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PREFACE

This book introduces the basic concepts of algebraic topology using homoto-
py-theoretical methods. We believe that this approach allows us to cover
the material more efficiently than the more usual method using homological
algebra. After an introduction to the basic concepts of homotopy theory,
using homotopy groups, quasifibrations, and infinite symmetric products,
we define homology groups. Furthermore, with the same tools, Eilenberg—
Mac Lane spaces are constructed. These, in turn, are used to define the
ordinary cohomology groups. In order to facilitate the computation, cellular
homology and cohomology are defined.

In the second half of the book, vector bundles are presented and then used
to define K-theory. We prove the classification theorems for vector bundles,
which provide a homotopy approach to K-theory. Later on, K-theory is used
to solve the Hopf invariant problem and to analyze the existence of multi-
plicative structures in spheres. The relationship between cohomology and
vector bundles is established introducing characteristic classes and related
topics. To finish the book, we unify the presentation of cohomology and
K-theory by proving the Brown representation theorem and giving a short
account of spectra.

In two appendices at the end of the book the proof of the Dold-Thom
theorem on quasifibrations and infinite symmetric products is given in detail,
and a new proof of the complex Bott periodicity theorem, using quasifibra-
tions, is presented.

It is expected that the reader has a basic knowledge of general topology
and algebra. In any case, the book is mainly aimed at advanced undergrad-
uates and at graduate students and researchers for whose work algebraic-
topological concepts are needed.

This text originated in a preliminary version in Spanish, which was a joint
edition of the Mathematics Institute of the National University of Mexico and
McGraw-Hill Interamericana Editores. To both institutions the authors are
grateful. The translation of the main body of the text was the excellent

vii
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job of Stephen Bruce Sontz, to whom we express our deep thanks. Our
gratitude goes also to Springer-Verlag, particularly to Ms. Ina Lindemann
for her interest in our work, and to the referees for their valuable comments
which certainly helped to improve the English version of the book. Its title
is, of course, a tribute to John Milnor, from whose books and papers we have
learnt many important concepts, which are included in this text.

Last, but not least, we wish to acknowledge the support of Professor
Albrecht Dold, who after reading the Spanish manuscript gave various im-
portant comments to make some parts better.

Mexico City, Mexico Marcelo Aguilar
Autumn 2001 Samuel Gitler
Carlos Prieto!

!This author was supported by CONACYT grants 25406-E and 32223-E.
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INTRODUCTION

The fundamental idea of algebraic topology is to associate to each topologi-
cal space X a group h(X) and to each map f: X — Y a homomorphism
h(f) : h(X) — h(Y) with the property that whenever X and Y are ho-
motopy equivalent (in particular, if they are homeomorphic), then h(X) is
isomorphic to A(Y). In other words, we consider functors h (both covariant
and contravariant) from the category of (pointed) topological spaces to the
category of (abelian) groups such that h(f) = h(g) if the maps f,g: X — Y
are homotopic. The easiest way to construct such a covariant functor is to
consider a fixed space Xy and then to define the functor (on objects) by
hY) = [Xo,Y], where the brackets denote the set of (pointed) homotopy
classes of maps from X, to Y. Similarly, we define such a contravariant func-
tor by considering a fixed space Yy and setting h(X) = [X,Yp]. In order to
have a group structure on these sets of homotopy classes the spaces Xy and
Y, must have certain properties (see Sections 2.7 and 2.9), which are satisfied
if Xo=S8"orif Yy is an H-group. When X, = S™ we obtain the homotopy
groups m,(Y) = [S", Y]. However the homotopy groups of an arbitrary space
Y are extremely difficult to calculate due to the fact that they do not satisfy
the excision axiom (see statement 5.3.15 and Section 6.2). But one could
try to associate to Y another space whose homotopy groups are easier to
calculate. It is known (see 6.4.15) that a topological abelian monoid has
a simple homotopical structure. So we associate to Y the free topological
abelian monoid generated by its points (with the base point of Y acting as
the zero element). This monoid is the same as the infinite symmetric prod-
uct SPY. Furthermore, since a topological abelian monoid is completely
characterized by its homotopy groups (see 6.4.16), we are led to associate
to Y the groups H,(Y) = m,(SPY). These groups turn out to satisfy the
excision axiom and thus are easier to calculate. Similarly, when we study the
contravariant functors [—, Yy] with Yy an H-group, we shall consider spaces
Yy with a simple homotopical structure, namely spaces K (Z,n) with only
one nonzero homotopy group, which is Z in dimension n. These are called
Eilenberg-Mac Lane spaces. To construct these spaces we shall also use a
suitable symmetric product. Then we set H"(X) = [X, K(Z, n)].

xiii



Xiv INTRODUCTION

The purpose of this book is to introduce algebraic topology from the
homotopical point of view. The basic concepts of homotopy theory, such
as fibrations and cofibrations, are used to construct singular homology and
cohomology, as well as K-theory.

In particular, the presentation of homology, using the homotopy groups
of an infinite symmetric product, is nowadays adequate for the purposes
of algebraic geometry, specifically for the definition of the Lawson homology
theory (see [42, 43]). On the other hand, Voevodsky [79] and others, using the
homotopical point of view of this book, translated many concepts of algebraic
topology into algebraic geometry. This is the foundation for Voevodsky’s
proof of the Milnor conjecture, concerning a certain relationship between
Milnor’s K-theory groups of a field F' and the Galois cohomology groups of
F. More specifically, Voevodsky constructed a stable homotopy category of
schemes in algebraic geometry, analogous to the stable homotopy category
in algebraic topology. He defines spectra and the associated cohomology and
homology theories. To construct the Eilenberg-Mac Lane spectrum he uses
a suitable analogue of the symmetric products. He also constructed spectra
for K-theory and cobordism in this setting.

A leitmotif of this book is to pursue the proof of one of the most remark-
able results of algebraic topology: J. Frank Adams’ theorem solving the Hopf
invariant problem, implying that the only spheres that admit a multiplicative
structure, converting them into H-spaces, are precisely SY, S, S, and S or,
equivalently, that the only real division algebras are the reals, the complex
numbers, the quaternions, and the Cayley numbers. Throughout the text
many other fundamental concepts are introduced, including the construc-
tion of the characteristic classes of vector bundles, to which a full chapter is
devoted.

The book is adequate for use in a two-semester course, either at the end of
an undergraduate program or at the graduate level. In order to understand
its contents, a basic knowledge of point set topology as well as group theory
is required. Although functors appear constantly throughout the text, no
knowledge about category theory is expected from the reader; on the con-
trary, every time categorical or functorial properties appear, the categorical
ideas are stressed in order to obtain the functorial properties of the intro-
duced invariants.

The design of the text is as follows. We start with a chapter devoted to
basic concepts and notation, followed by twelve substantial chapters, each of
which is divided into several sections that are distinguished by their double
numbering (1.1, 1.2, 2.1, ...). Definitions, propositions, theorems, remarks,
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formulas, exercises, etc., are designated with triple numbering (1.1.1, 1.1.2,

..). Exercises are an important part of the text, since many of them are
intended to carry the reader further along the lines already developed in order
to prove results that are either important by themselves or relevant for future
topics. Most of these are numbered, but occasionally they are identified inside
the text by italics (ezercise). On the other hand, two important theorems,
whose proof somehow goes beyond the horizons of this book (the Dold-Thom
theorem on quasifibrations and infinite symmetric products and the complex
Bott periodicity theorem) are proved in two appendices. In the appropriate
chapters these results are then freely used after some explanation to let the
reader understand the scope and meaning of the results and to give their
applications.

The chapter on basic concepts and notation, as its name suggests, presents
most of the notation used throughout the text as well as some concepts that
are not necessarily standard in the regular basic courses on point set topology
or algebra.

Chapter 1 deals with the elements of the topology of function spaces,
emphasizing the compact-open topology, and discusses the exponential law.
Chapter 2 introduces the basic notions of homotopy theory, such as path
connectedness and homotopy of maps. The former is, in a way, the basic
concept on which all ideas in the book are built. We study the degree of
maps of the circle into itself, and introduce the fundamental group. Finally,
we define the concepts of topological groups and H-spaces, and the dual
concept of H-cospace. As examples of H-spaces and H-cospaces, loop spaces
and suspensions are carefully studied.

Chapter 3 contains a study of homotopy groups including the proof of
the Seifert—van Kampen theorem. Special emphasis is put on the long exact
sequences of homotopy groups. Then in Chapter 4, homotopy extension and
lifting properties are analyzed, particularly the concepts of cofibration and
fibration.

In order to prepare for the study of cohomology groups, CW-complexes
are introduced in Chapter 5, and their homotopy properties are analyzed.
The concepts of quasifibrations and infinite symmetric products are also re-
viewed. These are used to introduce the homology groups. Further homotopy
topics are studied in Chapter 6, among which is the proof of the Blakers—
Massey homotopy excision theorem. This is an invaluable tool in the study
of homotopy aspects of the Moore and the Eilenberg-Mac Lane spaces.

Cohomology groups are introduced in Chapter 7, and their multiplica-
tive structure is defined. After cellular homology and cohomology are intro-
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duced, some specific groups are computed. Further on in the same chapter
we construct the exact sequences of Kiinneth, of universal coefficients, and
of Mayer—Vietoris among others. Later on, in Chapter 8, vector bundles
are studied in detail, building up to their classification. For that purpose,
Grassmann manifolds and universal vector bundles over them are defined,
and some classification results are proved.

Complex K-theory is introduced in Chapter 9 starting from complex vec-
tor bundles. Using their classification, various theorems are proved, which
allow us to realize the K-theory of a space as a set of homotopy classes of
mappings from the space into a classifying space, much in the same spirit as
the cohomology groups were defined earlier. In order to exploit K-theory as
much as possible the Bott periodicity theorem in the complex case is pre-
sented, but not yet proved. Later on, in Chapter 10, the Adams operations
in complex K-theory are introduced to solve the Hopf invariant problem and
thereby to study the existence of the structures of normed and division alge-
bras in R™ as well as to prove Adams’ theorem on multiplicative structures
on the spheres S*!.

In Chapter 11 the relationship between line bundles and cohomology is
given, using the fact that the classifying spaces of real and complex line
bundles, namely RP* and CP*°, are Eilenberg—Mac Lane spaces. A simple
proof of the existence of the Thom class of an oriented vector bundle and of
Thom’s isomorphism theorem is given to be used later on to define the Stiefel—
Whitney classes of real vector bundles and the Chern classes of complex
vector bundles. We finish the main part of the book with Chapter 12, where
we present a short account of generalized cohomology and homology and
prove the Brown representability theorem. Some remarks on the theory of
spectra end the chapter.

The proof of the Dold-Thom theorem on quasifibrations and infinite sym-
metric products is postponed to Appendix A, and a topological proof of the
complex Bott periodicity theorem is given in Appendix B. In the appendices
the sections are doubly numbered (X.1, X.2, ...), and the items are triply
numbered (X.1.1, X.1.2, ... where X is either A or B).

An effort was made to include a very complete alphabetical index; the
reader should feel free to use it, even to look for simple concepts. A list of
symbols containing much of the notation used in the book is also included.
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In this section we present some of the basic concepts and notations that will
be used in the text.

Basic SYMBOLS

Throughout the text we shall use the following basic symbols, among others.
The symbol ~ between two topological spaces means that they are homeo-
morphic, ~ between continuous functions or topological spaces means that
they are homotopic or homotopy equivalent, and & between groups (abelian
or nonabelian) means they are isomorphic. The symbol o denotes composi-
tion of functions (maps, homomorphisms) and will be omitted ocasionally,
if doing so does not lead to confusion. The term map invariably means a
continuous function between topological spaces, and the term function is re-
served either for functions between sets or for those maps whose codomain
is R or C.

And now a final note about some additional notation that will be used
in the text. If X is a topological space and A C X, in agreement with the
special cases mentioned below we shall use the notation /Ol to denote the
topological interior of A in X, and the notation dA to denote its boundary.
X LY denotes the topological sum of X and Y. On the other hand, if
V' is a vector space provided with a scalar product (or Hermitian product,
if the space is complex), which we usually denote by (—,—), then we use
the notation || - || or | - | to denote the norms in V associated to the inner
product, that is, ||z| or |z| = \/(z,z). Likewise, if A C V is a subspace,
we use At = {z € V| (z,a) = 0 for all a € A} to denote the orthogonal
complement of A in V with respect to the inner product.

SOME BAsic TOPOLOGICAL SPACES

Euclidean spaces, various of its subspaces, and spaces derived from these will
all play an important role for us.

R will represent the set (as well as the topological space and the real

Xvil
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vector space) of real numbers. R will denote the singleton set (of only one
point) {0} C R. Frequently, we shall use the notation * for an (arbitrary)
singleton set. R™ will be the notation for Fuclidean space of dimension n, or
Fuclidean n-space, such that

R'={x=(r1,....,2,) | m €R, 1<i<n}.

Using the equality

((3317-~;$m)7(917-~ayn)) = ($17-‘~a$m7yla"'7yn)

we identify the Cartesian product R™ x R™ with R™*". Likewise, we identify
R™ with the closed subspace R" x 0 C R"*!. We give (J- R" = R* the
topology of the union (which is the colimit topology, as we shall see shortly).
R consists, therefore, of infinite sequences of real numbers (z1, za, x3, . . .)
almost all of which are zero, that is to say, such that x; = 0 for £ sufficiently
large. R™ is identified with the subspace of sequences (z1,...,z,,0,0,...).
The topology of R* is such that a set A C R* is closed if and only if ANR"
is closed in R for all n.

Topologically we identify the set (as well as the topological space and
the complex vector space) C of complex numbers with R? using the equality
x + iy = (x,y), where i represents the imaginary unit, that is i = /1.
Analogously with the real case, we have the complex space of dimension n,
Cr'={z=(x1,...,2a) | 2. € C, 1 <i<n}, or complex n-space.

In R™ we define for every x = (21, ...,x,) its norm by

|z = /ot + -+ ah;
likewise, in C™ we define the norm by
|z| = VaZ1 + -+ 202,

where z denotes the complexr conjugate x — iy of z = = + iy. Up to the
natural identification between C* and R?", it is an exercise to show that the
two norms coincide.

For n > 0 we shall use from now on the following subspaces of Euclidean
space:

D" = {z € R" | || < 1}, the unit disk of dimension n.
S"! = {z € R" | |z| = 1}, the unit sphere of dimension n — 1.

D" = {z € R" | |z| < 1}, the unit cell of dimension n.
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I"={zeR"|0<uz; <1, 1<i<n}, the unit cube of dimension n.
OI"={x € I | z; = 0 or 1 for some i}, the boundary of I in R™.

I =T1'"=10,1] C R, the unit interval.

Briefly, we usually call D" the unit n-disk, S"~! the unit (n — 1)-sphere, HO))H
the unit n-cell, and I the unit n-cube. It is worth mentioning that all of
the spaces just defined are connected (in fact, pathwise connected), except
for S® and 01, these being homeomorphic, of course. The disks, the spheres,
the cubes, and their boundaries also are compact (but not the cells, except

for the O-cell D’ = *).

The group of two elements Z/2 = Zs = {—1,1} (which can also be seen
as the quotient of the group of the integers Z modulo 2Z) acts on S™ by the
antipodal action, that is, (—1)x = —x € S™. The orbit space of the action,
which is the result of identifying each z € S with its antipode —z, is denoted
by RP"™ and is called real projective space of dimension n.

The infinite-dimensional sphere S* = [J°,S", where the inclusion
St=1 c S" is defined by the inclusion R® C R"™*!, is a subspace of R>.
The action of Zs in S™ induces an action in S°°, whose orbit space is de-
noted by RP* and is called infinite-dimensional real projective space. In
fact, the inclusion S*~! C S” induces an inclusion RP"™' C RP" and the
union |J;~ , RP" coincides topologically with RP*.

On the other hand, the circle group S* = {¢ € C | ||¢|| = 1} acts on
S#+1 ¢ €™ by multiplication on each coordinate, namely, (21, ..., 2,11) =
(Cz1,...,Czn11). The orbit space of this action, which is the result of iden-
tifying z € S*™*! with (z € $?*L, for all ¢ € S!, is denoted by CP" and is
called complex projective space of dimension n (in fact, its real dimension is
2n). The action of St on §?**! induces an action on S*°, whose orbit space is
denoted by CP* and is called infinite-dimensional complex projective space.
In analogy with the real case, the inclusion S**~' C S§?**!, defined by the
inclusion C* C C"*!, induces an inclusion CP"! ¢ CP" and the union
Us-, CP" coincides topologically with CP*.

The group of n X n invertible matrices with real (complex) coefficients is
denoted by GL,(R) (GL,(C)) and consists of the matrices whose determi-
nants are not zero. The subgroup O,, C GL,(R) (U,, € GL,(C)) consisting
of the orthogonal matrices (unitary matrices), that is, such that the matrix
sends orthonormal bases to orthonormal bases with respect to the canonical
scalar product in R™ (the canonical Hermitian product in C") or, equiva~
lently, such that its column vectors form an orthonormal basis, is called the
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orthogonal group (unitary group) of n X n matrices. In particular, O; = Zy
and U; = Sh

SOME GENERAL BAsic CONCEPTS

If f: G — H is a homomorphism of groups, then ker(f) = {g € G |
f(g) = 1} C G represents the kernel of f and im (f) = {f(g) | g € G} C
H its image. An arrow of the form ——— represents an inclusion or an
embedding of topological spaces, while one of the form >—— indicates a
group monomorphism, and finally, one of the form ——s represents an
epimorphism or, possibly, a surjective (quotient) map between topological
spaces.

A sequence of homomorphisms (of groups, rings, modules, etc.)
A-Lp%c

is called ezact at B if im (f) = ker(g).

As we have already done in the case of R or C" for defining R* and C*,
we shall make frequent use of the general concept of infinte union or colimit.
In the case of topological spaces let

XiCcXoCX5C---

be a chain of closed inclusions of topological spaces. We define its union
U;>; X as the union of the sets X;, and we define its topology by declaring
a subset C' C U;>1 Xi to be closed if and only if its intersection C' N X;
is closed in X; for all 4 > 1. This topology is called the union topology;
frequently it is also called the weak topology with respect to the subspaces.
It is an ezercise to show that the union has the following universal property.
If we have a family {f’: X; — Y | i > 0} of continuous maps such that
oYX, = f': X; — Y, then there exists a unique map f: JX; — YV
such that f|X; = f': X; — Y. In a commutative diagram we write this as

X Ui21 X;

f’\{ s

Y.

It is an ezercise to prove that the spaces S™ = (J7,S", RP* = (J;~ , RP",
CP* = U, , CP" defined above have the union topology.
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LiMIiTs AND COLIMITS

In a slightly more general context, given a sequence of closed embeddings,
that is, of maps that are homeomorphisms onto their range, which itself is

closed, P 2
Xl‘ XQ‘

X e

its colimit is a topological space denoted by colim X;, provided with maps
j' 1 X; — colim X; such that j* o ji = j' : X; — colim X;, where ji =
j,’j’l o---0jl.+ X; — Xy, k > i, and which has the following universal
property. I {f*: X; — Y | i > 1} is a family of maps such that fojf, | =
fi: X, — Y for all i > 1 or, equivalently, f*oji = f': X; — Y for all
k > i > 1, then there exists a unique map f : colim X; — Y such that
fojt= fi. Diagrammatically this says

X; A colim X;

\Jx Lot

Y.
The space colim X; can be defined by taking the quotient of the topolog-

colim X; = (H XZ-) /~

by the relation X; 3 z ~ ji, () € X;41 for all i. The maps j* : X; —
colim X; are defined as the composition of the canonical inclusion into the

ical sum

topological sum and the quotient map, namely,

It is an exercise to prove that this definition of colimit actually has the
universal property. In the book [27] there is a general treatment of the
topic of colimits of topological spaces, these being called (as by many other
authors) direct limits (see further below).

In the algebraic case we have an analogous situation, namely, given a
chain or direct system of abelian groups (or rings, vector spaces, etc.) and
homomorphisms

hs h3

A A

As o

we define its colimit as

colim 4; = (@ AZ-> JA,

i>1
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where A’ is the subgroup of @ A; generated by the differences hf(a;) —
a; € Ay @Ay € @A, k> i, where b, = hf ' ohl"30---0hi . In
other words, we identify each group A; with its image in Ay. For each ¢ we
have homomorphisms h’ : A; — colim A; given by the composition of the
canonical inclusion in the direct sum and the epimorphism in the colimit

b A—— P A; — colim A; .
We have, as in the topological case, that

hEo h}; =h': A, —> colim A4; .

The algebraic colimit also has the following universal property. If {f*
A; — B | i > 1} is a family of homomorphisms such that f"**ohl , =
fi: A — Bfor all i > 1 or, equivalently, f¥ohi = f': A, — B for all
k > i > 1, then there exists a unique homomorphism f : colim A; — B

such that f o h* = f'. Diagrammatically we have the following:

A; " colim A;

Dually, for an inverse system of abelian groups and homomorphisms

h4 A3 h3 A2 h3 i

we have a homomorphism
d: [[4 —[[4
such that
d(ar,as,as,...) = (a1 — hi(as), as — hi(as), a3 — h3(as),...) .
We define its limit as the kernel of d,
lim A" = ker(d),
and its derived limit as the cokernel of d,
lim' A® = coker(d) = (H Ai) /im(d).
In this way we obtain an exact sequence

0 —> lim A —)HAi HHAZ. — lim!tA4* — 0.
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Dually, in the case of the colimit, for each ¢ we have homomorphisms
h; : lim A* — A? given by the composite

lim A® —» H LN

The limit also has a universal property dual to that of the colimit. It is
the following.

If {fi: B— A"|i>1}is a family of maps such that hi™ o f;1; = f; :
B —s A’ for all i > 1 or, equivalently (defining h¥ = hi™' o hiTio---0hf_,),
such that h¥o fy = f;: B — A’ for all k >4 > 1, then there exists a unique
homomorphism f : B — lim A* such that h; o f = f;. Diagrammatically,
this is expressed as

lim A?

As we have already mentioned above, frequently one refers to the colimit
as the direct limit, and one denotes it by the symbol lim_, or dirlim. Like-
wise, one often says inverse limit instead of limit, and one denotes it by the
symbol lim,  or invlim. In order to avoid confusion between these, we pre-
fer the nomenclature of colimit and limit, which is more in agreement with
the dual categorical character of both concepts. A systematic treatment of
colimits and limits can be found in the book by Mac Lane [46], which is,
moreover, an excellent general reference for the categorical concepts (func-
tors, natural transformations, etc.) that will be mentioned in this text and

briefly described below.

CATEGORIES, FUNCTORS, AND NATURAL TRANSFORMATIONS

Throughout the text we use the concept of functor. This is inherent to the
concept of a category, whose definition we now give.

A category C consists of a class of objects and, for each pair of objects A, B,
a set of morphisms C(A, B) with domain A and codomain B. If f € C(A, B),

one usually writes f : A — B or A 75 B. For every triple of objects
A, B, C, there is a function

C(A,B) xC(B,C) — C(A,O)
associating to a pair of morphisms f : A — B, g : B — C their composite

gof:A—C.
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Two axioms are satisfied:

Associativity. If f: A— B, ¢g: B— C,and h: C — D, then

ho(gof)=(hog)of:A—C.

Identity. For every object B there is a morphism 1p : B — B such that
if f:A— B,thenlpof=f,andifg: B— C,thengolg=g.

Some examples of categories that will be useful in this text are the fol-
lowing:

1. The category Set of sets and functions, that is, the category whose
objects are all sets, and for sets A, B, Set(A, B) is the set of functions
from A to B.

2. The category Top of topological spaces and continuous maps.
3. The category G of groups and homomorphisms.

4. Given a partial order < in a set X, there is a category X whose objects
are the elements of X and such that the set X' (z,y) is either the empty
set or the set consisting of one element, according to whether 2 £ y or
Tz <.

There are many other examples, such as the category of pointed sets
(i.e., nonempty sets each with a distinguished point called a base point) and
pointed functions (i.e., functions preserving base points) Set,; of pointed
topological spaces and pointed maps Top,; of abelian groups and homomor-
phisms Ab; of modules over a ring R and module homomorphisms Modg; of
vector spaces and linear transformations Vect; etc.

A morphism f : A — B in a category C is called an isomorphism if
there is another morphism g : B — A in C such that fog = 1p and
go f = 14. For example, isomorphisms in Set are set equivalences, in Top
are homeomorphisms, and in G are group isomorphisms.

Given two categories C and D, a covariant functor (or contravariant func-
tor) T : C — D assigns to every object A of C an object T(A) of D and to
every morphism f : A — B of C a morphism f, = T(f) : T(A) — T(B)
(or f*=T(f):T(B) — T(A)) in such a way that

(a) T(1a) = 1),

(b) T(go f)=T(g)oT(f) (or T(go f)=T(f)oT(g))



Basic CONCEPTS AND NOTATION XXV

Some examples are the following:

1. There is a covariant functor from the category of topological spaces and
continuous maps to the category of sets and functions that assigns to
every topological space its underlying set. This functor is usually called
the forgetful functor because it “forgets” the structure of a topological
space.

2. There is a covariant functor from the category of sets and functions to
the category of topological spaces and continuous maps that assigns to
every set the discrete topological space having it as an underlying set.

3. There is a covariant functor from the category of sets and functions to
the category of (abelian) groups and homomorphisms that assigns to
every set the free (abelian) group generated by the set.

4. There is a contravariant functor from the category of topological spaces
and continuous maps to the category of rings and homomorphisms that
assigns to every topological space the ring of its continuous real-valued
functions.

5. A direct system (or inverse system) in a category C is a covariant func-
tor (or contravariant functor) from the category N determined by the
ordered set of the natural numbers (cf. example 4 on xxiv).

One can compare functors with each other. This is done by means of a
suitable definition of a morphism between functors. Let 77,75 : C — D be
functors of the same variance (either both covariant or both contravariant).
A natural transformation ¢ from T} to Ty, in symbols ¢ : T} — T3, assigns
to every object A of C a morphism p(A) : T3(A) — T2(A) of D in such a
way that for every morphism f : A — B of C the appropriate one of the
following diagrams is commutative

T1(f) T1(f)
7,(4) "L 1y(B) 7,(4) <L 1(B)
W(A)l J/W(B) w(A)i lv(B)
T2(A)m>T2(B)7 T2(A)<TZT)T2(B),

according to whether Ty, T are covariant or contravariant.

If ¢ : Ty — T5 is a natural transformation such that ¢(A) is an isomor-
phism in D for each object A in C, then ¢ is called a natural equivalence.
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SMOOTH APPROXIMATION AND DEFORMATION OF MAPS

We shall need to approximate continuous maps with homotopic smooth maps,
that is, maps with continuous derivatives of all orders. We present two results
on this. First we approximate functions. This is done using the notion of
a smooth bump function. Namely, given A C V C R"™ where A is closed
and V is open in R", a bump function of A in V is a continuous function

h:R™ — I such that f|A =1 and f|R" —V =0.
Let a: R — R be given by

eV it >0,
a(t) = .
0 ift <0.

This function is smooth and can be used to produce a second smooth function

_ a(l—1)
SR EDEO)
which is such that
6(7&) =1 ift<o0,
Bty <1 if0<t<l,
5( )=0 if t > 1.

Let A = D,(a) be the closed ball with center ¢ € R and radius r > 0,
and let V' = D,(a) be a larger open ball; that is, s > r. Then for € R" the
function | 2

r—alf—r
) =5 (M550
is a smooth bump function of A in V| as one may easily check.

Let now U C R"™ be open and bounded, and let V' C R™ be such that
V D U. Then there exists a smooth bump function h : R* — R of U in V/
defined as follows Smce U is compact, it can be covered with a finite number

of open balls D1 Dk such that their closures Dy, ..., D are contained in
V. Let D, ..., D;C be balls such that D; C D} C V and let h; be a smooth
bump function of D; in Dj. Define h by

hz)=1—(1—=hy(x)) - (1 = hg(a)).

We have now the desired smooth approrimation theorem, which shows
how one can smoothly approximate continuous functions.

Smooth approximation theorem. Let U C R"™ be open, and let f : U —
R be a continuous map that is smooth in an open set W C U. Let moreover
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W' . W" be open sets such that W' c W” and W is bounded and contained
in U. Finally, take € > 0. Then there exists a function g : U — R that is
smooth in W UW' and satisfies

lg(x) — f(z)| < e for allx € U and g(x) = f(x) for allx € W -w"

To obtain such a map g apply the Weierstrass approximation theorem
(see [65]) to find a polynomial function p(z) such that

|p(z) — f(z)| <eforallz e U
and take a smooth bump function A of W' in W”. Then define
9(x) = h(@)p(a) + (1 — h(z)) f(z) for = € U,

Then g is smooth in WU W', g|W' = p|W', g|U — W" = f[U — W’  and
lg(z) — f(z)| <eforallz e W

We now state the smooth deformation theorem, which shows how one can
find smooth maps homotopic to given continuous maps.

Smooth deformation theorem. Let U C R™ and V C R" be bounded
open sets and let p : U — V be a continuous map. Take W, W' C R™ open
such that W C W' C W' C U. Then there exists a map Y : U — V such
that:

(1) YW : W — V is smooth.
(2) YU = W' =p|U—-W'"and ¢ >~ prel (U —W").

The proof is as follows. Cover the compact set @(Wl) by a finite number
of open balls contained in V, and let € > 0 be smaller than one-half the
smallest radius of the balls. Then use the smooth approximation theorem
for each component of ¢ to obtain ¢ : U — R”™ such that it is smooth in
W, U - W' = plU - W', and ||¢(x) — p(x)|| < e for all x € U. Then the
linear deformation

H(w,t) = (1 - Dp(x) — t(a)
is a homotopy H : U x I — V from ¢ to v that coincides with ¢ on U — W,
i.e., it is relative to U — W’. In particular, ¢)(U) C V.

Given a smooth map ¢ : U — R", where U C R™ is open, we say that
x € U is a regular point if the derivative Dp(z) : R™ — R is nonsingular.
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In particular, if m < n, then no point x € U is regular. A point y € R" is a
regular value if all points in ¢~1(y) are regular.

The following result holds (see [57]).

Theorem 1. If y € R” is a regular value of a smooth map ¢ : U — R",
where U C R™ is open, then o~ (y) C U is a smooth manifold of dimension
m —n. If, in particular, m < n, then ¢~ '(y) = 0.

Another theorem that will be useful for us in this text is due to A. B.
Brown, and in a sharper form to A. Sard. It states the following (see [57]).

Brown—Sard theorem. Let ¢ : U — R" be a smooth map, where U C R™
is open. Then the set of regular values of ¢ is dense in R™.

Combining the smooth deformation theorem with the two previous re-
sults, one has the following theorem.

Theorem 2. Let U C R™ and V C R" be bounded open sets and let ¢ :
U — V be a continuous map. Take W, W' C R™ open such that W C W' C
W' C U. Then there exists a map 1 : U — V such that:

(1) Y|W : W — V is smooth.
(2) YU =W’ = o|U —W' and ¢ ~ prel (U — W').

(3) There is a point y € V such that ¥~ (y) is a smooth (m — n)-manifold,
and in particular, if m < n, then ¢ (y) = 0.

PARTITIONS OF UNITY

We shall now continue with a brief description of a notion that we will find
useful, namely, the notion of a partition of unity subordinate to an open
cover U = {U,} of a topological space X. This consists of a family of
functions {n, : X — I}, indexed with the same index set that the cover
U has, such that 7,|X — U, = 0 for all A, and moreover, each € X has a
neighborhood V' such that 7,|V = 0, except for a finite number of indices A,
and finally, >, m\(z) = 1 for all z € X. (Note that the sum is always a finite
sum.) A partition of unity subordinate to a given open cover is a useful tool,
for example, for sets of functions or maps only partially defined and with
values in R, C, or in some vector space. For example, it is an ezercise to
prove that if {f\ : Uy — R} is a family of continuous functions, then the
function f : X — R such that f(z) = >, m(z)fi(z) is well defined and is
continuous.

A fundamental theorem concerning the topology of paracompact spaces
is the following:
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Theorem 3. A topological space X is paracompact if and only if every open
cover U of X admits a partition of unity subordinate to it.

The books [60], [27], and [83] can be consulted in order to review this
theorem and for general considerations about paracompact spaces.

For subspaces of R™ one can construct smooth partitions of unity making
use of the smooth bump functions constructed in the previous paragraph.
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CHAPTER 1

FUNCTION SPACES

Function spaces will be the foundation of many of the constructions that
will be made in this text. The aim of this chapter is to review the most
important aspects of the topology of function spaces. We shall assume a
knowledge of the concepts of point set topology such as those found in the
texts [27, 34, 60, 83], for example.

1.1 ADMISSIBLE TOPOLOGIES

There are various ways to endow a set of maps with topologies that have dif-
ferent properties. In this section we shall study the most convenient topolo-
gies on the set of (continuous) maps between two topological spaces, namely
those topologies that allow us to realize the necessary constructions and that
have useful properties.

1.1.1 DEFINITION. Let X,Y be sets. We denote by Y¥ the set of functions
f: X —Y.

We can interpret YX as the Cartesian product [Lcx Ya, where Y, =Y
for all z € X.

We now suppose that Y is a topological space. Then a canonical topology
for Y is the product topology in []Y,. A subbase for this topology is that
formed by the family of sets U* = {f € Y* | f(z) € U}, where x € X and
U is an open set in Y.

1.1.2 EXERCISE. Let p, : YX — Y be the projection defined by p,(f) =
f(z). Show that the product topology is the smallest that makes all of the
projections p,, * € X, continuous.
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If we now also suppose that X is a topological space, we can consider
the subset M(X,Y) of Y¥ that consists of all the continuous maps. In the
following we shall introduce a canonical topology in M (X,Y"). We consider
the evaluation map

Y Y x X —Y

such that €'(f,x) = f(x), and its restriction

e: MX)Y)x X —Y.

1.1.3 DEFINITION. We say that a topology in M(X,Y) is admissible if the
evaluation e is continuous with respect to it.

It is possible that M(X,Y") does not have any admissible topology.

1.2 CoMPACT-OPEN TOPOLOGY

The compact-open topology is a topology on M (X, Y) that takes into account
both the topology of X and the topology of Y and that generalizes the
product topology.

1.2.1 DEFINITION. The compact-open topology in M (X,Y") has as subbase
the family of sets
UM ={feM(X,Y)| f(K) C U},
where K C X is compact and U is an open set in Y.
If T is a topology in M(X,Y), we shall denote by M+(X,Y") the corre-

sponding topological space. We shall denote it by M. (X,Y) if T = co is
the compact-open topology.

1.2.2 Proposition. The compact-open topology (co) is coarser than any ad-
missible topology in M(X,Y). (Thatis, co C T for every admissible topology
T.)

Proof: We have to show that every open set in M., (X,Y’) is open in M7(X,Y)
if T is admissible. For this it suffices to show that U¥ is in 7. We have that

e: Mr(X,Y)x X — Y
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is continuous. Take k € K and f € UX, that is, f(K) C U. Since e is
continuous and e(f, k) = f(k) € U, there exist neighborhoods V, of f in
M7(X,Y), and Wy, of k in X, such that e(V,, x W) C U.

The family {W},} forms an open cover of K, which is compact, so that
there exists a finite subfamily W1, ..., W, such that K C Wi U---UW,,. Let
Vi, ..., Vs be the corresponding V; such that e(V; x W;) Cc U, i =1,...,n.
Put V=ViN---NV,. Then f € Vand V C UX, sinceif g€ V and k € K,
then k € W; for some i. So, g(k) = e(g,k) € e(V x W;) Ce(V; x W;) C U,
which implies that g(K) C U. And this shows that U¥ is open in M7(X,Y).

]

From now on we shall denote M., (X,Y") simply by M(X,Y).

1.2.3 Proposition. If X is a locally compact Hausdorff space, then the
compact-open topology co is admissible.

Proof: We have to show that e : M(X,Y) x X — Y is continuous.

Let U C Y be open and take (f,z) € e *(U). Since e(f,z) = f(z) € U
and f is continuous, there exists a neighborhood W of = in X such that
f(W) C U. Since X is locally compact and Hausdorff, there exists V' open
with compact closure V such that z € V C V C W.

Then (f,z) € UV x V, which is open in M(X,Y)x X. It suffices to show
that UV x V C e }(U). Indeed, if f' € UV and 2’ € V, then f'(2') € U, that
is, e(f',2") € U. O

1.2.4 Corollary. If X is a locally compact Hausdorff space, then the topol-
ogy co is the smallest admissible in M(X,Y). O

1.2.5 EXERCISE. Let X be a set endowed with the discrete topology and
let Y be any topological space. Show that M(X,Y") with the co topology is

(homeomorphic to) the topological product [, .y Yz, Y, =Y, as described

above.

1.3 THE EXPONENTIAL LAW

If XY, Z are sets, the exponential law establishes an equivalence of sets

ZX><Y o~ (ZY)X.
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To realize this, it suffices to define

p: 20— (Z)% by () (@)(y) = flay)
and, as its inverse,

Y (2% — 2 by Y(g)(z.y) = 9(2)(y) .-

We now would like an analogous result for M (X,Y).

1.3.1 Proposition. Let X,Y, Z be topological spaces with Y Hausdorff and
locally compact. Then we have an equivalence of sets

¢ M(X XY, Z) — M(X,M(Y,Z)).

Proof: In order to define p as above, we must show that if f: X xY — Zis
continuous, then ¢(f)(z) : Y — Z is continuous and ¢(f) : X — M(Y, Z)
is continuous.

For the first statement, let us note that ¢(f)(z) is the composite
Vi x xy-Lsz,

where i,(y) = (z,y), which clearly is continuous. (Note that if X = ), the
proposition is trivial.)

For the second assertion, let UX be a subbasic open set in M(Y,Z). It
suffices to show that (f)~1(UX) is open in X. So take x € o(f)~H(UX).
Then f(x,k) € U for all k € K and there exist neighborhoods W, of z, Vj
of k, with f(W}, x V;) C U. Since K is compact, the family {V}} contains a
finite subfamily V;,...,V,, that covers K. Put W = W;nN---NW,,, where
W; is such that f(W; x V;) C U. Then W is a neighborhood of z in X.
We claim that W C ¢(f)"H(U¥). Indeed, if 2’ € W and k € K, then
()@ (k) = f(2', k), but k € V; for some i, and 2’ € W;, so f(2' k) € U.

Thus we have proved that ¢ is well defined.
We claim now that with the above definition
v M(X,M(Y,Z)) — M(X xY,2)
is well defined. Let g : X — M (Y, Z) be continuous. It suffices to show

that ¢ (g) is continuous.

Let U C Z be open. We claim that ¢(g)~'(U) is open. Take (z,y) €
¥(g)"H(U), that is, g(x)(y) € U. Since g(z) is continuous, there exists a
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neighborhood W of y with ¢g(z)(W) C U. Because Y is locally compact
and Hausdorff, there exists an open set V with compact closure V such that
y €V CV CW. Therefore, g(z)(V) C U, and so g(z) € UV, which is open
in M(Y, 2).

Since g is continuous, there exists a neighborhood 7" of z in X such that
g(T) C UV. Take an element («',y") in T x V', which is a neighborhood of

(2,9)in XxY. Then ¢ (g)(«,y") = g(2') (/) € U, and so TxV C 1(g)"*(U).
O

With an additional condition, the equivalence of sets in the previous
proposition is a homeomorphism, namely, we have the next result.

1.3.2 Theorem. If X, Y, Z are topological spaces such that X and Y are
Hausdorff and Y is locally compact, then

¢ M(X xY,Z) — M(X,M(Y,Z))

is a homeomorphism.

Proof: Let us show that ¢ and 1 are continuous.

First, it is an exercise to show that (UF)X is a subbasic open set in
M(X,M(Y,Z)) if U is open in Z, and K and L are compact in X and Y,
respectively (cf. [27, XIL.5] or 1.3.4 below). Then K x L is compact, and
it fe UKt c M(X xY,Z), then o(f)(K)(L) = f(K x L) € U; that is,
QO(UKXL) C (UL)K.

Now let U7 be a subbasic open set in M(X x Y, Z), with J compact in
X xY. Put K = projy(J) and L = projy(J). Then K and L are compact
and J C K x L. Let us show that ¢((UL)X) C U’. Indeed, take g € (UF)K
and (x,y) € J. Then ¢(g)(z,y) = g(x)(y) € U, provided that + € K and
y € L. a

We have the function
(1.3.3) T:-MX,)Y)x M(Y,Z) — M(X,Z)

given by composition.

1.3.4 EXERCISE. Prove that if X and Y are locally compact Hausdorff
spaces, then the function T' of (1.3.3) is continuous. In particular, if f :
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X — Y is continuous, then it induces (by restriction of T') a continuous
map

MY, Z) — M(X,Z)
such that f#(g) = go f. Similarly, if g : Y — Z is continuous, then it
induces (again by restriction of T') a continuous map

gs: M(X,Y) — M(X, 2)

such that g4(f) = go f. Prove, moreover, that for any general X and Y, f#
and gy are, in fact, continuous.

1.3.5 DEFINITION. Let A be a subspace of X and let B be a subspace of
Y. We denote by M (X, A;Y, B) the subspace of M(X,Y) that consists of
the maps f: X — Y such that f(A4) C B. An important example of these
subspaces is M (X, zo; Y, yo), which consists of those maps f : X — Y such
that f(zg) = yo, with 2o € X and yo € Y being specified points. Such maps
are called pointed (or based) maps, since they send the base point xy of X to
the base point gy of Y.

1.3.6 EXAMPLE. Let I = [0,1] be the unit interval and I = {0,1} its
boundary. We can consider then the spaces

M(I,X) > M(I,0; X, 20) D M(I,01; X, )

for a pointed space (X,xq). These spaces are known as the space of free
paths in X, the space of paths in X based on xq (or path space of X), and
the space of loops in X based on xqy (or loop space of X), respectively. We
usually denote M(I,01;X,xq) by Q(X,z0) or, if the base point is obvious
from context, by QX (cf. 1.3.9 further on).

1.3.7 DEFINITION. Let us consider the pairs of spaces (X, A) and (Y, B).
We define their product to be the pair

(X, A x(YV,B)=(XxY, X xBUAXY).

So (1,01) x (I,0I) = (I?,0I?), where I? is the unit square in the plane and
OI? its boundary, which is homeomorphic to the circle S* (see Figure 1.1).

Inductively, (I",01") x (I,01) = (I"**,dI™™), where I"*! is the unit
cube in R**! and I"*! is its boundary, which is homeomorphic to the sphere

Sn:{($17--~,$n+1) e R |x%+---+xi+1:1}-
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I IxI

1%

o Ixol U I I xI| = |0 xI) =~
1 oI
Figure 1.1

By the exponential law (which is also true for pairs: ezercise) we have
(1.3.8) M(I™™ 01" X, 20) =~ M(1,01; M(I",01™; X, 7o), 7o),

where x5 € M(I",01"; X, z) is such that zo(I") = .

1.3.9 DEFINITION. The space M (1™, 0I™; X, xg) is called the n-loop space of
X and is denoted by
QX x).

If the base point is obvious from context, then we abuse notation and write
Q" X.

By (1.3.8) we have

Q" (X, 20), o) ~ XX, ).

1.3.10 EXERCISE. Let X be a pointed space. Prove that we have a homeo-
morphism
O (X, ) = M(S", %; X, x).
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CHAPTER 2

CONNECTEDNESS AND
ALGEBRAIC INVARIANTS

In this chapter we shall introduce the concepts of path connectedness and
of homotopy of continuous maps between two spaces. We shall study the
sets of homotopy classes of maps and relate this with path connectedness.
Finally, we shall define the homotopy groups of a topological space, which
are important algebraic invariants for such spaces.

2.1 PaAaTH CONNECTEDNESS

Path connectedness is a stronger concept than topological connectedness and
is better suited for studying homotopy properties. It is based on the concept
of a path in a topological space X.

2.1.1 DEFINITION. Let X be a topological space. We define the following
relation on it: x =~ y in X if there exists a € M (I, X) such that a(0) = «
and a(l) = y. We say that z is connected with y by the path a (see 2.5.1
below). The space X is path connected or, also, 0-connected, if x ~ y for
each pair of points z,y € X.

2.1.2 EXERCISE. Prove that ~ is an equivalence relation on X.

2.1.3 DEFINITION. The equivalence classes, denoted by [z], divide X into
disjoint subsets called path components of X. Let mo(X) be the set of equiv-
alence classes.

This is an important topological invariant, which we shall study later
on. This invariant “measures” the “disjoint” pieces into which X can be

9
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decomposed, as the illustration in Figure 2.1 (where | - | denotes cardinality)
shows for a space X in the plane. In particular, X is path connected if and
only if X has only one path component.

.0 @

mo(X)] =3

Figure 2.1

Let f: X — Y be continuous. Then f induces a function
femo(X) — mo(Y)
such that f,[z] = [f(x)]. This function is well defined (ezercise).

The construction 7y has the following functorial properties, whose proof

is a simple exercise for the reader.

2.1.4 Proposition. The construction my is functorial, that is, the following
assertions hold.

(a) If f : X — X s the identity, then
fe i mo(X) — mo(X)
1s also the identity.
(b) If f: X — Y and g:Y — Z are continuous, then

(go f)e=gwo fu:m(X) — mo(2).

In particular, if f : X — Y is a homeomorphism, then f, : mo(X) —
mo(Y) is an equivalence of sets (isomorphism,). O

2.2 HomoTopry CLASSES

The relation of homotopy of maps generalizes path connectedness of points.
It is the fundamental concept of homotopy theory. In this section we give
the basic ideas that underlie it.
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2.2.1 DEFINITION. Let f,g: X — Y be continuous maps. We say that f
is homotopic to g (in symbols f ~ g) if there exists a homotopy of f to g,
that is, amap H : X xI — Y such that H(z,0) = f(z) and H(z,1) = g(z).

Analogously, we define the concept of homotopy between maps of pairs
of spaces; namely, if f,g: (X, A) — (Y, B) are maps of pairs, then f ~ g if
there exists a homotopy of pairs of f to g, H : (X, A) x I — (Y, B), such
that H(z,0) = f(z) and H(z,1) = g(x).

2.2.2 EXERCISE. Prove that the relation ~ is an equivalence relation.

2.2.3 EXERCISE. Prove that x,y € X are connected by a path if and only if
the maps ¢,, ¢, : * — X, such that ¢,(x) = z and ¢,(*) = y, are homotopic.
That is, z ~ y if and only if ¢, >~ ¢,.

2.2.4 DEFINITION. Given X,Y, we denote by [X,Y] the set of homotopy
classes of maps X — Y, that is, of equivalence classes of maps X —
Y modulo the relation ~. Analogously, we define the set [X, A;Y, B]. In
particular, if X = (X, z9), Y = (Y, yo) are pointed spaces, then we denote by
[X,Y]. the set of pointed homotopy classes of pointed maps between X and
Y.

2.2.5 NOTE. If the space X is Hausdorff and locally compact and if the space
Y is Hausdorff, then [X,Y] = ng(M(X,Y)). Analogously, [X,A;Y,B] =
mo(M(X, 4;Y, B)).

2.2.6 Proposition. Let X andY be locally compact Hausdorff spaces. Then,
identifying
mo(M(X,Y) x M(Y,Z)) with mo(M(X,Y)) x mo(M(Y, Z)),
the function T in (1.58.8) determines a function
(X, Y] x[Y,Z] — [X, Z]

(given by composition). In particular, f: X — Y induces

[zl — X, 7]
and g : Y — Z induces

g9« : [ X, Y] — [X, Z].

(For these last two statements we do not need any assumptions on X and
Y.) O
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Obviously, an analogous result holds for pairs of spaces.

The concept of a homeomorphism of topological spaces can be general-
ized; namely, a map f : X — Y is a homotopy equivalence if it has a
homotopy inverse, that is, a map g : ¥ — X such that the homotopy
classes [g o f] € [X,X] and [f o g] € [Y,Y] coincide with [idy] and [idy],
respectively.

2.2.7 Proposition. If f : X — Y is a homotopy equivalence, then f in-
duces bijections (equivalences of sets)
f* : [YaZ} — [X>Z]

and
foi 2, X] — [Z2,Y]

for any space Z.

Proof: 1f g is the homotopy inverse of f, then ¢* and g, are the inverses of
f* and f,, respectively. ad

2.2.8 DEFINITION. Let {X, | @ € A} be a family of topological spaces. We
denote their coproduct or topological sum by [] .y Xo- If {(Xa, As) | @ € A}
is a family of pairs of spaces, then we define its coproduct or topological sum

JT(xe. 40) (HXMHA>

acA aclA acl

as

If {X, | @ € A} is a family of pointed spaces, we define its coproduct or wedge
sum (shortly called wedge) as the quotient space

V Xo =[] Xo/{za | a € A},
a€A a€A

where for each a, z, € X, is the base point. One may check that there is an
embedding \/ . Xo = [[aca Xao such that each component X, maps into

the “axis” Xo = {(y5) € [Tpen Xo | ys = 5 if § # a}.
2.2.9 Proposition. If (X, A) =[], (Xa, Aa), then

(X, A4;Y, B] = [ [[Xa, Aa; Y, B].

acel

In particular, if X,, a € A, are pointed spaces, then

[\/ X, Y

acl

= [[[X..Y]..

% acA
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Proof: Given an element [f] € [X,A;Y,B], let f, = f o4,, where i, :
(Xa, An) = (X, A) is the inclusion. Then [f] — ([fa]) determines

(X, A;Y, B] — [ [[Xa, Aa; Y, B].
ach
Now, given ([fa]) € [[,calXa,> Aa; Y, B], the maps f, : (Xa, Aa) — (Y, B)
determine a map f : (X, A) — (Y, B) such that foi, = f,. So, ([fa]) — [f]
is the desired inverse. 0

2.3 ToprpoLOGICAL GROUPS

With the aim of introducing algebraic structures in [X, Y] we have to recall
the notion of a topological group as well as some other related notions.

2.3.1 DEFINITION. A topological space G is a topological group if it is sup-
plied with a continuous map

nw:GxG— G,

called multiplication, that gives G the structure of a group in such a way

1'is continuous. If we simply

1

that the map from G to G given by x — z~

write 2y = u(x,y), then the conditions on p and z — 2! are equivalent to

requiring that the function
n:GxGE@—G

given by fi(z,y) = xy~! be continuous.

2.3.2 ExaMPLES. The following are examples of topological groups:

(i) G =R, the real numbers with the usual topology and sum.

(ii) G = R", the Euclidean space of dimension n with the usual topology
and the usual sum of vectors.

(iii) G =S' = {e'* € C | x € R}, the complex numbers of norm 1 with the
topology induced by that of C and multiplication of complex numbers,
that is,

eixeiy _ ei(z+y) )
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(iv) If M,;xn(R) denotes the set of matrices that have m rows and n columns

and have real entries, with the topology given by the bijection
M,sen(R) = R™
that places the rows “one after the other,” we have a continuous map
M (R) X My (R) — My (R)

given by matrix multiplication.

In particular, if m = n, then M, ,(R) has a multiplicative structure.
Nonetheless, inverses do not always exist.

The determinant
det : My xn(R) — R

is a continuous function. Therefore, det™ (R — 0) is an open subset of
M,,xn(R), and this subset is indeed a group under matrix multiplica-
tion. We denote this subset by GL,,(R) and call it the real general linear
group of dimension n. Note that det is a continuous homomorphism
of this group to the multiplicative (topological) group R — 0.

Let G be a topological group. It is an erercise to show (cf. 1.3.4) that

M(X, Q) is a topological group with the following multiplication:

M(X,G) x M(X,G) — M(X,G),

(fr9) = no(f,g) = fo;

that is, (fg)(z) = f(z)g(z). Similarly, mo(G) also acquires a group structure,
which is defined by

w:GxG—G

as follows. Let

J WO(G) X 7T0(G) — WO(G)

be such that

izl [y]) = [z, y)] = [ay].

In the same way, we obtain the following general statement.

2.3.3 Proposition. Let G be a topological group. Then for every space X,

the set [X, G] has an induced group structure. If f: X — Y is continuous,
then

Y6 — X, G
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is a homomorphism of groups, and if, on the other hand, g : G — H is a
continuous homomorphism of topological groups, then

g« [X,G] — [X, H]

is a homomorphism. Finally, if G is abelian, then [X, G| is also abelian. O

2.4 HOMOTOPY OF MAPPINGS OF THE
CIRCLE INTO ITSELF

In this section we shall analyze from the homotopical viewpoint the maps
of the circle into itself. These maps will provide us with an example of
mappings that are not homotopically trivial, and furthermore, in a sense
they will provide us with a fundamental example of these. We follow closely
the very convenient approach of [71].

Recall that the points of the circle S' € C have the form >, Let
q: I — S' be the identification such that ¢(t) = e?™.

Let ¢ : I — R be a continuous pointed function, that is, such that
©(0) = 0, that also satisfies (1) = n € Z. The map I — S! such that
t — 29 ig compatible with the identification g. Hence it determines a
pointed map

p:St— s,

that is, 3(1) = 1, such that §(e*™*) = e>¥(). Therefore, one has a commu-
tative diagram

I—% R

|

s'- =~ s'.
P

We might say, in plain words, that the values of the map ¢ run along
the interval [0,n] (since we start from 0 and arrive at n) in one time unit,
that is, while letting the argument of the function run along the interval
[0,1]. Consequently, the map @ is such that while its argument runs about
S! once, starting at 1 and returning to 1, its value runs around S! n times,
also starting at 1 and returning to 1. In other words, after one turn of the
argument, there are n turns of the value of . More precisely, this number n
counts n counterclockwise turns if n > 0, and —n clockwise turns if n < 0.
We shall prove in what follows that any mapping f : S* — S! coincides
with @ for some ¢ : I — R, that is, that one can “unwind” the mapping.
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2.4.1 Proposition. Given any pointed map f : S' — S!, that is, such that
f(1) = 1, there exists a unique pointed function ¢ : I — R, that is, with
©(0) =0, such that f(¢) = 3(¢), ¢ € S".

Proof: The function is unique, since if ¢, : (1,0) — (R, 0) are such that
? =9 : S' —» S!, that is, if they are such that e2™#® = @2m¥(®  then
W(t) — p(t) € Z for all t € I. Therefore, since the function I — Z given
by ¢ — ¥(t) — (t) is continuous, and since I is connected and Z discrete, it
follows that this function is constant. Moreover, since 1(0)—¢(0) = 0—0 = 0,
then ¢ = .

Let us see now that ¢ exists. We need a mapping ¢ such that ¢(0) =0
and such that f(e*™) = e?™#() To that end, let us take the main branch,
log, of the complex logarithm; namely, if z = re* € C, r >0, -7 < a < T,
then log(z) = In(r) + ic, where In is the natural logarithm function. Let
h: I — S* be such that h(t) = f(e?™). Since I is compact, h is uniformly
continuous, and so there exists a partition 0 =ty < t; < --- <t =1 of [
such that

Hence h(t) # —h(t;), that is, h(t)-h(t;)~" # —1. Therefore, log(h(t)-h(t;)™")

is well defined. The desired function is thus the following. If t € [t;,¢;44],
take

o0 = 55 (v (i) =+ (i) e (7))

Then ¢ is well defined, continuous, and has real values. Using the exponential

law e®* = e%"’ and €'°¢() = 2 since h(ty) = h(0) = 1, one gets

e27‘ritp(t) _

As a consequence of this last proposition, we obtain the fundamental
result of this section.

2.4.2 Theorem. Given any mapping f : S' — S!, there exists a unique
pointed function ¢ : I — R such that f(¢) = f(1)-P(C), ¢ € S' (where the
dot here means the complex product).
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Proof: Let g : S — S! be given by ¢g(¢) = f(1)7' - f(¢). Then g(1) = 1,
and therefore by 2.4.1, there exists a unique pointed function ¢ : I — R
such that g(¢) = @(¢). Therefore, f({) = f(1) - @(C). O

Given a function ¢ : I — R such that ¢(0) = 0 and ¢(1) = n € Z, then
© ~ @, rel {0,1} for ¢, : I — R given by ¢, (s) = ns, since H : I xI — R
defined by
H(s,t) = (1 —1t)p(s) + nst

is a homotopy relative to {0,1}. Applying the exponential mapping to both
¢ and ¢, we obtain the following result.

2.4.3 Lemma. Let ¢ : I — R satisfy ¢(0) = 0 and (1) =n € Z. Then
P~ p, rel {1}. O

Given a mapping f : S' — S', we have by Theorem 2.4.2 that f =
f(1)- @, that is, f is the result of composing a mapping of the type ¢ with a
rotation given by multiplying by a constant unit complex number. It is easy
to verify (ezercise) that any rotation is homotopic to the identity map idg:;
therefore, f ~ @ for some ¢ : I — R such that ©(0) = 0 and p(1) =n € Z.
By 2.4.3, we have the following.

2.4.4 Proposition. Given f : S' — S! there exists a unique n € Z such
that f ~ @, : St — S, O

We have the following definition.

2.4.5 DEFINITION. Let f :S!' — S! be continuous and let ¢ : I — R be
the unique function that by 2.4.2 exists and is such that f(¢) = f(1) - &(¢).
Since the integer ¢(1) = n is well defined, we define the degree of f as this

integer n and denote it by deg(f).

It is geometrically clear what is meant by deg(f), since by 2.4.2 this
integer indicates how many times f(¢) turns around S* when ¢ turns once
around S*. This motion of f(¢) is counterclockwise if n > 0 and clockwise
if n < 0, while if n = 0, it means that f ~ ¢y, that is, the total number of
turns is 0.

We observe that deg(f) depends only on the homotopy class of f; namely,
one has the following.

2.4.6 Lemma. If f ~g:S' — S!, then deg(f) = deg(g).
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Proof: Let H : S' x I — S' be a homotopy such that H((,0) = f(),
and H((,1) = g(¢), and let f, : S — S! be given by f,(¢) = H((, s).
By 2.4.2, there exists a unique continuous function ¢, : I — R such that
0s(0) = 0, ps(1) € Z, and fs(¢) = fs(1) - 5(¢). We shall see that the
mapping I x I — R given by (¢,5) — ¢4(t) is a homotopy; that is, it is
continuous. As in the proof of Proposition 2.4.1, the map h : [ x I — S!
given by (s,t) — h(s,t) = f,(e?™) is uniformly continuous, and hence one
can choose the partition of I in the proof of that proposition in such a way
that
|h(s,t) — h(s,t;)| <2

ifsel, telt,tji], and j =0,1,...,k — 1. As before, one can now define
s with the same formula, but inserting in it the map hy : t — h(s,t)
instead of h; that is, if s € I and t € [t;,¢;41], then

o) = 5 <log (ZEED oo (“) *los <:((:ti))>> |

Hence ¢4(t) is continuous as a function of s and of ¢; in particular, the
function s — ¢4(1) is continuous, and since ¢4(1) € Z, it has to be constant.
Since f(¢) = f(1) - @o(¢) and g(¢) = g(1) - ©1(¢), we obtain that deg(f) =
o(1) = ¢1(1) = deg(g)- O

Hence the degree determines a function [S!,S!] — Z. The fundamental
result in this section, which shows us how an invariant is used for classification
problems, is the following.

2.4.7 Theorem. The function
[S', 8" —Z given by [f] — deg(f)

1s well defined and bijective. More precisely, one has the following.

(a) Ifn € Z, then the map g, : S* — S* given by g,(¢) = " is such that
deg(gn) = n.

(b) Take f,g:S' — S'. Then f ~ g if and only if deg(f) = deg(g).

Proof: (a) Since g,(e*™) = > we have that g, = p,; hence deg(f) =
on(l) = n.

(b) By 2.4.6, if f ~ g, then deg(f) = deg(g).

Conversely, if deg(f) = deg(g) = n, then we have that f({) = f(1) - p(¢)

f
and g(¢) = g(1) - ¥(C), where (0) = ¢(0) = 0 and ¢(1) = ¥(1)
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Since multiplication by f(1) and by g(1) yields rotations, and so maps that
are homotopic to idg:, and since by the considerations before 2.4.3 we have
© =~ @, ~ 1, it follows that f ~ P ~ p, ~ 1 ~g. O

2.4.8 EXAMPLES.

(a) The map idg: : S* — S! has degree 1, since idg1 = g;.

(b) If f: St — St is nullhomotopic, i.e., if it is homotopic to the constant
map, then deg(f) = 0, since then f ~ gy.

(c) The reflection p : S' — S! on the z-axis, that is, the map p such that
p(¢) = ¢, has degree —1, since p = g_;.

2.4.9 Proposition. Given f,g:S' — S!, then

deg(f - g) = deg(f) + deg(g),

where f-g:S* — S denotes the mapping ¢ — f(¢)g(¢), using the complex
multiplication in S'.

Proof: If f ~ g,, and g ~ gy, then f- g >~ gu - gn = Gman- O
2.4.10 Proposition. Given f,g:S' — S, then

deg(f o g) = deg(f) deg(g) -
Proof: If f ~ g,,, and g ~ g,,, then f o g~ g, 0 gy = Gmn- O
2.4.11 Corollary. If f: St — S! is a homeomorphism, then deg(f) = +1.

Consequently, f ~ ids1 or f ~ p, where p is the reflection given by taking
complex conjugates.

Proof: Since fo f~' =id, then deg(f)deg(f~!) = 1; this is possible only if
deg(f) = deg(f~!) = £1. In particular, we have that deg(f) = deg(f~1). O

2.4.12 DEFINITION. We say that a map f : S™ — S" is odd if for every
x € S, f(—z) = —f(x); we say that the map is even if for every z € S™,

f(=2) = [f(=).
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2.4.13 Theorem.

(a) If f : S' — S' is odd, then deg(f) is odd.

(b) If f:S* — S! is even, then deg(f) is even.

Proof: (a) By 2.4.2, there is a map ¢ : I — R such that ¢(0) =0, ¢(1) =
deg(f), and

f(eQﬂ'it) _ f(]-) . e?ﬂ'igp(t) ]
From —e2™ = o2ri(t+3) and —f(e2™!) = f(—e2™t) = f(e2m(2)) it follows

that
e?rri(w(t)qL%) — _e2mie(t) _ e?ﬂi(p(t+%) ’

and therefore
t+ 1) = (t) + ! +k
QO 2 - SO 2 ’

where k is an integer that does not depend on ¢, since [ is connected and ¢ is
continuous. For ¢ = 0 one has that ¢(3) = ©(0+3) = ©(0) + 5 +k = 5 + k.
For t = %, one then has

11 1\ 1 1 1
deg(f)—w(l)—so<2+2)—w(2)+2+k—2+k+2+k_1+2k,

and therefore deg(f) is odd.

The even case is proved analogously. a
2.4.14 EXERCISE. Prove (b) in the theorem above.

2.4.15 EXERCISE. The set [S!,S'] has an additive structure (that is, of an
abelian group), given by [f] + [g] = [f - g] (see 2.4.9) and a multiplicative
structure given by [f][g] = [f o g] (see 2.4.10). Prove that [S',S'] is a com-
mutative ring with 0 = [go] (go(¢) = 1 for all ¢ € S*) and 1 = [g1] (91(¢) = ¢
for all ¢ € S') with respect to these structures. Conclude that the function
[SY,S'] — Z given by [f] + deg(f) is a ring isomorphism.

2.4.16 REMARK. For any space X, one may consider the set of homotopy
classes [X,S!]. Using the (abelian) multiplicative structure of S' C C given
by complex multiplication, this set becomes an abelian group. Later on, we
shall see that for a nice space X this group is the so-called first cohomology
group of X and is denoted by H'(X). According to Exercise 2.4.15, we have
now proved that H'(S') = Z.
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2.4.17 Proposition. The inclusions i,5 : St — T? = S! x S! given by
i(z) = (2,1), j(2) = (1, 2) are not nullhomotopic and are not homotopic to
each other; that is, 0 # [i] # [j] # 0.

Proof: If ¢ and j were nullhomotopic, then the composites proj, o ¢ = ids:
and proj,0j = idg: would also be nullhomotopic, thus contradicting 2.4.8(a).
Similarly, if ¢ and j were homotopic, then the composites proj; oi = ids1 = ¢4
and proj; o 7 = go would also be homotopic, a result that would contradict
2.4.8(a) and (b). O

Figure 2.2

Proposition 2.4.17 above, showing that the maps ¢ are 7 not homotopic,
poses the idea that each of the two maps “surrounds” a certain “hole.” In
fact, 4 surrounds the “exterior hole” of the tube forming the torus, and j the
“interior hole,” and these two holes are essentially different (see Figure 2.2).

The next example is probably more eloquent. If we bore a hole into the
complex plane C, let us say, to obtain the complement of the origin C — 0,
then the inclusion i : S' < C — 0 is not nullhomotopic, since if it were, then
the map

idgi : S'—=C —0—">s!
would also be nullhomotopic, where r(z) = z/|z|. What this shows is that
the map i : S' — C — 0 detects the hole. It is in this sense that we
shall systematize in the next section the study of maps S! — X for any
topological space X in order to detect holes or, in other words, to measure
certain kinds of complications in the structure of the space X.

2.4.18 REMARK. Let f:S! — C be continuous and zy € f(S!). A reason-
able question is the following: How many times does the curve described by
f turn around 23?7 The answer is not always intuitively clear, as is shown in
Figure 2.3.
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Figure 2.3

The answer is as follows. First, if r : C — 0 — S! is the retraction given
by 7(z) = z/|z|, then the map
tz
fu 1St C— 52 C— 0>,
where t.,(z) = z — 29, is well defined. Then the answer to the question posed
is that the curve described by f swrrounds the point z, precisely deg(fs,)

times. This number is called the winding number of the curve f(S!), and we
denote it by W (f, 29). In other words,

(2.4.19) W (f, z0) = deg(f.,), where f.,(¢)= m

For example, see [25] for a systematic and more general study of the degree,
the winding number, and other related concepts.

As a matter of fact, when f is differentiable, then the winding number
around z corresponds to the number obtained by the Cauchy formula; that
is,

W(f,zo):deg(fzo):%m Slf(fc)(i)z()dc-

(See [30] or [8].)

2.4.20 DEFINITION. A topological space X is contractible if there exists a
homotopy equivalence between it and a one-point space, or equivalently, if
there exists a homotopy F': X x I — X that starts with the identity and
ends with the constant map ¢(x) = xg, namely, if idx is nullhomotopic. We
call such a homotopy F' a contraction.
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Having been able to classify maps S' — S* up to homotopy brings many
nice consequences. From the fact that deg(idg:) = 1 one has that idg: is not
nullhomotopic, and from this we obtain the following.

2.4.21 Theorem. The circle S* is not contractible.
Proof: 1f it were contractible, then ids: would be nullhomotopic. a

In the example of i : S — C — 0, we saw that r : C — 0 — Sl is
a retraction of the punctured plane C — 0 to the subspace S'; this way of
thinking allows us to prove an interesting fact, which is the following.

2.4.22 Proposition. There is no retraction r : D> — S!, that is, there is
no map r such that rlg = idg:

Proof: Since D? is contractible, any map defined on D? is nullhomotopic, and
in particular r would be so too. But this would be a contradiction, since the
composition of r with the inclusion S' — D?, which is idg:, would also be
nullhomotopic. Such an r cannot exist. a

The proposition above allows us to prove a very important result in topol-
ogy with many applications. It is known as Brouwer’s fixed point theorem.

2.4.23 Theorem. Every map f : D> — D? has a fixed point, that is, a
point xg € D? such that f(xg) = xo.

Proof: If there were no such xg, then we would have f(z) # x for all x € D
Hence the points z and f(z) would determine a ray that starts at f(x) and
intersects S! in exactly one point r(z). (See Figure 2.4.) The map r: D? — S*
is well defined, continuous, and is also a retraction. However, the existence
of such a retraction contradicts Proposition 2.4.22. O

2.4.24 EXERCISE. For a given map f, find an explicit formula for the retrac-
tion 7 : D? — S! described in the proof of Brouwer’s fixed point theorem
2.4.23.

2.4.25 EXERCISE. Take X = {(x,y,2) € R | |z] <1, |y| < 2,]2| < 3}, and
consider the map f: X — R? given by
Fany, 2) = I7y2+22+1 71’2+Z2+4 z7x2+y2+9
) y? - 14 ) y 14 ) 14
Prove that the equation f(x,y,z) = 0 has a solution (in X). (Hint: Use
Brouwer’s fixed point theorem 2.4.23.)
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Figure 2.4

The concept of degree is so useful that it has applications outside of
topology. A nice example of this is the following proof of the fundamental
theorem of algebra.

2.4.26 Theorem. (Fundamental theorem of algebra) Every nonconstant
polynomial with complex coefficients has a root. That is, if

f(2)=ao+aiz+ 4 ap_12" "+ 2",

n >0, ag,ai,...,a,—1 € C, then there exists zo € C such that f(z9) = 0.

Proof: Assuming that f does not have a root, the mapping z — f(z) would
determine a map f : C — C—0. If we take p = |ag| + |ar| +- - +]an_1| +1
and z € S!, then

|f(uz) — prz"<ao| + plaa| + - - 4+ 1" Han_1]
<u" Ylaol + |ar| + -+ + |an—1]) (u>1)
<p = |pt2" (> lagl 4 lar] 4 - -+ |an—]).

Therefore, f(uz) lies in the interior of a circle with center at 2" and radius
|"2™|, and so the line segment connecting f(uz) with p™2" does not contain
the origin. Hence H(z,t) = (1 —t)f(uz) + tu"2" determines a homotopy
H :S'x I — C -0, starting with the map 2 — f(uz) and ending with the
map z — u"z". Since the first map is nullhomotopic using the nullhomotopy
(z,t) = f((1 —t)uz), so also is the second map. Therefore, by composing it
with the known retraction r : C — 0 — S! given by r(z) = 2/|z|, we obtain
that the map S! — S! given by z + 2™ would be nullhomotopic. But this
last map is g,, and so we have contradicted 2.4.7. a

Another application of the degree, or more precisely of the winding num-
ber W(f, z) defined above in 2.4.18, is to prove a version of the Jordan curve
theorem. This assertion will be based on the following proposition.
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2.4.27 Proposition. Let f : S' — C be continuous, and let zy and z; be
points in the same path component of C — f(S'). Then W (f, 20) = W(f, z1).
Proof: If X\ : zg ~ z is a path, then fyy given by

A=)
FQ) — AD)

(see 2.4.19) is a homotopy from f,, to f,,; consequently,

Hro(€)
W(f: 20) = deg(fzo) = deg(fz1) = W(f7 21) :

The following is a weak version of the famous Jordan curve theorem.

2.4.28 Theorem. Given any map f : S* — C, the complement of its image
C — f(SY) contains only one unbounded path component. For z inside this
component, one has that W(f,z) = 0.

Proof: Since f(S!) is compact, being the continuous image of a compact set,
the Heine—Borel theorem guarantees that it is bounded. So its complement
C — f(S') contains an unbounded component V. If 1 > 0 is large enough,
then f(S') ¢ D = {2 € C| |z] < u}, C—D c C— f(S"), and, since
D is bounded, (C— D) NV # (. Hence, since C — D is path connected,
C— D C V and V is the only unbounded component of C — f(S'). If z € V
and 2’ € C— D, then by 2.4.27, W(f,2) = W(f, 2’). Moreover, the homotopy

(1-f) -+
(1 =1)f(C) —~|

starts with f,, and ends with a constant map, and so one has that W (f, 2") =
ng(fZ/) =0. a

H(G 1) =

The classical Jordan curve theorem states that given an embedding e :
St < R2, then the complement R? — e(S') has exactly two components, one
bounded and one unbounded. The latter is the one given by 2.4.28. One can
prove that W (e, z) = &1 if z lies in the bounded component.

Another beautiful result in algebraic topology is the Borsuk—Ulam the-
orem, which we shall now prove only in its two-dimensional version. This
result implies the nonexistence of an embedding S? — R2.
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2.4.29 Theorem. (Borsuk-Ulam) Given a continuous map
f:S? —R?,

there is a point x € S* such that f(z) = f(—x).

Proof: If we assume that f(x) # f(—x) for every point x € S?, then one can
define two maps, namely,

fi:8?— ' givenby fi() = m

fo:D* —S'  given by fo(w1,m2) = f1 (1’171'27 1 —af— 1’%) .

If we define g = fo|s1 : S' — S!, then we have, on the one hand, that g is
nullhomotopic, since the homotopy

H:S'xI—§8, H(¢,t) = fo((1=1)C),

is a nullhomotopy. On the other hand, g is odd, that is, g(—() = —g((),
since f; is odd. By 2.4.13(a) one has that deg(g) is odd, thus contradicting
that ¢ is nullhomotopic. a

2.4.30 NOTE. The Borsuk—Ulam theorem is often described in meteorolog-
ical terms as follows. If we assume that temperature 7" and atmospheric
pressure P are continuous functions of location on the surface of the Earth,
then both determine a map f = (T, P) : S — R2. The theorem asserts that
in this case there exists a pair of antipodal points with the same temperature
and atmospheric pressure.

If g : S — S! is continuous, then it cannot be odd; that is, it cannot
happen that g(—z) = —g(x), since the composite

S? 9. S R2

would be a counterexample to the Borsuk—Ulam theorem 2.4.29. In the
proof of this theorem, by assuming the contrary of its assertion, that is, the
existence of f : S2 — R? such that for every x € §?, f(z) # f(—x), we could
construct an odd map g : S> — S'. We have hence that the Borsuk-Ulam
theorem is equivalent to the following.

2.4.31 Theorem. There are no continuous odd maps f : S* — S, a



2.4 HoMOoTOPY OF MAPPINGS OF THE CIRCLE INTO ITSELF 27

2.4.32 REMARK. There is a general version of the Borsuk-Ulam theorem
stating that given a continuous map f : S* — R®, there is a point v € S?
such that f(x) = f(—=z). As before, this assertion is equivalent to saying that
there are no continuous odd maps f : S* — S"1. In order to prove these
facts, more sophisticated machinery is needed. One possibility is given by
using the cohomology groups of the projective spaces, as will be seen later
on in Chapter 11 (see 11.8.28 and 11.8.29).

2.4.33 EXERCISE. Let f :D? — R? be an odd map on the boundary, that
is, such that if z € S', then f(—z) = —f(x). Prove that there exists z, € D?
such that f(zo) = 0.

2.4.34 EXERCISE. Consider the following system of equations:

TrCcosy = 1’2+y271,

ycosz = tan2m(x® +y°).

Using the last exercise, prove that the system has a solution (zg,yo) such
that z2 4+ y¢ < 1.

One last result in this section, whose proof is an application of the Borsuk—
Ulam theorem, is the so-called ham sandwich theorem. In order to state
it, we need the following preparatory considerations. For each point a =
(a1, as,a3) € S* and each element d € R, let F(a,d) C R3 be the plane given
by the equation

Yo(T) = a121 + agxo + agzs —d =0,

and let E*(a,d) and E~(a,d) be the half-spaces of R? such that ~,(z) >
0 and 7,(z) < 0, respectively. Obviously, ET(—a,—d) = E (a,d). Let
Ay, Ay, A3 C R3 be subsets such that the maps f£ : S x R — R, where
f*(a,d) is the volume of A, N E*(a,d) for v = 1,2,3, are well defined and
continuous. Moreover, for each a € S? there exists a unique d, € R depending
continuously on a and such that f;"(a,d,) = f; (a,d,). This last condition
means that given any family of parallel planes, there exists only one that
divides the set A; in two portions of equal volume. Clearly, d_, = —d,.
Under these conditions, one has the following result.

2.4.35 Theorem. (Ham sandwich theorem) There exists a plane in R® di-
viding each of the subsets Ay, As, As in portions of equal volume.
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Proof: If f:S?> — R? is the map given by

f(a) = (f;(a,da),f;(a,da)),

then, by the assumptions, f is well defined and continuous. By the Borsuk—
Ulam theorem 2.4.29 there exists b € S? such that f(b) = f(—b). By the prop-
erties of d, and E*(a,d), one has for this b that fF(b,dy) = fF(—b,d_y) =
fF(=b,—dy) = f, (b,dp), as was required. O

2.4.36 NOTE. As indicated by its name, a gastronomic interpretation of the
ham sandwich theorem can be given if we assume that A; is the bread, A,
the butter and Az the ham that will be used to prepare a sandwich. The
theorem guarantees that it is possible to cut the sandwich with a flat knife,
independent of the distribution of the ingredients, in such a way that each of
the two pieces contains exactly the same amount of bread, butter, and ham.

2.4.37 EXERCISE. Prove the Borsuk—Ulam theorem in dimension 1; that
is, prove that given a map f : S! — R, there exists z € S' such that
f(x) = f(—z). (Hint: Apply the intermediate value theorem to the map

g:S* — R given by g(z) = f(x) — f(—z).)

2.4.38 EXERCISE. State the ham sandwich theorem in R? and apply the
former exercise to prove it.

2.4.39 EXERCISE. Indicate which of the following maps f are nullhomotopic
and which are not.

) f:8" — 8", f(z) = (2,0).

) f:St— 8t xS f(Q) = (¢3¢,

(c) f:S'x 8! — 8! xS, f(&n) = (&n,1).
)[R = {0} — R*— {0}, f(z,y) = (2® — v 2u).
) f

R? — {0} — R?— {O}a f(xay> = (CCQ,y).

2.5 THE FUNDAMENTAL GROUP

Historically, the first important concept of algebraic topology was the funda-
mental group. This is also the first properly algebraic invariant of a topologi-
cal space to be studied in this book. We shall associate to a topological space
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this group, which in general is not abelian and whose structure provides us
with valuable information about the space.

We shall start by giving the definition of the fundamental group, which
in the beginning depends on the basic concept of a path inside a topological
space. Although we have already given the definition of path in 2.1.1 and
have used the concept in the preceding chapter, for the sake of completeness
of this chapter we shall recall it.

2.5.1 DEFINITION. Let X be a topological space and take points g, z; € X.
A path from x to z; is amap w : I — X such that w(0) = zp and w(l) = z;
(see Figure 2.5). As before, we denote it by w : g ~ 1. The point zo will be
called the origin (or beginning) of w, and x; the destination (or end point) of
w, and both will be called extreme points of the path. If both extreme points
coincide, that is, if x9 = x1, we say that the path is closed or simply that it
is a loop based at x.

Figure 2.5

2.5.2 EXAMPLES.

(a) If z € X, then ¢, : I — X given by ¢,(t) = « for every t € I is the
constant path or constant loop.

(b) Take n € Z. The path w, : I — S! given by w,(t) = *™™ is the
loop of degree n in the circle. It has the effect of wrapping around S*
n times (counterclockwise if n > 0, clockwise if n < 0, and if n = 0, it
does not wrap around) as ¢ runs along I; w, is the associated loop of
the map g,, : S* — S! defined in 2.4.7(a).
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(c) In the torus T2 = S! x S!, the paths wi,w? : I — T? given by
wi(t) = (1) = (wi(t),1) and wi(t) = (1,e*) = (1,w;(t)) are
loops, which will be called the unitary equatorial loop and the unitary
meridional loop. (See 2.4.17.) More generally, we have in T the loops
wh w? I — T? given by w! (1) = (wn(t),1) and wW2(t) = (1,w,(t)).

Figure 2.6 shows the generators wi and w? in the torus.

Figure 2.6

In general, as one can see in the preceding examples, as well as in Figure
2.5, as the parameter ¢ varies from 0 to 1, the point w(t) describes a curve
or path in X connecting the points xg and z;. Two paths w,o : I — X are
equal if as maps they are equal, that is, if for every t € I, w(t) = o(t). It is
not enough that they have the same images. For instance, the loops w, in
St defined in 2.5.2(b) are all different from each other. Given any numbers
a < b€ R and any map v : [a,b] — X, the canonical homeomorphism
I — [a,b] given by t — (1—t)a+tb transforms v into a new path 5 : I — X
such that J(t) = v((1 — t)a + tb), so that in principle, any such map = is
canonically a path. For technical reasons, it is convenient always to assume

a=0and b=1.

2.5.3 EXERCISE. Prove that giving a path ¢ : z, ~ x; in X is equivalent
to giving a homotopy H : ¢;, =~ ¢, : * — X, where ¢, represents the map
from the one-point space * into X with value x.

As in the case of loops, as we saw in the last chapter, it is sometimes
possible to multiply paths by each other as well as to define inverses, as we
shall now see.

2.5.4 DEFINITION. Given a path w: I — X, we define the inverse path as
w: 1 — X, where W(t) = w(l —¢). f w:xg ~ a1, then W : 27 ~ x5. Two
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paths w,o : I — X are connectable if w(1) = o(0); in this case one can
define the product of w and ¢ as the path wo : [ — X given by

w(2t) ifo<t<i,

o2t —1) ifi<t<1.

Ifw: 2>~z and 0 : 1 >~ x9, then wo : ¢ ~ x5. In particular, the pairs
W, W; W, w; €z, w; and w, ¢;, are always connectable, and their products wi,
Ww, Cyow, and we,, are defined. Nonetheless, in general, ww # cg, Czow # W,
etc. This bad behavior is corrected with the following definition.

2.5.5 DEFINITION. Two paths wy,w; : I — X are said to be homotopic if
they have the same extreme points zy and x; and there exists a homotopy
H : I xI— X such that H(s,0) = wo(s), H(s,1) = wi(s), H(0,t) = zo,
H(1,t) = xy, for every s,t € I; that is, H is a homotopy relative to {0, 1}.
This we denote, as usual, by H : wy ~ wy rel OI; if it is not necessary to
emphasize the homotopy, then the fact that wy and w; are homotopic is
simply denoted by wg ~ w;. Figure 2.7 illustrates this concept. If a loop w
is homotopic to the constant loop c¢,,, that is, w =~ ¢,,, one says that it is
nullhomotopic or contractible.

Figure 2.7

In relation to the comments following Definition 2.5.4, we have the fol-
lowing lemma.

2.5.6 Lemma. Let w: xy~xy, 0:21 >~ Ty and 7y : T2 ~ x3 be paths in X.
Then one has the following facts.

(8) w(o7) = (o).

(b) Copow 2w, wey ~w.
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() Wi~ ey, WWCy,.

Proof:
a e homotopy H : I X I — X given by
The h H:IxI X gi b

W(;%) if0<s =,
H(s,t) =< o(ds+t—2) if & <s< 3L,
(=) if 32t < s <1,

is well defined and is such that H : w(o7y) ~ (wo)y.
(b) The homotopies H, K : I x I — X given by

) if 4t <s<1,
are well defined and are such that H : ¢,yw ~ w and K : we,, >~ w.

(¢) The homotopies H, K : I x I — X given by

~Jw(2s(1 —1)) if 0
His,) = {w(Q(l —s(1-1) il

Kiep - Je@I=9)(1-1) if0<s<i,
(s,t) = w(2s(1 —1t)) ifl<s<l,

are well defined and are such that H : ww ~ ¢,y and K : Ww ~ ¢, . ad
In what follows, we shall frequently write the expresion
Wiwa « - - Wk,
without parentheses, which, if it is not stated otherwise, means the path
wi (kt) if 0
wrion - wnlt) = wz(k‘lf -1) if
wk(ki— k+1) if ’%'g t<1,

that is, all paths in the product are uniformly traveled.

One has the following.
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2.5.7 Lemma. The relation w ~ ¢ is an equivalence relation.

Proof: The homotopy H (s,t) = w(s) proves that w ~ w.

If H:w=~o,then H:IxI— X, given by H(s,t) = H(s,1 —1), is
such that H : 0 ~ w.

Finally, if H : w ~ 0 and K : 0 ~ =, then the homotopy L: I x [ — X

defined by
Ls.t) = H(s,2t) 1f(3
K(s,2t —1) if 5

— N

t
t

IA A

< )
< )

is a homotopy relative to {0, 1}, is well defined, and satisfies L : w ~~. O

In what follows we shall denote the equivalence class of w by [w] and we
shall call it the homotopy class of w. We are especially interested in homotopy
classes of loops based at a specific point = and in particular, in the class [¢,],
which will be denoted by 1, or, if there is no danger of confusion, by 1.

If H:wy~w;and K : gy ~ oy, then the homotopy HK : I — X given
by
H(2s,t) if 0 <

HEK(s,t) =
(s,%) {K@s—Lw if 1 <

is well defined and is such that HK : wyoy ~ wio1. Hence we may define the
product of the homotopy classes of two connectable paths w and ¢ by the
formula

[wllo] = [wa] .

Using this and 2.5.6 we have the following result.

2.5.8 Proposition. Letw:w >z, 0:x >y, and vy :y =~ z be paths in X.
Then the following identities hold:

(©) W@ = Lo, @lw] = 1,.
(For this reason, [©] is denoted by [w]™t.) O

Thanks to (a), we have that the product of homotopy classes of paths
is associative. Hence there shall not be any confusion if one writes simply

[wlall]-
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2.5.9 EXERCISE. Prove that if w, : I — S!, n € Z, is as in 2.5.2(b), then
[wn] = [w1]™. (Hint: w? = wy; proceed by induction over n.)

The concept of fundamental group depends on a base point zg € X.

If we restrict 2.5.8 to loops (closed paths), we have the following result.

2.5.10 Theorem and DEFINITION. Let (X, o) be a pointed space. Then
the set
m1 (X, z0) = {[A\] | A is a loop based at zq}

is a group with respect to the multiplication [N [u] = [Au] with neutral element
1= 1, = [cs,) and with [\]™" as the inverse of each [A]. This group is called
the fundamental group of X based at the point z. ad

2.5.11 EXERCISE. Prove that the definition of the fundamental group
m (X, o) is consistent with the definition of the first homotopy group (n = 1)
given in 2.10.9. (Hint: A loop A : I — X based at zg determines a pointed
map S' — X, and conversely.)

Let f: (X,20) — (Y,40) be a pointed map. If A : I — X is a loop
based at xg, then the composite fol: I — Y is a loop based at yy. Besides,
if ¢z, is the constant loop in X, then f oc,, = ¢, is the constant loop in Y,
and given loops A and p in X, one has

fou)=(foX)(fonu).

2.5.12 EXERCISE. Prove the last assertion in its general form, that is, if
f: X — Y is continuous and A and p are connectable paths in X, then
foXand fop are connectable in Y and fo (Au) = (f o A)(f o ).

2.5.13 Theorem. A pointed map [ : (X,z9) — (Y, yo) induces a group
homomorphism

ferm(X,20) — m(Y,90)
given by f.([A]) = [f o Al.

Proof: If H : Mg ~ A1 rel O is a homotopy of loops in X based at xg, that
is, H(s,0) = Xo(s), H(s,1) = A\i(s), H(0,t) = zo = H(1,t), then clearly
foH:foX =~ fol rel dI, so that the function f.([A]) = [f o A] is well
defined.

The remarks before the statement of the theorem prove that f,([Ay]) =

[F o ()] = [(f o N (F o )] = £.([A) . ([u]), which shows that f. is a group
homomorphism. a
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The construction of the fundamental group is functorial; that is, it be-
haves well with respect to maps, as the following immediate result shows.

2.5.14 Theorem. Let (X, z0), (Y,y0), and (Z,zy) be pointed spaces and let
f:(X,20) — (Y,90) and g : (Y,y0) — (Z, 29) be pointed maps. Then one
has the following properties:

(a) idxs = La (x,00) : M (X, 20) — m1(X, 20).

(b) (gof)*:g*of*:ﬂ-l(Xv‘TO)—>7T1<ZaZO)' a

Because of the conditions (a) and (b) above, the correspondence
X (X, x0)
[ — J/f*
Y m1(Y, o)

is said to be a functor.
2.5.15 EXAMPLES.

(a) f A : I — R" is a loop based at 0, then the homotopy H(s,t) =
(1 — ¢)A(s) is a nullhomotopy. Hence [A] =1 € 71(R™,0). Therefore,
m1(R™,0) = 1; that is, the fundamental group of R™ is the trivial group.

(b) As in the previous example, one can prove that m; (D", 0) = 1.

(¢) Recall that a subset X C R" is convex if given two points z,y € X,
then for every t € I, (1—t)z+1ty € X; that is, the straight line segment
joining = and y lies inside X. Given any point 2y € X and any loop
A I — X based at zg, the homotopy H(s,t) = (1 —t)A(s) + txo is
a nullhomotopy relative to 9. Therefore, [\] = 1 € m (X, 2). Hence
the fundamental group of any convex set is trivial.

(d) Recall that a topological space X is contractible to zo € X if the
identity map idy is nullhomotopic, that is, if there exists a contraction
D: X xI — X given by D(x,0) = z, D(x,1) =z, t € I; X is
strongly contractible if moreover, the homotopy D satisfies D(zo,t) =
xg for all t € I. (Cf. 2.4.20.) If X is (strongly) contractible to zg € X,
then every loop A : I — X based at xy is nullhomotopic, as the
nullhomotopy H(s,t) = D(A(s),t) shows, where D : X x [ — X
is a contraction, that is, D(z,0) = x, D(z,1) = o = D(wo,t), t €
I. Therefore, m (X, z9) = 1; that is, the fundamental group of every
contractible space is trivial.
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2.5.16 Proposition. Let (X,z) and (Y,yo) be pointed spaces. Then the
Sfunction

¢ = (Proj x., Projy.) : (X x Y, (w0, 90)) — m1 (X, 20) X m1(Y, 90)

s a group isomorphism.

Proof: The function is clearly a homomorphism. If A : I — X x Y is a
loop satisfying ¢([\]) = (1,1), then the loops Ay = projy o A: I — X and
A2 = projy o A : I — Y are nullhomotopic, say through the nullhomotopies
H :IxI — Xand Hy : I x I — Y. Therefore, H = (Hy, Hs) :
I — X x Y is a nullhomotopy of the loop (A, \2) = A: 1 — X x Y.
Consequently, [A\] = 1, and ¢ is a monomorphism.

On the other hand, if ([A1], [A2]) € m (X, xo) X m (Y, yo) is an arbitrary
element, then the loop A = (A1, A2) : I — X x Y is such that ¢([\]) =
([M1]s [A2])- So ¢ is an epimorphism. O

Up to now, we have only had explicit examples of trivial fundamental
groups. In the next section we shall see examples of nontrivial fundamental
groups.

In what follows we shall analyze the relationship between the fundamental
groups of a space X with respect to two different base points zy and ;.

If ¢ € X lies in the path component X, of X and A is a loop in X based
at g, then, since I is path connected, the image of A lies in Xy. Moreover,
if H: X\~ uis a homotopy in X, then the image of the homotopy also lies
inside Xy. These remarks establish the truth of the following statement.

2.5.17 Proposition. Let X be a pointed space with base point xo. If Xy
s the path component of X containing xqg € X, then the inclusion map
1: Xo = X induces an isomorphism i, : w1 (Xo, o) — m (X, x0). O

Proposition 2.5.17 allows us to restrict the analysis of the fundamental
group to path-connected spaces. Indeed for such spaces the fundamental
group is well defined, up to isomorphism, independent of the base point.
More precisely, we have the following result.

2.5.18 Theorem. Let w : xg >~ x1 be a path in X. There is an isomorphism
Yo m(X, 21) — m (X, 20)

given by @, ([A]) = [w][A][w] ™"
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Proof: Since A is a loop based at x1, w and A are connectable, and so also are
wA and w; therefore, the function ¢, is well defined, and indeed it depends
only on the class [w].

To see that it is a homomorphism, we have by 2.5.8 that

po(An]) = WINWE] = LN R]WHE] = eo((A)ew () -

Hence ¢, is a homomorphism.

Moreover, the homomorphism ¢ : 71 (X, 29) — m (X, x1) is clearly the
inverse of ¢,,. O

2.5.19 EXERCISE. Check that in fact, ¢, o 9z = 1x (x4 and oz o @, =

17r1(X,zl)-

If in Theorem 2.5.18 we take in particular w to be a loop based at xg, that
is, such that [w] € m1(X, xg), then ¢, is precisely the inner automorphism of
71(X, zo) given by conjugation with the element [w].

2.5.20 REMARK. Theorem 2.5.18 allows us to write 71 (X)) for a path con-
nected space X without reference to the base point. Notice, however, that in
general there is no canonical isomorphism between the fundamental group at
two different base points. Therefore, m1(X) is really a family of isomorphic
groups.

The concept introduced in what follows will be an important concept in
this textbook, as it also is in general.

2.5.21 DEFINITION. A topological space X is said to be simply connected
if it is path connected (0-connected) and for some base point zo € X the
fundamental group (X, xo) is trivial. Frequently, a simply connected space
is also called 1-connected.

The spaces given in 2.5.15 are all simply connected spaces. We have the
following characterization of this concept.

2.5.22 Proposition. Let X be a path-connected space. The following are
equivalent.

(a) X is simply connected.
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(b) m(X,x) =1 for every point v € X.
(¢c) Ewvery loop X : I — X is nullhomotopic.

(d) w~ o rel JI for any two paths with the same extreme points x and y.

Proof: (a) < (b) follows from Theorem 2.5.18, since, because X is path
connected, there is always a path w : xg >~ z in X.

(b) = (c¢), for if A : I — X is a loop based at z, then [A] € m(X,z) = 1.
Hence [A] = 1; that is, A is nullhomotopic.

(¢) = (d), since w7 is a loop based at x and so is nullhomotopic; that is,
wT ~ ¢,. Therefore, by Lemma 2.5.6,

(Wo)o ~ cpo .

But by the same lemma the left-hand side is homotopic to w(go) ~ w, while
the right-hand side is homotopic to o. Hence, since ~ is an equivalence
relation, w ~ 7.

(d) = (a), for if [\] € m (X, ), then since A and ¢,, have the same extreme
points, A =~ ¢,,; that is, [\] = 1. Hence m(X,z¢) = 1, and so X is simply
connected. a

Let f,g: (X,29) — (Y, yo) be homotopic maps between pointed spaces
and let H : X x I — Y be a homotopy relative to {xo}. f XA : 1 — X
is a loop in X based at xg, then as we saw above, f o A and g o A are loops
in Y based at yo; moreover, the homotopy (s,t) — H(A(s),t) is a homotopy
between the loops f o X and go A relative to {0,1}, i.e., [f o A] and [go \] are
the same element in (Y, y0). Thus, we have shown the following.

2.5.23 Proposition. Let f,g : (X,29) — (Y,v0) be homotopic maps of
pointed spaces. Then f. = g, : m(X,z0) — m (Y, o). O

Indeed, the result above has a stronger version; one has the following
theorem.

2.5.24 Theorem. Let f,g: X — Y be homotopic maps and, if H : f ~ g
is a homotopy, let v : I — 'Y be the path given by v(t) = H(xg,t), for some
point xo € X. Then f. = py0g. : m(X,xo) — m (Y, f(x0)), where @, is as
m 2.5.18.
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Proof: Take [\ € m(X,2z0) and let F': I x I — Y be given by

(s g =  HORA =1)s), 2st) if0<s<i,
0" HA1+2t(s—1)),t+(1—t)(2s—1)) if 3 <s<1

It is straightforward to check that F' is a homotopy relative to {0,1} of the
path product (f o A)y to v(g o A). Therefore, [f o A][y] = [¥][g o A], that is,
L) = a9:([A])- 0

By the theorem above, we have that the fundamental group is a homotopy
invariant; i.e., it depends only on the homotopy type of the space. The
following holds.

2.5.25 Theorem. If f : X — Y is a homotopy equivalence, then the in-
duced homomorphism f. : m(X,x9) — m (Y, f(xo)) is an isomorphism for
every point xg € X.

Proof: Let g : Y — X be a homotopy inverse of f; hence go f ~ idy and
fog~idy. By 2.5.24, we have

(gof)* = Py 7Tl(‘va()) — 71—1(‘ngf(930))7
(fog) = wu:m(Y, f(zo)) — m(Y, fgf(z0)),

for certain paths v in X and p in Y. That is, g, o f, and f, o g, are group
isomorphisms with the inverse of the first being a, say. So, g. o (fioa) =1
and ((f.oa)og.)o fu = fi, but since f, is an epimorphism, (fioa)og, = 1;
that is, g, is an isomorphism. Therefore, since (0o g,)o f, =1 and o g, is
an isomorphism, so is fi. O

2.5.26 NOTE. Let A C X and take xg € A. Then, the inclusion i : A < X
induces a homomorphism i, : 71 (A, zq) — 71 (X, zo), which, as shown by the
case A =S' Cc D? = X, it is not in general a monomorphism. However, if A
is a loop in A representing an element in m; (A, xo), then i,([A]) is represented
by the loop 7o A, which is essentially the same loop A, but now thought of as
a loop in X. As is shown by the special case mentioned above, the fact that
Ais aloop in A that is contractible in X does not mean that it is contractible
in A; that is, if 4,([A]) = 0, then it does not necessarily follow that [A] = 0.

If A\: I — X is a loop based at xg, then A determines a pointed map
X (S',1) — (X, z0) given by A(e2™*) = A(t). Conversely, a pointed map
[ (SY1) — (X, x0) determines a loop A; based at xo given by \¢(t) =
f(e*t). In other words, we have the next statement.
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2.5.27 Proposition. The function T (X, z0) — [SY,1; X, 30 given by
[A] = [A] is bijective. O

More generally, we have the following.

2.5.28 Theorem. Let X be path connected, and let
(X, z0) — [SY, X]

be given by ®([A]) = [X] by ignoring the base points. Then ® is surjective.
Moreover, if a, 8 € m(X,x0), then ®(a) = ®(B) if and only if there exists
v € m(X,xg) such that o = yBy~!; that is, « and (3 are conjugates.

Proof: Every map f : S — X is homotopic to a map ¢ : S — X such
that g(1) = xo, since if o : f(1) ~ xq is some path, then the homotopy

o(t —3s) if0<s<g,
H(s,t) = { f(e*G51)  if & <s <3t
O’(3S+t—3) lfg—;tggg]_’

is such that H(s,0) = f(e*™*) and H(s, 1) is the product loop 7A;o; in other
words, the homotopy K : S! x I — X given by K(e*™* t) = H(s,t) starts
at f and ends at a map g such that g(1) = (1) = zo. This shows that ® is
surjective.

Let us now assume that ®([A]) = ®([u]); then we have a homotopy L :
S! x I — X such that L(e?™* 0) = A(s) and L(e** 1) = pu(s). Thus, the
path o0 : I — X given by o(t) = L(1,t) is a loop representing an element
v = [o] € m (X, o). Thanks to the homotopy

B H(2(1 —t)s, 2st) fo0<s<
Fls,t) = {H(l +2t(s—1),t+(1—1)(2s—1)) ifl<s<

which is analogous to the one in the proof of 2.5.24, where H (s, t) = L(e*™s ),
one has \o ~ opu.

Conversely, if Ao ~ ou, then there exists a homotopy H : A ~ 2 ojio rel OI.
So K (e t) = H{(s,t) is a well-defined homotopy from A to opg. On the
other hand, the homotopy

o(3s+1) if0<s <,
Gt = {ulst) 5 <s<h
o(3—3s+1t) if H <s<1,
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is such that G : opg ~ p and G(0,t) = o(t) = G(1,1); therefore, it defines a
homotopy M : S' x I —s X such that M (2™ t) = G(s, t), starting at opo
and ending at p. Thus the homotopies K and M may be composed to yield
one from A to fi; that is, ®([A]) = ®([u]). a

2.6 THE FUNDAMENTAL GROUP OF THE CIRCLE

The circle S* is path connected, and thus its fundamental group is indepen-
dent of the choice of base point. The natural base point is 1 € S!. In Section
2.4 we did all the necessary computations to understand this group. We shall
use the results of that section, and as there, we keep close to the approach
of [71]. The following lemma will be very useful.

2.6.1 Lemma. The loop product of two loops in S is homotopic to the prod-
uct of the loops realized as maps with complex values.

Proof: Let A\, i : I — S be two loops. Take the homotopy

A(2s) fo<s< %7
H(s,t) = ¢ A2 - p(BH=L) if 5 < s < 13
w(2s —1) if%gsgL

where ¢ -7 represents the product in S* of the unit complex numbers ¢ and 7.
This homotopy starts with the loop product Ay and ends with the complex
product of complex maps A - p. |

By the previous lemma, we have that if [A], 1] € 71(S!, 1), then [A][u] =
[A- ], and therefore, since the complex product is commutative, we have that
[A[] = [u][A]; that is, we have the following consequence of the previous
lemma.

2.6.2 Lemma. The fundamental group of the circle m,(S',1) is abelian. O

2.6.3 NOTE. One can give a direct proof of the fact that the fundamental
group of the circle is abelian. To start, let A, : I — S! be loops. The
homotopy H : I x I — S! given by

His.t) = p(2st) - A(2(1 —t)s) ifo<s<i,
YT ut+ (1= @2s—1) A1+ 2(s— 1) ifl<s<,
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where ¢ -7 is the product of the complex numbers ¢ and 7 in S', is such that
H : A~ p; that is, (\][u] = (][

The homotopy above is indeed the composite of two maps, namely of the
map f: I x I — I x I given by

f ) (2(1 —t)s,2st) if 0
(0= (I+26(s—1),t+(1—t)(2s—1)) if5

and the map g : I x I — St given by g(s,t) = u(t) - A(s). The map f takes
the sides {0} x I and {1} x I of the square onto the vertices (0,0) and (1,1),
respectively, and the sides I x {0} and I x {1} to I x {0} U {1} x I and
{0} x TUT x {1}, respectively. On the other hand, the map g “translates”
the loop A in S!' along the loop p. What this looks like is shown in Figure
2.8.

UA A
E pn 2
Y T
Figure 2.8

2.6.4 EXERCISE. Prove that the fundamental group of every (path-connected)
topological group G based at 1, that is, 71 (G, 1), is abelian. (Hint: One may
use the same proof as given for 2.6.1.)

2.6.5 EXERCISE. Let G be a topological group (or an H-space; see next
section). Prove that if A, u: I — G are loops, then [A][g] = [A - p], where -
represents the group multiplication. Use this to show that (G, 1) is abelian.
(Hint: Use 2.10.10 below.)

Let us recall the function deg : [S!,S!] — Z defined in 2.4.5, and the
function ® : (S, 1) — [S!, S'] of the previous section. Let ¥ = dego® :
71(S', 1) — Z. We summarize what we did in Section 2.4 in the following
result.

2.6.6 Theorem. ¥ : 7 (S' 1) — Z is a group isomorphism.
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Proof: By 2.4.7 and by 2.5.24, since in this case ¢, is the identity, ¥ is
bijective. Thus it is enough to check that it is a group homomorphism. Take
a=[\,8=[u € m(SH,1); by 261, af = [\-p]. I Xji:S — S
are representatives of ®(a), ®(u), respectively, then ¥(af) = U([\ - u]) =
deg(m) = deg(X-7i) = deg(X) 4 deg(ji) = ¥(a) + U(B), where the next to
the last equality comes from 2.4.9. a

Let 74, : I — S! be given by 7,(t) = ™"t = g,(e*™*). Then ®([y,]) =
[gn], and thus U([y,]) = deg(g,) = n. Hence in particular, U([y]) = 1 is a
generator of Z as an infinite cyclic group. We have thus the following result.

2.6.7 Theorem. 7(S',1) is an infinite cyclic group generated by [v1], that
is, by the homotopy class of the loop t — e®™. ]

2.6.8 DEFINITION. The class [y] is called the canonical generator of the
infinite cyclic group (St 1).

If one works with a path-connected space, then as we already proved in
2.5.18, its fundamental group is essentially independent of the base point. In
what follows, whenever the base point either is clear or irrelevant, we shall
denote the fundamental group of a path-connected space X simply by 7 (X).

2.6.9 EXAMPLES. If a space X has the same homotopy type of S!, then
m1(X) = Z; we have the following:

(a) m(C — 0) = Z. The isomorphism is defined by [A] — W(fy,0), the
winding number around 0 of the map f) : S* — C given by f,(e*™) =
A(t).

(b) If Y is contractible and X = Y x S!, then, by 2.5.16 and 2.5.15(d),
T (X) 2 m(Y) x m(St) & m(St) & Z. In particular, if X = D? x St
is a solid torus, m(X) = Z.

(c¢) If M is the Moebius band, then 7 (M) = Z. In fact, the equatorial
loop A : I — M such that A\.(t) = q(t,3), where ¢ : I x [ — M is
the canonical identification, represents a generator of m; (M).

The following example, in particular, is very important. It is an immedi-
ate consequence of 2.5.16 and 2.6.7.
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2.6.10 EXAMPLE. If T? = S' x S! is the torus and ¢ = (1,1) € T?, then
(2.6.11) m(T%20) 2 ZDZ.

Moreover, if 41,72 : I — T? are the canonical loops vi(t) = (1 (t),1),
Yi(t) = (1,7(t)), then we may reformulate (2.6.11) by saying that m (T?, z)
is the free abelian group generated by the classes a; = [v{] and ay = [y?].

As a generalization of the previous example, we may prove immediately
by induction the following.

2.6.12 Proposition. Let

™=8"x---xS!.
———

n

Then 71 (T™) is the free abelian group generated by the classes [yi], ..., [T
defined by
vt =@1,...,7n(),...,1)eT".
i O

Let g, : St — S! be the map of degree n given by g,(¢) = ¢*. For
the canonical loop v; : I — S!, such that [v,] is the canonical generator of
m1(St), one has that g, o v; = Yy, so that (¢,)«([11]) = [Va] = [1]" (since by
the considerations prior to 2.6.7, ¥U(y,) = n). Hence g,. : m (S') — m1(S?)
is gn«(a) = a™. Since f : S' — S! has degree n implies f ~ g,,, we therefore
have the following theorem.

2.6.13 Theorem. Let f : St — S! satisfy deg(f) = n. Then the homo-
morphism f. : 7 (SY) — w1 (SY) is given by f.(a) = a™. O

2.6.14 NOTE. Strictly speaking, in the previous theorem one has the homo-
morphism f, : 7(S*, 1) — m(St, f(1)); thus the statement of the theorem
can be more precisely applied to the composite

i)

(S 1) L m (s f(l)) m(Sh 1),

where rjj(ll) : St — St is the rotation in S! given by multiplying by f(1)7},
which is homotopic to the identity.

Another interesting and useful example is the following.
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2.6.15 EXAMPLE. Let f% : S' x S — S x S! be given by f%(¢,n) =
(¢ nb,¢e-n?), a,b,c,d € Z. Then, by 2.6.13 and 2.6.10, (f2¢), : m(T?) —
71(T?) is such that (f%).(c1) = afa§ and (f2).(az) = obad, if aj, a9 €
71(T?) are as in 2.6.10.

2.6.16 EXERCISE. Check all details of the assertions in the example above
and characterize the values of a,b, c,d for which (f2), is an isomorphism.
What can be said about the map f; for these values?

2.6.17 EXERCISE. Let ¢ : m1(T?) — 71(T?) be any homomorphism. Prove
that there exists f : T2 — T? such that f, = ¢. Moreover, show that if ¢ is
an isomorphism, then f can be chosen to be a homeomorphism. (Hint: Use
Example 2.6.15.)

2.6.18 EXERCISE. Prove that T™ a~ T" if and only if m = n.

2.6.19 EXERCISE. Prove that a loop A : I — St is such that [\] € 71 (St)
is a generator if and only if W(fy,0) = +1, where fy : St — C is given by
f(e*™) = \(t) and W is the winding number function.

2.6.20 EXERCISE. If M is the Moebius band and f : S* — M is a home-
omorphism, prove that the loop Ay : I — M given by A\¢(t) = f(e*™) € M
satisfies [A\f] = o? for a one of the generators of m (M) = Z (see 2.6.9(c)).
Conclude that the boundary OM is not a retract of M.

2.7 H-SPACES

In Sections 2.2 and 2.3 above we have seen that the fact that a topological
space Y has a compatible group structure, namely, that it is a topological
group, implies that the homotopy set [X, Y] inherits a group structure. We
can impose even weaker conditions on Y than that of being a group and still
have that [X,Y] is a group for every X. These conditions are those that
define the concept of an H-space, which we shall study in this section.

2.7.1 CONVENTION. From here on, we shall be concerned mainly with point-
ed spaces and pointed maps. We shall use the notation M, (X,Y) for the
set of pointed maps from X to Y endowed with the compact-open topology.
Analogously, we shall use the notation [X, Y], for the set of pointed homo-
topy classes of pointed maps from X to Y, namely for the set [X, x¢; Y, yo).
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2.7.2 DEFINITION. A topological space W is an H-space if it is a pointed
space equipped with a continuous map

wWxWwW —Ww,

called the H-multiplication, such that if e : W — W is the constant map
whose value is the base point e(W) = wy, then it is an identity up to homo-
topy, or an H-identity; that is, the composites

WY ew Lsw, o w S wow L w

are homotopic to the identity map of W.

We say that W is homotopy associative or H-associative if the composites
po(pxid),po(id x ) : W x W x W — W are homotopic, that is, if the
following diagram commutes up to homotopy:

pxid

WxWxW-—WxW

idxui l,u

W x W w

14

Note that in the algebraic case of a group, strict commutativity of this
diagram is equivalent to associativity of the multiplication.

A map j: W — W determines inverses up to homotopy, or H-inverses,
if the composites

(id,j

D) cwew L w, w9

W WxW L w

are each homotopic to e : W — W, that is, if they are nullhomotopic.

These properties coincide with the axioms of a group, with the reservation
that they hold only up to homotopy. We now have the following concept.

2.7.3 DEFINITION. An H-associative H-space equipped with a map that
determines H-inverses is called an H-group. An H-space, or an H-group, W
is homotopy abelian or H-abelian if the maps p,puoT : W x W — W are
homotopic, where T'(z,y) = (y, x).

2.7.4 DEFINITION. If W and W' are H-spaces and h : W — W' is contin-
uous, we say that h is an H-homomorphism if the composites

Wx W LW s w woxw 2w w2 w
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are homotopic, that is, if the diagram

W x W—t>w

= lh

W' x W’ T) w’
commutes up to homotopy.

2.7.5 DEFINITION. Let W be a pointed space. We say that [X, W], has a
natural group structure in X if

(a) for every pointed space X, [X, W], has a group structure such that the
class [e] of the constant map e : X — W is the unit of the group, and
if

(b) for every pointed map f : X — Y, the induced function
W] — X W],

is a homomorphism of groups.

In the same way as with groups, the multiplication p of an H-space W
induces a multiplication in M, (X, W). We have, in fact, the following general
result.

2.7.6 Theorem. Let W be a pointed space. Then [X, W], has a natural
group structure in X if and only if W is an H-group.

Proof: It W is an H-group, it is completely straightforward that [X, W],
acquires a natural group structure in X. Conversely, let us suppose that
[X, W], has a natural group structure in X. Let p;,ps : W x W — W
be the projections onto the first factor and onto the second factor. Let
w: W x W — W be a map that represents the product [p;][ps] in the
group structure in [W x W, W],. It is easy to show that in fact, this map
1 is a multiplication that gives W the structure of an associative H-space.
On the other hand, there exists a map j : W — W that represents in the
group structure in [W, W], the inverse of the class of id : W — W that is,
such that [j] = [id]~'. The map j determines H-inverses, and so W has the
structure of an H-group. O

2.7.7 EXERCISE. Reexamine all the details of the proof of Theorem 2.7.6.
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2.7.8 EXERCISE. Prove that if W is an H-abelian H-group, then [X, W], is
an abelian group.

2.7.9 Proposition. If h: W — W' is an H-homomorphism of H-spaces,
then for every space X,

he: [X, W], — [X, W],

1s a homomorphism. a

2.8 LOOP SPACES

A fundamental example of an H-group is the loop space of a pointed topo-
logical space, as defined in 1.3.9.

2.8.1 DEFINITION. If Y is a pointed space with base point g, then its loop
space Y has the structure of an H-group, as follows. Let

w: QY x QY — QY
be such that for loops «a, § € QY

a(2t) if0<t<

1
29
B2t—1) if3<t<1

e, B)(t) = {

2.8.2 EXERCISE. Verify that p is continuous.
2.8.3 Lemma. p is an H-multiplication.

Proof: If e : QY — QY is the constant map whose value is the constant loop
ag : I — Y, ap(t) = yo, we see that this is an H-unit, that is u(5, o) ~ 5
and u(ag, 8) ~ 3, for every loop S.

The first homotopy is given by
F: QY xI — QY ,

where

F(8,s)(t) = {‘“ %) if0s<

The second homotopy is analogous; it is an exercise to write it. a
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2.8.4 Lemma. p is H-associative.

Proof: The homotopy
G:QY x QY x QY x I — QY

between g o (p x id) and po (id x p) is as follows:

a(%) if0<t< s
Gla,B,7,s)(t) = B(At —1—s) if L= <y < 28
y(H2=e) if 2 <¢ <1

2.8.5 Lemma. Let j : QY — QY be such that j()(t) = a(1 —t). Then j
determines H-inverses.

Proof: The homotopy
H:QY xI — QY ,

where

a2 - s)) ifo<t<i,
H(a, 5)(t) = {a(?(l —s)(1—1) ifi<i<i,

begins with p(e, j(a)) and ends with ap. The second homotopy is given in
an analogous manner. It is an ezercise to write it. g

As a consequence of the three previous lemmas we have the following
result.

2.8.6 Theorem. For every pointed space Y, QY is an H-group, and so for
every space X, [X,QY]. is a group. If f: X — X' is continuous, then

XL QY] — [X, QY.
is a homomorphism. Finally, if g : Y — Y’ is a pointed map (9(yo) = v),
then Qg : QY — QY defined as the restriction of gu (cf. (1.3.8)), is an
H-homomorphism. Therefore,

(Qg). : [X, QW] — [X, QW'].

is a group homomorphism. a



50 2 CONNECTEDNESS AND ALGEBRAIC INVARIANTS

2.9 H-COSPACES

There is a “dual” exposition to that which we have just done in the two
previous sections. The idea is to define spaces @ in such a way that [Q,Y].
is a group for arbitrary Y and such that whenever g : Y — Y is continuous,
then g, : [Q,Y]. — [@, Y]« is a homomorphism.

In the same way as the topological product x is needed to define the
notion of H-space, we now need the concept dual to the topological product,
but in the pointed case.

2.9.1 DEFINITION. Let X and Y be pointed spaces. Their topological prod-
uct X X Y is also pointed with base point (xg,yo) if o € X and yo € Y are
the base points of X and Y, respectively. Notice that the reduced coproduct
or the wedge sum of X and Y can be considered as a subspace of X X Y

XVY ={(z,y) e X XY |z=2x¢ or y=yo};
that is, X VY = X x {yo} U{zo} x Y C X x Y. (See Figure 2.9.)

Figure 2.9

In a dual manner to the product, the wedge has the following property:
For given pointed maps f: X — Z, ¢:Y — Z, there then is defined a
pointed map

(f,g) : XVY — Z

given by
g(y) if z = x.

(f,9)(z,y) = {

On the other hand, if now f : X — X', g¢g:Y — Y’ are pointed
maps, these define a pointed map

fVg: XVY — X'vY’

given by
(fV o) zy) = (fz),9(v)).
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2.9.2 NOTE. Given a finite number of pointed spaces Xi,..., X, their

wedge X V -+ V Xj can be seen as the subspace {(zi,...,2r) € X X
- X Xy | x; is the base point for all but at most one value of i}. However,

observe that for an infinite number of pointed spaces this is not the case.

2.9.3 DEFINITION. A topological space @ is an H-cospace if it is a pointed
space equipped with a continuous map

viQ—0QVvae,

called H -comultiplication, such that if e : ) — @ is the constant map whose
value is the base point, e(Q)) = qo, then it is a counit up to homotopy, or an
H -counit; that is, the composites

Q-—QVvVQ ——

(1d e) (e 1d)

Q Q"=QVQ——Q

are homotopic to the identity of Q).

We say that @ is homotopy coassociative, or H -coassociative, if the com-
posites (v Vid)ov, (idVv)or:Q — QV Q V Q are homotopic, that is, if
the following diagram commutes up to homotopy:

Q QVQ
QVQ 7 QVQVQ

A map j : Q — Q determines coinverses up to homotopy, or H-
coinverses, if the composites

Q-5 Qve

ldJ)

Q Q—=QVQ——Q

are each homotopic to e : Q — Q.

2.9.4 DEFINITION. An H-coassociative H-cospace equipped with a map that
determines H-coinverses is called an H-cogroup. An H-cospace, or an H-
cogroup, is homotopy coabelian, or H -coabelian, if the maps v,Sov : Q —
@ V @ are homotopic, where S : Q VQ — @Q V @ is the restriction of

T:QxQ—QxQ (T(x,y)=(y,2)).

2.9.5 DEFINITION. If @ and @’ are H-cospaces and k : ' — @ is contin-
uous, we say that k is an H-cohomomorphism if the composites

Q5Q5Qve Q@5 Qvey ML Qv
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are homotopic; that is, if the diagram

Q/L’>QIVQI

f| [

Q——=QVvaQ

commutes up to homotopy.

An H-cogroup satisfies, up to homotopy, the axioms of a “cogroup,”
that is, the dual of the axioms of a group. These are obtained from the
group axioms by reversing arrows and substituting Cartesian products x with
coproducts V. If Y is an arbitrary pointed space, the assignment Q — [Q, Y],
reverses arrows in such a way that the relations that a cogroup @ satisfies up
to homotopy are now satisfied by [@, Y], except with the arrows reversed.
More precisely, we have a function

7:[Q,Y]. x [Q,Y], — [Q,Y].,

given by
v((f1,19) = [(f,9) o V]
that is, the pair ([f],[g]) is sent to the homotopy class of the composite

QO-Ls0ovo Pty

It is an ezercise to verify that 7 is well defined, that is, that it does not
depend on the choice of the representatives f, g in the classes [f] and [g].

2.9.6 DEFINITION. Let @ be a pointed space. We say that [@,Y]. has a
natural group structure in 'Y if

(a) for every pointed space Y, [@, Y], has a group structure such that the
class [e] of the constant map e :  — Y is the unit of the group, and
if

(b) for every pointed map f : Y — X, the induced function

[ QY] — [Q, X].

is & homomorphism of groups.

We have the following general result, dual to 2.7.6.
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2.9.7 Theorem. Let Q) be a pointed space. Then [Q,Y ]« has a natural group
structure in Y if and only if Q is an H-cogroup.

Proof: If Q is an H-cogroup, then as we have already indicated earlier, [Q, Y].
acquires a multiplication v : [Q,Y]. x [Q,Y]. — [@,Y]., and it is easy to
prove that with it we obtain a natural group structure in Y. Conversely,
let us suppose that [@,Y], has a natural group structure in Y. Let iy, :
@ — @V @ be the inclusions into the first and the second cofactors. Let
v:Q — QV Q be a map that represents the product [i1][i2] in the group
structure in [Q,Q V Q].. It is easy to prove that in fact, this map v is a
comultiplication that gives Q the structure of an H-coassociative H-cospace.
On the other hand, there exists a map j : @ — @ that represents in the
group structure in [@Q, @Q]. the inverse of the class of id : @ — @, that is,
such that [j] = [id]~!. The map j determines H-coinverses, so that @ has
the structure of an H-cogroup. o

2.9.8 EXERCISE. Reexamine all of the details of the proof of Theorem 2.9.7.

2.9.9 EXERCISE. Prove that if @) is an H-coabelian H-cogroup, then [Q, Y].
is an abelian group.

2.9.10 Proposition. If k : Q' — Q is an H-cohomomorphism of H-co-
groups, then for every space Y,

k* : [Q,Y]* — [Q/7Y]*

is a homomorphism of groups. O

2.10 SUSPENSIONS

The typical example of an H-cogroup is provided by the reduced suspension
of a pointed space. This construction is, in a certain sense, the dual to the
construction of the loop space that we have studied earlier.

2.10.1 DEFINITION. If X is a pointed space, we define its reduced suspension
> X as the quotient

EX=XxI/Xx{0}UX x {1} U{ao} x I,

which again is a pointed space whose base point is the image of X x {0}UX x
{1} U{zo} x I, after it has been collapsed to a point in the above quotient.
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We denote by x At the class of (z,¢) € X x I. Thus the base point is
To=x29 ANt =z AO. If f: X — Y is a pointed map, then f x id; induces a
pointed map

Sf X — XY,

which satisfies Zf(x A t) = f(z) At

2.10.2 DEFINITION. We define a comultiplication

v:XX — XX VEX

(@ A1) (z A 2t, %) if0<t<i,
v\xr =
(To,z A (2t —1)) ifi<t<1

which has the effect of pinching the “equator” of XX (see Figure 2.10).

X
YXVEX

Figure 2.10

2.10.3 EXERCISE. Verify that v gives XX the structure of an H-cogroup.
In particular, let 7 : X — XX be given by 7(xAt) = xA(1—t); then prove
that 7 determines H-coinverses. (Hint: There is a way to use the homotopies
of 2.8.1 in order to obtain the homotopies needed here.)

We have therefore the following result.

2.10.4 Theorem. For every pointed space X, XX s an H-cogroup, and
consequently, for every space Y, [EX,Y]. is a group. If g : Y — Y is
continuous, then

g« [2X,Y'], — [2X, Y],
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is @ homomorphism of groups. Finally, if f : X — X' is a pointed map,
then Xf : X — XX’ is an H-cohomomorphism, and so

()" [BX, Y], — [SX,Y].

is a homomorphism of groups. a
This theorem is not surprising if we observe the following proposition.

2.10.5 Proposition. There is a homeomorphism
M.(EX,Y) = M.(X,QY)
such that the induced bijection
[(EX,Y], = [X, QY.

is an isomorphism of groups.

Proof: To g : XX — Y we assign g : X — QY by defining g(z)(t) = g(z A
t). Dually, to f: X — QY we assign f : 52X — Y by f(z At) = f(z)(t).
These correspondences induce the desired homeomorphism and its inverse,
as we show easily. This homeomorphism establishes a bijection of the path
components, that is, the bijection that we seek. It is an easy exercise to
prove that this bijection is an isomorphism of groups. a

2.10.6 EXERCISE. Show that the bijection [XX, Y], = [X, QY], is natural
in X and in Y; namely, show that if f : X' — X and g : Y — Y’ are
pointed maps, then the diagrams

[SX,Y], —= [X,QY],

(Ef)*l lf"

X', Y], — [X',QY].

and
[EX,Y],——[X,QY].

g l/ i(ﬂg)*

[SX, Y], —= [X,QY7],

commute, where the horizontal arrows represent the corresponding isomor-
phisms.
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2.10.7 REMARK. Let 7 : XX — ¥ X be as in 2.10.3. The function 7* :
XX, Z], — [EX, Z]. is in general not a homomorphism; it sends an ele-
ment to its inverse. If [EX, Z], is abelian (written additively), then it is the
isomorphism given by multiplication by —1, i.e., by changing sign.

2.10.8 EXERCISE. If n > 0, prove that the n-sphere S™ is the suspension of
the (n — 1)-sphere, that is, S* ~ ¥S"~1.

Using the previous exercise, we can define the following.

2.10.9 DEFINITION. The set of pointed homotopy classes

is a group, called the nth homotopy group of X.

By proposition 2.10.5, for n > 1 we have

T (X) = 11 (QX).

If we consider the bijection [X2X Y], = [£X, QY],, we obtain two group
structures in the set on the right, since X gives one group structure and
QY gives another. But actually, these two structures coincide, and even more
holds. Namely, we have the following general algebraic result, which relates
two group multiplications in a set.

2.10.10 Lemma. Let G be a set equipped with two multiplications x, e such
that

(a) *,e have a common bilateral unit, and

(b) *, e are mutually distributive.

Then * and e coincide, as well as being both commutative and associative.

Proof: Take w,x,y,z € G. Also let e € G be the unit.
(a) means that exz =z xe=zx=cer=zxec.
(b) means that (w*z)e (yxz) = (wey)*(zez).

Therefore,

xxy=(roe)x(coy)=(rxe)o(exy)=xoy,
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and so * and e coincide. Moreover,
zxy=(cox)*x(yoec)=(ecxy)e(r*e)=yer=yx*uz,
and so the structure is commutative. Finally,
wx(yxz)=(ree)x(yez)=(rry)e(exz)=(rxy)*z,

and so the structure is associative. O

2.10.11 EXERCISE. Prove that if Q) is an H-cogroup and W is an H-group,
then the two multiplicative structures induced in [@, W], satisfy the hypothe-
ses of the previous lemma.

Consequently, we have the following statements.

2.10.12 Corollary. If Q is an H-cogroup and W is an H-group, then the
set [Q, W], has the structure of an abelian group. O

2.10.13 Corollary. For n > 2, the isomorphic groups
"X, Y], 2 [X,Q"Y].

are abelian. O
And we have in particular the following consequence:

2.10.14 Corollary. The homotopy groups of X, namely 7,(X), are abelian
ifn > 2. O
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CHAPTER 3

HoMOTOPY GROUPS

The last chapter ended with the definition of the homotopy groups of a
pointed space. In this chapter, after a short section on some particularly in-
teresting attaching spaces, we shall start with an analysis of the fundamental
group of a pointed space, by proving the Seifert—van Kampen theorem; then
we shall compute the fundamental groups of some spaces. Further on, the no-
tion of homotopy group will be generalized to a definition for pairs of spaces,
and we shall study these groups systematically. All of the spaces that we
consider in this chapter, as well as all of the maps, are pointed.

3.1 ATTACHING SPACES; CYLINDERS AND CONES

A very useful construction in homotopy theory, as well as in other areas,
is the attaching space of a continuous map. This construction allows us to
obtain new spaces from given spaces. In this section we shall introduce the
concept and examine the important particular cases of mapping cylinder and
mapping cone.

3.1.1 DEFINITION. Let X and Y be (pointed) topological spaces, A C X
a closed subset (containing the base point), and f : A — Y a continu-
ous (pointed) map. The attaching space Y Uy X is defined as the following
quotient

YU X =X UY/~,

where the relation ~ is given as follows: a € A is identified with f(a) € Y.

Clearly, the composite k : Y S Xxuy 3y Uy X is an inclusion (as a closed
subspace), where ¢ is the quotient map. (See Figure 3.1.) (In a natural way,
in the pointed case, Y Uy X has a base point.)

59
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YUfX

Figure 3.1

3.1.2 EXAMPLES. Let f : X — Y be continuous. Then X can be repre-
sented as a subspace of the cylinder over X, X x I, identifying it with the
bottom of the cylinder, X &~ X x {0}. We define the mapping cylinder of f
as

MfIYUf (XXI)

(See Figure 3.2.)

X x1I
3
¢ v
> &
Figure 3.2

In the same way, X is a subspace of the cone over X, C'X, which is
defined as the quotient of the cylinder,

CX =X xTI/[{xg} x TUX x {1},

where once more we identify X with the bottom of the cone, X ~ X x {0} C
CX.

We define the mapping cone or homotopy cofiber of f as
Of =Y Uy CX.

(See Figure 3.3.)
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CcX

Figure 3.3

3.1.3 EXERCISE. By 3.1.1, Y——CXUY — C} is an inclusion. Prove that
CrlY =~ XX.

3.1.4 DEFINITION. Let f : X — Y be continuous. We say that f is
nullhomotopic if f =~ ¢, in other words, if f is homotopic to the map c :
X — Y, where ¢(X) = {yo} and where the nullhomotopy H : f ~ c is
pointed; that is, it satisfies H(xzo,t) = yo for all t € I.

3.1.5 Lemma. f : X — Y s nullhomotopic if and only if it admits an
extension F': CX — Y.

Proof: Let H : XxI — Y be anullhomotopy. Then H({z¢} xIUX x{1}) =
{yo}, and so it determines a map

F:.CX —Y

given by F(z,0) = H(z,0) = f(z). Therefore, F' extends f.
Conversely, if F': CX — Y extends f, then the composite

H:XxI-—CX 5y

is a nullhomotopy of f. a

We have the following lemma, which shows that the inclusion X — CX
has a homotopy extension property.

3.1.6 Lemma. Let F : CX — Y be continuous and let H : X xI — Y be
a homotopy that starts with f = F|X. Then we can extend H to a homotopy
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G:CX x I —Y that starts with F'. That s, in the commutative diagram

T(LXX[

I\

ox-ox <1 \

\
~ N\
~N \\
&“
Y

there exists G : CX x I — 'Y that makes both triangles commute.

Proof: Let us define

G((w, 1), 1) = {F@"’l —(1-H+1) Q-1 +) <1,

H(z,(1—t)(14+t)—1) if 1 =) (1+t)>1,

where (z,t) denotes the image of (z,t) € X x I in CX. Then G extends H.
So the diagram commutes as desired. ad

Because of this, we say that the pair (C X, X) has the homotopy extension
property, HEP, which will be studied systematically in the next chapter (see
4.1.1).

Before concluding this section we shall study some homotopy properties
related to the constructions of the mapping cone and the mapping cylinder.
These will be useful for us in subsequent chapters. The next one generalizes
3.1.5.

3.1.7 Proposition. Let us consider the maps X v 25 7. Then gof is
nullhomotopic if and only if there exists G : Cy — Z such that the diagram

X ! Y¢© Cf

commutes, that is, if and only if g has an extension G to the mapping cone

of f.

Proof: By 3.1.5, go f : X — Z is nullhomotopic if and only if g o f has an
extension H : CX — Z. Clearly, (H,g) : CX UY — Z determines the
map G that we seek.

Conversely, if there exists G : Cy — Z, then the composite CX —
YU;CX = Cfi—éZ is an extension of g o f, so that by 3.1.5, go f is
nullhomotopic. a
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3.1.8 Proposition. Letg:Y — Z be continuous and Z be path connected.
Suppose, furthermore, that m, 1(Z) = 0. Then, given f : S"1 — Y, g
admits an extension G : Y Uy D" — Z.

Proof: Since m,_1(Z) = 0, the composite go f : S*! — Z is nullhomotopic.
By 3.1.7, g admits an extension G : Cy — Z, but clearly, Cy = Y Uy D". O

3.2 THE SEIFERT-VAN KAMPEN THEOREM

After having given some constructions of new spaces out of old, in this section
we come back to the fundamental group. A very useful tool is a formula that
in some cases allows us to compute the fundamental group of certain spaces
in terms of the fundamental groups of parts of them. Before going to the
general formula, as an example of it, let us first analyze a special case.

3.2.1 Proposition. Let X = X; U Xy with Xy, X5 open subsets. If X1 and
Xy are simply connected and X1 N Xo 1s path connected, then X is simply
connected.

Proof: Let A : I — X be a loop based at xqg € X; N Xs. We have that

{A"HX1), A1 (X3)} is an open cover of I. There exists a number § > 0,

called the Lebesgue number of this cover, such that if 0 < ¢ — s < §, then

[s,8] € A7LH(X)) or [s, 1] € A7H(X5). Hence, one has a partition 0 = 5 < t; <
- <t = 1 of the interval I such that

)\([to,tl]) C Xl, A([tl,tg]) C )(27 - ,)\([tk,htk}) Cc X5.

Since A(t;) € X; N X,, there exist paths w; : 7o = A(t;) in X7 N Xo,
1=1,2,...,k—1; let moreover wy as well as w;, denote the constant path at
zo = A(to) = AM(0) = A(1) = A(tx). The loops

wi,1(3t) if 0 < t
pi(t) = q M8t —1) if 3 <t
w;i(3—3t) if 2 <t

IN N IA
)—* w\w w\»—

where \;(t) = A((1 — ¢)t;—1 + tt;) is the portion of X in the interval [t;_1,%;],
1 =1,2,...,k, liein X; or in X, and therefore they are contractible in X3
or in X5 and hence in X; that is, g; >~ 0 in X. Since A ~ py o - - - ug, we have
that A is contractible, that is, A ~ 0. Figure 3.4 shows the proof graphically.

a
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Figure 3.4

An important application is given in the next example.

3.2.2 EXAMPLE. If n > 1, then the sphere S" is simply connected. For if
N = (0,...,0,1) and S = (0,...,0,—1) are the poles of the sphere and
X =S"—-5, Xo =8S" — N, then the hypotheses of 3.2.1 hold, since X;
and X, being homeomorphic to R", are contractible, and X; N X5 is path
connected, since X; N Xy~ S"7! x (—=1,1) =~ S"~1,

3.2.3 EXERCISE. Prove that if X is path connected, then its (reduced) sus-
pension 2X is simply connected.

3.2.4 NOTE. The previous exercise is quite straightforward if instead of X,
one takes the unreduced suspension, defined by SX = X x I/ ~, where
(z,8) ~ (y,t) if and only if z = y and s =t or s = t = 0 or 1, since in
it one has a “north pole” and a “south pole” as in the case of the spheres.
There is a canonical quotient map SX — X, which collapses the meridian
{(xo,t) | t € I} in SX onto the base point. One may prove that if the space
X is well pointed (see Chapter 5), then the quotient map is a homotopy
equivalence. This fact is a consequence then of Lemma 3.3.2 below.

The Seifert—van Kampen theorem is a generalization of 3.2.1, because it
allows one to compute the fundamental group of a union of open subspaces
if one knows the fundamental groups of each of them and the way that the
fundamental group of the intersection relates to these.
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We shall use the concept of a free product G; G5 of two groups, which, in
brief, consists of finite words z1x - - - X9, Where x1 € Gy, 29 € Go, 23 € G,
x4 € Go, and so on, and no term x; is the trivial element, with the possible
exceptions of x; and zs,, and the product of two such words is obtained by
juxtaposition, then omitting trivial elements, and finally grouping together
consecutive elements in the same group (see [48]).

Before stating the Seifert—van Kampen theorem in its general form, let us
prove a generalization of 3.2.1. Take a topological space X = X; U X, with
X1NXy # P and g € X;NX,. Then, by the functoriality of the fundamental
group, the commutative diagram of inclusions of topological spaces

X1 n X2<L> X1
i2 J1
X2Cf> X
2
induces a commutative diagram of group homomorphisms

m (X1 N X, o) i>7r1(X17330)

iZ*i ijl*

7T1(X2,.7)0> T>7T1(X, l’o) .

3.2.5 Lemma. If X; and Xs are open sets in X and are such that they as
well as X1 N Xy are 0-connected, then (X, x0) is generated by the images
of m (X1, o) and m(Xa,xg) under ji. and ja., respectively. Therefore, the
homomorphism

@ (X1, 20) * T (X, m0) — (X, 30)

induced by j1. and jou 1S an epimorphism.

The proof of this result is essentially the same as the one given for 3.2.1.
We leave it as an ezercise to the reader. g

According to the previous lemma, if we want to compute 71 (X) in terms
of m(Xy), m(X3), and 7 (X; N X5), the only thing left to do is to compute
the subgroup N = ker(y). Using similar techniques (though more compli-
cated), one can show that N is the normal subgroup of 71 (X7, zo) *m1 (X2, o)
generated by the set

{ire(a)ige(@)™ | @ € (X7 N Xo, 70)}

(see [60], [9], or [50]). We thus have the main theorem.
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3.2.6 Theorem. (Seifert—van Kampen) Let X = X; U X,, with X;, X,
open. If X1, Xo, and X1 N X5 are nonempty and path connected, then, for
zy € X1 N X,

m (X, xg) = m (X1, xo) * 71 (Xa, 20) /N,

where N is the normal subgroup generated by the set
{il*(Oé)iQ*(Oé)71 | o€ 7T1(X1 N XQ,.I())} .

a

We have some very nice applications of this theorem, which allow us
to compute a number of fundamental groups for several spaces. The first
computation is the following.

3.2.7 Corollary. Under the assumptions of 3.2.6 one has the following.
(a) If X5 is simply connected, then

jl* . 7T1(X1,I0) — ’/'1'1()(7 :L'O)
s an epimorphism and ker jy, is the normalizer of the subgroup

7;1*(7T1(X1 N XQ,IL'())) .

(b) If X1 N X5 is simply connected, then
Jix  Joe s T X, @0) * 71 (Xa, 20) — m1(X, 20)
s an isomorphism.
(c) If X5 and X1 N Xy are simply connected, then
J1e T (X7, w0) — ™ (X, 7o)

s an isomorphism. a

3.2.8 Proposition. The fundamental group of a wedge of k copies of the
circle, SV - -+ V' Si, is freely generated by the elements

1,0 €m(STV - VSE T0)

where xy is the base point of the wedge obtained from all of the elements
1 €S}, and the class «; is represented by the canonical loop \; : [ — S} —
S{ V.- VS} given by \;(t) = e*™* € S}. Therefore,

(S V- VS Zx 7.

—
k k
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Proof: By induction on k. For a wedge of two circles, X = S}V S}, take
X, =StV (S} —{-1}) and Xy = (S} — {~1}) VS.. Then X, X;, and X,
satisfy the hypotheses of the Seifert—van Kampen theorem, and since X; N X,
is homeomorphic to the open cross R x {0} U {0} x R, it is contractible.
Thus using 3.2.7(b) and the fact that the inclusions S{ < X; and S — X,
induce isomorphisms in the fundamental groups, one has that (S}, 1) *
(S, 1) — 7 (S Vv S}, 1) is an isomorphism. Moreover, since the classes
ay and ay come from the canonical generators of 71 (S1, 1) and (S}, 1), they
are the generators of m1(S} V S}, z¢) as a free group. Therefore, the group
71 (ST V' S!, zp) is isomorphic to Z x Z.

If for a wedge of k — 1 copies of S! the result is true, then take
Xy =SpV V8, V(S —{-1}),

which has the same homotopy type via the inclusion of S} V -+ V' S}_,, and
take
Xo=(S{—{-1}) V- V(S — {-1}) VS;,

which also via the inclusion has the same homotopy type of S;. Since X;N X,
is homeomorphic to a “star” with 2k rays, it is contractible, and, again by
3.2.7(b),

’/Tl(Si VeV S}C_l,l'o) * ’/'I'I(SllC7 1) — Wl(S% VeV SIIC,CL'())

is an isomorphism. And as was the case for k = 2, we have that aq,...,qx
are its generators as a free group, as we wanted to prove. O

The Seifert—van Kampen theorem can be used to study the fundamental
group of a space with a cell attached.

3.2.9 Proposition. ForY path connected, let f : S*™' — Y be continuous,
n>3. Ifyo € Y, then the canonical inclusion ¢ 1 Y — Y Us e" induces an
isomorphism N

i* . WI(K yg);ﬂﬁ(y Uf €n7y0) .

Proof: Let X =Y Uz e™ and let ¢ : D" UY — X be the identification. The

o

subspaces X; = ¢((D" — {0}) UY) and X, = ¢(D") are open. Notice that
the canonical inclusion ¥ — Xj is a homotopy equivalence and that Xy is
contractible. Moreover, the intersection X; N Xy ~ D" — {0}, which has the
same homotopy type of the sphere S*~!, is simply connected, since n > 3.
Therefore, by 3.2.7(c), if zg € X; N X5, then the inclusion X; < X induces
an isomorphism (X1, zg) — 1 (X, o).
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Take now a path w : zg ~ yo in X;. Then the homomorphism induced by
the inclusion i, : (Y, y0) — m1(X, yo) factors as indicated in the commu-
tative diagram

m (Ya yU) L> 71-1()(7 yO)

lg

7Tl()(la yO)

wwlg

7T1(X17930) i>7T1(X7 $0) )

IR

Puw

where the unnamed isomorphisms are induced by inclusions and the ¢, are
the isomorphisms of 2.5.18 in X; and in X, respectively. Therefore, i, is an
isomorphism, as desired. a

Let us now see what happens in the case of the attachment of a 2-cell.

3.2.10 Proposition. Let f : S' — Y be continuous. If \f : [ — Y is
the loop given by \p(t) = f(e*™) and w : yo ~ f(1) is a path in Y, then
the inclusion © : Y < Y Uy € induces an epimorphism i, = m(Y,y0) —
(Y Uy €%, y0), and its kernel is the normal subgroup N, generated by the
element oy = [wA;w| € m(Y,y0). Therefore,

WI(Y Uf 627y0) = 71—1(}/7 yo)/Nozf .

The group N,, does not depend on the path w, since the loop py = wAs;w
that surrounds the cell is contractible in Y Uy e?, because it can be contracted
over the cell, as shown in Figure 3.5. Before attaching the cell one has py % 0,
but after doing it, puy ~ 0. Therefore, i.(ay) = [py] = 1 in T (Y Uy €2, y0).
One says that the element oy € (Y, o) is killed by attaching the 2-cell using
the map f.

Proof: Using the same notation as in the previous proof, we have that the
canonical inclusion Y — X is a homotopy equivalence and that X, is con-

tractible. Moreover, the intersection X; N X, ~ D’ — {0} has the same
homotopy type of the circle S* and so is not simply connected. By 3.2.7(a)
the inclusion X; < X induces an epimorphism on the fundamental group,
and so i, : m1 (Y, y0) — m (X, yo) is an epimorphism.

On the other hand, if 2o = ¢(0) = ¢(1), then the loop X} : I — X given

by N(t) = q(3€*™"), which indeed lies inside X; N X,, generates mi(X; N
Xo,29) = Z. Also, the deformation retraction of X, into Y deforms Xf
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Y YUfe

0 Yo

Figure 3.5

in A;. Letting j : X7 — X denote the inclusion, we know from 3.2.7(a)
that ker(j.) is generated as a normal subgroup by the element [\}], and so
ker(i, : m(Y, f(1)) — m(X, f(1))) is generated by [Af], and, as in the
previous proof, ker(i, : m (Y, y0) — m1 (X, y0)) is generated by ay. O

Inductively, it is possible to prove the following result.
3.2.11 Corollary. If the 2-cells €2,¢3,...,¢e2 are attached to Y wusing the
maps fi, fa,..., fx : St — Y, then

m(YUelUesU---Uel y) = m(Y, Y0)/Nias, gy as, } - -

3.2.12 EXAMPLES.

(a) For any integer k > 1, let X; = S! U e?, where the cell is attached
using the map gy : St — St of degree k, gr(¢) = ¢*. If [a] € m (S, 1)
is the canonical generator, then m(Xy,1) = m(S',1)/Na,}, where
ar = [Ag,] € m(SY,1). By 2.6.13, o = af € m(S',1); that is, ay is
the kth power of the canonical generator. Therefore,

ﬂ-l(X/m 1) = Z/ka
that is, this fundamental group is cyclic of order k.

(b) The construction of (a) for k = 2 produces X, ~ RP? that is, the
projective plane. Therefore,

™ (RP?) = Z/2.
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There are several ways of grasping this fact. If, for instance, we realize
RP? by identifying antipodal points in the boundary of D?, then the
map \; : [ — D? given by \(t) = €™ determines a loop )\ in
RP? (see Figure 3.6(a)). Since by 3.2.7(a), m1(S') — 71 (RP?) is an
epimorphism, the class [\'] generates 7;(RP?); that is, this group is
cyclic. Defining Ay(t) = €™+ and A\ = A Ay, we have that A surrounds
D? once and therefore is contractible. Since Aj, A, and )\ all determine
the same homotopy class in 7 (RP?), [V]? = 1 € m;(RP?), that is, this
group is cyclic of order 2.

/\1 )\f

-

A
() (b)
Figure 3.6

Another way of looking at this is the following. RP? is obtained by
attaching a 2-cell to the Moebius band M along its boundary, which is
homeomorphic to S'. Since M has the same homotopy type of S!, the
equatorial loop A, that surrounds the equator of M once (see 2.6.9(c))
generates (M) as an infinite cyclic group. If f : S* — OM — M is a
homeomorphism onto the boundary of M, the loop Ay in RP? = MU re?
is such that it deforms inside M to the equator to become A? (see Figure
3.6(b)). Consequently, [\.]2 = 1 € m;(RP?), so we again see that this
group is cyclic of order 2.

Considering RP? as a quotient of S? by identifying antipodal points, we
may repeat the construction above. A path A : I — S? that uniformly
travels along one-half of the equator of the sphere determines in RP?
a loop 1, generating 71 (RP?) and whose square comes from A2. Since
it travels along the whole equator of S2, the loop A; can be deformed
into a constant loop, and so [p]? = 1 in 7, (RP?).

The orientable surface of genus g, Sy, is obtained by attaching a 2-
cell to the wedge of 2g circles Sy, = S V) V--- VS, VS, with
the map f, : S' — S%g, such that as the argument travels around
the circle counterclockwise, the values of the map first go around Sclu
counterclockwise, then Sil also counterclockwise, then again S}“ but
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now clockwise, and then Sgl clockwise, and so on, and finishing by
going around Sl%g clockwise. (See [50], [9], or [60].) Then the associated
loop A\g = Ay, 1 [ — 521g is the loop product Ag, Ay, Aay Aoy Aay - - -X%be
where A, and \;, are the canonical loops in S}, = S' and S}, = S', and

Ao, and Ay, are their inverses, i = 1,...,g. By 3.2.8, m1(S3,) is freely

generated by the classes a; = [Ag,], i = [As,]-
By 3.2.10, m(S,) = m (S%g)/Nafg. That is,

7T1(Sg) EY/AREE *Z/Nmﬂlaflﬂfl

29

—1,5-1
"'(Xyﬁgag ﬁg )

where «; is the generator of the (2i — 1)th copy of Z and f; of the 2ith,
i=1,...,g9. In terms of generators and relations, this fact is usually
written as

71—1(*99) = <C¥1751, AR Oégvﬁg | al/ﬁlaflﬁfl T agﬂgaglﬁ;1> )

and one says that this group has as generators the elements ay, 5y, ...,
oy, By subject only to the relation

“15-1 “1p-1
alﬁlal ﬁl "'agﬁgag ﬂg =1.

Analogously to (c) we can compute the fundamental group of a nonori-
entable surface N, of genus g defined as the result of attaching a 2-cell
to a wedge of g circles Sy = S} V---V S} but now with the map
fy o St — Sgl such that as the argument travels around the circle
counterclockwise, the values of the map first go around Sél counter-
clockwise, then S(; also counterclockwise, and so on, and finishing by
going around S}Lg counterclockwise. Therefore, we now have

T1(Ng) 2Lk - *Z [Nya.

g

a2
Oég)

where «; is the generator of the ith copy Z. In terms of generators and
relations, one has

7T1(N9)2<a17-">ag|a%"'a§>;

that is, this group has as generators the elements «s, ..., a4 subject to
the one relation af - --a} = 1.

Using examples (c) and (d) above, we can distinguish surfaces of different
genus.
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3.2.13 Corollary. No two of the surfaces
50,591,592, ..., N1, Ny, . ..

have the same homotopy type, and in particular, they are not homeomorphic.

Proof: 1f the fundamental groups of these surfaces are abelianized, we have
m(Sy)™ =2 7Z%,  m(Ny)®2Z" % (Z/)2).

Here Z° denotes 0. Since no two of these groups are isomorphic, we have
that no two of these surfaces have the same homotopy type. This implies
that no two of them are homeomorphic. a

3.2.14 EXERCISE. Compute the fundamental groups of the following spaces:
(a) S'v$S?, S' x RP?, RP? v RP?, RP? x RP2.
(b) R® — C, where C is the circle 2° + y? = 1, z = 0.

(c) (S'xS") Ue?, where the 2-cell is attached using the map f(¢) = (¢?, ¢?).

3.3 HoMOTOPY SEQUENCES I

In this section we shall introduce a sequence of spaces constructed out of
mapping cones and maps between them. This sequence has the property
that when we apply the functor [—, W], namely, the functor of pointed
homotopy classes of maps into a pointed space W, we get an exact sequence.
We shall also introduce, dually, a sequence of spaces constructed out of the
so-called homotopy fibers and maps between them. This sequence has the
dual property that when we apply the functor [W, —],, namely, the functor of
pointed homotopy classes of maps from a pointed space W, we get an exact
sequence.

Let f: X — Y be continuous. Then using the mapping cone construc-
tion we can define the following sequence:

(3.3.1) XLy oo o,

where 7; is the canonical inclusion of Y into C'y = Y U;CX and, analogously,
1y, 1s the canonical inclusion of C;

iv_, into the mapping cone of i1, C;,_, =
Cip_y Ui, CC;, .

k—1
k—2

It is possible to identify, up to homotopy, the spaces Cj, in terms of X
and Y. To do this, let us consider the following lemma.
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3.3.2 Lemma. Take Y' CY and suppose that there exists a homotopy H :
Y x I —Y such that

(a) H(y,0) =1y,
(b) HY' xI) CY",

(¢) HY" x{1}) = {yo}-

Then the identification q : Y — Y/Y" is a homotopy equivalence.

Proof: Using (c), we can define s : Y/Y’ — Y given by

s(q(y)) = H(y, 1).

Then H is a homotopy between idy and s o q.

On the other hand, using (b), H determines a homotopy H : (Y/Y’) x
I — Y/Y” such that

F(Q(y)a t) =q H(y7 t)'

So H begins with idy,y+ and ends with g o s. a

3.3.3 Corollary. Let f: X — Y be continuous, i : Y — Cy the canonical
inclusion, and C; its mapping cone. Then CY C C; and the identification

is a homotopy equivalence. Moreover, C;/CY ~ C¢/Y.

Proof: Using 3.3.2 it is enough to construct a homotopy
H:CixI—C

that sends CY into itself and that begins with the identity and ends with
the constant map. First let

F:CYxI—CY

be the contraction F((y,t),s) = (y,1 — (1 — s)(1 —t)). It is easy to see that
Ci=CrU; CY = (Y Uy CX) U; CY is the quotient of CX U CY that
identifies (z,0) € CX with (f(z),0) € CY. Let ¢ : CXUCY — C; be
that identification. So the canonical inclusion j : CY — C; is clearly the

restriction of ¢ to CY.
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Let G be given by
G- XxI28yxrsovxr Loydo,.
Then G is a homotopy satisfying

G(x,O) = ](f(m)vo) = q(f(x),O) = q(:C,O);

that is, G(z,0) = ¢(z,0) € C;, where g denotes the composite CX <
CXUCY — C;. So G : X x I — C; is a homotopy that begins with g|X.
Using 3.1.6 we can extend G to a homotopy F’ : CX x I — C; such that
F'((x,0),s) = G(z,s) = j(f(x),s). So we can define H : C; x I — C; by

F'((z,t),s) if (z,t) € CX,
F((z,t),s) if(z,t) € CY,

H((z,t),s) = {

which is well defined, since if x € X, then ¢ identifies (z,0) with (f(z),0) in
C;, and we have that

Fl((x’0)78) = G(x78) = (f(x)as) = F((f(x),O),s).

Finally, it is clear that C;/CY ~ C}/Y holds, as one can see in Figure
3.7. a

Using the above and Exercise 3.1.3, we have in the sequence (3.3.1) the
following homotopy equivalences:

(3.3.4) Ci, ~Cy,/CY = Cp)Y =~ XX,
and in a similar way,
(335) Ciz = Clz/C(Cf) ~ Oil/cf ~ LY.

Actually, we have the following property.

3.3.6 EXERCISE. Let ¢y : C;; — XX and ¢, : C;, — XY be the homotopy
equivalences (3.3.4) and (3.3.5), and let 7 be as in 2.10.3. Prove that the
diagram

Ciyy, —=C,

TO(hJ(: :J/lh

ZXTEY

commutes up to homotopy.
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YX

Figure 3.7

In this way, (3.3.1) is transformed into

XLy o —ex sy — oy

(3.3.7)
— 02X — %Y — .

This sequence is frequently known as the Barratt—Puppe sequence of the map
f: X —Y.

Let us now observe that the sequence

Xty ¢

is h-coezxact; that is, we have the following assertion.

3.3.8 Proposition. Let W be an arbitrary pointed space. Then the sequence

(Cp, W), ——— [V, W]. —L— (X, W],
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1s exact; that is,

im(i") = ker(f*) = {[g] € [Y,W]. | [l = [po f] = [ed]},

where eq : X — W is the constant map.

Proof: First observe that io f : X — 'y is nullhomotopic. This is so, since
we have the homotopy

H(z,t)=(z,1—1t) e Y U; CX,

which for ¢ = 0 is constant and for ¢ = 1 gives the point (z,0), which
is identified with f(z) in Cy. Thus f**([¢]) = [ oio f] = [ey] for all
[¥] € [Cy, W], and so im(i*) C ker(f*).

If we now suppose that f*[¢] = [p o f] =0 = [eg], then ¢ o f is nullho-
motopic. Let
H:XxI—W

be a nullhomotopy of po f: X — W. Then H(xo,t) = H(z,1) = wp, and
therefore H({zo} x I UX X {1}) = {wo}. So H defines a map

W CX — W

such that ¢'(x,t) = H(z,t). Since ¢'(z,0) = H(z,0) = ¢f (), we then can
define
v:Cr=YU; CX — W

t) = ¢/'(x,t) and ¥(y) = p(y). Consequently, [¢] € [C}, W].

such that 1(z,t)
1) = [ o4] = [p], and so ker(f*) C im(:*). O

satisfies *([¢])
3.3.9 Corollary. The sequence

Xxtoy o0 tovx Sy

is h-coezact, where j : Cy — XX = C;/Y s the quotient map; that is, the
sequence of sets (and groups)

(Ef

Y, W], S £X, W] L [Cp, W] s [y WL L [ W),

1s exact.

Proof: From the sequence (3.3.1) we have that the portions Y — C; — C;,
and Cy — C;; — Cj, are as in 3.3.8; therefore, h-coexact. By Exercise
3.3.6, and interchanging C;, by ¥X and C;, by XY, we obtain the desired
h-coexact sequence, since the effect of 7 does not change kernels and images
(only signs). O
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Therefore, we have the following consequence.

3.3.10 Corollary. Given a pointed map f : X — Y, we have an exact
sequence
k £y
s [BRC W] — [BFY, W] R W), —
(3.3.11) (SO0, W — -+ — X, W], — [Cy, W], —

for every pointed space W.
Proof: Since [XZ, W], = [Z,QW], in a natural way (see 2.10.5 and 2.10.6),

we may reduce each 5-term portion of the sequence to the first 5 and then
apply Corollary 3.3.9 above. O

3.3.12 EXERCISE. Show by induction that there is a homeomorphism
gﬁk . Czkf ~ Eka

such that ¢ o i* = ¥¥, where i* : ¥V — Cskyand i : Y — Cf are the
canonical inclusions. Therefore, the exact sequence (3.3.11) is equivalent to
the following exact sequence for the Barrat-Puppe sequence.

s O W — DY W) S X W, —
(3.3.13) [Coror g, Wy — -+ — [2X, W], — [Cf, W], —
— [V W] — [X, W],

for every pointed space W.

Everything done above has a dual version. We shall sketch the results,
and the reader should figure out all the proofs.

First of all, there are dual versions of the mapping cylinder and the map-
ping cone. Accepting the space M (I,Y") of free paths of Y as the dual of the
cylinder, if f: X — Y is continuous, then we have the following definition.
3.3.14 DEFINITION. Define the mapping path space of f as

Ep ={(z,0) € X x M(L,Y) | (1) = f(2)}.

There is also a dual concept of the mapping cone, namely, we define the
homotopy fiber of a pointed map f as

Py =A{(z,0) € X x M(L,Y) [ a(0) = w0, (1) = f(2)}-
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3.3.15 EXERCISE. Take 2o € A C X, and let i : A — X be the inclusion
map. Prove that the mapping path space of i, E;, is homeomorphic to

{ae M(I,X) | a(1) € 4},
and that the homotopy fiber of i, P;, is homeomorphic to
{a € M(I,X) | a(0) = x¢ and a(1) € A}.

There are canonical maps for the mapping path space and for the ho-
motopy fiber. One is p : E; — Y, such that p(z,a) = «(0), whose fiber
p*(yo) = Py; another map is ¢ : Py — X, such that ¢(z,a) = x, whose
fiber ¢~ () ~ QY. This assertion is dual to the statement of Exercise 3.1.3.

Dual to the cone is the path space PY = {a € M(I,Y) | «(0) = yo},
which has a canonical projection p : PY — Y given by p(«) = a(1). Then
there is the following dual to Lemma 3.1.5.

3.3.16 Lemma. f : X — Y s nullhomotopic if and only if it admits a
lifting ' : X — PY, that s, such that po F' = f. a

Dual to 3.1.6, the projection p : PY — Y has a homotopy lifting prop-
erty.

3.3.17 Lemma. Let F': X — PY be a continuous map and let H : X X
I — Y be a homotopy that starts with p o F. Then we can lift H to a
homotopy G : X x I — PY that starts with F'. That is, in the commutative
diagram

X PY
G/1

o )

XX[T)Y

there exists G : X x I — PY that makes both triangles commute.

A nice exercise stressing the duality of the concept of the homotopy fiber
of a map with that of mapping cone is the proof of the following fact, which
is dual to Proposition 3.1.7.

3.3.18 Proposition. Let us consider the maps W - X Ty Y. Then
f o g is nullhomotopic if and only if there exists G : W — Py such that the
diagram

Py ‘ x—71 .y
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commutes; that is, if and only if g has a lifting G to the homotopy fiber of f.
O

Let f: X — Y be continuous; using the homotopy fiber construction,
we may define the sequence

(3.3.19) P, p, P x Ly

where ¢; is the canonical projection of Py onto X, and, analogously, g is the

canonical projection of the homotopy fiber of ¢;_1, F,,_,, onto P, _,.
As before, we may identify, up to homotopy, the spaces F,, .

Dual to 3.3.3, we have the following.

3.3.20 Proposition. Let f : X — Y be continuous, ¢ : P — Y the
canonical projection, and P, its homotopy fiber. Then the inclusion QY — P,
is a homotopy equivalence. a

Dual to Exercise 3.3.6 one may solve the following.

3.3.21 EXERCISE. Let j; : QY — P, and j, : QX — P, be the homotopy
equivalences (3.3.20), and let 0 : QY — QY be dual to the map 7 : ¥X —
> X in 2.10.3. Prove that the diagram

Js
Pq2 Pq 1

jZTZ BTJEOU

QXTJRQY

commutes up to homotopy.

We may transform (3.3.19) into

e 22X — QY —
(3.3.22) of ;
— Poy — QX — QY — P — X — Y.

This sequence is the dual Barratt—Puppe sequence of the map f: X — Y.

Dual to the previous case, the sequence

pp—tx 1,y

is h-ezact, that is, we have the following assertion.
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3.3.23 Proposition. Let W be an arbitrary pointed space. Then the se-
quence
(W, Pyl —"— [W.X], —"— WY,

1s exact; that is,

im(q.) = ker(f.) = {[¢] € W, X]. | fulp] = [f o ¢] = [eo]},

where eg : W — Y s the constant map. a
As a corollary, we obtain the dual of 3.3.9.

3.3.24 Corollary. The sequence

aox Loy L-ptax Loy

is h-ezact, where p : QY — P, — Py 1is the canonical embedding; that is,
the sequence of sets (and groups)

w.x]. E2 v, 2 (W Pl 2 (W, X, L Y],

1s ezact. a
Hence, we have the following consequence.

3.3.25 Corollary. Given a pointed map f : X — Y, we have an exact
sequence
L WLQRPY) —s WX by,
(3.3.26) W, QF 1P, — - — [W, QY] — [W, Py, —
— W, X], — [V, Y],

for every pointed space W. a

There is also a dual version of Exercise 3.3.12.

3.4 HomoTrory GROUPS

In what follows we shall study the relations between the homotopy groups
of a pair of spaces and those of the individual spaces of the pair.

Let X be a pointed space with base point zqg € X. If I is the interval
[0, 1], then 9T = {0,1} C I is its boundary, and 0 € I C I will be considered
as the base point of both spaces. For n > 1, m,(X) is the group [E™(0I), X].,
since we have 9 =~ S® and YX*(dI) &~ S™ according to 2.10.8. For n = 0 the
sets [01, X]. and mo(X) coincide.
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3.4.1 DEFINITION. Let (X, A) be a pair of pointed spaces with base point
zo € AC X. For n > 1 we define

(X, A) = [B"7H(1,01); X, Al

where X¥(1,0I) = (XFI1,3%(0I)) ~ (D1 S¥), where D¥! C R is the
unit disk and where [—; —|, represents the set of pointed homotopy classes
of pairs.

3.4.2 Proposition. The construction m, has the following properties.

(a) (X, A) is a group if n > 2 and is abelian if n > 3.

(b) A map f: (D", S"1 %) — (X, A, xq) represents the neutral element
of mo(X, A) if and only if f is homotopic as a map of pointed pairs to
a map g such that g(D™) C A.

The group m,(X, A), n > 2, is called the n-homotopy group of the pair
(X, A).

Proof: (a) This is shown essentially in the same way as 2.10.4 and 2.10.13,
since the structure is given by the H-comultiplication in D" ~ ¥"~1I, n > 2.

(b) Suppose that f ~ g and that g(D") C A and let H be a homotopy of
pointed pairs between f and g. We define

G:(D"xI,S" ' x I,{x}xI) — (X, A, )

)

by

Gl 1) H(z,2t) ifo<t<i,
I? = .
g((2—2t)z+ (2t —1)*) ifL<t<1

Therefore, GG is a nullhomotopy of f.

If we suppose, conversely, that we have a nullhomotopy
G:(D"xI,S" ' x I,{x}xI)— (X, A, )
of f, we define H : D" x I — X by

b = € Y if 0 < [laf| < 45,
TG (2 -2del) -l <

=l

Thus g given by g(z) = H(z, 1) satisfies g(D") C A. O
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3.4.3 REMARK. Let J" = I" x {0} UOI™ x I C 1", Then it is an easy
exercise (see 3.4.9) to verify that there is a bijection

[In+17 8[71-4-1’ Jn;X7A7IO] = [[TH-I/JR’ aln+1/‘]n7 *; X,A,Io] :

Since "1/ J" ~ D" and O™ /J" ~ S"7!, one can also consider (as some
authors do)
(X, A) = [["TH 01" J™ X, A, x)

in which case the group operation is given by taking [F] - [G] = [H], where
H: "' =]"x ] — X is given by

F(s1,...,28...,8,,1) ifOSsiS%,

G(s1,...,28,—1,...,8p,t) if%gsi<1;

H(sh‘...,sn,t):{
fori=1,...,n.

If, in particular, we consider the pair (X, zo), then the map of pairs
0 X" NI 00 — (X, {o})
maps X" 1(01) ~ S"71 to zy. In this way, ¢ determines a pointed map
Yyl on) — X
Now we have as well
/el on ~ DSt = ST

from which we obtain a bijection between [X" (I, 01); X ,{zo}]. and [S",X]..
This proves that

(X, {mo}) = ™ (X)
if n > 1, and so we will identify these two sets.

So the inclusion j : (X, {zo}) — (X, A) induces
(3.4.4) Ju 1 (X)) — (X, A)

which is a homomorphism if n > 2. Since X™(0I) is path connected if n > 1,
if X’ is the path component of X that contains zg, then X’ C X induces
isomorphisms

T (X") — ma(X)

ifn>1.
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By restricting to the second term of the pair we obtain the homomorphism
0 in the following diagram:

(3.4.5) H %
[Xn=1(1,01); X, Al

The homomorphism 9 of (3.4.5) is called the connecting homomorphism of
the homotopy groups of the pair (X, A). Combining (3.4.4) and (3.4.5) we
obtain a sequence

oo — m(A) — (X)) — (X, A) — m (A) — -

3.4.6
( ) —>7'&'1()(,A)—)7'('0(14)—)7'1'0()()7
which is called the homotopy sequence of the pair (X, A).

In the following section we shall prove that (3.4.6) is exact. For this
purpose we need a generalization of 3.3.8 for pairs of spaces.

3.4.7 Proposition. Let f: (X, A) — (Y, B) be a pointed map of (pointed)
pairs and let f': X — Y and " : A — B be its restrictions. Then the
sequence _

(X,4) —L— (v,B) —— ¢

is h-coezact, where Cy = (Cp, Cyn). This means that for any pair of pointed
spaces (Z,C'), the sequence
(Cp,Cpr: 2,C), -5 [V, B 2,C), L5 [X, A, Z,.C).
s exact.
Proof: Just as in 3.3.8, io f : (X, A) — (Cp,C}r) is nullhomotopic as a
map of pairs. So im(i*) C ker(f*). If now ¢ : (Y, B) — (Z,C) is such that
@ o f is nullhomotopic as a map of pairs, then any nullhomotopy
H: (XxI,AxI)— (Z,0)
defines a map of pairs
n: (CX,CA) — (Z,0),

which (as in the proof of 3.3.8) extends to ¢ : (Y, B) — (Z, C'). Here we are
considering the domain as a subpair of (Cy, Cy»). Having shown all this, n
and ¢ define

b (Cp Cpr) — (2,0)

such that ¥ o i = ¢. Therefore, ker(f*) C im(:*). a
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3.4.8 REMARK. There is an approach to the homotopy groups using homo-
topy fibers instead of mapping cones, namely, using 2.10.5, and since S =
¥SY for a pointed space X, we have that 7,(X) = [S", X]. = [S?,Q"X],,
and analogously for pairs, namely m,(X,A) = [[,0I; Q" 1(X, A)]., where
QHX,A) = (Q"1X, Q7 1A). Tt is an exercise to reconstruct the homo-
topy sequence of a pair (3.4.6).

3.4.9 EXERCISE. Let J97! = (017! x I)U (197! x {0}) and let zp € A C X
(cf. 3.4.3). Prove that

(X, A) = [19,01, J71 X, A, o]

and that
mg-1(A) =[0I, JU AL x]

so that 0 : m,(X, A) — m,_1(A) is given by 9([a]) = [a|OI9].

3.4.10 EXERCISE. Take 2y € A C X and let P(X; g, A) be the homotopy
fiber of the inclusion A < X (see 3.3.15). Prove that

(X, A) = 1 (P(X; 20, A)) .

(Hint: Let o : (19,017, J97') — (X, A, z¢) correspond with & : 917 —
P(X; 30, A) by a(s)(t) = a(s,t), (s,t) € [971 x I = I9.)

3.5 HoMOTOPY SEQUENCES II

In the same way as we obtained the sequence (3.3.7) we can obtain the
sequence

(X,4) L5 (v,B) — (Cp,Cp) — (X, 24) =4 (Y, 5B) —
— (OZf/aCEf”) —_— (ZQX’ EQA) — .,

Combining 3.4.7 with this sequence we obtain the following:

3.5.1 Corollary. Given f : (X,A) — (Y, B) a map of pointed pairs, we
have an exact sequence
coo — [Csppr, Cspepn; Z,C). — [E%(Y, B); Z,C], —
— [BR(X, A); Z,C). — [Csprpr, O s Z,C —>
— [2(X,A);, 2,0, — [Cp, Cpn; Z,C —
— V,B; Z,C)., — [X,A; Z,C).,

(3.5.2)

for each pointed pair (Z,C'). ad
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3.5.3 REMARK. In a way similar to 3.3.11 we obtain an exact sequence

c— [BR(Cp, Cpn); Z,C)y — [ER(Y, B); Z,C —
[SE(X, A); Z,C). — [S(Cpry Cpa): 2,C —
= [E (X,A), Z,Cly — [Cp, Cpn; Z,C —
—Y,B;Z,C), — [ X, A; Z,C,,

(3.5.4)

for each pointed pair (Z,C).
3.5.5 Theorem. The homotopy sequence (3.4.6) of a pair (X, A) is exact.

Proof: Let i : (01,0) — (0I,0I) be the inclusion. Let us consider the
following sequence of pairs for i:

(1, 0) (01,01) =L (Cy, Cy) 5 (201,0) —
—) (Z@I, Z@I) — (CEZ"7 CZi”) —

(3.5.6)

We have a homeomorphism
g: (Ci/, Ci//) — (I, 8[)

given by

g,(0>f) = 07 g,(la t) =1-t

(since the mapping cone is reduced; see Figure 3.8).

Figure 3.8

Then j = goj: (81,8I) — (I,dI) is the inclusion.
On the other hand, ko g=': (I,0I) — (20I,0) is the composite

k:(I1,0) —s (1/0I,0) —s 2(81,0),

so that (3.5.6) is transformed into

(01,0) = (91,01) - (1,01) - (01, 0)
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which, using (3.5.2), gives rise to the exact sequence
[SH(1,01); X, Al —> [SHO1,01); X, Al —
— [Z*(01,0); X, A]l, — [Zk‘l(l oI); X ]

— [2(01,0); X, A, 25 [1,0I; X, A, L
— 01,013 X, A], —> [01,0; X, Al, .

(3.5.7)

Since we clearly have

[XF(1,00); X, A]. Tr1(X, A) (by definition),

[BF(01,00); X, Al = [E401), Al = mi(4),
[SH(01,0); X, Al = [S¥DI),0; X, xo). = (X)),
we see that (3.5.7) is the desired sequence (3.4.6). O

We can summarize the most important results of this chapter in the
following theorem.

3.5.8 Theorem. Let (X, A) be a pair of pointed spaces, with base point xy €
A C X. For every n > 1 we associate to it the sets

(X, A), mho1(A), mo1(X)
and the functions
0 :m(X,A) — m_1(4),
i Tho1(A) — mo1(X),
Js 1 (X)) — w1 (X A).
Moreover, if [ : (X, A) — (Y, B) is a map of pointed pairs with restrictions
X —Y and f": A— B, we associate to [ the functions
foim(X,A) — (Y, B),
foimna(A) — ma(B),
flima(X) — moa(Y).

These have the following properties:

(a) The sets m, (X, A), mp_1(A), and m,_1(X) are groups if n > 2 and
they are abelian if n > 3. Also f., fI, and f. are homomorphisms of

groups in these cases. Moreover, mo(A) and mo(X) are the sets of path
components of A and X, respectively.
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(b) [ff =id : (Xv A) — (Xv A)7 then f* = 17Tn(X,A)) f” = ]-7Tn—1(A) and

*

fi=1 (x)

(¢) If f: (X,A) — (Y,B) and g : (Y, B) — (Z,C) are maps of pointed
pairs, then (go f). = g.© fo, (9" 0 [")s = gio fI, and (g'0 [')« = g.o [..

(d) For f:(X,A) — (Y, B), the diagrams

ifn>1, and
’/Tn_l()()L>7Tn_1()(7 A)

fiJ/ lf*

7Tn71(Y) e 7Tn71(Y: B)

if n > 2, are commutative.

(e) For every pointed pair (X, A) the sequence
s (X A) D 1 (A) S (X))
— T (X, A) L m(X, A) — mo(A) — mo(X)

is exact. In particular, if X satisfies m,(X) =0 for all n > 0, then
0 m (X, A) — w1 (A)

is a bijection forn > 1.

(f) If the maps of pointed pairs f,g : (X, A) — (Y, B) are homotopic,
then
fo = g (X, A) — 7w, (Y, B),
= g’ 7 1(A) — 11 (B),
f; = g; : WTL*I(X) — WTL*I(Y) .
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(g) If X is contractible, that is, if the map idx is homotopic to the constant
map ey : X — X, then

m(X) =0, n > 0. O

3.5.9 REMARK. From part (f) we obtain, in particular, that if f : (X, A) —
(Y, B) is a homotopy equivalence, that is, if there exists g : (Y, B) — (X, A)
such that go f ~id(x ) and fog ~idy,p), then f, : 7 (X, A) — 7.(Y, B)
is an isomorphism. (We are assuming that the homotopies are of pointed
pairs. Nevertheless, it is possible to prove that if the homotopies are only of
pairs, without preserving the base point, then f, is still an isomorphism for
every x € A; cf. 4.4.8.)

3.5.10 EXERCISE. Prove that given a pointed space X and pointed sub-
spaces B C A C X, where g € B is the common base point of the three
spaces, we have a long exact sequence

oo = (A, B) — (X, B) — (X, A) -5 101 (A, B) — -+,

called the (ezact) homotopy sequence of the triple (X, A, B). (Hint: Define
the connecting homomorphism 9 as the composite

(X, A) — mp1(A) — m-1(A, B)

of the homomorphism defined in (3.4.5) and that induced by the inclusion.
Then put together the exact sequences of homotopy groups of the pairs

Clearly, the exact homotopy sequence of a pointed pair (X, A) is the same
as that of the triple (X, A, xq).

3.5.11 REMARK. As before, there is an approach to the homotopy sequence
of a pair using loop spaces instead of suspensions. The details are left to the
reader as an ezercise.



CHAPTER 4

HoMoOTOPY EXTENSION AND
LIFTING PROPERTIES

We already saw in the previous chapter that the inclusion X — CX of
a space X into its (reduced) cone has a homotopy extension property (see
3.1.6); we also saw that the projection PY —=Y of the (pointed) path
space of a space onto the space Y has, dually, a homotopy lifting property
(see 3.3.17). In this chapter we shall study systematically these two prop-
erties. More precisely, we analyze families of maps that have one of the
two essentially dual properties, generally known as the homotopy extension
and homotopy lifting properties. These topics are of great importance in
algebraic topology and will be used in subsequent chapters.

4.1 COFIBRATIONS

In this section we analyze maps having the homotopy extension property
(HEP) in various aspects and prove some basic results.

4.1.1 DEFINITION. Assume that A C X and that C is a class of topological
spaces. We say that the pair (X, A) has the homotopy extension property
with respect to C, abbreviated C-HEP, if for every Y € C and for every map
f: X — Y and every homotopy H : A x I — Y that starts with f|A, we
can extend H to a homotopy H:X xI—>Y that starts with I

Putting this definition into diagrammatical form, we have that (X, A) has

89
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the C-HEP if and only if, given the commutative diagram

/F\

(4.12) XxI1-" sy
A><I T

with Y € C, where i : A — X is the inclusion and j, : X — X x [
(respectively, jo : A — A x I) is the inclusion into the lower face, jo(z) =
(z,0) (respectively, jo(a) = (a,0)), there exists a map ﬁ, as indicated by the
dashed arrow, that makes the two triangles commute.

In other words, this definition says that for any Y € C the commutative
diagram of function spaces

(ixid)#

MX x LY)ZM(A X 1Y)
(4.1.3) ﬁl ljgﬁ
M(X,Y) M(A,Y)

has the property that whenever f € M(X,Y) and H € M(A x 1Y) sat-
isty jg F(H) = #(f) = f|A, then there exists He M(X x I,Y) satisfying
JH(H) = fand (i x id)#(H) = H{Ax I =H.

4.1.4 DeFINITION. If C is the class of all spaces and (X, A) has the C-HEP,
then we simply say that (X, A) has the homotopy extension property (HEP).

The following is a concept that is apparently more general, but that turns
out to coincide essentially with the above definition when all is said and done.

4.1.5 DEFINITION. A continuous map j : A — X is a cofibration if for
every topological space Y and every map f : X — Y and every homotopy
H: AxI — Y satistying H(a,0) = f;j(a) for a € A there exists a homotopy
H: X xI—Y such that H(j(a),t) = H(a,t) fora € Aand t € I and such
that H(z,0) = f(z) for € X. In other words, given diagram (4.1.2) with
the change that we have substituted the inclusion ¢ with the map j, there
exists H as before.

Actually, this definition is not more general than the previous one, as we
shall see.

4.1.6 Proposition. Ifj: A — X is a cofibration, then j is an embedding;
that s, it defines a homeomorphism A — j(A). In the latter case, j is a
cofibration if and only if the pair (X, j(A)) has the HEP.
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Proof: Let Z; = X U; A x I be the mapping cylinder of j and let ¢ : X U A x
I — Z; be the quotient map. The map X — X x I given by z — (z,0)
and the map A x I — X x I given by (a,t) — (j(a),t) together determine
amap ¢ : Z; — X x I in the quotient.

Because j is a cofibration, the map f : X — Z; given by f(z) = ¢(z)
and the map H : A x I — Z; given by H(a,t) = ¢(a,t) together determine
a map H:XxI— Z; such that Hoi: Z; — Z; is the identity. So 4
defines a homeomorphism Z; ~ i(Z;) = X x 0U j(A) x I C X x I.

Since g]A x 1 is a homeomorphism A x 1 & ¢(A x 1), we have a homeo-
morphism o g|A x1: Ax1— j(A) x 1. But since iq(a, 1) = (j(a), 1), we
have that j is a homeomorphism onto its image. O

We can assume from now on that any given cofibration 7 : A — X
is always an inclusion j : A — X, and we shall say without any further
distinction either that an inclusion is a cofibration or that the corresponding
pair has the HEP.

We shall prove in the following some fundamental properties of cofibra-
tions. To simplify notation, we write 0 for the set {0} C I.

4.1.7 Theorem. Let A C X be closed. Then the inclusion j : A — X is a
coftbration if and only if X x 0U A x I is a retract of X x I.

Proof: If j is a cofibration, then the map f : X — X x0U A x [ given
by f(z) = (z,0) and the map H : A x I — X x0U A x [ given by
H(a,t) = (a,t) together determine amap r = H : X x [ — X x 0UA x I,
which obviously is a retraction.

Conversely, if we have a retraction r : X xI — X xOUA x I, then for any
space Y, any map f : X — Y, and any homotopy H : AxI — Y satisfying
H(a,0) = fj(a) for a € A we can define a homotopy H : X x I — Y by

ﬁ(l‘,t) _ foprojyor(x,t) ?f (z,t) € r1(X x 0),
Hor(z,t) if (a,t) € (A x I).
Then H is continuous, since X x 0 and A x I are closed in X x I. O

4.1.8 NOTE. Note that the first part of the previous proof does not require
that A be closed in X. As a matter of fact, it is possible to prove the second
part without using that hypothesis (see [74]). Moreover, if X is Hausdorff
and A — X is a cofibration, then A is closed in X. To prove this, note that
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X x I also is Hausdorff, and so X x 0U A x [ is closed, because it is a retract
of X x I. Consequently, A x 1 is also closed in X x 1, or equivalently, A is
closed in X.

If the space X is sufficiently separable, the property of an inclusion j :
A — X being a cofibration is a local property. We have, in fact, the next
assertation.

4.1.9 Proposition. Let X be a normal space. Then the inclusion j : A —
X is a coftbration if and only if the inclusion j : A — V is a cofibration for
some open neighborhood V of A in X.

Proof: Let V be a neighborhood of A in X such that the inclusion j : A < V
is a cofibration. By the previous proposition, there exists a retraction r’ :
VxI—Vx0UAXI. Because X is normal, there exists a contraction
W of V, that is, a neighborhood W of A such that A c W c W c V. By
Urysohn’s lemma ([83, 15.6]), there exists a function o : X — I such that
alA=1and o|X —W = 0. In order to apply again the previous proposition,
we define a retraction 7 : X x I — X x 0U A x I by

(@ ta(x) ifreW,
T<x’t)_{(x,0) ifreX - W.

This is obviously a well-defined retraction. ad

4.1.10 NOTE. In the first part of the previous proof instead of a retraction
' it is sufficient to assume the existence of amap v’ : VxI — X xQUAX I
such that its restriction 7|V x 0U A x I is the inclusion. Such a map is called
a weak retraction. Given this modification of one of the hypotheses, the proof
remains the same.

4.1.11 DEFINITION. Suppose that A C X. We say that A is a strong defor-
mation retract of a neighborhood V if there exists a homotopy H : V x [ —
X such that

(i) H(,0) =2, z€V,
(ii) H(a,t) = a, ac A tel,

(iii) H(z,1) € A, zeV.
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We shall see that this condition is almost sufficient to guarantee that the
inclusion A — X is a cofibration.

4.1.12 Theorem. Assume that X is normal and that A C X is closed and
18 a strong deformation retract of a neighborhood V. If there exists a function
Y+ X — I such that A = ~*(0) and (X — V) = 1, then the inclusion
A — X is a cofibration.

Proof: According to Proposition 4.1.9 it is enough to prove that the inclusion
A < V is a cofibration, and by Theorem 4.1.7 (or actually by Note 4.1.10)
it is enough to construct a weak retraction

r:VxIl —Xx0UAXI.

Since A is a strong deformation retract of V', there exists a homotopy
H :V xI — X as in Definition 4.1.11. Put W = ¢~!(3,1] and put
¢ = min(2¢, 1). Then W is a neighborhood of X — V satisfying (W) = 1.
We define r by the formula

r(z,t) = {(H (v55).0) ift < pl),
(H(z,1),t — p(x)) ift > o(x),

This is well defined if ¢(z) > 0, since the sets {(z,t) € V x I | t < p(x)}
and {(z,t) € V. xI | t > ¢(x)} are closed and the two functions that
define r coincide on their common domain where ¢ = ¢(x). We have to
prove that we can extend the map 7 continuously when ¢(z) = 0, that is,
for x € A. But for a € A we have (H(a,t),t) = (a,t), and so we extend r
by putting r(a,0) = (a,0). In these points (a,0) the function r so defined
is continuous. And this in turn follows from the fact that H is continuous
and [ is compact, so that given any neighborhood D of a in X, there exists
another neighborhood D' C D such that H(D' x I) C D, and consequently,
for any € > 0 we have that r(D’ x [0,¢)) C D x [0,¢). O

4.1.13 DEFINITION. A Hausdorff space X is perfectly normal if for every
pair of closed disjoint sets A and B in X there exists a continuous function
¢ : X —> I such that A= ¢ 1(0) and B = ¢ !(1).

The class of perfectly normal spaces evidently includes metric spaces, but
it also includes CW-complexes (which will be introduced later on). Conse-
quently, we have the following theorem, which turns out to be important for
a large class of spaces.
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4.1.14 Theorem. Let X be perfectly normal and let A C X be closed. If
A is a strong deformation retract of a neigborhood in X, then the inclusion
A — X is a cofibration. ad

Alternatively, it is sufficient to require that X be normal, and that A
be a G5 in X, that is, that A be closed and that it be the intersection of a
countable family of open sets in X.

4.1.15 EXERCISE. Prove that if X is normal, A is a Gs, and A is a strong
deformation retract of a neighborhood V' in X, then the inclusion A — X
is a cofibration. (Hint: Put A = (V,,, where each V;, C V is an open
neighborhood of A in X. Using Urysohn’s lemma, there exists a function
fu : X — I for each n such that f,|]A = 0 and f,|X — V,, = 1, and there
exists a function g : X — I such that g|X — V =0 and g|A = 1. If we
define fa(x) = > (fn(x)/2"), then the function

fa(x)

V@) = R+ 9@

satisfies the conditions of Theorem 4.1.13.)

We conclude this section with the next theorem, which gives us various
ways to recognize cofibrations.

4.1.16 Theorem. Let X be normal and let A C X be closed. Then the
following are equivalent:

(a) The inclusion A — X is a cofibration.

(b) There exists a homotopy D : X x I — X and a function ¢ : X — I
such that A C ¢=*(0) and

D(z,0) = z, ze€X,
D(a,t) = a, a€A,tel,
D(z,t) € A, ze€X,t>qx).

(¢) The subset A is a strong deformation retract of a neighborhood V in X,
and there exists 1 : X — I such that A =1"1(0) and Y| X —V = 1.
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Proof: For property (a) we shall use the characterization given in Theorem
4.1.7, namely, that there exists a retraction r: X x [ — X x 0U A x I.

(a) = (b) Given r we define ¢ and D as follows:
p(z) = supl|t—projr(z,t)], z€X,
tel

D(z,t) = projyr(z,t), z€X,tel.

(b) = (c) Given D and ¢ we define V = ¢71[0,1). Then V is a neighbor-
hood of A in X. Moreover, A is a strong deformation retract of V, since if
we define H : V x I — X as D|V x I, then H satisfies the conditions of
Definition 4.1.11. We then define ¢ : X — I by

¥(z) = inf{t € I|D(x,t) € A}.
(¢) = (a) This follows from Theorem 4.1.12. O

4.1.17 EXERCISE. Prove that in the previous proof the map ¢ is indeed
continuous.

The following statement can be proved in various ways, for example by
applying 4.1.7. Nevertheless, we shall prove it using 4.1.16.

4.1.18 Proposition. The inclusion S*~! < D" is a cofibration.

Proof: Since D™ is normal, using 4.1.16(c) it is enough to prove that there
exist a neighborhood V of S*™! in D™ as well as a function ¢ : D® — I and,
finally, a strong deformation retraction D : V x I — D".

Put V.=D" — 0 and ¢(x) = 1 — |z] and D(z,t) = (1 — t)x + t(z/|x]).
Then we have ¢p~1(0) = S"! and ¢|D" — V = ¢(0) = 1 and furthermore
D(z,0) = z and D(z,1) = z/|z| € S*!. Also, if z € S"!, then we have
|z| =1 and D(z,t) = . O

4.1.19 EXERCISE. Prove 4.1.18 using 4.1.7; that is, prove that D® x 0 U
S*1 x I is a retract of D" x I.

4.2 SoME RESULTS ON COFIBRATIONS

There are various rather useful properties of cofibrations, as we shall see in
this section.
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4.2.1 Theorem. If j : A — X is a cofibration and A is contractible, then
the quotient map q : X — X/A is a homotopy equivalence.

Proof: Let H: A x I — A be a contraction, that is, a homotopy such that
H(a,0) = a and H(a,1) = *, where  represents some point in A. Because
Jj is a cofibration, there exists F' : X x [ — X satisfying F(z,0) = x and
F(a,t) = H(a,t). Let F, : X — X be the map given by Fi(z) = F(z,1).
In particular, we have that Fy = idx and the restriction Fj|A is constant.
Therefore, the map F; determines a map ¢’ : X/A — X such that ¢'oq = F.
So F determines a homotopy idx ~ ¢’ o g.

Conversely, since Fi(A) C A, the composition ¢ o F; determines a homo-
topy G : (X/A) x I — X/A satistying G(q(z),t) = qFi(z). We have that
G(q(x),0) = gFy(x) = g(x) and that G(q(x),1) = ¢Fi(x) = ¢4’ (¢(x)), and so
it follows that G is a homotopy idx/4 ~ g o ¢’. Then g and ¢’ are homotopy
inverses. a

4.2.2 Lemma. If A — X is a cofibration, then the canonical inclusion
CA — X UCA is also a cofibration.

Proof: According to Theorem 4.1.7, it is enough to construct a retraction
' (XUCA)x T — (XUCA)x0U(CA)x 1. Since A — X is a cofibration,
again using Theorem 4.1.7, there exists a retraction r : X xI — X XO0UAXI.
This retraction and the identity id(c)x; define a map (X x I)LU(CA) x I —
(X XOUAXT)U(CA) I that determines the desired retraction 7’ after taking
the obvious quotients. It merely suffices to observe that these quotients are
well defined, since [ is compact. ad

Since the cone C'A over any space A is contratible, we have the following
consequence of Theorem 4.2.1 and the previous lemma.

4.2.3 Corollary. If A — X is a cofibration, then the quotient map X U
CA— XUCA/CA = X/A is a homotlopy equivalence. a

4.2.4 DEFINITION. A commutative square of topological spaces and maps

VN
DNy
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is called a pushout if given maps b’ : X — W and k¥’ : Y — W such that
W og=Fk o f, then there exists a unique map ¢ : Z — W such that the
following diagram commutes:

, X
/
A Z--%-Ww.

N

v

~

Y kl

4.2.5 EXAMPLE. A typical example of a pushout is given by an attaching
space (see 3.1.1); namely, let A C X be closed and take a map g: A — Y.
Then the following is a pushout diagram.

X
A

A Y'Uf)(7

N
Y
where h: X = X UY 5 Y Uy X.
4.2.6 EXERCISE. Given a pushout diagram
/ \
prove that if ¢ is a cofibration, then k is also a cofibration.

There is a convenient way to convert, up to homotopy equivalence, any
closed inclusion into a cofibration. Explicitly, we have the next result.

4.2.7 Proposition. Let A — X be an inclusion of a closed subset into a
topological space. Then the embedding A — X xOUA X I of A into the upper
face of the cylinder, given by the inclusion map a — (a, 1), is a cofibration.

Proof: Put X=Xx0UAxTandput A=Ax1C X. We shall prove that
X x0UA x I is a retract of X x I. To do this, let 7 : XxI—s XxO0UAXT
be defined by

7(z,0,s) = (2,0,0)
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if (,0)€ X x0C X, sel,and by

Ha.t.s) (a,l,s—%) ift>1—s,
ra’ 78 = g .
(a,t + ££,0) ift<1l-—s,

1-s?

if (a,t) € Ax1I C X, s € I. Tt can be immediately verified that 7 is
continuous and is a retraction. So by 4.1.7, the inclusion A — X is a
cofibration. ad

In the previous proposition the inclusion j : X —s X given by z — (x,0)
is a homotopy equivalence with inverse p : X — X defined to be the
projection (z,0) — x and (a,t) — a. The composition i o p is homotopic
to idg by the homotopy defined by (z,0,s) — (2,0) and (a,t,s) = (a, st).

Furthermore, the restriction of p to A is a homeomorphism. In this way, we
obtain a commutative triangle

X

Sl

A——=X,

where the vertical arrow is a homotopy equivalence and the diagonal arrow
(which is an inclusion) is a cofibration.

The previous proposition is a particular case of a more general result,
which states that any map can be replaced up to homotopy by a cofibration.
The proof is essentially the same as that of 4.2.7.

4.2.8 Theorem. Let f: A — X be continuous and let M; be the mapping
cylinder of f (see 3.1.2). Let j : A — My be defined by j(a) = (a,1) € My.
Then the following assertions hold:

(a) The map j is a cofibration.

(b) If p: My — X is defined by p(a,t) = f(a) and p(x) = x for (a,t) €
A x I and for x € X, then p is a homotopy equivalence satisfying
poj=f. So we have a commutative triangle

where the vertical arrow is a homotopy equivalence and the diagonal
arrow (which is an inclusion) is a cofibration. O
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4.2.9 EXERCISE. Give the details of the proof of 4.2.8.

The class of cofibrations is a large class that contains the inclusions into
a CW-complex of any subcomplex (see the following chapter) and the inclu-
sions into an ANR of any closed subset that is also an ANR. Both of these are
very important classes of spaces. We shall now study a bit of the latter class.
We refer the reader to [31] for some additional results about this subject.

4.2.10 DEFINITION. Let X be a metric space. Then X is called an absolute
neighborhood retract, or in abbreviated form an ANR, if every time that we
have an embedding X < Y of X as a closed subspace into a normal space Y,
then the image of X in Y is a retract of an open neighborhood. Equivalently
this condition says that whenever we have a closed subset A in a normal

space Y as well as a map f : A — X, then we can extend f to an open
neighborhood of A in Y.

4.2.11 EXERCISE. Prove the equivalence just mentioned above in Definition
4.2.10.

The class of ANRs is a large class that includes manifolds of finite di-
mension as well as paracompact manifolds modeled on Banach spaces. More
generally, we can prove that any ANR can be embedded as a retract of an
open subset of a normed topological vector space. This large class of spaces
has interesting properties related to the HEP. For example, we have the
following assertion, due to Borsuk.

4.2.12 Proposition. Let A be a closed subspace of a metric space X. Then
the pair (X, A) has the A-HEP, where A is the class of all ANRs.

Proof: Let Y be an ANR. It is enough to prove that any map f: X x OU
A x I — Y admits an extension to X x I. Since Y is an ANR, we have
by (the equivalent) definition that there exists an extension H : U — Y,
where U is a neighborhood of X x 0UA x I in X x I. Because [ is compact,
there exists a neighborhood V of A in X such that V x I C U. Since X is
metric, there exists ¢ : X —» [ satisfying ¢)|A =1 and ¥|X — V = 0. Then
we extend f to the map F': X x I — Y defined by F(z,t) = H(z,¢(x)t).

]

4.2.13 Theorem. If X is an ANR and A C X is closed and is also itself
an ANR, then the pair (X, A) has the HEP.
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Proof: Tt is enough to construct a retraction 7 : X x I — X x OU A x I.
To do this, we observe that since X x 0, A x I, and their intersection are
all closed ANRs inside of their union, then their union is also an ANR. (See
[31].) So, according to the proof of the previous theorem, it suffices to use
here Y = X XxOU A x [ and f =id. a

In fact, the converse of Theorem 4.2.13 also is true; namely, we have the
following assertion.

4.2.14 EXERCISE. Prove that if X is an ANR and A C X is closed and the
pair (X, A) has the HEP, then A is an ANR. (Hint: Because (X, A) has the
HEP, it follows that A is a retract of a neighborhood U in X. So given any
closed subset B of a normal space Y and any map f : B — A, we can
extend f to g : W — X, where W is a neighborhood of B in Y. Then use
a retraction r : U — A to restrict g to a suitable neighborhood in such a
way that its image lies in A.)

The results 4.2.13 and 4.2.14 show the relevance of the class of ANRs
within the framework of the theory of cofibrations. They assert that in
order for a closed subset of an ANR to be ANR, a necessary and sufficient
condition is that the inclusion map be a cofibration. That is to say, we have
the following extension of 4.2.13.

4.2.15 Theorem. Suppose that X is an ANR and that A C X is closed.
Then A is an ANR if and only if the inclusion A — X is a cofibration. O

The statements made in the following exercises are obtained directly from
the definition of cofibration.

4.2.16 EXERCISE. Prove that if the inclusion A < X is a cofibration, then
the inclusion A x Z < X X Z also is a cofibration for every space Z.

4.2.17 EXERCISE. Prove that the composition of cofibrations is a cofibra-
tion. Specifically, show that if j/: A’ < A and j : A — X are cofibrations,
then so also is the composite jo 7' : A — X.

4.2.18 EXERCISE. Prove that if the inclusion A < X is a cofibration, then
so also is the inclusion A < CX given by the composite A — X — CX.
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4.3 FIBRATIONS

In this section we shall study a class of maps, namely fibrations, with a
property dual to that of cofibrations. In analogy to Section 4.1 we shall
analyze homotopy lifting properties (HLPs). We are going to place these
maps into classes according to the type of HLP they have.

A dual property to homotopy extension is homotopy lifting. With the
idea of emphasizing this duality, we shall indicate throughout this section
which extension property is dual to each lifting property when the latter is
introduced.

4.3.1 DEFINITION. Assume that p : E — B is continuous and that C
is a class of topological spaces. We say that p has the homotopy lifting
property with respect to C, denoted by C-HLP, if for every X € C, every map
f:+X — E, and every homotopy H : X x I — B that begins with po f
we can then lift H to a homotopy H:X xI—> E that begins with f, that
is, such that po H = H and f[(x,()) = f(z). if amap p: E — B has the
C-HLP, then we shall also say that it is a C-fibration.

Putting this definition into diagrammatic form, we have that p has the
C-HLP if and only if for every commutative square

!

x—'-p
(4.3.2) joi i lp
X X 1?37

where X € C and where j, : X — X x [ is the inclusion jo(z) = (z,0),
there exists a map H, as indicated by the dashed arrow, that makes the two
triangles commute.

In other words, this definition says that if X € C, then in the commutative
diagram

#
M(X x I,E) -2~ M(X,E)

(4.3.3) P#i ip#
M(X x I, B) —~ M(X, B)
Jo
we have that whenever f € M(X, E) and H € M(X x I, B) satisfy 7#(]1) =
p4(f), then there exists H € M(X x I, E) such that py(H) = H y ji' (H) =
f.



102 4 HoMOTOPY EXTENSION AND LIFTING PROPERTIES

The dual character of Definition 4.3.1, when put face to face with Defi-
nition 4.1.1, is apparent when we modify diagram (4.3.2) as

=

(4.3.4) X2 M(1LE)

\5,/

and compare it with (4.1.2). Here ¢y : M(I,E) — E, (respectively, eq :
M(I,B) — B) is evaluation at 0, namely eg(a) = a(0) for « € M(I, E)
(respectively, for « € M (I, B)). So p has the C-HLP if and only if for every
commutative diagram (4.3.4) with X € C there exists a map H', as indicated
by the dashed arrow, that makes the two triangles on the left commute.

The relations between H' and H, and between H' and H , are given by
the identities

H'(z)(t) = H(z,t) and  H'(z)(t) = H(z,1).

4.3.5 EXERCISE. Prove the equivalence of the definitions based on the dia-
grams (4.3.2) and (4.3.4).

4.3.6 EXERCISE. Suppose that p : E — B has the C-HLP and that U C B.
Prove that the restriction py = p|p™'U : Ey = p~'U — U also has the C-
HLP. This C-fibration is called the induced C-fibration (or simply the pullback
C-fibration).

4.3.7 DEFINITION. Let p: E — B and p' : B/ — B’ be continuous. A
map f : B/ — FE is called fiber-preserving if it sends “fibers into fibers,”
that is, if there exists a continuous f : B’ — B such that the square

El#E
b

B/‘f)B

commutes, and therefore the fiber (p')~'(¥') goes under finto the fiber Fy, =
p L (f(b)) for every V' € B'.

Dually to Definition 4.2.4, we have the next concept.
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4.3.8 DEFINITION. A commutative square of topological spaces and maps

is called a pullback if given maps ¢’ : W — F and ¢’ : W — B’ such that
pog = fodq, then there exists a unique map ¢ : W — E’ such that the
following diagram commutes:

E

\N

W= -E

N

[

@/ B/

4.3.9 EXAMPLE. Suppose that p: F — B and f: B" — B are continu-
ous. Put B/ = {(V/,e) € B' x E | p(e) = f(V)}, and define p’ : B/ — B’
by p'(V,e) = and fv: E' — E by f(b/,e) = e. Then the corresponding
commutative square is a pullback diagram. We say that p’ is induced from p

by f. It is denoted by E’ = f*E (this space is also called the pullback space).
Notice that f: f*E — FE is a fiber-preserving map.

4.3.10 EXERCISE. Prove the following functorial properties of the construc-
tion defined in 4.3.9.

(a) If f =idp, then f*E ~ E, where the homeomorphism is given by the
associated map f.

(b) If we also have g : B” — B’, then (fg)*F =~ g*f*E.
The next result generalizes the statement of Exercise 4.3.6.

4.3.11 Proposition. If p : E — B is a C-fibration and g : B — B is
continuous, then the map induced from p by g, namely p' : E' — B, is a
C-fibration and is called the induced C-fibration.

Proof: Assume that X € C, and consider the commutative diagram

g/

g

7 7
Jo e P’ p
7

XXITB/T)B.
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Then we want to construct H' : X x [ —s E' satisfying H jo = ¢’ and
p/f_j/ - H.

Put f = gog and H = go H'. Since p is a C-fibration, there exists
f[:XxI—>Esuchthatf~Iojo :fandpof[:H. Let H' be
defined as H'(z,t) = (H'(z,t), H(z,t)) € E'. Then we have H'(z,0) =
(H(2,0), H(2,0)) = (99'(2), 59'(2)) = ¢(x), and s0 H/ o jo = . Also, we

clearly have that p' o H' = H'. a0

4.3.12 DEFINITION. Let p : E — B be a C-fibration. If C is the class of
hypercubes I"™ (or equivalently, as can be proved, the class of CW-complexes),
then we say that p : E — B is a Serre fibration. Moreover, if C is the class
of all spaces, then we say that p is a Hurewicz fibration, or simply a fibration

if this will not cause confusion.

4.3.13 EXERCISE. Let p : E — B be a Hurewicz fibration. Prove that
there exists a map

T:ExpM(I,B)={(e,a) € Ex M, B)|ple) = a(0)} — M(I, E)

such that I'(e,«)(0) = e and pI'(e, )(t) = a(t) for (e,a) € E xp M(I, B)
and for ¢t € I.

Suppose furthermore that p : E — B is given. Prove that if there exists
I' as above, then p is a Hurewicz fibration.

Thismap I' : E xg M(I,B) — M(I, E), whose existence characterizes
the Hurewicz fibrations, is called path-lifting map (PLM). (Hint: Apply 4.3.4
where X = E xg M(I, B) and where the maps f : Exg M(I,B) — E and
H':ExpgM(I,B) — M(I,B) are defined to be the projection maps.)

4.3.14 NOTE. Observe that this PLM is the dual concept of the retraction
predicted by Theorem 4.1.7. Namely, in this case the space E xg M(I, B) is
the pullback (limit) of the diagram

M(I,B) 2~ p<'—E,

where go(a) = «(0), whereas if i : A — X is a closed inclusion, then the
space X x 0U A x [ is the pushout (colimit) of the diagram

Ax <ot X,

where jo(a) = (a,0).
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Dually to Exercise 4.2.6, one can solve the following.

4.3.15 EXERCISE. Given a pullback diagram

E
7 N
E/
B/

B

)

prove that if p is a Hurewicz fibration, then ¢ is also a Hurewicz fibration.

4.3.16 EXERCISE. Let B be a topological space with base point xy € B and
let PB = {w: I — B|w(0) = o} be the path space of B with the compact-
open topology. Then the map q : PB — B defined by ¢(w) = w(1) is a
Hurewicz fibration whose fiber is the loop space 2B and whose total space
is the contractible space PB. (Hint: The map I' : PB xp M(I,B) —
M(I, PB) defined by

T if 45 <'t,
D(w,0)(t)(s) = Sw(§5)  ift<4s<4—t,
0(4‘;?:4) if 4 —1t < 4s,

is a PLM. Also, the homotopy H : PB x I — PB given by H(w,s) = ws,
where wq(t) = w((1 — s)t), is a contraction of PB to a point.

4.3.17 EXERCISE. Let p: E — B be a Hurewicz fibration where B is path
connected, and let by and b; be points in B. Prove that the fibers Fy = p~1(by)
and I} = p~1(b;) have the same homotopy type. (Hint: If o : by ~ b; is a
path, then for every point e € Fy there exists a path & : I — E such that
a =TD(e,«), where I" is a PLM (see 4.3.13). Then the map Fy — F} given
by e — a(1) is a homotopy equivalence.)

4.3.18 EXERCISE. Let p: F — B be a Hurewicz fibration.

(a) If B is contractible to point by and F' = p~1(by) is the fiber at by, prove
that there exists a homotopy equivalence ¢ : E — B X F such that

the triangle
©

B x F

oA

B

E
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commutes, where 7 : B x F' — B is the projection. (Hint: Let
H : Bx I — B be a contraction, that is, a homotopy such that
H(b,0) = b and H(b,1) = by, and let H:B— M(I, B) be given by
H(b)(t) = H(b,t). If

I':ExpzM(I,B) —s M(I,E)

is a PLM (4.3.13), then

is the desired homotopy equivalence.)

In this case we say that the fibration p : E — B is homotopically
trivial.

(b) Assume that B has a cover U formed by open contractible sets. Con-
clude that for every U € U, the induced fibration py : By = p~tU —
U (4.3.6) is homotopically trivial. (Hint: Compare this property with
Definition 4.5.1.)

4.3.19 EXERCISE. Let p : E — B be a homotopically trivial Hurewicz
fibration; i.e., there exists a homotopy equivalence ¢ : E — B X F' such
that the triangle

i BxF

N~

commutes, where 7 : B X F' — B is the projection, and assume that (B, A)
has the HEP. Prove that the induced fibration py : B4 = p'A — A is
also homotopically trivial. Conclude that there is a homotopy equivalence of
pairs (E, E4) — (B, A) x F over the identity of (B, A).

E

In some sense the next proposition shows the dual character of the HLP
and the HEP.

4.3.20 Proposition. Let A C X be closed. Suppose that (X, A) has the
C-HEP and that X is locally compact and Hausdorff. If B is locally compact
and Y satisfies M(B,Y) € C, then i* : M(X,Y) — M(A,Y), where
i:A— X, has the {B}-HLP.
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Proof: Let us consider the commutative square

~

B M(X,Y)
jOJ /E/[//7 ll#
BxI- M(A,Y).

Then i# will have the {B}-HLP if there exists an H that makes the two
triangles commute. To do this, consider the commutative diagram

N e
\jélxM

where f' and H’ correspond to f and H, respectively, under the exponential
bijection (applied two times); that is, f'(z)(b) = f(b)(x) and H'(a,t)(b) =

H(b,t)(a). Then f" and H' are continuous, since B and X are locally compact
and Hausdorff. By hypothesis H' exists. So, defining H by H(b,t)(z) =
H'(z,t)(b), it turns out that H is continuous (once again because B is locally
compact; see [27, Chapter XII]) and has the desired properties. O

In a dual way to Theorem 4.2.8, we have the following.

4.3.21 Theorem. Let f : Y — B be continuous, Y path connected, and let
E; be the mapping path space of f (see 3.3.14). Let p : E; — B be defined
by p(y, 8) = B(1), (v,B) € Ef. Then the following assertions hold:

(a) The map p is a fibration.

(b) Ifi:Y — Ey is defined by i(y) = (y, Csy)) fory € Y and cppy) €
M(I, B) is the constant path, then i is a homotopy equivalence satisfy-
imgpoi= f. So we have a commutative triangle

Y4f>B

| A

Ey,

where the vertical arrow is a homotopy equivalence and the diagonal
arrow (which is surjective) is a Hurewicz fibration. O
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The proof is somehow dual to the proof of 4.2.8. To prove that p is a
Hurewicz fibration, one may construct an adequate PLM. Details are left to
the reader as an ezercise.

4.3.22 NOTE. In a beautiful article, N. Steenrod [70] (see also [22]) describes
how, by working in the category of compactly generated spaces already stud-
ied systematically by Kelley [39], the hypothesis of local compactness can be
made superfluous in the previous proof.

We say that a Hausdorff topological space X is compactly generated if it
satisfies the following condition:

(CG) A subset A of X is closed if and only if AN C is closed for every
compact subset C' of X.

That is to say, a space is compactly generated if its topology is the weak
topology generated by all of its compact subsets or, to put it in other words,
if the space has the union topology associated to its compact subsets.

Assume that X is any given Hausdorff space. By using (CG) we can
define in X a new topology that turns X into a compactly generated space.
We denote by kX the space X with this new topology. Evidently, we have
that id : KX — X is continuous. In fact, it is a homeomorphism if and only
if X is compactly generated. Furthermore, X and kX have exactly the same
compact subsets. It is also clear that X and kX have the same homotopy
groups, since the continuous image of any sphere always lies in a compact
subset.

In the category of compactly generated spaces (also called k-spaces) we
apply the k construction to the traditional constructions of new spaces from
given spaces in order to guarantee that these new spaces belong to the same
category. In particular, the product of two compactly generated spaces X
and Y is given by k(X x Y) in this category. Analogously, kM (X,Y) is a
good definition for the topology of the function space, since the exponential
laws turn out to hold.

The category of compactly generated spaces is very large. In fact, it
contains all locally compact Hausdorff spaces as well as all spaces that satisfy
the first countability axiom, such as metric spaces [83, 27]. By construction
CW-complexes also are in this category. These topics are also treated in

detail by B. Gray in his book [31].

In light of the previous note, the duality between cofibration and Hurewicz



4.3 FIBRATIONS 109

fibration is clarified further in the following consequence of 4.3.20.

4.3.23 Corollary. Leti: A < X be a cofibration in the category of com-
pactly generated spaces. Then for every compactly generated space B, the
induced map i* : kM(X, B) — kM(A, B) is a Hurewicz fibration. O

At this point it is worthwhile to mention some other results that connect
the concepts of fibration and cofibration. These results are proved in [74],
and we refer the reader to that article for their proofs.

4.3.24 Theorem. Suppose that j(A) is closed in X, where j : A — X 1is
a map. Then these two statements are equivalent:

(a) Given a Hurewicz fibration p : E — B and a commutative diagram
)
:

i”
X?B,

there exists a lifting h : X — E such thatpoh = f and hoj=g.

(b) The map j is a cofibration and a homotopy equivalence.

If (a) and (b) hold, then the lifting h of f is unique up to a homotopy relative
to j(A). O

By taking X instead of A, X x [ instead of X, and a homotopy H :
X x I — B in part (a) of the previous theorem, since in this case j = jo :
x — (z,0) is a cofibration and a homotopy equivalence, there always exists
a lifting G : X x I — E with the desired properties. So we recover the
definition of a fibration. Moreover, since the previous theorem states that the
lifting is unique up to homotopy relative to jo(X), we obtain the following.

4.3.25 Corollary. Let p: E — B be a Hurewicz fibration. Given a homo-
topy H: X xI — B and a map f : X — E such that H(z,0) = pf(z) for
allz € X, there exists a homotopy H:XxI— E, which is unique up to ho-
motopy relative to X x {0}, such that H(z,0) = f(z) and pH(z,t) = H(x,t)
forallz € X and allt € 1. a

The next result is dual to 4.3.24.
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4.3.26 Theorem. Assume that p : E — B. Then these two statements
are equivalent:

(a) Given a (closed) cofibration j: A — X and a commutative diagram

1

X?B,
there exists a lifting h : X — E such thatpoh = f and hoj=g.

(b) The map p is a Hurewicz fibration and a homotopy equivalence.

If (a) and (b) hold, then the lifting h of f is unique up to a homotopy
that is vertical with respect to p (that is, a homotopy that preserves fibers).
d

By taking M (I,Y") instead of E, Y instead of B, and a map H:A—s
M(I,Y) or, equivalently, a homotopy H : A x I — Y, in part (a) of the
previous theorem, since in this case p = qp : 8 — (0) is a Hurewigz fibration
and a homotopy equivalence, there always exists an extension H:X —
M(I,Y) of H or, equivalently, an extension of H, H: X x 1 — E, with
the desired properties (observe that the lifting of f predicted in the theorem
is also an extension of g). So we recover the definition of a cofibration.
Moreover, since the previous theorem states that the extension is unique up
to vertical homotopy, we obtain the following.

4.3.27 Corollary. Let j: A — X be a closed cofibration. Given a homo-
topy H: AxI —Y and a map [ : X — Y such that H(a,0) = fj(a) for
all a € A, there exists a homotopy H:XxI—s Y, which is unique up to
homotopy relative to X x {0}, such that H(z,0) = f(x) and H(a,t) = H(a,t)
forallx € X and allt € I. a

Corollary 4.3.25 follows from a more general result than 4.3.24, which we
state and prove now.

4.3.28 Proposition. Let p : E — B be a Hurewicz fibration and let
Hy, Hi : X x I — E be homotopies such that

(i) there is a homotopy H : po Hy ~po Hy;
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(ii) there is a homotopy G : Ho|X x {0} >~ H;|X x {0};
(iii) pG(x,0,t) = H(x,0,t) for allx € X, t € I.

Then there exists a homotopy H : Hy ~ Hy such that H(z,0,t) = G(x,0,t)
forallze X, tel, andeH H.

Proof: Let C = I x {0} UTI x {1} U{0} x I C I x I. We define a map
p: X xC — E by

Ho(z,s) ift=0,
w(xa‘%t): HI(I,S) 1ft:17
G(z,0,t) if s=0.

There is a homeomorphism of pairs a : (I x I,C) — (I x I,I x {0}). If
i: C — I x I is the inclusion, then po ¢ = H o (id x i). Therefore, we have
the following commutative diagram:

XxIx{O}MXxC E

f e

XXIXIWXXIXIT)B

By the HLP, there exists a homotopy H : X xIx1I — E such that
poH =Ho(idx x ™) and H|X x I x {0} = po(idx x (a|C)™!). Therefore,
the desired homotopy H is given by H = H o (idx X «). O

Let p: E — B be a Hurewicz fibration and assume that there is a map
f: X — E and a homotopy H : X x I — B such that pf(x) = H(z,0)
for all x € X. Assume, moreover, that Hy and H; are two liftings of H such
that Ho(z,0) = f(z) = Hy(x,0) for all x € X. Then, taking H and G as
constant homotopies, we can apply the previous proposition and conclude
that Hy ~ H;. Thus we have given an alternative proof of 4.3.25.

There is a corollary of 4.3.28, which, as a matter of fact, is equivalent to
4.3.25, as follows.

4.3.29 Corollary. Let p: E — B be a Hurewicz fibration. Then its path-
lifting map is unique up to homotopy.

Proof: Let I'g, Ty : ExgM(I,B) — M(I, E) be two lifting maps for p, and
consider their associated maps

Lo, Ty : (Exp M(I,B))x I — E,
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under the exponential law. It is clear that these maps satisfy the conditions
for Hy and H; of 4.3.28. Hence, there is a homotopy H - fo ~ fl, whose
map associated under the exponential law gives a homotopy H : I'g ~ I'y
such that for each ¢ the map T, : (8,e) — H(B, e, t) is also a lifting map for
P. O

Dually to what we did above, we can deduce Corollary 4.3.27 from a more
general result, dual to 4.3.28, which we state and prove now.

4.3.30 Proposition. Let j: A <— X be a closed cofibration and let Hy, Hy :
X x I —'Y be homotopies such that

(i) there is a homotopy H : Ho|A x I ~ Hi|A x I;
(ii) there is a homotopy G : Ho|X x {0} ~ H;|X x {0};

(ili) G(a,0,t) = H(a,0,t) foralla € A, t € 1.

Then there exists a homotopy H: Hy~ H, such that H(z,0,t) = G(z,0,1)
forallz e X, tel, H(a,s,t)=Gl(a,s,t), and HIAXx I x I =H.

Proof: As in the proof of 4.3.28, take the subset C' C I x I and the home-
omorphism of pairs a: (I x I,C) — (I x I,I x {0}). Let D = (X x I x
{0HUX xIx{1PHUAXTIxI)U(X x {0} xI) C X x I x I and define
a homeomorphism 3 : (X x {0} UA x I) x I — D by

B(x,0,t) = (x,a‘l(I,O)), B(a,s,t) = (a,a (s,1)).
Let now ¢ : D — Y be defined by

Ho(z,s) ift=0,
Hi(z,s) ift=1,
H(a,s,t) ifae€ A,
G(z,0,t) ifs=0.

oz, s,t) =

Since A < X is a closed cofibration, by 4.1.7 there exists a retraction 7’ :

X xI— X x{0}UAxI. DefineH :X xIxI—Y asthe composite
ﬁ’:Xx[xIﬂ(XX{O}UAXI)XILDL)Y~

Therefore, the desired homotopy H is given by H=Ho (idx x «). O
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Let j : A — X be a closed cofibration and assume that there is a map
f:X — Y and a homotopy H : A x I — Y such that H(a,0) = fj(a)
for all @ € A. Assume, moreover, that Hy and H; are two extensions of H
such that Hy(x,0) = f(x) = Hy(z,0) for all € X. Then, taking H and G
as constant homotopies, we can apply the previous proposition and conclude
that Hy ~ H;. Thus we have given an alternative proof of 4.3.27.

There is also a corollary of 4.3.30, which, as a matter of fact, is an equiv-
alent result to 4.3.27, as follows.

4.3.31 Corollary. Let j : A — X be a closed cofibration. Then its retrac-
tionr: X x I — X x {0} U A x I is unique up to homotopy.

Proof: Let 1o, : X x I — X x {0} U A x I be two retractions. Taking
Y =X x {0} UA X I, it is clear that these maps satisfy the conditions for
Hy and H; of 4.3.30. Hence, there is a homotopy H - ro ~ 11 such that for
any t the map r; : (z,s) — H(x, s, t) is also a retraction for j. O

Finally, here is another interesting result, which links fibrations and cofi-
brations. It also is proved in [74].

4.3.32 Theorem. Let B be normal. If the pair (B, A) has the HEP with A
closed in B and if p: E — B is a Hurewicz fibration, then the pair (E, E4)
has the HEP.

Proof: Using Theorem 4.1.16, we can take p : B— I and D : BxI — B
as in part (b) of that theorem. Since p is a Hurewicz fibration, there exists
a lifting H:ExI — E of the homotopy D o (p x id;) that makes the
following diagram commute:

id
E——F——F
|

Jo - P
Ex1 Do(pxidy)

We then define D' : E x I — E by

D'(e,t) = H(e,min{t, pp(e)}) .

Then D" and ¢’ = @ o p satisfy the hypotheses of 4.1.16 again. O

Let us now analyze Serre fibrations.
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4.3.33 Theorem. Ifp: E —> B is a Serre fibration, then for ¢ > 1,
P - 7T(](Ean) — 7T(J(B)

is an isomorphism, where b € B and e € Fy, = p~'(b) are arbitrary base
points with respect to which we take the homotopy groups.

Proof: Let F': (I7,019) — (B, b) be a representative of a class in 7,(B). In
particular, looking at F' as

F:I"'x] — B,

we then have that F'(z,0) = b, since F(917) = {b}. So if we take f : [171 —
E to be constant, specifically f(I77!) = {e}, then the diagram

o1

/| i

It x [ ——

is commutative. By hypothems there exists F : I%! x | —» E such that

F(z,0) = f(z) = e and pF(x,t) = F(z,t). Since pF(0I%) = F(d1) = {b},
we have that F(9I7) C p~(b), and so F : [? — E determines an element
in 7,(E,p~*(b)) such that p. [F] = [F]. Therefore, p, is an epimorphism.

Let us now show that p, is a monomorphism. To do this we note that if
we have a pointed pair (X, A, zg), then we can set up a bijection

(D9, 8771 %), (X, A, ao)] 4 (19,017, J771), (X, A, 20)],
where J77! = 917! x U971 x {0}. So we have that
mg(E.p~'(b),¢) = [(1%,01° J71), (E,p~" (). e)].
Let F: (19,017 J7Y) — (E,p:l(b),e) be a representative of an element
in 7,(E,p~*(b),e) such that p.[F] = 1, that is, po F ~ 0. Also let H :

(I9,0I7) x I —» (B,b) be a homotopy such that H(y,0) = pF(y) and
H(y,1) = b. Then we have the commutative diagram

[1—2 1 x {0}ulrx {1}UuJrt x [~ F

y | :

17 x T 17 x T B

2 H ’

X
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(19 x 1,19 x {0}) —> (19 x 1,19 x {0} U x {1} U Jo1 x 1)
Figure 4.1

where o : (19 x I,19x {0}) — (I9x 1,17 x {0} U9 x {1} UJI"t x I)is a
homeomorphism of pairs and ¢y is the restriction to the lower face, as Figure
4.1 shows.

Then we have that h|I? x {0} = F and that h|I7 x {1} U J7! x T is
the constant map whose value is e. Since p is a Serre fibration, there exists
K’ : 19 x I — E such that

K'(y,0) = hgo(y) and poK'=Hop.

Then K = K'op™! : 7 x I — E is a homotopy such that

K(y,0) = K'¢™'(y,0) = h(y,0) = F(y),
K(y,1) = K'¢"'(y,1) = h(y,1) = ¢,

and K (J97! x I) = {e}. Moreover, since pK (017 x I) = H(OI4 X I) = {b},
we have that K (917 x I) C p~'(b). So K is a nullhomotopy for F', implying

that [F] = 1. Therefore p, is a monomorphism. 0

4.3.34 Corollary. If p: E — B is a Serre fibration, then for b € B and
F = p~Y(b) we have that

cs = (F) — my(E) — 7y(B) — mg (F) — -+

s an exact sequence.

Proof: Consider the homotopy sequence (3.4.6) of the pair (E, F'). According
to 4.3.23 each term 7, (E, F') in it can be substituted with 7,(B). So, defining
a new connecting homomorphism 0 as the composition of the isomorphism
(pe)~': my(B) — m,(E, F) followed by the connecting homomorphism 9 of
the pair (E, F) (3.4.6), we obtain the exact sequence that we were looking
for. O

This sequence is known as the ezxact homotopy sequence of the Serre fi-
bration p: E — B.
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Let us now examine an interesting property relating fibrations to strong
deformation retracts. First let us recall that A C X is a strong deformation
retract if there exists a homotopy

H: XxI—X
such that

H(z,0) =2, z€X,
H(a,t)=a, a€A, tel,
H(z,1) e A, ze€X.

Sor: X — A defined by r(z) = H(z,1) is a retraction.

4.3.35 Proposition. Assume that p : E — B is a C-fibration and that
A C X is a strong deformation retract with A, X € C. If the square

commutes, that is, if po g = f|A, then there exists h : X — E such that
poh=f and h|A ~g.

Proof: Suppose that H : X x [ — X is a deformation of X that retracts X
to A and that r : X — A is the corresponding retraction. Let F': X x I —
B be defined by F'= fo H, and let ¢ : X — FE be defined by ¢ = gor.
We then obtain the commutative diagram

/

X E
1

l ip

X I —= B,

*\4\

X

where j,(z) = (z,1). Since X € C and p has the C-HLP, there exists F' :

X x I — E such that po F = F and F(z,1) = ¢/(z). If we define
h: X — E by h(z) = F(z,0), then we have that ph(z) = pF(z,0) =
F(z,0) = fH(x,0) = f(z) and F(a,0) = h(a). Also, for a € A we have
F(a,1) = ¢'(a) = gr(a) = g(a), and so h|A ~ g follows. O

4.3.36 EXERCISE. Prove that if in 4.3.35 the inclusion is also a cofibration,
then we can prove that there exists h such that h|A = g.
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4.3.37 EXERCISE. We say that a map f : B — B is a weak homotopy
equivalence if for every ¢ > 0 the induced map f, : my(B') — m,(B) is
an isomorphism (see 5.1.17). Let p : E — B be a Serre fibration, and
let p' : B/ — B’ be the fibration induced from p by f. So we have the
commutative diagram:

g

"

B/T)B.

Prove that if f is a weak homotopy equivalence, then so also is ]7 (Hint: Let
F be the common fiber of p and p’. We then have the commutative diagram

(B F) Lo 7 (B, F)

p;i lp*

Wq(B)v

where the vertical arrows are isomorphisms by 4.3.33. By hypothesis, the
lower horizontal arrow is also an isomorphism. Therefore, the upper hor-
izontal arrow is an isomorphism as well. Now apply the exact homotopy
sequence for each of the pairs (F’, F) and (E, F') (3.5.8(e)) and then the five

lemma in order to prove that f, : m,(E") — m,(E) is also an isomorphism.)
The next theorem generalizes 4.3.33.

4.3.38 Theorem. Let p : E — B be a Serre fibration. Then for every
ACB,be A, and e € p~L(b) we have an isomorphism

Dt Tg(E, Eg,e) 2 (B, Ab).

Proof: Assume that f : (19,019, J971) — (B, A, b) represents an arbitrary
element of m (B, A,b). Then we have the commutative diagram

Jq—l *g) E

h 7
s ip
s
e

IQT)B7

where g(J?7') = {e}. Since there is a homeomorphism of pairs

(I x I, 17 x {0}) ~ (I, 5,
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there exists h : I9 — E such that poh = f and h|J9™t = g, just as
in the proof of 4.3.33. Since ph(0I7) = f(019) C A,h(0I) C Ej, and
h(J971) = {e}, we have that h : (17,014, J%97') — (E, E4,¢) represents a
preimage of [f]. Consequently, p, is an epimorphism.

Suppose now that g : (19,019, J971) — (E, Ey,e) satisfies po g ~ 0
and that F : (19,019, J97Y) x I — (B, A,b) is a nullhomotopy; that is,
F(s,0) = pg(s) and F(s,1) =b. Then we have the commutative diagram

Fx{0}ultx (1yuJt x Lo

)
IqXI/ Ba

| =

where f(s,0) = g(s) for s € 1%, f(s,1) = e for s € I9 and f(s,t) =
for s € J97 1 and t € I. Once again, as in the proof of 4.3.33, there exists
F:19x ] —s E such that po F = F, F(s,0) = g(s), and F(s,1) =
Moreover, since F(0I7 x I) C A, we have that F(0I? x I) C Ey, and
therefore F (19,019, J971) — (E, E4, e) is a nullhomotopy of g, implying
that [g] = 1. So p. is a monomorphism. O

The concept of quasifibration, introduced by Dold and Thom [26] and
presented next, is made exactly in order to obtain the exact homotopy se-
quence that we have for the Serre fibrations. Specifically, Theorem 4.3.33
inspires us to make the next definition.

4.3.39 DEFINITION. (Dold-Thom) A map p : E — B is called a quasifi-
bration if for every point b € B and for every e € p~!(b) we have that

P mg(B,p~H (b)) — 7y(B)

is an isomorphism for all ¢ > 0, where these groups (or possibly sets) are
based on e and b, respectively.

We can prove the next result in the same way as we proved 4.3.34.

4.3.40 Proposition. Assume that p: E — B is a quasifibration and that
be B ande € p~'(b) = F. Then there exists a long exact sequence

(43.41) o g (F) =5 mg(B) 25wy (B) < mya (F) — -
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This is called the exact homotopy sequence of the quasifibration p : F — B.

In Appendix A we gather a series of criteria for determining when a map
is a quasifibration. These are results that appear in [26]. Because their proofs
are technically more complicated than those that we typically include here
in the main text, we prefer not to treat them now.

4.3.42 NOTE. The articles [73] and [74] of Strgm systematically treat cofi-
brations and their relations with fibrations. Reading them would be an
excellent complement to the material treated in the first three sections of
this chapter.

4.4 POINTED AND UNPOINTED
HomoToPrYy CLASSES

Let X and Y be pointed spaces with base points xy and yg, respectively. In
this section, using results of the previous sections, we analyze the differences
and the relationship between the set of pointed homotopy classes of maps
[X, zo; Y, yo] and the set of unpointed homotopy classes [X,Y]. In order to
do this we shall assume that the space X is well pointed, namely, that the
inclusion 7 : {20} < X is a closed cofibration. This condition will enable us
to define an action of the fundamental group (Y, yo) on [X, zo; Y, yol.

4.4.1 Proposition. Let X be a well-pointed space and let Y be a pointed
space. Then there is a right action of the fundamental group w1 (Y, yo) on the
homotopy set [X, xo; Y, yo], namely a function

(X, z0; Y, 0] x m(Y,90) — [X, 203 Y, 0],
([fl:[a]) — [f]- o],

such that if [, [B] € m(Y,yo) and [f] € [X,x0;Y, o], then
[f1-1=1f] and ([f]-[a])-[68] = [f]- (o] - [B]),

where 1 € m (Y, yo) is the the identity element.

Proof: Let f : (X,z0) — (Y,40) be a pointed map and « : (I,0I) —
(Y,yo) a loop based at yy. Since {xo} < X is a cofibration, there exists a
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homotopy F': X x I — Y that completes the following diagram:

Define the action by setting [f] - [a] = [F1], where Fy : (X, 20) — (Y, %)
is defined by Fi(z) = F(x,1). In order to see that this homotopy class is
well defined, consider another homotopy extension F’ : X x I — Y of «
starting with f. Then by 4.3.27, there is a homotopy H:F~F. Leth:
X x1 — Y be given by h(x,t) = H(x,1,t). Then h(z,0) = F(z,1) = F(z)
and h(x,1) = F'(z,1) = Fj(z). Therefore, we can associate [Fi] to the pair
(f’ a)'

In order to see that [F;] depends only on the homotopy classes of f and
«, assume that FY is associated to f’ and o/ and that there are homotopies
G:f~f ad®H:a=~d. Since H(x0,t) = yo = G(x0,0,t) for all
t € I, the conditions of Proposition 4.3.30 are fulfilled, and hence there is a
homotopy H : F ~ F'. If we define h: X x [ — Y by h(z,t) = ﬁ(ﬂc, 1,1),
then h : Fy ~ F|. Therefore, the function [f] - [a] = [F1] is well defined.

To show that this is a group action, consider first the neutral element
1 = [ey] € m(Y,y0), where ¢, : I — Y is the constant loop. Also take
f (X 2z0) — (Y,y0). Define F : X x I — Y by F(x,t) = f(z), so
that [f] -1 = [f] - [ey] = [F1] = [f]. Finally, let o, 8 be loops in ¥ based
at yo and let F,G : X x I — Y be homotopies such that F(z,0) = f(x),
F(zo,t) = at), G(z,0) = Fi(z) = F(z,1), and G(x,t) = [(t). Then
[f]-[a] = [F] and ([f] - [a]) - [6] = [G1]. Defining H : X x I — Y by

= 9

Hxt) F(z,2t) ifo<t<i
'/1:7 = .
G(z,2t — 1) 1f%§t§17

we have H(z,0) = f(z) and H(zo,t) = (a - 3)(t). Hence
1+ ([e] - [8]) = [H] = [Gi] = ([f] - [a]) - [A].-
In what follows we analyze the relationship between pointed and un-

pointed homotopy classes. We shall show that the latter are obtained by
dividing out in the former the action of the fundamental group.
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4.4.2 Theorem. Let X be a well-pointed space and let Y be any path-con-
nected pointed space. Let @ : [X,xo;Y,y0] — [X,Y] be the function that
associates to each pointed homotopy class [f] the unpointed homotopy class
O([f]). Then ® induces a bijection

D [X, 20, Y, yol /m(Y,90) — [X, Y],

where the set on the left-hand side is the orbit set; that is, it is the quotient
that identifies [f] with [f]-[c] for every [f] € [X,x0; Y, yo] and [a] € m1 (Y, yo)-

Proof: By Proposition 4.4.1, the action is given by [f] - [a] = [F}
F: X xI — Y is a homotopy such that F'(x,0) = f(z) and F(zo,
Thus f is freely (not pointed) homotopic to Fj, and so ®([f]) =
which says that ® is well defined.

Let now f,g : (X,x9) — (Y,v0) be pointed maps such that ®([f]) =
®([g]). Then there is a free homotopy F' : f ~ g that defines a loop o in Y

by a(t) = F(xg,t). But [f] - [o] = [Fi] and F; = ¢ imply that [f] - [a] = [g].
Hence ® is injective.

1], where

t) = a(t).
([f]- [ad),

Now let g : X — Y be any unpointed map. Since Y is path connected,
there is a path a : g(x) =~ yo. Since {zg} — X is a cofibration, there is a
homotopy H : X x I — Y such that H(z,0) = g(x) and H(zg,t) = «a(t).
In particular, H(xg,1) = yo. Therefore, the map H; : x — H(x,1) is such
that [H,] € [X, 70; Y, 3] and ®([H,]) = [g]. Hence @ is surjective. |

4.4.3 NOTE. Let X be well pointed and Y be pointed. From the proof of
the theorem above, we have that the quotient

(X, 20 Y, yo] /71(Y, m0)

is in bijective correspondence with the set of free homotopy classes of pointed
maps from (X, zg) to (Y,y9). When Y is path connected, this set coincides
with [X, Y], the set of free homotopy classes of unpointed maps from X to
Y.

4.4.4 EXERCISE. Let A — X and B — Y be closed cofibrations. Show that
XxBUAXY «— X xY is also a closed cofibration.

4.4.5 Proposition. Let (W, wq) be a well-pointed H-space with H-multipli-
cation 2 W x W — W. Then p is homotopic to another H-multiplication
W such that p'(wo, w) = w = p'(w,wy). Eaplicitly, if e : W — W is the
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constant map whose value is the base point, e(W) = wy, then it is a strict
identity; that is, the composites

(e,id) (id,e)

WESWxW S W, WaSWxw S w

are the identity map of W.

Proof: Let L,R: W x I — W be homotopies such that L : uo (e,id) ~ id
and R : po (id,e) ~ id; that is, L(w,0) = p(wo, w), L(w,1) = w, R(w,0) =
w(w, wy), R(w,1) = w for allw € W. Define a homotopy H : (WVW)xI —
W by H(w,wy,t) = R(w,t) and H(wpy,w,t) = L(w,t), and consider the
following commutative diagram:

W x W : r
o 4?\\\\\5\\
WV W W xW)yx T2 - =y,

T

WVWMI’//ﬂ/////

By Exercise 4.4.4, WV W — W x W is a cofibration, and so there exists
. (W x W) x I —» W such that Hy = p. Setting i/ = H, gives us the
demrcd H-multiplication. a

.

4.4.6 Proposition. Let (X, xg) be a well-pointed space and let (W, wy) be a
well-pointed H-space. Then mi(W,wy) acts trivially on [ X, xo; W, wo).

Proof: Let f : (X,z9) — (W, wy) be a pointed map and « : (I,0I) —
(W, wo) a loop based at wy. By Proposition 4.4.5, the H-space W has a
product p’ for which e is a strict identity. Define a homotopy H : X x I —»
W by H(z,t) = p/(f(x),a(t)). Then we have a commutative diagram

Therefore, [f] - [a] = [H1] = [f]. O

As an immediate consequence of the previous proposition and of Theorem
4.4.2, we have the following result.
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4.4.7 Corollary. Let (X, o) be a well-pointed space andY a path-connected
H -space with identity element yy. Then the function ® that forgets base points
determines an isomorphism

CI)[vaO,Y»yO]g[XvY] D

Corresponding to Theorem 2.5.18 about the invariance of the fundamental
group when base points are changed, we have the following.

4.4.8 Theorem. Let X be a space and w : ¢ ~ x1 a path in X. There is
an isomorphism
d)w : ﬂ-n(Xa ZE()) — ’/Tn(X7xl)

with the following properties:
(i) If w ~ o rel 01, then ¥, = 1,.

)

(11) wczo = 17r7,,(X,;E0)-

(iii) If o : a1 =~ x9, then Yy, = Uy 0 Y,
)

(iv) If f : X — Y is a map such that f(xo) = yo and f(x1) = yi1, then the
following is a commutative diagram.:

(X, 0) —2% 7 (X, 21)

| |

ﬂ-n(Ya yO) m ﬂ-n(Yv yl)

Proof: Let the map F : (I",0I") — (X, xo) represent an element in the

group 7, (X, x9). Define @ : 9I" x I — X by w(s,t) = w(t). Then we
obtain the following commutative diagram:

Since OI™ < I™ is a cofibration, there is a homotopy F:I"xI — X
making the two triangles in the diagram commute.

We define ), : 7, (X, 70) — mn (X, 21) by ¢, ([F]) = [F1]. Using Propo-
sition 4.4.1 as we did in the proof of Theorem 4.4.2, one can show that this
function is well defined and satisfies (i).
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Properties (ii), (iii), and (iv) are an easy ezercise to verify.

To show that the function 1, is a homomorphism, consider maps F, G :
(I",8I") —» (X, zo) and let F, G be homotopies such that F(s,0) = F(s),
G(s,0) = G(s), for s € I", and F(s,t) = @(s,t) = G(s,t) for all s € A" and
allt € I. Define H : I" x I — X by

{F(sl,...7sn_1,2smt) ifo<s, <1 3

H(s1,...,8,,t) = )
G(s1,-. 801,28, — 1,t) if 5 <5, < 1.

It follows that Hy = F - G and H; = ﬁl . C~¥1 Therefore,
Yu([F] - [G)) = [Hi] = [F1 - G1] = [F1] - [G1] = vu([F]) - ¢u([G]) .

By properties (i), (ii), and (iii), v, is a bijection; hence, it is an isomorphism.
O

4.4.9 EXERCISE. Let X be a space and w : g ~ 1 a path in X. Prove
that if n = 1, then ¥, = w1 : (X, 29) — m(X,x1), where p -1 is

the isomorphism corresponding to w™! according to Theorem 2.5.18. Here

wt) = w(l —t).
Generalizing Remark 3.5.9, we have the following.

4.4.10 Theorem. Let f : X — Y be a homotopy equivalence. Then for
every xg € X andn > 1,

f* : 7Tn(X7 fL'()) — 7Tn(Y, f(l()))

s an isomorphism.

Proof: Let g : Y — X be a homotopy inverse to f and let H : X X
I — X be a homotopy from idy to g o f. Consider the homomorphism
(go fe:ma(X,20) — (X, 9f(x0)). Recall that if [F] € m,(X, zg), then
(go f).([F]) = [go f o F]. Define the homotopy H : I" x I — X to be the
composite H=Ho (f xidy) and let w : I — X be the path between xy and
gf(xq) given by w(t) = H(zo,t). Then we have the following commutative

diagram:

I"><I*>X

\5[” x{/

By Theorem 448, . ((F]) = [F] = [go f o F] = (g0 f).([F]). Since , is
an isomorphism, (g o f). = g. o f. is also an isomorphism. Similarly, f. o g.
is an isomorphism too; hence, f, and g, are isomorphisms. a
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4.4.11 EXERCISE. Reformulate and prove 4.4.8 and 4.4.10 for pairs of point-
ed spaces.

As an immediate corollary of 4.4.10, we have the following (cf. 3.5.8(f)).

4.4.12 Corollary. If X is a contractible space, then m,(X,xq) = 0 for every
zo € X and n > 0. O

4.4.13 REMARK. It is not true that every contractible space is strongly con-
tractible, that is, can be contracted to a point keeping the point fixed. Con-
sider, for instance, the subset of R? consisting of all points of the straight
line segments joining the point (0,1) to the point (+,0) for each positive
integer n, as well as to the point (0,0). This space can be contracted, but
not strongly contracted, to the point (0,0). However, we have the following
result.

4.4.14 Proposition. If (X, xg) is a well-pointed contractible space, then X
is strongly contractible to xg.

Proof: By Theorem 4.4.2, we have a bijection
[X, I’Q;X,l'o]/ﬂ'l(X,ZL'()) — [X,X} .

By Corollary 4.4.12, m(X,z9) = 0; hence, there is a bijection between
[X,z0; X, o] and [X, X]. Since X is contractible, [X,X] = 0, so that
[X, zo; X, z9] = 0 and therefore idx ~ ¢, rel zy. Here 0 denotes the one-
point set. a

4.5 LocALLy TRIVIAL BUNDLES

In this section we shall review the concept of a locally trivial bundle, which
is a special case of the more general concept of a “fiber bundle.” This latter
concept can be studied in detail in various books. In particular, we refer the
reader to the classic book of Steenrod [69] as well as to Husemdéller [37].

In the same way as Serre fibrations are not in general (Hurewicz) fibra-
tions, locally trivial bundles also are not in general (Hurewicz) fibrations,
although they indeed are Serre fibrations. Some authors call them “locally
trivial fiber spaces.”
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4.5.1 DEFINITION. A map p: E — B is a locally trivial bundle with fiber
F if every point b € B has a neighborhood U C B such that there exists a
homeomorphism ¢y : U x ' — p~'U making the triangle

UxF

\/

commute, where py = p|p~'U : p~'U — U and where 7 is the projection
onto U. From this commutative diagram we get that ¢y can be restricted
to a homeomorphism of 7=1(b) = {b} x F ~ F onto p~'(b) for all b € U.
Because of this we say that the fiber is F' (cf. 4.3.17(b)). The open cover
of such sets U is called a trivializing cover of the bundle, and the maps ¢y
trivializing maps.

4.5.2 EXAMPLE. If we can take U = B, that is, if £ =~ B x F, then we have
a trivial bundle. In particular, if ¥ = B x F| then p = projg is a trivial
bundle.

4.5.3 EXAMPLE. A locally trivial bundle p : E — B whose fiber F is a
discrete space is called a covering map. In particular, a covering map always
is a local homeomorphism. Figure 4.2 shows what a covering map looks like
locally.

!
D

Figure 4.2

4.5.4 Lemma. FEvery trivial bundle is a Hurewicz fibration.

Proof: Tt is enough to assume that the given trivial bundle is of the form
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p =projg : B x F — B. Let us consider the commutative square

x——~F
- 7

. H -~

Jol // lp

If f: X — E=BxFisgiven as f(z) = (f'(2), f"(2)), we then define
H:XxI— E=BxFby H(z,t) = (H(x,t), f'(z)). |

4.5.5 EXAMPLE. Lemma 4.5.4 is not true if the fibration is assumed to be
only homotopically trivial, that is, £ ~ B x F', as we can show by considering
the map p: E — I, where

E={0}xIUIx{0} and F ={x}

and p is the projection onto the first factor (see Figure 4.3), since the path
a =1idy : I — I does not have a lifting to @ : I — E such that @(0) =
(0,1). (Cf. 4.3.13.)

Figure 4.3

4.5.6 Theorem. FEvery locally trivial bundle is a Serre fibration.

Proof: Let p: E — B be a locally trivial bundle. We have to prove that
for every commutative square

)
~ 7
. H -
]ol // p
11 X[TB

there exists H : I? x I —» E such that po}NI = H and f]ojo = f. For
each point b € H(I? x I) there exists a neighborhood U(b) of b such that
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pu) is trivial, and so there exists a homeomorphism ¢y @ F x U(b) —
Eyw = p'U(b). Since H(I? x I) is compact, we can cover it with a finite
number of such neighborhoods U (b), say Uy, ..., Uy. Since I9x [ is a compact
metric space, there exists a number ¢ > 0, called the Lebesgue number of the
cover { H71(U;)}, such that every subset of diameter less than ¢ is contained
in some H'(U;). Therefore, we can subdivide /7 into subcubes and take
numbers 0 =ty < t; < --- < t, = 1 in such a way that if ¢ is an n-face, then
the image of ¢ X [t;,t;+1] under H lies in some U;. (Note that the O-faces
are vertices, the 1-faces are edges, etc.) Suppose that we have constructed
H on 14 x [to, t;]. Then we shall construct H on I? x [tj,tj+1] by defining it
on each n-subface, using induction on n.

If ¢ is a O-face, then we pick some U; such that H(c X [tj,t;41]) C Us.
Since pH(c,t;) = H(c, t;), we then have H(c,t;) C Ey,. We define H(c,t) =
eu,(H(c,t),projppy! (H(c,t;))) for ¢t € [tj,t;11]. This is well defined and

continuous.

Assume that we have already constructed H on ¢ x [tj,tj+1] for every
face ¢ of dimension less than n and let ¢ be an n-face. Let us then pick
some U; such that H(c x [tj,t;41]) C U;. By hypothesis H is defined on
ex {t;}Udcx [t;,t;+1]. Clearly, there exists a homeomorphism of ¢ X [t;, t;.41]
to itself that sends ¢ x {¢;} U de x [t;,t;41] onto ¢ x {t;}, and so using 4.5.4
we can complete the diagram

“loH
c X {t]} U de x [tj7tj+l] i | (]Z x F
c X [t]'7 tj+1} T Uz

Composing this lifting K with i, we define H on ¢ x [tj,tj41]. In this
way we complete the induction step and obtain H|I? x [0,¢;41]. Finally, by
induction on j, we define H on 19 x I. a

4.5.7 EXERCISE. Using the same method of proof as in 4.5.6, prove the
following statement:

4.5.8 Proposition. Suppose that p : E — B is continuous and that there
exists an open cover {U} of B such that for each open set U in the cover the
restriction py is a Serre fibration. Then p is a Serre fibration. ad
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4.5.9 EXERCISE. Assume that p : F — B is a covering map. Prove that
p has the unique path-lifting property, that is, p is such that for any given
path a : I — B and any given point y € p~*(«(0)) there exists a unique
path & : I — F satisfying a(0) = y and poa = «. (Hint: Since p is a Serre
fibration, the lifting always exists. To prove that it is unique, show that any
two liftings with the same initial point y have to be homotopic fiber by fiber,
using again the fact that p is a Serre fibration, and notice that this is possible
only if both coincide, since the fiber is discrete.)

The following is a very important example.

4.5.10 EXAMPLE. Let S? C C x C be defined as
S*={(2,2)eCxC | 22+ 27 =1}.

Also let us identify the Riemann sphere, defined by C U {oo}, with S? by
means of the stereographic projection e : S> — C U {oo} defined by ¢(¢) =
(1/1 — 2)(z +1y) for ¢ = (z,y,2) and z < 1 and by €(0,0,1) = co. This is
shown in Figure 4.4.

Figure 4.4
We have a map
p:S*— §?=CuU{c}

defined by p(z,2) = z/7" if 2/ # 0 and by p(z,2') = co if 2/ = 0. Then p is
a locally trivial bundle with fiber S' = {¢ € C | ¢{ = 1}, as we shall soon
see.

Put U = S*—{oo}(= C) and V = S?—{0}. We define a homeomorphism

pr:UxS'—p U
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by ¢u(z,¢) = (C2/v2Z +1,{/V2Z + 1). It then has an inverse
1/JUZp71U—>UX81

given by ¢y (z,2') = (2/2',2'/|2']).

We define another homeomorphism
oy VxSt —p v

by
ov(z,() = (\z|{\/zf+ 1,]z|¢2V2Z + 1)

if z € C — {0} and by ¢y (00,() = (¢,0). Then its inverse
wv :p71V—>V><Sl

is given by ¥y (z,2") = (2/2/, z/|z|) if 2/ # 0 and by ¥y (z,0) = (o0, 2).

So we have that p : S* — S? is locally trivial. This locally trivial bundle
is called the Hopf fibration.

4.5.11 Proposition. If p : E — B is a locally trivial bundle and f :
B’ — B is continuous, then the map p' : E' — B’ induced from p by f is
a locally trivial bundle having the same fiber F' as p has.

Proof: Suppose that ¥ € B’ and that U is a neighborhood of f(¥') in B such
that there exists a homeomorphism ¢y that makes the triangle

UxF 4

N

commute. Put U’ = f~'U. Then U’ is a neighborhood of ¥, and the map
pur: U x F — (p)7'U" given by oyi(',y) = (', pu(f(2'),y)) is a home-
omorphism that makes the triangle

U'x F o’ (p/)—lU/

N

U/

commute.
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4.5.12 EXAMPLE. Assume that R is the space of real numbers and consider
the exponential map

p:R—S!

defined by p(t) = ™ € S! C C. Clearly, we have that p(t) = p(t') if and
only if # —t € Z. So we have that S' = R/Z as abelian groups and as
topological spaces. Let us show that it is a locally trivial bundle with fiber
Z (see Figure 4.5). Put U = S' — {1}, so that we have p~'U = R — Z. Then
there is a homeomorphism vy that makes the triangle

U x Z

\/

commute. It is given by 9y (t) = (e*™ [t]), where [t] € Z satisfies t = [t] + ¢’
with 0 < # < 1. And its inverse pp : U x Z — p~1U is given by oy ((,n) =
n+t, where ( = e®™* ¢ U with 0 < ¢ < 1.

TRt

Figure 4.5

Analogously, if we put V = S! — {—1}, so that
B 1 1
p~V=R-— Z+§ = t€R|t7én+§;n€Z ,

then we define ¢y : p~'V — V x Z by ¢y (t) = (e*™, [t + 1]). Then its
inverse ¢y : V x Z — p~'V is given by ov(C,n) =n+tfor ¢ = o2t ¢ 1/
with —3 <t < 3.

Also in this example, by using 4.3.34 and 4.5.6, we get an exact sequence
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= (Z) — y(R) — 7, (SY) — 1y 1 (Z) — - -
(4.5.12)
e — 7T1(R) — 7T1(Sl) — 7T0(Z) — Wo(R).

Z if q=0,
7TCJ(Z):{

Since we have

0 ifqg#0,

and
(R)=0 if ¢>0,

we obtain the next result.

4.5.13 Theorem. The homotopy groups of S' are given by

T(Sl): Z ifq=1,
/ 0 ifq#1. -

That is to say, we have proved that S! is an Eilenberg-Mac Lane space
of type K(Z,1) (see Chapter 6).

4.5.14 EXERCISE. Let p: E — B be a covering map where B is path con-
nected and locally path connected. To say that B is a locally path-connected
space means that for each point b € B and each neighborhood U of b in
B there is a neighborhood V' C U of b that is path connected. Let X be
path connected. Prove that for every map f : X — B and for all points
o € X and yo € p~!(f(z)), there exists a unique lifting f:X — E such
that f(zo) = yo if and only if fomi(X,z) C p«1(E,y0). (Hint: For each
point z € X let @ : I — X be a path such that a(0) = x¢ and «(1) = z.
Using 4.5.9, there exists a unique path @ : I — E such that @(0) = yo
and poa = a. We then define f: X — E by f(x) = a(1). Using the
hypotheses, prove that fis well defined and continuous.)

4.5.15 EXERCISE. Let p: F — B be a covering map such that F is path
connected. (This last condition is included by many authors in the definition
of covering map.)

(a) Prove that we have a transitive action of the fundamental group of
the base (B, by) on the fiber F = p~lbhy such that if [a] € 7, (B, by)
and y € F, then y - [a] = a(1), where @ : I — F is the lifting of «
satisfying a(0) = y (see 4.5.9). In other words, prove that y -1 =y
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(d)

and that y - ([a][3]) = (y - [a]) - [8], where 1,[al, [3] € m(B,by) (that
is, m(B,bg) acts on F). Moreover, prove that for every y, y2 € F
there exists [a] € m(B,by) such that y; - [@] = yo (that is, the action
is transitive). (Hint: The action is defined by using the unique path-
lifting property 4.5.9. In order to prove that it is transitive, for any
given y; and yo take a path a from y; to 3o and define o = po a.)

Prove that the homomorphism p, : 71 (E,yo) — 71 (B, by) is a mono-
morphism. (Hint: If & : I — F is a closed path in E such that
a(0) = a(1) = yo and such that « = poa ~ 0 in B, then there is a
lifting of every nullhomotopy of a;, which in turn defines a nullhomotopy
of a.)

Assume that yo € F. Prove that the function [a] — o - [@] defines
an isomorphism (as sets) between F' and the set of (right) cosets of
P11 (E,yo) in m1(B,by). (Hint: One has yo - [a] = yo - [0] if and only if
pmi(E, yo)le] = p.mi(E, y0)[5].)

Suppose that E is simply connected, that is, m(E) = 1. Conclude

that m1(B,by) = F as sets. A covering map p : E — B such that
m1(F) = 1is called a universal covering map.

4.5.16 EXERCISE. Let p: R — S! be the exponential map, namely, p(t) =
exp (2mit). Prove that p is a universal covering map, so that 7 (S!) = Z at
least as sets. (See Figure 4.6, and compare this with 4.5.12.)

-1bb0

Figure 4.6

4.5.17 EXERCISE. Let p: S® — RP" for n > 1 be the canonical projection.

Prove that p is a universal covering map whose fiber F' consists of two points.
Conclude that m (RP") = Z/2.
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4.5.18 NOTE. The results stated in Exercises 4.5.15(b) and (c) can be ob-
tained from the long exact homotopy sequence of a Serre fibration (see
4.3.34).

4.5.19 EXERCISE. Let B be a path-connected space that is also locally path
connected and semilocally 1-connected. This means that B has the property
that for every point b € B there exists a neighborhood V' C B of b such
that the inclusion i : V' < B satifies 4,m(V,b) = 1. Prove that there exists
a universal covering map p : F — B, and in particular that E is path
connected and simply connected (m(E) = 1). (Hint: Suppose that by € B.
Take a cover V; with j € J of B consisting of sets that are open, nonempty,
and path connected just like the open set V' above. Then for each j take a
path «; in B such that a(0) = by and «(1) € V;, and moreover, such that «;
is the constant path whose value is by if by € V;. Next, for each b € V; NV
put g;;(b) = [3;8; ' a; '] € m (B, by), where f is a path in Vj from ay(1) to
b for k =1, j (see Figure 4.7). Form the disjoint union

H Vi x {7} x {j} € Bxm(B,b) x J,

J

where 71 (B, by) and J are discrete, and identify (b,7,7) and (¥/,+',4) if b =
b and v = g;;(b)y, thereby obtaining a topological space E and a map
p: E — B. This is the desired covering map. Compare this with the
construction of a vector bundle using cocycles in 8.1.1.)

Figure 4.7

4.5.20 EXERCISE. Let p : E — B and p/ : ' — B be locally trivial
bundles with compact Hausdorff fibers over the same base space B. Prove
that ¢ : E — E’ is a bundle isomorphism (that is, for each x € B, the
restriction to the fiber ¢, : p~1(x) — p'~1(x) is a homeomorphism and ¢
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covers the identity map of B) if and only if ¢ itself is a homeomorphism.
(Hint: Prove that the first condition implies that ¢ is a continuous, bijective,
and open map using the fact that the group of homeomorphisms of the fiber
Homeo(F, F') with the compact-open topology is then a topological group.)

4.5.21 EXERCISE. Assume that p: E — B and p' : B/ — B’ are locally
trivial bundles with compact Hausdorff fibers. Prove that if f E— FE'is
a bundle morphism, that is, there exists a continuous f : B — B’ such that
fop=po f7 and for each x € B, the restriction to the fiber f:(: cpHz) —
P~ f(z)), then E ~ f*E’. (Hint: Apply the previous exercise to E and

fTE")

4.5.22 REMARK. The assertions of the two previous exercises are equally
true if the fiber is discrete instead of compact. They also hold for vector
bundles, that is, for locally trivial bundles p : £ — B such that their
fiber F' is a finite-dimensional vector space and given two trivializations oy :
UxF — p U, oy : VXF — p7'V and a point x € U NV, the
homeomorphism restricted to the fiber 99(/1 oy : F— Fis in fact a linear
isomorphism (see 8.1.1 and compare with 8.1.13).

For more general locally trivial bundles p : £ — B, the problem is that
the group of homeomorphisms of the fiber Homeo(F, F') is not necessarily
a topological group; that is, the function sending a homeomorphism to its
inverse need not be continuous. Therefore, one might instead assume that
for each trivializing U and V, the map U NV — Homeo(F, F') given by

= ((pv]p™(z))™Y) o (py|p~'(x)) lands, in fact, in some subgroup G' C
Homeo(F, F) that with the relative topology is a topological group (this
group G is the so-called structure group of p; see [69]). Then the assertions
of the exercises also hold.

Given a right action of a (discrete) group G on a space X, we say that
the action is free if given g € G, then g # 1 implies zg # z for all z € X.
We say that the action is properly discontinuous if every point x € X has
a neighborhood V' such that V' N Vg = @ for every nontrivial permutation
g € G, where Vg = {xg | x € V'}. In particular, this implies that the action
is free.

4.5.23 DEFINITION. Let p: E — B be a covering map. A covering trans-
formation is a homemomorphism F' : E — FE such that po F' = F. Clearly,
the set of all covering transformations is a group under composition.
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4.5.24 DEFINITION. A covering map p : E — B is said to be regular if
given any loop w in B, then either every lifting of w is a loop or none is a
loop.

The following exercises will be needed to prove the important Theorem
4.5.29, below.

4.5.25 EXERCISE. Let p : E — B be a covering map. Prove that p is
regular if and only if p,m(E, eg) = p.m1(E, e1) whenever p(eg) = p(eq).

4.5.26 EXERCISE. Let p : E — B be a covering map and assume that
E is path connected. Take ey,e; € E. Prove that there is a path w :
pleg) =~ p(ey) such that p,mi(E,e0) = wupsmi(E,e1). Conversely, given a
path w : p(eg) = ; in B, prove that there is a point e; € p~'(z;) such that
wup«m(E, e1) = pum1(E, eg). Here ¢, is as defined in 2.5.18.

4.5.27 EXERCISE. Let p: E — B be a covering map and assume that F
is path connected. Take zyp € B. Prove that the family {p.m(E,e) | e €
p~'(zg)} is a conjugacy class in m(B,zy). (Hint: Use the exercise above,
cf. 4.5.15(c).)

4.5.28 EXERCISE. Prove that if there is a properly discontinuous (right)
action of a group G on a space F, then the quotient map ¢ : F — E/G
mapping each element to its orbit is a covering map.

4.5.29 Theorem. Let E be a path-connected space. If g : E — E/G is the
quotient map and ey € E, then

qﬂrl(E7 60) C 71—I(E/G7 Q(eo))

18 a normal subgroup, and there is a group isomorphism

m(E/G,q(e0))/qm1(E,e0) = G.

Furthermore, the group of covering transformations of q is isomorphic to G.

Proof: By Exercise 4.5.28, q : E — E/G is a covering map. Set zg =
q(ep). Then there is an action ¢=*(zo) x m(E/G,x9) — ¢ '(x0) given by
e-w] = @(1), where @ is the lifting of w such that &(0) = e. Since E is path
connected, this action is transitive. The isotropy subgroup of ey, that is, the
subgroup of m;(E/G, x¢) leaving ey fixed, is clearly equal to g, (E, eq).
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Let a, : m1(E/G, 20) — ¢~ (x0) be given by a, ([w]) = ep-[w]. Then a,
induces a bijection @, : m(E/G,q(eo))/qmi(E,e0) — q~(xo) such that
Te, ([w]) = e, ([w]). Since the action of G is free and the orbits of the action
are precisely the fibers of ¢, we have another bijection 3., : G — ¢ ()
given by B, (g9) = e - g. Therefore, we get a bijection

Y= loaf’(] :ﬂ-l(E/GaQ(GO))/Q*ﬂ-l(Eaeo) — G

Now take another point e; € ¢ !(xg). Since ¢~!(x¢) is an orbit of the
action of G, one has that e; = ¢y - g for some g € G. But g induces a
homeomorphism R, : E — E such that R,(e) = e - g, which is obviously a
covering transformation. Using the functor m; we get the following commu-
tative diagram:

7T1(E,60 E 60)

\/

E/G JZ‘O

Hence ¢,m (F, eo) = ¢.m1(F, 1), and by Exercise 4.5.25, ¢ is regular.

Since F is path connected, by Exercise 4.5.27, the family of subgroups
{g.7m1(E,e) | e € ¢*(x0)} is a conjugacy class in m (FE/G,x0). But all of
these subgroups coincide, so that g.m;(F, eg) is normal in m (E /G, x), and
then 71 (E /G, xo)/q*m(E, €p) is a group. By the definition of ¢, we have that

o([wr][wa]) = 85, (eo - ([wr][w2])). Let &, be the unique lifting of w, such that
w,(0) = eg and let g, € G be the unique element such that eq - g, = ©,(1)
(1/ = 1,2). To evaluate eq - ([w1][w2]), let @2 be the unique lifting of wy such

that @2(0) = @1(1). Then the product of paths @& is a lifting of wjws
starting at eq; hence eq - ([wi][ws]) = ©a2(1).

Consider the homeomorphism Ry, : E — E and the path R, o &s.
Since R,, is a covering transformation, R, o s is a lifting of wy starting at
@1(1). Hence, Ry, oWy = Wy, and then eg - ([wi][wa]) = D2(1) = Ry, 0 @W2(1) =
Wa(1) - g1 = (e0 - g2) - 91 = €0 - (9291). Therefore,

o (Trlla]) = 9201 = o (Tn]) o (I}

We define
Y om (E/G,q(en)) [qmi (B, e0) — G

by ¢([w]) = w(m_l). Then 1) is an isomorphism.

Finally, let G be the group of covering transformations of q. There is a
homomorphism v : G — G given by v(g) = R,-1. Since the action is free, it
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is also effective, so that v is injective. Now let F': E — E be any covering
transformation and take eg € E. Since ¢y and F(ep) are on the same fiber,
there exists g € G such that F(eg) = ey - ¢g~'. Consider R,-1 € G. Then
R,-1(eg) = F(ep). Since both R,-1 and F are liftings of ¢ and E is path
connected, thus connected, then by the uniqueness of the liftings, R,-1 = F,
hence v is an isomorphism. ad

4.5.30 EXERCISE. Let E be a Hausdorff space. Prove that if there is a free
action of a finite group G on E, then the action is properly discontinuous.
Conclude that the quotient map ¢ : E — E/G is a covering map.

4.6 CLASSIFICATION OF COVERING MAPS OVER
PARACOMPACT SPACES

The purpose of this section is to classify covering maps, using similar meth-
ods and results to those that will be used in Section 8.5 to classify vector
bundles over paracompact spaces. There the classifying spaces will be the
Grassmann manifolds. Here they will be configuration spaces, which are
certain subspaces of the symmetric products, which will be systematically
analyzed in the next chapter.

Before starting with the classification, we need some general results on
locally trivial bundles. These will also be of interest in Chapter 8.

4.6.1 Lemma. Suppose thatp : E — B X1 is a locally trivial bundle whose
restrictions to B x [0,a] and to B X [a, 1] are trivial for some a € I. Then
p: E— B x I itself is a trivial bundle.

Proof: By assumption we have homeomorphisms ¢; : (B x [0,a]) x F —
p (B x [0,a]) and ¢3 : (B x [a,1]) x F — p~'(B % [a,1]). These in turn
induce a map

(B x {a})) x F =21 571 (B x {a}) =25 (B x {a}) x F

of the form (b, a,v) — (b, a, g(b)v), where g : B — Homeo(F') is continuous
and Homeo(F') is the space of homeomorphisms of F' onto itself with the
compact-open topology and 1], ¢2| denote the appropriate restrictions.

Next we define ¢ : (B x I) x F — E by

R if t <
pb,t,0) = {2 O00) - fEs
wa(b, t, g(b)v) if t > a.

Then ¢ is a trivialization, as desired. a
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4.6.2 Lemma. Letp: F — B x I be a locally trivial bundle. Then there
exists an open cover {U} of B such that p~*(U x I) — U x I is trivial for
every U in the cover.

Proof: Take b € B. Then for each t € I there exists a neighborhood U, of b in
B and there exists a neighborhood V; of t in I such that p’l(Ut x V;) is trivial.

Since [ is compact, there exists a finite subcover {V;, | r =1,...,m} of the
cover {V; |t € I}. Put U, = (-, Us, and choose 0 = s < 51 < -+ < s, =1
such that the differences s;—s;_1 fori = 1,..., n are all less than the Lebesgue

number of the cover {V;, }. Then p~'(U, X [s;i_1,si]) —> Up X [si_1,8:]) is
trivial. And so by iterating and using Lemma 4.6.1 we have that p~1(U, x I)
is trivial as well. Repeating this construction for every b € B we get an open
cover {Uy} of B such that each p~t(Uy, x I) — Uy x I is trivial. O

4.6.3 Proposition. Letp: E — B x 1 be a locally trivial bundle, where B
is a paracompact space. Let r: B x I — B x I be the retraction defined by
r(b,t) = (b, 1) for (b,t) € B x I. Then there exists a bundle morphism

BxI——=DBxlI.

Therefore, E = r*E.

Proof: Using 4.6.2 and the paracompactness of B there is a locally finite
open cover {Uy}taca of B together with a subordinate partition of unity
{Na}aea such that p~(U, x I) — U, x I is trivial. For each « € A, define
Lo : B—> I by

_ o (2)

max{ng(z) | B € A}’

Due to the fact that only a finite number of the ngz(x) are nonzero, the
function max{ng(x) | 8 € A} is continuous and nonzero. Therefore, p, is
continuous, has support in U,, and for each x € B satisfies max{pu,(z)} = 1.

fa(T)

Let 0o : Uy x I x F — p~Y(U, x I) for each a € A denote a local
trivialization. For each o € A we then define a bundle morphism

L

/| g

BXI?BXI
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by setting, in the base space, 74(b,t) = (b, max (p14(b),t)) for (b,t) € B x I
and by setting, in the total space, f, to be the identity outside of p~' (U, x I)
and by setting fo(0u (b, t,v)) = 0o (b, max (j14(b),t),v) inside of p~1 (U, x I).
Let us choose a well-ordering < on A. By local finiteness we have that
for each b € B there exists a neighborhood W, of b such that W, N U, is
nonempty only for finitely many a in A, say for « in the finite subset A, =
{1, a9, ...,y withay < ag < -+ < @, Wenow definer : BxI — BxI
by r|(Wy x I) = 14, ©Ta,,_, © - 0Ts, and we define f : E — E by
flp7 YWy x I) = fa,, © fap,_, © "+ 0 fa. Since r, on Wy x I and f, on
p~ (W x I) are the identity if o ¢ A;, we can view 7 and f as infinite
composites of maps almost all of which are the identity in a neighborhood of
any point. (Here “almost all” means “all except a finite number.”) Since each
fo is an isomorphism on every fiber, the composite f also is an isomorphism
on every fiber. ad

4.6.4 Theorem. Let p' : E' — B’ be a locally trivial bundle and B a
paracompact space, and suppose that we have two homotopic maps f,g :
B — B'. Then we have a bundle isomorphism f*E' = g*FE’.

Proof: Let F': B x I — B’ be a homotopy from f to g. Also let i, : B —
B x I be the inclusions 4,(b) = (b,v) for b € B and v = 0,1. It then follows
that f:FOiO andg:Foil.

Let 7 : B x I — B x I be the retraction defined by r(b,t) = (b,1)
for (b,t) € B x I. Then by applying 4.3.10, 4.6.3, and 4.5.21 we have that
FPE = (Foig) B = iF*E' = 5" F*E' = (r 0ig)* F*E' = i{F*E' = g*F,
where we have also used r o ig = ;. O

We move on to the solution of the classification problem.

4.6.5 DEFINITION. Let X be a topological space. We define its nth config-
uration space F,(X) by

Fo(X) ={(x1,20,...,2,) € X" | &y # x; for i # j} .

If 33,, denotes the symmetric (or permutation) group of the set {1,...,n},
then there is a right free action of this group on F, (X) given by

(Il, Cae ,xn)a = (10(1)7 .. .,JL’J(,L)>, x, € X.

The quotient space of this action can be considered as the space of subsets of
cardinality n of X. This quotient space can be also viewed as a subspace of
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the nth symmetric product SP" X, which will be defined below (see 5.2.1). If
X is a Hausdorff space, then by 4.5.30 the action is properly discontinuous.
Hence the action is free, and by 4.5.29 the quotient map p, : F,(X) —
F.(X)/%, is a covering map. Since the fiber is X,,, the multiplicity of the
covering map (that is, the cardinality of the fiber) is n!. There is also an n-
fold covering map, that is, a covering map of multiplicity n, m, : E,(X) —
F,(X)/%, associated to F,(X) and defined as follows. The total space is
given by E,(X) ={(C,x) € F,(X)/X, x X | x € C} and the projection by
m(C,z) = C.

We shall consider only the case X = R*, where 1 < k < co. It can be
shown that the space F,(R*) is contractible.

4.6.6 DEFINITION. Letp: E — Bandp' : E' — B be covering maps. We
say that they are equivalent if there is a bundle isomorphism ¢ : E — FE’,
that is, a homeomorphism such that p’ o ¢ = p. The map ¢ is called an
equivalence of covering maps. In particular, fiberwise, ¢ is an equivalence of
sets.

Corresponding to 4.5.20, one can directly prove the following special case.

4.6.7 EXERCISE. Let p : F — B and p : B/ — B be covering maps.
Assume that ¢ : E — E' is such that p’ o ¢ = p and ¢|p~(z) : p~'(z) —
p'~1(x) for each € X is an equivalence of sets, i.e., is bijective. Prove that
@ is an equivalence.

4.6.8 Lemma. Let p : E — B and q : E' — B’ be covering maps.
Assume that there are maps F : E — E' and f : B — B’ such that

(i) goF = fop,

(ii) F restricted to each fiber of p is a bijection onto the corresponding fiber
of q.

Then p : E — B is equivalent to the covering map q : f*E'" — B induced
from q by f.

Proof: Consider the pullback diagram

f‘*E/ 7 E/

d |

/
B*>f B
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and themaps F': E — E' andp: F — B. Themap ¢ : E — f*E’ given
by ¢(e) = (p(e), F'(e)) coincides fiberwise with F'. Therefore, it is a bijection
of the fibers, and thus, by Exercise 4.6.7, ¢ is an equivalence. a

The following concept also has a version for vector bundles (see 8.5.2).

4.6.9 DEFINITION. Let p : E — B be an n-fold covering map. A Gauss
map is a map g : E — R¥ 1 < k < oo, such that g|p~'(z) : p~(z) — RF
is injective for each z € B.

4.6.10 Proposition. Let p : E — B be an n-fold covering map. Then
there exists a Gauss map g : E — RF for p if and only if there is a map
f: B — F,(R¥)/X, such that E is equivalent to f*E,(R¥). The map f is
called a classifying map.

Proof: Let g : E — R¥ be a Gauss map for p. Define f : B — F,(R¥)/%,
as follows. For each x € B, choose a bijection h : m — p~!(z), where
n=1{1,2,...,n}. Since go h: m — R* is injective, set

f(x) = ma(gh(1), ..., gh(n)) .

This is well defined, since given any other bijection k' : m — p~!(z), the
composite ¢ = h'~! o h belongs to ¥, and

(gh'(1), ..., gl (n))o = (gh(1), ..., gh(n)).

To see that f is continuous, take a trivializing cover {U} with trivializing
maps @y. Then, for each x € U, the composite

pfl(x) wul Ux7 proj .

is a bijection and f(z) = m(g((proj o ¢u) (), .., g((proj o u) 1 (x))).

Now we define F' : E — E,(R¥) by F(e) = (fp(e),g(e)) and get the
following commutative diagram:

E—L = E,(RF)
B—~ Fu(RY)/%,

Since F is a bijection on fibers, by Lemma 4.6.8, f*E, (R¥) & E.
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Conversely, let h : E — f*E,(RF) be an equivalence of covering maps.
Then g : E — R* defined by

FE(RY) L= B, (R F, (R¥)/S, x R

a e

is clearly a Gauss map. g

4.6.11 EXERCISE. Let p: E — B be an n-fold covering map.

(a) Prove that the above construction establishes a bijection between the
set of bundle morphisms

E E,(R¥)
JLT' Fn(ﬂi)/zn

and the set of Gauss maps g : F — R¥.

(b) Prove that if G : E x I — R¥ is a homotopy such that G; : E — R¥
is a Gauss map for every t € I, where we define Gy(e) = G(t,e) for
e € E, then we can use the above construction in order to obtain a

bundle morphism
F

ExI E,(RF)

P

k
B x [ —~ F,(R¥)/%,,

with the following property. If f, : B — F,(R¥)/%, for v = 0,1
are the functions associated to G, for v = 0,1, then F' is a homotopy
between fy and f.

In order to prove that every finite covering map over a paracompact space
has a Gauss map we shall need the next important lemma, whose special
case for covering maps we shall use below and whose special case for vector
bundles will be used in Chapter 8.

4.6.12 Lemma. Let p: E — B be a locally trivial bundle over a paracom-
pact space B. Then there exists a countable open cover of B, say {W,} with
n > 1, such that p=*W,, is trivial for all n > 1.
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Proof: Let {U,}aeca be an open cover of B such that p~*(U,) — U, is
trivial for all @« € A. Since B is paracompact, there exists a partition of
unity {7 }aea subordinate to {Uy }aen. For each b € B let us define S(b) to
be the finite set of those & € A that satisfy n,(b) > 0. Also, for each finite
subset S C A, let us define W(S) = {b € B | ,(b) > n3(b) whenever a € S
and 8 ¢ S}.

We claim that W (.S) is open in B. In fact, By g = {b € B | na(b) > ns(b)}
is open, since B, s = (. — 1) *(0,1]. Now for any given by € W(S) there
exists a neighborhood V'(by) of by such that only 7s,,73s,, . .., 1, are different
from zero in V' (by) for some finite integer 7. We put N = (", c(Ba,s, N Ba,g,N
-++N Bag,), which is open, being a finite intersection of open sets. We then
have by € NNV (by) C W(S), and therefore W (.S) is open.

If S and S are two distinct subsets of A each having m elements, then
W(S)NW(S’) = (. This is so, since there exists a € S such that a ¢ 5" and
there exists 8 € S’ such that 3 ¢ S and therefore b € W(S) N W(S’) would
imply that n,(b) > ng(b) and that nz(b) > n.(b), a patent contradiction.

Now we define W,, = [J{W(S(b)) | |S(b)| = n} for every integer n, where
here | - | denotes the cardinality of a set.

If a € S(b), then W(S(b)) C 1,%(0,1] C Uy, and therefore we have that
ptW(S(b)) — W(S(b)) is trivial. Since for each n the open set W, is a
disjoint union of sets of the form W (S(b)), it follows that p~'W,, — W, is
also trivial. O

4.6.13 NOTE. From the proof it is clear that any locally trivial bundle p :
E — B is a locally trivial bundle of finite type wherever B is paracompact;
that is, it has a finite trivializing cover. This is because each b € B belongs
to at most m subsets U,, and so we have that W; = () for ¢ > m. Therefore,
there exists a finite open cover {W;} fori = 1,...,m such that p~'W; — W}
is trivial. And this establishes the claim.

4.6.14 Proposition. FEvery n-fold covering map over a paracompact space
has a Gauss map.

Proof: Let B be paracompact and p : E — B be an n-fold covering map.
Since B is paracompact, by 4.6.12 there is a countable trivializing cover
{W;}s2, of B. Let ¢; : p~*(W;) — W; x 70 be a trivialization and let {n;}5,
be a partition of unity subordinate to {W;}. For each 7, define g; : E — R
by

gile) = 4 mp(e)) -projii(e) ife € pH(Wh),
Z 0 if e ¢ p~!(W5),
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where proj : W; x 7 — 7 C R is the projection.

Now we define g : E — R* by g(e) = (g1(e), ..., gi(e),...). O

4.6.15 DEFINITION. Let X be a paracompact space. We denote by C,,(X)
the set of equivalence classes of n-fold covering maps over X.

By Propositions 4.6.10 and 4.6.14, we have the following.

4.6.16 Theorem. Let X be a paracompact space. Then there is a bijection
[X, Fo(R®)/%,] — Ca(X)

given by [f] = [f*E,(R>)].

Proof: By 4.6.4, the function is well defined. Propositions 4.6.10 and 4.6.14
show that the function is surjective.

To see that the function is injective, we consider R® = {(;) € R™® | ty; =
O,i = 1,2,37...} and Rgo = {(tl) € R> | t2i+1 = 07 1= 0,172,. ..}, so that
R>® = R$° @ RS°. Next we define two homotopies h', h% : R® x [ — R* by

R ((t,ta,ts,...),t) = (1—1t)(t1,ta, t3,...) +t(t1,0,t2,0,t3,...),
R2((t1,to, ts,...),t) = (1 —1t)(t1,ta,ts,...) +1(0,1,0,t5,0,t3,...),

where (t1,t2,13,...) € R>® and ¢ € I. These homotopies start with the
identity and end with maps that we denote by

hi:R® — R C R™ and h?:R® — RYP C R™.

The composites hY opy : E,(R®) — R for v = 1,2 are Gauss maps, where
pa ¢ E,(R®) — R™ is the projection on the second coordinate. According
to 4.6.11(a), these maps induce two morphisms of covering maps, namely,

E,(R®) —2~ E,(R®)

i i

Fo(R®) /S, ——= Fo(R®) /5, v=12.

The composites h¥o(py xid) : E,(R*)xI — R> for v = 1,2 are homotopies
that start with ps, since h”(g x id)(e,0) = h¥(pa2(e),0) = pa(e) for e €
E,(R*), and that end with h} o p;. Moreover, the restrictions of these
homotopies to the slices at each fixed ¢ € I are Gauss maps. Using 4.6.11(b)
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we then have that ¢, for v = 1,2 is homotopic to the map induced by po,
which is obviously the identity. So we have shown that ¢, ~id for v =1, 2.

We are now ready to show that the function is injective. Suppose that
we are given f, : B — F,(R>)/%, for v = 1,2 satisfying f;E,(R>) =
f3E,(R™). So to prove injectivity we must show that f; and f5 are homo-
topic.

Denoting f;FE,(R*) by E and using the above isomorphism, we get two
morphisms of covering maps

fv

E Ey(R*)
g?Fn(ROJ‘S)/Zn, v=1,2.

Let g, : E — R*™ for v = 1,2 be the associated Gauss maps; that is,
gu = P2° fu'

Consider the composites hjog, : E — R*> for v = 1,2. These are Gauss
maps, and according to 4.6.11(a) they induce two morphisms of covering

maps of the form

]j : Ep(R®) — 2 E;(R)
B Fu(R®)/S0 = Fu(R®)/S,,  v=1,2

We then define G : E x [ — R>® by Gle,t) = (1 — t)higi(e) + thiga(e)
for (e,t) € E x I. This is a homotopy between h} o g; and h? o gy. Since
hi(R>) N A2(R>®) = 0, it follows that Gy is a Gauss map for each t € I.
Therefore, using 4.6.11(b) we have that p; o fi >~ ¢y 0 fo. But we have
already seen that ¢, ~id for v = 1,2, and so f; =~ f, follows. ad

4.6.17 REMARK. Consider the covering map
Pn - Fn(Rk) — Fn(Rk)/Zn .
Using the homotopy exact sequence of p,,, we have that

Y, ifi=1,

mi(Fo(RY)/5,) = {0 ifi # 1.

Therefore, the space F,(R>)/%, is an Eilenberg-Mac Lane space of type
(Xn,1) (see 6.1.1). Since the space F,(R®) = colim;F,(R*) is a CW-
complex (see 5.1.1), it is paracompact. Moreover, because p, is a closed
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map, F,(R*)/%,, is a Hausdorff space and hence paracompact. Therefore,
Pn is @ numerable principal ¥,-bundle with contractible total space. By [24],
this means that p, is a universal ¥,-bundle, and the space F,(R*)/%, is
then a classifying space for the group X, ; this space is usually denoted by
BY,,. This argument shows that if X is paracompact, then there is a bijection
C.(X) 2 [X,BY,].

Let X be a connected CW-complex with a 0-cell zj as base point. Let ¢ :
[X, xo; BX,,, x| — Hom(m (X, z0),X,) be the function given by ¥[f] = f..
Using obstruction theory (see [67]) one can show that 1 is a bijection. The
action of the symmetric group X, on [X, zg; B, *| (see 4.4.1) corresponds
under ¥ to the action of ¥, on Hom(m (X, z),%,) given by conjugation.
Therefore, there is a bijection

[X, BETJ = ]:'IOIHCOD‘i (71'1 (X, 1'())7 En) .
Hence, by Theorem 4.6.16, we get a bijection
Cn(X) = Hom™™ (11 (X, 20), £)

for every connected CW-complex X.
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CHAPTER 5

CW-COMPLEXES AND HOMOLOGY

We start this chapter by defining and studying a very important class of
spaces, known as the CW-complexes; in the next chapters these will be the
spaces with which we shall mainly work.

Some of their properties will be derived applying a very useful homotopy
extension and lifting property. Therefrom, well-known results on the topic
due to J.H.C. Whitehead will be obtained.

We shall introduce the notion of an “infinite symmetric product,” which in
the next chapter will be crucial for defining the Eilenberg—-Mac Lane spaces,
as was done by Dold and Thom in the beautiful article [26]. A key result
for doing that is the Dold—Thom theorem, which will be discussed here. Its
proof, however, will be postponed to Appendix A.

Using the results on infinite symmetric products, we shall define the ho-
mology groups and derive many of their properties.

5.1 CW-COMPLEXES

As already announced, in this section we are going to introduce an important
class of topological spaces, which is obtained by successively adjoining cells
of dimension n, for each n > 0. Many of the interesting spaces that we
study in algebraic topology are found in this class. Furthermore, many of the
constructions discussed in this and the next chapter generate CW-complexes.

5.1.1 DEFINITION. Let {I,,}5°, be a sequence of disjoint sets such that
Iy # 0. Starting with this sequence we inductively construct a sequence
of topological spaces {X"} as follows:

(i) For n =0 we put X° = I, with the discrete topology on I.

149
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(ii) If X" has already been constructed, then put X" = X"t if [,, =
(. However, if I, # 0, we assume that we have a family of maps
{pt S — XL | i € I}, called characteristic maps, and we
put D, = [[;c; D and S, = [I;c; SI™' C D,, where D} = D" and
Si~! = §"7L. The family {¢'} determines a map ¢, : S, — X"
defined by ¢,[S!"! = ¢'. We then define X" = X"~1 U, D,.

iii) Clearly, we have closed embeddings X" ! C . We define =

iii) Clearl h losed beddi Xt X" We define X
U;— o X™ with the union topology; namely, K C X is closed <=
K N X™ is closed for all n.

A topological space homeomorphic to a space X obtained in this way is
called a CW-complex. The subspace X™ is called the n-skeleton of X.

It is easy to prove that every CW-complex is Hausdorff and normal.
Moreover, every CW-complex is even paracompact (see [59] and [45]) and
locally path connected.

Let ¢, : D, UX™ " — X" be the identification map of 5.1.1(ii), and put

o

@' = qu|Dr. We call e = (D, ) an open n-cell of X, which is open in X"

though it is not open in general in X. It also is homeomorphic to D". We
call &7 = $*(D?) a closed n-cell of X, which is closed both in X™ and in X.
However, in general it is not homeomorphic to D™.

5.1.2 EXERCISE. Prove that a CW-complex X is the disjoint union (not the
topological sum) of all its open cells e', n € N, i € I,,.

5.1.3 ExAMPLES. The following are examples of CW-complexes.

(a) The projective space CP". This can be constructed, as we shall see later
on in 5.2.26, so that it has one 0-cell, one 2-cell,. .., and one 2n-cell.

(b) The sphere S*. This has two 0-cells (the poles), two 1-cells,. .., and
two n-cells (the two hemispheres).

(c) Simplicial complexes (polyhedra). See [67].

(d) Surfaces, as they were constructed in 3.2.12(c) and (d) or, more gener-
ally, differentiable manifolds.

5.1.4 EXERCISE. Prove that another possible decomposition of the sphere
S™ as a CW-complex has one 0-cell and one n-cell. In fact, this particular
decomposition is unique up to homeomorphism.
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CW-complexes have important properties, which we state in what follows.

5.1.5 Proposition. If X is a CW-complex, then the n-skeleton X" C X s
closed for every n. O

5.1.6 Proposition. Let X be a CW-complex. Then the following hold:

(a) X is locally path connected.

(b) If X is connected, then it is path connected.

Proof: (a) Attaching spaces obviously preserve the property of being locally
path connected. Therefore, we have, inductively, that every skeleton X™
is locally path connected. Moreover, unions of closed locally path-connected
spaces with the topology of the union are again locally path connected. Thus
X = JX™ is locally path connected.

(b) Any connected, locally path-connected space is path connected. Thus,
if X is connected, then by (a) it is path connected. O

5.1.7 Proposition. Let X be a CW-complex. Then the following hold.

(a) X is a Ty space.
(b) X is a normal space, thus also Hausdorff.
Proof: (a) By induction we have that X™ is a Ty space. So, if x € X, then

{zx}NX" is either empty or consists of one point; therefore, it is closed. Thus
{z} is closed in X, and so X is also T.

(b) Again using properties of attaching spaces and induction we have that
X" is normal for all n. Let A, B C X be disjoint closed sets. Then there is
amap fy: X° — I with

fola) 0 ifreAnXO,
a::
0 1 ifze BnXO.

Assume that we have already constructed a map f,_; : X"~ ! — I with

0 ifze AnX" 1,
foalm) =4 .
1 ifzeBNnX" 1,

such that f, 1| X" 2 = f, o, n > 1.
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Take F = (AN X")U X" 1U(BNX") C X and define g, : F — I by

0 ifre AnX",
gn(x) = § fa-r(2) ifz e X",
1 ifxe BNX"

Since X™ is normal and F' C X is closed, one can extend g to a map f, :
X" — [ with the desired properties.

Define f : X — I in such a way that f|X™ = f,,. This map is well de-
fined, and since X has the topology of the union, it is continuous. Moreover,
fl|A=0and f|B = 1. Thus X is normal, and being also T4, it is a Hausdorff
space. O

5.1.8 EXERCISE. Prove that the given definition of the concept of a CW-
complex is equivalent to the following one.

A CW-complex X is a Hausdorff space, together with index sets I,,, n > 0,
and maps ¢ : D" — X, i € I,,, Iy # (), such that the following conditions
are fulfilled:

(i) X =U,, ¢i([D").
(i) ¢F(D") "¢ (D) = 0 unless n = m and i = ;.
(i) ¢2D" is bijective for all n > 0 and i € I,.

(iv) T X" = Upcpics, ¢f(ﬂ?))k), n > 0, then ¢ (S™1) c X™ ! for each
m > 1and i € [,

(v) A subset K C X is closed if and only if (¢7")"}(K) is closed in D" for
eachn >0and i € I,.

(vi) For each n > 0 and i € I,,, ¢7"(D") is contained in the union of finitely
many sets of the form 1/);”(]D)m).

An immediate consequence of (v) is the following.

5.1.9 Proposition. A CW-complez X has the topology of the union of all
its closed cells. a

The following is also an important property of CW-complexes. However,
we formulate it more generally for any Hausdorff space X = |JX,,, where
X; C Xy C X3 C -+ and where X has the union topology.
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5.1.10 Lemma. Let X =X, X1 C Xo C X3 C -+, be a Hausdor{f space
with the union topology. Then every compact subset K C X lies inside X,
for some n.

Proof: If the conclusion were not so, then there would exist a sequence {x,}
in K satisfying =, ¢ X,,. Now, any such sequence forms a closed subset
of X, since its intersection with each X, is finite and hence closed in X,,.
Here we are using the fact that X is Hausdorff, implying that X,, is also
Hausdorff, so that points are closed in X,,. Therefore, the subsequences
{Zm), Tmi1, Tmaa,-- -}, m = 1,2,3, ..., form a nested system of closed sub-
sets of K whose intersection is empty, although the intersection of every
finite subsystem is nonempty. And this would give us a contradiction to the
compactness of K. a

Note that in order to get the conclusion of 5.1.10, it is enough to assume
that X is a Ty space, that is, that every point x € X forms a closed subset
of X.

5.1.11 DEFINITION. If X is a CW-complex and A C X, then we say that
A is a subcomplex of X if for every open cell e of X we have that ANe} #
f = e C A. We call the pair of spaces (X, A) a CW-pair.

5.1.12 EXAMPLE. Every n-skeleton X" of a CW-complex X is a subcom-
plex.

We have the following consequence of Lemma 5.1.10.

5.1.13 Corollary. Suppose that X is a CW-complex and K C X is com-
pact. Then we have K C X" for some n. More specifically, K C'Y for a
subcompler Y C X, where Y has only a finite number of cells.

Proof: The first part follows immediately from Lemma 5.1.10. For the second
part, in a similar way to the proof of 5.1.10, if K intersects an infinite number
of open cells, then we would have an infinite number of points in K, each in
an open cell. This set would contain a sequence {z,} that is similar to the
one in the proof of 5.1.10, thus contradicting the compactness of K. O

5.1.14 Proposition. Let X be a CW-complex and A C X a subcomplex.
Then A= J{el |e? NA#0D}.
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Proof: If e} N A # @, then by definition, & C A. Thus, if J, = {i € I, |
e’ N AP}, then

U ecac | gc U e

neNyicJ, neNyicJ, neNyicJ,

J— N
Hence A =, crie, € O

5.1.15 Corollary. Let X be a CW-complex and A C X a subcomplex. Then
A is closed in X.

Proof: Let e' be some cell in X. Since e}’ is compact, it meets only a finite
number of open cells e, ..., e;* in A. Hence el N A = Ule ey ne;’, which
is a finite union of closed sets and thus closed in é}'. This holds for any n, 1,
and since X has the topology of the union of all its closed cells, A is closed.

a

5.1.16 EXERCISE. Let X be a CW-complex. Prove that the following are
equivalent:

a) X is path connected.

X! is connected.

(c

(a)

(b) X is connected.
)

(d) X' is path connected.

(Hint: Since CW-complexes are locally path connected, (a)<(b), (c)<(d)
follow immediately, as does (c)=(b). To prove (b)=-(c), assume to the con-
trary the existence of a continuous surjective map f; : X' — {0,1} and
inductively extend it to f: X — {0,1}.)

The CW-complexes form the most convenient class of topological spaces
for doing homotopy theory. In the following discussion we shall mention some
very important results concerning these spaces.

5.1.17 DEFINITION. Let n > 1 be an integer. A map f: X — Y between
arbitrary topological spaces is called an n-equivalence if for each z € X the
homomorphism

feimy(Xs ) — my(Y, f ()

is an isomorphism for ¢ < n—1 and is an epimorphism for ¢ = n. We say that
f is a weak homotopy equivalence if it is an n-equivalence for all n > 1. We
also say that [ : (X, A) — (Y, B) is a weak homotopy equivalence of pairs
if both f: X — Y and f|A: A — B are weak homotopy equivalences.
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5.1.18 EXERCISE. Prove that if f : X — Y is a homotopy equivalence,
then f is a weak homotopy equivalence.

We shall show below in 5.1.37 that if X and Y are CW-complexes, then
the converse of this statement is also true.

5.1.19 DEFINITION. Suppose that X is a pointed space and that n > 0.
We say that X is n-connected if m.(X) = 0 for r < n. In particular, X is
0-connected if and only if X is path connected. More generally, we say that
a pair of spaces (X, A) is n-connected if AN X, # () for all path components
X, of X and 7,.(X, A) =0 for 1 <r < n; in particular, (X, A) is 0-connected
if the first condition holds.

These concepts of n-connectedness of a pair and n-equivalence are closely
related as seen in the following exercises.

5.1.20 EXERCISE. Prove that the pair (X, A) is n-connected if and only
if the inclusion map ¢ : A < X is an n-equivalence. (Hint: Analyze the
homotopy exact sequence of the pair.)

5.1.21 EXERCISE. More generally than in the previous exercise, prove that
amap f: X — Y is an n-equivalence if and only if the pair (M, X) is
n-connected, where M is the mapping cylinder of f and X is considered as
a subspace by identifying it with the top face.

5.1.22 EXAMPLE. The sphere S™ is (n — 1)-connected. Indeed, take ¢ < n;
if € € m,(S™) is represented by a map 7 : S — S”, then take the composed
map of pairs

@ (D9, ST 25 (89, %) -1 (S, %),
where * denotes the corresponding base points and p is the canonical quotient

map. Then ¢~ 1(S" — %) C D’ is open, and using the smooth deformation
theorem, one can find a map

v e NS — %) — §"
such that:

(1) Pl 1 (S" = B) : ¢ (S* — B) —+ S" — x is smooth (where B is a small
ball containing * and S™ — x is identified with R™ by the stereographic
projection). Because ¢ < n, this map misses a point.
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(2) ]~ (S — %) = |0~ (S™ — %), where the boundary is taken in the
disk.

(See Theorem 2 in Basic Concepts and Notation.) Therefore, the map of
pairs
@ : (D, ST — (S™, %)

such that
PID? — 1 (S" — %) = DT — (S — %) and PP I(S" — ) =9

is continuous and homotopic to ¢ relative to S~!. Thus it induces a map
7: (S, %) — (S", %) homotopic to 7, and 77 is nullhomotopic, since it is not
surjective. Hence & =[] =[] =0, and so m,(S") =0if ¢ <n — 1.

5.1.23 EXAMPLE. The pair (D" S") is n-connected. Indeed, since S™ is
(n—1)-connected by 5.1.22 and D™ is contractible, the inclusion S™ «— D"*!
is an n-equivalence. Hence by 5.1.20, (D" S") is n-connected.

5.1.24 Proposition. Suppose X Ue™*! is the result of attaching to the topo-
logical space X an (n+1)-cell. Then X C XUe™™, and the pair (X Ue™tt X)
1s m-connected.

Proof: The proof is very similar to what we did in Example 5.1.22. Namely,
if £ € my(X Uem™, X) is represented by a map
0: (D,STH — (X ue"™ X),

and if e"™! = X U e — X is the open cell, then p=t(e™™!) C D is open.
As in 5.1.22; there exists

Vo (entl) — e c X U ettt
such that:

(1) Pl (M) : o 1(emH) — emF1 is smooth (where ¢! C "l s a
slightly smaller subcell). Because ¢ < n, the map misses a point.

(2) |01 (S" — %) = ¢|dp ("), where the boundary is taken in the
disk.

(See Theorem 2 in Basic Concepts and Notation.) Therefore, the map of
pairs
?: (D18 — (Xue™™ X)



5.1 CW-COMPLEXES 157

such that
BIDT — 7 (™) = gD — o7 () and e (@) = ¢

is continuous and homotopic to ¢ relative to ST!. Since @ misses a point in
the cell et it can be deformed into a map with image in X, relative to X;
that is, ¢ is nullhomotopic, and so too is ¢. Hence m (X Ue"t X) = 0 if
q < n. O

5.1.25 Corollary. Let X be a CW-complex and let i : X™ — X be the in-
clusion map of the n-skeleton into X. Then the pair (X, X™) is n-connected,
and consequently i is an n-equivalence.

Proof: Let ¢ : (D9, S7!) — (X, X") represent an element in m (X, X™).
Since ¢(D?) C X is compact, by 5.1.13 it meets only a finite number of cells
in X, say (D7) C X"Ue™U---Uel™, n<my <mg <--- <my. Thus, if
q < n, an iterated application of 5.1.24 a finite number of times shows that
o (DLST) — (X"Ue™MU---Uel™, X") — (X, X™) is nullhomotopic.
This shows that 7,(X,X™) =01if ¢ < n. |

The following homotopy extension and lifting property (HELP) will be a
very useful tool in proving some properties of CW-complexes.

5.1.26 Theorem. (HELP) Let A be a topological space and let X be the
result of attaching to A successively cells of dimensions 0,1,2,... k < n.
Moreover, let e : Y — Z be an n-equivalence. Then, given maps f : X —
Zandg: A—Y, and a homotopy H: AxI — Z, H: f|[A~eog, there
aremapsg: X — Y and H : X xI — Z such that g|A = g, I;V|A><I =H,
and H : f ~eoq. Putin a diagram, if the following square commutes up to
a homotopy H,
A——X

~ e
gi o f

»
Y?Za

then there exists g such that the upper triangle is commutative and the lower
triangle is commutative up to a homotopy H that extends H.

Proof: For convenience, we divide the proof into four steps.

First step. Assume A = ST, X = D% We may replace ¢ : Y — Z by
the inclusion of Y in its mapping cylinder M,; that is, we may assume that
Y C Z and the pair (Z,Y) is n-connected (see 5.1.21). Since the inclusion
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S?71 — D7 is a cofibration (see 4.1.18), one can change f up to homotopy
to f’ such that the diagram commutes strictly. Renaming, we thus have a
commutative diagram

S4—1—— ¢

P 7
gl g// lf
e
»

Y——s Z;

that is, g = f|S?7!, and we are looking for g extending g and homotopic to f
when viewed as a map into Z. Then f is a map of pairs (D?,S77!) — (Z,Y).
But since ¢ < n, this map is nullhomotopic; that is, there is a homotopy
H:D!'x I —s Z, H: f~7§, where §(D?) C Y. This proves this special
case.

Second step. Assume X = A U ef, where the g-cell is attached to A by a
map ¢ : S9! — A. Consider the diagram

Se—1C——= e

‘| |?

A——AUued

€

By the first step, there exist ¢’ : D — Y and H' : D? x [ — Z such that
St = goy, H'|S*tx I = Ho(pxidf), and H' : fop ~ eog. Thus g and
g determine g : AUe? — Y, while H' and H determine H:AUe'x [ — Z
with the desired properties.

Third step. Assume that A is any topological space and X is the result of
attaching to A some number of g-cells. Specifically, suppose that there exists
amap ¢ : S, = [[S!™" — A such that X = AU, D,, where D, = [[D{.
Next consider the diagram

Sg——= Dy

{

A——X

2

A

Y?Z.

For each 7, the restricted previous diagram is the one considered in the second
step, so we have g/ : D! — Y and H] : D! x I — Z, which together are
compatible with the attaching maps. Hence they determine g and H with
the desired properties.
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Fourth step. We prove now the general case. Let X be the union of A with
isolated points. Then the result is immediate. Thus we have gy : Xg — Y
and ﬁo : Xo x I — Z such that go|A = g, fI0|A x I = H, and ]:jo  f1 X =~
e o go. Assume that the result is already true for X, ;, where we have
attached cells to A up to dimension g — 1; that is, we have g,_; : Xyo1 — Y
and flq,l : Xyo1 X I — Z such that g,1|A = ¢, ];Tq,1|A x I = H, and
flq,l : f1X4—1 ~ e o gy_1. Now apply the third step to

X, 01— X,
~ e
qull iq// lfp(q
»

Y Z

€

to obtain g, : X, — Y and flq : Xo x I — Z such that g,|X,—1 = gy-1,
Hy|Xq-1x1=Hyq,and Hy : f|X, ~eog,.

By their compatibility, all the constructed maps g, and fIq determine
g: X —Yand H:X xI— Zsuch that g|X, =g, and H| X, x [ = H,,.
So g and H have the desired properties. g

5.1.27 EXERCISE. Assume in HELP that Y = Z and e = idz. Prove that in
this case the statement of HELP is equivalent to the fact that the pair (X, E)
has the HEP (homotopy extension property), i.e., A < X is a cofibration.

Assume in HELP, as in the previous exercise, that Y = Z and e = idy.
Then e is an n-equivalence for all n and HELP implies that A — X is a
cofibration. We thus have the following result.

5.1.28 Lemma. Let A be a topological space and let X be the result of at-
taching to A successively cells of any dimensions. Then (X, A) has the ho-
motopy extension property. O

The following is a very important special case of the previous lemma.

5.1.29 Theorem. Suppose that X is a CW-complex and that A is a sub-
complex. Then (X, A) has the homotopy extension property. a

From these last two results we obtain an interesting application.

5.1.30 Corollary. Let X be a path-connected CW-complex of dimension n.
Then we can cover X with n + 1 open subsets that are contractible in X.
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Proof: We shall construct the open subsets by induction on the dimension
of the skeletons. In the first place let us note that any given discrete subset
Y C X can be contracted in X to a point xy. Specifically, for each point
r €Y let w, : I — X be a path that starts at z and ends at x3. Then the
deformation Dy : Y x I — X defined by Dy (x,t) = w,(t) deforms Y to zg
in X.

If X0 is the 0-skeleton of X, then the pair (X, X°) has the HEP by 5.1.29,

and so there exists an open subset V° containing X° and a deformation

0. V9% I — X such that D°(z,0) = x and D°(x,1) € X° for z € V°.
Then the homotopy defined by

HO e 1) DO(z,2t) ifo<t<i,
€T =
Dxo(D%(x,1),2t —1) if 1<t <1,

deforms the open subset V° to zy in X.

Let us assume now that we have already covered the (k—1)-skeleton X+~
with open subsets VO, V!, ..., V*¥"1in X each of which can be deformed to
ZTo in X.

Then we have that the difference X* — X*~1 =[] e = W* is an open set
in X* that can be deformed to the discrete set X, consisting of the centers
of each open cell eF, since each one of these cells can be deformed to its
center. Let F* : W% x I — X be such a deformation that starts with the
inclusion and ends with a retraction ' : W* — X,. On the other hand,
again using 5.1.29, the pair (X, X*) has the HEP, so that there exists an
open neighborhood V of X* in X and a deformation D : V x I — X
that starts with the inclusion and ends with a retraction 7 : V — X*. We
then define V* = r=}(W*) c V. Then we have X* — X*~1 C V* 5o that
{VO vl .. VEL VE}isa cover of X* by open subsets of X. We next define
DF = D|Vk x I, which then is a deformation that ends with the retraction
rlVE vk — Wk. Then H* : V¥ x I — X defined by

DF(x, 3t) ifo<t
H*(z,t) =  F*(r(z),3t — 1) if+ <t
Dy, (r'r(z),3t —2) if 2 2 <t

IN N IA
>—l r.u\w C~M~

deforms the open subset V* to 2 in X.

In this way, X can be covered by n + 1 open sets, namely,
vovt o vt

each of which is contractible in X. O
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5.1.31 NOTE. We define the Lusternik-Schnirelmann category of a topolog-
ical space X as the smallest number k such that there are k+ 1 open subsets,
say V0, ..., V¥ that are contractible in X and that cover X. So 5.1.30 states
that the Lusternik—Schnirelmann category of a connected CW-complex X of
dimension n is less than or equal to n.

The following result, due to J.H.C. Whitehead, is an immediate applica-
tion of HELP 5.1.26.

5.1.32 Theorem. If X is a CW-complex and e : Y — Z is an n-equiva-
lence, then e, : [X,Y] — [X, Z] is a bijection if dim X < n and a surjection
if dim X = n. Furthermore, this is also valid for pointed homotopy classes
of pointed spaces.

Proof: 1t [f] € [X, Z], take the pair (X,0) and apply HELP if dim X < n
to obtain g : X — Y such that eog ~ f, i.e., e.[g] = [f]. This shows the
surjectivity. In the pointed case, one takes instead the pair (X, z), where
xo € X is the base point, and the constant map {xo} — Y.

Now assume that [go], [g1] € [X,Y] are such that e.[go] = e.[g1] and
let f:eo0gyg~ eog. Now take the pair (X x I, X x 9I) and the map
g: X x0I — Y given by g(z,v) = g,(z), v =0,1. If dim X < n, apply
HELP, taking H to be a constant homotopy, to obtain g : X x I — Y,
which is a homotopy from gy to g;. This proves the injectivity of e,. In the
pointed case, one takes instead the pair (X, X x 9T U{zo} x I) and the map
g: X x0IU{xg} x I — Y given by g(z,v) = g,(z), v = 0,1, and by
g(xo,t) = yo, where yo € YV is the base point. O

5.1.33 Corollary. If X is a CW-complex and e : Y — Z is a weak homo-
topy equivalence, then e, : [X,Y] — [X, Z] is a bijection. O

5.1.34 DEFINITION. Given an arbitrary pair (X, A) of topological spaces,
a CW-pair (X, A) together with a weak homotopy equivalence of pairs ¢ :
(X,A) — (X, A) is called a CW-approzimation of (X, A).

5.1.35 Theorem. If ¢ : ()?711) — (X, A) and ¥ : (}77§) — (Y, B) are
CW -approzimations and f : (X,A) — (Y, B) is continuous, then there
exists a map that is unique up to homotopy, say f: ()~(, /~1) — (37, E), such
that the diagram

(X, A)—=(X,A)
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commutes up to homotopy, namely, fop ~1o f (by means of a homotopy
of pairs).

Before passing to the proof, we state and prove the absolute case and
then we give the proof in the relative case.

5.1.36 Theorem. Ify: X —X and ) : Y — Y are CW- approrimations
and f : X — Y is continuous, then there exists a map that is unique up to
homotopy, say f X — Y such that the diagram

X—X

commutes up to homotopy, namely, fop ~1o f

Proof: Corollary 5.1.33 states that there is a bijection
e, [X, Y] 2 [X,Y].
Then there exists a map J?: X — }N/, unique up to homotopy, such that

1/;*[f]:[focp]. That is,wofzfocp, as desired. ad

Proof of 5.1.35. First apply 5.1.36 to see that there exists fA A —» ]§
unique up to homotopz, SUNCh that H : ¢go fA fowa, where o4 = cp\A
A— Aand vYp=9¢|B: B — B.

We now use HELP to extend fA to f: X —Y. Namely, we consider
the diagram

~/
J J{f

HY

V

together with the homotopy H : fogpoi ~ o jo fA given above. Then
HELP implies the existence of ]7: X — Y such that fo; = 30 fA, ie., f is
a map of pairs ()~(, E) — (}7, B), and the existence of a homotopy of pairs
I:T:fogpzq/;oﬁ as desired.
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The uniqueness up to homotopy is another straightforward application of
HELP and is left to the reader as an exercise. a

Later on, we shall prove the existence of a CW-approximation. See 6.3.20
and 6.3.21.

It is a consequence of this property that if the pairs ()A(:, g), @ and ()7’, Z’)7
@' are CW-approximations of (X, A), then there exists a (weak) homotopy
equivalence h : ()Z' ,Z) — ()7’ , g’), which is unique up to homotopy and
satisfies ¢’ o h ~ . (See 5.1.37 below.)

A well-known theorem of J.H.C. Whitehead is the following.

5.1.37 Theorem. Fvery n-equivalence e : Y — Z between CW-complezes
of dimension less than n is a homotopy equivalence. Moreover, a weak ho-
motopy equivalence between CW-complexes is a homotopy equivalence.

Proof: Let e : Y — Z fulfill one of the assumptions. Since in either case,
by 5.1.32 or 5.1.33, e, : [Z,Y] — [Z,Z] is a bijection, there is a map
f+Z — Y such that e o f ~ idyz. Then it follows that eo foe ~ e
and, since also e, : [Y,Y] — [Y, Z] is a bijection, foe ~idy. Thus e is a
homotopy equivalence. a

A corresponding result holds also for CW-pairs; we have the following.

5.1.38 Theorem. A weak homotopy equivalence between pairs of CW com-
plezes is a homotopy equivalence. Therefore, CW -approzimations are unique
up to homotopy.

Proof: It e : (Y,B) — (Z,C) is a weak homotopy equivalence, then the
restrictions eg : B — C'and ey : Y — Z are weak homotopy equivalences,
and by the previous theorem, they are homotopy equivalences with homotopy
inverses fp : C — B and gy : Z — Y. In principle, gy|C # f5, but since
these maps are homotopic and since the inclusion C' — Z is a cofibration
by 5.1.29, one can replace gy with a homotopic map fy : Z — Y whose
restriction to C satisfies fy|C' = fg. Then f : (Z,C) — (Y, B), where
f1Z = fy and f|C = fp, is a homotopy inverse of e. O

5.1.39 EXERCISE. Let X be an n-connected CW-complex for all n > 0.
Prove that X is contractible.
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5.1.40 ExAMPLE. If X is not a CW-complex, then a weak homotopy equiv-
alence need not be a homotopy equivalence. An example is the space de-
fined as follows. Let A = {(z,y) € R? | 0 < z < 1, y = sin(n/x)},
B={(0.y) R | -3 <y<1}andC={(09)|ye -4 -1}U{@ I e
R?* [z € [0,1]} U{(L,y) | y € [~3,0]}. Then the space X = AUBUC is
called the Polish circle (see Figure 5.1). So m,(X) = 0 for all n > 0, since a
map « : S” — X cannot be surjective. Therefore, X is n-connected for all
n; that is, the projection X — * is a weak homotopy equivalence. However,
X is not contractible (cf. Exercise 5.1.39).

Figure 5.1

5.1.41 EXERCISE. Prove that the subspace X = {0}U{2 |n=1,2,3,...}C
R is not a CW-complex. (Hint: If it were one, then the map NU{0} — X,
n— %7 0 +— 0, would be a homotopy equivalence.)

5.1.42 EXERCISE. Provide the details left out of the previous proof. Namely,
prove that there exists fy : Z — Y such that fy ~ gy and fy|C = [5.
Moreover, prove that f and e are homotopy inverses as maps of pairs.

5.1.43 DEFINITION. Let (X, A) and (Y, B) be CW-pairs. A map of pairs

g: (X, A) — (Y, B) is called cellular if g(X™"UA) C Y™UB for every n > 0.

The next theorem on cellular approximation plays a very important role
in the homotopy theory of CW-complexes.
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5.1.44 Theorem. Let (X, A) and (Y, B) be CW-pairs, and let f : (X, A) —
(Y, B) be a map of pairs. Then there exists a cellular map g : (X, A) —
(Y, B) such that g ~ frel A.

Proof: We proceed inductively over the skeletons. We need g homotopic to
f such that for every n the following is a commutative diagram,

g

X

Y

X"UA?Y”UB,

where g, = g|X™ U A. For n = 0, just take a path ~; : f(z;) ~ y; for
every point x; € X° — A, where y; is any point in Y°. Then define Hy :
(X°UA)x T —Y by Hy(a,t) = f(a) for a € A and Hy(z;,t) = ;(t) for all
x; € X° — A. This is a homotopy from fl[AU X°to go: X°UA — Y°UB
relative to A.

Assume inductively that we have g, as in the diagram above, and that
H,: (X"UA)xI — Y is such that H, : f|X"UA ~ i, o g,, where
in YY" U B — Y is the inclusion. For each attaching map ¢ : S® — X™ of
acell : D! — X, one applies HELP to

SnC—> Dn+1
g:ﬂ»l e g -
gnop - fop
-
~

ymluB—S Y

and the homotopy H, o (¢ x id) to obtain ¢/, ., : D" — Y™t U B and a
homotopy H, , : fo @ ~ini1 00,
All ¢/, for the (n + 1)-cells and f|X" U A glue together to produce

Gny1 @ XU A — Y"1 U B extending g,, and the homotopies H! glue
together to produce a homotopy H, i1 : ini1 0 f| X" U A~ g, el A

Since X has the weak topology determined by its skeletons, we have that
the maps g, determine a cellular map g : X — Y and that the homotopies
H,, determine a homotopy H : X x I — Y such that H : f ~ grel A. O

We obtain the next result as a consequence of 5.1.25.

5.1.45 Corollary. Suppose that X is a CW-complex with exactly one 0-cell
and with the rest of the cells all having dimension bigger than n. Then X is
n-connected.
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Proof: By hypothesis we have X™ = *. Applying 5.1.25, we obtain that
i, @ m(X™) — m.(X) is an epimorphism for » < n, and consequently
m(X) =0 for r <n. O

Suppose that X and Y are CW-complexes whose characteristic maps are
{ep D" — X |i €, n>0}and {yf* : D™ — Y | j € Jp, m >
0}, respectively. Next let us consider the product X x Y together with its
characteristic maps {@} x " : D" x D™ ~ D™" — X x Y | (i,j) €
I, X Jm, n >0, m > 0}. In order for this to define a CW-complex structure
on X xY we have to impose some sort of restriction on X xY. One possibility
is given in the next result, due to Milnor [45, IL.5].

5.1.46 Proposition. Let X and Y be CW-complezes. If

(a) either X or'Y is locally compact, or if

(b) both X andY have countably many cells,

then X XY is a CW-complez. a

5.1.47 NOTE. Another way to realize X x Y as a CW-complex is to change
its topology to the compactly generated topology of k(X x Y). See 4.3.20.

Suppose that X is a CW-complex whose characteristic maps are {¢} :
S — X | i € I,, n > 0} and that A C X is a subcomplex whose cells
are labeled by a subfamily H, C I, for each n > 0. We define a family by
K, =1I,— H, for n > 0 and by Ky = (Iy — Ho) U {io}, where iy € Hy. Let
p: X — X/A denote the quotient map, and consider the family of maps
{poglr:S"' — X/A|i€ K,, n>0}.

5.1.48 EXERCISE. Prove that the family {po ¢? : S"™1 — X/A | i €
K,, n > 0}, as just defined, determines a CW-complex structure on the
quotient space X/A.

Let us now consider the following definition, which in some sense is dual
to 2.9.1.

5.1.49 DEFINITION. Let X and Y be pointed spaces with base points z(
and yo, respectively. We define their smash product X AY to be the quotient

X xY/X x{yo} U{ap} x Y.



5.2 INFINITE SYMMETRIC PRODUCTS 167

5.1.50 EXERCISE. Prove that the reduced suspension ¥.X of a pointed space
X (as defined in 2.10.1) is exactly the smash product S* A X (at least when
X is a CW-complex). Using this and the fact that the latter product is
associative, show that S* = S' A---AS!, where we take n copies of S'. Then
conclude that the reduced n-suspension of X satisfies "X = S" A X. (Just
how general can we make this statement?)

5.1.51 Proposition. Let X be a CW-complex with skeleton X"t = {x},
and let Y be a CW-complex with skeleton Y*=1 = {x}. Moreover, suppose
that both of them have countably many cells and that their common base point
is . Then their smash product X \Y is an (r+s—1)-connected CW-complez.

Proof: Using Proposition 5.1.46 we have that the product X x Y is a CW-
complex with cells of the form {*} x e, ef" x {*} or e]* x €7 for m > r and
n > s. The cells of the first two types form the subcomplex X VY of X x Y.
Then using Exercise 5.1.48 we get that X AY = X x Y/X VY is a CW-
complex with exactly one 0-cell and with the rest of its cells having dimension
larger than r + s — 1. Then Corollary 5.1.45 implies that m,(X AY) = 0 for
g<r+s—1 O

5.1.52 Corollary. Let X be a pointed CW-complex. Then its n-suspension
¥ X is a CW-complex that is at least (n — 1)-connected.

Proof: This is an immediate consequence of 5.1.51 and Exercise 5.1.50. O

5.2 INFINITE SYMMETRIC PRODUCTS

Up to now, we have met two instances of Filenberg-Mac Lane spaces, both
of type (G,1). Infinite symmetric products, which we are about to define,
allow us to generalize the definition of the Eilenberg—-Mac Lane spaces of
type (G, n) for any abelian group G and any n, starting from certain spaces
that are called Moore spaces.

Given a topological space X, however complicated from the homotopical
point of view, its infinite symmetric product SP X is a homotopically simpler
space still reflecting many topological properties of X. More precisely, these
infinite symmetric products have the property of being topological abelian
monoids. Since topological abelian monoids are characterized by their ho-
motopy groups, as we shall see, then it is natural to consider these homotopy
groups 7, (SP X).
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We shall assume throughout this chapter that all the spaces considered
are pointed spaces and that all the maps between them preserve the base
points.

5.2.1 DEFINITION. Let X be a pointed topological space, and let X =
X X --+ X X be its nth Cartesian product for n > 1. If X, denotes the
symmetric (or permutation) group of the set {1,...,n}, then there is a right
action of this group on X, which permutes the coordinates, that is, for
o € Y, we define

(@1, .., 20)0 = (To(1), - - s To(n))s ;€ X.
The orbit space of this action
SP"X = X" /%,

(i.e., we are identifying 7 € X' with Zo € X for every ¢ € %,) provided
with the quotient topology is called the nth symmetric product of X. The
equivalence class of (z1,...,z,) will be denoted by [x1,...,z,]. Using the
base point zy € X we define inclusions

SP"X — SP™ X

by
[T1, ... @) & [0, T1, . ., Tp)

for n > 1. Then we can form the union

SPX = USP"X

equipped with the union topology; namely, B C SP X is closed if and only
if BN SP"X is closed for each n > 1. We call SP X the infinite symmetric
product of X.

In this way the elements of SP X can also be considered as unordered
n-tuples [z1, ..., 2,], where n is any positive integer. Then SP X turns out
to be a pointed space with base point 0 = [zg]. Moreover, we have a natural
inclusion i : X < SP X since X = SP'X.

5.2.2 NOTE. Let X be a CW-complex with countably many cells. One can
give a natural cell structure to X™ such that each ¢ € ¥, is either the identity
on a cell or a homeomorphism of the cell onto some other (different) cell. In
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this way the quotient space SP"X = X x - .- x X/, has also a CW-complex
structure such that SP" ' X is a subcomplex, and since

SP X = colim SP" X

has the colimit topology with respect to SP" X, for n = 1,2,..., then SP X
is a CW-complex. If, more generally, X is an arbitrary CW-complex, then
one should take the compactly generated topology in each product instead

(see [80]).

5.2.3 EXERCISE. Let A be a partially ordered set of indices and let X},
A € A, be pointed spaces such that if A < p, then X, C X, is a closed
subset. Prove that if X = J, X has the union topology, then, for each n,
U, SP"X, =SP"X.

5.2.4 EXAMPLE. Let us consider the 2-dimensional sphere S? as the Rie-
mann sphere consisting of the complex numbers together with the point
at infinity, denoted by oco. A point in SP"(S?) is an unordered n-tuple
Q1,Qs, ..., q, of complex numbers or co. There exists a nonzero polyno-
mial, unique up to a nonzero complex factor, of degree less than or equal to
n whose roots are precisely ay, as, ..., a,, where we consider oo to be a root
of the polynomial if its degree is less than n. Considering the coefficients of
this polynomial as homogeneous coordinates on the complex projective space
CP" = C"*! — 0/~ (using the identification # ~ Az for nonzero A € C) we
get a homeomorphism SP" (S?) ~ CP".

5.2.5 NOTE. We now give another way of understanding the infinite sym-
metric product SP X of a pointed space X. First define @ X = {(z1,z2,...) |
x; € X, x; = x for all but finitely many indices ¢ € N}, considered as
a set. We give @ X the colimit topology induced by the subspaces X" =
{(x1,...,Zn, *,%,...)}, which themselves have the product topology. Now let
Yo be the group of those permutations of the natural numbers N that leave
pointwise fixed all but a finite number of the natural numbers. Then >, acts
on @ X by defining (21, 2, 23, ...)0 = (To(1); To(2), To(3), - - -) for o € Boo. Fi-
nally, we form the orbit space of this action, and we get @ X/X, = SP X.

5.2.6 EXERCISE. Prove that the alternative definition of SP X, given in the
previous note, in fact agrees with Definition 5.2.1.

If f: X — Y is a (pointed) map, then it induces maps f": X — Y,
which are compatible with the action of ¥,. Actually, these maps in turn
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induce maps f™ : SP"X — SP"Y, which give us a commutative diagram

f(n)l lf(nﬂ)

"HSPTLY*)SF"HIY*)“'
and therefore induce a map

f:SPX — SPY.

5.2.7 Proposition. The construction SP has the following functorial prop-
erties:

(a) f = ldX = f: idspx.
(b) f:X —Yandg:Y — Z=(gof)=Gof:SPX —+SPZ. O
5.2.8 Proposition. Let A be a closed (respectively, open) subset of X that

contains the base point, and let i : A — X denote the inclusion map. Then
i™ : SP"A — SP"X andi:SP A — SP X also are inclusions.

Proof: Let us consider the diagram

n

A'——X"
Pl lp’

where p and p' are the relevant identification maps. The maps ", p, and p
are closed (respectively, open), which means that they send closed subsets
to closed subsets (respectively, open subsets to open subsets), and therefore,
i™ is also a closed (respectively, open) map. Thus i is an inclusion, and
its image i (SP"A) C SP"X is closed (respectively, open) in SP™X.

Because SP X = [ JSP"X has the union topology, it follows that

i™(SP"A) =i(SP A) N SP"X

~

is closed (respectively, open) in SP"X. Thus, i(SP A) is closed (respectively,
open) in SP X so that ¢ : SP A — SP X is an inclusion. O

If we are now given a (pointed) homotopy F' : X x I — Y, then we
obtain homotopies
F®™ : (SP"X) x I — SP"Y
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that are compatible with the inclusions. Consequently, we get a homotopy
F:(SPX)xI—sSPY.

So we have proved the following result.

5.2.9 Proposition. Suppose that X andY are pointed spaces and that f, g :
X — Y are pointed maps. If f ~ g, then f ~ g™ and f ~ 7. O

We deduce the next property from 5.2.7 and 5.2.9.

5.2.10 Corollary. If f : X — Y is a homotopy equivalence, then f:
SP X — SPY also is a homotopy equivalence. O

5.2.11 EXAMPLE. The Riemann sphere without its poles (namely, S? —
{0,00}, where S* = C U {oo}), that is, the punctured plane C — 0) has
the same homotopy type of the circle S'. Specifically, the inclusion S' C
S? — {0,00} = C — 0 is a homotopy equivalence with inverse C — 0 — S*
given by z — z/|z| (see Figure 5.2).

R

>

Figure 5.2

So from the point of view of homotopy theory, analyzing SP S! is equiv-
alent to analyzing SP (S? — {0, 00}). (See 5.2.23.)

Recall that a topological space X is contractible if there exists a homotopy
equivalence between it and a one-point space or, equivalently, if there exists
a homotopy F': X x I — X that starts with the identity and ends with the
constant map c(z) = xg, namely, if idx is nullhomotopic. Such a homotopy
F is called a contraction.

5.2.12 Corollary. If X is contractible, then so also are SP"X and SP X.O
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5.2.13 EXAMPLE. A typical example of a contractible space is the unit in-
terval I. Specifically, we have a contraction given by

F:IxI] — I,
F(s,t) = 1—-(1-=s)(1-1¢).
More generally, the hypercube I™ is contractible with contraction given by
F:I"x] — I",
F((s1,--,8n),t) = (1=(1=s1)(1=1),...,1—(1=s,)(1—1)).

Consequently, any space homeomorphic to I", such as the disk D", for ex-
ample, is contractible as well.

5.2.14 EXAMPLE. Another typical example of a contractible space is the
cone C'X over any space X. In this case

F:CXxI — CX,
F((z,5),t) = (r,1—(1—s)(1-1),

defines a contraction.

5.2.15 DEFINITION. We say that a neighborhood U of a subspace A of X
can be deformed to A in X, or is deformable to A in X, if there exists a
homotopy

D:XxI—X

such that for all x € X we have
D(z,0) = z,
DAxI)C A DWUxI)cCU,
D(U x {1}) C A.

5.2.16 ExAMPLE. Consider A C X. Let X’ = X U A x I be the mapping
cylinder of the inclusion map, and let A” C X’ be the image in X’ of A x {1}.
Then A’ has a neighborhood that is deformable to A’ in X’. Specifically, we
define U to be the image in X’ of A x (%, 1], and we define D : X' x [ — X'
by D(x,s) = x for x € X and by

(a,t(1+s)) if ¢

<
(a,t(1—s)+s) ift>

D(a,t,s) = {

SIS

for (a,t) € Ax1. Tt is straightforward to verify that the homotopy D satisfies
all the conditions of the previous definition.
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The following is the key result of the paper by Dold and Thom. However,
its proof is rather long, so we delay that until Appendix A.

5.2.17 Theorem. (Dold-Thom) Suppose that X is a Hausdorff space and
that A is a closed path-connected subspace that has a neighborhood deformable
to A in X. Then the quotient map p : X — X /A induces a quasifibration
p:SPX — SP(X/A) such that for every T € SP (X/A), we have p~'(T) ~
SP A (where ~ denotes homotopy equivalence). O

5.2.18 Corollary. Suppose that X andY are Hausdorff spaces with Y path
connected and take f: X — Y. Consider the sequence of maps

x Ly o 2 ex
Then
p:SP(Cf) — SP (2X)
is a quasifibration with fiber p~*(z) ~ SPY.
Proof: The quotient map of C} that identifies ¥ to a point, namely p :

Oy — XX, satisfies the hypotheses of the Dold-Thom theorem; therefore,
the result follows. O

So in particular, from the sequence

XN XesoXx —ux

we get the quasifibration
SP (CX) — SP (XX)

with fiber SP X, and thereby the next result.
5.2.19 Corollary. If X is Hausdorff and path connected, then for every
q > 0 we have an isomorphism

Te+1(SP (X)) = 7,(SP X).
Proof: First, we start with the quasifibration SP (CX) — SP (¥X) with
fiber SP X, and we apply the long exact sequence (see 4.3.41) to get

oo — M1 (SP (CX)) — 141 (SP (X)) —
— 1,(SPX) — m,(SP (CX)) — --- .

Then because CX is contractible, we know that SP (C'X) is also contractible
by applying 5.2.12. It follows that 7,(SP (CX)) = 0 for ¢ > 0. So we get the
desired isomorphism from the previous exact sequence. a
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5.2.20 EXERCISE. Prove that the inverse of the isomorphism given in the
proof above is provided by

[f:SY — SPX] s [So+1 —> 5SP X ~ SPTX .

Let X' = XU(AxI)and A = Ax {1}, as in 5.2.16. By the Dold-Thom
theorem, the quotient map p’ : X’ — X’/A’ induces a quasifibration

PSP X' — SP(X'/A)

with fiber ]/9771(?) ~ SP A’. Therefore, using Example 5.2.16 we have the
next assertion.

5.2.21 Proposition. Let X be a Hausdorff space and A C X a path-con-
nected subspace. Then the canonical map

SP(XU(AxI))— SP(XUCA)
s a quasifibration with fiber SP A. ad

Suppose that X is a Hausdorff space with a subspace A C X such that the
inclusion is a cofibration. Then using 4.2.3 and the remarks that follow 4.2.7
we have that X UA x I has the same homotopy type of X and that X UC' A has
the same homotopy type of X/A. Moreover, under these homotopy equiva-
lences the quotient maps X — X/A and X UA x I — X UCA correspond
to each other, at least up to a homotopy equivalence. By applying 5.2.21, we
obtain in this way the following version of the Dold-Thom theorem 5.2.17.

5.2.22 Theorem. Suppose that X is a Hausdorff space with a path-connected
subspace A such that the inclusion is a cofibration. Then the quotient map
p: X — X/A induces a quasifibration p : SP X — SP (X/A) with fiber
p(T) = SP A for every T € SP (X/A). O

This version of the Dold—Thom theorem is the most useful in applications,
since usually either the hypothesis that A < X is a cofibration is easy to
verify or it is well known that it holds in the given case.

We finish this section with two crucial results that will be useful for several
applications.

5.2.23 Proposition. (Dold-Thom) The natural inclusion S' — SPS! of
the circle in its infinite symmetric product is a homotopy equivalence. There-
fore,

Z ifq=1,
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Proof: As a representantive of the homotopy type of S!, let us take the Rie-
mann sphere punctured in its poles, namely S*—{0, oo} (see 5.2.11). Accord-
ing to 5.2.4, SPS? is nothing other than the space of nonzero polynomials
Sor a2’ of degree no greater than n. Then SP" S! consists exactly of those
polynomials that have neither 0 nor co as a root, and this means those for
which ag # 0 and a, # 0. In other words, SP" S is obtained from the com-
plex projective space CP" ~ SP™S? by removing the hyperplanes ag = 0 and
a, = 0. When we restrict the quotient map C* — 0 —s CP" ! to the sphere
S?1 we get another quotient map ¢ : §**~' — CP"'. The reader can
check that if we add the disk D?* to CP"* using ¢, then we get CP" (see Ex-
ercise 5.2.25 below); namely, we have D" U, CP" ' = D**"UCP"" !/~ = CP",
where D" O §2"7! 5 ~ p(z) € CP" .

It follows from this that removing the hyperplanes ag = 0 and a,, = 0
from CP" corresponds to removing two copies of CP" ! that are embedded
as 0 x CP"! and CP"! x 0. Removing the first of these leaves an open

09
disk D n, and then removing the second amounts to removing (CP"~* x 0) —
0 2n—2

(0x CP"? x0) = (CP"* ~0xCP"?)x0 =D~ x0. Then what

° 9n—2 °9
remains is D x (D — 0), which clearly has the same homotopy type of
S'. Therefore, SP"S! has the same homotopy type of the circle, and the
injection S' € SP™S! is a homotopy equivalence.

Finally, by 4.5.13,

7 ifqg=1,

SPS') =
m(SPS) {0 itq#1,

and this proves the proposition. a

Since as we have seen, the only nonvanishing homotopy group of SP S!
is the fundamental group, which is isomorphic to Z, and since S? = ¥S!, we
can use 5.2.19 and 5.2.23 to get

m,(SPS?*) = 7, 1(SPS') 2 7, 1(SY),

and so
7 if q =2,

msms?))—{o s

By using £S""! = S* and by then applying 5.2.19 again, we inductively get
the next assertion.
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5.2.24 Proposition. For each integer n > 1

Z ifq=n,

7, (SPS") = {O foin

5.2.25 EXERCISE. Let X be a Hausdorff space and let A € X be closed.
Assume that there is a map ¢ : D" — X such that p(S"™!) C A and such
that p|D" —S" ' : D" —S" ! & X — A. Prove that X ~ A Uggn-1 D"

From the proof of 5.2.23 and the previous exercise we obtain the following

result (cf. 5.1.3(a)).

5.2.26 Corollary. For all n > 1 the complez projective space CP" has the
structure of a CW-complex with one 2k-cell for each k, 0 < k < n. Its 2k-
skeleton is CP*, and the attaching map of the (2k 4 2)-cell is the canonical
quotient map @j.1 : S*T1 — CP*. 0

5.3 HomMmorocy GROUPS

The infinite symmetric product SP X introduced in the previous section is
determined by its homotopy groups, as we shall see later on in Section 6.1
(see 6.4.17). In this section we shall study these homotopy groups 7, (SP X),
which will turn out to be the ordinary homology groups with integral coeffi-
cients of the given space X.

We shall first define the reduced groups, and from them shall define the
relative groups.

5.3.1 DEFINITION. Let X be a path-connected CW-complex with base point
xo. We define its nth reduced homology group (with coefficients in Z) forn > 0
as

H,(X) =m,(SP X),

where the homotopy group is defined with respect to the base point in SP X
determined by xy. For n < 0 we define H,(X) = 0.

In general, the functor my does not give us a group. Nonetheless, according
to 5.2.19, we immediately have the following statement.
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5.3.2 Proposition. If X is a pointed path-connected CW -complex, then

Hu(X) = ot (X)),

for all n, where XX denotes the reduced suspension of X. a

On the one hand, this allows us to extend the definition of reduced homol-
ogy groups to spaces that are not necessarily path connected. Specifically,
since XX is always path connected, we define

H,(X) = Hya (2X),

for every pointed CW-complex X and n > 0. On the other hand, it allows
us to assert that Hy(X) = H;(XX) & He(X%2X) = my(SP X2X) is not only a
group but that it is abelian, as are all the other groups H,(X).

If f: X — Y is a pointed map of pointed CW-complexes, then the map
f:SPX — SPY induces a homomorphism

fot Ho(X) — H,(Y).
These groups and homomorphisms have the following properties.

5.3.3 Functoriality. If f : X — Y and g : Y — Z are maps of pointed
CW-complezes, then

(gofle=geo fu: ﬁn(X) — ﬁn(z)
Moreover, if idx : X — X is the identity, then

idx. =15,y : Ha(X) — Ha(X).

5.3.4 Homotopy. If f ~¢g: X — Y (a pointed homotopy), then

fo=g. Hy(X) — H,(Y).

5.3.5 Exactness. For every pointed map f : X — Y we have an ezxact
sequence

H(X) L5 H (V)" H,(Cy)

where Cy denotes the mapping cone of the map f and i : Y — Cy is the
canonical inclusion.
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5.3.6 Dimension. For the 0-sphere SY we have

ﬁn(SO) = {Z an - O’

0 ifn#0.
Proof: The functoriality property is an immediate consequence of the func-
toriality of the symmetric product construction (see Proposition 5.2.7) and
the functoriality of homotopy groups (see Theorem 3.5.8). The homotopy
property is an immediate consequence of Proposition 5.2.9. To prove the
exactness property, we use the diagram

x—1-y

I

Zy —Cy,

which is commutative up to homotopy. Here Z; is the reduced mapping
cylinder of f, which we define to be the result of identifying the line segment
{zo} x I in the mapping cylinder My (cf. (3.1.2)) of f to a single point.
Moreover, the map Z; — C/ is the canonical identification of the cylinder
to the cone, namely the map that identifies X x {1} to a single point. The
canonical inclusion Y < Z; is obviously a homotopy equivalence. (See
Exercise 5.3.11 below.) By the Dold-Thom theorem 5.2.17, the induced
map SP (Z;) — SP(Cy) is a quasifibration with fiber SPX. By using
Proposition 4.3.40, we therefore have an exact homotopy sequence

my(SP X) — my(SP (Zf)) — my(SP (Cy))

which, up to the homotopy equivalence mentioned above, is equivalent to the
exact sequence

74(SP X)imq(sp Y) =57, (SP (C)) .

Then by using the definition of reduced homology group, we get the desired
exact sequence.

Finally, the dimension property is an immediate consequence of Propo-
sition 5.2.23, namely that the natural inclusion S' < SPS! is a homotopy
equivalence. Therefore, we have that

Z if n=0,

H,(S°) = H,.,(S") = 7,.1(SPSY) = 7,1 (S}) =
( ) +1( ) 7T+1( ) 7T+1( ) {O ifn 0.
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All given axioms of functoriality, homotopy, exactness and dimension are
the so-called Filenberg—Steenrod axioms for a reduced ordinary homology
theory.

For the one-point space, or more generally for any contractible space, one
sees immediately that it has trivial reduced homology. Specifically, we have
the next assertion.

5.3.7 Proposition. Let D be a contractible space. Then we have f[n(D) =0
for all n. O

5.3.8 Proposition. Suppose that n > 0. Then we have

~ Z ifq=n
H"(Sn):{o ;Z#n

Proof: Using Proposition 5.3.2 and the fact that S* = X"S° we obtain
H,(S") & H,,(S°), so that an application of the dimension property 5.3.6
gives us the desired result. Alternatively, the result follows immediately from

5.2.24. O

One very interesting and important consequence of Propositions 5.3.7
and 5.3.8 is the following famous theorem, known as the Brouwer fixed point
theorem, whose special case for dimension n = 2 was proved in Chapter
2 (Theorem 2.4.23). The proof looks exactly the same, but instead of the
degree, which (implicitly) uses the fundamental group, we use here the (re-
duced) nth homology groups.

5.3.9 Theorem. Suppose that n > 1 and that f: D" — D™ is continuous.
Then there exists a point xg € D" satisfying f(xo) = xo. We call zq a fized
point of f.

Proof: If there were no such xg, then we would have f(z) # z for every
x € D™ So the points z and f(z) would determine a ray starting from f(z).
This ray would intersect S*~! in exactly one point, say 7(x) (see Figure 5.3).
The map 7 : D"® — S* ! is well defined and continuous and is actually a
retraction. However, the existence of such a retraction contradicts the next
proposition. O

5.3.10 Proposition. Suppose that n > 1. Then there does not ezist any
retraction v : D" — S"7L,
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Figure 5.3

Proof: 1f such a retraction did exist, we would have the commutative triangle

TN

n—1 n—1
S id S !

where 7 : S*™! — D" is the inclusion. Consequently, we would get the

following commutative triangle of reduced homology groups with coefficients
in Z:

H, (D"

Hy_1(S") Hy_y(S™71).

1

But this is impossible, since according to Proposition 5.3.8, this would imply
that 17 factors through the group H,_;(D"), which is trivial by Proposition
5.3.7; however, H,_1(S"') is nontrivial. 0

5.3.11 EXERCISE. Prove that the canonical inclusion j : Y < Z; is a ho-
motopy equivalence satisfying j o f ~ k, where k : X — Z; is the canonical
inclusion induced by x — (z, 1).

We can define homology groups of pairs as follows.

5.3.12 DEFINITION. Let (X, A) be a CW-pair. We define the nth homology
group of (X, A) to be

H,(X,A) = H,(X UCA),

where X U C'A is the mapping cone of the inclusion map of A into X. If
f:(X,A) — (Y, B) is a map of CW-pairs, then the induced map on the
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cones, namely f': XUCA — YUCB defined by f'(z) = f(z) € Y forxz € X
and f'(a,t) = (f(a),t) € CB for (a,t) € CA, induces a homomorphism

fo: Ho(X, A) — H,(Y,B).

In particular, in the case A = () we have that H,(X) = H,(X™), since by
definition CA = x and X UCA = X* = X U« in this case.

In the same way as in the cases of reduced homology, we have the following
properties.

5.3.13 Functoriality. If f : (X,4) — (V,B) and g : (Y,B) — (Z,0)
are maps of CW-pairs, then

(90 f)s = g0 fut Hi(X, A) — Ho(Z,0).
Moreover, if id(x a) : (X, A) — (X, A) is the identity, then
id(X,A)* = 1Hn(X,A) : Hn(X, A) — ]fn()(7 A)
5.3.14 Homotopy. If f ~ g : (X, A) — (Y, B) (a homotopy of pairs),

then

fe=9.: Hy(X, A) — H,(Y,B).

5.3.15 Excision. Let (X; X1, X5) be a CW-triad; that is, X; and X5 are
subcomplezes of X satisfying X = X; U Xs. Then the inclusion j : (X1, X1 N
X)) — (X, X3) induces an isomorphism

ot Ho(X1, X0 N Xo) — Ho(X, X5),  n>0.

5.3.16 Exactness. For every CW-pair (X, A) there exists a long exact se-
quence

o Hyy(A) — Hyp1(X) — Hyy (X, A) -5 Hy(A) — -+

where O is called the connecting homomorphism in homology, which is a nat-
ural homomorphism; namely, for every map of pairs f : (X, A) — (Y, B),
we have a commutative diagram:
Hyp1 (X, A) =" H,(A)
f*J( i(fIA%
Hya(Y, B) —— H,(B).
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5.3.17 Dimension. For the one-point space * we have

H () = Z ifn=0,
10 ifn#0.

Proof: The functoriality and homotopy properties follow immediately from
the corresponding properties in the reduced case.

To prove the excision property, we first recall Corollary 4.2.3, namely
that the identification X UCA — X UCA/CA ~ X/A is a homotopy
equivalence, which implies that

(5.3.18) H,(X,A) = H,(X/A)

for every CW-pair (X, A). So to prove 5.3.15 it is enough to note that the
conditions imposed on X, Xy, and X, imply that

X/X2 and XI/XI ﬂXg

are homeomorphic.

In order to prove the exactness property we are going to define
0:Hyp1(X,A) — H,(A4)

by using the map
X/AZXTuCcAT EnAT,

where p is the homotopy inverse of the quotient map X+ U CAT — X/A
and p' is the quotient map that collapses X . Specifically, we define d to be
the composite

0 Hyo(X, A) — Hy(X)A) -2 (DAY =
=~ H,(A*) = Hy(A).

We prove the exactness at Hy41(X) by taking the exact sequence for the
reduced case for the inclusion i : AT — X+ and so get the exact sequence

Hy1(AY) — Hypi(XF) — Hyia (),
which is the same as
Hyy1(A) — Hy1(X) — Hya (X, A),

since Hyy1(C;) = Hyp1 (X, A).
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The exactness at H,1(X, A) is now shown by taking the exact sequence
for the reduced case for the inclusion j : X — X+ U CA™ namely

Hyy1(XT) — Hyt(XTUCAT) — Hy(C)),

It is easy to prove that C; ~ A" (see Section 3.3, particularly equation
(3.3.4)), which implies that the previous exact sequence becomes

Hy1 (X) — Hy (X, A) — H,(A),

where the last homomorphism is precisely 0.

Finally, the exactness at H,(A) is proved by considering the exact se-
quence for the reduced case for the identification p : XT U CAT — TAT
and by noting that C;, ~ XX . This means that the sequence

Hy (XTUCAY) — Hy g (SAT) — Hyy (BX)
becomes the sequence
Hy(X,A) — Hy(A) — H,(X),

where the first homomorphism is exactly d and the second homomorphism
is induced by the inclusion A < X.

_ The dimension property follows immediately from the fact that H,(x) =
H,(S). o

All axioms of functoriality, homotopy, exactness and dimension given
above are the so-called Eilenberg—Steenrod axioms for an ordinary (unre-
duced) homology theory.

5.3.19 EXERCISE. Verify the details of the proof of the exactness property.
In particular, show that C), ~ XX and that up to precisely this homotopy
equivalence, the map ¥ A" — C,, corresponds to the inclusion.

5.3.20 NOTE. The proof that we have given of the exactness property for
the case of pairs (starting from the corresponding property for the reduced
case) is not the simplest. However, it is worthwhile to present this, since it
gives a general way of proving that any functor satisfies a relative exactness
axiom (such as 5.3.16), provided that it satisfies a reduced exactness axiom
(such as 5.3.5). This is particularly important in the study of generalized
theories of homology (or cohomology). A simpler proof of 5.3.16 is possible,
as we request the reader to provide in the next exercise.
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5.3.21 EXERCISE. Construct an alternative proof of the relative exactness
axiom (5.3.16) using the long exact homotopy sequence (4.3.41) of the quasifi-
bration SP Z; — SP C; that is induced by the identification map Z; — Cj,
where i : A — X is the inclusion.

5.3.22 EXERCISE. Assume that X is contractible. Prove that
Hy(X,A) = Hy 1 (A)

if g > 1, and
Hl(X7 A) = HO(A) :

5.3.23 EXERCISE. Take A C B C X and assume that the inclusion A — B
is a homotopy equivalence. Prove that the inclusion of pairs (X, A) < (X, B)
induces an isomorphism

H,(X,A) — H,(X,B)

for all q.

5.3.24 NOTE. We can extend Definition 5.3.12 to arbitrary pairs (X, A) by
defining H,(X,A) = H,(X,A), where (X,A) is a CW-approximation of
(X, A). For any continuous f : (X, A) — (Y, B) we define f, = f,. These
definitions are well defined due to Theorems 5.1.35 and 5.1.44.

5.3.25 EXERCISE. Prove that if f : (X, A) — (Y, B) is a weak homotopy
equivalence of pairs of topological spaces, then

Je Hq(Xv A) — Hq(Y7 B)

is an isomorphism for all g. This is the so-called weak homotopy equivalence
aziom. (Hint: See 5.1.35.)

The definitions of the previous paragraph clearly satisfy the axioms of
functoriality, homotopy, exactness, and dimension as formulated above. But
they also satisfy the following excision axiom that corresponds to 5.3.15.

5.3.26 Excision. (For excisive triads) Let (X; A, B) be an excisive triad;
that is, X is a topological space with subspaces A and B such that AUB = X,

where A and B denote the interiors of A and B, respectively. Then the
inclusion j : (A, AN B) — (X, B) induces an isomorphism

J,: Hyo(A,ANB) — H,(X,B), n>0.
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Proof: In order to show that we have this property we take a CW-approxima-
tion of AN B, say ¢ : ANB — AN B, and extend it to an approximation
of A, say ¢ : A— A, and to an approximation of B, say s : B — B,
in such a way that /TF\W/B = AN B. Thus we can define a map go X =
AUB — AUB = Xsuchthat<p|Af<p1,(p|B—<,92,and<p|AﬂB—<p

Using the hypothesis AUB = X we can now prove that ¢ is a weak homotopy
equivalence; that is, ¢ is a CW-approximation of X (see 5.1.34). Using this
result it is clear that the excision axiom for excisive triads follows from the
excision axiom (5.3.15) for CW-triads. O

5.3.27 EXERCISE. Prove that the excision axiom for excisive triads is equiv-
alent to the following axiom. Suppose that (X, A) is a pair of spaces and that
U C A satisfies U C A. Then the inclusion i : (X — U, A —U) — (X, A)
induces an isomorphism H, (X — U, A —U) = H,(X, A) for each n > 0.

5.3.28 Lemma. For every pointed topological space X we have that

Hq(X): {IjQ(X) Z:fq#o;

Hy(X)®Z ifq=0.
Proof: The cone C; = CX U x of the natural inclusion j : X < X has the
same homotopy type of the 0-sphere S’. So for each ¢ > 0 there exists an
exact sequence

Hy(X)Z5Hy(XT) — Hy(S").

Note that the natural projection p : X™ — X, which sends * to the base
point of X, satisfies p o j = idyx. So the previous exact sequence splits,
implying that the group in the middle can be expressed as the sum of the
other two groups; that is,

Hq(X) = ﬁq(X+) = Hq(X) @ ﬁq(80)~

The statement now follows immediately from the dimension property 5.3.6.

a
As an immediate consequence of 5.3.8 we obtain the following result.
5.3.29 Proposition. Suppose that n > 0. Then we have that
me= {5 D
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Reduced homology groups have an additional property with respect to
infinite unions of CW-complexes. In particular, this allows us to compute the
homology of any CW-complex from the homology of its finite subcomplexes.

5.3.30 Proposition. Suppose that X is a pointed topological space and that
{X\} is a system of closed (or open) subspaces that contain the base point
of X. The inclusions i\ : X\ — X, ditermine a directed system of groups
when one applies to them the functor H, for any q. We then have an iso-
morphism

colim I?q(XA) &~ I:Tq(X),

which is determined by the inclusions iy : Xy — X.

Proof: The inclusions ¢} and i, induce inclusions /z\‘; :SP X, — SP X, and
iy : SP X, — SP X, which in turn induce a continuous and bijective map
colimSP X, — SP X. In general, the inverse function is not continuous,
except on compact subsets. For example, it is continuous if X is compactly
generated (see 4.3.22). However, what we know is enough to guarantee that
the inverse function induces isomorphisms of homotopy groups. For just this
very reason we have m,(colim SP X, ) = colim 7, (SP X). And so we have the
desired result. a

The next result establishes the so-called wedge aziom for homology.

5.3.31 Proposition. If X =\/,_, X», then

Hy(X)= P H,(X).
AEA

Proof: First case. Assume that X; and X, are CW-complexes whose base
point is a 0-cell and take X = X7V X,. If i : X; — X is the canonical
inclusion, then by 4.2.3 the canonical quotient map C; = XUCX; - X/X; =
X5 is a homotopy equivalence. Therefore, by the homotopy property of H ,
one has a short exact sequence

0 — Hy(X1) — Hy(X) — Hy(Xs) — 0,
which obviously splits. Therefore,
gq(X) = ﬁq(Xl) & E’q<X2) :

This implies that for any finite wedge X = \/1;:1 Xy,
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General case. If X =\/,., Xy is an arbitrary wedge of CW-complexes,
then we can take the system of all finite wedges Xt = \/ o X, I' C A finite.
By the previous step,

H(Xr) = P HI(X).
AeT
Therefore, by 5.3.30,

HY(X) = colim @) HU(X)) = @D Hy(X).

In the general case, if the given spaces are not CW-complexes, then one
takes a CW-approximation X, — X, for each A\ and takes as a CW-
approximation of X precisely the wedge

)?:\/)’Z)\—>\/X)\=X

Then the result follows from the CW-case for any spaces. O

5.3.32 EXERCISE. Let (X, A) = [[(X), A»). Prove that for all ¢,

Hy(X, A) = @) Hy(X», Ay).-
A
This is the so-called additivity aziom for homology.

5.3.33 NOTE. In homology there is a way of introducing coefficients in a
general group GG. This will be done at the end of the next chapter in Section
6.3. In what follows, among other things, we shall show another way of
introducing coefficients in a cyclic group using a variation of the infinite
symmetric product.

In the article [26], Dold and Thom introduce another construction related
to the infinite symmetric product of a space. This is the free topological
abelian group over a topological space X with base point xg, which serves
as the zero element of the group. This topological group has properties
analogous to those of the infinite symmetric product. The construction enjoys
the desired properties when the space X is a connected CW-complex with
o as one of its vertices.

To define this topological group we construct the wedge X V X of two
copies of X and then take the map 7: X VX — X V X that interchanges
the two terms and next define an equivalence relation on SP (X V X) by

x~z+2 +7(2),
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where  and 2’ are elements in X (considered as a subset of X V X, which
in turn is a subset of SP (X Vv X)) and the sum + is that of the symmetric
product SP (X V X) given by juxtaposition of the elements. The resulting
quotient space AG X of equivalence classes is an abelian topological group.
Obviously, this construction is functorial. If X is a countable simplicial
complex, then AG X has the structure of a CW-complex. If, instead, X is a
countable CW-complex, then AG X has the homotopy type of a CW-complex
(see [45]). (In case of a general CW-complex, one should take the compactly
generated topology in the products.)

For any positive integer m we can consider the subgroup m-AG X of AG X
consisting of the elements divisible by m. And then we can form the quo-
tient group AG X/m - AG X and so functorially get a new topological group
AG (X;m), which is nothing other than the free topological Z/m-module over
the space X.

Corresponding to the Dold-Thom Theorem 5.2.17, which is the principal
result about infinite symmetric products, we have a result for free abelian
topological groups. Let A be a subcomplex of a countable simplicial complex
X, which has xy as a vertex. If p: X — X/A is the quotient map, then
the induced map p: AG X — AG (X/A) is a locally trivial bundle with fiber
AG A. Actually, this is a principal fiber bundle with both fiber and structure
group equal to AG A.

It follows analogously to the construction SP that the construction AG
is such that the groups H;(X) = m,(AG X) and ﬁ;(X; m) = m,(AG(X;m))
coincide with the reduced ordinary homology of X with coefficients in Z,
respectively in Z/m, in the category of countable simplicial complezes.



CHAPTER 6

HoMoTOPY PROPERTIES OF
CW-COMPLEXES

In order to define cohomology groups, as we shall do in the next chapter, we
have to define some special spaces, called Eilenberg—Mac Lane spaces, which
we have already mentioned. These spaces will be constructed starting from
the concept of an infinite symmetric product introduced in the last chapter.
This construction will be applied to the so-called Moore spaces, which by
construction are CW-complexes.

A very useful tool for analyzing properties of CW-complexes and espe-
cially of the Moore spaces is the homotopy excision theorem of Blakers—
Massey, which will be proved here.

6.1 EILENBERG-MAC LANE AND MOORE SPACES

As we have already noted, one way of defining cohomology groups is by means
of Eilenberg—Mac Lane spaces. In this section we shall construct these spaces
and study some of their properties. In order to define Eilenberg—Mac Lane
spaces we shall need some knowledge of a family of spaces that are associ-
ated to abelian groups or, more precisely, to their primary decomposition.
These are the so-called Moore spaces, they possess some interesting homo-
topy properties which we shall present in this section.

6.1.1 DEFINITION. A space A is said to be an FEilenberg—Mac Lane space of
type K(G,n) or, more briefly, to be a K(G,n), if

~ )]G ifg=n,
mq(A) = .
0 ifg#n.

189
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To prove the existence of these spaces we shall avail ourselves of the ideas
about infinite symmetric products that are developed in [26] and were dis-
cussed in the last chapter.

Proposition 5.2.24 provides us with the first and very important examples
of Eilenberg—Mac Lane spaces.

6.1.2 Proposition. For each integer n > 1 the infinite symmetric product
SPS" is a K(Z,n). O

Since the space St is an H-cogroup (see 2.10.2 and 2.10.8), we can consider
the composite map

14

a St stvst 2 st
where v is the comultiplication and p maps each copy of S! in the wedge by
the identity. Clearly, we have that
g, T (S') — m(SY)
is multiplication by 2 in m;(S') = Z. Analogously,
az: St —L—stvst 22, glyst 2 48!
induces
as, 1 m (S — m(Sh),
which is multiplication by 3. Inductively we can define
ap: St — Yy styst BV qrygt 0L gl
so that
m (S — m (S,

(677

5

is multiplication by k. Let us consider the sequence of maps

(6.1.3) st — st Cay s2.

We usually write C,, as the attaching space S'U,, €%, since it is the result
of attaching to S' the cell CS! ~ &2 by means of the map «;, on its boundary.
The portion

St — S' Uy, € — §?

of the previous sequence induces a quasifibration

SP (S' U,, €?) — SP§?
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with fiber SPS!. So we get a long exact sequence
<o — 1, (SPSY) — 7,(SP (S' U,,, €?)) — 7, (SPS?) —
— w1 (SPSY) — -+
from which we obtain
m,(SP(S' Uy, €*)) =01if ¢ # 1,2
and

0 — m2(SP (S! Uy, €?)) — ma(SP (S?)) — ™ (SP (SY)) —
— m1(SP (S* Uy, €%)) — 0.
Using (6.1.3) we can deduce that the map 73 (SP S?) — 71 (SP S') in this last
sequence is just multiplication by k in Z, and so we have m2(SP (S'U,, €?)) = 0

and 1 (SP (S' Uy, €%)) = Z/k. So we have proved that SP (S' U,, €?) is a
K(Z/k,1); that is, we have the next result.

6.1.4 Proposition. The infinite symmetric product SP (S* U,, €?) is an
Filenberg—Mac Lane space of type (Z/k,1); that is,

Zlk ifq=1,

- 1 e2)) —
2(SP (8" Uny ) {0 o )

If we generalize this construction, we obtain the next definition.

6.1.5 DEFINITION. The attaching spaces S"U,, e"!, k > 2, are called Moore
spaces of type (Z/k,n), where now oy, : S — S™ denotes the (n — 1)-fold
suspension of the map ay defined above, n > 1..

Now applying 6.1.2 and the same reasoning that led us to 6.1.4, we get
the next result.

6.1.6 Theorem. The infinite symmetric product of a Moore space,
SP(S" U, €"*Y),  where n>1,
is a K(Z/k,n); that is,

Z/k ifq=n,

n n+1 _
7q(SP (S" Ug, ")) = {0 if 4 n. .
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6.1.7 EXERCISE. Consider S! as the unit circle in the complex plane C, and
define ay, : S' — S! by a(e*™*) = e?™*. Here k can be any real number.
Prove the following:

(a) For each integer k > 1, we have a homotopy aj, ~ aj : S' — S'.

(b) For k > —1 we have that a_; : S' —» S! is the reflection in the real
axis of C.

(c) If we now let @_y : S* — S™ denote the (n — 1)-fold suspension of the
map &_; of part (b), then this new a_; is a reflection in a hyperplane.

Suppose that X and Y are well-pointed spaces. Recall that this means
that the inclusions of the base points g and 3, in X and Y, respectively, are
closed cofibrations. Then the inclusions Y < X VY and X < X VY also are
(closed) cofibrations. Consequently, if X and Y are O-connected, then they
satisfy the hypotheses of version 5.2.22 of the Dold-Thom theorem. And
then since X VY/Y = X and X VY/X =Y, we have that the canonical
maps X VY — X and X VY — Y induce quasifibrations

SP(XVY)—SPX, SP(XVY)—SPY,

with fibers SPY and SP X, respectively. Since the inclusions X «— X VY
and Y — X VY induce sections of these quasifibrations, we have that the
canonical map SP (X VY) — SP X x SPY induces isomorphisms

(6.1.8) 7o(SP (X VY)) = m,(SP X) & m,(SPY)

for every q. Moreover, if ¢: X < SP X and j: Y — SPY are the canonical
inclusions, we have the commutative diagram

(X VY) (X)) ® 1y (Y)
(6.1.9) (M)*J/ iz‘*@j*
Ty(SP (X VYY) —=my(SP X) ® m(SPY).

Because 1, and SP commute with colimit, (6.1.8) and (6.1.9) hold for infinite
wedges. We should mention here that there is a direct proof of (6.1.8). Or
more accurately put, without using the Dold—Thom theorem and without the
hypothesis that X and Y are well pointed, one can show that the canonical

map that induces the isomorphism (6.1.8) is a weak homotopy equivalence.
(See [26, 3.14].)
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Let us recall from algebra the well-known result called the primary de-
composition theorem. This says that if G is a finitely generated abelian
group, then there is a unique decomposition

(6.1.10) G=L® - DLOLas & - Ly, ,
where di|ds, da|ds, . . ., di_1|dg. Corresponding to such a decomposition of G

we define a space X by

(6.1.11) X =8"V- - VS V(S" Uy, ") V-~V (S" Uy, e

r

g, n+1)‘

6.1.12 DEFINITION. The space X defined in (6.1.11) is called a Moore space
of type (G,n).

Note that by construction, a Moore space of type (G, n) is a CW-complex
with exactly one 0-cell and with all the other cells in dimensions n and n+ 1.

We deduce the next theorem from (6.1.8) and 6.1.6.

6.1.13 Theorem. Let X be a Moore space of type (G,n). Then SP X is an
Filenberg-Mac Lane space of type K(G,n). In other words, this means that
for n > 1 and for all ¢ we have

TSP (§" V- - VS" V(S Uy, €™1) V-V (S Uy, ™))

r

)G ifq=n,
o if ¢ #n.

6.2 HoMoTOoPY EXCISION AND
RELATED RESULTS

We start this section with the following very important result in homotopy
theory, which can be interpreted as the homotopy version of the cohomology
(or homology) excision theorem (see 7.1.16). We give here a homotopical
proof following [51].

6.2.1 Theorem. (Blakers-Massey) Suppose that X is a pointed space and
that A and B are pointed subspaces of X such that
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(i) X=AUB and

(ii) the inclusions AN B — A and AN B < B are cofibrations.

If the pair (A, AN B) is (m — 1)-connected and the pair (B, ANB) is (n—1)-
connected, m > 2, n > 1, then the homomorphism induced by the inclusion,
namely i, : my(A, AN B) — m,(X, B), is an isomorphism for ¢ < m+mn —2
and is an epimorphism for g =m +n — 2.

Before passing to the proof of this theorem we can obtain as a consequence
two very useful results, which we shall present in the following discussion.

6.2.2 Proposition. Suppose that Yo — Y is a cofibration, that the pair
(Y,Yy) is (r — 1)-connected, and that the subspace Yy is (s — 1)-connected.
Then the homomorphism induced by the quotient map, namely

2 Wq(Yvyb) — 7Tq(Y/YEJ) )

s an isomorphism for g < r+s—1 and is an epimorphism forq=r+s—1
(r>0).

Proof: By hypothesis Yy < Y is a cofibration, as also is the inclusion Y, —
(Y in the cone (see 3.1.6). Since Yj is (s—1)-connected, we can use the exact
homotopy sequence of the pair (C'Yy, ¥5) to show that the pair is s-connected.
Then using Theorem 6.2.1, we get that i : m,(Y,Yy) — 7,(Y U CY,, CY)) is
an isomorphism for ¢ < r+s—1 and is an epimorphism for ¢ = r+s—1. But
4.2.3 says that the quotient map (Y UCY;, CYy) — (Y/ Yo, %) is a homotopy
equivalence. Therefore, we have the desired result. a

Let us recall that the suspension of a pointed map f : X — Y be-
tween pointed spaces is denoted by Xf : ¥ X — XY and is defined by
Yf(x At) = f(x) At (see 2.10.1). For a pointed space X we define the
suspension homomorphism X : my(X) — w1 (2X) by X[a] = [Ea], where
a:S? — X represents a pointed homotopy class and Y« : S — ¥X is
its suspension.

6.2.3 EXERCISE. Suppose that X is a pointed space,
p: (CX, X)) — (CX/X,{x})
is the quotient map and that

0 :m1(CX, X) — 7 (X)
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is the connecting homomorphism (see 3.4.5). Prove that the diagram

Ta1(CX, X) 2> 11 (CX/ X, {+})

al lg

y(X) a1 (2X)

commutes up to sign. (Hint: see 3.3.6 and 2.10.7.) Moreover, we have a
commutative diagram, up to sign,

7o (X) Tgr1(2X)
j*l (£9)=
TSP X) — 711 (SP (£X)),

where the lower horizontal arrow is the isomorphism in Corollary 5.2.19.

From the first part of Exercise 6.2.3, from the exact homotopy sequence
of the pair (CX, X) (see 3.5.8(¢)) and from the fact that C'X is contractible,
we get that ¥ : 7,(X) — 7,41 (2X) is an isomorphism if and only if p, :
Tg11(CX, X) — w1 (CX/X, {*}) is an isomorphism. If X is (n — 1)-
connected, then the pair (CX, X) is n-connected. So by applying 6.2.2 we
get the next result, which is known as the Freudenthal suspension theorem,
where we shall call a pointed space well pointed if the inclusion map of the
base point into the space is a cofibration.

6.2.4 Theorem. Let X be an (n—1)-connected well-pointed space. Then ¥ :
(X)) — m11(BX) is an isomorphism for ¢ < 2n—1 and an epimorphism
forq=2n—1. a

6.2.5 EXERCISE.

(a) Prove that mo(S?) = Z by using the Hopf fibration
St —§ 5§

defined in 4.5.10. (Hint: From the exact homotopy sequence of the
fibration p we get the exact sequence

7o (S?) — ma(S?) — m(SY) — i (S?),
where the groups on either end are zero by 5.1.25. Then apply 4.5.13.)

(b) Prove that m,(S") =2 Z for n > 2. (Hint: Apply 6.2.4.)
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(c) Prove that 73(S*) = Z. (Hint: In the portion
m3(SY) — m3(S?) — m3(S?) — my(S)

of the exact homotopy sequence of the fibration p the groups on the
ends are zero.)

(d) Prove that in parts (a) and (b) the class [idg»] is a generator of 7, (S")
for n > 1, and thereby conclude that in part (c¢) the class [p] is a
generator of m3(S?).

6.2.6 EXERCISE. Conclude from Exercise 6.2.5(b) that
m[D" SN =2Z for n>1,

and that a generator of this group is represented by idpn gn-1). (Hint: Use
the exact homotopy sequence of the pair (D",S"1).)

We have a commutative diagram

75(S?) ——= 1 (S1)

|

7T2(SP SZ) ? T (SP Sl),

where the isomorphism on the top of the diagram comes from the exact
sequence in 6.2.5(a), the isomorphism on the bottom of the diagram comes
from 5.2.19; and the isomorphism on the right comes from 5.2.23. It follows
that the homomorphism on the left of the diagram is an isomorphism.

Suppose that n > 2. From the second part of Exercise 6.2.3 we have, up
to sign, a commutative diagram

(") —=—> T2 (S™)

l i

Tn(SPS") — > mp 1 (SPS™ 1),

where the isomorphism on the bottom of the diagram is from 5.2.19. Using
6.2.4 the homomorphism on the top is an isomorphism as well.

In the case n = 2, the homomorphism on the left is an isomorphism.
Therefore, the homomorphism on the right is also an isomorphism in this
case, but this is precisely the isomorphism on the left for the case n = 3.
Continuing inductively we can prove the next result.



6.2 HomoTOPY EXCISION AND RELATED RESULTS 197

6.2.7 Proposition. The natural inclusion i : S* — SPS" is an n-equiva-
lence. o

To prepare for the proof of 6.2.1, we need some concepts.

6.2.8 DEFINITION. Given a triad (X; A, B) with base point 2y € C = ANB,
we define the triad homotopy group

(X5 A, B) = my_1(P(X; 20, B), P(4; 20, C)),

where P(X; g, B), respectively P(A4;xq,C), is the homotopy fiber of the
inclusion B — X, respectively A < X, namely the set of paths in X,
respectively A, starting in zy and ending in B, respectively C, and ¢ > 2.
Specifically, m,(X; A, B) is the set of homotopy classes of maps of tetrads

(191972 x {1} x [, 17 x {1}, J972 x TU T x {0})

i

(X;A,B,l'o).

From the exact homotopy sequence of the pair
(P(X;z0,B), P(A;20,C)),
we obtain
s = M1 (X5 A, B) — (A, C) — (X, B) — m(X; A, B) — -+

(see (3.4.6)).

Coming back to the Blakers—Massey theorem 6.2.1, we have that the
conditions m > 1 and n > 1 imply only that mo(A N B) — me(A) and
7mo(A N B) — mo(B) are surjective. The condition m > 2 guarantees that
m1(X, B) = 0. By the long exact sequence just given, 6.2.1 is equivalent to
the following.

6.2.9 Theorem. Under the same assumptions as the Blakers—Massey theo-
rem,

T (X;A,B)=0 for 2<g<m+n-2

and for any base point xo € AN B.
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Proof: We prove the theorem only in the case that (X; A, B) is a CW-triad.
We do it in several steps.

First step. Assume that X is a CW-complex and that A and B are subcom-
plexes, each obtained from C' = AN B by attaching a cell.

We have that A = CUe™ and B = C'Ue"™, where m > 2 and n > 1. Also
take g € C.

Given a map of tetrads
(197972 x {1} x I, 1971 x {1}, J972 x TUT77! x {0})
lf
(X; A, B, x),

where 2 < ¢ < m + n — 2, we must prove that f is nullhomotopic as a map
of tetrads. Given interior points x € e™
pointed triads

and y € e”, there are inclusions of

(A;AA—{a}) C (X —{yh A, X —{z,y}) C
C(X;A, X —{2})D(X;A,B).

The first and third inclusions induce isomorphisms in triad homotopy groups,
thanks to the radial deformations away from x of X — {z} onto B and away
from y of X — {y} onto A. It is immediate to verify that 7.(A; A, A’) = 0 for
all r and any A’ C A. We shall be done if we can show for adequate z, y that
f regarded as a map of pointed triads into (X; A, X — {z}) is homotopic to
a map [’ whose image lies in (X — {y}; 4, X — {z,y}), since this will imply
that f is nullhomotopic.

Let €f}, C €™ and e}, C " be the subcells of half of the radius. We may
subdivide the cube I into subcubes IZ in such a way that for each «, f(I2)
lies in the interior of ™ if it intersects 1) and lies in the interior of e™ if it
intersects € ,. We may now deform f to be homotopic as a map of tetrads
to a map g whose restriction to the (n — 1)-skeleton of I? with its cubically
subdivided CW-structure does not cover € and whose restriction to the
(m — 1)-skeleton of I does not cover €f},. Moreover, one may assume that
g can be so selected that the dimension of g~!(y) is at most ¢ — n for some
point y € eg‘/Q that is not in the image under g of the (n — 1)-skeleton of 1.
(This very important step in the proof can be achieved if one uses Theorem
2 in Basic Concepts and Notation to deform f to ¢ in such a way that ¢ is
smooth in a smaller subcell, and then choose y as a common regular value of
the restriction of g to each cell.)

Now let 7 : 19 — 97! be the projection on the first ¢ — 1 coordinates
and let K = 77 }(m(¢7(y))). Then the dimension of K can exceed by at
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most one the dimension of g~!(y), so that
dmK <g—-nm+1<m-—-1.
Therefore, g(K) cannot cover €f},. Choose a point = € €}, such that z ¢
g(K). Since g(0177t x I) C A, we have that the sets m(¢g~(z)) UdI?! and
g (y) are disjoint closed subsets of 797!, Applying Urysohn’s lemma (see
[60]), one can find a map v : I971 — I such that
v(r(g N x)UudlT™) =0 and wv(g'(y)) =1.
Define now h : 191 — 9 by
h(r,s,t) = (r,s —stv(r)) for rel”' and s,tel.
Then let f' = gohy, where hy(r,s) = h(r,s,1). We claim that f’ is as desired.
First observe that
h(r,s,0) = (r,s), h(r,0,t) = (r,0) and h(r,s,t) = (r,s) if r € OI.
Moreover,
h(r,s,t) = (r,s) if h(r,s,t) € g7'(z),
since 7 € w(g~'(z)) implies v(r) = 0, and
h(r,s,t) = (r,s — st) if h(r,s,t) € g ' (y),

since r € m(g ! (y)) implies v(r) = 1. Then g o h is a homotopy of maps of
tetrads

(71972 x {1} x 1,177 x {1}, J7°2 x TU I~ x {0})

(X;A, X — {a}, x)
from g to f', and f’ has image in (X — {y}; A, X — {x,y}), as we wished.

Second step. Assume that X is a CW-complex and that A and B are sub-
complexes, each obtained from C' = A N B by attaching a finite number of
cells.

We suppose that C C A" C A, where A is obtained from A’ by attaching
a single cell. Let X' = A’U¢ B. If the statement of the theorem holds for the
triads (X'; A', B) and (X; A, A"), then the result holds for (X; A, B). To see
this, we apply the five lemma to the following commutative diagram, which
is obtained from the naturality of the exact sequence of a triple (see 3.5.10):

Tg+1 (A7 A/) - WQ(A,7 C) - ﬂ'q(A7 C) - 71-q(Av A/) = g1 (A,'/ C)

| | | J J
Ta1 (X, X7) 1, (X, B) = 1,(X, B) = m(X, X') =1 (X', B).
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We suppose now that C C B’ C B, where B is obtained from B’ by
attaching a single cell. Let X” = A Ug B’. If the statement of the theorem
holds for the triads (X”; A, B’) and (X; X', B), then the result holds for
(X; A, B), since the inclusion (4, C) < (X, B) factors as the composite

(A,C) = (X",B) = (X, B).

Third step. Assume that X is a CW-complex and that A and B are subcom-
plexes such that X = AU B.

Let again C = AN B. Since (A,C) is (m — 1)-connected and (B, C) is
(n — 1)-connected, we may assume that there are only g-cells in A — C' with
g > mand in B—C with ¢ > n. We may also assume that (A, C') and (B, C)
have at least one cell since otherwise the result would hold trivially. O

6.2.10 REMARK. The general case of 6.2.9 for any excisive triad (X; A, B)
follows from the cellular case just proved by approximating it with a CW-
triad of the same weak homotopy type. One easily sees that this does not
change the triad homotopy groups. This approximation can be achieved
using the cellular approximation theorem 5.1.44. As a matter of fact, in the
third step of the proof we assume that there are only g-cells in A — C' with
g > m and in B — C with ¢ > n. This follows also from 6.3.20. We should
remark that the proof of 6.3.20 is straightforward and does not require the
Blakers—Massey theorem 6.2.1.

The next proposition allows us to study some of the homotopy properties
of the Moore spaces.

6.2.11 Proposition. Let (X, A) be a CW-pair such that all of the cells of
X — A have dimension larger than n. Then the pair (X, A) is n-connected.

Proof: We have to prove that m,(X,A) = 0 for ¢ < n. Suppose that f :
(D9,S97') — (X, A) represents an arbitrary element [f] € m,(X, A). Now
[f] = 0 if and only if f ~ grelS?™! for some g : (D?,S71) — (X, A)
that satisfies g(D?) C A. According to 5.1.44 there exists a cellular map
@ (D9,S771) — (X, A) such that f ~ prelS?!. But by hypothesis we
have X™ C A, and then since ¢ is cellular, it follows that ¢(D?) C X9UA C
X"UA=A. O

6.2.12 DEFINITION. Suppose that X is a CW-complex and that i : X <
SP X is the canonical inclusion into its infinite symmetric product. Then i
induces a homomorphism

hx 1 m(X) — Hy(X)
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for each ¢; this is called the Hurewicz homomorphism.

In the following section, in Theorem 6.3.24, which is the famous and
important Hurewicz theorem, we shall analyze under what circumstances it
is an isomorphism.

6.2.13 REMARK. Equation (6.1.8) can be rewritten in terms of homology as
Hy(X VY) = Hy(X) & Hy(Y)

for any (pointed) spaces X, Y and ¢ > 0 (cf. 5.3.31). Moreover, (6.1.9)
implies the compatibility of the Hurewicz homomorphism with the sum de-
composition; namely, one has a commutative diagram

Tg(X VY) ——my(X) & 1y (Y)

hxvyl ihxﬂahy

Hy(X VYY) —=Hy(X) ® H,(Y).

6.3 HomMoTOPY PROPERTIES OF THE
MOORE SPACES

In this section we shall go deeper into the study of the properties of Moore
spaces. This will be useful for us in later chapters.

In order to apply Proposition 6.2.11 in the previous section to Moore
spaces we shall use the following result.

6.3.1 Lemma. The nth homotopy group of the wedge \/, Sy, of n-spheres is
given in terms of the inclusion maps i, : S =Sy — \/_, Sp as follows.

(a) Forn > 1 we have that m,(\/,S%) is the free abelian group generated
by the classes [ia).

(b) For n =1 we have that m(\/,,Sy) is the free group generated by the
classes [iq).

Proof: First we shall consider the case of a finite wedge S{ VS; Vv --- VvV S}
for some finite » > 1. (The case r = 1 is already known.) Assuming that
each sphere S?" has a CW-structure with one 0-cell and one n-cell, then by
Proposition 5.1.46 the product S} x S§ x --- x S is a CW-complex that
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contains the wedge as the subcomplex consisting of those products of cells,
say e; X - -+ X e,, where all except for possibly one of these cells is the 0-cell
of S". Consequently, the cells of ST x Sy x --- xS =Sy v Syv.---vS!
have dimension greater than or equal to 2n, and so, by Proposition 6.2.11,
we have that

(ST X Sy x -+ xS, SFVSyV--- VS =0
for ¢ < 2n — 1. Using the exact homotopy sequence of a pair (see 3.5.8(e)),
we get that the inclusion j : S VSV - - VS < S} xS} x - - - xS} induces an
isomorphism 7, (SfVSyV---VSP) — m (ST x S5 x - - x SP) for ¢ < 2n —2.
On the other hand, for ¢ > 1 we have an isomorphism (p1,,pa., ..., Pr.)
Tg(ST X S X -+ X SP) — 7, (S}) x my(Sh) x -+ x my(SP) induced by the
projections of the product onto its factors. Because py o j o4, = id holds,

it follows that (p1,,pa,,....Dr) © Ju © D)y ik = 1, and thus @) _, s is an
isomorphism for ¢ < 2n — 2.

Suppose now that the set of indices is infinite. But any (pointed) map
f: 8" — VS has a compact image, which is therefore contained in a
subwedge \/}_, Sg, for some finite 7 > 1. Since the diagram

n B iax n
D, (S0) —————m (V. Sa)

r j\ Di- oy TT n
@j:l Tq (SZ]) %’ Tq (Vj:l Sa_,»)

commutes, we conclude that @, in. Is surjective.

Similarly, any homotopy H : S x I — \/_ Sy has a compact image, so
that @, ia« is injective. Therefore, @, in« is an isomorphism for ¢ < 2n—2.
Part (a) is then obtained from the fact that m,(S") = Z (see 6.2.5(b)).

Finally, part (b) is obtained inductively from the Seifert-van Kampen

theorem for the fundamental group; see 3.2.6. a

6.3.2 Lemma. Let n > 1 be an integer. Suppose that L(A) and L(B) are
the free groups (abelian if n > 1) generated by the elements of two given sets
A and B, respectively. Suppose that f : L(A) — L(B) is a homomorphism.
Then there exists a map ¢ = \/ e 4 St — VﬁeB S§, unique up to homotopy,

such that f = ¢, : T (VaeaSE) — T (\//868 Sg)

Proof: According to Lemma 6.3.1, there are isomorphisms

L(A)zﬁ,l(\/sg) and L(B)ﬁﬂn<\/S}§>7

acA peB
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given on generators by a — (i : 8" =Sl — \/,S?) and by 8 — (ig: S" =
Sj = V3 Sj), respectively. Then f(a) corresponds to the homotopy class of
some map, say @(a) : 8" — /55 Sj. We define ¢ 1\  , St — V55 Sh
by ¢|S" = p(«) for each o € A. Obviously, we have ¢, = f.

In order to prove uniqueness up to homotopy, consider any map ¥ :
VacaSa — VepSh that satisfies 1. = f. Then for each o € A we have
Uella] = @xlia). This means that |SP? ~ |SPrel {*}, and therefore it also
follows that ¢ ~ @rel {*}. O

We shall now examine in more detail the construction of Moore spaces.

For every integer n > 1 and every group G (which is assumed to be
abelian if n > 1) there is a CW-complex, denoted by M(G,n), that has
exactly one 0-cell and, at the most, cells of dimension n and n + 1 and that
also satisfies m,(M (G, n)) = G. If G is free, then according to 6.3.1 it follows
that the space M(G,n) =V S fulfills these conditions, where {a} is a set
of generators of G. If G is not free, then we consider a free resolution of G,
that is, a short exact sequence

0 — Ly(A) -5 L,(B) — G — 1.

By Lemma 6.3.2 there exists a map ¢ : \/,c4Sh — VjepSh satisfying
f =0T (VaeaSE) — m (\/565 Sg) Using this discussion, we arrive
at the following alternative definition of a Moore space.

6.3.3 DEFINITION. We define a Moore space of type (G,n), denoted by
M(G,n), to be precisely the mapping cone C, of (some) ¢. If ¢ is an-
other map such that i, = f, then the mapping cones C, and C have the
same homotopy type.

6.3.4 NOTE. Suppose that the abelian group G is finitely generated. Then
we consider its primary decomposition as given in (6.1.10), and we use
the notation of (6.1.10) in the following. Now we can take a free res-
olution of G, as discussed above, such that B has r + k elements, say
Bis ooy By Brats -+, Brak, and A has k elements, say ay,...,a,. Moreover,
we define f : L,(A) — L,(B) by f(a;) = d;f,4; for j = 1,..., k. In this
case, the map ¢ : \/f:1 ng — \/::f S}, that corresponds to f has the prop-
erty that C, = (S"V -+ VS") V (S" Uy, €1) VooV (S" Ug,, ") = X,
where X is defined in (6.1.11). Therefore, the previous definition of M (G, n)
extends that of 6.1.12.
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The space M(G,n), that we have just defined has the property that
mn(M(G,n)) = G. In order to see this let us recall that in general, if ¢ :
X — Y is continuous, then its mapping cone C, satisfies C, = M, /X,
where M, is the mapping cylinder of ¢ and X is included as the top face of
M,. As we already have mentioned (see 4.2.8), the inclusion into the upper
face i : X — M, is a cofibration, the canonical inclusion j : ¥ — M, is a
homotopy equivalence, and j o ¢ ~ i holds.

Let us now consider the exact homotopy sequence of the pair of spaces
(M,,\,,S) for the case n > 1, namely the top of the following diagram:

7 (Vo S8) = (M) — 7 (Mo, Vo S) — 71 (Vo SE) —
o =l
T <\/ﬁSg) P

=
L(B)  m(M(G,n)

1R
1R

f

Ly (A)

where p : (M,,\V,Si) — (M(G,n),*) is the identification map. Because
M, —\/, Sz only has cells of dimension n and n+ 1, we then have by Propo-
sition 6.2.11 that the pair (M., \/,S2) is (n—1)-connected. Analogously, the
wedge \/, SZ is (n — 1)-connected as well. Thus from Proposition 6.2.2 we
get that p, is an isomorphism. Since m,_1 (V,S2) = 0, the exact sequence
can be rewritten as follows:

00—y (\/a Sg) L’”ﬂ( v) — > T (Mw \/a Sg) —0

EI ~§: EI

L,(A) - L,(B) Tn(M(G,n)).

Consequently, this gives us the isomorphism 7, (M (G,n)) = G.
On the other hand, by applying the Seifert—van Kampen theorem, it is
easy to prove that m (M (G, 1)) = G.

The next proposition shows that not only groups can be realized topologi-
cally using Moore spaces, but that we can also realize group homomorphisms.

6.3.5 Proposition. Let f : A — A’ be a homomorphism between the
groups A and A’. Then there exists a map ¢ : M(A,n) — M(A',n) such
that p, = f.
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Proof: Let us consider the following free resolutions of A and B:

00— Ly(A) ——>L,(B) —2>A——>0

|k

Because the rows are exact, we clearly can define g and h so that the diagram
commutes. According to Lemma 6.3.2 there exist maps A, X, x, and ~
such that the left square in the previous diagram can be realized as the nth
homotopy functor applied to the left square in the diagram

Va8t —2> Vs Sj—"— C,

[
xl iv 1o
v
\/a’ SZ, T> \/[3’ SEI(T) C)\/,
Because the topological realization of a homomorphism is unique up to ho-
motopy by Lemma 6.3.2, it follows that v o A ~ X o x. Using Proposition
3.1.7, we have that j'o X ~ 0, and therefore joyo X ~ j'o X o x ~ 0 holds.

Using Proposition 3.1.7 again, there exists a map ¢ : C, — C)s such that
the above diagram of spaces commutes.

Now let us consider the exact homotopy sequence of the pair (M, \/, S2),
namely

0— Tn, (\/a SZ) L> ﬂ-n(MA) — =T (M/\’ Va SZ) — 07
which we have already studied earlier, and let us also consider the diagram

\/a SZ(—) M)\(—) (M)\’ \/a Sg)

I

VaoSa—~ V5 Ss (Cx, ).

The left square commutes up to homotopy by 4.2.8(c), and the right square

obviously commutes. In this way, the exact sequence of the pair (M), \/, Sz)
can be rewritten as

(6.3.6) 0 — m (V, S1) 21, (Vﬂ Sg) e (C)) — 0.
A similar result holds for \'. So we have obtained the following commutative
diagram:
0— 0 (Vi 82) == (V5 85) 2> m(Ch) =0
X*:hl V=9 iw
0= (Vo0 S2) = 7 (\/ﬂ, Sg,) — 7alCx) 0.

7
*
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By the universal property of the cokernel, we then have that ¢, = f, as
desired. ad

6.3.7 Proposition. Suppose that f : X — Y is continuous, that X is
(s = 1)-connected, and that f is an (r — 1)-equivalence. Then there exists the
following exact sequence truncated on the left:

Troa(X) =5 Topea(Y) =5 Trpana(Cp) —
s Mrpes(X) L5 M s (Y) — -
Proof: Let us consider the exact sequence of the pair (M, X),
e (X)) 2 (M) L (M, X) <D e (X) — -

and the diagram

plx~lg

My
i
/

e

X 5 Y,
where poi = f and jo f ~ i. Moreover, i is a cofibration. Since f is
an (r — 1)-equivalence, that is, f, : m,(X) — 7m,(Y") is an isomorphism for
¢ <r —2 and an epimorphism for ¢ = r — 1, we have that the pair (M, X)
is (r — 1)-connected. So by Proposition 6.2.2 the quotient map induces an
isomorphism (M, X) — m,(Cy) for k < r+ s — 1. When we substitute
mx(My) by m,(Y) and 7y (M, X) by m,(Cy) in the portion of the homotopy
sequence of the pair (My, X), where k < r + s — 2, we obtain the desired
exact sequence. O

The following exercises will be used later in some applications.

6.3.8 EXERCISE. Let X be any space and let M be locally compact. Prove
that (CX)AM ~ C(X AM), where C represents the reduced cone construc-
tion. Conclude that for every pointed map f: X — Y, Cypia,, = Cp A M.

6.3.9 EXERCISE. Given a pointed pair (X, A) and a pointed space Z, prove
that (X/A)ANZ =~ (X ANZ)/(ANZ).

6.3.10 EXERCISE. Given the diagram

xloy ¢y

e

X’TY’HC}H
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where the left square is homotopy commutative, prove that there exists a map
v : Cy — C} that makes the right square commutative. (This amounts to
saying that the mapping cone construction is a functor.)

The assertions of 6.3.8 still hold up to homotopy if M is not locally
compact. One has the following results.

6.3.11 Proposition. If f : X — Y is a map between pointed spaces and
Z is a pointed space, then Cipia, ~ Ct¢ A Z holds.

Proof: Recall that if g : B < Y is a cofibration, we have that C, ~ Y/B
(see 4.2.3) and that g Aidy : BAZ < Y A Z is also a cofibration. Then
we have Cypia, ~ (Y AZ)/(BAZ), and the latter space is homeomorphic to
(Y/B)ANZ ~ Cy A Z, according to 6.3.9. It follows that

(6.3.12) Coniay = Cy N Z

whenever ¢ is a cofibration.

Now let us transform an arbitrary map f into a cofibration 4 in the usual
way. So we have the homotopy commutative diagram

(6.3.13) idl l l

X ——Y —=Cj,
and then, according to 6.3.10,
(6.3.14) C; ~ Cf.

We can now apply (6.3.12) to g =i : X — M, thereby obtaining Cipia, =~
C; A\ Z, and so, by using (6.3.14), it follows that

(6315) Oz'AidZ >~ Cf NZ.
Next we apply 6.3.10 to the diagram

iNidz

X ANZ—> My NZ—— Cipia,

J el

XNZ g Y NZ Cniaz

d

and get that Craia, =~ Cina, =~ Cr A Z, where the latter homotopy equiva-
lence is just (6.3.15). O
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6.3.16 Proposition. Suppose that X and Y are CW-complexes, each one
having countably many cells. Moreover, suppose that for some r, s > 1 we
have trivial skeletons X"~ = {*} and Y*=' = {x}. Then the homomorphism

h:m(X)@ms(Y) — mas (X AY)
defined by
(] @ [B] — [a A J]

18 an isomorphism.

Proof: Since 7,(X) = m,(X"*!) by Proposition 5.1.25 and since X"~ = {x},
we have that X" = \/;Sj; and that X"+ = O}, for some map A : /S, —
V3 Sj. Let us consider the diagram

7 (Vo St) @ m (V) 22w, (V,85) @ my(¥) 250 7, (X @ (V)

f\ | \

Tras (Vo SEAY) —— 1,4 (\/ﬁ S5 A Y) e T (XTTUAY),

where f, g, and h' are defined in the same way as h was.

The first row in this diagram is the tensor product of the exact sequence
(6.3.6) with 74(Y"), so that it is also exact, except that A\, ®1 is not necessarily
a monomorphism.

Let us now take the map AAidy : \V/,S;AY — V/;SEAY. As we saw in
the proof of Proposition 5.1.51, we have trivial skeletons (\/,, i, A y) et =
(\/,(j Sk A Y)MS?1 = {*}. So each of these spaces is (r + s — 1)-connected.
Moreover, by using Proposition 6.3.11, we have Cypjq,, =~ CA\AY = X"TIAY

and so the second row of the diagram is the exact sequence of Proposition
6.3.7.

Obviously, we have \/ S,AY ~ V/ (S,AY'), which implies 7,1 (\V/,, S, AY) =
s (V, (Si, AY)). Using the same method as in the proof of Lemma 6.3.1

we get that
Trts (\/ SEA Y) =P (S, AY).

But by the Freudenthal suspension theorem 6.2.4, we have that m,,(S" A
Y) = m,(Y), and so m45(V,SeAY) =2 P, 74(Y). By Lemma 6.3.1, we have
m (V,Sa) = @, Z, which then gives us

T (\/ Sg) oY) = Pm(y).
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From this we get that f is an isomorphism, and in exactly the same manner
we obtain that ¢ is an isomorphism. It then follows from the five lemma that
k' is also an isomorphism. Finally, because (X" T AY )+l = (X AY)rFst!
holds, we have that the inclusion X"™AY — X AY is an (r+ s+ 1)-equiva-
lence and that the square

T (XT) @ 1Y)~ T (X AY)
T (X) @ m5(Y) Trs(X AY)
commutes, implying that h is an isomorphism as well. a

We shall now show that the natural inclusion i : M (G, n) — SP M(G, n)
induces isomorphisms in homotopy up to dimension n and an epimorphism
in dimension n + 1; that is, ¢ is an (n + 1)-equivalence. In order to do this
we shall need the following fundamental lemma.

6.3.17 Lemma. Let ¢ : X — Y be a map, where X and Y are (n — 1)-
connected spaces. If the inclusion maps i : X — SPX and j : Y — SPY
are (n+ 1)-equivalences (see Definition 5.1.17), then the inclusion k : Cy, —
SP C,, is also an (n + 1)-equivalence.

Proof: We shall assume that n > 1 and shall leave the case n = 1 to the
reader. Let M, be the mapping cylinder of ¢. We consider the exact homo-
topy sequence of the pair (M,, X),

= (X)) — (M) — my(My, X) — w1 (X) — -+

as given in 3.5.8(¢). Since both X and M, ~ Y are (n — 1)-connected
(which means that m,(M,) = 0 = m,_1(X) for ¢ <n —1), it follows that the
pair (Mg, X) is (n — 1)-connected. By Propostion 6.2.2, the quotient map
p: M, — M,/X = C, induces an isomorphism p, : m,(M¢, X) — m,(C,)
for ¢ < 2n — 1. Then for every such g the diagram

7y (X) & (Y 7Tq(C<p) Tyt (X) ———---

T(SPX) —= 7, (SPY) —=7,(SP C,,) —= m4_1(SP X) —

commutes, where the horizontal sequences are exact. (The lower one is exact
by the Dold—Thom theorem.) Using the five lemma, we immediately conclude
that the inclusion k is an (n + 1)-equivalence. O
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6.3.18 Lemma. Let S! be a copy of the n-sphere S™ for every a € A, where
A is an arbitrary set. Then X = \/ . ,S% is (n — 1)-connected, and the
canonical inclusion i : X — SP X is an (n + 1)-equivalence.

Proof: We assume that n > 1. Since the (n — 1)-skeleton of X is a point, X
is (n — 1)-connected. First let us assume that the set A is finite. According
to 6.3.1(a) the canonical inclusions i, : S? < X induce an isomorphism
P 7. (S?) — m,(X). Moreover, by induction, the commutativity of the
diagram (6.1.9) implies that we have a commutative diagram

@ ﬂ—n(SZ) W?L(X)

i i

P 7, (SPS) — m,(SP X)),

where the horizontal arrows are isomorphisms. By Proposition 6.2.7 the
vertical arrow on the left is also an isomorphism, and so it follows that the
vertical arrow on the right is an isomorphism as well.

Using Theorem 6.1.13, we have that m,11(SP X)) = 0, and so the inclusion
i is an (n + 1)-equivalence in this case, namely, in the case that A is finite.

In the case that the set A is infinite, we use the fact that X is the colimit
of finite wedges and that SP X is the colimit of infinite symmetric products
of finite wedges. Since the infinite direct sum is also the colimit of its finite
subsums, by passing to the colimit we extend the result of the finite case to
the present case.

The case n = 1, with due care, follows analogously using 6.3.1(b) instead.
O

6.3.19 Theorem. Let X be a CW-complex whose (n—1)-skeleton is a point.
Then the inclusion i : X — SP X is an (n + 1)-equivalence.

Proof: Because the (n — 1)-skeleton of X is a point, its n-skeleton X™ is a
wedge of n-spheres \/ S}, and its (n + 1)-skeleton is obtained as a mapping
cone; that is, there is a map ¢" : \/ S, — \/ S} such that X"+ = Cyn.
Therefore, by Lemma 6.3.18 the hypotheses of Lemma 6.3.17 are satisfied,
and consequently, the canonical inclusion "+ : X! < SP X"+l is an
(n + 1)-equivalence.

Let us assume inductively that the canonical inclusion "% : X"tk
SP X"k is an (n + 1)-equivalence. Once again, the (n + k + 1)-skeleton
is obtained as a mapping cone of some @"** : \/SZ“" — X" so that
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X"t = Cluie. Since \/SFT and X"* are (n — 1)-connected, "+ +1
Xkl s P XL g an (n + 1)-equivalence by Lemma 6.3.17.

Finally, since X and SP X are colimits of X™** and SP X"**  respectively,
we have the desired result. O

The next result that we prove gives us, in particular, the CW-approxima-
tion of any topological space (see 5.1.35).

6.3.20 Theorem. Let X be an (n — 1)-connected pointed topological space.
Then there exists a CW-approzimation X ; that is, there exist both a CW-
complex whose (n—1)-skeleton Xn1lisq point and a weak homotopy equiva-
lence ¢ : X — X. If, in particular, X is a CW-complez, then ¢ is a
homotopy equivalence.

Proof: First we assume that X is connected, which means that n > 1. Then
we have that m,(X) = 0 for ¢ < n. Put * = Y% = ... = Y™ ! and define
Ono1 Y™ — X by ¢, 1(x) = %, where * denotes also the base point of
X. Then @, is an (n — 1)-equivalence.

Let us assume inductively that we have already constructed an m-equiva-
lence ¢, 1 Y™ — X for m > n — 1. Then (gn). : m(Y™) — m,(X) is
an isomorphism for ¢ < m — 1 and an epimorphism for ¢ = m. In order to
change this last map into an isomorphism, we shall do the following.

Let @ : L(B) —ker((¢m)«) C mm(Y™) be a free resolution, and define
h 'tV jpepSE — Y™, where Sf = S™ for all 3, so that each hg = h|SF :
S™ — Y™ represents a generator of ker((¢.m,).). Therefore, ¢, o h =~ 0, and
SO ¢y, determines a map ¥,,41 : Cj, — X such that the diagram

\/ Sgl 4h> Ym —— Ch

|

| Y1
N
X

©m

commutes. The map ,,,1 induces isomorphisms in homotopy up to dimen-
sion m. Then Z™*! = () is a CW-complex of dimension m + 1, whose
m-skeleton is Y™,

However, the homomorphism

(1) £ Tt (Z74) — T (X)

is not necessarily an epimorphism.
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Define the set A = 7,41(X) — (Vmt1)s(Trng1(Z™)). The map @i =
(Ymi1, (Va)) - ymtl = zmtty (\/aeASZLJrl) — X, where 7, : §;n+l =
Sm+l s X represents the element o € A, induces isomorphisms in homo-
topy up to dimension m and an epimorphism in dimension m + 1; namely,
©m+1 1s an (m + 1)-equivalence that extends g,,.

So we have constructed a chain of CW-complexes
x=...=Y"lczZ"cy'c...cyrczm cy™ttc...

such that the maps ¢, : Y™ — X are compatible in the union X = U, ym
and determine the desired weak homotopy equivalence ¢ : X — X.

If X is not connected (which means that n = 0), then we construct a
CW-approximation for each connected component of X as above. a

Here is the relative version of the previous theorem.

6.3.21 Theorem. Let (X, A) be an (n — 1)-connected pair of spaces. Then
there exists a CW-approximation ()N(, /Nl), that is, there exist both a CW-pair
whose (n — 1)-skeleton is such that X" = A and a weak homotopy equiva-
lence ¢ : (X, A) — (X, A). If, in particular, (X, A) is a CW-pair, then ¢
18 a homotopy equivalence of pairs.

Proof: The proof is very similar to the above. Namely, first construct a CW-
approximation @4 : A— Aas pointed spaces, and then proceed as in the
former proof, but instead of starting the construction with a singleton * we
do it starting with A

More specifically, we take A = Y° = Y1 = ... = Y"1 and take @, 1 =
©a. Then ¢, 1 : Y"1 — X is obviously an (n — 1)-equivalence, since the
pair (X, A) is (n — 1)-connected (see 5.1.20).

Inductively we may assume that we have already constructed an m-
equivalence ¢, : Y™ — X, m > n — 1 such that @m\;l = @4. Then
Oy Tg(Y™) — my(X) is an isomorphism for ¢ < m — 1 and an epimor-
phism for ¢ = m. The rest of the proof follows exactly as before.

At the end, we obtain a weak homotopy equivalence ¢ : X — X such
that 9|4 = g4 : A — A is also a weak homotopy equivalence. Thus,
v (X,A) — (X, A) is a weak homotopy of pairs, as desired. O

6.3.22 EXERCISE. Given a CW-complex Y and maps f : X — Y and
g:Y — X such that go f ~ idy, prove that X has the homotopy type of a
CW-complex. In this case one says that Y dominates X. (Hint: Prove that
every CW-approximation ¢ : X —>Xisa homotopy equivalence.)
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The next theorem, which follows from 6.3.16 and 6.3.20, will be handy in
the next section.

6.3.23 Theorem. Suppose that X and Y are CW-complexes, each with
countably many cells that are (r — 1)-connected and (s — 1)-connected, re-
spectively. Then the homomorphism

h:m(X)@ms(Y) — mys(X AY)

defined by
(] ® (8] = [a A J]

is an isomorphism, provided that r,s > 1.

Proof: According to Theorem 6.3.20, X and Y have the same homotopy type
as some CW-complexes X and Y that satisfy X™1 = {x} and Y=~ = {x}.
Since h : m,(X) ® 7,(Y) — m45(X AY) is an isomorphism by Proposition
6.3.16, we can substitute X with X and Y with ¥ and thereby get that
h:m(X)@ms(Y) — ms(X AY) also is an isomorphism. O

As one consequence of Theorems 6.3.20 and 6.3.19 we have the following
fundamental result. This will be reformulated below as the Hurewicz theorem
(6.3.25).

6.3.24 Theorem. Let X be an (n — 1)-connected CW-complex. Then the
canonical inclusion i : X — SP X into the infinite symmetric product is an
(n + 1)-equivalence.

Proof: We have to show that i, : my(X) — m,(SP X) is an isomorphism for
¢ < n and an epimorphism for ¢ = n + 1. By Theorem 6.3.20, we have a
weak homotopy equivalence h : X —X , where Xisa CW-complex whose
(n — 1)-skeleton is a point. Actually, because X is a CW-complex, it follows
that h is a homotopy equivalence. By applying 5.2.10, we then have that
h:SPX — SPX is a homotopy equivalence. On the other hand 6.3.19
implies that the natural inclusion 7 : X —s SP X is an (n + 1)-equivalence.
Consequently, since we have a commutative diagram

7y(X) —= 7,(SP X)

h. l Elﬁ*

74(X) ——,(SP X)

IR

?

whenever i, is an isomorphism (respectively, epimorphism), then 4, is an
isomorphism (respectively, epimorphism). O
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As an immediate consequence of the previous theorem, we obtain the
famous and important Hurewicz theorem.

6.3.25 Theorem. (Hurewicz isomorphism theorem) Let X be an (n — 1)-
connected CW-complex. Then the Hurewicz homomorphism hx : my(X) —
H,(X) is an isomorphism for ¢ < n and an epimorphism forg=n+1. O

The following proposition relates our definition of the Hurewicz homo-
morphism with the most usual one as given by other authors. Recall that
HI(S?) = Z and that the canonical generator g, € H?(S?) is the image
of [idss] under the Hurewicz homomorphism hgqs : m,(S?) — 7,(SPS?) =
H,(S9).

6.3.26 Proposition. If { € m,(X) is represented by a map o : ST — X,
then hx(€) = a(gy).

Proof: Consider the following commutative diagram:

7q(S7) 21 7, (SP S9)

(X)) 22 7, (SP X)) .

Chasing [ids«] € m,(S?) along the diagram shows the desired result. O

There is a relative version of the Hurewicz isomorphism theorem. First
we have a relative version of the Hurewicz homomorphism. To that end recall
that by 6.2.6, m,(D",S"!) = Z for n > 1, generated by gy = [id[D",S"1)].

6.3.27 DEFINITION. Suppose that (X, A) is a CW-pair. Then the homo-
morphism
h(X,A) : 7Tq(X, A) — Hq(X, A)

for ¢ > 1 such that for an element n € m,(X, A), represented by a map (3 :
(D™, S"1) — (X, A), we have h(x, 4)(n) = B.(g,,), where g, € m,(D",S*1)
is the generator, is called the relative Hurewicz homomorphism.

The next result follows immediately from 6.3.26.



6.3 HOMOTOPY PROPERTIES OF THE MOORE SPACES 215

6.3.28 Proposition. Let (X, A) be a pair of spaces. Then for ¢ > 1, the
following diagram commutes:

e My A) =y (X) g (X, A) = 1 (A)

nal x| h(x,A)i hal

"HHq(A)‘)Hq(X)‘)Hq(X’A)‘) ~q—1(A)‘>”' ’

where on the top it is the homotopy exact sequence of the pair and on the
bottom its homology exact sequence. a

6.3.29 Theorem. (Relative Hurewicz isomorphism theorem) Let (X, A) be
an (n — 1)-connected CW-pair such that A # 0 and n > 2. If A is 1-
connected, then the Hurewicz homomorphism hix ay : my(X, A) — Hy(X, A)
is an isomorphism for 1 < g < n and an epimorphism for ¢ = n+ 1. In
particular, Hy(X, A) =0 for 1 < ¢ <mn—1. Furthermore, Hy(X,A) = 0.

Proof: Let p : (X,A) — (X/A,x) be the quotient map. By Proposition
6.2.2,

Di (X, A) — m(X/A, %)
is an isomorphism for 1 < ¢ < n and an epimorphism for ¢ = n + 1. By

(5.3.18), Hy(X,A) = H,(X/A) for all . Moreover, by the Hurewicz isomor-
phism theorem 6.3.25, we have that

hxyy : m(X)Y) — Hy(X/Y)

is an isomorphism for ¢ < n and an epimorphism for ¢ = n + 1. From
the naturality of the Hurewicz homomorphism, it follows that the following
diagram is commutative

(X, A) L>7T¢1(AX/A)

h(x,A)l ip*

H,y (X, A) -~ H,(X/A).

Hence h(x a) : mq(X, A) — Hy(X, A) is an isomorphism for 1 < ¢ < n and
an epimorphism for ¢ = n + 1.
Since (X, A) is O-connected, that is, A is 0-connected and intersects each

path component of X, it follows that Hy(X,A) = 0 (in fact, since A is
0-connected, so also is X). O
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6.3.30 REMARK. For general (n — 1)-connected spaces X, respectively pairs
of spaces (X, A)~7 recall that their homology is defined by taking a CW-
approximation X — X, respectively (X, A) — (X, A), and then defining

ﬁq(X) = ﬁq()?) ,  respectively H,(X,A) = Hq()?,g).

Since by the very definition of a CW-approximation

T(X) 2wy (X), respectively 7 (X, A) = 7 (X, A),

then both the Hurewicz isomorphism theorem and the relative Hurewicz
isomorphism theorem hold immediately in the general case.

A nice and important consequence of Proposition 6.3.28 and both Hure-
wicz isomorphism theorems is the following result, known as the Whitehead
theorem.

6.3.31 Theorem. Let X and Y be simply connected pointed spaces. Let
f: X — Y be a map such that f. : H(X) — H,(Y) is an isomorphism
for all q. Then f is a weak homotopy equivalence. In particular, if X andY
are CW-complexes, then f is a homotopy equivalence.

Proof: By Theorem 4.2.8, one can replace f, up to homotopy equivalence,
by the inclusion j : X < M/ of X in the top face of its mapping cylinder.
Therefore, without losing generality, we can assume that f : X — Y is an
inclusion.

By 6.3.28, for all ¢ > 1, we have a commutative diagram

Ty(Y) —— 1 (Y, X) —— 7y 1 (X) —L i (V)

hxl hyl h<Y'X)l hxi hyl

Hy(X) ~ By (V) —= Hy(Y, X) — H, ((X) "= H, 1 (Y),

where the vertical arrows are the corresponding Hurewicz homomorphisms.
By assumption, m(Y) = 0 and mo(X) = 0, and hence from the exactness
of the top row in the diagram, also m1(Y, X) = 0. Furthermore, m(X) =
0, so by the relative Hurewicz isomorphism theorem, H;(Y,X) = 0 and
mo (Y, X) = Ho(Y, X). Since f induces isomorphisms in homology, now from
the exactness of the bottom row Hy(Y;X) = 0, and so m(Y, X) = 0. By
induction, 7,(Y, X) = 0 for all ¢ > 1. Again the exactness of the top row
shows that f, : m,(X) — m,(Y) is an isomorphism for all ¢, and hence f is
a weak homotopy equivalence. a
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We finish this section by stating a very interesting result of J.P. Serre,
whose proof can be consulted in [66].

6.3.32 Theorem. Let X be a finite, simply connected, noncontractible CW -
complex with dimension at least 2, e.g., X = S?. Then X has infinitely many
nonzero homotopy groups. O

The Whitehead theorem 6.3.31 is thus surprisingly strong. If the (finitely
many) homology groups of two such CW-complexes are mapped isomorphi-
cally, then so are all homotopy groups of those spaces.

6.4 HomMoTOPY PROPERTIES OF THE
EILENBERG-MAC LANE SPACES

In Section 6.1 we constructed the Eilenberg-Mac Lane spaces K(A,n) for A
a finitely generated (abelian) group. For the general case, recall that if A is
an abelian group, then there exists a short exact sequence

0 — L(A)—L—L(B) A—0

such that L(A) and L(B) are free groups generated by the sets A and B,
respectively. We have also already shown that this sequence can be realized
by a sequence of topological spaces and maps

VaeA Sa — \/ﬁEB Sg - Csa

in such a way that C, = M(A,n) is a Moore space of type (A,n). This
sequence can be replaced by the sequence

\/aEA SZ(—Z> M<p - Cw )

where M, is the mapping cylinder of the map ¢, the inclusion ¢ is a cofibra-
tion, and the mapping cone of ¢ satisfies C, = M,/ \/ 4 Sh.

The Dold—Thom theorem 5.2.22 implies that we have a quasifibration
SPM, — SPC,

with fiber SP (\/

quence

0cASy). Since My, =~ /55 Sj, we have a long exact se-

(6.4.1) <o = my(SP (Ve SB) — m(SPC,) —
— w1 (SP (V

A
aeaSa) =+,
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where A = @,. By the infinite version of (6.1.8), we have isomorphisms

a (SP (V SZ)) = (P, (SPS}h)

BeB BeB

and

T, <SP (\/ Sg)) =~ P, (SPsy).

acA acA

Moreover, if ¢ # n, then m,(SP S™) = 0 by Proposition 6.1.2, and this in turn
implies that m,(SP C,) = 0 if ¢ # n,n + 1. Furthermore, if ¢ = n + 1, then
we have that the homomorphism A can be factored as the composite

AT (SP (Ve s S2)) 2 1V e s S2) 2 L(A)—L—
— L(B) = ﬂn(\/ﬁeB SZ) =, (SP (\/ﬁeB SE)) .

It follows that A is a monomorphism and also that we have

(6.4.2)

(6.4.3) M1 (SPCL) = 0.

This means that SP C,, is an Eilenberg-Mac Lane space. We therefore get
that the sequence (6.4.1) can be reduced to a short exact sequence

0—> 7, (SP (\/ Sg)) — T <SP (\/ Sg)) — 1, (SPC,) — 0,

acA BeB
which, by using (6.4.2), is isomorphic to

0 — L(A)—L 5 L(B) — m,(SPC,) — 0.

So we have arrived at the next result.

6.4.4 Theorem. Suppose that A is an abelian group and that n > 1. Then
SP M(A,n) = SP C,, is an Eilenberg-Mac Lane space of type (A,n), namely,

SPM(A,n)=K(A,n). O

For an alternative construction of K (A, n) see 6.4.20.

The properties of Eilenberg—Mac Lane spaces that we shall study in this
section will be used to establish the multiplicative structure of cohomology
groups in the next chapter.

Given that A is an abelian group with countably many generators, it
follows that the Moore space M (A, n) is a CW-complex with countably many
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cells, one in dimension 0 and the rest in dimensions n and n + 1. According
to 5.2.2 the corresponding Eilenberg—Mac Lane space K(A,n) = SP M (A, n)
is a CW-complex, which, in particular, is (n — 1)-connected.

Suppose that r, s > 1. Since the Eilenberg-Mac Lane spaces X = K(A,r)
and Y = K (B, s) satisfy the hypotheses of Theorem 6.3.23, we obtain the
next result.

6.4.5 Proposition. Suppose that r,s > 1. Then h induces an isomorphism

hrs (K (A, 7)) @ (K (B, s)) — mrps(K (A, 1) A K(B, 8)). 0

The next proposition gives a sufficient condition for realizing a given
homomorphism of homotopy groups as the homomorphism induced by a
continuous map.

6.4.6 Proposition. Let X be a CW-complex whose (n—1)-skeleton X" is
equal to {*} for somen > 1 and letY be a pointed space satisfying m;(Y) =0
forj>mn. Let f: 7, (X) — m,(Y) be a homomorphism. Then there exists
a pointed map ¢ : X — Y, unique up to homotopy, such that v, = f.

Proof: Because X" ' = {x}, we have that X" =\/_S". Leti: X" — X
be the inclusion. By Proposition 5.1.25, 4, : m,(X™) — m,(X) is surjective,
and by Lemma 6.3.1, m,(X") = m,(\/, S%) is a free abelian group generated
by the inclusions i, : S" = S? < \/_Sp. If we define ¢, : \/,SI — Y so
that ¢, |S? is a representative of the class fi.([io]) € 7,(Y") for each «, then
we have the following commutative diagram:

(Vo Sp) == (X)) 2 7a(V,, S2) /ker(i.)
(6.4.7) o l ;
m(Y),
where the horizontal arrow i, is an epimorphism. We can now extend ¢, to
the (n + 1)-skeleton, which is obtained by adding (n 4 1)-cells f*! by using

attaching maps g; : S" — X". In order to extend ¢, to X™ U entt

9 € > We
consider the following diagram:

s» i) )(n(_> C’g X" Ug] G;L+1
7

Pn 4
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According to Propositiom 3.1.7, ¢, exists if and only if ¢, o g; is nullhomo-
topic, that is, if and only if ¢,.[g;] = 0. But again by Proposition 3.1.7 we
have i.[g;] = 0, so that using (6.4.7), it follows that ¢,.[g;] = fi.lg;] =0
holds. Doing the same for every cell, we get the desired extension ¢, 1
Xt — Y.

In order then to extend ¢, to the rest of the skeletons, we use Proposi-
tion 3.1.8, since 7, (Y) = 0 for k > n, thereby obtaining a map ¢ : X — Y.
Because ¢ is an extension of ¢,,, we have that p,0i, = @, and so foi, = @,
by using 6.4.7. Thus we get ¢.ix([ia]) = fis([ia]), which in turn implies
Px = f

Uniqueness up to homotopy is proved similarly. a

6.4.8 EXERCISE. Prove the uniqueness up to homotopy of the map ¢ whose
existence was just shown above.

6.4.9 EXERCISE. Prove that the previous result is true if instead of requiring
X1 = {x}, we require only that X be (n — 1)-connected. (Hint: Using
Theorem 6.3.20, substitute X with a CW-complex whose (n — 1)-skeleton is
one point.)

We now present the next definition, which we shall use in Section 7.2 of the
next chapter and which will play a critical role in defining the multiplicative
structure of cohomology groups.

6.4.10 DEFINITION. Let A and B be groups with countably many genera-
tors. We define maps

Vs K(A,r) NK(B,s) — K(A® B,r + s)

as follows.

We first note that K(A,r) A K(B,s) = SPM(A,r) ASPM(B,s) is an
(r+s—1)-connected CW-complex. Next, by Proposition 6.4.5, we have that

Trrs(K(A,7) NK(B,s)) = A® B.
Then, if we consider the composition of this isomorphism with
AR B— 3 A® B2 m,(K(A® B,r+35)),

then by 6.4.9 we get the map -, ,, which induces this composition in homo-
topy.
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Once one has Moore spaces, it is possible to introduce coefficients in
homology, as follows. This could already have been done in Section 6.1 for
finitely generated coefficient groups.

6.4.11 DEFINITION. Let G be an abelian group and let X be a pointed CW-
complex. We define its nth reduced homology group with coefficients in G for
n >0 as

Ho(X;G) = 1 (SP (X A M(G, 1))

For n < 0 we define H,(X;G) = 0.

Observe that H,(X;G) = H,1(X A M(G,1)). Then, it is easy to verify
that these groups satisfy the Eilenberg—Steenrod axioms for a reduced homol-
ogy theory with coefficients in G. Functoriality follows simply because the
smash product with the Moore space M (G, 1) is already a functor from Top.
to Top,; Homotopy follows from the fact that smashing pointed homotopic
maps with any map (in this case idas(q,1)) yields homotopic maps. For Ex-
actness, it is enough to observe that given any pointed map f: X — Y,
5.3.5 applied to f Aida@ay : X A M(G,1) — Y A M(G, 1) implies the
exactness of

~ (fAdpra,1))s ~
Hor(X A M(G1)) == Hyo (Y A M(G 1)) —

(inidpra,1))s ~

Hy1(Coamayy) -

Since there is a homotopy equivalence Ctpid,, ., = Cf A M(G,1), the pre-
vious exact sequence becomes

Hy(X;: Q)L 0, (Y Q) Hy(Cri G).

Finally, since for the O-sphere S° one has SP (S° A M (G, 1)) ~ SP M (G, 1) =
K(G, 1), we have

G ifn=0,

ﬁ]n(SO;G) =1 (K(G,1)) = {0 040

so that Dimension for coefficients in G is proved.

6.4.12 EXERCISE. Prove that for any pointed CW-complex X, a group ho-
momorphism ¢ : G — G’ induces another group homomorphism

H(X;G) 2 H (X @)

in such a way that the association G — H,(X;G) becomes a functor. (Hint:
By 6.3.5, ¢ determines a pointed map @, : M(G,1) — M(G',1).)
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Asin 5.3.12, if (X, A) is a CW-pair, we define the nth homology group of
(X, A) with coefficients in G to be

H, (X, A;G) = H,(X UCA;G),
where X U C'A is the mapping cone of the inclusion map of A into X. In
particular, H,(X;G) = H,(X,0;G).
As in (5.3.18), we have

H, (X, A;G) = H,(X/A; G)
for every CW-pair (X, A).

There is, of course, a version of the axioms 5.3.13, 5.3.14, 5.3.15, 5.3.16,
and 5.3.17 for the unreduced homology with coefficients in G, whose formu-
lation and proof are left to the reader as an exercise.

In particular, a version of Lemma 5.3.28 holds; namely, for any pointed
topological space X we have that

HL(X:C) = H (X;G) ifn#0,
T T He(X) e G oifn=0.

To finish this chapter we are going to consider the properties of the infinite
symmetric product as a topological abelian monoid. First we need another
concept.

The weak product HZO; Z; of pointed spaces Z; consists of all elements
xz € [[;2, Z; such that all but a finite number of coordinates z; of z are
the base points. However, its topology is not the relative topology, but the

topology of the union of the finite products Hle Z; C]_[fz1 Zi.
6.4.13 EXERCISE. Prove that my (Hfil Z,;> = @2 i, (Z;).

6.4.14 ExAMPLE. Consider any pointed space X and the weak product

1,2, K(mi(X),i). Then by the previous exercise, both of these spaces have
the same homotopy groups. However, in general, there is no weak homotopy
equivalence between them. We shall state sufficient conditions for this to
happen.

More precisely the next theorem, generalizing a result of J.C. Moore,
shows that the infinite symmetric product of X is determined by its homotopy
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groups. First we define a weak topological abelian monoid to be a space Y
provided with an associative and commutative multiplication ¥ x Y — Y
with a neutral element and such that the multiplication is continuous on
compact subsets of Y x Y.

6.4.15 Theorem. Let Y be a path-connected weak topological abelian mo-
noid. Then there is a weak homotopy equivalence

[1, K. — Y.
For the proof we refer the reader to [26]. O

6.4.16 Corollary. Let Y and Y’ be path-connected topological abelian mo-
noids that have the homotopy type of CW-complexes. If m;(Y) = m(Y") for
allt1 > 1, thenY and Y’ have the same homotopy type.

Proof: By the previous theorem there are weak homotopy equivalences

S K@) — Y, [ K@), — Y.
Since Y and Y’ have the homotopy type of CW-complexes, these are in-
deed homotopy equivalences. On the other hand, by 6.4.6 and 5.1.37, the
isomorphisms m;(Y) & m;(Y”’) induce homotopy equivalences K (m;(Y),4) ~
K(m;(Y"),4) for all # > 1, and these in turn induce a homotopy equivalence
between the corresponding weak products. This proves the result. O

Given any pointed topological space X, we have a multiplication SP X x
SP X — SP X given by juxtaposition of the elements. It is easy to prove
that this provides SP X with the structure of a weak topological abelian
monoid (see [26, 3.8]). In fact, it is the free topological abelian monoid
generated by X, where the base point of X plays the role of the neutral
element (see Exercise 6.4.19 below).

Since m;(SP X') = H;(X), we have the following consequence of 6.4.15.

6.4.17 Corollary. Let X be a path-connected space. Then there is a weak
homotopy equivalence

o
oo

1, K(H(X),i) — SPX. ]
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Moreover, from Corollary 6.4.16 and 5.2.2, we have the following result.

6.4.18 Corollary. Let X, X' be path-connected spaces that have the homo-
topy type of a CW-complex. If H;(X) = H;(X') for alli > 1, then SP X and
SP X’ have the same homotopy type. a

6.4.19 EXERCISE. Prove that there is a bijection which is an isomorphism
of monoids

SPX — F(X,NU{0})
= {a: X — NU{0} | a(zg) =0, and a(z) = 0 for almost all =}

such that = [x1, ..., &, Zo, Xo, . .. | — az, where az = > T, and T: X —
NU {0} is defined by 75 = 0 and

. 1 ify=n=x,
T(y) = :
0 ify#ux,

if © # x9. Moreover, prove that there is a similar bijection

SP" X — F.(X,NU{0})
={a: X — NU{0} | a(xy) =0, and a(z) # 0 for at most r points x} .

According to the previous exercise, one can alternatively define SP X as
a certain set of functions F(X,NU {0}). By 6.4.4, SPS" is an Eilenberg—
Mac Lane space of type (Z,n). Therefore, SPS™ = F(X,NU{0}) is a K(Z,n)
with the structure of a topological abelian monoid (in this case the operation
is globally continuous and not only on compact subsets of SPS™ x SPS", as
we shall see below). With this interpretation of SPS™, it is clear how to get a
topological abelian group of type (Z,n); namely, one simply takes F(S™, Z).
More generally, following [52] and assuming that G is a countable abelian
group, we shall similarly construct an Eilenberg—Mac Lane space of type

(G,n).

6.4.20 DEFINITION. Let G be an abelian (additive) group. We denote by
F(S™, G) the set of pointed functions « : (S”, zy) — (G, 0) such that a(z) =
0 for almost all z € S”, where x( is some base point in S". F'(S", G) is then
an abelian group under pointwise addition of functions.

In order to endow F(S™,G) with a topology, we consider a filtration of
F(S",G) as follows. Let F,.(S",G) = {a € F(S",G) | a(x) # 0 for at most r
points z}. Then

FO(S7L7G) C FI(S"’G) [GEERNE FT(S",G) C FT+1(SW’7G) c---C F(STL,G) .
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Now, for every x € S* — {zo} and every g € G, we define a function gz €

F(S",G) by
, g ifrx=1a,
ga(r') = : ,
0 ifx#a,

and gzo(z) =0 for all z € S™.
Let now p, : (G x S")" — F.(S",G) be given by

pr ((91,21), (92, %2), - - -, (grs Tr)) = G121 + GoZ2 + -+ + gr 2y .

We consider (G x S™)" with the product topology and give F,.(S" G) the
identification topology. One can easily show that p,.}; F,(S",G) is a finite
union of closed subsets of (G x S")"™'. Therefore, F,.(S",G) is closed in
F,.11(S™, G), and we endow F(S”, G) = |, F.(S", G) with the union topology.

Since S™ is triangulable and G is discrete, there is a canonical simplicial
structure on (G'xS")". Hence [[,(G'xS™)" has also a simplicial structure. Let
p:11(G xS")" — F(S", G) be the identification defined by p|(G x S*)" =
iy o py, where i, : F.(S",G) — F(S",G) is the inclusion. Using the simplicial
structure on [[.(G x S")" and the map p one can provide F(S",G) with
a CW-structure (see [52]). Since the group G is countable, F(S*,G) is a
countable CW-complex.

6.4.21 Proposition. If G is a countable abelian group, then F(S", G) is a
topological abelian group.

Proof: Consider the following commutative diagram:

[L.(G > 8" x J[(G x §")" —=TI,(G x §")"

= g

F(S",G) x F(S",G) F(S",G).

The map at the top is induced by the obvious homeomorphisms
(GxS") x (GxS") — (GxS")**,

and the one at the bottom is the sum in F(S", G).

Since ], (G x S™)" is a countable simplicial complex and F(S", G) is a
countable CW-complex, by [45] the usual topological product coincides with
the compactly generated one. Therefore, by [70], p X p is an identification
and hence the sum is continuous.



226 6 HomoTOPY PROPERTIES OF CW-COMPLEXES

The continuity of the inverse follows from the commutativity of the fol-
lowing diagram:
HT(G X S’!L)?" - LL(G X Sn)r
pl l”

F(S",G) F(S",G),

where the top map is induced by the maps (G x S*)" — (G x S™)" given by

((gla Il)? (92,I2)~, B (grvxT)) — ((7917 ‘Tl)v (7927 IZ)v ce (*grv IT)) )

and the bottom map is the inverse. a

We consider the circle S as the quotient space I/0I, and we denote a
point in S! by 7, where t € I.

Let G be a countable abelian group. Since F(S™, G) is a CW-complex,
by [54] QF(S™, G) has the homotopy type of a CW-complex. Therefore, by
4.3.22 the identity map from the k-construction kQF(S™, G) to QF(S™, G) is
a homotopy equivalence. Combining this fact with [52, Thm. 10.4] we obtain
the following result.

6.4.22 Theorem. Let G be a countable abelian group. Then the map h :
F(S",G) — QF(S* AS™,G) given by

Moz + -+ grx)t) = q(EAx) + -+ g-(EA ;)

s a homomorphism of H-spaces and also a pointed homotopy equivalence. O

6.4.23 Corollary. Let G be a countable abelian group. Then F(S™, G) is an
Filenberg—Mac Lane space of type (G,n).

Proof: By induction on n. For n = 0, it is clear that F(S°,G) ~ G. Assume
that the result is true for F(S", G). Then 7,1 (F(S™™, G)) = m(QF (S™, G)).
But by 6.4.22, QF(S"", G) ~ F(S", G); therefore,

G ifi=mn,
ﬂ—Hl(F(S”Jrl,G)) =mn(F(SY,G)) = {0 ifi #n



CHAPTER 7

CoHoMOLOGY GROUPS
AND RELATED TOPICS

In this chapter we shall use the Eilenberg—Mac Lane spaces introduced in
the previous chapter in order to define cohomology groups. Then, using the
homotopy properties proved for Moore spaces, we shall introduce a multi-
plicative structure on cohomology groups.

In order to prove that the homology groups already introduced in the pre-
vious chapter, and the cohomology groups, can be obtained using techniques
of homological algebra, we introduce cellular homology and cellular coho-
mology, which then allow us rather simply to calculate the groups for some
common spaces. Finally, using concepts from cellular homology, we shall get
various exact sequences: the Kiinneth sequences for calculating homology
and cohomology of products of spaces, the universal coefficient sequences for
calculating homology and cohomology groups with arbitrary coefficients in
terms of simple algebraic constructions involving the corresponding groups
with integer coefficients, as well as the Mayer—Vietoris sequences for com-
puting homology and cohomology groups of finite unions of spaces in terms
of the groups of the individual spaces.

7.1 CoHOMOLOGY GROUPS

In this section we shall define the ordinary cohomology group of a space X as
the group of homotopy classes [X, K (G, n)], where K(G,n) is an Eilenberg—
Mac Lane space as defined in the previous chapter.

We shall assume from now on that all of the spaces mentioned are pointed
CW-complexes whose base point is a 0-cell.

All of the constructions from the previous chapter produce CW-complexes

227
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when they operate on CW-complexes. In particular, this has as a conse-
quence that in the class of CW-complexes the homotopy type of a K(G,n)
is unique.

7.1.1 NOTE. Since we have
T (QK(G,n+1)) = [SL,QK(G,n+1)] =[ES?, K(G,n+ 1))

0 ifg#mn,

- wq+1<K<G,n+1>>—{G il

it follows that QK (G, n+ 1) ~ K(G,n).

7.1.2 DEFINITION. Let (X, A) be a CW-pair (which means that X is a CW-
complex and A C X is a subcomplex), and let G be a finitely generated
abelian group. We define the nth cohomology group of (X, A) with coefficients
mn G as

HY"(X,A;G)=[XUCA, % K(G,n),*, n>1,

where we are considering pointed homotopy classes (and the base point x
of X UCA is obvious). If A =0, then X UCA = XT = X U x. In this
case, we write H"(X;G) = [X*,+; K(G,n),*|] = [X, K(G,n)], where the
last expression denotes the free (that is, not pointed) homotopy classes of
maps from X to K(G,n).

7.1.3 REMARK. Since A — X is a cofibration, the quotient map ¢ : X U
CA — X/A is a homotopy equivalence (see 4.2.3). Therefore, one can
define the cohomology groups by

H"(X,A;G) = [X/A, %, K(G,n),+], n>1;

)

(here the base point x of X/A is {A}).

We can extend this definition to the case n = 0 by defining K(G,0) = G
(with the discrete topology).

7.1.4 EXERCISE. Prove that H°(X, A;G) = [[ G, with as many factors as
there are path-connected components C' of X satisfying C N A = (. In
particular, if X is path connected, then H(X;G) & G.

More generally, we have the following additivity property.
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7.1.5 EXERCISE. Let (X, A) = [[,cx(Xa, Aa). Prove that

HY(X, 4,G) = [[ H"(Xa, As; G) .

(Hint: An element z € H"(X, A; Q) is represented by a pointed map f :
V. (Xo/As) — K(G,n), which in turn, by the universal property of the
wedge, corresponds to a family of maps f, : X,/A4, — K(G,n), each one
of which represents an element x, € H"(X,, Aa; G).)

Since K(G,n) ~ Q?K(G,n + 2), it follows from Theorem 2.8.6 that
K(G,n) is an H-group. Therefore, H"(X, A;G) is actually a group, and
it is even abelian, since K (G, n) is a double loop space.

If f:(X,A) — (Y, B) is a map of CW-pairs, then the associated map
on the quotient spaces f : X/A — Y/B induces a homomorphism

T HYY,B;G) — H"(X, 4;G).

Just as in the case of homology, these cohomology groups and their in-
duced homomorphisms have the following properties.

7.1.6 Functoriality. If f: (X,A) — (Y,B) and g : (Y,B) — (Z,C) are
maps of CW-pairs, then
(go f)'=[fog : H"(Z,C;G) — H"(X, A;G).
Also, if id(x,a) : (X, A) — (X, A) is the identity, then
idfya = lamoona : H'(X, A;G) — H'(X, A;G) .
7.1.7 Homotopy. If fo ~ f1 : (X,A) — (Y, B) (a homotopy of pairs),

then
fi = fi HY(Y, B;G) — H'(X, A; G).

7.1.8 Excision. Let (X; X, X5) be a CW-triad, that is, X; and X3 are
subcomplezes of X such that X = X1 U X,. Then the inclusion j : (X1, X1 N
X2) — (X, X3) induces an isomorphism

j*IH”(X,XQ;G)—>Hn(X1,leX2;G), n > 0.
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7.1.9 Exactness. Suppose that (X, A) is a CW-pair. Then we have an ezact
sequence

o — HY(A;G) - HHY(X, A G) — HTY(X; G) —
— HI(A;G) - HI2(X, A G) — -

Here §, called the connecting homomorphism, is a natural homomorphism,
which means that given any map of pairs [ : (Y, B) — (X, A) the following
diagram is commutative:

HY(A; G) —~ H (X, 4; G)

(f\B)*l lf"

HY(B;G) —= H™" (Y, B; G).

7.1.10 Dimension. For the space * containing exactly one point we have
that
G ifi=0,

H'(xG) = {o ifi#0.

Proof: Properties 7.1.6 and 7.1.7 follow immediately from the definitions.

In order to prove property 7.1.8 it is enough to note that the conditions
imposed on X, Xi, and X5 imply that

X/X2 and Xl/Xl ﬂXg

are homeomorphic.

In order to prove property 7.1.9 we first define
§: HY(AG) — H™ (X, A;G)
by using the composite
X/A-"s xt oAt - nAt
where Xt U CA* is the unreduced cone of (X, A) defined alternatively as
XUAxI/ ~, where X DA>a~ (a,0) € Ax I and (a,1) ~ (¢/,1) in
A x I. Analogously, Y A" is the unreduced suspension of A. Here p is the

homotopy inverse of the homotopy equivalence defined by the composite

XTUCAT — XTUCAT/CAT ~ X/A
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and p’ is the quotient map
XTUCAT — XTUCAT /Xt =~ TAT.
So ¢ is defined by

HY(A;G) = A", +, K(G,q), %] = [A*, + QK (G, q + 1), %]
> (DAY % K(G, g+ 1), 225 (XA, 4 K (G g + 1), 4]
H(X, A: G).

Some authors include an algebraic sign in the definition of § in order
thereby to get nicer multiplicative properties. Exactness is now obtained by
applying the exact sequence of Corollary 3.3.10. Specifically, since we have
as above that H1(X; G) = [EX T, x; K(G,q + 1), %], it follows that the piece
of that sequence corresponding to the inclusion ¢ : A — X is given as

(EXT K(G g+ 1)] — [BAT, K(Gig+1)] — [C, K(G g +1)] —
— [XT,K(G,q+1)] — [AY K(G,q+1)],

where we omit the base point for simplicity. This in turn changes into

HY(X;G) — HY(A;G) — H™™(X,A;G) —
— H™(X;G) — HIM(A;G)

by using the isomorphisms proved above and the fact that C; ~ X/A (see
Corollary 4.2.3).

Grouping together these pieces for ¢ > 0 we obtain the desired exact
sequence.

In order to prove property 7.1.10 it suffices to apply the definition of
K(G,1). So we have

. G ifi=0
Hi(x;G) =[S, K(G,1)] = m(K (G, 1)) = ’

(556) = [8', K (G, )] = m(K (G, ) {0 o
since K (G, 1) is discrete and equal to G if i = 0, while it is path connected if
1> 0. O

All given axioms of functoriality, homotopy, exactness and dimension are
the so-called FEilenberg—Steenrod axioms for an ordinary (unreduced) coho-
mology theory.



232 7 COHOMOLOGY GROUPS AND RELATED TOPICS

7.1.11 DEFINITION. We can extend Definition 7.1.2 to arbitrary pairs (X,A)
by defining H"(X, A;G) = H"(X, A; G), where (X, A) is a CW-approxima-
tion of (X, A). If f : (X, A) —» (Y, B) is continuous, then we define f* = f*.
These are well defined due to the approximation theorems 5.1.35 and 5.1.44.

7.1.12 NOTE. One might also define
H(X;G) = [X, % K(G,n), 4

for a space X without taking CW-approximations. Let X be a paracompact
Hausdorff topological space. If either GG is countable or the spaces are com-
pactly generated, then one obtains Cech cohomology groups (see [36]). For
polyhedra one can show directly that these homotopical cohomology groups
are isomorphic to the simplicial cohomology groups (see [68]).

The next result establishes the so-called wedge aziom for cohomology (cf.
7.1.5).

7.1.13 Proposition. If X =\/,_, X\, then

Hy(X;G) = [[ HY(XxG).

A€A

Proof: This follows immediately from the definition of the reduced cohomol-
ogy groups and 2.2.9. a

7.1.14 EXERCISE. Let (X, A) = [[(X}, A)). Prove that for all ¢,
H(X,A;G) = [ H(Xx, Axi G).
A

This is the so-called additivity aziom for cohomology.

7.1.15 EXERCISE. Prove that if f : (X, A) — (Y, B) is a weak homotopy
equivalence of pairs of topological spaces, then

fo: HY(Y,B) — H(X, A)

is an isomorphism for all g. This is the so-called weak homotopy equivalence
aziom for cohomology.

These cohomology groups defined for arbitrary pairs of topological spaces
obviously satisfy the axioms of functoriality, homotopy, exactness, and di-
mension, which we have introduced above. But in this case we have the
following excision axiom.
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7.1.16 Excision. (For excisive triads) Let (X; A, B) be an excisive triad;
that is, X is a topological space with subspaces A and B such that AUB = X,
where A and B denote the interiors of A and B, respectively. Then the
inclusion j : (A, AN B) — (X, B) induces an isomorphism

H"(X,B;G) — H"(A,ANB;G), n>0.

Proof: In order to show that we have this property we take a CW-approxima-
tion of AN B, say ¢ Z?ﬁ% — AN B, and extend it to an approximation
of A, say ¢ : A —» A, and to an approxunatlon of B, say 3 : B —s B,
in such a way that m AN B. Thus we can define a map gp X =
AUB — AUB = Xsuchthatgo|A—<,91799|B—<p2,and<p|AﬂB—<p
Using the hypothesis AUB X we can now prove that ¢ is a weak homotopy
equivalence; that is, ¢ is a CW-approximation of X (see [31, 16.24]). Using
this result it is clear that the excision axiom for excisive triads follows from
the excision axiom (7.1.8) for CW-triads. ]

7.1.17 EXERCISE. Prove that the excision axiom for excisive triads is equiv-
alent to the following axiom. Suppose that (X, A) is a pair of spaces and that

U C A satisfies U C A. Then the inclusion 4 - (X-UA-U) — (X,A)
induces an isomorphism H"(X, A;G) 2 H*(X — U, A - U; Q) for all n > 0.
(Tt is precisely this version that gives us the name “excision,” because it al-
lows us to “excise” from both X and A a piece “well” contained inside of A
without altering the cohomology of the pair.)

Since [S", K(G, q)] = m.(K (G, q)) holds, the next result follows.

7.1.18 Proposition. Suppose that n > 0. Then we have

Hq(S"'G) o G qu = O,n,
10 ifq#0,n. O

Let X be a pointed space with base point xy. Then for every n > 0 the
inclusion 7 : * — X defined by i(*) = xy induces an epimorphism

i* HN(X;G) — H"(x;G),
which is split by the monomorphism
r: H"(x;G) — H"(X;G)

induced by the unique map r : X — .
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7.1.19 DEFINITION. We call H"(X; G) = ker(i*) the nth reduced cohomol-
ogy group of the pointed space X with coefficients in the group G.

So there is a short exact sequence
0— H"(X;G) — H"(X;G) — H"(x;G) — 0
that splits, and therefore
H"(X;G) = H*(X;G) & H"(x; G).
Consequently, by the dimension axiom 7.1.10, we have

HYX;G)® G ifn=0,

H'(X;6) = {ﬁ"(x; Q) it # 0.

From now on, if it does not cause confusion, we shall write only H"(X)
(respectively, H"(X)) instead of H"(X; G) (respectively, H"(X; G)).

7.1.20 EXERCISE. Prove that if X is a pointed space with base point z,
then for every n we have
H™(X) = H"(X, x0).

(Hint: The exact sequence of the pair (X, zy) decomposes into short exact
sequences
0 — H"(X,z0) — H"(X) — H"(z9) — 0

that split.)
7.1.21 EXERCISE. Assume that X is contractible. Prove that
HY ' (A) = HY(X, A)

if g > 1, and B
H(A) = HY (X, A).

7.1.22 EXERCISE. Take A C B C X and assume that the inclusion A — B
is a homotopy equivalence. Prove that the inclusion of pairs (X, A) < (X, B)
induces an isomorphism

HY(X,B) — HI(X, A)

for all q.
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The dimension axiom implies that the one-point space, or more generally
any contractible space, has trivial reduced cohomology. Specifically, we have
the next assertion.

7.1.23 Proposition. Let D be a contractible space. Then we have FNI”(D) =
0 for all n. O

Proposition 7.1.18 can be rewritten in terms of reduced cohomology as
follows.

7.1.24 Proposition. Suppose that n > 0. Then we have

G ifq=n,

HI(S™ G) = 4
0 ifq#n. g

7.1.25 EXERCISE. Let X be a pointed space with base point zy. Prove that
HY(X;Z) = [X,z0; K(Z,q),*] and thereby conclude that
HY(X:Z)= H*Y(SX;Z).

(Hint: Apply the exact homotopy sequence to X EEINRENG| r=XX.)

7.1.26 EXERCISE. Suppose that o : S* — S™ is the map given in Defi-
nition 6.1.5. Prove that af : H"(S";Z) — H"™(S";Z) corresponds to mul-
tiplication by k. (Hint: Prove this by applying the previous exercise and
using induction on n.) More generally, verify that the result remains true for
any coefficient group G (where multiplication by k is to be understood by
viewing G as a module over the integers Z).

7.1.27 EXERCISE. Prove the following assertions:

(a) All the arrows in the sequence
H™(X, A)—H"({1} x (X, A))<~
—H(S" x X UD' x 4,{0} x X UD' x 4)-%
CSHTUD! x X, S0 x X UD! x A) = (DY, S0) x (X, A))

are isomorphisms, where j is the obvious inclusion. We call the com-
position of these isomorphisms

a: H'(X,A;G) — H((D',SY) x (X, A); G)

the suspension isomorphism.
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(b) The suspension isomorphism defined in part (a) is a natural isomor-
phism, that is, it commutes with the homomorphisms induced by maps
of pairs.

(¢) This suspension isomorphism is in a sense another version of the ho-
momorphism of Exercise 7.1.25. Explain.

7.1.28 Proposition. If X = S"U,, e"*" is the Moore space of type (Z/k,n),
n > 1, which has dimension n + 1, then

Z  ifq=0,
HIUX;Z)=(Z/k ifq=n+1,
0 ifqg#0,n+1.

Proof: This is a simple consequence of the exactness property and the fact
that
ay : H"(S™,Z) — H"(S";Z)

is multiplication by k. a

7.1.29 EXERCISE. Let X and Y be pointed spaces. Prove that for every n
we have

HY (X VY;G) = HX;G) ® H(Y;G).

7.1.30 EXERCISE. Suppose that G, G, ..., G, are finitely generated abe-
lian groups and that 0 < ¢; < ¢2 < - -+ < @y, are natural numbers. Construct
a space X such that

7 ifqg=0,
HY(X:Z)= 4G ifq=gq,
0 ifg#0,q, 1=1,2,...,m.

7.1.31 EXERCISE. Let X be a space such that H9(X;Z) = 0 for ¢ > n. If
f:S™! — X is a continuous map, then prove that

HY(X;7Z) ifq<n,

HY(Cp;Z)={Z ifg=n+2,
0 ifg#£in+2  0<i<n.

The next exercise illustrates another important application of cohomol-
ogy. It concerns the existence of tangent vector fields on spheres.
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7.1.32 EXERCISE. Prove that the following statements are equivalent:

(a) There exists f: S""' — R™ — 0 such that f(z) L x for all z € S"7L.

(b) There exists g : S"! — S""! such that g has no fixed points and
lg(z) — 2| < 2 for all z € S*L.

(c) If a : S*! — S"! is the antipodal map (namely, a(r) = —z for
x € S™1), then o =~ idgn-1.

Show that (c), and therefore (a) and (b), can be true only if n is even. In
particular, it is not possible to construct a nontrivial tangent vector field on
S?. (We say that one cannot “comb a tennis ball.”) (Hints:

(a) = (b) Define
NI
9 = )

(b) = (a) Define
f(l’) = g(m) - <g(l’),l‘>$,
where (—, —) denotes the usual scalar product on R™.

(a) = (¢)  Use the homotopy
H(z,t) = (1 =2tz + /1= (1 =20)>(f(z)/|f(2)]).
Finally, for n = 2k and x = (21,72, ..., T2_1,Tox) € S"!, define f by

f(2) = (v, =21, 24, 23, ..., Top, —Top—1)
and note that f satifies (a). For n = 2k+1, note that o cannot be homotopic
to the identity. To see this, write

. on—1 n—1
QO=7r10r90 - 07, S — S,

where r; denotes the reflection in the plane x; = 0. Then by using 6.1.7 we
get that a* = (=1)" : H"}(S"1) — H"1(S"1), and so a* is not the
identity, which implies that o % id.)

7.1.33 EXERCISE. Suppose that X is a topological space and that B C A C
X are subspaces. Prove that for any group of coefficients we have a long
exact sequence

S H™ (A, B) -2 H™(X, A) — H"(X, B)HY(X;G) —>
S HY(A,B) — -+,
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where the homomorphisms are induced by the inclusions, except for §, which
is defined as the composite

5 H" (A, B) — H" Y(A)-5H"(X, A).

This exact sequence is the so-called ezact sequence of the triple (X, A, B). Tt
generalizes 7.1.9 (just take B = @). (Hint: See 3.5.10.)

7.2 MULTIPLICATION IN COHOMOLOGY

In this section we shall introduce a multiplication in the cohomology of a
space that changes the graded group H*(X) = {H"(X)} into a graded ring.
This structure will be obtained by defining the so-called cup product on
the cohomology groups, which allows us to distinguish spaces with the same
additive structure (see 11.8.31). We start with the next definition, which
arises from Definition 6.4.10.

7.2.1 DEFINITION. Suppose that R is a commutative ring with unit that has
a countable family of generators as an abelian group. Then for any r,s > 0
we define the map

prs: K(R,r) NK(R,s)—K(R,r +s)
by the triangle

K(R®R,r+s)=SPM(R®R,r+s)

Yr,s
v

K(R,r+s)=SPM(R,r + s),

K(R,7) NK(R,s)

7,8

where 7, is the map defined in Definition 6.4.10 of the previous chapter
and where v : M(R® R,r +s) — M(R,r + s) is the map induced by the
homomorphism R ® R — R (which is essentially the ring multiplication
map) as in Proposition 6.3.5.

Using the maps f, s defined above, we can now define the multiplication
of cohomology groups as follows.

7.2.2 DEFINITION. Let X be a CW-complex with CW-subcomplexes A and
A’. The cup product (or interior product) is the group homomorphism

H™(X,A;R) @ H*(X, A": R) — H™*%(X, AU A", R)
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that associates to the classes
r=[a] € H(X,A;R) and y=|[3] € H*(X,A;R)

the homotopy class of the map

ang

X/AUA 25 XJANX/A 8 K(R,r) A K(R, s) X%
— K(R,7+s),

where A : X/AUA" — X/A A X/A is the map induced by the diagonal

X — X x X. This class is denoted by = — .

From now on we shall assume that we are always dealing with cohomology

that has coefficients in a commutative ring R with unit. For simplicity we

shall also omit R from the notation. The cup product gives cohomology a

multiplicative structure with the following properties.

7.2.3 Naturality. If f : (X; A, A") — (Y; B, B') is a map of triads (which
means that f(A) C B and f(A") C B’), then for all y € H"(Y,B) and all

y' € H*(Y, B") we have that
Fly—=y)=1w—f)e (X AVA).
7.2.4 Associativity. For all
re HI(X,A), 2eH(X,A), and 2" € H(X,A")

we have that

r— (@ —2")=(x—2a)—2" e H"(X,AUA UA").

7.2.5 Units. Suppose that 1x € H°(X) is the element represented by the
constant map X — K(R,0) = R that sends the entire space X to the

element 1 € R. Then for all x € HY(X, A) we have that
1XVI:IV1X:I€H(Z(X,A).

7.2.6 Stabilility. The following diagram is commutative:
HT(A) ® H¥(X, A) —255 H7(A) @ HY (A, AN A')

H$(AANA)

s®id J*

H(AU A A)

b

HHY(X, A) @ H9(X, A') —=—= H++1(X, AU A').




240 7 COHOMOLOGY GROUPS AND RELATED TOPICS

Here i and j are inclusions. Moreover, 7% actually turns out to be an excision
isomorphism.

In particular, for the case A' = (), we obtain the formula
§(a — i*x) = da — v € H' (X, A)

fora e H"(A) and x € H*(X).

7.2.7 Commutativity. For all
r€ H'(X,A) and 2 € H(X,A)
we have that

T — x/ — (—1)ngjl — T € HT+S(X’AUA/) .

The proof of these properties, except commutativity, basically reduces
to the uniqueness up to homotopy of the maps between Moore spaces that
realize the given group homomorphisms. We leave the details of the proof to
the reader in the following exercise. a

7.2.8 EXERCISE. Establish the properties of naturality, associativity, units,
and stability of the cup product in cohomology.

In analogy to the interior or cup product, we can define an exterior or
cross product as follows.

7.2.9 DEFINITION. Suppose that X and Y are CW-complexes and that A
and B are subcomplexes of X and Y, respectively. The cross product (or
exterior product) is the group homomorphism

H'(X,A;R)® H'(Y, B; R) — H"™((X, A) x (Y, B); R),

where (X, A4) x (Y,B) = (X xY,A x Y UX x B), that associates to the
classes v = [a] € H"(X, A; R) and y = [§] € H*(Y, B; R) the homotopy class
of the map
X xY/AxYUX x B~ (X/A) A (Y/B) =222
— K(R,7) ANK(R,s)—""— K(R,r +s).

This class is denoted by x x .
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The cross product has properties that correspond to those of the cup
product due to the fact that these two products are intimately related.

7.2.10 EXERCISE. Suppose that © € H"(X,A), 2’ € H¥(X,A), and y €
H*(Y, B). Prove the following two formulas:

(a) = xy=p"(2) — ¢"(y),
where p : (X, A) xY — (X, A) and ¢ : X x (Y, B) — (Y, B) are
the obvious projections.

(b) z — 2’ = A*(x x 2),
where A : (X, AUA") — (X, A) x (X, A’) is the diagonal map.

Using the previous exercise and the properties of the cup product, it is
possible to prove the following properties of the cross product. However,
they can also be proved directly.

7.2.11 Naturality. If
[ (X A)— (X,4) and g: (', B)— (Y,B)

are maps of pairs, then for all x € H" (X, A) and all y € H*(Y, B) we have
that

(f xg)(xxy)=f(x) xg*(y) € H*(X',A") x (Y, B")).

7.2.12 Associativity. For all
re HI(X,A), yeH(Y,B), and z€ H*(ZC)
we have that

rx(yxz2)=(zxy)xze HT(X,A) x (Y,B) x (Z,0)).

7.2.13 Units. Suppose that 1 € H°(x) = R is the element represented by
the map {x} — K(R,0) = R that sends {x} to the element 1 € R. Then
for all x € HI(X, A) we have that

Ixe=axx1l=z¢€ H({x} x (X,A)) = HI(X,A).
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7.2.14 Stabilility. The following diagram is commutative:

H' (A, A) @ H¥(Y,B) ——= H™"(AxY,Ax BUA' xY)
EM*

dwid HPAXxYUX xB,AxYUX x B)

%
H™ X, A) @ H*(Y,B) > H (X x Y, Ax Y UX x B).

Here j is the obvious inclusion, and so j* is actually an excision isomorphism.
In the particular case B = () we have the formula
S(a xy) = (6a) xy € H'M((X,A) x Y),
where a € H"(A,A") and y € H*(Y).
7.2.15 Commutativity. For all x € H' (X, A) and y € H*(Y, B) we have

that
T (x xy)=(-1)"yxxz e H™(Y,B) x (X, A)),

where T : (Y, B) x (X, A) — (X, A) x (Y, B) interchanges the factors. O

7.2.16 EXERCISE. Prove the properties of the cross product in cohomology
by starting from the properties of the cup product in cohomology.

7.2.17 NoTE. Conversely, it is also possible to prove the properties of the
cup product by starting from the properties of the cross product. That is,
both are equivalent structures in conveniently different disguises.

The following exercises can be solved by directly applying the properties
of the products and the formulas that they satisfy.

7.2.18 EXERCISE. Suppose that x € HY(X,A), y € H'(Y,B), and ¢ €
H*(Y, B'). Prove that we have the formula

ex(y—y)=(rxy)—q¢ () e HF"P¥(X xY, X x (BUB)UAXY),
where ¢ : X XY — Y denotes the projection.
7.2.19 EXERCISE. Let 0 € HY(D!,SY R) be the element represented by the

composite map (D', S°) — S!' = K(Z,1) — K(R,1), where the first
map is the natural identification and the second map is that induced by the
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group homomorphism Z — R satisfying 1 +— 1. Prove that there is an
isomorphism o : H"(X) — H™((D',S°) x X; R) defined by

alz) =0 x x.
This is precisely the suspension isomorphism defined in 7.1.27. (Hint: Prove

that the image of 1 € H°(x) = R under the suspension isomorphism is
precisely o and then use the properties of the cross product.)

7.2.20 EXERCISE.

(i) Prove that the inclusion
(D', SY) — (R,R —0)
induces an isomorphism in cohomology
H*(DY,S%) = H*(R,R - 0).
(Hint: The inclusions
(DY,S%) — (D', D' —0) and (D', D'-0) = (R,R-0)

are respectively an excision and a homotopy equivalence in the second
term, and therefore both of them induce isomorphisms. Then use the
exact sequence of a pair in the second case.)

(ii) Let ¢y € HY{(R,R — 0) be the element corresponding to o (from the
previous exercise) under the isomorphism from part (i). Prove that the
homomorphism ¢;x : HY(X, A) — H((R,R — 0) x (X, A)) is ac-
tually an isomorphism. (Hint: Modulo the isomorphism defined in the
hint for part (i), the homomorphism here is the suspension isomorphism
from the previous exercise.)

(iii) For each n define g, € H*(R™, R™ — 0) inductively as g, = g1 X gn_1,
where we use (R,R —0) x (R"' R"! —0) = (R*,R" — 0). Prove that
gn 18 a generator of H"(R™ R"™ — 0) as an infinite cyclic group; we call
it the canonical generator. (Hint: Apply part (ii) and use induction.)

7.3 CELLULAR HoMOLOGY AND COHOMOLOGY

Up to now we have presented homology and cohomology groups from the
point of view of homotopy theory, that is, as sets of homotopy classes. His-
torically, however, (algebraic) homological methods were first used to define
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these groups. Even though this does not reveal the homotopic nature of the
subject, it does allow one to carry out calculations more systematically. In
this section we shall present a treatment of these matters that relies on the
homological algebra of homology and cohomology groups. This is called cel-
lular homology and cohomology. Besides using this theory for calculating,
we also shall use it in the next section to establish the Kiinneth formula and
the universal coefficients theorem. From now on we shall assume that X is
a CW-complex, and we shall denote by H,,(X, A) the homology group of X
modulo a subcomplex A with coefficients in Z. We start with a theorem.

7.3.1 Theorem. Let {x} =X 'Cc X°Cc X'C---C X" C---C X be the
filtration of a CW-complex X by its skeletons. Then we have

PBicynZ if m=n,
0 if m#n,

where {el' | i € J"} is the set of all the n-cells of X.

Hy (X7, X771 {

Proof: Consider the following sequence of isomorphisms:
Hp(X", X" 2 Hy(X"/X"Y) = H,(\/ S7)

icJn

-~ PBicjnZ ifm=n,
0 if m #n.

1
im\?
95}
=

|

The first map is an isomorphism because of 5.3.18, since the pair (X", X" ')
is a CW-pair. The second map is an isomorphism because the quotient is
exactly a wedge of spheres. And for the third map one uses 5.3.31, while for
the fourth map one just applies 5.3.29. a

And we get a corollary from this theorem.

7.3.2 Corollary. Under the same hypotheses as above we have the following
statements:

(a) Hp(X™) =0 for m >n.
(b) Hp(X™) = Hyp (X" = Hp(X) for m < n.

(c) The map H,(X™) — H,(X™1) induced by the inclusion is an epi-
morphism.
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Proof: Consider the following portion of the long exact homology sequence
of the pair (X1, X"):

Hyppr (X", X)L H o (X)) — Hop(X™HY) — Ho (X7, X7,

Notice that the first group is trivial if m # n, and the last is trivial if
m # n+ 1. So part (c) clearly follows, as does the first isomorphism in
part (b). To prove part (a) we observe that f-v[m(X”) = f]m(anl) =
?Im(X_l) = 0 for m > n. For m > 0 notice that these groups coincide with

the corresponding unreduced groups.

Lastly, the second isomorphism in part (b) is obtained from the diagram

H,(X™) — colim H,,(X*)

\ l{m}

Hy, (X)),

where i, : X*¥ < X denotes the inclusion and {ix.} is an isomorphism by
Proposition 5.3.30. a

In the following we are going to be using the basic concepts of homological
algebra. This material can be found in any introductory book on the subject
such as Mac Lane’s text [47]. So for any finite CW-complex X let us consider
the chain complex

o (XL X)L (X, X

(7.3.3) 5
LN Hn71(X"71,Xn72)—> e

where 0,41 © Hyppr (X" X" -2 H, (X™) = H,,(X™, X"~1) defines the maps
here.

7.3.4 Theorem. The chain complex (7.3.8) has H.(X) as its homology.

Proof: Consider the decomposition

s n+1(xn+17 X")GEQIH"(X"’ anl) i") anl(Xn717 Xn72)
W) ‘LH /
Hn(X”)%Hn_I(X“) ?
l

Hn (XnJrl)

of the above chain complex, where the diagonal arrows (1) and (2) are
monomorphisms and the lower vertical arrow is an epimorphism, as we
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showed in Corollary 7.3.2. Also, both the two vertical arrows on the left
as well as the diagonal arrows (1) and (2) form exact sequences. It follows
that

ker 9, = ker0 = H,(X"),
imd, 1 =im d C H,(X").

Thus we have ker 9,/im 8,1 & H,(X")/im 0 & H,(X") & H,(X) by
Corollary 7.3.2 (b). O

7.3.5 DEFINITION. We call the chain complex { H,(X™, X" 1),9,} in (7.3.3)
the cellular chain complex of X, and we denote it by

C(X) = {Cn(X), dn},

where from now on we shall identify C,,(X) with the free group generated by
the n-cells of X.

7.3.6 NOTE. One can prove that under this identification of C,(X) (with
the free group generated by the n-cells of X) the operator d,, satisfies

where ozé- € Z is the degree of the composite

Snfl ~ 86? @ anl q anl/Xn72

_ k; _
~ \/ S;’L 1 J sn 1 )
j€J7w,—1

Here ¢' is the characteristic map of the cell e?, ¢ is the quotient map, and
k; identifies to a point all of the summands S?,’l satisfying j' # j. (Bredon’s
book [19] develops all of this material in full detail.)

7.3.7 DEFINITION. Let X be a CW-complex. We define its nth homology
group with coefficients in an abelian group G as the nth homology group of
its cellular chain complex with coefficients in G, which is itself defined by

CX;G)={C,(X)®G,d, ® 1g}.

We denote this homology group by H,(X;G).
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7.3.8 EXERCISE. Let X be a pointed CW-complex. Define
Ho(X; G) = ker(Ho(X; G) — Ho(x; G))

and H,(X;G) = H,(X;G) for n # 0. Moreover, for any CW-pair (X, A)
define
H,(X,A;G) = H,(XUCA;G).

Prove that the groups H, (X, 4; G) satisfy axioms that correspond to 5.3.13-
5.3.17.

7.3.9 NOTE. In particular, if G = Z/k, then the groups H,(X;G) coincide
with the groups already described in 5.3.33 (see the comparison theorem
12.1.19).

There is a relative version of all this as well. Theorem 7.3.1 can be
proved in the case where we have a filtration A = X' c X°c X! c ... C
X" C -+ C X of a pair of CW-complexes A C X. Now, however, X"
represents the relative n-skeleton; that is, the union of A with the absolute
n-skeleton. In this case, the version of Theorem 7.3.4 corresponding to a
relative cellular chain complex C.(X, A) asserts that the homology of this
complex is H.(X,A). There is another point of view, as we see from the
next exercise.

7.3.10 EXERCISE. Suppose that X is a CW-complex with a subcomplex A.
Then the quotients C,(X)/C,(A) determine a chain complex. Prove that
this chain complex is isomorphic to C,(X, A).

7.3.11 EXERCISE. Prove that the relative groups H,(X, A;G) can be de-
fined, in terms of what we said before, by using the chain complex C,(X,4; Q)
whose groups are C,,(X, A) ® G.

As an application of the previous results we now analyze an example.

7.3.12 EXAMPLE. The Klein bottle K is obtained from the square I x I by
identifying (0,¢) with (1,1 —¢) and (s,0) with (s, 1) for all s,¢ € I. We shall
calculate its homology and so shall see that this space is not homeomorphic
to the torus T = S! x S!.

As we see in Figure 7.1, one can decompose K as a CW-complex with
one 0-cell €, two 1-cells e! and &', and one 2-cell e2. From the way in which
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&0 el &0
et e? et —_— s
0
€ el el
Figure 7.1

these cells are glued together and from 7.3.6 we have in the cellular chain
complex of K that

implying that
Hy(K) =0, H(K)=Z&Z)2.

On the other hand, for the torus 7" we can similarly prove that its homol-
ogy is
Hy(T) =72, H(T)=Za®Z.

Therefore, the Klein bottle K and the torus 7' cannot be homeomorphic. In
fact, they cannot even have the same homotopy type.

The next example will be of interest in the last chapter of the book.

7.3.13 ExaMPLE. Consider the complex projective space CP*, which has
one 0-cell, one 2-cell, one 4-cell, and so forth up to one 2k-cell and which has
no odd-dimensional cells. Consequently, its cellular chain complex has the
form

Z if nis even and n < 2k,

0 ifnisoddorn > 2k,

C,(CPF) = {
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and so d,, = 0 for all n. Since the homology of the space is equal to that of
the cellular chain complex, we get that

Z if n is even and n < 2k,
0 if nisoddorn>2k.

Hn(C]Pk) = {

Obviously, we get an analogous result when we calculate the homology with
coefficients in a group. (Compare this example with 11.7.29.)

The next example is also rather interesting.

7.3.14 ExaMpPLE. Consider the real projective space RP*, which has one
0-cell, one 1-cell, one 2-cell, and so forth up to one k-cell. In this way we see
that its cellular chain complex with coefficients in G has the form

C.(RPF;G) = G

for all n < k and is trivial for n > k. However, the way in which these cells
are put together implies either that

d,(g) =2¢g if nisodd

or that
d,(g) =0 if niseven

for all g € G (see Exercise 7.3.15). Therefore, if k is even, then we have

G if n=0,
H,(RP*;G) = { G/2G if nis odd and n < k,
0 otherwise.

Now, if k£ is odd, then

G if n=0,k,
H,(RP*;G) = { G/2G if nis odd and n < Fk,

G otherwise,

where G5y = {g € G'| 2g = 0} is the so-called 2-torsion subgroup of G. Since
for G = 7/2 we have 2G' = 0 and G(3) = Z/2, it follows that

Z)2 ifn <k,

H,(RP*;Z/2) =
( /2 {0 if n > k.



250 7 COHOMOLOGY GROUPS AND RELATED TOPICS

(Compare this result with 11.7.26.) On the other hand, for G = Z we have
G(2) = 0. Therefore, for k even,

Y/ if n=0,
H,(RP*) ={ 7Z/2 ifnisodd and n < k,
0 otherwise,
and for k odd,
Y/ ifn=0,k,
H,(RP*) = {7Z/2 ifnisodd and n < k,
0 otherwise.

7.3.15 EXERCISE. Using the way that cells are attached in the real pro-
jective space RP" and taking into account 7.3.6, check that in the example
above, d,, is multiplication by 2 if n is odd, and zero if n is even. (Hint:
The number o € Z by which we multiply to obtain d, is the degree of the
composite

Snfl ~~ O ¥ anl q anl/Xn72 ~ Snfl )

This map factors as a composite St — S*~1 v §*~1 — S where
the first map collapses the equator sphere S"~2 onto the base point and the
second one maps the first sphere as the identity and the second sphere as the
reflection on the equator. The first of these has degree 1, and the second has
degree (—1)""!. Take a look at [19].)

7.3.16 EXERCISE. Using the cellular decomposition of the Moore space of
type (Z/k,n), namely X = S" U,, "™, calculate H,(X;Z). (Compare with
Proposition 7.1.28.)

In much the same way as above it is possible to discuss cohomology with
coefficients. Specifically, we have the next definition.

7.3.17 DEFINITION. Suppose that G is an abelian group. Put C"(X;G) =
Hom (C,,(X),G) and put d" = (d,)* : C"1(X;G) — C"(X;G). We call
the cochain complex

Cr(X;G) = {C"(X;G), d"}

the cellular cochain complex of X with coefficients in G.
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The next result for cohomology is dual to Theorem 7.3.4.

7.3.18 Theorem. The cochain complex C*(X;G) has H*(X;G) as its co-
homology.

Theproof of this theorem is based on Milnor’s comparison theorem12.1.19.
O

7.3.19 EXERCISE. Suppose that X is a pointed CW-complex and that the
group HE(X; G) is the cohomology of C*(X; G). Define
HE(X; G) = ker(i)
where i : % — X is the inclusion into the base point. Moreover, define
HA(X, A; G) = HA(X/A; G)
whenever A is a subcomplex of X.

Prove that the groups HA(X, A; G) so defined satisfy axioms 7.1.6 to
7.1.10.

This exercise allows us to apply the comparision theorem to which we
referred above to prove Theorem 7.3.18.

7.3.20 EXERCISE. Prove that the relative groups H™(X, A; G) can be de-
fined by using the cochain complex C*(X, A; G) whose groups are

Hom (C,,(X, A),G),
where C,, (X, A) is described in Exercise 7.3.10.
7.3.21 EXERCISE. Recall the construction of the oriented and nonorientable
closed surfaces of genus g given in 3.2.12(c) and (d). Using it, compute their

cellular homology and cohomology groups with coefficients both in Z and in
Z]2.

7.3.22 EXERCISE. Using the cellular complexes with coefficients in G of the
real and complex projective spaces given in 7.3.14 and 7.3.13, compute their
cohomology groups with coefficients in G.

7.3.23 EXERCISE. Let X be a CW-complex of dimension n. Prove that

H,(X;G)=0 and H™X;G)=0 for m>n.
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7.3.24 REMARK. There is an example due to Barratt and Milnor [16] of an
(r — 1)-connected, compact space X, r > 1, with its homology and cohomol-
ogy groups with coefficients in the group of rational numbers such that

H,(X;Q)#0 and H™(X;Q)#0

for an infinite number of values m. This space X is an infinite “wedge” of
copies of ", but with the topology as a subspace of their product (see note
2.9.2).

7.4 EXACT SEQUENCES IN HOMOLOGY
AND COHOMOLOGY

We end this chapter with this section, where we shall present some exact
sequences giving the homology and the cohomology of a product of spaces
and then, as a consequence, some formulas for changing coefficient groups
in homology and cohomology. Likewise, with similar techniques we shall
construct the Mayer—Vietoris sequences in homology and cohomology for
CW-complexes.

Suppose that X and Y are CW-complexes with countably many cells or
suppose that at least one of them is locally compact. It follows in either case
that their product X x Y is again a CW-complex (see 5.1.46). Given all this
and that {e,}aca and {e};}sep are the cells of X and Y, respectively, then
{ea X €5} (a,s)caxs are the cells of X x Y. According to Definition 7.3.5, we
know that Cy(X) and C;(Y) are the abelian groups freely generated by the
k-cells of X and the [-cells of Y, respectively. Also, the boundary operators
of these chain complexes are given in 7.3.6.

7.4.1 DEFINITION. We define the product of the chain complexes C,(X) and
C.(Y), denoted by C.(X) ® Ci(Y), to be given in dimension m by
[C.(X) @ C.(V)lm = @D Cu(X) @ Ci(Y),

k+Il=m

together with the boundary operator d defined by
da®b) =d(a) @b+ (—1)ka @ d(b)
for a € Cx(X) and b € C(Y).
We then have that the function e, ® e +— e, X e}j, being a bijection
between generators, determines an isomorphism

C.(X) @ C(Y) — CL(X X Y).
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Furthermore, we can prove using 7.3.6 that the boundary operator in C, (X x
Y) is given by d(eq X €f;) = d(eq) @ €5 + (—1)Fe, @ d(€];), where k is the
dimension of e,. So we obtain the next result.

7.4.2 Theorem. Suppose either that X and Y are CW-complexes with
countably many cells or that at least one of them is locally compact. Then
there exists an isomorphism of chain complexes

CiX)@C(Y) — Cu(X xY)

defined by e, @ €5+ eq X €, where {eq}aca and {ej}sep are the cells of X
and Y, respectively. a

Using Definition 7.3.7, we get from Theorem 7.4.2 that
H(X xY;R)= H(C. (X xXY)®R),

where R is a commutative ring with unit. But C,(X xY)® R = (C.(X) ®z
CiY))®R) = (Ci(X)® R) ®r (Cu(Y) ® R) holds, and so we have that

HL.(X % Y1 R) = H(C.(X) ® R) @ (C.(Y) ® R)).

Analogously, for the case of cohomology with coefficients in R, according
to Theorem 7.3.18 we have that

H*(X x Y;R) = H,(C*(X;R) @ C.(Y; R)) .

We give in the following a general result, and its dual, from homological
algebra. These give rise to the Kiinneth formula in homology and cohomol-
ogy. This material can be found, for example, in Spanier’s text [67, 5.3.1,
5.5.11] as well as in Mac Lane’s [47, V.10]. In the case of cohomology we
require that the chain complexes be of finite type, that is, that they have a
finite number of generators in each dimension. This will always be the case
for the cellular chain complex of a compact CW-complex. We say that a
CW-complex is of finite type if it has a finite number of cells in each dimen-
sion. Therefore, the cellular chain complex of a CW-complex of finite type is

of finite type.

7.4.3 Theorem. Suppose that C' and D are free chain complexes over a
principal ideal domain R. Put C* = Hompg(C; R) and D* = Homg(D; R).
Then there is a natural short exact sequence
0 — Bpy1mp Hi(C) @ Hi(D)—"—H,,(C @ D)——
— @kﬂ:mfl TorR(Hk(C)v HI(D)) —0,
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where p is given by [¢] ® [d] — [c® d]. Also, for the cohomology of C* and
D*, provided, moreover, that C, and D, are of finite type, we have a natural
short exact sequence

0 — @y HH(C) @ H(D)—— H"(C @5 D)——
B @k+l:m+l TOYR(Hk(C)i HI(D)) — O )
where p* is defined analogously to p.

Furthermore, these exact sequences split, though not naturally. a
From the previous theorem we now get the Kiinneth formulas.

7.4.4 Theorem. (Kunneth formula) Suppose either that X andY are CW-
complexes with countably many cells or that one of them is locally compact.
Let R be a principal ideal domain. Then we have a natural short exact
sequence in homology with coefficients in R,

0— @kH:m Hk(X) R HZ(Y) —>p H,,L(X X Y)—)
— @k+l:m71 Torg(Hy(X), Hi(Y)) — 0,

where p is the homology product defined by [e] ® [¢'] — [e x €']. Furthermore,
provided that X and Y are of finite type, we have a natural short exact
sequence in cohomology with coefficients in R,

0 — @By HH(X) @5 H'(V)——H" (X X ¥)——
—— @i Torr(HY(X), H'(Y)) — 0,
where X is the cross product in cohomology.

In addition, both of these exact sequences split, although not naturally. O

If one of the R-modules appearing in the previous formulas is free, say,
for example, that R is a field, then the torsion products given by the functor
Torg vanish. So we have the following consequence.

7.4.5 Corollary. If R is a field or, more generally, if the R-modules
H.(X;R) and H'(X;R)

are free with the latter being of finite type, then there exist natural isomor-
phisms

p: P Hi(X;R)®p Hi(Y:R)——H, (X x Y; R),
k+l=m

x: @ HMX;R)®r H'(Y;R)——H™X x Y:R).
k+Il=m



7.4 EXACT SEQUENCES IN HOMOLOGY AND COHOMOLOGY 255

7.4.6 NOTE. We should note here that the condition that a CW-complex
is of finite type implies that it has countably many cells, so that this one
condition actually implies the various general conditions of Theorem 7.4.4,
namely, the condition that each CW-complex have countably many cells in
the homology case and the condition that the CW-complexes be of finite type
for the cohomology case. It follows that the product of two CW-complezes of
finite type is a CW-complez of finite type.

On the other hand, in the same theorem for the case of cohomology, it
is enough to require that H*(X) and H*(Y") be of finite type, which always
happens when C,(X) and C,(Y) are of finite type. Nonetheless, it is often
easier to verify the condition on the cohomology groups than on the chain
complexes, and in many cases the latter cannot be of finite type even though
their cohomology groups will indeed be of finite type.

7.4.7 REMARK. The Kiinneth formulas are true for arbitrary spaces X and
Y. One can show this using Theorem 7.4.4 and cellular approximations.
However, we must stress that in this case we get this result either when
both spaces are of the same weak homotopy type as CW-complexes with
countably many cells or when one of them is locally compact. To prove the
Kiinneth formula in its full generality requires, instead of Theorem 7.4.2; the
Eilenberg—Zilber theorem, which establishes a chain homotopy equivalence
between the singular chain complezes S.(X x Y) and S.(X) ® S,.(Y).

The next result is true for any space X, but since we want to derive it as
a consequence of Theorem 7.4.3, we shall assume that X is a CW-complex.

7.4.8 Theorem. (Universal coefficients theorem) Let R be a principal ideal
domain and let A be an R-module. Then there are natural short exact se-
quences

0— H,(X;R)®r A — H,,(X;A) — Torg(Hpm-1(X; R),A) — 0
and
0 — H™(X;R) ®r A — H™(X; A) — Torg(H™(X; R),A) — 0,

where both exact sequences split, although not naturally.

Proof: Suppose that C' = C,(X) ® R is the cellular chain complex of X
with coefficients in R. Also suppose that D is the chain complex defined by
Dy = A and D; = 0 for [ # 0 with all of its boundary operators defined
to be zero. It follows that C ®zr D = C.(X) ® A. Moreover, we have that
Hy(D) = H°(D) = A and that H,(D) = H(D) = 0 for | # 0. Applying
Theorem 7.4.3, we get the desired exact sequences. a
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7.4.9 NOTE. Similar methods of homological algebra allow us to relate ho-
mology and cohomology, as can be found in Spanier’s text [67, 5.5.12, 5.5.3],
and so to get, for any principal ideal domain R and any R-module A, a
natural short exact sequence

0 — Extr(H™(X;R), A) — H,,(X; A) — Homp(H™(X; R),A) — 0

?

and dually, provided that H,(X; R) is of finite type, a natural short exact
sequence

0 — Extgp(Hm-1(X;R),A) — H™(X; A) — Hompg(H,,(X; R),A) —0.

As usual, these split, though not naturally.

In analogy to the case of the Kiinneth formula, for the construction of
the Mayer—Vietoris sequence we shall need a result from homological algebra,
which we state next. We shall not prove this result, but we shall instead refer
the reader again to Spanier’s book [67, 5.1.13, 5.4.8].

7.4.10 Theorem. Suppose that
0—D—C—F—0,

1s a short exact sequence of chain complexes that splits and that G is an
abelian group. Then there exist natural long exact sequences in homology

e = Hy(D; G) — Hy(C; Q) — Hy(E; G)—2—H, (D;G) — -
and in cohomology

o — HY(E;G) — HY(C;G) — HYD; G)—>—H"™(E;G) — - --

This theorem is a consequence of the following fundamental theorem.

7.4.11 Theorem. A short exact sequence of chain complexes, say

0— D-CE 0,
determines a natural long exact sequence in homology

o — Hy(D:G) — Hy(C:G) — Hy(E;G)—2—H, 1(D;G) —» ---
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The main part of the proof of this theorem consists in defining the ho-
momorphism 0,, which is done as follows. For any [e] € H,(E; G) we define
d.([e]) = [a7'9B7 (e)] € Hy,—1(D; G), where 9 is the connecting homomor-
phism of the complex C. It is now an element-chasing ezercise to prove that
this homomorphism is well defined and that the sequence it determines is
indeed exact. a

The proof of Theorem 7.4.10 is obtained from this fundamental theorem.
This is so, since when we split the given short exact sequence, the sequences
that we get by applying the tensor product with G or the functor Hom(—, G)
continue to be short exact sequences, whose homologies yield the desired long
exact sequences. O

7.4.12 Proposition. Suppose that (X; A, B) is a CW-triad, that is, A, B C
X are subcomplexes and AU B = X, and suppose that D C AN B is a sub-
complex. Then there exists a short exact sequence of free cellular complexes
that splits,
0— C,(ANB)/C.(D) — C,(A)/C«(D) ® C.(B)/C.(D) —
— C\(X)/C.(D) — 0,
where the first homomorphism is given by [c] — (i,[c], —j.[c]) and the second

one is given by ([al, [b]) — i.]a] + j.[b]. Hered, ¢, j, and j' are the respective
inclusions.

Proof: Tt is enough to check that the cells that freely generate the complex
in the middle either come exactly from the cells that freely generate the
complex on the left or, if not, go exactly to the cells that freely generate the
complex on the right. O

Consequently, by applying Theorem 7.4.10 we now get the desired Mayer—
Vietoris sequences.

7.4.13 Theorem. Suppose that (X; A, B) is a CW-triad and D C AN B is
a subcomplex. If G is an abelian group, then there is an exact sequence in
homology

—}Hq(AﬂB,D;G) HHq(AaD;G)@Hq(B,D;G) .
— H(AUB,D;G) — H, 1(ANB,D;G) —» -+,

where the first homomorphism is defined by

[c] = (it[e], —jile])
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and the second one is defined by
([a], [B]) = i.[a] + ju[b] -
Also, there is an exact sequence in cohomology
-+ — H"Y(ANB,D;G) — HY(X,D;G) —
— HY(A,D;G)® HYB,D;G) — HY(ANB,D;G) — -+,
where the second homomorphism is defined by
[c] = (i*[c], 57[c])
and the third one is defined by
([a], [b]) = i"[a] — 5™ [0] -
Here i, ', j, and j' are the respective inclusions. ad
These sequences are known as the Mayer—Vietoris sequences for homology

and cohomology. In the last chapter these sequences are deduced from the
formal properties of homology and cohomology (see 12.1.22).

7.4.14 REMARK. There exists a version of Theorelg 7'4513 for excisive 1ri-
ads, that is, for triads (X; A, B) that satisfy X = AUB and D C AN B,

where U denotes the interior of U = A, B in X. The exact sequences in this
new version are just like those in Theorem 7.4.13 itself and can be obtained
by appropriately substituting the couples of excisive pairs with couples of
CW-pairs. (See Spanier’s book [67] for a systematic discussion of this case.)



CHAPTER 8

VECTOR BUNDLES

In this chapter we shall define and study vector bundles, including their
classification. We also examine Grassmann manifolds and universal bundles.
Our presentation partly follows Dupont [28].

8.1 VECTOR BUNDLES

In this section we shall introduce vector bundles. These form a special class of
locally trivial bundles, which in turn we already have introduced in Chapter
4.

8.1.1 DEFINITION. We say that a locally trivial bundle p : E — B is a
real (respectively, complex) vector bundle of dimension n or, more briefly, a
real (respectively, complex) n-bundle, if it has R" (respectively, C") as its
fiber and if it satisfies the following compatibility condition. Given any two
trivializations ¢y : p7'U — U x F and @y : p7'V — V x F, where
F = R™ (respectively, F' = C"), over any two neighborhoods U and V' of any
b € B (such that py and py are in fact trivial), it follows that the map

ovopy (UNV)xF— (UNV)xF,

which always has the form ¢ o o' (2,y) = (z,Guv(z,vy)) for (z,y) € (UN
V) x F, satisfies the compatibility condition that gy (z,y) is linear in y € F
for each fixed x € UNV. (See also 8.5.18.)

This compatibility condition is equivalent to the existence of continuous
functions gyy : UNV — GL,(R) (respectively, gy : UNV — GL,(C))
such that gyv(z,y) = guv(z)y for (z,y) € (UNV) x F, where GL,(R)
(respectively, GL,(C)) denotes the real (respectively, complex) general linear
group of n X n invertible matrices.

259
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In other words, each change of coordinates chO(p{,l is a linear isomorphism
on the fibers. This condition allows us to endow each fiber p~!(x) for z € B
with a unique vector space structure over the real (respectively, complex)
numbers in such a way that the restriction of each ¢y to any fiber p~!(z),
where z € U, is a linear isomorphism from p~'(x) to R™ (respectively, C").
It is because of this property of the fibers that these locally trivial bundles
are called vector bundles.

Conversely, if we are given an open cover U of B such that for every pair
U,V € U there is a map gyy : U NV — GL,(R) satisfying

(8.1.2) guv(@)gyw (2) = gow(z), z€UNVNW,

then we can construct a vector bundle using this family of functions, known
as a cocycle, as if it were a set of “assembly instructions.” Specifically, this
means that we take the disjoint union

H U x R"
Ueu

and identify (z,y) € U x R™ with (z,gyv(z)y) € V X R™ whenever z €
UNV and y € R". Equation (8.1.2) then guarantees that the quotient £ =
ey U x R™/~ under this identification is the total space of a well-defined
real vector bundle, where one defines the bundle map itself p : £ — B
to be locally projection onto the first coordinate. (Notice that the same
construction also works in the complex case.) The resulting vector bundle is
called the real (respectively, complex) vector bundle determined by the cocycle
{gUV | UV e Z/l}

From now on, we shall discuss only the real case. However, the complex
case is entirely analogous.

8.1.3 EXERCISE. Prove that every cocycle satisfies the following identities:
guv(z) = 1€GL,(R), =zeU,
gov(z) = gvu(x)™ € GL,(R), zeUNV.

(Hint: Use (8.1.2).)

8.1.4 DEFINITION. Given two vector bundles p: E — Bandp : ' — B

we can clearly find an open cover U of B such that both p and p’ are trivial
over each U € U. If the corresponding cocycles are

{guv : UNV — GL,(R)}, {9y :UNV — GLy(R)},

where U,V € U, we can then consider operations such as
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(i) GL,(R) X GLy(R) —=— GLy i (R);

(i) GL,(R) x GLyy(R) —Z— GLyw (R);
0

(i) GL,(R) —— GL,(R);
(iv) GL,(B) x GL,(R) ™3 QL. (R);
(v) GLo(R) — 5 GL«(R);
() GLA(R) —— GLyy (R);

which are given for matrices A € GL,(R) and B € GL,/(R) as follows:

(i) Ao B= ( ) is the direct sum of A and B.

(il

(iii

)
) A® B is the tensor product of A and B.

) (A*)71 is the inverse of the adjoint matrix of A.
(iv) Hom (A™!, B) = (A*)"' @ B.

v) @ A=A®---® A (with k factors).

)

(vi) A" A is the kth exterior power of A.

By composing these operations with the given cocycles, we can define
new cocycles

(i) = guv(z) @ gyy (),
(i) = +— guv(z) ® gpy (),
(i) = — ((guv(@)))
(iv) @ — Hom ((guv(2))~", guv (2)),
(v) z— ®" guv (),
)

(vi) z+—> /\ guv(z),
for x € UNV, thereby obtaining new “assembly instructions” for constructing
vector bundles over the base space B with the corresponding total spaces

denoted by

() Be B,
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(i) FE® E,

111

V) QE,

)
i) E
(iv) Hom (E, E'),
)
(vi) A" E.

Since vector spaces can obviously be identified with vector bundles over
a one-point base space, we can see that these constructions extend to vector
bundles the corresponding operations for vector spaces.

8.1.5 NOTE. The bundle E & E' is often called the Whitney sum of the
bundles £ and E’.

8.1.6 EXERCISE. Prove that the Whitney sum of two vector bundles p :
E — B and p' : B/ — B can be obtained as the bundle induced by the
diagonal map A : B — B x B, defined by A(z) = (z,x) for € B, from
the product bundle p x p’ : E x E' — B x B. This means that

E®E =A(ExE).

8.1.7 EXERCISE. Let p; : By — By and py : Es — By be vector bundles.
Prove that the product bundle p; X ps : Fy X B3 — B; X By satisfies a
natural identification

E1 X E2 = WT(El) @W;(Eg),
where 7, : By X By — B, is the projection for v =1, 2.
8.1.8 EXERCISE. Given vector bundles p : E — B and p' : /' — B,
prove that the fiber over x € B of each one of the bundles constructed above

is given as follows, where F' = p~!(x) and F’ = p/~!(z) are the fibers over z
of p and p/, respectively:
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(v) ®F,
(vi) A" F.

8.1.9 DEFINITION. Let p: E — B and p' : '/ — B’ be vector bundles.
A fiber map }7 E — E’ that covers a continuous map f : B — B’ is
called a vector bundle homomorphism over f, or more briefly a bundle homo-
morphism, if for each x € B the restriction of fto the fiber over z, namely
fo i pHx) — pP~1(f(2)), is a linear homomorphism. In other words, this
means that fnlaps each fiber of p linearly into the corresponding fiber of p’
with respect to the linear structures on the fibers. A bundle homomorphism
such that fiberwise it is a linear monomorphism (epimorphism) is called a
vector bundle monomorphism (epimorphism). It will be called simply a vec-
tor bundle morphism, or more briefly a bundle morphism, if fiberwise it is a
linear isomorphism.

In particular, given vector bundles with the same base space, p: E — B
and p’ : B/ — B, we say that a map f: E — E' that covers the identity
map idpg, that is, such that p’ o f = p, is a vector bundle homomorphism
over B if for each z € B, the restriction to the fiber f, : p~!(z) — p'~!(x)
is linear. It is a wector bundle monomorphism (epimorphism) over B if ]?1
is a linear monomorphism (epimorphism). The map f:E— Fisa

vector bundle isomorphism if for each x, f, : p~*(z) — p/~(x) is a linear
isomorphism.

A subspace E; C E of a vector bundle p : E — B is called a subbundle
if the restriction p; = p|E; : By — B is a vector bundle and for each = € B,
EyNp~Y(z) C p~'(z) is a linear subspace. Then the inclusion E; < E is a
vector bundle monomorphism.

8.1.10 NOTE. The previous definition of a vector bundle morphism can be
formulated as saying that if f: E — FE' is a continuous map that sends
fibers linearly and isomorphically to fibers, then f s a vector bundle mor-
phism. Specifically, since p : E — B is an identification map (because it is
both surjective and open) and since the composite p’ o fis compatible with
the identification map (i.e., f sends fibers into fibers), it follows that there
exists a continuous map f: B — B’ that makes the diagram

F

BE/

&

p/

3
-~

> !/

oy

f
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commute. Sometimes when we speak of a vector bundle morphism we mean
a diagram such as this.

When one considers the category Vect of vector bundles, there the mor-
phisms from p : E — B to p' : E/ — B’ are pairs (J?, f), where f: B —
B’ is continuous and f E — E’ is a bundle homomorphism over f, with
the obvious composition. There should be no confusion with the widespread
notion of a (vector) bundle morphism, which refers only to a homomorphism
that fiberwise is an isomorphism.

8.1.11 EXAMPLES.

(a) If M and M’ are differentiable manifolds and f : M’ — M is a
differentiable map, then the derivative of f determines a bundle homo-
morphism Df : TM' — TM between the tangent (vector) bundles of
the given manifolds, which covers f.

(b) A sequence of bundle homomorphisms
Jou i B q Ev/7

where E', E, and E” are vector bundles over B, is said to be ezact if
for each b € B the sequence of fibers

E, > B, "> R
is exact.

(c) If fv E' — E is a bundle homomorphism that covers f : B’ — B,
then we define ker(f) = {¢' € E' | f(¢) = 0} and im(f f) = {f( Ve e
E'}. In general, the restricted maps ker(f) — B’ and im(f) — B
are not vector bundles (they are not locally trivial).

8.1.12 EXERCISE. Prove that~if f: E' — F is a bundle epimorphism that
covers f : B' —» B, then ker(f) — B’ is a vector bundle.

8.1.13 EXERCISE. Let p: E — B and p' : E' — B be vector bundles over
the same base space B. If ¢ : E — E’ is a vector bundle isomorphism (see
8.1.9), prove that ¢ is a homeomorphism. Hence ¢ is an isomorphism in the
category of vector bundles. (Hint: Use the fact that the self map a — a=! is
continuous as a map from GL,(C) to itself.)
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8.1.14 EXERCISE. Prove that if fv: E — FE’ is a vector bundle mgrphism,
then E = f*E’ provided that f : B — B’ satisfies fop = p' o f. (Hint:
Apply the previous exercise to £ and f*E’.)

By carefully applying to vector bundles the corresponding results for vec-
tor spaces we get the next proposition.

8.1.15 Proposition. Let E, E’', and E” be (the total spaces of ) three vector
bundles. We have the following natural isomorphisms of vector bundles:

() E@F=FE oF.

(b) (o E)eE"=E& (E'® L"),

(c) EQE'=FE' ®E.

(d) (EE)®E"2E® (E'®E").

() EQ (F®E")2(EQE)® (E®E").

(f) Hom (E,E") 2 E*® E'.

e N"EeE) =@, , (NEoNE. 0
8.1.16 EXERCISE. Suppose that p : £ — B is a vector bundle defined

by a cocycle {gyv | U,V € U}, where U is an open cover of B, and that
f: B’ — B is a continuous map. Show that

9wy = gov [IFHO) N V) fTHU) N V) — GL(R)

defines a cocycle for the open cover {f~U | U € U} of B’ induced by
f. Moreover, prove that the vector bundle determined by this new cocycle
is canonically isomorphic to the vector bundle induced by f, namely p’ :

f*E — B'.

8.1.17 EXERCISE. Consider the trivial bundle B x R® — B, which we
shall denote by ™ (just as in the complex case). Find a minimal cocycle that
determines . (A cocycle is minimal if no proper subfamily of elements of
it is a cocycle.)

8.1.18 EXERCISE. Using Exercise 8.1.16 prove again the assertions of Exer-
cise 4.3.10, namely that the induced bundle is a functor.
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8.1.19 EXERCISE. Prove the following implications:

(a) By 2 By and B} 2 B} = E, & E, = E, & E),

(b) B, 2 By and B, 2 By = B, ® E, = B, @ E),.

() By = B, = E; =~ Ej.

(d) By 2 Fy and F; & Ej = Hom (E1, E}) = Hom (Fy, EY).

(e) E1 = E2 = /\kEl = /\kEQ

To finish this section on general matters concerning vector bundles, we
shall now introduce a concept that will be quite useful in Chapter 11.

8.1.20 DEFINITION. Given a vector bundle p : F — B we say that a
continuous family of scalar products (—, =), : p~(z) x p~1(z) — R for
r € B, that is, a continuous map

p:ExgE={(e,e)e ExE |ple)=pl)} —R

whose restriction (e, ') = p(e, '), e, ¢’ € p~!(x), determines a scalar product,
is a Riemannian metric on the bundle. In the complex case, if (—, —), :
p~(z) x p~1(2) — C is a Hermitian product, then it is called a Hermitian
metric

8.1.21 NOTE. Strictly speaking, a Riemannian (Hermitian) metric of a vec-
tor bundle p : E — B is a section s : B — (E ® E)* (see 8.3.10) of the
bundle (F ® E)* — B such that s(z) is a scalar (Hermitian) product on
the vector space p’l(x) for every x € B.

8.1.22 Theorem. Let B be paracompact. Then every vector bundle p :
E — B admits a Riemannian metric.

Proof: Suppose that p : E — B is a vector bundle over a paracompact
space B. If {U,} is an open cover of B that trivilizes p, so that we have ¢, :
E|U, =5 Uy xR" for every \, then we can use the usual scalar product in R™
in order to define a scalar product in each fiber. Namely, for each = € Uy, let
(— =)z :p Hz) xp~H(z) — R be defined by (u,v)x. = (orz(u), or2(v)),
where oy, = @a|p~'(z) and (—,—) represents the usual scalar product in
R™.
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Since B is paracompact, there exists a partition of unity {u,} subordinate
to the cover {U,} (see Basic Concepts and Notation). Then we define

plu,0) = (u,0) = (1,0)s = 3 pa (@) (1, v)
A
This clearly defines a Riemannian metricon p: £ — B. o

8.1.23 Proposition. Letp: E — B be a vector bundle over a paracompact
space B, and let Fy C E be a subbundle. Then there exists a subbundle
Ey C E such that E = E; & F5. The bundle F, is called the orthogonal
complement of Ey in E and is denoted by Ei.

Proof: Let {(—, —) be a Riemannian metric on the bundle p : E — B. We
then define Fy = {e € E | (e,e/) = 0fore’ € E; and p(e/) = p(e)}. Tt
is straightforward to show that F, actually is a subbundle of E and that
E=F &E,. O

We have the following consequence of 8.1.23.

8.1.24 Corollary. Suppose that

0— F—E—" 3E"—0

s a short exact sequence of vector bundles over a paracompact space B. Then
the sequence splits. In particular, we have

ExXEoFE.

Proof: Let E1 C E be the isomorphic image of E’ under i. Then take Fy to
be the orthogonal complement of F; as in 8.1.23. Then ¢|Es : E; — E" is
an isomorphism whose inverse composed with the inclusion into FE, namely
j: B" = By — E| determines the splitting of the exact sequence. a

8.1.25 EXERCISE. Prove that every complex vector bundle p : £ — B
over a paracompact space B admits a Hermitian metric; that is, a family of
Hermitian products on each fiber p~!(z) that depend continuously on z € B.
(Hint: See the proof of 8.1.22.)

8.1.26 EXERCISE. Formulate and prove Proposition 8.1.23 and Corollary
8.1.24 in the complex case.
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8.2 PROJECTIONS AND VECTOR BUNDLES

Let us suppose that V' is a finite-dimensional vector space over R (respec-
tively, C), and let us consider the space of all linear homomorphisms of V' to
itself, namely Hom (V, V).

Letting n denote the dimension of V', we endow Hom (V, V) with the
topology of R (respectively, (C"Z) by means of the canonical bijection V =
R™ (respectively, V = C"), which is an isomorphism of vector spaces.

8.2.1 DEFINITION. An element 7 € Hom (V, V) is called a projection if it
is idempotent, that is, if 72 = 7. We let Pr(V) denote the subspace of
Hom (V, V') of all the projections.

For any topological space B, let us consider the function space
M(B,Pr(V))

of continuous maps from B to Pr(V). To each ¢ € M(B,Pr(V)) we can
associate a subspace F, C B x V defined as

(8.2.2) E,={(z,v) € BxV | p(z)v =0}

Also define p : E, — B to be the restriction of B xV — B, the projection
onto B, to the subspace F,.

8.2.3 Proposition and DEFINITION. The map p : E, — B is locally triv-
tal and so is a vector bundle. This bundle is called the vector bundle associ-
ated to ¢j; it is a subbundle of the trivial bundle projz : BxV — B

In order to prove this we shall first prepare ourselves with a few remarks
and a lemma.

8.2.4 NOTE. It is well known that any topology on a real (or complex) finite-
dimensional vector space for which vector addition and scalar multiplication
are continuous is precisely the ordinary topology (see [65], for example). On
the space Hom (V, V') we introduce the topology induced by the norm || - || :
Hom (V,V) — RT defined by ||| = max{|a(v)| |v € V and [|v] = 1},
where |- |: V — R* is any norm on V.

Although the norm || - || itself depends on the choice of the norm || on V,
the resulting topology on Hom (V, V') given by | - || is always the same, since
Hom (V, V) is (linearly) homeomorphic to R™ for any choice of the norm on
V', where dimV = n.
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8.2.5 Lemma. Suppose that V is a finite-dimensional vector space and that
p,o € Pr(V) are projections with ranges R = p(V) and S = o(V). If
lp— ol <1, then

p:S— R

s an isomorphism.

Proof: Put a = p—o. Then we claim that 14« is invertible, where 1 denotes
the identity map of V. And this is because if there were a nonzero vector
v € V satisfying (1 + «)v = 0, then we would have (1 4+ «)v/|v] = 0 and
therefore a(v/|v]) = —v/|v|, which would contradict ||| < 1.

Now note that we have
l+a)o=1+p—0)o=0+po—oc=po.

Consequently, we have (1 + «)|S = p|S, which implies that p|S: S — R is
a monomorphism, and so dim S < dim R.

Similarly, we can prove that dim R < dim S, and so we get the desired
conclusion. o

Proof of 8.2.3: The set U = o '{y € Pr(V) | |y — ¢(b)|] < 1} is an open
neighborhood of b for any b € B. The maps p : U x V — U x V and
:UxV — U xV defined by p(z,v) = (z, o(b)v) and 7(z,v) = (x, p(x)v)
are continuous, where x € U and v € V.

Keeping fixed x, p, and & we see that the hypotheses of Lemma 8.2.5 are
satisfied on each fiber, that implies that p induces a homeomorphism

pip U —Ux (p(0)V)

that is linear on each fiber, because p~'(z) = ¢(z)V for € U. Clearly, the
inverse of this homeomorphism is the restriction to U x (¢(b)V) of (14¢(z)—
©(b))~t, which depends continuously on = € U, since the map Iso (V, V) —
Iso (V, V) that sends each isomorphism on V to its inverse is continuous. O

8.2.6 EXAMPLES.

(i) The constant function x : B — Pr(V) defined by x(z) = 1y for all
r € B has as its associated vector bundle the trivial bundle B x V' —
B.

(i) The function 7 : S"! — Pr(R") defined by 7(x)v = v — {x,v)x for
x € S"! and v € R™ has an associated vector bundle T'(S*71) — S*~1
which is called the tangent bundle and is a bundle of dimension n — 1.
(Here (—, —) denotes the usual scalar product on R".)
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(iii)

(iv)

The function ¢ : CP" — Pr(C"*) defined by ¢([z])v = (v, 2)z/(z, 2),
where z,v € C"*! with 2 # 0, determines an associated vector bundle
H* — CP", which is known as the dual of the Hopf bundle, and is
a bundle of (complex) dimension one. (Now (—, —) denotes the usual
Hermitian product on C**'.) By definition the Hopf bundle H — CP"
is the dual of H* — CP".

For the real projective space RP" we have a situation similar to that of
part (iii), and so we get in the same way a bundle of (real) dimension
one over the base space RP".

In the case n = 1 of part (iv) we have RP* ~ S'. A specific choice of
homeomorphism
St — RP!

is given by (cos,sinf) — [(cos(6/2),sin(6/2))], where -7 < 6 < =&
(and the square brackets denote the equivalence class in RP' of an
element in S! after identifying antipodes). The associated bundle
M — RP' is the Moebius bundle. If we set RP' equal to S!, then
the fiber of the Moebius bundle over the point (costm, sin¢7) is the line
in R? generated by (v/1 — t2costm, /1 — 2sintr, t), where —1 < ¢ < 1,
and M C S' x R? (see Figure 8.1).

=

> >

Figure 8.1

8.2.7 EXERCISE.

(a)

(b)

In a similar manner to the treatment in 8.2.6(ii) give a description of
the normal bundle N(S*™1) — S" !, and prove that it is a trivial
bundle of dimension one.

Prove that T(S"™') @ N(S"™') — S"~! is a trivial bundle.



8.3 GRASSMANN MANIFOLDS AND UNIVERSAL BUNDLES 271

8.2.8 EXERCISE. Write out in detail Example 8.2.6(iv).

8.2.9 REMARK. It is illuminating to consider a vector bundle over B as a
continuous family of vector spaces parametrized by a point in B. In this
context the map ¢ : B — Pr(V) determines such a family by means of the
map b — p(b)(V) C V.

8.2.10 Proposition. Suppose that p : E — B is the associated bundle
of ¢ € M(B,Pr(V)), where B is a topological space and V is a finite-
dimensional vector space. Let f# : M(B,Pr(V)) — M(B',Pr(V)) be the
map induced by a map f : B' — B, where B’ is also a topological space.
Then the vector bundle associated to f#(p) € M(B',Pr(V)) is the induced
bundle q : f*E — B’ (see 4.3.9).

Proof: The induced bundle is f*E = {(V/,e) € B'x E | p(e) = f(V')}, and
the bundle associated to f#(y) is E' = {(V/,v) € B' x V | o f(V)v = v}.

A vector bundle isomorphism

E/

N

is given by (', v) — (O, (f(V'),v)) € B x E C B'x Bx V for (/,v) € E'.

So we have a bundle morphism

p-l-E
!/
B —>B

defined by f(V',v) = (f(¥'),v) for (V',v) € E'. a

8.3 GRASSMANN MANIFOLDS AND
UNIVERSAL BUNDLES

Grassmann manifolds, which we shall introduce in this section, allow us to
classify bundles. These topological spaces (as well as the Stiefel manifolds,
which we also shall construct here) have the structure of CW-complexes
and even the structure of differentiable manifolds. Using the Grassmann
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manifolds as base spaces, we shall construct vector bundles for every natural
number k, which we call universal k-bundles. These universal bundles have
the property that any k-vector bundle can be expressed as a bundle induced
from the universal bundle by means of an appropriate continuous map.

8.3.1 DEFINITION. Suppose that V' is a real (or complex) vector space. We
define Gi(V) = {W C V | W is a linear subspace and dim W = k}, where
dim W is the real (or complex) dimension of W. Let us define Mon(R¥, V)
to be the subset of Hom (R, V) consisting of the monomorphisms, and let
us equip it with the relative topology. Then we have a surjective map

q: Mon(R*, V) — G(V)

defined by a — «a(R*). Now we give G,(V) the quotient topology. We
call G (V) the real (or complex) Grassmann manifold of k-planes in V. The
Grassmann manifold of k-planes in R™ (respectively, C™) denoted by Gy (R")
(respectively, G(C™)) will be of special interest to us in what follows.

In our discussion here we shall focus specifically on the complex case,
although our results are in general true also in the real case.

Given v € GLi(C) and o € Mon(C*,C"), we then have that g(a) =
g(a 0 ), where ¢ was defined above. Moreover, if g(a) = ¢(8) for a,f €
Mon(CF, C"), then using any basis {vy, -+, v} of a(C*) = 3(CF) we define
v € GLi(C) by (87 'v;) = a~lv;. This then implies that 3 = a o . Thus
we have the next result.

8.3.2 Proposition. The map
Mon(C¥,C") x GL.(C) — Mon(C*,C")

given by (o, ) — « oy is a group action, and the orbit space

Mon(CF,C™)/GL(C),
obtained by identifying o with ooy for a € Mon(C*, C") and v € GLx(C),
is homeomorphic to Gi(C"). O
8.3.3 DEFINITION. There exists a canonical map

G(C") — Pr(C"),

which is defined by sending a subspace W C C" of dimension k£ to the
orthogonal projection C* — W C C". The associated vector bundle
Er(C™) — Gg(C™) is called the n-universal k-vector bundle.
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8.3.4 DEFINITION. Let us define
Vk((C") = {(U17 N 7Uk;) € C'x...xC" ‘ <’Ui71)j>: (Sij}7

where (—, —) is the standard Hermitian product on C" and 4;; is the Kro-
necker symbol. Then V(C"), equipped with the subspace topology coming
from C™, is the (complex) Stiefel manifold of orthonormal k-frames in C".
We also define an equivalence relation in Vi (C") x C* by ((vy, ..., vx) A, w) ~
((vi,...,v,), Aw), where A is an element of Uy, the (topological) group of
(complex) unitary k x k matrices, and where (v1, ..., vx)A is the k-frame we
get by considering (v1,...,vx) as a 1 X k matrix and taking its product with
the matrix A.

From Definition 8.3.3 it immediately follows that E,(C") = {(W,w) €
Gi(C") x C" |w e W}.

8.3.5 EXERCISE. Show that there is a homeomorphism
h: Vi(C") x C*/~ — Ei(C™)

such that the diagram

Vi(Cr) x C*/ ~ . Ey(C)
x /
Gi(C™)
commutes, where p'[(vy, ..., v), w] is defined to be the subspace of C" gener-
ated by {v1, ..., v} and where p is the universal bundle defined in Definition

8.3.3.

From this exercise we obtain another description of the m-universal k-
vector bundle. Moreover, we have Vi(C") C Mon(C* C"), and then the
action of GL,(C) on the second term restricts to an action of Uy, on the first
term, so that Vi(C")/Uy &~ Mon(CF,C")/GL(C).

Suppose that we have a map ¢ : B — Pr(C") where B is connected
and let p : E — B be its associated vector bundle. The function B — Z
defined by b — dime(p(b)C™) is continuous and therefore constant, say with
value k. We also have a map

(8.3.6) f:B — Gy(C")

defined by f(b) = ¢(b)C" for b € B.
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The name “n-universal k-vector bundle” for the bundle

is justified by the next proposition.

8.3.7 Proposition. With the notation established above, we have

B2 fEy(C").

Proof: Directly from the definitions, we have that E(C") = {(W,w) €
Gi(C") x C* | w € W} and that F = {(byw) € Bx C" | w € ¢(b)C"}.
The isomorphism asserted to exist in the proposition, namely

[ E — [Ey(CM),

is then defined for (b, w) € E by

f(b,w) = (b, (p(b)C", w)) € f'E(C") C B x Ex(C").

Notice that the canonical inclusion C"* < C"! induces a map

i: GR(C") — G(C™).

8.3.8 EXERCISE. Prove that E,(C") = i*E,(C"*!), where i is the map we
just defined.

8.3.9 DEFINITION. The colimit (or direct limit) of the sequence
GL(C™) — Gi(C™) — -

is the union of these sets with the weak topology. We usually denote this by
BUj,, which simply can be described as the space of k-planes in C*. (Recall
that C* can be considered as the colimit of C* <+ C"*! — ...; see Basic
Concepts and Notation presented at the beginning of the book). There is a
bundle over BUy, given by Ej(C>) 2 V;(C*®) x C*/ ~, where Vj(C*) is the
manifold of k-frames, say (v1,...,vs), in C* and the equivalence relation ~
is as before. The bundle E(C*®) — BUj, clearly has the property that
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8.3.10 DEFINITION. Given a vector bundle p : E — B, a section is a map
s : B — FE such that po s = idg. Given sections s,t : B — E we can
define a new section

s+t:B— F

by (s +t)(b) = s(b) + t(b) for each b € B, where the sum on the right-hand
side in the fiber p~1(b) is given by any isomorphism (since they all give the
same vector space structure to the fiber) p=1(b) C p~'U XU x V — V for
any neighborhood U of b over which E is trivial. Similarly, given a section
s: B — FE and a scalar A\ € C, we can define a new section As : B — E.

Therefore, T'(E) = {s: B— E | pos=1idpg} is a vector space, which is
called the space of sections of the vector bundle p : F — B.

8.3.11 EXERCISE. Prove that if B is compact, then there exists a finite-
dimensional subspace W C T'(E) such that the map B x W — FE defined
by (b,s) — s(b) for (b,s) € B x W is surjective. (Hint: There is a finite
open cover {Uy, ..., U} of B such that p~*U; 2 U; x C* for i = 1,...,1. Let
si; Ui — p7tU; for j = 1,...,k be sections such that {s;1(u),...,si.(u)}
is a basis of p~!(u) = C* for every u € U;. If {ny,...,m} is a partition of
unity subordinate to the cover, then the finite set {3;; | si;(x) = n:(z)s; ()
for x € U;,8;5(x) =0if x ¢ Uy fori =1,...,l and j = 1,...,k} C ['(E)
generates a subspace W with the desired property.)

8.3.12 REMARK. If B is paracompact, then the statement of this exercise
and its proof are still true for vector bundles p : E — B of finite type, that
is, for those that have a finite open cover of B with trivializations over each
open set in the cover. This remark follows directly from the hint given above.

8.3.13 Corollary. Tuke B paracompact and let p : E — B be a bundle of
finite type. (This holds, for instance, if B is compact.) Then there exists a
finite-dimensional vector space W and a map ¢ : B — Pr(W) such that the
associated vector bundle E, is isomorphic to E.

Proof: Choose W C I'(E) such that ® : B x W — E, defined by (b, w) =
w(b) for (byw) € B x W, is surjective. Next define ¢ : B — Pr(W) by
letting ¢(b) for b € B be the orthogonal projection onto ker(®y)t = {w €
W | (w,v) = 0V v satisfying ®(b,v) = 0}, where (—, —) is some Hermitian
product on W. O

8.3.14 NOTE. In fact, just as in 8.3.7, if we put n = dim W, then the map
[+ B — Gg(C") defined by f(b) = ker(®)* is a continuous map that
satisfies f*Ex(C") = E.
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For B paracompact, let us define ICy(B) = {[E] | p: E — B is a vector
bundle of finite type and dimension k}, where [-] denotes the isomorphism
class of a vector bundle over B. Then we have the next result.

8.3.15 Proposition. Let B be paracompact. Then the function
M(B,BUy) — Ki(B)

that sends f: B — BUy to [f*Er(C™)] € Ki(B) is surjective.

Proof: Let an arbitrary isomorphism class in Ky(B) be represented by a
bundle p : E — B of finite type. Using 8.3.14 there exists f; : B —
Gr(C™) such that fiE(C™) 2 E. Then f = jo f1 : B — G¢(C") — BU;
is an element in M (B,BUy) that maps to the isomorphism class of p, as
desired. ad

8.3.16 EXERCISE. Prove that there is a homeomorphism Pr(C™)~G(C™)=
U G (C™). Also establish the relation between the previous proposition and
Corollary 8.3.13. (Hint: The map (7 : C™ — C™) — «(C™) defines the
homeomorphism.)

8.4 CLASSIFICATION OF VECTOR BUNDLES OF
FINITE TYPE

We have proved that every k-vector bundle of finite type over paracompact B
is induced by means of a map f : B — BUj;. We shall show in what follows
that the mapping that assigns the bundle f*E;(C>) to each f: B — BUj
gives a classification of the isomorphism classes of vector bundles over B.

First we shall examine the relationship between bundles induced by two
homotopic maps. And in order to do that we shall use three preliminary
results, which are special cases of 4.6.1, 4.6.2, and 4.6.3.

8.4.1 Lemma. Suppose that p : E — B X I is a vector bundle whose
restrictions to B x [0,a] and to B X [a,1] are trivial for some a € I. Then
p: E — B x I itself is a trivial bundle. a

8.4.2 Lemma. Let p: E — B x I be a vector bundle. Then there exists
an open cover {U} of B such that p=*(U x I) — U x I is trivial for every
U in the cover. a
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8.4.3 Proposition. Let p : E — B x I be a vector bundle, where B is
a paracompact space. Let v : B x I — B x I be the retraction defined by
r(b,t) = (b,1) for (b,t) € B x I. Then there ezists a bundle morphism

Therefore, E = r*E. O
From the previous results, as in 4.6.4, we have the following consequence.

8.4.4 Theorem. Let p' : E' — B’ be a vector bundle and B a paracompact
space, and suppose that we have two homotopic maps f,qg: B — B’. Then
we have a bundle isomorphism f*E' = g*E'. O

8.4.5 Corollary. Let B be paracompact. Then we have a natural surjective
function
[B,BU,] — Ki(B)

defined by [f] = [f*Ex(C™)]. 0

8.4.6 Corollary. Let B, B’ be paracompact. If h : B — B is a homotopy
equivalence, then the function h* : ICx(B) — Ky(B') defined by [E] — [h*E]
is bijective.

Proof: If I/ : B — B’ is a homotopy inverse for h, then h o h’ ~ idg, and
therefore h*h*[E] = [E] holds. Similarly, we have h*h*[E'] = [E"]. O

We shall now show that for B compact the function in 8.4.5 is injective.
And to do that we shall need the next lemma.

8.4.7 Lemma. Letp: E — B be a k-dimensional vector bundle. Then for
each m we have a bijective correspondence between maps f : B — Gg(C™)
such that f*(E,(C™)) = E and epimorphisms of bundles ¢ : Bx C™ — E,
that is, bundle homomorphisms ¢ covering idg, such that for every b € B the
restriction over b of p, namely ¢y, : C™ — p~(b), is a linear epimorphism.

In a diagram,
©

BxC™

~

B.

E
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Proof: First let ¢ : B x C™ — FE be an epimorphism. Then we define
f: B — Gi(C™) by f(b) = ker(p, : C™ — p~L(b))* for b € B. It is then
easy to prove that f*(E,(C™)) = E.

If we now start with f : B — G;(C™), such that we have an isomorphism
FHEL(C™) = {(b)]W,w) € BXxGE(C™)xC™ | f(b) =W and w e W} = E|
then it suffices to associate to f an epimorphism ¢ : BxC™ — f*(E,(C™)).
So we define ¢ (b,v) = (b, f(b), projs ) (v)) for (b,v) € BxC™, where proj,
C™ — f(b) is the orthogonal projection onto the subpace f(b) of C™.

It is a straightforward ezercise to prove that these assignments are well
defined and are inverses of each other. O

8.4.8 Theorem. Let B be compact. The function

is a natural bijection, which by definition sends a class [f] of a map f : B —
BUy to the vector bundle f*E,(C*) — B .

Proof: By what we have shown above, it is enough to prove that [B, BU;] —
K1(B) is injective. So suppose that we are given [f], [g] € [B, BUj] such that
f*Ex(C™) = ¢g*Ex(C™). Since B is compact, any class [f] € [B, BUg| has a
representative f : B — G(C™) for some integer m. So we can assume that
the classes [f], [g] are represented by maps f : B — G;(C™) and g : B —
Gx(C™) for some integers m and n. Choose E € [f*Ex(C™)] = [¢*Er(C")]
and suppose that f and g correspond to epimorphisms

p:BxC" — FE and ¢: BxC"'"— F,

as in Lemma 8.4.7. Now for ¢t € I let us define , : B x C™ x C* — FE by
(b, u,v) = (1 — t)p(b,u) + tp(b,v), where (b,u,v) € B x C™ x C". This
also is an epimorphism for every ¢ € I. Let h; : B — G;(C™"™) be the
map that corresponds to vy according to Note 8.3.14. Next, let ¢pqnm :
Gr(C™) <= Gi(C™™) be induced by C™ — C™*" and, respectively, let
tminn : GE(C") = Gr(C™™) be induced by C™ — C™*™  where the vector
space inclusions are into the first m, respectively first n, coordinates. Then
we have that

h() = Z.ern,m o .f and hl =To iern,n g,
where T : Gx(C™*") — G,(C™™) is induced by the map

Cm+7L C’HL+TL
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defined by

(21, Zns Zngts - - o5 Znm) F> (Znddy - -+ Znims 215 - - -5 Zn) 5

which is homotopic to the identity by a homotopy that passes all the way
through isomorphisms. And therefore it follows that T' ~ idg, (cm+ny. So we
obtain that ;1m0 f >~ iminn © g

Now let us consider the diagram

Gx(C™)

(CnH—n imn BUk,

v
\Gk cn%/

where the maps i,, and i, exist by the definition of colimit, because BU; =
colim,, G,(C™). Moreover, these maps satisfy im = im-tn © tmtnm, in = bmtn ©
Im—+nn, s the diagram indicates. Therefore we conclude that ¢,, 0 f = 4,4y ©
Tmtnm © f 2 tmtn O lmgnn © g =9 © G-

From these considerations we have that the maps f and g represent the
same element in [B, BUy], which is just what we wanted to show. |

Let us note that over a compact space every vector bundle is of finite
type. So the previous theorem gives us a classification of all vector bundles
over any compact space.

In fact, using our results about bundles over paracompact spaces, we can
also classify all bundles over that class of spaces, which includes all CW-
complexes (cf. [59]).

However, we shall achieve this extension of Theorem 8.4.7 in the next
section by using Gauss maps instead of projections, since this allows us to
present another (dual) point of view for classifying bundles.

8.5 (CLASSIFICATION OF VECTOR BUNDLES OVER
PARACOMPACT SPACES

The hypothesis of paracompactness of the base space of a vector bundle
is satisfied by very important classes of spaces, such as CW-complexes and
metric spaces. It shall replace the condition used before that the bundle be of
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finite type. In this section we shall classify vector bundles over paracompact
spaces.

8.5.1 DEFINITION. Given a space B we denote by Vecty(B) the isomorphism
classes of complex vector bundles of dimension & over B.

As we have mentioned before, if B is compact, then we have Vect,(B) =
Ki(B).

8.5.2 DEFINITION. Let p: B — B be a vector bundle of dimension k. A
map g : E — C™, where k£ < m < o0, is called a Gauss map if g restricted
to each fiber is a (linear) monomorphism of vector spaces.

8.5.3 NOTE. Given a Gauss map g : £ — C™ of a vector bundle p : E —
B, there is an induced bundle homomorphism

G:E— BxC"

covering the identity map idg such that G(e) = (p(e),g(e)), which is, in
fact, a monomorphism. Conversely, given a vector bundle monomorphism
G : E — B xC", then g = projem o G : E — C™ is a Gauss map.
Therefore, a Gauss map for a vector bundle p : £ — B might also be
considered as a bundle monomorphism G : F — ™ covering idg, where ™
is the trivial bundle of dimension m over B.

8.5.4 Proposition. Let p : E — B be a k-vector bundle. Then there
exists a Gauss map g : E — C™ if and only if there exists a map f : B —
Gr(C™) such that f*(E,(C™)) = E. The map f is called a classifying map.

Proof: First let g : E — C™ be a Gauss map. We shall define a bundle
morphism

E—L-E,(Cm)

|

B—=Gy(C™)

in the following discussion. We define the map f of the base spaces in terms
of the given map g by f(b) = g(p~'(b)) € G1(C™) for b € B. In order to
prove that f is continuous it is enough to prove that f|U, is continuous for
each o € A, where {U,}aea is an open cover of B for which p~'(U,) is trivial
for each o € A.
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Recall that Gi(C™) has the quotient topology induced by the map p :
Vi(C™) — Gg(C™), where Vi(C™) is the Stiefel manifold of k-frames in
C™ (see 8.3.4) and where p sends a k-frame to the subspace it generates.
For each o € A choose a trivialization ¢, : U, x C¥ — p~'U,. Also, let
{v1,...,v5} be a basis of C*. If b € U,, then {gpa (b, v1), ..., gpa(b,vp)} is a
basis of f(b), and so f|U, = p o F,, where we define F,, : B — V(C™) by
Fo(0) = (gpa(b,v1), ..., 90a(b,vy)) for b € B. Since F, is clearly continuous,
it follows that f|U, is also continuous.

Next we define the map fvof the total spaces by

f(e) = (fp(e), g(e))
for e € E. This map is also manifestly continuous.

We leave it to the reader to verify that J?is a bundle morphism. According
to Exercise 8.1.14 this is equivalent to saying that f*(E4(C™)) = E.

Conversely, suppose that we have a bundle morphism

E *f> Ek((cm)

|

Now we always have a map ¢ : Ex(C™) — C™ defined by ¢(V,v) = v for

(V,v) € Ex(C™) C Gi(C™) x C™. If we then define g = g o f, it is easy to
check that g is a Gauss map (see Remark 8.5.3). O

8.5.5 REMARK. Given a Gauss map G : E — C™ and its induced bundle
monomorphism G : E — B x C™, m < oo, then G(E) C B x C™ is
a subbundle that is isomorphic to E. There is a bundle epimorphism ¢ :
B x C™ — E given by taking fiberwise the orthogonal projection (with
respect to the usual Hermitian product on C™) B x C™ — G(F) and then
composing with the isomorphism G : G(E) — FE.

8.5.6 EXERCISE. Prove that the map f : B — Gi(C™) associated to the
@ of the previous remark according to 8.4.7 is the same as the one associated
to g according to Proposition 8.5.4.

8.5.7 EXERCISE. Prove that there is a one-to-one correspondence between
Gauss maps g : E — C™ and maps ¢ : B — Pr(C™) such that £, = E
(see 8.2.1).
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8.5.8 EXERCISE. Let p: E — B be a complex k-vector bundle.

(a) Prove that the construction in the proof of 8.5.4 establishes a bijection
between the set of bundle morphisms

E—1~Ey(C™)

|

B T> Gk((cm)

and the set of Gauss maps g : £ — C™.

(b) Prove that if G : Ex I — C™ is a homotopy such that G; : E — C™
is a Gauss map for every t € I, where we define G(e) = G(t,e) for
e € F, then we can use the above construction in order to obtain a
bundle morphism

E x I —E~E,(Cm)

S

B x T—Gy(C™)

with the following property. If f, : B — Gg(C™) for v = 0,1 are the
functions associated to G, for v = 0,1, then F' is a homotopy between

fo and fi.

In order to prove that every bundle over a paracompact space has a Gauss
map we shall have the next important lemma, which is a special case of 4.6.12.

8.5.9 Lemma. Letp: E — B be a vector bundle over a paracompact space
B. Then there exists a countable open cover of B, say {W,} with n > 1,
such that p~*W, is trivial for all m > 1.

Proof: Let {U,}aea be an open cover of B such that p~Y(U,) — U, is
trivial for all @« € A. Since B is paracompact, there exists a partition of
unity {na }aea subordinate to {Us}aeca. For each b € B let us define S(b) to
be the finite set of those o € A that satisfy n,(b) > 0. Also, for each finite
subset S C A, let us define W(S) = {b € B | n,(b) > n3(b) whenever a € S
and 8 ¢ S}.

We claim that W (.S) is open in B. In fact, By g = {b € B | na(b) > ns(b)}
is open, since B, s = (. — 1) *(0,1]. Now for any given by € W (S) there
exists a neighborhood V' (by) of by such that only ng,,ns,,...,ns,, i ¢ S,
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are different from zero in V'(by) for some finite integer r. We put N =
Nacs(Bag N Bag, M-+ N Bypg,), which is open, being a finite intersection
of open sets. We then have by € N NV (by) C W(S), and therefore W (95) is
open.

If S and S’ are two distinct subsets of A each having m elements, then
W(S)NW(S") = 0. This is so, since there exists a € S such that a ¢ 5" and
there exists 5 € S” such that § ¢ S, and therefore b € W (S) N W(S’) would
imply 74(b) > ng(b) and nz(b) > n.(b), a patent contradiction.

Now we define W,, = [J{W(S(b)) | |S(b)| = n} for every integer n, where
here | - | denotes the cardinality of a set.

If o € S(b), then W(S(b)) C 7,'(0,1] C U,, and therefore we have that
p'W(S(b)) — W(S(b)) is trivial. Since for each n the open set W, is a
disjoint union of sets of the form W (S(b)), it follows that p~tW,, — W, is
also trivial. O

8.5.10 NoTE. From the proof it is clear that any vector bundle p : E —
B is a bundle of finite type whenever B is also finite-dimensional and the
dimensions of the fibers are bounded. This is because each b € B belongs to
at most m subsets U,, and so we have that W; = 0 for ¢« > m. Therefore,
there exists a finite open cover {W;} fori = 1,...,m such that p~'W; — W}
is trivial. And this proves the claim.

8.5.11 Proposition. Fvery vector bundle over a paracompact space has a
Gauss map.

Proof: Let p : E — B be a k-vector bundle. Using Lemma 8.5.9 and
the hypothesis that B is paracompact, there exists a countable open cover
{W,}22, of B such that p~'W,, — W, is trivial for each n > 1. Choose
a trivialization h,, : p~'W,, — W,, x C* for each n > 1. Next let {n,}>,
be a partition of unity subordinate to {W,}>2,. For each n > 1, we define
gn 1 B — CF by

gofe) = { P(OIproiha(e) i e € pH(IW,),
A C if e ¢ pl(W,),

where proj : W, x C¥ — CF is the projection onto the second factor
and 7, o p(e) is a (real) scalar that multiplies the vector proj o h,(e). Us-
ing the properties of a partition of unity we see that each g, is continu-
ous. Then we can define a function of sets g : E — C* by g(e) =
(g1(e),g2(€), ..., gn(e),...) for e € E, since for each e € E only a finite
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number of the values g,(e) are different from zero. Again by using the prop-
erties of a partition of unity, we see that ¢ is continuous. And of course, it
is easy to show that g is the desired Gauss map. a

From the previous proof we get the following conclusion in the case of
bundles of finite type.

8.5.12 Corollary. Let B be paracompact. Then, every vector bundle p :
E — B of finite type has a Gauss map. O

The following is a generalization of Theorem 8.4.8.

8.5.13 Theorem. Let B be a paracompact space. Then there exists a nat-
ural bijection [B,BU] — Vecty(B), which sends the homotopy class of
f + B — BUyg to the isomorphism class of f*Ei(C>). This function is
called the classifying map.

Proof: By Theorem 8.4.4 this function is well defined. And then using Propo-
sitions 8.5.4 and 8.5.11 we deduce that the function is surjective. So it re-
mains to show that the function is injective. But before doing that we prove
some auxiliary results.

First we define C* = {(z;) € C® | 2o = 0,4 = 1,2,0,...} and C =
{(zi) € C®° | 29911 =0, i =0,1,2,...}. Then we clearly have that C>® =
C° @ C°. Next we define two homotopies h', h? : C* x I — C*® by

h1(<2’1,2’2,237. . ),t) = (1 — t)(21,2272’3, .. ) +t(21,0,252,0,2’3, .. .),
hz((21,2’2,237. . ),t) = (1 — t)(21,22723, .. ) +t(0,21,0,22,0,23,. . .),

where (z1,29,23,...) € C° and ¢ € I. These homotopies start with the
identity and end with maps that we denote by

hliC® —CPcC® and h2:C®— CP C C™.

The composites hY o ¢ : Ex(C>®) — C™ for v = 1,2 are Gauss maps, where
q : Ex(C®) — C is the projection. According to 8.5.8(a), these maps
induce two bundle morphisms, namely,

Ej,(C®) —2~ E,,(C)
BUk BUk, UV = 172

oy
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The composites h” o (g xid) : Ex(C*®) x I — C* for v = 1,2 are homotopies
that start with g, since h¥(q x id)(e, 0) = h”(q(e),0) = g(e) for e € Ex(C>),
and end with hY o g. Moreover, the restrictions of these homotopies to the
slices at each fixed ¢ € I are Gauss maps. Using 8.5.8(b) we then have that
@, for v = 1,2 is homotopic to the map induced by ¢, which is obviously the
identity. So we have shown that ¢, ~id for v = 1,2.

We are now ready to show that the function is injective. Suppose that
we are given f, : B — BUy = Gg(C*) for v = 1,2 satisfying fyE;(C>) =
f3EL(C*). So to prove injectivity we must show that f; and f; are homo-
topic.

Denoting f;E;(C>) by E and using the above isomorphism, we get two
bundle morphisms

E L By(C)

.

B?BU}C, 1/2172.

Let g, : E — C™ for v = 1,2 be the associated Gauss maps; that is,
gy =qo fu.

Consider the composites hfog, : E — C*> for v = 1,2. These are Gauss
maps, and according to 8.5.8(a) they induce two bundle morphisms of the

form
f;’ o0 LZ” [e'e)
T*)Ek((c ) — Ex(C>)
B 3 BU, = BU, v=1,2.

We then define G : E x I — C*® by G(e,t) = (1 —t)hlgi(e) + thiga(e)
for (e,t) € E x I. This is a homotopy between hi o g; and h? o g,. Since
hi(C>®) N h3(C>) = 0, it follows that G, is a Gauss map for each ¢ € I.
Therefore, using 8.5.8(b) we have that ¢ 0 f; ~ @90 f5. But we have already
seen that ¢, ~id for v = 1,2, and so f; ~ f, follows. O

8.5.14 NOTE. The previous theorem is still true if instead of assuming that
B is paracompact, we assume only that the vector bundles that we wish to
classify have the property that the base space has an open cover with an
associated subordinate partition of unity so that over each open set of the
cover we have a trivialization of the bundle (see [24]). These are the so-called
numerable bundles.
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To end this chapter we shall present a theorem that relates the concepts
of bundle of finite type, orthogonal complement, and classifying map.

8.5.15 Theorem. Let p: E — B be a vector bundle of dimension n over
a paracompact space. Then the following are equivalent:

(i) The bundle p: E — B is of finite type.

(ii) There exists a map fg : B — G,(K™) that classifies E for some
integer m < oo, where K =R or C.

(iii) There exists a vector bundle p: E — B such that E @ E is trivial.

Proof: (i)=(ii). By Corollary 8.5.12 the bundle p : E — B has a Gauss
map, and by Proposition 8.5.4 it has a classifying map into G,,(K™) for some
m.

(il)=(iii). Let fg: B — G,,(K™) be a classifying map. If
Epn(K™) — Go(K™)
is the orthogonal complement of the bundle
En(K™) — Go(K™)

given by E,,_,(K™) = {(W,v) € G,(K™) x K™ | v L W}, then we have
that E,,(K™) @ E,,_(K™) 2 G, (K™) x K™. So putting E = f3E,,_.(K™),
it follows that £ @ E = ™.

(iii)=(i). If E@® E = &™, then the composite
E—SEeE=Bx K" —K™,

where the last map is the projection onto the second factor, is a Gauss map for
E. By Proposition 8.5.4, there exists a classifying map f : B — G, (K™).
However, the bundle E,,(K™) — G,,(K™) is of finite type because G,,(K™)
is compact. Letting {V;};=1,. & be a finite trivializing open cover of G, (K™)
for this last bundle, it follows that {f’lVi},»:lr_”k is a finite trivializing open
cover of B for E — B. a

8.5.16 EXERCISE. Prove that (i), (ii), and (iii) in the previous theorem are
also equivalent to the following:

(iv) There exists a Gauss map g : E — K™ (or equivalently a vector
bundle monomorphism G : E — Bx K™ see 8.5.3) for some m < oo,
where K =R or C.
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(v) There exists a bundle epimorphism ® : Bx K™ — E for some m < 0o,
where K =R or C.

8.5.17 EXERCISE. Let K = C or K = R.

(a) Consider the canonical embedding
Jm + Gu(K™) — G (K™,
and let
E,(K™) — Gu(K™) and B, (K™™) — G (K™
be the corresponding canonical vector bundles. Prove that
JiEan (K™ 2 B (K™) @ &'
where ¢! represents the trivial line bundle.
(b) Given the canonical embedding
J: Ga(K™) — Gy (K™)
and the corresponding universal bundles
E.(K*®) — Gn(K*®) and E,11(K*) — G, (K*),

conclude that
JEnp1(K®) 2B (K®) @ &',

where ¢! represents again the trivial line bundle.

The following exercise provides us with an equivalent definition of a vector
bundle.

8.5.18 EXERCISE. Prove that a locally trivial bundle p : £ — B is a
vector bundle if and only if p~!(z) is a (real or complex) vector space and
for each trivialization ¢y : p~(U) — U x F (F =R or C), the restriction
¢ue: p(x) — F is a linear isomorphism, z € U.
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CHAPTER 9

K-THEORY

Based on considerations made in the last chapter, we shall now introduce a
functor, called the K-functor or K-theory, that has characteristics analogous
to those of cohomology as was studied in Chapter 7, but with particularly
useful properties, as we shall see in Chapter 10. The foundation for the
construction of K-theory is the abelian semigroup Vect(B) of isomorphism
classes of vector bundles over B. In the course of the chapter we shall give
various interpretations to K (B), one of these based precisely on the classifi-
cation results of the previous chapter. Finally, we state the Bott periodicity
theorem, whose proof is postponed to Appendix B, and analyze some of its
consequences.

9.1 GROTHENDIECK CONSTRUCTION

In this short section we describe a basic construction, known as the Grothen-
dieck construction. This assigns a group to a semigroup in a universal way
and generalizes in some sense the construction of the integers from the nat-
ural numbers as well as the construction of the rationals from the integers.
This construction allows us to define K-theory from the abelian semigroup
Vect(B).

9.1.1 Proposition and DEFINITION. If A is any abelian semigroup, we can
associate to it an abelian group A', unique up to isomorphism, and a ho-
momorphism of semigroups o : A —> A’ such that we have the following
universal property:

If G is any abelian group and v : A — G is any homomorphism of
semigroups, then there exists a unique homomorphism of groups' : A — G

289
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such that this diagram of semigroups commutes:

L N

A/‘,>G.
bl

The pair (A',a) is called the Grothendieck construction associated to the
semigroup A.

Proof: We define A’ by adding to A the inverses of its elements. This is done
as follows: We define an equivalence relation in A x A by (aq,b1) ~ (ag,bs)
if there exists ¢ € A such that a; + by + ¢ = ay + by + ¢. Then we put
A" = Ax A/~. If we denote the equivalence class of (a,b) by {(a,b), then the
sum in A’ is defined by (a, b)+(a’, V') = (a+d’,b+b'). Therefore, the negative
of (a,b) is (b,a). Since A is abelian, clearly A’ is an abelian group. We define
a: A— A by a(a) = (a,0). This construction is due to Grothendieck (see
[13]). O

9.1.2 EXERCISE. (a) Prove that o : A — A’ has the desired universal
property.

(b) Abusing notation, for any a € A we also use a to denote its image
afa) € A'. Clearly, we have (a,b) = a—b € A'. Prove that a1 = ay € A’
if and only if there exists a € A such that a; + a = as +a € A.

(¢) Prove that o : A — A’ is injective if and only if the cancellation law
holds in A. In this case the ¢ in the definition and the a in part (b)
can be taken to be 0.

(d) Prove that the property that A" and « have characterizes them uniquely.
That is, if A” is another abelian group and o/ : A — A” is a homo-
morphism of semigroups such that they have the universal property
described in 9.1.1, that is, such that for any abelian group G and any
homomorphism of semigroups v : A — G there exists a unique homo-
morphism of groups 7" : A” — G that makes the diagram
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commute, then there exists a (unique) isomorphism of groups ¢ :
A’ — A” that makes the triangle

N\

2

A/

A//

commute.

9.1.3 EXERCISE. Given an abelian semigroup A, prove that the following
abelian group A” and the homomorphism of semigroups o/ : A — A”
given below have the universal property of 9.1.1. That is, they constitute an
alternative to the Grothendieck construction.

Namely, let L(A) be the free abelian group generated by the elements of
A and let M(A) be the subgroup of L(A) generated by the elements of the
form a ® a' — (a + @), where + is the sum in A and @ is the sum in L(A)
and where a,a’ € A. Then A” = L(A)/M(A) and o : A — A”, the obvious
function, have the desired universal property.

9.1.4 EXERCISE. Prove that if A is a semiring, that is, a semigroup with
a multiplication distributive over the sum, then the Grothendieck construc-
tion (A’,a) (or (A”,a’) of 9.1.3) gives us a ring. (Hint: Define the product
(a,b){c,d) in A" as {(ac + bd, ad + bc). What would be the definition of the
multiplication in A” of 9.1.3 above?)

9.1.5 EXERCISE. Prove that the Grothendieck construction has the follow-

ing functorial properties:

(a) If f: A — B is a homomorphism of semigroups and (4’, &) and (B, 3)
are the corresponding abelian groups and semigroup homomorphisms
given by the Grothendieck construction, then there exists a unique
homomorphism of groups f’ : A — B’ such that the diagram

A-tl.p

commutes.

(b) If f: A— B and g : B — C are homomorphisms of semigroups,
then (go f) =g o f', where (go f), ¢ v f', are the homomorphisms
corresponding to go f, g, and f as in part (a).

(C) IfleA:A—>A7thenf’:1A/:A’—>A’.
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9.2 DEFINITION OF K(B)

In this section we shall apply the results of Section 9.1 to the abelian semi-
group Vect(B) of isomorphism classes of complex vector bundles over a para-
compact space B. For this we need a slightly more general definition of a
vector bundle.

9.2.1 DEFINITION. A wvector bundle over B is a map p : E — B such
that each fiber is a finite-dimensional vector space satisfying the following
condition. For each b € B, there is a neighborhood U of b, an integer n > 0,
and a homeomorphism ¢y : p~}(U) — U x F" (F = R or C) such that
for each b € U, ¢y maps p~!(V) isomorphically onto {b'} x F". Vect(B)
will denote the set of isomorphism classes of (complex) vector bundles over
B. The direct sum of bundles (Whitney sum), as we know from Exercise
8.1.4(1), gives Vect(B) the structure of an abelian semigroup. Specifically,
the sum is given by
[E]+[F]:=[E®F].

The Grothendieck construction applied to Vect(B) gives rise to an abelian
group K (B), called the (complex) K -theory of B.

The tensor product of vector bundles, by Exercise 8.1.4(ii), induces a
multiplication in Vect(B) such that

[E]-[E] = [E® ET,

and gives Vect(B) the structure of a semiring. Therefore, by Exercise 9.1.4,
K (B) acquires the structure of a ring.

Notice that there is a locally constant function dg : B — N U {0}
given by dp(b) = dimp~1(b). Therefore, dp is constant on each connected
component of B. When this function is constant with value n, then the
vector bundle is an n-vector bundle as defined in 8.1.1 (cf. 8.5.18).

9.2.2 EXERCISE. Prove that K(B) is actually a commutative ring with 1,
such that the element 1 is represented by the product bundle B x C — B
and the element 0 by the bundle id : B — B whose fiber is {*} = {0}.

Given a map f : B' — B we have a homomorphism of semigroups (or
of semirings) f* : Vect(B) — Vect(B’) that associates to the class of a
bundle p : £ — B the class of the induced bundle p' : f*E — B’. Using
the universal property of the Grothendieck construction, we can define a
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homomorphism of abelian groups f* : K(B) — K(B’) that makes the
following diagram commute:

Vect(B) LVect(B’)

al la
9.2.3 EXERCISE. Prove that K is a functor from the category of topological
spaces to the category of commutative rings with 1.

9.2.4 NOTE. We can see easily that if f: B’ — B is continuous, then the
homomorphism of abelian groups f*: K(B) — K(B'), as defined above, is
also a homomorphism of rings.

9.2.5 Corollary. K(B) is a ring, whose sum is induced by [E] + [E'] =
[E® E'] and whose product is given by [E]-[E'] = [E® E']. Moreover, given
f: B — B, we have a homomorphism of rings f*: K(B) — K(B) such
that f*([E)]) = [f*E]. o

9.2.6 Proposition. If fy ~ f; : B' — B, then
fo =1 K(B)— K(B).

Proof: If fo ~ f1 and p: E — B is a vector bundle, then by 8.4.4, fiE =
fTE. So f§ = ff : Vect(B) — Vect(B'), and so f§ = f: K(B) — K(B').
]

9.2.7 NOTE. It is possible to give to BU; = colim,, Gix(C") the structure of
a CW-complex so that each G;(C") is a subcomplex with a finite number
of cells (see [58]), and in such a way that each BUj is paracompact. If we
consider the bundle E;(C*®) & &' over BUy, then by 8.5.13 there exists a
map i, : BUy — BUj41, unique up to homotopy, such that i} (Ej1(C*)) =
Ex(C>®)@el, where ! represents the trivial vector bundle over B, B x C —
B, of complex dimension 1.

In fact, it is possible to give an explicit 7, as follows. The Stiefel manifolds
Vi(C™) and the Grassmann mainfolds G;(C™) can be expressed as homoge-
neous spaces; that is, we have a homeomorphism U, /U,,_; & V;(C"), given
by [A] — {Aen_k41, ..., Ae,}, where U,y is the subgroup of U, consisting

Of the matrices Of the form
< )
0 Ik ’
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with M € U, _ and I € Uy, the identity matrix. We also have a homeo-
morphism U, /U, _x X Uy & G;(C"), given by

[A] = <A€n7k+17 s 7A6n> )

where (-) indicates the subspace generated, and U,,_; x Uy is the subgroup
of U,, consisting of the matrices of the form

M | 0
)
with M € U,,_; and N € U,. With these identifications,
BU, =colim (- — U, /U, X Uy —> Uiy /Uy X U —> -+ +),
where the homomorphisms in each level are given by
110
)

Then i : BU, < BUjy; is the map induced in the colimit by the maps

[A] =

Un/Un—k x Up — Un+1/Un—k X Upg1

such that

9.2.8 DEFINITION. Let BU be the colimit
BU = colim {BUk, ik}kzo .

Since each BUj is a CW-complex with a countable number of cells, the
product BUy x BU,, k,1 > 0, is also a CW-complex and so is paracompact.
If we consider the product bundle E;(C*>) x E;(C>) over BU;, x BU;, which
is a bundle of dimension k 4+ [, then, using 8.5.13, there exists a map wy; :
BU; x BU; — BUj,,, unique up to homotopy, such that w,il(EkH((Coo)) =
Er(C™) x E;(C*).

It is possible to give an explicit description of wy;, using homogeneous
spaces, in a way similar to what we did earlier with 7. Nevertheless, in
this case, the details are more complicated. These maps wg,; in the colimit
define a map w : BU x BU — BU. One can prove that w gives to BU the
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structure of an H-group, commutative up to homotopy, in such a way that
the following diagram commutes up to homotopy:

BU,, x BU;, —% BU

BU x BU —— BU.

9.2.9 Corollary. [B,BU] is an abelian group. O

9.2.10 EXERCISE. Prove that there is an isomorphism K (x) & Z, given by
Vect (¥) — N, V — dim V.

9.3 K (B) AND STABLE EQUIVALENCE OF
VECTOR BUNDLES

By the Grothendieck construction, we have seen that the elements of K (B)
are essentially differences of isomorphism classes of vector bundles over B. In
this section we shall define the reduced K-theory of B, K (B), of differences
of classes of bundles of the same dimension. We also shall introduce the
concept of stably equivalent vector bundles over B. And we shall prove that
these stable classes represent all of the elements of K (B), so that here we do
not need to take differences.

Abusing notation, we shall denote the image of the isomorphism class
of a vector bundle E — B in K(B) again by [E]. So every element of
K(B) is of the form [E] — [E']. However, we should make it clear that
[E] — [E'] = 0 € K(B) does not mean that £ and E' are isomorphic, but
rather that there exists another bundle E” such that E @ E” = E' @ E” (see
9.1.2(b)).

9.3.1 DEFINITION. Let B be a pointed space and i : {x} — B the inclusion
of the base point. Consider the induced homomorphism

" K(B) — K(x)2Z.
We define the subgroup K(B) = ker(i* : K(B) — Z) of K(B), which is
called the reduced K -theory of the pointed space B.

From the definitions it is clear that i* : K(B) — K(x) & Z is induced
by the function that associates to each vector bundle over B the dimension
of the bundle over the component containing the base point.
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Let ¢ : B — {*} be the constant map. Then coi = id. By the
functoriality of K we have that (coi)* = i*oc¢* = 1, and therefore the exact
sequence of abelian groups
(9.3.2) 0 — K(B) — K(B)———K(x) — 0

splits. And so we have K(B) 2 K(B) ® K(x) 2 K(B) ® Z.

9.3.3 EXERCISE. Prove that K is a functor from the category of pointed
paracompact spaces and pointed maps to the category of abelian groups and
homomorphisms such that

if for~ fi: (B b)) — (B,bo), then fi = fi: K(B) — K(B').

9.3.4 EXERCISE. Prove that the isomorphism K(B) = K(B) @ Z is given
by (E,E") — ((E®e™, E'®e™), m—n), where m is the dimension of E and
n is the dimension of E’ (over the component containing the base point.

Now we shall give another interpretation of the groups K (B). To do this,
we shall need the following lemma, which, even though it is a special case of
8.5.15, we can prove without having to appeal to a Riemannian metric.

9.3.5 Lemma. Let p: E —> B be a k-vector bundle, where B is compact.
Then there exists o bundle p: E — B such that E ® E is isomorphic to a
trivial bundle.

Proof: By 8.1.14 there exists a bundle morphism

E——=FE,(C™)

|

B T> Gk((cm)

such that £ = f*Ex(C™). Since B is compact, we can take m < oo. We
define an (m — k)-vector bundle

Ei(C™)——Gy(C™)
in the following way:

Ex(C™) = {(V,0) € Gu(C™) x C™ | w € VY and 7 (V, w) = V.
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This is the bundle defined by the map @ : G,(C™) — Pr(C™) such that

p(V) is the orthogonal projection onto the orthogonal complement V+ of V
in C™.

Let us consider the following bundle morphisms:

Gr(C™) x €™ —2> B, (C™) x By(C™)

l |

Gr(C™) Gi(C™) x G(C™),

A
where A is the diagonal map and A(V,z) = ((V,v), (V,w)) for z = v + w,
where v € V and w € V.

From this we deduce that E;(C™)®E,(C™) = G (C™)x C™ = ™, where,

as before, e™ represents the trivial complex vector bundle of dimension m.
If we define E = f*E,(C™), then
E®E = [E(C")® [Ex(C™)
f1(ER(C™) ®ER(C™)) = f*(e™) = e™.

1%

Let us recall that a function f : B — S, where S is a set, is locally
constant if each point € B has a neighborhood V' such that f|V is constant.
If we give S the discrete topology, then f : B — S is locally constant if and
only if it is continuous.

If B is compact, then dg(B) is finite, where dg is as after Definition 9.2.1.
That is,

dE(B) = {nl,ng, Ce ,nr},

and B is the disjoint union of subsets B; that are simultaneously open and
closed, and therefore compact. So B; = d'(n;),i = 1,2,...,r. In this way
we can apply the previous lemma to each restriction p~!(B;) — B; and
obtain a bundle p; : E; — B; such that p~!(B;) @ E; is trivial. Moreover,
adding appropriate trivial bundles ¢;, we can arrange that all of the bundles
p Y (B)®FE;®¢;, 1 <i <r, have the same dimension. If we definep: £ —
X such that p~1(B;) = E; @ ¢;, then E® E = ¢, where ¢ is a trivial bundle.
And so we have proved the following result.

9.3.6 Proposition. Let E — B be a vector bundle, where B is compact.
Then there exists a bundle E — B such that E & E is isomorphic to a
trivial bundle. O
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9.3.7 DEFINITION. We say that the vector bundles p : F — B and p' :
E' — B are stably equivalent if there exist trivial bundles ¢ and &’ such
that E®e X E @&

This is clearly an equivalence relation, and we denote by S(B) the set of
stable classes of bundles over B. Denote by { E'} the stable class of E. We can
give S(B) the structure of an abelian semigroup by defining {E} + {E'} =
{E®E'}. The zero is the class of any trivial bundle € over B. By proposition
9.3.6 we have that each element of S(B) has an inverse, and so S(B) is an
abelian group.

9.3.8 Theorem. Let B be a pointed compact space. Then K(B) = S(B).

Proof: Let [E] be the isomorphism class of a bundle over B. We define a
homomorphism of semigroups p : Vect(B) — S(B) by p[E] = {E}. Since
S(B) is an abelian group, using the universal property of the Grothendieck
construction there exists a homomorphism p : K(B) — S(B) that makes
the diagram

Vect(B) —~ S(B)

| A7

K(B)
comimute.

We shall show that p|K (B) is an isomorphism. In fact, take {E} € S(B)
and let us suppose that over the component containing the base point, F
has dimension~ k. Let * be the trivial bundle of dimension k. Then we have
[B] - [] € K(B) and A([E] - [£]) = plE] - ple"] = {E} — {£"} = {E},
and therefore p| K (B) is an epimorphism. Now let [E] — [E'] € K(B) be an
element whose image under p is 0. Then it follows that 0 = p([E] — [F']) =
plE] — p|E'] = {E} — {E'}; that is, {E} = {E’}. Hence, there exist trivial
bundles €™, " of dimensions m and n, respectively, such that F @ ™ =
E' @ e™. But the dimensions of E and E’ coincide over the component of the
base point, and so m = n. Finally, by the Grothendieck construction (see
9.1.2(b)), it follows that [E] = [E'] € K(B) and [E] — [E'] = 0. 0

9.3.9 EXERCISE. (a) Prove that if B is a disjoint union of open subspaces
ByUByU---UB,, then K(B) = K(B) % K(By) ®---® K(B,).

(b) The previous statement is not true for K(B). Give a counterexample.
What would be the correct formulation in the reduced case?
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9.3.10 NoTE. When B is not connected one might imagine that one could
study K (B) in terms of the K-theory of its connected components. However,
the connected components in general are not open in B (unless, for example,
B is locally connected).

9.4 REPRESENTATIONS OF K(B) AND K(B)

In the following we shall see how to express K(B) and K(B) in terms of
homotopy, when B is compact. In order to do this we shall give another

decomposition of K(B), which will coincide with K(B) & K(B) @& Z when
B is connected.

As we mentioned in the proof of 9.3.6, we have that {f : B — N | f is
locally constant} = M (B, N), where N has the discrete topology. Moreover,
it is clear that M(B,N) = [B,N].

9.4.1 DEFINITION. Let d : Vect(B) — [B,N] be the function defined by
d[E] = d for any vector bundle p : E — B, where dg(z) is the dimension of
the fiber p~!(z) over z € B. Since N is a semigroup, [B, N] has the structure
of a semigroup in such a way that d is a homomorphism of semigroups. Let
« : [B,N] — [B, Z] be the canonical inclusion. By the universal property of
the Grothendieck construction we get a homomorphism d : K(B) — [B, Z]
that makes the diagram

Vect(B) —4~ [B,N]

K(B) —— [B,Z]

commute. Notice that o : [B,N] — [B,Z] is, of course, the Grothendieck
construction for the semigroup [B,N]. We shall denote ker(d) by K(B).

9.4.2 Proposition. The sequence
0 — K(B) — K(B) % [B,Z] — 0
is exact and splits. Consequently, we have K(B) = I?(B) @ [B,Z].
Proof: Take f : B — N. Since B is compact, f(B) is finite. Then f(B) =

{n1,na,...,n,}, and B can be expressed as a disjoint union of open sets
B =B, UByU---UB,, where B; = f~1(n;). We define a bundle over B by
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taking the trivial bundle €™ over each B;. This defines a homomorphism of
semigroups ¢ : [B,N] — Vect(B), and clearly d o ¢ = id. By the universal
property of the Grothendieck construction there exists a homomorphism @ :
[B,Z] — K(B) such that d o % = id. 0

9.4.3 Corollary. If B is connected, then K(B) = K(B).

Proof: An element ([E], [E']) € K(B) is in K(B) if and only if dim p~!(x) =
dim p'~1(*), where * € B is the base point. On the other hand, ([E],[E’])
is in K(X) if and only if dimp~*(z) = dimp/~!(z) for all z € B. Using the
exact sequences from (9.3.2) and 9.4.2, we have the commutative diagram

0 K(B) K(B)—%~[B,Z) 0

D

[*, Z] 0,

where 0 associates to each bundle the dimension of the fiber over * and
i : {*} = B. If B is connected, then i# is an isomorphism, and so K(B) &

K(B). 0

In the following we shall describe K in terms of homotopy, and using this,
we shall obtain the desired expressions for K and K.

9.4.4 DEFINITION. Let us consider the sets Vecty(B), & > 0, of complex
vector bundles of dimension k. By adding a trivial bundle of dimension
one, we can define functions t;, : Vecty(B) — Vecty1(B), namely, t,[E] =
[E®el], k>0.

Let us denote by Vect®(B) the colimit
Vect®(B) = colim {Vecty(B), tx } x>0 -
Using the Whitney sum we define
Vecty(B) x Vect;(B) — Vectgi(B)

by ([E],[E']) — [E® E’], k,1 > 0. This allows us to define a sum Vect®(B) x
Vect®(B) — Vect®(B) that gives Vect®(B) the structure of an abelian semi-

group.

9.4.5 EXERCISE. Prove that if B is compact, then [Ey] — [F}] = [Ea] — [F3]
in K (B) if and only if there exists a trivial bundle ¢ such that B} @ Fy e =
E> @ Fy @ ¢ (cf. Definition 9.1.1).
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9.4.6 Proposition. Let B be a compact space. Then we have Vect®(B) =
K(B).

Proof: For cach k > 0, we define ¢y, : Vect,(B) — K (B) by ¢x[E] = [E] —
[eF] € K(B). We then have @yi1t4]E] = ori|E ® '] = [E @ el] — [eHH1] =
[E] + [eY] — [€¥] = [¢'] = [E] — [€¥] = ¢x[E]. Therefore, by the universal
property of colimits, there exists ¢ : Vect®(B) — I?(B) that makes the
diagram

Vecty,(B) — Vect®(B)

\ itp
e

K(B)
commute for every k.

We shall prove that ¢, which is a homomorphism of semigroups, is an epi-
morphism and a monomorphism. In particular, this will show that Vect®(B)
is a group. Take [E]—[E'] € I?(B) Using 9.3.5, there exists a bundle E' such
that E'GE 2 e for some n. Then we have [E]—[E'] = [E]+[E —[E'@E] =
[E]+[E]—[e"| = [E®E] —["]. Since [E] —[E] € K(B) = kerd, it follows
that d[E ® E'] = d[e"]; that is, E® E has constant dimension equal to n.
From this we obtain ¢, [E ® E'] = [E] — [E’], and so we have proved that ¢
is surjective.

Next let us suppose that [E] — [¥] = [E] — [¢!] in K(B). Then, using
9.4.5, we have that F & &'™" 2 E' @ " for some n. Therefore, [E] and [E]
represent the same element in Vect®(B), and so ¢ is injective. O

9.4.7 EXERCISE. Prove the following statements:
(a) Take X = colim X,,, where the maps X,, — X, ;1 are embeddings.

Then the maps X,, — X are embeddings.

(b) Let X = U,», X; be a Hausdorff space, where X; C X;;; is closed,
i > 0. If X has the topology induced by the family {Xi}i>o (that is,
F C X is closed & F N X; is closed in X;, for each ), then for every
compact C' C X there exists an n > 0 such that C' C X,,.

9.4.8 Theorem. Let B be a compact space. Then it follows that K(B) =
[B,BUJ.

Proof: According to 9.4.6, we have

K(B) = Vect®(B) = colim Vect,(B),
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where the colimit is taken with respect to the maps
ty, : Vecty(B) — Vecty1(B)

given by t,[E] = [E @ £'].

On the other hand, we have BU = colim BUy, where the colimit is
taken with respect to the embeddings i, : BU, — BUg,; that satisfy
it (B 1(C>)) 2 E,(C>®) & e!. Since B is compact, we then have by Exercise
9.4.7(b) that [B, BU] = colim[B, BUy|, where iy : [B, BUy] — [B, BUg4]
is induced by .

Using 8.5.13 we have that Vecty(B) = [B,BU]. Clearly, these equiva-
lences are compatible with the functions ¢ and iy, k > 0. So they induce
an isomorphism colim|[B, BUy| & colim Vecty,(B). O

9.4.9 Corollary. Let B be a compact space. Then:

(a)  K(B)~[B,BU x 7.

(b) K(B) = [B,BU], provided that B is connected.

Proof: (a) Using 9.4.2, we have K(B) = K(B) & [B,Z]. Also, by 9.4.8, we

obtain K(B) = [B,BU]. Then it follows that K(B) = [B,BU| @ [B,Z] =
[B,BU x 7).

(b) Since B is connected, using 9.4.3 we get K(B) = K(B). And since
K (B) = [B,BU], we obtain the desired result. O

9.4.10 REMARK. The results of the previous corollary are equally true if
one assumes B to be a finite-dimensional CW-complex. This follows from
the fact that then every path component of B can be covered with a finite
number of open sets that are contractible in B (see 5.1.30).

9.5 BoOTT PERIODICITY AND APPLICATIONS

The following theorem, known as the Bott periodicity theorem, is the central
result of K-theory. The original proof due to Bott uses Morse theory to
analyze the loop space of a Lie group. Even though there are other methods
for proving it, all of the proofs are rather difficult. See, for example, [32],
which also appears in the collection of articles compiled by J. Frank Adams
[4]. A quite complete list of proofs of the Bott theorem is given in [7].
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We shall postpone our proof until Appendix B, since the methods that we
use, even though only topological and linear in character, are intrincate and
would pull us away from the main line of our presentation. Nevertheless, we
shall use the version of the theorem that we are about to present in order to
calculate the homotopy groups of BU and therefore the K-theory of spheres.

9.5.1 Theorem. (Bott periodicity) There exists a homotopy equivalence

BU x Z ~ Q2BU. 0

From this we deduce that

z if i =0,

This means that the homotopy groups of BU repeat with period two. And
this is the reason for the name “periodicity theorem.”

From the above we obtain m3(BU) = Z, and from the periodicity we get
T (BU) = Z,n > 1. Moreover, since BU is connected, we have mo(BU) = 0.

In order to obtain the odd groups we use the following equality.
9.5.2 Proposition. m;(BUy) = m;(BUyyq) if ¢ < 2k + 1.

This result is proved by applying the exact homotopy sequence of a certain
fibration p : BU;, — BU,,; with fiber S**1. Here we are using the notation
BUj to denote a space with the same homotopy type as Gi(C>). O

Using 9.5.2 we obtain m;(BUy) = m;(BU) if ¢ < 2k + 1. In particular,
m1(BU) 2 71(BU;). But BU; = G{(C*) = CP*, and so m(BU) = 0, and
then, by periodicity, ma,.1(BU) =0, n > 0.

Therefore, we have the following statement.

9.5.3 Theorem.

0 ifi=0,
m(BU) =<9 Z ifi>0is cven,
0 ifi>0is odd. 0

9.5.4 Corollary.

[?(S”) ~ JZ ifnis even,
10 ifn s odd.
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Proof: If n = 0, then K(S°) = K(S°) @ Z by using (9.3.2). And using
9.3.9(a), we have K(S°) = K (x) ® K () 2 Z @ Z. Consequently, K (S°) = Z.

If n > 0, then S is connected, and according to 9.4.9(b) we have K (S") =
[S™,BU]. Since BU is an H-space, we get [S™, BU] = m,(BU). So the result
now follows from 9.5.3. a

9.5.5 NOTE. Combining 9.5.2 and 9.5.3 we obtain the following isomor-
phisms:

0 ifi=0,
m(BUg) =2 < Z if i is even and positive, for i < 2k + 1,
0 if 7 is odd.

One can prove that QBU, ~ U,. So the previous result gives us the
homotopy groups Uy in the appropriate range, and then 9.5.3 gives us the
homotopy groups of U.

With the help of periodicity, we can extend the functor K to a whole
family of functors K", n € Z, which will combine to form a generalized co-
homology theory (see 12.1) satisfying all axioms that cohomology satisfies
(see 7.1) except dimension. Although periodicity implies that there are es-
sentially only two functors in this theory, viewing the whole family of them
as a generalized cohomology theory often facilitates matters.

9.5.6 DEFINITION. Let X be a pointed CW-complex. Then we define
K°(X) =[X,BU x Z],

and N N
K™™(X)=K2"X), neNuU{0}.

If A C X is closed, we define
K ™(X,A) =K "X UCA).

9.5.7 NOTE. Applying Corollary 9.4.9 one has K (X) = K°(X) if X is com-
pact.

From (3.3.11) we obtain the long exact sequence

- — [E"(X UCA),BU] —s [Z"X, BU] —» [Z"4, BU] —

(9.5.7)
... — [X UCA,BU] — [X,BU] — [4,BU]J.
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The previous sequence can be rewritten as the exact sequence

©958) X, A) D k() S Kor(A)-2

— KX A) — -

known as the long exact sequence in K-theory of the pair (X, A).

9.5.9 EXERCISE. Prove that the assignment (X, A) — K "(X, A) is a func-
tor from the category whose objects are pairs of paracompact spaces and
closed subspaces and whose morphisms are maps of pairs to the category of
abelian groups and homomorphisms such that if fo ~ f : (Y, B) — (X, A),
then f§ = f;: K"(X,A) — K~™(Y, B) for all n. That is, K™ is homotopy
tmuariant.

9.5.10 EXERCISE. Let X be paracompact and let U C X be open and

A C X be closed such that U C;l. Prove that the inclusion map i : (X —
U A—-U) = (X, A) induces an isomorphism

KX, A) — KX —U,A-U).

That is, K~™ has an ezcision property.

9.5.11 REMARK. Let A C X be a closed subspace of the paracompact space
X. The last portion of the long exact sequence (9.5.7) transforms into the
exact sequence

K(XUCA) — K(X) — K(A)

and the other portions into the exact sequences
K™"(XUCA) — K™"(X) — K"(A).

These imply the ezactness property of the reduced K-theory.

Another immediate consequence of the Bott periodicity theorem is the
following result.

9.5.12 Theorem. K—"(X,A) > K—"+2(X, A) if n > 2. 0

This result allows us to extend the notation K™(X, A) to every integer n.
From (9.5.8) and 9.5.12 we deduce the following proposition.
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9.5.13 Proposition. If X is compact and A C X is closed, then we have
the following exact hexagon:

K()
/ \
K9(X, A) (A)

1 l
\/

K L A)

9.5.14 EXERCISE. Deduce from the Bott periodicity theorem that K (X x
S?) has the structure of a free module over the ring K (X ) with two generators.
These are 1, the class of the trivial bundle of dimension 1, and [L] — 1.
Here L is the bundle induced by proj, : X x S? — S? from the canonical
bundle H* — S?, considering S? as CP*, the Riemann sphere. The module
structure is given by

KX)o K(X xS — K(X x$8?),
E®p = projs(&) - p,

where, as we have noted, the product - in K (X x S?) is given by the tensor
product of vector bundles.

We have treated in this chapter only the complex case, using complex
vector bundles, complex Grassmann manifolds, unitary groups U,, etc. We
can repeat the analysis for the real case (real vector bundles, real Grassmann
manifolds, orthogonal groups O,,, etc.) and so obtain real K-theory of a space
B, usually denoted by KO(B). Its representation is obtained in terms of the
spaces BOy, (instead of BUj) and BO (instead of BU). Nonetheless, the
periodicity results are very different. The periodicity in the complex case is
of period 2, while in the real case it is of period 8.

9.5.15 Theorem. (Real Bott periodicity) There exists a homotopy equiva-
lence BO x Z ~ Q®BO. O

For the proof of this theorem, we refer to [15], where similar methods to
ours are used.
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9.5.16 NOTE. Using some homotopic properties of the groups O,, corre-
sponding to Theorem 9.5.3, one can prove that

Zy ifi=1,2,
Tis(BO) & m(Q®BO) 2 m(BO) = {0 ifi =3,5,6,7,
Z ifi=4,8.

This means, in particular, that the homotopy groups of BO repeat with
period eight.

9.5.17 EXERCISE. Define KO (X) = [£"X,BO x Zl,, so that for any
compact pointed space X, I?(/)(X) = I?(/)O(X). Prove that %7n(X) &=
[/_(\677”8()() for every pointed CW-complex X. Compute }/_(\67H(Sq) for all
q > 0.

9.5.18 NOTE. Among the major achievements of (topological) K-theory we
have the following: the solution of the vector field problem of spheres by
Adams, where he computes the maximal number of linearly independent
sections in the tangent bundle of a sphere (see [2]), the short proof of the
Hopf conjecture that we shall present in Chapter 10 (see 10.6.15), and the
index theorem for elliptic differential operators by Atiyah and Singer (see
14]).

In another direction it is possible to define K-theory for the so-called
C*-algebras. By analyzing noncommutative C*-algebras and their K-theory,
Connes [23] studied important aspects of what is now known as noncom-
mutative geometry. This K-theory has been generalized by Kasparov [38],
who defined groups KK (A, B) for each pair of C*-algebras A, B. He used
this theory in his work on the Novikov conjecture concerning the homotopy
invariants of higher signatures.

Other applications will be mentioned at the end of Chapter 12.
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CHAPTER 10

ADAMS OPERATIONS AND APPLICATIONS

In this chapter we shall define the important Adams operations in complex
K-theory and see how they are applied to prove a central theorem of math-
ematics, namely, to determine the dimensions n for which R™ admits the
structure of a division algebra.

10.1 DEFINITION OF THE ADAMS OPERATIONS

Making use of the concept of a formal power series and its properties, which
are identical to those of a Taylor series, we introduce in this section the
Adams operations in complex K-theory.

10.1.1 DEFINITION. An operation 6 in K-theory assigns a function (in gen-
eral, not a homomorphism) fx : K(X) — K(X) to each space X in such a
way that for every map f: X — Y, the diagram (of sets)

K(Y) -2 K(Y)
I f*
K(X) 5~ K(X)

is commutative; that is, an operation 6 is a natural transformation.

10.1.2 NOTE. In order to simplify notation we shall suppress the subindex
that represents the space. So we shall denote 6y simply by 6.

In what follows we shall construct certain operations that will be the basis
for the applications that we make of K-theory. In order to do this, we need
the following definitions.

309
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10.1.3 DEFINITION. Let R be a commutative ring with 1. We shall denote
by R][t]] the ring of formal power series with coefficients in R. That is, the
elements of R[[t]] are expressions of the form >, r;t’, where r; € R, i > 0.
The sum is defined by -

(Z r,-ti> + <Z r;.ti> = (ri+ )t

i>0 i>0 i>0

and the product by

() () - oo

i>0 j=0 k>0

where

‘//7 7. /
T, = E riry -

i+j=k

The element 1 € R is clearly the unit of R[[t]] when we take this to mean
the series with 1o = 1 and r; = 0 for ¢ > 0.

Put
1+ tR[[t] = {Zn—ti € R[[t]] | ro = 1} :

Clearly, the product in R[[t]] can be restricted to 1 + ¢R[[t]], and moreover,
every element in 14+¢R[[t]] has an inverse. Namely, if 1+, r;t* € 1+t R[[t]],
then its multiplicative inverse is 1+ .., 7;t, where 7, = —r, Ty =12 — 1y,
T3 = —1% + 2rr9 — r3, and in general,

_ (4 +i)! :
D D N SserA I S LA SV
i14+2i9+-+nin=n
This shows that 1 + ¢R[[t]] is an abelian group under multiplication.

The ring R][t]] of formal power series behaves like the ring of power series
with real or complex coefficients in analysis. We can differentiate formal
power series term by term; namely,

oo

o
n T‘Z‘tz = E Z.T’itl_l.
0 i=1

Q“&

We can define the standard analytic functions sin, cos, log, exp, and so
forth, by the usual Taylor series formulas. They then will satisfy equations
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oo .

analogous to those of analysis. As an example, if z(t) = > r;t*, we can define
i=0

log z(t). And we can calculate its derivative and thereby get the formula

< log (1)) = /(1) (x(1)) "

which is defined, for example, if the constant term in z(¢) is 1.

10.1.4 DEFINITION. Let F — X be a vector bundle with X compact. We
define the formal power series A [E] € K(X)[[t]] by

Az

where A" E is the ith exterior power of E (see 8.1.4). Using the isomorphism
mentioned in 8.1.15(g),

ti

M[E] = Z

oo
=0

k i J
NEoE)= B (/\E@/\E’) :
it+j=k
we obtain the formula
(10.1.5) M[E @ E'] = M [E]N[E].

Because the constant term in \;[E] is 1, we have that \,[E] € 1+tK (X)[[t]],
and so \[E] is invertible.

So we have a homomorphism
A s Vect(X) — 14+ tK(X)[[t]]

from the additive semigroup Vect(X) of the isomorphism classes of complex
vector bundles over X to the multiplicative group of formal power series over
K (X) with constant term 1. By the universal property of the Grothendieck
construction, this homomorphism can be extended to

At K(X) — 1+ tK(X)[[t]] -
Taking the coefficient of #! in A\(x), x € K(X), we get operations
N K(X) — K(X),

such that \(z) = 1+ 37,5, N'(2)t". Explicitly, since the elements of K(X)
can be expressed as differences [E] — [E’], we have

b

M(E] = [E') = MEIN[ET
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10.1.6 DEFINITION. The rank operation
rank : K(X) — K(X)

is defined as follows. As in the proof of 9.3.6 we know that if £ — X is a vec-
tor bundle, then X = [J;_, X;, where each X is open and E|X; has constant
dimension n;. We define a bundle r(E) — X such that r(E)|X; = &™,
i.e., the product bundle on X; of dimension n;. This defines a homomor-
phism of semirings 7 : Vect(X) — Vect(X), r([E]) = [r(¥)], which, by the
universal property of the Grothendieck construction, induces the operation
rank : K(X) — K(X). For the sake of clarity, let us note that if X is
locally connected, its connected components are both open and closed and
the bundle r(E) — X is trivial over each component with dimension equal
to that of E over said component.

10.1.7 DEFINITION. We define the Adams operations
v K(X) — K(X)
as follows. First we define
YP(z) = rank ().

Then in the ring K(X)[[t] we define ¢,(z) = >0, ¥ (x)t" by

() = () 5 (105 A (@),

where the second term is ¢ times the formal derivative of the formal logarithm
of the series A_;(x), that is

ALy ()

- (x)t .

ve(x) = 9" (x) +

Using the formal properties of the logarithm we can prove the following result.

10.1.8 Proposition. For all z,y € K(X) the following are true:
(a) F(z +y) =0 @) +¢F(y), k=0,1,2,....
(b) Ifx = [L], where L — X is a bundle of dimension 1, then ¢*(z) = 2*.

(c) The properties (a) and (b) characterize the operations \*.
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Proof: Using (10.1.5) we deduce that A_;(x + y) = A_¢(z)A_+(y). Conse-
quently,

P(r+y) = wo(x+y)—t%(log Ae(z+y))

— vank (24 y) — t%aog D@ A=()))

= rank (z) 4 rank (y) — t%(log (At(2)) + log (A—t(y))
= () +e(y) .
This proves (a).

To prove (b), we note that if z = [L] is the class of a line bundle L (i.e.,
of dimension 1), then A_;(z) = 1—tx, because A\'(L) = 0 if i > 1. Therefore,

= —x —ta? — 2% —

< tog (1 — 1)) =

1—tx
So Y(x) = 1+ tx + t22% + - - -, and from this we get the desired equality.

Statement (c) is obtained from the “splitting principle,” which we shall
encounter later on (see 10.2.5). O

The following theorem will be very important in the present chapter.
10.1.9 Theorem. For all z,y € K(X) the following properties hold:

a) VF(zy) = R (@)M(y), k=0,1,2,....

(a)
(b) *(l(x)) = (), k,1=0,1,2,....
(¢) p prime = ¢?(z) = 2Pmodp.
(d) Ifb e K°(S?) is a generator, then v*(b) = k™b, k=0,1,2,... .

The proof is an application of 10.1.8 and of the splitting principle, the
latter of which we shall study in the following section. O

10.2 THE SPLITTING PRINCIPLE

The splitting principle is a process that transforms an arbitrary vector bundle
to a Whitney sum of line bundles, these being bundles of dimension 1. This
thereby permits the simplification of various calculations involving vector
bundles. The following definition is fundamental for the splitting principle.
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10.2.1 DEFINITION. Let p : E — X be a vector bundle. We define its
associated projective bundle as the map

¢: P(E) —s X.
Here P(E) = (E — E°)/~, where E" is the zero section of the bundle E and

e~ ¢ if p(e) = p(¢’) € X and there exists A € C such that e = ¢'. If [¢]
denotes the class of e in P(E), then ¢([e]) = p(e) is continuous.

10.2.2 EXERCISE. Prove that the projective bundle ¢ : P(E) — X is a
locally trivial bundle with fiber ¢~!(x) homeomorphic, for every z € X, to
the complex projective space associated to the vector space p~*(z). (Hint:
Over each open subset of X over which p: £ — X is trivial, ¢ is trivial as
well.)

10.2.3 DEFINITION. We define the tautological line bundle or the canonical
bundle m : L — P(F) as follows. Define
L={(¢,[e]) € Ex P(E) | p(¢') = ple), ¢’ = Ae, A € C}

and let 7 be the projection onto the second coordinate. This is clearly a vector
bundle of dimension 1, that is, a line bundle. Actually, if ¢ : X — Pr(C™)
is the map that defines E, namely, if E = {(z,v) € X x C™ | p(z)v = v},
then L — P(FE) is the subbundle of ¢*(E) associated to

v P(E) — Pr(CM),

[l — (e,

where e = (z,v) € X x C™, p(x)v = v, and 7, is the orthogonal projection
onto the line (v) generated by v (v # 0).

10.2.4 Proposition. Let p: E — X be a vector bundle and q : P(E) —
X its associated projective bundle. Then ¢*(FE) = E'® L, where L — P(E)
18 the tautological bundle.

Proof: Let E' — P(FE) be the vector bundle associated to

Y P(E) — Pr(C™),

] — ("2 cm

i

v (Cm)7

where, as before, e = (z,v) € X x C™ and ¢(x)v = v, and now =, is the
orthogonal projection onto the orthogonal complement of (v) in p(x)C™.
Since any element in ¢(z)C™ has a unique expression of the form w + w’
with w € (v) = ¢(2)C™ and w’ € 7, p(x)C™ = ¢'(x)C™, we have the desired
splitting. a
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Using the periodicity theorem one can prove [13, 2.7.9] that K (P(E)) is a
free module over the ring K (X) with generators 1,1—[L], (1—[L])?,...,(1—
[L])k=1, where k = dim E, with respect to the K (X)-module structure given
by K(X)® K(P(F)) — K(P(F)) such that £®p — ¢*(&) - p. In particular,
we deduce from this that ¢* : K(X) — K(P(F)) is a monomorphism (which
includes K(X) as the part generated by 1 € K(P(E))).

10.2.5 Theorem. (Splitting principle) Given a vector bundle p : E — X
of dimension k there exists a map f: F — X such that

(a) f*: K(X) — K(F) is a monomorphism, and

(b) the induced bundle satisfies f*(E) = Li@®Ly®- - - @ Ly, where L; — F
is a line bundle, i = 1,2,... k.

Proof: According to 10.24, ¢*(E) = E' ® L. Put Ly, = L and apply 10.2.4
once more, only now to E' — P(FE). Then ¢ : P(E') — P(FE) is such
that ¢f(E') = E" @ L'. Now put Ly = L.

Repeating this process we get g, : P(E*2) — P(E*~3) such that
qi_o(BE* =) = =Y @ [, Defining

f=@-10qn0-0qoq: F=PE"Y) —X,

we then obtain the desired result by the comments after the proof of 10.2.4.
This construction can be visualized in the following diagram:

ECDp L, @Ll,— —E &L 1L, ~FE&L,—~E

| } | J

P(EK+-2) s P(E") P(E)— X.

Let us note that L; = E*~1 is already a line bundle. a

10.3 NORMED ALGEBRAS

As an example of an application of K-theory, in what follows we shall study
a classical theorem of linear algebra. We are going to analyze which of the
spaces R™ admits the structure of a normed algebra.

Even though we have already used the following concept, it is better that
we give a precise definition now because of its essential role in this section.
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10.3.1 DEFINITION. Let A be a real vector space of finite dimension. A
norm in A is a function

A — RT=][0,00),

z — |z,
such that

lz+yl < lzl+lyll, =zyeA,
Mz, AeR, zeA,
0 < z=0.

>~
Rl
[

Bl
I

A normed algebra is a real vector space of finite dimension equipped with
a bilinear multiplication

AxA — A,
(z,y) = wy,

with unit 1 € A such that 1z = 21 = 2 (which makes it an algebra) and
equipped with a norm such that

lzyll = llz]l vl

(which makes it normed).

10.3.2 ExaMPLES. The following are normed algebras:

(a) A=R, ||z]] = |z|, € R, with the usual multiplication on R.

(b) A=R? |z|| = Vat+ 13 z =21 + 201, 7, € R, 1 = (1,0), i = (0,1),
with the multiplication of complex numbers on R?2 = C. If 7 = z; — x4i,
then ||z]|? = 2Z.

(c) A=R |lg|| = 2} + 3} + 23+ 123, ¢ = 21 + Tl + 73] + 24k, 7; € R,
1 = (1,0,0,0), i = (0,1,0,0), j = (0,0,1,0), k = (0,0,0,1), with
the multiplication of the quaternions on R* = H. The multiplication
is determined by ij = k, k=1, ki=j, i2 =2 =k> = -1. Ifg =
T — Tol — x3j — 24K, then ||¢||* = ¢g. We can see that g = z; + 20, with
z21 = T1+ Tol, 20 = x3+ 241 € C. S0 § = Z1 — 25j and the multiplication
rules in H are obtained from those of C, provided that we carefully
mind the order of the factors. (H is an associative algebra, but it is
not commutative.)
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(d) A = RS, |lc|| = Va2+---+a2, ¢ = (21,...,25), with the multi-
plication of the Cayley numbers (or octonians) on R® = Q. This
multiplication is obtained by considering ¢ = (¢, ¢2) with ¢ = x; +
Tol + x3] + x4k, go = w5 + w61 + x7j + 23k € H, and by then defining
e = (q1,9)(d5, ¢5) = (1q) — Togo, ¢5q1 + q277). This multiplication has
(1,0) € H x H = O as unit. We define ¢ = (q1,¢2) = (¢, —¢2), and so
llc/|> = ce. (O is a nonassociative algebra.)

10.3.3 EXERCISE. Write out in coordinates the multiplication of O = R8.

10.3.4 EXERCISE. Prove that the canonical inclusions
RcCcHcCO

(the last being g — (g,0)) are multiplicative and send 1 to 1; that is, the
product of O restricts to those of H , C, and R. In other words, these
inclusions are algebra homomorphisms.

10.3.5 EXERCISE. Verify that the multiplication rule for the complex num-
bers in terms of the real numbers is the same as that of the quaternions
in terms of the complex numbers and that of the octonians in terms of the
quaternions. (Use z =T, if z € R.)

10.3.6 EXERCISE. Starting with the multiplication on @, can we define a
multiplication on R'® such that it becomes a normed algebra?

10.3.7 EXERCISE. Show that the multiplications on C, H, and O actually
turn them into normed algebras.

So we have the following result.

10.3.8 Theorem. If n = 1,2,4,8, then R"™ has the structure of a normed
algebra. a

10.4 DI1vVISION ALGEBRAS

In 1900 A. Hurwitz proved algebraically the converse of Theorem 10.3.8;
namely, the only values of n for which R™ admits the structure of a normed
algebra are precisely n = 1,2,4,8. We shall prove this converse in what
follows. As part of this we shall give some definitions, make some historical
comments, and present other equivalent results.
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10.4.1 DEFINITION. A division algebra is an algebra A over R such that

zy=0=2=0 or y=0.

10.4.2 Proposition. Let A be an associative algebra of finite dimension.
Then A is a division algebra if and only if for all x # 0 in A there exists a
unique &' in A such that xa’ = 2’z = 1, in other words, if and only if the
elements different from zero in A form a group under multiplication.

Proof: Assume that = # 0 and that there exists 2’ such that zz’ = 2’z = 1
and moreover that zy = 0. Then we have 2'(zy) = (2'z)y = y = 0. The
symmetric case follows similarly.

Conversely, suppose that x # 0. Since A has finite dimension, the se-

quence {1,z, 2% 23, ..., 2™, ...} does not form a linearly independent set. So
for some m we have
m—1
™+ Z a;xt =0
i=0

Let m be the smallest integer with this property. This polynomial of minimal
degree is clearly unique, since if there were two such, we would be able to
decrease m. If ayg = 0 were true, then we would have

m—1
m—1 i—1 _
z|x +E ;T =0,
i=1

which would contradict the minimality of m, since A is a division algebra.
So 2’ = —ag! (2™ + 37 ayrt) is an inverse for . O

10.4.3 EXERCISE. Prove that in an algebra A, if a € A satisfies ax = 0 =
x = 0, then there exists a unique a’ € A such that aa’ = 1.

10.4.4 Theorem. IfR"™ has the structure of a normed algebra, then R™ with
this structure is a division algebra.

Proof: zy = 0 = 0 = [lzy|| = [lz]| yll = [zl = 0or [y =0 = 2z =0or
y:O O
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10.5 MULTIPLICATIVE STRUCTURES ON
R™ AND ON S"°!

Around 1900 the following question was posed: For which values of n is R™ a
division algebra? In 1960 J.F. Adams [1], making heavy use of the machinery
of homology theory, proved that the values of n are precisely those of Hurwitz,
that is, n = 1,2,4,8. What we shall present here are essentially results due
to Adams and M.F. Atiyah in [5], where Adams’ original proof is simplified.

Recall that an H-space is a space X equipped with amap p: X x X —
X, called the multiplication, and an element e € X, called the unit, such
that p(e,z) = x = u(z,e). (Cf. 2.7.2. Here we are requiring that the unit be
strict, namely that the relations u(e, x) = x = u(z, €) hold as strict equalities
and not just as relations up to homotopy. This is not a big restriction, since
when the pointed space (X, e) is well pointed, which means that the inclusion
{e} — X is a cofibration, then this definition is equivalent to 2.7.2; ezercise.
The condition of being well pointed holds in many important examples as
well as in all of those that we are going to consider from now on.)

10.5.1 Proposition. IfR" has the structure of a normed algebra, then S™*
inherits the structure of an H-space.

The proof is an immediate consequence of the following lemma. O

10.5.2 Lemma. Assume that R™ has the structure of a normed algebra with
norm || - ||. Then ¥ = {z € R* | ||z|| = 1} is homeomorphic to S** = {x €
R™ | |z| = 1}, where | - | is the usual norm.

Proof: The map ¢ : S"! — ¥, defined by ¢(z) = z/||z||, is continuous,
since x + ||z|| is continuous. Its inverse is ¢ : ¥ — S"™1 ¢)(z) = z/|z|. O

10.5.3 EXERCISE. Prove that the map x — |z|| in the previous proof is
actually continuous.

10.5.4 EXERCISE. Prove that if R™ has the structure of a division algebra,
then S”~! inherits the structure of an H-space. (Hint: First prove that R"—0
with the restriction of the multiplication on R" is an H-space.)

10.5.5 DEFINITION. The sphere S"~! is parallelizable if its tangent bundle
T(S" 1Y) ={(z,y) € S" ' xR" | (z,y) = 0} —> S"~Lis trivial, where (—, —)
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represents the usual scalar product in R™. (This means that this bundle is
isomorphic to the bundle S*~! x R*~! — §"~1))

This definition is equivalent to saying that there exist n—1 tangent vector
fields on S™! that are linearly independent.

10.5.6 Theorem. IfR" has the structure of a division algebra, then S*~! is
parallelizable.

Proof: Choose a basis {ey,...,e,} of R® such that ¢; = 1. Take z € S*7!
and define

vi(z) = ze; — (x,xe))x, > 2.

Then we have (z,v;(z)) = 0, and so (z,v;(x)) € T(S*!). (This means that
v; is a tangent vector field on S"71.) Since

{1,e3,...,en}
is a linearly independent set, so also is
{z,zeq, ..., xe,}.

Thus the vectors va(x),...,v,(x) are linearly independent. Consequently,
0 : S x R — T(S™1) given by

(/7(377 (t27 cee 7tn)) = (.T,tg?)g(l’) +ee tnvn(ﬁ))
is the isomorphism we are seeking. a
10.5.7 Theorem. If S*~! is parallelizable, then it has the structure of an
H -space.
Proof: Consider the composite

v Sl ReL LT(SW—I) i)Sn—l ,

where ¢ is a trivialization of the tangent bundle and (z,y) is defined for
(z,y) € T(S"') by

Y(x,y) 2z +y) —=.

T At P

It is easy to check that 1 (z,y) € S*"L. Figure 10.1 depicts the definition of
.
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Y X
P(z,y
-
Figure 10.1

Clearly, if y — oo, then ¢(z,y) — —z. So if X" ! = R*"1 U {cc} is the
one-point compactification of R*~!, then v can be extended to a map

V* . Sn—l X En—l Sn—l

such that v*(z,00) = —z. Taking a fixed element e in S"™!, we get a home-
omorphism 7 : ¥"7! — S§"7! such that n(y) = v*(e,y) and n(oco) = —e.
Then 1! is the stereographic projection from —x. The composite

_ _q idxnpT?t _ _ * _
MZS”IXSnl axmn Snlxznl v Snl

is a multiplication with unit e that converts S™™! into an H-space. (Note
that v*(x,0) = z.) O

10.6 THE HOPF INVARIANT

In the following we are going to associate an integer, known as the Hopf
invariant, to each element in the homotopy group s, 1(S™). The role that
this invariant will play in the present chapter is illustrated by the following
diagram of implications, which gives a historical outline of the problem we
are treating as well as all of the various interrelationships that it has to
other properties. This diagram appeared in the article by J.F. Adams [1]
mentioned earlier.
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Assume that n > 1. Then the following holds.

R" is a normed algebra over the reals <g> n =24 or8

®)
R" is a division algebra over the reals = n = 2™
9)

S*~! with its usual differentiable | (7
. . == n=2/4 or8
structure, is parallelizable

S*~! with some differentiable structure
(perhaps extraordinary), is parallelizable

(6)

S*~!is an H-space
Lo

There is an element in m,—1(S") with Hopf invariant 1

H(‘d) ﬂ(‘l) JJ(S) ﬂ@)

n=2ordr n=2" n#£16 n=24 or8.

As we have already mentioned, the equivalence (1) was proved in 1900
by Hurwitz using algebraic methods. (We have already proved the trivial
implication <.)

Implication (2), which closes the circle and makes all the statements
equivalent, was proved by Adams in [1]. Implications (3), (4), and (5) are
particular cases proved by G.W. Whitehead [81], J. Adem [6], and H. Toda
[77], respectively. Adem used the Adem relations in his proof, while Toda
used in his proof an elegant lemma from homotopy theory as well as extensive
calculations of homotopy groups of spheres.

Implication (6) is due to A. Dold and answers a question posed by
A. Borel. (It is worth mentioning that Theorem 10.6.11, which we shall
prove later, implies strong results about the nonparallelizability of manifolds,
as M. Kervaire has proved in [41].)

Implication (7) was independently proved by M. Kervaire [40] and by
R. Bott and J. Milnor [18]. In both cases it was deduced from deep results
due to Bott [17] concerning the orthogonal groups O,,.
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Besides the left implication in (1) (which is Theorem 10.3.8), implication
(8) (which is 10.4.4), implication (9) (which is 10.5.6), and implication (6)
for the case of the usual differentiable structure (which is Theorem 10.5.5),
the program that we have followed here consists in proving Theorem 10.6.10,
which is the fundamental result for closing the circle, since it proves equiva-
lence (10).

10.6.1 DEFINITION. The join of two topological spaces X and Y, denoted
by X %Y, is defined by

X*«Y=XxIxY/~,

where (x,0,y) ~ (z,0,y') and (z,1,y) ~ (2/,1,y) for every z,2’ € X and
v,y €Y.

10.6.2 EXERCISE. (a) Prove that X*Y ~ CXxYUXxCY C CXxCY,
where we define here CZ = Z x I/Z x {1} for any space Z.

(b) Conclude that S™~1 % S*~! ~ S™tn—1,

10.6.3 DEFINITION. Let f: X XY — Z be continuous. The map
H(f): X+«Y —XZ=CZ/Z x {0}

given by H(f)[z,t,y] = [f(z,y),t] is called the Hopf construction applied to
f.

If o S*1x S* ! — S*~! is a multiplication, then the Hopf construction
induces a map

A=H(p) S +§ =8 wsl =5

10.6.4 DEFINITION. Given f : $?"~! — S" we define an integer h(f), called
the Hopf invariant of f, as follows. In the case that n is odd, we define

0 ifn=2m+1, m>0,
h(f)—{

1 ifn=1.
When n is even, we consider the short exact sequence
0—-> [?O(SZn) . I?O(cf) e I?O(Sn) ——0,

which we obtain by applying (3.3.13), where ¢ : S* < C is the canonical
inclusion and p : Cp — S* = XS*~! is the canonical quotient map, since
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according to 9.4.9(b), K(X) = [X, BU] for every compact, connected pointed
space X. Since K(XX) = K~1(X), it follows from K~*(S*") =0 = K~(S")
that the exact sequence is indeed short.

On the other hand, K°(S?") Z = K°(S™). Let b, € K°(S") be a
generator. Then there exists u € K°(C}) that is a generator satisfying
i*(u) = b,. However, i*(u?) = (i*(u))? = 0, since all the squares in K°(S")

are zero. Therefore, there exists a unique y € K°(S*) such that p*(y) = u®.

If v = p*(bay,), then we define h(f) by

@ =h(f) (or y=h(fbm).

where by, € K°(S?") is the generator that satisfies by, = b, X b,. We claim
that h(f) does not depend on u. To see this, let v’ be such that i*(u') = b,,.
Then i*(uv' —u) = 0, and so v’ — u = p*(Aby,) for some A € Z. Consequently,

w=u+p*(Aboy) = u+ v, v=p"(ba),

and
(u)? = u? + 2 uv + N0? = u?,

since v? = i*(b3,) = 0 and uv = 0.

10.6.5 EXERCISE. Fill in the details in the definition of A(f). In particular,
prove that all of the squares z* for z € K°(S") are zero.

10.6.6 EXERCISE. Show that f ~ g = h(f) = h(g).
10.6.7 DEFINITION. Let g : 8" x St — S"~! be a continuous map,
n > 1. By choosing e € S*~! we have maps given as follows:

- st — s, pi(z) = p(z,e),

po ST — ST p(x) = ple, ) .

These maps are independent of ¢, up to homotopy, since S*~! is path con-
nected. We define the bidegree of u as

bidegree (1) = (degree (1), degree (u2)),

where the degree of ; is the integer that corresponds to [i;] € m,—1(S"™!) un-
der the isomorphism 7,_;(S""!) 2 Z given by the correspondence [idgn-1] <>
1. In other words, the homomorphism s} : 7, 1(S"7!) — 7,1 (S"7!) is
multiplication by degree (y;).
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10.6.8 REMARK. If g : §"7' — §"7' has degree p and n > 1 is odd,
then ¢* : K(S"™') — K(S"7') is multiplication by p. If n is even, then
(3g)* : K(S") — K(S™) is also multiplication by p.

10.6.9 Theorem. Let n be even. If p: S*7 1 x S*~1 — S"~1 has bidegree
(p,q), then the Hopf invariant of f = H(u) : S* 1 — S™ is equal to p - q.

Proof: Let us consider S; and Sy, each one of the factors of the product S*~* x
S*~1. as the boundaries of the n-dimensional balls B; and Bs, respectively.
We can take B; to be the quotient of S; x I by the relation that identifies
S; x {1} to a point.

Let St and S™ be the upper and lower hemispheres of S”. These consist
of the points x = (z1,...,2Z,11) € S"™ such that x,.; > 0 and x,.; < 0,
respectively.

From g we obtain maps f; : Sy x By — S} given by (z,y,t) —
(V1 —=8)u(x,y),t) for t € I and fo : By X S — S™ given by (z,t,y) —
(V1 —=t?)u(x,y), —t). Clearly, Sy x BaUBj x Sy is homeomorphic to Sy Sy =
S*=1. Also, fi and f, determine f : Sy X By U By x Sy — S U S™, which
coincides with f : §?»~! — S" under the homeomorphism.

With this description of f, the mapping cone Cy is the quotient of Z =
(B; x By) US™ by the relation that identifies (z,y) € 9(B; X By) = S; X By U
By x Sy with g(z,y) € S*. We denote by f : By x By — C the restriction
of the quotient map. Note that S” (and thus S7 and S”) are subspaces of
Cy in a natural way. Let

g = (fo, f1, f2) : (B1 X Ba,S1 X By, By x S3) — (Cy, S, S™)
be the corresponding map of triples.
Therefore, we have an isomorphism
9" K(Cy,STUS") — K((B1,51) x (Bs,52)) ,
since the corresponding restriction of g is a relative homeomorphism (that
is, it defines a homeomorphism of the complements).

Now, if
gi: (Bl X BQ,Sl X BQ) — (Cf,Si),

g2 : (Bl X BQ,Bl X 52) — (Cf,sﬁ),
are restrictions of g, then we have that the composite
1 K(Cp) = K(Cp,%) = K(Cy, S1)
— L SK((By,8) x By) 2 K(By,5,) = K(S")
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has the property that if u € I?(Cf) is the generator such that i*(u) = b, €
K(S™) (see 10.6.4), then ¢ (u) = pb,. Analogously, the composite

w2t K(Cp) = K(Cy, %) = K(Cy, S™)
— % L K(By x (B, S5)) = K(By, S5) = K(S")

satisfies @o(u) = qby,.

We can take generators
b;L c K((Bl,Sl) X Bg) and b;’L S K(Bl X (BQ X SQ))

such that they correspond to b, under the isomorphisms and such that
bl — b corresponds to by, under the respective isomorphism. We have
the commutative diagram

K(CH®K(Cy)

K(Cy)
K(Cf,ST)®K(Cy,S") ———— > K(Cy,S™)
‘PI1®<P'2J/ = p*
K((B1,51)x B2)®K (B1 % (B2,52)) ——> K(B1xB2,51 x BaUB1 X S2)

o

K(s?),

where — denotes the (interior) product in K induced by ® in Vect (that is,
by the tensor product of vector bundles) and ¢} and ¢} correspond to ¢4
and @9 under the isomorphisms. So, chasing through the diagram starting
with u ® u, we have

UQ U——— 2 = pqu
(pbn) @ (gbn) Pgban ,
which yields u? = pgquv and consequently h(f) = pq. O

10.6.10 Proposition. Let n > 1 be odd and let
po STl x st st

have bidegree (p,q). Then pg = 0.
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Proof: We know that in K-theory we have
KS"™'xS"™ Y2 KS" e KES"™) 2 (Z6 Zu) @ (Z® Zv),

where u and v are generators of K(S"™1) in the first and second factors,
respectively. If we write K(S"™1) = Z ¢ Zw, then

WL Lw — (Z&Zu)® (Z & Zv)

sends w to an element of the form pu® 1+ 1 ® qu + s(u ® v). Because u* is
a homomorphism of rings, we have that 0 = w? leads to (pu® 1 + 1 ® qu +
s(u®v))? = 2pq(u ® v), since squares are zero. Therefore pg = 0. O

From 10.6.9 and 10.6.10 we get the next result.

10.6.11 Theorem. Ifu:S*!xS"' — S" ! is an H-space multiplication,
then f = H(p) has Hopf invariant h(f) =

Proof: Note that bidegree (u)

= ( ) and so n is even according to 10.6.10.
Then using 10.6.9 we have h(f) =

O

Now we shall prove the theorem that closes the circle of implications
described at the beginning of this section.

10.6.12 Theorem. Suppose that f : S**~1 — S™ has odd Hopf invariant.
Then n = 2,4, or 8.

Proof: Assume that n = 2r. (Note that n cannot be odd by definition). Let
ban, bn, u, and v be as before, which can be expressed in a diagram as follows:

0 — K@) 2 K -5 KESY) — 0,
bay, — v, u +—  b,.
Using the naturality of the Adams operations we see that
) = pU(ba)

(10.6.13) = p*(k¥by,)  (by 10.1.9(d))

= k.
On the other hand, we also have that

(0 () = ku) = W (b) = k"D,

k"by, — k"by, (by 10.1.9(d))
= 0.
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So we obtain

(10.6.14) V() — ku=o(k)v, o(k)€Z.

However, using 10.1.9(c) we have
Y?(u) = v mod 2 = h(f)vmod 2.
Then from (10.6.14) we get
V() = 2"u + o(2)v = h(f)vmod 2.

Consequently, o(2) and h(f) have the same parity, which means that o(2) is
odd.
But by 10.1.9(b) we know that %! = ¢lp* and so
Ple) = YUt o))
I"(k"u + o(k)v) + o(D)k*v
E'l'u+ (To(k) + k" a(l)v.

Analogously, we obtain
YR (u) = K "u 4 (Ko (1) + %o (k))v.
Thus we get k"o (1) +1? o (k) = "o (k) + k?"o (1), which in turn implies I"(I" —
Do(k) = k" (k" — 1)o(l).
In particular, if we take [ = 2 and k odd, we have that
2"(2" — Do(k) = K"(K" — 1)o(2).

Therefore, since o(2) is odd, 2"|k" — 1 for all odd k. In particular, this holds
then for r = 1.

Assume that r > 1 and consider the group of units (Z/2")*, which has
even order. So the congruence k" = 1 mod 2" implies that r is even, since the
order of (Z/2")* has to divide r. Therefore, r = 2,4,6,8, ... . If we now take

E=1+272

then we have that k" = 1+ r2"/2mod 2", which implies 27/2|r, since 2"|k" — 1
and so 27|r2"/2. But this can happen only if r = 2,4, since r > 4 = 27/2 > r.

So by the preceding we have n = 2,4, or 8. a

We can summarize all of our results in the next theorem.
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10.6.15 Theorem. The following statements are equivalent:
(a) n=1,2,4, or8.

(b) R™ has the structure of a normed algebra.
(¢) R™ has the structure of a division algebra.
(d) S"=t is parallelizable or n = 1.

(e) S* ! is an H-space. (Recall that S° = 7Z,.)
(f)

f) There exists a map f : S*~ 1 — S™ with Hopf invariant equal to 1. O
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CHAPTER 11

RELATIONS BETWEEN COHOMOLOGY
AND VECTOR BUNDLES

In the present chapter we shall establish some relations between vector bun-
dles over a space and the cohomology of the space. These relations are de-
termined by the characteristic classes, which are called the Stiefel-Whitney
classes in the case of real vector bundles and are called Chern classes in the
complex case. To be more precise, we shall first rely on the fact that RP*>
and CP* are simultaneously Eilenberg-Mac Lane spaces (of type K(Z/2,1)
and K(Z,2), respectively) and Grassmann manifolds (namely, G;(R*>) and
G1(C>), respectively). Here G;(R®) = GF(R*) denotes the Grassmann
manifold of real one-dimensional subspaces of R®, while G;(C>®) = G£(C>)
denotes the Grassmann manifold of complex one-dimensional subspaces of
C*°. This means that on the one hand these two spaces determine the co-
homology functors H'(—;Z/2) and H?(—;Z), while on the other hand they
classify real and complex line bundles, denoted functorially by Vect]f{ and
Vect®. In this way we shall define the first Stiefel-Whitney class and the
first Chern class.

Later on we shall introduce the Thom class together with the Thom
isomorphism theorem and then construct the absolute and relative Gysin se-
quences for real and complex bundles. These sequences will be the fundamen-
tal tool for constructing the Stiefel-Whitney and Chern classes in dimensions
bigger than one.

We shall end the chapter by proving the famous Borsuk—Ulam theorem.

331
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11.1 CONTRACTIBILITY OF S

An important fact in the understanding of RP* and CP*, the infinite-
dimensional projective spaces, is that each of them is obtained as a quotient
space of a contractible space, namely the infinite-dimensional sphere S*. In
this section we shall prove this.

First recall that S* = colim S"~! C colim R" = R*. More precisely, we
can describe R as the set of sequences of real numbers that are eventually
zero, that is, those sequences

(T1, 22,23, .+ o, Tp, Tpy1, - - - )

for which there exists some n such that x;, = 0 for all k& > n. We shall be
using the next definition in the following.

11.1.1 DEFINITION. The infinite-dimensional sphere S is the subspace of
R containing the sequences (21, Ty, X3, . .., Tp, Thy1, - - - ) satisfying 22 + 23+
.-+ = 1. Note that this is a finite sum, since all but finitely many of the z
are zero.

11.1.2 NoTE. Topologically speaking, just as C* is homeomorphic to R?",
so we have that C*> is homeomorphic to R*. The difference is that C*> has
the structure of a complex vector space, while R* has the structure of a real
vector space. Since there is a commutative diagram

Sanl(—> Ccnr

|

SQn+1C—> (CTL+1 ,

we can view S as the subspace of C* of eventually zero sequences of complex
numbers (21, 2y, . .. ) satisfying |22 + 202 + -+ = 1.

11.1.3 Theorem. The infinite-dimensional sphere S® is contractible.

Proof: First, consider the map H : S® x [ — S* defined for
(x1,29,23,...) €S® and tel

by

H(I17I27I37...,t) = ((1 *t)l'l,txl + (1 7t)l‘2,t$2 + (1 *t)$3,)/N,
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where the denominator N is the norm of the (nonzero) vector in the numer-
ator, namely,

N = \/((1 — t)l'l)Q + (twl + (1 — f,)fL’Q)Q + (txg + (1 — t)$3)2 —+ e

This homotopy clearly starts with the identity id : S*° — S* and ends with
the map H; : S*° — S defined by Hi (1,2, x3,...) = (0,21, 22,23, ... ),
whose image is the set A = {z € S* | z; = 0}.

Let us now define a new homotopy H' : A x I — S* by
H'(0,29,73,...,t) = (t,(1 — )32, (1 — t)z3,...)/N’,

where the denominator N’ plays the same role as N did before, namely, it
normalizes the (nonzero) vector in the numertor. For ¢ = 0 the homotopy
H' is the inclusion A < S*°, while for t = 1 it is a constant map. The
composition of these two homotopies defines the desired contraction. a

11.1.4 EXERCISE.

(a) Prove that the homotopies in the previous proof are well defined and
continuous.

(b) Compose those homotopies in order to obtain an explicit homotopy
from the identity idg~ to the constant map S®° — S°° whose value is
(1,0,0,...).

11.1.5 EXERCISE.

(a) Prove that the inclusion S"~! — S" is nullhomotopic. (Hint: Adapt
the homotopies H and H' from the proof of Theorem 11.1.3 to this
situation.)

(b) Conclude from part (a) that any map f : S¥ — S" is nullhomotopic,
provided that k& < n. (Hint: According to the cellular approximation
theorem 5.1.44, f factors up to homotopy through the inclusion S*~! <
s™)

From the last exercise we get the following important result.

11.1.6 Corollary. m(S™) =0 for k <n. O
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11.2 DESCRIPTION OF K(Z/2,1)

We shall prove in this section that RP is simultaneously homeomorphic to
G1(R*) and has the homotopy type of a K(Z/2,1).

Before starting, it is worthwhile mentioning that the following is a de-
scription of RIP", the real projective space of dimension n.

11.2.1 DerFINITION. Consider the equivalence relation on S* C R**! gener-
ated by pairs of antipodal points; namely, take the equivalence relation given
by & ~ —z for all x € S*. Then we define RP" = §"/~. Consequently, there
is a quotient map

p:S" — RP"

whose inverse image of any point in RP" is a copy of SC.

11.2.2 EXERCISE. Prove that the map p : S" — RP" defined above is
a locally trivial bundle. (Hint: Define U; = {[z] € RP" | x; # 0}, for
i=1,2,...,n+1. Then {U;} is an open cover of RP™ and p|p~1U; is trivial.)

11.2.3 Proposition. There exists a Serre fibration
p:S® — RP™

with fiber S°.

Proof: For each n there is a commutative diagram

S"C—> SnJrl

L

RP”(—) RP"+1

such that the upper horizontal inclusion is a homeomorphism on the fibers
S°.

In the colimit, these inclusions determine a map p : S®° — RP*™ whose
fibers are S°. To prove that p is a Serre fibration we have to show that it has
the HLP for the cubes I*. Specifically, we have to show that for any given
commutative square

h

[ —t—5
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there exists a lift H. However, since both I* and I* x I are compact, the
images of h and H lie in S" and RP", respectively, for some n. And this
means that we have a commutative diagram

h

[k4>Sn

. 7
. H -
e
Jof : ip
e

Ik X I?RP”.

Clearly, there exists H that makes the triangles commute in the last diagram,
since S” — RP" is locally trivial by 11.2.2 and so is a Serre fibration. Then
H:IF x I —5 S" < S® makes the triangles commute in the first diagram,
which proves that p is a Serre fibration. O

For what we shall need in the following it is enough to know that p :
S — RP* is a quasifibration, which is true because it is a Serre fibration.
Actually, it is even more than a Serre fibration, as we now shall show.

11.2.4 EXERCISE. Prove that p : S® — RP* is a locally trivial bundle
and, using the fact that RP* is paracompact (since it is a CW-complex),
deduce that p is really a Hurewicz fibration.

From Proposition 11.2.3 we get the long exact sequence
s = T(S®) — T, (RP®) — 7,1 (S?) — - -
e mi(8%) — m(RPY) — mo(SY) — 0.

Since 7,,(S*) = 0 for all n (because S* is contractible) and since 7, (S") = 0
for all n # 0 (because S° is discrete), we obtain from the previous exact
sequence that m,(RP*) = 0 for n # 1 and that 7 (RP>) = 7y(S°). Since
70(S") contains two elements, it follows that m (RP>) = Z/2. So we have

proved the next result.

11.2.5 Theorem. RP* is an Filenberg-Mac Lane space of type K(Z/2,1).
O

Using Definition 7.1.2 and Theorem 11.2.5 we get the following immediate
consequence.

11.2.6 Corollary. For any CW-complex B,

[B,RP™] = H'(B;Z/2). O
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The elements of the Grassmann manifold G;(R"™!) are the one-dimen-
sional subspaces of R"*!. So we have a bijection between the elements of
G1(R™"1) and pairs of antipodal points of S* C R™"!. In other words, the
map

q:S" — Gi(R™)
defined by = — (z) (where (z) denotes as above the real one-dimension-
al subspace of R™"™! generated by ) is surjective, and for every line | €
G1(R™1) we have ¢~'(I) = {NS", which means that ¢~!(I) consists of a pair
of antipodal points of S". Since S" is compact and G;(R"*1) is Hausdorff, ¢
is an identification map, and so there exists a homeomorphism ¢ : RP" —
G1(R™) that gives us a commutative triangle

So we have proved the following.

11.2.7 Proposition. There is a canonical homeomorphism
RP" ~ Gl(R”“) . O
As a consequence of Proposition 11.2.7 we now can prove the next theo-
rem.

11.2.8 Theorem. There is a canonical homeomorphism

RP™ ~ G, (R™).

Proof: The inclusions - - - < R™*! < R**2 < ... induce inclusions
ey ST ey Sl ey L
coo 5> RP" s RP" s ..o |
s G(R™) — G (R™2) — -+
so that we have commutative squares
RP"———— RP"*!
Gy (R™)— Gy (R™2)

for every n. Therefore, in the colimit we obtain the desired homeomorphism.
O
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If we let Vect(B) denote the set of isomorphism classes of real line bun-
dles over B, then we have the following consequence of the previous theorem.

11.2.9 Corollary. There is an isomorphism

[B,RP*>] = Vect}(B).

11.3 CLASSIFICATION OF REAL LINE BUNDLES

The work for this section has essentially been done in the previous one. By
combining Corollaries 11.2.6 and 11.2.9 we obtain the classification theorem
of real line bundles.

11.3.1 Theorem. Vect?(B) = H'(B;7/2). 0

11.3.2 DEFINITION. Let p : E — B be a real line bundle. We define its
first Stiefel-Whitney class wi(E) € H'(B;Z/2) to be the image of [F] €
Vect}(B) under the isomorphism of Theorem 11.3.1. This element is also
called the Euler class of the line bundle p. (Cf. Definition 11.7.13.)

By definition, wy(E) is an invariant of the isomorphism class of £. One
of the important properties of w; is naturality, which we now shall discuss.

11.3.3 Proposition. Suppose that f : B’ — B is a continuous map and
that E — B is a real line bundle. Then we have the naturality property

wi(f*E) = fw(E) € H(B',Z/2),

where f*E — B’ is the bundle induced by [ from E — B, and f*w(F)
is the image of wi(E) € HY(B;Z/2) under the homomorphism induced by f
in cohomology, namely f*: H'(B;Z/2) — H'(B';7Z/2).

Proof: Tt is enough to note that by the naturality of the classifying isomor-
phism of Vect}(B) (see 8.5.13) we have a commutative diagram

Vect®(B) —— H'(B; Z/2)

f*i lf*

Vect} (B') —— H'(B';Z/2). O
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11.3.4 Corollary. Ifp: E — B is a trivial real line bundle, then wi(F) =
0; that is, wy () = 0.

Proof: Since p : E — B is trivial, it is isomorphic to the bundle f*R
induced from the bundle R — * over a one-point space by the unique map
f: B — *. Consequently, we have that

wi(E) = w1 (f*R) = ffu (R) =0.

Here we have used w; (R) € H'(*; Z/2) = 0, which holds because H'(x; Z/2) =
[, RP*°] and RP* is path connected. O

11.3.5 DEFINITION. The canonical line bundle, or Hopf bundle, L — RP"
is defined as follows. We consider RP" to be the space of lines | C R**! and
define A

L={(z,]) eR"™ xRP" | z € I} 1 RP"™.

This means that this is the bundle whose fiber over each point [ € RP" in the
base space is the very same line [. Or in other words, if we consider RP" to
be the quotient space of the sphere S™ (which we get by identifying each pair
of antipodal points z, —z to a single point (x)), then the fiber of the Hopf
bundle over a point (z) € RP" is the line containing the pair of antipodal
points #, —z € S* C R*+L,

11.3.6 NOTE. Obviously, the Hopf bundle L — RP' ~ S! is homeomor-
phic to the open Moebius strip (see Figure 11.1).

||| HH\IJ/

M \\\\\'

|
S

Figure 11.1

11.3.7 Proposition. We have wi(L) # 0, where L — RP' is the Hopf
bundle.
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Proof: There are isomorphisms
Vect? (RP') = [RP!, RP>*] = HY(S';Z/2) = 7/2,
which imply together with Corollary 11.3.4 that wy(E) = 0 if and only if

E — RP! is a trivial line bundle. Since L — RP* is nontrivial, it follows
that wq (L) # 0. O

11.3.8 EXERCISE. Prove that the Hopf bundle ¢ : L — RP' is in fact
nontrivial. (Cf. Exercise 11.3.11.) (Hint: The trivial bundle p : £ — RP*
has the topological property that when we remove from E the zero section,
that is, when we consider the fiber space

Eo={z€E|z#0 in p'p(x)},

we obtain a space with two connected components. However, for ¢ : L —
RP, the fiber space

Ly={zxeL|z#0¢cq qx)}

has only one component. See Figure 11.2.)

Figure 11.2

11.3.9 EXERCISE. Prove that RP' ~ S'. (Hint: Consider S' = {e*™ |
t € [0,1]} € C. Then a homeomorphism ¢ : RP' — S! is given by the
commutative triangle
Sl
|~
RP' —~§,

where we define ¢/(e?™*) = '™ for ¢ € [0, 1], or in other words, ¢'(¢) = ¢*
for ¢ € S1.)
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Using the previous exercise, Proposition 11.3.7 is really a statement about
line bundles over the circle S'. And so we have the following consequence.

11.3.10 Corollary. Vect}(S') has two elements, namely, the isomorphism
class of the trivial line bundle and the isomorphism class of the Hopf bundle
(which is also known as the open Moebius strip). O

11.3.11 EXERCISE. Recall from Definition 8.3.10 that a section of a vector
bundle p: E — Bisamap s: B — FE satisfying pos = idg. We say that
a section s is nowhere zero if s(b) # 0 in p~*(b) for every point b € B.

(a) Prove that every trivial bundle of nonzero dimension admits a nowhere-
zero section.

(b) Prove that the Hopf bundle L — RP" does not admit a nowhere-zero
section. (Hint: Use the intermediate value theorem.)

(c) Deduce from parts (a) and (b) that the Hopf bundle L — RP' is
nontrivial.

11.4 DESCRIPTION OF K (Z,2)

In this section we shall essentially repeat what was done in Section 11.2,
only now in the complex case. We shall prove that CP* is simultaneously
homeomorphic to G;(C*) and has the homotopy type of a K(Z,2).

Consider the sphere S*"*! c C"*!, namely,

41 _ nt1
S = {(2173270' ) €C

n+1
ZzzZ = 1}

Much as in the real case, we have the following description of CP", the
complex projective space of (complex) dimension n.

11.4.1 DEFINITION. For z € §?"*! ¢ C"*! and ¢ € S' € C we have that
(z € $™*1. We define the complex projective space CP™ to be the space
we get by identifying in S?"*! the points z and ¢z for all z € S**! and all
¢ € St. This means that CP" = S?"*! /~_ where the equivalence relation ~
is defined for z and 2’ in S?"*! by 2 ~ 2/ if and only if there exists ¢ € S*
such that 2z’ = (z. So there is a map

p: ST — CP"

whose inverse image of every point in CP" is a copy of S!.
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11.4.2 EXERCISE. Prove that the map p : S?"*! — CP” defined above is
a locally trivial bundle. (Hint: For ¢ = 1,2,...,n + 1 define U; = {[z] =
[(21, 22, - -, 2n41)] € CP™ | 2; # 0} and show that p[p~'U; is trivial.)

11.4.3 Proposition. There exists a Serre fibration
S — CP*~

with fiber St.

Proof: For every n we have a commutative diagram

SQn71C_> S2n+1

P

CP"™ 1 o CcpP®

such that the upper horizontal inclusion is a homeomorphism on the fibers
St.

In the colimit these inclusions determine a map p : S®° — CP* whose
fibers are S'. To prove that p is a Serre fibration, we have to show that it
has the HLP for the cubes I*. This means that we have to show that given
any commutative square

[k *h> oo
~ 7
. H -~
Jo P < ip
re

¥ x [ —>CP™

there exists a lift /. However, since both I* and I* x I are compact, there

S2n+1

exists some n such that the images of h and H lie respectively in and

CP". This says that we have a commutative diagram

Ik 4’1) SQn+1
. g7
Jo 7 p

I¥ x [ —~ CP".

Clearly, there exists H that makes the triangles commute in the last
diagram, since S?**! — CP" is a Serre fibration because it is locally trivial
by 11.4.2. Then H : I* x I — S$?+!1 < S makes the triangles commute
in the first diagram, which proves that p is a Serre fibration. g
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In the following it will be sufficient to know that p : S° — CP* is a
quasifibration, which is true because it is a Serre fibration. Nonetheless, it
really is more than a Serre fibration, as we now shall see.

11.4.4 EXERCISE. Prove that p : S° — CP* is a locally trivial bundle
and, using the fact that CP* is paracompact (since it is a CW-complex),
deduce that p is really a Hurewicz fibration.

From Proposition 11.4.3 we get the long exact sequence
con = T (S®) — T, (CP®) — 7,1 (SY) —
< — m(S®) — m(CP®) — 7y (St) — 7 (S*) = 0.
Since 7,(S*) = 0 for all n (because S is contractible) and ,(S') = 0 for

all n # 1, we get from the previous exact sequence that m,(CP*) = 0 for all
n # 2 and that my(CP®) = m(S') & Z. So we have proved the next result.

11.4.5 Theorem. CP* is an FEilenberg-Mac Lane space of type K(Z,2). O
Definition 7.1.2 and Theorem 11.4.5 have the following consequence.

11.4.6 Corollary. For any CW-complex B, there is a natural isomorphism
[B,CP>] = H*(B;7Z). t

The elements of the Grassmann manifold G;(C™™!) are the one-dimen-
sional (complex) subspaces of C**!. So we have a bijection between the
elements of G;(C") and the great circles in $*"*! C C"*!. Here great circle
means, of course, the intersection of S?"*! with any one-dimensional (com-
plex) subspace of C"™!, and not the intersection of S***! with an arbitrary
two-dimensional (real) subspace of C"™. In other words, the map

q: SQ'rH—l N Gl((c’rH—l)7

defined by z — (z) (where (z) denotes as above the complex one-dimensional
subspace of C"*! generated by =), is surjective, and for every line [ € G;(C")
we have ¢71(I) = INS? 1 which means that ¢~!(l) is a great circle in $?"*1,
Since S***! is compact and G;(C"*1) is Hausdorff, ¢ is an identification map,
and so there exists a homeomorphism ¢ : CP" — G;(C"*') that gives us a
commutative triangle

S?n+1

N

Cp* (T,

©

So we have proved the next result.
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11.4.7 Proposition. There is a homeomorphism

CP" ~ G (C"). a

As a consequence of Proposition 11.4.7 we now prove the following theo-
rem.

11.4.8 Theorem. There is a homeomorphism CP™ ~ G;(C>).

Proof: The inclusions - - - < C"* < C"*! < ... induce the inclusions

2n—1 2n+1
ooy §en ’—)STH— — .-
s CPl S CP s -

o5 G(C") = G(CMHY) —
so that we have commutative squares

Cp"'—CP"

G1 ((CTL)(_> Gl((C"H)

for every n. So in the colimit we get the desired homeomorphism. a

If we let VectT(B) denote the set of isomorphism classes of complex line
bundles over B, then we have the following consequence of the previous
theorem.

11.4.9 Corollary. For any CW-complex B there is a natural isomorphism

[B,CP*>] = Vect®(B). 0

11.5 CLASSIFICATION OF
CoMPLEX LINE BUNDLES

The work for this section has essentially been done in the previous one. By
combining 11.4.6 and 11.4.9 we obtain the classification theorem of complex
line bundles.

11.5.1 Theorem. There is a natural isomorphism VectT(B) = H*(B;Z).0
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11.5.2 DEFINITION. Let p : E — B be a complex line bundle. We define
its first Chern class ¢i(E) € H*(B;Z) to be the image of [E] € Vect(B)
under the isomorphism of Theorem 11.5.1. This element is also called the
Euler class of the vector bundle p. (Cf. Definition 11.7.13.)

By definition, ¢1(F) is an invariant of the isomorphism class of E. One
of the important properties of ¢; is naturality, which we now shall discuss.

11.5.3 Proposition. Suppose that f : B' — B is a continuous map and
that E — B is a complex line bundle. Then we have the naturality property
al(f'E) = [*a(E) € H* (B Z),

where f*E — B’ is the bundle induced by f from E — B and f*c¢;(E)
is the image of c1(E) € H?(B;Z) under the homomorphism induced by f in
cohomology, namely f*: H*(B;Z) — H*(B';Z).

Proof: Tt is enough to note that by the naturality of the classifying isomor-
phism of Vect(B) (see 8.5.13) we have a commutative diagram

Vect®(B) —— H2(B; Z)
f*i lf*
Vectf(B') —— H*(B'; Z). O
11.5.4 Corollary. If p : E — B s a trivial complezx line bundle, then
Cl(E) =0.

Proof: Since p : E — B is trivial, it is isomorphic to the bundle f*C induced
from the bundle C — x over a one-point space. Consequently, we have that
Cl(E) = Cl(f*(C) = f*Cl((C) =0.

Here we have used ¢;(C) € H?(x;Z) = 0, which holds because
H(x;Z) = [+, CP~]

and CP™ is path connected. ad

11.5.5 DEFINITION. The canonical line bundle, or Hopf bundle,
L — CP"
is defined as
L={(z0) e C" x CP" | z € I} —2 CP".

This means that this is the bundle whose fiber over each point [ € CP" in
the base space is the very same complex line [.
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11.5.6 NoTE. The complex projective space CP* (which has complex di-
mension one) is homeomorphic to the Riemann sphere S*? = C U co. We
can give a homeomorphism as follows. We first define an identification map
p:S* — S by p(z,2') = 2/7 for 2/ # 0 and p(z,2') = oo for 2/ = 0, where
we use S* C C2—0 to identify points in S? as pairs of complex numbers (z, z’)
in C?2 — 0. This map p has already been studied in Example 4.5.10, where
we showed that it precisely identifies to a point in S? each circle in S® of the
form ¢(z,2') € S* C C? for some fixed (z,2’) in S® and all ¢ € St. In this way
p induces a homeomorphism from the quotient space of S* that results from
identifying these circles to a point (this being exactly the projective space
CP") to S2.

Therefore, we have H*(CP';Z) = H?*(S*Z), and so we get the next
result, which will be proved later on in Corollary 11.7.29 in more generality.

11.5.7 Proposition. Let L — CP' be the Hopf bundle. It follows that
c1(L) generates H*(CPY; Z) as an infinite cyclic group. In particular, c¢;(L) #
0. a

11.6 CHARACTERISTIC CLASSES

In Sections 11.3 and 11.5 we introduced the first Stiefel-Whitney class w;
and the first Chern class ¢; for real and complex line bundles, respectively.
In this section we shall define the Stiefel-Whitney and Chern classes for ar-
bitrary real and complex bundles and shall analyze many of their properties.
However, the proof of their existence, which we shall present in Section 11.8,
requires some special preparatory material, which will be given in Section
11.7.

11.6.1 DEFINITION. Suppose that p : E — B is any real vector bundle.
Cohomology classes

w;(E) € H(B;Z/2), i=0,1,2,...,

are called Stiefel-Whitney classes (for the bundle p : E — B) if they are
invariants of the isomorphism class of the bundle and satisfy the following
axioms:

(i) The class wo(FE) is the unit element

1€ H(B;Z/2)
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and w;(F) = 0 for i > dimg(F), that is, for ¢ > n, where E is a real
n-vector bundle.

(ii) Naturality. If f : B — B is continuous and p : E — B is a real
vector bundle, then we have for every i that

wi(fE) = fwi(E) € H'(BZ/2),
where f*E — B’ is the bundle induced by f from p: E — B.

(iii) Whitney Formula. If F — B and E' — B are real vector bundles
over the same base space, then

WE®E) = Zw — wp_i(E).

=0

In particular, we have

wl(E (&) El) = ’LU1(E) + wl(E') N
’l,UQ(E D E,) = ’lUQ(E) + wl(E) ~ ’LUl(E/) + U)Q(El) s

and so on. Here the symbol — denotes the interior (or cup) product
in cohomology. (See Definition 7.2.2.)

(iv) For the Hopf bundle L — RP* over RP' (the circle) the first Stiefel-
Whitney class w; (L) is nonzero.

11.6.2 Proposition. Suppose that E — B and E' — B’ are real vector
bundles and that f : E' — FE is a bundle morphism covering a map f :
B’ — B. Then we have w;(E') = f*(w;(E)) for every i.

Proof: Since we have f*FE’ = F by using Exercise 8.1.14, the desired result
follows immediately from the naturality and isomorphism-class invariance of
the Stiefel-Whitney classes. ad

11.6.3 NOTE. Actually, Proposition 11.6.2 is equivalent to naturality and
isomorphism-class invariance. Specifically, if £ — B is a bundle and f :
B’ — B is continuous, then f: f*E — FE is a bundle morphism, so
that Proposition 11.6.2 implies naturality. And moreover, if we have an
isomorphism E’ = E, then this isomorphism is a bundle morphism over idp,
so that again by Proposition 11.6.2 we get w;(E’) = w;(E), which is precisely
the property of isomorphism-class invariance.
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Without having to prove the existence of the Stiefel-Whitney classes, we
can draw some consequences from the axioms.

11.6.4 Proposition. For each n > 0 let " be a trivial real vector bundle of
dimension n over the space B. Then we have w;(e™) = 0 for every i > 0.

Proof: The proof is carried out in essentially the same way as in Corollary
11.3.4, namely, by applying naturality and using H;(*;Z/2) = 0 for i > 0.
]

The following is an important property of characteristic classes; it is some-
times known as stability.

11.6.5 Proposition. Suppose that €™ is a trivial real vector bundle of di-
mension n over the space B for some n > 0 and that E — B is any real
vector bundle. Then we have w;(e" ® E) = w;(E) for every i > 0.

Proof: This is an immediate consequence of Proposition 11.6.4 and the Whit-
ney formula. a

It is worthwhile to introduce the next formal definition, which allows us
to treat all of the Stiefel-Whitney classes with one fell swoop.

11.6.6 DEFINITION. We use the notation H'(B;Z/2) for the ring of infinite
formal series

a=aytay+ag+---
satisfying a; € H'(B;Z/2) for every i. The product in this ring is naturally
defined by using the multiplicative structure in cohomology given by the cup
product. Specifically, for any pair of elements a = (ag + a; + az + - -+ ) and
b= (bg+ by +by+---) we define their product by

ab:(aovbo)Jr(alvbg+a0vb1)+(a2vb0+a1vb1+a0vb2)+---

1,520

This multiplicative structure converts H'(B;Z/2) into a commutative and
associative ring with unit. The additive structure is, of course, just that of
the direct product the the abelian groups H*(B;Z/2). Now we define the
total Stiefel-Whitney class of a real n-vector bundle E — B to be

w(E) =14 wi(E) +wy(E)+ -+ w,(E)+0+--- € H'(B;Z/2).
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Using this definition, the Whitney formula reduces to the simple expres-
sion

w(E® E) =w(E)w(E").
Analogous to the Stiefel-Whitney classes, we have the following.

11.6.7 DEFINITION. Suppose that p: E — B is any complex vector bun-
dle. Cohomology classes

a(E) € H*(B;Z), i=0,1,2,...,

are called the Chern classes for the bundle p : E — B if they are invariant
under vector bundle isomorphisms and satisfy the following axioms.

(i) The class co(E) is the unit element
1€ HB;Z),
and ¢;(E) = 0 for ¢ > dimc(E), that is, for ¢ > n, where E is a complex

n-vector bundle.

(ii) Naturality. If f : B — B is continuous and p : F — B is a
complex vector bundle then we have for every i that

a(f*E) = frai(BE) € H* (B Z),
where f*FE — B’ is the bundle induced by f from p: E — B.

(iii) Whitney Formula. If E — B and E’ — B are complex vector
bundles over the same base space, then
k
a(E®FE) = ci(E) — cr_i(E").
=0

In particular, we have
Cl(E D E,) = Cl(E) + Cl(El) 5

(E@E') = co(E) + c1(E) — c1(E') + eo(E),
and so on.

(iv) For the Hopf bundle I, —s CP* over CP* (the 2-sphere) the first Chern
class ¢;(L) is nonzero.

Analogously to the real case, we can deduce corresponding properties of
the Chern classes from the axioms. Since this is formally the same, we leave it
to the reader as an exercise. When we have occasion to refer to one of these
properties in the complex case, we shall do it by mentioning the complex
version of the corresponding real property.
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11.7 THOM ISOMORPHISM AND (GYSIN SEQUENCE

In order to construct the Stiefel-Whitney and Chern classes we shall need
two important tools: the Thom isomorphism and the Gysin sequence. This
section will be devoted to developing these tools. Some of the results used
here will not be proved, and so we refer the reader to the text of Milnor and
Stasheft [58] for their proofs.

Consider the exact cohomology sequence with coefficients in a ring R of
the pair (R”,R™ — 0). In view of the fact that R™ is contractible and that
S”~1 is a strong deformation retract of R® — 0 we get the isomorphisms

H’i—l(Sn—l; R) Z ﬁi—l(Rn _ 07 R) J 11_1'1’(1Rn7 R™ — 0’ R)

o~

Using Proposition 7.1.24 we have that

R ifi=n,

HY(R",R" — 0; R) = o
0 ifi#n.

Moreover, according to 7.2.20(iii), H"(R™, R"—0; R) is generated by a canon-
ical generator g,. In more generality, if V' is a real or complex vector space,
we can find an R-linear isomorphism R™ = V' (that is, we can choose a basis
of V' as a real vector space), and thereby get that

R if i = dimg(V),

H'(V,V —0; R)
( ) {0 if ¢ # dimg(V),

and that H"(V,V —0; R) is generated by an element gy that corresponds to
gn under the isomorphism.

11.7.1 DEFINITION. Let p : E — B be a vector bundle whose dimension
over the reals is n. Let Ey C E be the complement of the zero section.
We say that the bundle is orientable with respect to R if there exists an
element tp € H"(E, Ep; R) such that for every € B the homomorphism
Ji: HY(E,Eo; R) — H"(p (z),p ' (x) — 0; R) sends tg to a generator,
where j, : (p7'(z),p ' (x) — 0) — (E, Ey) is the inclusion. The element ¢z
is called the Thom class of the bundle for the ring R.

In particular, if n = 0, then p : E — B is nothing other than id : B —
B, and so Ey = ), which implies that the bundle is orientable. Specifically, we
can take tg = 1 € H(E, Ey; R) = H°(B; R), whose restriction to {b} C B
is the generator 1 € H°(b) for every b € B.

For simplicity, in what follows we shall sometimes omit the coefficient
ring R in the cohomology.



350 11 RELATIONS BETWEEN COHOMOLOGY AND VECTOR BUNDLES

11.7.2 NOTE. Assume that p : E — B is a vector bundle provided with
a Riemannian (or Hermitian) metric. Let Ej denote the set of vectors in E
with norm > 1. Then the inclusion (E, Ej) < (E, Ey) induces isomorphisms
in cohomology (as one deduces after comparing the exact sequences of both
pairs). Since Ej — E is a cofibration, it follows that the quotient map
(E, Ey) — (E/E|,*) induces an isomorphism in cohomology; namely, there
is an isomorphism

H"(E,Ey)) ~ H"(E/E}).

Given a Thom class tg, one has a corresponding element t, € H"(E/E}),
which is also called the Thom class. The space T(E) = E/E|, is the so-called
Thom space of the given bundle.

11.7.3 EXERCISE. Given a fiber F' C E of a vector bundle p : E — B
of real dimension n, let F{ be the subset F' N Ej of F. Then F/Fj ~ S".
Assuming that #/, is a Thom class for the bundle, prove that i*(t};) € H"(S")
is a generator if i : S" < E/E| = T(FE) is the corresponding embedding.

11.7.4 EXERCISE. Prove the following properties of the Thom space. Let
p: E— B, p : E' — B be vector bundles and denote by e* — B the
trivial bundle of (real) dimension n over B.

g") = X"(B%), where BT = B U {x}.

E@c!) ~ ST(E).

Here ¥ denotes the (reduced) suspension (see 2.10.1), and A denotes the
smash product of pointed spaces (see 5.1.49).

11.7.5 DEFINITION. Let V be a real vector space of dimension n. An ori-
entation of V is an equivalence class of ordered bases, where we say that
two ordered bases (v, vs,...,v,) and (wy,ws, ..., w,) are equivalent if the
change of basis matriz (al), which is defined by the relation w; = S 7 alv;,
has a positive determinant. Obviously, every real vector space V has exactly
two orientations. In particular, R™ has a canonical orientation corresponding
to its canonical ordered basis (e, es, ..., e,) defined by ¢; = (0,...,1,...,0),
where 1 appears in the ith position. Any given ordered basis (vy, vs, ..., v,) of
a real vector space V' determines an isomorphism R™ = V' and thereby a gen-
erator gy € H*(V,V —0; R). Two ordered bases are in the same equivalence
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class if and only if their corresponding isomorphisms determine homeomor-
phisms of pairs (R",R” — 0) — (V,V — 0) that are homotopic. For R =7
this is the case if and only if gy = gi,, where gy and gy, are the respective
generators for each isomorphism. Consequently, this element determines an
orientation of V', and unambiguously we also call it an orientation of V' with
respect to R. For R = Z/2 this orientation is unique, while for R = Z there
are two orientations, which correspond to the two generators.

Now we shall generalize the definition of orientation to the case of vector
bundles.

11.7.6 DEFINITION. Let p : F — B be a real vector bundle of dimension
n. An orientation of p is a function p that assigns to each point x € B
an orientation of the real vector space p~!(x) and that satisfies the fol-
lowing compatibility condition: Each point xy € B in the base space has
a neighborhood Uy together with a family of linearly independent sections
81,82, .+, 8n : Uy — p~1(Up) such that for every x € Uy the ordered basis
(s1(x), 82(x), ..., sn(x)) of the fiber p~(z) defines the orientation ().

A real vector bundle p : F — B equipped with an orientation p is called
an ortented bundle.

11.7.7 Proposition. For a real vector bundle p : E — B of dimension n
we have the following statements:

(i) The bundle has a unique Thom class typ € H"(E, Eo; R).

(ii) H*(E, Eo; R) =0 for k <n.

Here we take R = 7 if the bundle is oriented, though in general we can take
only R =17/2. Also, Ey denotes as above the complement of the zero section
m I

Proof: We shall prove this in five steps.
(a) First let us assume that the bundle is trivial, namely that F =
B x R™. Consider the composite of maps of pairs

(R, R" — 0)—2 B x (R",R" — 0)—22_4(R", R" — 0),

where for each b € B we define i,(y) = (b,y) for y € R™. Notice that this
composite of maps of pairs is the identity for every b € B. Consider the
canonical generator (7.2.20(iii)) g € H"(R™,R™ — 0; R), which is the unique
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nonzero element if R = 7Z/2 and is the generator given by the orientation if
R = Z. It follows by functoriality that proj*(¢) =1x g € H*(B x (R*,R" —
0); R) is an element satisfying i} (1 x ¢g) = g for every b € B. But since g is
the generator, we have identified the Thom class tp =1 X g.

Since H*(R™,R™ — 0; R) is free, we can use the Kiinneth formula 7.4.5 to
obtain an isomorphism

P H(B; R) @r H/(R",R" — 0; R) = H*(B x (R",R" — 0); R),

itj=k
and consequently
H""(B;R) ®g H"(R",R" — 0; R) = H*(B x (R*,R" —0); R) =0,

for k < n, which implies H*(E, Ey; R) = 0 in this case.

(b) Using part (a), we find that (i) and (ii) are true in open sets U for
which E|U is trivial. So let us assume that (i) and (ii) hold for E|U, E|V,
and E|U NV, where U,V C B are open. We shall now prove that (i) and
(ii) are also true for E|U U V. Consider the Mayer—Vietoris sequence 7.4.14
for the couple of excisive pairs (E|U, Eo|U) and (E|V, Ep|V), namely

H=YE|UNV,E|UNV) — HYE[UUV,E|UUV) —
— HY(E|U, Eo|U) @ H*(E|V, Bo|V) — HYE[U NV, E|UNV).

For k < n the sequence collapses to 0 — H*(E|U UV, ExJU UV) — 0,
and so (ii) holds for E|U UV. For k = n the sequence becomes

H*(E|U UV, E)UUV) — H*E|U, Ey|U) ® HYE|V, Ep|V)
— HYE|UNV,E|UNV).

By hypothesis we have Thom classes ¢y and gy, and then by the unique-
ness property of Thom classes we have if;(tg) = ¢ (tgy) € H'(E|U N
V,EolU NV; R), where y : E[lUNV < E|U and «y : EJlUNV < E|V
are the inclusions. Therefore, a(tg,tgyv) = ty(tew) — ¢ (tgy) = 0, and
so by the exactness of the sequence there exists a unique element ¢gjyuy €
H"(E|\U UV, E|UUV;R) that restricts to tgy as well as to tgy.

(c) If the bundle E is of finite type, it is the union of a finite number N
of trivial bundles, and so the result is obtained from part (b) by induction
on N.

(d) The case of a CW-complex B follows from part (c¢) by a limiting
argument. Using 5.1.30 we know that each k-skeleton B* can be covered
with a finite number (namely &k + 1) of open sets that are contractible in B*.
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Therefore, the bundle E¥ = E|B* is of finite type, and so by part (c) the
theorem is true for each skeleton of B.

Let t* € H"(E*, EF) be the Thom class. By naturality,

(t°. ¢ 4%, ..) e [[ H"(E" E}; R)
k
determines an element in limy, H"(E*, EY; R). As Milnor shows in his article
[56], there exists a natural short exact sequence
0 — lim'y, H"Y(E* E}) — H™(E, Ey) —
(11.7.8)
— limy H"(E*, EY) — 0.
Since H" }(E*, Ef) = 0, we have an isomorphism

H™(E, Ey) — lim, H"(E* E}),

so that to the sequence (¢°,¢!,#2 ...) on the right there corresponds an ele-
ment tg on the left. Clearly, tg is the desired Thom class.

(e) The general case now follows immediately from part (d), if we take a
CW-approximation of B (see Theorem 5.1.35), say f : B — B, and consider
the induced bundle E = f*E over B. Then it follows that the Thom class of
E is given by tg = f*(tz), where t5 is the Thom class of E. O

11.7.9 NOTE. Let W be a complex vector space of dimension m. If
(wy,wa, ..., Wy)
is a basis of W, then the vectors
wy, 1wy, Wa, iws, . . ., Wy, 1wy,

form a basis of W as a real vector space. These vectors in this order deter-
mine an orientation of W. Since the group GL,,(C) is connected, we can go
continuously from any complex basis to any other complex basis, and so the
corresponding orientations of the two bases are equal. In other words, W
has a canonical orientation.

Now, if p : E — B is a complex vector bundle, each fiber has a canonical
orientation so that the underlying real vector bundle pgr : Eg — B is an
oriented bundle. Using Proposition 11.7.7 we then have the next result.

11.7.10 Proposition. Let p : E — B be a complex vector bundle of di-
mension m. Then its underlying real vector bundle pr : Fr — B has a
unique Thom class tp = tg, € H*™(E, Ey;Z). O
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11.7.11 Proposition. Suppose that p' : E' — B’ is a vector bundle of real
dimension n that is orientable with respect to a ring R and that f : B — B’
is continuous. If p: E — B is the bundle induced from p' by f, namely so
that we have a commutative diagram

E4f>E’

ol

‘>/
B—~B,

then p : E — B is also orientable with respect to R. Moreover, iftg and tg
are the respective Thom classes, we have that f*(tg) =tg € H"(F, Ep; R).

Proof: For every x € B there is a commutative diagram

(E, E) ! (E',EY)
Ja Jf(x)
(p~'(z),p~"(z) — 0) = (' (f(x),p ' (f(x) = 0),

where fz is the restriction of f to the fiber over z. By the definition of
induced bundle we have that f, is a homeomorphism. Applying cohomology
with coefficients in R (as a functor) we get the diagram

H'(E', EL) r H'(E, Ey)

]?(I)l lji

H"(p =1 (f (), p " (f(x)) = 0) f; H"(p~'(x),p~!(x) = 0).

T

Since j}‘(x)(tE/) is a generator and f; is an isomorphism, it follows that
E‘j;(z)(tp) = j*f*(tp) is a generator for all € B; that is, f*(tg) is a
Thom class of p : E — B. Using uniqueness of the Thom class, we have

f*(tE/) =1ig. O

There also is a property of the Thom class with respect to the Whitney
sum of two vector bundles over the same space, say p : E — B of dimension
n and p’ : B/ — B of dimension n’. Recall that if A : B — B X B is the
diagonal map, then the Whitney sum of two bundles is induced from their
product by a A, namely,

E®E =A(ExE),
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which in turn means that we have a commutative diagram

EQFE —2~ExE

P

B—F—>BxB.

11.7.12 Proposition. Suppose that E — B and E' — B are vector
bundles of dimensions n and n', respectively. Then the Thom class of their
Whitney sum E & E' is the image of tg X tg under the composite 7,

H'(E, Ey) ® H"(E',E}) — H"""(E x E',E x B} U Ey x E')

— H(E x B (E x E')y) 25 B (E@ B (Ee E')),

where the first arrow represents an isomorphism. In other words, to calculate
this Thom class we have the formula

tEéBE’ = A*(tE X tE') .

Proof: First note that the fibers over any b € B satisfy p~1(b) & R™ and
p'~1(b) = R™. Also, the inclusion {b} < B induces inclusions p~*(b) — E
and p'~1(b) — E’. Using these facts we obtain a commutative diagram

H™(E, E,) ® H” (E', E})) — H*(R*,R" — 0) ® H" (R” ,R" —0)

d | x

Hn+n/ (E ey E/7 (E o E/)O) Hn+n’(Rn+n’7 RnJrn’ o 0) )

This diagram shows that 5*(tE X tg) restricts to the generator e, , of
H™(R",R" —0)® H" (R",R" —0), which is the cross product e, x e, of the
two generators of H™(R",R™ — 0) and H" (R ,R" — 0), respectively. And
0 in fact, we obtain tpgp = &*(tE X tgr). m]

11.7.13 DEFINITION. Suppose that p : E — B is a real vector bundle of
dimension n and that z : B — E < (E, Fp) is the map induced by its zero
section. The class e(E) = 2*(tg) € H"(B;Z/2) is called the Fuler class of
the real vector bundle p: F — B.

For n = 0 we obtain, in particular, the bundle id : B — B with zero
section z = id : B — B. Since tg = 1, we therefore conclude that e(E) = 1.

Analogously, if p : E — B is a complex vector bundle of dimension m
and z : B — E < (E, Ep) is the map induced by the zero section of the
bundle, then we call the class e(E) = 2*(tg) € H*™(B;Z) the Fuler class of
the complex vector bundle p.
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11.7.14 NOTE. Let L — RP* be the canonical bundle. As we have already
indicated before, L is topologically the open Moebius strip, and the comple-
ment of its zero section Ly has the same homotopy type of the circle. In other
words, the pair (L, Ly) has the same homotopy type of the pair (M,90M) of
the compact Moebius strip and its boundary. So we have in cohomology
that H'(L, Lo;Z/2) = H'(M,0M;Z/2) = H*(M/OM;Z/2). But we also
have M/OM =~ RP?, which then implies

HY(L, Ly;Z/2) = H'(RP?; Z/2) = [RP?, RP*] = [RP?, RP?] = Z/2.

Since t, € H'(L, Lo;Z/2) is nonzero, under the above identifications it
corresponds to the class [id] € [RP?, RP?], and so, again under the above iden-
tifications as well as by the isomorphism H'!(RP?* Z/2) = H'(RP'; Z/2) that
is induced by the inclusion, the Euler class e(L) € H'(RP'; Z/2) corresponds
to the homotopy class of the inclusion RP' < RP? in [RP', RP?] = Z/2.

More generally, since L — RP! is the restriction of the canonical bundle
L' — RP* and since RP' < RP* induces an isomorphism in cohomology,
we have that the Euler class of the canonical line bundle over RP™, namely
e(LY) € HY(RP*>;Z/2) 2 7,/2, is equal to the generator (cf. 11.7.26).

In the complex case, we can analogously assert that the Euler class of the
canonical complex line bundle L' — CP*, namely e(L') € H?(CP*;Z) =
Z, is equal to one of the generators.

In the following we shall present some properties of the Euler class.

11.7.15 Proposition. The Euler class is natural. This means that if p :
E — B is a vector bundle and f : B' — B is continuous, then it follows
that e(f*E) = f*e(E).

Proof: We have a commutative diagram

FE-1-E

|

B/?B.

Letting zg : B — (E,Ep) and zpp 1 B' — (f*E, f*Ey) be the maps
induced by the zero sections, we can conclude that fo zp+p = zpo f. And
so by using Proposition 11.7.11 we obtain f*(tE) = ts-p, which implies that
e(f*E) = Zhp(typ) = [*2p(te) = [*(e(E)). 0
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11.7.16 EXERCISE. Prove that Definition 11.7.13 of the Euler class is con-
sistent with those given in Definition 11.3.2 if p : E — B is a real line
bundle and in Definition 11.5.2 if it is a complex line bundle. (Hint: First,
discuss the real case. Since the Euler class e(L') € H'(RP*™;Z/2) is equal
to the class [id] € [RP*, RP*°] according to 11.7.14, it follows that the iso-
morphism Vect} (RP>) = H'(RP™;Z/2) identifies the class of the canonical
bundle [L'] with e(L'). So in the particular case L' — RP* Definitions
11.3.2 and 11.7.13 are consistent. Since any line bundle £ — B is induced
from L' — RP* by some map, the naturality of the Euler class implies
the consistency of these two definitions for any bundle. The complex case is
handled similarly.)

11.7.17 Proposition. For the Euler class of the Whitney sum E & E' of
two vector bundles E — B and E' — B we have the formula

e(E®E)=¢e(E) —e(E).

Proof: Letting z : B — E — (E,Ey) and 2/ : B — E' — (F', E})
be the zero sections of the given bundles, it follows that (z,2/) : B —
(E, Ey) x (E', E}) is the zero section of their product. Then using 11.7.12,
7.2.16, and 7.2.11 we have

e(EDFE) = (z, 2/)*(75E®E')

= (2,2)"A%ts X tp)

A" (2" (tg) x 2" (tg))

= 2"(tg) — 2" (tw)

— o(E) — e(E). .

The next proposition gives the property of the Euler class that is analo-
gous to the properties expressed in Corollaries 11.3.4 and 11.5.4; moreover,
its proof is the same.

11.7.18 Proposition. For any n > 0 let €” denote the trivial bundle of
dimension n. Then its Euler class is given by e(e") = 0. O

11.7.19 Proposition. Ifp: E — B is a vector bundle that has a nowhere-
zero section, then its Euler class satisfies e(E) = 0.

Proof: Suppose that i : By — E and j : E — (E, Ey) are the inclusions
and that s : B — Ey C F is the nowhere-zero section of E. Here, as usual,
Eq denotes the complement of the zero section in E. Then the composite

B—* sEB—' g2 B
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is the identity, and therefore in cohomology the composite
H"(B)—"—H"(E)—"—H"(Ey)—>—H"(B)
is also the identity.

Letting sy : B — FE denote the zero section, we have that z = j o s,
and so by definition we get e(F) = z*(tg) = s5j*(tg). Next we note that
po sy = idp implies sj; o p* = 1. From the exactness of the long cohomology
sequence of the pair (F, Ey) we get that *oj* = 0. Now, since we have sgop ~
idg (exercise), it follows that e(E) = s*i*p*(e(F)) = s*i*p*(s{i*(tg)) =
s*i*5*(tg) = 0. O

We shall now present the Thom isomorphism theorem.

11.7.20 Theorem. (Thom isomorphism) Letp : E — B be a vector bundle
of real dimension n. Then for every q the map b — p*(b) — tg, where
b € HY(B; R) andtg is the Thom class of E for the ring R, is an isomorphism
¢ : HY(B;R) 2 HT™(E, Ey; R) for the case where R = 7Z/2 and the bundle
s arbitrary and for the case where R = 7Z and the bundle is oriented. We
call ¢ the Thom isomorphism.

Note that in the composite
¢ H*(B; R)—2— H*(B; R)——— H*""(E, Ey; R)

the first homomorphism p*, being induced by p, is an isomorphism, since p
is a homotopy equivalence. So what Theorem 11.7.20 is really saying is that
the second homomorphism, which is defined by taking the cup product with
tg, is in fact an isomorphism.

Proof of 11.7.20: As in the proof of Proposition 11.7.7, we shall prove
this in five steps.

(a) Suppose that p: E — B is a trivial bundle, that is, p =m : £ =
B x R" — B, where m; is the projection onto the first factor. By part (a)
of the proof of Proposition 11.7.7 we have that ¢ty = 75(g,) = 1 X g, where

7y 1 B x (R",R" —0) — (R",R" —0)

is the projection onto the second factor and g, € H"(R™,R" — 0; R) is the
canonical generator. Since H"(R™, R"—0; R) is free, we have by the Kiinneth
formula 7.4.3 that there is an isomorphism

HY"(B;R) ®x H"(R",R" — 0; R) — HY(B x (R",R" — 0); R)
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defined by b ® y — b x y. On the other hand, we also have an isomorphism
H™(B;R) — H"™(B; R) ®g H"(R",R" — 0; R),

defined by a — a X g,.

When we combine these isomorphisms, we get an isomorphism
H™™(B;R) — HY(B x (R",R" - 0); R),

which satisfies b — b X g,. But this isomorphism is precisely the Thom
isomorphism, since b x g, = 75(b) — 75 (gn) = p*(b) — tg.

(b) We now assume that this theorem is true for the restriction of the
bundle £ — B to the open sets U, V', and UNV in B. We shall prove that
the theorem is also true for U U V. For every subspace A C B define ¢4 :
qun(A) — .H'q(E|_A7 E()|A) by (pA(b) = pZ(b) ~— tE|A- Since tE|A = qu(tE>7
we have a commutative diagram

HI(C) ~2%~ HI(E|C, E|C)

N b

HT"(A) 225 HY(E|A, Ey|A),

whenever A and C are subsets of B satisfying A C C. So we get from the
Mayer—Vietoris sequences 7.4.14 of the couple of excisive pairs (U, ) and
(V,0) as well as for the couple of excisive pairs (E|U, Eo|U) and (E|V, Ey|V)
the commutative diagrams

HT Y UnV) HT Y (UUV)
‘PUHV\LE @qui

- —= HYE|(UNV), E[(UNV)) —= HY(E|(UUV), Eo|(UUV)) —

H"(U) @ HS (V) He"(UNV)
APUEBAPV\L% Yurv i%

— HYE|U, Eo|U) © HY(E|V, Eo|V) — HU(E|[UNV), Eo|(UNV)) —=--- .

Applying the five lemma, it follows that ¢yy is an isomorphism.

(¢) Ifp:E — Bis of finite type, then B is covered by a finite number
N of open sets over each of which E is trivial. By induction on N and part
(b), we obtain the isomorphism in this case.

(d) If B is a CW-complex, then, just as in part (d) of the proof of
Proposition 11.7.7, the restriction E* of E to each skeleton B* of B is of
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finite type, and so by part (c), we have an isomorphism ¢ : H97"(B*; R) —
HY(E* E¥; R) given by ¢i(b) = pi(b) — ti, where t; = tpr and py is the
restriction of p to E*. In analogy to the Milnor sequence (11.7.8) we have
an exact sequence

0— lirknl H""YB* — HT™(B) — lim H™(B*) — 0,

and then, by the naturality of these sorts of exact sequences, we have a
commutative diagram

0 —lim', H "~ 1(B*) — H*"(B) —limy; H*"(B*) —0

¢ i,SOE l,

0—lim'y H9~'(EF, EF) — H(E, Eo) — lim;, H(E*, BY) —0,

where the vertical arrows, both on the right and on the left, are the isomor-
phisms induced by ¢g. So again by the five lemma (or one could say the
“three” lemma), we get that pg is also an isomorphism.

(e) In the general case, we take a CW-approximation f : B — B. Of
course, this means that Bis a CW-complex and that f is a weak homo-
topy equivalence. Letting E —» B be the bundle induced by f, it follows
from 4.3.37 that f E — E and fv E‘O — Ej are also weak homotopy
equivalences, and so they induce 1somorphlsms in cohomology. Comparlng
the exact sequences of the pairs (E, Ey) and (E, Ey), we find that f also
induces isomorphisms in cohomology between these pairs. We then have the
commutative diagram

H’I*’n(B) %) qun(g)

@El =|ie

Hq(EvEO)Ti)Hq(E7EO)7

from which we conclude that ¢g is an isomorphism. And with this we have
finished the proof of the theorem. a

11.7.21 NOTE. Since any complex vector bundle p : E — B is orientable,
it follows from Theorem 11.7.20 that we have a Thom isomorphism in coho-
mology with integral coeflicients

¢ : HYB;Z) — H""™(E, Ey; Z)

given by ¢(b) = p*(b) — tg, where m is the complex dimension of the bundle.
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11.7.22 Theorem. Suppose that p : E — B is a real vector bundle of
dimension n. Then there exists a long exact sequence

s HE Y () S g(B) = ety B et (gy) s
where 1 is given by the composite
H" Y Ey)—"— H™*"(E, Eo)¢+———H%(B).

Here ¢ is the Thom isomorphism (11.7.21) and py = p|FEy. Also, all of the
groups have coefficients in Z/2. This exact sequence is known as the Gysin
sequence of the real vector bundle.

Proof: Consider the diagram
= HY(Ey) Y H9(B) “e(E)Hqun(B)ﬁHqun(EO)%...
1y 2| v 2
e Hqunfl(EO) ? Hq-«-n(E’ EO) ? Hq+n(E) ? H(H-n(EO) e

where ¢ is the Thom isomorphism (11.7.20) and the lower sequence is the
long exact sequence of the pair (E, Ey). The first square commutes by def-
inition of 1 and the third by definition of pg. So we only have to verify
the commutativity of the second square. But just as in the proof of Propo-
sition 11.7.19, we have that e(E) = s{j*(tg) and that p* o s§ = 1, where
8o : B — FE is the zero section. Then for all « € H9(B) it follows that
p(a — e(E)) = p(a) — p* (55" (L)) = p*() — 3 (ts) = J* (" (a) — tx) =
Jela). O

The next theorem is the version of Theorem 11.7.22 for the complex case.

11.7.23 Theorem. Suppose that p: E — B is a complex vector bundle of
dimension m. Then there exists a long exact sequence

o — HIP2L() KA Hq(g)ﬂ)[{qﬁm(B) Po,

— H‘H‘Qm(EO) N
where ¥ is given by the composite
HP2m V(B — s H9P™ (B, Ey)«—Y— H(B).

Here ¢ is the Thom isomorphism (11.7.21) and py = p|Ey. Also, all of the
groups have coefficients in Z. This exact sequence is known as the Gysin
sequence of the complex vector bundle.
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Proof: Since p : E — B is a complex vector bundle, the underlying real
vector bundle is an oriented vector bundle of dimension 2m. So, in a way
similar to the proof of Theorem 11.7.22, we obtain the desired sequence,
except that now we use integral coeflicients in the long exact cohomology
sequence of the pair (E, Ey) and we use the version 11.7.21 of the Thom
isomorphism for complex vector bundles. a

An important application of the Euler class is calculating the cohomology
ring H*(RP*;Z/2). We shall need the next lemma.

11.7.24 Lemma. Letp: L — RP* be the canonical line bundle. Then Lg
1s contractible, where Ly is the complement in L of the zero section.

Proof: First note that L = S® x R/~, where (z,t) ~ (—z, —t). (Cf. Defini-
tion 11.3.5.) It follows that Ly = (S®° X (R—0)/~) = ((S®xRTUS®xR™)/~
) = S* x Rt ~ S§°°. But Theorem 11.1.3 says that S is contractible. ad

11.7.25 Theorem. The cohomology ring H*(RP*;Z/2) is generated as a
ring by the Buler class e(L) € HY(RP™;Z/2) and as such can be identified
as a polynomial ring in one variable.

Proof: First let us consider the Gysin sequence (11.7.22) of the canonical line
bundle p : L — RP*:

0 — HORP®) 2o gO(Lg) -2 HO(RP®) =L, g1 (RP>) 20,
s HY(Lg) — -+ — H(Lo) -2 Ho(RP*)—L)
s HOPY(RP®) By gt (L) — e

Using Lemma 11.7.24, we have that H?(Ly) = 0 for ¢ > 0, and so the

~

cup product with the Euler class determines an isomorphism H?(RP*) =
HT(RP*) for ¢ > 0. On the other hand, since H°(RP*) and H°(Ly)
are isomorphic to Z/2, we have that pg is an isomorphism. It follows that
Y @ H%(Ly) — H°(RP*) is the zero homomorphism, and then — e(L) :
H(RP*) — H'(RP™) is also an isomorphism. O

As a consequence of this theorem we can calculate the multiplicative
structure of the cohomology with coefficients in Z /2 of real projective spaces.

11.7.26 Corollary. As an algebra over the field Z/2 = Zs, we have
H*(RP"; Zs) = Zs[e(Ly)]/e(L,)" ",

where L, — RP" is the canonical line bundle.



11.7 THOM ISOMORPHISM AND GYSIN SEQUENCE 363

Proof: Let C,(RP* RP") be the cellular chain complex of the pair of spaces
(RP*>,RP™). Since the cells of RP* — RP" have dimension greater than n,
it follows that C;(RP*,RP") = 0 for ¢ < n, and so

HY(RP>®,RP"; Zy) = 0
for i < n. Then using the long exact sequence of the pair, we get that the

inclusion j : RP" — RP* induces an isomorphism j* : H(RP>;Z,) —
HY(RP"; Zy) for i < n—1. For i = n we have a portion of the exact sequence

0 — H"(RP®; Zy)—L1— H"(RP"; Z,) .
However, according to Theorem 11.7.25 we have that
HH(R]P)”, Zg) =~ ZQ 5

which implies that j* is also an isomorphism for ¢ = n. Now from the
naturality of the Euler class, proved in Proposition 11.7.15, we have that
e(L,) =e(j*L) = j*(e(L)). Also, since j* is multiplicative, Theorem 11.7.25
implies that the generators of H*(RP"; Zy) as an abelian group are the powers
e(Ly,)! for 0 <i < n. O

The following is a rather interesting consequence.

11.7.27 Corollary. Suppose that p : TS® — S™ is the tangent bundle of
the n-sphere. Then we have that e(TS™) € H"(S";Z/2) is zero.

Proof: Let q : S* — RP"™ be the quotient map. Since ¢ is a local diffeomor-
phism, p is the bundle induced from the tangent bundle p’ : TRP" — RP"
by ¢, and so we have a commutative square

Ts" —L> TRP"

T

S

where ¢ is the derivative of ¢. Moreover, ¢ induces isomorphisms on the
fibers. Now let us consider ¢* : H"(RP";Z/2) — H"™(S";Z/2) for n > 1.
According to Corollary 11.7.26, e(L,)"™ is the generator of H"(RP";Z/2).
Since ¢*(e(L,)") = (¢*e(Lyn))" and g*e(L,) € H' (S Z/2) = 0, it follows
that ¢* : H"(RP";Z/2) — H™(S™;Z/2) is the zero homomorphism. Then
by the naturality of the Euler class we get e(T'S") = ¢*(e(TRP")) = 0. This
proves the result for the case n > 1.

For the case n = 1 we note that TS' — S' is a trivial bundle and so
has a nowhere-zero section. But this implies by Proposition 11.7.19 that
e(TS') = 0. O
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It is an exercise to check that we also have complex versions, as follows,
of the previous theorems for the cohomology of complex projective spaces.

11.7.28 Theorem. The cohomology ring H*(CP*;Z) is generated as a ring
by the Euler class e(L) € H*(CP*;Z) and as such can be identified as a
polynomial ring in one variable. a

11.7.29 Corollary. As an algebra over Z we have
H*(CP™Z) = Zle(Ly)]/e(L,)" ",

where L, — CP" is the canonical line bundle. a

In order to construct the (n— 1)st Stiefel-Whitney class of a real n-vector
bundle we shall use generalizations of the Thom isomorphism theorem and
of the Gysin sequence, which we shall present in the following discussion.
Before doing that we present a definition.

11.7.30 DEFINITION. Suppose that p : E — B is a vector bundle over a
CW-complex B. Using the discussion just prior to Definition 8.1.20, we know
that there exists a Riemannian metric on p that endows each fiber p~!(x)
with a scalar product (—,—), that depends continuously on € B. The
sphere bundle associated to the bundle p : £ — B, which we denote by
S(E) — B, is the locally trivial bundle whose total space is defined by

S(E)y={y e E|{y,y). =Lz =py)}.

11.7.31 EXERCISE. Verify that the map S(F) — B (which is the restric-
tion of p to S(E)) does actually define a locally trivial bundle. (Hint: When-
ever £ — B is trivial over some U C B, then S(E) — B also is trivial
over U.)

Suppose that B is a CW-complex and that C' C B is a subcomplex. For
any real vector bundle p : F — B of dimension n, let pc : F|C' — C denote
the restriction of the bundle to C' and let Ey|C denote the complement of the
zero section in E|C. Since B is a CW-complex, E also is a CW-complex and
both E|C and E, are subcomplexes of E. Moreover, the inclusion S(E) —
Ey is a homotopy equivalence. Since E|C' and S(E) are subcomplexes of
E, the triple (E|C U S(E); E|C, S(E)) satisfies 7.1.8, and consequently the
triple (E|C U Ey; E|C, Ey) also does. Therefore, the inclusions induce these
isomorphisms in cohomology:

(11.7.32) HY(E|C U Ey, Ey) = HY(E|C, Eo|C),
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(11.7.33) HY(E|C' U Ey, E|C) = H(Ey, Ey|C).

The next theorem not only is the relative version of the Thom isomor-
phism theorem 11.7.20 but is also is a consequence of it, as we shall now
see.

11.7.34 Theorem. Let p: E — B be a real vector bundle of dimension n
over a CW-complex B with C' C B a subcomplex. Then for each q we have
an isomorphism

¢©: HY(B,C;Z/2) — H"™(E,E|C UEy;Z/2) .

Proof: Consider the commutative diagram in cohomology with Z/2 coeffi-
cients

o —= H1t"=Y(E|C,Eo|C) — HIt"™(B,ES) — HY"(E,Eo) — HIt"(E|C,Eo|C) —> -

a’FE ;ﬂ v’rg ?g

e ———> HI7(C) H9(B,C) H(B) HI(C)

where E§ = E|C' U Ey. Here the first row is the exact sequence of the triple
(E,ES, Ey) (see 7.1.33), where we have substituted H*(E|C, Ey|C) in place of
H*(ES, Ey) using (11.7.32). And the second row is the exact sequence of the
pair (B, (). Finally, the vertical arrows «, 3, and ~ are given by the Thom
classes tg|c, tg, and tg; namely, they send x to p*(x) — tgic, p*(x) — tg, and
p*(x) — tg for x € HI(C), HY(B, (), and H(B), respectively. According to
the Thom isomorphism theorem 11.7.20, o and ~ are isomorphisms, so that
an application of the five lemma gives us that § also is an isomorphism, as
we wanted to show. a

11.7.35 EXERCISE. Suppose that p: £ — B is a complex vector bundle of
dimension m over a CW-complex B and that C' C B is a subcomplex. Prove
that there is an isomorphism

¢ HY(B,C;Z) — H™™(E,E|C'U Ey; 7).

There also is a relative version of the Gysin sequence that, as we shall
see in the following, is like the absolute Gysin sequence of Theorem 11.7.22
in that it is a consequence of the Thom isomorphism theorem, although now
of the relative Thom isomorphism theorem 11.7.34.
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11.7.36 Theorem. Suppose that p : E — B is a real vector bundle of
dimension n over a CW-complex B and that C C B is a subcomplex. Then
there exists an exact sequence in cohomology with coefficients in Z/2,

s HO (B, EO\C)L

=B gatn(B, 0)—L s OBy, By|C) —>

— HY(B,C)———
This exact sequence is known as the relative Gysin sequence of the real vector
bundle.

Proof: Analogously to the absolute case in Theorem 11.7.22, we consider the
commuative diagram

—e(E 2
o —= HIt 1By Eo|C) i} HY(B,C) —(>)Hq+"(B,C) - HIt"(Ey,Ep|C) —=

%’TL* g\bnp \Lp* gfrb*

o —> HITn=Y(ES E|C) e HYt"(E,Ef) — Ht"(B,E|C) — H1"(E§ ,E|C) —

where E§ = E|C' U Ey, ¢ is the relative Thom isomorphism 11.7.34 and the
lower sequence is the long exact sequence of the triple (F, ES, E|C). The
fact that p : (E, E|C) — (B, C) is a homotopy equivalence implies that p*
is an isomorphism. Then using (11.7.33), we have that ¢* is an isomorphism.
Next we define 1) = ¢=* o § o (1*)~. We then can verify, in a way similar to
the proof of Theorem 11.7.22, that the second square is commutative. In the
same way we check the commutativity of the third square. Therefore, the
exactness of the lower sequence implies the exactness of the upper sequence.

O

11.7.37 EXERCISE. Let p : E — B be a complex vector bundle of di-
mension m. Prove that there exists an exact sequence in cohomology with
integral coefficients

N Hq+2mf1(E07Eo‘c)L>Hq(B7C) -
L(E))Hﬁ?m(ﬂC)p—5>Hq+2m(EoyEo|C) —

This exact sequence is known as the relative Gysin sequence of the complex
vector bundle.

11.8 CONSTRUCTION OF CHARACTERISTIC
CLASSES AND APPLICATIONS

In this section we shall use the Gysin sequence studied in the previous sec-
tion to construct the Stiefel-Whitney classes of a real vector bundle. Then
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we shall indicate how to realize the corresponding program of constructing
the Chern classes of a complex vector bundle. Finally, as an application of
the Stiefel-Whitney classes, we shall prove the Borsuk—Ulam theorem in its
general form.

11.8.1 DEFINITION. Let p : F — B be a real vector bundle of dimension
n. Letting Fy denote the complement of the zero section in E as usual, we
now define a new bundle of dimension n—1 over Ejy, denoted by ¢ : E—s FEy,
as follows.

Consider E/ = {(v,e) € Ey x E | p(v) = p(e)} — Ey, which is the
bundle over Ey induced from the bundle p by the map p|E,. Next, take
the line subbundle of E given by L = {(v,e) € E' |e= v, A € R} We
then define ¢ : E —> Ej, to be the bundle quotient E= E’/L — Ey. For
any v € F, the fiber ¢7!(v) is the vector space quotient p~'(b)/(v), where
p(v) = b defines b € B and (v) denotes the subspace of p~'(b) generated by
the vector v € p~1(b). It follows that the dimension of the bundle E —s E,
isnm—1.

Clearly, this construction can also be carried out in the complex case.

11.8.2 NOTE. Define py = p|Ey : Ey — B, and then let 4 : py (b) — Fy
denote the inclusion of the fiber over b € B. Then the restriction E|p;(b) =
ZZ(E) has total space Uvep(;l(b) (p~1(b)/(v)). Since the dimension of p : E —»
B is n, it follows that py'(b) ~ R™ — 0, which in turn implies that i; (E) is
essentially the bundle over R™ — 0 whose fiber over a point v is R"/(v) = v*.
In other words, this fiber is the hyperplane in R™ orthogonal to v, so that
restricting even further to S*™! C R™ — 0 we obtain the tangent bundle of
the (n — 1)-sphere.

11.8.3 EXERCISE. Let p: B — Band p’' : E/ — B be two vector bundles.
Prove that E® E' = E® py(E') = p5(E) @ E'.

11.8.4 Proposition. Suppose that p : E — B is a real vector bundle of
dimension n over a CW-complex B. Then the Euler class e(E) lies in the
image of pfy : H" " Y(B;Z/2) — H" Y(Eo;Z/2).

Proof: First let us prove this in the case where B is path connected. We
start by considering the following portion of the Gysin sequence of the pair
(B, {b}) from Theorem 11.7.36:

(B AY)——

—e(E)

— Ll (B b)) B (B, p ' (0) - 0) —
— H(B, {b}).
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But H~!(B,{b}) = 0, and since B is path connected, we also have that
HO(B,{b}) = 0. And this implies that

po - H' (B A{b}) — H"(Eo,p~'(b) = 0)

is an isomorphism.

Now consider the following portion of the exact sequence of the pair
(Eo,p~(b) — 0) = (Eo,R™ — 0):

H"%(R™ — 0) — H" (Ep,R" — 0) & H"Y(Ey) & H™(R" — 0).

If e(E) € H"*(Ey) is the Euler class, then using Corollary 11.7.27 and
Note 11.8.2, we have that i*(e(E)) = e(i*(F)) = 0. By the exactness of the
sequence there exists a (unique) element z € H" !(Ey, R™ — 0) satisfying
Jj*(x) = e(E).

Since the case n = 1 is trivial, we can assume that n > 1 hereafter. So
we then have

py s H" Y (B;Z/2) = H" Y(B,{b};Z/2) = H" ' (Ey,R" — 0, Z/2),
and therefore e(E) € im(pj) follows from j*(z) = e(E). And this proves the
result in the case that B is path connected.

Finally, for the case where B is not path connected, let us consider B =
U, Bas where each B, is a path component. Then using 7.1.5 we have
(i%) - H*(B) =[], H*(B.), where each i, : B, — B is an inclusion. Now
applying the previous case to each restriction ¥ (F) = FE|B,, we get the
result in this case. O

11.8.5 DEFINITION. Let p : E — B be a real vector bundle of dimen-
sion n over a CW-complex B. We shall define the Stiefel-Whitney classes
w;(E) € H'(B;Z/2) of the bundle inductively on n, as follows. Consider
from Theorem 11.7.22 the following portion of the Gysin sequence of E:

=B gi(Bz)2) B HI(Ey;Z)2) % H (B 2)2) .

H™™(B;7/2)
For i < n — 2 we have that H~"(B;Z/2) and H""*'(B;Z/2) are zero, and
so py is an isomorphism. For ¢ = n — 1 we have that p§ is a monomorphism.
Also, from Proposition 11.8.4 it follows that e(E) € im(pg). So, by induction
on the dimension n, we define
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and, using the fact that the dimension of Eisn— 1, for ¢ < n we define
wi(E) = (p5) " (wi( E)) .

In particular, if dim £ = 0, we have wO(E) = 1, and therefore for any F with
dim E > 0 we also have wy(F) = 1. Finally, for i > n we define w;(E) = 0.

11.8.6 EXERCISE. Prove that this definition is compatible with the defini-
tion of w; given in Definition 11.3.2. (Hint: Apply Exercise 11.7.16.)

11.8.7 Theorem. The classes w;(E) € HY(B;Z/2) defined above in 11.8.5
satisfy the axioms 11.6.1(i)-(iv).

Proof: First, axiom (i) is satisfied by definition.

To prove axiom (ii) it is enough to note that the Euler class is natural by
Proposition 11.7.15.

Let E — B and E' — B be two bundles of dimensions n and n/,
respectively. Then axiom (iii) follows for k = n+n’ from Proposition 11.7.17,
since Wytn (E @ E') = e(E® E'), wy(E) = e(E) and w,y (E') = e(£’). For
k < n+n’ we argue by induction on the dimension of F & E’. The case of
dimension one is straightforward. Next, using 11.8.3, it follows that

wi(E @ E') = l(wkEeaE’)

-1

/N

wi(E ® piE') )

( ~ Wy (poEl)>

> 05) (wi E)) — () pi(ws(EY))
i+j=k
=) wi(B) — w(E).

i+j=k

Finally, axiom (iv) was proved in Proposition 11.3.7. (See also 11.7.14.)
O

11.8.8 DEFINITION. Let p: E — B be a complex vector bundle of dimen-
sion m over a CW-complex B. We shall define the Chern classes ¢;(E) €
H?i(B;Z) of the bundle inductively on m, as follows. Consider from Theorem
11.7.23 the following portion of the Gysin sequence of E:

H22n(B; 2) =22, 1%(B; 7) B8 B (Ey;2) 5 HY " (B; 7).
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For 2i < 2m — 2 we have that H*~>"(B;Z) and H*~*""(B;Z) are zero,
and so p§ is an isomorphism. So, by induction on the complex dimension m,
we define

cn(E) = e(E),

and using the fact that the dimension of Eism — 1, for i < m we define

ci(E) = (py) (a(E)).

In particular, if dim F' = 0, we have ¢o(F) = 1, and therefore for any F with
dim £ > 0, we also have ¢q(E) = 1. Finally, for i > m we define ¢;(E) = 0.

11.8.9 NOTE. Suppose that E,(R*) — G,(R*) is the real universal n-
vector bundle (cf. Definition 8.3.9). We denote its Stiefel-Whitney classes
by w; = w;(E,(R*®)) € H(G,,(R*®);Z/2). These classes are universal in the
following sense. By the real version of Theorem 8.5.13, for any given real
n-vector bundle £ — B with paracompact base space there exists a map
f: B — G,(R*), unique up to homotopy, such that F = f*(E,(R>)).
Therefore, by the naturality of characteristic classes we know that w;(E) =
f*(w;). So starting with the classes w; for ¢ = 0,1,...,n we can construct
the Stiefel-Whitney classes of any real n-vector bundle over a paracompact
space. The complex case is handled similarly.

We shall calculate the cohomology of the Grassmann manifolds G,,(R*)
with Z/2 coefficients and G,,(C*>) with Z coefficients. This will generalize
the calculation of the cohomologies of G;(R*™) = RP* and G;(C*>) = CP*
given in 11.7.26 and 11.7.29, respectively. This will allow us to obtain the
uniqueness of the Stiefel-Whitney and the Chern classes. We shall discuss
only the real case, but everything is true in the complex case. We begin with
a definition.

11.8.10 DEFINITION. A characteristic class of dimension 4 for real n-vector
bundles is a function ¢ that assigns to each real n-vector bundle £ — B
over a paracompact base space an element ¢(F) € H(B;Z/2), which is an
invariant of the isomorphism class of the bundle and which is natural; that
is, whenever f : B — B is continuous, we have ¢(f*(E)) = f*(¢(E)). We
shall let C! denote the set of these characteristic classes. This set has the
structure of an abelian group, where the sum is given by the formula

(c+ ) E)=c(E)+d(FE).

Moreover, the collection of these groups for fixed n and variable ¢ has the
structure of a graded ring with multiplication

i (i i+j
C, xCl —C;
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given by the formula

(c-d)(E) = c(E) — d(E).

It is an ezercise left to the reader to verify the statements made in the
prior definition.

11.8.11 Theorem. There exists an isomorphism of graded rings
¢:C, = H(Gn(RY); Z/2),
defined by o(c) = ¢(E,(R>)) for c € C.

Proof: Define ¢ : H(G,(R*®);Z/2) — C! for i = 0,1,... by

P(z)(E) = fp(z),

where z € H(G,(R*);Z/2) and E — B is a real n-vector bundle, which
has a classifying map fr : B — G, (R*>). We claim that ¢ is the inverse of
®.

First, since

V() (B) = frp(c)) = fE(c(En(R™))) = c(fE(En(RY))) = ¢(E) ,

it follows that ) o ¢ = 1.

Next, for all z € H (G, (R*); Z/2) we have that

p(z) = P(z)(En(RY)) = idg, gey(2) = 7,
which implies that p o = 1.

Since @ is clearly a ring homomorphism, we have proved the desired result.
a

As we shall see later on in Corollary 11.8.16, the previous theorem to-
gether with a knowledge of H*(G,(R>);Z/2) will allow us to identify all
real vector bundle characteristic classes having values in cohomology with
72 coefficients.

11.8.12 Proposition. Let E2(R>) be the complement of the zero section
of the real universal bundle. Then there exists a homotopy equivalence « :
G, _1(R®) — EY(R*>) such that the composite

Gp_1(R®) —=—E2 (R®)——— G, (R™)

is a classifying map for the bundle ' ® E,_(R>).
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Proof: Let R{® be the subspace of R* consisting of all vectors of the form
(0,a1,ag,...). The map 7 : R — R* defined by 7(0,a1,az,...) =
(a1, as, . ..) is a homeomorphism, whose inverse o is defined by o(ay, as, ... )=
(0,a1,as,...).
Then 7 determines a homeomorphism
7T: G 1 (RY) — G, (R™),
defined by 7(V) = 7V, whose inverse & is defined similarly.

We now define a : G,_1(R*®) — E2(R*>) by a(V) = ({eg) @ 7(V), e9),
where ¢y = (1,0,0,...) € R® — 0. Moreover, we define 3 : E2(R>) —
Gpo1(R®) by (W, w) = W/(w), where 0 # w € W and W is an n-
dimensional subspace of R*. That is, (W, w) is the orthogonal complement
in W of the one-dimensional subspace generated by w. We shall now prove
that o and § are homotopy inverses.

First, for any V' € G,_1(R>) we note that
Ba(V) = Bl{en) ® (V). o) = ({ea) & 5(V))/fea) = (V).
The homotopy h; : R*® — R* defined by h:(ai,as,as,...) = (tag, (1 —
t)ay + tag, (1 — t)as + tas, .. .) is a monomorphism for every ¢, and it also
induces a homotopy h; : G,_1(R*®) — G,,_1(R>) that begins with o «
and ends with the identity.

On the other hand, for W, w, and e as above we have
af(W,w) = a(W/(w)) = ((eo) & 7(W/(w)), ).

In this case, we define a homotopy ky : EO(R®) — EO(R*) by ky(W,w) =
((w(t)) & hy(W/(w)), w(t)), where w(t) is any path in R* — 0 going from eg
to w. Then the homotopy k; begins with a o 8 and ends with the identity.

Finally, we have a commutative diagram

R x E,_1(R®) ——= E,(R®)

o J»

Gp_1(R™) Gn(R>),

pooa

where in the obvious notation we define p(W,w) = W, ¢(s, (V,v)) =V, and
(s, (V,v)) = ({eg) P (V), sep+0(v)). Moreover, +y is an isomorphism on each
fiber, since for each V' € G,,_1(R*) the fiber over V is R x V' and v maps it
isomorphically by the formula (s,v) — seg+ o (v) to the fiber over pga (V) =
(eg) ® 7 (V), where pg : EY — G,,(R*) is the restriction of p. Therefore,
using 8.1.14, we conclude that pyo « classifies e* @ E,_;(R*®) — G,,_1 (R™).

O
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11.8.13 Proposition. Let
E.(R*®) — G,(R*®) and E,_;(R*) — G,_1(R™)

for n > 1 be the universal bundles. Let f : G,_1(R®) — G,(R™) be a
classfying map for the bundle e* & E,_1(R®) — G, _1(R*>). Then there
exists a long eract sequence
Y HY (G (R)) 2B pratn (@, (R)) — L
— L (Gt (R®))— s HIT (G (R®)) ——— - - -
Proof: Using Proposition 11.8.12 we know that the composition py o « :

Gy 1(R>®) — G, (R>) classifies ' @ E,,_;(R*) and that « is a homotopy
equivalence.

From Theorem 11.7.22 we have the Gysin sequence of E,(R>),

~ —

= H(G (R)) H”"(Ei( ")) == H (G (R®)) — »

f\i =
(G (R))

where e = e(E,(R*)). If we take f to be pgo o and define vy to be ¢ o a*™!,
then we get the desired sequence. O

11.8.14 NOTE. Propositions 11.8.12 and 11.8.13 clearly are also valid in the
complex case.

11.8.15 Theorem. As an algebra over Z/2 = Za,
H*(Gn(ROO)7 ZQ) = Zg[wl,’UJQ, e ,wn] 5
where wy, ws, ..., w, are the Stiefel-Whitney classes

w; = wi(E,(R®)) € H(GL(R®);Zy), i=1,...,n.

Proof: The proof will be by induction on n. For n = 1, the result is nothing
other than Corollary 11.7.26. So we assume that the theorem holds for n —1
for some n > 1. Let f : G,,—1(R*) — G,,(R*) be a classifying map for the
bundle e! ®E,,_;(R*). By the naturality property 11.6.1(ii) and the stability
property 11.6.5 of the Stiefel-Whitney classes, we get

[ (wi(En(R))) = wi( f*(E.(R™)))
= w;(e' ® B 1(RY)) = w;(E,_1(R*))
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for i = 1,2,...,n. Furthermore, since dimE,_;(R*) = n — 1, we have that
Wy (Ep_1(R*®)) =0

By the induction hypothesis, we have as algebras
H* (Gt (RX))
= Zo[w1(En—1(R*)), wa(En—1(R®)), ..., wp1(En—1 (R¥))],
implying that the ring homomorphism f* is surjective in cohomology. By def-

inition e(E,(R*)) = w, (E,(R>)), so that the exact sequence of Proposition
11.8.13 yields the exact sequence

HY(Gy(R®)-1 HI (G, (R®)) L HI (G (R®)).

From this short exact sequence we find that every element a € Hi1"(G,,(R™))
can be written as a = b+ ¢, where b comes from H%(G, (R*>)) and therefore
b is a polynomial in which every term contains w,. Moreover, ¢ comes from
HT™(G,,_1(R>™)), and so by the induction hypothesis ¢ is a polynomial in
Wy, Wy, . .., W,_1. Now an induction on the dimension of a proves the desired
result. a

From Theorems 11.8.11 and 11.8.15 we immediately get the following.

11.8.16 Corollary. Let ¢ be a characteristic class of dimension k for real
n-dimensional vector bundles. Then we have that

c= Z )\Jw’fw;?-~-w;",
JETy
where Ty, = {J = (i1,i2,...,0,) € N"| 3" _ i, =k} and \; € Z/2. That is,
for every real n-dimensional vector bundle & we have
o(E) =Y Muwi(E) — wf(E) — - — wi(E).
JET,,

O

The previous corollary implies that any characteristic class for real vector
bundles can be expressed in terms of the Stiefel-Whitney classes. We shall
now see that these latter classes are characterized by axioms 11.6.1(1)—(iv).

11.8.17 Proposition. Suppose that L — RIP* is the canonical bundle over
RP* and that f : RP® x - -« x RP* — G,(R*) is a map that classifies the
bundle L x - -+ x L (with n factors). Then the homomorphism

F* H*(Go(R®); Zy) — H*(RP™ x - - x RP™; Z,)

s a monomorphism.
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Before starting the proof, note that if V4, V,,...,V,, € RP* are distinct
one-dimensional subspaces of R, then f(Vi, Vs, ..., V,) = Vi®&Vod- - -V, €
Gn(R>).

Proof: We know from Theorem 11.7.25 that
H*(RP*; Zs) = Zo[wi(L)] .
Using the Kiinneth formula 7.4.4, which in this case asserts that
H*(RP® x -+ x RP*;Zy) = H'(RP*; Zs) ® - - - @ H*(RP*; Zs) ,

we can deduce that H*(RP™ x --- x RP*;Zs) = Zs[t1,...,t,], where we
define t; = 7 (w1 (L)), and m; : RP* x -+ x RP* — RP* is the projection
onto the ith coordinate. By hypothesis we have f*(E,(R*)) =L x --- x L.
And using Exercise 8.1.7, we have L X --- x L=7{(L) @ --- @ 7 (L).

Using the naturality axiom 11.6.1(ii) and the Whitney formula axiom
11.6.1(iii), but applied now to the total Stiefel-Whitney class of Definition
11.6.6, we get

[ (w(En(R?))) = w(f *(En( )))

|
g
/—\
X

I

:::
g
=

Consequently, for each dimension 1 to n we have
w1 (En(R¥))) = t1 4+ + o
T (we(En(R™))) = tatg +tatz + -+ lily + - + ity

F(wp(En(R®))) =ty -« -ty .
In other words, this says that
FH(wk(En(R®))) = okt ..., ta), k=1,...n,

where oy, for k = 1,...,n denotes the kth elementary symmetric function in
n variables, which is defined in general by

Uk(al,az,...,an) = E Qg Qg * * * Ay -
11 <ip<---<ip
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It is a fundamental result of Artin [10] that the subring of Zs[ty,. .., 1]
consisting of the symmetric polynomials is in turn the ring of polynomials
generated by the elementary symmetric functions oy, 09, ..., 0.

Since H*(G,(R®)) = Za[w1(E,(R™)), ..., w,(E,(R>))] holds by Theo-
rem 11.8.15, it follows that f* is injective. In fact, the image of f* is precisely
the subring of the symmetric polynomials. a

Now we have assembled enough machinery to dispose of the proof of the
uniqueness of the Stiefel-Whitney classes in short order.

11.8.18 Theorem. (Uniqueness of the Stiefel-Whitney classes) There exists
a unique sequence of cohomology classes associated to real vector bundles over
paracompact base spaces and satisfying axioms 11.6.1(i)—(iv).

Proof: Let us assume that for every real vector bundle over a paracompact
base space we have a sequence of cohomology classes w;(F) that are invari-
ants of the isomorphism class of the bundle and that satisfy 11.6.1(i)—(iv).
Consider the canonical line bundle L; — RP'. By axiom 11.6.1(iv) we
have that @w;(L1) = wi(L1), since both coincide with the nonzero element
of H'(RP';Zy) = Z,. Because L, is induced from the canonical line bundle
L — RP* by the inclusion ¢ : RP' < RP>, and ¢* : H'(RP>;Z;) —
H'(RP'; Zy) is an isomorphism (see 11.7.14), the naturality axiom 11.6.1(ii)
implies that *(w(L)) = wi(L1) = wy(Ly) and therefore w (L) = w;(L).
Consequently, the total class corresponding to the classes wy, defined again
as the sum of all together, satisfies w(L) = 1 + w;(L).

Let f: RP* x --- x RP*® — G, (R*) be as before the classifying map
of the bundle L X --- x L — RP* X --- x RP*. Then from the naturality

axiom 11.6.1(ii) and the Whitney formula axiom 11.6.1(iii), much as in the
proof of Proposition 11.8.17, it follows that

fH(w(E,(R))) = (f E (R‘”))
= w(L )
w(my

£

S

= w
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= ﬁ(l +t;)
— P (w(BLE)).

Here t; = wf(wi(L)) = wi(wf(L)) is just as in the proof of Proposition
11.8.17.

But again using Proposition 11.8.17, we know that f induces a monomor-

phism f* in cohomology. And so we obtain from the previous calculation that
w(E,(R*)) = w(En(R>)).

Now if F — B is any real vector bundle of dimension n over a para-
compact space with classifying map fr : B — G,(R*), then using the
naturality axiom 11.6.1(ii) and the result just obtained we find that

w(E) = w(fp(E.(R*)))
= fe(0(E,(R)))
= fe(w(Ea(R7)))
= w(fp(En(R7)))
= w(E)

And this proves that the two sequences of characteristic classes for this bundle
are equal term by term. O

We shall now give some interesting applications of characteristic classes.
First we shall see that those that are nonzero are obstructions to the existence
of nowhere-zero sections of a bundle. To do this we start off with a definition.

11.8.19 DEFINITION. Suppose that p : F — B is a vector bundle with
sections s, So, ..., Sx. We say that these sections are linearly independent if
for each point b € B the vectors s1(b), s2(b), ..., sk(b) are linearly indepen-
dent as elements of the vector space p~1(b). In particular, each section s; is
nowhere zero. (See 11.3.11.)

11.8.20 Lemma. Let p : E — B be a real vector bundle over a para-
compact space B, for example a CW-complex. If the bundle admits linearly
independent sections si, Sa,. .., Sk, then the bundle has a decomposition as a
sum E' @ F, where €F is a trivial bundle of dimension k and E' — B is
some other bundle.

Proof: The subbundle E; of E defined by Ey = {e = 325 Aisi(z) | A €
R and « € B} is a trivial bundle of dimension k, as can be seen from the
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explicit trivialization B x R¥ — E; defined by (b, A1,..., \) — > Aisi(b).
Since B is paracompact, the bundle E has a Riemannian metric (see Defi-
nition 8.1.20 and the discussion preceeding it), and so by Proposition 8.1.23
there exists a subbundle Ey of E that is the orthogonal complement of F; in
E and that, moreover, satisfies E =2 E, @ e*. a

Combining Proposition 11.6.5 with Lemma 11.8.20, we can prove a result
that generalizes Proposition 11.7.19. Specifically, from 11.6.5 we get w;(F) =
w;(Ey), which implies for ¢ > dim(E,) = n — k that w;(E) = 0. We then
have the next result.

11.8.21 Proposition. Suppose that E — B is a real vector bundle of
dimension n and that B is a paracompact space. If the bundle admits a
nowhere-zero section, then w,(E) = 0. More generally, if the bundle admits
k linearly independent sections, then

Wp—p11(E) = Wp_ga2(E) = -+ = w,(F) = 0. m|

In this way, the last nonzero Stiefel-Whitney class, say w,_g, is an 0b-
struction to the existence of more than k linearly independent sections in F.
There is a similar statement for complex vector bundles and Chern classes,
using the corresponding results for the complex case. They are stated below

and are proved in exactly the same way as their counterparts in the real case,
and are left to the reader as exercises.

11.8.22 Theorem. The classes c;(E) € H*(B;Z) defined in 11.8.8 satisfy
the azioms 11.6.7(i)-(iv). O

Let now C., denote the set of characteristic classes for complex n-bundles
with values in H*(B;Z), as in 11.8.10.

11.8.23 Theorem. There exists an isomorphism of graded rings
p:Cr= H"(G,(C*);Z),
defined by ¢(c) = c(E,(C*®)) for c € C;. O
11.8.24 Theorem. As an algebra over Z,
H*(G,(C*®);Z) = Zcy, cay - . .y Cn) s

where ¢y, Ca, ..., c, are the Chern classes

¢ = ci(Ba(C®)) € H¥(Go(C®):Z), i=1,...,n. -
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11.8.25 Corollary. Let ¢ be a characteristic class of dimension k for com-
plex n-dimensional vector bundles. Then we have that

c= Z Ayciic .o cin
JET,
where T, = {J = (i1,42,...,4,) € N* | 3" _ 4, =k} and \; € Z. That is,
for every complex n-dimensional complex vector bundle E we have

E) =Y A (B) = R (E) — - — dr(E).
JETy, O

11.8.26 Proposition. Suppose that . — CP™ is the canonical bundle over
CP* and that f : CP® x -+ - x CP* — G, (C™) is a map that classifies the
bundle L x -+ x L (with n factors). Then the homomorphism

f*: HY(G,(C®);Z) — H*(CP*® x --- x CP>™;Z)

is a monomorphism. a

11.8.27 Theorem. (Uniqueness of the Chern classes) There exists a unique
sequence of cohomology classes associated to complex vector bundles over
paracompact base spaces and satisfying axioms 11.6.7(i)-(iv). O

To end this chapter we shall now present one more application of the
Stiefel-Whitney classes. This will be a proof of the Borsuk—Ulam theorem,
whose classical formulation is as follows. Already in Chapter 2, we have given
in 2.4.29 the special case where n = 2.

11.8.28 Theorem. (Borsuk—Ulam) Suppose that g : S* — R" is continu-
ous. Then there exists x € S™ that satisfies g(x) = g(—x).

Proof: If there were no such point z, that is, if g(x) # g(—z) for every x € S",
then the formula

foy— 9@ —9(=)

would define an odd map

f:S" — S
namely, a map satisfying f(—z) = — f(x) for all x € S*. However, this would
contradict Theorem 11.8.29, which we shall prove later. So the desired point
x € S™ has to exist. O



380 11 RELATIONS BETWEEN COHOMOLOGY AND VECTOR BUNDLES

As it was in the case n = 2 (2.4.31), we have the following.

11.8.29 Theorem. For m < n there does not exist an odd map f :S" —
S™, that is, a map satisfying f(—x) = —f(x) for all x € S™.

Proof: If there were such a map f, then it would induce a map f : RP" —
RP™ making the diagram

f

Sn > Sm

/| I

R]P)’IL —_— R]P)’" 3
!

commute, where p and ¢ are the usual quotient maps. This is really a diagram
of locally trivial bundles, which in turn induces a map H, — H,, of the
canonical line bundles over the projective spaces. More precisely, for every k
the canonical line bundle Hj, — RP*, which is given in Definition 11.3.5, is
the projection onto the second coordinate restricted to the space of pairs

Hy, = {(z,]) e R”F" x RP* | z € 1}.

Then there is a commutative diagram of vector bundles

Hn *f> Hm

pl |

RP? — RP™ ,
!

where f(z,1) = (|z|f(z/|z]), F(1) for = # 0 and f(0,1) = (0, f(1)). It imme-
diately follows that fvis well defined and is continuous. Moreover, it is linear
on the fibers, for which it is enough to show that it commutes with scalar
multiplication, namely that

fOa,D) = (IMEIf(IA |) F(0)

{(Alrlf(ﬂ),f()) Fan)  iErzo,
(~Melf(52), F@) = M) if A <0,

where the second case follows from the first case and the fact that f is odd.

Using Proposition 11.3.3, we find that the homomorphism induced in
cohomology f~ : H*(RP™;Z/2) — H*(RP";Z/2) satisfies [ () = @n,
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where x;, = w;(Hy) € H'(RP*;Z/2) is the Euler class of the bundle H; —
RP* for k = m,n. In particular, using Proposition 11.3.7 and m 4+ 1 < n,
we have that 0 = f (z™*!) = 2" #£ 0. And this is a contradiction.

Consequently, there cannot exist an odd map f: S" — S™. O

11.8.30 NOTE. There is an alternative way of proving the Borsuk—Ulam the-
orem, in the formulation of Theorem 11.8.29, by using the theory of covering
maps as well as cohomology theory. Specifically, the square diagram

f

St ———8S™

= 7
Pl /f// ll]

R]P’n — R]P)m y
!

which we used in the proof of Theorem 11.8.29, is a diagram of covering maps
(see 4.5.3). Now we pose the question of the existence of a lift f: RP" — S™
of f, as is indicated in the previous diagram. Such a lift exists if and only
if f sends the fundamental group 7;(RP") into the image under ¢ of the
fundamental group 71 (S™), as we have seen in Exercise 4.5.14. There are two
cases. In the first case, when we have m = 1, it follows that 7, (RP') = 7Z
and, since n > 1, that m(RP") = Z/2. Therefore, the homomorphism
f. o m(RP") — m(RP') is zero and the lift exists. In the second case,
when we have m > 1, we again want to show that f, = 0. We just give a
sketch of the proof as follows. First we note that m; (RP*) = H,(RP*; Z/2) =
HY(RP*;Z/2). But for k = m,n there is a correspondence under these
isomorphisms of f, with f in cohomology. But this last map is zero, as we
have already seen in the proof of Theorem 11.8.29.

In both cases, then, by Exercise 4.5.14 there exists a lift f: RP" — S™.
In this way, both of the maps

fop, f:S"—S™

are lifts of fop : S* — RP™. Then for every x € S” we have that
qu(m) = ¢f(z), which implies either that fp(x) = f(z) or that fp(:r) =
—f(z) = f(—=z). Consequently, the two lifts are equal either in z or in —z,
where we use the fact that p(z) = p(—zx).

But since S™ is path connected, the two lifts must then be identically
equal. However, this is impossible, since one separates antipodal points while
the other sends antipodal points to the same point. Therefore, such a map
f cannot exist.
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The following exercise uses the multiplicative structure of the cohomology
to distinguish between two spaces having the same additive structure in their
cohomology groups.

11.8.31 EXERCISE. Let X = S? Vv §* and Y = CP?. Show that X and
Y have the same cohomology groups, but multiplicatively their cohomology
rings are different. Conclude that X and Y are not of the same homotopy

type.



CHAPTER 12

COHOMOLOGY THEORIES AND
BROWN REPRESENTABILITY

In Chapter 7 we presented cohomology theory, and in Chapter 9 we intro-
duced K-theory. Both theories have some properties in common. In this
chapter we unify these properties and define the generalized cohomology
theories. From this point of view we shall be able to obtain several results
that follow from the formal properties rather than from the specific charac-
teristics of the theory in question. Further, we shall prove a theorem that
shows that our approach to both theories is quite general. Namely, we prove
the Brown representability theorem, which shows that in an adequate cate-
gory of spaces every generalized cohomology theory is represented by some
classifying spaces, such as the Eilenberg—Mac Lane spaces in the case of co-
homology and the spaces BU x Z and BU in the case of K-theory. Thus
cohomology can always be expressed in homotopical terms. Finally we see
that the representability of the cohomology theories implies the existence
of certain objects, called spectra, which topologically, or better, homotopi-
cally, encode all the information concerning their associated cohomology and
homology theories.

12.1 GENERALIZED COHOMOLOGY THEORIES

The cohomology groups in Chapter 7 as well as K-theory in Chapter 9 have
some properties in common; namely, they are contravariant functors, they are
homotopy invariants, both produce exact sequences for pairs of spaces, and
they have some excision property. All these conditions make these theories
cohomology theories. In this section we define in general what a cohomology
theory is, and then from its properties we derive several results that were
obtained in the special cases from the particular definitions of the theories

383
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studied earlier.

12.1.1 DEFINITION. Let Tops be the category of pairs (X, A) of topological
spaces and maps of pairs. Let, moreover, A be the category of abelian
groups and homomorphisms. A cohomology theory h* on Tops is a collection
of contravariant functors and natural transformations indexed by g € Z,

he:Topy — A and §7:h%0 R — h7™,
these last called connecting homomorphisms, where R : Tops — Topy is
the functor that sends a pair (X, A) to the pair (A4, @) and the map of pairs
[ (X, A) — (Y, B) to f|A, satistying the following axioms:
Homotopy. If fy ~ f1 : (X, A) — (Y, B) (a homotopy of pairs), then
fo = fi WY, B) — h'(X, A)

for all ¢ € Z.

Excision. For every pair of spaces (X, A) and a subset U C A satisfying
U C A, the inclusion j : (X — U, A—U) — (X, A) induces an isomorphism

WX, A) = h(X —U,A-U)

for all ¢ € Z.

Exactness. For every pair of spaces (X, A) we have a long exact sequence

g1

P Re(X A) S (X)) S (A) 2SR (X A) — -
where i : (X,0) < (X, A) and j : (4,0) < (X,0) are the inclusions, and we
write h?(X) instead of h?(X,0).
12.1.2 EXAMPLES.
(a) The functors (X, A) — HY(X, A;G) constitute a cohomology theory
for every abelian group G in the category Tops of all pairs of spaces.

(b) The functors (X, A) — K9(X,A) form a cohomology theory in the
category of pairs of paracompact spaces and closed subspaces. (See
9.5.9, (9.5.8), and 9.5.10.)
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12.1.3 REMARK. There is also the dual concept of a homology theory h, on
Tops, which is a collection of covariant functors and natural transformations
indexed by q € Z,

hy:Tops — A and  9y:hy —> hg_10 R,

these last called connecting homomorphisms, where as before, R : Top, —
Top, maps a pair of spaces to the second space of the pair, and they satisfy
the same axioms as the cohomology with the obvious modifications.

Some examples we have of this are the ordinary homology groups with
coefficients in an abelian group G as introduced in Section 5.3, and given by
(X, A)— H)(X,A;G).

Sometimes it is more convenient to work with the so-called reduced coho-
mology theories defined on the category Top, of pointed spaces and pointed
maps.

12.1.4 DEFINITION. Let Top, be the category of pointed spaces (X, xg) and
pointed maps. Let, as before, A be the category of abelian groups and
homomorphisms. A reduced cohomology theory k* on Top, is a collection of
contravariant functors and natural equivalences indexed by ¢ € Z,

k9 :Top, — A and  s7:k%0S — k77!,

these last called suspension isomorphisms, where S : Top, — Top, is the
functor that sends a pointed space (X, zg) to its reduced suspension (XX, *)
and the pointed map f : (X, 29) — (Y, v0) to Zf (see 2.10.1), satisfying the
following axioms:

Homotopy. If fo ~ fi: (X,2¢) — (Y, %) (a homotopy of pointed maps),
then
fo = K1Y, 90) — k(X z0)

for all ¢ € Z.
Exactness. For every pointed pair (X, A) we have an exact sequence

KX UCA,*) 25 kX, 20) —— k9(A, 20)

where i : (A, zg) — (X, xo) is the inclusion and j : (X, z9) — (X UCA, %) is
the canonical inclusion into the cone of 1.
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12.1.5 EXAMPLES.

(a) The functors
(X, o) = H(X; G) = H(X, {1} G)

constitute a reduced cohomology theory for every abelian group G in
the category of all pointed spaces.

(b) The functors N
(X, xg) — KU(X)
constitute a reduced cohomology theory in the category Top, of pointed
paracompact spaces. (See 9.3.3 and 9.5.11.)

12.1.6 REMARK. Also in the reduced case one has the dual concept of a
reduced homology theory k, on Top,, which again is a collection of covariant
functors and natural equivalences indexed by g € 7Z,

ky:Top. — A and  s,:hy — hgy108,

these last called suspension isomorphisms, where S : Top, — Top, maps a
pointed space to its suspension as before, and they satisfy the same axioms
as the reduced cohomology with the obvious modifications.

There is another property that was included in the list of axioms of Eilen-
berg and Steenrod for homology or cohomology. It is the Dimension axiom,
which in the case of cohomology states that h?({*}) = 0 for the one-point
space if ¢ # 0, and k9(S% %) = 0 if ¢ # 0 in the reduced case. In the case
of homology it states that hy({*}) = 0 for the one-point space if ¢ # 0,
and k,(SY,x) = 0 if ¢ # 0 in the reduced case. Cohomology and homology
theories that satisfy this axiom are called ordinary. Examples of this type
are of course the cohomology with coefficients in G, H*(—; G), and the ho-
mology with coefficients in G, H,(—;G). A cohomology or homology theory
that does not satisfy this axiom is called extraordinary or generalized. An
example of this type of cohomology theory is of course the K-theory, K*(—).

In what follows we restrict ourselves to the case of cohomology theories,
although all of the results have a counterpart in homology.

There are several important properties of cohomology theories that are
deduced from the axioms. We state them in what follows.

Assume that ¢ : A — X is a homotopy equivalence. Since then * :
hi(X) —>: h?(A) is an isomorphism by the homotopy axiom, then taking
the long exact sequence of the pair, we obtain the following result.
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12.1.7 Proposition. Let h be a cohomology theory. If i : A — X is a
homotopy equivalence, then h1(X, A) =0 for all q. O

12.1.8 Corollary. Let h be a cohomology theory. If X is a (strongly) con-
tractible space, then hi(X,{zo}) =0 for all q. O

Assume that A C X is a cofibration. Then the quotient map (X U
CACA) — (X UCA/CA, %) =~ (X/A, ) is a homotopy equivalence by
4.2.3. We thus have the following.

12.1.9 Proposition. Let h be a cohomology theory. If A C X is a cofi-
bration, then the quotient map p : (X UCA,CA) — (X/A, %) induces an
isomorphism p* : h(X/A, {x}) — h1(X UCA,CA). O

Moreover, one can delete the base point of the unreduced cone C'A and
then deform the pair (X UCA — *x,CA — %) to (X, A); that is, the inclusion
(X,A) = (X UCA — x,CA — %) is a homotopy equivalence. Thus by the
homotopy and the excision axioms we have the following consequence.

12.1.10 Corollary. Let h be a cohomology theory. If A C X is a cofibration,
then the quotient map p : (X, A) — (X/A, {x}) induces an isomorphism

p* hU(X/A, %) — hI(X, A) for allq € Z. 0
From the exactness axiom, one has also the following.

12.1.11 Proposition. Suppose that X is a topological space and that B C
A C X are subspaces. If h is a cohomology theory, then there is a long exact
sequence

s WY (A, B) <5 h9(X, A) — hU(X, B) —
— h1(A,B) — -+,

where the homomorphisms are induced by the inclusions, except for §, which
is defined as the composite

5 hiHA, B) — hiH(A)-Sh(X, A).

This is the so-called ezact sequence of the triple (X, A, B). (See 7.1.33.)
The proof uses the exact sequences of (X, A), (X, B), and (4, B). O
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There is a way of passing from an unreduced cohomology theory to a
reduced one and vice versa. Let h* be a cohomology theory defined in Top,
and consider the family h* of functors on Top, defined by

hA(X, x0) = h4(X, {z0}).

Recall that ©X = CX/X, where CX is the reduced cone on X, and consider
the exact sequence of the triple {x} C X C CX (see 12.1.11),

- WI(OX, ) — WX, {20}) — hTH(OX, X) —>
— WY OX, {x}) —
Since C'X 1is (strongly) contractible, h?(CX, {x}) = 0 for all ¢, and hence

0 is always an isomorphism. On the other hand, by Corollary 12.1.10,
p* 1 h(EX,{*}) — hY(CX,X) is an isomorphism, where p : (CX,X) —
(XX, {x}) is the quotient map. Therefore, we define the isomorphism s? as
the composite

—1

s BH(SX, #) = hH (52X, {x)) 25 bt (OX, X) 2
— (X, {mo}) = hU(X, z0) .

Using the exactness axiom for the cohomology theory h, it is immediate
to check that the reduced cohomology exactness axiom holds for h. We thus
have the following.

12.1.12 Theorem. If h4, 64, is a cohomology theory on Topy, then 71‘1, s
as defined above is a reduced cohomology theory on Top,. a

Conversely, given a reduced cohomology theory k* defined on Top,, we
consider the family of contravariant functors k* defined on Top, on objects
by setting

KX, A) = k(XT UCA™ x)
and on maps [ : (X,A) — (Y, B) by letting f* : Eq(Y,B) — EQ(X, A)
be given by the induced pointed map f : X+ UCA* —s Y+ U CB*, where
Z™ is the space Z U {x } for any space_ 7 with the obvious base point. The
natural transformations d : kq(A) — kq“(X A) are given by the composite

Ta(A) = ka(A+, ) 225 pari (At ) @8
s R (X U AT %) = BIHI(X, A),
since AUCH = AT, where p: XTUCAT — XTUCAT/X+ =Y AT is the

collapsing map (see 3.1.3), and 7 : AT — Y A* is the homotopy inverse of
the H-cogroup AT (see 2.10.3).
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12.1.13 NOTE. The inclusion (X,A4) — (X, A") induces a homeomor-
phism X UC'A =~ X+ UCA" from the unreduced cone of A < X onto the
reduced cone of AT — X", which maps the vertex of the unreduced cone
C’A to the base point of the reduced cone CA*. Therefore, we may use
either one or the other. Moreover, if the pair (X, A) has a nondegenerate
base point, that is, if the inclusion of the base point * < A is a cofibration,
then by 4.2.3 the canonical quotient map X UC’A — X UC A is a homotopy
equivalence.

12.1.14 EXERCISE. Prove that one has a long exact sequence for the pair
(X, A) for the functors k? and natural transformations 4. (Hint: Use the
exactness axiom for k and compare with the Barratt—Puppe sequence con-
struction, Section 3.5.)

We have the following result similar to Theorem 12.1.12.

12.1.15 Theorem. If k9, s, is a reduced cohomology theory on Tops, then
k%, 0, as defined above, is a cohomology theory on Tops. a

One might think that the two constructions above are inverse to each
other, that is, that starting with an unreduced cohomology theory, con-
structing its associated reduced theory and then passing from the latter to
its unreduced theory, we come back to the original theory. This is generally
not so. In what follows we establish criteria to see to what extent the given
(unreduced) theory and the one obtained after two steps coincide. Simi-
larly, we consider what happens when we start with a reduced theory. The
following definition will be useful.

12.1.16 DEFINITION. Let hj and hj be cohomology theories. A transforma-
tion T : hi — h3 of cohomology theories is a family of natural transforma-
tions T, : h{ — hi for ¢ € Z such that for every pair of spaces (X, A) one
has a commutative square

Hi(A) == B (X, 4)
qu Tq+1
By(A) —= g™ (X, A).
The transformation 7' is called an equivalence if each T is a natural equiva-

lence. There are corresponding notions of transformation and equivalence of
reduced cohomology theories.
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In order to compare the two constructions given above, we produce trans-

formations between h* and h* and between &* and &* and analyze under what
circumstances they are equivalences.

Since the inclusion of pairs (X TUC AT, {*}) — (XTUC AT, CA") induces
isomorphisms in cohomology (just take the exact sequences of both pairs
and observe that CA™ is contractible), given a cohomology theory h*, the
inclusion (X, A) — (XT UCAT,CA™T) induces a homomorphism

T, : h'(X,A) = hi(XT UCAT, %)
=~ pI(X+UCAT, CAT) — hi(X, A).

This is obviously a natural transformation compatible with the connecting
homomorphisms.

On the other hand, if the spaces involved have nondegenerate base points,
that is, if the inclusions of their base points are cofibrations, then the canon-
ical inclusion of pointed spaces (X,zg) — (X U CA™, %) is a homotopy
equivalence. Hence, given a reduced cohomology theory k*, there is an iso-
morphism

T KX, 20) = R(X, {zo}) = k(XU Cla}*, ) 2 k(X 20)

This is a natural equivalence, and one may prove that it is compatible with
the suspension isomorphisms. Therefore, starting from a reduced cohomology
theory we come back to the same theory, provided that the spaces we are
dealing with have nondegenerate base points. However, if we start with an
unreduced theory, this is not the case.

In order to get a one-to-one correspondence between reduced and unre-
duced theories, we need to introduce another axiom for a cohomology theory
h*.

Weak homotopy equivalence. Given a weak homotopy equivalence of
pairs of spaces f : (X, A) — (Y, B), then f*: h4(Y, B) — h9(X, A) is an
isomorphism for all ¢ € Z.

There is the corresponding axiom for a reduced theory k*.
Weak homotopy equivalence. Given a weak homotopy equivalence f :
X — Y, then f*: k9(Y, f(z)) — k9(X, x) is an isomorphism for all z € X,

q € 7.

We have the following result (cf. [76, 7.42, 7.44]).
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12.1.17 Theorem. Let h* be a cohomology theory and k* a reduced coho-
mology theory, each satisfying the weak homotopy equivalence axiom. Then

(a) T : K enh* is an equivalence of cohomology theories on the category
Topz, and

(b) T": kK — k* s an equivalence of reduced cohomology theories on the
category Tope of topological spaces with nondegenerate base points.

12.1.18 REMARK. If we are working in the category W7Top,. of pointed
spaces that have the same homotopy type as CW-complexes or the cate-
gory WTops of pairs of spaces of the same homotopy type as CW-pairs, then
by the Whitehead theorem 5.1.37, any cohomology theory satisfies the weak
homotopy equivalence axiom. Therefore, in these categories we have a one-
to-one correspondence between unreduced and reduced cohomology theories.

Of course, the corresponding result holds for homology theories.

Milnor introduced a further axiom to study infinite CW-complexes, which
allows us to prove a uniqueness theorem for homology and cohomology the-
ories.

Additivity. For every collection {(X,A\)}rea of pairs of topological spaces,
the inclusions iy : (Xy, Ax) = [[,c2(Xy, Ay) induce an isomorphism

(3) = hf (]_[ X, ]_[AA> — [ r(x5, Ay

AEA

And similarly, for a reduced cohomology theory k* we have the following
axiom.

Wedge. For every collection {(X,z)}rea of pointed topological spaces,

the inclusions iy : X <V JeA X, induce an isomorphism

(i) : kA <\/ XA,*> — [ R0 2).

AEA

There are the corresponding axioms in the case of homology, where the
direct products are exchanged for direct sums and the isomorphisms point in
the opposite direction. Theories that satisfy either axiom are called additive.
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Milnor proved the following uniqueness result for ordinary homology and
cohomology theories [56].

12.1.19 Theorem. Let h* (respectively h,) be an additive ordinary cohomol-
ogy (respectively homology) theory on WTopy with h°({*}) = G (respectively
ho({*}) = G). Then there is an equivalence of cohomology (respectively ho-
mology) theories

h— H*(—;G)
(respectively

he — H.(—;G) ).

Moreover, if h* (respectively h, ) satisfies the weak homotopy equivalence az-
iom, then both theories are equivalent in the category Tops of all pairs of
topological spaces.

Later on, in Section 12.3, we give an alternative proof to Milnor’s of this
result in the case of cohomology.

Since our homology and cohomology theories, as defined in Sections 5.3
and 7.1, are additive and satisfy the weak homotopy equivalence axiom (see
5.3.31 and 5.3.25 as well as 7.1.13 and 7.1.15), as do singular homology and
cohomology (see [67]), we have the following consequence.

12.1.20 Corollary. H.(—; Q) is equivalent to singular homology with coef-
ficients in G, and H*(—; G) is equivalent to singular cohomology with co-
efficients in G, both on the category Tops of all pairs of topological spaces.

O

One of the important things that can be obtained from the axioms of a
cohomology or homology theory is the Mayer—Vietoris exact sequence, which
we obtained using the cellular complexes for ordinary cohomology and ho-
mology (see 7.4.13).

12.1.21 DEFINITION. A triad of spaces (X; A, B) is called excisive with re-

spect to a cohomology theory h* (respectively a homology theory h.) if the
inclusions ¢ : (A,ANB) — (X,B)and j: (B,ANB) — (X, A) induce

isomorphisms
i h(X,B) — hi(A,ANB), 5 :hY(X,A) — h(B,ANB),
(respectively

iv hy(A AN B) — hy(X,B), j.: hy(B, AN B) — hy(X, A)))
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for all g. In fact one can prove that if i* (respectively 4,) is an isomorphism,
then j* (respectively j,) is also an isomorphism.

Examples of excisive triads for ordinary cohomology and homology are

excisive triads (X; A, B), that is, triads such that AU B = X, and also
CW-triads.

The following theorem generalizes Theorem 7.4.13 to every homology and
cohomology theory.

12.1.22 Theorem. Suppose that (X; A, B) is an excisive triad for a homol-
ogy theory h, and take C C AN B. Then there is an exact sequence in
homology

3 hy(AN B, C) -5 hy(A,C) & hy(B,C) — hy(X,0) -2
— hg1(ANB,C) — -+

where
Ble) = (i4(c), =ji()),  ala,b) =ii(a) + ji(b),
and the homomorphism O is the composite

3 hy(X,C) E5 hy(X,B) "5 hy(A, AN B) %5 hy (AN B,C)

and 0 is the connecting homomorphism in the homology theory h, for the
triple (A, AN B,C).

Also, if the triad is excisive with respect to a cohomology theory h*, then
there is an exact sequence in cohomology

S RYANB,O)
L RY(X,O) S h(A,C) @ hi(B,C) 5 hi(ANB,C) — -

where

and 6 is given by the composite
5 RITYANB,C) = hi(A, AN B) "5 hi(x, B) 5 ha(x, 0)

and § is again the connecting homomorphism in the cohomology theory h*
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or the triple n ere 1, 1 an are the inclusions
for th pl(AA BCH L33k, dk h [

AC (A4, AN B)
(ANB,C) (X,C), (X, B).
(B,C) (X,0)

The proof is obtained by putting together the exact sequences of the
triples (4, AN B,C) and (X, B, C) and using the fact that k& : (4, AN B) —
(X, B) induces isomorphisms. O

12.1.23 EXERCISE. Take C' = {x}, where 2y € AN B is the base point of
X, and construct the corresponding Mayer—Vietoris sequences for reduced
homology and cohomology.

12.2 BROWN REPRESENTABILITY THEOREM

In this section we present a beautiful result of E.-H. Brown [21] that treats
a general class of homotopy invariant functors in the category of path-
connected pointed spaces. The main theorem characterizes certain functors
on the subcategory of CW-complexes. We follow closely the proof given by
E.H. Spanier [67]. We start with some categorical considerations.

Let C be a category. Each object Cy of C defines a contravariant functor
C(—,Cy) : C —> Set,

given on objects by C' — C(C,Cy), where C(C, Cy) denotes the set of mor-
phisms in C from C to Cy, and on morphisms f : ¢ — D in C by
f# :C(fac()) :C(D7CO) —>C(C7OO)3 f#(@) = @Of

12.2.1 DEFINITION. A contravariant functor F : C — Set is said to be
representable if there is an object Cy in C and a natural equivalence e :
C(—,Cy) — F. In this case one says that Cy represents F. Cy will also be
called a classifying object for F.

The following is known as the Yoneda lemma.
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12.2.2 Lemma. Let F': C — Set be a contravariant functor. Then there is
a one-to-one correspondence between natural transformations e : C(—,Co) —
F and elements u € F(Cy). The correspondence is such that for each object
Cin C, ec : C(C,Cy) — F(C) is given by ec(v) = F(p)(u) for any
p: C — (.

Proof: Let e : C(—,Cy) — F be a natural transformation. Hence, given
any morphism ¢ : C — (), there is a commutative diagram

C(Co, Co) —2> F(Cy)

w#l iF(v)

C(C,Co) —= F(C).

If u=-ec,(1c,) € F(Cp), then by chasing this element around the diagram,
we have
ley——u

[

pr—=F(p)(u),
and therefore ec(p) = F(¢)(u).
Conversely, given u € F(Cp) and any object C' in C, define
ec: C(C,Co) — F(O)

by ec(¢) = F(p)(u). Then e is a natural transformation. O

12.2.3 DEFINITION. If F'is a representable functor and
e:C(—,Co) — F

is a natural equivalence, then the associated element according to the Yoneda
lemma, up = ec,(1¢,) € F(Ch), is called the universal element for F.

12.2.4 Proposition. Let F,G : C — Set be contravariant functors repre-
sented by Cy and Cj, respectively. Let k : ' — G be a natural transforma-
tion. Then there exists a unique morphism p : Cy — C{, such that for each
object C' in C the diagram
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commutes, where py(p) = po ¢ and ec, ey are the corresponding natural
equivalences. Furthermore, if k is a natural equivalence, then p is an iso-
morphism in C.

Proof: First, we shall try to make the diagram commute in the special case
where C' = Cy. So take 1¢, € C(Cy, Cp). Then up = eq,(1c,) € F(Co).
Since ey, is a bijection, there is a unique element p € C(Cp, Cj) such that
ecy(p) = Ky (ur).

Now take ¢ € C(C,Cp). Then, by Lemma 12.2.2; the naturality of x and
the definition of p, we have that

roeo(p) = ke F(p)(ur) = G(o)ra, (ur) = G(p)eg, (p) -

On the other hand,

eopu(p) = ep(po ) = G(pop)(ua) = G(e)G(p)(ua) = G(p)eg, (p) ,

where ug = e’cé(lcé) € G(CY}) is the universal element for G. Therefore,
keeo(p) = eppx(p), and so the diagram commutes.

The uniqueness of p follows immediately from the first paragraph of this
proof, since p is the unique morphism making the diagram commute in the
special case C' = C.

Finally, assume that x is a natural equivalence. Since for each object C
in C, ko : F(C) — G(C) is a bijection, we have that the inverse functions
ko't G(C) — F(C) determine a natural transformation % : G — F such
that o = /@51. By the first part, there is a unique morphism p : C{ — Cy
corresponding to ®. For each C' in C, the composite R¢ o k¢ is the identity
F(C) — F(C), and the composite k¢ o e is the identity G(C) — G(C).
But these composites also correspond to po p and pop according to the first
part of the proposition. By the uniqueness we have that po p = 1¢, and
pop = lg. Hence, if £ is a natural equivalence, then p is an isomorphism.

O

12.2.5 Corollary. Let F: C — Set be a representable contravariant func-
tor. If Cy, C§ are representing objects for F with universal elements up,
up, respectively, then there is an isomorphism p : Cy — C{ such that

F(p)(up) = up.

Proof: By assumption we have natural equivalences

e:C(—,Co) — F, ¢:0(-,Cj — F,



12.2 BROWN REPRESENTABILITY THEOREM 397

so that A = ¢"toe: C(—,Cy) — C(—,C}) is a natural equivalence. By
the previous proposition, A determines a unique isomorphism p : Cy — C})
such that for every object C' in C, A¢ : C(C,Cy) — C(C,Cy) is given by
Ae(f) = po f. So in particular, Ag,(1¢,) = p.

Recall that the universal elements are given by up = ec,(l¢,) and u}fp =
e’cé(lc[/)). Thus by the naturality of ¢’ and the equality for p shown above
we have that F(p)(uf) = F(p)e/c(,)(lcé) = eg,(p) = e, Ac(1g,). But by the
definition of A\ we have ¢’ o A = e and hence eg Ao, (1c,) = ecy(le,) = ur.
Thus F(p)(uy) = up, as desired. O

12.2.6 EXERCISE. State and prove the converse of 12.2.4.

Recall that we defined the cohomology groups of a CW-complex X with
coefficients in G by H"(X) = [X, K(G,n)], where K(G,n) is the Eilenberg—
Mac Lane space with a single nonvanishing homotopy group in dimension n,
this group being isomorphic to G. Notice that from 4.4.7, since K (G, n) is a
path-connected H-space for n > 1, pointed and unpointed homotopy classes
coincide, since (X, zp) is a well-pointed space (o is a 0-cell). Therefore, for
any pointed CW-complex (X, o),

H'(X) = [X,20; K(G,n),x] (n>1).

More generally, for any fixed pointed topological space (Y,yo), we set
7Y(X) = [X,70;Y,90). This is obviously a contravariant functor from the
category Top, of pointed topological spaces and continuous maps preserving
base points to the category Set, of pointed sets and pointed functions, since
for any pointed map f : (X', z) — (X, z9) we define a pointed function

(X)) — (X

by f*[a] = [«o f], which satisfies the required functor axioms. Here the base
points of the sets 7Y (X), 7Y (X’) are the homotopy classes of the constant
maps.

Strictly speaking, there is another category structure on the objects of
Top., where the morphisms are homotopy classes of maps between pointed
spaces. Specifically, given pointed spaces X, Y, a morphism [f] : X — Y is
a pointed homotopy class [f], where f : X — Y is any pointed map. The
composition is given by [g] o [f] = [g o f], and the identity morphism of X is
the class 1x = [idx]. Observe that these morphisms are not functions of the
underlying sets anymore. The corresponding category is denoted by Top!
and is called the pointed homotopy category. Then, given pointed spaces X,
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Y, the morphism set Top"(X,Y) is precisely [X,Y]., and thus the functor
7Y defined above is nothing but the functor Top"(—,Y), which is a special
case of the situation considered at the beginning of this section.

What we shall study in the sequel are conditions that characterize the
functors 7" restricted to the category P7Topg of path-connected spaces with
nondegenerate base points; that is, we shall study the conditions a functor T’
must satisfy in order that it become naturally equivalent to one of the form

7 or, in other words, to be representable.

12.2.7 DEFINITION. Consider a contravariant homotopy functor, that is, a
functor T' : Top" — Set,, from the pointed homotopy category to the cat-
egory of pointed sets and pointed functions. We use the following notation.
If X CY and v € T(Y), then v|X denotes the element T([{])(v) € T(X),
where ¢ : X < Y denotes the inclusion map. We call T a Brown functor if
it fulfills the following two axioms.

Wedge. If {X,} is a family of pointed spaces and i, : X — VX, is the
inclusion, then

(T(in)) : T (\/ xa> — [[7(x0)

is an equivalence of sets.

Mayer—Vietoris. Let (X; A, B) be an excisive triad. Then for any u € T'(A)
and v € T(B) such that u|AN B = v|AN B, there exists z € T(X) such that
z|A=wand z|B =v.

12.2.8 EXaAMPLE. Using the axioms of functoriality, homotopy, and exact-
ness (namely, the Eilenberg—Steenrod axioms excluding the dimension axiom)
for an ordinary cohomology theory, one has for each g that H? is a homotopy
functor that satisfies the axioms for a Brown functor, except for the fact that
the wedge axiom need hold only for finite families. However, by 7.1.13 our
ordinary cohomology does satisfy the wedge axiom fully.

12.2.9 EXERCISE. Show that the Mayer—Vietoris axiom for H? follows from
the reduced Mayer—Vietoris exact sequence for H*. (Cf. 7.4.13 and 12.1.23.)

The next is an important concept for what follows.

12.2.10 DEFINITION. Given pointed homotopy classes [f], [¢] : C — Y, a
coequalizer for them is a pointed homotopy class [j] : ¥ — X, such that:
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(i) [J] o [f] = [4] o [g], or speaking informally, [f] and [g], become equal
after composition with [j].

(i) If [j] - Y — X' is a pointed homotopy class such that [j'] o [f] =
[7']o[g], then there exists a unique [g] : X — X’ such that [j'] = [g]o[j].

In other words, the underlying pointed map ¢ : X — X’ is such that in the
diagram

R J
C Y—X
g |
\ 19
7’ \s
X/
the two composites on the top are homotopic, and if the two composites

down diagonally to the right are also homotopic, then the vertical map exists
uniquely up to homotopy, so that the triangle commutes up to homotopy.

Coequalizers exist. Namely, given pointed maps f, g : ¢ — Y, take
X to be the double attaching cylinder Y Uf, Cx1I=CxIUY/~, where
(¢,0) ~ f(c), (¢, 1) ~ g(c), (co,t) ~ yo for c € C, t € I and where ¢y, yo are
the corresponding base points. It is then easy to prove the following result.

12.2.11 Proposition. The homotopy class [j] : Y — X of the map j such
that j(y) = q(y), where g : CxIUY — X is the quotient map, is a coequalizer
for [f] and [g). 0

12.2.12 Proposition. Assume that the functor T' satisfies the Mayer—Vie-
toris axiom. Then it has the following property. If f,g : C — Y are
pointed maps and w € T(Y) satisfies T([f])(w) = T([g])(w) € T(C), then
there exists v € T(X) such that T([j])(v) = w, where [j] : Y — X is a
coequalizer for [f] and [g].

Proof: Let X' =Y Uf, C x I be the double attaching cylinder of f and g.
Take A=Y U; C x[0,1) and B =Y U9 C x (0,1] C X’. Then the triple
(X'; A, B) is excisive, and ANB = C'x (0, 1), which has the homotopy type of
C.Letp: A— Y, q: B—Y be the canonical projections, which are also
homotopy equivalences, and let u = T'([p])(w) € T(A) and v = T([¢q])(w) €
T(B). Then T([f])(w) = T([g])(w) € T(C) implies u|/AN B =v|AN B. By
the Mayer—Vietoris axiom for 7', there exists z € T(X’) such that z|A = u
and z|B = v.

Now, the inclusion j' : ¥V — A =Y U; C' x [0,1) - X is such that
j'of ~ j og. Since [j] : Y — X is a coequalizer, there exists a map
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g : X — X' such that g o j ~ j'. Then the element v = T'([g])(z) € T(X)
is such that T'([j])(v) = w. O

Let T be a Brown functor. In order to show that it is representable, say
by a pointed space Y, by the Yoneda lemma, it is enough to construct a
space Y and a universal element v € T(Y'). The space Y will be called a
classifying space for T

One can produce universal elements, as we shall see below. First we have
the following result.

12.2.13 Proposition. If T is a Brown functor and % denotes the one-point
space, then T'(x) is a set that also consists of a single element.

Proof: By the wedge axiom, there is an equivalence of sets
T(xV*) ZT(x) x T(x).

Since x V * = x, the equivalence becomes the diagonal function T'(x) —
T'(x) x T(x), and this equivalence holds only if T'(x) has a single element. O

12.2.14 Proposition. If T is a Brown functor and X = Y X' is the sus-
pension of some space, then T(X) can be given a group structure with the

distinguished element in the pointed set T(X) as neutral element. It is abelian
if X' =XX".

Proof: This follows from the fact that if X is a suspension, then it is an
H-cospace and has an H-comultiplication X — X V X (see 2.10.4), which,
using the wedge axiom, induces a multiplication

T(X) x T(X) 2 T(X VX) — T(X),

making 7'(X) a group.

If X is a double suspension, namely X = ¥2X”  then T(X) inherits
two group structures, which have a common bilateral unit and are mutually
distributive. By 2.10.10, these two structures coincide and turn 7'(X) into
an abelian group. O

If T is a (Brown) functor and v € T(Y), then by the Yoneda lemma
12.2.2 there is a natural transformation e : 7¥ — T.
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12.2.15 DEFINITION. Given a Brown functor T and a space Y, we say that
an element u € T(Y) is an n-universal element if the function

pu T (87) = my(Y) — T(S)

given by . ([f]) = es«([f]) = T([f])(w) is an isomorphism for ¢ < n and an
epimorphism for ¢ = n. An element v € T(Y) is an co-universal element if
it is n-universal for all n > 1.

We shall construct below n-universal elements for 7' by induction on 7.

12.2.16 Lemma. Given a Brown functor T, a topological space X, and an
element v € T(X), there exists a space Y1 D X together with a 1-universal
element u; € T(Y1) such that ui| X = v.

Proof: For every element o € T(S') take a copy S} of S! and construct
Y: = X VV,S,. Then by the wedge axiom, there is an equivalence of sets

T(Y1) = T(X) x [7(S)).

Take u; € T(Y7) corresponding to the element

(v, (@) € T(X) x [ T(S2)

under the equivalence. Then ¢, : m1(Y;) — T(S') is surjective, since every
a € T(S') satisfies @, ([ia]) = T([ia])(u) = @, where i, : S' — Y} includes
St as S.. Moreover, X C Y; and uy|X = v. 0

12.2.17 Lemma. Given a Brown functor T, a space X, and an element
v € T(X), there exists a space Yy, obtained from X by attaching cells of
dimension less than or equal to n, together with an n-universal element u,, €

T(Y,) such that u,|X = v.

Proof: We can assume inductively that we have constructed Y;,_; such that
X C Y, (obtained from X attaching cells of dimension less than or equal
to n — 1) together with an (n — 1)-universal element u, ; € T(Y,_1) such
that u,_1|X = v.

We construct Y, as follows. For every element 3 € T'(S") take a copy Sj
of S"and set Y, =Y, _1VV 5Sj. By the wedge axiom, there is an equivalence
of sets

I

T(Y,)

n

T(Y,a) x []7(Sp).
B
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Take u/, € T(Y,)) corresponding to the element

(tn-1,(8)) € T(Ya-r) x [[ T(SH)
8

under the equivalence. Then as before, ¢, : m,(Y,) — T'(S") is surjective.

Now, every element o € m,_1(Y,) such that ¢, (o) = 0 € T(S*!) is
represented by a map f, : S*! = S"! — V. For each o we shall attach
an n cell with f, as attaching map. In other words, define Y,, as the mapping
cone Cy of the map f:\/, St~ — Y/, where f|S"! = f,.

Since Y, is obtained from Y, and thus also from Y,,_;, by attaching n-
cells and since m,(Y;,) depends only on the (n—1)-skeleton of Y;, for ¢ < n—2,
it follows that the map

T (ST) = 7g(Yao1) — m (Vo) = 7 (S7)

induced by the inclusion is an isomorphism for ¢ < n—2 and an epimorphism
forq=n—1.

We now construct an n-universal element w,, € T'(Y},) such that u,|Y,_; =
Up—1. It will then follow that w,|X = v.

Consider

n

i -
n—1——>v/ ¢ J
\/a Sa - Y -1 Y:rz 9
t

where i is the inclusion and ¢ is the constant map. Then T'([i])(u),) =
T([t]) (ul,). Moreover, [j] : Y._, < Y,, is a coequalizer for [i] and [t]. Thus, by
the Mayer—Vietoris axiom, there exists u,, € T'(Y;,) such that u,|Y,—1 = ;1.

We now show that u, is n-universal. We have a commutative triangle

o(Yoo1) 2 To(Ya)

m Pun

7(s7),

where j, is an isomorphism for ¢ < n — 2 and an epimorphism for ¢ =n — 1.
Moreover, ¢, , is an isomorphism for ¢ < n — 2 and an epimorphism for
q¢ =n—1. Thus ¢,, is an isomorphism for ¢ < n—2 and an epimorphism for
g = n—1. In order to show that it is a monomorphism for ¢ = n — 1, assume
that ¢y, (7) = 0 for some v € 7,_1(Y,). Since j. is an epimorphism for ¢ =
n — 1, there exists v € m,—1(Y,—1) with j.(7') = . But then ¢, ,(v/) =0
and thus v = a € ker(g,, ,) and j.(a) = 0, since we attached a cell for
every element « € ker(y,, ,). Thus v = 0, and ¢,, is an isomorphism also
forg=n—1.
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Now it is clear that ¢, is an epimorphism for ¢ = n, since ¢,; is an
epimorphism and the triangle

Tn, (Yyi) T, (Yn>

Do Punp

)

commutes. Hence, u, is n-universal. g

12.2.18 Theorem. Let T be a Brown functor, Yy a pointed space, and ug €
T(Yy). Then there is a pointed space Y obtained from Yy by attaching cells
together with an oco-universal element u € T(Y') such that u|Yy = uo.

Proof: We construct a space Y and an element u € T(Y) such that ¢, :
7 (Y) — T(S?) is an isomorphism for all g.

Given a space Yy and ug € T(Yp), by 12.2.17 we have a sequence
YOCleyQC”.Cync...

together with n-universal elements u, € T(Y,), where each Y, is obtained
from Y,,_; by attaching cells of dimension less than or equal to n. Let Y =
U, Y, with the topology of the union. One has

colimm,(Y;,) =2 m,(Y).

Consider the maps

for i1\ Yo — \/ Ya,

where fo|Y, =i, : Y, = Y, 41 and fi = idy, y,. Then the homotopy class of
i:V, Y, — Y such that 4|, : ¥, — Y is a coequalizer for [fy] and [fi].
Moreover, the element (u,) € [[T(Y,) maps to (u,) under both T([fo]) and
T([f1]). Hence, by the Mayer—Vietoris axiom, there exists v € T(Y") such
that u|Y,, = u,. Then

colim 7, (Y,) m,(Y)
m‘ %

commutes, implying that ¢, is an isomorphism for all ¢. Thus u € T(Y) is
an oco-universal element. O
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12.2.19 Theorem. Let T be a Brown functor. If Y andY’ are pointed CW -
complexes with co-universal elements v € T(Y) and v € T(Y'), then there
exists a homotopy equivalence f:Y — Y’ such that T([f])(v') = u.

Proof: Take Yo =Y VY'. Let ug € T(Yy) correspond to (u,u’) € T(Y) x
T(Y’) using the wedge axiom. Then by 12.2.18 there exists Y containing
Y, together with an oo-universal element «” € T(Y") such that u”|Yy = wy.
The composite j: Y — Yy =Y VY’ — Y” induces

T (Y) & T (Y")

1R
IR

Pu @y

T(s7),

so that j, is an isomorphism for all ¢. Hence, j : ¥ < Y” is a weak
homotopy equivalence, and thus a homotopy equivalence, since ¥ and Y
are CW-complexes. Similarly, 7/ : Y/ < Y” is a homotopy equivalence. If
7" Y"” — Y is a homotopy inverse of j', then the composite

f:Y jgyl/ jl/gyl

is a homotopy equivalence such that T'([f])(v') = . O

12.2.20 Proposition. Let T' be a Brown functor, ¥ a CW-complezx, and
u € T(Y) an oco-universal element and (X, A) a CW-pair. Given a pointed
map g : A —Y and an element v € T(X) such that v|A = T([g])(u), then
there exists an extension f : X — Y of g such that v = T([f])(u).

Proof: Consider the diagram

N

XvYy-—1-2,

N A

where i, 49, i1 are the inclusions and j is such that [j] is a coequalizer for
[ig) o [i] and [i1] o [g]. By the construction of coequalizers (see 12.2.11) Z
is a CW-complex. By the wedge axiom there is an element v' € T(X VY)
such that v/|X = v and v'|Y = u. By the Mayer—Vietoris axiom there exists
w € T(Z) such that T([5])(w) =v'.
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By 12.2.18 there is a pointed space Y’ obtained from Z by attaching
cells, hence a CW-complex together with an co-universal element v’ € T'(Y”)
such that «/|Z = ¢'. Since we already have a pointed space Y together
with a universal element v € T'(Y"), 12.2.19 implies that there is a homotopy
equivalence h : Y’ — Y such that T'([])(u) = u'.

Define f’ as the composite

faX S xvy Legctoyrt

Y.

Then g ~ f'o1. Since i : A — X is a cofibration, we may extend a homotopy
between f’oi and g starting with f’ and thus obtain f ~ f such that foi = g.
]

12.2.21 Proposition. Letu € T(Y) be an co-universal element. Then u is
a universal element in the category of pointed CW-complexes, and therefore
Y is a classifying space for T. In other words, if X is a pointed CW -complez,
then @, : 77 (X) — T(X) is a bijection, and thus it determines a natural
equivalence ¥ — T.

Proof: We shall prove that ¢, is one-to-one and onto. To see that it is onto,
take an element v € T'(X). We may apply Proposition 12.2.20 for A = {z¢}
the base point of X. Therefore, there exists a map f: X — Y extending
the inclusion g : {zo} < Y onto the base point of ¥ in such a way that
T([f])(u) = v. Hence ¢, ([f]) = T([f])(u) = v, and so ¢, is surjective.

To see that ¢, is one-to-one, suppose that ¢, ([go]) = ¢u([01]), (90, [91] €
¥ (X). That is, T([go])(u) = T([g1])(u). The space X’ = X x I/{xo} x I
is a CW-complex with g-skeleton X'? = (X% x I/{xo} x [) U X? x 9. Take
now A =X x dI/{xo} x OI. Observe that A~ X V X. Defineg: A — Y
by gp(z,0) = go(x) and gp(z,1) = g1(x), where p : X x I — A is the
quotient map. On the other hand, the projection p : X’ — X is a homotopy
equivalence. Take v' = T([p])T([go])(u) € T(X’). Then, if j : A — X' is
the inclusion, T'([j])(v") corresponds to the element (T'([go])(u), T([g1])(u)) €
T(X) x T(X) = T(A) by the wedge axiom. By Proposition 12.2.20 there
exists an extension of g to f : X’ — Y such that T'([f])(u) = v'. But then
the composite

H:X x>y Loy,
where p : X x I € X’ is the quotient map, is a homotopy between gy and ¢;.
Thus [go] = [01], and ¢, is injective. O

Assume that T is a Brown functor. Take the singleton space * and the
single element uy € T'(%) according to Proposition 12.2.13. From Theorems
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12.2.18 and 12.2.19, taking Yy = %, there is a pointed space Y, unique up to
homotopy, and an oco-universal element v € T'(Y). Finally, by Proposition
12.2.21 there is a natural equivalence ¥ — T in the category of pointed
CW-complexes; in other words, for every pointed CW-complex X there is a
bijection
Oy [X,Y]., — T(X)

such that ®x[f] = T([f])(u). That is, the functor T is representable. We
have then the main result of this section.

12.2.22 Theorem. (Brown representability theorem) Fvery Brown functor
T is representable in the category of path-connected pointed CW-complezes.
More specifically, there is a pointed CW-complex Y, unique up to homotopy,
and a natural equivalence

®:[—,Y],——T. -

12.3 SPECTRA

In this section we show, using the Brown theorem, that any generalized
cohomology theory determines a family of topological spaces linked together
with a special structure, which constitutes a so-called spectrum.

Let k* be a cohomology theory defined on W7Top,, the category of pointed
CW-complexes, and satisfying the wedge axiom. For simplicity in what
follows, we omit writing the base point. We thus write k™(X) instead of
E"(X,x). If (X;A,B) is a pointed CW-triad, then it is excisive with re-
spect to k* and there is a Mayer—Vietoris sequence for this triad (see 12.1.23).
The exactness of this sequence at k™(A) @ k™(B) implies that each homo-
topy functor k™ satisfies the Mayer—Vietoris axiom for a Brown functor (see
12.2.9). Then by the Brown theorem 12.2.22 there exists a pointed connected
CW-complex L, unique up to homotopy, and a natural equivalence

Y, L], — k™(Y)

for each connected pointed CW-complex Y. Define spaces P, as the loop
spaces
P, = QLnJrl ;

for each n € Z. Moreover, if X is any pointed CW-complex, then its re-
duced suspension ¥ X is connected, and so k"X X) & [¥X, L, ;1] Now,
since k* is a reduced cohomology theory, there is a natural equivalence
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Syt k"TH(ZX) = k"(X) for each n. On the other hand, by 2.10.5 there is
another natural equivalence [XX, Ly1]« = [X, QL 41].. Therefore, putting
all these natural equivalences together, we have that

EY(X) 2 E"TN(8X) 2 [BX, Ly 2 [X, QL. = [X, Po)s

for any pointed CW-complex X.

Since each L, is unique up to homotopy, P, is also unique up to homo-
topy. Thus we can associate to the reduced cohomology theory £* the family
{P, }nez. Milnor proved in [54] that the loop space of a CW-complex has the
homotopy type of a CW-complex; therefore, each space P, has the homotopy
type of a CW-complex.

We now establish a relationship between the spaces P, for different values
of m. For this, consider again the suspension isomorphisms s, : k"*1(3X) =
E™(X). We have the composite of natural equivalences

X, P = K'(X) = k" (£X) = [EX, Pl 2 [X, QP

for any pointed CW-complex X. Since there are CW-complexes K, L such
that K ~ P, and L ~ QP,.1, then we have a natural equivalence

(X, K], = [X, L],

for any CW-complex X. By 12.2.4, for this natural equivalence there is a
corresponding homotopy equivalence K’ — L, which in turn corresponds to
a homotopy equivalence ¢, : P, — QP,11.

Such a family of spaces { P, },.ez together with the homotopy equivalences
€+ P, — QP,;1 is an instance of what used to be called an -spectrum.
Now it is called an Q-prespectrum, as defined by May [51]. Observe that
from the bijection [EF,, Pyi1]e = [Pn, QP,41]« the maps €, have adjoints
En: XP, — P,y1. We are led to the following definition.

12.3.1 DEFINITION. An Q-prespectrum consists of a collection of pointed
spaces {P, }nez and weak homotopy equivalences e, : P, — QP 1.

Therefore, we have the following result.

12.3.2 Theorem. FEach additive reduced cohomology theory k* on the cate-
gory WTope of pointed spaces of the homotopy type of a CW-complex deter-
mines an Q-prespectrum P such that for any X, k"(X) = [X, P,].. This is
called the associated Q-prespectrum of k*. a
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Conversely, let P = {P,} be an Q-prespectrum. Then we can define an
associated reduced cohomology theory, usually denoted by the same letter P,
such that if X is any pointed CW-complex, then

PY(X)=[X,P)..

The suspension isomorphisms s™ are given by

e En :1 e
PUEX) = [BX, Pl 2 [X, Pl @5 (X, P, = P'(X),

where the weak homotopy equivalence ¢, induces a bijection by 5.1.33. In
particular, the bijection ﬁ”(X) >~ [¥2X, P,,»] induces the structure of an
abelian group on ﬁ"(X) Proposition 3.3.8 shows that if A C X, then we
have an exact sequence

P (X UCA) — P(X) — P"(A).

This shows that the exactness axiom is satisfied. Using CW-approximations,
we can extend the theory P* to the category Top, of pointed topological
spaces. Hence we have the following.

12.3.3 Theorem. If P is an Q—prespecjrum, then the Jf}mctors pr Top. —
A together with the isomorphisms s : PPTY(XX) — P(X) for any pointed
space X are an additive reduced cohomology theory. a

Let S : k* — K'* be a transformation of additive reduced cohomology
theories (see 12.1.16) such that for the 0-sphere S° one has an isomorphism

Sso : k"(S%) — E™(SY)
for all n € Z. The following is a commutative diagram:

kn—q(SO) SZO kln—q(SO)

K (S7) —— K"(SY),

where s? and s'? are the corresponding composites of suspension isomor-
phisms. Thus Sse : £™(S?) — £™(S?) is an isomorphism for all g.

Assume now that P is the Q2-spectrum associated to k& and P’ that asso-
ciated to k’. So one has natural equivalences ¢ : k" — [—, B, ¢ : k'™ —
[, P/]«. By 12.2.4, there is a map p,, : P, — P}, such that ¢\ Sx = ppzex.



12.3 SPECTRA 409

Therefore, for any sphere X = S%, pnu @ [S?, Py). — [SY, P}, is an iso-
morphism. Thus p, is a weak homotopy equivalence, and since P,, P, have
the homotopy type of a CW-complex, p, is a homotopy equivalence. Conse-
quently, ppz : [X, Py). — [X, P}]. is also an isomorphism for every pointed
space X, and so Sx : k"(X) — k(X)) is an isomorphism.

We have proved the following comparison theorem, which, in a sense,
generalizes 12.1.19.

12.3.4 Theorem. Assume that k*, k'* are additive reduced cohomology the-
ories on WTope and let S : k* — k'* be a transformation such that

Sso : K"(S°) — K'™(S”)

is an isomorphism for alln. Then S is an equivalence of cohomology theories,
that is,

Sx : EM(X) — E™(X)
s an isomorphism for all n and every pointed space X of the homotopy type

of a CW-complez. O

12.3.5 REMARK. If the theories k* and k™ above satisfy the weak homotopy
equivalence axiom, then they are equivalent in Top,.

In the case of ordinary cohomology theories, we have the following result.

12.3.6 Theorem. Let k*, k' be ordinary additive reduced cohomology the-
ories on WTope such that there is an isomorphism of coefficients

7 k2(SY) — KO(SY).
Then T induces an equivalence of cohomology theories
Sk — K.
Proof: By 12.3.2 there are associated Q-prespectra P, P’ such that B,, and
P! have the homotopy type of a CW-complex and
EM(X) 2 [X, P, E™M(X) = [X, P,

for all n and for all pointed spaces X of the homotopy type of a CW-complex.
We have

0 ifg+#n,

q(P) = [S7, B]. 2 k"(S7) = k"79(S°) = )
G ifg=mn,
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where G = k°(S?). In other words, each P, is an Eilenberg-Mac Lane space
of type (G,n). Analogously, P, is an Eilenberg-Mac Lane space of type
(G',n), where G' = k'°(SP).

By 6.4.9, the isomorphism 7 can be realized by a homotopy equivalence
pn P, — P! for each n € Z. Thus it defines an equivalence

Sk — K. 0

12.3.7 REMARK. If the theories k* and k" in the two previous theorems
also satisfy the weak homotopy equivalence axiom, then they are equivalent
in Top,.

12.3.8 EXAMPLES.

1. Let G be an abelian group. Then the family of Eilenberg—Mac Lane
spaces {K(G,n)} constitutes an Q-prespectrum, where the homotopy
equivalences

en K(G,n) — QK (G,n+1)

are given as follows. Since
T (QK(G,n+ 1)) = 1 (K(G,n+ 1))

and
Tq(K(G,n)) = w1 (K(G,n + 1)),

one has
T, (K(G,n)) = m(QK(G,n+1)) forallg>0.
Therefore, by 6.4.6, there is a map
en: K(G,n) — QK(G,n+1)
inducing the isomorphism
T (K(G,n)) = m,(QK(G,n+1)).

Since all the other homotopy groups are zero, &, is a weak homotopy
equivalence. Moreover, QK (G, n+ 1) has the homotopy type of a CW-
complex, and so by the Whitehead theorem 5.1.37, ¢,, is a homotopy
equivalence.

The Q-prespectrum HG, where HG,, = K(G,n) for n > 0 and HG,, =
{*} for n < 0, is called an Eilenberg-Mac Lane (pre)spectrum. Hence
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the ci)homology theory defined by HG is precisely the cohomology the-
ory H(—;G) defined in Chapter 7. Thus for any n,

HG"(X) = H"(X;G)
for every pointed space X.

2. The family of spaces P, = BU X Z and P»,.; = QBU for n € Z,
has the property that P,y = QBU = Q(BU x Z) = QP,, and P, =
BU x Z ~ Q?BU = QP,,,1 by the Bott periodicity theorem 9.5.1.
Hence this family is an (2-prespectrum called the BU-spectrum, usually
denoted by K. The associated cohomology theory K* is called complex
K -cohomology. This is the theory defined in Section 9.5. If X is a finite-
dimensional CW-complex, then by 9.4.9, K°(X) = K(X). Taking
unpointed homotopy classes gives K (X) 2 [X,BU x Z] = K°(X*) for
any finite-dimensional CW-complex X.

3. Similarly, the family of spaces Py, = Q' BO X Z, 0 <r <8, n € Z,
together with eg, : BO x Z — Q8BO x Z given by the real Bott
periodicity, and the identity in other dimensions, has the structure of
an {2-prespectrum called the BO-spectrum.

12.3.9 DEFINITION. A family of pointed spaces { P,} together with pointed
maps o, : P, — P,1 (where the adjoint maps &, : P, — 2P, are not
necessarily weak homotopy equivalences) is called a prespectrum P. If P and
P’ are prespectra, then a map of prespectra f : P — P’ consists af a family
of maps f, : P, — P! such that the diagram

»p, 2 sp

On l l O';L

P,y ——>P
Ty Tt

commutes for all n € Z.

A typical example of a prespectrum is the so-called suspension spectrum
SX associated to any pointed space X, which is defined by

n 3 >
§X, = rX %fn_O,
* ifn <0,

with the maps o, given by the obvious homeomorphisms o, : X¥"X —
YL X, A special case of this is the sphere prespectrum S consisting of all
spheres. Other examples are the Thom spectra, which appear in cobordism
theories (see [76]), as we shall see below.
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12.3.10 DEFINITION. Given a prespectrum P = {P,}, we define its homo-

topy groups by
mn(P) = co}eim Tk (Pe)

where the colimit is taken over the homomorphisms given by the composite

Tk (Pe) — Tt (5P) = Tkt (Prst) -

12.3.11 ExaMpPLE. If X is a pointed space and SX is its suspension prespec-
trum, then its homotopy groups 7,(SX) are the so-called stable homotopy
groups of X and are usually denoted by 7% (X). In particular, taking X = S,
that is, if one takes the sphere prespectrum S, then m,(S) is known as the
n-stem and is simply denoted by ;.

In order to study invariants that are, so to speak, independent of the
dimension, like the stable groups that appear in the Freudenthal suspension
theorem, it is necessary to define a good stable homotopy category. This is
not an easy matter; the first satisfactory construction was given by Board-
man. We now follow May’s approach [44].

The first step is to consider prespectra as the objects of this category P
and their maps as the morphisms of P.

The next step is to consider a good family of prespectra; this is the family
of CW-prespectra. A CW-prespectrum W is a collection of CW-complexes
W,, and cellular inclusions o, : XW,, < W 11.

12.3.12 DEFINITION. Given a CW-prespectrum W = {W,} and a pointed
CW-complex X, one can define groups

W"(X) =X, colim QT 4.,

where the colimit is taken over the maps %G, : Q*W, 1, — QW 0ia
and where 7, is the adjoint of o,,,4. We also define groups

Wo(X) = m(W A X),

where W A X is the prespectrum given by (WA X),, = W,, AX with structure
maps o, = o, Aidx.

__ One easily defines isomorphisms W (X)) — Wn(X) and W, (X) —
W,11(2X), and one has the following theorem.
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12.3.13 Theorem. Let W = {W,,} be a CW-prespectrum. Then the groups
W"(X) define an additive reduced cohomology theory and the groups and
W,L(X) define an additive reduced homology theory, both on the category
WTop, of pointed CW-complexes. These are the associated reduced coho-
mology and homology theories for W.

12.3.14 REMARK. These theories can be extended to any pointed space X
by taking a CW-approximation X.

For the proof we refer the reader to [76]. O

12.3.15 EXERCISE. Prove that the associated reduced cohomology and ho-
mology theories for the CW-prespectrum HG are ordinary; more precisely,
prove that

G ifn=0,
e (So)g{o if n #£ 0,

HG,(S) = ,
0 ifn#0.

(Hint: Prove that for any CW-prespectrum W that is an Q-prespectrum,

colimy, Q¥W,, 1, ~ W,,.) By applying 12.1.19, conclude that HG' and HG, are

equivalent to H*(—; G) and H,(—; G), respectively, on the category WTop..

12.3.16 EXAMPLE. For the sphere prespectrum S the associated cohomol-
ogy theory is given by the stable cohomotopy groups 7%(X) and is the so-
called stable cohomotopy theory. Its associated homology theory is given by
the stable homotopy groups 72 (X) and is the so-called stable homotopy the-
ory. There are also K-homology theories associated to the prespectra BU
and BO.

12.3.17 DEFINITION. A spectrum is a prespectrum, { £, },cz together with
o, : B, — E, 1, such that the adjoint maps o, : E, — QF,,, are
homeomorphisms.

If £ and E’ are spectra, then a map of spectra f : E — FE’ is a map of
the underlying prespectra.

Let S denote the category of spectra and let P be the category of pre-
spectra. Then the functor F': § — P that “forgets” the spectrum structure
has a left adjoint L : P — S defined as follows. If P is a prespectrum such
that each &, : P, — 2P, is an inclusion, then let L(P) be the spectrum
such that L(P), = colimy Q*P, ., where the colimit is taken with respect
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to the maps Q%G : QP — Qk“PnJFkH fork>0 If f: P— P
is a map of prespectra, then L(f) : L(P) — L(P’) is given by L(f), =
colim , ¥ f,, 1, for each n. The definition of L for an arbitrary prespectrum
is more complicated (see [44]).

Since L is a left adjoint functor of F', there is a bijection between mor-
phism sets
S(L(P), E) «— P(P, F(E))
for any prespectrum P and any spectrum F.

The category CW-S of CW-spectra is the image under L of the category
CW-P of CW-prespectra.

To define the stable homotopy category we consider the following. For
any spectrum FE take the prespectrum whose nth space is E,, A [0,1]T and
apply the functor L to it. The result is denoted by Cyl(E). We say that the
maps fo, f1 : B —> E’ of spectra are homotopic if there is a map of spectra
h: Cyl(E) — E' such that h|E x {v} = f,, v = 0,1. The stable homotopy
category has the same objects as CW-S, and the homotopy classes of maps
of spectra as morphisms.

In the category of spectra we have the obvious concept of a weak homo-
topy equivalence and similar results to the more common ones presented in
Chapter 5.

12.3.18 Theorem. In the category S of spectra we have the following facts:

(a) For any spectrum E there is a CW-spectrum W and a weak homotopy
equivalence f: W — FE.

(b) Let E and E’ be spectra and let f : E — E’ be a weak homotopy
equivalence. Then for any CW-spectrum K we have that [ : [K, E] —
[K, E'] is bijective.

(c) Every weak homotopy equivalence between CW-spectra is a homotopy

equivalence.

Finally, we remark that there is a homology (covariant) version of the
Brown representability theorem, expressed in terms of spectra, which is due
to Adams [3].

12.3.19 Theorem. Let k be a reduced homology theory defined on the cate-
gory WTop, of pointed CW-complezes satisfying

colimk(X;) = k(X),
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where {X;} is the family of all finite subcomplezes of X. Then there is an Q-
prespectrum P such that k is the homology theory corresponding to P. That
18, there is an equivalence of homology theories

k(X)) — m(PAX),

where X is any pointed CW -complez.

12.3.20 REMARK. To define products in cohomolgy one needs a good def-
inition of the smash product of spectra to obtain the so-called ring spectra.
Although it is possible to do this with the conventional spectra (as we did for
products in cohomology in Section 7.2 and shall do again below for cobor-
dism), it is more convenient to take spectra indexed not by the integers Z,
but rather by finite-dimensional subspaces of the inner product space R*>
(see [44] or [29]). These are the so-called coordinate-free spectra. Another
approach is given in [33]. For the comparison of these approaches and others
see [49].

We introduce in what follows a very important family of spectra.

From 8.5.17 (b) we obtain the pullback diagram

E, @ ——Ei

-

BOy —— BOg41,

where BOy denotes the real Grassmann space Gi(R*) and E, — BOy
represents the universal k-vector bundle. Therefore a Riemannian metric on
Ej4: induces one on E, @ e'. So we have for the Thom spaces an induced
embedding T'(Ex ®¢e') — T(Ej11). By 11.7.4 (b) we have a homeomorphism
T(Ex @ e') ~ XT(Eg). Defining MOy = T'(Ey), we have embeddings

ZMOk — NIOk+1

for all &k > 0. Since each BOy is a CW-complex (see [58]), MOy, is also a
CW-complex. Hence these spaces constitute a CW-prespectrum MO, where
MOj, = * when k < 0.

The cohomology theory MO associated to MO is called unoriented cobor-
dism and the homology theory MO, is called unoriented bordism. These
theories were introduced by Atiyah [11]. There is another pullback diagram

Ep x E; Eri

| |

BOk X BO[ I BOkH s
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which by 11.7.4 (d) induces maps MO A MO; — MOg;. This makes MO
into a ring spectrum. The coefficients of this theory are the graded ring
MO, (S°) = m,(MO). This ring has the following geometric interpretation.

Consider two smooth closed (i.e., compact with empty boundary) n-
manifolds M, N. We say that they are cobordant if there is a compact
smooth (n 4 1)-manifold W such that its boundary 0W is diffeomorphic to
the topological sum M U N. One can show that this is an equivalence rela-
tion. Clearly, if two manifolds are diffeomorphic, then they are cobordant.
So cobordism is a weaker equivalence relation than diffeomorphism, but one
that allows us to study the topology of smooth manifolds. We denote by N,
the set of cobordism classes of n-manifolds. Taking the topological sum of
manifolds turns N, into a group. Taking the Cartesian product of manifolds
we can define a graded product

Mn X Nn — MIL+7L )

so that N, is a graded ring. Thom [78] proved that N, and m,(MO) are
isomorphic as graded rings. This is the fundamental result in cobordism
theory, and it translates a classification problem of manifolds into a problem
in homotopy theory. Then, using the tools of algebraic topology, Thom
calculated the ring 7,(MO), obtaining the following remarkable result [78].

12.3.21 Theorem. N, is a polynomial ring over Zy with one generator x, €
N, for eachn # 2% -1 (k>0).

Furthermore, using Stiefel-Whitney classes, Thom defined algebraic in-
variants that characterize the cobordism class of a manifold.

Atiyah [11] gave a geometric interpretation of the groups MO, (X) in
terms of cobordism classes of pairs (M, ), where M is a closed smooth n-
manifold that is the boundary of a compact smooth (n + 1)-manifold W
and ¢ : M — X is continuous. A similar interpretation for the cobordism
groups %"(X ) was given by Quillen [61], who also gave another proof of
Thom’s result using formal groups.

Using the complex universal bundles E;(C>) — BU} one can construct
a spectrum MU, where MUs,, = T(E,,(C*>)) and MUy, .1 = ¥XMU,, (n > 0),
and whose coefficients are isomorphic to the cobordism ring of stably almost
complex smooth manifolds. This theory was studied by Milnor [55] and
independently by S.P. Novikov. Complex cobordism can be used to study
the stable homotopy groups of spheres [63]. There are cobordism theories
associated to other families of Lie groups. For example, certain bordism
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groups of spin manifolds are used to study the Gromov-Lawson-Rosenberg
conjecture about the existence of a positive scalar curvature metric on a spin
manifold [72].

Algebraic K-theory yields an important family of spectra.

Let R be a ring (associative with unit). Consider the category of finitely
generated left projective R-modules. Let S(R) be the semigroup (under the
product) of isomorphism classes of such modules. We define K,(R) to be the
Grothendieck group associated to S(R) (see 9.1.1). Let C'(X; F') be the ring
of continuous functions from X to F' = R or C. We can assign to a vector
bundle p : E — X the C(X; F)-module I'(E) (see 8.3.10). If X is a finite-
dimensional paracompact space with a finite number of components, then by
the Serre-Swan theorem [75] there is an isomorphism K (X) = K,(C(X;C))
(similarly, KO(X) = Ky(C(X;R))). Quillen ([62]) defined groups K;(R)
for all ¢ > 0, called the algebraic K-theory of R. He considered the group
GL(R) = colim GL,(R), its classifying space BGL(R) (cf. 4.6.17), and then
he applied his plus construction to obtain a space BGL(R)" (not the dis-
joint union with a point!). He set K;(R) = m;(BGL(R)"). These groups
have applications in topology. For example, for a space X dominated by
a finite CW-complex (see 6.3.22), C.T.C. Wall defined an obstruction in
Ko(Zm (X)), where Zm;(X) denotes the group ring of 7 (X), for X to have
the homotopy type of a finite CW-complex. There are also applications in
number theory, algebraic geometry, operator theory, etc. (see [64]).

Consider now the space KR = Ko(R) x BGL(R)*. This is (like BUXZ
and BOxZ) a remarkable space, namely an infinite loop space, i.e., it has the
homotopy type of the Oth space of an (2-spectrum. Therefore the algebraic
K-theory groups of R are the homotopy groups of this spectrum.

Spectra allow us to classify the cohomology operations of its associated
cohomology theory.

12.3.22 DEFINITION. Let P be a CW-prespectrum that is also an Q-pre-
spectrum. A cohomology operation of type (n,n+1) of the cohomology theory
P* is a natural transformation ¢ : P" — P"* of contravariant functors
from the category of pointed CW-complexes to Set. We denote by A’ (P)
the set of cohomology operations of type (n,n + ).

Since P"(X) = [X, P,]. for any CW-complex X, by the Yoneda lemma
12.2.2 there is a bijection

i AL (P) — P"Y(P,).
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Obviously, A (P) has a natural group structure, and @ is an isomorphism
with respect to it and the group structure of P (P,).

12.3.23 DEFINITION. A cohomology operation of degree i is a family of co-
homology operations of type (n,n + i), 6 = {#i}, for all n € Z. Such an
operation is called stable if the diagram

05.(X)

P"(X) PnJri(X)
s’nTg 2T37L+i
Pn+1(zx) " Pn+i+1(ZX)
1 (2X)

commutes for all X and all n. We denote by A’(P) the group of stable
operations of degree i in P*.

The proof of the next result is an exercise.

12.3.24 Theorem. The isomorphisms ®¢ induce an isomorphism
' . AY(P) — lim P™™(PB,),
where the homomorphisms of the limit are given by the composites

PP, ) 2 PH(RR,) S5 PR, 0

12.3.25 EXAMPLES.

1. The Adams operations defined in 10.1.7 are cohomology operations in
K-theory of type (0,0). Although these operations were defined using
vector bundles only for compact spaces X, it is possible to extend them
as maps BU—BU. See [2].

2. Let HZs be the Eilenberg-Mac Lane spectrum with coefficients in Z,.
In this case, A5 = A*(HZ,) is called the mod 2 Steenrod algebra. By
12.3.24, A% = lim, H"(K(Za,n); Zs) = lim,[K (Za,n), K (Za,n +1)]..
K(Zy,n) is (n — 1)-connected. Hence by 7.3.18, H*(K(Zy,n)) = 0 for
k < n. Therefore, Ay = 0 for i < 0, i.e., there are no operations that
lower the degree. One can show that there are stable operations Sq’ of
degree i for each ¢ > 0, called Steenrod squares, which are characterized
by the following properties:

(i) Sqi(z) = 22, (ii) Sqi(z) =0 for r < i.
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The Steenrod algebra A3 is indeed an algebra if one takes the composition
as a multiplication. Serre in [66] showed that the Steenrod squares generate
A} as an algebra. They do not generate it freely; there are relations among
the squares known as Adem relations [6].

For an n-dimensional real vector bundle p : £ — B, Thom discovered
that w;(E) = ¢~ 'Sq’,(tg) (see 11.7.20). See [58], where this formula is used
to define the Stiefel-Whitney classes.

There are also cohomology operations in HZj, called Steenrod pth powers,
for all other prime numbers p. These generalize the Steenrod squares.
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APPENDIX A

PROOF OF THE DoLD—-THOM THEOREM

In this appendix we shall give a version of the results presented in [26], and
this will lead to a proof of Theorem 5.2.17. As far as we know, the original
proof in German is the only one available in the literature, besides the one
in the Spanish version of the present text.

A.1 CRITERIA FOR QUASIFIBRATIONS

In this section we study some conditions that guarantee that a given map is
a quasifibration.

A.1.1 DEFINITION. Let p: E — B be a continuous map. A subset U C B
is called distinguished (with respect to p) if U C p(FE) and if the restriction
of p, py : p~1(U) — U, is a quasifibration (see 4.3.39).

We have the following criterion.

A.1.2 Theorem. Let p : E — B be a continuous map. Let U = {U;} be
an open cover of B such that each element U; is distinguished with respect to
p. If for each b € U; NU; there exists Uy, € U such that b € U, C U; NUj,
then B is distinguished, that is, p : E — B is a quasifibration.

We shall give the proof later, after making some comments and proving
some lemmas. The following is an immediate consequence of A.1.2.

A.1.3 Corollary. Ifp: E — B is continuous and U, V., and U NV are
distinguished, then so also is UUV. g

421
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A.1.4 REMARK. The second hypothesis of Theorem A.1.2 cannot be elimi-
nated; that is, it is not sufficient that the distinguished sets cover B, as the
following counterexample shows.

A.1.5 EXAMPLE. Suppose that B = R? and E is the plane with a cut along
the interval 0 < x < 1, y = 0 without the lower boundary, that is, without
the boundary of the region y < 0. In other words, F is the result of taking
the upper half-plane R = {(z,y) € R? | y > 0} and the part of the lower
half-plane R? = {(z,y) € R? | y < 0} from which one takes away the said
interval, and identifying the half-lines {(x,0) | < 0} U {(2,0) | # > 1} of
both via the identity. Let p: E — B be the natural projection (see Figure
Al).

Figure A.1

The open half-planes U = {(z,y) | « > 0} and V = {(z,y) | * < 1} are
distinguished, since the groups 7, (p~1(U),p~ (b)), m(U), 7 (p~1(V),p~2(D)),
and 7, (V) are all trivial. Moreover, they cover B. If p were a quasifibration,
then we would have an isomorphism p, : 7, (E) = m,(B), since all of the
fibers are points. However, the group m,(B) is trivial, while 7, (E) is infinite
cyclic because E has the homotopy type of the circle S (see 4.5.13).

The previous example shows also that a subset of a distinguished set
is not necessarily distinguished. The half-plane U is distinguished, but the
strip 0 < z < 1 is not (otherwise, the whole plane would be distinguished by
Theorem A.1.2). In particular, this proves that a map B’ — B into the base
space of a quasifibration E — B does not in general induce a quasifibration
E — B

In the following we shall prepare ourselves for the proof of A.1.2.

A.1.6 Lemma. Let p: E — B be a continuous map and U C B a distin-
quished subset. Then the following statements are equivalent:



A.1 CRITERIA FOR QUASIFIBRATIONS 423

(a) pi: mo(E,p71(b),€) X m,(B,b) for any b e U, e € p~1(b), and n > 0.

(b) P« WrL(Evpil(U%e) = ﬂ-n(B7U7b) fOT’ any b e U; e € pil(b% and
n > 0.

Proof: For every e € p~1(b) the map p induces a homomorphism between
the long exact homotopy sequences of the triples (E,p~1(U), p~1(b)), and
(B,U,b), as follows (see 3.5.10):

(B, p7 (b)) = (B, pmH(U) = mna(p7H (U),p7 () — -+

| | |

S—.F ) To(B,U) Tn—1(U)

In the diagram above, under either hypothesis (a) or (b), all of the vertical
homomorphisms, with the possible exception of one out of each four (the
first or the second in the part shown), are isomorphisms. The assertion is
obtained by applying the five lemma (see [47, 1.3.3]). O

A.1.7 REMARK. For n = 0,1 in the previous diagram, the sets with dis-
tinguished element are not necessarilly groups. Nonetheless, the five lemma
remains true. It is an ezercise to verify that the proof of the lemma (by chas-
ing elements) is still valid. Note that, in this case, the kernel of a function is
simply the inverse image under the function of the distinguished element.

A.1.8 Lemma. Assume that p : F — U 1is a continuous map, V C U,
G =p V), andr > 0. For every b € V and e € p~(b) assume that
Di : T (F, G) — mpo (U, V') (which are groups based on e and b, respectively)
is a monomorphism for n = r and an epimorphism for n = r + 1. Suppose
that we are given maps

(i) H: (D" x I,D"x 1) — (U, V),
(i) h: (D" xO0US I xI,Stx1)— (F,G)=(p Y (U),p 1(V)),
(iii) d: (D" x0US™' x I)x [,(S™' x1)xI)— (UV),
such that d(z,t,0) = H(z,t) and d(z,t,1) = po h(z,t).
Then there exist extensions of h and d, that is, continuous maps
(a) H: (D" x I,D" x 1) — (F,G), such that H|(D" x 0US™! x I) = h,

(b) D : (D"xIxI,D"x1xI) — (U, V), such that D|(D"x0US""'xI)xI =

d and D(z,t,0) = H(z,t), D(z,t,1) = po H(z,t).
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Proof: Since (D" x 0US™™! x [,S™! x 1) ~ (D",S" 1) ~ ¥~1(1,0I), the
map h defines an element a € 7,.(F, G), whose projection in m,.(U, V) is zero.
Namely, by (iii), poh is homotopic to H by means of d. But since H is defined
on all of D" x I, which is contractible, it is nullhomotopic. Therefore, since
a = 0 and by assumption, p, : m.(F,G) — 7,.(U, V) is a monomorphism, h
can be extended to a map H' : (D" x I,D" x 1) — (F, Q).

On the other hand, we have two nullhomotopies of po h; namely, the first
is po H' and the second is given by d and H. Both nullhomotopies determine
an element § € m,11(U, V). We can modify § by an arbitrary element of
P« (mr41(F, G)), modifying H' appropriately at the same time. Since p, is an
epimorphism in this dimension, in particular we can choose H' = H so that
6 =0 holds. Then D is the corresponding nullhomotopy.

We can assume that H' maps a small (r + 1)-disk of the form K X [s,1]
constantly to a point, say to y € p~1(V). Then K is a homothetic reduction
of D" and 0 < s < 1 (see Figure A.2).

Figure A.2

We now consider the (r 4 1)-disk
K=0D xIxI)—D"x1xI
=D"xIx0UD"xIx1UdD" x I x1I,

and we define a map D’ from this disk to U that for z € K and ¢ € I maps
the boundary to V' as follows:

D'(2,t,0) = H(z,t); D'(z,t,1) =po H'(2,1);
DD x0UdD" x I) x I =d.

Then D’ maps K X [s,1] x 1 to the point x = p(y) and represents a certain
element 3 € m,,1(U, V). We now choose a map H” : (K,0K) — (F,Q)
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whose projection p o k” represents the element —(3 and that maps the com-
plement of K’ x [s,1] x 1 constantly to the point y. Then we define H :
(D" x I,D" x 1) — (F,G) by

oy~ [H G W (0 € K x s, 1)
U NHG ) i () €K x s 1],

We also define D : (K,0K) — (U,V) by

D(z,t,1) = po H'I(z,t,1) =po H(z,t) if (2,t) € K x [s,1],
D(z,t,u) = D'(z,t,u) if (z,t) & K x [s,1].
Then D represents the element (—3) + 5 = 0 € m,.41(U,V) and so can be
extended to amap D : (D" x I x I, D" x 1 xI) — (U,V). The maps H and
D so constructed satisfy conditions (a) and (b). O

As Example A.1.5 shows, in a quasifibration it is not possible in general
to lift an arbitrary homotopy of a finite polyhedron (that is, one with a finite
number of simplices). A weak form of the homotopy covering theorem is,
however, true. In fact, we have the following result.

A.1.9 Theorem. Let p : E — B be continuous and let U = {U,} be an
open cover of B by distinguished sets that satisfy the hypotheses of Theorem
A.1.2. (Then according to Theorem A.1.2, p is a quasifibration.) Suppose
that P is a finite polyhedron and that h: P — E and H : P x I — B are
continuous maps such that H(z,0) = po h(z) for = € P. Moreover, assume
that Ky C P x I are a finite number of compact sets such that H(K)) C
Uy € U. Then there exist maps H: Px 1 — FE and D : PxIxI — B
that satisfy

(a) H(z,0) = h(2),

(b) D(z,t,0) = H(z,t), D(2,t,1) = po H(z,t), D(z,0,u) = H(z,0) for
u,t €1,

(¢) D(Ky x I) C Uy,

Obviously, given H, we can pick the compact sets K so that they cover
P x I. Then we can reformulate Theorem A.1.9 in an abbreviated form as
follows: The homotopy H can be lifted to E up to a suitable deformation
relative to P x 0. This deformation can be picked sufficiently small so that
the images of all the points vary inside one element of the cover U.

Let {o,} and {I,} be cellular decompositions of P and I, respectively.

(Here I, = [t,,tysq] for 0 = t; < t9 < -+- < t,, = 1.) For the proof of
Theorem A.1.9 we now need a lemma.
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A.1.10 Lemma. By picking {o,} and {I,} suitably, we can associate a set
UP € U to every cell p of the product cellular decomposition {o,} x {I,} of
P x I, so that we have

(a) H(p) C U;
(b) if p is a face of p', then UP C U”';

(¢) if pN Ky # 0, then UP C Uy.

Proof: We shall show this by inductive descent on the dimension of the cells
of P x I. So we suppose that there are decompositions {o,} of P and {I, } of
K and a mapping p — U” such that (a), (b), and (c) hold for all the cells of
dimension bigger than k. Under this induction hypothesis, let 7 be a k-cell
of P x I. According to the assumption of Theorem A.1.2, for every y € 7
there is a neighborhood u, in P x I and an open set UY € U such that

(i) H(uy) C U,
(if) UY C UP for each p that has 7 as a face, and

(i) UY C U, for all K that intersect u, nontrivially.

If we make a sufficiently fine subdivision of 7, then every cell 7 of this
subdivision lies in one of the sets u,, and so H(7) C UY = UT. We can
obtain such subdivisions simultaneously for all 7 if we subdivide sufficiently
finely the decompositions {o,} and {I,}. Thereby the cells p of dimension
bigger than k are subdivided further. To the cells p that we obtain from p
we associate the set UP = U”. O

Proof of A.1.9: Using Lemma A.1.10 we associate a subdivision to the cells
o, % I, in the following way. First we take the cells o, x I, starting with
those of the lowest dimension. Then we take the cells o, x I5, again in order
of increasing dimension, and so on. The maps H and D are constructed
successively on the cells o, X I, and o, x I, x I, respectively, in such a way
that D(p x I) € U? for all the cells p in the subdivision of P x I. Using
(c) of Lemma A.1.10, we automatically satisfy (c) of A.1.9. In each stage
of the construction we have the following problem: Given H : (o x I, X
1) — (uo*f, U*1) and given H defined on 0 x 0Udo x I and D defined on
(0 x0UJo x I) x I, we have to find extensions of H and D. These extensions
exist according to Lemma A.1.8. (One takes V = U*! and U = U7, so
that V and U satisfy the hypotheses of A.1.8 by A.1.10(b) and by Lemma
A16.) a0
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Proof of A1.2: Take U € U, b € U and e € p~'(x). We shall show that
Pt T (E,p Y (U),e) — m,(B,U,b) is an isomorphism. Since the sets U
cover B, the assertion is obtained from A.1.6.

(a) p. is an epimorphism. First note that the case n = 0 is trivial, since
p is onto. For n > 0, an element « € m,(B, U, b) is represented by a map H :
(I" % I,1"' x0) — (B, U) from an n-cube that maps I"~' x 0UOI" ' x [
constantly to the point b. We rewrite /"1 x I in the form P x I with
P=1"1x0UdI" ! x I, as Figure A.3 illustrates.

" 1lx1 K,

mtxI PxI
Figure A.3

Now we apply Theorem A.1.9 with h(P) = e, Koy = I""'x 1, and Uy = U.
So we obtain an extension

H:(I"'xILI"'x 1)~ (P xI,Ky) — (E,p (U))
of h whose projection p o H is homotopic to H by means of the homotopy
D:(I"'xIxI,I"'x1xI)~(PxIxI,KyxI)— (B,U),

under which the image of P remains fixed. Then p o H turns out to be a
representative of a.

(b) ps is a monomorphism. Let o € m,(E,p~*(U), e) be such that p,(a) =
0. Suppose that h : (I",0I") — (E,p~'(U)) is a representative of a and
that H : (I" x I,01" x I) — (B,U) is a homotopy of po H to the constant
map H(I" x 1) = b. We apply Theorem A.1.9 with P = I", Ky = 01" x I U
I"x1and Uy = U, and so we get amap H : (I"x[,0I"xI) — (E,p~*(U))
such that H(z,0) = h(z) and H(z,1) € p~*(U); that is, « = 0. (Note that in
the construction of a nullhomotopy it is not necessary to hold the base point
fixed.) O

To finish this section we shall give two more criteria for determining
when a map is a quasifibration as well as a useful application for the second
appendix.
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A.1.11 Lemma. Let q: E — B be continuous and surjective. Let B' C B
be a distinguished subset with respect to q and put E' = q~Y(B’). Assume
that we have homotopies Dy : E — E and d, : B — B such that

Dy=id, Dy(E)CE, D(E)cCE,
d() == ld, dt(B/) - B,7 dl(B) - B,7

and
(A.1.12) goDy=djoq.
For every b € B and n > 0 suppose that we have

(A.1.13) Dy (g (D) = m(q (di(D)))-
Then B is also a distinguished set with respect to q, that is, q is a quasifibra-

tion.

Proof: Since d; and D; are homotopies, we have for all n that

(A.1.14) diy: To(B,b) = mo(BLY), U =di(b),

(A.1.15) Dy m(Eye) 2, (E' ¢, e = Dy(e).

Then D; maps ¢~(b) to ¢~1(¥'), and so it induces a homomorphism from
the homotopy sequence of the pair (E,¢~1(b)) to the homotopy sequence
of the pair (E’,¢"'(B’)). By (A.1.13) and (A.1.15) the absolute homotopy
groups are mapped isomorphically, and then by the five lemma so also are
the relative groups, namely,

(A.1.16) Dy, 7 (E, ¢ (b)) 27, (B, ¢ (V)), e’ = Dy(e).

Now let us consider the diagram

D1

(B, g7 (b)) —= ma(E', ¢ (1))

q*l l(Q\E/)*

(B, b) (B b)) .

1%

According to (A.1.12) the diagram is commutative. Also, di, and Dy, are
isomorphisms by (A.1.14) and (A.1.16), and likewise so is (q|E")., since by
hypothesis B’ is a distinguished subset. Thus ¢* is also an isomorphism. O
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The following theorem is important for CW-complexes, since it implies
that every map p: F — B with B a CW-complex is itself a quasifibration,
provided that it is a quasifibration when restricted to every skeleton of B.

A.1.17 Theorem. Assume that p : E — B is continuous and that B =
\U B; is Hausdorff with the union topology. If each B; is distinguished with
respect to p, then so is B itself; that is, p is a quasifibration.

Proof: We have to prove that p, : mp(E,p~'(b)) — mx(B,b) is an isomor-
phism. It is enough to notice that the elements of both groups are homotopy
classes of maps defined on compact sets, and so their images lie in one of the
spaces of the union (see 5.1.10). So, we have to consider elements, whether
in the first group or in the second, that also represent elements in the cor-
responding groups of each space in the union, for which the corresponding
assertions are found to be true because each B, is a distinguished subset. O

We conclude this section by proving a result that will be used in Appendix
B to prove the Bott periodicity theorem.

Let us consider a map p : E — B, where B is Hausdorff. Also assume
that B = |J,», Bi, where B; C By for i > 0 and where each B; is closed in
B. Suppose:moreover, that p is trivial over each difference B; 1 — B;, that
is, we have a commutative triangle

Eiyn— E; - (Big1 — B;) x I
By — By,

where E; = p~1(B;). In particular, taking B_; to be the empty set, py =
plEy : By — By also is trivial. So for every x € B we have the fiber
pHz) = F.

Suppose, moreover, that for each ¢ there exists an open neighborhood U;
of B; in B;;; and a deformation retraction (that is, a homotopy equivalence)
r; : Uy — B; that lifts to a deformation retraction 7; : p~'U; — E;. This
means that we have the commutative diagram

p Ui~ B,
(A.1.18) p‘l lm

Then, by restricting the maps 7; to each fiber, we obtain maps 7% : p~1(z) —
p~H(ri()).
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Under the above hypotheses, we have the next result.

A.1.19 Theorem. If 77 : p~'(z) — p~(ri(z)) is a homotopy equivalence
for every i and every x € U;, then p: E — B is a quasifibration.

Proof: We are going to apply A.1.17, for which it is enough to check that each
space B; is distinguished with respect to p. We shall verify this by induction
on ¢. Since by hypothesis py is trivial, it follows that By is distinguished with
respect to p. So let us assume that B; is distinguished with respect to p for
some ¢ > 0 and let us prove that B;;; also is distinguished. To do this, we
shall apply Theorem A.1.2 to the cover of B;,; formed by the open sets U;,
V; = Bjy1 — B;, and W; = U; — B;, and so it is sufficient to show that each
of these open sets is distinguished.

Because p|(E;+1 — E;) is trivial, V; is evidently distinguished. Since W; C
V;, we also have that p|p=1(W;) is trivial, and so W; is distinguished.

To prove that U; is distinguished it is enough to observe that by the
commutativity in (A.1.18) and the naturality of the long exact homotopy

sequence of a pair (3.4.6), we have commutative squares for all z € U; and
k > 0 in the diagram

i (p ) — (7 U p (@) L T (p () ——
Fiu |2 Fi =| 7

s () —= (B p 7 (i) e (07 (i)

and so, by the five lemma, the vertical homomorphism in the middle is an
isomorphism.

Let us consider the commutative square

T (p Ui, p () (Ui, @)

Fl*l% girw

mh(Ei, p~ (ri(2))) = m(Bi, mi(2)) -

We have just proved that the left vertical arrow is an isomorphism. The
right vertical arrow is an isomorphism because r; is a homotopy equivalence.
Finally, the lower horizontal arrow is an isomorphism by the induction hy-
pothesis. Consequently, the upper horizontal arrow is an isomorphism, which
proves that U; is distinguished. a
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A.2 SyYMMETRIC PRODUCTS

In this section we shall make use of the definition of symmetric product that
we presented in Section 5.2, and we shall study in more detail its properties.

A.2.1 DEFINITION. Let X be a Hausdorff space with base point xy. In
the infinite symmetric product SP X we introduce a sum in a natural way,
+ :SP X xSP X — SP X, which consists in putting together ¢g-tuples and
r-tuples as follows:

[$17I27"'7Iq}+[y17y27"'7y’r} = [$171’27-~~71’q7917927-~~7Z/r}~

In particular, if we simply write z; for [z;], then [z1, 22, ..., 2, = 21 + 22 +
“e J’_ [L'qA

A.2.2 EXERCISE. (a) Prove that the operation + is well defined and con-
verts SP X into a free abelian semigroup over X with 0 = [z].

(b) Prove that if f : X — Y is continuous, then the induced map 7
SP X — SP Y is a homomorphism of semigroups.

The problem of continuity of + is not trivial. We clearly have that the re-
striction + : SP9X x SP"X — SP X is continuous, since it factors through
the continuous map SP4X x SP"X — SP 9™ X which is obtained, by pass-
ing to the quotient, starting from the map X x X —» X s spatrx

given by
(('rl?an s >$q)7 (y17y27 cee 3y7’)) = [331,.1’2, s Ty Y1, Y2, - 3y7“} .

As the diagram

X'x X' X

i l

SPYX x SP"X —>=gpa+r XC—=SP X

illustrates, by taking the quotient map and then + we get the same thing as
by first taking the product and then the quotient map. The next statement
is immediate.

A.2.3 Proposition. If SP X x SP X has the union topology with respect to
the spaces Z"™ = J;_, (SP'X x SP"™'X), then the sum is continuous. O
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Nonetheless, it is not true that SP X x SP X is always equipped with
the union topology. There are some results that tell us when this condition
does hold. In the first place, Steenrod proves in [70] that if X = [J X" and
Y = Y™ have the union topology, then X x Y =|JZ" also has the union
topology, where we define Z™ = |J/_, (X' x Y"™) and where x represents the
product in the category of compactly generated spaces (see 4.3.22). Therefore,
we have the following result.

A.2.4 Proposition. If X is compactly generated and the product SP X Xy,
SP X = k(SP X x SP X)) is the product in the category of compactly gener-
ated spaces, then + : SP X x;, SP X — SP X is continuous. a

The case of CW-complexes is particularly important for us. Let us recall
that a CW-space has the union topology with respect to its skeletons (or its
closed cells). In general it is not true that the product of CW-complexes is a
CW-complex; however, it is indeed true if we take the compactly generated
product Xxj (see [82, II(1.6)]). On the other hand, this product coincides
with the usual one in some cases, namely, as we saw in Chapter 5, we have
that if X and Y are CW-complexes such that either X orY is finite (i.e., it
has finitely many cells) or such that both X and'Y are countable (i.e., they
have countably many cells), then X x;; Y = X x Y(see 5.1.46). So we have
the following important particular case of A.2.4.

A.2.5 Theorem. If X is a countable CW-complex, then the sum + : SP X x
SP X — SP X is continuous. a

By what we have said before, the following result is always true.

A.2.6 Theorem. The sum + : SP X x SP X — SP X 1is continuous on
each SPIX x SP"X as well as on every compact subset of SP X x SP X.
O

A.2.7 Corollary. For any compact space or, more generally, for any com-
pactly generated space, say W, we have that + : SP X x SP X — SP X
induces an additive structure on [W,SP X]. O

A.2.8 EXERCISE. Analyze what corresponds to the additive structure on
SP S? after identifying the elements of this space with the complex polyno-
mials (see 5.2.4).
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The equation a +x = b in SP X either does not have a solution or has a
unique solution. In other words, the “difference” x = b — a is unique if it is
defined. Then we have the following.

A.2.9 Lemma. The difference function (a,b) — a — b is continuous in the
intersection of its domain of definition with SP™X x SP*X for all v and s.
It also is continuous on every compact subset of its domain of definition.

Proof: We can assume that r > s and so define ¢ = r — s (> 0). Let us
consider the set X%° of points ((a1, ag, ..., agss), (b1, ba, ... bs)) of X5 x X*
that satisfy b; = aq4, for all « > 0. The image of X% under the identification
map o : X7 x X¥ — SP 97X x SP*X is precisely the domain of definition
of the difference a — b. The map X?* — SP X given by

((al, ag, ... ,aﬁs), (bl, bz, . ,bs)) — [al, ag, ..., aq]

is compatible with the identification map o|X?°. Passing to the quotient
0(X?*) we therefore obtain a continuous map o(X%*) — SP X, namely,
the difference function. O

A.2.10 Corollary. Let a be a given point in SP X. The maps x — a + x
(“left translation”) and © — a — x, wherever they are defined, where x €
SP X, are continuous.

Proof: By A.2.6, left translation x +— a + x is continuous on each SP X and
S0 is continuous. The map z — a — z is continuous on the intersection of
its domain of definition with SP?X. This intersection is closed, as we see
from the proof of A.2.9, since X%* is closed and o is a closed map. Thus the
entire domain of definition is closed in SP X, and the assertion is obtained
from the fact that therefore this domain has the union topology given by its
intersections with each SP9X (see A.2.11). O

A.2.11 EXERCISE. Prove that if Y = (JV,, is Hausdorff and has the union
topology and if C C Y is closed, then C' = | J(Y,,NC) has the union topology.

A.2.12 EXERCISE. Analyze the relationship between the operation (+) :

QSP X x QSP X — QSP X and the operation on 2SP X as a loop space.

Before ending this section it is worthwhile to present a result about the
symmetric product of the wedge X VY of two pointed spaces X and Y. We
define a map p: SP X xSPY — SP (X VY) by

p(['Tl,Iz, . '1‘rQ]7 [ylay27 s 7yr]) = [Ihx?a e Ty Y1, Y2, - - 71/7] .
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Here we are considering X and Y as subspaces of X VY. Obviously, p
establishes a bijection between its domain and its codomain. We shall analyze
the possiblity that p is continuous. To do this, we factor it into the maps

SP X xSPY —9 4 SP (X VY) x SP (X VY) —— SP (X VY),

where 7 and 3 are induced by the canonical inclusions ¢ : X — X VY and
j:Y < X VY, and « is the addition. As before, the restriction of p to
SP2X x SP"Y is continuous for every ¢ and r. So just as in A.2.5, we obtain
from this the continuity of p itself in the case that X and Y are countable
CW-complexes.

Note that p~! always is continuous. To show this it is enough to prove
that the composite

SP(XVY) 2 3SPXxSPY — " 4 SPX

is continuous, where p; is the projection onto the first factor (and analogously
for the projection py onto the second factor). This composite p; o p~! is
nothing other than 7, where r : X VY — X is the canonical retraction.
Therefore, p; o p~! is continuous.

A.2.13 Theorem. The map p™* : SP (X VY) — SP X x SP Y is well
defined and is continuous. Its inverse is continuous on each SP4X x SP"Y
as well as on each compact subset of SP X x SP Y. Consequently, p~' is a
weak homotopy equivalence. In the case that X and Y are countable CW-
complezes, p is a homeomorphism.

Proof: Tt remains only to note that p~' induces isomorphisms of homotopy
groups (that is, it is a weak homotopy equivalence), since both p=! and p
determine bijections between the set of continuous maps of any compact
space W into SP (X VY') and the set of continuous maps of W into SP X x
SPY. O

A.3 PROOF OF THE DoLD-THOM THEOREM

In this section we shall give a proof of Theorem 5.2.17. Before doing that,
we present the reformulation as it appears in [26].

Suppose that X is a Hausdorff space with base point xg and that A C X
is a closed subset that contains z5. Let X/A be the quotient space that
results by identifying the set A to a single point, which will serve as the base
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point of the quotient space. Let p : X — X/A be the identification (or
quotient) map, which turns out to be a pointed map. We also shall suppose
that X/A is Hausdorff, which is always true if X is a regular space. The map
p induces a map p : SP X — SP (X/A) between the symmetric products.
Under certain conditions this map is a quasifibration.

A.3.1 Theorem. If A is path connected and has a neighborhood W that is
deformable to A in X, then the map p : SP X — SP (X/A) defined above
is a quasifibration with fiber f~1(0) = SP A.

Proof: According to Theorem A.1.17, it is enough to show that the restriction
of p to SP,X = p~'(SP%(X/A)), denoted by p, : SP , X — SP4(X/A), is a
quasifibration for each g. We shall do this by induction on gq.

If we define SP°(X/A) = 0 (the singular space), then using 5.2.8 we have
that SP X = SP A, and so the statement for ¢ = 0 is trivial. Let us assume
that ¢ > 0 and that the statement is true for ¢ — 1. We shall construct a
system of distinguished sets in SP 7(X/A) that satisfy the hypotheses of The-
orem A.1.2. First we take the set V = SP4(X/A) — SP4"}(X/A). A point
P e p;l(V) has exactly ¢ elements xy,x2,...,2, in X — A. Any other ele-
ments y1,ys, ...,y in V, viewed as a subset of SP (X/A), lie in A. The map
o:p; (V) — V xSP A, defined by P — (pg[z1, T2, ..., 2q], [Y1, Y2, - Ur]),
is a bijection. We shall prove that o and o~! are continuous on compact sets.
Then o will behave like a homeomorphism with respect to compact subsets,
and so V' will be a distinguished subset with respect to p,.

First we shall consider the following maps:
XOX-A— 5 X/A-7,C X/A.
These induce maps, some of which are homeomorphisms (see 5.2.8), namely,
SPYX D SPYX — A) ~ SPY(X/A — )
~ SPY(X/A) -SSP HX/A)=V.
Therefore, we can identify V' with a subset of SP %X by means of the map p,.
In order to prove continuity of o, as desired, we have to prove that the maps
o1 : P pyla1,xa, ...z, and 02 : P — [y1,¥0,...,y,] are continuous on

compact sets. But oy = p, and g9(P) = P —p,(P) (where we are considering
pe(P) as a point of SP9X), and the statement is obtained from A.2.9.

The inverse o1 is obtained by taking the sum SP X x SP X — SP X
and restricting it to V in the first factor and to SP (X/A) in the second
factor. Thus it also is continuous on compact sets by A.2.6.
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Second, we shall find an open subset U C SP9(X/A) that contains
SP771(X/A). And with this we shall have finished the proof, since U, V', and
U NV constitute a system of distinguished sets, as we wished to construct.

Since there exists a neighborhood W of A in X that can be deformed to
A (see 5.2.15), we can take the set U to consist of those points in SP 7(X/A)
that have at least one element in the open set W = p(W) C X/A. Then U
can be deformed to SP971(X/A); namely, if d; is a deformation of W in A
that maps the set A to itself, then &; =pod, op~!is a deformation of W to

T that leaves fixed Ty and so contracts W to a point. The restriction ofgt
to U contracts U to SP 97 1(X/A). Analogously, the deformation d, contracts
the subset (p,)"H(U) to (p,) *(SP41(X/A)) = SP,1X, and we have the
equality p, ogt :(L op,. According to Lemma A.1.11, U is distinguished with
respect to pg if d* : p;*(x) — p;'(2') (where 2’ =dy(z)), the restriction of
dy to p, " (x), is a (weak) homotopy equivalence. To show this, let 2° € p, ! ()
be the point that does not have any element different from x (the base point)
in A. We define 2° € pq’l(x’) in an analogous way. The maps y — 2% 4y and
y +— 2”4y are homeomorphisms of SP A to p, ' (z) and p,*(2’), respectively
(see A.2.10). Through these homeomorphisms we turn d* into a map of
SP A to itself, namely, into the map that sends y > 3% + (ﬁ(y), where
y° = dy (2°) — 2. (Note that this difference is defined, since dy(2°) € p,(z).)
But this map can be deformed into the identity of SP A, namely, since A is
path connected, we can connect ¢ with 0 by a path y* in SP A and so obtain
the desired deformation by defining y — y* + di_4(y). a



APPENDIX B

PROOF OF THE
BoTT PERIODICITY THEOREM

In this appendix we shall present a topological proof of the Bott periodicity
theorem in the complex case 9.5.1, as we announced in Chapter 9. The proof
essentially follows the lines indicated by D. McDuff in [53]. We shall make
use of one of the results of Dold and Thom that we presented in Appendix
A. This appendix is based on the article [7] by M.A. Aguilar and C. Prieto.

B.1 A CONVENIENT DESCRIPTION OF BU x Z

In this section we shall slightly modify the definitions of U and BU given
before, with the idea of giving a description of BU X Z.

Let us recall that the unitary group U, consists of unitary matrices in
GL,(C), that is, of those matrices whose column vectors form an orthonormal
basis of C" with respect to the canonical Hermitian inner product in that
vector space. In other words, a matrix A belongs to U, if and only if AA* =1,
where A* represents the transposed conjugate matrix of A and I is the identity
matrix.

B.1.1 DEFINITION. We define the unitary group of infinite dimension as
U = colimU,,,

with respect to the closed inclusions U,——U,,;; given by sending the matrix
M e U, to
)
€ Un+1 .
0 I

437
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Let us observe that the inclusion of U, in U,,; is that of a subgroup, as
well as that of a closed subspace, so that the colimit is the same, whether as
group or as space, and has the structure of a topological group (of infinite
dimension).

Let us now recall the definition of BU, which, even though it is equivalent
to that given in Definition 9.2.8, we shall express in a more convenient form
for what we have in mind here. To do this we shall introduce some more
notation and definitions.

Suppose that —co < p < ¢ < oo (with at least two of the inequalities
strict) and define

Cl={2:Z— C|z =0 for almost all i and if i <p or i > ¢}

with the usual topology in the finite-dimensional case, and the topology of
the union in the infinite-dimensional case. Clearly, we then have C§ = C¢,
C = C>, Cy = C, CJ = {0}, and so forth. All of the spaces C? are thus
subspaces of C*_. With these definitions we have that if —oo < p < ¢ < o0,
then dim C! = ¢ — p. Moreover, if p < ¢ <r, then C! & C, = CJ.

We then have the Grassmann manifold
Gn(C) ={W | W is a subspace of CJ of dimension n}

as well as

BU, = G,(C) = colim G, (CY) ,
q
where the colimit is taken with respect to the maps
Gn(C) — Ga(CF™),

which send W € Cf to W = W &0 C Cf @ CZ*! = C{*'. Then BU, can be
seen as the set

{W | W is a subspace of C* of dimension n}.

B.1.2 DEFINITION. For every k € Z we define the shift operator by k coor-
dinates

tp : C, — C=
to be tx(2); = zi_x. These shift operators are continuous linear isomorphisms
such that tg = I and ¢y o t; = t; o ty = t4; hold.

The shift operator t;, has the property of shifting the coordinates k spaces
to the right.
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B.1.3 DEFINITION. For each n we have a map jfj“ : BU,, — BU,,4; that
sends W C C* to C @ ¢;(W) C C*. Then we define BU as

BU = colim BU.

In order to compare this definition with an alternative way of stabilizing,
we shall prove a lemma. But first we introduce the next definition.

B.1.4 DEFINITION. Take W C C} and let m be such that C{* C W.
Then W/C}* denotes the orthogonal complement of C7* in W; that is, if
{€k+1;- - -, €m} is the canonical basis for C}*, we complete it to an orthonormal
basis {ex+1, ..., €m, W1, ..., ws} of W; then W/C} is spanned by {w,. .., w,},
and we have CJ* & (W/Cp) = W.

B.1.5 Lemma. There exists a homeomorphism
®:BU — BU',
where BU = {W C C& | dimW < oo and C{ C W & k= 0}.
Proof: Take W € BU,, and let & be maximal with respect to the property

CE C W. We define ®,(W) = t_,(W/CE) € BU'. Clearly, the map ®, :
BU,, — BU’ determines in the colimit the map ® that we seek.

The map P is surjective, since if W € BU’ and dim W = n, then W €
BU, and ®,(W) = W, because in this case &k = 0. (In fact, the map
¥ : BU’ — BU such that W s W is the inverse.)

It also is injective, since if V' € BU,, and W € BU, satisfy ®,,(V) =
®,, (W), then, provided that p and ¢ are maximal for the properties C5 C V
and C} C W, respectively, we have that

(B.L6) t-p(V/Th) = t_y(W/C).

So the dimensions m — p and n — ¢ are equal. Without loss of generality we
may assume that p < ¢, so that in particular, we have ¢ —p =n —m > 0.
If we now apply ¢, and sum on the left with C{ on both sides of (B.1.6), we
obtain on the left side

Cg D tq*p(v/(cg) = (Cgip D (Cg—p D tqu(v/(cg)
=G ot (CHoV/Ch) = C " @ tgp(V),
which is the image of V' in BU,,14_, = BU,,. And on the right side we get
Claty(W/Cl) =W,

so that j= (V) = W, where j* = j" ; o0---o0 jm*1 and therefore V and W
represent the same element in BU. g
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B.1.7 DEFINITION. We define BU = {W |C” Cc W Cc C?_ | —00 < p <
g < oo}, which is covered by the subspaces BU" = {WeBU|C C
W and p is maximal} for p € Z.

Clearly, the map W+ C° __ & W determines a homeomorphism BU ™ —
—~0 —~ k —~— 0
BU . Likewise, W + t_;(W) determines a homeomorphism BU — BU ,

so that we have a canonical homeomorphism
]ﬁjo x 7 — BU
~ k —~
given by the composite (W, k) — t,(W) € BU < BU. By Lemma B.1.5 we
have proved the following.

B.1.8 Theorem. There exists a homeomorphism

BU x Z —» BU.

B.2 PROOF OF THE
BoTT PERIODICITY
THEOREM

In this section we shall prove the periodicity theorem in the complex case. To
do this we shall construct a quasifibration p : E — U over the unitary group
of infinite dimension, such that the total space E turns out to be contractible
and the fiber is BU x Z (see 9.2.8). In this way we shall have a long exact
sequence

- — m(BU X Z) — mi(E) — m(U) —

(B.2.1)
— 7Ti,1(BU X Z) — 7TZ',1(E) —

in which m;(E) = 0 = 1;_1(E), and so we shall obtain for ¢ > 1 that
(B.2.2) mi(U) 2 m_1(BU x Z) 2 7;_1(BU),

and for ¢ = 1 we shall get

(B.2.3) m(U)=Z.

As of now, as we proved in Chapter 9, we have (locally trivial) fibrations
E;(C*) — BU, with fiber Uy, where the base spaces are the classifying
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spaces of the unitary groups given by the colimits of Grassmann manifolds,
and the total spaces are the corresponding colimits of Stiefel manifolds, such
that, on passing again to the colimit, they determine a (locally trivial) fibra-
tion EU — BU with fiber U and contractible total space EU and U as fiber
(see [76]).

On the other hand, let us consider PBU = {w : I — BU | w(0) = zo},
the path space of BU, where xy € BU is the base point.

From 4.3.16 we obtain the following particular case.

B.2.4 Proposition. The path space PBU is contractible and the map q :
PBU — BU given by q(w) = w(1) is a Hurewicz fibration with fiber QBU.O

The following is a proposition of a general character, which we include in
this appendix for its particular interest here.

B.2.5 Proposition. Let p : E — B be a quasifibration with fiber F and
p' : ' — B a Hurewicz fibration with fiber F', such that the total spaces E
and E' are contractible. Then there is a weak homotopy equivalence F —
F', and the homotopy groups (or sets, as the case may be) satisfy m;_1(F) =
mi(B) = w1 (F) fori>1.

Proof: Let g € B, g € F C E, and e € I’ C E’ be the base points.
Since F is contractible, there exists a homotopy H : E x I — E such that
H(e,0) = ey and H(e,1) = e for all e € E. Because p’ : B/ — B is a
Hurewicz fibration, we can complete the diagram

/
€,
0 '

E E

N ae

Jo L ‘4
7

EXIpoT> 5

where 67) is the constant map with value e, in order to obtain the homotopy
H. Defining ¢(e) = H(e, 1), we therefore obtain a map ¢ : E — E’ that

makes the triangle
@ o
N
B

commutative. In this way ¢ determines by restriction a map ¢q : F — F’
that we shall see is a weak homotopy equivalence.

E
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Since p : F — B is a quasifibration, it has a long exact homotopy
sequence, and because both E as well as E’ are contractible, from the long
exact sequences of each one of p and p’, we get isomorphisms

m(B) = m1(F), mi(B) = mi 1 (F'),

which by the naturality of these sequences, namely,

determine the commutative triangle

7i(B)
Pox ’
7T7;_1(F) = 7T7;_1(F )
Consequently, F' and F’ have the same weak homotopy type. ad

B.2.6 Corollary. There exists a homotopy equivalence QBU ~ U and there-
fore isomorphisms m;_o(U) = m;_2(QBU) = m;_1(BU) fori > 2.

Proof: This is obtained from Proposition B.2.5 and from the fact that both
QBU and U have the homotopy type of CW complexes [54]. |

Then from (B.2.2) and B.2.6 we obtain the desired theorem.

B.2.7 Theorem. (Bott periodicity) There is a homotopy equivalence BU x
Z ~ QU; hence, for every i > 2, there exists an isomorphism

’ﬂ'l(U) = 7Ti_2(U)

or, equivalently,
7Ti+1(BU) = 7TZ'_1(BU).



B.2 PROOF OF THE BOTT PERIODICITY THEOREM 443

Or put in other terms, again by (B.2.2) and B.2.6 we have that m;(BU x
Z) = 11 (U) 2 my 1 (QBU) 2 m(Q22BU); that is, we get an isomorphism

7TZ(BU X Z) = 7'['1'(£)2B[J)7
which implies the earlier version of the periodicity theorem 9.5.1.

Having said this, in order to arrive at the proof of the existence of the
desired quasifibration, we recall that an nxn matrix C' with complex entries is
Hermitian if C = C*, where C* denotes, as before, the transposed conjugate
matrix of C. If (—, —) denotes the canonical Hermitian product on C", then
C satisfies the identity (Cv,w) = (v,Cw) for arbitrary v,w € C". This
implies in particular that the eigenvalues of the matrix C are real.

The set H,(C) of all the n x n Hermitian matrices has the structure of
a real vector space. Let E, be the topological subspace of H, (C) consisting
of those matrices whose eigenvalues lie in the interval I. The space E, is
contractible by means of the homotopy h : E, x I — E,, given by h(C,7) =
(1 -7)C, 0 <7 <1, which begins with the identity map and ends with the
constant map whose value is the zero matrix.

Let M5, (C) be the complex vector space of complex n X n matrices and
let GL,,(C) (general linear group) be the group of the invertible matrices in
M, (C). We have a (differentiable) map

exp : Mpxn(C) — GL,(C)

defined by

B =B B?
exp(B) =e” = — =1, +B+—+---,
xp(B) ; . + B+ o+
which satisfies the usual exponential laws precisely when the matrices in-
volved in the exponents commute among themselves. After observing that
(TBT~Y)" = TB"T~!, one can easily check the property

1 -
eTBT _ TGBT 1

for any invertible operator T'; moreover, for a diagonal matrix one has the
property

e’\1 Al
eP = if D=
en An
Let M2, . (C) C M,xn(C) be the real subspace of skew-Hermitian matri-

ces, that is, of those matrices A such that A* = —A. If A is skew-Hermitian,
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then (e?)* = A" = e~ and therefore
(et =e et =" =1,.
Consequently, the map exp defined above can be restricted to

exp : M7, (C) — U,.

nxn

We have an isomorphism H,(C) — M2, (C) given by C' — 27iC. We
define a map p, : E, — U, by p,(C) = exp(27iC), so that the following

diagram commutes:

Mg, (C)—=-1,
Ha(C) /pa

B.2.8 Proposition. The map p, is surjective.

Proof: Suppose that U € U, is arbitrary. We can diagonalize this matrix by
taking another matrix 7' € U,, and forming the product T-'UT. Since the
eigenvalues of a unitary matrix have norm 1, we have that
e2miA 0
e2ﬂ'iA2
TUT = , ;
0 ‘ 02miAn

where \; € [ fori=1,2,...,n. Put

A 0
Az

0 An
and consider the matrix TDT~!. Because T € U,, we have that T-! = T,
and so (TDT~Y)* = (TDT*)* = TD*T* = TDT~!. This means that TDT*
is Hermitian, and so TDT ! € E,,. Thus we have that
pn(TDTfl) _ e?ﬂi(TDT’l) _ eT(27riD)T’1 — Te2miDp-1

eQﬂ'i)\l 0
e27ri/\2

(B.2.9) =T _ T'=U.
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The third equality here is obtained from the fact that €747 = TeAT!, as
shown above. o

Let us now analyze the fibers of p,. To do this suppose that we are
given a matrix C' € E,, and let us consider the subspaces ker(C — I) and
ker(p,(C) —1).

If v € ker(C —1I), then C'v = v, and we have that

pa(C)v = (2C) v = <I+2771C’+ %02 +> v
= Iv + 27miCv + (2;)202@4_...
= v+ 2miv + (2;?)21;+--~
= (1+27Ti+ (2;1)2 +-~->v=e2“iv=v.

Consequently, we have ker(C' — I) C ker(p,(C) —I). In this way for each
U € U, we can define a map g : p,}(U) — G(ker(U — 1)), the Grassmann
space of all finite-dimensional vector subspaces of ker(U — I), by sending
C € p,}(U) to the subspace ker(C — 1) of ker(U —1).

B.2.10 Lemma. The map g : p, (U) — G(ker(U —1)) is bijective.

Proof: To show that ¢ is surjective we take an arbitrary subspace V C
ker(U — I). We then wish to construct a matrix Cy € p,'(U) C E, such
that ker(Cy —I) = V. To do this we shall construct a matrix 7" that suit-
ably diagonalizes U. Note that ker(U — I) is the subspace of eigenvectors
of U with eigenvalue 1, which we denote by & (U). Analogously, we have
ker(Cy —1I) = &1(Cy). So we have V C & (U).

Let {v1,..., 0, Ups1, ..., Upss} be an orthonormal basis of £ (U) such that
{v1,...,v,.} is a basis of V. Since U is a unitary matrix, the orthogonal
complement of £ (U) in C", namely &, (U)*, is a subspace invariant under U.
This is so because if w € & (U)* and v € & (U), then (Uw,v) = (w,U*v) =
{(w,Uv) = (w,v) = 0. In other words, U(&(U)*Y) C &(U)*, and so we can
find an orthonormal basis {v, 411, - - ., v, } of & (U)* made out of eigenvectors
of U whose eigenvalues are different from 1.

Let T € U, be such that Te® = v; for i = 1,...,n, where the ¢’ denote
the vectors in the canonical basis of C*. Then T-'UT = D is the diagonal
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matrix

e27‘ri)\r+5+1

0 eQ'fri)\n

with r + s ones on the diagonal and the remaining eigenvalues different from
1.

Now put

)\T+s+1

0 An
with 7 ones on the diagonal followed by zeros in locations r + 1 to r + s.

We are going to see that Cy = T'DT~! is the desired matrix. Clearly,
2P = D so that we have p,(Cy) = 2mCv = T(2mDT™! — pe2miDp-1
TDT-! = U. On the other hand, we can immediately verify that & (Cy) =
T(&(D)). But &(D) = {z € C* | z; = 0 for r < j < n}, and since
Te; =v; fori=1,...,n and V is the subspace generated by vy, ..., v,, we
have T(&(D)) =V.

In order to verify that the assignment C' — &;(C) is bijective, we have
only to show that C' = Cg (). For this we observe that if ' is Hermitian,
then ) is an eigenvalue of C if and only if €*™ is an eigenvalue of e2™C.
Indeed, let R € U, be such that D = R7'CR is a diagonal matrix. Then

; —lg ip—1 i . . .
27r1C’R — eR 2miCR _ eQmR CR _ e27r1D7 which is a dlagonal

we have R~ 'e
matrix with a diagonal entry e*™ for each diagonal entry A of D. If now
Cy,Cy € B, satisfy ™ = 2™ and &,(Cy) = & (Cy), then C; = Cs.
Indeed, let Ay, ..., A\, be the eigenvalues of C and py, . .., i, the eigenvalues
of Cy. Since &(Cy) = &1(Cs), we can suppose that Ay = pup =1 for 1 <k <
r = dim & (C}) and moreover, Ay # 1 # py when r < k < n. As we showed
before, €™ and e?#+ for 1 < k < n are the eigenvalues of e>™“1 and €272

respectively. Consequently, e?™* = e?mi#x for all k, and by taking r < k < n
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this implies that Ay = pg. Thus we have proved that Ay = py for all £, so
that C; = Cy follows.

In particular, if we apply what we have done to Cy = C and Cy = Cg¢, (¢,
then we have that C' = Cg,(¢). O

We can summarize all the above in the following theorem.

B.2.11 Theorem. Let E,, be the space of Hermitian n X n matrices whose
eigenvalues lie in the unit interval and let p, : E,, — U, be given by p,(C) =
e?™C Then E, is contractible, p, is surjective, and the fiber over each matriz
U € U, is homeomorphic to the Grassmann space G(E1(U)). O

Let us now see two ways of stabilizing this result. The usual way is by
taking the canonical embeddings p};,, : E, — E 1 and 777, - Uy — U

given by
c |0
Pn(c) = € En+1
0] 0
and by

U |0
T(U) = € Upy1.
0 I

We immediately verify that we have a commutative diagram:

P::-H
En - En+l
Pnl lpn-ﬁ—l
Uy == Unpa.

n+

In this way we obtain a map p’ : colim,, E,, — colim,, U,, such that p’ o p,, =
P/|En = po.

Let us now analyze the fibers of p’. It is clear that if U € U,, then we
have & (1, (U)) = &(U) @ C and & (pn(C)) = &(C) @ 0. So we have the

following commutative diagram:
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where §(V) = V @ 0 defines the lower arrow. For example, if we take U =
I, then we have § : G(C}) — G(Ci™). In this way the fibers of f are
homeomorphic to [],.oG-(C5°) = [1,5,BU,.

The map p,, defined above has BU,, as fiber. Now let us construct a new
map P : E —» U with fiber BU x Z. This new map p will be in some sense
a completion of p’. We define an operator C' in C*=_ to be Hermitian if
(Cz, 2"y = (z,C7) or, equivalently, if C' = C*. Put

E= {C'| C is Hermitian, of finite type, and with eigenvalues in I},

where we understand by a Hermitian operator of finite type one for which
there exist r < s such that Ce* = 0 when ¢ < 7 or ¢ > s. In other words, a
Hermitian operator of finite type is represented by an infinite matrix of the
form

where C is an (s — r) x (s — r) Hermitian matrix that acts on C*. Notice
that E is contractible, just as E, is.

Analogously, we define an operator U in C*_ to be unitary if (Uz,Uz') =
(z,2') or, equivalently, if UU* = 1. Put

U = {U | U is unitary and of finite type },

where we understand by a unitary operator of finite type one for which there
exist r < s such that Ue® = ¢! when ¢ < 7 or ¢ > s. In other words, a unitary
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operator of finite type is represented by an infinite matrix of the form

0

0

where U is an (s — ) x (s — r) unitary matrix that acts on C:.

In order to simplify notation, we shall write these two matrices as

o, 0 I 0
C ; U )
0 0 0 I

s s

where 07 is the zero matrix and I7, is the identity matrix, each of these acting
on C for —oo < m < oo and —oo < n < oo. For simplicity, we shall write
0 or I when this does not cause confusion.

We can define a map p: E — U by p(C') = exp(2riC). We then have
the matrix identity
I” 0
p(C) = o2miC
0 1%

s

We shall simply denote the identity matrix that acts on C=_ by I. Sup-
pose that U € U. The space of eigenvectors of U with eigenvalue equal
to 1, namely ker(U — 1), is evidently given by C"_ & ker(U — If) & C=
and therefore is isomorphic to C*_. Let us consider the grassmannian
Coo(ker(U —1)) = {W Cker(U —1) | C”, ¢ W and dim(W/C"_) < oo}
We then have the following lemma.

B.2.12 Lemma. For each U € U there ezists a homeomorphism

oy BU ~ Goo(ker(U = T1)). 0O
Analogous to Lemma B.2.10 we have the following result.

B.2.13 Proposition. If U € U, then p~'(U) ~ BU = BU x Z.
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Proof: Tt is enough to prove that we have a homeomorphism

gu : P H(U) — Guolker(U —1)).

Let us first observe that if C' € E, then Vo = ker(C—1I) = ker(C—1I¢) C C5.
So for C' € p~}(U) we then define g (C) = C" & Ve € Guo(ker(U —1)).

To show that gy is surjective we start with an arbitrary W € G (ker(U —
1)) in the codomain. So we have that W = C”'__ @ W with dim W < oc.

Without loss of generality we can suppose that v’ = r. Since W C

ker(U —1I) = C" @ ker(U —I¥) & C°, by taking s sufficiently large we have
that W C ker(U —I¥) = & (U) C C:.

As in Lemma B.2.10, let {v1,...,v,} be an orthonormal basis of W,
{Um+1s- -+, Umen} an orthonormal basis of the orthogonal complement of 1%
in 51([7), and {Um4nt1s---,Vs—r} an orthonormal basis of the orthogonal
complement of & (U) in C¢ (which is invariant under U), this last basis
being made up of eigenvectors with eigenvalues different from 1.

If we define 7' € U by

el ifi <r,
Tel = vy ifr<i<s,
el ifi > s,

then we have that 7-'UT = D is diagonal of the form

r+m+n
I 0
2 Amtnt1
e27ri)\s,r
0 I
We now take
T
o 0
r+m
Ir +m+
TTm-rTn
Or+m
D = )\m+n+1
As—r
o0
0 0.,

and we define Cyy = T DT~ so that we have p(Cy) = ™MW = Te?™DT~1 =
TDT-' = U. Moreover, we have gy (Cy) = C" & ker(Cy — I). Using
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the same argument as in B.2.10, we show that ker(Cy —I) = I/Tf, and so
gu(Cw) =W.

Finally, the map gy is injective, since if Cy and Cy are matrices such that
exp(27miCy) = exp(27iCy) = U and & (Cy) = ker(Cy — I) = ker(Cy — 1) =
E1(Cy), then we can argue in the same way as in the corresponding part of
the proof of B.2.10 in order to prove that C} = Cs. g

To prove that p : E—Uisa quasifibration, we shall apply the criterion
given by Theorem A.1.19, for which we shall need two results.

B.2.14 Proposition. The map ﬁ]ﬁn—ﬁnq is trivial; that is, there exists a
homeomorphism

~ ~

h: ﬁl(Un - Unfl> — (ﬁn - anl) X ETJ

such that proj, o h = p.

Proof: We shall analyze the case where n is even; the case where n is odd
is analogous. Take C' € p~ (U, — U,_4) and put U = p(C) € U,, — U,,_;.

Therefore, we have
—n/2
oo ()
0 U

and —n/2 is maximal for this matrix. So

0= o
_I: —00
v (o U/)’

where U’ is not of the form
0 0
0 Ull )

so that ker(U — 1) = c"? g ker(U') with —n/2 maximal. Therefore,
ker(U —I) depends continuously on U. Consequently, the homeomorphism
wu : Geo(ker(U — 1)) — BU of Lemma B.2.12 also depends continuously on
U.

Suppose that h(C) = (P(C),(C)), where (C) = ¢y (g (C)) and gy is
as in the proof of B.2.13. Since both ¢y and gy are homeomorphisms that
depend continuously on U, h also is a homeomorphism. g

In the complex space C>_ let us take the canonical Hermitian inner

product given by (z,2') = 3, %2, The canonical basis in this space,
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namely, the vectors e” such that e} = J7, is orthonormal, and the assignment
e €2 for r > 0 and e" — 2"+ for r < 0 gives an isomorphism

(B.2.15) §:C=, =Cy.

Through the isomorphism S we have an isomorphism U — U given
by U — SUS™! in such a way that if U, is the image of U, under this
isomorphism, then U = colim,, U,,.

In order to verify the second condition of Theorem A.1.19, we have the

following result. Its proof needs some elementary facts of differential topol-
ogy. A general reference for these facts is [20].

B.2.16 Proposition. There is a neighborhood V,, of U,_1 in U, and a strong
deformation retraction of V,, onto U,_1 that lifts to a strong deformation
retraction of p~1(V,,) onto p~t(U,_1) in p~(U,).

Proof: Since U,_; is a submanifold of U,,, we shall construct a tubular neigh-
borhood V,, of the first in the second as follows.

Recall H,(C), the space of Hermitian n x n matrices, and define f :
GL,(C) — H,(C) by f(A) = A*A. One can casily verify that f is smooth
and has I as a regular value; therefore, U, = f~!(I) is a smooth manifold,
and if W € U, then the tangent space of U,, at W, Ty (U,), is the kernel
of the differential of f at W; that is,

Ty (U,) = {A € My (C) | AW = —W*A}.

Now recall that there is a Hermitian product in M,,«,(C), given by (A, B) =
trace(AB*); thus, taking the real part of this product, we get an inner product
Mp5n(C) X Myyn(C) — R. The restriction of this inner product to each
tangent space Ty (U,) C M,x,(C) defines a Riemannian metric on U,,. Let
1 : Up—1 = U, be the inclusion, such that i(U) = U @ I; then the differential
di : Ty(Up—1) — Tiw)(U,) is an inclusion mapping a matrix R to R @ 0;

that is,
. R 0
di(R) = (0 0) .

One can easily check that the orthogonal complement of the space Ty (U,_1)
in T (U,) is given by

Ty (U,i)t = {(4?*(] 3‘) € Mrn(©) ’

by
b= : E(C”lanth]R},
bnfl
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which is a real (2n — 1)-dimensional vector space. We denote by N =
Uveu, , Tu(Un—1)* the normal bundle of U, in U,

Any vector space basis of Ti(U,) provides a parallelization of U,, that
defines a connection on it. This connection does not depend on the cho-
sen basis and determines a spray on U,. By [20], there exists ¢ > 0 such
that N, = {v € N | |[v|| < ¢} is an open neighborhood of the 0-section,
and the exponential map associated to the spray, Exp : N, — U, is an
embedding onto a neighborhood of U,_; in U,,. Now, since the geodesics
of this spray are the integral curves of the left-invariant vector fields, then
Exp(A) = Lyexp((dLy) ' (A)), where A € Ty(U,_1)*, Ly : U, — U, is
given by Ly (W) = UW, and exp is the usual exponential map defined above.
Evaluating the differential of L, we obtain Exp(A) = U exp(U*A).

Therefore, we have the following description of a tubular neighborhood

Vo = Exp(N;) of U, in U, as

oo (v (o ) |

UeU,_y, (bt) e C"t x Rand ||(b,t)] < 5} .

In order to compute U exp (U* (72*(] ?t)), first note that

ge 0 By _( 0 U
U it) T \=bU it )

Set A(b,t) = (7%* f’t) Assume b # 0. To diagonalize this matrix one
takes an orthonormal basis of eigenvectors and uses it to form a matrix. The

n X n matrix A(b, t) has n — 2 eigenvalues equal to 0 and two eigenvalues Aj,

A2, such that
y oot (=1)"\/4[p|* + 2.
v — 1

2 )
so that the matrix
UV Up—2 ,Ulb M2b
W b,t - )
( ) (0 ce 0 N1)\1 M2A2>
where {vy,...,v, 9} C C"!is an orthonormal basis of the space b+ = {v |

v L b} € C" ' and p, = (|b]* + |\, |?)7Y2, is a unitary n x n matrix that
satisfies

D(b,t) = W (b, t)* A(b, )W (b, t) = 0
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Since we can write
D(b,t) = W (b, t)*UUA(b,t)UUW (b,t) and A(U*b,t) = U*A(b,t)U ,

then
A(Ub,t) = U'W (b, t)D(b, t)(U*W (b, t))*.

Therefore, the points in the tubular neighborhood are of the form
Uexp(A(U*b,t)) == UU*W (b, t) exp(D(b, t))W (b, t)*U = exp(A(b, t))U .

Hence, every element in V, coming from the fiber over U in N, is right
translation by U of an element coming from the fiber over I. It is thus
enough to study the situation over the identity matrix.

Since we may linearly deform the neighborhood N. to the zero section,
simply by v — (1—=7)v, 1 <7 < 1, we obtain a strong deformation retraction
rr 'V, — V,, such that

7 (exp(A(b,1))U) = exp(A((1 — 7)b, (1 — 7)t))U .

Observe that for 7 =1, rl(exp(A(b, t))U) = exp(0)U = IU = U, so that
it is a retraction of V,, onto U,_;.

In what follows, we define the lifting 77 : p~*(V;,) — p~*(V,). Since
fiberwise, p~1(V;,) consists of spaces homeomorphic to the grassmannians
Goo(&1(U")), U’ € V,, we shall show how 77 acts on these spaces. It is clearly
enough to study the case 7 = 0.

Take U’ = exp(A(b,1))U € V, and let Gup: = Go(E1(U)); we also
have to show that the restriction of the lifting 7}, 71| : Gupr — Guroo =

G (E(U)) is a homotopy equivalence.

Since & (exp(A(b,1))U) = U& (exp(A(U*b,t)) and for b # 0, t # 0,
E(exp(A(Ub, 1) = C"Y @ C5,, because M # 1 # ¢, we have
that the grassmannians Gy, and Gip, differ only by left multiplication
by U. It is thus enough to study the case U = I, namely the map 7 :
Goo(CULY? @ C35,) — Goo(CX). TV € €U @ €3, is a subspace,
then we define 7(V) = V. C C=_, i.e., the map induced by the inclusion

(C(_n;l)/ e (Cz‘;Q — C>_. The result now follows from the next proposition.O0

B.2.17 Proposition. The inclusion C"  C* — C=_, r < s € Z, induces
a homotopy equivalence between the grassmannians

a: Go(Cl o ®CP) — Goo(CX) .
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Proof: Take V € Goo(C=,) and decompose it as V = Vi & Vs, where V; C
C" and Vo C C°, and define 8 : Go(C=,) — G(C" o & C¥) such
that G(V) = Vi @ t,_,. Vo, where t,_, is the shift by s — r coordinates (see
B.1.2). Then aB(V) =V} @ t,_,.Vo C C=_ and fa(W) = Wi & t,_ Wy if

W =W, eW, Cc C"_ &C. The proposition now follows immediately from
the next lemma. O

B.2.18 Lemma. The map v : Go(C" o, ® CP) — Goo(CT @ C), r <
s € Z, given by v(V) =V @ty (Va), k >0, where V=V, @& V,, Vi C C"
and Vo C C2°, is homotopic to the identity.

s 7
Proof: The homotopy h. = sin(57)I + cos(§7)t; : C* — C®, 0 < 7 <
1, starts with ¢; and ends with the identity through monomorphisms, and

hE = hlo---oh! (k times) is such that hf = t, and h%¥ = 1. Then h,(V) =
Vi @ h¥(V34) is a homotopy, as desired. O

We have thus shown that 7} : p~*(V,,) — p~'(U,,_1) is fiberwise a homo-
topy equivalence. This finishes the proof of B.2.16. It should be remarked
that for s < 1, the deformation 7% : p~Y(V,) — p~1(V,) is fiberwise a
homeomorphism, since after identifying the fibers with the associated grass-
mannians, it is the identity. This behavior is congruent with the first fact
B.2.14 needed for the verification of the criterion A.1.19.

Thus we have our main theorem, which, as already seen at the beginning
of this section, implies Bott periodicity in the complex case.

B.2.19 Theorem. Let E be the space of Hermitian operators of finite type
on C* and let p : E — U be given by p(C) = exp(2niC). Then p is a
quastfibration with fiber BU X Z and contractible total space E. a

B.2.20 REMARK. A proof along the same lines of the real periodicity theo-
rem was given very recently by Behrens (see [15]).
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SYMBOLS

~, homeomorphic (spaces) xvii

~  homotopic (maps), homotopy equivalent (spaces) xvii

>~ isomorphic (groups, modules, etc.) xvii

Z, set (group) of integers xix

Zo, group of two elements xix

ker(f), kernel of a homomorphism f xx

im (f), image of a homomorphism f xx

R[[t]], ring of formal power series in ¢ with coefficients in the ring R 310
colim A;, colimit of a direct system of algebraic objects xxii
lim A*,  limit of an inverse system A° xxii

lim'" A,  derived limit of an inverse system A’ xxii

[lz]|, norm of a vector x xviii, 314
|z|, norm of a vector x € R™ xviii
|z], mnorm of a vector z € C" xviii

(z,y), scalar (Hermitian) product of real (complex) vectors z,y xvii

A® B, direct sum of the matrices A and B 261

A® B, tensor product of the matrices A and B 261

®k A,  tensor product of k copies of the matrix A 261

A" A, k-th exterior power of the matrix A 261

A*,  adjoint matrix of A 261

VL, orthogonal complement of a subspace V. .C W xvii, 297

Hom (V, V), set of all linear homomorphisms of the vector space V' to itself
268

Mon(C*,C"),  linear monomorphisms from C* to C* 273

Pr(V), subspace of Hom (V, V) of all the projections in V' 268

I, unit interval xix

I™,  unit n-cube xix

0I™, boundary of I" in R™ xix

D™, unit n-disk xviii

]D)n, unit n-cell xviii

R%  one-point-set {0} C R xviii

R, set (space) of real numbers xvii
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R™,  Euclidean space of dimension n, or Euclidean n-space xviii
R>, infinite-dimensional Euclidean space xviii, 332

C, set (space) of complex numbers xviii

C", complex space of dimension n  xviii

S!,  one dimensional sphere; circle group xix

S*=1 unit (n — 1)-sphere xviii

S*°,  infinite-dimensional sphere xix, 332

RP", real projective space of dimension n xix, 334

RP*, infinite-dimensional real projective space xix, 334

CP", complex projective space of dimension n xix, 341

CP*>, infinite-dimensional complex projective space xix, 341
GL,(R), general linear group of real n x n matrices xix, 259
GL,(C), general linear group of complex n X n matrices xix, 259
O,, orthogonal group xix

U,, unitary group xix

U, unitary group of infinite dimension 437

Gr(V), real (or complex) Grassmann manifold of k-planes in V' 272
Gi(R™), real Grassmann manifold of k-planes in R" 272

Gr(C™), complex Grassmann manifold of k-planes in C* 272

;l, topological interior of A C X xvii

0A, topological boundary of A C X xvii

X UY, topological sum of the spaces X and Y xvii
X xY, topological product of the spaces X and Y 1
Hfol Z;,  topological product of the spaces Z; 1

H Z;, weak topological product of the pointed spaces Z; 222
U;>; Xi, union of an infinite chain of topological spaces xx
[oca N Z., topological sum of the spaces Z, xxi

Voer Z

colim X;, colimit of a direct system of topological spaces xxi
XY, joinof X andY 323

w: Ty~ x;, path w from the point xy to the point x; 29
[w], homotopy class of (a path) w 33

PB, path space of the space B 105

wedge of the pointed spaces Z, 12

mo(X), set of path components of a space X 9
m1(X), fundamental group of a space X 34
)

m.(X), n-th homotopy group of a space X 56

(X, A), n-th homotopy group of a pair of spaces (X, A) 81

[X,Y], set of homotopy classes of maps from X toY 11

[X,Y]., set of pointed homotopy classes of pointed maps from X to Y 11
[

X, A;Y, B], set of homotopy classes of maps of pairs from (X, A) to (Y, B)
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11

K(G,n), Eilenberg-Mac Lane space of type (G,n) 189, 193

M(G,n), Moore space of type (G,n) 203

SP"X, n-th symmetric product of the space X 168

SP X, infinite symmetric product of the space X 168

deg(f), degree of the map f 17

H,(X,A), n-th homology group of the pair (X, A) with integral coeffi-
cients 180

H,(X;G), n-th homology group of X with coefficients in G 246

H.(X,A;G), n-th homology group of the pair (X, A) with coefficients in
G 221

H™"(X,A;G), n-th cohomology group of the pair (X, A) with coefficients
in the group G 228

x — 1y, cup product in cohomology of x and y 239

x Xy, cross product in cohomology of z and y 240

K(B), complex K-theory of the space B 292

KO(B), real K-theory of the space B 306

K(B), reduced (complex) K-theory of the pointed space B 295

E® E’, direct sum of the vector bundles £ and E' 261

E® E’', tensor product of the vector bundles E and E' 262

E*,  dual of the vector bundle £ 262

®k E, tensor product of k copies of the vector bundle £ 262

/\k E, exterior product of k copies of the vector bundle £ 262

', ith Adams operation in K-theory 312

g™, real (complex) trivial vector bundle of dimension n 265

T'(E), space of sections of a vector bundle E 275

{E}, stable class of the complex bundle E 298

Kr(B), set of isomorphism classes of (complex) vector bundles of dimension
k and of finite type over the space B 276

S(B), set of stable classes of (complex) bundles over B 298

Hom (E, E’), morphisms of the vector bundle E to the vector bundle E’
262

Vect(B), semigroup of isomorphism classes of (complex) vector bundles
over the space B 289

Vect®(B), semigroup of stable classes of (complex) vector bundles over the
space B 300

Vect,(B), set of isomorphism classes of complex vector bundles of dimen-
sion k over B 280

Vi(C"), complex Stiefel manifold of orthonormal k-frames in C* 273

BUk, space of k-planes in C™, classifying space of complex k-vector bun-
dles 274
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BU, classifying space for complex K-theory 294

wy(E), first Stiefel-Whitney of a bundle E — B 337

w;(E), i-th Stiefel-Whitney of a bundle E — B 345

¢1(E), first Chern of a bundle £ — B 344

¢;(E), i-th Chern of a bundle E — B 369

HG, Eilenberg-Mac Lane spectrum with coefficients in G 410

HZs, Eilenberg-Mac Lane spectrum with coefficients in Z, 418

HZ7Z,, Eilenberg-Mac Lane spectrum with coefficients in Z, 419
5, Steenrod algebra 418
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abelian
46
H-space, 46
absolute neighborhood retract 99

H-group,

action,

135
properly discontinuous,
transitive, 132

ADAMS operations 312

additive
cohomology theory,

free,
135

391
homology theory, 391
additivity axiom
for cohomology, 232, 391
for homology, 187
algebra,
division, 318
normed, 316
algebraic K-theory of a ring 417
ANR 99
approximation
of a pair by a CW-pair, 212
of a space by a CW-complex,
211
associativity
of H-spaces, 46
of the cross product in cohomol-
ogy, 241
of the cup product in cohomol-
ogy, 239
of the exterior product in coho-
mology, 241
of the interior product in coho-
mology, 239
attaching space 59
axiom,
additivity,
dimension,

187, 232, 391
178, 182, 230, 386

467

exactness, 177, 181, 230, 384,
385

excision, 181, 229, 233, 384

homotopy, 177, 181, 229, 384,
385

Mayer—Vietoris, 398
weak homotopy equivalence, 232,
390
wedge, 232, 391, 398
axioms, Eilenberg—Steenrod 179, 183,
231

BARRATT-PUPPE sequence 75
dual, 79

base point 6
nondegenerate, 389, 390

based map 6

bidegree 324

BLAKERS-MASSEY theorem 193

BO-spectrum 411

bordism, unoriented 415

BORSUK—ULAM theorem 26, 379

BoTT periodicity 303

BoTT periodicity theorem 442
real, 306

bottle, Klein 247

BROUWER fixed point theorem 23,

179
in dimension two, 23
BrowN
functor, 398

representability theorem, 406
for homology, 414
BROWN—SARD theorem xxviii
BU-spectrum 411
bump function xxvi
bundle
homomorphism,
isomorphism,
morphism,

263
134
135, 263
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INDEX

bundle,
complex Hopf, 344
Hopf, 270
line, 314
locally trivial, 126
Moebius, 270
numerable, 285
real Hopf, 338
trivial, 126
vector, 259, 292
bundles, Whitney sum of 262

canonical generator of the fundamen-
tal group of the circle 43
canonical line bundle over a projec-
tive bundle 314
category xxiii
CAYLEY numbers, normed algebra
317
cellular approximation theorem 165
cellular chain complex 246
with coefficients in an abelian
group, 246
cellular cochain complex 250
cellular map 164
change of coordinates 260
characteristic class 370
characteristic maps of the cells of a
CW-complex 150
CHERN class, first 344
CHERN classes, 348
existence, 369
naturality, 348
Whitney formula, 348
circle, fundamental group 43
circle, Polish 164
class, Euler 337, 344, 355
classes,
Chern, 348, 369
Stiefel-Whitney, 345, 368
classifying map 284
of a covering map, 142
of a vector bundle, 280
classifying object for a functor 394
classifying space
for a Brown functor, 400
for complex K-theory, 294

for real K-theory, 306
of complex k-vector bundles, 276
of covering maps, 147
closed n-cell 150
closed path 29
coabelian
H-cogroup, 51
H-cospace, 51
coassociativity of H-spaces 51
cobordism
complex, 416
unoriented, 415
cocycle 260
coequalizer 398
cofibration 90
cohomology
cup product, 238
group, 228
first, 20
interior product, 238
operations, 417
stable, 418
cohomology groups
dimension axiom, 230
exactness property, 230
excision for CW-triads, 229
excision for excisive triads, 233
functoriality, 229
homotopical, 232
homotopy property, 229
long exact sequence, 230
cohomology
of CIP* with integral coefficients,
364
of RP* with coefficients in Z/2,
362
of complex Grassmann manifolds,
378
of complex projective spaces, 364
of real Grassmann manifolds, 373
of real projective spaces, 362
operation, 417
cohomology theories,
equivalence, 389
transformation, 389
cohomology theory, 384
additive, 391
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additivity axiom, 232, 391
exactness axiom, 384
excision axiom, 384
extraordinary, 386
generalized, 386
homotopy axiom, 384
long exact sequence, 384
ordinary, 386
reduced, 385
weak homotopy equivalence ax-
iom, 232
wedge axiom, 232
cohomomorphism of H-cospaces 51
coinverses in H-cospaces 51
colimit
of a direct system of algebraic ob-
jects, xxi
of a direct system of topological
spaces, xxi
of algebraic objects, universal
property, xxii
of topological spaces, universal
property, xxi
commutativity
of the cross product in cohomol-
ogy, 242
of the cup product in cohomol-
ogy, 240
of the exterior product in coho-
mology, 242
of the interior product in coho-
mology, 240
compact-open topology 2
compactly generated space 108
comparison theorem
for generalized cohomology theo-

ries, 409
for ordinary cohomology theories,
392, 409
complex numbers, normed algebra
316

complex projective space, xix, 340
cohomology, 364
CW-structure, 176
homology, 248-249
infinite-dimensional, xix, 341
of dimension n, xix

complex
K-theory, 292
vector bundle, 268
Gysin sequence, 361
comultiplication
in the suspension, 54
of an H-cospace, 51
cone 60
configuration space 140
connectable paths 31
0-connected space 9
1-connected space 37
n-connected
pair, 155
space, 155
n-connectedness 155
connecting homomorphism
in cohomology, 230
in homology, 181
of the homotopy groups of a tri-
ple, 88
of the homotopy groups of a pair,
83
constant
loop, 29
path, 29
construction,
Grothendieck, 289
Hopf, 323
contractible
loop, 31
space, 22, 35, 171
space, strongly, 35
contractiblity of S® 332
contraction 22, 35
of a neighborhood, 92
of a space, 22,171
contraction, strong 35
counit of an H-cospace 51
cover, trivializing 126
covering map 126
n-fold, 141
covering map, 126
classifying map, 142
classifying space, 147
multiplicity, 141
regular, 136
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INDEX

universal, 133
covering maps, equivalent 141
covering transformation 135
cross product in cohomology 240

associativity, 241

commutativity, 242

naturality, 241

stability, 242

units, 241
cup product in cohomology 238

associativity, 239

commutativity, 240

naturality, 239

stability, 239

units, 239
CW-approximation 161

of a pair of spaces, 212

of a space, 211
CW-complex 150
CW-pair 153
CW-triad 181, 229
cylinder 60

deformation of a neighborhood 172
degree 324
of a self-map of the circle, 17
derived limit of an inverse system
of algebraic objects xxii
dimension axiom
of cohomology groups, 230
of reduced homology groups, 178
of unreduced homology groups,
182
dimension of a vector bundle 259
direct system of topological spaces,
colimit xxi
division algebra 318
dual of the Hopf bundle 270

EILENBERG-MAC LANE space 189
for Z, 132,191
for a group G, 193
for a symmetric group, 146
EILENBERG-MAC LANE spectrum
410
EILENBERG-STEENROD axioms
for reduced homology, 179
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215

representability theorem, Brown 406
for homology, 414
representable functor 394
retract, strong deformation 116
retraction, 23
weak, 92
RIEMANN sphere 129
Riemannian metric 266
ring of formal power series 310

section

of a vector bundle, 275
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