lim-
ited. We wish merely to introduce the reader to the beautiful world of cell
complexes associated to graph homomorphisms (and more generally associ-
ated to collections of set maps), and to develop some basic structure theory
for these gadgets. Our choice of topics was in part motivated by the desire to
illustrate the various combinatorial techniques that were described in Part II
on a concrete set of examples. The subject of Hom complexes is very dynamic,
and much more research exists and is being produced in real time. Therefore,
we actively encourage the reader to consult the original sequence of papers
[BK03, BK06, BK04], the author’s survey [Ko05a], and perhaps most impor-
tantly the excellent papers by various authors, including but not limited to
[Cs05, CLO7, Cu06, CK06, CK05, Doc06, EH05, En06, Ko06a, Ko06b, Ko06e,
Ko06d, Ko07, Ko05b, P05, Su05a, Su05b, Su06, Ziv05b].
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basis theorem for abelian groups, 44

Betti numbers, 37, 39, 44

bidgree, 277

Borel construction, 263

Borsuk—Ulam theorem, 122

boundary operator, 39

bundle, 111

bundle isomorphism, 113

bundle map, 113

canonical projection associated to
a bundle, 111

category, 59

category of arrows of a category, 75

category of intervals, 164

category of objects above a certain
object, 74

category of objects below a certain
object, 74

cellular collapse, 189

cellular homology groups, 57

chain complex, 51

chain homotopy, 53

chain map, 52

characteristic class, 119

chromatic number, 294, 298

circular chromatic number, 300

classifying space of a group, 116

clique, 129

clique complex, 129

closed star of a simplex, 11

closure operator, 232

coboundary operator, 48

codomain, 60

cofibration, 101

cohomology groups, 48

coindex, 122

colimit, 71

colimit of a diagram, 260

collapse, 94

collapsing order, 183

comma category, 75

complete bipartite subgraph, 138

complex associated to a monotone
graph property, 225

complex of disconnected graphs, 234

complex of phylogenetic trees, 145

cone over a topological space, 21

coning, 12

connecting homomorphism, 78

constructible simplicial complex, 242

contravariant functor, 69

convex combination, 17

convex polytope, 25

coproduct in a category, 64

covariant functor, 69

covering of a topological space, 266

critical element, 181

cubical complex, 27

CW complex, 34

CW pair, 82

decomposition theorem, 186

decreasing map, 236

deformation retraction, 93

deleted product, 331

deletion of a simplex, 10

descending closure operator, 232

diagram map, 263

diagram of topological spaces, 259

diagram of topological spaces over
an arrow picture, 261

direct product of acyclic categories, 169

direct product of graphs, 66
directed graph homomorphism, 143



discrete configuration space, 144
discrete vector field, 180
domain, 60

Eilenberg-Mac Lane space, 116
EL-shellable poset, 217

elementary collapse, 94

elementary flip, 361

empty abstract simplcial complex, 8
Euler characteristic, 45
Euler—Poincaré formula, 45

evasive abstract simplicial complex, 229
evasive graph property, 226

exact sequence, 80

exact sequence map, 80

extreme corner, 363

face of a convex polytope, 25
face poset, 13

fiber, 111

fiber bundle, 111

filtration, 275

fixed-point-free involution, 120
flag complex, 129

flip, 361

fold, 323

forgetful functor, 68

formal deformation, 95

four-color theorem, 297
fractional chromatic number, 299
free chain complex with a basis, 201
full subcategory, 60

functor, 68

generalized nerve lemma, 270
generalized simplicial complex, 27
geometric join, 20

geometric polyhedral complex, 25
geometric realization, 16
geometric simplex, 16

geometric simplicial complex, 23
gluing data, 28

gluing lemma, 271

graph homomorphism, 140

grid path, 360

grinding, 362

Hadwiger conjecture, 297
homology groups of a chain complex, 51

Index 387

homology groups with coefficients in
a ring, 47

homology groups with integer coeffi-
cients, 40, 43

homotopic maps, 89

homotopy, 89

homotopy colimit, 262

homotopy equivalence rel A, 107

homotopy equivalent spaces, 90

homotopy extension property (HEP),
101

homotopy groups, 96

homotopy lemma, 265

homotopy test graph, 328

Hurewicz theorem, 99

incidence algebra, 175

increasing map, 236

independence complex, 129

index, 122

induced bundle, 113

induced subcomplex, 26

infinite-dimensional projective space,
121

initial object, 63

internal collapse, 181

intersection lattice, 131

interval in an acyclic category, 162

inverse of a morphism, 60

isomorphic objects, 60

isomorphism in a category, 60

isomorphism of abstract simplicial
complexes, 9

Kneser r-hypergraph, 307
Kneser conjecture, 301
Kneser cubical complex, 305
Kneser graph, 298

landmark points, 136

lattice, 66

Leray—Serre filtration, 276

LEX-condition, 219

LEX-labeling, 219

lexshellable, 219, 224

limit, 74

linear extension, 13

linear extension of an acyclic category,
152
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link of a simplex, 11

locally trivial fiber bundle, 111
long exact sequence of a pair, 83
Lovéasz complex, 134

Lovéasz conjecture, 337

Lovaész test, 303

Mobius function for acyclic categories,
174

Main theorem of discrete Morse theory
for CW complexes, 189

Main theorem of discrete Morse theory
for free chain complexes, 203

map between pairs, 83

mapping cone, 92

mapping cylinder, 91

mapping cylinder retraction, 110

marked arc, 356

matroid, 134, 138

Mayer—Vietoris long exact sequence, 86

mediocre chain, 221

millstones, 363

Milnor construction, 116

monotone graph property, 225

monotone map, 236

morphism between spectral sequences,
282

Morse complex, 202

NDR-pair, 103

neighborhood complex, 133

nerve diagram, 267

nerve lemma, 269

nerve of an arrow picture, 261

nerve of a category, 153

nerve of a covering, 267

nonevasive abstract simplicial complex,
229

nonevasive graph property, 226

open star of a simplex, 11

opposite category, 60

order complex, 130

order-preserving map, 153
orientation of a simplex, 41
Orlik—Solomon algebra, 147
Orlik—Solomon cochain complex, 147

pair of spaces, 82
paracompact space, 267

partial matching, 180

partial matching in a free chain complex
with a basis, 201

partition of unity, 267

patchwork theorem, 186

plus construction, 349

polyhedral complex, 26

poset, 12

poset fibration, 185

poset map with small fibers, 182

power graph, 321

principal bundle, 114

principal bundle classification theorem,
119

principal bundle map, 114

prodsimplicial complex, 28

prodsimplicial flag complex, 138

product in a category, 65

projection lemma, 268

pullback abstract simplicial complex, 16

pullback of a bundle, 113

pullback of a filtration, 276

pushforward abstract simplicial
complex, 15

Quillen lemma, 272
quotient chain complex, 78

reduced homology groups, 46
regular CW complex, 35
regular group action, 251
regular trisp, 30

relative homology, 83
retraction, 93

Rips complex, 135

Segal map, 268

sharp corner, 360
shellable complex, 211
short exact sequence, 80
simple homotopy type, 95
simplex, 7

simplicial join, 12
simplicial map, 9
simplicial pair, 82
simply connected, 98
singular homology, 50
sink, 71

small category, 60



small fibers, 182

source, 74

spherical bundle, 112

splitting sequence, 81

stable Kneser graph, 306

stack of acyclic categories, 156
stack of posets, 157

standard geometric realization, 16
standard simplex, 16

stellar subdivision, 13
Stiefel-Whitney class, 121
Stiefel-Whitney height, 123
Stiefel-Whitney test graph, 328
strong complement, 351

strong deformation retraction, 93
subcategory, 60

subcomplex of a CW complex, 34
subcomplex of a chain complex, 77
subspace retraction, 110
suspension, 21

symmetrizer operator, 338

tangent bundle, 113
terminal object, 63
thin torus, 364
torsion coefficients, 44
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torsion elements, 44
torsion-free, 44
torus front, 360
total space, 111
trisp, 28, 29

trivial bundle, 112

universal functor, 68

universal object associated to an acyclic
matching, 183

universality of Bip (G), 311

Van Kampen’s theorem, 97

vector bundle, 112

vertex-coloring, 294

vertex-critical graph, 306

vertex-decomposable simplicial
complex, 242

void abstract simplicial complex, 8

void trisp, 29

wedge of abstract simplicial complexes,
11

Whitehead’s theorem, 100

Whitney cohomology groups, 285

width of a torus front, 363

witness complex, 136



