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Preface

On a dit, écrivais je (ou a peu pres)
dans une préface, que la géometrie est
I’art de bien raisonner sur des figures
mal faites.

HENRI POINCARE [28]

In 1954, One hundred years after Henri Poincaré’s birth, there was a special session
during the International Congress of Mathematics, in the Netherlands, in honor of
this great mathematician. The Russian mathematician, Pavel S. Aleksandrov, cho-
sen to bring this about, started his speech by saying: «To the question of what is
Poincaré’s relationship to topology, one can reply in a single sentence: he created
it; but it is also possible to reply with a course of lectures in which Poincaré’s fun-
damental topological results would be discussed in greater or lesser detail> (see
[3]). This is in part what we set out to do in this book.

Topology is a branch of mathematics that deals with the study of the qualitative
properties of figures. Johann Benedikt Listing was among the first mathematicians
who dedicated themselves to studying geometry in this sense and in 1847, he pub-
lished a paper [23] in which he coined the term Topology. Bernhard Riemann’s
contribution to the birth of topology was also remarkable; after Riemann, Enrico
Betti [5] studied manifolds through an invariant that generalizes Euler’s for convex
polyhedra. Betti’s work provided Poincaré with the basis for his work in topology
(called Analysis Sitiis by Poincaré).

Poincaré realized the importance of his new theory and wrote some twelve pa-
pers on Analysis Sitlis; indeed, here is what he stated in the paper he wrote at the
request of the Swedish mathematician Gosta Mittag-Leffler [28]: <Quant a moi,
toutes les voies diverses oul je m’étais engagé successivement me conduisaient a
I"Analysis Sitds. J’avais besoin des données de cette science pour poursuivre mes
études sur les courbes définies par les équations différentielles et pour les étendre
aux équations différentielles d’ordre supérieur et en particulier a celles du probleme
des trois corps. J'en avais besoin pour I’étude des périodes des intégrales multiples
et pour ’application de cette étude au développement de la fonction pérturbatrice.
Enfin j’entrevoyais dans I’Analysis Sitiis un moyen d’aborder un probleme impor-
tante de la théorie des groupes, la recherche des groupes discrets ou des groupes
finis contenus dans un groupe continu donné.>

In his first paper on Analysis Sitiis, published in 1895 [27], Poincaré defined
manifolds in spaces with dimension greater than three and introduced the basic con-
cept of homeomorphism defined as the relation between two manifolds with the
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same qualitative properties (see [28]). From a more up-to-date point of view, we
may say that topology is the branch of mathematics concerning spaces with a cer-
tain structure (topological spaces), which are invariant under homeomorphisms; in
other words, functions that are injective, surjective, and bicontinuous. The concept
of homeomorphism allows us to group topological spaces into equivalence classes
and consequently, to know in practical terms whether two of them are equal. This is
the main purpose of topology.

This book consists of six chapters. In the first one, we present the basic con-
cepts in Topology, Group Actions and Category Theory needed for developing the
remainder of the book. The part concerning Category Theory is especially impor-
tant since this book has been set in categorial terminology. This chapter could also
serve as a basic text for a mini-course on General Topology.

In the second chapter, we study the category of simplicial complexes Csim, and
two important covariant functors: the geometric realization functor from Csim to
the category of topological spaces, and the homology functor from Csim to the cat-
egory of graded Abelian groups. The geometric realization — |K| — of a simplicial
complex K is a polyhedron, assumed to be compact throughout this book. This is
the chapter closest to Poincaré’s initial paper. The Swiss mathematician Leonhard
Euler was among the first ones to study one- and two-dimensional simplicial com-
plexes; indeed, he used one-dimensional simplicial complexes and their geometric
realization (graphs) in the famous problem about the seven bridges of Konigsberg;
later on, he also used two-dimensional simplicial complexes when he noticed that
the relation

v—e+f=2,

—where v is the number of vertices, e is the number of edges, and f is the number of
faces — holds for every convex polyhedron in the elementary sense (namely, every
edge is common to two faces and every face leaves the entire polyhedron to one of
its sides).

By defining the so-called Betti Numbers for polyhedra of any dimension, Enrico
Betti gave an initial generalization to the relation above; these are invariant under
homeomorphims and, therefore, useful for classifying polyhedra. Based on these
numbers, Poincaré developed a more complete characterization of polyhedra; in
fact, in his 1895 [27] paper, Poincaré linked the Betti numbers to certain finitely
generated Abelian groups associated with a polyhedron (integral homology groups
of the polyhedron) and pointed out that the Betti numbers are ranks of homology
groups. However, since homology groups are finitely generated Abelian groups,
besides its free part (the one which gives its rank) they also have a torsion part; this
too is an invariant by homeomorphisms. The combination of Betti numbers and
torsion coefficients allows for a more complete analysis of polyhedra.

In Chap. II, homology groups are considered strictly from the simplicial point of
view; in other words, the geometric structure of polyhedra is overlooked. In order
to develop the theory (which is, at this point, of algebraic nature), one needs to
define concepts in Homological Algebra (a branch of Algebra that sprang partly
from Algebraic Topology): among other things, we prove the important Long Exact
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Sequence Theorem in Sect.II.3, and in Sect.II.5 we define homology groups with
coefficients in an arbritary group. The Long Exact Sequence Theorem appears in
simplicial homology in the case of a pair (K,L) of (oriented) simplicial complexes
where L is a subcomplex of K; in fact, we may define an exact sequence of Abelian
groups

Hy (i) qx(n)

o= Ho(D) ™ (k) MY B (K L) 2 H (L) —

where H,, (K, L) are the relative homology groups.

The homology of polyhedra is defined in Chap.III which is, therefore, more
geometric in nature than the previous one. The Simplicial Approximation The-
orem (first proved by the American mathematician James Wadell Alexander [1])
provides the means by which one can pass from a simplicial approach to a geomet-
ric one. In practice, this theorem states that every map between two polyhedra may
be “approached” by the geometric realization of a simplicial function between two
triangulations of the polyhedra (reminding that any continuous curve on a plane can
be approached by a polygonal line). The Long Exact Sequence Theorem appears
also in this chapter, but here, the relative homology groups have a clearer meaning,
since pairs of polyhedra (|K|, |L|) have the Homotopy Extension Property, which al-
lows us to prove that the group H, (|K]|, |L|) is the homology group of the “quotient”
polyhedron |K|/|L|. Samuel Eilenberg and Norman Steenrod [13] provided the for-
mal method needed for constructing the long exact sequence of a pair of simplicial
complexes or of polyhedra.

This chapter also contains an important application of the homology of polyhe-
dra to the Theory of Fixed Points, namely, the Lefschetz Fixed Point Theorem, as
well as several corollaries such as the Brouwer Fixed Point Theorem and the Fun-
damental Theorem of Algebra.

Computing homology groups of a polyhedron may pose serious difficulties, as
in the case of the projective real spaces RP". This is why we define block ho-
mology, based on ideas found in two classical books: Seifert—Threlfall [30] and
Hilton—-Wylie [17]. In closing this chapter, we dedicated Sect. I11.6 to the proof of
Eilenberg—MacLane’s Acyclic Models Theorem [12], which allows us to compute
the homology groups of the product of two polyhedra in terms of the homology
groups of its factors. Somehow, this problem was already solved by H. Kiinneth
[21] in 1924, when he established a relation between the Betti numbers and torsion
coefficients of the product with the ones of each factor; the main difficulty resided
precisely in strengthening Kiinneth’s result by describing it in terms of homology
groups. The paper [12] is one of the first written in terms of category theory, created
in 1945 by Samuel Eilenberg and Saunders MacLane [11].

In Chap. IV we study cohomology: the homology groups

H,(K;Q)

of an oriented complex K with rational coefficients have the structure of vector
spaces on the rational field and may, therefore, be dualized. The possibility of
dualizing such vector spaces led several mathematicians to consider “dualizing”
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homology groups, also when the coefficients are in an arbitrary Abelian group G.
One of the first to study this possibility was James W. Alexander [2]; Solomon
Lefschetz [22] wrote a detailed account of this paper. The new homology theory
was soon called cohomology (it seems that it was Hassler Whitney [35] who coined
this new term). As we might expect, the cohomology groups H"(|K|;Z) of a poly-
hedron |K| are contravariant functors. The cohomology groups of a polyhedron
are related to its homology groups by the Universal Coefficient Theorem; its proof
(in terms of homologycal algebra) is given in this chapter. The cohomology of a
polyhedron is an invariant stronger than the homology, since the cohomology with
coefficients in a commutative ring with identity element (for instance, the ring of
integers Z.) is also a ring. The product in such a ring is called cup product. In this
way, we may obtain more precise information on the nature of the polyhedron. This
chapter also introduces the cap product which is a bilinear relation of the type

N: HP(K:Z) x Hyy (K1 Z) — Hy(IK|:Z) ;

the cap product will be used in Chap. V for proving Poincaré’s Duality Theorem.

Chapter V is divided into three sections: Manifolds, Closed Surfaces, and
Poincaré Duality. In the first one, we introduce n-dimensional manifolds (without
boundary) and triangulable n-manifolds. Then, we study closed surfaces, namely,
path-connected, compact 2-manifolds: by a theorem due to Tibor Rad6 [29], these
surfaces are triangulable. We prove that these manifolds can be classified into three
types: the sphere S2, the connected sums of two-dimensional tori (the torus 72 and
spheres with g handles), and the connected sums of real projective planes. Subse-
quently, by using block homology with coefficients in Z, we prove that these three
kinds of spaces are not homeomorphic. Finally, we prove Poincaré’s Duality The-
orem for connected, triangulable, and orientable n-manifolds V, that is to say, for
triangulable n-manifods V such that H,(V;Z) = Z. This very important theorem
states that for every 0 < p <n, H" P(V;Z) = H,(V;Z) holds true.

In the last chapter (Chap. VI), we introduce another very important functor, from
the category of polyhedra to that of groups (not necessarily Abelian), namely, the
fundamental group, defined by Poincaré (see [27]). Next, we study a family of
functors from the category of polyhedra to that of Abelian groups; we are talking
about the (higher) homotopy groups m,(|K|,xo) with n > 2. Only after Heinz Hopf
wrote his 1931 paper [18], did mathematicians show interest in higher homotopy
groups. In this paper, Hopf proved the existence of infinitely many different homo-
topy classes of maps from S to S? (Satz 1); indeed, the isomorphism 73 (52, eg) = 7,
(see [26]) is deduced from the exact sequence of homotopy groups associated to the
fibration $3 — $? with fiber S'.

It is interesting to note that higher homotopy groups had already been introduced
by Eduard Cech [6] during the Ziirich International Mathematics Congress, in 1932;
after that, Witold Hurewicz [19] studied these groups in depth. We approach homo-
topy groups by considering the set [S",|K]]. of all based homotopy classes of all
maps S" — |K| of a polyhedron |K| and providing this set with a group operation,
by means of a natural comultiplication of S” (this is a map from S” to the wedge
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product §” V. §"). In this way, we bring about two endofunctors X and €2 of the
category Top, of based spaces, namely, the suspension functor and the loop space
functor; this idea is based on the work of Beno Eckmann and Peter Hilton ([9], for
instance). We close this chapter (and the book) with a small section on Obstruc-
tion Theory which combines cohomology and homotopy groups; Samuel Eilenberg
[10] created this theory when researching the possibility of extending maps from a
subpolyhedron of a polyhedron to the polyhedron itself.

Sections I1.3, I1.5, II1.6, and IV.1 could be the basis for a course on Homological
Algebra, a theory developed from the study of the homology of polyhedra; for fur-
ther reading on this subject, we suggest either the book by Karl Gruenberg [15] or
the book by Peter J. Hilton and Urs Stammbach [16].

In its first century of existence, Algebraic Topology has made remarkable pro-
gress, giving rise to new theories in mathematics, forging its way into various other
mathematical branches, and solving seemingly unrelated yet important problems.
The reader could, therefore, wish to go farther into this subject and so we give here
some suggestions for further reading: we recommend the books by Peter Hilton and
Shaun Wylie [17] (the reader may, at first, have some difficulty with its notation),
Albrecht Dold [7] (a classic), and Edwin Spanier [32].

For the readers who wish to learn Homotopy Theory in more depth, we suggest
the book by George Whitehead [33]. Finally, for reading on topological spaces and
cellular structures in topology (CW-complexes), we recommend the book by Rudolf
Fritsch and Renzo Piccinini [14].

The chapters of this book were developed from the material taught in the under-
gradute courses on higher geometry given by the authors at the University of Milano
and the University of Milano—Bicocca. A first version was prepared by R. Piccinini
some years ago, when he was a professor at the University of Milano—Bicocca. This
volume is essentially the revision and completion of that material. Our many thanks
to several colleagues and friends who have read the rough copy and made worth-
while suggestions: Keith Johnson, Sandro Levi, Augusto Minatta, Claudio Pacati,
Robert Paré, Petar Pavesic¢, Nair Piccinini, Dorette Pronk, Alessandro Russo, Mauro
Spreafico, and Richard Wood. Our colleague Delfina Roux must be thanked for hav-
ing read with great attention the first draft of this volume, correcting the errors of
language in the first Italian draft.

We conclude with our sincere thanks to the referees for their excellent work and
remarkable patience in pointing out the many flaws in the manuscript; their sugges-
tions have greatly improved the final text.

Milano 2008 Davide L. Ferrario, Renzo A. Piccinini

Knowledge is of two kinds. We know a subject ourselves,
or we know where we can find information upon it.

SAMUEL JOHNSON
(Letter to Lord Chesterton, February 1755)
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Chapter I
Fundamental Concepts

1.1 Topology

I.1.1 Topological Spaces

Let X be a given set. A ropology on X is a set Ll of subsets of X satisfying the
following properties:

Al 0,X € 4
A2 if {Uy| o € J} is a set of elements of 4, then

UUa ey

ocl

A3 if {Uy| oo =1,...,n} is a finite set of elements of 4L, then

() Uq € 4.

o=1

A topological space or, simply, a space is a set X with a topology. The elements of
31 are the open sets of X; axioms A1, A2, and A3 above state that @, X are open sets,
that the union of any number of open sets is open, and that the intersection of any
finite number of open sets is open.

The complement of an open set is a closed set and, therefore, @ and X are both
open and closed sets. A topology 4l may also be studied (and characterized) through
the set of all closed subsets of the topological space. Let € be such a set; by defini-
tion, a set C is closed in X if and only if its complement X \ C is open in X, and we
write

CelC = X~Cetl

Moreover, the set € of all closed subsets satisfies the following properties which
characterize any set of closed sets of X:

D.L. Ferrario and R.A. Piccinini, Simplicial Structures in Topology, 1
CMS Books in Mathematics, DOI 10.1007/978-1-4419-7236-1_1,
© Springer Science+Business Media, LLC 2011



2 I Fundamental Concepts

Cl 0,X €¢,
C2 if {Uy | =1,...,n} is any finite set of elements of €, then
n
YJUaee
a=1

(in other words, any finite union of closed sets is a closed set);
C3 if {Uy | o € J} is any set of elements of €, then

NUs€€

acJ
(in other words, any intersection of closed sets is a closed set).

For any space X, the closure Y of a subset Y C X is the intersection of all closed
subsets of X which contain Y it is, obviously, the smallest closed subset containing
Y, and Y € €. The interior ¥ of Y is the union of all open subsets of X contained
in Y; it is the largest open set contained in ¥, and ¥ € $1. The following lemma is a
useful characterization of the closure of a set.

(I.1.1) Lemma. LetY C X, then y € Y if and only if every open set U containing y
intersects Y.

Proof. In fact, if UNY = 0, then X \ U is a closed subset of X which contains Y;
since y belongs to the closure of Y, it follows that y € X \ U, a contradiction.

Conversely, suppose that there exists a closed set C C X containing ¥ and which
does not contain y. Then X \ C is an open set,y € X \C, and (X \C)NY =0, a
contradiction.

For any set X, there are two topologies that come immediately to mind:

1. The discrete topology whose open sets are all the subsets of X, that is to say,
U4 = P(x) =2%.
2. The trivial topology with U = {0,X}.

Clearly, 4 O $I* and this fact brings to mind the idea of comparing two topolo-
gies on the same set: we shall say that topology i’ is finer than topology $4if U’ D 81;
hence, the discrete topology of X is finer than the trivial one.

A set B of subsets of X is a basis for a topology on X or a basis of open sets for
X if:

B1 Foreachx € X, thereis a B € *B such that x € B (that is to say, X = Ugcgs B)-
B2 If B|,B; € 8 and B N B, # 0, then for each x € B; N B, there exists B3 € B
such that x € B3 C B; N B;.

A basis B generates a topology il on X automatically, by requiring that U C X
be open in the topology 4l if, and only if, for each x € U, there exists B € 4 such that
x € B C U; formally,

Uell < (VxeU)(F3BeB)xeBCU.
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We need to show that, with this definition, the set £l of open sets satisfies properties
Al, A2, and A3 for open sets. Property Al is easily verified. Let us prove now
that A2 is true: let {Uy | o € J} be a set of elements of 4{; we want to show that
U =UgesUa € Y. In fact, for each x € U there is & € J such that x € Uy; hence,
there is a B € B such that x € B C U, C U. We prove A3 by induction. Let us
consider two elements U;,U, € 4. If Uy NU, = 0, then U; NU, € 4. Otherwise,
for each x € U; NU,, we may find two sets By,B, € ‘B such that x € By C U; and
X € By C Uy; since B is a basis, there exists an element B3 € B such that x € B3 C
B1NB;. We conclude that x € B3 C Uy NU, and so, U NU, € 4. Suppose now that
A3 holds for any intersection of n — 1 elements of 1. Let Uy, Us,...,U, be elements
of U; we write

and note that ﬂ?;ll U; € U by the induction hypothesis; hence, the intersection of
all the given elements U; belongs to (. We also note that all elements of a basis
are elements of the topology it generates (that is to say, all elements of a basis are
automatically open).

We give now an important example of a topological space which illustrates well
the concepts given so far. Let R" be the Euclidean n-dimensional space, namely,
the set of all n-tuples x = (x1,...,x,) of real numbers x;. Letd: R" x R" — R"
be the function defined in the following manner: for each x = (xy,...,x,) and y =
(V15-+5Yn) in R,

n

d(x,y) = [ D (xi = yi)%.

i=1
This function, called Euclidean distance (or metric) has the following properties:
(Vx,y € R") d(x,y) = d(y,x),
dx,y) =0 <= x=y,
(Vx,y,z € R") d(x,2) <d(x,y) +d(y,2).

For every x € R” and every real number € > 0, we define the n-dimensional open
disk (or open n-disk) with centre x and radius € as the set

Di(x)={yeR"|d(x,y) <€} .
The set
B={Di(x)|xeR", >0}

is a basis for the Euclidean topology of R". In fact, it is evident that condition
B1 above holds; let us prove condition B2: let D (x) and Do’g (y) be two elements
of B with non-empty intersection; for each z in this intersection, consider the real
numbers ¥} = € —d(x,z) and p» = 8§ — d(y,z); let i be the minimum of 9; and 7.
Then, as we can see from Fig. I.1,

z€ Di(z) C Di(x) NDj(y).
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Fig. 1.1

The topology i generated by a basis B may be described in another way:

(I.1.2) Lemma. Let X be a set, let *B be a basis of open sets of X, and let 3\ be the
topology generated by *B. Then, 3\ coincides with the set of all unions of elements
of ‘B.

Proof. Given any set {Uy | 00 € J, Uy € B} of open sets of the basis 9B, since all
elements B in are open sets and 4l is a topology, the union (J,c; Uy is also open.
Conversely, given U € 4L, for each x € U, there exists B, € B such thatx € B, C U.
Therefore, U = |J,¢p B, that is to say, U is a union of elements of ‘B.

We now look into the concept of sub-basis. A set of subsets & of X is a sub-
basis for X if the union of all elements of & coincides with X (in other words, if
property B1, given above, holds). The next result provides a good reason to work
with sub-bases.

(I.1.3) Theorem. Let S be a sub-basis of a set X. Then, the set 3 of all unions of
finite intersections of elements of S is a topology.

Proof. 1t is enough to prove that the set 8 of all finite intersections of elements of
G is a basis and then apply Lemma (I.1.2).

B1: For each x € X there exists B € & such that x € B; however, B € B, since all
elements of & are elements of 5.

B2: Given By = (., C} and B, = f Cjz. in 9B, the property holds because

n m
BiNB; = (ﬂc}) n <ﬂ cf) €B.
i=1 j=1

Clearly, any basis is a sub-basis. For instance, the set {{x}|x € X} is a sub-
basis for the discrete topology on X as well as a basis for that same topology. On
the contrary, the family of all open intervals of IR with length 1 is an example of a
sub-basis that is not a basis. Property B1 holds but not property B2. The basis it
generates consists of all open intervals of R and we have, therefore, the Euclidean
topology.

Let X and Y be two topological spaces with respective topologies 4 and 0. The
product topology of the set X x Y is generated by the basis

B={UxV|Uecl, Ve
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Let X be a topological space with topology 1. A subset A C X canonically inher-
its a topology from 2(, namely, the induced topology in A whose open sets are the
intersections of the open sets of X with A:

B={UNA|U eU}.

(I.1.4) Lemma. Let X be a topological space with topology A\, Y be a set, and
q: X — Y be a function. The set of subsets with anti-images open in X

B={UcCY|qg ' (U)eu}
is a topology on'Y.

Proof. We need to verify axioms Al, A2, and A3.
Al: g7l (0)=0€e, g (V) =X el
A2: It holds because

g (U Ua> = Ja ' Ua).

oacJ ocJ

A3: Likewise,

g (ﬁ%) = ﬁq_l(Ui)-
i1 i—1

When the function g is a surjection, the topology U of Y, defined above, is called
the quotient topology on Y induced by q. We note that the set Y could be given by a
partition of X in disjoint classes whose union is precisely X. To make this fact clear,
we now give three examples.

(I.1.5) Example. Let D> = {(x,y) € R?|x?>+y? < 1} be the two-dimensional unit
disk with boundary S = {(x,y) € R?|x? +y* = 1} (one-dimensional sphere). Let
D2 be the set whose elements are

1. {(x,y)} for the points (x,y) € D* such that x* +y* < 1
2. {(x,y),(—x,—y)} for the boundary points (x,y) € S'

in this case, we say that the boundary points (x,y) and (—x, —y) are being identified,
as in Fig.1.2. In this way, we obtain the topological space D%, with the quotient
topology induced by the epimorphism (that is to say, by the surjective function)
g: D* — D2 this is the real projective plane RIP>. We shall return to this mean-
ingful example in Sect. [.3.

(I.1.6) Example. Consider /2> =1 x I (I is the unit interval [0, 1]) with the product

topology. Let us now take the set /2 whose elements are the following sets (see also
Fig.1.3):

L {(x,»}if0<x<1,0<y<1
2. {(x,0),(x, )}, ifO<x <1
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(z,y)

(_Iv _y)
Fig. 1.2

(0.1) (1.1)

(0,0) (1.0)  Fig. 1.3

3. {(0,y),(L,y)},if0<y<1
4. {(0,0),(1,0),(1,1),(0,1)}

The set 12 is a partition of /2; let I2 be the space with the quotient topology given
by the surjection ¢: I> — I2 which takes every (x,y) € I? in its own class. Later on
in this section, we shall prove that /2 may be viewed as the two-dimensional torus
T2 =8!x S

(I.1.7) Example. Let us take the unit disk D? once more and let D2E be the set with
the following elements:

1. {(x,y)} for the points (x,y) € D? such that x> +y? < 1
2. {(x,y),(x,—y)}, for the points (x,y) € D? such that x> +y? = 1

(see also Fig. 1.4). We shall prove later on that the space D2 with the quotient topol-
ogy induced by the surjection ¢: D> — D2 may be viewed as the two-dimensional
sphere $? = {(x,y,z) € R?*|x* +y* + 22 = 1}.

The reader must have realized that we may describe the previous situation by
means of an equivalence relation: let = be an equivalence relation in a space X ; this
relation defines a surjection

q: X —X/—

on the set of equivalence classes (a partition of X) which determines the quotient
topology on X/—.
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(z, v)

r, -y
( ) Fig. 1.4

Between topological spaces, it is natural to consider the functions which are con-
tinuous. Let X, Y be topological spaces with the topologies { and U, respectively.
A function f: X — Y is said to be continuous (or a map) if for every open set V of
Y, f~1(V) is an open set of X; formally, we write

f continuous <= (VV € ) f~ (V) e 4L

It is easily proved that the constant function f: X — Y ata point yy € Y (in other
words, f(x) = yp for all x € X) is continuous: In fact, for each open set V of ¥,
f~Y(V) is either X or @, which are open. It is also easy to see that the identity
function 1x: X — X (namely, 1y (x) = x for each x € X) and the inclusion function
ig: A — X of a subspace A of X are continuous.

We add another example to this list: let g: X — Y be a surjection from a topolog-
ical space X on a set Y; let us now give Y the quotient topology; by the definition of
quotient topology and Lemma (I.1.4), we conclude that the function ¢ is continuous.
We may also describe the concept of continuity locally; in a more precise manner,
we say that f: X — Y is continuous at the point x € X if for each open set V of
Y containing f(x) (in other words, such that f(x) € V) there is an open set U of X
containing x such that f(U) C V.!

(I.1.8) Theorem. A function f: X — Y is continuous if and only if it is continuous
at every point x € X.

Proof. Suppose that f is continuous. Let 4 and U be the topologies of X and Y,
respectively; let x € X and let V be a neighbourhood of f(x). Then,

xeU=f'(V)ed, fU)=f (V) cV

and, therefore, f is continuous at x.
Conversely, suppose that f is continuous at every x € X, and let V be any open
set of Y; we want to prove that U = f -1 (V) is an open set of X. Indeed, for every

! Open sets containing a point x are called neighbourhoods of x.
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x €U, f(x) € V and, since f is continuous at x, there is an open set U, of X such
that x € Uy and f(Uy) C V. Consequently, for each x € X, x € Uy C U and so

vc|Ju.cu,

xeX

that is to say, U = [J,cx Uy; this leads to the conclusion that U is open, as a union of
open sets of X.

The continuity of a function between two topological spaces may be character-
ized in two other ways, as follows.

(I.1.9) Theorem. Let X and Y be topological spaces and f: X — Y be a function.
The following conditions are equivalent:

1. The function f is continuous.
2. Forevery subsetU C X, f(U) C f(U).
3. For every closed subset C of Y, f~1(C) is closed in X.

Proof. 1 =-2. Assume that f is continuous; we want to prove that f(x) € m for
every x € U. Let V be a neighbourhood of f(x); since f is continuous, f~' (V) is an
open set of X which contains x € U and thus, f~' (V)N U # 0 (see Lemma (I.1.1)).
2 = 3. Assuming C C Y to be closed, we want to prove that the anti-image F' =
f -1 (C) is closed in X. Since F C F, we have to prove that, for every x € F,x€F.
In fact,

f) e f(F)cfF)cC
(the last inclusion is due to the fact that f(F') C C) and so,

xef(C)=F.

3 = 1. Let V be any open set of Y. It follows from condition 3 that =1 (Y \ V) is
closed in X. We now note that

V) = N V) = £ )N S ) =X )
and this last set is open in X.

(1.1.10) Corollary. Given two topological spaces X and Y, where X = C; UC; is
the union of two subspaces Cy and C; closed in X, let f: X — Y be a function whose
restrictions to the closed sets Cy and C, are continuous. Then, f is continuous.

Proof. Let us write fj = f|C) and f, = f|C;. For each closed setV C Y,
v =r'vustm).

By the previous theorem, f; ' (V) and £, ' (V) are closed in X; therefore, £~ (V) is
closed in X and, consequently, f is continuous.

If the function f: X — Y is bijective (injective and surjective), then there ex-
ists an inverse function f~!': ¥ — X such that f~! f = 1y (the identity function
from X onto itself) and ff ~1 = 1y; in this case, if also f —1 is continuous, we say
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that f is a homeomorphism between X and Y. A homeomorphism is really a 1-1
correspondence between points of X and Y which induces an 1-1 correspondence
between their respective topologies (that is to say, between the open sets of X and
the open sets of Y). In practice we make no distinction between two homeomor-
phic spaces. Let g: X — Y be a surjection from a space X onto a space ¥ with the
quotient topology induced by g. Then the function ¢ is continuous; the function
q: X — Y is called quotient map.
The next result provides a link between homeomorphisms and quotient spaces.

(I.1.11) Lemma. Let f: X — Y be a homeomorphism and let =x, =y be equiva-
lence relations in X and Y, respectively. Then X | =x andY | =y are homeomorphic,
provided that

x=x ¥ = () = f()

Proof. Consider the following commutative diagram (that is to say, such that
Fax =qvf)
x— sy
qax qy

X/EX ........ F> Y/EY

where F is defined as follows: for each [x] € X,— , F([x]) := [f(x)]. F is a function:
if x =x X/, then f(x) =y f(x’) and therefore the entire class [x] is transformed univo-
cally into class [f(x)]. Since the composite function gy f is continuous, so is Fgx;
but the space X/ =x has the quotient topology and therefore (see and do Exercise 7
on p. 27) F is continuous.

At this point, let us consider the inverse function f ~l. y — X and, as in the case
of f, let us construct the function

F'eYmy = Xmp F(O) = [ 0)

for [y] €Y/ =y. Also F’ is a function, for the same reason given for F.
The function F’ defined above is also continuous and

F'F =1y, FF =1y,

in other words, F' is a homeomorphism.

1.1.2 Connectedness

(1.1.12) Theorem. Let X be a topological space. The following statements are
equivalent:

(i) The empty set O and the set X itself are the only two subsets of X that are both
open and closed.
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(ii) X is not the union of two non-empty subsets U and V, which are open and
disjoint.

(iii) Let {0,1} be the discrete topological space with exactly two points; then
any continuous function f: X — {0,1} (also called a two-valued map) is
constant.

Proof. (i) = (ii): Suppose that X = U UV with
U#0,V#0 and UNV =0.

Then, the subset V = X \ U is not empty and is both open and closed, in contradic-
tion to (7).

(if) = (iii): Let f: X — {0,1} be a continuous function that we assume not to be
constant. Since {0} and {1} are open in {0, 1} and f is continuous, U = f~!({0})
and V = f~1({1}) are open in X; moreover, UNV =0 and U UV = X, which
contradicts (if).

(iif) = (i): Let U be a non-empty, proper subset of X, both open and closed. Then

X=UUX-\U)

with X N U # 0 and UN (X \U) = 0. We now define the function f: X — {0,1}
by f(U) =0and f(X \U) = 1. This function is continuous but not constant, con-
trary to (iif).

A topological space that satisfies one of the equivalent conditions of Theo-
rem (I.1.12) is said to be connected. Condition (iii) is probably the most useful;
here are some of its applications, joined in a single theorem.

(1.1.13) Theorem. The following results are true:

1. Let f: X — Y be a continuous function, where X is connected; then the image
F(X) is a connected space.

2. Let {X;|j € J} be a set of connected subspaces of a space X with (\;X; # 0;
then X =\J; X is a connected space.

3. If X and Y are connected, then X X Y is connected.

Proof. 1. Letg: f(X)— {0,1} be any two-valued map; the map gf: X — {0,1}is
two-valued and, because X is connected, gf is constant; it follows that g is constant.
This result shows in particular that if X is connected and Y is homeomorphic to
X, also Y is connected.
2. Let f be a two-valued map of X, and let x; € X; and x 7 €Xp be given arbitrarily;
furthermore, let us choose any pointy € X; N X - Since X; and X 1 are connected,
f(xj) = f(y) and f(x;) = f(y); therefore, f(x;) = f(x;/) and we conclude that the
map f is constant.
3. Let f: X xY — {0, 1} be a map; in order to prove that f is constant, we choose
(x,y),(x',y") € X x Y arbitrarily; the space {x} x Y is homeomorphic to Y and is,
therefore, connected; it follows that f(x,y) = f(x,y’). Similarly, we prove that

fxy') = f(¥,y'). Then, f(x,y) = f(x',)").
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We recall that an interval of R (or more generally, of an ordered set) is a subset
A C R such that, for each a,b,x € R with a < x < b, if a,b € A, we have x € A.
Real line intervals are important examples of connected spaces, as shown by the
next theorem. It is not difficult to prove that every (non-empty) interval of R must
be of one of the following types.” The set

[a,b)={xeR|a<x<b}
is the closed interval with end-points a, b; the set
(a,b)={xeR|a<x<b}
is the open interval with end-points a, b; the sets
(a,b)={xeR|a<x<b}and [a,b)={xeR|a<x<b}
are semi-open intervals. The sets
(a,4) ={xeR|a<x}, [a,+)={xeR|a<x},
(—eo,b) ={xeR|x<b}le(—oo,bl={xeR|x<b}
are infinite intervals (and naturally R, = (—oo,00) is the maximal interval).

(I.1.14) Theorem. Any interval of R is a connected space.

Proof. Let X C R be a closed interval, say X = [a,b]. Let U # 0 be a subset of X,
both open and closed; we wish to prove that U = X. Since U is open in X, we may
choose u € U such that u € X. Let

s=sup{x € X|[u,x) CU};

clearly, u < s. We prove that [u,s) C U. Indeed, for each v € [u, s), there exists x € X
such that v < x and [u,x) C U; hence, v € U. We now prove that s = b. In fact, if
s # b, then s < b; since U is closed in X, we conclude that s € U and so, [u,s] C U.
However, U is also open and consequently there is € > 0 such that [u,s+¢€) C U;
but this contradicts the definition of least upper bound. It follows that s = b and
[u,b) C U. Similarly, (a,u] C U which implies that X = (a,b) C U C X, and we
conclude that U = X.

The reader may verify that this proof applies to the other types of interval (open,
semi-open or infinite); alternatively, once every finite or infinite, open or closed
interval is the telescopic union of a sequence of closed intervals, for instance,

e0=Yli)

the remainder of the proof follows from part 2 of Theorem (I.1.13).

2 It is enough to consider the extrema of the interval @ = infA and b = supA, if they exist. If infA
does not exist, set a = —eoo; if supA does not exist, set b = +oo.
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In particular, the real line R is connected.
The previous theorem has a converse:

(I.1.15) Theorem. Any connected subspace of R is an interval.

Proof. 1f X C R is not an interval, we can find real numbers a,b € X and ¢ € X such
that a < ¢ < b. In this case,

U= (—o,c)NXandV =XN(c,+oo)

are non-empty (a € U and b € V), open in X, disjoint, and such that X = U UV.
Then X is not connected, contradicting the hypothesis.

The last two theorems have an immediate and interesting consequence:

(I.1.16) Corollary. Let X be a connected space and f: X — R be a map. Then
f(X) is an interval.

(I.1.17) Remark. The concept of connectedness provides a simple method for es-
tablishing when two spaces are homeomorphic. The criterion goes as follows: sup-
pose that f: X — Y is a homeomorphism; then, for every x € X, the restriction of f
to X \ {x} is a homeomorphism from X \ {x} onto ¥ \ {f(x)}; therefore, X \ {x}
is connected if and only if ¥ ~ {f(x)} is connected.

So, how does this method work? We wish to prove, for instance, that a semi-open
interval (a,b] cannot be homeomorphic to an open interval (c,d). Suppose that a
homeomorphism f: (a,b] — (c,d) could exist; then, we would have a homeomor-
phism

(a,b) = (a,b] ~ {b} = (c,d) ~ {f(b)}

which is impossible, for the first space is connected (it is an interval), but the second
is not!

Here is an useful result.

(1.1.18) Theorem. Let X be a topological space and A one of its subspaces such
that its closure in X coincides with X. Then, if A is connected, so is X.

Proof. Let f: X — {0,1} be a two-valued map of X. Its restriction f|A is a two-
valued map of A and, since A is connected, f]A is constant; we may suppose that
f|A = 0 with no loss in generality. On the other hand, since A = X and f is contin-
uous, we have

f(&) C f(4) = {0} = {0}
and so f is constant in X. Therefore, X is connected.

(I.1.19) Remark. Let X be a topological space and x be one of its points; let
{Xj,j € J} be the set of all connected subspaces of X which contain x; then, by
Theorem (I.1.13) (part 2), the union
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CGo=UX;
jel

is a connected space that contains x, known as a connected component of x. The
space Cy is maximal in the sense that if a subset M C X is connected and contains Cy,
then C;, = M (in other words, the connected component Cy is the largest connected
subspace that contains x). Moreover, C; is a closed subspace of X; in fact, by
Theorem (I.1.18), C, is connected and since C; C Cy, then Cy = Cy. The connected
components of two points x,y € X are either disjoint or coincide: in fact, if z €
C; NGy, the subspace C, UC, is a connected subspace of X that contains both spaces
C; and C,; but the connected components are maximal and so C, = C;UC, = C,.
From this fact, we conclude that the relation “x,y € X are in the same connected
component” is an equivalence relation. Therefore, a topological space X is a disjoint
union of maximal, closed, connected subspaces. A space is connected if and only if
it has only one connected component.

Finally, we note that two topological spaces with different numbers of con-
nected components cannot be homeomorphic. This is another criterion for verifying
whether two spaces are homeomorphic.

There is another type of connectedness, called path-connectedness. A path in a
topological space X is a map f: [0,1] — X; two points xo,x; € X are joined by a
path if there is path f of X such that f(0) = xp and f(1) = x;. We say that a space
X is path-connected if and only if any two points xp,x; € X may be joined by a path
in X.

The results of Theorem (I.1.13) hold true for path-connectedness; as a matter of
completion (and to follow the preceding model), we present these results as a single
theorem.

(I.1.20) Theorem. The following statements are true:

1. Let f: X — Y be a continuous function, where X is path-connected; then the
space f(X) is path-connected.

2. Let {Xj|j € J} be a set of path-connected subspaces of a space Y, with
N X;j # 0; then X =, X is a path-connected space.

3. If X and Y are path-connected, then X X Y is path-connected.

Proof. 1. Given any two points yg,y; of f(X), we choose xg,x; € X such that yp =
f(xo0) and y; = f(x;). Because X is path-connected, there is a path g: [0,1] — X
such that g(0) = xo and g(1) = x;. So, the path fg: [0,1] — f(X) links yo to y; and
f(X) is, therefore, path-connected.

In particular, if a space X is path-connected, any space ¥ homeomorphic to X is
path-connected.
2. Given any two points xp,x; € X, suppose that xo € X;, and x| € X;;; let a €
X;, NX;,. By the hypothesis, there are two continuous functions

fo: [0,1] =X, , fo(0) =xo, fo(1)
fii [0,1] = X;, , fi(0)=x1, fi(l)=

a,
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We now define the function f: [0,1] = X
e 0.1 s = {00

Since f(%) = fo(1) = f1(0) = a, it follows from Corollary (I.1.10) that the function
[ is continuous. However, f(0) = xo, (1) = x; and so f is a path that links xg to x;.
3. Given (x1,y1), (x2,y2) € X X Y, choose two paths

fx:[0,1] — X such that fx(0) = x1 , fx(1) =x2
fr: [0,1] = Y such that fy(0) =y1 , fr(1) = 2.

The path (fx,fy): [0,1] — X xY t — (fx(t),fr(t)) links (x1,y1) to (x2,y2) and
X x Y is, therefore, path-connected.

The Euclidean space R" is path-connected for every n > 0. Indeed, given
Xxo,Xx1 € R", we define

0,1 =R", (Vt €[0,1]) f(z) = tx; + (1 — £)xo.

In particular, every interval of R is path-connected (as well as any convex subspace
of R").

(I.1.21) Theorem. Any path-connected space is connected.

Proof. Suppose X to be the union of two non-empty, disjoint subspaces U, V which
are simultaneously open and closed. Take two points xg,x; € X where xo € U and
x1 € V. Since X is path-connected, there exists a map

Fi[0,1] > X, £(0)=xo, f(1) =x,.

Then,
wnfo.1))nvnr(o,1))) #0,

contradicting the fact that f([0,1]) is connected (see Theorem (I.1.13)).

In general, it is not true that a connected space is path-connected; here is an
example.
Consider the following sets of points from the Euclidean plane:

- {04))
B_{<%,t>|n6]Nandt6[0,1]}’

C={(+,0)|r€(0,1]} = (0,1] x {0}

and endow X = A UBUC with the topology induced by the Euclidean topology of
R?, as shown in Fig. L5. It is immediate to verify that BUC is a path-connected
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Fig. 1.5 Example of a space
that is connected but not
path-connected

space, which implies that BUC is connected; moreover, the closure of BUC in X
coincides with X and therefore, by Theorem (I.1.18), X is a connected space.

We now prove that X is not path-connected. In order to come to this conclusion,
we shall prove that if £: [0,1] — X is a path such that f(0) = (0,3), then f is the
constant path at the point (0, 1). Because X C R2, we may write f(t) = (x(),y(t))
for every ¢ € [0,1]; it is not difficult to prove that x and y are continuous functions
(see Exercise 5 on p. 27). We first prove that x is the constant function at O, that is
to say, x(¢) = 0 for every ¢ € [0,1]. Indeed, suppose there exists ¢’ € [0, 1] such that
x(t") > 0 and let tg = sup{r € [0, 1] | x(¢) = 0}. Since the function x is continuous, we
must have x(fo) = 0 and 7 < 1 so that we do not contradict the fact that there exists
at' with x(¢') > 0. Since (0,1) is the only point with zero for its first coordinate,
we have y(tp) = % Since y is continuous, there exists an € > 0 with #p +€ < 1 and
such that, for every s € [tg, 0 +€), y(s) > ;{. Since £ is an upper bound, we can find
t1 € (t9,t0 + €) such that x(¢;) > 0; by Corollary (I.1.16) and because x(7y) = 0, we
have x([f9,#1]) 2 [0,x(z;)]. Consequently, we are able to find s € (#,#;) such that
x(s) # 1 for every integer n > 0 (and y(s) > 1). Finally, as f(s) = (x(s),y(s)) € X,
it follows that y(s) = 0 because the only points of X for which x > 0 and x # % are
of the type (x,0), in contradiction to the fact that y(s) > %.

We conclude that for every ¢ € [0, 1], we have x(t) = 0 and so f(t) = {(0,3)}; in
other words, f is constant.

(1.1.22) Example. For every n > 1 the unit sphere
§"={(x0,...,%) ER" | T =1}

is path connected and consequently, connected. Let a = (xg,...,x,) and b =
(yo,---,yn) be any two points of S"; we say that b is antipodal to a if y; = —x;
forevery i = 0,...,n. If b is antipodal to a, the interval R"*! with end points a and
b goes through the centre (0,...,0). Suppose that b is not antipodal to a; then, for
every t € [0,1], we have (1 —f)a+tb # 0. It follows that

(I1—t)a+tb

: 10,1 St ———
Fr 0 =S =
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is a path on " joining a and b. In the event that b is antipodal to a, we choose any
other point ¢ of $"; this point can be antipodal neither to a, nor to b. Therefore, with
the preceding method, we construct a path r; on S* which links a to ¢ and then a
path r, which links ¢ to b; the function r: [0, 1] — S, defined by

for every ¢ € [0,1], is a path from a to b (see Corollary (I.1.10)). Hence, S" is
path-connected (see also Fig. 1.6).

Fig. L6

I.1.3 Compactness

Let Y be a topological space. A covering of Y is a family { = {U;| j € J} of subsets
of Y such that Y = J;c, U;. If Y is a subspace of X, a covering of Y by subsets of
X is a family Y of subsets of X whose union contains Y. A covering 4l is finite if
the set J of the indexes is finite; Y is an open covering if all its elements are open
in Y (or, for subsets of X, if they are open in X). A subcovering of 4l is a subset
W={Uy|j €J'} of h where J' C J. A covering 4 of Y is a refinement of a covering
0 of Y if for every V € U there exists U € U such that U C V.

A topological space X is said to be compact if every open covering of X has a
finite subcovering; in other words, given any set 4 = {U;| j € J} with U; C X open
in X, for every j € J such that |J;U; = X, there is a finite number of open sets Uj,
for instance, U1,Us,...,U, such that X = U UU, U---UU,. A subspace Y C X is
compact in the induced topology on Y if and only if every covering of Y by open sets
of X has a finite subcovering (because any open set U of Y is of the type U =V NY,
with V open in X).

The reader may easily prove that the space

X={0}uU{l/n|ne N},
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with the topology induced by the Euclidean topology of R, is compact; on the other
hand, the space R is not compact: indeed, the open covering

U={(n,n+2)|neZ}

of R has no finite subcovering.

(I.1.23) Theorem. Any closed subspace of a compact space is compact.

Proof. Let Y be a closed subspace of a compact space X. Let € ={U;|j € J}
be a covering of Y such that, for every j € J, U; is an open set of X; then the set
CU{X \Y}is an open covering of X. Since X is compact, it has a finite subcovering

UiU...UUU(X~\Y)=X
Asnox€Yisin X \Y,{Uj,...,U,} is a covering of Y, and so, Y is compact.

We now introduce a special type of topological space which is needed for the
next result. We say that a topological space X is Hausdorff, if for every two distinct
points x,y of X, we can find two disjoint open sets U, and U,, of X such that x € Uj,
yeU,.

It is easily proved that a subspace of a Hausdorff space is also Hausdorff; and
it is easily seen that the Euclidean space R” is Hausdorff. Here is an example of a
space which is not Hausdorff.

(I.1.24) Example. Let Y = RU{x} be the set given by the union of the real line R
and an external point x; for the set of open subsets of Y, we choose the set consisting
of the empty set and all subsets of ¥ which are the union of an open set of R and
the point = (it is left to the reader to verify that these sets define a topology on Y).
The space Y here defined is not Hausdorff because the intersection of any two non-
empty, open sets of Y is not empty!

It follows from the definition that in any Hausdorff space every point is closed.
More generally, all compact subspaces of a Hausdorff space are closed, as stated in
the next theorem.

(I.1.25) Theorem. Any compact subspace of a Hausdorff space is closed.

Proof. Let Y be a compact subspace of a Hausdorff space X. We must prove that
X \Y is open. Let us take any x € X \\'Y; since X is Hausdorff, for every y € ¥, let
us take two open sets Uy, Vy of X such that

yeU,,xeV,, UyNV, =0.

The set U = {U, |y € Y} is a covering of ¥ by open sets of X. Since Y is compact,
Y is covered by a finite number of these open sets, for instance, Y C [J/_, U;. Let us
take the set of open sets {V1,...,V,} corresponding to this finite covering of ¥ and
consider the open set V = (;_; V;. Itis not difficult to prove that V' is an open set
suchthatxeV C X \Y.
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We now prove the following:

(I.1.26) Theorem. Let f: X — Y be a continuous function; if X is compact, f(X)
is compact.

Proof. Let {U;| j € J} be a covering of f(X) by open sets of Y. The set {f~!(U;)
Jj € J} is an open covering of X and so it has a finite subcovering, for instance,
{f~Yu),...,fY(U,)}. Then {Uy,...,U,} is a covering of f(X).

In particular, if X is compact, every space Y homeomorphic to X is compact.

(I.1.27) Theorem. Let f be a continuous bijection from a compact space X to the
Hausdorff space Y. Then, f is a homeomorphism.

Proof. We wish to prove that the inverse function f~': Y — X is contin-
uous, in other words, that for every open U C X, f(U) is open in Y. In
fact, by Theorem (I.1.23), X \ U is a compact subspace of X; it follows that
Ff(X\U) is a compact subspace of ¥ (see Theorem (I.1.26)) and so, accord-
ingly to Theorem (I.1.25), f(X \U) is closed in Y; from this we conclude that
FU)=Y~ f(X~\U)isopeninY.

We note that continuous functions preserve the compactness property of a space
but, generally, not its Hausdorffness; here is an example. Let X be a Hausdorff
topological space and Y be a space with at least two points and the trivial topology:
then every function f: X — Y is continuous, but f(X) will never be Hausdorff. Let
us look into another example.

(I.1.28) Example. Let ¥ = RU {x} be the non-Hausdorff space from Exam-
ple (1.1.24). Consider the space X = {(x,y) € R?|y > 0}, with the topology induced
by the Euclidean topology of R?, and the function f: X — Y defined as follows:

_JxeRify=0

Since every non-empty open set of Y is the union of an open set of R and the point x,
the counter image of any open set U U{x} of ¥ is exactly the union =1 (U)U f~!(x),
namely, the set {(x,0) |x € U} U {(x,y) |y > 0} which is the complement of the
closed set {(x,0)|x ¢ U} of X. The function f is, therefore, continuous; X is
Hausdorff but f(X) =Y is not.

In the next theorem there is an instance in which the image of a Hausdorff space
is Hausdorff. Before stating it, we need a definition: a map f: X — Y is closed if,
for every closed set C C X, f(C) isclosedinY.

(1.1.29) Theorem. Let f: X — Y be a surjection where X is compact and Haus-
dorff, and suppose that f is a closed map. Then the space Y is Hausdorff.

Proof. Let y; and y, be two distinct points of Y. Since f is surjective, there are
two distinct points x1,x; € X such that f(x;) = y; and f(x;) = y»; since X is Haus-
dorff, {x;} and {x,} are closed in X, and because f is closed, then {y;} and {y,}
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are closed in Y. Therefore, f~!(y;) and f~!(y,) are two disjoint closed subsets
of X (see Theorem (I.1.9)). For every element (x,a) € f~'(y;) x f~'(y2) choose
two disjoint open sets Uy, and Vi, in X such that x € Uy, and a € V,,. The set
{Viala € f~1(y2)} is an open covering of f~!(y,); since this space is compact (see
Theorem (1.1.23)), there exists a finite subcovering {Vyq,,...,Vva,} Of ().
And so we have two disjoint open sets

U= () Ura; and Vi = | Vi,
j=1 j=1

containing x and f~!(y,), respectively. But {U,|x € f~'(y1)} is an open covering
of f~!(y1) and, since this is a compact space, there is a subcovering {Uy,, ..., Uy, }
of f~1(y1). We now note that the sets

m m
U=|JUyandV =V,
k=1 k=1

are disjoint open sets of X which contain f~!(y;) and f~!(y,), respectively.
The sets Wi =Y \ f(X\U) and W, =Y . f(X \ V) are open sets of ¥ (f is a
closed map) containing y; and y,, respectively. We wish to prove that Wi "W, = 0.
Suppose there exists a pointy € Wy NWs. Then, y ¢ f(X\U) andy & f(X \V),
in other words,

FlO)NE~U)=0and f'()NX~V)=0;
hence, f~!(y) C UNV = 0, which is not possible.

A first concrete example of a compact space is given by the next theorem.

(I.1.30) Theorem. The unit interval I = [0,1] is compact.

Proof. Let 4 be a covering of I by open sets of R. The properties of the Eu-
clidean topology of R ensure that for every x € I we can find a §(x) > 0 and an
element U (x) € Y such that the open interval (x — 8(x),x + 8(x)) is contained in
U (x). The set

J={I(x)=(x—-0(x),x+6(x)) |xel}

is an open covering of / and every interval of J is contained in an open set of . If
there exists a finite subcovering in J, there is a corresponding finite subcovering in
i1; we may, therefore, assume that each open set of Ll is an open interval of R.

We now consider the set {0, 1} with the discrete topology and the function

f:1—{0,1}

defined by the following conditions:

1. f(x) =0 if the closed interval [0,x] is covered by a finite number of elements
of 4l.
2. Otherwise, f(x) = 1.
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We wish to prove that f is constant on every open set of . Indeed, let U € 4 and
x € U be given and suppose that f(x) = 0; then [0,x] is covered by a finite subcov-
ering U C 4. But for every y € U, the interval [0,y] is covered by a finite family
of open intervals of $i (that is to say, by B U{U}) meaning thereby that f(y) = 0.
This shows that f equals either O or 1 on the entire open interval U. It follows that
f is continuous; moreover, since I = [0, 1] is connected, by Theorem (I.1.12), f is
constant; since f(0) = 0, we have f(1) = 0, in other words, [ is covered by a finite
subcovering of Ll.

We note that, since every closed interval [a,b] where a < b (bounded) is home-
omorphic to the unit interval [0, 1], every bounded and closed interval of R is com-
pact. We wish to prove that a finite product of compact spaces is a compact space;
this result is an immediate consequence of the following theorem:

(I.1.31) Theorem. Let B and C be compact subspaces of the topological spaces X
and Y, respectively, and let { = {A; | j € J} be an open covering of B x C. Then
there are two open sets U C X andV CY such that

BxCCUxVCXXY

and U XV is covered by a finite number of elements of L.

Proof. The method for proving this theorem is the one used in Theorem (I.1.29) to
show the existence of two open sets U and V which contain f~!(y;) and f~'(y,),
respectively. We leave to the reader the task of supplying the details needed for this
proof.

(I.1.32) Corollary. Let Xi,...,X, be compact spaces; then X| X ... x X, is compact.

Proof. 1f n =2 we have the previous theorem where B=X =Xj and C =Y = Xp;
thereafter, we proceed by induction.

(I.1.33) Corollary. Let B and C be compact subspaces of the topological spaces X
and Y respectively. Let W be open in X XY such that Bx C C W. Then there are
open sets U C X andV CY such that

BxCCcUxVCW.

Proof. Ttis enough to set 4 = {W} in Theorem (I.1.31).

(I.1.34) Corollary. Let X be a Hausdorf{f space and let B and C be disjoint compact
subspaces of X. Then there are two disjoint open sets U andV of X with B C U and
ccv.

Proof. We begin by noting that if

AX ={(x,x) eX x X}
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is the diagonal of X x X, then X is Hausdorff if and only if the diagonal AX is closed
in X x X. We now apply the previous corollary with X =Y and W = (X x X))\ AX.
It follows from the hypothesis BNC=0that BxC C W.

(I.1.35) Corollary. Let U be an open set of a compact Hausdorff space X. For
every x € U there is an open set V C X such that

XeEVCVcU

where V is compact.

Proof. The spaces {x} and X \ U are disjoint and closed in X; hence by
Theorem (I.1.23), they are compact. By the previous corollary we can find two
disjoint open sets V and W of X where x € V, X \ U C W. And so, we may con-
clude that V C U. On the other hand, X ~. W is a closed set that contains V and is
contained in U; then, as we wished to prove, V CU. The compactness of V follows
from Theorem (1.1.23).

The compact spaces of R” are special. Before the next theorem, we give this
definition: X C R" is bounded if there is an R > 0 and an n-disk D} such that
DD X.

R

(I.1.36) Theorem. A subset X C R" is compact if and only if X is closed and
bounded.

Proof. =: By Theorem (I1.1.25), X is closed. In order to prove that X is bounded,
let us take a real number £ > 0 and the covering

oA = {D}(x)| x € X}

of X. Since X is compact, there exists a finite subcovering of 2 that contains X;
suppose, for instance, that

X € D"(x))U---UD!(x,).

Then given any xy € X, the disk D}, (xp) contains X.

<«: The space X is contained in an n-disk Dy of R"; but D} is contained in a
hypercube C" of R" whose edges are homeomorphic to / and so C" is compact (see
Theorems (I.1.30) and (I.1.31)). Therefore X is a closed subspace of a compact

space and, by Theorem (I.1.25), it is compact.

We now are able to identify the quotient spaces defined in Examples (I.1.6)
and (I.1.7) with more familiar topological spaces. Remember that the torus 72 is
the space S' x S! with the product topology. Let f: IZ — T? be the function that
takes each equivalence class [s,?] € I2 to (¢*™5,¢*™") € T?. This is a bijective, con-
tinuous function. On the other hand, I2 is compact (it is the image of the compact
space I? by the quotient map) and 72 is Hausdorff; therefore, by Theorem (1.1.27),
f is a homeomorphism.
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As for the Example (I.1.7), we define the function f: DZ — S such that

F(poy)) = x,2<|y|—%m>7s(y) 1_<x2+4(|y|_%m)z>

for every equivalence class [x,y] € D%, where s(y) equals +1 if y > 0 and —1 if
y < 0. Once more, f is a bijective map from a compact space to a Hausdorff space
and is, therefore, a homeomorphism.

I1.1.4 Function Spaces

Let X and Y be two topological spaces and let M(X,Y) be the set of all maps from
X to Y. For every compact space K C X and every open set U C Y, we define the
set Wg iy of all maps f € M(X,Y) for which f(K) C U. The set

¢ ={Wky|K C X compactand U C Y open}

is a sub-basis for a topology of M(X,Y) known as compact-open topology.

Let the topological spaces X, Y, Z and amap f: X x Z — Y be given. For every
20 € Z, the function f(—,zp): X — Y is continuous (in fact, it is the composite of the
map f and the inclusion X X {zo} — X x Z). Therefore, we may define a function
f: Z — M(X,Y) by requiring that f(z)(x) = f(x,z) for every (z,x) € Z x X. The
function f is the adjoint of f.

(I.1.37) Theorem. Let M(X,Y) be the function space of all maps from X to Y with
the compact-open topology. For every map f: X X Z — Y, its adjoint function
f: Z—M(X,Y) is continuous.

Proof. Let zp € Z and let Wk iy be an element of the sub-basis for the compact-open
topology on M(X,Y) such that f(z9) € Wiy, that is to say, f(x,z0) € U, for every
x € K. Then

Kx{zn}cf'(U)ycxxz

where f~!(U) is open; hence, f~!(U)N (K x Z) is open and contains K x {zo}.
Since K is compact, there exists an open set W C Z such thatzo € W and K x W C
f~H(U). Therefore,

A

f(W) C WK,U

and so f is continuous.

Conversely, given a function f : Z — M(X,Y), we define a function f: X x
Z — Y by the following condition: f(x,z) = f(z)(x) for every (x,z) € X x Z; in
this case too, we say that f is adjoint of f. The fact that f: Z — M(M.,Y) is con-
tinuous does not necessarily imply that f: X x Z — Y is continuous; for that effect,
another condition on the space X is required. But first, let us prove the following:
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(I.1.38) Lemma. Let X and Y be topological spaces where X is compact’
Hausdorff. Then the function

e: XxXxMX,)Y)—Y

(evaluation function), defined by €(x,f) = f(x) for every x € X and every f €
M(X,Y), is continuous.

Proof. Take arbitrarily (x, f) € X x M(X,Y) and an open set U C Y with f(x) € U.
Since X is compact Hausdorff and f~!(U) is open in X, there exists an open set V
of X such that

xevcVecr (v
where V is compact (see Corollary (I.1.35)). We end the proof by noting that (x, ) €
Vx Wy ande(V x Wy ) CU.

(I.1.39) Theorem. Let X be a compact Hausdorff space; then, if f: Z — M (X,7Y)
is continuous, so is f: X xZ —Y.

Proof. It is enough to note that f is the composite of
Iy xf: XxZ—-XxM(X,Y) and €: X xM(X,Y) =Y
and apply Lemma (I.1.38).

(1.1.40) Corollary. Let g: X — Y be a quotient map. If Z is a compact Hausdorff
space, then also

gxlz: XxXZ—YXZ
is a quotient map.

Proof. The quotient map g: X — Y has the following property which character-
izes the quotient topology on Y: a function g: ¥ — W is continuous if and only
if gg: X — W is continuous (see Exercise 7 at the end of this section). We must
therefore prove that, for every topological space W and every g: Y XZ — W, g
is continuous if and only if 2 = g(g x 1) is continuous: If g is continuous, % is
undoubtedly continuous. Now, the following commutative diagram

Xth—>W
x 1
q Z <

Y xZ

3 Actually it is not necessary to ask that X be compact; in fact, it is sufficient to request that X be
locally compact, that is to say, that every point of X has a compact neighbourhood.
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induces the commutative diagram

Suppose that / is continuous; then, by Theorem (I1.1.37), h is continuous. Since
q is a quotient map, g is continuous. Hence, by Theorem (I.1.39), the map g is
continuous.

I.1.5 Lebesgue Number

We begin this section by describing an important class of topological spaces, the
class of metric spaces. Let X be a given set; a metric on X is a function d defined
from X x X to the set of the non-negative real numbers R>¢, with the following
properties:

(vx,y € X) dlx,y) =d(yx)

d(x’y) =0 <= x=y

(Vx,y,z € X) d(x,z) <d(x,y) +d(y,2).

A first example is the Euclidean metric on R”; it may be generalized as follows:
Let V be a vector space with a norm || || and let X be a subset of V; the function
d: X x X — R>( defined by

(Vx,y € X) d(x,y) = |[x =]

is a metric on X. In Sect. II.2 we shall give an important example of metric.

We already have seen that the Euclidean metric defines a topology on R”.
A metric d on a set X defines a topology on X in a similar way to the one de-
scribed for R”. In fact, for every x € X and for every real number € > 0, let
De(x) = {y € X|d(x,y) < €} be the open disk of centre x and radius €; the set
9B = {De(x)|x € X, € >0} is a basis of open sets for X (this proof is similar to the
one for R"); let 4 be the set of open sets defined by B. The set X with the topology
#l is a topological space called metric space.

We now look into the following question: given a metric space X and a covering
2, is there a positive real number r so that the covering B = {D,(x)|x € X} of X is a
refinement of 20 ? Obviously, if 7 has this property, so does any positive real number
s < r. Hence, the set L of positive real numbers r such that 8 is a refinement of 2
is either the empty set or an open interval (0,¢) (including the case 1 = o). If L # 0,
the real number ¢ = supL is the Lebesgue number of the covering 2.
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Here is an example. Consider the space X = R with the Euclidean topology and
the open covering of R
A={(n,n+2)|neZ}.

We ask reader to prove that its Lebesgue number is £ = %

The next result is of fundamental importance for proving one of the key theorems
needed to define the homology of polyhedra, namely, the Simplicial Approximation
Theorem (Theorem (I11.2.4)).

(I.1.41) Theorem. Any open covering of a compact metric space has a Lebesgue
number.

The proof of this theorem is not difficult but requires several preliminary consid-
erations. We start by defining the distance d(x,A) of a point x of a metric space X
to a non-empty subspace A C X as

d(x,A) =inf{d(x,a)|a € A}.
(1.1.42) Lemma. The function
d(—A): X - Rso, x—d(x,A)
is continuous.

Proof. We wish to prove that for every given x and for every € > 0 there exists a
0 > 0 such that, if d(x,y) < 8, then |d(x,A) —d(y,A)| < €. Indeed, for any a € A
the inequalities:

d(x,a) <d(x,y)+d(y,a) and d(y,a) <d(y,x)+d(x,a)
hold true and then, by applying inf, to them, we obtain
d(x,A) <d(x,y)+d(y,A) and d(y,A) <d(x,y)+d(x,A).

It follows that
|d(x7A) _d(y7A)| S d(x7y)

and the proof is completed by setting § = €.
(1.1.43) Corollary. x €A <= d(x,A) =0.

Proof. = g(—,A)’l (0) is an open set of X that contains A and so it contains A;
then, if x € A, it is obvious that d(x,A) = 0.
<: Ifx € A, there exists an € > 0 such that D, (x) YA =0 and so d(x,A) > € > 0.

Proof of Theorem (1.1.41). Let 2 be an open covering of a compact metric space
X. Since X is compact, it is possible to obtain a finite subcovering of 2. Besides,
every refinement of this subcovering is also a refinement of 2(; this allows us al-
ways to assume 2l to be finite. Let 2l = {A},A,...,A,}. By Lemma (1.1.42), for
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every i = 1,...,n, the metric d(—,X N\ A;): X — Rx¢ is continuous. Hence, the
function
f: X—=Rso, f=max{d(—, X \A)|i=1,...,n}

is continuous. By Theorem (I.1.26), f(X) is a compact subspace of R and then, by
Theorem (I.1.25), f(X) is closed in R. On the other hand, we note that for any x € X
there exists a certain A; such that x € A; and, since X \ 4; is closed, d(x,X \A;) >0
(see Corollary (I.1.43)); and so, for every x € X, f(x) > 0. Therefore, £ = inf{ f(x) |
x € X} > 0. It follows that for every x € X, f(x) > ¢ and then d(x,A;) > ¢ for some
A; € 2; we conclude that Dy(x) C A;.

Exercises

1. Let X be a given set; prove that
B ={{x} | xeX}
is a basis for the discrete topology on X.
2. Let B and B’ be bases for the topologies 2 and 2l on the set X. Prove that

A oA <= (VxeX)(VBeB)xeB,(IB €V )xeB CB,

that is to say, prove that 21’ is finer than 2 if and only if, for every x € X and every
B € 9B containing x, there exists B’ € 9B’ containing x and contained in B.

3. Take the following segments of the real line R
(a,b) ={xeR|a<x<b},
[a,b) ={xeR|a<x<b},
(a,b)={xeR|a<x<b}.
Now take the following sets of subsets of R:
B, ={(a,b)|a<b},
B, = {[a,b) |a < b},
B3 = {(a,b]|a < b},
By =B U{B~K|Be B}, withK ={1/n|necIN}.
Prove that B;, i = 1,2,3,4, are bases for topologies on R and compare these
topologies.

4. Let X and Y be topological spaces with topologies 2 and 2y, respectively. Let
T XXxY—-X

m: X XY —>Y
be the X and Y projection.
Prove that the set

S ={m () |UeAu{m V)|V e}

is a sub-basis for the product topology on X x Y.
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5. Prove that a function f: Z — X x Y is continuous if and only if its components
fi =m fand f>, = m f are continuous.

6. Amap f: X — Y is open if and only if, for every U € 2), f(U) is open in Y.
Show that the projection maps

T XXY—-X

m: XXY =Y

are open.

7. Let X and Y be topological spaces and let g: X — Y be a surjection; give Y the
quotient topology relative to g. Prove that, for any topological space Z, any function
g: Y — Zis continuous if and only if gg: X — Z is continuous.

8. Endow R with the Euclidean topology and let f: IR — R be a given function.
Prove that the following statements are equivalent.

(YU C R |U open )(f~'(U) open);

(VxeR)(Ve>0)(F0>0)lx—y|<d = |f(x)—fy)| <e.

9. Prove that if A is closed in Y and Y is closed in X, then A is closed in X.

10. Prove that if U is open in X and A is closed in X, then U \ A is open in X and
AN Uisclosedin X.

11. Show that a discrete space is compact if and only if it is finite.

12. Let A and B be two non-empty subsets of R". The distance between A and B is
defined by
d(A,B) =inf {d(a,b)|a € A,b € B}.

Prove that if A\ B =0, A and B are closed, and A is bounded, then there exists a € A
such that
d(A,B)=d(a,B) > 0.

1.2 Categories

L1.2.1 General Ideas on Categories

A category C is a class of objects together with two functions, Hom and Composi-
tion, satisfying the conditions:

Hom: it assigns to each pair of objects (A,B) of C a set C(A,B); an element
f € C(A,B) is a morphism with domain A and codomain B,
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Composition: it assigns to each triple (A, B,C) of objects of C an operation
C(A,B) x C(B,C) — C(A,C),
which is the composition law for morphisms; this law is indicated by

(f.8) —~ef
for f € C(A,B) and g € C(B,C).

Besides, the following axioms must hold true:

B -

~J

Associativity: If f € C(A,B), g € C(B,C), and h € C(C, D)), then

h(gf) = (hg)f;

Identity: for every object A € C there is a morphism 14 € C(A,A) such that

fla=f,lag=¢
for every morphism f with domain A and every morphism g with codomain A.
Here are some examples of categories.

Set : sets and functions between sets.
Set.: based sets and based functions (namely, base preserving functions).

. Top: topological spaces and maps, namely, continuous functions.
. Top,: based topological spaces and based maps (namely, base preserving con-

tinuous functions). We sometimes denote a based space X with base point xy
with (X,xp).

. CTop: pair of spaces (X,A) where A C X is closed in X and morphisms f €

Top(X,Y), f|A € Top(A,B).
Gr: groups and group homomorphisms.

. Ab: Abelian groups and Abelian group homomorphisms.
. Ab%: graded Abelian groups and related morphisms. We recall that a graded

Abelian group is a succession of Abelian groups {C, | n € Z}; we say that
an element x € C, has degree n. A morphism (homomorphism) of degree d
between two graded Abelian groups {C,} and {C}} is a set of homomorphisms
{fa: Go = CylneZ}.

. Given two categories C and D, the product category of C and D is indicated

with C x D; its objects are pairs (C,D), where C € C and D € D. A morphism
from (C,D) to (C',D') is a pair of morphisms

(f.8): (C,D) = (C',D'), f € C(C,C') and g € D(D,D).

A category C’ is a subcategory of a category C if:

1. C' is a subclass of C.
2. For every pair of objects (X',Y’) of C/, the set C'(X’,Y’) is a subset of
c(x',y".



1.2 Categories 29

3. For every pair of morphisms (f,g) with f € C'(X’,Y') and g € C'(Y',Z'),
the morphism obtained through composition in C’, namely, gf € C'(X’,Z'),
coincides with the morphism g f € C(X’,Z’) obtained through composition in C.

A subcategory C’ of C is called full if, for every pair of objects (X',Y’) of C/,
the sets C'(X’,Y’) and C(X’,Y’) coincide. The category CTop is a subcategory of
Top x Top.

The set Top(X,Y) of all maps from X to Y has a very important relation called
homotopy. Let I be the closed interval [0, 1]. Two maps f,g: X — Y are homotopic
when there is a map

H: XxI—=Y

such that H(—,0) = f and H(—, 1) = g. If f is homotopic to g, we write f ~ g.

For instance, the maps f,g: I — I given by f = 1; (that is to say, Vx, f(x) = x)
and the constant map g from / to the point O € I (in other words, Vx, f(x) = 0) are
homotopic; in fact, by constructing the map

H:IxI—1, (Vs,t€l)H(s,t)=(1-1)s,

it is clear that H(—,0) = f and H(—, 1) = g. A homotopy may be indicated also by
the notation f; : X — Y, where ¢ is the parameter 7 € I and, if H(x,?) is the homotopy
function, then f;(x) := H(x,t). Consequently, fo ~ fi.

By Theorem (I.1.37), a homotopy H: X x I — Y from f to g determines a map
H: I — M(X,Y), that is to say, a path in M(X,Y) that links f to g. Conversely, if
X is compact Hausdorff, a path H: I — M(X,Y) determinesamap H: X xI — Y,
with H(—,0) = f and H(—, 1) = g (Theorem (1.1.39)), in other words, a homotopy
from f to g.

(I.2.1) Lemma. The homotopy relation is an equivalence relation.

Proof. Clearly, any map f is homotopic to itself. Suppose now that f ~ g; this
means that there is a map

H: XXI%YaH(_aO):va(_71):g;
consider the map
H:XxI—Y, (VxeX)(Vtel)H (x,t) =H(x,1—1).

It is immediate to show that H'(—,0) = g and H'(—,1) = f and so, g ~ f.
We finally prove that, if f ~ g and g ~ h, then f ~ h. Consider the functions

H: XXI*)YaH(faO):va(771):g7
G: XxI—=Y,G(—,00=¢g, G(—,1)=h.

Let us define amap K: X x I — Y by the conditions

H(x,2t), O

(Vxex)(Vt €l) K(x,1) = {G(x,Zl‘— 1),

This map K has the required properties.
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The quotient set obtained from Top(X,Y) and the relation ~ is denoted by [X,Y];
its elements are equivalence classes for homotopy of maps, or homotopy classes of
maps from X to Y.

The category H'Top, the homotopy category associated with Top, has topological
spaces for objects and its morphisms are homotopy classes of maps: the set of
morphisms is, therefore,

HTop(X,Y)=[X,Y].

When dealing with based maps f, g € Top, ((X,xo), (Y,y0)), we say that f ~ g if
there is amap H: X x I — Y such that

(VI 61) H()C(),l) =Yo, H(—,O) =f, andH(_al) =8&-

In this case, we use the notation [X, Y], = Top,(X,Y)/~.
Relative homotopy in CTop is a useful concept: two maps of pairs f,g: (X,A) —
(Y, B) are homotopic relative to X' C X if f|X’ = g|X’ and there exists a map

H: (XxI,AxI)— (Y,B)

such that

(Vx € X) H(x,0) = f(x) H(x,1) = g(x)
(Vxe X', Vtel) H(x,t) = f(x) = g(x).

This being the case, we denote the relative homotopy from f to g with

f~ rex &

and we say that f is homotopic to g rel X’. If X’ = 0, we have a free homotopy
in CTop. In the category Top, the based homotopy coincides with the homotopy
relative to the base point.

We say that two spaces X,Y € Top are of the same homotopy type (or simply,
type) if there are maps f: X — Y and g: ¥ — X such that gf ~ lx and fg ~ ly;
the map f is called a homotopy equivalence.

The “functions” between categories are called functors, which take objects to
objects and morphisms to morphisms. Specifically, a covariant functor or simply
functor

F:C—C(C

is a relation between these two categories such that

1. ¥MXeOFX)el

2. (Vf € C(A,B)) F(f) € C'(F(A),F(B)

3. (Vf € C(A,B))(Vg € C(B,C)) F(gf) =F(8)F(f)
4. VA C) F(IA) =1p
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If conditions 2. and 3. are replaced by

2. (Vf € C(A,B)) F(f) € C'(F(B),F(A)
3. (Vf € C(A,B))(Vg € C(B,C)) F(gf) = F(f)F(g)

we have a contravariant functor.

A very simple example of a (covariant) functor is the forgetful functor D: Top —
Set that merely “forgets” the topological space structure. Here is another example:
Let (X,x) € Top, be a based space and let F': Top, — Set, be the function that
takes each based space (Y,yp) into the set [X,Y]. of all homotopy classes of based
maps g: X — Y; for each morphism f: Y — Z, we define F(f): [X,Y]. — [X,Z]«
as the function that takes any homotopy class [g] € [X,Y]. into [fg].

We now give an example of contravariant functor. Given a based space (Y,yo),
we define F: Top, — Set, with the condition F(X,xq) = [X, Y], for every (X,xo);
here, for every f € Top,((X,x0),(Z,z9)), the function F(f) may only be de-
fined as F(f)([g]) = [gf] for every based map g: X — Z; notice that, if f €
Top, ((X,x0),(Z,20)), the arrow F(f) has the opposite direction to that of f.

We now look into some less simple examples.

The suspension functor

X: Top, — Top,

is defined on based spaces (X, xo) as the quotient

IxX

X=—
Ix{x}UdlxX

where dI is the set {0,1}. We shall write either [¢,x] or # Ax when indicating a
generic element of XX then,

(Vf € Top, (X, Y)) (Vi Ax € 5X) S(f)(t Ax) =1 A f(x).

The base point of XX ist Axg =0Ax=1Ax.

The behavior of the suspension functor is particularly interesting on spheres; in
fact, the suspension of an n-dimensional sphere is an (n+ 1)-dimensional sphere.
This fact will be better understood after studying some maps, which will be useful
also later on. For every n > 0, let S” be the unit n-sphere (it is the boundary aD"t!
of the unit (n+ 1)-disk D"*! € R*!). Let us take the point ey = (1,0, ...,0) as the
base point for both §” and D"*!. Let us now define the maps

cn: IXS"— D" (1,x) > (1 —1)eg+1x,

ip: DTNt s (x, 1— x||2) ,

iDLt s (x,—\/ 1- ||x|2> and

kg1 Ix 8" — §™H!

. ~ iven(2t,x), 0<r< %
kg (1,%) = {ic,,(Z—Zt,x) , % <r<1
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The map k| has the property
i‘n+l (va) = i‘n+1 (l,x) = i(n+1 (f,eo) =€
for every ¢ € I and every x € S"; therefore, it gives rise to a homeomorphism
PARED A=K sl

as can be seen in Fig. 1.7. We may then say that for every y € §"+! \ {ey} there are

__________________ ku+l

w A tAeg

I x e,

Fig. 17

a unique element x € S” and a unique ¢ € I \. dI such that y =1 A x.
The functor
Q: Top, — Top,

is defined, on a given object (X,xo) € Top,, as the space
QX ={f e MI,X)|f(0) = f(1) = xo}
with the topology induced by the compact-open topology of M (I, X ). The morphism
Q(f): QX —- QY

corresponding to the morphism f € Top, (X,Y) is defined through composition of
maps:
(Ve € QX)Q(f)(g) = fg: I =Y.

The space QX is called loop space (with base at xp). The base point of QX is
the constant path on xp.

There is a special relation between the functors €2 and X as follows. Let f: I x
X — Y be a map such that f(I x {xo} UdI x X) = yo; its adjoint f: X — M(I,Y),
being continuous (see Theorem (I.1.37)), is such that

(Vx € X) f(x)(91) = yo

and so we are able to construct a function

@: M,(EX,Y) — M,(X,QY).
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Conversely, given f € M,.(X,QY), its adjoint f: I x X — Y is continuous because
I is compact Hausdorff (see Lemma (I.1.39)) and f € M, (XX,Y); this allows us to
construct a function

D' M. (X,QY) — M, (ZX,Y)

such that @@’ and @’ ® be equal to the respective identity functions. In other words,
D: M (ZX,Y) > M.(X,QY)

is a bijection (injective and surjective). For this reason, we say that X is left adjoint
to Q.
Given two functors F,G: C — C', a natural transformation

n:rF—-aG
is a correspondence that takes each object A € C to a morphism
Nn(A): FA— GA

and such that, for every f € C(A,B),

in other words, such that the following diagram is commutative:

A
FALGA

F(f) G(f)

FB———— GB

n(B)

Two functors F,G: C — C' are equivalent (and we write F = G) if there are two
natural transformations : F — G and 7: G — F such that

m=1lrpandnt=lg

where 1 and 15 equal the natural transformations given by the identity.

1.2.2 Pushouts

Given two morphisms f: A — Band g: A — C of a category C, a pushout of (f,8)
is a pair of morphisms f € C(C,D) and g € C(B, D) such that gf = gf and satisfying
the following
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universal property: given h € C(B,X) and k € C(C,X) such that if = kg, there
exists a unique morphism ¢ € C(D,X) such that £f = k and g = h.
We depict this situation with the commutative diagram

[\

A

B
f ol
“ fFD\

—

The symbol at the right lower angle of the commutative square indicates that we
have a pushout diagram.

As a consequence of the universal property of pushouts, a pushout of (f,g) is
unique up to isomorphism. In fact, suppose that (f,g’) with f': C — D’ and
g : B— D' is a pushout; then by the universal property, there is a unique £': D' — D
such that /g’ = gand ¢' f' = f; hence, ¢'¢ = 1p. Similarly, we conclude that £¢' = 1.
The morphism ¢ is an isomorphism and its inverse is ¢’

We say that a category C is closed by pushouts or closed regarding pushouts if
every pair of morphisms f: A — B and g: A — C of C has a pushout. Not every
category is closed by pushouts; we now prove that the category Top of topological
spaces and the category Gr of groups are closed by pushouts.

Let us start with Top. We define the disjoint union of two topological spaces B
and C by taking a set of two points, say, {i, j} and constructing the spaces B x {i}
and C x {j}, homeomorphic to B and C, respectively. We then define the union
BUC =B x {i} UC x {j} with the inclusions

13: B—BUC, b (b,i),
1c: C—BUC, c— (c,]))
and give BLIC the topology defined by the open sets
wU)Uic(V) = (U x{i}) UV x{j})

with U open in B and V open in C; in this way, we obtain the topological space
called disjoint union of B and C. By constructing a quotient of the disjoint union, it
is possible to prove that Top is closed regarding pushouts.

(I.2.2) Theorem. The category Top is closed by pushouts.

Proof. Let f: A— B and g: A — C be any two maps in Top. In the disjoint
union BUC, identify f(a) with g(a) for every a € A; take the quotient set BLly o
C obtained by the identifications f(a) = g(a) and then the canonic surjection
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q: BUC — Bl ,C; finally, give BLIf , C the quotient topology relative to the sur-
jection g and define the maps

f=qic: C—BUys,C
g=qig: B— Bls,C.
The diagram

A

B

8

=

C ———BlUys,C
f

is commutative. Let h: B — X and k: C — X be two continuous functions such that
hf = kg. We define the function ¢: BLy ,C — X, by requiring that £(x) = h(x) if x €
BN f(A), £(x) =k(x) if x € C\g(A), and £(x) = hf(a) = kg(a) for every x € f(A)
or x € g(A). Since the restrictions of ¢¢ to B and C are continuous, the composite
function /q is continuous; by the definition of quotient topology, we conclude that £
is continuous. It is easily proved that the map / is unique.

By the universal property, the space BLl¢ , C obtained in the pushout of (f,g) is
unique up to homeomorphism.

We have an important case when A is closed in C and g is the inclusion1: A — C.
We call the space BLIs; C in the pushout of (f,1) the adjunction space of C to B
via f.

Let us now consider the category of groups. We first focus on some fundamental
results in group theory. Let S be a given set. A word defined by the elements of S is
a symbol

o=s{'s3.. .55,
where s; € S and & = +1; without excluding the case where two consecutive ele-
ments s; are equal, we also request that the length n be finite; if n = 0, we say that @
is the empty word. Let Ws be the set of all words defined by the elements of S. More
specifically, given a set S, consider the set SIS~ whose elements are all elements
of S and all elements of a copy of S, denoted S~!. The words of Wy of length n are
precisely all n-tuples of elements of SLIS!.

We now define an equivalence relation E in Ws: wiEw; if w, is obtained from
wy through a finite sequence of operations as follows:

1. Replacing the word s{'s5...s& by the word s{'...s*aa ! ..

£l & —1 En .
s\ sta an L sE
. & — s a—
2. Replacing the words s{!...s*aa™!...s& or s7'...s5*a

R
£l &2 £
S8y S

.5 or the word

la...s& by the word
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where 0 < k < n and a stands for any element of S. Let F(S) = Ws /g be the set of
equivalence classes defined by E in Wg; we denote the equivalence class of a word
w with [w]. We give here the definition of a product in F(S) by juxtaposition:

€] Sn] [s8n+l 8n+m] — [STI €n+m] .

[s7) s [, s B e

(1.2.3) Lemma. The set F(S) with the operation juxtaposition is a group.

Proof. Clearly, the juxtaposition is associative; the identity is the class of the empty

word and is denoted with 1; finally, the inverse of [@] = [s}]'s5* ... 58] is [e] !
—€ (~En—1 —€

[sn ts, sy

The group F(S) is the free group generated by S; the elements of S are the
generators of F(S). When S has a finite number of elements, we may also write
F({s1,52,...,81}) = (51,52, ...,81).

It is useful to write the elements of F(S) without the square brackets. In practice,
it is usual to simplify the notation by means of integral exponents, not necessarily
+1, such as in s}s}slsl = st orsy's; ! = 5,2 Itis also customary to write s instead
of the word s defined by s € S; all this allows us to write equalities such as s>s~! = s,
ss~ =1, and so on.

(I.2.4) Remark. A word @ =s{'s5? ...s& is reduced if, for every element a of S, the
“subword” a®a~¢ does not appear in @ (that is to say, if it is not possible to do any
“cancellation”). In each class [@] = [s{'s5 ... s&], there is one and only one reduced
word. We may therefore define F'(S) by considering only the reduced words defined
by S.

Given a nonempty subset R C F(S), let R be the intersection of all normal sub-
groups of F(S) that contain R; the quotient group

F(S)/R=F(S;R)

is the group generated by the set S with the relations R in F(S). The elements of
F(S;R) are the lateral classes (modulo R) of elements of F(S); for each element @ €
F(S), oR denotes its class modulo R. In practice, to construct F (S;R) we only take
reduced words of S and free them from all the subwords of R. If S = {sy,s2,...,5}
and R = {w,ws,...,w,}, we normally write

($1,52,...,81 |l wi =wy=---=w,=1) = F(S;R).

Examples: 1. S = {s}, F(S) = (s) ~ Z; this group could also be described as
S={s,t},R=A{t}, (s,t|t=1)=F(S;R) = Z.

2.S={s},R={s*}, (s|s*=1) ~ 7.

3.8 ={s,t}, R={sts't7 1}, (s,t|sts~'t7! = 1) ~ Z x Z, the free Abelian group
generated by the elements s and 7.

4. Any group G may be viewed as a group generated by elements and relations: take
S=Gand Rg = {(st)'t~'s7!|s5,t € G}; then, G ~ F(G;Rg).
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(L.2.5) Lemma. Given a group G with unity 1, a group F(S;R), and a function of
sets 0: S — G such that, for every ® € R, 8(w) = 1g, there exists a unique group
homomorphism

0: F(S;R) — G

such that 9(s) = (s) for every s € §.*

Proof. Given any word s{'...s& € Wy, define
O([s7"...s5]) == 0(s1)"" ... 0(s0)"".

(I.2.6) Theorem. The category Gr is closed by pushouts.

Proof. Given any pair of homomorphisms f: G — G and g: G — G, we view
the groups G| and G; as

Gi=F(Gi;Rg,) , Rg, = {(xy)ly_lx_1 |x,y€Gi},i=1,2

and consider the set
Rpg={f(x)g(x) " [x€G}.
We now define the group

G:= F(G[ U GQ;RG1 URg, URf7g)
and the canonic homomorphisms
?: Gy —>6, 2: Gy —G.

Since f(x)g(x)~! is arelation in F(G; UG,) for every x € G, the following diagram
commutes:

G —f> Gy
8 g
G——G
Let us prove the universal property. Given two group homomorphisms
hi: Gi—H ,i=1,2
such that h; f = hyg, the function

0: GGUG,—H, (Vx€G;) 0(x)=hi(x),i=1,2

4 Warning: Here s has two meanings. As an element of the domain of 9, it is the class [s], but as
an element of the domain of 0, it is just the element s.
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satisfies the equality
(Yr€G) B(f(x)g(x)™") = 1a :

by Lemma (1.2.5), there is a unique homomorphism
0:G—H
that extends the function 6 and such that
0f =hy, 63 =hy.

The group G, also denoted with Gy * ¢, Gy, is the amalgamated product of the
groups G| and G, with respect to the homomorphisms f and g.

Exercises

1. Prove that the relation of based homotopy in Top,(X,Y) is an equivalence
relation.

2. Let A be a subspace of X and i: A — X be the inclusion map; then A is a
deformation retract of X if there exists a continuous function r: X — A such that
ri=14: A — A and ir ~ lx. In particular, if A C X is a deformation retract and
A = {xo}, we say that X is contractible to xo. In this case, the identity 1x: X —
X is homotopic to the constant map ¢: X — {x¢}. The space A is called strong
deformation retract of X if ri = 14 and ir ~4 lx. Intuitively, a subspace A of X
is a strong deformation retract of X if X can be deformed over A with continuity,
keeping A fixed during the deformation. Clearly, a strong deformation retract is a
deformation retract. It follows from the definitions that, if A is a (strong or not)
deformation retract of X, then A and X are of the same homotopy type.
(i) Prove that the circle

S'={(xy) eR* [’ +y* =1}
is a strong deformation retract of the cylinder

C:{(x,y,z)E]R3|x2—|—y2:1,0§z§ 1}.

(ii) Prove that the disk
D* ={(x,y) e R*| ¥ +y* <1}

is contractible to (0,0).
3. Prove that for every X,Y € Top,, the function

[@]: [ZX,Y]. =[X,QY]., [f] = [®(/)]

is a natural bijection.



1.3 Group Actions 39

1.3 Group Actions

A topological group is a group together with a topology such that the functions
defined by the multiplication and by inverting the elements of the group are contin-
uous; in more precise terms, let G be a group with the multiplication

x:GxG—G, (V(g,g)eGxG)(g,8)— g¢;

let us consider G x G with the product topology; we then request that the two maps
(g,¢') — gg' and g — g~ ! be continuous functions.

Here are some examples of topological groups; the details of the proofs are left
to the reader.

1. All groups with discrete topology.

2. The additive group R with the Euclidean topology (given by the distance
(vxvy € R) d(x7y) = |)C*y|)

3. The multiplicative group R* = R~ {0} with the topology given in the previous
example.

4. The additive group C of the complex numbers with the topology given by the
distance

(Vx,y € C) d(xvy) = |X7y| :

5. Let GL(n,R) be the multiplicative group of all real, invertible square matrices
of rank n (the general linear group). We define a topology on GL(n,R) as
follows: we note that the function

2
(aij)ij=1,.n € M(n,R) — (ai1,a12,...,a21,a2,...,am) € R"

from the set M(n,R) of all real matrices n x n to the set R™ is a bijection.
This function defines a topology on M(n,R), which derives from the Euclidean

topology on R" and induces a topology on GL(n,R). With this topology, the
group GL(n,R) becomes a topological group.

6. Let SO(n) be the subgroup of GL(n,R) of the matrices M € GL(n,R) such that
M~ is the transpose of M and detM = 1; the previously defined topology on
GL(n,R) induces a topological group structure on SO(n).

Let G be a topological group with neutral element 15 and X be a topological
space. An action (on the right) of G on X is a continuous function

0: XxG—=X

such that
@ (xeX)op(xlg)=x
(b) (VxeX)(Vg,g' €G) d(d(x,g),8") = d(x,8¢")-

We say that G acts on the right of X (through the action ¢). To make it simple,
we write ¢ (x,g) = xg. Similarly, it is possible to define an action on the left.
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(I.3.1) Lemma. Let ¢: G x X — X be an action of a topological group G on a
topological space X. For every g € G, the function

¢(g): X = X, x> xg

is a homeomorphism.

Proof. The function ¢(g~!) is the inverse of ¢(g). The continuity of ¢(g) is imme-
diate; in fact, ¢(g) is the composite of the action ¢ and the inclusion X x {g} —
X xG.

Anaction ¢ : X x G — X givesrise to an equivalence relation =4 in X (a partition

of X into G-orbits):
x=¢x < (Ig€G)X =xg.
The equivalence class [x] of the element x € X is the orbir of x, also denoted by
xG (or Gu, if the action is on the left); and we write X / to indicate the set X /=,
of the orbits of X. The set X/ with the quotient topology given by the canonical
epimorphism
q: X —X/c, x— [

is called orbit space of X under the action of G.

(L3.2) Lemma. The quotient map q: X — X /G is open. If G is a finite group, then
q is also closed.”

Proof. Let U be any open set in X. Then

g ' (q(U)) ={xeX|q(x) € q(U)}
={xeX|(FgeG)3yeU)x=yg}
={xeX|(FgeG)xelUg}
=J o(s)(U).

geG

Since, according to Lemma (1.3.1), the functions ¢(g) are homeomorphisms for
every g € G, ¢~ '(q(U)) is a union of open sets in X; hence ¢(U) is open in X /.
If G is finite and K C X is closed,

q ' (q(K)) = Ugect(8)(K)
is closed as a finite union of closed sets.

We recall that the real projective plane RIP? in Example (I.1.5) on p. 5 was
constructed as the quotient space D%, obtained from the unit disk D? by iden-

tifying (x,y) = (—x,—y) for every (x,y) € D* such that x> +y*> = 1. Then, we
note that the discrete topological group Z, = {1,—1} acts on the unit sphere

3 That is to say, it takes closed sets into closed sets.
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S2={(x,yz) ER} | +y*+22 =1} by ¢: §? x Zp — S?, with ¢((x,3,2),1)
(x,y,z) and ¢((x,y,z),—1) = (—x,—y,—z). Therefore, we obtain the orbit space
S2 /7, of this action by identifying antipodal points of the sphere S2. On the other
hand, let E = S be the equator of S? and let the antipodal points a and —a of S\ E
be identified. Let Si be the north hemisphere of S2: we note that Si ~\ E alone rep-
resents the classes [a] € S?/Z, where a € S? . E. In order to obtain S?/7,, we must
still identify the antipodal points of E. Since Si is homeomorphic to the unit disk
D?, RIP? is also homeomorphic to the space S2 /7.
In general, Z, acts on the n-dimensional unit sphere (n > 1)

n
N {(xo,xl,...,xn) e R"! |2x,~= l}

i=0

by the antipodal action ¢ : S" x Z, — §", such that

O ((x0,X15---,%n),1) = (x0,%1,...,%n)
and
(])((xo,xl,...,x”),fl) = (7X0,7X1,...,7xn).

The orbit space 5" /7, is the n-dimensional real projective space . When n =1, we
have the real projective line, which is homeomorphic to the circle S'.
We say that a group G acts freely on a space X if

(VxeX)(Ve€G, g# 1g) xg # x.

Exercises

1. Prove that the projective line RIP! is homeomorphic to S'.

2. Prove that the action of a subgroup H C G of a topological group G given by the
product (g,h) — gh is an action (on the right) of H on G. Find the quotient G/H
when G = SO(2) and H C G is the group generated by a rotation angle 6.

3. Prove that the topological group GL(n,R) is connected.
4. Prove that all discrete subgroups of R are cyclic and infinite.
5. Find a (non-Abelian) subgroup of SO(3) that is free on two generators.

6. Consider the action of Q on R given by (x,q) — x+¢. Is the quotient connected?
Hausdorff? Compact?

7. Let G be a topological group that acts on the left on two spaces X and Y. Prove
that the action of G

(8= f()]) € GX X, Y] [x= g (g™ 'x)] € [X,Y]

on the homotopy classes of maps is well defined.






Chapter 11
The Category of Simplicial Complexes

II.1 Euclidean Simplicial Complexes

Let us recall that a subset C C R" is convexifx,y € C,t € [0,1] = tx+ (1 —1)y€C.
The convex hull of a subset X C R" is the smallest convex subset of IR”, which
contains X. We say that d + 1 points xg,x1,...,x; belonging to the Euclidean space
R” are linearly independent (from the affine point of view) if the vectors x| — xo,
X — Xp, ..., Xg — Xo are linearly independent. A vector x — xq of the vector space
generated by these vectors can be written as a sum x —xy = 2?:1 ri(x; — xp) with
real coefficients 7;; notice that if we write x as x = Z?:o 0;x;, then 2;1:0 o; = 1.
If {xo,...,xs} € X are affinely independent, the convex hull of X is said to be an
(Euclidean) simplex of dimension d contained in R”; its points x can be written in a
unique fashion as linear combinations

d
X = 2 7L,~x,~,
i=1

with real coefficients A;. The coefficients A; are called barycentric coordinates of x;
they are nonnegative real numbers and satisfy the equality ZEZZO Ai = 1. The points
x; are the vertices of the simplex. The standard n-simplex is the simplex obtained by
taking the convex hull of the n+ 1 points of the standard basis of R"*! (see Figs. II.1
and I1.2 for dimensions n = 1 and n = 2, respectively).

The faces of a simplex s C R" are the convex hulls of the subsets of its ver-
tices; the faces which do not coincide with s are the proper faces. We can define
the interior of a simplex s as the set of all points of s with positive barycentric
coordinates A; > 0. We indicate the interior of s with §. If the dimension of s
is at least 1, § coincides with the topological interior. At any rate, it is not hard
to prove that we obtain the interior of a simplex by removing all of its proper
faces.

An Euclidean simplicial complex is a finite family of simplexes of an Euclidean
space R”, which satisfies the following properties:

D.L. Ferrario and R.A. Piccinini, Simplicial Structures in Topology, 43
CMS Books in Mathematics, DOI 10.1007/978-1-4419-7236-1_11,
© Springer Science+Business Media, LLC 2011
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0, 1)

(1,0) Fig. 1.1

(0,0, 1)

(0, 1, 0)

(1,0,0)
Fig. I1.2

S1 If s € K, then every face of s is in K.
S2 If 51 and s, are simplexes of K with nondisjoint interiors §; N s, # 0, then
S1 = $2.

The dimension of K is the maximal dimension of its simplexes.' Figure II.3 repre-

. Fig. IL.3

sents a two-dimensional simplicial complex of R?; Fig. II.4 is a set of simplexes,
which is not a simplicial complex.

!t is possible to define Euclidean complexes with infinitely many simplexes, provided we add the
local finiteness property that is to say, we ask that each point of a simplex has a neighborhood,
which intersects only finitely many simplexes of K. We do this so that the topology of the (infinite)
Euclidean complex K coincides with the topology of the geometric realization |K| (we are referring
to the topology defined by Remark (I1.2.13)) of the abstract simplicial complex |I? | associated in a
natural fashion to K (we shall give the definition of abstract simplicial complex in a short while).
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(IL.1.1) Example (Euclidean polyhedra). 1. Every simplex of R" together with

all its faces is a simplicial complex.

2. The set of all proper faces of a d-dimensional simplex in R” is a (d — 1)-
dimensional simplicial complex.

3. The set of all closed intervals [1/n,1/(n+ 1)], with n € IN, is a simplicial com-
plex (with infinitely many simplexes) of RR.

4. Let P, be the regular polygonal line contained in C 22 R?, whose vertices are the
mth-roots of the unity {z € C|z" = 1}. The corresponding simplicial complex
is homeomorphic to the circle S' and is depicted in Fig. 11.5.

Fig. IL5

5. The Platonic solids can be subdivided by triangles; they give rise to simplicial
complexes of R?. An example is given by the icosahedron of Fig. I1.6.

Fig. IL6
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I1.2 Abstract Simplicial Complexes

In this section, we shall give the definition of the category Csim of simplicial
complexes and simplicial maps; furthermore, we shall define two important func-
tors with domain Csim, namely, the geometric realization functor and the homology
functor.

An (abstract) simplicial complex is a pair K = (X, @) given by a finite set X and
a set of nonempty subsets of X such that:

Kl (WxeX), {x} €D,
K2 (Voe®)(Vo' Co, 0 #0), 0’ € ®.

The elements of X are the vertices of K. The elements of @ are the simplexes of K.
If o is a simplex of K, every non-empty ¢’ C 0 is a face of 6. According to
condition K2, we can say that all faces of a simplex are simplexes. A simplex ¢
with n+ 1 elements (n > 0) is an n-simplex (we also say that ¢ is a simplex of
dimension n); we adopt the notation dim ¢ = n. It follows that the O-simplexes are
vertices. The dimension of K is the maximal dimension of its simplexes; if the
dimensions of all simplexes of K have a maximum n, we say that K has dimension
n or that K is n-dimensional.

(IL.2.1) Remark. We explicitly observe that in this book all simplicial complexes
have a finite number of vertices.

Before we present some examples and constructions with simplicial complexes,
we give a definition: a simplicial complex L = (Y, ¥) is a subcomplex of K = (X, @)
ifY CXand'¥ C @.

(IL.2.2) Remark. Let Ky = (Xo,Pp) and K; = (X;, P;) be subcomplexes of a sim-
plicial complex K; we observe that the union Ko UK; = (XoUX;, Py U @P;) and the
intersection Ko NK; = (Xo N X7, Py N Py) (with XoNX; # 0) are subcomplexes of K.
In particular, the union of two disjoint simplicial complexes Ky and K; (that is to
say, such that Xop N X = 0) is a simplicial complex.

Let us now give some examples.

1. Let X be a finite set and let @(X) = 2X be the set of all subsets of X; clearly,
the pair K = (X, £(X) \ 0) is a simplicial complex.

2. The set of all simplexes of an Euclidean simplicial complex is an abstract sim-
plicial complex if we forget the fact that its vertices are points of R". The
set X is the set of all vertices, while @ is the set of simplexes. Thus, the ex-
amples of Euclidean polyhedra on p. 45 are examples of abstract simplicial
complexes.

3. Let I be a graph (that is to say, a set of vertices X and a symmetric subset @
of X x X, called set of edges). It is not hard to prove that (X, ®) is a simplicial
complex if we assume that 0 € @ C 2X whenever o is a set with just one
element or is the set of the two vertices at the ends of an edge.



I1.2 Abstract Simplicial Complexes 47

(IL.2.3) Definition (generated complex). Let K = (X, @) be a simplicial complex;
for every simplex o € @, the pair

o= (0,0(0)\0)

is a simplicial complex; G is the simplicial complex generated by ¢ (sometimes
also called closure of o). More generally, let B be a set of simplexes of K, that is to
say, B C @; then

B=|Jo

oeB

is the simplicial complex generated by all the simplexes of the set B. Observe that
B is a subcomplex of K.

(IL.2.4) Definition (boundary of a simplex). For every simplex o of a simplicial
complex,

6 = (0,0(0)~{0,0})
is a simplicial complex, called boundary of ¢. By an abuse of notation, we write

o=oUo.

(IL.2.5) Definition (join and suspension). Given two simplicial complexes K =
(X,®) and L = (Y,¥), the join of K and L is the simplicial complex K * L whose
vertices are all the elements of the set X UY, and whose simplexes are the elements
of the sets @, ¥ and of the set

(D*lP:{{x07~"7xnay07"'aym}|{x07"'axﬂ}eq)a{yOv"'ayM}E.{l}'

In other words, a nonempty subset {x,...,X,0,--.,Ym of XUY is a simplex of
K * L if and only if {xy,...,x,} € @U{0} and {yo,...,ym} € Y U{0}. In particular,
if L= (Y,P) is the simplicial complex defined by a unique point y, K xy = Ky is the
cone (sometimes called abstract cone) of K with vertex y (of course, we can also
define the cone yK). An n-simplex with n > 1 can be interpreted as the cone of any
of its faces (of dimension n — 1).

If L is the simplicial complex determined by exactly two points x and y, that is
to say,

L= (Y7LP) with Y = {x7y} V= {{X},{y}} ’

the join K « L = XK is called suspension of K. Observe that XK can be viewed as
the union of the cones K xx and K *y.

The category Csim of simplicial complexes is the category whose objects are all
simplicial complexes, and whose morphisms f : K = (X,®) — L = (Y, V) are the
functions (between sets) f : X — Y such that

(Vo ={x0,x1,...,%x} € D), f(0) ={f(x0),f(x1),...,f(xn)} €.

A morphism f € Csim(K, L) is a simplicial function from K to L.
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I1.2.1 The Geometric Realization Functor

For a given simplicial complex K = (X, ®), let V(K) be the set of all functions
p: X — R>o (nonnegative real numbers); we define the support of an arbitrary
p € V(K) to be the finite set

s(p) = {x € X | p(x) > 0}.
Let |K| be the set defined as follows:

K| ={peV(K)|s(p) e @®and » p(x)=1}.
xes(p)

We now define the function
d: |K|x |K| — Rxo

which takes any pair (p,q) € |K| x |K| into the real number

d(p,q) = | Y, (p(x) —q(x))?.

xeX

This function is a metric on K (verify the conditions defining a metric given in
Sect. I.1.5); hence, it defines a (metric) topology on |K|. The metric space |K| is the
geometric realization of K. Observe that |K| is a bounded space, in the sense that
(Vp,q € |K|), d(p,q) < /2. Moreover, |K| is a Hausdorff space.

We can write the elements of K as finite linear combinations. In fact, for each
vertex x of K, with a slight abuse of language, let us denote with x the function
of V(K), with value 1 at the vertex x and O at any other vertex; in a more formal

fashion,
_[Oify#x
(VyeX)x(y)— { 1 ify:x

(in other words, we identify the vertex x with the corresponding real function of
V(K), whose support coincides with the set {x}). Hence if s(p) = {xo,x1,...,x,} is
the support of p € |K|, and assuming that p(x;) = 0, i =0, 1,...,n, we can write p as

n
pP= Z OiX;.
i=0

The real numbers ¢; , i =0,...,n, are the barycentric coordinates of p (in agreement
with the barycentric coordinates defined by n+ 1 independent points of an Euclidean
space).

(II.2.6) Remark. Because K has a finite number of vertices, say n, we can embed
the set of vertices X in the Euclidean space R”, so that the images of the elements of
X coincide with the vectors of the standard basis. Then we can take the convex hulls
in R" of the vectors corresponding to the simplexes of K, to obtain an Euclidean
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simplicial complex K’ C R" associated with K. We shall see in a short while that
K’ is isomorphic to the geometric realization |K| (actually, there exists an isometry
between these two metric spaces; furthermore, the set of all functions X — R
coincides with the positive quadrant of R").

The following statement holds true: two points p,q € |K| coincide if and only if
they have the same barycentric coordinates.
The geometric realization functor

| |: Csim — Top

is defined over an object K € Csim as the geometric realization |K|, and over a
morphism f € Csim(K,L) as

A1 1K= L] A1 0axi) = 3 0af (i) -
To prove that | | is indeed a functor, we need the following result.

(IL.2.7) Theorem. The function |f| induced from a simplicial function f: K — L is
continuous.

Proof. 1t is enough to prove that, for every p € |K|, there exists a constant ¢(p) > 0
which depends on p and such that, forevery g € |K|, d(|f|(p),|f](q)) < c(p)d(p,q).
Assume that

s(p) ={x0,...,x,} and s(q) = {yo,---,Ym}

and also that p(x;) = ¢; fori=0,...,n, and ¢(y;) = B; for j=0,...,m. We consider
three cases.
Case I: s(p)Ns(g) = 0 - In this situation

Za2+252> Z

because Y, o = 1, ¥, o has its minimum value only when o; = 1/(n+ 1), for
everyi=0,...,n. It follows thatd(p,q) > 1/v/n+1and

d(If|(p).Ifl(@) _ V2
d(p,q) “1/vntl

(recall that d(|f|(p),|f](q)) < V2); so,
d(1f(p),|fl(q)) <v2(n+1)d(p,q);

thus, we define c(p) = /2(n+1).
Case 2: 5(p) Ns(q) # 0, but s(p) Z s(q) and s(q) Z s(p) -
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Let us rewrite the indices of the elements of s(p) and s(g) to have the following
common elements:

Xr = Y0sXr+1 = Y1y--+sXn = Yn—r-

Notice that the set s(p) Us(g) has exactly m+r+ 1 common elements. Now consider
the elements

Xiy Oﬁlgr—l
Zi=Q Xi=Yi-r, Fr<i<n
Yier, n+l1<i<m+r
together with the real numbers
-0y, 0<i<r—1
i=1{ —0i+Pir,r<i<n
Bi—r, n+1<i<m+r.

Notice that §; <0 fori =0,...,r—1land %, >0 fori=n+1,...,m+r, because
o; >0foreveryi=0,1,...,nand f§; > 0 fori=1,...,m. Let us order the numbers
% in such a way that 1o < 7 < ... < ¥y (if necessary, we make a permutation of
the indices). Let [ be the largest index for which y; < 0 (because of the assumptions
we made, such a set of indices cannot be empty - thus / exists - nor can it be the set of
all indices - thus » <[ < n); moreover, the vertices (viewed as functions) zg,z1,...,
are summands of p (the numbers ¥; are negative), while the vertices z;11,...,Zn+r
are part of g (the corresponding numbers ¥; are non-negative). At this point, take
A= Z, _o 7% < 0 and the two finite successions of real positive numbers

VO Y 1 Yin+r
(2 Dy ana (2L Ty,
The elements
: i ¥ ’i 2
pP= Zzandq = i
i=0 A i=l+1 2’

are in |K| because
m+-r

> Lo

i=l+1

1
Yi
5=

from what we proved above, it follows that s(p’) C s(p) and s(¢’) C s(g). But
s(p")Ns(q') =0 and so, by Case 1,

d(|f1(p"),1f1(d") < V2(l+1)d(p',q).

The equalities
1
d(p'.q) = —d(p,q),

d(|£1(P");1f1(q)) = _le(lfl(P), f1(a)),

and the fact that \/2(+ 1) < 1/2(n+ 1) allow us to conclude that
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d(|f1(p),1f1(q)) < V2(n+1)d(p,q).

Case 3: Let us assume that s(p) C s(g). Rewrite the indices of the elements of s(p)
and s(g) in such a way that, x; = y; for every i = 0,...,n. Similar to the previous
case, we consider the elements

_Jxi=y,0<i<n
4= Vi, n+1<j<m

and the real numbers

N _al+ﬁ170§l§n
vi= Bj, n+1<j<m.

If —0;+B; > 0foreveryi=0,...,n, then s(p) =s(q) and p = g, because Y} ,o; =
1. Hence, there exists a number 0 < i < n such that —c; + 3; < 0. At this point, we
argue as in the previous case. If s(¢) C s(p), we use an analogous procedure.

In particular, the following result holds true:

(IL2.8) Theorem. Any piecewise linear function (the simplicial realization of a
simplicial function)

n n
F: ‘K| — |L‘ , F (2 OC,'X,') = ZOC,'F()C,‘)
i=0 i=0

is continuous.

Hence | | is a functor.

We now investigate some of the properties of the geometric realization of a sim-
plicial complex. Recall that it is possible to characterize a convex set X of an
Euclidean space as follows: for every p,q € X, the segment [p, g, with end-points p
and ¢, is contained in X. As we are going to see in the next theorem, this convexity
property is valid for the geometric realization of the complex & (called geometric
simplex), for every simplex ¢ of a simplicial complex K.

(IL2.9) Theorem. Let K = (X, ®) be a simplicial complex. The following results
hold true:

(i) The geometric realization G of any simplex ¢ € @ is convex.
(ii) For every two simplexes ¢,T € @ we have

[6|N|T|=|oNT|.
(iii) For every ¢ € @, © is compact .

Proof. (i) Assume that o = {x,...,x,} and let p, g be arbitrary points of |G|; sup-
pose that p =Y, oyx; and g = X} Bixi. The segment [p, ¢ is the set of all points
r=tp+(1—t)q,foreveryt € [0,1]. Then
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n

r=tp+(1—t)g="> (ta;+ (1 —1)B;)x;
i=0

with X7 o (to;+ (1 —1)B;) =1 and so, r € [T].
(ii) Let us first observe that if p € [G], then s(p) C 0. Now if p € |6|N|7], s(p) C

o N7, and thus p € |s(p)| C [6N71|. Conversely, if p € [6MN 7| then p € |s(p)| C |G|,

p € |s(p)| C |7|, and therefore p € || N|T]-
(iii) Take the standard n-simplex

A" ={(z0, sz RO H < 1LYz =1}

endowed with a system of barycentric coordinates with respect to the vertices
eo = (1,0,...,0),...¢, =(0,0,...,1);

we can write the elements of A” as linear combinations with nonnegative real coeffi-
cients Y\, 0;e; where Y7 ¢; = 1. Furthermore, we observe that A" is compact as a
bounded and closed subset of R"*! (see Theorem (I.1.36)). Let f: A" — [C| be the
function taking any p = Y}, ae; € A” to the point f(p) = ¥}, ax;. This function
is bijective, continuous, and takes a compact space to a Hausdorff space; hence, f
is a homeomorphism (see Theorem (I.1.27)). It follows that [G| is compact.

As we have observed before, the geometric realization |K| can be viewed as a
subspace of R", where n is the number of vertices of K. Thus, it is possible to con-
sider an affine structure on the ambient space R”, and again analyze the convexity
of the various parts of K and the linear combinations of elements with barycentric
coordinates. For every p € |K|, let B(p) be the set of all ¢ € @ such that p € |G];
now take the space

oEB(p)

The boundary S(p) of D(p) is the union of the geometric realizations of the com-
plexes generated by the faces T C o, with 6 € B(p) and p ¢ |7|. Intuitively, D(p)
is the “disk” defined by all geometric simplexes, which contain p and S(p) is its
bounding “sphere”. Observe that D(p) and S(p) are closed subsets of |K|; finally,
leaving out the geometric realization, D(p) and S(p) are subcomplexes of K.

(I1.2.10) Theorem. Let K be a simplicial complex; the following properties are
valid.

(i) Forevery p € |K|, D(p) is compact.
(ii) For every q € D(p)~{p} and every t € I, the point r = (1 —t)p +1tq belongs
to D(p).
(iii) Every ray in D(p) with origin p intersects S(p) at a unique point.

Proof. (i): The compactness of D(p) follows from Theorem (I1.2.9), (iii).
(if): Because g € D(p) ~ {p}, there exists a simplex ¢ € B(p) such that ¢ € [0, a
convex space; it follows that the segment [p, g| is entirely contained in |G| C D(p).
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(iii): Let ¢ be a ray with origin p, and let ¢ be the point of ¢ determined by the
condition

d(p,q) =sup{d(p.4') | ¢ € ND(p)}.

Then, |s(g)| € S(p); otherwise, we could extend ¢ in D(p) beyond ¢ and thus we
would have g € S(p). On the other hand, because s(g) is a face of a simplex contain-
ing p, the vertices of s(p) and s(q) define a simplex of which s(p) is a face (in fact,
s(p)Us(q) is a simplex of the simplicial complex D(p)). The points of £ beyond ¢
cannot be in S(p) and the open segment (p,q) is contained in D(p) ~. S(p). Hence,
£ intersects S(p) in one point only.

Notice that D(p) is not necessarily convex; at any rate, as we have seen in part
(ii) of the previous theorem, D(p) is endowed with a certain kind of convexity in
the sense that, for every ¢ € D(p), the segment [p,q] is entirely contained in D(p).
We say that D(p) is p-convex (star convex). Theorem (I1.2.10) allows us to define
amap

my: D(p)~A{p} —S(p), g LpqaNS(p)

where £, ; is the ray with origin p and containing g; the function 7, is the radial
projection with center p from D(p) onto S(p). Leti: S(p) — D(p) ~ {p} be the
inclusion map; then 7,i = 1g(,, and i, is homotopic to the identity map of D(p) ~
{p} onto itself with homotopy given by the map

H: (D(p)~{p}) xI— D(p)~{p}, (g,t) — (1 —t)g+tmy(q).

Hence, S(p) is a deformation retract of D(p) \ {p} (see Exercise 2, Sect.1.2).
This shows another similarity between the spaces D(p), S(p) and, respectively, the
n-dimensional Euclidean disk and its boundary.

The next result (cf. [24]) will be used only when studying triangulable manifolds
(Sect. V.1); the reader could thus leave it for later on.

>

(IL2.11) Theorem. Let f: |K| — |L| be a homeomorphism. Then, for every p € |K
S(p) and S(f(p)) are of the same homotopy type.

Proof. Assume that s(f(p)) = {yo,...,yn} and let U = |s(f(p))| ~ |s(f(p))]| be the
interior of |s(f(p))|, that is to say, the set of all g € |L| such that ¢(y;) > 0, for

every i = 0,...,n. Notice that U is an open set of D(f(p)); moreover, f~(U) is
an open set of |K| containing p. The bounded, compact set D(p) can be shrunk at
will: in fact, for any real number 0 < A < 1 we define the compression AD(p) as
the set of all points r = (1 — A)p + Agq, for every g € D(p); observe that AD(p)
is a closed subset of K|, and is homeomorphic to D(p). Let A € (0,1] be such
that

peAD(p) C f1(U);
then

f(p) € f(AD(p)) CU C D(f(p)).
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In a similar fashion, we can find two other real numbers i, v € (0, 1] such that

f(p) € f(vD(p)) C uD(f(p)) C f(AD(p)) C D(f(p))-

Because f(vD(p)) C uD(f(p)), we can define the radial projection with cen-
ter f(p)

v f(vS(p)) — uS(f(p)) , f(a) — 7r()(f(q))
for every g € vS(p). We also define the map

¢: uS(f(p)) — f(vS(p)), g+ F(V(my(f~'(a)))

where 7, is the radial function with center p in AD(p) (notice that f~!(q) # p, for

every g € uS(f(p)) and moreover, £~ (UD(f(p)) © AD(p)).
Since the spaces f(vS(p)) and uS(f(p)) are contained in D(f(p)) and this last
space is f(p)-convex, we can define the homotopy

Hy: uS(f(p)) xI— D(f(p))

_J(=20)yo(q)+2tf(p), 0<
Hig.1) = { 2-20)f(p)+(2t—1)9(q), 3 <

for every g € uS(f(p)). Strictly speaking, H; is a homotopy between ¢ composed
with the inclusion map f(vS(p) C D(f(p)) and w¢ composed with uS(f(p)) C
D(f(p)). We now take the maps

f7'0: uS(f(p)) — vD(p) and =12 uS(f(p)) — AD(p).
Because D(p) is p-convex, we can construct the homotopy

_Ja=2)felg)+2tp, 0<i<
Hala.1) = { 2-20)p+2—-1)f"q), 3<1<

—_ D=

which, when composed with the homeomorphism f, gives rise to a homotopy

fHy: uS(f(p)) x1— D(f(p));
finally, we consider the homotopy

F: uS(f(p) xI—D(f(p))

defined by the formula

F(q7t):{Hl(q’2t)7 2

fHx(q,2t—1),
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The map F is a homotopy between y¢ and the identity map of uS(f(p)). Similarly,
we prove that ¢ is homotopic to the corresponding identity map. Thus, uS(f(p))
and f(vS(p)) are of the same homotopy type. On the other hand, uS(f(p)) and
f(vS(p)) are homeomorphic, respectively, to S(f(p)) and S(p); hence, S(f(p))
and S(p) are of the same homotopy type.

The geometric realization |K| of a simplicial complex K is called polyhedron.”
The next theorem gives a better understanding of the topology of |K| = (X, ®).

(I1.2.12) Theorem. A set F C |K| is closed in |K| if and only if, for every 6 € @,
the subset F N[0 is closed in |G|

Proof. Because [0 is a compact subset of a Hausdorff space |K|, |o] is closed in
|K| (see Theorem (I.1.25)); thus, if F is closed in |K|, F N|c] is closed in |K]| and
therefore, F is closed in |G|

Conversely, if FN[G]| is closed in [G] for every [G| C |K], then F = U (F N [T])
is closed in |K]| as a finite union of closed sets.

A topological space X is said to be triangulable if there exists a polyhedron K,
which is homeomorphic to X; the simplicial complex K is a triangulation of X.
A triangulable space can have more than one triangulation. For example, it is easy
to understand that S! has a triangulation given by a simplicial complex whose ge-
ometric realization is homeomorphic to the boundary of an equilateral triangle; but
it can also be triangulated by a complex whose geometric realization is a regular
polygon with vertices in S! (the homeomorphisms are given by a projection from
the center of S'). More generally, a disk D" and its boundary $"~! are examples of
triangulable spaces; these spaces also have several possible triangulations. Next, we
describe the standard triangulation of S".

Let X" be the set of all points (x|,X2,...,%,11) € R*"! such that ¥, |x;| = 1.

Let X be the set of all vertices of X,, that is to say, of the points a; = (0, ... ,i

;.0 and af = (0,...,~1,...,0) in ™', i=1,...,n+ 1. Now, let @ be the
set of all nonempty subsets of X of the type {x;,,...,x; } with 1 <ip <ij <...<
ir <n+1 and x;, equal to either a;, or ai»s. Since any set of vertices of this type is
linearly independent, K" = (X, @) is a simplicial complex. Its geometric realization
is homeomorphic to £"; on the other hand, X" and S” are homeomorphic by a radial
projection from the center and therefore, K" is a triangulation of S”. The simplicial
complex K" is the so-called standard triangulation of S".

(II.2.13) Remark. As we have already notice, in this book we work exclusively
with finite simplicial complexes. However, it is possible to give a more extended
definition of simplicial complexes, which includes the infinite case. With this in
mind, we define a simplicial complex as a pair K = (X, ®) in which X is a set

2 In some textbooks, polyhedra are the geometric realizations of two-dimensional complexes; for
the more general case, they use the word polytopes.
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(not necessarily finite) and @ is a set of nonempty, finite subsets of X satisfying the
following properties:

l. (VxeX), {x}ed,
2. Voed)(Vo'Co,0' #0), 0 €.

The price we must pay is a strengthening of the topology of K. We keep the metric

d: |K|x|K|] — R>g
i

(Vp,q € |K|)d(p,q) = { > (p(x) —q(x))z}

xeX

which defines a topology on K. While the necessary condition of Theorem (I1.2.12)
is still valid, the sufficient condition does not hold because, to prove it, we need
the assumption that X is finite. However, it is precisely the topology of Theo-
rem (I1.2.12) that we impose on |K|; in other words, we must exchange the metric
topology of K with a finer topology. We say that

F C |K|is closed <= (Vo € ®) FN|0]|is closed in ©.

This topology is normally called “weak topology”; this is somehow a strange
name, considering the fact that the weak topology for K is finer (that is to say, has
more open sets) than the metric topology.

11.2.2 Simplicial Complexes and Immersions

We have proved, aided by the geometric realization functor, that every abstract finite
simplicial complex K can be immersed in an Euclidean space and hence can be
viewed as an Euclidean simplicial complex. The dimension of the Euclidean space
in question is equal to the number of vertices, say m, of the complex. At this point,
we ask ourselves whether it is possible to immerse K in an Euclidean space of
dimension lower than m. The next theorem answers that question. Before stating the
theorem, we define Euclidean simplicial complexes in a different (but equivalent)
fashion. Let & C R” be a union of finitely many Euclidean simplexes of R” such
that

1. If o0 C R, every face of 0 is in R.
2. The intersection of any two Euclidean simplexes of £ is a face of both.

It is not difficult to prove that a set of simplexes of R” verifying the previous
conditions is an Euclidean simplicial complex as defined in Sect.II.1. We also no-
tice that if F C R is closed, the intersection F' N o is closed in ¢ for every Euclidean
simplex o of K; conversely, if F is a subset of K such that, for every Euclidean
simplex o of &, F N 0o is closed in 0, then F is closed in K because F is the fi-
nite union of the closed sets F N ¢. Clearly, an Euclidean complex & of R” is
compact and closed in R”. We now state the immersion theorem for simplicial
complexes.
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(IL.2.14) Theorem. Every n-dimensional polyhedron |K| is homeomorphic to an
Euclidean simplicial complex.

Proof. Let 9 be the set of all points P! = (i,i%,...,i?""!) € R?>"*!, for every
i > 0. We claim that the set 91 has the followmg property every 2n + 2 points
P .. P+l are linearly independent. In fact, a linear combination

2n+1
Z oj(Pi—P) =0

gives rise to the equations

because the determinant of the system of linear homogeneous equations defined by
the 2n + 2 equations written above is equal to [~ j(ix —i;) # 0, the only solution
for the system is the trivial one, oty = 0p = ... = 0,41 = 0.

Assume that K = (X,®) with X = {ao,...,as} and s <n. To each vertex
a;, we associate the point P! = (i',i%,...,i#""1) € R?>*!, and to each simplex
{ajy,ajy,...,a;,} € @ we associate the Euclidean simplex {Pio pir ... Pir} (ob-
serve that the points P/ with j = 0,...,p are linearly independent because p <
n < 2n+1). Let R be the set of vertices and Euclidean simplexes obtained in
this way.

We begin by observing that £ clearly satisfies condition 1 of the definition of
Euclidean simplicial complexes. Let us prove that condition 2 is also valid. Let o,
and o, be two Euclidean simplexes of & with r common vertices; altogether 0, and
0, have p+q —r+2 vertices. Because p+¢g —r+2 < 2n+ 2, these vertices form
an Euclidean simplex of R*"*! having 0}, and o, as faces; hence, 6, N 0, is either
empty (if 7 = 0) or a common face of 0, and oy.

Therefore, K is an Euclidean simplicial complex homeomorphic to |K|.

The reader could ask whether Theorem (I1.2.14) is the best possible result or else,
whether it is possible to realize all n-dimensional simplicial complexes in Euclidean
spaces of dimension less than 2n + 1. Clearly, a complex of dimension n» must be
immersed in a space of dimension at least 7. We shall now give two examples of one-
dimensional simplicial complexes (that is to say, graphs) that cannot be immersed
in R?.
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Let K3 3 be the complete bipartite graph over two sets of 3 vertices, also known
as utility graph: K3 3 = (X, ®) with X = {1,2,3,a,b,c} and

@ = {1}, {2}, {3} {a}, {b}, {c}, {1,a},{1,b},{1,c},{2,a},{2,b},
{2,¢},{3,a},{3,b},{3,c}}.

Figure I1.7 shows its graphic representation (which however is not a geometric real-

¢ 3 Fig. IL7

ization of K3 3 because its distinct 1-simplexes have empty intersections). Another
way to represent K(3,3) is given in Fig. I1.8. To ask whether or not K(3,3) can be

c 3
b 2
a 1 Fig. IL.8

represented as a planar graph is a classical query; the answer would be affirmative
if one could determine an immersion of K(3,3) in R? (but planarity is a weaker
property: It is enough to show that |K3 3| is homeomorphic to a subspace of R?).
Another example of a simplicial complex with an analogous property is given by
the complete graph over 5 vertices Ks: X = {1,2,3,4,5} and @ is the set of all
nonempty subsets of X with at most 2 elements. Figure I1.9 is a standard graphic
representation of this graph. It is not difficult to prove that both K3 3 and K5 cannot
be immersed in R2.
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Fig. I1.9

11.2.3 The Homology Functor

We now define the homology functor
H.(—;7Z): Csim — AbZ,

another important functor with domain Csim.

Let K = (X, @) be an arbitrary simplicial complex. We begin our work by giving
an orientation to the simplexes of K. Let 0, = {x0,X1,...,X,} be an n-simplex
of K; the elements of o, can be ordered in (n+ 1)! different ways. We say that
two orderings of the elements of ¢, are equivalent whenever they differ by an even
permutation; an orientation of 0, is an equivalence class of orderings of the vertices
of o,,, provided that n > 0. An n-simplex o, = {xg,x1,...,%,} has two orientations.
A 0-simplex has clearly only one ordering; its orientation is given by +1.

If o, = {x0,x1,...,X,} is oriented, the simplex {xj,xo,...,x,} for example, is
denoted with —o. If n > 1, a given orientation of 6, = {x¢,x1,...,X, } automatically
defines an orientation in all of its (n — 1)-faces: For example, if 62 = {xo,x1,x2} is
oriented by the ordering xp < x; < x», its oriented 1-faces are

{x1,x}, {x2,x0} = —{x0,x2} and {xo,x }.

More generally, if 6, = {xo,x1,...,X,} is oriented by the natural ordering of the
indices of its vertices, its (n — 1)-face

O_n—l,i = {.X(),X],. ey Xigeen 7-xll} = {x07x17"'7xi—17-xi+17' .. 7-xll}

(opposite to the vertex x; with i = 0,...,7) has an orientation given by (—1)/ On—1.;
we say that 0,,_1 ; is oriented coherently to o, if i is even, and is oriented coherently
to —o, if i is odd. We observe explicitly that the symbol ~ over the vertex x; means
that such vertex has been eliminated.

We are now ready to order a simplicial complex K = (X, ®@). We recall that the
technique used to give an orientation to a simplex was first to order its vertices in
all possible ways, and then choose an ordering class (there are two possible classes:
the class in which the orderings differ by an even permutation, and that in which the
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orderings differ by an odd permutation). Now let us move to K. Begin by taking a
partial ordering of the set X in such a way that the set of vertices of each simplex
o € @ is totally ordered; in this way, we obtain an ordering class — that is to say,
an orientation — for each simplex. A simplicial complex whose simplexes are all
oriented is said to be oriented.

Let K = (X, @) be an oriented simplicial complex. For every n € Z, with n > 0,
let C,(K) be the free Abelian group defined by all linear combinations with coef-
ficients in Z of the oriented n-simplexes of K; in other words, if {o}} is the fi-
nite set of all oriented n-simplexes of K, then C,(K) is the set of all formal sums
>im;o. . m; € Z (called n-chains), together with the addition law

zpl +zq: -—2 pz"“]z)

If n < 0, we set C,(K) = 0. Now, for every n € Z, we define a homomorphism
dw = 3K: C,(K) — C,_1(K) as follows: if n <0, d, is the constant homomor-
phism 0; if n > 1, we first define d, over an oriented n-simplex {xg,xi,...,%,}
(viewed as an n-chain) as

n

On({x0,%1,...,%,}) = Z(—l)i {X0,- -\ Xiye oy Xn} s

i=0

finally, we extend this definition by linearity over an arbitrary n-chain of oriented
n-simplexes. The homomorphisms of degree —1, that we have just defined, are
called boundary homomorphisms.

(I1.2.15) Lemma. For every n € Z, the composition d,_ 10, = 0.

Proof. The result is obvious if n = 1. Let {xo,x1,...,X,} be an arbitrary oriented
n-simplex with n > 2. Then

n

anflan({x()wxh xn} an lz _1 {-x07 Xy ey X }
i=0
_Z l)l {)C()7 /} ..,x,-,...,x,,}
Jj<i
+2—1 (—1) " Yxo, .. Xy Xy Xn )
J>i
This summation is 0 because its addendum {x,...,X},...,X;,...,X, } appears twice,

once with the sign (—1)’(—1)7 and once with the sign (— 1)’(—1)j’l.

This important property of the boundary homomorphisms implies that, for every
n € Z, the image of d,,+ is contained in the kernel of d,; using the notation Z, (K) =
kerd, and B,(K) =imd, 1, we conclude that B, (K) C Z,(K) for every n € Z. Thus,
to each integer n > 0, we can associate the quotient group

H,(K;Z) = Z,(K)/Bx(K);

to each n < 0, we associate H,(K;7Z) = 0.
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(IL.2.16) Definition. An n-chain ¢, € C,(K) is an n-cycle (or simply cycle) if
On(cn) = 0; thus Z,(K) is the set of all n-cycles. An n-chain c,, for which we can
find an (n+ 1)-chain ¢, such that ¢, = d, 11 (¢,+1), is an n-boundary; thus, B, (K)
is the set of all n-boundaries. Two n-chains ¢, and ¢/, are said to be homologous if
cn—cly € By(K).

What we have just described is a method to associate a graded Abelian group
H.(K;Z)={H,(K;Z)|n € Z}

to any oriented simplicial complex K € Csim. To define a functor on Csim we must
see what happens to the morphisms; we proceed as follows. Let f: K = (X, ®) —
L = (Y,'V) be a simplicial function (K and L have a fixed orientation). We first
define

Cu(f): Co(K) — Cy(L)

on the simplexes by

)= ({0 T G 0

otherwise

and then extend C,(f) linearly over the whole Abelian group C,(K). It is easy to
prove that -G, (f) = C,—1(f)dX, for every n € Z (one can verify this on a single
n-simplex). We now define

H,(f): H,(K;Z) — H,(L;Z,)
2+ Bu(K) — Cu(f)(2) + Ba(L)

for every n > 0. We begin by observing that C,(f)(z) is a cycle in C,(L): in fact,
since z is a cycle,

IEC,(f)(2) = Cooi1(f)OK(z) =0

On the other hand, we note that H,(f) is well defined: let us assume that z — 7' =

9k, | (w); then

Ca(F)(z=2) = Cal )1 (W) = I 1 Casr (F)(w)

and thus C,(f)(z — 7)) € Bn(L); from this, we conclude that H,(f)((z —7') +
B,(K))=0.

If n <0, we set Hy(f) = 0; in this way, we obtain a homomorphism H,(f)
between Abelian groups, for every n € Z. The reader is invited to prove that

Hn(lK) = 1H,l(K) € Hn(gf) = Hn(g)Hn(f)
for every n € Z.

(I1.2.17) Remark. The construction of the homology groups H,(K;7) is indepen-
dent from the orientation of K, up to isomorphism. In fact, suppose that O and O’
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are two distinct orientations of K and denote by K and K 9 the complex K together
with the orientations O and O’, respectively.

The simplexes of K are denoted by o, and those of K, by ¢’. Now define
0n : Co(K©) — Cu(K?) as the function taking a simplex o), into the simplex o,
if O and O’ give the same orientation to 0,,, and taking o, into —o,, if O and O’
give opposite orientations to 0,; next, extend ¢, by linearity over the whole group
C,(K©9). Tt is easy to prove that ¢, is a group isomorphism. Moreover, for every
n €7, 0,9, = ¢p,—10,. For a given n-simplex o, of K©, we have two cases to
consider:
Case I: O and O' give the same orientation to oy; then

n

an¢11(6n) = an(o-r/z) = ;)(_1)1‘0.’/1_1’[

¢n—18n(6n) = q)n—l(Z(_l)iGn—l,i) = 2(_1)i6rlzf],i;

i=0 i=0
Case 2: O and O’ give different orientations to o,; then
n

Onn(0y) = du(—0,) = Z(_I)HIG;LIJ

n

n
9n-100(01) = 01 (X (D) ou1) = X (- 1) oy
i=0 i=0
Similar to what we did to define the homomorphism H,(f), we can prove that ¢,
induces a homomorphism

Ha(90): Hu(K%Z) — Ho(K?; 7))
which is actually an isomorphism.

Therefore, up to isomorphism, the orientation given to a simplicial complex has
no influence on the definition of the group H,(K;Z); thus, we forget the orientation
(however, we note that in certain questions it cannot be ignored). With this, we
define the covariant functor

H.(—7): Csim — Ab%
by setting
H.(K;Z) ={H,(K;Z) |n€ Z} and H.(f) = {H\(f) | n € Z}

on objects and morphisms, respectively. The graduate Abelian group H,(K;Z) is
the (simplicial) homology of K with coefficients in Z.

We are going to compute the homology groups of the simplicial complex 72
depicted in Fig. II.10 and whose geometric realization is the two-dimensional torus.
We begin by orienting 72 so that we go clockwise around the boundary of each
2-simplex. To simplify the notation, let us write C;(T?) as C; (the same for the
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0 1 2 0
3 5 6 3
4 7 8 4
Fig. I1.10 A triangulation
of the torus with oriented
0 1 2 simplexes

groups of boundaries and cycles). We notice that C, =2 Z!3, €, = 7?7, C, = 7°. We
represent the boundary homomorphisms in the next diagram

% 9
O 7 C2 4 Cl C() 0

Clearly, each vertex (and hence, each O-chain) is a cycle; hence, Zy = Cy. The
elements {0}, {1} — {0}, ... {8} — {0} form a basis of Zy. Any two vertices can
be connected by a sequence of 1-simplexes and so the 0-cycles {1} — {0}, ...,
{8} — {0} are 0-boundaries. Since the boundary of a generic 1-simplex {i, j} can
be written as

o ({,}) = {iy —{i} = {j} = {0} = ({i} = {0}),
we have that By C Zj is generated by {1} — {0}, ..., {8} — {0} and thus,
Hy(T*Z) =7 .

The homology class of any vertex is a generator of this group.
Next, we compute H;(T?;Z). The two 1-chains

2 ={0,3+{3,4} +{4,0} and 22 = {0,1} +{1,2} + {2,0}

are cycles and generate (in Z;) a free Abelian group of rank 2 which we denote by
S™ZGZ. Letz € Z be a l-cycle z = ¥,;k;ol, in which ¢! are the 1-simplexes
and k; € Z. By adding suitable multiples of 2-simplexes, it is possible to find a
1-boundary b such that the 1-cycle z — b does not contain the terms, which cor-
respond to the diagonal 1-simplexes {0,5}, {1,6}, ..., {7,2}, {8,0}. Similarly,
adding suitable pairs of adjacent 2-simplexes (those forming squares with a common
diagonal) it is possible to find a 1-boundary b’ such that the cycle z— b — b’ contains
only the terms corresponding to the 1-simplexes {0,3}, {3,4}, {4,0},{0,1}, {1,2},
and {2,0} (we leave the details to the reader, as an exercise). Because z—b—b' is a
1-cycle, it follows that z — b — b’ € S. This argument shows that B; +S = Z. Let us
now suppose that By NS # 0; then there exists a linear combination of 2-simplexes
¥;hjo3 such that ¥;hjdoy € S. If two 2-simplexes 0} and 63 have a common



64 II Simplicial Complexes

1-simplex “internal” to the square of Fig.II.10, then they must have equal coeffi-
cients i; = h;. This implies that there exists & € Z such that #; = h for each j,
that is to say, . y h jozj = hzp where 7, is the 2-chain Y, j sz . It is easy to see that
dn =3, 80‘2j =0 and so B; NS = 0, implying that H,(T?%;Z) = § = 72, with free
generators z} and z}.

Finally, similar arguments show that any 2-cycle of C; is a multiple of the 2-chain

2> defined above (given by the sum of all oriented 2-simplexes of 72) and therefore,
Hy(T*7) =2 7.

Exercises

1. Let = {Uy|x € X} be a finite open covering of a topological space B, and take
the set
@ ={o CX| (| Us#0}.

xXeo

Prove that N(% ) = (X, @) is a simplicial complex. This is the so-called nerve of 7% .

2. Let K = (X, ®) be a simplicial complex. For a given x € X, let St(x) be the
complement in |K| of the union of all |G| such that x ¢ o, o € @. St(x) is called
star of x in |K|. Prove that . = {St(x)|x € X} is an open covering of |K|, and
N(¥) =K.

3. Let X be a compact metric space and let € be a positive real number. Take the set
@ of all finite subsets of X with diameter less than €. Prove that K = (X, ®) is a
simplicial complex (infinite).

4. Exhibit a triangulation of the following spaces:

a) Cylinder C —recall that the cylinder C is obtained from a rectangle by identifica-
tion of two opposite sides;

b) Mobius band M obtained from a rectangle by identification of the “inverse”
points of two opposite sides; more precisely, let S be the rectangle with vertices
(0,0), (0,1), (2,0), and (2, 1) of R?; then

M=S5/{0,)=(2,1-1)},0<t<1,

¢) Klein bottle K obtained by identifying the “inverse” points of the boundary of the
cylinder C;

d) real projective plane RP* obtained by the identification of the antipodal points
of the boundary dD? 2= S! of the unit disk D*> C R?;

e) G, obtained by attaching two handles to the sphere S?; prove that G, is homeo-
morphic to the space obtained from an octagon with the suitable identifications
of the edges of its border ajbya; 'by axbra, 'by .
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I1.3 Introduction to Homological Algebra

In the previous section, we have seen that we can associate a graded Abelian
group C(K) = {C,(K)} with any simplicial complex K and a homomorphism
dn: Cy(K) — Cy—1(K), such that d,_;d, = 0, to each integer n; these homomor-
phisms define a graded Abelian group H.(K;Z) = {H,(K;Z)}. All this can be
viewed in the framework of a more general and more useful context.

A chain complex (C,d) is a graded Abelian group C = {C,} together with
an endomorphism d = {d,} of degree —1, called boundary homomorphism® 9 =
{9,: Cy — C,_1}, such that 9* = 0; this means that, for every n € Z, d,d,+1 = 0.
Hence

B, =1imd, | C Z, =kerd,

and so we can define the graded Abelian group
H.(C)={H,(C)=2Z,/B, | n€Z};

this is the homology of C.

A chain homomorphism between two chain complexes (C,d) and (C',9') is a
graded group homomorphism f = {f,: C, — C,} of degree 0 commuting with the
boundary homomorphism, that is to say, for every n € Z, f,_10, = ,’, fa-

Chain complexes and chain homomorphisms form a category €, the category of
chain complexes.

It is costumary to visualize chain complexes as diagrams

arH» 1 an

Cn+ 1 Cn Cnf 1

and their morphisms as commutative diagrams

8n+ 1 an

Cn+ 1 Cy Ch-1

S+ In Jn—1
/ /
’ 8n+ 1 / an /
n+1 Cn n—1

The previous definitions are clearly inspired by what we did to define the homol-
ogy groups of a simplicial complex; indeed, we emphasize the fact that, for every
simplicial complex X, the graded Abelian group {C,(K)|n € Z} together with its
boundary homomorphism 0% = {9K|n € Z} is a chain complex (C(K),dX). The
chain complex C(K) is said to be positive because its terms of negative index are 0.
In particular, for every simplicial function f: K — M, the homomorphism

C(f): C(K)—C(M)

is a chain homomorphism.

3 In some textbooks, it is called differential operator.
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An infinite sequence of Abelian groups

fn+1 Gn—l

Gn

Gn+1

is said to be exact if and only if, for every n € Z, im f,, 1| = ker f,,.
The exact sequences with only three consecutive nontrivial groups

fn+1

G, J

” anl

0 Gn+l

0

are particularly important; in that case, f;+; is injective and f;, is surjective. These
sequences are called short exact sequences. The previous short exact sequence is
also written up in the form

The concept of short exact sequence of groups can be easily exported to the
category € of chain complexes: a sequence of chain complexes

f

o—

8

(Cva) (C/aa/) e (C/lva”)

is exact if every horizontal line of its representative diagram

anJr2 ar/z+2 r/L/+2
Cit1 >fn;l> Cori s Gt
an+1 ar/z+1 }’/l/—Fl
C, Jn C;, 8n C,/l/
on 5 Py
Cr1 >fn;]> Gy fn Cr
(9,,71 r/z—l 1;/—1
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is exact and each square is commutative.
The next result is very important; it is the so-called Long Exact Sequence
Theorem.

(IL.3.1) Theorem. Let

S g

(C,0) ———(C,d") ——(C",d")

be a short exact sequence of chain complexes. For every n € Z, there exists a ho-
momorphism
A Hy(C") — H,—1(C)

(called connecting homomorphism) making exact the following sequence of homol-
0gy groups

Hy(g)

An
H,(C") —— Hy—1(C) —— -+ -

H,(C) Hy(C')

Proof. The proof of this theorem is not difficult. However, it is very long; we shall
divide it into several steps, leaving some of the proofs to the reader, as exercises.

1. Definition of A,. Take the following portion of the short exact sequence of chain

complexes:
c, Jn C;, 8n C;,/
o J 9"
Coi fos :z— 1 g ;/1/— 1
e

Let z be a cycle of C//; since g, is surjective, there exists a chain Z € C}, such
that g,,(Z) = z. Because the diagram is commutative,

8n-10,(2) = 9;/8x(2) = 9,/ (z) =0
and thus, ) () € kerg,_; =im f,,_1; hence, there exists a unique chain c € C,_;
such that
fa—1(e) = 9,(2).
Actually, c is a cycle because
Ja-20n-1(¢) = Iy_1 fu-1(c) = 9,_19,(2) = 0
and f,,_» is a monomorphism. It follows that we can define
An: Hy(C") — H,_1(C)

by setting A,[z] := [c].
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2. A, is well defined. We must verify that A, is independent from both the choice

of the cycle z representing the homology class and the chain Z mapped into z.
Let 2 € C" be a cycle such that [z] = [¢/], and let Z € C;, be such that g,(Z') = Z/;
moreover, take a cycle ¢’ in C),_, satisfying the property f,—i(c’) = d;(Z). The
definition of homology classes implies that there exists a chain b € C;/, | such
that 9, ,(b) = z— 7. Since g, is an epimorphism, we can find a b € C), |
such that g, (b) = b. Hence,

gn(zfz/f ar/erl(l;)) =z—7— Lrl(b) =0

and thus, there exists a € C, such that

At this point, we have that

fo-1(0n(@) = 95(2=7 = 9511 (B)) = fur (e =)

and because f,_1 is injective, we conclude that ¢ — ¢’ = d,(a). Therefore, ¢ and
¢’ represent the same homology class in H,,(C).

(IL.3.2) Remark. The previous items 1. and 2. are typical examples of the
so-called “diagram chasing” technique. We suggest the reader to draw the
diagrams indicating the maps without their indices which, although necessary
for precision, are sometimes difficult to read; all this will help in following up
the arguments.

. The sequence is exact. To prove the exactness of the sequence of homology

groups, we must show the following:

a. imH,(f) = kerHy(g);

b. imH,(g) =kerA,;

c. imA, =kerH,_(f).
We shall only prove (b), leaving the proof of the other cases to the reader. We
pick a class [z] € H,(C") and compute A,H,(g)([z]) = An[gn(2)]. Since we can
take any (!) element of C), which is projected onto g,(z), we choose z itself;
given that 9/ (z) = 0, we conclude that A4,[g,(z)] = 0, that is to say, imH,(g) C
kerA,. Conversely, let [z] be a homology class of H,(C") such that 4,[z] = 0;
the definition of A, implies that there exist 7 € C}, and a cycle ¢ € C,_; such that

gn(2) =z and C,_1(f)(c) = 9, (2).
Because A,[z] = 0, there exists ¢ € Cy, such that ¢ = J,(¢). Notice that
9, (Ca(f)(€)—=2) =0

and moreover, H,(g)(C,(g)(¢) — Z) = z; hence, ker A, C imH,,(g).
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The connecting homomorphisms A,, are natural in the following sense:

(I1.3.3) Theorem. Let

b g

(C,0) ——— (C',d") ———» (C",9")

h k 4

(C’d) — (Clad/) T) (C:/lvd_”)

be a commutative diagram of chain complexes in which the horizontal lines are
short exact sequences. Then, for every n € 7, the next diagram commutes.

H,(C") LHn_l(C)
Hn (é) anl (h)

H, (6//) — H, 1(0)

n

The proof of this theorem is easy and is left to the reader.

Let f,g: (C,d) — (C',d’) be chain complex morphisms. We say that f and g
are chain homotopic if there is a graded group morphism of degree + 1, s: C — C’
such that f — g = d’s + sd; more precisely

(VnEZ) f1—8n =0y 150+ Sn—10n -

The morphism s: C — C’ is a chain homotopy between f and g (or from f to g).
Notice that the chain homotopy relation just defined is an equivalence relation in
the set

¢((C,d),(C',d") .

In particular, a morphism f € €((C,d),(C’,d")) is chain null-homotopic if there
exists a chain homotopy s such that f = d’s + sd (it follows that f and g are chain
homotopic if and only if f — g is chain null-homotopic).

(IL3.4) Proposition. If f,g € €((C,d),(C',d")) are chain homotopic, then
(Vn) Hy(f) = Hu(g): HaC — HyC'.
Proof. For any cycle z € Z,C, we have that
Huf[2) = [/u(2)] = [8n(2)] + [n1180(2)] + [sn-10n(2)] = Hagle];

we now notice that d,z = 0 and that d;, ;s,(z) is a boundary and thus, homologous
to zero.
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Please notice that if f is chain null-homotopic, then H,(f) = 0 for every n.

A chain complex (C,d) is free if all of its groups are free Abelian; it is positive
if C, = 0 for every n < 0. A positive chain complex (C,d) is augmented (to Z) if
there exists an epimorphism

. Co— 72

such that €d; = 0. The homomorphism € is the augmentation (homomorphism).

(IL.3.5) Remark. The chain complex C(K) associated with a simplicial complex K
is free and positive. Moreover, the function

e: Co(K) = 2, I ai{xi} — ZiLa;

is an augmentation.

A chain complex (C, d) is acyclic if, for every n € Z, kerd, = imd, 1, that is to
say, if the sequence

2 7
Cn+l as Cn - Cnfl

is exact. A positive chain complex (C,d) with augmentation is acyclic if the
sequence

Oh d
C, . L Lo € 7

is exact.

Let (C,d) and (C',d") be two positive augmented chain complexes. A morphism
fee((C,d),(C',d") is an extension of a homomorphism f: Z — Z if the next
diagram commutes.

J
C ! Go £ Z
h fo f
0] /
c—L1 0 —t %7

(I1.3.6) Theorem. Let (C,d) and (C',d") be positive augmented chain com-
plexes; assume that (C,0) is free and (C',d") is acyclic. Then any homomor-
phism f: 7. — 7. admits an extension f: (C,d) — (C',d’), unique up to chain
homotopy.

Proof. Since the augmentation €': Cy — Z is surjective, for every basis element xq
of Cy, we choose an element of C(’) which is taken onto fe (xp) by €’; in this way, we
obtain a homomorphism f: Cy — C}, such that fe = €' fy. We now take an arbitrary
basis element x; of C;; because
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€ fodi(x1) = fedi (x1) =0

and imd| = ker¢’, there exists y| € C| such that J{(y}) = fodi (x1). This defines a
homomorphism f;: C; — Cj such that fod; = 9, fi.

Assume that we have inductively constructed the homomorphisms f;: C; — C;
commuting with the boundary homomorphisms for i < n; now, take the commutative
diagram

o, o,
Cn+1 ntl (oN Z Ci1
kfn fn—l
I I
o,
n+1
- G ——— Gy

For every basis element x;, ;1 of C,, 1

ar/lfnan+1(xn+l) = fn—lanan-H (xn+1) =0

that is to say, f,0,11(x,11) € kerd,. It follows that f,,d,11(x,11) is an n-cycle
of (C',d"); but this chain complex is acyclic and so there exists y,1 € C,_ |
such that 9’ (y,11) = fnud(xn+1). By extending linearly x, 1 — y,+1, we obtain a

homomorphism
Jor1: Cop1 = Gy d fug1 = fod.

This concludes the inductive construction.
Suppose that g: (C,d) — (C',d’) is another extension of f. Then, for any arbi-
trary generator xo of Cp,

€'(fo— go)(x0) = 0;

since kere’ = imd], there exists an element y; € Cj such that 9] (y) = (fo — go)(x0)-
We define sg : Cy — Ci by so(xp) = y1 on the generators and extend this function
linearly over the entire group Cp; in this way, we obtain a homomorphism s¢ : Cy —
C} such that d{s; = fo — go. Let us assume that, for every i = 1,---,n, we have
defined the homomorphisms s; : C; — C 1 satisfying the condition

Ofy18i+si—10i = fi — gi-
For any generator x,, | of C, |
O (fat1 — 8nt1 — $nOns1) (Xns1) =0
(because 9, |5, + Su—10y = fu — gn); thus, there exists y, .2 € C, , such that

(Fat1 = 8ntt — SnOns1) (Kns1) = Oy (Vn42)-

In this fashion, we construct a homomorphism s,,41 : C 1 — C;l 4o and, in the end,
we obtain a chain homotopy from f to g.
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(IL3.7) Corollary. Let (C,0) and (C',d") be two positive augmented chain com-
plexes; assume (C,0) to be free and (C',d") to be acyclic. If f: (C,d) — (C',d") is
an extension of the trivial homomorphismQ : Z, — Z, then f is chain null-homotopic.

The next result gives a good criterion to check if a positive, free, augmented
chain complex is acyclic.

(I1.3.8) Lemma. Let (C,d) be a positive, free, augmented chain complex with aug-
mentation homomorphism
e Cy— 7.

Then, (C,d) is acyclic if and only if the following conditions hold true:

L. There exists a function 1 : Z — Cy such that en = 1.
II. There exists a chain homotopy s: C — C such that

1. 815‘0 =1-—ng¢
2. (Vn > 1) an+1sn +8p—10, = 1.

Proof. Suppose that C is acyclic. Since €: Cy — Z is a surjection, there exists
x € Cy such that £(x) = 1. Define

n: 2Z—Cy, n— nx.

Clearly en = 1.

The homomorphisms 1: Z — Z and 0: Z — Z. can be extended trivially to the
chain homomorphisms 1,0: (C,d) — (C,d); because of Theorem (I1.3.6), there
exists a chain homotopy s: C — C satisfying conditions 1 and 2.

Conversely, assume that there exists a chain homotopy s: C — C’, and a
homomrophism 1 with properties 1. and 2.; because of Noether’s Homomorphism
Theorem,

Co/kere 2 7,

since £d; = 0, we have that imd; C kere€ and, from d;sg = 1 — 1€, we conclude that
every x € Cp can be written as

x = diso(x) + ne(x).

Hence for every x € ker €, we have that x = d;so(x), that is to say, kere C imd;, and
therefore

Finally, because
3n+lsn +sp—10p =1

in all positive dimensions, it follows that H,,(C) = 0 for every n > 0. Thus, (C,d) is
acyclic.

Theorem (I1.3.6) and Corollary (I1.3.7) require (C’,d") to be acyclic; this require-
ment can be replaced by a more interesting condition within the framework of the so-
called acyclic carriers. The following definition is needed: given (C,d),(C’,d’)€ €,
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we say that (C',d’) is a (chain) subcomplex of (C,d) if, for every n € Z, C), is a
subgroup of C, and d, = 9,|C,;; we use the notation (C',9’) < (C,d) to indicate
that (C',0d’) is a subcomplex of (C,d). Let (C,d) be a free chain complex; for
each n € Z, let {xEL"> | L € Ay} be a basis of C,. Now, let (C',d") be an arbitrary
chain complex. A chain carrier from (C,d) to (C',9’) (relative to the choice of

basis) is a function S, which associates with each basis element xi") a subcomplex

(S (x;")), ds) < (C',d’) satisfying the following properties:

L. (S (ng')), ds) is an acyclic chain complex.
2. If x is a basis element of C,, such that dx = Zaxx;"q) and a; # 0, then

(SESY),95) < (S(x), 9s).

We say that a morphism f € €((C,d),(C’,d")) has an acyclic carrier S if f(x;”)) €

S(x;")) for every index A and every n € Z. In this case, if x is a basis element, then
f(d(x)) € S(x). The next result is the Acyclic Carrier Theorem.

(IL3.9) Theorem. Let (C,d),(C’,d") € € be positive augmented chain complexes;
suppose that (C,0) is free and let S be an acyclic carrier from (C,d) to (C',d’).
Then, any homomorphism f: 7. — 7. has an extension f: (C,d) — (C',d") with
chain carrier S. The chain homomorphism f is uniquely defined, up to chain
homotopy.

Proof. Take any generator xq of Cp; let S(xq) < (C’,0’) be the acyclic subcomplex
defined by S. Notice that the restriction of € to S(xp)o is an augmentation homo-
morphism for S(xy). Since such a restriction is a surjection, there exists yo € S(x¢)o
such that € (yo) = fe(xo); the usual argument determines fy with carrier S.

We continue the proof using an induction procedure as in Theorem (I1.3.6). As-
sume that, for every i < n, we have constructed the homomorphisms f; : C; — Cl{
that commute with the boundary homomorphisms. Notice that if x,,; is an arbi-
trary generator of G,y

a,;fnanJrl (xn+l) = fnflananJrl (anrl) = 0;
on the other hand, f;,d,,+1(x,+1) belongs to the acyclic subcomplex
S(an) < (Claa/)

and thus there exists y,4+1 € C, | NS(x,41) such that @' (y,41) = fud(x,41). The

n
function x,11 — y,+1 can be linearly extended to the homomorphism

. /
Jor1: Cp1 — Cn+1

such that d' f,,11 = f,d.
Also the proof of the second part follows the steps of the proof given in
Theorem (I1.3.6).
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(IL.3.10) Corollary. Let (C,d) and (C',d") be given positive augmented chain com-
plexes and let (C,0) be free. Then any chain homomorphism f: (C,d) — (C',d"),
extending the trivial homomorphism 0: 7, — Z. and having an acyclic carrier S, is
null-homotopic.

We prove now an important result known as Five Lemma.

(IL3.11) Lemma. Let the diagram of Abelian groups and homomorphisms

A f B i C h D k E
o B Y ) €
/ /
A / B g c’ Ui D K E'

be commutative and with exact lines. If the homomorphisms o, B, 8, and € are
isomorphisms, so is .

Proof. Let ¢ € C be such that y(c) = 0; then 8h(c) = h'y(c) = 0 and because §
is an isomorphism, A(c) = 0. In view of the exactness condition, there is a b € B
with g(b) = c and g'B(b) = yg(b) = 0; thus, there exists a’ € A’ such that f’(d’) =
B(b). But

c=g(b)=gB ' f(d)=gfa ' (d)=0

and so v is injective. For an arbitrary ¢ € C/,
kS'H () =e WH () =0
and, hence, there exists ¢ € C such that h(c) = §'#'(c’). Moreover,
W —y()=n()-86""H()=0
and hence, there exists ' € B’ such that g'(b') = ¢’ — y(c). It follows that
Ye+gB (V) =v(e)+g BB (V) =<

and so 7 is also surjective.

Exercises

1. A short exact sequence of Abelian groups

G fn+1 G, In G, 1
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splits (or is split) if there exists a homomorphism %, : G,—1 — G, such that
Jahn—1 = 1g,_, (or if there exists a homomorphism k;, : G, — G4 such that
knfur1 = 1g,, ). Prove that if the short exact sequence

f 1 fn
Gn+1 s Gn anl

splits, then
Gn = Gn+1 @anl-

2. Prove Theorem (I1.3.3).

I1.4 Simplicial Homology

In this section, we give some results which allow us to study more in depth the
homology of a simplicial complex. We begin with some important remarks on the
homology of a simplicial complex K. The groups C,(K) of the n-chains are free,
with rank equal to the (finite) number of n-simplexes of K; hence, also the subgroups
Zy(K) and B,(K) of C,(K) are free, with a finite number of generators. Finally,
the homology groups H,(K) are Abelian and finitely generated; therefore, by the
decomposition theorem for finitely generated Abelian groups, they are isomorphic
to direct sums
Zﬁ(n) (&) Zn(l) b...0 Zn(k)

where Z,; is cyclic of order n(i). The number (n) — equal to the rank of the
Abelian group H, (K) - is the nth-Betti number of the complex K.

Let p be the dimension of the simplicial complex K; for each 0 < n < p, let s(n)
be the number of n-simplexes of K (remember that K is finite). Hence, the rank
of the free Abelian group C,(K) is s(n). We indicate with z(n) and b(n) the ranks of
the groups Z,(K) and B,(K), respectively, where n = 0,..., p. Since the boundary
homomorphism d,,: C,(K) — C,—1(K) is a surjection on B,_; (K), by Nother’s Ho-
momorphism Theorem, for each n > 1

(1) s(n)—z(n) =bn—1);

if n =0, we have s(0) = z(0) because Cyp(K) = Zy(K) and B_(K) = 0; on the other
hand, H,(K,Z) = Z,(K)/Bx(K) and so
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If we do the alternate sum of the equalities (3) together with s(0) — (0) = b(0), we

obtain
p

2 (=1)"(s(n) = B(n)) = =B (p):

n=0

since Cp41(K) = 0, we have that B(p) = 0 and so the equality

p p
D (=1)"s(n) = 3 (=1)"B(n)
n=0 n=0
holds true. The number »
xX(K)= ;)(—1)”[3('1)

is the Euler-Poincaré characteristic of K; this may be useful in determining the
homology of some finite simplicial complexes.

Let L be a simplicial subcomplex of a simplicial complex K; we now ask whether
it is possible to compare the homology of a subcomplex L C K with the homology of
K. The (positive) answer lies with the exact homology sequence of the pair (K,L).
Let us see how we may find this exact sequence. For every n > 0, consider the
quotient of the chain groups C,(K)/C,(L) and define

AL Cu(K)/Ca(L) = Cor(K) /Gy (L)

by
I e+ Ga(L) = (9 () + o (L).
This is a well-defined formula because, if ¢’ is another representative of ¢ + C,(L),
then, ¢ — ¢’ € C,(L) and
oKe—cY=0Fc—c)eCia(L);

hence, O “(c 4+ Cu(L)) = I8 (¢’ + Co(L)). The reader can easily verify that the
homomorphisms KL are boundary homomorphisms and so that

C(K,L) = {Cu(K)/Cu(L), 05" }

is a chain complex whose homology groups H,(K,L;Z) are the so-called relative
homology groups of the pair (K,L). We point out that

H,(K,L;Z) = Z,(K,L)/B,(K,L)

where
Z,(K,L) = kerdX and B,(K,L) = imQﬁLl.

Let CCsim be the category whose objects are pairs (K, L), where K is a simplicial
complex, L is one of its subcomplexes, and whose morphisms are pairs of simplicial

functions
(k,0): (K,L) — (K',L")
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such thatk: K — K’ and ¢: L — L’ is the restriction of k to L. The reader can easily
verify that the relative homology determines a covariant functor

H(—,—;7): CCsim — AbZ,

The next result, which is an immediate application of the Long Exact Sequence
Theorem (I1.3.1), is called Long Exact Homology Sequence Theorem,; it relates
the homology groups of L, K, and (K, L) to each other.

(IL.4.1) Theorem. Let (K,L) be a pair of simplicial complexes. For every n > 0,
there is a homomorphism

At Hy(K,L;Z) — H,—(L; 7))

(connecting homomorphism) that causes the following sequence of homology
groups

e = Hy1:2) " k7)Y (K L) 2 vy (7).

to be exact; here, H,(i) is the homomorphism induced by the inclusioni: L — K and
q+(n) is the homomorphism induced by the quotient homomorphism q,: C,(K) —
Cu(K)/Ca(L).

Proof. For every n > 0, let
qn: Cy(K) — Cy(K)/Cy(L)

be the quotient homomorphism. With the given definitions, it is easily proved that
(Vn>0) 95" qn = gu-19;

and therefore,
q={qn}: C(K) = C(K,L)

is a homomorphism of chain complexes. We note furthermore that for each n > 0,
the sequence of Abelian groups

Cn(i) 4n

Gu(K)/Ca(L)

is a short exact sequence and therefore, we have a short exact sequence of chain
complexes

C(i) q
C(L) ——— C(K) ——» C(K,L);
the result follows from Theorem (I1.3.1).

The exact sequence of homology groups described in the statement of Theorem
(I1.4.1) is the exact homology sequence of the pair (K,L).
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In the context of the categories Csim and CCsim, the naturality of the connecting
homomorphism
At Hy(K,L;Z) — H,—(L; 7))

can be explained as follows. We start with a result whose proof is easily obtained
from the given definitions and is left to the reader.

(I1.4.2) Theorem. Let (k,¢): (K,L) — (K',L') be a given simplicial function.
Then, for every n > 1, the following diagram commutes.

A
H,(K,L;Z) —"— H, (L, Z)

H,(k,0) H,_1(¢)

H,(K',L';7) )L—>H,H(L’;Z)

n

Let
pry: CCsim — Csim
be the functor defined by
(V(K,L) € CCsim) pry(K,L) =L
and

(V(k,0) € CCsim((K,L),(K',L"))) pra(k, ) = .

For each n > 0, take the covariant functors
H,(—,—): CCsim — Gr

and
H,_1(=)opr,: CCsim — Gr .

Theorem (I1.3.3) states that
An: Hn(_7_;Z) nfl(_;Z)opVZ

is a natural transformation (see the definition of natural transformation of functors
in Sect. 1.2).

Computing the homology of a complex K can be made easier by the exact ho-
mology sequence, provided that we can compute the homology of L and the relative
homology of (K,L). Another very useful technique for computing the homology of
a simplicial complex is using the Mayer—Vietoris sequence. Consider two simpli-
cial complexes K| = (X;,®;) and K> = (X»,®) such that K; N K, and K| UK, are
simplicial complexes; in addition, K| N K, must be a subcomplex of both Kj and K5.
The inclusions

OND, — Dy, Oy — PUD, , x=1,2
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define simplicial functions

ig: KINKy — Ky, jo: Ko — KiUKy , 0 =1,2
which, in turn, define the homomorphisms

i(n): Ca(K1 NK2) — Cu(K1) ® Ca(Ko)
c = (Culir)(c),Cu(i2)(c))

jn): Gi(K1) ® Cu(K2) — Cu(K1 UK2)
(e;¢") = Gal1)(€) = Calj2) (")
These homomorphisms have the following properties:
1. 7(n) is injective;
. J(n) is surjective;
. im T(n) = ker j(n);
(X @ 9)i(n) =T(n— )90,
I =1)(0" ® 9n) = 95 (n).

In this way, the chain complex sequence

W A W

0— C(K1 NK>) —— C(K1) @ C(K>) - C(Ky UK>) — 0

is short exact.
Theorem (I1.3.1) enables us to state the next theorem, known as Mayer—Vietoris
Theorem:

(IL.4.3) Theorem. For every n € Z, there is a homomorphism
lni Hn(Kl UKz;Z) — nfl(Kl ﬂKz;Z)

such that the infinite sequence of homology groups

o Ho(Ki N K23 Z) ™ (K13 Z) @ Hy (Ko Z)

H,(J "
50) (K UK Z) 22 Hy Ky (K Z) — .

is exact.

We now give some results on the homology of certain simplicial complexes.
Given a simplicial complex K = (X, @), we say that two vertices x,y € X are con-
nected if there is a sequence of 1-simplexes

{xi, X} € ®,i=0,...,n}

where xg =x,x] =y, and x’i = xf)“; we then have an equivalence relation on the set

X, braking it down into a union of disjoint subsets X = X; UX, LI...UX}. The sets



80 II Simplicial Complexes

& ={cc®|(IxcXlxco)},i=1,.. .k

9
are disjoint; moreover, the pairs K; = (X;, @;), i = 1,... ,k, called connected compo-
nents of K, are simplicial subcomplexes of K. Hence, the relation of connectedness
subdivides the complex K into a union of disjoint simplicial subcomplexes of K.
From this point of view, a complex K is connected if and only if it has a unique
connected component.

(IL4.4) Lemma. A simplicial complex K is connected if and only if |K| is connected.

Proof. Suppose K to be connected and let p and g be any two points of |K|. Join
p to a vertex x of its carrier s(p) by means of the segment with end points p and x;
this segment is contained in |s(p)| and is therefore a segment of |K|; similarly, join
g to a vertex y of its carrier s(g). However, the vertices x and y are also vertices of K
and since K is connected, there is a path of 1-simplexes of K which links x to y. In
this manner, we obtain a path of |K| that links p to ¢; hence, |K| is path-connected
and so, |K| is connected (see Theorem (I.1.21)).

Conversely, suppose |K| to be connected and let K; be a connected component
of K; since K; and K \ K; are subcomplexes of K, we have that |K;| is open and
closed in |K|; since |K| is connected, |K;| = |K|, that is to say, K; = K and so, K is
connected.

The reader is encouraged to review the results on connectedness and path-
connectedness in Sect. I.1; note that these two concepts are equivalent for polyhedra.

(IL4.5) Lemma. The following properties regarding a simplicial complex K =
(X, D) are equivalent:

1. K is connected;
2. H()(K;Z) ~ Z,‘
3. the kernel of the augmentation homomorphism

n n
e: C(K)—7Z, Zgi{xi} — Zgi
i—1 i—1

coincides with the group By(K).

Proof. 1 =-3: We first notice that the inclusion
B()(K) C ker €

is always true: indeed,

k o k k
€ (al <2gi{X6,x’1}>> =Y g-Yg=0.
i=0 i=0 i=0

Let x be a fixed vertex of K. The connectedness of K means that, for every ver-
tex y of K, the O-cycles {x} and {y} are homological and so, for every 0-chain
co= 2{;0 gi{xi}, there exists a 1-chain ¢ such that
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zgl{xl <zgl> {x} =di(c1).

Therefore, it is clear that ¢y € ker € implies ¢o € By(K).
3 = 2: Given two homological 0-cycles zo and z, it follows from the property
20 — 2y € Bo(K) that £(z9) = €(z,) and so we may define the homomorphism

0: Hy(K;Z) — 7, zo+ Bo(K) — €(20)

which is easily seen (by hypothesis 3) to be injective. The surjectivity of 6 follows
immediately; in fact, for every g € Z, we have 6(g{x} + Bo(K)) = g, where x € X
is a fixed vertex.

2=1: LetK = K| UK, ...UK} be the decomposition of K into its connected
components. We obtain

k

k
Ho(K;Z) =Y Ho(Ki;Z) ~ Y 7
i=1

i=1

from the given definitions and from what we have proved so far; however, since
Hy(K;Z) ~ 7., we must have k = 1, which means that K is connected.

The next three examples are examples of abstract simplicial complexes called
acyclic because they induce chain complexes which are acyclic (see Sect. I1.3).

Homology of G — Let G be the simplicial complex generated by a simplex ¢ =
{x0,x1,...,%,}. Since T is connected, Lemma (I.4.5) ensures that Hy(0,Z) = Z.
We wish to prove that H;(G,7) = 0 for every i > 0. With this in mind, we begin to
order the set of vertices, assuming that xg is the first element. Then, for any integer
0 < j < n and any ordered simplex {x;,... ,xij}, we define

{xo,xi,...,xi. forip >0
ki ({xig: x"/}:{o ' J}foriozo

and linearly extend it to all j-chain of & and therefore, to a homomorphism
kit C() — Cji (5).

A simple computation (on the simplexes of &) shows that for every chain ¢ € C;(0)
djrikj(c) +kj-19j(c) =c

and so any zj € Z;(0) is a boundary, that is to say, H;(G,Z) = 0. Regarding
H,(0,7Z), we note that o, being the only n-simplex of T, cannot be a cycle; conse-
quently, Z,(o) = 0.
Homology of a simplicial cone — Since ¢ = {xo,x1,...,X,+1}, we call the sim-
plicial complex
C(o)=6~{x1,..., X011},
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obtained by removing the n-face opposite to the vertex xp from the simplicial com-
plex &, n-simplicial cone with vertex {x} . Clearly

Ho(C(G),Z) =7

because C(0) is connected. A similar proof to the one used for G shows that
H;(C(0),Z) = 0 for every 0 < j < n. We note that, when j = n, the vertex xg
belongs to every n-simplex of C(o) and so

(Ve € Cu(C(6)))e = kn_100(c),

allowing us to conclude that the trivial cycle 0 is the only n-cycle of C(o); in other
words, H,(C(0);Z) 0.
In the next example we refer to the construction of an acyclic carrier.
Homology of the (abstract) cone — Let vK = v+ K be the join of a simpli-
cial complex K = (X, ®) and of a simplicial complex with a single vertex (and
simplex) v.

(IL4.6) Lemma. The cones vK are acyclic simplicial complexes.

Proof. Let v be the simplicial complex with the single vertex v and no other sim-
plex; it is clear that v (considered as a simplicial complex) is an acyclic simplicial
complex. The chain complex C(v) is a subcomplex of C(vK); let 1: C(v) — C(vK)
be the inclusion. Consider the simplicial function

c:vK—v,yevd— {v}.
It is readily seen that the chain morphism
Clc)t: C(v) — C(v)

coincides with the identity homomorphism of C(v); then, for every n € Z, the com-
posite Hy,(c)H,(1) equals the identity. Let us prove that 1C(c) and the identity ho-
momorphism 1¢,x) of C(vK) are homotopic. We define

sn: Cu(vK) — Cyi1 (VK)

on the oriented n-simplexes 0 € v@® (understood as a chain) by the formula

(6) = 0 ifveo,
Sn | vo ifvgo,

s, may be linearly extended to a homomorphism of C,(vK). Let us take a look into
the properties of these functions.
Case I: n = 0 — Let x be any vertex of vK.

x—v ifx#£v,
(e~ Gl = { 57" a2
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x—v ifx#v,

dso(x) = {0 if x=v.

Case 2: n > 0 — Let o be any oriented n-simplex of vK. We first observe that
1C,(c)(o) = 0; moreover, if v is not a vertex of ¢, we have

Ont1(vO) = 0 —vdy(0).
Consequently, v ¢ o implies
Sp—100(0) + Os152(0) =v0u(0) + dpr1(vo) = o.
We now suppose that v € ¢. Then,
Sn—10(0) + It180(0) = sp—10n(0) = 0.

It follows from these remarks that 1C(c) and the identity homomorphism 1¢(,)
are homotopic and we conclude from Proposition (I1.3.4) that, for every n € Z,
H,(1)H,(c) coincides with the identity homomorphism.

We now seek a better understanding of the relative homology H.(K,L;Z) of a
pair of simplicial complexes (K,L). As usual, K = (X,®) and L = (Y,¥V) with
Y CX and ¥ C @. Let v be a point which is not in the set of vertices of ei-
ther K or L. Let CL be the abstract cone vL. It follows from the definitions that
KNCL=L.

(I1.4.7) Theorem. The homology groups H,(K,L;Z.) and H,(K UCL;Z) are iso-
morphic for eachn > 1.

Proof. The central idea in this proof is to compare the exact homology sequence of
the pair (K,L) and the exact sequence of Mayer—Vietoris of K and CL, before using
the Five Lemma; the notation is the one already adopted for the Mayer—Vietoris
Theorem.

Let us consider the simplicial function f: K — CL defined on the vertices by

x ifxey
f(x)_{v ifxeX\Y.

For each nonnegative integer n, we now define the homomorphisms
kn: Co(K) — Cu(K) & Cy(CL) , ¢ — (c,Ca(f)(c))
and

hy: Co(K)/Cy(L) — Co(KUCL),
¢+ Ca(L) = Ca(j1)(c) = Ca(j2)Cu(f)(c)
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(that is to say, 1, (c+Cu(L)) = Jukn (¢)). The function Ry, is well defined; in fact, had
¢’ € C,(K) been such that ¢ — ¢’ € C,(L), we would have ¢ — ¢’ € C,(KNCL) and so

Jnkn(c—¢) =Juiu(c—c) = 0.

The homomorphism sequences i = {h,|n > 0} and k = {k,|n > 0} are homomor-
phisms of chain complexes giving rise to a commutative diagram

C(L) ci) C(K) 9 C(K,L)

1 i h
CKNCL) —— C(K) @ C(CL) ——» C(K UCL)

Since CL is an acyclic simplicial complex, we obtain, for every n > 2, the com-
mutative diagram of Abelian groups

H,(L,Z) —— H,(K;Z) —— H,(K,L;Z) —— H,_(L;Z) —— H,_1(K;Z)

N

H,(L,Z) —— H,(K;Z) — H,(KUCL;Z) —— H,_(L;Z) —— H,_1(K;Z)

1%

and by the Five Lemma, we conclude that y is an isomorphism; when n = 1, the last
vertical arrow is an injective homomorphism

Hy(K;Z) — Hy(K;Z) &7

and again with an argument similar to the Five Lemma, we conclude that y is an
isomorphism.

(IL4.8) Remark. We recall that we have defined the relative homology groups
of a pair of simplicial complexes (K,L) through the chain complex C(K,L) =
{Cu(K)/Cn(L), 5" }; we now construct the relative groups H,, (K, L; Z), n > 0, from
a slightly different point of view which turns out to be very useful for computing
homology groups.

For any n > 0, let C,,(K,L) be the Abelian group of formal linear combinations,
with coefficients in Z, of all n-simplexes of K which are not in L; in other words, if
K=(X,®),L=(Y,¥)withY CX and ¥ C @,

C.(K,L,Z) = {Zm,O',’,\G,’, €DV},
i

The inclusion i: L — K induces an injective homomorphism C,(i): C,(L) —
C,(K) for each n > 0; we now take, for every n > 0, the following linear
homomorphisms:

Bn: Cu(K) — CGu(L)
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defined on the n-simplexes of K by the conditions

[0 ifo,eD Y
ﬁ"(o")_{c,, ifo,c ¥

oy: Co(K,L) — Cy(K) , 0, € @YW — 0,

tn: Ca(K) — Cy(K, L)
such that

_Jopifo, e Y
”"("")_{0 ifo, ¥ .

It is easy to check that 3,C, (i) = 1, W, 05, = 1, 4, Cy (i) = 0, and C,, (i) B + Oty = 1
for each n > 0. Hence, for every n > 0, we have a short exact sequence

c Cu(i) Un
w(L) ——— Cy(K) —— C,(K,L).

We now consider the boundary homomorphism d,,: C,(K) — C,_(K) and define

dn: Co(K,L) — C,_1(K,L)
as the composite homomorphism 5,, = U,_10,0,. We note that

gnflgn = (.un72anfl anfl)(.unfl anocn)
= (.un—2an—l)(1 _Cn—l(i)ﬁn—l)anan
= .unfzanflanan - ,uananflcnflﬁnfl =0

since the factor d,_1d, = 0 appears in the first term and also because the second term
is null on all (n — 1)-simplex of K. The graded Abelian group {C,,(K,L) | n € Z},
where C,(K,L) = 0 for every n < 0, has a boundary homomorphism {9, | n € Z}
with d, = 0 for n < 0; let

H.(K,L;Z)={H,(K,L;Z)}

be its homology. Let 6,: C,(K,L) — C,(K) be the linear homomorphism defined
on an n-simplex ¢, € @\ ¥ by 60,(0,) = 0, +Cy(L) (if n < 0, we define 6, = 0).
We note that 6, commutes with the boundary homomorphisms; it is sufficient to
verify this statement for an n-simplex ¢, € @ \ \V:

8K n(Gn) = an(Gn)'i'Cnfl(L) = z ( 1) Op— 11+Cn( )

[N AN

9,,715”(6,, =0, l/in 12 Gn lz = Z (_l)icnfl,i‘kcn(l‘)-

Ojn—1€P~D
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Therefore, the set {6, | n € Z} induces a homomorphism
H,(6,): H,(K,L;Z) — H,(K,L;Z) .

On the other hand, 6, is an isomorphism for each n > 0 (it is injective by definition
and surjective because 6,l, = g,). Therefore, the two types of homology groups
are isomorphic.

Let
{Ki= (X, @) li=1,...,p}

be a finite set of simplicial complexes; we choose a base vertex fo € X; for each K;
and construct the wedge sum of all K; as the simplicial complex

Vi Ki: U({XO} X X {xg})
=1

that is to say
VL Ki = (ViZ Xi, Vi @)

The next theorem shows that the homology of the wedge sum of simplicial com-
plexes acts in a special way.

(IL4.9) Theorem. For every g > 1,
Hy (VI KiZ) = @] Hy(K;; Z).
Proof. Tt is enough to prove this result for p = 2. The short exact sequence of chain

complexes

C(Ky) —t C(Ky VK>) —k»E(Kl VK, Ki;7)
induces a long exact sequence of homology groups

L. Hn(Kl;Z) Hn—(lz H,Z(Kl \/KQ;Z) M H,,(KQ;Z) L n—l(Kl;Z) —

(see Remark (II.4.8)). Let us now examine how the homomorphisms of chain
complexes

C(KI)L)C(KI VK3)

C(K; \/Kz)L)g(Kl VK, Ki;Z) =2 C(K>)

are defined on simplexes (in other words, the generators of the free groups that
concern us):

(var: € @) in(0n) = 0_”1 X {x(z)}
(Yo, x {x5} € @1 x {x5}) kn(0, x {x5} =0
(V{xp} x 0, € {xp} X @2) ku({xp} X 0,) = 5,
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We now define the homomorphisms

j: C(K\VKy) — C(Ky) and h: C(K1V K»,K1;Z) — C(K; V K>)
as follows:

(Vo, x {x5} € @1 x {x5}) Jn(0, x {x3}) = 0,
(V{xo} x 05 € {x0} x @2) ju({xp} x 07) =0
(Vo2 € @) hy(62) = {x}} x 62

Morphisms i,k, j, and h are induced by simplicial functions and so they commute
with boundary operators. Moreover, ji = lc(k,) and kh = lc(k,), a property
that extends to the respective homomorphisms regarding homology groups.
Hence, for each ¢ > 1, we have a splitting short exact sequence of homology
groups

gy ) S HE
q(Kl,Z) >—)Hq(K1 \/Kz,Z) HH,](KQ,Z).

11.4.1 Reduced Homology

It is sometimes an advantage to introduce a little change to the simplicial homology,
named reduced homology; the only difference between the two homologies lies on
the group Hy(—;Z). To obtain the reduced homology H.(K;Z) of a simplicial
complex K, we consider the chain complex

h
where ) Ca(K) . n>0
Cn(K): z, n=—
0 n<-2

and define the boundary homomorphism

B O , n>1
dy=1¢€: C(K)—Z,n=0
0, n<-—1

where ¢ is the augmentation homomorphism (see Lemma (I1.4.5)). We only need to
verify that dgd; = 0; but this follows directly from the definition of €.
We leave to the reader, as an exercise, to prove that if K is a connected simplicial
complex, then
(Vn #0) H,(K:Z) = H,(K;Z)
and
Ho(K;Z) 0.
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Exercises

1. The simplicial n-sphere is the simplicial complex

6-n+1 = (Ony1,D)

where 0,11 = {x0,x1,-..,%.+1} and @ = @(X)\{0, 6,11 }. Prove that

. Z, :0,n
HP(O-nJrl) = {0 Z#O .

2. Prove that a subgroup of a free Abelian group is free (if this proves to be very
difficult, refer to [17], Theorem 5.3.1f).

3. Compute the homology groups of the triangulations associated with the following
spaces (see Exercise 4 on p. 64).

a) cylinder C = St xr;

b) Mobius band M;

¢) Klein bottle K;

d) real projective plane RP?;

e) G, obtained by adding two handles to the sphere S2.

4. Compute the Betti numbers and the Euler—Poincaré characteristic for the surfaces
of the previous exercise.

5. Let K be a given connected simplicial complex and ZK = K * {x,y} be the sus-
pension of K (see examples of simplicial complexes given in Sect. I1.2). Prove that

(Vn>0) H,(2K) = H,_(K)
by means of the Mayer—Vietoris sequence.

6. Let K be a one-dimensional connected simplicial complex (namely, a graph), and
C(K) =1—yx(K) its cyclomatic number (also called the circuit rank). Prove that
C(K) > 0 and that the equality holds if and only if | K| is contractible (that is to say,
K is a tree).

IL.S Homology with Coefficients

In Sect.Il.4, we have studied the homology of oriented simplicial complexes K
determined by the chain complex

(C(K),9) = {Ca(K), 0y In € Z},
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C,(K) being the free Abelian groups of formal linear combinations with coefficients
in Z of the n-simplexes of K. We now wish to generalize our homology with co-
efficients in the Abelian group Z to a homology with coefficients drawn from any
Abelian group G.

We begin by reviewing the construction of the tensor product of two Abelian
groups A, B: by definition, A ® B is the Abelian group generated by the set of
elements

{a®@blac A, beB}

where (Va,a’ € A, b,b' € B)

1. (a+d)®@b=a®b+d b,
2.a® (b+b)=a®b+a®b .

We notice that the function
ARZ — A, a®n+ na

is a group isomorphism, that is to say, A ® Z = A (similarly, Z ® A = A). The reader
may easily prove that

(A®B)®C2(A®C)® (BRC)

for any three Abelian groups A, B, and C. Finally, given two group homomorphisms
¢: A— A" and y: B— B, the function ) @ y: AQ B — A’ ® B defined by ¢ ®
y(a®b)= ¢(a) ® y(b) is a homomorphism of Abelian groups.
In this way, by fixing an Abelian group G we are able to construct a covariant
functor
—®G: Ab— Ab

that transforms a group A into A ® G and a morphism ¢ : A — B into the morphism
o ®lg.

We extend this functor to chain complexes. We transform a given chain complex
(C,0) € Cin (C®G,dR 1g), by setting

(C® G)n = Cn ®G
for every n € Z, and by defining the homomorphisms
(0®1g)n:=0h®1lg: C,;®GC—C,_1 QG .

Since

(0®16)n—10R16)n = (-1 ®16)(0n R 1) = 04—10, @ 16 =0,

we conclude that (C® G,d ® 1¢) is a chain complex whose homology groups are
the homology groups of (C,d) with coefficients in G. The nth-homology group of
(C,d) with coefficients in G is defined by the quotient group
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Hn (C, G) - ker(an ® IG)/lm(an+1 ® 1G),

the graded Abelian group H,(C;G) is the graded homology group of C with coef-
ficients in G. In particular, if (C,d) = (C(K),d), the chain complex of the oriented
complex K, then H,(C(K);G) — simply denoted by H.(K;G) — is the homology of
K with coefficients in G.

We recall that the chain complex (C(K), d) is positive, free, and has an augmen-
tation homomorphism €: Cy(K) — Z. To continue with our work, we only need
one of these properties, namely, that (C,d) be free.

For every free chain complex (C,d) and for each n € Z, we have a short exact
sequence of free Abelian groups

Z,(C) Cu O B, 1(C) .

The main point is that, by taking the tensor product of each component of this exact
sequence with G, we obtain again a short exact sequence.

(IL5.1) Lemma. If

A / B g C

is a short exact sequence of free Abelian groups and G is an Abelian group, then
also the sequence

®1 ®1
496 2200, o6 5219 co

is exact.

Proof. We begin by noting that the group C is free; therefore, we may define a map
s: C — B simply by choosing for each element of a basis of C an element of its anti-
image under g, and by extending this operation linearly; through this procedure, we
obtain a homomorphism of Abelian groups

s: C—B

such that gs = 1¢, the identity homomorphism of C onto itself. It follows that g(15—
sg) = g— (gs)g = 0, in other words, the image of 1 — sg is contained in the kerg =
im f; for this reason, we may define the map r:= f~!(13 —sg): B — A that also
satisfies rf = f~1 (13 — sg)f = 14. We thus obtain the relations

rf:1A7 gs:1C7 and f}’—‘y—sg:lB.
We know that the tensor product by G is a functor and that it transforms sums of ho-

momorphisms into sums of transformed homomorphisms; consequently, tensoriza-
tion gives us the relations
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(r®1G)(f®1G): 1A®G (g®1G)(S®1G): 1C®G
and
(f@le)(rels)+(s®16)(g® l6) = lpsa-

The first of these relations tells us that (f ® 1) is injective; the second, that (g® 1)
is surjective, and the third, that im(f ® 1) = ker(g ® 1) because, if we take x €
B® G such that (g ® 1) (x) =0, then

x=(felg)(rele)(x)+(s®lg)(g®1s)(x)
=(fele)((reles)(x)) €im(f® lg).

Returning to our free chain complex (C,d), we notice that for each integer n, the

sequence
an ® lG
Z(C)®G —— C,0G—2"—"%B, 1(C)®G

is short exact. In addition, we observe that the graded Abelian groups Z(C) =
{Z,(C)|n € Z} and B(C) = {B,(C)|n € Z} may be viewed as chain complexes with
trivial boundary operator 0; we then construct the chain complexes

1. (Z(C)®G,0216);

2. (C®G,0®1g);

3. (B(C)®G,0® 1¢), where B(C),, = B,_1(C)
and observe that in view of the preceding short exact sequence of Abelian groups,
we have a short exact sequence of chain complexes

e

(Z(O)®G,001) ——— (C®G,d®16) — (B(C)®G,0® 15).

By the Long Exact Sequence Theorem (II.3.1), we obtain the long exact sequence
of homology groups

- —— Hy(Z(C)®G) —— H,(CRG) ——

—

H,(B(C)®G) — H,1(Z(C)® G) ——— -+

in other words, by considering the format of the boundary operators, we have the
following exact sequence of Abelian groups:

o .
B8l e —
hn in71®1G

Hy(C;G) — ™" B, 1(O)0G "2 % 7, ()G — -

Note that i, is the inclusion of B, (C) in Z,(C) and j, is the induced homomorphism
by the inclusion of Z,(C) in C,; the reader is also asked to notice that the connecting
homomorphism A, | in Theorem (I1.3.1) coincides with i, ® 1.



92 II Simplicial Complexes

Since im j,, = ker h,,, we conclude that, for every n > 0, the sequence

h
im j, »—— H,(C;G) —— imh,

is short exact.

(IL.5.2) Lemma. Ifthe group G is free, the short exact sequence

h
im j, ——— H,(C;G) —— imh,

splits,4 and so
H,(C;G) % im j, ®imh,

(however, one should note that this isomorphism is not canonic).
Proof. Let us take the homomorphism of Abelian groups
hy: Hy(C;G) — B,—1(C) ®G.

As a subgroup of the free Abelian group C,_1, B,—(C) is free and by hypothesis
G is also free; then B, (C) ® G is free and it follows that im#,, is free. We now
choose, for every generator x € im#h,, an element y € H,(C; G) such that &, (y) = x;
by linearity, we obtain a homomorphism

s: imh, — H,(C;G)

such that A,s = 1in,. Exercise 1 in Sect. I1.3 completes the proof.
The homomorphism s depends on the choice of the elements y for the generators
x; therefore, s is not canonically determined.

We now give another interpretation of the groups im j, and im#,. Note that
im j, = Z,(C) ® G/ ket j, = Z,(C) ® G/im(i, @ 15);
the quotient group
Z,(C)® G/im(i, ® 1) := coker(i, ® 1¢)

is called cokernel of i, ® 1¢. Since im#h,, = ker(i,— ® 1), the exact sequence

h
im j, »——— H,(C;G) ——» imh,
is written as

coker(i, ® 1g) = H,(C;G) ——» ker(ip—; ® 1)

# The definition of splitting short exact sequence can be found in Exercise 1, Sect. IL.3.
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where the first and the third terms may be viewed in another way; we begin with
coker(i, ® 1g).

(IL.5.3) Lemma. coker(i, ® 1) = H,(C) ® G.

Proof. Since by definition coker(i, ® 1g) = Z,(C) ® G/im(i,, ® 1), there exists a
homomorphism
¢: coker(i,® 1g) — Hy(C)® G

defined on the generators by ¢[z® g] := p(z) ® g (where p: Z,(K) — Hy(C) is
the natural projection). On the other hand for each y € H,(C), we may choose an
x € p~1(y) € Z,(C) and define

v: H,(C)® G — coker(i, ® 1)

on the generators, with y(y® g) := [x® g|. The homomorphism y is well defined
because, in view of the exactness of the long exact sequence, we have for each X’
such that p(x') =y

x0g-—xX¥®g=(x—x)®gckerj, 2im(i, ® l¢),

that is to say, [x® g] = [¥' ® g]. The homomorphisms ¢ and y are clearly the inverse
of each other and so coker(i, @ 1) 2 H,(C) ® G.

The preceding lemma shows that cokeri, ® 1 depends neither on B, (C) ® G nor
on Z,(C) ® G, but only on H,(C) (the cokernel of the monomorphism i, : B,(C) —
Z,(C)) and on G. This fact suggests that the same may be true for ker(i, ® 1) and
indeed it is so.

(IL.5.4) Theorem. Let H be the cokernel of the the monomorphismi: B — Z be-
tween free Abelian groups and let G be any fixed Abelian group. Then, both the
kernel and the cokernel of the homomorphism i ® 1 depend entirely on H and G.
Moreover, coker(i® 1) =2 H ® G, while ker(i® 1) gives rise to a new covariant
functor
Tor(—,G): Ab — Ab

called torsion product.

Proof. Due to the fact that H is the cokernel of the monomorphism i: B — Z, the
bases of Z and B represent H with generators and relations; we then have a free
presentation of H

B——z—% »n

Suppose that we had another free presentation of H

. /
R / F 1 H
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and consider the following free chain complexes with augmentation to the Abelian
group H (viewed as a Z-module):’

1. (C,9),withC; =B,Cy=Z,0, =i,e=q,C;=0foralli#0,1 and d; = 0 for
alli > 2;

2. (C',d"),withCy =R, C,=F,d{ =j,& =q¢',C.=0foralli# 0,1 and 9/ =0
foralli > 2.

These chain complexes are free and acyclic; by Theorem (I1.3.6), we obtain chain
morphisms f: C — C" and g: C' — C whose composites fg and gf are chain ho-
motopic to the respective identities. The tensor product with G is a functor that
preserves compositions of morphisms; therefore, their tensor products by G pro-
duce the chain morphisms

f@lg: C®G—-C®G
g®1lg: CRG—-C®G

and besides,
(fele)(g®lg) and (g®@16)(f®16)

are still chain homotopic to their respective identities. This means that the induced
morphisms in homology

Hi(f®1g)
/"_\
ker(i® 15) ker(j® 1)
~
H(g®1g)

are the inverse of each other and likewise for

Hy(f ®1g)

/’F\L
coker(i® 1¢) coker(j® 1g)

\__’/
Hyo(g®1g)

This implies that neither ker(i ® 1) nor coker(i ® 1) depends on the chosen pre-
sentation of H.
Hence, by following the argument in Lemma (I1.5.3),

coker(i® 1g) =H®G

regardless of which free presentation of H we take.

5 Chain complexes can be constructed over A-modules, with A a commutative ring with unit
element.



II.5 Homology with Coefficients 95

We now focus our attention on functor Tor(—,G). For any H € Ab, we define
the group Tor(H,G) as follows. Let F(H) be the free group generated by all the
elements of H; the function

q: F(H)—H,h—h

is an epimorphism of F(H) onto H. Let i: kerq — F(H) be the inclusion homo-
morphism; we then have a representation of H by free groups

kerg ——— F(H) —1 s 1.

We define
Tor(H,G) := coker(i® 1).

By the first part of the theorem, Tor(H,G) does not depend on the presentation
of H. As for the morphisms, for any f € Ab(H,H ! ), we choose the presentations
R»—F — Hand R’ — F’ — H’; by Theorem (I1.3.6), we obtain a chain morphism f
between the complexes C and C’ (determined by R — F and R’ — F’, respectively)
that extends f and is unique up to chain homotopy. By taking their tensor product
by G and computing the homology groups, we obtain

Hi(f®1g): Tor(H,G) — Tor(H',G)
which is, by definition, the result of applying the torsion product on f.

When (C,0) is the chain complex (C(K),d) of an oriented simplicial complex
K, the previous results prove the Universal Coefficients Theorem in Homology:

(IL.5.5) Theorem. The homology of a simplicial complex K with coefficients in an
Abelian group G is determined by the following short exact sequences:

H,(K;Z)® G —— H,(K;G) —» Tor(H,—(K;Z),G).
What is more, if G is free,
H,(K;G) = H,(K;Z)®G @ Tor(H,—1(K;Z),G).

Let us now see what happens when G = @, the additive group of rational num-
bers. This group is not free, but it is locally free: we say that an Abelian group G is
locally free if every finitely generated subgroup of G is free; in particular, due to the
Finitely Generated Abelian Groups Decomposition Theorem (see p. 75), a finitely
generated Abelian group is locally free if and only if it is torsion free. We now state
the following

(IL5.6) Lemma. Ifi: A — A’ is a monomorphism and G is locally free, then
i®lg: A®G—A'®G

is a monomorphism.



96 II Simplicial Complexes
In particular, the monomorphism
in—1: Bn1(K) — Zy—1(K)
determines the monomorphism
in-1®1g: By1(K)®©Q — Z,—1(K)®Q

and so
Tor(H,1(K;7Z),Q) =ker(i, -1 ®1g) =0.

Theorem (I1.5.5) allows us to afirm that
Hy(K;Q) = Hy(K;Z) ® Q

and so, helped once more by the Finitely Generated Abelian Groups Decomposition
Theorem, we say that H,(K; Q) is a rational vector space of dimension equal to the
rank of H,(K;Z.) (the nth- Betti number of K).

Exercises

1. Prove that, if A and B are free Abelian groups, then, A ® B is a free Abelian group.

2. Let K be any simplicial complex. Prove that for every prime number p the short
exact sequence

- — mod
p 7 p z,

0 7 0

creates an exact sequence of homology groups
p-— mod p
o ———— Hy(K;Z) —— Hy(K;Z) ——

mod
—p>Hn(K;Z]7) i>I{n—1(l(;Z) _—

called Bockstein long exact sequence. The homomorphism of Abelian groups

H,(K;Zp) i)H,,,I(K;Z)

is called Bockstein operator.

3. (Snake Lemma) Consider the following commutative diagram, whose rows are
exact sequences of Abelian groups:
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A B C 0

f 8 h

0 Al B c

Prove that there exists a homomorphism d that turns the sequence

ker f kerg kerh d coker f —— coker g—— cokerh

into an exact sequence; also, by using this Lemma, give an alternative proof to
Theorem (I1.3.1).

4. (General form of the Five Lemma) Let

A f B il C h D k E
o B Y P £
/ /
A / B g c " D K S E'

be a commutative diagram of Abelian groups with exact rows. Prove that:

e If o is surjective and 3, § are injective, then ¥ is injective;
e If € is injective and 3, & are surjective, then ¥ is surjective.

It follows directly from these results that, if o, 8, 8, and € are isomorphisms, then
also yis an isomorphism.






Chapter III
Homology of Polyhedra

III.1 The Category of Polyhedra

In Sect.11.2, we have defined polyhedra as geometric realizations of (finite)
simplicial complexes. We have also seen that polyhedra are compact topological
spaces. We shall indicate with P the category of polyhedra and continuous functions
between them; clearly, P is a subcategory of Top.

We start by proving that the category P is closed under finite products, that is to
say, the Cartesian product of a finite number of polyhedra is (homeomorphic to) a
polyhedron; it is enough to prove this result for two polyhedra.

(ITL.1.1) Theorem. Let two simplicial complexes
K=(X,®)and L= (Y,'V),
be given. There exists a simplicial complex K x L such that
|K x L| = |K|x|L|.

Proof. The simplicial complex K x L is defined as follows:

1. The vertices of K x L are the elements of X x Y.

2. To define the simplexes of K x L, we first order the sets X and Y; we then give
X x Y the lexicographical order.

3. A n-simplex of K x L is given by a set {(x;y,yj,)s- -, (%i,,yj,)} of elements of
X x Y satisfying the following conditions:

(a) (xig:Yjo) < --- < (Xiys¥5j)
(b) {xigs- .., xi, } €D
(@) {vig»--- Vi €Y

D.L. Ferrario and R.A. Piccinini, Simplicial Structures in Topology, 99
CMS Books in Mathematics, DOI 10.1007/978-1-4419-7236-1_111,
© Springer Science+Business Media, LLC 2011
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(the vertices x;, and y;, are not necessarily different). As a consequence, the
projections
pri: XxXY —X,pr: XxXY—=Y

are morphisms between simplicial complexes determining therefore a map
¢ =[pri| x|pra|: [KxL| — K| x|L|.

We wish to prove that ¢ is a homeomorphism.
Let p € |K| and ¢ € |L| be given by

m m
p= O(,')C,',OC,'>0,20(,‘21,)6()<--~<xm

i=0 i=0
and
n n
qZZﬁjyjaﬁj>Oa Zﬁjzl,)’O<"'<)’n-
j=0 J=0
We define
N
aszzai,s:o,l,...,m
i=0
and

t
b=y Bj,t=0,1,...,n;
Jj=0

we then take the set {0,aq,...,dm—1,bo,...,b, = 1}, rename and reorder its
m—+ n+ 2 elements so to obtain the ordered set {c_1,co,...,Cm+n} sSuch that

O=c1<co<cr<...<CmtnsCmin=1.

For every r =0, 1,...,m+n, take z, = (x;,y;) where the indices i (respectively, ;)
equal the number of real numbers a; (respectively, b;) in the set {cg,c1,...,¢,—1}-
We note that

20 = (x07y0) s Zm4n = (-xm7yn) .

We also note that if z, = (x;,y;), the element z, is equal either to (x;y1,y;) or to
(xi,y 1 ); in either case z, < z,4+1 and so

20 = ()C(),y()) <21 <...<Zmin = (xma%l)-

Since
m-+n

N (ci—cic1) =cmn—c_1=1,
i=0

we may conclude that

m+n
w= Y (ci—ci-1)z € |[KxL|.
i=0
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This line of reasoning allows us to define a function

m+n

wi K| |L — [Kx L], y(p,q) = ¥ (ci—ci-1)z
i=0

which is the inverse of ¢. In fact, if we take p € |K| and g € |L| as before,
lprilw(p,q) =Y vxi .
i=0

Let z, < zy41 < ... < zr4 be the elements z; of Y(p,q) with x, for first coordinate,
as described by the following table:

vertices coefficients in y(p,q)
r—1 = (xsflvyoc) Cr—1—Cr=2

zr = (X5, V) Cr—Cr-1

L4t = (xm)’oc+t) Crat — Crir—1

Trtt+1 = (xx+1>ya+t) Crit+1 = Cr+r -

We note that the coefficient ¥ in |pri|w(p,q) is equal to ¢,4; — ¢,—1; moreover,
by the definitions of z,_; and z,, we may conclude that ¢,_; = a,_; (similarly,
Cr4r = ays). It follows that

Ys =Cryt —Cr—1 =0as—ds—1 = O
and so, |pri|w(p,q) = p. The proof of

lpralw(p,q) = q

is completely similar; these two results show that gy = 1 g |r|-
Let us now take an element

)
u= Zi_frzre |K x L]
r=0

where Y)_( & =1and 79 <z < ... <z Let xg,...,x, (respectively, yo,...,yn)
be the distinct vertices that appear as first (respectively, second) coordinates of
20,- - -, 2s; then

{x0,-- -, Xm} €D, {yo,---,n} €Y

and besides, zo = (xo,y0) and z; = (X, yn). By the definitions given here, we are
able to write the equality

m
|pril(u) = 3 ouxi
i=0
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where o is the sum of the coefficients {, of the elements z, whose first coordinate
equals x;; now, we can easily see that ;" o = 1. After making similar remarks
for |pra|(u), we conclude that

Vo =1k -
Since |K x L| is compact, ¢ is a homeomorphism.

(II1.1.2) Example. The diagram in Fig. III.1 illustrates the case in which K is

(2, 1)

0, 1) «
(L1

s

(1,0)  Fig. L1

a 2-simplex with vertices {0,1,2} and L is the 1-simplex with vertices {0, 1}.
The resulting prism consists of the three 3-simplexes {(0,0),(1,0),(2,0),(2,1)},
{(0,0),(1,0), (1,1),(2,1)} and {(0,0),(0,1),(1,1),(2,1)}, respectively.

Let K = (X, ®) be a simplicial complex; we construct an infinite sequence of
simplicial complexes {K")|r > 0} as follows:

1. KO =k
2. KM = (x(M @) is the simplicial complex defined by:
HxXD =0

(ii) @V is the set of all nonempty subsets of @ such that
{Giy,-..,0,,} eV s 0, C...C oy
3. K") is defined iteratively:
K — (K(rfl))(l) )

The simplicial complex K (") is the rth- barycentric subdivision of K.

(II1.1.3) Remark. The definition we gave of the first barycentric subdivision K (")
of a simplicial complex is, perhaps, a little convoluted, and so we give here another,
which is equivalent but refers to the geometric realization |K|. For every n-simplex
o = {xg,...,x, } of K, we define the barycenter of o to be the point

n 1

b(o) =3

Sntl

Xi 5
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then, the vertices of K(!) are represented abstractly by the elements of the set
X = {b(o)|o € B}

(in other words, X (1) contains all vertices of K together with those vertices repre-
sented by barycenters of all simplexes of K that are not vertices). From this point of
view, a set {b(0;),...,b(0;,)} of n+ 1 vertices of K1) is an n-simplex if and only
ifO'iO Cco; C...C0j,.

From the simplicial complexes point of view, the elements of the sequence
{K (r) |r > 0} are all different; but, from the geometric point of view, they are not
distinct; actually, we have the following result:

(IIL.1.4) Theorem. Let K = (X, ®) be a simplicial complex and r any positive
integer. Then the polyhedra |K| and |K")| are homeomorphic.

Proof. 1t is sufficient to prove the result for r = 1. For instance, Fig. II1.2 shows

{0}

{0, 1} {0, 2}

{1} {2}
{1, 2} Fig. I11.2

the barycentric subdivision of a 2-simplex. The function that associates with each
o € KW the barycentre b(0) may be extended linearly to a continuous function

F: |KV|— K|, F (2 ocm") =Y aib(o’)
i=0 i=0

(all linear functions are continuous: cf. Theorem (I1.2.8)). We wish to prove that
the function F is a bijection. Let p = ¥ 0;G' be an arbitrary point of |[K!)|; note
that 6°,... 0" are simplexes of K such that

oc'colc...co".

Let us suppose that dim ¢° = r; we may assume that dim ¢! = r+ 1 (otherwise,
we could take intermediate simplexes

o'=1"crlc...ctt=¢!
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such that dim 7/7! = dim 7/ 4 1 and to which we could assign coefficients equal to
zero in the sum representing p). Consequently, we may assume that

0’ = {x},

Gl = {XO,)C]} R

0" ={x0,X1,...,Xn}

and so

X0+ X1 xXo+x1+...+x,
F = —_ _— .
(p) aoxo+oc1( 5 )+ +ocn< — >

Therefore, if
n
q= 2 Bix; € |K|
i=0

and F(p) coincide, we have

Bo=ao+o/2+...+a,/(n+1)
Bi=o/2+...+0o,/(n+1)

Bn = ow/(n+1)

and
1>By>p1>...>25,>0.

On the other hand, given a sequence of real numbers

12ﬁ02ﬁ12---2ﬁ}12ﬂn+120

the real numbers
o;=({+1)(Bi—Bi+1),i=0,1,...,n

satisfy the preceding equalities and so we see that the coefficients ¢ and f; are
determined by each other; this means that F is a bijection. The proof is completed
by recalling that F' is a continuous bijection from a compact space to a Hausdorff
space.

Although the spaces |K (r )| are homeomorphic, they may differ by the length of
the geometric realizations of their 1-simplexes. Indeed, let us consider |[K(")| as a
subspace of |K| (the topology on |K| being defined by the metric d) and define the
diameter of |K")| to be the maximum length of the geometric realizations of all
1-simplexes of K("); the notation diam |K(")| indicates the diameter of [K(")|. We
note that diam |K| = V/2. The next result shows that the diameter decreases with
the successive barycentric subdivisions.
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(II1.1.5) Theorem. For every real number € > 0, there is a positive integer r such
that diam |K(")| < e.

Proof. Suppose that dimK = n and take a 1-simplex {0y, 61 } of K1) arbitrarily; we
may assume that

Op = {xio, . ,xiq}
and

o1 = {xi07”‘7xiq7xj07"'7-xjp}

where p+¢q+ 1 <n. Since |K| 2 |[KV| (actually, it is useful to make the identifi-
cation |K| = |K(1|), the length of the 1-simplex of |[K(!)| represented abstractly by
{00, 01} is computed through the formula

g 1 g 1 14 1
d —X', —X; + —_—X, =
(,;z)qul K Z;)erquZ K Z;)p+q+2 “)

_ 1 (P+D)(p+q+2)
p+q+2 q+1

:p+q+1\/(p+1)(p+q+2) n

p+q+2\ (p+q+1)2(g+1) n+l1
because

ptq+l n  (p+h(p+qg+2)

p+q+2 n+1’ (p+q+1)*(g+1)
Therefore,

diam |[K(V| < 2 V2.
n+1

Note that the dimension of a simplicial complex is not affected by successive
barycentric subdivisions. Besides, by definition, the dimension of a polyhedron |K|
is the dimension of the simplicial complex K, that is to say, dim |K| = dimK.

Let L be a simplicial subcomplex of K; the pair of polyhedra (|K|,|L|) has the
Homotopy Extension Property: for every topological space Z and every pair of
maps

fi|K|x{0}—Z
G: |L|xI—2Z
with the same restriction to |L| x {0}, there is a map (not necessarily unique)

F: |K| x I — Z whose restrictions to |K| x {0} and |L| x I coincide with f and
G (see the following commutative diagram).
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|L| x {0} ——— |L| x 1
IX 1{0} ix 1y

|K| x {0} ——— |K| xI

Before proving this property of pairs of polyhedra, we prove a lemma that charac-
terizes the homotopy extension property.

(II1.1.6) Lemma. Let A be a closed subspace of X. Then, (X,A) has the homotopy
extension property if and only if there exists a retraction

riXxI—X=Xx{0}UAXI
(that is to say, a map r whose restriction to X is the identity).

Proof. We note that, since A is closed in X, the following diagram is a pushout:

14 X1
Ax {0} A7 A

iX]{O} in{O}
I
Xx{0} ———Xx
1AXi0

In the diagram, iy is the inclusion of {0} in [ and i is the inclusion of A in X.
Let us suppose that the pair (X,A) has the homotopy extension property. Then,
there is a map

re X xI—X

such that

r(ixl;):ixloandr(lxxio):leio.

Let 1 be the inclusion of X in X x I. By the universal property of pushouts, rt = 13
and so r is a retraction.

Conversely, let us suppose thatr: X X1 — X is a retraction and let f: Xx{0}—
Z and G: A X I — Z be maps such that f(i X iy) = G(14 X ip); by the definition
of pushout, there is a map H: X — Z that completes the following commutative
diagram:
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lA X ip
Ax{0} 25 AxI
ix 1{0} X 1{0}

1A><io|_ G

Xxx{0} 220 L%

f
z

The function F = Hr: X x I — Z is the extension of the homotopy that we were
seeking.

(II1.1.7) Theorem. Let L be a subcomplex of the simplicial complex K. Then, the
pair of polyhedra (|K|,|L|) has the homotopy extension property.

Proof. We start the proof by assuming that |K| and |L| are the geometric realiza-
tions of the simplicial complexes K = (X,®) and L = (Y,¥), respectively. By
Lemma (III.1.6), we only need to prove that there exists a retraction of |K| x I onto
|K|. Let o = {x0,...,X,} be an n-simplex of K and let |G| be the geometric real-
ization of (0, (o) \ 0). Let b(0) be the barycenter of |c|. For every p € |o| and
for every real number ¢ € I, let the point tb(c) + (1 —1)p € |o| be denoted by [p,?]
(we recall that |o| is a convex space — see Theorem (I1.2.9)). We now consider the
function
Hs: |o| xIxI—|o| xI

defined by the equations:

([p, (1 —u)t + M(ZZI—:SS)],(I —u)s), s<2t

([, (1 —w)], (1 —w)s + 46220 21 <5

1—t

HO'([pat]’s’u) = {

To understand geometrically how we have come to this function, suppose that |G|
is a 2-simplex that we have placed in the plane (x,y) of R with its barycenter
b(o) at the origin (0,0,0); we then project |G| x I on |o| x {0} U |G| x I from the
point (0,0,2) (here |G| is the boundary of |G|). Note that, in this way, we obtain
a retraction of |o| x I onto |6| x {0} U|G| x I. In the general case, when o is an
n-simplex, the function Hg(—, 1) is a retraction. !

For each integer n > —1, we define

M, = |K| x {0} U|K"UL| x 1

where K" is the simplicial subcomplex determined by all simplexes of K with
dimension < n, and such that K~! = 0; then,

M. =[K|=|K| x {O}UIL| xI.

1| 6| is the geometric realization of the simplicial complex & = {0’ C ¢|dimo’ <n—1} .
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We now define
H,: M, xI— M,

as follows:

1. For every 6 € @\ P, the restriction of H, onto |c| x I X I coincides with Hs
2. Forevery (x,t) € M,y X I, Hy(x,t) =x

The function
I'n :Hn(_al): M, — M,

is a retraction; if dimK = m, then M,, = |K| x I and the composite function
F=ro---Fp is a retraction of |K| x I onto |K|.

II1.2 Homology of Polyhedra

We begin this section by recalling that the geometric realizations of a polyhedron
and any one of its barycentric subdivisions are homeomorphic; one of our objectives
is to prove that, given two simplicial complexes K and L, and a map f: |K| — |L|,
there exists a simplicial function from a barycentric subdivision K") to L whose
geometric realization is homotopic to the composite of f and the homeomorphism
F: |[K"| — |K|. Once this “simplicial approximation” of f has been obtained, we
may define a functor

H.(—,Z): P— AbZ

from the category of polyhedra and continuous functions to that of graded Abelian
groups. Here is an overview of how this is done. We associate the graded Abelian
group H, (K, Z) with a polyhedron |K|; the map f induces a homomorphism, among
the corresponding graded groups, which derives from the “approximation” of f.

With all this, it is not surprising that we may also give the concept of homotopy
among chain morphisms, in parallel to the homotopy of maps among spaces. We
shall see later some consequences of this important result.

Once again we remind the reader that an oriented simplicial complex K defines
a positive free augmented chain complex (C(K),dX) with augmentation homomor-
phism &: Cy(K) — Z. In particular, if the simplicial complex K is acyclic (for in-
stance, K is the simplicial complex & generated by a simplex ¢, a simplicial n-cone,
or an abstract cone), then the chain complex (C(K), %) is acyclic.

We define the functor

H,(—,Z): P — AbZ

on the objects |K| € P simply as

Hn(|K|aZ) = Hn(K7 Z) .
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Now the problem is to define H,(—,Z) on the morphisms of P, in other words,
on continuous functions between polyhedra. To solve this problem, we make here
some initial remarks. Two simplicial functions f,g: K = (X,®) — L= (Y,¥) are
contiguous if for every o € @ there exists T € ¥ such that (o) C 7 and g(0) C T;
in symbols,

(Voe®)(FteV) flo)ct,glo)Crt.

Suppose that f and g are contiguous; for each n-simplex ¢ € @ (a generator of
Cu(K)), let T be the smallest simplex of L which contains both simplexes f(o) and
g(0). We define the chain complex (S(c),d?) as follows:

Ca(T), n>0
S(G)":{o ' n<0

(recall that 7 is the simplicial complex (7, ()~ 0)). Since 7 is an acyclic simpli-
cial complex, it follows that S is an acyclic carrier between C(K) and C(L). More-
over, S is an acyclic carrier of C(f) —C(g): in fact, if x is a vertex of K such that
f(x) # g(x), the fact that f and g are contiguous ensures the existence of a simplex
7 of L, which contains both vertices f(x) and g(x); therefore,

(Co(f) —Co(8))(x) € Co(T) = S(x)o -

It is easy to prove that, for any generator ¢ of C(K),

(C(f)—C(g))(o) cS(0)
that is to say, S is an acyclic carrier for the chain homomorphism C(f) — C(g).

(IIL.2.1) Theorem. If f,g: K — L are contiguous, H,(f,Z) = H,(g,Z.) for every
neZ.

Proof. We first prove that the chain homomorphism
C(f)—C(g): C(K) —C(L)

extends the homomorphism0: 7 — Z. Indeed, let x be a vertex of K; if f(x) = g(x),
then (Co(f) — Co(g))(x) = 0; otherwise, if f(x) # g(x),

&(Co(f) = Co(g))(x) = &(f(x) —g(x)) =0

and so, C(f) —C(g) extends O (recall that € : Cy(K) — Z is the augmentation homo-
morphism). By Corollary (I1.3.10), we conclude that C(f) — C(g) is homologically
null. We complete the proof with the help of Theorem (11.3.4).

Theorem (II1.1.4) shows that the geometric realizations of a simplicial complex
and one of its barycentric subdivisions are homeomorphic; we now show that the
homology groups of simplicial complexes remain unchanged (up to isomorphism)
under barycentric subdivisions.
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Let K = (X, ®) be a simplicial complex. A projection of K on K is a function
n: KV S K

that takes each vertex of K1) (that is to say, a simplex of K) to one of its vertices.
Any projection is a simplicial function; in fact, if

{Gi()v"' 7Gin} € (D(l) ) with O-iO Cee CG[,, ’

n({0i, - ,0i,}) C o;, and, since the latter is a simplex of K, we conclude that
n({ciy, - ,0i,}) € @. From the homological point of view, the choice of vertex for
each simplex is absolutely irrelevant because, if 7’ were any other projection, we
would have

7[’({6,’07... ,Gi,,}) c o, O n({oio’... aGi,,})

for every {G,'O, e, 05} € tD(l); therefore, the projections 7 and 7’ would be con-
tiguous. It follows from these considerations that we may choose 7 to be the func-
tion that associates to each simplex of K its last vertex.

(IIL.2.2) Theorem. Let w: K'Y — K be a projection. Then, for every n € Z,
H,(m,Z) is an isomorphism.

Proof. The projection & produces a chain complex homomorphism
C(n): c(kV) — C(K) ;
we wish to find a chain complex homomorphism
X: C(K) — c(k")

such that XC(m) is chain homotopic to Lok and C(m)R is chain homotopic to
le(k)- If we reach this goal, from the homological point of view, the homomorphism

H.(R): H.(K,Z) — H, (K", 7Z)

induced by R is the inverse of H.(7,Z).

The morphism X does not come from a simplicial function and is defined by
induction as follows. Since the vertices of K are also vertices of K (1), we define X
on the generators {x} of Co(K) by Ro({x}) = {x}. Suppose that we have defined
X; foreveryi=1,...,n— 1 such that

(1)
N,-_18,K = 8I-K N;.

We define X, on the generators o, of C,(K) (namely, the oriented n-simplexes of
K) by the formula

Nn(cn): = anl(af(cn))*b(cn)
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where b(0,) is the barycenter of ¢, (hence, a vertex of K (1)) and
R,-1(95 (0a)) % ()

represents the n-chain obtained by taking the join of each component of the (n— 1)-
chain &, _1(9X(0,)) and b(0,) (abstract cone with vertex b(0;,)). The only impor-

. I L .
tant fact to be proved here is that &, 19X = 85( ) X . But this is immediate:

7" (%,(2) = Ru-1 (3 (6) — 9L (X1 (9 (0)) *b(03)
=X, (ar{((o"))

since Bf_ul) R, 1 = 8,295 |. We call X: C(K) — C(KV)) barycentric subdivi-
sion homomorphism.

Arriving to the equality C(7) R = 1¢(k) is a straightforward procedure. We now
prove that 1)) — RC (7) is chain null-homotopic and so, by Proposition (II.3.4),
we have H,(RX)H,(w) = 1. As a matter of simplicity, we shall indicate Lok
with 1, K1) with K, 8,{(“) with 9/, and all n-simplexes of K’ with the generic
expression oj,.

Let €: Co(K') — Z be the augmentation homomorphism of the chain complex
(C(K"),d"); since

e((1 = RoCo(m))(0n) = €(0n — {xa}) =0,

1 — XC(m)) is a trivial extension of the homomorphism Z on itself.
On the other hand, to each generator

o,={c"...,6"}

of C,(K"), we associate the chain complex S(0),) < C(K’) defined by the free groups

Ci((em)M), i>0
sty {120

The simplicial complex (6)(1) comes from the first barycentric subdivision of ¢”
and is, therefore, an acyclic complex since it may be interpreted as the abstract
cone with vertex at the barycenter of ¢” relative to the boundary of (G”)“) (see
Sect. I1.4); hence, the chain complex

S(op) <C(K')

just defined is acyclic. We have thus obtained an acyclic carrier of C(K’) on itself.
We maintain that S is an acyclic carrier of 1 — XC(r). Indeed, for any vertex o, =
{x0,--,xn} of K',

(1—RoCo(m))(0x) = G — {xu} € Col03")) = S(0)o -
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the given definitions ensure that, for everyn > 1,

(1= R,Ca(m))(0}) € S(0}) -
We complete the proof by using Corollary (I1.3.10).

Theorem (I11.2.2) may be extended by iteration: Let K(") be the rth-barycentric
subdivision of K and let
n: K - K

be the composition of projections

LI (os ) NN 'S

K"
Then for every n > 0,
H,(n",Z): H,(K\",Z) — H,(K,Z)
is an isomorphism whose inverse is induced by the (not simplicial) homomorphism
Rl Cy(K) — Cu(K™")

obtained from X, by iteration.

We precede the important Simplicial Approximation Theorem by some remarks
toward the characterization of the simplexes of a simplicial complex K = (X, @) by
working with the topology on |K|. For each vertex x of K, let A(x) be the set of all
points p € |K| such that p(x) > 0; in addition, we define the function

Ot [K| — R, 8c(p) = p(x) -
This function is continuous since, for every g € |K]|,

16:(p) = 8:(g)| < d(p.q) 5
since A(x) = 8. 1(0,0), we conclude that A(x) is open in |K|. Note that in this way

X
we obtain an open covering of |K]|.

(IIL.2.3) Lemma. Given xy,...,x, € X arbitrarily,

n

o={x0,.... 5} €D = [A(x;) #0.

i=0

Proof. =: if 0 € @, its barycenter
1 n
b(o)=) —xic| |A(x).
(@)= gme At
< if p e NiLgA(x;), then p(x;) > 0 for every i = 0,...,n; hence

{x0,...,xn} Cs(p) € D.
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A simplicial function g: K (") — L is called a simplicial approximation of a map
£ |K| — |L| if |g|(p) € |s(fF (p))| for every p € |K(")| (recall that s(fF(p)) is
the carrier of the point fF(p) and that F: |[K")| — |K| is the homeomorphism in
Theorem (IIL.1.4)).

(II1.2.4) Theorem (Simplicial Approximation Theorem). Let K = (X, ®) and
L= (Y,¥) be two simplicial complexes and let f: |K| — |L| be a map. Then, there
are an integer r > 0 and a simplicial function g: K\") — L, which is a simplicial
approximation of f.

Proof. Consider the finite open covering {A(y)ly € Y} of |L| and let ¢ be
the Lebesgue number (see Theorem (I.1.41)) of the finite open covering
{f~YA(y)) | y € Y} of |K|. Let r be a positive integer such that diam [K")| < ¢/2
(see Theorem (III.1.5)). For every vertex o of K <’), there exists a vertex y € Y such

that
A(o) C fHA®)) -

We now define a function
g K — L

by setting g(0) = y. The function g is simplicial: for each simplex {c?,... 0"}
of K,

(see Lemma (II1.2.3)); moreover,

(Vi=0,...,n) A(c’) C fY(A(g(c")))

and so

follows from
n n
e s (e ).
i=0 i=0
again by Lemma (II1.2.3) we conclude that

{g(c"),...,g(c")} V.

Let us now prove that g is a simplicial approximation of f: for any

n
p=Y oo’ e |k
i=0

we have p € A(c") foreachi=0,...,n; then

f(p) € f(A(c")) € Alg(a"))
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that is to say, {g(6°),...,g(c™)} C s(f(p)). Since

8l(p) = i 0;g(c’)
i—0

we may conclude that |g|(p) € |s(fF (p))|.

(IIL.2.5) Theorem. The geometric realization of a simplicial approximation
g: K" — Lofamap f: |K| — |L| is homotopic to fF.

Proof. By definition, given any p € |K(")|, the segment with ends fF(p) and |g|(p)
is entirely contained in the convex space |s(fF (p))| C |L| (see Theorem (I1.2.9)).
The map

H: K" xI—|L|, H(p,t) = tfF(p)+ (1 -1)lg|(p)

is a homotopy between fF and |g|.

(IIL.2.6) Theorem. Let g: K") — L and g': K\ — L be two simplicial approxi-
mations of a map f: |K| — |L|. Suppose that s < r and ©'"%): K\") — KU is the
composition of projections. Then the simplicial functions

g: K = Land gn™): K — L
are contiguous.

Proof. We have to prove that, for every simplex & € @), there is a simplex T € ¥
such that g(¢) C 7 and ¢'n"*) (o) C 1.

For every 6 € @), let us define T = s(f(b(c))) where b(0) is the barycenter of
0. Since g is a simplicial approximation of f,

8l(b(0)) € |s(£(b(a)))] 5

but g(0o) is the smallest simplex of L whose geometric realization contains the point
|g|(b(0)) and so, g(0) C 1.

On the other hand, let P(c) be the smallest simplex of K (%) such that lo| C
|P(0)|. Clearly,

70)(0)|  [P(0)|

and
lg'(n=)(0))| C |g'(P(0))] -

From b(0) € |G| C |P(0)], it follows that
1g'l(b(0)) € |g'(P(0))]
and because |g'|(b(0)) € |s(f(b(0)))

¢'(P(0))] C |s(f(b(0)))]-

, it also follows that
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From this, we conclude that

g'(n"9)(0))] C |s(f(b(0)))|
and, consequently, g’(n:(”)(O')) C s(f(b(0))).

(II1.2.7) Corollary. A map f: |K|— |L| defines a unique homomorphism of graded
groups
H.(f,Z): H.(|K|,Z) — H.(|L|,Z) .

Proof. For any simplicial approximation g: K (" — L of f, let us set
H.(f.2) = H.(8, Z)(H.(n"))™"
(recall that (H.(n"))~! = H.(R")).
Suppose g': K (") — L to be another simplicial approximation of f, with s < r.

The contiguity of the simplicial functions g and g’z("*) (which follows from the
previous theorem) ensures that

H.(¢'n"™)) = H.(g)
(cf. Corollary (I11.2.1)). But #” = (") and therefore

H.(¢\Z)(H.(n*,Z))"! = H.(3,Z)(H.(n",Z)) " .

Corollary (II1.2.7) completes the definition of functor H,(—,Z) on morphisms;
we repeat it here: for every n > 0 and any map f: |K| — |L|,

H,(f,Z) == Hy(8,Z)(Ha(n", )"+ Hy(|K|,Z) — Ha(|L|,Z)
where g: K(") — L is any simplicial approximation of f.

We now prove that the homomorphism H.,( f,Z), defined by amap f: |K| — |L|,
is a homotopy invariant, meaning that the next result is true.

(II1.2.8) Theorem. Let f,g: |K| — |L| be homotopic maps. Then
H.(f,2) = H.(8,7)

Proof. LetH: |K|XxI— |L|be the homotopy that links f to g; suppose that H i = f
and H i = g, where iy and i; are the maps

lo: |K| - ‘K| X1, p— (p,OC) ,0=0,1.
We represent the intervall / = [0, 1] as the geometric realization of the complex

S =(,Y),Y={0,1}, T = {{0},{1},{0,1}}.
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With the appropriate identification |K x .#| = |K| x I (cf. Theorem (IIL.1.1)), we
may assume that ip and i; are the geometric realizations of the simplicial functions

To: K—Kx 9

that take each O-simplex {x} of K to the O-simplex {(x,a)} of K x .#. To verify
this theorem, it is sufficient to prove that’iy and 1; are contiguous. We order the set
X ={x0,x1 ...,x,} of all vertices of K by setting xo < x; < ... < x,. For each integer
n=0,...,7r+ 1, we define the simplicial functions

fu: K—=Kx9%

xi,0)},i<n,
- {152

These functions have the following properties:

1. (Vvn=0,...,r—1) f, and f,4 are contiguous.
2. fr+1 ZT() and f() ZT].

The second property is a direct consequence of the definition of f;;; to prove the first
property, we consider any

o={xj,...,.x;, } €D

such that
Xig <Xip <ovo <Xp—1 <Xy < Xpgp <. < X

It follows from the definition of f;, and f;,, that
fu(0) = {(xiy,0), ..., (xp—1,0), (xp, 1), ., (xi,, 1) }
and
fn+l(o-) = {(X,‘O,O), R (XH,O), (xn+17 1)7 [EES) (xi/u 1)};
notice that both sets f,,(0) and f,,1 (o) are subsets of

{(xi,0),. ., (X0—1,0), (x,0), (x, 1), ..., (xi, 1)}

(I11.2.9) Corollary. The homology groups of two polyhedra of the same homotopy
type are isomorphic.

Proof. Let f: |K| — |L| be a homotopy equivalence with homotopy inverse
f': |L| — |K|. Then

H.(f,Z)H.(f',Z) =1 and H.(f',Z)H,.(f,Z) =1 .
Corollary (II1.2.7) and Theorem (III1.2.8) allow us to define a functor

H,: HP — AbZ,
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where HP is the category of polyhedra and of homotopy classes of maps among
polyhedra.

(IT1.2.10) Remark. Corollary (II1.2.9) tells us in particular that, for every polyhe-
dron |K| and whatever barycentric subdivision |K(")|, we have

H.(K|;Z) = H.(KV];Z);

moreover, the homology H,(X;Z) of a compact and triangulable topological space
is invariant under the chosen triangulation of X.

Exercises

1. Prove that a projection m: K!) — K is a simplicial approximation of the identity
map 1: |K| — |K]|.

2. Prove (using the Simplicial Approximation Theorem) that the set [|K|,|L|] of
homotopy classes of maps from a polyhedron |K| to a polyhedron |L| is countable.

II1.3 Some Applications

In this section, we give some applications of simplicial homology to geometry. Our
first important result is the Lefschetz Fixed Point Theorem. Before we state it, let
us review some well-known results in linear algebra.

The trace of a rational square matrix (a;;), i = j = 1,...,n is the rational number

P

Tr ((aij)) =

aii .
1

We note that for two rational square matrices A and B,
Tr (AB) =Tr (BA) .

Thus, we may define the trace of a linear transformation a: V — V of an
n-dimensional rational vector space. Indeed, if A represents o, then B represents
a if and only if there exists C such that B = CAC~!. We then define

Tr (o) = Tr (B) = Tr (A) .

(I11.3.1) Lemma. Let

0-U-%v-Low o0
be an exact sequence of finite dimensional rational vector spaces and of linear trans-
formations. Let y: V — V be a linear transformation whose restriction to U is a
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linear transformation yy: U — U. Then Y induces a unique linear transformation

Yw: W — W such that yw B = By, and therefore

Tr(y)=Tr (w)+Tr (w).

Proof. Let us consider a basis {ii,...,#,} of U and the vectors V; = a(ii;) € V,
i=1,...,r. The latter are linearly independent in V and may, therefore, be com-
pleted so that we have a basis {Vi,...,V,} of V. Note that the vectors W, =
B(¥Vr41),...,w, = B(¥,) constitute a basis for W. The matrix (a;;), with i,j =
1,...,n, obtained by the equalities

n
’}/(17,) = Zaﬁ\'fj y = 17...,1’1
j=1
represents Y. Transformations yy and Y4y are defined by the rules
-
Y (id;) = Zaﬁﬁj , foreveryi=1,...r
j=1

and
n

’}’W(W,) = z aj,-v_t'/j , forevery j=r+1,...,n.
Jj=r+1

We now concern ourselves with geometry. Our proofs will take place in the realm
of rational homology, that is to say, homology with coefficients in Q. We briefly
recall that, for every polyhedron |K|, H,(|K|; Q) is a rational vector space of dimen-
sion (). On the other hand, a map f: |K| — |K| produces a linear transformation

H,(f,Q): H\(IK|;Q) — H,(|K]:Q)

for each integer n € {0,...,dimK}. By definition, the Lefschetz Number of a map
f: |K| — |K]| is the rational number

dimK

A(f)= 3, (=1)'TrH,(/,Q) .

n=0

We consider a simplicial approximation g: K (N — K to f (see Theorem (I11.2.4))
that produces a chain morphism

C(g): C(K'") — C(K)
and therefore, a homomorphism

Cu(g) @ 1q: C(K",Q) — C(K.Q);
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we now consider the chain morphism (subdivision homomorphism)
X: C(K) — C(KWM)
defined in Theorem (II1.2.2); we remind the reader that the homomorphism
Clg)R": C(K) — C(K)

is precisely the homomorphism that defines H,(f,Z) = H,(C(g)X}). Since for
everyn=0,...,dimK,

(Gu(g)® IQ)(er@ IQ)3 Gi(K,Q) — Cu(K,Q)
is a linear transformation, we may define the number
dimK
A(CQR) = D, (=1)'Tr [(Ca(g) @ 1Q) (R, @ 1Q)] 5
n=0

it is natural to wonder whether there is any relation between this number and the
Lefschetz Number A (f). The answer to this question is the next result, known as
the Hopf Trace Theorem.

(ITL.3.2) Lemma. For every map f: |K| —

A(C(g)R) = A(f) -

Proof. For every n > 0, we consider two exact sequences

, we have

(1) 0—Z,(K,Q) — Cu(K,Q) — B,—1(K,Q) — 0
(2) 0— B,(K,Q) — Z,(K,Q) — H,(K,Q) — 0

Then for any fixed ¢ € Z, we define the numbers

() =2 1"Tr [(Gi(g) @ 1) (R, @ 1)]

2(t) = Y 1" Tr [(Culg) @ 1) (X, © 19)]|Z4 (K, Q)) ,
b(t) = Zt”Tr[(C,, )@ 1) (R, ®1q)]|Bu(K,Q)) ,and
h(t) =Y 1"Tr (H,(f,Q)) -

By applying Lemma (II1.3.1) to the exact sequences (1) and (2), we conclude that
c(t) =z(t) +1b(t)
2(t) = b(1) +h(1) ;

it follows from these two equalities that c(¢) — h(t) = (1 +1¢)b(t); we arrive to the
thesis by setting t = —1.

‘We now turn to the Lefschetz Fixed Point Theorem.
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(II1.3.3) Theorem. For every map f: |K| — |K| with no fixed points, A(f) = 0.

Proof. Let ¥: |K| — R be a function defined by ¥ (p) =d(p, f(p)) for each p €
|K|. Since f has no fixed points, (Vp € |K|) ¥(p) > 0. On the other hand, since
|K| is compact, there exists an € > 0 such that ¥(p) > € for every p € |K|. By
Theorem (III.1.5), there is an integer r such that the diameter of |K (’)| is less than
£. By Theorem (III.1.4), there exists a homeomorphism F: |K (] — |K|; we then
define the map f") = F~'fF: |[K")| — |K(")|. The next two assertions are now
easily proved and we leave their proofs to the reader.

L AGF) = A(F).
2. f has no fixed points if and only if £(") has no fixed points.

So, we only need to prove that A (f(")) = 0.
Let the simplicial function g: K) — K(), with 7 > r, be an approximation to
f (’); then
(¥p € 1K) lgl(p) € Is(71” (p))]

and, since s(f(")(p)) is a simplex of K"), we conclude that

(vp e [KW)) d([g](p), f" (p)) <

W[ m

This last inequality, the metric triangular property, and condition
(Vp e |KV)) e <¥(p) =d(p.f" (p))
enable us to conclude that

(9p < [K)) d(p.lgl(p)) > 25 :

in other words, for every point p € |[K\")|, |g|(p) and p cannot coexist in the same
simplex of |[K(")|. Now, let & be any n-simplex of K") viewed as an element of the
canonic basis of C,(K (’),Q), and suppose O to be one of the vectors in the com-
position of C,(g) X" (o),” written as a linear combination of vectors of the canonic
basis. However, X/ (o) is a linear combination of n-simplexes of K (), whose ge-
ometric realizations are contained in |o|; since o is a component of C,(g) X% (o),
C,(g) must take to o one of the n-simplexes of K (), among the components of the
chain R’ (o); on the other hand, since C,(x")) R’ (c) = o, there must be a point
p € |[KW] such that d(p, |g|(p)) < £, contradicting the preceeding results. Hence,
Tr (C,(g)X%) = 0; the Hopf Trace Theorem allows us to conclude that A (f(")) =0
and so, A(f) =0.

The Lefschetz Fixed Point Theorem supplies a necessary but not sufficient con-
dition for a map f: |K| — |K| to have no fixed points. Indeed,

foosl st Qi e2ﬂi(t+117),t c[0,1)

2 We simplify the notation by writing C,(g) X/, instead of (C,(g) ® 1g)(X} ® 1g).
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has no fixed points and so A (f) = 0; but f is homotopic to the identity 1¢ through
H(€2m't S) _ eZn’i(lJrsﬁ)

and therefore A (141) = 0 (because the Lefschetz Number is invariant up to homo-
topy); however, 1¢1 has only fixed points.

We now consider an important corollary to the Lefschetz Fixed Point Theorem,
known as the Brouwer Fixed Point Theorem. A self-map of a space X is a map of
X into itself.

(I11.3.4) Corollary. Every nonconstant self-map of a connected acyclic polyhedron
has a fixed point.

Proof. Let |K| be such a polyhedron’; by hypothesis, the homology of |K| is all
trivial, except for Hy(K; Q) = Q. Let us suppose that f is simplicially approximated
by g: K") — K. Let xo be a vertex of |K| and let us suppose that {xo} 4 Bo(K, Q)
is a generator of Hy(K, Q). On the other hand,

Co(g)Ro({x0}) = g(x0)

and g(xp) is a vertex of K because g is simplicial. Since |K| is connected, g(xo)
is homological to {xp} and therefore A(f) = 1. Lefschetz theorem allows us to
conclude that f must have a fixed point.

Before stating the next corollary, let us look into the definition of the degree of
a self-map of a sphere. It is easy to see that the n-sphere S" (n > 1) is the geo-
metric realization of a simplicial complex X". Let f: S" — S" be a given map and
g: (E”)<r) — X" be a simplicial approximation of f. X" has trivial homology in all
dimensions except for O and n, when it is isomorphic to the Abelian group Z. We
recall that H,((£")(")) 2 Z,((Z™)(")) has only two possible generators (differing by
their orientation); let z be one of them. Then, there exists an integer d such that
H,(g)(z) = d z. This number, which is obviously independent from the homotopy
class of the map f, the cycle z, and the simplicial approximation g of f, is the degree
of f (notation: gr (f)).*

(I11.3.5) Lemma. For every map f: S" — §",
A(f) =14 (=1)"gr (f) -

Proof. The Lefschetz number is defined for the homology with rational coefficients.
Since X" is connected, Tr Hy(f, Q) = 1; we only need to prove that Tr H,(f,Q) =
gr (f), to which end it is sufficient noting that

Z,((2"",Q) = Z,((z")") e Q.

3 See examples of acyclic complexes in Sect. I1.4.

4 Case n = 1 is particularly interesting: when we move along the cycle z, its image g(z) wraps the
corresponding generating cycle of Z; (S!) d times around S'.
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(IT1.3.6) Corollary. Ifamap f: S*> — S* has no fixed point, there exists p € S* such
that f(p) = —p.

Proof. Suppose that f has no fixed point; by the preceeding lemma gr (f) = —1. In
particular, the antipodal function

A: S 8% p——p
has degree —1. Since gr (Af) = gr (A)gr (f) = 1, it follows that
A(Af) =14 (=1)gr (Af) =2
and so, there is p € §? such that Af(p) = p; hence, f(p) = —p.

(IT1.3.7) Corollary. There is no map f: S** — S*" with n > 1, such that the vectors
p and f(p) are perpendicular for every p € S*".

Proof. Suppose there is such a function. Then

(Vp € 8) |I(L=1)f(p) +1pl| #0

and we may therefore define a map

(1=0)f(p)+tp
II(1=0)f(p)+tpl|

This map is a homotopy between function f and the identity function 1p.. It follows
that

F: 8" xI—58" (pt)—

A(f)=A(lgn) =1+ (-1)"=2
and so (Ip € $*") f(p) = p, against the hypothesis on f.

(I11.3.8) Remark. A tangent vector field on a sphere S" is a set of vectors of R"+!
tangent to S”, one at each point p € S”, and such that the length and direction of
the vector at p vary continuously with p. Corollary (II1.3.7) states that no sphere of
even dimension has a nonvanishing tangent vector field. Odd-dimensional spheres
have such fields; for instance,

S2n_1 — SZn—l s (X],...,XQn) = (—.XQ,)C],...,—)CQ,,,infl) .

The important Fundamental Theorem of Algebra may be easily proved as a
consequence of the Lefschetz Fixed Point Theorem:

(IT1.3.9) Corollary. A polynomial
f(Z) =7 +alzn71 +...+a-1z2+ay € C[Z]

(with n > 1) has a complex root. Consequently, the equation f(z) = 0 has n solu-
tions, not necessarily distinct.
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Proof. We consider that polynomial as a map P: R?> — R? To prove that P is
surjective and that, as a consequence, there exists an o € C corresponding to 0 € R2
such that

o +a "'+, +a,a+a,=0.

We take the compactification S? of R? obtained by adding a point o to R? and we
extend P to amap P: S? — 52 by setting P(o0) = co. The map

H: $*xI1—8*, (pt)—2"+(1—1) (alz"_1+...+a,,) , 00— 00
is a homotopy between maps P and
f: 828 27",

We wish to prove that gr (f) = n. To this end, we construct two simplicial complexes
K and L homeomorphic to S2, and consider a simplicial approximation of f. Let us
take the complex numbers

2mis

xy=en ,s=0,1,....n°—1

and construct the simplicial complex K, formed by
vertices:

{0},{)60},...,{)6”271},{00} ;

1-simplexes:

{07x0}7 ceey {vanzfl}
{xo’oo}’ R {xn2—17°°}
{xo,x1},-- -, {x2_1,%0}

2-simplexes:
{O,XO,xl}, ey {0,}61,)(2}, ceey {O,an_l,xO}

{oovx()rxl }7 EEE) {°°,X1 7x2}a ceey {007an71 ,)C()} 5

whose geometric realization is homeomorphic to S2.
We now take the complex numbers

2mit
yy=en ,t=0,1,....n—1

and consider the simplicial complex L, formed by

vertices:
{0}7 {YO}v EEE) {yn71}> {°°} 5
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1-simplexes:

{07y0}7' . -,{0>)’n—1}
{)’0>°°}7~~»{)’n—1»°°}
{y()ayl}?' . -,{Yn—l,)’O}

2-simplexes:

{07y07y1}7'“1{07y13y2}a .. ~7{07yn—1,)’0}
{‘X’vy(]vyl}a .. -a{°°7Y1,)’2}a~~~7{°°ayn71a)’0} 3

whose geometric realization is also homeomorphic to S2. Note that

f(0) =0, f(e0) = coand f(x;) =y

Let z be a generator of H(L;Z) (the sum of all oriented 2-simplexes of L) and 7/
be the corresponding generator of K (a subdivision of L); we can easily see that
Hy(f)(Z') = nz, which means that gr (f) = n.

Since the degree of a map is invariant up to homotopy, we conclude that
gr (P) = n. Assuming that P is not a surjection, there should exist a p € S? such
that P(S?) C $?\p ~ R2. We could then interpret P as a map from $? to R? and,
therefore, homotopic to the constant map from S? to 0 € R? (if X is a topological
space and h: X — R? is a continuous function, then % is homotopic to the con-
stant map to 0 through the homotopy /4, (x) = tx). But a constant map has degree 0,
contradicting the fact that P has degree n > 0.

Exercises

1. LetA: S! — S! be the antipodal function. Prove that gr A = 1.
2. Prove that there is no retraction of the unit disk D" C R” onto its boundary §"!.

3. A polyhedron |K| has the fixed point property if every map f: |K| — |K| has at
least one fixed point. Prove that the fixed point property is invariant up to homeo-
morphism.

4. Let |K| be a polyhedron with the fixed point property. Prove that if |L]| is a retrac-
tion of |K| then also |L| has the fixed point property.

5. Consider the space
X = {(XO,X[,)Q) € R3|(VI == 0, 1,2)x,~ 2 O}

with the topology induced by R? and let f: X — X be a given continuous function.
Prove that it is possible to find a unit vector ¥ € X and a nonnegative real number A
such that f(V) = AV.
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6. Let M;X3 be the set of all real square matrices with no negative elements. Apply

the preceeding exercise to prove that every matrix A € M;rX3 has at least one non-
negative eigenvalue.

II1.4 Relative Homology for Polyhedra

In Sect. I1.4, we have studied the relative homology of a pair of simplicial complexes
(K,L); specifically, we have proved that given two simplicial complexes K = (X, @)
and L= (Y,0) withY C X and © C @, then

(Vn > 1) Hy(K,L;Z) = H,(K UCL; Z)

where CL is the abstract cone vL Theorem (I1.4.7). In Sect.IIl.2, we have stud-
ied the homology functor in the category of polyhedra, giving the definition of
H.(|K|,Z) := H(K,Z) for any polyhedron |K| (the definition of functor H,(—,Z)
on morphisms is more intricate and depends on the Simplicial Approximation The-
orem). Nevertheless, we may say that

(Vn = 1) Hy(|K|,|L|;Z) = Hy(|KUCL|; Z)

for every pair of polyhedra (|K|,|L|). In this section, we prove the following result:

(II1.4.1) Theorem. For every pair of polyhedra (|K|,|L|) (with L a subcomplex of
K) and every integer n > 1,

Hy, (K], |L[;Z) = Hu(|K|/|L|;Z) -

This theorem is a direct consequence of a more general result in the category of
topological spaces:

(IIL.4.2) Theorem. Let (X,A) be a pair of topological spaces with A closed in X ;
suppose that (X,A) has the Homotopy Extension Property. Let CA be the cone
(Ax1I)/(A x{0}). Then the adjunction space X UCA and the quotient space X /A
are of the same homotopy type.

Proof. The reader may intuitively come to this result by considering the cone CA as
a space contractible to a point; here is a rigorous proof of the statement.

In this theorem, we have two pushouts: one for constructing X UCA and the other
for X /A; these are their corresponding diagrams:

A i

X

i n
|_

CA—— X UCA
l
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withij: A — CA given by x — [x,1] and i: A — X the inclusion;

with ¢: A — x* the constant map and ¢ = g: X — X /A the quotient map.

Let p: CA — X /A be the constant map to the point [ao] that is identified with A
in X /A. Since gi = piy, there exists a unique map ¢: X UCA — X /A such that the
following diagram is commutative:

A——x

X /A

Now we must find a function £ X /A — X UCA such that o~ 1xuca and o ~ 1X/A~
With this in mind, we consider the homotopy

H: AxI—XUCA, (x,t)— [x,1—1]
and apply the Homotopy Extension Property of (X,A) to get a continuous function
G: AxI—XUCA
whose restriction to A x {0} coincides with ij and such that G(i x 1;) = H. The map
g:A—XUCA, g=G(—,1)

is homotopic to the inclusion i: X — X UCA and is such that, for every x € A,
g(x) = [x,0], the vertex of the cone CA. Since X /A is a pushout space, there exists a
unique map

0: X/A— X UCA
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such that Eq = g. To prove that (¢ and ¢ are homotopic to their respective identity
functions, we construct the following homotopies:

Hi: (XUCA)xI—XUCA

1. (V[x,z] € CA), Hi([x,t],s) = [x,15],
2. (xeX), Hi(x,s) =G(x,1—5)

and

H;: X/AXI—>X/A
Hy(q(x),t) =4G(x,t) , x e X NA.

We ask the reader to verify that these homotopies are well defined and to complete
the proof.

We now turn to Theorem (II1.4.1). It is sufficient to notice the following facts:
(a) |L| is a closed subspace of |K|; (b) the pair (|K|,|L|) has the Homotopy Exten-
sion Property (see Theorem (II1.1.7)), (¢) |K UCL| = |K|U|CL| is a pushout space;
finally, we apply Theorem (I11.4.2).

Theorem (I1.4.9) in Sect. I1.4 has a corresponding version in the category of poly-
hedra: let {|K;| |i=1,..., p} be a finite set of based polyhedra, each with base point
given by a vertex xf) € K;; we then take the wedge product

VP K = U (e e x K xox {xB )
(I11.4.3) Theorem. For every g > 1,
Hy(V,|Ki|, Z) = & Hy(|Ki|. Z) .
We consider the topological space
X =5*v(stvs)

which is the wedge product of a two-dimensional sphere and two circles. The space
X is clearly triangulable and therefore, by Theorem (III.4.3), its homology is as
follows:

Therefore, X and the torus 72 have the same homology groups. But these spaces
are not homeomorphic. To prove that X and T are not homeomorphic, we recall
Remark (I.1.17). We suppose f: X — T2 to be a homeomorphism and let x be the
identification point of spheres S2, S1, and S}; then, X \ {xo} and T? \ {f(x0)} are
homeomorphic; but X . {xo} has three connected components while 72 ~. {f(xo)}
is connected, which leads to a contradiction.
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IT1.5 Homology of Real Projective Spaces

We have already computed the homology groups of some elementary polyhedra
such as the sphere $? and the torus T2 (see also exercises in Sect.I.4). We have
also studied techniques that, in theory, allow us to study the homology of polyhedra
(for instance, the Exact Homology Sequence Theorem). In this section, we compute
the homology of real projective spaces; we shall see that the methods learned so far
are not enough to complete our pre-established task and for this reason we shall
provide a new method for computing homology groups.

Those readers who have done the exercises of Sect. II.2 will have found at least
one triangulation for RP2; whatever the case, we consider the triangulation P of
RP? that has 6 vertices, 15 edges, and 10 faces in Fig. IT1.3 (the geometric realization

Fig. IIL.3

of this simplicial complex is homeomorphic to the disk D? with the identification of
its boundary antipodal points).

In one of the exercises in Sect. I1.4, we have asked the reader to compute the ho-
mology groups (with coefficients in Z) of a triangulation of IRP?; the reader should
have come to the results that are put together in the following lemma (in any case,
this lemma will be proved later on with another method).

(IT1.5.1) Lemma.

Z ,q=0
H,(RP*Z)={ 7, ,q=1
0 ,qg#0,1.

We now consider the n-dimensional real projective spaces RP", with n > 3. As
for the two-dimensional case, RP" is a quotient space of S" by identification of
antipodal points. Let us rephrase the definition of RP" as follows: We define the
equivalence relation in R"*! < (0,...,0):

X=(X0,-s%0) =Y =(¥0,---,Vn) <
(FA eR,A £0)(Vi=0,...,n)x; = Ay; .
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We ask the reader to prove that
S"|Zy = RP" = (R™' . (0,...,0))/ = .

In this way, we adopt the definition RP" = (R"*! < (0,...,0))/ =.
We now prove that RP"*! may be obtained from RP" by “adjunction” of an
(n+1)-dimensional disk D" !; more precisely, RP"*! is the pushout of the diagram

A\ L RP"

In

Dn+1

where 1, is the inclusion of §” in D"*! and g, is the map that takes a point
(x0,-.-,%,) € S" into its equivalence class

[(xX0; - ,x0)] € (R"F1(0,...,0))/ = .

We start by constructing the pushout

st R

In In
ptl ——— RP" U, D"
qn n
and the following commutative diagram

g1 ppn

In Jn

Drr‘rl T) ]RPH+1

where
n
gn(x0, .-+, xn) = [(xo,...,xnﬂ /1 —Z|x;|2)]
0
and

Jn([(x0,- -+, x0)] = [(x0,- - - ,%n,0)]

for every (xo,...,x,) € " and [(xo,...,X,)] € RP". By the definition of pushout,
there is a unique continuous function

¢: RP"U,, D" — RP"!
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such that
Eq_n =&n and ﬁn = jn .

We wish to prove that the map ¢ is a homeomorphism. We first prove that ¢ is
bijective; to this end, it is sufficient to prove that the restriction

0D S" — RPN RP"
is bijective. With this in mind, we define the function
Gn RPN RPY — D"

such that, for every [(xo,...,X,+1)] € RPN RP",

~ X0Xn+1 XnXn+-1
gn([(x07---7xn+1)])=( il e )
Pl sl

n+1
r= 2 |xi‘2 )
0

and we notice that g,g, = g.g, = 1. The continuity of the inverse function ¢!
derives from the fact that £ is a bijection from the compact space RP" L, D! onto
the Hausdorff space RP"*! (see Theorem (1.1.27)).

(I1I1.5.2) Proposition.

where

Z ifq=0

~ )2y ifg=1

Hy(RP?,Z) = Fa—3
0 ifqg#0,1,3.

Proof. The exact homology sequence for the pair (RP3, RP?) is

9 Hn(l) 3 q*(”) 3 o) n
- — H,(RP*;Z) — H,(RP’;Z) — H,(RP’,RP*;Z) ——

A
—— H,_1(RP*Z) — H,_|(RP*;Z) ————— -+

(see Theorem (I11.4.1)). By Lemma (IIL.5.1), Hn(IRPz;Z) is zero if n #£ 0,1. By
Theorem (I1.4.7) and considering that

RP}/RP? = §%

we have that, for every n > 1, H,(RP?> RP?;Z) = H,(S?) is zero if n # 3 and is
isomorphic to Z if n = 3. The significant part of the sequence becomes
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0 —— Hy(RPZ) —— Z 0 Hy(RP3,Z) ——

H(RP*;Z) —— 0,

1

which easily leads to the thesis.

At this stage, the reader could be tempted to compute the homology of RP* with
this method and then apply the Exact Sequence Theorem in Homology to compute
the homology of RP" by induction; unfortunately, this idea will not work, because
the connecting homomorphisms A, : Hy(S",Z) — H,—1(RP"",Z) are generally
not known. Therefore, we must come up with another method for computing the
homology of RP" when n > 4; this will be done in the next subsection.

I11.5.1 Block Homology

We begin by reviewing how to compute the homology of the torus 72, To start
with, we interpret the torus 72 as deriving from the square with vertices (0,0),
(1,0), (0,1), and (1,1) by identifying the two horizontal edges and then the two
vertical ones. A possible triangulation 7 of the torus is represented in Fig. I11.4

0 1 2 0
3 5 6 3
4 7 8 1
0 1 2 U Fig. 1114

(see also p. 63). We have 9 vertices, 27 edges, and 18 faces, a total of 54 sim-
plexes in it, too large a number, considering what we started with; in fact, given
the identifications made on the Euclidean square, we could take the simplexes in
“blocks”, consider only one vertex (the four vertices have been identified), two one-
dimensional “blocks”, namely, one vertical edge and one horizontal edge (with-
out their end-points), and only one two-dimensional “block”, namely, the square
without its boundary. We then ask ourselves whether it is possible to compute the
homology of 72 by means of this block (or “cellular”) interpretation of the torus
and, in doing so, avoid handling a rather large number of simplexes; because, if
the procedure is already a little complicated for the torus, a space that can, after
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all, be easily interpreted, imagine what might happen when we try to compute the
homology of a more complex polyhedron. We now explain what a “block” decom-
position of a polyhedron is and how the homology of a polyhedron divided into
blocks is computed.

Let K = (X, @) be a given simplicial complex; for every subset ¢ C @, let € be
the smallest subcomplex of K that contains e (we observe that e is not necessarily
a simplicial complex; for instance, take the previous triangulation 7' of the torus 72
and let e be the set of the simplexes {2}, {0,3,5}, and {3,4,6}; in this example,
{0,3} € {0,3,5} but {0,3} € ). The simplicial complex € may be described in
another way:

e=Jo.

oce

The simplicial complex e associated with the set e is called closure of e.
For every e C @, we define the boundary of e as

e=e-e;
this, by definition, is a subcomplex of K; furthermore, eisa simplicial subcomplex
of e:
eNeCe=e~eCe=e=é¢Ce.

Finally, ¢ = eU¢: in fact, since e C € and é C €, we have the inclusion eU ¢é C €; on
the other hand, if ¢ € ¢ and 6 ¢ e then ¢ € e \ ¢ and thus

C€Ee~e=¢;

we conclude that eU¢ C @. ‘
We extend the definition of closure of a set ¢ C @ to a chain ¢, = Y,;m;0,, €
Cu(K,7Z): the closure of ¢, is the simplicial complex

&= U o

i:m#0

(IIL.5.3) Definition. A p-block or block of dimension p of K is a set e, C @ such
that:

(i) ep contains no simplex of dimension > p
(i) Hp(ep,epZ) =7
(iii) (Vg # p) Hy(€p,ép:2) =0
(IIL.5.4) Remark. To compute the homology of the pair of simplicial complexes

(ep,¢p), it is necessary to give an orientation to K. However, we also could give an
orientation to ¢, individually by choosing a generator 3, of the Abelian group

Hp(ajp?z) = Zp(aaép) =7.
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Note that a generator 3, may be interpreted as a linear combination of p-simplexes
of K or of e,; in any case, d(f3,) is a chain of ¢, and therefore

d(Bp) Cép.

(I11.5.5) Definition. A block triangulation’ of a simplicial complex K = (X, ®) (or
of a polyhedron |K]) is a set e(K) = {e},} of blocks with the following conditions:

(1) Forevery o € @, there is a unique block (o) of the set e(K) such that o € e(0).
(2) For every p-block ¢!, € B(K), €}, is a union of blocks with dimension < p.

It follows from the preceding definition that
1. Forevery i, j,p, &, Nep =0
2. Ifi# j, thenel,Ne) =0

As an example, we give a block triangulation of the torus 7' with the triangula-
tion T previously described. We consider the following sets of simplexes of T':

1. 602{0}
2. e% = {{3}’{4}’{0’3}7{374}7{470}}
3. e%:{{1}’{2}’{0’1}7{172}7{270}}

4. eg =T~ (egUel Ue?)
We determine that the set
e(Tz) = {6076156%562}

is a block triangulation for 72. We notice at once that

e =1{0},é=0,

el =10,3}U{3,41U{4,0}, & = {0},
& =T0,1yu{1,2JU{2,0}, & = {0},
G=T,&=clUe;

we now recall Theorem (II1.4.1) and observe that

/& =S, i=1,2,

@l/1é2] 22 8%

this shows that the elements of e(T?) are blocks. It is easily proved that they form a
block triangulation.

3 In spite of the name, this is not a triangulation. In fact, it is the analog of a cellular decomposition
of |K|. The block homology can be seen as the cellular homology of such a cellular complex (see
e.g. [7, Chap. V]).
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For the real projective plane, with the previously described triangulation we have
the block triangulation given by:

1. 602{0}
2. e :{{1}’{2}’{0’1}’{1’2}’{270}}

3. e =P~ (egUey)

Let |K| be a polyhedron with a block triangulation e(K) = {¢’,}; for every integer
g such that 0 < g < dimK, we define

e ={e} ce(K)|p<q}.

(I11.5.6) Proposition. Let A be any union of g-blocks. Then, ¢'9 < A is a simplicial
subcomplex of K.

Proof. Let ¢ be any simplex of e(9) < A; then & is in a certain block e; of el?) \ A,
with p < g. Suppose 6’ C 0 then either e(0”) = ¢!, or 0’ € é/; in the latter case,
e(o’) is an r-block with r < p; in any case, 6’ € e9) \ A.

At this point, we can define the “block homology” of |K| with block triangula-
tion e(K): in a nutshell, it comes from the chain complex C(e(K)) = {C,(e(K))}

defined as ,

Ca(e(K)) = Hy(e") eV 7) = (D H, (2], ¢): 7))
j=1

where {e!,...,e'n} is the set of n-blocks. The boundary operator d; ") will be given
by suitable sum of compositions

— An o an () *( _1) —_—
Hn(enaen;Z) — nfl(en;Z) —l)l nfl(enfl;Z)qL) n,1(€n717€n,1;Z)

where A, ¢« (n— 1) are the appropriate homomorphisms of the long exact sequences
for (en,én), (€n_1,€n—1), respectively, and H,_i(i) is the homomorphism arising
from the inclusion ¢, C €,_1. The problem is also to relate this homology to
H.(|K|;7Z). For this, we proceed along the lines of [17, 3.8], and we will define
9% in the process.

We begin with the following key result:

(IIL5.7) Lemma. Let ¢, be a p-chain of K such that dp(c)) C e\P=1; then there
exists a chain of p-blocks Y ; m,-ﬁl’J homologous to c,,.

Proof. Suppose that ¢, C e\, with ¢ > p. Let us first prove the existence of a
p-chain ¢/, € C,(K) homologous to c,, where z C ¢(P) (this means that we may
remove ¢, from the blocks with dimension strictly larger than p). To this end, it
is enough to prove the existence of a p-chain f, € C,(K) homologous to ¢,, with
Fp C 97D in fact, since ¢, and f, are homologous, d,(c,) = dy(f); we may
therefore conclude that d,(f,) C P~ from the hypothesis dp(c,) C eP~V; if
g — 1> p, we apply the preceding argument on f,, and so forth.
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i

.Let eﬁ, be any g-block (recall that ¢ > p). We begin by removing ¢, from e;: we
write

i i el fl el
cp=cp+ [, where ¢, Ce,, f, Ce? e, .

Hence, 8[,(02',) Cel;

P in addition,

/
3
~—
I
S
S
/
3

p(ch) € plep) Udp(f3) C P DU (el

which leads to o ) )
ERCALEICANAREAS

Therefore, ¢}, € Z, (%, é'); since p # g, we have H,, (%, é') =0and so

¢l =ps1(fpr1) +8),, where f, ;€ C,,+1(¥) and g), € Cp(&) -
Hence, c;, is homologous to
Cp*apﬂ(f;ivﬂ) :C;Jrfzi'* (Ciﬂ*g;) :f;;+g§, :

note that the closure of the p-chain f, 4 g, is contained in

(@) i si_ L(q) i -

(e e, Ueq—e e,

since f; + gi, is homologous to ¢, we may say that we have removed c,, from the
block el,.

Let us now remember that i # j —> %ﬂ eé = 0; then, because d), | (fzi)H) C g,

the coefficient of each p-simplex of d),1( fl’; 41)in eé is zero. Hence for every i, we
may find a (p+ 1)-chain f, | such that

cpfzap_,_l(f[’;H) celt

We define the p-chain f, = cp, — ¥, dpt1( fl’; +1); from the observations made at the
beginning of the proof, we conclude that there is a p-chain c;, of K homologous to
¢p and such that dp(c},) C elp),

Now the proof proceeds as before: let eﬁ, be an arbitrary p-block; we write
T i PP A R () B Hi o o(P) i
¢, =k,+h, where ki, Cel,, hj, Cet”’ \ e, and h, Ce”’ e, .
As before, ki, € Z, (el &'). However, Z, (el é!) = Z; let B be one of its generators;

then, k; =m; ﬁ[‘, for a certain nonzero integer m;. Repeating this procedure for each
i we obtain a chain of p-blocks with

¢, — Zm,ﬁ;, celr;
14
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since (1) contains no p-simplex, we conclude that
C;) = Zm,ﬁ[’,
l
and so ¢, is homologous to ¥, m,ﬁl’;.
This lemma has an important consequence, essential to the definition of block
homology:
(IT1.5.8) Theorem. The following results hold for any polyhedron |K| with a block

triangulation:
(1) Every p-cycle z,, € Z,(K) is homologous to a cycle of p-blocks ¥; m,-ﬁ[i,.
(2) I]‘Zimiﬁ,’; is a boundary, there exists a chain of (p+ 1)-blocks ¥ ; njﬁ[‘;_1 such

that
Ipi1 (znjﬁ;l) =Y miy:
J i
(3) 9,(B, ') is a chain of (p — 1)-blocks like ¥, ;m Bp I

Proof. (1) Let z, be a p-cycle of K; then d,(z,) = 0 and so d,(z,) C e(P~V); we
conclude from Lemma (III.5.7) that there is a chain of p- blocks c;, = miﬁ;;,
which is homologous to z,; then, ¢}, is a cycle because dj(c),) = dp(zp) = 0.

(2) Let us suppose that Zimiﬁ;; = dpt1(cpt1), Where cpyq € Cpii(K); since
dpr1(cpr1) C eP), the (p+ 1)-chain ¢,y is homologous to a chain of (p+ 1)-
blocks ¥ ”jﬂ)§+1; hence

Zmlﬁ = p+1(cp+1 p+1 (2” p+1> .

(3) By definition, B}, is a generator of H, (eb, é') = 7 hence
9p(B) C & celr V)
we now proceed as we did for the second part of Lemma (II1.5.7); we substitute
dp(B}) for ¢}, and p — 1 for p.

Let |K| be a polyhedron with a block triangulation ¢(K). We now construct the
chain complex

Cle(k)) = { (Gule(K)), 3"} [n = 0}

as follows: for each n > 0, C,(e(K)) is the free Abelian group generated by f;;
(K)

the boundary operators dy, ~ are defined on generators according to part (3) of

Theorem (I11.5.8):
e(K
% Bp) = o By) = Zmify
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hence, (9;(K) 8;551) = 0. As for the simplicial homology, we define

Zu(e(K):Z) =kerof™ | B(e(K);Z) =ima*X) |

n+1
Hy(e(K),Z) :=Zy(e(K); Z) /Bu(e(K): Z)
ifn >0, and H,(e(K),Z) = 0 whenn < 0.

(IIL.5.9) Theorem. Let |K| be a polyhedron with a block triangulation e(K). Then
for every n € Z, there is a group isomorphism

H,(e(K),Z) = Hy (K|, Z) .

Proof. Every chain of n-blocks may be interpreted as a normal simplicial n-chain
of K; hence, there exists a homomorphism

in:Cyle(K)) — Cu(K)

which is easily seen to commute with the boundary operators and induces therefore
a homomorphism iy, : H,(e(K),Z) — H,(|K|,Z) for every n. By Theorem (IIL.5.8),
parts (1) and (2), i, is bijective.

We now compute the homology of 72 and RP? through their block triangulations
that we have mentioned before. Since both polyhedra are connected,

Hy(e(T?),Z) = Hy(T?,Z) = Z,
Hy(e(RP*),Z) =~ Hy(RP?*,Z) = Z

(see Lemma (IL.4.5)). For the torus T2, we have the following results: (a) Cy(e(T?))
has two generators, [311 and ﬁlz corresponding to the 1-blocks e% and e%, respectively;
these generators are the only 1-cycles of the block triangulation ¢(72) and so

H(e(T?),Z) = H\(T*\Z) = Z.& 7.
(b) C>(e(T?)) has only one generator 3, corresponding to e,; since B is a cycle,
Hy(e(T?),7) = H,(T*,Z) = 7. .

For RP?, we have that C (e(IRP?)) has only one generator 3 corresponding to e;;
but 2f3; is a boundary (of e7) and therefore

H,(e(RP?),Z) >~ H|(RP*,Z) > 75 ;

on the other hand, C>(e(RP?)) has a generator (corresponding to e,) but has no
cycles and so
Hy(e(RP?),Z) =~ Hy(RP?,Z) = 0

(this is the proof of Lemma (II1.5.1)).
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I11.5.2 Homology of RP", with n > 4

We first wish to find a convenient triangulation for RP". We remind the reader that
RRP" is also interpreted as the pushout space of the diagram

Sn—l ﬂ) RP"71
In—1
Dn

where ¢, is the map that identifies antipodal points of §"~! and 1,_ is the inclu-
sion. In fact, in this way we have a sequence of real projective spaces

RP'c...cRP"'cRP".

Let S% be the northern hemisphere of S”, that is to say, the set of all points

(X1, s Xnt1) € R™*!, where r = \/2;’:11 )cl.2 =1 and x4 1 > 0. We define the func-
tion f : D" — 8" as follows:

Frsn ) = (GtsinZF, ... 2sin 2 cos &) if r = "xFA£0
(0,0,...,1) ifr=0.

This function is a homeomorphism whose restriction to the boundary of S” is the
identity. With this in mind, we may say that RP" is obtained from §’} by identifying
the antipodal points of 95" 2 §"~1.

Let K"~! be the standard triangulation of S"~! (see p. 55). We define a triangu-
lation K" of $" as the join of K"~! and {a,+1}, where a,11 = (0,...,0,1) € R*"!.
We are tempted to define a triangulation for RP" by identifying the antipodal ver-
tices of §"!; it does not work, as we could have different simplexes defined by the
same vertices in IRP". The trick is to work with barycentric subdivisions. Hence, we
define the triangulation M” of RP", identifying the antipodal vertices of (K"~")(!) in
(K’ﬁ)(l). The set e, of n-simplexes of M" is an n-block of M": in fact, the simplicial
function ((K7)(, (K"~ 1)) — (e, é,) is injective into (K”)(V) < (K"~1)(1) and in-
duces therefore an isomorphism among the chain complexes C((K”.)(!), (K"~1)(1)),
and C(ey, e'n); on the other hand, the relative version of the chain complexes homo-
morphism

X C((KY). (K"):2) — C(k1) D, (k") ;7).

defined in Theorem (II1.2.2), induces an isomorphism between the relative homol-
ogy of pairs (K" )1, (K"~1)(1))) and (e, é,); hence,

Z ifr=n

Hr(em e 2) = {o ifr#n
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We find a triangulation M"~! of RP"~! in a similar way and so on. Note that
¢, coincides with the set of (n — 1)-simplexes e, | of M"~!, which in turn is an
(n— 1)-block, etc. In this way, we obtain a block triangulation of RP".

All that is left to do is to look into the generators of H,(e,, ér; Z.) and their bound-
aries. We denote a generator of H, |(S"~',Z) with z,_1 € Z,_1(S""1,Z).° The
exact sequence of the homology groups of (Kfﬁ,K”*l) shows that z,_1 * g+ is a
generating cycle of Hn(Ki,K"_l;Z). It follows that X(z,—; *a,11) is a genera-
tor for Z,((K")™M, (K"~1)(1);Z) and if ¢ : |[K"| — |M"| is the quotient map, then
g¥(z,_1 *ay.1) is a generator of Z,(|M"|,|M"~'|;Z). Now,

IGR (21 % any1) = qRI(Zp 1% apy1) =

(—=1)"qR (z4-1) = (=1)"qR (zp_2 % an — 242 %)) .

We interchange in z,,_» all points a, with a’; this gives rise to an element which we

: ! .3 —1./
denote with z, _,; indeed, z,—» = (=1)" Z,_. Hence,

IGR (zn—1*anp1) = (—1)"qR (zn—2 % an— (=1)""'2, 5 xay)
(—1)"gR (zn-2xan) — (—1)"(=1)""'gR (2, *a}) .

Finally, since ¢ X (z,—2 * ay41) = g R (2),_, *aj,), we conclude that

AgR (zp—1*ans1) = (1 +(=1)")gR (zp-2%an) -

To simplify the notation, we write 8, = gX(z,—1 *a,+1); this is a generator of
C,(e(M™);7) and has the property

I(Br) = (1+(=1)")Br-1 -

Specifically for 0 < 2r < n, the group Cy,(e(M™");Z) is generated by the elements
Bor and J(Ba,) = 2Ba,—1; therefore, Zy,(e(M");Z) = 0 and H,,(RP",Z) = 0. If
2r—1 < n, then the group Cy,_1 (e(M");7Z) is generated by B, and d(Ba,—1) = 0;
hence, the group Z,,_1(e(M"); Z) 7. is generated by 35,1, the group By,_1(e(M");
Z) is generated by 23,,_1, and there is an isomorphism H,,_(RP";Z.) = Z,,. We
have proved the following result:

(ITL.5.10) Theorem.

Z if p=0

0 ifO0<p=2g<n

Z, if 0<p=2g—1<n
Z. ifnisoddand p=n.

Hy(RP",Z) =

© We start with S and select a generator z° = {a; } — {a/ }; next, for S', we define z; as the join of
7o and {ay,d}}, etc.
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I11.6 Homology of the Product of Two Polyhedra

In this section, we study the homology of the product of two polyhedra. The main
result is given by the Acyclic Models Theorem.

111.6.1 Acyclic Models Theorem

This theorem is due to Samuel Eilenberg and Saunders MacLane (see [12]). The
reader who wishes to go considerably deeply in this subject is advised to consult the
book [4] by Michael Barr.

In former sections, we have noticed that we can associate a chain complex C(K)
with an augmentation

e: C(K)—=7Z , Z'ai{xi} — X a;

to every oriented simplicial complex K. We have also proved the Acyclic Car-
rier Theorem (I1.3.9) which makes it possible to compare two augmented chain
complexes under certain conditions (broadly speaking, these conditions require that
some of the local homology groups be trivial). Unfortunately, the Acyclic Carrier
Theorem is not powerful enough for studying the homology of a product of two
polyhedra; to this end, we need the Acyclic Models Theorem.

We have defined the category € of chain complexes in Sect.Il.3; in this sec-
tion, we work with a subcategory of €, namely, the category Clp whose objects are
chain complexes of free Abelian groups with an augmentation homomorphism; as
we have done in €, we indicate the objects of Clp with sequences of free Abelian
groups

and a morphism between objects C and C’ with a commutative diagram

o, Op— d
Cn - Cnfl nl e ! CO £ Z
I Sn—1 fo f
o, On— 0 /
C:, n C,/,_l n—1 1 C6 ) 7,

Let a category € and a (covariant) functor

F: ¢—Clp
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be such that:

1. For every n > 0, there is a set 91, of objects M,il el iel, (J,is aset of
indexes).
2. For each M there is an element x/, € F (M), such that, for every X € €, the set

{F(f)n()If € €M, X) i € Jn}
is a basis for the free Abelian group F(X), in the chain F(X).

Such a functor (if any exists!) is a free functor with models 9 = {9,|n > 0} and
universal elements {xi]i € J,,n > 0}.

We show the existence of free functors with models and universal elements by
means of an example.

Example. Starting from the category Csim of simplicial complexes, we consider
the functor
C: Csim — Clp

that takes each simplicial complex K to the augmented chain complex
C(K) ={Cu(K;Z),0n}.

For every n > 0, we choose an n-simplex o, (fixed) and the corresponding ori-
ented simplicial complex G,; we then set

M, = {Fn}

(the set J, has therefore only one element); these are the sets of models. We now
look for the universal elements. For each n > 0, let x,, € C,(0,,7Z) be the gen-
erator represented by the oriented simplex o, (the only n-simplex of the simpli-
cial complex 6;,). For every model G,, the only simplicial functions f : 6, —
K, which produce nontrivial homomorphisms are precisely the bijective simpli-
cial functions that take o, into the various oriented n-simplexes of K; hence, the
set {C(f)(x,)} contains all oriented n-simplexes of K and is therefore a basis of
C.(K;Z).

Before we go over other examples, let us define the tensor product of two chain
complexes. Given C,C’ € € arbitrarily, we define the Abelian group

(Cal),= @ o),
i+j=n

for every n > 0, and the homomorphism
d?: (Cel), — (CxC),
for every n > 1 such that, forevery x; € C; and y; € C},

di;(xi®y)) = 9ix) @y; + (1) @ Ij(;).
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Note that d® = {d|n > 1} is really a differential:

d}; d(xi®y)) = 0i10i(x) @+ (=1) 7' 9i(x) ® 9 (y))+
(—1)'0i(xi) @ 9}(v)) +2x© ;1 9;(y;) = 0.

It is sometimes convenient to leave the chain morphisms indexes out, to simplify
the definition and, therefore, also the proofs; for instance, we define the boundary
morphism

d*: CeC —-Ccxl

on generators x ® y € C® C’ by the formula
d®(x®y) =d(x)@y+ (-)Fxo d'(y)

(remember that |x| indicates the degree of x, that is to say, |x| =n < x€C,).
As an exercise, we leave to the reader the task of proving that the tensor product
of two free chain complexes with an augmentation homomorphism is a free chain
complex with augmentation. The reader is advised to do the exercises on tensor
products of chain complexes, at the end of this section. Let K and L be two sim-
plicial complexes. In Sect.IIL.1, we have proved that the product of two polyhedra
is a polyhedron. Actually, we have proved that, given the polyhedra |K| and |L|,
there exists a simplicial complex K X L such that |K x L| 2 |K| x |L| (see Theo-
rem (III.1.1)); the reader is also advised to review the construction of the simplicial
complex K x L in the proof of Theorem (III.1.1).

Therefore, given two simplicial complexes K and L, we can define two new func-
tors from the product category Csim x Csim (see examples of categories in Sect. 1.2)
to the category Clp:

Cy: Csim x Csim — Clp , (K,L)— C(K x L),
C®C: Csim x Csim — Clp , (K,L) — C(K)®C(L) .

The functors Cx and C ® C are examples of free functors with models and uni-
versal elements. In fact, as we did for the functor C: Csim — Clp, we fixate an
n-simplex o, for each n > 0 and we take as models the pairs (67, 6,—;) for Cx, and
(0n,0,) for C® C. The universal elements are easily described.

We note that on each model &, the functor C: Csim — Clp produces a positive,
acyclic free chain complex, that is to say,

Hi(G.Z) 7 ifi=0
TTIT00 ifi>0

(see the definition of acyclic chain complexes in Sect. II.3 and how to compute the
homology of G, in Sect. I1.4). For this reason, we say that the models G, are acyclic
for the functor C.

(IIL.6.1) Lemma. The models (G, 0,—;) are acyclic for the functor Cx and the
models (G, 0,) are acyclic for C®C.
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Proof. In regard to the first part of the statement, we need only to note that

H;(Gj x 6,—;,Z) = H(|6}| x [0—}|,Z) = H(|0"|, Z)
~ 7 ifi=0
1o ifi>o0.
For the proof of the second part, we recall Lemma (I1.3.8), which tells us that

I. There exists a function
n: Z — Cy(oy)

such that en = 1,
II. There exists a homotopy

s: C(Gy) — C(G)
such that

1. (91S() =1 —neE
2. Opi1Sn+Sp_10, = 1 forevery n > 1

We define the morphism
S: C(G) © C(65) — C(67) © ()
on generators by the formula
Sx@y) =s(x) @y+nelx) ©s(y)
provided that ne(x) = 0 if |x| # 0. Since £d; = 0, we conclude that

d?S(x®y) =d®[s(x) ®y) + ne(x) @s(y)]
=d(s(x)) ®y+ (— ) s(x) @ d(y) + ne(x) @ d(s(y)).

On the other hand,
S(d*(x®y)) = S(dx) @y+ (—1)x@d(y))
= s(d(x)) @y+ (=1)Ms(x) @ d(y) +ne(x) @ s(d(y))
and then,

(Vx®y € (C(G,) ®C(G,)); withi > 0) (d®S+Sd°)(x®@y) =x®y
while
(Vx®y € (C(6,) ©C(Gy))o) d”S(x@y) = (1-ne@ne)(x®y).

We conclude that properties II.1 and 2 of Lemma (I1.3.8) hold for n ® ) and for S.
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We may now concern ourselves with the Acyclic Models Theorem:
(I11.6.2) Theorem. Let € be any category and let two (covariant) functors
F,G: ¢ — Clp;

be given; suppose that F has models 9 = {9M,|n > 0} that are acyclic for the
functor G. Then, for every homomorphism f: 7. — Z, there exists a natural trans-

formation
ng: F—G

such that, for each object X € €, nf(X) is an extension of f. Moreover, if T is
another natural transformation from F to G with the same property held by 1, there
exists a natural homotopy of chain complexes E such that

d°E+Ed" =n—1.

Before we begin the proof of the Acyclic Models Theorem, we observe that the
assertion for each X € € the morphism

ni(X): F(X) — G(X)

is an extension of f means that there is a commutative diagram

N7(X)n N7(X)n—1 n7(X)o f
dy; dy dy ¢

Note that the boundary homomorphisms depend on X; and from now on, for the
sake of a simpler notation, we shall write 7, instead of n f(X -

We advise the reader to go back to Sect. I1.3 to review the definition of homotopy
among chain complexes and for properly interpreting the last part of the statement
on each given object X € €.

Proof. We begin by building 19. For each M € 90, there is an element x}) €
F(Mj))o such that, for every X € €, the set

{F(f)olxp)|f € €(Mp. X).i € Jo}

is a basis for F (X). Since &’ : G(M})o — Z is surjective, for each element fe(xi)) €
Z there exists y, € G(M{)o such that

e'(y0) = fe(xp);
we define _ _
No(F (f)o(x0)) :== G(f)o ()

on the generators F(f)o(x}) and linearly extend 1 to the entire free group F (X)o.
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The diagram

is commutative. In fact,

Fe(F(£)o(x)) = €'G(f)o(vo) = €Mo(F(f)o(x)))

and therefore fe = €'n.
We now prove that 1 is natural. For any given g € €(X,Y),

M0F ()0 (F (£)o(xh)) = NoF (£ )o(xp)
G(2/)o() = G(8)oG(f)o (o) = G(&)omo(F (f)o(xH)),
that is to say, the diagram

is commutative.
We now construct 17;. Let us consider the diagram

i d i £
FMi) ——— FMj)o———Z
Mo f

!
G(M}), —4, G(Mj)o g,—> z

for a model M} € 901, and let us take
Mod(x}) € G(M}),

for every universal element x| € F(M});.

Here is where the hypothesis on the acyclicity of G on the models of the set 91
is needed. Indeed, since €d = 0, we have

Nod(x}) € kere’ = imd’



146 III Homology of Polyhedra
and, consequently, there is y; € G(M}); such that d'(y}) = nod (x} ); we then define

M(F (1)) =GN G1)

for every f: M{ — X. We ask the reader to prove that Nod = d'n; and that 7 is
natural. The functor 1, is obtained by induction.

We now suppose 0: F — G to be a natural transformation extending f. We
wish to construct the homotopy E: F — G that connects 1] to 6. We begin with
Eyp: F(X)o — G(X); for an arbitrary X. Let us take a model M}, € My and a uni-
versal element x;, € F(M;)o. From

¢'[n(xh) — 6(xh)] = 0

and since G is acyclic for the model M, it follows that there exists zj, € G(M)),
such that

d'(z9) = 1(xp) — O(xp):
we now define Ey: F(X)y — G(X); on the generators of F (X )¢ by the formula

and then extend it on F(X)o by linearity. We now suppose that the morphisms
E\,...,E, | have been defined; our aim is to define E,,.
As usual, we take a model M’ and a universal element xi, € F(M'),. We note
that . . .
d/(nnfld(xZ) - en*ld(x;'z) - Enfld(xit)) =0

because 1, _1d(x})) — 6, 1d(x}) — E,_1d(x})) = E,_»d(d(x})). Therefore, since G
is acyclic on the model,

3ty € G(M;)11)d'ty, = My1d(x),) — 0,1 (x;,) — Ep—1d ().
We define E, on the generators F (f),(x,) of F(X), by
Eo(F(£)a(x)) 1= G(us1(1y)
and linearly extend it. We leave to the reader the final details of the proof.

The next result, known as the Eilenberg-Zilber Theorem, is a direct conse-
quence of the Acyclic Models Theorem.

(I11.6.3) Theorem. Let
C: Csim — Clp

be the functor that takes each simplicial complex K to the augmented chain complex

C(K) - {Cn(K)van}'
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There are natural transformations
nN: Cx —CRC

T: CQC — Cyx

which extend the identity homomorphism lz: Z. — Z. Besides, N7 and T1 are
homotopic to the natural transformations given by the identities.

111.6.2 Homology of the Product of Two Polyhedra

Let two polyhedra |K|, |L| € Csim be given. Our aim here is to compute the homol-
ogy groups of the polyhedron |K| x |L| in terms of those of |K| and |L]|.

By the Eilenberg—Zilber Theorem (I11.6.3), the chain complexes C(K) ® C(L)
and C(K x L) are chain equivalent; therefore, we have a graded group isomorphism

H.(K| % |LI;Z) = H.(C(K) & C(L)).

Following the steps taken in Sect. I[.5 when studying the relationship between
H.(K;G) and H,(K,Z), we interpret the graded Abelian groups Z(K) = {Z,(K)|n >
0} and B(K) = {B,(K)|n > 0} as chain complexes with trivial boundary operator 0;
we then construct the chain complexes

1. (Z(K)®C(L),0®d")
2. (C(K) ®C(L),d% ® dt) -
3. (B(K)®C(L),0® L), where B(K), = B,—1(K)

since the chain complex sequence

Z(K)

is exact and short, with an argument similar to that used in Lemma (I.5.1), we
conclude that

(Z(K)®C(L),0® dF) — (C(K) @ C(L),dX ® o)

—

— (B(C)®C(L),0® d")

is a short exact sequence.
By the Long Exact Sequence Theorem (II.3.1), we obtain the exact sequence

.. — Hy(Z(K) © C(L)) % H,(C(K) 0 C(L)) % H, (B(K) @ C(L))

M H, (Z(K)QCL) — ... .



148 III Homology of Polyhedra

We now have to understand the nature of the groups

—

Hu(Z(K)®C(L)) and H,(B(K) @ C(L)) .

We begin by observing that

Z(Z(K) @ C(L) = ker(0® Y = ¥ (Zi(K)©Z(L)) ,
i+j=n
Z(BEK) @ C(L) =ker(0® ") = Y (B(K),®Z(L))
i+j=n
= Y (Bi(K)®Zi(L),

i+j=n—1

B.(Z(K)®C(L)) =im(0®d") = ¥ (Z(K)@Bj(L)),
i+j=n

B.(B(K)®C(L)) =im(0®d") = Y (B(K),®B/(L))
i+j=n

Y, (Bii(K)@Bj(L)).

i+j=n—1

1%

Therefore,

Hy(Z(K)®C(L) = Y, (Zi(K)®Hj(L,Z))
i+j=n

H,(B(K)oC(L)= Y I(B,-(K) ® Hy(L: Z))
i+j=n—

and the long exact homology sequence takes the form

L= Y (Zi(K) @ H( (L;Z)) ™ Hu(K x L;Z) % Y (Bi(K)®H;(L:Z))
i+j=n i+j=n—1
BN (Z(K) @ Hy(L: Z2)) —

i+j=n—1
We consider the homomorphism
On: Hy(Kx LZ) — Y, (Bi(K)®H;(L;Z))
i+j=n—1

and the short exact sequence
kerd, > Hy,(K X L;Z)) ——— im d,,;
note that

imd, = Y (Zi(K)®H;(L:Z))/keriy

i+j=n

Y, (Zi(K) @ Hj(L; Z))/im A1 = coker A4 1
i+j=n

1%
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and so, for every n > 1, we obtain the short exact sequence
cokerd, .1 —— H,(K x L;Z) ———» ker A,,.

As for changing the group of coefficients in homology (Sect. I.5), we prove that

cokerA, 1 = Y (H;(K;Z)® Hi(L; Z))
i+j=n

kerd, = Y, Tor(Hi(K;Z),H;(L;Z))
i+j=n—1

and so we have the next result, known as the Kiinneth Theorem:

(II1.6.4) Theorem. For every pair of polyhedra |K| and |L| and every n > 1, the
following short sequence of Abelian groups

Y H(KZ)@H(LZ) |y ok x1.7)
i+j=n

Y, Tor(Hi(K:Z),H;(L;Z))
i+j=n—1

is exact.

Exercises

1. Prove that, for every C,C’ € Clp, the tensor product C ® C’ belongs to Clp.

2. Let f € €(C,D) and g € €(C’,D’) be two morphisms of given chain complexes;
prove that
fRg CeC -D®D

defined on the generators by
(feg)koy) =fx)©egW)

is a morphism of chain complexes.

3. Let C,C’ € € be two chain complexes. Prove that
u: CeC' —-Cc'ecC
defined on generators by the formula
pray) = (—)lyox

is an isomorphism of chain complexes.






Chapter IV
Cohomology

IV.1 Cohomology with Coefficients in G

In Sect.II.5, we have seen that the homology groups H,(K;Q) of an oriented
simplicial complex K, with rational coefficients, have the structure of vector spaces
and may therefore be dualized. The possibility of dualizing such vector spaces
led mathematicians to ask whether it was also possible to “dualize” the homol-
ogy groups with coefficients in a different Abelian group G. Let us remember that
we used the tensor product to change the coefficients of the homology groups; to
“dualize” homology or change the coefficients of the dualized theory, we use the
functor

Hom(—,G): Ab— Ab

where G is a fixed Abelian group. More precisely, given an Abelian group A, we
define Hom(A, G) to be the Abelian group of all homomorphisms from A to G with
the addition

Hom(A, G) x Hom(A, G)) — Hom(A, G)
defined, for each pair (¢, ) and for each a € A, by
(0 +w)(a)=¢(a) +y(a).
On morphisms, Hom(—, G) acts as follows: given f: A — A’,

f =Hom(f,G): Hom(A',G) — Hom(A,G), ¢ — ¢ f .

The homomorphism f = Hom(f,G) is called adjoint of f. Note that the functor
Hom(—,G): Ab— Ab
is contravariant.

D.L. Ferrario and R.A. Piccinini, Simplicial Structures in Topology, 151
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(IV.1.1) Theorem. Suppose that the sequence of Abelian groups

A f B § C 0

is exact. Then, for every Abelian group G, the sequence of Abelian groups

g f

0 ——— Hom(C,G) ———— Hom(B,G) ——— Hom(A, G)
is exact.

Proof. Let us prove that g is injective. Take ¢ € Hom(C,G) such that g(¢) = 0.
Then, for every b € B, ¢(g(b)) = 0. Since g is surjective, for every ¢ € C, there
exists b € B such that ¢ = g(b). Hence, for every ¢ € C, ¢(c) = ¢(g(b)) = 0; that is
to say, ¢ =0.

We now prove the exactness at Hom(B,G). For every ¢ € Hom(C,G),

78(6)=9(ef) =0

since gf = 0; hence, img C ker f. Let y € Hom(B, G) be such that f(q/) =yf=0.
Then the restriction of w to f(A) is null and so there exists a homomorphism
v': B/f(A) — G such that the composite function

/

BLB/f(A)LG

(where ¢ is the quotient homomorphism) coincides with . On the other hand,
since im f = ker g, there exists an isomorphism g’: B/f(A) = C for which g'q = g.
The homomorphism ¢ = y’(g')~': C — G is such that g(¢) = y and therefore,
kerfC img.

We note that if A is the direct sum of the Abelian group of the integers Z with
itself ntimes (A =7 X ... X Z = 7"), then

Hom(Z x ... x Z,G) 2 Hom(Z,G) x ... x Hom(Z,G) = G x ... X G;
—_———

n times 1 times n times

indeed, the function
¢: Hom(Z x ... xZ,G) — G x...xG

(defined by ¢(f) = (f(1,0,...,0),...,f(0,...,1)) for every f € Hom(Z x ... x
Z,G)) is an isomorphism.

We use Theorem (IV.1.1) for computing Hom(Z;,G). In view of the exact se-
quence

0 ZZZ Z, 0,
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we conclude that the sequence

0 —— Hom(Z,G) ——— Hom(Z,G) 2z, Hom(Z,,G)

is exact. However, Hom(Z,G) = G and since 2is precisely the multiplication by 2
in G, we conclude from the last exact sequence that Hom(Z,,G) 2 ker(2: G — G).
In particular, Hom(Z,,Z) = 0.

As in the case for changing the coefficients in homology, where we have applied
the functor — ® G to a chain complex (C, d) — in particular, the complex (C(K),d) —
we can apply the functor Hom(—,G) to (C,d).

We now construct the cohomology (with coefficients in an Abelian group G) of a
chain complex (C,d). The image of (C,d) by the functor Hom(—, G) is the graded
Abelian group

Hom(C,G) = {C"(C,G)} := {Hom(C,,G)}.
We denote the adjoint homomorphism of the boundary homomorphism
O: Cp — Cy_y
with 9"~!, that is to say,
0"~ !:=Hom(d,,G): C""1(C,G) — C"(C,G) .
Since d,,9,4+1 = 0, we immediately conclude that 9”9"~! = 0 and so that
imo"~! := B"(C,G) C kerd" := Z"(C,G) .
The quotient group
H"(C;G) = Z"(C,G)/B"(C,G)

is the nth-cohomology group of the chain complex (C,d) with coefficients in G.
In particular, if (C,d) = (C(K),d) is the positive free chain complex associated
with the oriented chain simplex K = (X, @), the graded Abelian group H*(K;Z)
is the simplicial cohomology of K with integral coefficients. In this case, since the
Abelian group C,(K) is generated by the oriented n-simplexes ¢ of K, we define the
homomorphisms

l,7=0

co: Ci(K)— 7, (VTE‘D,dimrn)co(T){O’ 4o

Consequently,
C"(K) =Hom(C,(K),Z)

is the free Abelian group generated by the homomorphisms cs, where ¢ runs over
the set of all oriented n-simplexes of K.
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(IV.1.2) Remark. It is easily proved that, for every ¢, € C,+1(K) and for every
" e C"(K),
(9"("))(en+1) = " nr1(cns1) 3

in particular, if " = ) ngcs, we have
ocd
dimo=n
2"(c") = Z ngd"(co)
ocD
dimo=n

and therefore, for every oriented (n+ 1)-simplex 7 of K,

")) = Y, noco(dn1(7)) -

ocD
dimo=n

We now prove that
H*(—;Z): Csim — Ab%

is a contravariant functor. Let K, L be two simplicial complexes and f: K — L be
a simplicial function. We know that, for each n > 0, f defines a homomorphism
Cu(f): Cu(K) — C,(L); therefore, for every n > 0, we have a homomorphism of
Abelian groups

C'(f): C'(L) — C'(K)

such that C"(f)(c") = ¢"Cu(f) for every ¢ € C"(L). It is easily proved that, for
every n > 0,

C(f)op = RC"(f) :
consequently, C"(f) induces a homomorphism of Abelian groups
H"(f): H'(L;Z) — H"(K;Z).

Here, the situation is completely analogous to the one for homology.

As in the case of simplicial homology, we define the cohomology H*(K,L;Z.)
of a pair of simplicial complexes (K,L): for that, it is enough to apply the functor
Hom(—,Z) to the chain complex

(C(K7L)78K7L) = {Cn(K)/Cn(L)7ar{(’L} :

What is more, (K,L) produces a long exact sequence in simplicial cohomol-
ogy, that is to say, the following Cohomology Long Exact Sequence Theorem
holds:

(IV.1.3) Theorem. Let (K,L) be a pair of simplicial complexes. For every n >0,
there exists a homomorphism

A" H"(L;Z) — H" (K, L, Z)
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for which the following sequence of cohomology groups

oK 2) Y a7y X (kL) T B (k7)) —

is exact.

The proof of this theorem follows the steps taken in proving the corresponding
theorem in homology Theorem (II.3.1); we only wish to point out that the main
result needed for this proof is the following lemma:

(IV.1.4) Lemma. If

A / B 8 C

is a short exact sequence of free groups and G is an Abelian group, then also the
sequence

Hom(C, G) 35— Hom(B,G) ——» Hom(A,G)

is exact.

The reader may take the proof of Lemma (IL.5.1) as a basis for proving this one;
actually, the only tensor product property used in Lemma (IL.5.1) is that — ® G is
a functor which takes sums of morphisms into sums of morphisms; this very same
property holds also for the (contravariant) functor Hom(—, G).

The cohomology determined by an oriented chain simplex K with coefficients in
an Abelian group G is defined in the same manner as the one with coefficients in
Z., except that we apply to the chain complex (C(K),d) the contravariant functor
Hom(—,G) instead of Hom(—,Z).

We wish to determine the cohomology with coefficients in G of a simplicial com-
plex, based on its homology with coefficients in Z and the Abelian group G. We
seek to use the same previous ideas to our benefit, bearing in mind that the functor
A+— A®G is covariant, whereas A — Hom(A, G) is contravariant. We begin by re-
viewing what has been done so far in general terms. A cochain complex (or cocom-
plex) is a graded Abelian group {C"} together with an endomorphism of degree +1,
called coboundary homomorphism 3* = {d": C"* — C"*1 1, for which 9"+19" =0.
A cochain homomorphism between two cochain complexes (C,9*) and (C',9™) is
a homomorphism between the graded Abelian groups C and C’ that commutes with
the coboundary homomorphisms.

Also the other concepts defined for chain complexes have their dual correspon-
dents: the elements of C" are called n-cochains; the elements of

Z"(C) :=ker(d": C" — C"*1)
are n-cocycles, and those of
B"(C):=im(d" ' "' = )

are n-coboundaries; finally, the quotient H"(C) := Z"(C)/B"(C) is the cohomology
group of the cocomplex (C,d*) in dimension 7.
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If, starting from a cocomplex (C*,9*), we define C, := C™" and 9, := d7",
it becomes clear that (Cy,d) is a chain complex and all concepts have their respec-
tive equivalents. Specifically, the cohomology of (C*,9*) is exactly the homology
of the complex (Cx,d). This gives us an indication of how to write all results in
cohomological terms (and we shall do so from now on, without further comments).

For every complex (C,d) and for every Abelian group G, we may define a co-
complex (C*,d*) where C" := Hom(C,,G) is the homomorphism group from C,
into G, and 9": C"* — C"*! is the map adjoint to d,1: Cyy1 — C,. This cocom-
plex cohomology is called cohomology of the complex (C,d) with coefficients in G.

We therefore assume that the complex (C, d) is free and, so, both Z,C and B, C
are also free; for every n, the sequence of free Abelian groups

Z,(C) Gy n B, 1(C)

is short exact; hence, by Lemma (I'V.1.4), the sequence
Hom(B,_(C),G) »—— Hom(C,,G) —» Hom(Z,(C),G)

is exact. This enables us to construct the short exact complex sequence

—

(Hom(B(C),G),0) = (Hom(C,G),d) — (Hom(Z(C),G),0)

where S
B(C) ={B(C) }:={B.1(C)}.
The Cohomology Long Exact Sequence Theorem, in its general form (in terms
of chain complexes), allows us to write the long exact sequence

i h,
i Hom(Z,_1(C),G) ——— Hom(B,_(C),G) —— H"(C;G)

M Hom(Z,(C),G) — s Hom(Ba(C),G) —— -

(where i, is the adjoint of the inclusion i,: B,(C) — Z,(C)) that breaks down into
short exact sequences

imh, > H"(C;G) ——» im j, .

Since we have the isomorphisms im#, = Hom(B,_(C),G)/kerh, and kerh, =
imi,_, we have imh, = coker(i,_); besides, im j, = keri, and so these last short
exact sequences become the short exact sequences

coker(i;,vl) ——— H"(C;G) —— keri, .
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(IV.1.5) Lemma. ker(i,) = Hom(H,(C),G).

Proof. We define
¢: ker(iy) — Hom(H,(C),G)

so that, for every x+ B, (C) € H,(C), ¢(f)(x+ B,(C)) = f(x). This function is well
defined and is a homomorphism. On the other hand, we define

v: Hom(H,(C),G) — ker(i,)

by setting w(g) = gp, where p: Z,(C) — H,(C) is the quotient homomorphism.
Also this function is a homomorphism; in addition, the compositions satisfy y¢ =
Lier(zyy @and @Y = Trom(H,(€).G)-

This result shows that ker(i, ) is independent from the groups Hom(B,,(C), G) and
Hom(Z,(C),G), and depends only on H,(C), the cokernel of the monomorphism
in: By(C) — Z,(C), and on G. As in the case of the functor — ® G, we wonder
whether the same is also true for coker(i;:). In fact, we have the following result
which is dual to Proposition (I1.5.4):

(IV.1.6) Proposition. Let H be the cokernel of the monomorphism i: B — Z be-
tween free Abelian groups and any Abelian group G. Then, both the kernel and
the cokernel of the homomorphism i: Hom(Z,G) — Hom(B,G) depend only on
H and G. Moreover, ker(i) = Hom(H,G), while coker(i) gives rise to a new con-
travariant functor

Ext(—,G): Ab — Ab,
called extension product.

Proof. The method used in this proof is analogous to the one for proving
Proposition (I1.5.4), that is to say, merely replacing the functor — ® G with the
functor Hom(—, G) and keeping in mind the contravariance of the latter. We leave
the details to the reader. Nevertheless, we note that Ext(—, G) does not depend on
the free presentation of H.

Let us compute Ext(Z,,G) for any Abelian group G. Since Ext(—,G) does not
depend on any particular free presentation of Z,, we choose the presentation

z—"—1z Z/n

where n is the multiplication by n. Then, we have the exact sequence

Hom(Z,,G) —— Hom(Z,G) —2— Hom(Z,G) — Ext(Zn,G) —— 0

and since Hom(Z, G) = G, we conclude that Ext(Z,,G) = G/nG. In particular,
Ext(Zy,Z) = Zy.
Due to Lemma (IV.1.4), if H is free, Ext(H,G) = 0.



158 IV Cohomology

When we apply this result to these exact sequences, we get the Universal Coef-
ficients Theorem in Cohomology:

(IV.1.7) Theorem. The cohomology of a free positive complex (C,d) with coeffi-
cients in an Abelian group G is determined by the following short exact sequences:

Ext(H,_,(C),G) »——— H"(C;G) — Hom(H,(C),G) .

We note that for an oriented simplicial complex K, we apply the functor
Hom(—,G) to the positive free chain complex (C(K),d) to obtain, for every n > 0,
the following short exact sequences:

Ext(H,—(K;Z),G) — H"(K;G) ——» Hom(H,(K;Z),G) .

IV.1.1 Cohomology of Polyhedra

We now wish to study the cohomology (with coefficients in Z,, to make it simple) as
a contravariant functor from the category P of polyhedra to the category AbZ,

H*(—Z): P— AbZ.
The definition of the functor on the objects is obvious:
(VK| € P) H*(|K|;Z) = H* (K, Z).

As for the morphisms, let f: |K| — |L| be a continuous function; by the Sim-
plicial Approximation Theorem, there exists a simplicial function g: K(") — L that
approximates f simplicially. It produces a homomorphism

H"(g;Z): H"(L;Z) — H"(K"");7)

for every n € Z. All results in Sect. II1.2, needed to prove that a map f: |K| — |L]
defines a homomorphism H,(f;7Z) between the homology of the polyhedron |K]|
and the homology of |L|, hold in cohomology; in particular, we point out that if a
chain complex C is acyclic, also the chain complex Hom(C,Z) is acyclic (use the
Universal Coefficients Theorem in Cohomology). In addition, if we return to the
proof of Theorem (II1.2.2), we see that, for any projection 7”: K(") — K, we may
find a homomorphism of chain complexes

X' C(K) — C(K")

such that X"C(z") is chain homotopic to Lok and C(m") X" is chain homotopic
to 1¢(x). This means that, homologically speaking, the homomorphisms induced by
X" and C(rt") are isomorphisms and the inverse of each other. We now consider the
cochain complexes
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Hom(C(K);Z) = {Hom(C,(K);Z)} ,
Hom(C(K");Z) = {Hom(C,(K");Z)}
and the morphisms
Hom(C(n");Z): Hom(C(K);Z) — Hom(C(K"));Z)

Hom(X";Z): Hom(C(K");Z) — Hom(C(K);Z) .

The chain homotopies mentioned before become homotopies of the functor
Hom(—;Z) and so we obtain homomorphisms

H*(R";Z): H(K");Z) — H*(K;Z) ,

H*(n".Z): H*(K;Z) — H* (K", Z)

that are isomorphisms and the inverse of each other. We then define
H'(f;Z): H*(|L|;Z) — H*(|K|;Z)
as

H*(f;Z) =H"(R";Z)H" (8, Z) .

Considerations similar to the ones in Corollary (II1.2.7) allow us to conclude that
H*(f;Z) is well defined.
Finally, we use the short exact sequences

EXt(Hn—l (|K

\7),G) ——— H"(|K|;G) —— Hom(H,(|K|:Z),G) ,

associated with the polyhedron |K|, for computing the cohomology groups, with
coefficients in Z, of the torus 72 and of the real projective plane RP:

z ifi=0
Hirzy= 2% el
Z ifi=2

0 ifi#£0,1,2.
7 ifi=0
. if i =1

H{(RP%Z) = .

Zz ifi=2

0 ifi#0,1,2.

Exercises

1. An Abelian group G is said to be divisible if, for every positive integer n and every
g € G, there exists a g’ € G (not necessarily unique) such that ng’ = g. The Abelian
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groups Q and R are examples of divisible groups. Prove that, if G is a finitely gen-
erated Abelian group without a free part (see the decomposition theorem of finitely
generated Abelian groups) and H is a divisible group, then G® H = 0.

2. Prove that if G is free or if H is divisible, then Ext(G,H) = 0.
3. Prove that Ext(Zy,Z,) = 7
4. Prove that Ext(Z,Z,) = 0.

p:q)

5. From the homology of real projective spaces (see Sect. IIL.5), prove that

Z ifp=0

Zy f0<p=2g<n

0 if0<p=29—-1<n
7 ifnoddandp=n.

HP(RP",Z) =

IV.2 The Cohomology Ring

After studying the section on the cohomology of simplicial complexes, the reader
could arrive to the conclusion that the graded (homology and cohomology) Abelian
groups H,(K;Z) and H*(K;Z) are simply similar algebraic structures connected
to K and, therefore, that all the work done to construct the contravariant functor
H*(—;Z) will produce no information on K, which is not already given by H,(—; Z);
this is not the case, because cohomology has a richer structure than homology and,
for this reason, produces more results than homology.

This section is written in the context of cohomology with coefficients in Z but
all results could be written for cohomology with coefficients in a commutative ring
A with unity 14. We shall first of all see that H*(K;Z) has the structure of a ring.

Let K = (X, @) be a finite oriented simplicial complex; let

c? € CP(K:Z) = Hom(C,(K), Z)

and ¢? € CY(K;Z) be any two cochains. We define the (p + ¢)-cochain ¢? Uc? €
CPT4(K,Z) as follows: for any generator {xo,x1,...,Xp1q} of Cpiq(K), we set

P Uct({x0,x1,- ., Xprq}) =P ({x0,x1,. ., xp}) X I ({xp,Xpst, . Xpig)})

where X is the product in the ring Z; we linearly extend the action of ¢ U c? to
every element of C;,,(K). In this manner, we have defined a function

U: CP(K;Z) x CU(K; Z) — CPH(K, Z)

known as cup product. Proving that the cup product is associative and distributive
relatively to addition is not difficult; besides, the element Ae CO(K ;7Z,) defined by

(VreX){x}) =1
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is such that
(Ve? € CP(KZ)) AUc?P =cPUud =P,

We conclude from these remarks that the cup product provides the graded Abelian
group C*(K; 7)) with a structure of graded ring with identity c°.

(IV.2.1) Theorem. For every ¢’ € CP(K;Z.) and ¢? € C1(K;7Z.),
PP Uc?) = 9P (cP)Uct+ (—1)PcPUdi(c?)
holds.

Proof: We prove this result by computing 9”%9(c” U c?) on any generator
{x0,- s Xprg1} of Cpigi1(K).

ap+q(cp Uc?)({xo,- - axp+q+l}) = (cP ch)(3p+q+1({x0> e axp+q+1}))

ptq+l ) R
= (CPUCQ) Z (71)1{.7{'0,...,)Ci,...,xp+q+1} 5

i=0
On the other hand,
() U ([0, prgin}) =
= ap(cp)({x()y <o Xp+l }) X cq({xp+1 g 7xp+q+l})
p+l )
=cP Z (=)0, X xppt b | X xpsts o Xprgt1})
i=0

P .
=cPUct (2(—1)’{)60,...,x,-,...,prrqH}) +

i=0

+ (=P P ({x0, o Xp 1) X A ({Xpits ey Xpigi1})

and
V) ({30 Xp g1 }) =
pt+q+1 )
=c"({x0,...,xp}) x ! z (=D)"Yxps s Xis e Xpyga1 )
i=p
=cP({x0,....xp}) X 1 {xps1s- s Xpigr1})+
ptg+1 )
+(=1)PcPuct 2 (=D)"{x0s -3 Xy Xpygr1 ] -
i=p+1
Therefore,

(P Uet) ({0, Xpigi}) =

= (AP (cP)Uct+ (=1)PcP U (c?))({x0,- s Xptgt1}) -
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(IV.2.2) Corollary. The graded Abelian group Z*(K;7Z.) is a graded ring with iden-
tity; the graded Abelian group B*(K;7Z.) is one of its (bilateral) ideals.

Proof. Tt is enough to prove that the cup product has the following properties:
U: ZP(K;Z) x Z4(K;Z) — ZPY(K;Z) ,
U: ZP(K;Z) x B(K;Z) — B"*(K;Z) ,
U: BP(K;Z) x Z4(K;Z) — B"T(K;Z) .

We prove only the last one. Let ¢” = 97~ !(cP~1) € BP(K;Z) and ¢? € Z4(K;Z) be
given arbitrarily. Then,

cPUct =9PTa (ePtued) .

The quotient ring
H*(K;Z)=Z7Z"(K;Z)/B*(K;Z)

is called cohomology ring of the (finite and oriented) simplicial complex K with
coefficients in Z. This ring is skew-commutative; in fact, we have the following
result:

(IV.2.3) Theorem. For everyx € HP(K;Z) andy € H1(K;Z),
xUy=(—1)PMyux.
Proof. Let us suppose that
x=c?+BP(K;Z) andy = ¢!+ BY(K;7Z) ;

we wish to prove that, for every generator {xo, ...,xp+q} of Cpi4(K),

P U {x0,. ., Xptrq}) = (D)l Uc? ({x0,. .., Xp1q}) -
Since we are working with oriented simplexes, according to our rules we have, for
every {-simplex {xo,x1,...,X¢},

{x0,%1,..., %} = (—1)%“#1){)@,)@,1,...,x()}

and so

P Ut ({x0,x1,. .., Xpyq} =

=P U1 (g x0))

= (—1)%(p+q)(”+q71>cp({xp+q, coxpt) xcl({xp,. . x0})

= (—1)2PrDPHDed({x, . xo}) X P ({Xpigs- - Xp})
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(for Z is commutative)
(_1)%(p+q)(p+q—1)(_1)%(1(4—1)(_1)%1)(1)—1)
=c({x0,...,x4}) x P({xg, ..., Xp1q})
(

— )P ({x0,...,x4}) X " ({xg,. - Xpiq}) -

Hence, H*(K;Z) is a graded skew-commutative ring with identity. We now prove
that H*(—;7Z) is a contravariant functor from the category of simplicial complexes
Csim to the category of graded commutative rings with identity.

(IV.2.4) Lemma. Foranyc? € CP(L;7Z), ¢? € CY(L;Z.), and any simplicial function
f: K — L, the equality

CPH(f)(cP Uet) = CP(f)(P)UC(f)(c)
holds.

Proof. For each {xq,...,xp,...,Xp1q} € Cpyq(K),
CPH(f) (P Uc?)({x0s- s Xpy- s Xpig})

= (PUct)Cpiq(f)({x0, -1 Xp, -1 Xpiq})
_ { P ({f(x0),- -, fOp) ) X A({f(xp)s o f(xprg)}) (Vi J) flxi) # fx;)

0 otherwise .

On the other hand,
(CP(NO)YUC!(f)(c?))({x0,- -, Xps - Xprq})

= (PCp(f)UctCy(f))({X0s -+ Xps -1 Xpg})
_ { P ({f(x0)s- o fxp) 1) X U (xp)sons flxprg)}) (Vi ) fxi) # f(x))

0 otherwise .

Consequently, C*(f): C*(L;Z) — C*(K;Z) preserves cup products; since the
homomorphisms CP(f) commute with the appropriate coboundary operators, the
simplicial function induces a ring homomorphism H*(f): H*(L;Z) — H*(K;Z).

Regarding the cohomology of polyhedra, given any polyhedron |K|, we may
define in H*(|K|;Z) a structure of ring with identity simply because H*(|K|;Z) =
H*(K;Z). We must verify that H*(—;Z) is a contravariant functor from the cat-
egory of polyhedra P to the category of graded commutative rings with identity.
In fact, let f: |K| — |L| be a continuous function and g: K") — L a simplicial
approximation of f. We know that the homomorphism H*(n";Z) induced by the
projection 7" : K(") — K is an isomorphism; in addition,

H*(f;Z) = H*(n";Z)"'"H"(¢:Z): H*(IL|;Z) — H*(|K|;Z).
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Since g and n” are simplicial functions, H*(g;Z) and H*(n";Z) are ring homo-
morphisms; however, since H*(x”;Z) is an isomorphism, also H *(7‘:’;Z)’l pre-
serves cup products. We conclude that if two polyhedra |K| and |L| are of the same
homotopy type, then their cohomology rings are isomorphic (as rings).

We now wish to prove that the equality of the (co)homology groups is a necessary
but not sufficient condition for the cohomology rings to be isomorphic. To this end,
let us return to the cohomology of the bi-dimensional torus T2 and of the space
X =82V (S'vS!). We have already proved (see Sect.II1.4) that these two trian-
gulable spaces have the same homology and, by the Universal Coefficient Theorem
in Cohomology, also the same cohomology; moreover, we have already seen (see
Sect. I11.4 again) that 7% and X are not homeomorphic. We now compute the coho-
mology of 72 and X once more, by explicitly considering the ring structure.

We begin with 72. Let us consider the oriented triangulation of 72 used to

compute H,(T?;7Z) (see Fig. 1110 in Sect.11.2, p. 63). We recall that if z} and

Z% are the two 1-cycles

2 ={0,3}+{3,4} +{4,0}and 2} = {0,1} +{1,2} +{2,0},

then
wih={1,6}+{6,5} +{5,8} +{8,7} +{7,2} +{2,1}

is a 1-cycle homologous to z} (see how H,(T?,7Z) was computed) and
wi={3,7}+{7,5} +{5.8} +{8,6} + {6,4} + {4,3}
is a 1-cycle homologous to z%. For each 1-simplex {i, j} of T2, let
{i,j}* € Hom(C,(T?),Z)

be the function such that

1 if {k.0} = {i,j}

(k. £} € T) (1.4} (K 0)) = {0 MY

We now perform some calculations:

L. 81{176}*({1’6’5}) = ({1a6}*82>({]7675}> = {]76}*(82{]7675}) =1
2. dY{1,6}*({1,2,6}) = —1

we conclude that 9'{1,6}* = {1,6,5}* — {1,2,6}*. Similarly, we find that
2'16,5)* = {1,6,5}* — {5,6,8)*, 9'{5,8}* ={5,8,7}* — {5,6,8}",

0'{8,7}* ={5,8,7}* — {7,8,2}", 9'{7,2}* = {7,2,1}* = {7,8,2}",
2,1}y ={7,2,1}* —{1,2,6}",
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and therefore
' ({1,6} = {6,5}" +{5,8}" — {8, 7} +{7,2}" - {2,1}") =0,
that is to say, the cochain
Gl ={1,6)"—{6,5}" +{5,8}" — {8,7} +{7,2}" — {2,1}"

is a cocycle. Likewise, we prove that
& =137V —{7,5}"+{5,8}* — {8,6}" + {6,4}" — {4,3}"

is a cocycle. These cocycles are not cohomologous to each other; therefore, their
classes generate the cohomology group H'!(T?;Z). In order to compute the cup
product §] U &), we need to apply it to the 2-simplexes of T2; we are able to draw
nontrivial conclusions only from {5,6,8} and {8,7,5}; besides, by the distributivity
of the cup product with respect to the sum, {5,6}* U {6,8}* and {8,7}*U{7,5}"
are the parts of § 11 U Z;zl , which may yeld nontrivial results when applied to the two
2-simplexes that we have just singled out. In fact,

{576}*U{678}*({57678}) = land {877}*U{7a5}*({87775}) =1

and so, §! U{) is not null.

2 1 Fig. IV.1

We now look into the cohomology of S?V (S' v §!). We represent >\ (S' v §1)
by the geometric realization of the simplicial complex with eight vertices, namely,
0,1,2,3,4,5, 6,7, depicted in Fig. IV.1, having the following simplexes (besides
the vertices):
1-simplexes:

{0,1},{0,2},{0,3},{0,4},{0,5},{0,6},{0,7},{4,5},
{6,7},{1,2},{1,3},{2,3};

2-simplexes:
{0,1,2},{0,1,3},{0,2,3},{1,2,3}.
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It is easily proved that the only 1-cocycles are & = {0,4}* + {4,5}* + {5,0}"
and &} = {0,6}* + {6,7}* + {7,0}*. These cocycles are indipendent and their co-
homology classes generate H'(S?V (S v S');Z); also easily proved is the fact that
&l U&) = 0. The cohomology rings of 7% and §? V (S Vv S!) are therefore different;
consequently, the polyhedra 7% and S? V (S' v S!) cannot be of the same homotopy

type.

IV.3 The Cap Product

In this section, we study a product between homology and cohomology classes.
More precisely, let K be a simplicial complex that we once again assume to be finite
and oriented. Consider the chain and the cochain groups associated with K

C,(K;Z) and C"(K;Z)=Hom(C,(K),Z) ,

where n is an integer such that 0 < n < dimK. For every d € CP(K;Z.) and for every
(p+gq)-simplex {xo,...,Xp,...,Xptq} Of K (that is to say, a generator of Cp,4(K)),
we define

dN{xo,....Xp, ..., Xprq} :=d({x0,- .., xp ) Xp,- -, Xp1q} € C4(K);

we linearly extend the definition d N c to every (p+ g)-chain ¢ € Cp14(K;Z); in this
way we obtain a bilinear relation

N: CP(K;Z) x Cpyg(K; Z) — Cy(K;Z)

called cap product. Note that the cap product is not defined if ¢ < 0 or ¢ > dimK — p.
In particular, if p = g, for every d € CP(K;Z) and every p-simplex {xo,...,xp, },
we have

dN{xo,....xp} =d({x0,....xp}){xp} € Co(K;Z).

Let €: Cy(K;Z) — Z be the augmentation homomorphism of the positive chain
complex C(K,Z); by definition,

E(dm {Xo, ce 7x17}) = d({xoa ce ax[?})
and by linearity
elend) =d(c)

for every ¢ € C,(K;Z) and any d € CP(K;Z). The next two results establish a
relation between cap and cup products.

(IV.3.1) Theorem. For every ¢ € Cpiq+r(K;7Z), d € CP(K;Z), and e € C1(K;Z),
the equality
dn(enc)=(dUe)Nc

holds.
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Proof. Let us suppose that ¢ = {xq,...,Xp,...,Xptg,-- - Xpyq+r}; then

dn(enc)=dnN(eN{xo,...,Xps--- s Xptgs-- - Xptgtr})
=dNe({xo,....xg}){xq, -, Xptrq+r}

= e({x0,-- . xg })d({xg, - Xgp ) ) {Xgtps - Xgpir} -
On the other hand,
(dUe)Nc=(dUe)N{x0,....Xp,. . Xpiqs-- s Xptgtr}
= e({x0,-.., X })d({xg, - Xgip{Xg1ps - X pir} -
The general result follows by linearity.

(IV.3.2) Theorem. For every c € Cpyy(K;7Z), d € CP(K;Z), and e € C1(K;Z), the
equality
(dUe)(c) =e(dNc)

holds.

Proof. This proof is similar to the previous one: we first show that the equation is
true for ¢ = {xo,...,%p+4} and then use linearity for completing the proof.

(IV.3.3) Theorem. For everyc € Cp14(K;Z) and d € C?(K;Z),
24(dN€) = (—1)P(dNFpq(c) — () Nc)

Proof. We begin by noting that an element x € Cp,44(K;Z) is null if and only if, for
every e € CP14(K;7Z), we have e(x) = 0. Hence, it is enough to prove that

e(3,(dN¢)) = e(~1)(d N pgle) — 9 (d) Nc))
for any e. In fact, by Remark (IV.1.2) and by Theorem (IV.3.2),

e(9,(dNc)) = (07 'e)(dNe) = (dUd* " (e))(c).
On the other hand,

e((dNdpiq(c) —d7(d)Nc)) = ((dUe)(dp+4(c)) — (9"(d) Ue)(c))
=97 1 (dUe)(c) — (a7 (d)Ue)(c);

~

however, by Theorem (IV.2.1), this last expression equals

(97 (d)Ue)(e) +(~1)P(dUad’ (e))(c) — (9”(d) Ue)(c) = (~1)P(dUIT}(e)(c)-

(IV.3.4) Corollary. The cap product induces the following homomorphisms:

N: ZP(K;Z) X Zpy4(B;Z) — Zy(K;Z)
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N: BP(K;Z) x Zp1¢(B;Z) — By(K;Z)
N: ZP(K;Z) x Bp1y(B;Z) — By(K;Z) .

Proof. The first assertion follows directly from the theorem.
Givend = 9~!(d") € BP(K;Z) and ¢ € Z,,(K; Z),

Ay1(d 1) = (~1)7(d' N3prg(c) — 3 (@) N1e) = (~1)(dNe)

and, therefore,
dNe=(=1)Pdy1(d'Nc) € By(K;Z) .

The last case is proved in a similar way.

By what we have showed, the cap product of p-cochains and (p + ¢)-chains
becomes a bilinear relation in (co)homology

N: HP(K;Z) x Hy14(K;Z) — Hy(K;Z)

which is also called cap product. The remarks on cohomology of polyhedra (see
Sect.1V.1.1) allow us to define

N: HP(K|:Z) x Hyyo([K|: Z) — Hy(IKI:2)

for any polyhedron |K| € P.
We now consider the morphisms. Let a simplicial function f: K — L, an element
d of CP(L), and ¢ € Cp14(K) be given. Then,

Cp+q(f)(c) € Cpiq(L) and CP(f)(d) € CP(K)
(recall that
C?(f) = Hom(f;Z): Hom(C,(L);Z) = C”(L) — Hom(C,(K);Z) ).

Therefore, dNCp14(f)(c) € C4(L) and CP(f)(d) Nc € Cy(K).

(IV.3.5) Theorem. Given a simplicial function f: K — L, d € CP(L), and ¢ €
Cp+q(K):
dNCpiq(f)(c) = C(NCP(N)(d)Ne),

C1NANCpig(f)(c)) = CP()(d)Ne.

Proof. We only prove the first equality. Let us suppose that
c={x0,.. -, Xps. s Xptq}
and that for any i # j between 0 and p + ¢, f(x;) # f(x;); it follows that

Cpig()(e) = {F(x0),- -, fxp)s - fxpig) } -
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Therefore

dNCpiqg(f)(c) =d({f(x0,---, fxp) DI (xp), - f(prg) } -
On the other hand, CP(f) = dC,(f) and so,

CaNCP(N)d)ne) =d({f(xo,- -, fp) DIf(xp), - f(Kprg) } -

If there are i, j for which f(x;) = f(x;), then C,4(f)(c) = 0 and at least one of the
two assertions

Cp(f)(d) =0 ) Cq(f)({xpa LR 7xp+q}) =0
is true; therefore, the theorem holds also in this case.

Theorem (IV.3.5) and what we have previously done enable us to state the fol-
lowing result:

(IV.3.6) Theorem. Let |L|,|K| € P and a continuous function f: |K| — |L| be given.
The following diagram:

HP(LEZ) x Hy 1K1 2) T L2 v (k1. 2) x By 1K1 2)
N
| X Hyoo(f7) H,(|K|;Z)
Hy(f:Z)
HP(LEZ) x Hyr|L1:2) Hy(IL:2)

is commutative.

Proof. We leave it to the reader.

Exercises

1. Let f: |K| — |L| be a given map, z € H,(|K|,Z), and u € HI(|L|,Z). Prove that

Hy ()N H, (f)(2)) = HI(f)(w) Nz .

2. Prove that
(Vze H,(|K|,Z)) 1Nz=z.






Chapter V
Triangulable Manifolds

V.1 Topological Manifolds

A Hausdorff topological space X is called an n-dimensional manifold" or simply an
n-manifold, if for every point x € X there exists an open set U of X that contains x
and is homeomorphic to an open set of R”. Hence, an n-manifold X is characterized
by a set A = {(U;,¢;) | i € J}, where U; are open sets covering X, and ¢; is a
homeomorphism from U; onto an open set of R”. The set 2 is the atlas of X and
each pair (U;, ¢;) is a chart of X.

Even before we give some examples of manifolds, we note that the condition that
X be Hausdorff is an integral part of the definition and does not depend on the other
conditions. In fact, consider

X=]-12l={xeR|-1<x<2}

with the topology given by the set { of open sets U, where U € 4l if and only if one
of the following conditions holds true: (a) U = X; (b) U = 0; (¢) U is any union of
sets such as |or, B[ with —1 < a < § <2 or ]e,0[U]3,2], where —1 < a < 0 and
—1< B < 2. This is not a Hausdorff space since any open set containing 0 intersects,
any open set containing 2. On the other hand, any x € X ~\ {2} is contained by an
open set homeomorphic to an open set of R; regarding the point x = 2, the reader
may verify that the open set U =] — %,O[U] % ,2] is homeomorphic to an open interval
of R; hence, X has the properties of 1-manifold except for the Hausdorff separation
property. Here is a simple and useful result:

(V.1.1) Lemma. LetV be an open set in an n-manifold X. Then 'V is an n-manifold.

Proof. For any x € V C X, let (U,¢) be a chart of X containing x. Then U NV
is open in V containing x and ¢(U NV) is an open set of R” homeomorphic to
unv.

! In the literature, it is sometimes required that the topological space X fulfill other conditions to
be defined as a manifold (e.g., second countable, paracompact).

D.L. Ferrario and R.A. Piccinini, Simplicial Structures in Topology, 171
CMS Books in Mathematics, DOI 10.1007/978-1-4419-7236-1_V,
© Springer Science+Business Media, LLC 2011



172 V Triangulable Manifolds

(V.1.2) Lemma. The Cartesian product of an n-manifold X by an m-manifold Y is
an (n+ m)-manifold.

Proof. For any (x,y) € X x Y, we choose two charts (U, ¢) and (V,y) of x € X and
y €Y, respectively; we note that (U x V, ¢ x y) is a chart of the Cartesian product
of the manifolds: in fact, ¢(U) x y(V) is an (elementary) open set of R" x R =
Rner.

We now give some examples. It is easily proved that, for every n > 0, the Eu-
clidean space R” is an n-manifold. The circle S' C R, with the topology induced
by the Euclidean topology of R, is a 1-manifold; this is readily proved. The sphere
S? with the topology induced by R? is a 2-manifold (or surface): in fact, S? is
Hausdorff and its atlas is the set

A={(S*{—x},00) [x €57}

where ¢, is the stereographic projection of §? \. { —x} from the point —x on the plane
T, tangent to S at x. A similar result holds also for hyperspheres ", n > 2.

An immediate consequence from Lemma (V.1.2) is that the torus T?> = S' x S!
is a 2-manifold.

To prove that the real projective space RP" is an n-manifold, we use the following
theorem.

(V.1.3) Theorem. Let X be a compact n-manifold and let G be a finite topological
group freely acting on X. Then, the quotient space X /G is an n-manifold.

Proof. Let G be the finite group whose elements are g; = 1g, g2,...,&p; then, the
orbit of any element x € X consists in p (distinct) elements x = xg,xg2,...,Xgp.
For each pair (x,xg;), i =2,...,p, we take a pair (U;,V;) of open sets of X such that

‘XEUiu Xgi EV,andU,ﬂV,:(b

Since V; contains xg;, V,-g[1 surely contains x; therefore, the set
P
U= (UinVig")
i=2

is an open set of X containing x, is disjoint from all open sets V;, i = 2,...,p and,
consequently, from all Ug;, i = 2,. .., p (because

UgiC (UinVig; ") gi C Vigi 'gi=V;

and V;NU =0 foreach i =2,...,p). The restriction to U of the canonical epimor-
phism g: X — X /G, that is to say,

qlU: U —q(U)CX/G
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is a bijection. By Lemma (1.3.2), the projection ¢ (and so also its restriction g|U)
is a map both open and closed; therefore, ¢|U is a homeomorphism. Since U, as
an open set of X, is an n-manifold, (see Lemma (V.1.1)), it follows that the point
[x] € X/G belongs to an open set of X /G homeomorphic to an open set of R”. To
reach the conclusion that X /G is an n-manifold, we need to demonstrate that X /G
is a Hausdorff space. But this is a direct consequence of Theorem (I.1.29), because
of the hypotheses.

Since the real projective space may be written as the quotient RP" = §"/Z,, it is
a consequence of this theorem that RP” is an n-manifold.

V.1.1 Triangulable Manifolds

An n-manifold X is triangulable if there exists a polyhedron |K| homeomorphic
to X. The real projective space RP" is an example of a triangulable manifold (see
Sect. IIL.5). An open disk D (x) C R with radius r and center x € R” is triangulable.

Fig. V.1 Triangulated torus

Fig. V.2 Triangulated torus
(with fewer triangles)

We now prove that the dimension of the simplicial complex K = (X, @) equals
the dimension of the manifold X; moreover, if X is connected, the spaces || C |K]|
appear in a particular way, in other words, each two of them either intersect each
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other at an n — 1 face or they are linked by a chain of n-simplexes. The proof of
these results is based on an argument found in the next lemma; we ask the reader
to remember that we may associate the closed subspace S(p), that is to say, the
boundary of the space

o€B(p)

with each p € |K|, where B(p) is the set of all 0 € @ such that p € |o] (see
Sect.I1.2).

(V.1.4) Lemma. Let X = |K| be a triangulable n-manifold; then for whatever p €
|K|, S(p) is of the same homotopy type as the sphere S"~\.

Proof. Let (U, ¢) be a chart of |K| containing the point p. Since ¢(U) is homeo-
morphic to an open set W C R”, there is a closed disk D?(¢(p)), with center ¢(p)
and radius €, contained in W. The restriction of ¢! to D" (¢(p)) is a homeomor-
phism from D (¢ (p)) into a subspace of |K| containing p. We recall that D (¢ (p))
is a triangulable space; let L be a simplicial complex whose geometric realization is
identified to D} (¢(p)). We now consider the homeomorphism ¢! : |L| — |K| and
apply Theorem (I1.2.11) to conclude that S(¢(p)) ~ S(p). We complete the proof
by noting that S(¢(p)) = s~ 1.

The following result is very important (cf. [24, Theorem 5.3.3]).

(V.1.5) Theorem. Any triangulable n-manifold |K| has the following properties:

l. dimK =n
2. For every vertex p € |K|, there is an n-simplex ¢ of K such that p € |0
3. Every (n—1)-simplex of K is a face of exactly two n-simplexes

Moreover, if |K| is connected, for any two n-simplexes ¢ and T of K, there is a
sequence of n-simplexes 6 = Oy, .., 0, = T such that 6;N Gy is an (n— 1)-simplex
foreveryi=1,...,r—1.

Proof. 1. Lemma (V.1.4) shows that H,_1(S(p);Z) = Z for each p € |K|. Hence,
if dimK < n, for every p € |K|, dimS(p) < n— 1; therefore, H,_;(S(p);Z) =0,
contradicting the lemma. We now suppose that dimK = m > n; this means that
the simplicial complex K has at least one m-simplex with m > n and so, for every
point p in the interior of |G|, the space S(p) is of the same homotopy type as S,
once again in contradiction to Lemma (V.1.4) (two spheres of different dimensions
cannot be of the same homotopy type).

2. If K had no n-simplex with geometric realization containing p, then the dimen-
sion of the simplicial complex S(p) would be strictly less than n — 1 and thus S(p)
could not be of the same homotopy type as " .

3. Let us suppose 0,1 to be a face of r n-dimensional simplexes 7/, i =1,...,r. Let

Int|G,— 1| =|0n-1] ™ |6'n71|

be the interior of |0, _1|; forevery i = 1,...,r, we define
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|Ki| = | 70| \ Int[G,1 |

(remember that 7! is the boundary of 7/ — see definition in Sect. I1.2).

We note that for each p € Int|[G,_1|, the space S(p) is written as the union
S(p) = U, |Ki|; besides, |Ki| N |K;| = |G,-1| for each pair of distinct exponents
(i,j) with i,j € {1,2,...,n}. By applying the Mayer—Vietoris sequence to the pair
(IK1],|Kz2]), we obtain

Hy 1 (|Ki|U K23 Z) 2 Hy (|61 s Z) 2 Z

(note that |G, 1| = S"~2); we next apply the Mayer—Vietoris sequence to the pair
(|K1|U|K>|,|K3]) and so on, to get the free group with » — 1 generators

HﬁlQJmmZ>;
i=1

Hy <U IK;;Z> = H,1(S(p);Z)=Z
i=1

and so, r— 1 = 1, that is to say, r = 2.

We now assume that |K| is connected. Then by Lemma (I1.4.4), K is connected,
in the meaning of the definition given in Sect. IL.4 (from the topological point of
view, |K| is connected if and only if it is path-connected).

Let 0, € @ be any n-simplex. We view the simplicial complex K as the union
of two subcomplexes: (a) the simplicial complex L defined by all n-simplexes of K
(and their subsimplexes) that may be linked to o), by a sequence of n-simplexes as
mentioned in 3; (b) the simplicial complex M of all n-simplexes of K for which this
condition does not hold. Note that K = LUM. If M = 0, the assertion is proved;
this occurs when dim|K| = 1 because K is connected; incidentally note that since
K is connected LNM # 0. We now consider M nonempty and dim |K| > 2. Then,
dim(LNM) < n—2; in fact, if 6,1 were an (n — 1)-simplex of both L and M,
0,1 would be a face of both an n-simplex of L and an n-simplex of M, which is
impossible because of the definitions. For any vertex x of LN M,

however,

dim(S(x) L) = dim(S(x) M) = n — 1

and dim(S(x) NLNM) < n— 3. However, because of 2., every (n — 2)-simplex
of S(x) is a face shared by two (n — 1)-simplexes; thus if (S(x) N L),—; and
(S(x) " M),_; are the sets of all (n— 1)-simplexes of S(x) NL and S(x) " M.
respectively, the chains

L = 2 T,

1S (S(x) ﬂL),,,l

M = 2 T

TE(S(@)NM) -1
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are linearly independent cycles of C,_;(S(x)) ® Z,, because the (n — 2)-simplexes
of (dy—1 ® 1z,)(cr) and (d,—1 ® 17,)(cm) appear always twice; consequently,
the vector space H,_(S(x);Z,) has dimension > 2, a fact that contradicts the
well-known result H,,_1(S(x);Z,) = Z, (see Theorem (I1.5.5)). Therefore, M = 0
and K =L.

Exercises

1. Show by means of an example that a closed subspace of an n-manifold is not
necessarily an n-manifold.

2. Let p be a positive integer, p > 2, and let C}, be the (multiplicative) cyclic group
of order p of the p-th roots of the identity in C,

C={gli=1...p}.

where {, = ¢>™/P. If g is an integer prime to p, then C, acts on S = {(z,w) €
C?||z]* 4 |w|> = 1} C C? by setting

((z:w), ) = (255, wEs)

for every j. Prove that the quotient space (called lens space and denoted by L(p,q))
is a 3-manifold.

3. Let G be a finite group that acts freely on a G-space X. Prove that if X /G is an
n-manifold, then also X is an n-manifold.

4. Prove that each compact manifold is homeomorphic to a subspace of an Eu-
clidean space R", for some N.

V.2 Closed Surfaces

In this section we study the compact connected topological 2-manifolds which we
shall henceforth call closed surfaces. In the previous section we gave some exam-
ples of closed surfaces: §2, RP?, T? = §' x S'. But there are more, like the complex
projective line (which, nevertheless and as we shall presently see, is homeomorphic
to the sphere S?) and the Klein bottle. We begin by studying these examples in more
detail.

In order to construct the complex projective line CP', we may proceed as fol-
lows: we consider the space €% ~. {(0,0)} and the equivalence relation

(z0,21) = (20,21) <= (Fz€ C~{0}) 2z = 220, 2} = 2215
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we define

CP' = (C*~{0})/=.

In what follows, the equivalence class of (z9,21) € C>~ {(0,0)} is denoted by
square brackets [(z9,z1)]. We consider S? contained in C x R = R3. The function

n: CP' — §?
defined by setting

22120 |z1|* — |z
12012 + |z1]? " |z0|? + |21

() = ) CCxRAR

has image S? = {(w,x) € C x R : |w|> +x?> = 1}. It is easily seen that 17 is a home-
omorphism from CP! onto S? and so that
Cp' =~ §?

is a closed surface. We recall that the Klein bottle K is obtained from a rectangular
band with vertices (0,0), (0,1), (1,0), (1,1) through the identifications

(1,0)=(,1),0<t <1,

0,8)=(1,1—5),0<s<1.

The reader can easily prove that K is a closed 2-manifold by noting, for instance,
that if the group of order 2 acts on the torus 72 = S! x S! by the transformation
(defined on pairs (z,s) of real numbers modulo 1)

(t,8) — (t+1/2,1—35),

then the quotient is a surface homeomorphic to K (by Theorem (V.1.3) on p. 172).
Figure V.3 shows a possible embedded triangulation (with auto-intersection).

Ry N
7Y /A‘ s,
NAKIY
NGO K
TS
S

Fig. V.3 Klein Bottle

We intend to define an operation for 2-manifolds, the so-called connected sum.
For every point x of a 2-manifold S, there exist a closed disk D in S, such that x € D,
and a homeomorphism /: D? — D. We now consider two 2-manifolds S; and S,
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and take the closed disks D1 C S and Dy C S, together with the homeomorphisms
hy: D*> — Dy and hy: D* — D5; let S' = dD? be the boundering circle of the unit
disk D?. The restrictions of the homeomorphisms 4| and A to S I"are homeomor-
phisms from S! onto the boundaries dD; and dD», respectively. We now define the
maps

h 1
Hy: St IS, aD, < S~ IntD,

ISt
Hy: $'"05 9p, < 55 < IntD,

and construct the pushout of the pair of morphisms (//,45) in Top. In this manner,
we obtain the space (unique up to homeomorphism)

S]#S2 = S] \IntDl |_| SQ\IntDz

A

named connected sum of S| and S,. Figures V.4, V.5, and V.6 outline a procedure

Fig. V.4 Two tori less a disk

Fig. V.5 Attaching two tori

for obtaining the connected sum of two tori.

(V.2.1) Theorem. The connected sum Si#S, of two connected surfaces is a
2-manifold independent (up to homeomorphism) from the choice of the closed
disks D1 and D;, and from the homeomorphisms hy and h;.

Proof. Tt is easily proved that S;#S, is a 2-manifold; we only need to find local
charts for the points in the gluing zone. It does not depend on the choice of the
disks D and D, and on the homeomorphisms 4y : D> — D; and hy: D*> — D, due
to the following result: if S is a surface, then for every pair of homeomorphisms
hi: D* — Sand hy: D* — S (on the images), there is a homeomorphism f between
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Fig. V.6 Connected sum of
two tori: the torus of genus 2

their images such that i, = fh;. The independence from the choice of 4| and &,
derives from the universal property of pushouts. The details of this proof are left to
the reader.

If G represents the set of all classes of homeomorphisms of closed connected
surfaces, we have the following result whose proof we shall omit:

(V.2.2) Proposition. The connected sum determines an operation
#: 65x6 -6
which is associative, commutative, and has a neutral element (the sphere S2).

The sphere S2, the torus T2, the real projective plane RP?, and the connected
sums of these spaces have particularly interesting representations. We begin
with S2. In Sect.1.1 we have proved that the sphere S? is homeomorphic to the
quotient space obtained from D? by identifying each point (x,y) € S! to (x,—y)
(see Example (I.1.7)). So if, as in Fig. V.7, a denotes the semicircle from (—1,0)

Fig. V.7 Identifying polygon
a=b for §?

to (1,0) through (0, 1) and b, the semicircle from (—1,0) to (1,0) through (0,—1)
(both from (—1,0) to (1,0) ), S*> may be viewed as the disk D? with two vertices
A = (—1,0), B=(1,0) and two identified arcs (sides), that is to say, a disk with
two vertices and only one side a = b; if the boundary is travelled clockwise from
A, side b is travelled against the direction we have given it and we may therefore
view §2 as a disk with boundary a'a~! (we assign the exponent 1 to side @ when
following the chosen direction, and the exponent —1 when following the opposite
direction).
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We view the torus 72 as a square (homeomorphic to a closed disk) whose hori-
zontal sides, as well as its vertical sides, have been identified. See Fig. V.8. In other

>
>
D

Fig. V.8 Identifying polygon
for the torus 72

Sa

words, we interpret 72 as a square (closed disk) with a single vertex A and two sides
a, b. If we travel clockwise the boundary of the square that represents T2, we read
such boundary as the word a'b'a= 1571

The real projective plane RP? is viewed as a closed disk with a single vertex A;
its boundary is given by a'a' (we identify the antipodal points of the boundary), as
in Fig. V.9.

a=b Fig. V.9 Projective plane

Let us now try to interpret the connected sum 72#72. We suppose the first torus
to be represented by a square with boundary a'b'a='s~! and the second one, by
a square with boundary c'd'c~'d~!; we remove from each square the interior of
(a portion corresponding to) a closed disk that meets the boundary of the square
exactly at one of its vertices, as shown in Fig. V.10. We obtain two closed polygons
with boundaries a'b'a='b"'e and c¢'d' ¢~ 'd ! f, respectively. By identifying e and
f, we may interpret T>#T2 as an octagon whose vertices are all identified into a
single one, and with boundary a'b'a='b~'c'd'c~'d~!, asin Fig. V.11.

How should we interpret the connected sum RP?#RP>? We assume the first
(respectively, the second) of these projective planes to be a closed disk with two
identified antipodal vertices and two sides a'a' (respectively, b'h') whose antipodal
points have been identified. We remove, from each of these disks, the interior of
a small closed disk tangent to the boundary of the larger disk, at one of the two
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b

a ﬁ ﬁ a
> Fig. V.10 Torus less a closed
b disk

Fig. V.11 Connected sum of
two tori

b b

~_ 7

Fig. V.12 Connected sum of two projective planes: the Klein bottle

chosen vertices; in this manner, we obtain two triangles with boundaries a'a'c! and

b'b'c™!; these triangles are put together by identifying c (in other words, by taking
their connected sum) and getting a square with boundary a'a'b'b!; this square,
with the necessary identifications, is homeomorphic to RP*#RP>. By cutting the
square along the diagonal d, we are now left with two right triangles, both having a
side a and a side b; we have thus obtained the right triangles a'b'd~! and b'a'd’.
Next, we glue the triangles along the (oriented) side a in order to obtain a square
with boundary d'b'd'b~! which, with the necessary identifications, corresponds to
a Klein bottle. Figure V.12, illustrates the steps for the procedure that we have just
described.
We close by noting that the surfaces

nT? :=T?*#.. #T?
———
n times

nRP? := RP*#.. #RP?
~—_——

n times
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may be represented respectively by 4n-agons (polygons with 4n sides) and 2n-agons
whose boundaries are respectively 4n-poligonal lines and 2n-poligonal lines with
sides identified pairwise and denoted by

11, ~1p—1 11 —17-1
aybia; by ...a,bya, b, ",

alalalal.. ala)

(V.2.3) Remark. We point out to the reader that the interpretations of 7> and RP?
given in this section correspond to their block triangulations given in Sect. IIL.5.1:
for the torus 72, we have only one 0-block ey = {0}, two 1-blocks (e% corresponding
to side @ and €7 corresponding to side b), and one 2-block €2 = T2\ (eg Uel Ue?);
for RP?, we have one 0-block eo = {0}, one 1-block e; corresponding to side a,
and one 2-block e; = RP?>~ (egUe;). A similar situation occurs for the closed
surfaces nT? and nRP?. In fact, such closed surfaces are triangulable, for they
derive from triangulable 2-manifolds (the triangulability is preserved by connected
sums). Moreover, one can easily see that nT2 has a block triangulation with only
one 0-block, 2n blocks in dimension 1,

e(a)l,e(a)},... e(a)! and e(b)},e(b)?,... e(b)},

represented respectively by the sides ay,...,a, and by,...,b,; finally, it has one
2-block

e2 =nT?\ (eoU (U se(a)i) U (UL e(b)))) -

As for nRP2, we have a block triangulation with only one 0-block e, n 1-blocks
e%, ..., e} corresponding to the ay,...,a,, and only one 2-block e; = nRP? . (egU

(Ui i€1))-

As a consequence, we have the following

(V.2.4) Theorem. The closed surfaces S*, nT?, and nRP? (with n > 1) are, pair-
wise, not homeomorphic.

Proof. In order to prove this result, we compute the homology groups H(5%;7Z),
H,(nT?;7), H;(nRP?*;Z) and show that no two of them are isomorphic.

We know that H, (5%;7) = 0. We now compute the first homology group with
coefficients in Z of the other two manifolds through the block triangulation that we

have just described. Beginning with nT2, we give e(a)| and e(b)’ an orientation, by
choosing a generator f3(a) and B(b)}, respectively, for each

Hi(e(a)},e(a)i;Z) and Hy(e(b)},e(b)}: Z)
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where i = 1,...,n (we note that the generators f3(a); and B(b)! are cyclic - see the
definition of block homology); similarly, the simplicial complex e; is given an ori-
entation by choosing a generator 3. The chain group C (e(nT?)) is the free Abelian
group generated by $(a)} and B(b)}, i = 1,...,n; on the other hand, d>(f3;) =0,
since the 1-blocks appear twice, and in opposite directions. Therefore,

H\(nT?,7) = 7"

(see Theorem (I11.5.9)). In the case of nRP?, we give the 1-blocks e"1 an orientation
by choosing a generator f3{ for each H, (e}, ¢é;Z), and a generator

B € Hy(ez, éz;Z) =7.

In this case, we have da(B2) = 2(3-, Bi); then, Cy (e(nRP?)) is the Abelian group
generated by B, BZ,..., 871,37, Bi and since 2(37_, B}) is a boundary,

H (nRP*Z) = 7" ' < Z, .

The connected sum enables us to join two surfaces, but there are other similar
constructions. Let us consider the cylinder / x S! and two immersions of the disk
hi,hy: D* — S in the surface S in such a way that D; = h;(D?) and D, = hy(D?)
are disjoint. The space

§' =S~ (IntD; UIntD;) L, (I x SY),
obtained by joining S~ (IntD; UIntD,) and the cylinder I x S' through the map
h: {0,1} x S' — S~ (IntD; UIntD5),
defined by A(0,¢) = hy(t) and h(1,t) = hy(t) forevery t € S' C D?, is still a surface.
We say that S’ is obtained by attaching a handle to S. Unlike the connected

sum, the attachment of a handle depends on the homotopy class of the attaching
function A. In Figs. V.13 and V.14, we see two different procedures for attaching the

Fig. V.13 Attaching a handle
(first method)

handle. It can be proved (Exercise 2) that the attaching in Fig. V.13 (first method)
is equivalent to the connected sum with a torus, whereas the one in Fig. V.14
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Fig. V.14 Attaching a handle
(second method)

(second method), to the connected sum with a Klein bottle. The connected sum
with a projective plane, pictured in Fig. V.15, will be one of the fundamental steps

=

Fig. V.15 Attaching a projec-
tive plane

in the proof of the next theorem, known as the Fundamental Theorem of Closed
Surfaces, which classifies all closed surfaces. It tells us that the only closed sur-
faces are exactly the sphere S, nT2, and nIRP?. Its proof is based on the fact
that any closed surface is triangulable. The existence of a triangulation for closed
surfaces was first proved by Tibor Radé in [29]; we assume this result to be well
known.” Here is another fundamental step in the proof: if ¥ C S is a (simplicial)
simple closed curve in S, then, there exists a neighbourhood of y in §, given by
the union of triangles in a simplicial subdivision of a triangulation of S, which
is homeomorphic to either a cylinder or a Mobius band. By cutting the surface
along y we obtain, therefore, a new surface with either two (in the case of the cylin-
der) or one (in the case of the Mdobius band) boundary component. Finally, ei-
ther one or two disks D? may be attached to these boundaries, in order to obtain
a (triangulated) surface S’ without boundary. If the surface S is in turn con-
nected, a homeomorphic copy of S may be constructed by attaching either a han-
dle (in the case of the cylinder) or a projective plane (in the case of the Mobius
band).

2 See [8] for an elementary proof, based essentially on the Jordan—Schoenflies Theorem: a simple
closed curve J on the Euclidean plain divides it into two regions and there exists a homeomorphism
from the plane in itself that sends J into a circle.
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Before proceeding with this Theorem, we note that the real projective plane may
be obtained by the adjunction of a disk to a Mobius band. In fact, the M6bius band M
is obtained from a square by identifying the vertical sides with opposite orientations:
for instance, M comes from the square / x I through the identifications:

0,0)=(1,1-1),0<r<1.
Let D? be the unity disk of R? and let S = 9D*. We define the function

f: Sl —>M, eZm‘t s (ZI?O) O
2 —1,1)

the reader may easily verify that RP? is given by the pushout

f

Sl ———M

f
D> ——— RP?

The reader could study the problem also backwards: the real projective plane has
a closed disk D? with boundary alal as a model; let O, be the origin of a and D a
small closed disk contained in D2, with centre at O,; it is easily seen that

D>~ D>~M

and so RP? is homeomorphic to the adjunction space of M and a closed disk. Note
that M is a surface with boundary.

We finally note that, as a consequence of the preceding results, the connected
sum of a torus and a real projective plane is homeomorphic to the connected sum of
three real projective planes; for its proof, it is enough to see that

T2 #RP? =~ K#RP?.

Initially, we have noted that the connected sum of two surfaces does not depend on
the position of the disks that we remove for gluing the two surfaces; therefore, we
may glue 72 and K to the component of RP? given by the Mébius band M. In order
to attach T? to M, we have to remove an open disk of T 2 and an open disk of M,
and glue the two spaces (by means of a pushout!) on the boundaries created by this
removal; as we have seen, this is like attaching a handle to M. However, the space
that we obtain is exactly the same as the one we would get by removing two distinct
open disks from M and gluing a cylinder to M, the two circles that bound the cylinder
being identified with the same orientation to the boundaries formed by the removal
of the two open disks (if we travel clockwise the two circles limiting the cylinder,
both attachments will be made clockwise). For attaching a Klein bottle K to M,
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we take the cylinder that gives rise to K and glue it to M in such a manner that the
circles that bound the cylinder are glued in opposite directions (one clockwise, the
other anticlockwise, as seen in Fig. V.14). Now, the spaces obtained by the addition
of a cylinder to M by these two procedures are homeomorphic to each other.

(V.2.5) Theorem. Any closed surface is homeomorphic to one of the following
surfaces:

(i) §?
(ii) nT :=T*#.. #T? (n times)
(iii) nRP? :=RP%*#.. #RP? (n times)

Proof. Let S be a surface and K one of its triangulations. The complex K has
a finite number of vertices, 1-simplexes, and 2-simplexes; for simplicity of nota-
tion, we denote by T; (respectively, ¢;) the geometric realizations of the 2-simplexes
(respectively, the 1-simplexes) of K; these are called triangles and sides. Let us go
through some preliminary considerations.

We begin by observing that each side of |K| is only a side of two triangles (see
Theorem (V.1.5)). Now, let v be a vertex of K; then the triangles with the vertex v
may be arranged in cyclic order 71,75, ..., T, = Ty so that foreach i € {1,...,r}, the
intersection T;_; N T; is the side ¢;. In fact, we note that, if there were two such sets
of triangles around v, they would have only the point v in common; therefore, by
removing v from their union, we would have a non-connected space; on the other
hand, since S is a surface, there would be an open set U C S that would contain v
and be homeomorphic to an open disk of R?; hence U . v would be connected, a
contradiction. It follows that the neighbourhood of every simple cycle of sides in
|K| is homeomorphic to the cylinder 7 x S' or the Mobius band.

We now consider the one-dimensional simplicial complex G (namely, the graph)
defined as follows: the vertices of G are all triangles of K, and for each pair of
adjacent triangles (that is to say, with one side in common) 77 and 7, of K, we
add the 1-simplex {7},7>} to G. The complex G may be embedded in S = |K| by
sending the triangle 7; (viewed as a vertex of G) to its barycentre b(T;) (viewed as a
point of |K|). Through a barycentric subdivision of K, the 1-simplexes of G will be
represented by a broken line that joins the two barycentres and crosses the common
side of T} and T5.

We now recall the concept of spanning tree (or maximal tree). A tree of |K| is
a contractible unidimensional subpolyhedron |L| C |K]|; the existence of trees in a
polyhedron |K]| is assured by the fact that the geometric realization of any 1-simplex
of K, being homeomorphic to the disk D!, is contractible. The trees of a complex
are partially ordered by inclusion; a tree is called spanning if it is not contained in a
tree strictly larger; since K is finite, the existence of a spanning tree is also certain.

(V.2.6) Lemma. If|K]| is path-connected and |L| is a spanning tree, then L contains
all vertices of K.

Proof. We suppose a to be a vertex of K but not of L. Let us take any vertex b of
L; since |K]| is path-connected, there is a path y: I — |K| joining @ and b. By the
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Simplicial Approximation Theorem, there are a subdivision of I and a simplicial
approximation y: I — |K| of y that may be viewed as a path of 1-simplexes of
K, say,

o= {b,xo}.{xo,xl} ..... {x,l,a}.

Let x, be the last vertex of & in L; {x,,x,41} is then a 1-simplex that is not in L (we
may assume x, # x, because a ¢ L). It follows that

L] = |LU [{xr, 41}

is a unidimensional subcomplex of |K]|, strictly larger than |L| and contractible, as
the union of two contractible spaces with a point in common. Hence, |L| is not
spanning, against the hypotesis.

We now consider a spanning tree 7 C G, that has the following properties:

(a) T contains all vertices of G.
(b) T is atree, in other words, |T| is contractible to a point.

We finally define the subcomplex K7 C K whose vertices are precisely those of K
and whose edges are all edges of K not crossed by any side of G. Since T is a tree,
it is easily shown that K7 is connected. We see in Fig. V.16 the triangulation for the

Fig. V.16 The tree T and the
graph K7 for the projective
plane

projective plane with the two graphs, T (in thicker line) and K7 (in broken line). If
we now consider the second barycentric subdivision of K, we may have two open
sets U D |T'| and V D |Kr| such that

(@ UNV =0and UUV = |K|
by U=V

as shown in Fig. V.1 6.3 We note that U is homeomorphic to the disk D2, since T is
contractible.

We now consider the Euler-Poincaré characteristic y (Kr) (in this regard, see
also Exercise 6 on p. 88). We have y(K7) <1 and y(Kr) = 1 if and only if K7 is

3 For instance, U may be defined as |T| together with the interior of all triangles and the sides of
the second barycentric subdivision of K that intersect 7.
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a tree. When x(Kr) = 1, V is then homeomorphic to the disk D? and S is obtained
by gluing two disks on the boundaries; it follows that S 22 S2. Instead, if x(Kr) <1,
then the homology H;(Kr) is non-trivial and so there is at least one non-trivial
simple cycle, denoted by 7, in the graph Kr. Let us consider the simplicial complex
Ky obtained by cutting K along ¥ (in other words, we duplicate all vertices and edges
of y). The resulting triangulated surface Sy = |Ky| is still connected: indeed, the tree
T and the cycle v are disjoint, but 7" has a vertex in the interior of each triangle of
K, and therefore also of K. It is a surface with boundary: if y has a neighbourhood
homeomorphic to a Mobius band, then its boundary has one component; on the
other hand, if the neighbourhood of ¥ is a cylinder, there are two components. Let
us consider the cones on the components of the boundary of Ky and attach them to
the holes that we have created: we end up with a new triangulated surface S’ = |K’|.
The tree T is easily extended to a tree T’ C K’ by adding a vertex to the barycentre of
every triangle of the attached cones and an edge crossing the edge of the boundary
of the attachment, as in Fig. V.17. Let [ be the number of edges of the component of

Fig. V.17 Extension of T to
the cone on the boundary
component

such a boundary. As it is easily inferred from Fig. V.17, by attaching a triangulated
disk (cone on the component of ¥), I sides are removed from the graph K7, whereas
one vertex (the centre of the cone) and / edges through such a vertex are added.
The Euler—Poincaré characteristic of the corresponding graph K7.,, obtained in this
manner, is

x(Kr)+1 if K, has one boundary component

% (Kpr) = {

x(Kr)+2 if K, has two boundary components.

We note that the process of cutting along ¥ may be reversed: |K| is obtained by
attaching a handle (in the case of two components) to |K’| or a projective plane (in
the case of a single component). By repeating this procedure, we must end up with
nothing other than a sphere.*

We have therefore proved that every surface is the connected sum of a sphere,
a certain number ny of tori, a certain number ng of Klein bottles, and a certain
number np of projective planes. However, since the Klein bottle is homeomorphic

4 For a proof based on identifying polygons, see William Massey [25, Theorem 1.5.1].
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to the connected sum of two projective planes, and the connected sum is associative,
every surface is the connected sum of S2. ny tori, and 2ng +np projective planes. If
2ng +np =0, then clearly S = S> when ny = 0 and S = T?#T2#.. . #T? (nr times) if
nr > 0. Finally, if 2ng +np > 0, we may substitute T2#RP? with the connected sum
RPH#HRP#HRP?, iteratively, and conclude that S is homeomorphic to the connected
sum of 2ng + np + 2nt projective planes.

Exercises

1. Prove that, if S; and S, are two closed surfaces, the connected sum S;#5; is a
closed surface.

2. Prove that the attaching of a handle to a surface S is equivalent to the connected
sum of S with either a torus or a Klein bottle.

3. Let the closed surfaces S| and S, be given; prove that

X(S1#S2) = x(S1)+x(S2) —2.

V.3 Poincaré Duality

The reader must have noticed that the second integral homology group of the torus
T2 is isomorphic to Z, whereas the corresponding homology group of RP? is trivial.
On the other hand, in the proof of the Fundamental Theorem of Closed Surfaces,
we have noted that the real projective plane may be obtained by the adjunction
of a 2-disk to the Mobius band, while the Klein bottle is the connected sum of
two real projective planes. Well, everybody knows the story of the little man who
walks on a Mobius band and, having gone around once, found himself upside down
on the starting point (this is why the M&bius band was defined a “nonorientable”
surface’). The reader could wonder whether the presence of the Mobius band in the
real projective space — and consequently in the Klein bottle — is responsible for the
“abnormal” behavior of the second homology group of these spaces. The answer
is “yes” and has to do with the orientation of the simplexes of these triangulated
spaces. Thus, we give the following definition.

(V.3.1) Definition. A triangulable manifold V 2 |K]| is orientable if its n-simplexes
may be oriented coherently, that is to say, each (n — 1)-simplex of K inherits oppo-
site orientations from its two adjacent n-simplexes (see Theorem (V.1.5)).

The reader is highly advised to draw triangulations for the spaces mentioned
above and to verify that it is not possible to give the Klein bottle and the real pro-
jective plane coherent orientations, while this is possible in the case of the torus.

3 Not in the sense of our definition of 2-manifold; it is really a 2-manifold with boundary.
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The definition of orientability as given here is obviously incomplete and not very
useful: in fact, a good definition must be independent from the triangulation and
based on an invariant by homeomorphisms. The next result is meant to correct this
flaw.

(V.3.2) Theorem. Let |K| be a triangulable n-manifold;® then
H,(|K|;Z) = Z <= |K| is orientable.

Proof. Let us suppose that |K| is orientable and let z =Y, ¢ be the formal sum of all
n-simplexes of K. The definition of orientability implies that z and all its integral
multiples are n-cycles. On the other hand, if 7 € Z,(K) has a term which is a
multiple r7 of an n-simplex 7, then the terms of 7’ are of the form r7’, where 7’ runs
over the set of all n-simplexes of K intersecting 7 in (n — 1)-simplexes (otherwise,
7 would not be a cycle); but then, by part 3 of Theorem (V.1.5), 7 would equal the
formal sum Y, ¢ = rz, where ¢ runs over the set of all n-simplexes of K. Therefore,
H,(|K|;Z) = 7.

With a similar argument we may prove that, conversely, given any orientation of
the n-simplexes of K, the n-cycles of C,,(K) are of the type rz where z =Y +0 and ¢
runs over the set of all n-simplexes. Since d,(z) = 0, we conclude that it is possible
to give an orientation to the n-simplexes, according to the Definition (V.3.1).

Because of this last result, the definition of orientability of a triangulable
n-manifold does not depend on the triangulation; furthermore, two triangulable
connected n-manifolds of the same homotopy type are either both orientable or both
nonorientable.

Let V be a triangulable n-manifold and let us suppose that V 2 |K|, where K =
(X,®). We consider the barycentric subdivision K(!) = (&, ®(1)) and associate
with every simplex ¢ € @ (that is to say, a vertex of K(!)) the subset B, of ®(!)
defined by

eG:{{G7o-la"'7Gr}|GCGl CCGr}

Note that, if dimo = p, the dimension of the simplexes of es is < n — p; in partic-
ular, if dimo = n, es coincides with the vertex ¢ (namely, the barycenter b(o) )
of K,

We now consider the closure and the boundary of e, that is to say, the simplicial
subcomplexes e and éq of K S (see Sect. ITL.5). The reader is asked to note that e,
is the set of all simplexes of e not having b(0) as a vertex; hence,

e5 =égxb(0)

and, therefore, |e5| is contractible.
The reader is also asked to review Definitions (I11.5.3) and (II1.5.5) before turning
to the next result.

6 We remember that our definition of triangulable manifold requires K to be connected by
1-simplexes.
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(V.3.3) Theorem. For every p-simplex 6 € @, the block e is a (n— p)-block of
KW; besides, the set defined by

e(K) = {elo € @)
is a block triangulation ofK(l).
Proof. We first have to prove that

. 17 ifr=n—
H’(e"’e";Z){o ifr;én—z.

As we have already seen, if ¢ is an n-simplex, eq is a simplicial subcomplex of
KW having only the vertex (o) and no other simplex; so, é; = @ and the state-
ment above is true. We then assume that dimo < n — 1. Since |[K(!)| 2 |K| and
dimK(") = n, the relative homology of the simplicial subcomplex S(b(c)) of K1)
(see the definition given in Theorem (I1.2.10)) is

ﬁr<s<b<c>>;Z>%{oZ v dme]

(see Lemma (V.1.4)).
We now prove that

S(b(0)) = |(0)V) x|

where (c)(!) is the barycentric subdivision of the boundary of &. In fact,

{c',....0"} €S(b(0)) < {o',....6"}e®V) withocco'c...co”
— (I o' cocot with{c',... o'} e(o)Vand{c"", . 6"}EB,.

On the other hand, |(6)(")| = §7~! and consequently
NECHENSEAE

Let us now go back a step to note thatif Ly, ..., L, are p simplicial complexes, each
of them having only two O-simplexes (and no 1-simplex), then

|Ly*... %Ly = 5P

and we conclude that S(b(¢)) is homeomorphic to the pth suspension of |é4| (the
suspension of an abstract simplicial complex K is defined on p. 47 — it is easily seen
that the suspension of the sphere S” is homeomorphic to the sphere §"*!; the pth
suspension of K is defined by iteration). By Exercise 5 of Sect. 1.4, we conclude
that B B

Hy(S(b(0));Z) = Hy—p(é53 )
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and therefore
~ e e ) Loifr=n—p—1
H’(e"’Z)—{o ifrtn—p—1.

This result and the fact that the (reduced) homology of es is trivial (for es is
contractible) applied to the exact sequence of the (reduced) homology of the pair
(25,¢é¢) enable us to conclude that

(Vo € @, dimo = p) eg is an (n — p)-block of K(1).
We only need to prove that the set {¢|c € @} is a block triangulation of K1), In
fact, let & = {0”,..., 6"} be any simplex of K(1); by the definition of K(!), we have
c’C...Co"andso
0 Ceg0\Eg0 .
Finally, for every o € @,

éc = Urcc,r#oa .
We now have all that is needed to prove the Poincaré Duality Theorem.

(V.3.4) Theorem. LetV be an oriented triangulable n-manifold, with triangulation
given by the simplicial complex K = (X, ®). Then, for every integer p with 0 <
psn

HP(V;Z)=H,_,(V;Z) .

Proof. To prove this theorem, we must consider the first barycentric subdivision
K of K and use both the projection 7: K1) — K and the homomorphism of chain
complexes X : C(K) — C(KD) (review Sect. I11.2). Let z be the cycle of dimension
n defined as the formal sum of all n-simplexes of K; the homology class [z] is a
generator of H,(|K|;Z) = Z (see the proof of Theorem (V.3.2)).

For each generator c5 € CP(K;Z)’, we define the map

By: CP(K;Z) — Cop(K'V; 22)

By (co) :=coCp(m) N Ry(2) .

Since d,lf(l) X, = X, 1dX and z is a cycle, the n-chain X,(z) is a cycle: in fact, it
is the sum of all oriented n-simplexes of K(!) in agreement with the fact that |K <1)|
is an oriented n-manifold. For any term of this sum, in other words, an n-simplex
{00,...,6"} of K1), we have

(*) csCp(m)N{op,...,0"} = +t{0v,...,0"}

and so B (z) € Gy p(Bo).
By Theorem (IV.3.3),

dK" (coCyp(m) 1R, (2)) = (=1)7(coCp(m) NdE " (R, (2)) — df (coCp(7)) N1 R (2))

= (~1)(caCp(m) K" (%,(2)));

7 We remind the reader that ¢ is the map that takes the p-simplex ¢ to 1 € Z and all other
p-simplexes to 0 € Z.
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therefore, B (z) is an element of C,_,_1(é) and thus
B,?(Z) € Zn—p(€s,é5; 7).
The result (*) implies that BJ(z) is the sum of all (n — p)-simplexes of Bs with
coefficients £1 and so, it is a cycle that generates Z,_ p(%, eo’ 7).
We now recall that the set

e(K) = {es|0 € @}

is a block triangulation of K (1) (see Theorem (V.3.3)); moreover, the block homol-
ogy of K1) derives from the chain complex

Cletk™)) = {Cmple(k™M).ds 8, 1n— p > 0}
where C,_,(B(K)) is the free Abelian group defined by the generators
B () € 21 y(e5.0:2)
(see Sect. I11.5). Thus, the map
Bp: Cpl(K) = Cap(e(KM)) , Bp(0) = B (2)

defined on all p-simplexes ¢ € @ is an isomorphism. It follows that there exists an
isomorphism

H(By): HY(K:Z) — Hy_p(e(K"):Z) = H,_,(K:Z).

Exercises

1. Compute the Euler—Poincaré characteristic of the closed surfaces.

2. An n-dimensional connected compact manifold without boundary is called
a closed n-manifold. It is known that the closed 3-manifolds are triangulable
(E. Moise, 1952). Prove that if M and N are two orientable closed 3-manifolds such
that 7t (M) = ty (N), then H;(M;Z) = H;(N;Z) fori=0,1,2,3.%

8 In particular, if 7t (M) = 0, then M has the same homology groups as the 3-sphere $3; in 1904,
Poincaré asked the question: in this case, is it true that M is homeomorphic to $3? It was only
recently that this famous “Poincaré conjecture” was proved affirmatively by Grigory Perelman,
who used methods of differential geometry, specially, the Ricci flow.






Chapter VI
Homotopy Groups

VI.1 Fundamental Group

The Fundamental Theorem of Surfaces assures us that any connected compact
surface is homeomorphic to one of the following closed surfaces: the two-
dimensional sphere, a connected sum of tori, or a connected sum of real projective
planes. We have seen that the homology groups of such closed surfaces are not
isomorphic, and therefore, the surfaces under discussion cannot be homeomorphic.
It is possible to arrive at this same result by computing another algebraic invariant
of the polyhedra, the so-called fundamental group, which is clearly related to the
first homology group. In what follows, we shall study such concepts in detail.

In Sect. 1.2, we have defined the concept of homotopy between two based maps
f,g € Top,((X,x0),(Y,y0)) and we have considered the set

[X7Y]* = TOp*(X,Y)/ ~;

we now turn our attention to the set [X, Y], when (X,xp) is the unit circle S! with
base point ey = (1,0).

We intend to define a group structure on the set [Sl ,Y]«; we must, therefore, de-
fine a multiplication in [S!,Y].. We start by saying that a map f: (S',ep) — (¥,y0)
is a loop of Y (based at yg); we can now compose two loops f and g to form a loop
(f*g), obtained by traveling with double speed first the loop f and then g; formally,
this loop is given by the function

f eZn’Zti) 0

(f*g)(e*™) = {g(e2ﬂ(2t1)i)

This is an intuitive approach to the multiplication in [S!,Y],. Let us now go over
this definition in such a way that we may prove the following results more system-
atically. Let us take the wedge product

S'vst = {eg} x S'US! x {eg} c S! x S!

D.L. Ferrario and R.A. Piccinini, Simplicial Structures in Topology, 195
CMS Books in Mathematics, DOI 10.1007/978-1-4419-7236-1_VI,
© Springer Science+Business Media, LLC 2011
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and define the map (called comultiplication in S 1
vi st slvst, @i { (€0, 2”2”) 0=t
’ t
besides, let us define the folding map ¢: S' v §' — S!:
(VO <t< 1) (eO’EZtiﬂ) — eZtirc , (eZtin:7e0) — eZzin:.

By these definitions, one can easily see that for every point >/ € S!

(fxg)(e™) =o(fVg)v(e™);

moreover, we note that if f ~ f and g’ ~ g, then o(f’ V g’)v is homotopic to
o(f V g)v. Finally, for any based space (Y,y), we define the function (called mul-
tiplication)

[s1,y]. x [S',y], — [S',Y].
(VI/1,[g] € [S',¥].) (] % [g] = [o(f Vg)V].

(VL1.1) Theorem. The set [S',Y]. with the multiplication X isa group whose unit
element is the homotopy class of the constant function c¢: S' — Y (it takes each
point of S' to yo); besides, the inverse of [f] is the homotopy class of the based map
h: S' — Y defined, for each e*™ € S', by the formula h(e*™) = f(e2*(1-1)i) 1

Proof. We first prove that the function v: S! — S' v S! is associative (up to homo-
topy), in other words, that the diagram

\%
§l—————stvs!
\% 1Vvv

Stx sl ———=slvstvs!
vVvl1

commutes up to homotopy (that is to say (1V v)v ~ (vV 1)v). In fact, for every
2mti 1
e’ es§,

, (e, €0,e*™1)  0<1<y

(1v v)v(eZm‘z) ={ (ep, 2m2(2t— 1) eO) % <t< %
(e0, €0, 2P U300y 2 <4 <]

, (eo,e0,e™1)  0<r<j
(v\/l)v(eM”) — (00,62”(4t_1)i ) % <r< %
(€27 Vi eg,e0) § <1 <1

! Intuitively, the loop # is the loop f, but traveled in the opposite direction.



VI.1 Fundamental Group 197

The function
H: S'x1—s'vs'vs!,

defined for every (¢*™ s) € S' x I by the formula

- (eo’eo’e2n(2s+2211’) 0<t< %
H(827m’s) _ (e0’62n’[4tf2(17‘7)]1’e0) % <t< %
(62n[4(17%)(t71)+]]i’eo’eo) % <r<1,

is the desired homotopy.

We now prove that the multiplication x is associative. We have to prove that
(Vf,g,h € Top,(S',Y)) 6(c(fVg)VVh)V~a(fVo(gVh)v)v.
In fact, the associativity of v implies
o(lyvo)(fvgVvh)(lVv)v~c(oVly)(fVgVh)(vVI1)v;
on the other hand,
o(lyvo)(fvgvh)(lvv)v=0oc(fVo(gVh)v)v
o(oVly)(fvgvh)(vv1l)v=0c(c(fVg)vVh)v.

The homotopy class [c] of the constant function at the base point yg € Y is the
identity element of [S',Y].. We first prove that, if i : S' v §! — §! x S! is the inclu-
sion map and A: S' — S' x S! is the diagonal function e**! — (&2™i ¢*™1), then
iv ~ A; in fact, this assertion is ensured by the homotopy H: S' x I — §' x §!

{ (eZMSi,eZIr(t(Zfs)i) 0

1
2mti i
H(e*™ 5) = (ezﬂ[zzflﬂ(l—t)]i’eZE(szH—s)i) 21

IAIA

t
t

IA IA

1
2
We then conclude that, for every based map f: S' — 7,

o(fVe)v=o(fxcliv~o(fxc)A=f
o(cVflv=o(cx fliv~o(cx f)A=f.

2mti
9

Finally, we prove that every [f] € [S!,Y]. has an inverse. Indeed, for each *™’, we

define h: S' — Y by h(e?™) = f(e**(1=9%) and note that

. (22 o<t<l
G(fVh)v(e nrtt) = {h(ezn(2t—1)i) % <t < 21;
the function
Yo 0<t<3
‘ =iy s <p< ]l
H(ezn”,s) = f(ezn(272t7s)i % << %*X
fle ) gf ts 5
Yo 7 ost=l
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is a homotopy o (f V h)v ~ c; therefore, [h] is a right inverse of [f]. Similarly, we
prove that [A] is also a left inverse of [f].

The group [S', Y], := (Y, yo) is the so-called fundamental group of Y (relative
to the base point yg). We leave to the reader the proof of the following result:

(VL.1.2) Theorem. The construction of the fundamental group defines a covariant
functor
n: Top, — Gr.

By its definition, it is intuitive that the fundamental group of a space depends
generally on the base point (see Exercise 1 on p. 210). We recall that two points
Yo,y1 €Y are joined by a path in Y if there is amap A: I — Y such that A(0) = yo
and A (1) = y;. The product * may be easily defined also by the composition of two
paths A and u, whenever A (1) = u(0), by setting
A(2t) if 0

(Awp)(r) = {M_I) )

For simplicity, we often write AL = A * .
The following theorem holds true:

(VL.1.3) Theorem. Let yy and y{ be two points of Y joined by a path A.: I — Y.
Then A gives rise to a group isomorphism

¢7L: ”(YJ’O) - E(Yayl)'

Proof. The homomorphism ¢, is given by

(V£ € m(Y,0) @2 ([f]) = A7 % (£ )]

and its inverse ¢, ! is defined by
(V[g] € m(¥.y1)) 92" ([g] = A% (g+27")]
with A=1(¢) = A(1 —t), for every ¢ € I. The result comes from
ATA ~ ey and AL ~ ey

(VL.1.4) Corollary. The fundamental groups of a path-connected space do not de-
pend on the base point (that is to say, they are isomorphic to each other).

In general, two different paths of Y joining two points yg, y; € ¥ produce two
distinct isomorphisms between 7(Y,yo) and 7(Y,y); the next result tells us when
two paths will produce the same isomorphism.

(VL.1.5) Theorem. Let A,u: I — Y be two paths such that A(0) = u(0) = yo and
A(1) = u(l) =yy. Then,

¢ =0y = [Axp"']€Zn(Y,y)

where Zr(Y,yg) is the center of the group m(Y,yo).
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Proof. Let us suppose that ¢; = ¢,. Then, for every [f] € 7(Y,y0),

?L*'*f*?twu*'*f*u
Y Y I TNy Ty
(Wed s fe(hsu™) ~

since (U A=)~ =24 xu~", we have that

[r@Qep )~ (e« f

and therefore
(A p'] € Zr(Y,y0)-

Proving the converse is equally easy.

(VL.1.6) Corollary. The isomorphism ¢, : n(Y,yo) — ®(Y,y1) associated with a
path A: I —Y from yg to y; does not depend on A when ©t(Y,yy) is Abelian.

VI.1.1 Fundamental Groups of Polyhedra

There are no fixed rules for computing the fundamental group of an arbitrary-based
space; there is, however, a practical and efficient method for computing the funda-
mental group of a polyhedron based at a vertex. The reader is advised to review
the material on simplicial complexes and their geometric realizations, also because
of the notation. We recall that, by Lemma (V.2.6) on p. 186, there exists a one-
dimensional subcomplex of each connected finite simplicial complex K that con-
tains all vertices and whose geometric realization is contractible; such a subcomplex
is a spanning tree and is such that:

1. dim(L) = 1.
2. L contains all vertices of K (that is to say, X =7Y).
3. The polyhedron |L| is contractible to a point.

(VI.1.7) Theorem. Let K = (X, @) be a connected simplicial complex with a fixed
vertex ag and let L= (Y,0) be a spanning tree in K. Let a symbol g;; be associated
with every 1-simplex {a;,a;} € @ and let S be the set of all symbols g;; obtained in
this manner; let

R={gij|{ai,a;} € ©}U{gijgjxgki|{ai,aj,ar} € D}.

Then, t(|K|,ao) is isomorphic to the group Gp(S;R) generated by the set S with the
relations R.
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Proof. First of all, let us order the finite set of the vertices of K:
apg<ap <...<day.

Then, each p-simplex ¢ of |K| may be written as

o= {aim...,aip}.

We now consider an arbitrary element [f] € w(|K|,ag) represented by the loop
f: S' — |K|[; by the Simplicial Approximation Theorem (II1.2.4), there is a simpli-
cial function

g: (SH -k

such that, after identifying (S')(") with S', |g| ~ f. Thus, the homotopy class [f]
can be represented by a loop based at ap and consisting exclusively of 1-simplexes
of K. We now define a homomorphism

y: n(|K|,a0) — Gp(S;R).
For each 1-simplex {a;,a;} of K, we define the symbol

e i if{aiaj} € KNL
Yl if{aiajf €L

we use these symbols for defining y on any element [f] € (|K|,a); in fact, f may
be represented, up to homotopy, by a closed path of 1-simplexes

o= {ao,ai}{aivaj} . {axao},

and so, we define
V([f]) := hoihij ... luo € Gp(S;R).

It is necessary to prove that y is well defined, in other words, that two simpli-

cial maps f and f': S' — |K|, represented by two closed paths of 1-simplexes

o = {ag,ai}{ai,a;}.. . {ax,ao} and o = {ay,ai}{a;,d’} ... {a;,ap} with ag = ao,

induce the same element y([f]) = w([f’]). By the Simplicial Approximation
Theorem (II1.2.4) (on p. 113), it is possible to suppose that the homotopy between
f and f’ is given by a simplicial map. The equality between hoh;; ... hyo and
hoihi; - . - by will follow after applying the relations in Gp(S;R) a finite number of
times.

Reciprocally, we define a group homomorphism

¢: Gp(S;:R) — n(|K],a0)
as follows: let {a;,a;} be the simplex associated with the generator g;; € S; since L
contains all vertices of K, we choose two paths in L originating at ag:

1. o, path in L from ag to a;
2. aj, pathin L from ag to a;
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We now define
¢(gij) == [oi{ai,a;}o; ).
Notice that ¢ is independent from the choice of ¢; and ¢t;: a path of 1-simplexes
contained in L is contractible because L is contractible; hence, if (xl-’ and o were
new paths of 1-simplexes from qy to a; and a}, respectively, we would have o; ~ ai’
and o ~ aj’» for they are contractible.
Suppose {a;,a;,ax} to be a 2-simplex of K; then

0 (2i))0(20)9(gui) = [et{ai,a;}o; Ne{aj, ac oy ow{ay, ai} oy ']
= [O‘i‘xiil] =1
and so ¢ may be extended to a group homomorphism.
Now, for every generator g;; of Gp(S;R),
vo(gij) = w(loi{ai,aba; ') = gij

as the paths ¢; and a; consist of 1-simplexes of L (see the definition of ¢). There-
fore,

Vo = lgpsir)-
On the other hand, for every 1-simplex {a;,a;} of K

ov(loifar,a;bo;']) = lo{ai,a} o]

(here oy and «; are paths of L taken accordingly to the definition of ¢). Therefore,
for a closed path of 1-simplexes

o ={ag,ai}{ai,a;} ... {ax,a0},

we may write

ow(a) = ow([an{ag,ai}o; '])... ow([ou{ar, a0}y '])
= [oco{ao,ai}ai’l] - [ak{ak,ao}ao’l] =q,

and so ¢l[/ = 171'(|K\7£10)'
We now compute the fundamental groups of some spaces by way of examples.

(VI.1.8) Example (n(S') = 7). We triangulate the circle with the simplicial com-
plex K of vertices ag,a;,a; and 1-simplexes

{ap,a1},{a1,a2} and {ay,a}.

Here, we have the spanning tree |L| given by the two simplexes {ag,a;} and
{ay,a,}. Hence, by Theorem (VI1.1.7), (S',ag) has only one generator.

(VL1.9) Example (77:(S2) = 0). It follows directly from Theorem (VI.1.7), when
we triangulate S? as the boundary of a tetrahedron.
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(VL.1.10) Example (7(S' v S') is the free group with two generators). This group
is not Abelian. It is an immediate consequence from Theorem (VI.1.7), when we
triangulate each circle as the boundary of a triangle.

(VL1.11) Example (n(T?) = Z x 7). We consider the triangulation of a torus with
9 vertices, 27 edges, and 18 faces (see figure in Sect. II1.5.1). The spanning tree |L|
is given by the geometric realizations of the following 1-simplexes (to simplify the
notation, we omit curly brackets and commas between two vertices):

01,12,23,34,46,65,57,78
Sixteen of the twenty seven generators g;; become the identity in n(T?,0):
801,805,812,815,816, 823,826 834,836,846, 848,856, 857,858,868, 878>
but there are also the relations

802828880 and g17g874841-

All this leads us to the conclusion that we only have two generators in the funda-
mental group that are not reduced to the identity: go, and g,g; besides,

202828(202) "V (g28) "V =1

in 71:(T2,O) which is, therefore, isomorphic to Z & 7.2

2

0
\V Fig. VI.1 A triangulation of

1 the real projective plane

(VL1.12) Example (77:(IRP2) & 7). Let us consider the triangulation of the real
projective plane with 6 vertices, 15 edges, and 10 faces, as in Sect. III.5. The span-
ning tree |L| is given by the geometric realizations of the following 1-simplexes:
01,12,24,43,35, as shown in Fig. VI.1. In this example, the generators

801,803,812,813,814,824,834,835,845

2 Another way to prove this result is as follows: if X and Y are topological spaces, then the
fundamental group of the product X x Y coincides with the direct product of the fundamental
groups 7(X) and 7(Y) (see Exercise 3 on p. 210).
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are reduced to the identity of the fundamental group; besides,

802 = 804 = 805 = 815 = 823 = 825

and so we have only one generator, let us say, g5, but with the property (g15)> = 1
in 7(RP?,0).

Theorem (VI.1.7) enables us to compute the fundamental group of a path-
connected polyhedron, but at a price: indeed, the number of generators and relations
may be excessively large. So, we try to obtain results in a more economical way;
with this in mind, let us consider a few things.

In Sect.1.2, we have proved that the category of groups is closed by pushouts.
We now review this assertion. Let G| and G, be two groups given by generators
and relations

G1 = Gp(Sl,Rl) and G2 = Gp(Sg,Rz);

We now consider the homomorphisms f: G — G| and g: G — G, and form
the pushout of the pair (f,g) to obtain the group Gy *s4 Go. This group is ac-
tually isomorphic to the group presented as Gp(S; U S»;Ry UR, URy ), where
Rrqe = {f(x)g(x)~!|x € G}. By definition of pushout, the group G 1, G, has
the following properties:

1. There exist two homomorphisms

such that fg = gf
2. For every group H and homomorphisms

h: Gt - Handk: G — H
such that i f = kg, there exists a unique homomorphism
0 Gl *f,g G2 — H

such that
(f=kandlg=h

Specifically, if G = 0 then f = g =0, Ry, = 0, and the group
G1#00Gr = Gp(Sl US2: Ry URz)

(also denoted by the symbol G| * G) is called free product of G| and G».
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(VI.1.13) Theorem (Seifert—Van Kampen). Let |L| and |M| be two path-connected
polyhedra such that LN M| is path-connected and not empty. Let ay be a vertex
shared by both polyhedra. The diagram

m(iL)
m(|[LNM|,a0) ——— =(|L|,a0)

7 (ip) 7(ing)

-

n(|M|,a0) ———= = (|LUM],a0)

m(iL)

(where iy and iy are the inclusion maps) is a pushout.

Proof. We extend a spanning tree |A(LNM)| of |LNM] to the spanning trees |A(L)]
and JA(M)| of |L| and |M|, respectively; the union

A(L)|UIA(M)] = [A(LUM)]

is a spanning tree of |[LUM| and so, by Lemma (V.2.6), it contains all vertices
of LUM.

We now order the vertices of LU M; this automatically gives the vertices of L and
of M an order. By Theorem (VI.1.1), we know that (|LUM]|,ap) is generated by the
elements g;; corresponding to the ordered 1-simplexes {a;,a;} of LUM ~A(LUM),
with the relations g;;g jxgx; relative to the ordered 2-simplexes {a;,a;,a;} of LUM.

On the other hand, the pushout of groups 7(|L|,a¢) and (|M|,aq) relative to the
homomorphisms

n(iy): m(|LNM|,a0) — n(|L],ap),
n(im): w(|LUM|,a0) — n(|M],a0),

is determined by the generators g;; and h;; corresponding, respectively, to the
ordered 1-simplexes of L\ A(L) and M ~ A(M), with the relations g;;g xgxi,
hijhjkhki and
(i) gij (7 (in)hji) !
whenever g;; = h;; in LN M.
It is now easy to realize that the group 7(|[LUM]|,ap) described as above in terms
of generators and relations coincides with the pushout in question.

(VL.1.14) Corollary. If t(|JLNM|,ap) =0, then n(|LUM|,ay) is the free product
7 (|L], a0) * (|M], ap).

Let us consider a few things before we turn to another result. Let |K| be a con-
nected polyhedron and let o be a closed path, based at a vertex ag € K, that may be
represented by the sequence of 1-simplexes:

a:{ao,al}.{al,az} ..... {an,ag}.
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We take a disk D? with center ¢ and divide its boundary dD? into n + 1 parts by
means of the (distinct) points by, ...,b,. Let D = (¥, ¥) be the simplicial complex
with vertices

Y ={c,bo,...,bu}
and simplexes
¥ ={c,bo,...,by;bob1,b1bs, ... ,byby,cby,cby,. .. cby,
cboby,cbiby, ..., cbyby}

(we omit the curly brackets for the simplexes). The one-dimensional simplicial com-
plex dD formed by the simplexes

{bo7 e ,bn;bobl ,b]bz, cen ,bnb()}
is a subcomplex of D; note that
|D| = D? and |9D| = 9D* =~ §'.

The construction is nothing but a cone (with vertex ¢) on a simplicial subdivision of
S'. We now consider the simplicial function

f:dD—K, (Vi=0,1,...,n) f(b)) =a;

and an adjunction space X defined by the pushout

|1

§' = |9D| —— K]

D*=|D| ——X

/]

With these conditions we have the following:

(VL.1.15) Theorem. The fundamental group n(X,ag) of the space X, obtained
by adjoining a 2-cell to |K| by means of the path o, is obtained from the group
n(|K|,a0) together with the relation defined by the homotopy class of the same
path a.

Proof. We consider the barycentric subdivision of the triangulation of D? just de-
scribed, in other words, before gluing D? to K, we refine the triangulation of D? by
adding 2(n + 1) new vertices

C07C17"'acn; d07d17~~~7dn
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to the simplicial complex D, where each ¢; is the barycenter of the simplex {c,b;}
and each d; is the barycenter of the triangle {c,b;,b; 1} (here the index i =0...n is
understood as modulo n). See in Fig. V1.2 such a subdivision, for n = 6. Let then

by by
dy
C ‘1
d; ° 4
b C3 ) by
dy d,
4 Cs >
b 45 ‘ Fig. VI.2 Barycentric subdi-
4 bs vision of D?

M = (Z,0) be the simplicial complex of the barycentric subdivision.

The space obtained by gluing |[M| =2 D? to |K| is still X; note that, naturally, X
may be viewed as the geometric realization of an abstract simplicial complex W. We
now consider the 2-simplex o = {by, co,dp} (indicated in Fig. VI.2) and the pushout

i
W~ o|n|o] —2— W o]

ic I

=

o] X

iW\G
By Theorem (VI.1.13), we conclude that (X, ao) is a pushout of the diagram

7 (iw
n(|W ~ o|n|ol,a0) ﬂ 7(|W ~ o], a0)

7(is)
7(|o|,a0)
and thus (X, ap) is obtained from the free product
n(|ol,a0) * m(|W ~ ol,a0)

together with the relations

n(iW\G)(C)(n(iO')(C))ila
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¢ being the generator of 7(|d 0|, ap) (notice that
W~ oln|o|=|do|

and that do is the one-dimensional simplicial complex defined by the 1-simplexes

{bo,co}, {co,do}, and {do, bo}).
Since 7(|o|,a0) = 0, the matter becomes much simpler: 7(X,ap) derives from
(|W ~\ o|,ap) together with the relation

we(iw~o)(c) = {bo,co}|-[{co,do}|.[{do, bo}|-

The only thing left to do now is to compute the fundamental group of |W \ &|. To
this end, we consider the barycenter b(c) of ¢ and the radial projection of |D \ o|
on |dD|; we obtain a retraction that extends to a strong deformation retraction (see
the definition given in Exercise 2 of Sect.1.2)

F: |W~o|— [K|

where F (|{bo,co}|-[{co,do}|-l[{do,bo}|) = a. We conclude the proof by noting that
F induces an isomorphism among the homotopy groups concerned.

Let us recalculate the fundamental group of the real projective plane without us-
ing so many generators and relations as we did when we applied Theorem (VI.1.7).
We know that RP? is obtained from a disk D? by identifying the antipodal points of
the boundary dD?; in other words, RP? is a pushout of the diagram

f

st ——— !
g
D2

f: Sl —>Sl ’ eiG '—>€2i6.

We have only one generator (that of 7(S',ag) given by the closed path o) and only
one relation o/2; therefore, w(RP?,a9) = Z,.

VI.1.2 Polyhedra with a Given Fundamental Group

We intend to prove that, for every group G given by a finite number of generators and
relations, there exists a polyhedron whose fundamental group is G. More precisely:

(VL.1.16) Theorem. Let G = Gp(S;R) be a group with generators S ={g1,...,8m}
and relations R = {ry,...,r,}. Then there exists a two-dimensional polyhedron |K|
such that

7[(|K‘ s ao) =G

for some vertex ag € K.
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Proof. For each generator g;, we take a circle S,-1 with a base point ¢; € S,-l, i=
1,...,m. We consider the set

y=slvsiv...vsl

of all m-tuples (xi,...,x%,) € S} % ...S} with no more than one coordinate x; dif-
ferent from its base point ¢;; we give Y the base point ag = (ey,...,en) and the
topology induced by the topology of the product space S } X ...x Sl We pause here
to interpret Y in another way. We consider the pushout

i
{x} ——— ]

i I
|_

S$———2
i

(with ij(x) = ¢}, j = 1,2); note that Z = S} v S} and, by induction, also S} v S1 Vv
...V S} may be viewed as the pushout space of an appropriate diagram. Besides,
we observe that, due to Corollary (VI.1.14), 7(S} v Si,a0) is a free group with
two generators and, in general, n(S} vSiv... v S ag) is a free group with m
generators.

We now return to our theorem. A relation, let us say, r; is a word

1.8 €p
rj —bil ...bip

with & = 41; we define a function
fi: St —,

corresponding to the word r;, as follows: since the word r; has p letters, we divide
S!into p equal parts; the gth arc is completely wrapped around the component S il,,
of Y, clockwise if €, = +1 and counter-clockwise if €, = —1. Analytically, such a
function is described as follows:

i(p6—2(q—1 e
fj(eie) _ e’F” 7(4 )) %f g =1
¢i(24m—p8) ife;=—1,
where 2(q—1)1t/p < 08 <2qn/p, 1 < q < p (look up the function f: S' — §' used
for computing the fundamental group of the real projective plane, just before this
subsection).



VI.1 Fundamental Group 209

We now construct the pushout

v
ow=v_ st~y

J

In other words, we construct a space X by gluing n two-dimensional disks D% toY
by means of the functions f; , j =1,...,n, one for each relation r;. .

We may consider the space Y as the geometric realization of a one-dimensional
simplicial complex with 2m 4 1 vertices

L1 12 20
ap;a;,ay;ai,as;...;dy,ay

(the vertices a',a) correspond to two distinct points of S}, agp = (e1,...,en)), and
3m 1-simplexes

{ao,ai} {a1,a}, {ag,a0}:...:{ao,al'} {al' a5’} {a5' a0}

(each group of three 1-simplexes corresponds to a circle). After this, we view
the disk D%, that corresponds to the relation r; given by a word of length p, as
a regular 3p-polyhedron, j = 1,...,n. In this manner, the disk D? is glued to Y
— as we did in Theorem (VI.1.15) — by means of the closed path of geometric
1-simplexes

7i = ({ao.ay }.[{ay a3 }-{a3 a0} ) ... ({ao,a) }|.[{ay' a3 }.[{ay ;a0 } ).

On the other hand, the fundamental group of Y is the free group generated by g;,
i=1,...,n where each g; equals the homotopy class of the closed geometric path

[{ao, a1 }|.[{a}, a5} |.[{a}, a0} .
We conclude the proof by applying Theorem (VI.1.15).

Theorem (VI.1.16) may be used backward for computing the fundamental group
of certain two-dimensional polyhedra: actually, if a polyhedron |K| is constructed
as in the theorem, we have at once the generators and the relations that de-
fine the fundamental group of |K|. For instance, let |K| = T2 be the torus; if
we use the triangulation given in Sect.IIl.5.1 and indicate the sides 01,12,20
and 03,34,40, respectively, with a and b, we see that (7?2,0) is the group de-

fined by the generators a,b and the relation aba~'b~!; therefore, m(T2,0) =
7, x 7.
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Exercises

1. Let X be the space defined by the union of the unit circle S' and the closed
segment [(4,0), (5,0)]; take the vertices ap = (1,0) and a; = (4,0). Prove that the
fundamental groups of X based at ag and a; are not isomorphic.

)

2.Let f: (Y,y0) — (X,x0) be a homotopy equivalence. Prove that m(Y,yo)
ﬂ'(X,X()).

3. Let (X,x9) and (Y,yo) be two topological-based spaces. Prove that 7(X x ¥,xg X
yo) = E(X,X()) X 77:(Y,y0).

V1.2 Fundamental Group and Homology

Let * be a generic base point of either n72 or nRP?; by Theorem (VI.1.15),
n(nT? %) = Gp(ay,by,a2,by, ... an,bpsaibla; 'by' .. aibha, b, ")
n(nRP? %) = Gp(ay,a,...,ap;alal ...alal).

For n > 2, these groups are not Abelian; to better understand whether they are
isomorphic, we resort to a little algebraic trick: we abelianize them. An element of
the form ghg~'h~! of a given group G is called a commutator of G; the subset of G

[G,G] = {x € Glx=ghg 'h!, g,h € G}

is a normal subgroup of G known as the commutator subgroup of G and is the
smallest subgroup H of G for which G/H is Abelian. The Abelian group G/[G,G]
is called the abelianized group of G.

(VL.2.1) Lemma. A group homomorphism ¢ : G — H induces a homomorphism
¢:G/[G,G] — H/[H H]
such that the following diagram commutes:

¢

G—H

G/[G,G]TH/[H,H]

Moreover, if ¢ is an isomorphism then also ¢ is an isomorphism.
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Proof. We define the homomorphism

¢(¢+1G,G]) = o(g) +[H,H]

for every g+ [G,G] € G/[G,G].
Let us go back to the surfaces. The abelianized group of G = m(nT?,%) is the
group generated by the elements
ai,bi,ax,ba,...,an,by,
together with the set of relations
R={aibia;'b;"...albla, b, s xyx "y x,y € G
hence,

n(nT?,%)/[w(nT? %), w(nT?, )] = Z*".

On the other hand, the abelianized group of H = m(nIRP?, %) is the group pre-
sented as Gp(S;R) where

S={a,az,...,a,}
R={ala}...alal} U{xyx 'y x,y € §};

therefore, the abelianized group of H is an Abelian group generated by the elements
ai,ay,...,a,
together with the relation
2@ +ay+...+ay) =1
and thus, by setting h = a; + ...+ a,, we have
n(nRP? %)/ [m(nRP? %), t(nRP?, %) = Gp(ay,. .. ,an_1,h;2h) = 2"V x 7.

Since Z?" and Z"~! x Z, are not isomorphic, we conclude that the two fundamental
groups 7t(nT?, %) and m(nRP?, %) are not isomorphic. By the way, this conclusion
proves once more that n72 and nRP? are not homeomorphic.

What is interesting to note is that the abelianized groups of the fundamen-
tal groups of nT? and nIRP? coincide with the corresponding homology groups
H;(nT?;Z) and H,(nRP?;Z). Hence, it is reasonable to ask whether this is merely
a coincidence or it is a fact that holds true for specific types of polyhedra; the answer
to this question is found in the following result:

(VL.2.2) Theorem. The abelianized group of the fundamental group of a connected
polyhedron |K| is isomorphic to Hy(|K|;Z).
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Proof. Since K is connected, we may neglect writing the base point and simply refer
to 7(|K|). We define the function

¢ : n(|K]) — H(|K[;Z)

as follows: let [z] be a generator of H;(S';Z); then,

(VIf] € =(IKD)o([f]) := Hi(f3 Z)([z])-

This definition is independent from the representative chosen for the homotopy class
[f]- We now wish to make sure that ¢ is a group homomorphism. In fact, for every

[f],[e] € =(IK]),
o(f] % [8) = o([o(£ v &)V]) = o([f]) + ([s))

because
H(v;Z) : H (S, Z) — H,(S' VS, Z) = H\(S";Z) & H, (S"; Z),

(2] — ([z], [2])s
H\(fVgZ):H (S Z)®H (S Z) — H\(K|;Z) & H,(|K

H\(fVg:2)([2], [z]) = (H(f;2)([2]), Hi (&: Z)([2]));
Hi(0:Z) - Hi(|K|V |K|;Z) — H:(|K]; Z),

(Hi (3 Z)([2]), H1 (8:Z)([2])) = Hi (f3Z)([2]) + Hi (g: Z)([2])-

The homomorphism ¢ is surjective: in fact, let ¢ = 3; m,-c{ be a 1-cycle of the
one-dimensional C (|K|;Z). We take a vertex  of |K| as the base point of 7(|K]|);
for each 1-simplex o} of ¢, let 6} (0) be its first vertex and o} (1) its second one;
since K is connected, for each 1-simplex o} of c, there is a path of 1-simplexes lé
(respectively, A) that joins * to of(0) (respectively, of(1)). The homotopy class
of the loop AJ.0i.(A{)~!, obtained by composition, is an element [f;] € 7(|K],*);
hence, with a suitable triangulation of S!, we may say that

o(xi (F)") = X mi{ag.ol.(A) "'},

s Z.),

However, since |K]| is connected, each Aj.01.(4])~! is homologous to ¢! and so, ¢
is surjective.
The surjection ¢ : n(|K|) — H;(|K|; Z) is easily extended to a surjection

¢ :n(|K)/[=(IK]), =(|K[)] — Hi(|K|;Z).

We now prove that @ is injective. Let us suppose [f] € m(|K]|) to be such that
o([f]) =0 € H|(|K|;Z); then, ¢([f]) is a boundary

o(1f) =0 (zmioi2> .
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We now set the rule that, for every 0'i2, Fl’ (G,-z) is the jth-face of O'iz; in this manner,

&r(07) = F(07) ~ F'(07) + F2(07).

Similarly to what we have done before for k = 0, 1,2, let 1X(0) (respectively, A5(1))
be a path of 1-simplexes of |K| that joins * to the first (respectively, second) vertex
of F¥(6?7); we now associate the loop ;, defined by the composition of loops

A0(0)-F2(02). (A (1)) % AL0).F (7). (A (1)1 X A2(0).F3(02).(A2(1) ",

1

with every 2-simplex Giz (see Sect. VI.1 on p. 195). On the other hand,

U]+ RO, 7 (KD = [7 ()] + [=(K1), 7 (1K)

and, since every f; is homotopic to the constant loop because |0} is contractible,

[f] € [=(IK), =(IK])).

VI.3 Homotopy Groups

The fundamental group 7(Y,yo) of a based space (Y,yo) € Top,,, henceforth denoted
by 7 (Y,y0), is the first of a series

{ma(Y,y0)|n > 1}

of groups associated with (¥,yg). All these groups, called homotopy groups of Y
(with base point y) are homotopy invariants; in addition, we shall prove that, for
every n > 2, all groups 7,(Y,yo) are Abelian, even if 7, (¥,yo) may not be Abelian.
As we have seen before, the principal tool in constructing the fundamental group

of a based space is the comultiplication
, 2m2ti <
v: St stvst, i { E:g;th*l)?,eo) (%)zt’
The comultiplication v, that we now indicate with vy, has a very simple geometric
interpretation: it is essentially the quotient map obtained by the identification of the
points (1,0) and (—1,0) of the unit circle S!. We may pursue a similar idea for
defining a comultiplication in a unit sphere " C R"*!, for n > 2: let §"~! be the

intersection of S” with the hyperplane z,,;; = 0 and let

gn: S"— 8" /5"
be the quotient map; then, the comultiplication

Vp: ST — S"VS"
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is precisely the composite map of g, and the homeomorphism
S"/Sn71 SENAVAYL

We have previously defined v through a formula that we shall now generalize, know-
ing that the sphere S” is homeomorphic to the suspension of §"~! (see Sect.1.2); in
fact, if we identify §” with £5"~! and then write the points of $” as t Ax, where r €
and x € §"~!, we have the comultiplication

Vp: S" — "V S”
V£ Ax) = (e0,2t Ax) 0<
" o ((Zt—l)/\x,eo) % <

(here eg = (1,0,...,0) is the base point of S™).
The following properties of the comultiplication v, stated here as two lemmas,
are of a particular interest.

(VLI.3.1) Lemma. For every n > 1, the comultiplication v,,: S" — §"V §" is asso-
ciative up to homotopy, that is to say, the maps (1gn V v,,)v,, and (v, V 1gn) Vv, are
homotopic.

Proof. The desired homotopy is given by the map
H: S"xI—S§"VvS"VS"

such that, for every (f Ax,s) € 8" 1 x 1,

(25 Ax,e0,€0) 0<r<sH
H(tAx,s) =4 (eo, (4 —s—1)Ax,eq) 3L <r <42
(e0, €0, 4552 A x) H$2 <<,

(VL.3.2) Lemma. For every n > 1, the comultiplication v,,: S" — §*V §" is a ho-
motopic factor of the diagonal map A: §"* — S" x §"; in other words, the maps 1v;,
and A are homotopic (1 is the inclusion of S" V S" in the product S" x S").

Proof. The homotopy tv, ~ A is given by the map
H: S"xI—S§"xS§"

(t(2—5) Ax,t8 AX) 0

) B <
(rAx,s) = { ((st+1—5)Ax,(2t—1+s(1—1))Ax) § <

As in the case where n = 1, we define the multiplication

Vn
X1 ST Y], % [S", Y], — [$", Y]

(V1. [¢] € [8".¥1.) [£] X [g] = [0(f V )il
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for every n > 2 and for every (¥,yo) € Top,; also in this case, the definition does
not depend on the representatives of the homotopy classes [f] and [g].

Vn
(VL.3.3) Theorem. The set [S",Y]. with the multiplication X is a group.

Vn
Proof. The associativity of x stems from v, being homotopy associative (see
Lemma (V1.3.1)): indeed, for every f,g,h € Top, ((S",e0), (Y,y0)),

o(lyvo)(fVvgVh)(IgaVv,)v, ~o(oVly)(fVegVh)(v,Vig)v,
and the equalities

o(lyvVo)(fvgVh)(leVvy)v,=0c(fVo(gVh)v,) v,
o(oViy)(fVgVh) (vpVig)v,=0c(a(fVg)vuVh)v,

are also valid.
The homotopy class [c] of the constant map

c: S"—=Y  tAx— Y

is the identity element for the multiplication defined in 7, (Y,yo): in fact, for every
f € Top,((S",e0),(Y,y0)) and by Lemma (VI.3.2), the following homotopies:

o(fVe)vu=0o(f xchv,~o(f xc)A =],
o(cVivu=0o(ecx livy~o(ex flaA=f

hold true.
As for the inverses, we proceed in the following manner. Let [f] € 7,(Y,yo) be
an arbitrarily given element. We define

h: 8" =Y  tAx— f((1—1)Ax);

note that, for every r Ax € §",

[ f(2tAx) 0<r<l
O(fVR)valt Ax) = {h((Zt— DA L<r<l
The homotopy
Y0 OStS%
) f((2t—s)Ax) 5<t<5
HEA%S) = b2 21— s)nx) T <s< 28
Yo Ss<r <]

shows that [A] is the right inverse of [f]; similarly, one proves that [A] is also the left
inverse of [f].
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The group
(Y, y0) := [S",Y]*

is the nth homotopy group of the based space (Y,yy); the homotopy groups 7,(Y,yo)
with n > 2 are also called higher homotopy groups of (¥, y).

The next lemma characterizes the maps f: (S",e9) — (¥,yo) that are homotopic
to the constant map and thus characterizes the unit element of the group m,(Y,yo);
here the reader is asked to return to Exercise 2 of Sect.1.2 to review at least the
definition of contractibility of a space. Note that the sphere S” is homeomorphic
to the geometric realization of the simplicial complex G, (G, is an (n+ 1)-
simplex).

(V1.3.4) Lemma. A based map

i ‘&n+1| —Y;
may be extended to |G,11| if and only if f is homotopic to the constant map.
Proof. Let us suppose f to be extended to a map

fi Gl —Y.

Since |G, 1| = D! is contractible, the identity map of |G, | onto itself is homo-
topic to the constant map c; let

H: [Gui1] x I — [Gur1]

be the homotopy, which joins 15— and ¢. The composite map

. 1 x 1y H f
Opp)t X[ — |Gn+1‘ xI |Gn+1| Y

is a homotopy from f to c.
Let us now suppose that

G: |G| XTI —Y

is a homotopy from f to c. Since the pair of polyhedra (|G, 1]|,|Gn11]) has the
Homotopy Extension Property (see Theorem (II1.1.7)), there exists a map

H: [Cpi| xI—Y
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such that the following diagram is commutative:

. l‘&VH»I‘ x l() .
|0-n+1‘ X {0} E— |0-n+1‘ x1
1 X 1{0} 1 X 1{0}
13, 10 G

|Gn+1‘ X {0} — |Gn+1‘ x1I

Y

The restriction of H to |6,11| X 1 =|6,+1] is the desired extension of f.

Our next lemma is important to the proof of the two theorems that follow it.

(VL.3.5) Lemma. For every n > 1, the function
h: Z(§"VS") — ZS"VES"
such that, for everyt € [ and x € §",
h(t A (x,e0)) = (t Ax,ep), h(t A (eg,x)) = (e, Ax),
is a homeomorphism; moreover, the maps V,+1 and (hX)Vv, are homotopic.

Proof. The definitions are such that, for every t As Ax € y2gn-lo ygn

[ (tA2sAx,ep) Oﬁsg%’
h(Zv,)(t AsAx) = { (e0,t A(2s—1)Ax) §<s<1,
(2t AsAx,ep) 0§S§%7

t =
Va1 (t AsAx) {(eo,(Zt—l)/\s/\X) % <s<1.

We now define the following functions:

L []: R* — R, |(y1,y2)| = max(|y1],[y2]), for every (v1,y2) € R?
2. Forevery o € [—1,1],
po: R?—R?

2 _ (cosaf —sinaf i
(90102 € B2) puln 32) = (Gmerd connt® ) (3]

3. po: R? — R?

(V(y1,32) € R?) po(y1,y2) = %P(X()ﬁa)@)
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4. R, P —1P

S (ORI

The function p, may be geometrically described as follows: given a vector ¥ =
(v1,y2) € R2, let r = |(y1,y2)|; the point (y;,y,) belongs to the boundary of the
square Q, with vertices (r,r), (—r,r), (—r,—r), and (r,—r); we rotate the half-line
(0,0) , (y1,y2) through an angle a%, ending up with a half-line that crosses Q, at
the point pg (v1,y2). With this description in mind, we shall say that pg is a square
rotation of R* with center at (0,0) and through the angle a:%. It follows that R}, is a
square rotation of > about (4, 1) and through the angle aZ; therefore, R}, induces

a map

Ry: Zxs" ! — x5!
(VsAtAx € ZZS" V) Ry(s At Ax) =R, (s A1) Ax.

The homotopy
F: 328 I x— 3291y 321

that we seek is the following composition:
(Vuel) F(—,u) = (R_yVR_){h(ZV,)}R,.
(VL.3.6) Remark. Notice that by iteration
Var1 ~ (hZ)"vy.

We recall that the symbol QY indicates the space of paths of a based space (Y, yg)
(see p. 32).

(VL.3.7) Theorem. For every n > 2 and every (Y,yo) € Top,, the groups m,(Y,yo)
and m,_1(QY,cy,) are isomorphic.

Proof. We know that every based map
fistezsl oy

has an adjoint map _
fsvl L Qy

such that, for every x € $"=1 and everyt €1,
{F()}(1) = £t Ax).
In Sect. 1.2, we have seen that the function

@: M. (ZX,Y) = M.(X,QY), frf
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is a bijection for every pair of based spaces X and Y'; this result extends itself to the
sets of homotopy classes (see Exercise 3 of Sect.1.2): the corresponding function

[D]: [ZX,Y]. — [X, QY]
is a bijection. We need then to prove that the bijection of sets
[(D} : nn(Yv)’O) - nil*l(vacy())

is a group homomorphism; in other words, we must prove that

Vn — Vn—1

[@]([f] x [e]) = /] < [g]

for any [f], [g] € 7a(Y,yo). This means that we must prove that the adjoint of o (f v
&)V, namely, o(f V g)Vy, is homotopic to 6(f Vg)Vv,—1. We now have on the one
hand that

o(fVg)Va~o(fVEhZv,
Lemma (VI.3.5); on the other hand, we see that
O(fVhZVy1(t AsAx) = {0 (fVE)Va1}(s AX)(t)
forevery t AsAx € X282,

A based space (Y,yp) is called an H-space if there exists a “multiplication”
Uy: Y xY —Y

such that the maps
uyt,oc: YVY —Y

are homotopic. For instance, the space of paths €Y is an H-space. In fact, we define
Uoy: QY x QY — QY
as follows:
(V(eB) € QY x QY)(V € 1) pay (o, B)(1) =

a2t) 0<t<3

Bt—1)i<r<1
For proving that ugy is a multiplication, it is enough to consider the constant loop
cy, at the base point yg and construct the homotopy

H: (QYVQY)xI— QY,

defined by

_[a(F)o<i<
Hilae,)0 = { 000 0515 )
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and
OSIS] S

H((cyy,B),8)(t) = {ﬁ’(M) <t %1

s+1 2

(VL.3.8) Theorem. Let (Y,yy) be a given H-space; then, for every n > 1, the
homotopy group m,(Y,yo) is Abelian.

Proof. Due to the definitions of multiplication in ¥ and comultiplication in S”, and
also to [cy,] being the identity element of 7, (Y, yo), the homotopies

F o (fVey) v~ Ly (f X cyy)A = f
g~ 0(cy, VE)Vn~ ty(ey, xg)A =g
hold true for every f, g € Top, (S",Y); therefore,
o(fV gV~ o (f Vg )ur~ py(f xg")A
o(gV f)Va~ 08"V f)va ~ 1y (8" x f))A.

However, for every x € S", either f’(x) or g’(x) must equal yy and so, (f’ x g')A is
a map from S” to Y VVY; consequently, we have the homotopies

uy(f'xg)A~o(f xg)A
Hy(g'x f1)A ~o(g' x f)A.

We end this proof by observing that
o(f'xg)A=0o(g x f)A.
(VL3.9) Theorem. For every n > 2 and every (Y,yo) € Top,, m,(Y,yo) is Abelian.

Proof. Tt is a consequence of Theorems (V1.3.7), (V1.3.8), and of the fact that QY
is an H-space.

(VL.3.10) Theorem. Foreveryn > 2,

n,: Top, — Ab

is a covariant functor.

Proof. A based map k: (Y,y9) — (X,xp) induces a group homomorphism
(k) : m,(Y,y0) — (X, x0)
as follows: for every [f] € m,(Y,y0),
7 (k) (1f]) := [Kf]-

We must use the fact that 6(kV k) = ko.
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VI.3.1 Action of the Fundamental Group on the Higher
Homotopy Groups

Like the fundamental group, the higher homotopy groups depend on the choice of a
base point. In fact, in Sect. VI.1 we have proved that a path A: I — Y between two
points yg and y; of Y defines an isomorphism

o1 m(Y,y0) — m(Y,y1)
as follows: for every [f] € m(Y,y0),
o ([f]) =[x (F )]

When A is a closed path at yy, that is to say, a loop of ¥ with base at yo, we have an
isomorphism from 7; (¥, yp) onto itself and this defines an action

¢: m(Y,y0) x i (Y,y0) — m(¥,y0)

given by the conjugation:

(1], 8] € T (¥, 30)) 9 ([f], [e]) =[]~ % [g] % [f].

For the higher homotopy groups, we avail ourselves of the Homotopy Extension
Property for polyhedra. Let A be a path from yg to y; in Y. We identify S" with the
polyhedron |G, 1| and suppose that the base point ey of S” is identified with a vertex
of |5,11|. By the Homotopy Extension Property, applied to the pair of polyhedra
(|Gns1l,€0), the function f and the path A give rise to a homotopy (not necessarily
unique)

F:|Gu|xI—Y

through the diagram

ey x {0} ———— ey x1I

|(.7n+l| x{0} —— |(.7n+l| X1
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Let f := F(—,1). Note that the maps f and f are homotopic to each other by means
of a free homotopy (actually, the restriction of F to e x I coincides with the path A);
moreover, f(ey) =y;. We thus define the relation

¢ 7a(Y,30) — (Y1)
with the condition ¢y, ([f]) = [f].

(VL3.11) Theorem. The relation ¢; defined by the path A is a group isomorphism
such that:

1. Ifu: I —Y isapathfromyy to yy homotopicreldI to the path A, then ¢, = ¢;.
2. The constant path cy, at yo induces the identity isomorphism

¢cnyo : 77:,,(Y,y0) - ﬂn(Y’yO).
3. Ifn: I —Y isapathfromy; toy, €Y, then
Oran = 9092

Proof. We have not yet established whether ¢} is well defined; this will follow from
the proof of 1. Let
G: |G| xI—Y

be a homotopy induced by f and u, in other words, such that
G(—,0) = f and G(eo, 1) = u(7).

We define g = G(—, 1) and note that the composite homotopy
H=F'%G: |G| xI —Y

is a free homotopy from f to g, that may be transformed into a based homotopy, as
follows. From the condition it ~ A reldI, we obtain a based homotopy

K:IxI—Y

such that K(—,0) = u~'* 2 and K(—, 1) = ¢,,. Note that the restriction H|ey x
coincides with the closed path p1~! x . We consider the polyhedra

M:|&n+1|><]

and
L=[0y+1]| x {0} Uey x IU[0,+1| x {1}

since L is a subpolyhedron of M, the Homotopy Extension Property holds for the
pair (M, L) and, therefore, there exists a retraction

riMxI— Mx{0}ULXI.



VI.3 Homotopy Groups 223
We now construct the following maps:
F: (1G] x {0 x I =Y
and _
G: (|Op| x{1}) xI—=Y
such that, for every x € |G,,41| and every ¢ € I,
F(x,0,1) = F(x) and G(x, 1,1) = g(x).

Note that
f(e(),o,t) = 6(60, l,t) =Y1-

Let
H: Mx{0}ULxI—Y

be the map defined by the union of the maps H U (F UK UG) (note that the restriction
of H to L x {0} coincides with fUu~!* A Ug); we now consider the homotopy

0: MXI%MX{O}ULXIL

in other words, the function defined by the commutative diagram

Lx{0} ——LxI

Mx{0} —— MxI H

0

The homotopy _
H=0(—,—,1): |O'n.+1| xI—Y

is a free homotopy from f to g. Hence, [f] = [g] € m,(Y,y;) and thus, by setting
1 = A, we see that ¢/ ([f]) does not depend on the choices of f, the representative of
the class [f], or the homotopy F with the required properties. We have then proved
that ¢7 is a (well defined) function that satisfies property 1 stated in the theorem.

We leave the proof of properties 2 and 3 to the reader (anyway, the results follow
easily from the definitions). A consequence of properties 1, 2, and 3 is that ¢} is
injective and surjective.

We now prove that ¢} is a group homomorphism. Let [f], [¢] € m,(Y, o) be given

arbitrarily and let
F,G: S"xI—Y
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be two homotopies such that F(—,0) = f, G(—,0) = g and, for every ¢ € I, the
equality F(eg,t) = G(eg,t) = A(z) holds; besides, let f = F(—,1) and g = G(—, 1).
We must prove that

03 (L) % [&]) = 63 (L) X 0 ([g))

that is to say _
[o(fVe)val = [o(f VE) V]
with o(fV g)v, = K(—,1); here

K: S"xI—Y

is any homotopy such that K(—,0) = o(fV g)v, and K(eg,t) = A(t), foreveryt € I.
We choose
K:=0(FVG)(vy,x1): §"XI—Y;

in this case, a simple calculation shows that
(VtAx €S K(tAx,1) =0 (fVE)Va(t Ax)
and so ¢3 is a homomorphism.

The following result is a direct consequence of the previous theorem.

(VL.3.12) Corollary. For every closed loop at yy, the function

¢;L1: ”n(Ya)’O) — n’l(Y7y0)

is an automorphism of m,(Y,yo), which depends only on the class of A.

We say that the fundamental group 7, (Y, yo) acts on 7, (Y,yo); as we have already
remarked, when n = 1, this action is achieved by means of inner automorphisms.
Suppose Y to be path-connected; then the set of orbits

ﬂn(Y7y0)/n:] (Yy0)»

induced by the action of m;(Y,y0) on m,(Y,y0), is in relation with the set of free
homotopy classes [S",Y]; actually, we have the following

(VL.3.13) Theorem. Let (Y,yq) be a path-connected based space. Then there exists
a bijection
901 Ta(Y,30)/m (vye) — 18" Y]

We do not prove this theorem here; the reader, who wishes to read a proof of this
result, is asked to seek Corollary 7.1.3 in [26].

Let us suppose Y to be simply connected, that is to say, m;(Y,yo) = 0; any loop
of Y with base at yy is homotopic to the constant loop cy,; thus, by part 2 of
Theorem (V1.3.11), ¢] is the identity automorphism of 7,(Y,yo) and consequently

(Y, y0) = [S",Y].
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The following definition is important to Sect. VI1.4.

(V1.3.14) Definition. A path-connected space Y is n-simple if, for a given yg € Y,
the action of 7 (Y,y0) on m,(Y,yo) is trivial; in other words, if ¢7 is the identity
isomorphism, for every loop with base at yg. This happens, for instance, if Y is
simply connected, that is to say, if m (Y,y9) = 0. Therefore, the n-sphere S" is
n-simple. In other words, Y is n-simple if, for every pair of points yy and y; of
Y, m,(Y,y0) = m,(Y,y1), and this isomorphism does not depend on the choice of the
path from yg to y;.

VI1.3.2 On the Homotopy Groups of Spheres

We know that spheres have a very simple triangulation; in fact, the n-dimensional
sphere is homeomorphic to the polyhedron |G, |. This gives us an easy way to
prove that the fundamental group of S! is isomorphic to Z and that 7; (S%,e() = 0
(see Sect. VI.1). We now prove that the “lower groups” of the spheres are trivial,
that is to say,

(VL.3.15) Theorem. Foreveryn>2andeveryrwithl <r<n-—1,
7(S",e9) 0.

Proof. Let us choose [f] € m,(S",eg) arbitrarily; we must prove that the map f is
homotopic to the constant map ce,. Let K = (X, @) and L = (¥, '¥) be two simpli-
cial complexes such that |K| = S” and |L| 22 §". By the Simplicial Approximation
Theorem, there exists a simplicial function g: K) — L, of a suitable barycentric
subdivision of K such that |g| ~ fF, where F: |K)| — |K| is the homeomorphism
defined in Sect.IIL.1. Let us suppose that |[K| and [K(")| are identified with S; in
addition, let us identify L with S" and let us assume that |g| and f are maps from
S” to §"; hence, notwithstanding the homeomorphisms, we have that |g| ~ f. Yet,
since dimK") = r and r < n, the simplicial function g cannot be surjective and so

gl 8 — 8"

is not surjective. Let p be a point of S” that does not belong to the image of |g|;
hence,
lgl: 8" — 8"\ {p}=R"

(the homeomorphism ¢ : S" ~ {p} — R” is a stereographic projection). Now, let
c: 8" — R" be the constant map at the point ¢(eg); from the identification S" \
{p} = R", we conclude that |g| and ¢ are homotopic, with the homotopy given by
the map

H: S"xI—R"

(V(x,2) € S"x 1) H(x,1) = (1 —1)|g|(x) +tc.

We may then say that f is homotopic to a constant function.
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(VL3.16) Remark. Let S° be the 0-dimensional sphere, that is to say, the pair
{=1,1} of points of R with the discrete topology and the base point (1). For any
based space (Y,yo), let mo(Y) be the set [S°,Y],; it is easily seen that, if Y is path-
connected, then my(Y) = 0: in fact, two based maps f,g: S — Y are always ho-
motopic, the homotopy being given by a path that joins f(1) and g(1); thus, there
exists only one homotopy class in [S?, Y], that of the constant map.

In particular, since for each n > 1, S" is path-connected, my(S") = 0.

We know that 71 (S, eq) = Z; what can we tell about the groups 7, (5", eq)? We
have the following result:

(VL.3.17) Theorem. Foreveryn> 1, m,(S",ey) = Z.

Before proving the theorem, we recall that the degree of a map f: S" — S§" (see
p. 121) is homotopy invariant and so, it induces a function

d: m,(§") — Z.
(VL.3.18) Lemma. Forevery n > 1, the degree function
d: m,(S",e0) — Z
is a group isomorphism.

Proof. Let [f],[g] € m.(S",ep) be given arbitrarily; we wish to determine the degree
of the function
o(fVg)vy: S"— S"

First of all we note that, by Theorem (I11.4.3),
H,(S"VS",Z)>=H,(S";,Z)®H,(S";Z);

we now identify the components {ep} x S” and S” x {eg} of §" vV " with S" (in
other words, we interpret " V. §" as a “union” of two spheres §"*) and consider the
“projections”

p1: S"VS"— S"and py: S"VS"T— S

it is easy to verify that p;v, ~ 1g» and p,Vv, ~ 1g; hence,
Hy(V): Hu(S",Z) — H,(S";Z) & H,(S";, Z)
is such that H,(v,)({z}) = {z} @ {z}. Moreover,
H,(0): Hy(S";Z) ® Hy(S";Z) — Hy(S"Z) , xDyr—sx+y

forevery x@®y € Hy(S";Z) ® H,(S"; Z). Therefore,

Hy(o(fVeg)va)({z}) = Ha(0)(Ha(f)({z}) © Ha(g)({z}))
=H,(f)({z}) + Hu(g)({z}) = d(f) +d(g).
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Since the map 1g»: S — S" has obviously degree 1, the degree function that we
have defined is surjective.

It must be proved that the degree function is injective; we do not prove it here,
but the reader can find the proof in the work of H. Whitney [34]. However, Theorem
(VI1.3.17) may also be proved in different ways (see, for instance, Sect. V.3 of [26]).

Lemma (VI1.3.18) proves Theorem (VI1.3.17).

So far, not all homotopy groups of the spheres are known; yet, we have two
important results due to Jean—Pierre Serre [31] and based on difficult techniques of
homological algebra:

(V1.3.19) Theorem. Ifn is odd and m # n, then m, (S",ey) is a finite group.
(VL.3.20) Theorem. Ifn is even, then

1. m,(S",e) is finite if m # n and m # 2n — 1.
2. mu—1(S",e) is the direct sum of an infinite cyclic group and a finite group
(eventually trivial).

VI1.3.3 Another Approach to Homotopy Groups

In the literature, the homotopy groups are also described in a different way but
equivalent to ours; sometimes it is convenient to study the homotopy groups under
this other point of view. We begin our work with a lemma that is very important to
the development of our theme.

(VL3.21) Lemma. Given two maps f,g € CTop((X,A),(Y,B)) such that f|A =
glA, let
H: (X xILAxI)— (Y,B)

be a homotopy relative to A from f to g. Then, there exists a based homotopy
H: X/AxI—Y/B

between the maps _
,8: X/A—Y/B

induced by f and g.

Proof. The quotient space X /A is given by the following pushout

A—2 o x
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where iy is the inclusion map and gx: X — X /A is a quotient map. By Corollary
(I.1.40), also the following diagram is a pushout:

iA><1]
AX] — X x1

gx x 1p
xx [ —— X/AXI

Letgy: Y — Y /Bbe the quotient map and ¢: * xI — Y /B be the constant map at
the base point of Y /B. Since (qyH)(ia X 1;) = c¢(ca x 1;), by the Universal Property
of Pushouts, there exists a homotopy

H: X/AxI—Y/B
with the required properties.

We now choose a special pair: for every n > 1, (I", dI") is the pair defined by the
n-dimensional hypercube and its boundary dI”. Given any map

f € CTop((I",01"), (Y, 0)),
we consider the following pushout diagram

o ——— "

q

q
LNy

* ——— G

|

Y

where 1 is the inclusion map and g is a quotient map gy followed by the homeo-
morphism /" /dI" = §". By the preceding lemma, if

g€ CTOP((Inv aln)’ (YayO))
is homotopicto f reldI”, then f and g are homotopic through a based homotopy. Let
[(I,9I"),(Y,Y0)]retor := CTop((I",dI"),(Y,yo))/reloI"

be the set of the homotopy classes reldI" of maps of pairs from (1", 9I") to (¥, yo).
The following result is easily obtained from our preceding remarks.
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(VL.3.22) Theorem. The function of sets
v [(In7aln)7 (Y7y0)]relt?1" - 717,1(Y,y0)
[f}rel&l" = [f]
is a bijection.
We now define the operation

reloI"
x 2 [(1",01"), (Y, y0)]retarm > [(I",91"), (Y, y0)|etor —

— [(1n7 al")7 (Y7y0>]rel81"

as follows: let [f]e19m and [g]el9p be any two elements in [(I",d1"), (Y, y0)]re1917;
let us suppose that these two classes are represented, respectively, by the functions
f and g; we now consider the function

f*g: (In’aln) - (Yvy())

such that

()

(fxg)(x1yenyxn) = {f(le"--»xnl,xn)

g(2x1 — 1, xp—1,%n) %

Note that
(V(x1,...yxn) €0I") (fxg)(x1,...,Xn) = Yo-
Thus, by definition,

reldI"
[f]rela"'l” X [g]relal" = [f*g]rel&l’l-

This operation is well defined, in other words, it does not depend on the element
representing the class.

101"
(V1.3.23) Theorem. The set [(I",0I"),(Y,y0)]we1om With the operation % isa
group isomorphic to 1, (Y, yo).

Proof. By Theorem (VI1.3.22), it is sufficient to prove that the function
v [(1%,01"), (Y, 50)]retar — (Y. 0)
keeps the operations. Let
frg: (I",0I") — (Y, y0)

be two given functions; let us break them down into functions through $”, that is
to say,
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f:I”q s" ! Y

g: I s g Y.

On the other hand, we define the map 6: [" — [I" VI" such that, for every
(X15...,x0) €T,

we have 1
_ (*,(QJC],...,X”)) nglgz
O(x1,...,X,) {((2xl1,...,x,,),*) T<xy <1

we then notice that the following diagram is commutative:

In —q) Sn = ESn_l
0 Vi
rvr——-——S'vs.
qvq
By directly applying the definitions, we have

(o(fVE)Va)g=0(fVE)(gVqe =
=0(fVvg)0=fxg.

Exercises

1. Let X be any based space. Prove that the suspension XX of X is a space with an
associative comultiplication.

2. Prove that for every (X,xp), (¥,y0) € Top,, the set of based homotopy classes
[ZX,QY], is an Abelian group.

3.Let f: A— Bandg: Y — B be two given maps; take the space

X ={(a,y) €AxY|f(a) =g(y)}

with the projections pr;: X — A and pr,: X — B. Prove that fpr; = gpr,. Fur-
thermore, prove that, for every topological space Z and any maps h: Z — Y and
k: Z — A such that fk = gh, there exists a unique map ¢: Z — X such that pr ¢ =
pr,¢. This is an example of pullback, the pushout dual in Top, which was defined in
Sect.1.2. This situation is depicted by the following commutative diagram:
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—_—

A

oQ
w——

—_

4. Let f € Top, ((A,ao), (B,bo)) be a given map; construct the space of based func-
tions
PB={A:1— B|A(0)=bo}

(space of paths beginning at by) and the map
g: PB— B, A~ A(1).
Then, construct the pullback diagram determined by f and g to obtain the space
Cr={(a,A) cAxPB| f(a) =g(A)}

with the maps f and g. Prove that for every n the sequence of homotopy groups

m,(8) 7a(f)

7y (Cr, %) ———— W, (A, a0) ———— (B, bo)

is exact in 7, (A, ao).

5. Amap f: A — Bis afibration if,
(VX € Top)(Vg € Top(X,A))(VH € Top(X x I,B)) | H iy = fg,

there exists G: X x I — A such that G(—,0) = g and fG = H. Prove that a projection
map f: X xY — X is a fibration. Moreover, prove that the map p: PB — B of
Exercise 4 above is a fibration.

6. Prove that, if the map f: (A,a0) — (B,bg) of Exercise 4 above is a fibration, then
the space Cy is of the same homotopy type as the fiber f ~1(bo) over by.

7. Prove that, if f: (A,ag) — (B,by) is a fibration, there exists an (left) infinite exact
sequence of homotopy groups

o ———my(f " (bo), a0) —— Tu(A,a9) ——— (B, bo)

——— 1 (f (bo),a0) — Tu-1(A,a9) ——— -+
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8. Prove that the function p: R — S' defined by
(Vt €R) p(t) = ™

is a fibration with fiber Z over every point of S'; with this result and the previous
exercise, prove that 7, (S') 2 0, for every n > 2.

9. Prove that, for every n > 1 and for every (Y,yq) € Top,, the function

2o m(Y,y0) — mur1(ZY, [vo))

defined by
(V[f] € m(Y,y0)) Z:([f]) = [Zf]

is a group homomorphism.

V1.4 Obstruction Theory

In this last section, we put together the homotopy groups and the cohomology with
coefficients in a homotopy group to study the map extension problem. More pre-
cisely, let |K| be a polyhedron, |L| a subpolyhedron of |K|, and W a topological
space. We intend to study under what conditions a map f: |L| — W can be extended
toamap g: |K| — W, in other words, when it is possible to find f: |K| — W such
that the diagram

L]

commutes. Here, 1 is the inclusion map. We answer this question in the case where
W is n-simple, with 1 <n < dimK — 1 (see Definition (V1.3.14)). Note that the
homotopy groups of W do not depend on the choice of a base point; then, we forgo
the base point and just write 7, (W) for such groups.

Let us suppose that K = (X, @) and L = (¥, ¥); since L is a subcomplex of K, it
follows that Y C X and ¥ C @. We start by giving an orientation to K (and conse-
quently also to L) so that we are able to compute their homology and cohomologys;
let K" be the n-dimensional subcomplex of K (in other words, the union of all sim-
plexes whose dimension is less than or equal to n). Suppose that we have extended
ftoamap f*: |K"UL| — W. We note that, for every (n+ 1)-simplex o of K, the
simplicial complex & is a subcomplex of K" UL. Let f be the restriction of f" to
|G|; since |G| = S, we may regard f7 as a map from S” to W; then this map defines
an element [f] € m,(W). By linearity, we define the homomorphism
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c;-“ D Cun1 (K Z) — 1, (W)

that takes each ¥;m;0’ € C,,1(K;Z) into 3, m;[f7;]. We notice that if & € ‘¥, then
by Lemma (V1.3.4), [f%] = 0: in fact, f is defined in |L| and f” can be therefore
extended to |0,+1|. This allows us to conclude that c?“ € C""Y(K,L;m,(W)), that

is to say, C;H is a cochain.

The next lemma is useful for proving that c’}“ is a cocycle.

(VL.4.1) Lemma. Let W be an n-simple space and S"*! be the sphere viewed as an
(n+ 1)-manifold, which is triangulated by a simplicial complex K = (X, ®), as in
Theorem (V.1.5); let &', withi=1,2,....s, be the (n+ 1)-simplexes of K finally, let
K" = (X, ®") be the simplicial n-dimensional subcomplex of K, where

?"={0c®|dimo <n}.
Then, for any map f: |K"| — W,

[f5] =0.

M,

i=1

Proof. By Theorem (V.1.5), every n-simplex of K is a face of exactly two (n+ 1)-
simplexes; besides, by Definition (V.3.1), each n-simplex inherits opposite orienta-
tions from its two adjacent (n + 1)-simplexes. The spaces |G67| are homeomorphic
to the sphere S” whose elements may be considered as ¢ A x, with x € §"~!; this way
of viewing the elements of S” gives us an idea of the orientation of the sphere; in
other words, if we take the elements in the format # A x, we travel the sphere with a
“positive” orientation but, if we take them in the format (1 — ) Ax, we travel S with
the opposite orientation, that is to say, we give S” a “negative” orientation. With this
in mind, we observe that the function f is applied twice on each \c’ri |: once, viewed
as the function f(# Ax) and once, as the function f((1 —¢) Ax); on the other hand,

the product by !2 of the homotopy classes of these functions is the trivial class of
7, (W) (see Theorem (VI1.3.3)).

We note that the base point of each homotopy class is irrelevant because W is
n-simple.

(V1.4.2) Theorem. The cochain c;“ is a cocycle.

Proof. Tt is necessary to prove that, for every (n+ 2)-simplex 0,4, of K" UL,

d" () (0n12) = T (dnr2(0n12)) = 0.
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This derives directly from the preceding lemma when we interpret $"*! as \c')'n+2|
and, writing as usual 0,> = {xo,...,X,11}, if we consider the orientation of its
(n+ 1)-simplexes given by

(=1){x0,. .., K1y Xni1}
(see the beginning of Sect. I1.2.3).

The cocycles c"+1

(V1.4.3) Theorem. An extension f": |[K"UL| — W of f: |L| — W can be extended
to |K" VUL if and only ifc;+1 2 Co1 (K3 Z) — 1, (W) is the trivial homomorphism.

are of particular interest, as we may realize from what follows.

Proof. The map f" can be extended to [K"*! UL| if and only if f can be extended

to s can be
extended to [K"*' UL if and only if ¢} = 0.
Somehow, "*1 indicates whether there are obstructions to the extension of n.
f
n+1

this is why ¢ f: is known as obstruction cocycle . We now go over some examples
of possible applications of Theorem (VI.4.3).

1. Let a polyhedron |K| with dimension n > 2 be given and let |L| be a subpoly-
hedron; if, for every 0 <i<n—1, m;(¥) 220, then every map f: |L| — Y can
be extended to a map f: |K| — Y. For instance, if ¥ = §?, |K| is the torus
T2 with the triangulation shown in Sect.II1.5.1 and |L| is the geometric real-
ization of a generating 1-cycle of the homology of T2 (for example, L is the
simplicial complex with vertices {0}, {3}, {4} and 1-simplexes {0, 3} {0, 4}
{3,4}), then every map f: |L| — 52 can be extended to a map f: T? — S°.
The construction of f is easy: we choose a point of y; € §? for each vertex of
K distinct from {0}, {3}, {4} (for these, we have yo = f({0}), y3 = f({3}),
and y4 = f({4})); then, since S? is path-connected, we choose a path of §? for
each 1-simplex of K; in this way, we extend f to f!: |[K'UL| — S?; finally, we
apply Theorem (VI1.4.3) to extend f! to |K]|.

2. (VI.4.4) Theorem. Let K be a simplicial complex of dimension n > 2 and
Y a space such that m;(Y) = 0, for every 0 < i < n. Then, any two maps
f,g: |K| — Y are homotopic.

Proof. Let f,g: |K| — Y be two maps given arbitrarily. The product |[K| x I is
an (n+ 1)-dimensional polyhedron; let |L| = |K| x dI and let h: |L| — Y be the
map such that

hl K| x {0} = fand h| |[K|x {1} =g.

For each vertex {x} € K we choose a path i,: {x} X I — Y (this is possible
because Y is path-connected) and, in doing so, we obtain an extension h' of &
to |[K! UL|. By Theorem (V1.4.3), we have an extension of i! to |[K> UL/, and
S0 on, arriving to a homotopy

H: |K|xI—Y

from f to g.
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3. (VL4.5) Theorem. Let K be a simplicial complex of dimension n > 2. Then,
|K| is contractible if and only if m;(|K|) =2 0, for every 0 <i < n.

Proof. 1If |K| is contractible, the statement is evident. If |K| is n-simple and
m;(|K|) = 0 for every 0 < i < n, then, by the preceding result, the identity map
1 | and any constant map from |K| onto itself are homotopic.

The condition ¢**'! = 0 is unfortunately too strong for the more general cases,
even if it works well in cases as the ones previously mentioned. The results obtained
when the obstruction cocycles are cohomologous to 0 are much more interesting.
Let us consider these cases. For the next definition (when necessary), we consider
the homotopy group 7, (W) with the structure given by Theorem (VI1.3.23). Let

g: |[K"UL| — W be two maps whose restrictions to |K"~! UL| coincide; in ad-
dition, let f; and g; be the restrictions of f and g to |G_,§|, the geometric realization
of the simplicial complex generated by an n-simplex o, of K" UL. We identify the
space |o7| with the hypercube I" and interpret f; and g; as maps I" — W. Since f;
and g; coincide at |G| = dI", the restriction of the map

-  fi2x1yx) 0<
fixg; (X1,...,xn){gi((2—2x1),...,xn) <

to dI" is homotopic to a constant map, and so
fixg ' (I",90") — (W,wo)
for a suitable wy. We define

8"(f,8)(03) := [fi % & lretam € Ta(W).

We point out to the reader that had G,i been in L, then

&"(f.8)(0,) =0.
We have thus defined a homomorphism
6"(f.8): Cu(K;Z) — m, (W)
8"(f,8){Zmicy} := Zimilfi* g; lreram:
6"(f,g) € C"(K; m,(W)) is the difference n-cochain of f and g.
(VL.4.6) Theorem. If the maps f,g,h: |K" UL| — W coincide in |

L 5"Eg f)) —6"(f,8)
6" (f.8 +5”(g» )=08"(f.h)
dn(an(f’ )) n+1 Cn+1

8

n

AN W
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Proof. The first three assertions are direct consequences of the definition of differ-
ence cochain. For proving the 4th one, we take any (n+ 1)-simplex
o = {xo,)q g 7-xn+l}

of K and let f5 (respectively, g5) be the restriction of f (respectively, g) to \c'r|; we
intend to prove that

{(f =™ —d"(8"(f,8))}(Out1) =0
that is to say _ '

[fo] = lgo] = (Z14) (~1)'8"(f,8)(0")) =0
where 6 = {x0,x1,...,%,--.,X,+1}. To obtain this result, we identify S"*! with the
boundary of /"2 = [o| x I, that is to say,

§™ = 9([o] x 1) =[] x {0} U [o] x {1} U (UpH[o7| x I);
after this, we define the map of
F: |6 x{0}U|&| x {1} U(U|6'| xI) = W

given by the union of maps
fr61x {0} —w,
g: 18] {1} =W,
UMt fixg e (U0l x 1) — W

and finally, we apply Lemma (VI1.4.1) to F.

(VL.4.7) Remark. If g is a constant map, we conclude that
/1161 = =2 [f] o).

This is the so-called Homotopy Addition Theorem; it states that the (based) homo-
topy class of amap f: S" — Y is the sum of the homotopy classes of the restrictions
of f to the geometric n-simplexes of the triangulation of the sphere. It is interest-
ing to note that the Homotopy Addition Theorem appeared (without proof) in the
literature for the first time in [35]; its first formal proof was written by S-J. Hu [20].

Part 4 of Theorem (V1.4.6) shows that two extensions to |K" UL| of a
map f: |[K""'UL| — W have cohomologous (n + 1)-obstruction cocycles and,
therefore, these cocycles produce the same element of the cohomology group
H""Y(K,L;m,(W)) (provided that W be n-simple). We now prove the converse of
this result.

(V1.4.8) Theorem. Let W be an n-simple space and f": |K" UL| — W an extension

of f whose obstruction (n+ 1)-cocycle C;+1 is cohomologous to a cocycle "' €

C""\(K,L;m,(W)). Then, there is an extension g: |K"' UL| — W of the restriction
of f" to |K" "' UL| such that CZH ="+
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Proof. The hypothesis c;'p“ ~ "1 points to the existence of an n-cochain
c" € C"(K,L;m,(W)) such that

C?-H _Zn+1 _ dn(cn).
We construct g over each n-simplex ¢’ of K" UL (we may suppose that ¢ is not in
L, as indicated by Remark (I.4.8)) as follows. We suppose that ¢"(6") = [hi]re1 93

since - _
(Io'],|&"]) = (1", 91"),

we may view h; as a map
h;: (|E‘7 |6l|) - (W7 W()),

for a suitable wy. On the other hand, the restriction of " to |[K"~! UL| is homotopic
to a constant map, and we note that

[fn * (hi *fn)_l]rewl" = [hi]rew[" = Cn(o-[)'
In this way, we have constructed a map
gi=hixf": (|07],|6']) — (W, wo)

whose homotopy class rel 9I" coincides with ¢"(c’). By proceeding like this for
each n-simplex of K" UL, we obtain an extension g: |K"t! UL| — W of the restric-
tion of f to [K"~ ' UL| such that ¢j*! = z*+1.

We finally prove the most important theorem of this section.

(VL.4.9) Theorem. Let an n-simple space W, a polyhedron |K| with one of its sub-
polyhedra |L|, and amap f: |L| — W be given, in addition, let f*~': |K" "UL| —
W be an extension of f and suppose that f"~" extends to |K" UL|. Then, "~ can
be extended to |K’“rl UL| if and only if c;-“ is cohomologous to zero.

Proof. If f"~! can be extended to |[K"* ' UL|, then f"~! has an extension g: |[K"UL|
— W that can be extended to |[K"*! UL|; therefore, by Theorem (VI1.4.3), we have
it = 0. However, M it (see Theorem (V1.4.6)) and so c}“ ~0.

I

Reciprocally, if c;“ ~ 0, we conclude that there exists an extension g: |K" U

L| — W of f"~! such that ¢4 ™! = 0 (see Theorem (V1.4.8)). Hence, by Theorem
(V1.4.3), it is possible to extend g over the entire polyhedron K"+ UL|.
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