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RESUMO

MARTINS, E. B. C. Teoria de obstrucao, classes caracteristicas e aplicagoes.
2022. 264 p. Dissertacao (Mestrado em Ciéncias — Matematica) — Instituto de Ciéncias
Matematicas e de Computacao, Universidade de Sao Paulo, Sao Carlos — SP, 2022.

Este trabalho tem como objetivo estudar e demonstrar alguns dos principais resultados
da Teoria de Obstrucao, assim como apresentar algumas possiveis aplica¢oes. A demons-
tracao de tais resultados depende do desenvolvimento de diversos pré-requisitos ao longo
do caminho, como as noc¢oes de homotopia livre e pontuada, H-grupos e H-cogrupos, gru-
pos de homotopia e fibrados localmente triviais. Esse desenvolvimento culmina com a
demonstracao de que o problema de estender mapas e se¢oes ao longo dos esqueletos de
um CW-complexo ¢é controlado por um invariante cohomolégico. Esse resultado é entao
usado para construir as classes caracteristicas associadas a um fibrado vetorial, e também

para definir a obstrucao local de Euler em um ponto de um espaco singular.

Palavras-chave: Teoria de Obstrucao, classes caracteristicas, homotopia, fibrados, obs-

trugao local de Euler.






ABSTRACT

MARTINS, E. B. C. Obstruction theory, characteristic classes and applications.
2022. 264 p. Dissertacao (Mestrado em Ciéncias — Matematica) — Instituto de Ciéncias
Matematicas e de Computacao, Universidade de Sao Paulo, Sao Carlos — SP, 2022.

The goal of this work is to study and prove some of the main results of Obstruction Theory,
as well as to present some possible applications. The proof of these results depends on the
development of several prerequisites along the way, like the notions of free and pointed
homotopy, H-groups and H-cogroups, homotopy groups and locally trivial bundles. This
development culminates in the proof that the problem of extending maps and sections
over the skeletons of a CW-complex is controlled by a cohomological invariant. This result
is then used to construct the characteristic classes associated with a vector bundle, and

also to define the local Euler obstruction of a point in a singular space.

Keywords: Obstruction Theory, characteristic classes, homotopy, bundles, local Euler

obstruction.
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INTRODUCTION

The goal of this dissertation is to study and prove the main results of Obstruc-
tion Theory. Broadly speaking, Obstruction Theory is a subarea of Algebraic Topology
concerned with studying the following type of problem: suppose we are given space £, B
and X, a subspace A C X, and maps f: A — F,g: X — B and p: F — B which fit

together in the commutative square below.

A$>E

[ )

XT>B

Under what conditions can we find a diagonal map h : X — FE such that the resulting

diagram is still commutative?

If such a map h exists, then the commutativity conditions imply the two following

equalities:
1. hlA = f;
2. poh=yg.
The first of these says that h is an extension of f, while the second says that h is a [lift of

g through p. Due to this, problems of this type are called extension-lifting problems.

There is no hope of solving a completely general extension-lifting problem, so in

this work we will restrict ourselves to two classes of problems:

1. We consider the extension-lifting problem posed by the square below.

A1 xxy

| [

X — X
idx

The map f : A — X X Y can simply be identified with a map A — Y, and if
h: X — X x Y solves the problem, then it can be identified with a map X — Y
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extending the given map f. In other words, this particular instance of the extension-
lifting problem is concerned with extending a map from a subspace to the whole

space.
2. We consider the extension-lifting problem posed by the square below,

A—2-F

I .

X —a X
where p : E — B is a locally trivial bundle. The commutativity condition means
that s : A — E is a section of p over A, and if there is a diagonal map S : X — FE
solving the problem, then it will extend s to the whole space X, and still be a
section of p. In other words, this particular extension-lifting problem is concerned

with extending partial sections of bundles to the whole space.

In both of these classes of problems, we will also assume that the pair (X, A) is a rel-
ative CW-complex. It is not surprising that this class of spaces is useful for Algebraic

Topology, since in some sense they carry two potential algebraic structures:

o the cells that are attached during the construction of the complex carry homo-

topical structure when mapped to other spaces;

« the way higher-dimensional cells intersect lower-dimensional cells carries (co)ho-

mological structure.

In the end, we will see that the possibility of solving these two classes of extension-
lifting problem is controlled by an algebraic invariant which involving both cohomological

and homotopical structures. This is one of the main results of Chapter 7.

Of course, in order to get there, we must develop a bunch of auxiliary theory. This
dissertation in particular is mainly concerned with developing the homotopical structure
necessary to understand the main results of Obstruction Theory. We start from the most
basic definitions of Homotopy Theory, and slowly develop more concepts until we are able
to define the homotopy groups, and also obtain some computational tools for studying
them.

In the end, after studying the obstruction-theoretic results, we briefly present two
possible applications of these ideas: one of them is a construction of the infamous char-
acteristic classes of vector bundles, and the other is the definition of the local Euler
obstruction at a point of a singular space, which is in some sense connected to the theory
of characteristic classes too, although in the substantially different context of singular

spaces.
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About the text

The development of ideas in the text is more or less linear, with each chapter
building up on the previous ones. It has a somewhat categorical flavor to it, with a fre-
quent use of categorical ideas like adjoint functors, natural transformations, pullbacks and
pushouts, group and cogroup objects, and so on. This categorical approach is especially
evident when we have to construct a map of some kind. In these cases, the actual defini-
tion of the map usually comes only after some “categorical preparation” which consists
of understanding how the objects in question are built: are they products? Coproducts?
Pushouts? Pullbacks? What are the morphisms coming into or out of these objects? I do
not think this is the most succinct approach, but it does help to have a sort of “organiza-
tional principle” for constructing maps, and in a few occasions it also helps us circumvent

some silly topological problems.

This text once contained a sizeable appendix on the basics of Category Theory,
which got eventually removed due to size limitations. Nonetheless, it still contains an
appendix on group and cogroup objects, two concepts which are not always included in
introductory discussions. As for the rest of the categorical concepts used, some of them
are briefly described and discussed in the text when they are first needed, and on these
occasions we also give pointers to easily accessible references on the subject. There is also
a list of symbols which also contains some of the categorical symbols that appear more

frequently in the text.

Now we give a brief overview of each of the chapters. See the individual introduc-
tions to each of them for more detailed overviews. The first chapter is of a preliminary
nature, being devoted to the study of some properties of the category spaces, as well as
to the introduction of an important class of spaces for us: the CW-complexes. The second
chapter is where we really start our study of Homotopy Theory, we introduce the basic no-
tions, discuss the “algebraic properties” of homotopy, and prove the basic, but important,

result connecting null homotopic maps on the sphere to extensions to the disk.

The third chapter is concerned with pointed spaces. In it, we study some properties
of the category of pointed spaces and pointed maps, and introduce important construc-
tions like the wedge sum, the smash product, the reduced suspension and the loop space.
Chapter 4 then uses some of these concepts to adapt the results of unpointed homotopy

theory to the pointed case.

In chapter 5 we finally define the homotopy groups of a pointed space using the
machinery of group and cogroup objects contained in the appendix. The application of
these concepts in Homotopy Theory is in the form of H-groups and H-cogroups, and their

construction occupies a good deal of the chapter.

Chapter 6 introduces locally trivial bundles. These maps will be important for us
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for two reasons: studying their sections is one of our goals in Obstruction Theory, and
they interact nicely with homotopy, which allows us to obtain computational results for
homotopy groups. This chapter contains both results and also several examples that will

reappear later on.

In chapter 7 we finally get to Obstruction Theory. We focus mainly on the extension
problem for maps, only mentioning the analogous results for the extension problem for
sections. Nonetheless, in both cases we stress the subtleties that naturally arise, and the
possible ways in which we can deal with them. Finally, the last chapter quickly describes
some possible applications of the results of Obstruction Theory. It is more concerned with

discussing the relevant ideas, containing almost no proofs.
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CHAPTER

1

TOPOLOGICAL PRELIMINARIES

This preliminary chapter describes some topological constructions and results that
will be used throughout most of the text. The first section describes the construction of a
space of maps Map(X,Y’) between any two topological spaces X and Y by equipping the
set of maps Top(X,Y’) with the compact-open topology. The goal is to study the categor-
ical properties of this construction, in particular its functoriality and its relation with the
cartesian product via the exponential adjunction. We then exploit this relation to prove
some internalization results and also some results concerning products of quotient maps
which will be used often. The second section then describes the inductive construction of
CW-complexes via the notion of cell attachment. The approach used here is somewhat
categorical, cell attachments are defined via pushout diagrams, and a CW-complex is de-
fined as a colimit of a sequence of subspaces where each one is obtained from the previous

one by a cell attachment.

1.1 Spaces of maps

In this section we define a topology on the set Top(X,Y) of maps between two
spaces, and prove that this topology satisfies many useful properties. In particular, we
prove that there is an adjunction between mapping spaces and products. This adjunction

will be used all throughout the text, especially for the study of Homotopy Theory.

1.1.1 Definition. Given space X and Y, the compact-open topology on the set of
maps Top(X,Y) is the topology having as sub-basis the subsets of the form

S(C, V) ={f € Top(X,Y) | f(C) €V},

where C' C X is a compact subspace and V' C Y is an open subset. Whenever we consider

this topology on the set Top(X,Y’) we, denote the resulting space by Map(X,Y).
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Intuitively, two points of Map(X,Y), that is, two maps f, g : X — Y are closer
the more their values are closer along compact subspaces of the domain. This topology
shows up under different names in other places. For example, if Y is a metric space,
then the compact-open topology on Map(X,Y') is usually called the topology of uniform
convergence on compact subspaces, because in this case a sequence (f, : X — Y),en
converges to a map f if and only if, for every compact subspace C' C X, the sequence of

restrictions (f,|c)nen converges uniformly to f|c.

The compact-open topology is certainly not the only topology we can define on the
set Top(X,Y). For example, we could also define a topology by considering the sub-basic
sets defined as

SHat, V) ={f: X =Y | f(z) eV},

where x is any point of X, and V is any open subset of Y. It turns out that, with this
topology, convergence of a sequence of maps ( f,)nen is the same as pointwise convergence.
At least in the context of metric spaces, this already tells us that this topology is not as
useful as the compact-open topology, since the notion of uniform convergence is far more

useful than pointwise convergence.

But how do we judge the usefulness of the compact-open topology on our purely
topological context? Taking into account the categorical approach we are taking in this
text, the usefulness of a certain construction is related to its categorical properties, like
the existence of maps (morphisms), functors and adjunctions relating this construction
to others. Thus, we devote the rest of the section to the study of the main categorical

properties satisfies by the compact-open topology.

The first collection of maps we can define are pushforwards and pullbacks. Recall
that, since Top is a locally small category, given spaces X, Y and Z, and maps f : X = Y

and g : Y — Z, we have the corresponding pushforward along ¢ function
Top(X,g) : Top(X,Y) — Top(X, Z),
and also the corresponding pullback along f function
Top(g, Z) : Top(Y, Z) — Top(X, Z).
The next results show that using the compact-open topology we can “topologize”
these constructions.

1.1.2 Proposition. Let X, Y and Z be spaces.

1. If g: Y — Z is a map, then the pushforward along ¢
Top(X, g) : Map(X,Y) — Map(X, Z)

defines a continuous function.
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2. If f: X =Y is a map, then the pullback along f
Top(f, Z) : Map(Y, Z) — Map(X, Z)

defines a continuous function.

Proof. 1. Given a sub-basic open set S(C, V) C Map(X, Z), a straightforward argument
shows that Map(X, ¢)~*(S(C,V)) = S(C, g~ }(V)), therefore Map(X, f)~'(S(C,V)) is an
open subset of Map(X,Y).

2. Given a sub-basic open set S(C,V) C Map(X, Z), another straightforward ar-
gument shows that Map(f, Z)~*(S(C,V)) = S(f(C), V), therefore Map(f, Z)~1(S(C,V))
is an open subset of Map(Y, 7). |

From now on, whenever we want to regard the pushforward Top(X,g) as a map,
and not just a mere function, we will use the notation Map(X, g). Similarly, the pullback

map will be denoted by Map(g, 7).

Using the pushforward map we can define a functor Map(X, —) : Top — Top which
sends a space Y to the space of maps Map(X,Y’), and which sends a map g : ¥ — Z
to the induced pushforward map Map(X,g) : Map(X,Y) — Map(X, Z). Similarly, we
also have the pullback functor Map(—,Z) : Top®® — Top which sends a space X to
the space of maps Map(X, Z), and which sends a map f : X — Y to the induced
pullback map Map(f, Z) : Map(Y,Z) — Map(X, Z). It is interesting to remark that
these functors “upgrade” the usual representable functors Top(X,—) : Top — Top and
Top(—, Z) : Top®® — Top to the category of spaces. More precisely, if U : Top — Set
denotes the forgetful functor sending a space to its underlying set, then we have the

commutative diagrams of functors below.

Top M—>ap(X’_) Top Top°P —>Map(_7z) Top
e e
Top(m TOP(%
Set Set

Our next goal is to show that the functors — x Y and Map(Y, —) are adjoint to

one another under some topological conditions on Y.

Recall that a pair of opposite functors F': C — D and G : D — C, we say that F
is left adjoint to G, or that G is right adjoint to F', if there exists

« a natural transformation 7 : idc = G o F' called the unit of the adjunction,

« a natural transformation ¢ : F'o G = idp called the counit of the adjunction,
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which satisfy the following commutativity conditions, called the triangle identities:

F dr F G Mo G
\ / \ / (1.1)
Fn el nG Ge

FoGoF GoFoQG

In the two diagrams above, the natural transformations F'n, ¢F', nG and Ge are
called whiskerings. The component of the whiskering F'n at an object ¢ € C, for example,

is defined as
(F'n)e = F(ne) : Fc) = F(G(F(c))),

while the component at ¢ of ¢F' is defined as
(eF)e = €pw) : F(G(F(c))) = F(c).

The components of nG and Ge at an object d € D are defined analogously. The commu-
tativity of the two triangles above is then equivalent to saying that, for any objects ¢ € C

and d € D, we have the equations:

er(e) © F'(ne) = idp(e); (1.2)

G<€d) O nG(d) = ldg(d)

We start by defining the unit transformations of the adjunction we would like to

obtain.

1.1.3 Lemma. Let Y be any topological spaces.

1. For any other space X, the function
tx : X = Map(Y, X xY)

given by the formula

Lx(I) = (Ctyﬂnidy) VereX

is continuous.

2. The collection of maps
{tx : X = Map(Y, X XY)}xetop
defines a natural transformation of functors

¢+ idtep = Map(Y, — x Y).
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Proof. 1. Let V. C X X Y be an open subset, C' C Y a compact subspace, and consider
the sub-basic open subset S(C,V) C Map(Y, X x Y). If 2 € 1.i*(S(C,V)), then 1x(z) =
(ctys,idy) € S(C, V), which means that (cty,,idy)(C) C V. This means that the relation
(z,y) € V holds for every y € C, or in other words, we have the inclusion {z} x C C V.
Since C' is compact, it follows from the Tube Lemma that there exists a neighborhood U
of x such that U x C' C V|, so, for any 2’ € U, the relation {2’} x C' = [1x(2)](C) C V
holds, therefore U C 13 (S(C,V)); proving the continuity of ¢x.

2. Let A and B be spaces, and consider a map f : A — B. We need to show the

commutativity of the square below,

A ! B
LAl lLB
Map(Y, A X Y) m) Map(Y, B x Y)

or in other words, that for any a € A we have the equality
(f X ldy) o (Ctxa,idy> = (Cty’f(a), ldy) (13)

This can be shown pretty easily directly. For any y € Y, unpacking the definitions

we have

((f xidy) o (cty,q,idy))(y) = (f x idy)(a,y)
= (f(a),y)
= (Cty, f(), idy)(y)-

We give a second proof showing how this equality also follows from the universal properties

defining the maps involved. Consider the canonical projections below

mAXY — A,
T AXY =Y,
m:BxY — B,
mh:BXxY =Y.

Since (f xidy) o (cty,q,idy) is a map into the product B x Y, it is completely determined
by the projections 7} and 7}, that is, we can prove the equality (1.3) by showing that

both sides coincide when composed with 7} and 7.

For the first projection, if we recall that f x idy satisfies the equations

mio(f xidy)=fom and who(f xidy)=idy omy = T,
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then we have the chain of equalities

mp o (f xidy) o (cty,,idy) = fom o (cty,)
= f o CtY,a

= Cty’f(a).

Similarly, for the second projection we have the equalities

7Té 9} (f X ldy) o (Ctyﬂ, ldy) — T2 O (Ctyva, ldy)

= idy.

This ends the proof because by definition the induced map (cty, sy, idy) also satisfies the
equalities

7'['1 9] (Cty,f(a), ldy) = Ctyj(a) and Tr9 © (Cty’f(a), ldy) = idy. [ |

Now we turn to the collection of maps that defines the counit of our soon-to-be
adjunction. It is at this point that we need to make additional assumptions on the spaces

involved.

1.1.4 Lemma. Let Y be a locally compact Hausdorff space.

1. For any other space Z, the evaluation function
evyz :Map(Y,Z) xY — Z
defined by the formula
evyz(f,2) = f(z) V(f,z) € Map(Y,Z) x Z

is continuous.

2. The collection of maps
{evyz :Map(Y,Z) XY — Z} ze1op
defines a natural transformation of functors
evy : Map(Y, —) X Y = idyep.

Proof. 1. Let V' C Z be an open subset, and suppose (f,y) € evy,(V), which means
that f(y) € V, or in other words, that y € f~!(V). Since Y is locally compact Hausdorff
by hypothesis, we can find an open neighborhood U of y such that U is a compact
subspace satisfying the condition U C f~!(V'). The product S(U,V) x U then defines a
neighborhood of (f,y) in Map(Y, Z) x Y, and, if (¢,9') € S(U,V) x U, then evy z(g,9') =
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g(y') € V; which shows that S(U, V) x U C evy,(V), therefore proving the continuity of

€Vy z.

2. Let A and B be spaces, and consider a map g : A — B. We need to show the
commutativity of the square below.

Map(Y, A) x v 2P (Y, By x Y

evy, Al JeVyy B

A B

9

This follows by direct computation. For any pair (f,y) € Map(Y, A) x Y we have the
following chain of equalities:
(evy,p o (Map(Y, g) x idy))(f,y) = evy.s(go f,y)
= (g0 f)y)
=9(f(y))
= glevy,a(f,y))
= (goevya)(f,y). u

We have all the ingredients necessary for defining an adjunction between products

and spaces of maps.

1.1.5 Theorem (Exponential adjunction). If Y is a locally compact Hausdorff space,

then the product functor — x Y is left-adjoint to the pushforward functor Map(Y, —).

Proof. Our candidates for unit and counit transformations of the adjunction are the trans-

formations
¢ idtop = Map(Y, — x Y) and evy : Map(Y,—) XY = idtop
of Lemma 1.1.3 and Lemma 1.1.4, respectively.

We just need to show that these transformations satisfy the triangle identities. The

first of these identities says that the triangle below commutes for every space X € Top.

XxY Xy XxY

Lm %Jixy

Map(Y,; X xY) xY

This is just a matter of computation. Given any (z,y) € X x Y, we have
(evyxxy o (tx X idy))(7,y) = evy xxy (tx(2), )
= evyxxy ((cty,, idy), )
= (cty,x,idy)(y)
= (2,9).



32 Chapter 1. Topological preliminaries

The second triangle identity, on the other hand, says that the triangle below com-

mutes for every space Z € Top.

idMap(v, 2)

Map(Y, 2) Map(Y, 2)

LMm mevaz)

Map(Y,Map(Y, Z) x Y)
Given any f € Map(Y,Z) and any y € Y, we have
[(Map(Y, evy,z) o tnap(v,2)) (f)](y) = [Map(Y, evy,z)((cty, s, idy))](y)
= (evy,z o (cty,r,idy))(y)

== eVY,Z(f7 y)
= f(v),

and since this holds for any y € Y, we have the equality of maps
(Map(Y, evy.z) © tntap(v,2))(f) = [,

but this holds for every f € Map(Y, Z), therefore we have the desired equality
Map(Y, evy,z) © tmap(v,z) = idMap(v,2)- |

One important thing about categorical adjunctions in general is that they can also
be described by a certain natural bijection between sets of morphisms. More precisely, we
have the following result, whose proof can be found in either (RIEHL, 2017, Proposition
4.2.6) or (LEINSTER, 2014, Theorem 2.2.5).

1.1.6 Theorem. Let F': C — D and G : D — C be a pair of opposing functors between

locally small categories. The following are equivalent:

1. F is left adjoint to G;
2. for each ¢ € C and each d € D there exists a bijection

Aed : D(F(c),d) — C(c,G(d))

which depends naturally on both ¢ and d.

Concretely, the bijection \. 4 assigns to each morphism « : F/(¢) — d the composite
morphism

Aeda(@) = G(a)on.: c — G(d)

as shown below.
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The inverse bijection )\;Cll has a dual description: it assigns to a morphism 5 : ¢ —

G(d) the composite morphism
)\;Cll(ﬂ) =¢eq0 F(B): F(c) = d
as shown below.

c—25 Gd) ~ Flc) —2%

We can of course apply this alternative description to the exponential adjunction
between — X Y and Map(Y, —) described above. If Y is locally compact Hausdorff, then

for any two spaces X and Z we have the bijection
Ax.z : Top(X x Y, Z) — Top(X, Map(Y, Z))

which associates to every map f : X x Y — Z the corresponding map Axzf : X —
Map(Y, Z) defined as the composition

Ax.zf = Map(Y, f) orx

as shown in the diagram below.

Map(Y,f)
—

XxY Lo 7z v X 5 Map(V, X xY) Map(Y, Z)

For any x € X, the value A\x zf(z) is itself a map of type Y — Z. If we then evaluate
this map at a point y € Y, we see that

[Ax.zf(2)](y) = [Map(Y, f) o tx)(x)](y)
= [Map(Y, f)((cty,s, idy))](y)
= (f o (ctyq, idy))(y)
= f(z,y).

Throughout the text, we call the map Ax zf the exponential adjoint of f, or
also the exponential transpose of f. Sometimes we also say that Ax zf is obtained

from f by currying the second variable.

We can also describe the inverse function
Ax.z : Top(X, Map(Y, Z)) — Top(X x Y, Z)
by using the counit and the adjunction together with the product functor:

)\)}}Zg ‘= evyzo (g xidy)
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for every g : X — Map(Y, Z), as shown below.

gXidy

X —%5 Map(Y,Z) ~ X xY 55 Map(Y, Z) X Y ——

-1
x,z9

A direct computation using the definitions shows that the formula

Axiz9(x,y) = [9()](y)

holds for every g : X — Map(Y,Z) and every (z,y) € X x Y. We sometimes say that

/\)_<,129 is obtained by uncurrying the map g.

1.1.7 Remark. In Category Theory, we say an object c of a category C is exponentiable

if it satisfies the two following conditions:

1. the product a X ¢ exists for every other object a € C, so that we can define a product

functor — x ¢: C — C;

2. the product functor — x a has a right-adjoint functor R : C — C.

Under these conditions, the value of R on an object b € C is usually denoted as b*, and a

similar notation is used for the value on morphisms.

This terminology allows us to restate Theorem 1.1.5 in the following way: every

locally compact Hausdorff space is exponentiable in the category Top.

1.1.1 Convenient consequences

In this subsection we use our previous results on the exponential result to deduce
some useful consequences. Most of the results have to do with topologizing some categori-
cal notions. We have already seen an example of this when we saw how the compact-open
topology allowed us to upgrade the representable functors Top(X, —) and Top(—,Y") to
the corresponding functors of spaces Map(X, —) and Map(Y, —).

Most of the results of this section, however, involve upgrading bijections coming
from categorical constructions to homeomorphisms. The tool used for this is the Yoneda
Embedding, since it allows us to deduce “internal” isomorphisms from natural isomor-

phisms between functors.

Our first result of this type concerns understanding spaces of the form Map(W, X x
Y). Recall that general categorical products are defined as limits of particularly simple
diagrams. More precisely, two objects a and b of a (locally small) category have a product
if the functor C(—,a) x C(—,b) : C°® — Set is representable, and the product a x b is
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precisely a choice of representing object for this functor, so that for any object x € C we

have a natural bijection of sets of morphisms:

C(xz,a x b) = C(z,a) x C(x,b).

In the category Top, this means that for any three spaces X, A and B we have a
bijection
Top(X, A x B) = Top(X, A) x Top(X, B)
which is natural in X. The compact-open topology gives us an internal version of the sets

of maps Top(X,Y): the spaces of maps Map(X,Y’). It is then natural to wonder if the

bijection above can be upgraded to a homeomorphism

Map(X, A x B) = Map(X, A) x Map(X, B).

A general categorical tool to deduce “internal” isomorphisms from natural isomor-
phisms between functors is the infamous Yoneda Embedding which we now briefly recall.
Given a locally small category C, each object a € C gives rise to a functor C(a, —) : C — Set
by sending an object x € C to the set of morphisms C(a,z), and by sending a morphism
¢ x — y to the function C(a, ¢) : C(a,z) — C(a,y) - called the pushforward along ¢ -
defined as

Cla,9)(f)=¢of VfeCl(a) (1.4)

It is also possible to define a dual construction, i.e, a functor C(—,a) : C°P — Set
sending an object © € C to the set of morphisms C(z,a), and sending a morphism v :
x — y to the function C(¢,a) : C(y,a) — C(x,y) - called the pullback along ¥ - in the

opposite direction defined as
C(¥,a)(g) =got VgeC(y,a) (1.5)

These two constructions depend functorially on a. If b is another object, and 8 :

a — b is a morphism in C, then on the hand we have a natural transformation
C(,-):C(b,—) = C(a,—),

called the pullback transformation, in the opposite direction whose component at an

object x € C is the pullback function
C0,x): C(x,b) — C(z,a);
while on the other we have a natural transformation

C(—,0) : C(—,a) = C(—,b)
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called the pushforward transformation whose component at = is the pushforward
function

C(x,0) : C(x,a) — C(x,b).

These two dual constructions give rise to two related functors:

1. The functor ) : C — [C°P,Set] sending an object a € C to the functor C(—,a) :
C°P — Set, and sending a morphism 6 : a — b to the transformation C(—,6) :
C(—,a) = C(—,b).

2. The functor Y : C°P — [C, Set] sending an object a € C to the functor C(a,—) : C —

Set, and sending a morphism 6 : @ — b to the transformation C(#, —) : C(b,—) =
C(a,—).

The Yoneda Embedding says that these two functors are embeddings of categories
in a precise sense. See (RIEHL, 2017, Corollary 2.2.8) or (LEINSTER, 2014, Corollary
4.3.7) for proofs.

1.1.8 Theorem (Yoneda Embedding). Let C be a locally small category. The functor
Y : C — [C°, Set] is full and faithful, that is, it satisfies the two following conditions:

1. For any two objects a, b € C, if the morphisms 6, 6’ : a — b are such that the
transformations C(—,0), C(—,0") : C(—,a) = C(—,b) are equal, then 6 and ¢ are

themselves equal. In other words, ) induces an injection between sets of morphisms

C(a,b) — [C°P, Set](C(—, a), C(—, D).

2. For any two objects a, b € C, if A : C(—,a) = C(—,b) is a natural transformation,
then there exists a morphism 6 : a — b such that A = C(—,0). In other words, )

induces a surjection between sets of morphisms

C(CL, b) - [C0p7 Set](C(—, CL), C(_7 b))
Similarly, the functor Y : C° — [C, Set] is also full and faithful.

The main result underpinning the proof of the Yoneda Embedding is the also
famous Yoneda Lemma, which completely characterizes natural transformations of type
C(—,a) = F. A proof of this result can be found in (RIEHL, 2017, Theorem 2.2.4) or
also in (LEINSTER, 2014, Theorem 4.2.1).

1.1.9 Theorem (Yoneda Lemma). Let C be a locally small category. For any object ¢ € C
and any functor F': C — Set, there is a bijection

W, p o [CP,Set](C(—,¢), F) — F(c)
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defined as
U, p(0) = 0.(id.) (1.6)

for every natural transformation 6 : C(—,c) = F.

With these tools at our disposal, the comparison between Map(X, A x B) and
Map(X, A) x Map(X, B) is just a matter of using the exponential adjunction and the
Yoneda Embedding.

1.1.10 Proposition. Let A and B be spaces. If X is a locally compact Hausdorff space,

then there is a homeomorphism

Map(X, A x B) = Map(X, A) x Map(X, B).

Proof. Tt suffices to show that there is a natural isomorphism of functors
Top(—, Map(X, A x B)) = Top(—, Map(X, A) x Map(X, B)),

and then apply the Yoneda Embedding.

We begin by noting that, since X is locally compact Hausdorff, the exponential

adjunction implies there is a natural isomorphism of functors
Top(—, Map(X, A x B)) = Top(— x X, A x B).

As we remarked above, the definition of the product is such that there is a natural iso-
morphism
TOp(—,A X B) = TOp(—,A) X TOp(—,B),

and then precomposing both sides with the product functor — x X : Top — Top gives us

the natural isomorphism
Top(— x X, A x B) = Top(— x X, A) x Top(— x X, B).
Applying the exponential adjunction twice gives the natural isomorphism
Top(— x X, A) x Top(— x X, B) = Top(—, Map(X, A)) x Top(—, Map(X, B)),
and then using the universal property of the product again we get
Top(—, Map(X, A)) x Top(—, Map(X, B)) = Top(— Map(X, A) x Map(X, B)).

Following this chain of natural isomorphisms gives us the desired natural isomorphism of
functors
Top(—, Map(X, A x B)) = Top(—, Map(X, A) x Map(X, B)). |
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The proof above shows the existence of a homeomorphism, but it does not exhibit

one explicitly. If
6 : Top(—, Map(X, A x B)) = Top(—, Map(X, A) x Map(X, B))

denotes the natural isomorphism we described, the proof of the Yoneda Embedding shows
that we can recover one direction of the homeomorphism

o

Map(X, A x B) — Map(X, A) x Map(X, B)
by consider the map given by
Ontap(x,4x B) (IdMap(x,ax By) : Map(X, A x B) — Map(X, A) x Map(X, B).
Unpacking this expression shows that this homeomorphism is given by the map
(Map(X, 1), Map(X,m)) : Map(X, A x B) — Map(X, A) x Map(X, B),

where m; and 7y are the canonical projections out of A x B. In other words, this homeo-

morphism sends a map f : X — A X B to the pair of maps (m o f,m 0 f).

We can also recover the inverse homeomorphism. In terms of the Yoneda Embed-
ding, it can be obtained by using the inverse natural isomorphism to the identity map of
Map(X, A) x Map(X, B), which results in a map

‘91\_/{;p(X,A)><Map(X,B)(idMap(XvA)XMap(XvB)) : Map(X, A) X Map(X, B) - Map(X, A% B)

Explicitly, this homeomorphism sends a pair of maps (f : X — A,g : X — B) to the
map (f,g) : X — A x B induced by the universal property of the product.

There is also an internalization result for mapping spaces of the form Map(A U
B,Y). Categorically, the a b of two objects of a category C, if it exists, is a representing
object for the functor C(a, —) x C(b,—) : C — Set. This means that, for any other object

y € C, there is a natural bijection

ClaUb,y) = Cla,y) x C(b,y).

The next result shows how this can be interpreted inside the category of spaces.

1.1.11 Proposition. If A and B are locally compact Hausdorff spaces, then for any other

space Y there is a homeomorphism
Map(AU B,Y) = Map(A,Y) x Map(B,Y).
Proof. The strategy of proof is to use the Yoneda Embedding again. Since A and B are

locally compact Hausdorff, the same is true of the disjoint union AU B, so we can use the

exponential adjunction to obtain the natural isomorphism

Top(—, Map(AU B,Y)) = Top(— x (AU B),Y).
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In Top, products distribute over coproducts naturally, that is, there is a natural isomor-

phism of functors

- X (AUB) = (- x A)U (- x B),

and this implies the isomorphism

Top(— x (AUB),Z) = Top((— x A)U (= x B),Y).

Here we have to be careful. The universal property of the coproduct gives us a

natural isomorphism
TOP(A U B7 _> = TOp(A, _) X TOp(B, _)

for any two spaces A and B. However, the situation at hand is different, because the

functor

Top((— x A)Li (= x B),Y)

has a fixed target space, but a varying coproduct as source. We know that, for each choice

of space W € Top, we have a bijection
Top(W x A)U (W x B),Y) = Top(W x A, Y) x Top(W x B,Y),

and it is not unreasonable to expect this bijection to depend naturally on W, so that we

end up with a natural isomorphism

Top((— x A) U (= x B),Y) = Top(— x A,Y) x Top(— x B,Y).

This is indeed true, and it follows from a general categorical fact. Given a small
category J and a locally small category C, if every functor F' : J — C has a colimit, then
the diagonal functor A : C — CJ has a left adjoint colim : C? — C which assigns to every
functor F' : J — Cits colimit colim F' € C. The adjointness relations means that, for every

object ¢ € C, and every functor F': J — C, we have a bijection
C(colim F, ¢) = C(F, A(c))

which depends naturally on both the object ¢ and the functor F. A proof of this fact be
found in either (RIEHL, 2017, section 4.5) or (LEINSTER, 2014, section 6.1).

Coproducts of spaces are colimits of functors of type 2 — Top, and since Top

admits all coproducts, for any three spaces W, X and Y we have a bijection
Top(W U X, Y) = Top(W,Y) x Top(X,Y)

depending naturally on all the spaces. In particular, if we fix Y, and let W and X vary,

we get the natural isomorphism of two-variable functors

Top(— L —,Y) = Top(—,Y) x Top(—,Y),
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and if we precompose this with the functor
(—x A,—x B): Top — Top x Top
we obtain the desired natural isomorphism

Top((— x A) U (= x B),Y) = Top(— x A,Y) x Top(— x B,Y).

Continuing, if we apply the exponential adjunction twice, we obtain
TOP(— X Av Y) X TOp(— X B7 Y) = TOp(—, Map(Av Y)) X TOP(—, Map(B7 Y))>
and then using the universal property of the product once again we get

Top(—,Map(A,Y)) x Top(—,Map(B,Y)) = Top(—, Map(A4,Y) x Map(B,Y)).

If we go over the chain of natural isomorphisms, we see that at the end we obtained

the isomorphism
TOp(— Ma‘p(A U Ba Y)) = TOp(—, Map(Av Y) X Map(B7 Y))7

which implies the desired homeomorphism. |

Similarly to what happened in the previous result, the proof given above does not

explicitly provide us with a homeomorphism
Map(AU B,Y) = Map(A,Y) x Map(B,Y),

but it can be recovered by “running” the proof of the Yoneda Embedding. On the one

hand, we have the map
(Map(j1,Y), Map(jo,Y)) : Map(AU B,Y) — Map(A4,Y) x Map(B,Y)

induced by the universal map of the product, where j; and j; are the canonical injections
into the disjoint union. Explicitly, this sends a map f : ALUB — Y to the pair (foji, fojs).

The map in the opposite direction

Map(A4,Y) x Map(B,Y) — Map(AU B,Y)
sends a pair of maps (f : A = Y,g: B—Y) tothe map (f,g9) : AL B — Y induced by
the universal property of the coproduct.

Another result which can be internalized under some topological conditions is the
exponential adjunction itself. We saw in Theorem 1.1.5 that, if YV is locally compact

Hausdorff, then for any two spaces X and Z there is a natural bijection
Top(X x Y, Z) = Top(X, Map(Y, 2)).

A natural question is: can we replace the sets of maps by spaces of maps an upgrade the
above bijection to a homeomorphism? The answer is yes, but we must be careful with the

required conditions.
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1.1.12 Proposition. Let X and Y be locally compact Hausdorff spaces. If Z is any other

space, there is a natural homeomorphism

Map(X x Y, Z) = Map(X, Map(Y, 2)).

Proof. We use the Yoneda Embedding once again. Since X is locally compact Hausdorft,

by the exponential adjunction we have the natural isomorphism
Top(—, Map(X, Map(Y, Z))) = Top(— x X, Map(Y, Z)).
Similarly, we also have the natural isomorphism
Top(—, Map(Y, Z)) = Top(— x Y, Z),

and if we precompose this with the product functor — x X : Top — Top, we obtain the
isomorphism

Top(— x X, Map(Y, 7)) = Top((— x X) x Y, Z).

At this point we have to deal with a small subtlety. The product operation on
spaces is associative up to homeomorphism, that is, given spaces W, X and Z, there is

an associator homeomorphism
(WxX)xY=2Wx (X xY)

which is natural in all three variables. In particular, if we fix X and Y, but let W vary,

we obtain a natural isomorphism of functors
(—xX)xY=—-(XxY),
which implies the natural isomorphism

Top((— x X) x Y, Z) = Top(— x (X xY),Z).

The property of being locally compact Hausdorff is preserved by products, therefore
X x Y is a locally compact Hausdorft space, and using the exponential adjunction one

more time gives us the isomorphism
Top(— x (X xY),Z) = Top(—,Map(X x Y, 7)).
Overall, this reasoning shows the existence of a natural isomorphism of functors
Top(—, Map(X, Map(Y, Z))) = Top(—, Map(X x Y, Z)),

and the desired homeomorphism then follows from the Yoneda Embedding. |
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We end this section with results of a more point-set nature instead of internaliza-

tion results.

1.1.13 Proposition. Let X and Y be spaces, and consider a quotient map p : X — Y.
If Z is a locally compact Hausdorff space, then the product p xidy : X x Z —Y x Z is

still a quotient map.

Proof. Let A be another space, and suppose f : Y x Z — A is a function such that the
composition f o (p xidz) : X x Z — A is continuous. We claim that the exponential
adjoint function

Ayaf Y — Map(Z, A)

is continuous. Indeed, from the naturality of the exponential adjunction applied to the

map p: X — Y, we know that the square below commutes.

Top(pxidz,A)

Top(Y x Z, A) Top(X x Z, A)

)\Y,AJ JAX,A

Top(Y, Map(Z, A)) Top(X, Map(Z, A))

-
Top(p,Map(Z,A))

In particular, chasing f € Top(Y x Z, A) around the squares yields the equation

Axa(fo(pxidg)) = Ayafop.

Since fo(pxidy) is continuous by hypothesis, so is its adjoint Ax 4(fo(pxidz)), and the
equality above then implies the continuity of the composition Ay 4f o p; but this implies

the continuity of Ay 4f because p is a quotient map by hypothesis.

Now, since Z is locally compact Hausdorff, we have a well-defined inverse expo-

nential transformation
Aya : Top(Y, Map(Z, A)) — Top(Y x Z, A),

and by applying it to the map Ay af € Top(Y,Map(Z, A)) we deduce the continuity of f,

as required. [

1.1.14 Corollary. Let f : W — X and g : Y — Z be quotient maps. If X and Y are
locally compact Hausdorff, then the product f x g : W xY — X x Z is also a quotient

map.

Proof. Applying Proposition 1.1.13 twice we deduce that the maps f xidy : W x Y —
X xY andidy x g: X XY — X x Z are both quotient maps. The result then follows
from the equality

fxg=(idx xg)o(f xidy)

and the fact that composition preserves quotient maps. |
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1.2 CW-complexes
In this section we define the notion of a CW-complex and mention some of its
properties that will be important later on.

The basic idea is that a CW-complex is a space obtained by repeatedly gluing
disks of increasing dimensions along their boundary spheres. In order to formalize this,

we first define what we mean by gluing disks.

1.2.1 Definition. We say that a pair (X, A), where A C X is a subspace, is an n-
cellular pair if there exists a collection of maps {®, : D" — X}.c¢ satisfying the

following conditions:

. (S"1) C A for every e € &;

2. the diagram below is a pushout square.

é‘sn 1

|—| Sn— 1 A

ec& [
o —— X
ec& >e€£

In the literature, it is common to say that X is obtained from A by attaching
n~-cells. In order to simplify the notation a bit, we denote the restricted maps ®.|gace)-1
by ¢., and we follow this convention throughout: upper-case for maps on the disk and the
corresponding lower-case for its restriction to the boundary sphere. The maps ¢, : D" —
X are called the characteristic maps, while the restrictions ¢, : S"71 — A are called

attaching maps.

We could consider pairs (X, A) where X is obtained from A by simultaneously
gluing disks of varying dimensions to the subspace, and many of the required results
would still hold. Since in the examples we will encounter the disks glued have all the same

dimension, we decided to work with the slightly less general notion of Definition 1.2.1.

The cellular pairs we have introduced are an auxiliary notion used to give an in-
ductive definition of CW-complexes, and thus many properties of CW-complexes actually
follow from analogous properties of cellular pairs. We will not need many deep topological
properties of cellular pairs and topological spaces, but some basic ones will be useful at

several points, so we leave them registered here for later referencing.

1.2.2 Proposition. Let (X, A) be an n-cellular pair, and let {®, : D™ — X}.c¢ be its

family of characteristic maps. The following properties hold:

1. Ais a closed subset of X;
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2. the map (®,.).ce induces by restriction a homeomorphism X \ A 2 | | c¢(D™\ S"1);

3. if A is Hausdorff, then so is X.

It follows from the second item that, for each e € &£, the restriction ®.|pn\gn-1 :
D"\ 8" ! — X is an open embedding, and its image ®.(D™\ S"!) C X is called an
open n-cell of (X, A). If e1, e5 € & are different indices, then the corresponding open
n-cells @, (D™ \ S"!) and ®,,(D"\ S" 1) are disjoint, therefore the open n-cells of X

constitute a partition of X \ A into open subsets.

We now give some examples of cellular pairs that will be useful later.

1.2.3 Example. For every integer n > 0, the pair (D", S"™1) is n-cellular with a single
characteristic map given by the identity idp» : D™ — D", since the diagram below is
trivially a pushout.

idsnfl

Sn—l Sn—l

I I

DTL D’IL

idpn

1.2.4 Example. For any integer n > 1, regard S"~! as a subspace of S™ via the embedding
at the equator i,_; : S"~! — S™ defined as

in1(x1,. .. xn) = (21,...,2,,0)

for every (z1,...,z,) € S"!. We claim that the pair (S, S"1) is n-cellular. Consider
the maps @, @, : D" — S™ defined as follows: given x = (x1,...,x,) € D"

¥ () = (w1, 1= ).
O (2) = (ml, . x_m) |

Since the restrictions ¢, ¢~ : St — S™ take values in the subspace S"~! (seen as the

image 4,_1(S™1)), we have the commutative diagram below.

Sn—l L] Sn—l <90x’90;> Sn—l

I I (1.7)

prup" ———— S
(@7,27)

The attaching maps ®;" and ®; are embeddings whose images are the north and
south hemispheres of S™, respectively, which intersect along the embedded S™~ 1. If we
are given maps f : S"! — X and g : D™ U D" satisfying the equality g|gn-1,9n-1 =
folpt, ), we can define a map h : S™ — X using the formula

glir(z1, ... x,)), ifxp >0,

h($1,...,:13n+1) = . '
glig(z1, ... x,)), ifzp <0,
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where i1, i3 : D™ — D™ LI D™ are the canonical injections. This is well-defined, because if
Tpy1 = 0, then (z1,...,2,) € S, and using the commutativity condition of g, as well

as the equality ¢ = ¢, we see that

glir(ze, .. x0)) = fleT (@, ... x0)) = flo (21, ..., 2,)) = glia(1, ..., 20)).

It follows from the Pasting Lemma that h is continuous, and by definition it satisfies the
equalities h o (®F &) = g and h|gn—1 = f.

Now suppose h' : S™ — X is another map satisfying the equations ho (" @) = g
and h'|gn—1 = f. Given (x1,...,2,41) € S™, if 2,,1 > 0, then

(21, 1) = O (21, .. ) = (BF D V(i (21, .., 20)),

and from this it follows that

B (2, ... per) = B (@, @) (i (21, .., 1,)))
= g(i1(x1,...,2,))
= h(l‘l, . ,an+1).

A similar reasoning shows that h'(x1,...,2,1) = h(21, ..., 2,11) also holds if x, 1 <0,

therefore h and A’ coincide; showing that (1.7) is a pushout diagram.

1.2.5 Example. Consider the quotient space D"/S™~! obtained by collapsing the bound-
ary sphere of the disk to a single point, and let p : D" — D"/S""! be the canonical

projection. We will show that there exists a homeomorphism D"/S"~! = S,

The map ¢ : S" ! x I — D" defined as
q(z,t) = (1 —t)-x+1t-*gn-1,

where *gn-1 = (1,0,...,0), is a quotient map (see Lemma 4.3.4). Let T : S"~! x [ — S"
be defined as
DF((2t) - x4+ (1 —2t) - %gn-1), ifo<t<?

T(x,t) =4 " -
Po((2—2t) x4 (2t —1) - %gnr), if53<t< 1L

Notice that T is well-defined since, for t = % and for any x € S"!, we have on the one
hand

O ((2-3) 2+ (1-2-1) xgm) = ¥ (2),

while on the other

O, ((2-2-3) 2+ (2:5 1) xg0r) = 0 (),

and @ and ®, agree on the points of S"~! C D". There is a strong geometric meaning

behind the definition of 7. The first expression stretches the lower half S"~1 x [0, %} of the
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cylinder S"~! x I upwards to cover the whole cylinder, maps it to the disk via ¢, and then

uses this disk to cover the north hemisphere of S” via ®;7. Similarly, the second expression

stretches the upper half S™~! x [%, 1} of the cylinder downwards, maps it to the disk via

q, and then uses this disk to cover the south hemisphere of S™ using the map @ . In this
1

process, the central slice S"~1 x {5} is mapped precisely to the equator S"~1 C S™.

The only non-trivial fiber of the quotient map ¢ is ¢~ (*gn—1) = (S"! x {1}) U
({*gn-1} x I), and a direct computation shows that 7" maps all points of this fiber to
*gn, therefore T' induces a map T : D™ — S™ such that T'(xgn-1) = xg». Now, since the
boundary sphere S™"~! is the image ¢(S™! x {0}), and T'(S™! x {0}) C {*sx}, we have

T(S™") = T((S™" % {0})) = T(S™ " x {0}) C {xs}.

This means that T is constant and equal to *g» on S™~!, thus it can be further factored

through p to define a map © : D"/S™ ! — S™ mapping [*gn-1] t0 *gn.

Sl [

Explicitly, © can be described as follows: given z € D", if (z,t) € S"! x I is such that
z=(1—1t)- x4+t *gn1, with © = (z1,...,2,), then

(2tzy +1— 26, 22, /1= [[(20) 2+ (1 — 2t) - 5501 [2),

(2—2t)z1+2t— 1, (2= 20z, /1 — [(2—2t) -2+ (2 — 1) - 550 [|2),
(1.8)

O([z]) =

where the first expression used for 0 <t < %, and the second one for % <t<l1.

Now we construct an inverse for the map ©. We know from Example 1.2.4 that
the pair (S, S"™!) is n-cellular with characteristic maps ®;, ®, : D" — S™. This means

that the square below is a pushout.

Sn—l Dn

I

DTL - Sn

n

We will use the universal property of this pushout to induce a map S™ — D"/S"!
using certain maps D" — D"/S"!. Consider first ¥ : S"~! x [ — D"/S"! defined as

() =p (A —1) (3o+ 1 wgr) +towga) V(o) €S x I
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A direct computation shows that
H (g (kgn1)) = TH((S" T x {1} U ({xgn-1} x 1)) C {[sn1]},
so UT descends to a map ¢ : D™ — D"/S" L,

Sl [

|

Dn 777777777 N Dn/Sn—l

Similarly, let W~ : S"! x I — D" /S~ be defined as
U (z,1) ::p((l —t)- (% cx+ % . *Snfl) +t'x) V(x,t) € S" x I

This map also sends the whole fiber ¢=!(*gn-1) to [¥gn-1], therefore it can be factored
through ¢ to define a map ¢~ : D" — D"/S"~1,

Sntx I
| ™5
q
Dn o) Dn/snfl

Notice that 1" and 1~ coincide on S™7!, since, for any € S"!, we have on the

one hand
UH(z) =¥ (g(x,0)) = U (2,0) = p (5 -z + 5 wgn),
and on the other

wi(x) = wi(qcvvo)) = \Ili(xvo) =P (% - T+ % . *Sn—l) .

The universal property of the pushout then gives us a map ¥ : S® — D"/S™"! that fits

in the commutative diagram below.

It is then a matter of direct computation to show that © and ¥ are inverse to
one another. Moreover, © maps the point [*g.-1] € D"/S""! to the corresponding point
xgn = (1,0,...,0) € S™ In the language of pointed spaces of Chapter 3, © defines a
pointed homeomorphism (D"/S™ 1, [xgn-1]) = (S™, xgn).
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Equipped with such homeomorphism, we can modify the pushout square

cton—
gnol SR ey

I Jct{pt},[*sn,l]

n n n—1
D" ——— D /S
characterizing the quotient D"/S™! to obtain the pushout square below,

C —
gn—1 5" s {xgn}

I I

n n
D R — S

which shows that the pair (S™, {*gn}) is n-cellular.

1.2.6 Definition. A pair (X, A), where A C X is a subspace, is called a relative CW-

complex if there exists a filtration

A=X,CXCX;C--CX,C---CX

satisfying the following conditions:

1. X = UTLZ—l Xn,
2. X is the colimit of the subspaces X,, for n > —1;

3. for every integer n > 0, (X,,, X,,_1) is an n-cellular pair.
If A =@, then we simply say that X is a CW-complex.

The subspace X,, appearing in the filtration above is called the n-skeleton of X.
Each n-skeleton is a closed subset of the next skeleton X, by virtue of Proposition 1.2.2.
This means that A is closed in Xy, but X is closed in X;, so A is closed in X; too.
Continuing inductively we see that A is closed in all the skeletons, therefore A is closed
in X itself because the latter is the colimit of the skeletons. A similar argument inductive
argument shows that any skeleton X} is closed in X,, for n > k, and the intersections
X N X, are closed in X for j < k because X}, is closed in Xj4; and X is a subspace
of X, 1; therefore X}, is also closed in X. This shows that all the skeletons of a (relative)

CW-complex are automatically closed.

The second property of Proposition 1.2.2 implies that each of the differences X, \
X,_1 is a disjoint union of open n-cells. More precisely, if {®, : D" — X,,_1}cce, are
the attachment maps used to build the n-skeleton, then we have a homeomorphism X, \
Xn-1 = Leeg, D™\ S™! obtained by restricting (®.)cee,. It follows that the restriction
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De|pmygn-1 : D"\ S" 1 — X, \ X,,—1 is an embedding and its image is open in X for every

n > 0. This allows us to partition X \ A into open cells of varying dimensions.

One interesting consequence of this decomposition is that a CW-complex is auto-
matically Hausdorff. Indeed, given two distinct points x1, 29 € X, we can find an open
ny-cell X,,, such that x; € X,,,, and an open nop-cell X,,, such that zo € X,,,. If these two
cells are different, then they separated the two points since they are disjoint and open in
X. It X,,, = X,,, since these cells are homeomorphic to the interior of a disk, which is
a Hausdorff space, we can separate the two points inside the cell, and this also separates

them in X because again the cell is itself open in X.

1.2.1 Some results on products

In this subsection we briefly mention some results concerning products of absolute
and relative CW-complexes. We first show that the operation of attaching cells to a
subspace interacts nicely with products. The next example is the guiding principle this

result.

1.2.7 Example. We have seen in Example 1.2.3 that the disk D™ can be obtained from
its boundary sphere S™~! by a single n-cell attachment. Given two disks D™ and D",
can the cell attachments of each one be combined to describe the product D™ x D™ as
being obtained from a subspace by cell attachments? We will see that this is true, but the
subspace in question is not the most obvious choice of the product S™~! x S"~! of the

two boundary spheres.

Consider the spaces R™ and R™ equipped with their usual euclidean norms. We
then consider the corresponding maximum norm on the product R™ x R", which induces

a norm on R™*" via the homeomorphism «a : R™*t" — R™ x R" defined as

ATy, Ty Yty e Yn) = (1, s ) (Y1s - o, Yn))-

Explicitly, this norm, which we denote by ||—||» is given by
”(xlv s Ims Y1y e 7yn>Hm,n = maX{H(xb st ,iUm)H, H(yla s ayn)H}'

Let D denote the unit disk with respect to the norm ||—||;,.», and let .S == 9D de-
note its boundary, which is the unit sphere with respect to the norm ||—||,;.». Recall that
all norms on R™*" are equivalent, so there is a homeomorphism of pairs (R™*", §mtn—1) =~
(D, S). If we use the simplified notation (z,y) == (x1,...,Zm,Y1,---,Yn), then this home-
omorphism is given by the map §: D™t — D defined as

0, if (z,y) =0,
Play) =1 Nyl

-(z,y), otherwise.
1z, Y)llm.n
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Geometrically, this first normalizes the point (z,y) with respect to the norm ||—||;.,
sending it to the sphere S, and then moves it inside the disk D by scaling it by ||(x,y)]||.

The inverse has a very similar description:

) 0, 1f (l’,y) = O’
A7) = 4 1@ 9)
(@, y)l

Now, the homeomorphism « : R™*" — R™ x R"™ restricts to a homeomorphism
between D and D™ x D". Notice that ||(z,y)|lmn, = 1 if and only if ||| =1 or [|y|| = 1,

therefore we have a homeomorphism of pairs

- (z,y), otherwise.

o

alp : (D,S) — (D™ x D", (D™ x S 1)U (S™ ! x D")).
By composition, we then have a homeomorphism of pairs
Ay o (D™ Sy (D™ x D™ (D™ x S" 1)U (S™ ! x D))
as shown below.

(Dm—l—n’Sm—&—n—l) P (D’ S) % (Dm % Dn’ (Dm % Sn—l) U (Sm—l % Dn))

Since A, , is a homeomorphism, the square below is a pushout, showing that the

pair (D™ x D" (D™ x S*~ 1)U (S™"! x D)) is (m + n)-cellular.

Sm+n—1 Om,n (Dm % Sn—l) U (Sm—l % Dn)

I I

D D™ x D"

Am,n

This example allows us to prove a more general result on products of cellular pairs

under some finiteness conditions.!

1.2.8 Proposition. If (X, A) a finite m-cellular pair, and (Y, B) is a finite n-cellular pair,
with both A and B Hausdorff, then (X x Y, (X x B)U(A xY')) is a finite (m + n)-cellular

pair.

Proof. Let {®; : D™ — X}ier and {¥; : D" — X}je; be the two finite families of
characteristic maps for the two cellular pairs. For each pair of indices (i,7) € I x J, let

O ) : D™ — X x Y be the composite map

Oy = (Pi X ¥j) 0 Ay,

On a personal remark, most versions of this statement that I could find in the literature were
formulated for relative CW-complexes, which is a bit stronger than what we will need, so I
decided to include a more or less complete proof of this simpler result.

1
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where A, , : D™ — D™ x D" is the homeomorphism discussed in Example 1.2.7. We

would like to show that the diagram

0,5

(4,9)eIxJ [
Dmin X xY
(i,j)lEIIXJ ®,5)

is a pushout square. Since we already have the pushout square

 mm
L gm+n—1 UW) L (Dm « Sn—l) U (Sm—l > D")

(i,§)EIXJ (i,5)EIxJ
|_| Dm+n I_I D™ x Dn
(i.5)eIxI L) Amn (i.5)EIxJ

of Example 1.2.7, it suffices to show that the square below is also a pushout,

L (D™ xS Hu(S™ !t x D") —— (X x B)U(AxY)

(4,5)EIxXJ [

D™ x D" X xY
(z‘,j)|E|I><J (@ix W)

and then use the Pasting Law for pushouts.?

We now sketch the proof that the diagram above is really a pushout. According
to Proposition 1.2.2; the spaces X and Y can be covered by the finite families of closed

subsets
{AYU{®:(D™)}ier and  {B}U{¥;(D")}jey,

respectively. The product X x Y can then be covered by the finite family of closed subsets

{(X x B)U(AxY)}U{P:(D™) x ¥;(D")}jerx.

Let Z be another space, and suppose we are given amap f : (X x B)U(AXY) — Z
and a family of maps {g(; ;) : D™ xD" = Z}; j)erxs satisfying the following commutativity

condition: the equation

f @) (®’L X \I/j)|(DmXSn71)U(Sm71XDn) — g(i7j)|(DmXSn71)U(Smflan) (19)

holds for every pair of indices (i,7) € [ x J. Let h : X x Y — Z be the map defined as
follows: given (x,y) € X x Y, if either x € A or y € B we set h(x,y) = f(x,y); otherwise

2 See (NLAB, 2021, Proposition 3.3) for a proof of the dual result on pasting pullback diagrams.
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there is a unique (4,7) € I x J and a unique (p,q) € (D™\ S™ 1) x (D™\ S"!) such that
(z,y) = (Pi(p), ¥;(y)), and we then set h(z,y) = g (P, 0)-

So far we have only defined h as a function, we still need to verify its continuity, and
this is where the covering by closed sets comes in. The restriction of A to (X x B)U(AXY")
coincides with f, so its is continuous. Now, given a pair (i,5) € I x J, we claim that the

diagram below is commutative.

9(i,j
Dmx pr 200 7

q>iwjl %mwj(m) (1.10)

We split this in two cases:

L. If (p,q) € (D™\ S™ 1) x (D™\ S™1), then the equality h(®;(p), V;(q)) = 96,5 (s q)

follows from the very definition of h.

2. If either p € S™1, or ¢ € "1, then (®;(p), ¥;(q)) € (X x B)U (A xY), then

combining the definition of h with the commutativity condition of (1.9) we see that
h(®i(p), ¥;(q)) = f(®i(p), ¥;(q)) = 96i.5) (p: @)

Now, since A and B are Hausdorff by hypothesis, so are X and Y according to
Proposition 1.2.2, and therefore so is the product X xY and its subspace ®;(D™) x W, (D").
The map ®; x U; : D™ x D" — &;(D™) x ¥;(D") is then a quotient map, and the

commutativity condition of (1.10) then implies the continuity of h|e,(pm)xw;(Dn)-

All of this argument so far has shown that h is continuous when restricted to each
of the elements of the closed cover {(X x B) U (A xY)} U {®;(D™) x V;(D")} i )erxs-
Since this cover has only finitely many elements, it follows from the Pasting Lemma that
h is continuous, and by construction it satisfies the equalities h](XX BuAaxy) = f, and
ho (®; x V;) = (gu,)). Lastly, arguing by cases we see that, if A’ : X x Y — Z satisfies

these same two equalities, then we must have h = h'. |

1.2.9 Remark. It is important to notice that the finiteness conditions of Proposition 1.2.8
is only used at the very end to deduce the continuity of h : X xY — Z from the continuity
of its restrictions to a certain cover by closed subsets. The finiteness condition is necessary
to use the Pasting Lemma, but the result still holds under weaker assumptions, and the

proof is essentially the same.

The idea behind this more general version is the following result from General
Topology: if {Ci}ticr is a locally finite covering of a space X by closed subsets, then a
subset A C X is closed if and only if the intersection ANC; is closed in C; for everyi € I.
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It follows from the above result that a function A : X — Y is continuous if and
only if the restriction hl¢, : C; — Y is continuous for every i € I. The proof we gave for
Proposition 1.2.8 still works if we replace the finiteness conditions on (X, A) and (Y, B)
by the condition that at least one of them is locally finite, which means that each of its

vertices is contained only in a finite number of cells.
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CHAPTER

2

BASIC NOTIONS OF HOMOTOPY THEORY

In this chapter we begin our study of Homotopy Theory with some basic definitions
and results. In the first section, we define the classical notion of homotopy and prove its
main properties that are later used to define the homotopy category. This initial section
also contains an explanation of how the exponential law allows us to give two alternative
formulations of the notion of homotopy, one of which is always equivalent to the classical

one, and the other only under some topological conditions.

The second section introduces the infamous homotopy category. This is the cate-
gory where many of the important functors of Algebraic Topology are “naturally” defined.
We also show how some common functors of spaces like products and coproducts interact

with homotopies.

In the last section, we introduce the notions of contractible spaces and null homo-
topic maps, and then prove how these two are related. We then investigate a particular
instance of this relation and prove an important result which can be seen as one of the

cornerstones of Obstruction Theory.

2.1 Different notions of homotopy

This section defines the classical notion of homotopy and also gives alternative
equivalent definitions based on the exponential adjunction. The material of this section
is mostly based on the exposition contained in (ARKOWITZ, 2011).

2.1.1 Definition. Let X and Y be spaces. Two maps f, g : X — Y are said to be
homotopic if there is a map H : X x [ — Y satisfying the following properties:

1. H(z,0) = f(x) for every x € X;

2. H(z,1) = g(z) for every z € X.
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The map H is said to be a homotopy from f to g. We use the notation f ~ ¢ to simply
say that two maps are homotopic, and, if we want to consider an explicit homotopy, we

either use the notation H : f ~gor H: f = g.

2.1.2 Remark. The reader may wonder why we used the notation f = ¢ for homotopies,
since we already use this for natural transformations. This is because there are similarities
between homotopies and natural transformations. We can transform a category using
functors just as we can transform a space using maps; but we can also transform a functor
between two categories using natural transformations just as we can transform a map
between two spaces using homotopies. In other words, in both the category Cat of all
(small) categories and the category Top of all topological spaces, there is a notion of
deformation between two morphisms with the same domain and codomain. This hints at
the fact that Cat and Top are not just categories, but in fact 2-categories, a notion which

is (sadly) beyond the scope of this text.

The definition of homotopy can also be rewritten diagrammatically. For any space
X, let ixo: X — X x I be the map defined as ixo(z) == (x,0) for every z € X. We also
have the analogously defined map ix; : X — X x I which maps X to the top face of the
cylinder X x I. Two maps f, g : X — Y are then homotopic if and only if there is a map
H : X x I — Y which makes the diagram below commute.

X
ix,ol d
XXxI--H->Y (2.1)
ol

X

Geometrically, a homotopy from f to g deforms the image of f into the image
of g inside the space Y. This is a deformation that happens along a family of paths
parameterized by the points of X. The next result makes this idea precise and shows that

it in fact works both ways.

2.1.3 Proposition. Given any spaces X and Y, two maps f, g : X — Y are homotopic
if and only if there is a map D : X — Map(/,Y") satisfying the following properties:

1. evgy o D = f, that is, [D(2)](0) = f(z) for every z € X.

2. eviy o D = g, that is, [D(z)](1) = g(x) for every z € X.

In other words, D(x) is a path in from f(x) to g(x) in Y, and these paths depend

continuously on x.
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Proof. Suppose H : X x I — Y defines a homotopy from f to g. Let D := AH : X —
Map(7,Y") be the exponential adjoint of H. For every x € X

evo,y (D(x)) = [D(x)](0)
= [AH (2)](0)
= H(z,0)
= f(x),
thus evgy o D = f, and by a completely analogous reasoning

eviy oD = g;

therefore D satisfies the required conditions.

Conversely, suppose there exists a map D : X — Map(/,Y") satisfying the proper-
ties stated above. Since the unit interval [ is locally compact Hausdorff, by the exponential
adjunction there exists a map H : X x I — Y such that AH = D. This map H then

satisfies, for every x € X,

H(z,0) = [AH (2)](0)

[

= [D(@)](0)

= (evoy o D)(x)
= f(x),

i.e., the equality H oixo = f holds, and by an analogous argument so does the equality

H oix; = g; proving that H defines a homotopy f ~ g. |

The conditions satisfied by the map D in Proposition 2.1.3 are equivalent to the

T

—bp— Map(/

which is in some sense dual to diagram (2.1).

commutativity of the diagram below,

>~<

evoy

(2.2)

eviy

%/\4)

h<

Although Proposition 2.1.3 is a rather simple results, sometimes thinking of a
homotopy as a parameterized family of paths instead of as a deformation defined on
a cylinder either helps us give a simpler proof of a result, or it gives an alternative
interpretation of a classical result. We illustrate this second advantage by proving that

homotopy gives rise to an equivalence relation.



58 Chapter 2. Basic notions of Homotopy Theory

2.1.4 Proposition. Let X and Y be arbitrary topological spaces. The homotopy relation

~ between maps is an equivalence relation on the set Top(X,Y).

Proof. We first show that ~ is reflexive. Let f : X — Y be any map. The first projection
m : X X I — X induces by currying a map

C = Am : X — Map(I, X).

Geometrically, for any z € X, C(z) is the constant path at x. Using f we can also define

the pushforward map
Map(I, f) : Map(I, X) — Map(l,Y),

and then define D : X — Map(7,Y) as the composition shown below.

=D Map(1,Y)

Unwrapping the definitions we see that [D(z)](0) = [D(x)](1) = f(z) for every z € X,
thus D(z) defines a path from f(z) to itself, which implies that f ~ f by Proposition 2.1.3.

Now we prove that ~ is symmetric. Given maps f, g : X — Y, suppose f ~ g, and
then let D : X — Map(/,Y) be a family of paths from f(z) to g(z) for every z € X. In
order to obtain a reverse homotopy g ~ f, we want to reverse the paths D(x) so that they
now start at g(z) and f(x). We can reverse all the paths simultaneously and continuously
by considering the reversal map r : I — I defined as r(t) := 1 — ¢ for every t € I, forming
the pullback map

Map(r,Y’) : Map(I,Y) — Map(/,Y),

and then defining a map D : X — Map(I,Y) by the composition
D = Map(r,Y) o D.
For any z € X we have

[D(2)(0) = [Map(r,Y)(D())](0) = [D(x) o r](0) = [D(x))(1) = g(x),
and similarly, we also have

[D(2)](1) = Map(r,Y)(D(x)))(1) = [D(z) o r](1) = [D(z)](0) = f(=);
therefore D induces the desired homotopy f ~ g.

Lastly, we have to show the transitivity of ~. Here, we just give the classical proof
using maps defined on cylinders. Consider three maps f, g, h : X — Y together with
homotopies H; : f = g and Hy : g = h. Define H : X x I — Y by the formula

H,y(z,2t), ifo<t<;

H(z,t) =
Hy(z, 2t —1), if 3 <t <1,
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which is well-defined by the Pasting Lemma because at t = % we have Hy(z,1) = g(z) =
Hj(x,0). We can verify directly that H(z,0) = f(x) and H(z,1) = h(z) for every z € X,

therefore we have the relation f ~ h. |

Of course, the proofs above are not better than the classical ones, and one might

even argue that they are more complicated. Nonetheless, they serve at least two purposes:

1. They illustrate the algebraic manipulation we can perform with tools like push-

forwards, pullbacks and adjunctions, which help us construct maps of a specified

type.

2. As we had already remarked before, these proofs can be seen as alternative to the
classical ones, and in fact, we can recover them by simply uncurrying. In the proof
of symmetry, for example, if we let H, H : X x I — Y be the unique maps such
that \H = D and AH = D, then we have the equalities

H(x,t) = MH(2)(t) = [D(2)](t) = [D(x)](1 —t) = H(z,1 - 1),

and this is how we classically obtain a homotopy H : ¢ = f from a homotopy
H:f=g.

We finish this section introducing yet another way of thinking about homotopies.
Given a map H : X x I — Y, instead of currying with respect to the second variable to
obtain a map of type X — Map(I,Y), we can curry with respect to the first variable to
obtain a map of type I — Map(X,Y’), which we denote by N'H to differentiate from the
usual adjoint AH that we have used so far. This other adjoint N'H defines a path in the
space of maps Map(X,Y). If H is in fact a homotopy from f to g, then we have

[NH(0)](z) = H(z,0) = f(x),
so the path N H starts at the map f, and an analogous calculation shows that \'H ends
at g.

This means that a homotopy between two maps connects them by a path inside the
space Map(X,Y’). Sadly, this intuition does not work in the reverse direction in general,
because without additional hypothesis on X, the construction of this other exponential

adjoint A’ might not give rise to a bijection

Top(X x 1,Y) = Top(I, Map(X,Y)),
so a path I — Map(X,Y) from f to g might not correspond to a homotopy X x I — Y
from f to g.

There is a way to circumvent this difficulty. We admit to ourselves that the category

Top is too pathological to develop Homotopy Theory comfortably, and we work with a
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more well-behaved subcategory. One typical choice of such subcategory is the category
of compactly generated spaces. This class of spaces admits all the usual constructions of
Topology, that is, it admits all limits and colimits. Moreover, all objects of this category
are exponentiable, so any two compactly generated spaces X and Y have a compactly
generated space of maps between them, and there is an exponential adjunction relating
products and spaces of maps that always works. This allows us to identify homotopies with
paths in the space of maps, something which is very useful for developing homotopy theory.
Notice, for example, that with this identification the fact that the homotopy relation is
an equivalence relation follows from the fact that the “connected by a path” relation is

an equivalence relation.’

2.2 The homotopy category

In the end of the previous section we showed that the homotopy relation is an
equivalence relation on the set of all maps between two spaces. We can therefore consider

the quotient by this relation.

2.2.1 Definition. Let X and Y be spaces. The quotient set Top(X,Y)/ ~ is denoted by
[X,Y], and its elements are called homotopy classes of maps. If f: X — Y is a map,

its corresponding equivalence class in [X, Y] is denoted by [f].

2.2.2 Remark. It is important to stress that we are considering a quotient set. We could
in principle consider the quotient space Map(X,Y")/ ~ equipped with the quotient topol-
ogy. This is an interesting idea and could lead to a topological version of the homotopy
groups for example, but sadly this quotient space is not well-behaved in general with

respect to the usual operations that we perform on homotopy classes.

We now investigate how the notion of homotopy interacts with composition of

maps. First we investigate the compatibility with composition on one side at a time.

2.2.3 Proposition. Let W, X, Y and Z be spaces, and consider maps o : W — X
frg: X =Y and f:Y — Z as shown in the (not necessarily commutative) diagram

below.

f
W, x —y_",z7
g

If f~g then foa~goaand fof~fog.

1 This text once contained a whole chapter dedicated to compactly generated spaces, as well as

explanations of how to develop classical Homotopy Theory inside this subcategory. However,
since we will not need very deep notions of Homotopy Theory, I eventually decided that
compactly generated spaces would not be very useful for the purposes of this text and removed
this chapter from the text.
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Proof. Let D : X — Map(1,Y’) be the family of paths induced by a homotopy H : f = g.
The composite map

Doa: W — Map(I,Y)

satisfies

evopyoDoa = foa

and similarly,

eviyoDoa=goaq,
therefore it induces a homotopy foa ~ go a.
For the second part, let H' : X x I — Z be defined as the composition
H'opoH.
On the one hand H' satisfies the equality
H'oixg=poHoixg=pof,
and on the other it satisfies
H'oix1=p0oHoix;=pog;

therefore H' defines a homotopy So f ~ S og. |

Using Proposition 2.2.3 together with the transitivity of homotopy we prove that

homotopy is preserved by composition on both sides.

2.2.4 Corollary. Let X, Y and Z be spaces, and consider two pairs of maps fi, g1 : X —

Y and fo, g2 : Y — Z as in the (not necessarily commutative) diagram below.

fi f2
X Y Z

g1 92

If f; and ¢ are homotopic, and f; and g are homotopic, then the composite maps fo o f;

and g9 0 g are also homotopic.

Proof. We know from Proposition 2.2.3 that homotopies are preserved by pullbacks and
pushforward. If we pushforward the relation f; ~ ¢g; along f we deduce that fyof; ~ fyoqy,
while if we pullback the relation fo ~ ¢o along g; we deduce that fo ~ g1 ~ g9 0 g;.
Transitivity of homotopy then implies the desired relation fs o f; >~ g9 0 ¢g;. |

This result on the compatibility of homotopies with composition allows us to define
a composition operation on the level of homotopy classes. Given spaces X, Y and Z, define
a composition [V, Z] x [X,Y] — [X, Z] by the rule

[glo[fl =1lg0 f]
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for any [f] € [X,Y] and [g] € [V, Z]. This composition is independent of the actual
maps used to represent the homotopy classes by virtue of Corollary 2.2.4. Since this
composition of classes is defined in terms of the usual composition of maps, it satisfies the
usual conditions of associativity and existence of identities, where the identity of [ X, X]

is given by [idx].

2.2.5 Definition. We define a category HoTop whose objects are topological spaces, and
whose set of morphisms between two objects X and Y is by definition the set of homotopy
classes of maps HoTop(X,Y') := [X, Y], with composition defined as above. This is called

the classical homotopy category.

Now that we have a category, we can specialize many concepts of Category Theory

to it, and of particular important is the specialization of the concept of isomorphism.

2.2.6 Definition. A map f : X — Y between topological spaces is said to be homotopy
equivalence if [f] is an isomorphism in HoTop. In this case we either say that X and Y
are homotopy equivalent or that they are of the same homotopy type and denote
this by X ~ Y.

Unpacking the definition, if f : X — Y is a homotopy equivalence, then there
exists a map g : Y — X such that go f ~idx and f o g ~ idy. We say that the map g is

a homotopy inverse of f.

We now investigate how some common functors of topological spaces interact with

the notion of homotopy.

2.2.7 Proposition. Given spaces X, Y] and Y,, and given maps fi, g1 : X — Y; and
fo, g2+ X = Yo, if fi ~ g1 and fy ~ gy, then the induced maps (fi, f2), (91,92) : X —

Y] X Y, are homotopic.

Proof. We prove this working with homotopies as maps out of a cylinder. Let H; : X xI —
Y] be a homotopy from f; to ¢, and let Hy : X x I — Y5 be a homotopy from f5 to ¢».
We have the induced map

H:=(H,Hy) : XxI—=>Y xYs
which is described explicitly as

H(z,t) = (H(z,t), Ho(z,1)) ¥ (2,8) € X x I.

We wish to show that (Hi, Hy) defines a homotopy (f1, f2) ~ (g1,92). The first
step is proving the equality

(Hy, H3) oixo = (f1, fa).
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If 7] : Y] x Yy — Y] and 7} : Y] X Yy — Y, denote the canonical projections, we have the

equalities
7T1 o(Hy,Hy)oixo=Hioixg
=/,
and a similar computation shows that we also have the equality
my o (Hy, Hy) oix1 = fo.
The universal property of the product then implies the equality

(Hi, Hy) oixo = (f1, f2),

and an analogous reasoning shows that

(Hi, Hy) oix 1 = (g1, 92);
therefore (Hy, Hs) defines the desired homotopy. [

2.2.8 Corollary. The product functor x : Top x Top — Top respects homotopies. More
precisely, for any spaces Xi, X5, Y7 and Y5, and for any maps fi, g1 : X1 — Y; and
fo, g2 1 Xo = Yo, if fi >~ g; and f5 =~ ¢o, then we also have a homotopy fi X fo >~ g1 X ¢o

Proof. If m; and 7y are the canonical projections out of the product, recall that the product
f1 X fa is by definition the map induced by fiom : X7 x X9 — Y] and foomy 1 Xo — Y5,

that is, we have an equality

Ji x fo=(fiom, faom),

and a similar one holds for the product g; x gs.
The hypothesis f; ~ ¢g; implies f; o T ~ g1 o w1, and similarly, f; o Ty >~ g9 © .
Using the equalities of the previous paragraph together with the Proposition 2.2.7 we get

f1><f2:(f107T1,f207T2)2(9107T1,9207T2)291><92- n

We have dual results for coproducts too.

2.2.9 Proposition. Let X;, X, and Y be spaces, and consider maps fi, g1 : X1 — Y
and fo, g2 : Xo = Y. If fi ~ ¢ and fy ~ ¢, then the induced maps (f1, fa2), (g1, 92) :
X, U X5 — Y are homotopic.

Proof. In this proof we regard homotopies as families of paths. Let D; : X; — Map(/,Y)
and Dy : Xy — Map(/,Y’) be the families of paths induced by the homotopies f; ~ ¢;

and fy >~ go, respectively. The universal property of the coproduct then gives us the map

<D1,D2> : X1 LJ X2 — Map([,Y)
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We need to check that the diagram below commutes.

Y

evo,y

filfa

Xy U Xy U2 N ap(1,Y)

Jevl,y
g1Lg2
Y

If j; and js are the canonical injections into XU X5, by the defining properties of (Dy, Ds)

we have

evgy o (D1, Ds) 0 j1 = evgy o Dy

=i,

and similarly,

evoy © (D1, Da) 0 ja = fo.

These two equalities together imply

€Voy © <D1,D2> = <f17f2>7

and by a completely analogous reasoning we also have the equality

€Vyy © <D1, D2> = <91792>;
showing that (D1, Ds) induces a homotopy (f1, f2) =~ (g1, g2)- [

2.2.10 Corollary. The coproduct functor U : Top x Top — Top respects homotopies.
More precisely, for any spaces X, X5, Y7 and Y5, and for any maps fi, g1 : X1 — Y7 and
f2, g2 1 Xo = Yo, if fi >~ gy and f5 =~ g9, then we also have a homotopy fi Ll fo ~ g1 U gs.

Proof. Let 71 and j} be the canonical injections into Y7 UYs. The coproduct fi U fs is the
universal map induced by the maps jjo f; : X7 — YUY and jho fo : Xo — Y; U Y5, that

is, we have an equality
fl U f2 = <]1 © flajé © f2>7
and there is also a similar description of the coproduct g; U gs.

The hypothesis f; ~ g; implies 7} o fi =~ jjog1, and similarly, j5o fo ~ j50gs. Using
these relations, together with the equalities of the previous paragraph, and applying the

result of Proposition 2.2.9, we see that

filfo=(j1o fi.d30 fa) = {j1og1,45092) = g1 U ga. u
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Another important class of functor to consider is the one formed by the functors
which identify homotopic maps, or in other words, functors that transform homotopy

relations into equality relations. We will refer to these functors as homotopy functors.

The most important homotopy functors that we will deal with in this text are the

homotopy group functors, but there is a simpler example that we can talk about now.

2.2.11 Example (The path-components functor). Given any space X, we denote by
mo(X) its set of path-components. Given another space Y together with a map f, if
xr1, x99 € X are two points which belong to the same path-component, then there is a
path v : I — X from x; to x. Using f we can define a path fo~v: 1 — Y joining f(z;)
to f(x2), so these points belong to the same path-component of Y. This shows that we
have a well-defined function mo(f) : mo(X) — m(Y') given by mo(f)([z]) == [f(2)].

A straightforward calculation shows that this construction preserves identities and
composition, so it gives rise to a functor my : Top — Set called the path-components

functor.

We now show that 7 is a homotopy functor, that is, if f, g : X — Y are homotopic
maps, we must show that the induced functions coincide my(f), mo(g) : mo(X) — m(Y)
are equal. Let D : X — Map(I,Y) be the family of paths induced by a homotopy f ~ g.
For any point x € X, since D(z) : [ — Y is a path from f(z) to g(x), these points belong

to the same path-component of Y, therefore we can write the equalities

Since this holds for any point = € X, we deduce that mo(f) = mo(g).

The fact that 7 identifies homotopical maps means that it can be thought of as
a functor of homotopy types instead of a functor of spaces. More precisely, my induces a
functor 75 : HoTop — Set which sends a space X to 7o(X) = mo(X), and which sends
a homotopy class [f] : X — Y to the induced function 7y([f]) = mo(f). In particular 7
transforms homotopy equivalences (isomorphisms in HoTop) into bijections (isomorphisms
in Set).

2.3 Contractions, null homotopies and extensions

In this section we are interested in maps which are homotopic to constant ones.
We first present a particular case of this notion and then generalize it and show how the
generalization relates to the particular one. Using this relation we prove an important

result that can be regarded as a first step towards Obstruction Theory.

We begin by introducing a convenient notation.
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2.3.1 Definition. Given two spaces X and Y and a point y € Y, we denote by ctx, :
X — Y the constant map defined as ctx ,(z) =y for every z € X.

We use the rather verbose notation ctx, to avoid confusion when working with
multiple constant maps defined on different spaces. If the domain of the constant map
has a complicated notation (like a product of mapping spaces), then we usually drop it

from the notation.

2.3.2 Definition. A space X is said to be contractible if there exists a point zg € X
such that idx ~ ctx,,. A particular choice of homotopy H : idx = ctx,, is called a

contraction of X.

Unpacking the definition, if X is contractible, then there exists a point zg € X
and a map H : X x I — X such that H(z,0) = z and H(z,0) = x, for every z € X.
Geometrically, this means that, as time passes by, the map H deforms the whole space X

to the single point xg, that is, the space is contracted to this point.

The next result shows that, from the point of view of homotopy theory, a con-

tractible space is indistinguishable from a point.

2.3.3 Proposition. A space is contractible if and only if it is homotopy equivalent to a

point.

Proof. Suppose X is contractible, and let H : idy = ctx,, be a contraction to a point
xo € X. Let ctxp : X — {pt} be the unique map to the singleton space, and consider
also the map ctypa, : {pt} — X mapping pt to zy. These two maps are homotopy
inverses. On the one hand, the composition ctx p o ctipiy 2, is already equal to the identity
of {pt}, and on the other hand, the composition ctypy 4, © ctx pt is equal to the constant

map ctyx z,, which is homotopic to idy by hypothesis.

Conversely, suppose X is homotopy equivalent to {pt}, and let f : X — {pt}
and g : {pt} — X be homotopy inverses. We claim that X can be contracted to the
point xy = g(pt). Indeed, since f and g are homotopy inverses, the composition g o f
is homotopic to the identity idx, but g o f is equal to ctx,,, thus we have the desired

homotopy relation idx ~ ctx . |

2.3.4 Corollary. Every contractible space is path-connected.

Proof. We give two different proofs of this simple result using different tools we have
developed so far. For the first proof, let H : idx = ctx,, be a contraction of X, and let
D : X — Map(I, X) be the adjoint family of paths induced by this contraction. For every
xz € X, D(x) is a path from idx(x) = 2 to ctx ., (z) = x¢, so every point can be joined to

xo by a path, which means that X is path-connected.
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Alternatively, Proposition 2.3.3 implies that we have a homotopy equivalence X ~
{pt}. Since the path-components functor 7y : Top — Set of Example 2.2.11 is a homotopy
functor, we have a bijection mo(X) = m({pt}). Since mo({pt}) has only one element, it
follows from the previous bijection that m(X) also has only one element, or in other words,

X has only one path-component, which means precisely that X is path-connected. ]

The concept of contraction can be generalized if we replace idx by an arbitrary

map.

2.3.5 Definition. A map f : X — Y between spaces is null homotopic if there exists
a point y € Y such that f ~ ctx,. A particular choice of homotopy H : f = cty,y is

called a null homotopy.

Unpacking the definition, if f : X — Y is null homotopic, then there exists a point
y €Y and amap H : X x I — Y such that

1. H(z,0) = f(x) for every x € X;

2. H(z,1) =y for every z € X.

Notice then that a space X is contractible precisely if idx : X — X is null

homotopic.

Thinking of X x I geometrically as a cylinder, the null homotopy H glues the
lower face X x {0} to the image of f and collapses the upper face X x {1} to a single
point which is then glued to the point y. This collapsing process suggests the following

construction.

2.3.6 Definition. Given a space X, its cone, denoted by C'X, is the quotient space

X x1I

The point * € C'X obtained by collapsing the subspace X x {1} is called the vertex of

the cone.

There is an important connection between the cone construction and null homo-
topic maps, but in order to understand this connection we first need a result on the

homotopical properties of cones.

2.3.7 Proposition. The cone C'X of any space X is contractible.
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Proof. Since C'X is obtained from X X I by collapsing the subspace X x {1}, the diagram

below is a pushout of spaces,

X x {1} - (pt)

L

XxI —7 CX

where ¢ is the canonical projection, X x {1} — X x I denotes an inclusion, and the two

other maps are the appropriate constant ones.

The exponential adjunction tells us that the functor — x I is a left adjoint, therefore
it preserves colimits, and since a pushout is a particular instance of a colimit, the square

below is still a pushout of spaces.

ctps Xidy
e

(X x{1}) x I {pt} x I

I J{Ct* xidy

(Xx)x] — CX x1I

qudI

This is useful because we can exploit the universal property of the pushout to obtain a map
out of type CX x I — C'X out of simpler maps (X x I) x [ - CX and {pt} x I - CX.

Consider then the map T7": (X x I) x I — CX defined as
T((x,s),t) = q(z,(1 —t)s + 1)
for every ((z,s),t) € (X x I) x I. Given a point ((x,1),t) € (X x {1}) x I, we have
T((x,1),t) =q(z,1 —t+1t) =q(z,1) = *.

It follows that the “outer shell” of the diagram below commutes, and the universal property
of the pushout then gives us the map H : CX x I — C'X depicted.

Ctpt X id]

(X x{1}) x I —— {pt} x I

I lct* xidy

(Xx)x] — CX x1I

qud[

T CcX

Given any point ¢(z,s) € CX, we have
H(q(x,s),O) = (H © (q X id]))((&?,S),O)
= T((x, 8)70)
q(z, (1 —0)s+0)

X
.I,S),

= q(
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therefore H oicx o = idcx. Now, for the final stage of H we have

H{(q(z,s),1)

(H o (g xidp))((z,s),1)
T((x,s),1)
q(z,(1—1)s+1)
q(z,1)

:*7

therefore H oicx 1 = ct,. The map H then defines a homotopy from idcx to the constant
map ct, : CX — C'X, proving the contractibility of C'X. ]

Using this we can prove an important theorem relating null homotopic maps and

cones.

2.3.8 Theorem. A map f : X — Y between spaces is null homotopic if, and only if,
there is a map F' : CX — Y such that f = F o1.

Proof. Suppose first that a map F': CX — Y satisfying the stated conditions exist. Using
Proposition 2.3.7 we know that idex =~ ctex,, where v is the vertex of C'X, and since

homotopies are compatible with function composition, we have

f=Foi
= (Foidey) ot
~ (Foctoxy) ol
= ctox,F) 01

= Ctx,F(o);

therefore f is null homotopic.

Conversely, suppose f is null homotopic and consider a null homotopy H : f =
ctx, for some point y € Y. The map H : X x I — Y sends any point of the form
(r,1) € X x I to y, therefore it can be factored through the cone C'X giving rise to a
map F : CX — Y. This is desired map because

Foir=Fopoixy
= Hoixp

~f. n
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We are especially interested in applying the result of Theorem 2.3.8 in the case
where X = S™, but for this we need to better understand the cone C'S™. The next lemma

will help us with this.

2.3.9 Lemma. The map p : S" x I — D" given by p(z,t) = (1 — )z for every
(x,t) € S™ x [ is a quotient map.

Proof. The product S™ x I is compact, and D" is a Hausdorff space, therefore p is
a closed map. Moreover, p is also surjective, since 0 = p(z,1) for any z € S™, and, if
y € D"\ {0}, then

L - I
y—HyHHy” (1= (= llyl) p< 1 ||y||>-

[yl lyll’

The result then follows from the fact that every closed and surjective map is a quotient

map. |

Using this we compare the cone over a sphere to another familiar space.

2.3.10 Lemma. For every n > 0 there is a homeomorphism C'S™ = D"*! which maps
the vertex of C'S™ to the center of D",

Proof. Consider the map « : S™ x I — D" defined as
a(z,t) =(1—1t)- z

This maps the subset S™ x {1} to 0 - the center of the disk D"™! - therefore it can be
factored through the cone to define a map @ : C'S™ — D"*!. Explicitly, a([z,t]) = (1—t)x
for every [z,t] € C'S™.

We now construct an inverse to @. Consider the function 3 : D" — C'S™ defined

as follows:
v, xz=0;

Blz) = x
= lel]. a0
[l
A direct calculation shows that [ is exactly the inverse of @, but we still need to show that
(3 is continuous. Consider then the composite map Bop : S"*1x I, where p : S"xI — D"H!

is the quotient map of Lemma 2.3.9. Another direct calculation shows that

) (x,t) € S™ x {1};
wom(x’t)_{[x,t], (z,t) € 8" x I\ S™ x {1}.

But this means that the composition 3 o p coincides with the canonical projection ¢ :
S"x I — CS™, so fop is continuous. The continuity of 5 then follows from the continuity

of B op and from the fact that p is a quotient map. |
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2.3.11 Corollary. Let X be an arbitrary space. A map f : S™ — X is null homotopic if,

and only if, it admits an extension F : D" — X

Proof. We know from Theorem 2.3.8 that f is null homotopic if, and only if, there exists
a map G : CS"™ — X factoring f through the inclusion ¢ : S™ — CS™. We claim
that this map G exists if, and only if, there exists an extension F' : D"*!' — X of f.
Indeed, if @ : CS™ — D"*! is the homeomorphism constructed in Lemma 2.3.10, then
given an extension I : D"™' — X the composition FFoa : CS™ — X is the desired
factorization of f trough ¢ : S™ — CS™; and if we are given G : CS™ — X factoring f,
then Foa!: D" — X is the desired extension of f. |

This result can be regarded as the origin of Obstruction Theory. It basically says
that the topological question of the existence of an extension of a map of type S™ — X to
a map of type D" — X depends on the homotopical properties of the map f. This may
not seem like a very useful result because so far we have not yet developed techniques
allowing us to study the homotopical properties of maps, but over the course of the next
chapters we will see that these homotopical properties have an algebraic side that allows

us to better understand them.
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CHAPTER

3

POINTED SPACES

This chapter introduces the notion of a pointed space, which is the natural context
for the definition of the homotopy groups later on. The goal of the chapter is to understand
better the category Top, of pointed space and pointed maps, and also to adapt some results

and construction from unpointed spaces to the pointed context.

The first section contains the basic definitions and examples of pointed spaces and
pointed maps. In the second section, we introduce the space of pointed maps Map, (X,Y)
between two pointed spaces, and we prove a pointed version of the exponential adjunction.
In the course of this section we are naturally led to the smash product operation between
two pointed spaces. The third section contains further results of a categorical nature
concerning the smash product. We prove, in particular, that it satisfies some “algebraic”
properties similar to the ones satisfied by the usual cartesian product. In the final section,
we explicitly calculate some smash products, and in the process introduce the reduced
suspension and loop space constructions, which are related by an adjunction relation

known as Eckmann-Hilton Duality.

3.1 The category of pointed spaces
This first section is devoted to basic definitions and examples.

3.1.1 Definition. A pointed space is a pair (X, *) where X is a topological space and
x is a point of X called the basepoint.

Of course any space can be seen as a pointed space if we arbitrarily choose one of
its points as basepoint, but without extra information there is no way to naturally make
such a choice. However, for some families of spaces, there are useful choices of basepoints

that are frequently made.
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3.1.2 Example. The n-dimensional sphere S™ is often seen as a pointed space by choosing

the point (1,0,...,0) as basepoint.

3.1.3 Example. The unit interval [ is often regarded as a pointed space by choosing
either 0 or 1 as basepoint. When we need to consider I as a pointed space, we always

make our choice of basepoint explicit.

3.1.4 Example. If G is a topological group, there’s the pointed space (G, e), where e is
the identity element.

3.1.5 Example. Let (X, A) be a pair of spaces. A reasonable choice of basepoint for the
quotient X/A is the point to which the subspace A is identified, that is, we consider the
pointed space (X/A, [a]) where a € A is arbitrary.

We now define a notion of transformation between pointed spaces.

3.1.6 Definition. Let (X, zy) and (Y,yo) be pointed spaces. A map f : X — Y is

pointed if it satisfies f(xg) = yo. We also say that f preserves basepoints and write
[ (X 20) = (Y, 90).

3.1.7 Example. If (X, ) is any pointed space, then the identity map idy : X — X is
pointed.

3.1.8 Example. If i : S — S™"! is the embedding of S™ as the equator of S"*! then i

is pointed map, where the spheres are pointed as in Example 3.1.2.

3.1.9 Example. Regard the circle S! as the space of unitary complex numbers. The oper-
ation of multiplication of complex numbers defines a pointed map m : (S* x St (1,1)) —
(S, 1). More generally, if (G, e) is a topological group, then its multiplication defines a
pointed map m : (G x G, (e, e)) — (G, e).

We saw in Example 3.1.7 that, if (X, %) is a pointed space, then the identity idx
defines a pointed map (X, *) — (X, *). Moreover, a straightforward argument shows that
the composition of two pointed maps is again pointed, and this composition is of course
associative. It follows that we have a category whose objects are pointed spaces and
whose morphisms are pointed maps. This category will be denoted by Top,. Following our
notational convention for collections of morphisms in a category, given two pointed spaces
(X, x0) and (Y, yo), Top.((X,z0), (Y, yo)) denotes the set of pointed maps from (X, zg) to
(Y, yo). We sometimes omit the basepoints of X and Y and write simply Top.(X,Y’), but

we always include the asterisk lest we forget about the poor basepoints.

3.1.10 Example. In a topological vector space X, since translation by a vector defines

amap X — X, given two vectors x, 2’ € X, translation by 2’ — x defines an isomorphism
(X,z) ~ (X, 2') in Top,.
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3.1.11 Example. If X is a disconnected space, and x,2’ € X are not in the same
connected component, then Top,((X,z), (X,2’)) = @. In particular, the pointed spaces

(X, z) and (X, ') are not isomorphic.

We now discuss some properties of the category Top,.

3.1.12 Proposition. Let {pt} denote any singleton space. The pointed space ({pt}, pt)

is both an initial and terminal object of Top..

Proof. Let (X, x0) be a pointed space. Any map defined on {pt} — X is continuous, and
if we ask for it to be pointed, then there is a unique one given by mapping * to xy; showing

that ({pt}, pt) is an initial object in Top,.

There is a single map from X to {pt} given by the constant map ctx ¢, and since
this map is pointed, it follows that there is a unique pointed map (X, zo) — ({pt}, pt), so

this pointed space is a terminal object in Top,. [ |

This is an interesting distinction of Top and Top,. While the former has distinct

initial and terminal objects, in the latter these two notions coincide.

Let us now analyze products in Top,. Given two pointed spaces (X, zo) and (Y, 4o),
the usual product X x Y has a reasonable choice of basepoint: the ordered pair (¢, yo)
combining the two basepoints. This is a good choice, because it turns the canonical pro-
jections p; : X XY — X and py : X XY — Y into pointed maps. Moreover, given another
pointed space (Z, zp) and pointed maps f : (Z,z9) = (X, x¢) and g : (Z,20) — (Y, v0),
the usual induced map (f,g) : Z — X x Y is pointed, since

(f,9)(20) = (f(20), 9(20)) = (z0,%0)-

This proves the next result stating that the pointed space (X X Y, (29, ¥0)) behaves as it
should.

3.1.13 Proposition. The category Top, has all binary products. More precisely, given
two pointed spaces (X, zg) and (Y, 1), the pointed space (X X Y, (zo,¥0)) together with

the usual canonical projections defines a product of (X, xy) and (Y, 1) in Top..

Lastly, the situation with coproducts in Top, is more interesting and plays an
important role in the next sections. In Top, coproducts are given by disjoint unions. If we
try to do this in Top, we immediately run into a problem: given pointed spaces (X, )
and (Y, 7o), what is the right choice of basepoint for the disjoint union X U Y? The two
choices that first come to mind are to choose either xy or gy as basepoint. However, if we
choose x(, then the canonical injection i5 : Y — X UY does not preserve basepoints, while

if we choose 7, then an analogous problem occurs with the injection 7; : X — X UY.
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The solution of this problem is not to choose one or the other, but to modify the space

X UY in a way that allows us to make both choices at once.

3.1.14 Definition. Given two pointed spaces (X, *x) and (Y, %y ), their wedge sum is
the space defined as
XVY = (X L Y)/{Zl<*X)7 ’i2<*y)},

where 7; and iy are the canonical injections into the disjoint union. It becomes a pointed

space by defining its basepoint as
*xvy = [i1(kx)] = [12(xy)]-

Ifqg: XUY — X VY denotes the canonical projection, we define the maps
J1: X —=>XVYand j,: Y - X VY by the formulas j; := qoi; and j5 = q o 1s.

X J1

XUuY —e— XVY

/

Y J2

Geometrically, the wedge sum glues the pointed spaces (X, *x) and (Y,*y) by
their basepoints. This can also be stated categorically by saying that the wedge sum fits

into the pushout square below.

ct t},*
{pt} {pt}*x X

Ct{pt}v*YJ( J{jl

YT>X\/Y

Indeed, if Z is another space, and f : X — Z and ¢g : Y — Z are maps satisfying
J o ctptyx = 9O Ctipt}y, Which means that f(xx) = g(*y), then the induced map
(f,g) : XUY — Z satisfies (f,g)(i1(xx)) = (f,9,)(i2(xy)), so it factors through the
quotient to define a map h: X VY — Z which satisfies

h0j12h0q0i1:<f,g,>oi1:f,

and also

hoj,=hoqoiy,=(f g)oi,=g.

This property, however, only concerns the space X V Y it does not involve the
choice of basepoint that we made. The next result characterizes the pointed space (X V

Y, *xvy) by a universal property in Top.,.
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3.1.15 Proposition. Let (X, *x) and (Y, *y) be pointed spaces. The triple
((X \ Y7 *XVY)7j17j2)

defines a coproduct for (X, *x) and (Y, *y) in Top,.

Proof. Let (Z,+z) be a pointed space, and let f : (X, *xx) — (Z,%z) and g : (Y, *y) —
(Z,%z) be pointed maps. The induced map (f,g) : X UY — Z satisfies

(£:9)(1(xx)) = [(rx) = *2,

and also

<f7 g)(]?(*Y)) = g(*Y) = *z,

so it factors through the quotient and defines a map (f, g) : X VY — Z. This is a pointed

map because

(;9)Cexvy) = (£5.9,)(a01 (xx))) = ([, 9) (G1(2)) = *2.

It also factors f and g through j; and j, since

<f,g,>0j1:(f,g,>0q0i1:<f,g>oi1:f,

and, similarly, (f, g) o js = g.

Now, if h: (X VY, *xxvy) — (Z,%z) is another pointed map satisfying h o j; = f
and h o jo = g, then the composition h o ¢ satisfies (hog) oi; = f and (hoq) ois = g,
so hoq = (f,g) by the universal property of the coproduct in Top. This last equality

implies h = (f, g) because by the universal property of the quotient space, (f, g) is the

only map that factors (f, g) through the quotient map ¢q. We conclude that the map (f, g)
we defined is the only one factoring f and g through j; and js. |

3.2 The return of the exponential adjunction

In Section 1.1 we learned that products and mapping spaces are related by an
adjunction. Formally, we proved two different versions of this result: the first one is a

natural bijection
Top(X x Y, Z) = Top(X, Map(V Z)).

when Y is locally compact Hausdorff, and the second one is a homeomorphism
Map(X x Y, Z) = Map(X, Map(Y, Z))

when both X and Y are locally compact Hausdorft.

In the present section we would like to adapt these results to the category Top, of

pointed spaces. The first question we must answer in order to obtain this generalization is:
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what is the substitute for the space Map(X,Y’) in the pointed case? Since for any pointed
spaces (X, zg) and (Y, yp) there is an inclusion Top,(X,Y) C Top(X,Y), it makes sense to

turn the set of pointed maps into a space by considering it as a subspace of Map(X,Y).

3.2.1 Definition. Given pointed spaces (X, zq) and (Y, yo), we define a topology on
the set of pointed maps Top.(X,Y’) by considering the subspace topology inherited from
Map(X,Y), and we denote the resulting space of pointed maps by Map,(X,Y’). This
becomes a pointed space itself by choosing the constant map ctx,, : (X, z9) = (Y, yo) as

a basepoint.

The main functorial properties of Map,(X,Y) are summarized in the next result.

They essentially follow from the analogous properties satisfied by Map(X,Y").

3.2.2 Proposition. Let (X, zg), (Y, y0) and (Z, z9) be pointed spaces, and let f : X — Y
and g : Y — Z be pointed maps.

1. The pushforward function along g
Top. (X, g) : Top«(X,Y) — Top.(X, Z)
induces a pointed map

Map, (X, g) : Map,(X,Y) — Map, (X, Z).

2. The pullback function along f
Top.(f, Z) : Top«(Y, Z) — Top.(X, Z)
induces a pointed map

Map*(f7 Z) : Map*<Y7 Z) - Map*<X7 Z)

Proof. 1. We know the usual pushforward Map(X,g) : Map(X,Y) — Map(X,Z) is
continuous, so by restriction we also have a map Map(X, g)|map, (x,v) : Map,(X,Y) —
Map(X, Z). Since this map takes values in the subspace Map, (X, Z) C Map(X, Z), we
may then regard this pushforward as a map of type Map, (X,Y) — Map, (X, Z). Lastly,

since for any z € X we have the equality

[Map*(X, g)(CtX,yO)](x) = (g © CtX,yo)(:E) = 9(¥0) = 20,
it follows that Map, (X, g)(cty,y,) = Ctx s, ; therefore Map, (X, g) defines a pointed map.

2. The proof of this item is analogous to the proof of the previous one. |
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Now we turn our attention to adapting the exponential adjunction to the pointed
case. In an ideal world, the adjunction would work straight away, that is, a pointed map
f: X xY — Z would give rise to a pointed adjoint map Af : X — Map, (Y, Z), and
this rule would define a bijection under suitable topological conditions. The next example,

however, shatters our expectations about this ideal world.

3.2.3 Example. Regard S! as the space of unitary complex numbers and consider the
pointed map m : (S x S, (1,1)) — (S',1) given by multiplication. Let Am : S! —
Map(S?, S') be the exponential adjoint. Can Am be seen as a pointed map (S, 1) —

(Map, (S*, S'), ctgr1)? The short answer is no, and this is due to two reasons:

1. If z € S* is such that Am(z) € Map,(S*, S'), then we must have
z=[dm(2)](1) = 1.

This shows that the image of Am is not even contained in the subspace of pointed

maps.

2. For any z € S* we have
Am(1D)](z) =1z = z,

therefore Am(1) = idg: which is different from the constant map ctg: ;; showing

that Am does not preserve basepoints.

In summary, the example above shows that the exponential adjunction can fail
miserably in the pointed case. Luckily, the two ways in which the example fails are the
only ones possible, and by examining how to avoid these problems we are naturally led to

a new construction which will let us take back the power of the exponential adjunction.

3.2.4 Lemma. Let (X, ), (Y,v0) and (Z, 29) be pointed spaces. Given a map f : X X
Y — Z, its exponential adjoint Af : X — Map(Y,Z) defines a pointed map of type
(X, z9) = (Map(Y, Z), cty,) if and only if it satisfies the condition

FX X H{yoy U {mo} x V) € {20}

Proof. The adjoint \f defines a pointed map of the required type if and only if it satisfies

the two following conditions:

1. Af(x) is a pointed map of type (Y, yo) — (Z, o) for every z € X, which means that
the equality

f(@ o) = N f(@)](yo) = 20

must hold for every x € X;
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2. \f preserves basepoints, that is, it must satisfy the condition Af(z¢) = cty,,,, which

means that the equality

f(xo,y) = [Mf(20)](y) = cty,zy = 20

must hold for every y € Y.

These two conditions mean precisely that the inclusion f(X x {yo} U {zo} X Y) C {20}
must hold. |

This suggests that the natural domain for a pointed version of the exponential
adjunction is not the set of maps defined on the product X x Y, but on a certain quotient
of it.

3.2.5 Definition. Given pointed spaces (X, z) and (Y, o), their smash product is the
space defined by

XxY
XANY = .
X x{yo} U {zo} xY
It becomes a pointed space by choosing [xg, yo] = ¢(x0,yo) as its basepoint, where ¢ :

X xY — X AY denotes the canonical projection.

The construction of the smash product can also be performed on pairs of pointed
maps. Given pointed maps f : (X1,%x,) — (Xo,*x,) and g : (Y1, %y, — (Yo, %y,), if
q1: X1 XY = XiAY] and ¢o @ Xo X Yy — X5 AY; denote the canonical projections, then
the composition

qQO(fXg):X1><Y1—>X2/\Y2

satisfies the condition
(20 (f x g)) (X1 x {y1} U A{z1} x Y1) € {5xanre )
therefore it can be factored through the projection ¢; to define a map
fANg: Xai YT = XoAY,

which we call the smash product of f and g.

Notice that by construction the smash product f A g is the only map from X; AY;

to X5 A Yy making the square below commute.

X, xY, 9 X, x v,
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From this commutativity we can obtain an explicit formula for f A ¢: given a point of

X1 AY7 of the form [zq,y1] = ¢1(x1, y1) for some point (z1,y;) € X7 X Y7, we have

(FAg) ([, 1)) = (FA9) (a2, 91)) = 2((f x 9)(21,31)) = q2(f (1), (1)) = [ (1), 9(y1)]-

This also implies that f A g is automatically a pointed map since
(f A g)(*Xl/\Y1) = (f /\g)([*Xl7 *Y1]> = [f(*X1>>g(*Y1)] = [*X27 *Y2] = *XpAY;-

As with most of the constructions we have considered so far, the smash product

is functorial.

3.2.6 Proposition. The construction of the smash product of pointed spaces and of

pointed maps defines a functor A : Top, X Top, — Top..

Proof. We first need to show that the smash product preserves identity maps, i.e., that
for any two pointed spaces (X, zo) and (Y, yo) the equality

idx VAN idy = idX/\y

holds. Recall that idx Aidy is the only map of its type that fits in the commutative square
below.

idX Xidy

XxY —/——= X xY

ql lq
XNY — X AY
id x Aidy

Since the product x is itself functorial, the map idx x idy on the first line is equal to

idx«y, and then it is clear that the square below also commutes,

idxxy

XXxY —/— X xY

ql lq
XANY —— XAY
idxay

from which the desired equality follows.

Now we need to check the compatibility of the smash product with compositions.

Suppose we are given the following pointed spaces and maps

f1:( X1, %x,) = (Xo, *x,)

fo i (Xa, xx,) = (X5, xx,)

g1 (Y1, %v) = (Y2, #y,)
: ( ) —

g2 : (Yo, *y, (Y3>*Y3)-

We need to prove the equality

(f2o fi) A(g20g1) = (fa A g2) o (fi Agn),
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which is equivalent to proving the commutativity of the square below.

Xl X '}/’1 (f20f1)><(92091) X3 % }/é

Al [

XiAN (faAg2)o(f1ng1) Xs AN Yy

Since the product x is itself a functor, we can rewrite the product on the first line as a
composition

(fao fi) X (g2091) = (f2 x g2) o (f1 X q1),

so that our goal now is to prove the equality

gz 0 (fax g2)o(fi xg1) = (faAga)o(fiNgi)oaq.

This follows by simply combining the two commutative diagrams below coming from the

definitions of f; A g1 and fy A go.

X1XE&>X2X}/2MX3X}/3

f ek .

X1\ o XoANYs e X3NAY;3

As with any functor of two variables, we can fix any one of them to obtain a functor
of a single variable. In particular, for any pointed space (Y, y) we have the functor —AY :
Top. — Top. which sends a pointed space (X, *x) to the smash product (X AY,xxay),
and which sends a pointed map f : (X1,*x,) — (Xa,*x,) to the smash product map
fAdy  (Xi AY sxay) = (Xo AY xx,0y).

The result of Lemma 3.2.4 suggests that a pointed version of the exponential
adjunction should relate the pointed mapping space functor Map, (Y, —) with the smash
product functor — A'Y instead of the usual product functor — x Y. In order to do this,

we introduce a pointed version of the exponential adjoint of a map.

3.2.7 Definition. Let (X, xg), (Y, yo) and (Z, z9) be pointed spaces, and let ¢ : X x Y —
X AY be the canonical projection. Given a pointed map f : (X AY, *xry) — (Z, 20), the
pointed map
Mz f (X, zo) — (Map, (Y, Z), cty )
defined by the formula
)\}Zf = Axz(foq) (3.1)

is called the pointed exponential adjoint of f.

Since ¢ maps the subspace X X {yo} U {20} XY to the basepoint x of X AY', and f
by hypothesis maps this basepoint to zg, the composition fog maps X x {yo} U {zo} xY
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to 2o, therefore A , f really defines a pointed map of type (X, zo) — (Map, (Y, Z), cty.,)

according to Lemma 3.2.4.

Using the explicit formula for the unpointed exponential adjunction, we see that,

for any z € X, the pointed map A\ ,f(x) : (Y,50) — (Z, 20) is given by the formula

(N 2f @)(w) = f(lz,])! (3.2)
for every y € Y.

3.2.8 Theorem (Pointed exponential adjunction). If (Y,y) is a locally compact Haus-
dorff space, then the smash product functor — AY is left adjoint to the pointed mapping
space functor Map, (Y, —).

Proof. We will show that the collection of functions
{A},Z : TOp*<X A Y’ Z) - TOp* (X7 Map* (Y7 Z))}(X7$0)7(Z,ZO)ETOP*
defines a natural isomorphism of functors (of two variables)

Top.(— A Y, —) = Top.(—, Map, (¥, -)),

Suppose f, g : (X AY,xxay) = (Z,2) are two maps such that Xy ,f = N} ;9.
This means that the equality Ax z(f o ¢) = Ax.z(g o q) holds, but since Ax z defines an
injection
Ax,z : Top(X x Y, Z) — Top(X,Map(Y, 2)),

we must also have the equality foq = goq; therefore f = g because ¢ is a surjective map.

Now consider a pointed map g : (X, x¢) — (Map,(Y, Z), cty,,). Since Map, (Y, Z)
is by definition a subspace of Map(Y, Z), we may also regard g as a map of type X —
Map(Y, Z), and then, using the usual exponential adjunction, we can find a map F :
X xY — Z such that Ax zF = g. This means that, for any (z,y) € X x Y, we have the
equality

F(z,y) = A (2)](y) = [9(2)](y).

Using this formula we see that

F(x,y0) = [9(x)](0) = 20,

because g(z) € Map, (Y, Z), and also that

F(xo,y) = [g9(20)](y) = cty(y) = 20,

Notice that the brackets on both sides of the equation have very different meanings. The
brackets on the left are merely for avoiding confusion, we could just as well write the left-
hand side as A\ , f(z)(y). The brackets on the right-hand side are a way to denote an element
of the form ¢(z,y) in the smash product.

1
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because g is itself pointed. It follows that we can factor F' through the quotient map ¢ to

obtain a pointed map

[ (X AY, xxny) = (Z, 20)
which satisfies
MNxzf =Axz(foq) = Axz2F =g;
proving the surjectivity of A% ;.

We have shown that Ay , is a bijection, so the only thing left is to show that it
depends naturally on both (X, z¢) and (Y, o). Given two pointed maps f : (X', zp) —

(X, o) and g : (Z,20) — (Z', 2), we must show the commutativity of the square below.

Top.(fAidy,9)

Top. (X ANY, Z) Top. (X' ANY, Z')

)‘;(,ZJ/ J,)\;(,’Z/

!/ !
Top. (X, Map, (Y, 2)) s Top. (X', Map, (Y, Z7))

Given a € Top.(X AY, Z), on the one hand we have

()\i;(/’zl o TOp*<f A ldY7 g))(o[) = A;{’,Z’(g oo (f A ldy))
= A z(geac (fAidy)eq)

= Axz(goaoqo(f xidy))
(by the definition of f Aidy)

= (Axr,z: o Top(f x idy, g))(c 0 q)

Now, on the other hand, we have

(Top.(f, Map, (Y, g)) o Ax z)(a) = Top.(f, Map,(Y, g))(Ax,z(c © q))
= Map, (Y, g) o Axz(aoq)o f
= Map(Y,g) o Axz(aoq)o f
= (Top(f, Map(Y, g)) o Axz)(cv o q).
Notice that, when passing from the second to the third line, we used the fact that
Map, (Y, g) is obtained by simply restricting Map(Y’, g).

After these computations, we see that the naturality we are trying to prove is

equivalent to the equality

(Axrzr o Top(f x idy, g))(avo q) = (Top(f, Map(Y, g)) o Ax z)(a 0 q),

but this holds due to the naturality of the usual (unpointed) exponential adjunction. W

When we proved the unpointed exponential adjunction (Theorem 1.1.5), we used

the unit and counit transformations, but now for the pointed version we directly defined a
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natural bijection between the two relevant sets of pointed maps. Notice also that directly
using the fact that the unpointed exponential transformations Ax z are invertible allowed
us to show that the pointed exponential transformations A% , are also invertible without

actually exhibiting its inverse.

Nevertheless, it is useful to have the unit and counit transformations associated
with the pointed exponential adjunction, as well as the inverse of the exponential trans-

formations, and we now focus on constructing these objects.

Given a pointed space (X, zg), the component of the unit transformation at (X, z¢)
- which we denote by % - is a pointed map of type (X, zo) — (Map, (Y, X AY),cty.y,y)
obtained by applying the pointed exponential transformation Ay y,y to the identity map
of X NY.

*

i A 3
XAY 22, y Ay X 5 Map, (Y, X AY)

Using equation (3.2), we see that, for any z € X, o5 (z) : (Y,90) = (X AY,*x,y) is the
pointed map given by
(X @)(y) = [z,y] VyeY. (3.3)

Now we describe the inverse to A\ ;. If g : (X,20) — (Map,(Y, Z),cty,,) is a
pointed map, since Map, (Y, Z) is a subspace of Map(Y, Z), we may regard g also as a map
of type X — Map(Y, Z) and apply the inverse of the unpointed exponential adjunction
to obtain a map

Axgg: X XY = Z.

This map satisfies the following properties:

L Ax'z9(x,90) = [9(2)](y0) = 20 for every x € X because g(x) is a pointed map;

2. Ax'z9(x0,y) = [9(20)](y) = cty,2(y) = 2 for every y € Y because g is itself pointed.

We can then factor )\)_(,lzg through the quotient ¢ : X xY — X A'Y to obtain a pointed
map
A;(}Zg : (X N Y, *X/\Y) — (Z, Zo).

This map is in fact the inverse (A% ;)~'g we were looking for, since

Ny z(Ax'29) = Ax.z(Ax'z9 0 @) (by Definition 3.2.7)
= /\X,Z(/\)_(’lzg) (by the construction of /\)_(}Zg)
=3

which implies the desired equality

(%{,Z)flg = )\;c,lzg-
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In summary, the inverse exponential transformation
(M.2) ™" : Top. (X, Map,(Y, Z)) = Top.(X A Y, Z)

sends a pointed map g : X — Map, (Y, Z) to the pointed map (A ;) 'g: X AY — Z
defined by the formula

(Ax.z) g, y)) = [9(2)l(y) VI,yl € XY (3.4)

With the inverse pointed exponential adjunction at our disposal, we can also de-
scribe the associated counit transformation. Recall that its component at the pointed
space (Z, zp) is the pointed map

ev;,Z : (Map, (Y, Z) AY, *Map*(Y,Z)/\Y) — (Z, 20)
obtained by applying the inverse pointed exponential transformation (A% ;)" to the

identity map of Map, (Y, Z).

idMap, (v,2) (/\K/Iap*(YyZ),Z)il
) g =

Map, (Y, Z Map, (Y, Z) Map, (Y, Z)AY 2% 7

Using equation (3.4) we see that the counit evy, , is given explicitly by the formula

evy 7 ([f,9]) = f(y) VIf,yl € Map, (Y, Z) NY, (3.5)

which justifies our choice of notation, since evy , is essentially a pointed version of
the usual evaluation evy z. In fact, using the construction of the inverse transformation
(Aap. (v,2), z)” " given above, one can show that evy, , is obtained precisely by factoring the
evaluation map evy z (suitably restricted to Map, (Y, Z) x Y C Map(Y, Z) x Y') through
the quotient map defining the smash product Map, (Y, Z) A Y.

As with any unit and counit transformations associated with an adjunction, they
define natural transformations between certain functors. The result below simply records
this fact for the particular case of the unit and counit associated with the pointed expo-

nential adjunction we have described above.

3.2.9 Corollary. Let (Y,yo) be a locally compact Hausdorff pointed space.

1. The collection of pointed maps
{ex (X 20) = (Map, (Y, X AY), ctyuy,y ) }(X.20)eTop.
defines a natural transformation of functors ¢* : idyep, = Map, (Y, — AY).
2. The collection of pointed maps
{evy.z : Map, (Y, Z) A Y, *map, (v, 2)ny) — (2, 20) }(2,20) Tops

defines a natural transformation of functors evj : Map, (Y, =) AY = idrop, .
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3.3 More on the smash product

In the previous section we introduced the smash product of two pointed spaces in
order to obtain a pointed version of the exponential adjunction, but if we want to use
this adjunction, it would be good to know some properties satisfied by the smash product
construction, so the goal of this section is to prove some “algebraic” properties satisfied

by the smash product functor.

3.3.1 Proposition. Let (X, zy), (Y, 40) and (Z, zo) be pointed spaces. The smash product

satisfies the following properties:

1. The 0-dimensional sphere (S° +1) is a unit for the smash product, that is, there

are pointed homeomorphisms
SOANXEXZXAS
which are natural in X.

2. The smash product is commutative, that is, there is a pointed homeomorphism
XANY=ZYAX

which is natural in both X and Y.

3. The smash product is associative under some topological conditions, that is, if X

and Z are locally compact and Hausdorff, then there is pointed homeomorphism
(XAYINZ=XANYNANZ)
which is natural in X, Y and Z.

Proof. 1. The product S° x X is just the disjoint union {—1} x X U {+1} x X of two
copies of X, so the function Ly : S® x X — X defined as
x, ift=-1;

L(t,x) = '
Zo, lf t = —|—1,

is continuous by the universal property of the coproduct. The map Lx sends the subset
SO x {zo} U {+1} x X ={(~1,20)} U {+1} x X

to the basepoint zy of X, so it induces a pointed map £x : (S° A X, xg0nx) — (X, o).
This map is a homeomorphism, since its inverse £y' : (X, z9) — (S° A X, *g0.x) can be
defined explicitly as

(%' (z) =[~1,2] VzeX.
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We still need to check the naturality statement. This means that, iff : (X, zo) —

(Y, yo) is a pointed map, then the square below commutes.

SO A X 9N g0 Ay

x| o

X — Y
This is just a matter of straightforward calculations, since for every x € X we have

fllx([=1,2])) = f(z) = & ([=1, f(@)]) = by ((idso A f)([=1, 2])),

and also
f(lx([1,2])) = fzo) = yo = &y ([1, f(2)]) = by ((idso A f)([L, 2])).

The proof that S° is also a right unit is very similar. We define Rx : X x S° — X
by the formula
x, ift=-1;
RX (iL’, t) =
Zo, if t =+1.
Factoring this through the quotient defining the smash product we obtain a pointed map
rx (X AS% xxpg0) = (X, 20). Like in the first case, this map is a homeomorphism that

depends naturally on (X, zy).

2. Let 7xy : X xY — Y x X be the permutation map that swaps the two
coordinates. The composition ¢ o7xy : X XY = Y A X, where ¢/ : Y x X = Y A X is
the canonical projection, maps X x {yo} U {xo} X Y to the basepoint *y,x, so it induces
a pointed map sxy : (X AY,*xay) = (Y A X, *y,x) which can be described explicitly
as

sxy([z,y]) =y, 2] V][z,y] € X NY.

If we do the same construction starting with the other permutation map 7y x :
Y x X — X x Y, then we obtain the analogous pointed map sy x : (Y A X, *y,x) —
(X ANY,*xny) given explicitly by

syx([y,2]) =[z,y] V|y,aleY ANX.

A simple direct calculation then shows that sxy and sy x are inverse maps, therefore they

define pointed homeomorphisms.

Now let (X', zf,) and (Y, y;) be two other pointed spaces, and consider pointed maps
f: X =X and g:Y — Y’. We need to show that the square below is commutative.

XAY 29 xr Ay

TX,YJ{ lTX’,Y’

YANX — Y AX
gnf
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For any [z,y] € X AY we have

rxy (f A g([2,9]) = rxy ([f (), 9(y)])
= [g(y), f(x)]
=g A f(ly,z])
=g A flrxy([z,y])).

3. This one is a bit more complicated. We first show the following auxiliary result:
if Z is locally compact Hausdorff, then the function axyz : (X AY)ANZ - X A (Y A Z)
defined as

OéXQﬁZ(HI‘, y]a Z]) = [:Ev [ya Z]]
for every [[z,y],2z] € (X AY) A Z is a pointed map.

Consider first the associator homeomorphism
A: (X xY)xZ—=>Xx (Y xZ2)

defined as
A((z,y),2) = (z,(y,2)).

We may form the adjoint map
M X xY — Map(Z, X x (Y x Z2)).

Ifp: X x (Y xZ)— XA(YAZ) denotes the projection given by (z, (y, 2)) — [z, [y, 2]],

we have the induced pushforward

Map(Z,p) : Map(Z, X x (Y x Z)) = Map(Z, X N (Y N 2)).

We claim that the composition
Map(Z,p) o AA: X XY — Map(Z, X A (Y A Z))

maps the subspace X x {*y} U {*x} x Y to the basepoint of Map(Z, X A (Y A Z)), which

is by definition the constant map ctz., ., - Given a point (z,y) € X x Y, we have
(Map(Z,p) o AA)(z, y) = p o AA(z,y),
therefore for any 2z € Z we have

[(Map(Z,p) o A)(z,y)](2) = p([AA(z, )] (2))
(A((z,9),2))
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In particular, if z = x¢, then

[(Map(Z, p) o AA)(zo,y)](2) = [wo, [y, 2]] = *XAYAZ)

and if y = yo, then
[(Map(Z,p) o MA)(z,90)](2) = [z, [y0, 2]] = [2, *yrz] = *XAYAZ)-

It follows by passing to the quotient that the composite Map(Z, p) o AA induces a
pointed map
Bxyz: XNY = Map, (Z, X N(Y NZ)),

and by Theorem 3.2.8 there exists a pointed map
axyz: (XAYVANZ - XNY NZ)

such that fxyz = A.axyz. Using this relation we can deduce that axy z is precisely

given by the formula
axyz([z,y],2]) = [, [y, 2]
that we stated in the beginning.

We can construct the inverse map of axy z by an analogous procedure with the

difference that we start with the inverse associator homeomorphism
AT X x (Y xZ) = (X XY x Z),

and use the fact that the functor X A — is also left adjoint to Map, (X, —) due to X
being locally compact and Hausdorff. This is true because we have already proved that

the smash product is symmetric, therefore X A — is naturally isomorphic to — A X.

There is, however, another way to obtain the inverse of ax y 7 using the construc-
tions we have described so far. The definition of the pointed map axyz works for any
triple (X,Y, Z) of pointed spaces as long as Z - a.k.a. the third component of the triple
- is locally compact and Hausdorff. Since X is also locally compact and Hausdorff by

hypothesis, applying the construction to the triple (Z,Y, X) gives us a pointed map
azyx  (ZANY)NX - ZA (Y NX)

which is given explicitly by azy x([[z,y], z]) = [z, [y, z]] for every [[z,y],z] € (ZAY) A X.
Consider then the pointed map of type X A (Y A Z) — (X AY) A Z defined by

the composition depicted below.

XAYAZ) %y A2y A X Sz Ay A X

i J/OéZ,Y,X

(XAYIANZ o ZA(XAY) 6 ZA(Y A X)
;XA idzAsy, x
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If we start with an element [z, [y, z]] € X A (Y A Z) and chase it around this diagram, we
see that it gets mapped to [[z, ], z].

.0yl —— [l 2l —— [l
le,9l, 2] s [ [ ul] —— [ [y, 2]

In other words, this big composition defines a map which is precisely the inverse map of

axy,z, proving therefore that we have a pointed homeomorphism

OZX7y7z<X/\Y)/\ZgX/\(Y/\Z)

The only thing left is showing that this homeomorphism depends naturally on its
three variables. Given three other pointed spaces (X', z(), (Y, y}) and (7, z) as well as
pointed maps f: X — X', g:Y — Y and h: Z — Z’; we must show the commutativity
of the square depicted below.

(XAY)AZ LN xr vy A 2

ax,y,zl J/axl,yl’zl

/ / /
X/\(Y/\Z)WX/\(Y NZ')

Again, a direct calculation using the definitions of the maps in question shows that both
of the compositions defined by the square above map an arbitrary element [[z,y], 2] €

(XAY)AZ to [f(2),[g(y), h(2)] € X' A (Y' A Z). n

3.4 Reduced suspensions and loop spaces

This section introduces two very important constructions of Homotopy Theory:
the reduced suspension and the loop space. There is an important duality between these
two constructions which is made possible by the pointed exponential adjunction and by a
comparison of the reduced suspension with a certain smash product. While we navigate
towards this duality, we use the algebraic properties of the smash product proved in the

previous section to compute some important explicit examples of smash products.

3.4.1 Definition. Let (X, z() be a pointed space. The quotient space

X x1I

P X0 UX x (11 U {wo} < I

is called the reduced suspension of X. We regard it as a pointed space by considering
the image of the subset X x {0} U X x {1} U {zo} x I under the canonical projection

to the quotient as basepoint.
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Geometrically, the reduced suspension X X is constructed by first forming a “double
cone” over X by means of collapsing the top and bottom parts of the cylinder X x I, and
then collapsing the line segment on the surface of this cylinder that connects the two

vertices and passes through the basepoint of X.

We can not only suspend spaces, but also maps.

3.4.2 Definition. Let (X, zg) and (Y, yo) be pointed maps. Denote by gx : X x I — XX
and gy : Y x I — XY the canonical projections. Given a pointed map f : X — Y, the
reduced suspension of f is the unique pointed map Xf : XX — XY that fits into the
commutative square below.

Xx 12 y g

ox | o

) Q— )%

This definition makes sense because the composite gy o (f x id;) : X x [ — XY
maps the subset X x {0} U X x {1} U {*x} X I to the basepoint *xy, and X f is the unique
pointed map that factors this composition through the quotient gx. The commutativity

of the square means that ¥ f has an explicit formula given by

Sf ([, 1]) = [f(x), 1]

for all points [z,t] € XX

As with all constructions that we have introduced so far, the reduced suspension
gives rise to a functor X : Top, — Top, unsurprisingly called the reduced suspension
functor. This functoriality property can be proved in a manner similar to the proof of
the functoriality of the smash product (Proposition 3.2.6) by pasting together suitable
commutative diagrams, and using the already known functoriality of the product functor
—x 1.

Our next goal is to show how reduced suspension can be regarded as a convenient
way to represent some smash products. The result is essentially a consequence of the next

simple lemma.

3.4.3 Lemma. There exists a pointed homeomorphism (I/91, ) = (S*,(1,0)).
Proof. Consider the exponential map exp : I — S! defined by the formula
exp(t) == (cos2nt,sin2nt) Vit e I.

This is a surjective map, and it only looses injectivity at the endpoints 0 and 1 of I,
which get both mapped to the basepoint of S'. If we then factor exp through the quotient
I — 1/01 we obtain the desired pointed homeomorphism. |
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Using this homeomorphism and the universal property of quotient spaces we can
interpret this result as saying that, in order to define a map of type S* — Y, it suffices to
define a map of type I — Y which sends the endpoints of the interval to the same point
inY.

Using this homeomorphism we can express the reduced suspension construction in

terms of the smash product.

3.4.4 Proposition. The reduced suspension functor ¥ is naturally isomorphic to the

smash product functor — A S*.

Proof. Consider an arbitrary pointed space (X, ). If ¢ : X x ST — X A S! denotes the

canonical projection, then the composite map
qo(idy xexp): X x I = SAS!

maps all points of the subspace X x {0} U X x {1} U {x¢} x I € X x [ to the basepoint
of X A S!, therefore it can be factored through the quotient p : X x I — ¥X to yield a

pointed map

Ox : (X, #sx) = (X A ST xx01)
like shown in the commutative square below.

id x xexp

X xI 225 X xSt

pl lq (3.6)

Explicitly, €x satisfies the equation
Ox([x,t]) = [z,exp(t)] = [z, (cos(2nt), sin(27t))] (3.7)

for every x € X and every t € [.

We now construct an inverse to fx. The map exp : I — S! is closed, since its
domain is compact and its codomain is Hausdorff. Moreover, exp has compact fibers
because exp~!(z) either consists of a single point when z # *g1, or it consists of the
points 0 and 1 when z = *g:. It follows from these two properties that exp is a proper
map (see (BROWN, 2006, result 3.6.3)), and thus the product idy x exp defines a closed

map, but since this product is also surjective, it is in fact a quotient map.

Using the description of the fibers of exp given above, we see that the canonical
projection p : X x I — ¥ X is constant on the fibers of the quotient product map idx x exp,
therefore it can be factored through it to define a map p: X x S' — XX that fits in the
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commutative diagram below.

id x xexp

Xx] —— X xSt

UX

Explicitly, p is described as follows: given a point (z,2) € X x S, if we write z = exp(t)

for some t € I, then
Pz, z) = [z, t].

We see from this formula that p satisfies the property

PX x {(1,0)} U {xo} x 8) C {#ex},

therefore it can be factored through the quotient ¢ : X x St — X A S to define a pointed
map

wX . (X A SIJ*X/\SI) — (2X7 *EX)7

and we end up with the commutative diagram below.

X x [ DRy g1
pl p/ lq (3.8)
SX fe X A S
hx

Explicitly, the map 1 x defined like this satisfies the equation

Ux([z, exp(t)]) = [, 1] (3.9)

for every z € X and every t € I.

Let us show that #x and 1 x are inverse maps. On the one hand we have

Yx olxop=1xoqo (idx x exp) (by (3.6))
=p, (by (3.8))

and since p is surjective, it can be cancelled on both sides to yield the equality
Yx 0Oy = idgx;
and on the other hand

QXoleoqo(idX xexp) :HX oﬁo(idx Xexp)
=0xop
= g o (idx x exp),
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and by cancelling g o (idx x exp) on both sides we arrive at the equality
ex o wX = idX/\Sl-

This proves that 0y defines a pointed homeomorphism XX = X A S! for every
pointed space (X, zg). The only thing left is showing the naturality of this homeomorphism.
Given a pointed map f : (X, z9) — (Y, 40), we need to prove the equality

Qy 9 Zf = (f /\idsl) ¢) Qx.

Let px : X xI — ¥X and ¢x : X x 8! — X AS? denote the canonical projections,
with analogous notations py and gy for the space (Y,70). Recall that the maps ¥ f and

f Aidg1 are constructed in such a way as to fit in the commutative diagrams below.

Xid[

Xx] DXy X x g sty g

pxl lpy qxl qu

NX s XY XAS — Y AS!
f f/\ldsl

Using these diagrams together with the defining properties of the homeomorphisms

fx we see that

Oy o Xf opx = Oy opy o (f x idy)
= qy o (idy X exp) o (f x idj) (by (3.6))
=qy o (f x exp) (by functoriality)
=qy o (f xidg) o (idx x exp)
= (f ANidg1) o gx o (idy x exp)
= (f Nidg1) o Ox o px, (by (3.6))

and then cancelling px on both sides yields the desired equality. ]

The interesting part about this comparison of the reduced suspension with the

smash product is that it allows a further comparison with a certain mapping space.
3.4.5 Definition. Let (X, zo) be a pointed space. The mapping space
QX = Map,(S*, X) (3.10)

is called the loop space of X. It is a pointed space whose basepoint is given by the

constant loop ctgi 4, : S' — X at the basepoint of X.

The adjunction between smash products and mapping spaces gives us an adjunc-

tion between reduced suspension and loop spaces.
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3.4.6 Corollary (Eckmann-Hilton Duality). The reduced suspension functor ¥ is left
adjoint to the loop space functor €2, or in other words, for any pointed spaces (X, o) and

(Y, yo) there is a natural bijection
Top.(XX,Y) = Top. (X, QY).

Proof. In Proposition 3.4.4 we saw that the reduced suspension functor is naturally iso-
morphic to the smash product functor — A S' by means of the family of pointed homeo-

morphisms
{wX . (X A 517 >I<X/\Sl) — (EXv *EX)}(X,:EQ)ETop*

It follows that the Set-valued functors
Top,(— A S, =), Top(X—, —) : Top®® x Top, — Set
are naturally isomorphic too, with component bijections given by the pullbacks

Top.(1x,Y) : Top.(EX,Y) — Top.(X A S.,Y).

Combining this with the natural isomorphism
Top*<_ A Sl? _) = TOp*<—, Map*(Sla _)) - TOp*(—, Q_)
coming from the pointed exponential adjunction yields the desired natural isomorphism

Top.(X—, —) = Top.(—,Q2—). [ |

We can make the component bijections of the adjunction above more explicit.
Given a pointed map f : (X, %) — (Y, 1), its adjunct map f : (X,z0) — (QY, ctst y)

associates to each point z € X the loop f(z) : S* — Y based at y, which satisfies the

equation

[f (@))(exp(t)) = f([z,1]) (3.11)
for every t € I.

We finish the chapter with a description of the smash product of spheres. We
already know how to describe this if one of the factors is the O-sphere S°, so we start
by understanding the smash product of a sphere with the circle, or in other words, the

reduced suspension of spheres.

3.4.7 Proposition. There is a pointed homeomorphism XS" = S™*1 for every n € N.

Proof. The definition of the homeomorphism has to do with the geometric meaning of
the construction of the reduced suspension. When applying the canonical projection p :
X x I — XX, for each z € X, the end points (z,0) and (x, 1) of the line segment {x} x I
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on the surface of the cylinder get identified, so this line segment gets transformed into a
circle. In other words, the reduced suspension XX is “foliated” by circles, but there is a
catch: since all points in the line {xo} x I get identified, not just the endpoints, this line
gets transformed into a point - the basepoint of the reduced suspension - which we may
regard as a degenerate circle. See Figure 1 for a visualization of this foliation by circles in

the case n = 1.

Figure 1 — The sphere is the reduced suspension of the circle.

The idea is then to realize S™*! as also being “foliated” by a family of circles
parameterized by S™, where the circle associated with *gn is just the basepoint sgn1.
This is done as follows: each point x € S™ gives rise to a point (x,0) on the equator of
S™t1and the plane spanned by #gn+1 — (z,0) and (0,...,0,1) intersects S"™! along a

circle. This is the family of circles we will use to construct our homeomorphism.
Consider first the map ¢ : S™ — R"*2 defined as follows: given = (z1,...,%n41) €
S™
c(x) =1 (kgnrr + (2,0)) = 5 - (1 + 21, 22,...,Tps1,0).

The circle we want to define has the form
c(x) + (||xgn+1 — c(x)]| cos(2mt)) - u(z) + (||*xgn+r — c(z)|| sin(27t)) - (0,...,0,1)

In this formula, u(z) is a unit vector which together with (0,...,0,1) spans the plane
whose intersection with S"*! is the circle we are trying to parameterize. It is important
to remark that u(z) must have unit norm, otherwise the expression above describes an
ellipse, and not a circle. The number ||*gn+1 — ¢(z)|| appearing in the formula is exactly

the radius of the circle we are parameterizing.

We can define u : S™ — R"*? to be

1

[gnsr — ()]

u(z) = - (kgn+1 — ().
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Having defined u(z), the expression for the circle can be rewritten as
c(x) + cos(27t) - (kgn+r — c(x)) + (||*xgnt1 — c(z)|| sin(2xt)) - (0,...,0,1).

Grouping together the first two terms, we are led to define F': S™ x I — S"*! by

the formula

F(x,t) = (W) kgt + (1_(3028(27#)) +(2,0)

+ (||*gn+1 — c(z)]| sin(27t)) - (0,...,0,1).

If x = (x1,...,2041), taking into account that

1 1 1
[gurs = e(@)ll = 5 xgnin = (@,0) = 5y/(1 = 20)2 4 22 4+ 2y = Sv/2 =20y,

we have a more explicit (and more terrifying) formula

F(x,t) = =-(1 + cos(2nt) + (1 — cos(2nt))xy, (1 — cos(27t))xg, - - - , (1 — cos(27t)) 1,

sin(2mt)y/2 — 271) . (3.12)

N | —

These formulas show that F(x,t) = *gn if either x = *gn or t € {0,1}. This means
that F induces a pointed map W : (35" #sgn) — (S %gnt1), which is the desired

homeomorphism.

S™x I
PN
».sn —omp Sntl

Before continuing, let us analyze the homeomorphism W : £.5° = S! constructed
above. Since S° = {—1,+1}, the product S° x I consists of two disjoint copies {—1} x [
and {+1} x I of the interval I. The projection p : S° x I — £S5 identifies one of the
copies {+1} x I, as well as the two endpoints (—1,0) and (—1,1) of the other copy. The
map F : S% x I — St is particularly simple in this case:

F( t) *g1, lfS:+1,
s, t) =
(cos(27t), sin(2xt)), if s = —1.

In other words, the composition Wop: S® x I — S is constant on the copy {+1} x I
of the interval, and it is equal to the exponential exp : I — S* on the copy {—1} x I.

We are now able to describe the smash product of any two spheres.

3.4.8 Corollary. There is an isomorphism of pointed spaces S™ A S™ = S™*" for any
m,n € N.
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Proof. We fix m and perform an induction on n. For the base case n = 0, the isomorphism
S™m A SO = S™ follows from the fact that SY is a unit for the smash product according
to Proposition 3.3.1. If the isomorphism holds for n, using the associativity of the smash

product and Proposition 3.4.7, we have

S™ A S G A (STAST) 2 (ST A ST) A ST gt A G o2 grmentd [
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CHAPTER

A

POINTED HOMOTOPY

This chapter is devoted to developing the basic notions of pointed homotopy, which
is the version of homotopy well-adapted to the category Top, of pointed spaces. It follows
the same thread of ideas of Chapter 2. The first section introduces the notion of pointed
homotopy in different equivalent forms making use of the pointed exponential adjunction.
The next section then introduces the pointed version of the homotopy category, and
studies some of its properties, like how some functors of pointed spaces interact with
pointed homotopies. The last section adapts the results relating null homotopic maps and
contractible spaces to the context of pointed spaces. Overall, the structure of this chapter

is completely analogous to that of the second one.

4.1 Different notions of pointed homotopy

We first define a pointed homotopy as a map defined on a cylinder. It is an ordinary

homotopy satisfying an extra condition related to the basepoints.
4.1.1 Definition. Consider pointed spaces (X, zg) and (Y, yo). We say that two pointed

maps f,g: (X, z9) — (Y,40) are pointed homotopic if there isamap H: X x I - Y

satisfying the following conditions:

(i) H(z,0) = f(z) VzelX;
(ii) H(x,1) =g(x) Vze X;

The map H is called a pointed homotopy from f to g.
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Throughout the text we use the notation f ~, ¢ to denote that f and g are pointed
homotopic. Occasionally, we also use the notation H : f =, g in case we want to make

the pointed homotopy explicit.

In Chapter 2 we saw that a homotopy H : X x I — Y can also be thought of as a
family of paths, that is, as a map of type X — Map(/,Y"), connecting the images of two
maps. We would like to do the same for pointed homotopies, since in particular this would
allow us to recycle many of the proofs we gave for results about unpointed homotopies.
This relation between homotopies and families of paths was obtained by means of the

exponential adjunction

Top(X x I,Y) = Top(X,Map(I,Y)).

In order to be able to describe a pointed homotopy as a certain family of paths, we
introduce a modified version of the usual cylinder X x I. The idea is that, since a pointed
homotopy H : X x I — Y is constant along the subspace {zo} x I, it makes sense to
collapse this subspace to a point, and regard the condition on H as a pointed condition

on a map defined on the quotient.

4.1.2 Definition. Given a pointed space (X, zg), the quotient space

is called the reduced cylinder over (X, zg). It becomes a pointed space if we choose the

image of g X I under the canonical projection ¢ : X x I — X x [ as basepoint.

The usual cylinder X x I comes equipped with an inclusion ixo : X — X x I
into the “lower face” of the cylinder. If we compose it with the canonical projection
q: X x1 — X x1I, we obtain an analogous inclusion jxo : X — X x into the reduced

cylinder. Notice that

Jxo(xo) = qlixo(z0)) = q(x0,0) = *xxu1,

so jxo actually defines a pointed map (X,xg) — (X % I,*x,7). See Figure 2 for a
representation of the reduced cylinder over the circle S* along with the inclusions jg g

and jSl,l‘

In the definition of an unpointed homotopy, the inclusions ix, ix1: X — X x I
allow us to specify the starting and ending points of a homotopy. More precisely, we saw
that, if f, g : X — Y are maps, then the data of a homotopy H : f = ¢ can be encoded
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Figure 2 — The reduced cylinder over the circle S'. The bottom and top blue circles are the
images of the inclusions jg1 o and jg1 ; respectively.

in the diagram below.
X

“"Ol \

If X, Y, f and g are pointed, then the commutativity of this diagram does not
guarantee that H is a pointed homotopy, since it does not enforce any conditions on the
values of H(xg,t) for t € I. The next result shows that by working with the reduced
cylinder we can give a similar diagrammatic description of a pointed homotopy with the

Jxo and jx 1 playing the roles of ix o and ix .

4.1.3 Proposition. Two pointed maps f, g : (X, z9) — (Y, yo) are pointed homotopic if
and only if there exists a pointed map K : (X x 1, %) — (Y, yo) that fits in the commutative

diagram below.
X

o N

Proof. Suppose first that there exists a pointed map K : (X x I, %) — (Y, yo) as depicted
above. Let H : X x I — Y be defined via the composition H := K oq, where ¢ : X x I —

X x I denotes the canonical projection.

We claim that H defines a pointed homotopy f ~, ¢. Indeed, on the one hand we
have

Hoixg=Koqgoixo=Kojxo=f,
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while on the other

HOiX,1ZKOquX,1=KOjX,1=9,

so H defines at least an unpointed homotopy from f to g. In order to see that H is actually

pointed, we just note that, for any ¢ € I, there is an equality

H(wo,t) = K(q(z0,t)) = K(*) = vo.

Conversely, suppose H : X x I — Y is a pointed homotopy starting at f and
ending at g. Since by hypothesis H maps the whole line segment {z(} x I to the basepoint
yo of Y, it can be factored through the canonical projection ¢ to define a pointed map
K : (X x1I,%) = (Y,y0) as shown below.

Xx] 2,y

//‘f
q
J/ // K

X xI

This is the desired map, since on the one hand
Kojxo=Koqoixog=Hoixg=f,

while on the other

Kojx1=Kogqoix;=Hoix;=g. [ |

Having described pointed homotopies in diagrammatic terms, we would now like to
obtain a description in terms of families of paths similar to Proposition 2.1.3 for unpointed
homotopies. In order to do this, we first prove that the reduced cylinder fits into a sort

of exponential adjunction relation.

The construction of the reduced cylinder can be easily made functorial. If f :
(X,z0) — (Y,y0) is a pointed map, then the product f xid; : X x I — Y x [ maps
the line segment {zo} x I to the corresponding segment {yo} x I, so the composition
gy o (f xidy) : X x I — Y x [ is constant and equal to *y,; on {zg} x I; therefore by
passing to the quotient we obtain a pointed map f xid; : (X X I, xxwr) = (Y X I, %y.;).

X x99 yor

ox | o

Using the functorial properties of — x I it is straightforward to show that the
assignment (X, xo) — (X X [, *x.;) and (f @ (X,20) = (Y,y0)) — (f xid; : (X x
I xxur) — (Y % I, %yys)) defines a functor — x I : Top,. — Top..
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We will show that — x [ is a left adjoint functor just like — x I. The right adjoint
in this case is the space of paths functor Map(/, —). Notice that, even without choosing a
particular basepoint for I, for any pointed space (Y, yo), the space of paths Map(7,Y’) has
a natural basepoint: the constant path cty,, : I = Y. If g : (Y,y9) = (Z, %) is pointed,
then the pushforward Map(Z, g) : Map(/,Y) — Map(/, Z) sends the constant path ct;

to the corresponding constant path gocty,, = cts,, so we can regard it as a pointed map
Map(Z, g) : (Map(L,Y),ctry,) = (Map(l, Z),cty ).

We can then consider the space of paths functor Map(/, —) : Top. — Top..

The next result concerns the adjointness relation which is behind the two possible

descriptions of a pointed homotopy.

4.1.4 Proposition. The reduced cylinder functor — x I : Top, — Top, is left adjoint to
the space of maps functor Map(Z, —) : Top, — Top..

Sketch of proof. Given pointed spaces (X, x¢) and (Y, o), let
A" Topu (X x 1,Y) — Top.(X,Map(Z,Y))
be the function defined in terms of the usual exponential adjunction as

N f = Mfoqx),

where gx : X X I — X x [ denotes the canonical projection. Notice that A* really takes
values in Top, (X, Map(7,Y)) since for any f € Top.(X x I,Y) we have the equality

(A" f(20)](t) = [A(f 0 @) (x0)|(t) = (f © @) (x0,t) = f(*x1) = W0,
proving that \* f(xg) = cty,.

The injectivity of \* follows from the injectivity of the usual exponential adjunction,
because if A*f = A*g, then A(f o gx) = A(g © ¢x), which implies f o gx = g o ¢x, and
therefore f = ¢ due to the surjectivity of qx. The surjectivity of A* similarly follows
from the analogous property of the normal exponential adjunction. Given a pointed map
g (X,z9) = (Map(I,Y),ctr,,), if we forget for a moment that it is pointed, and regard
it simply as a map g : X — Map(/,Y), then by the usual exponential adjunction there is
amap f: X X I —Y such that A\f = g. Notice that, for any ¢ € I, since g is pointed we

have
f(@o, 1) = [Mf(@o)](£) = [g(w0)](t) = ctry, (t) = %o.
This means that f is constant and equal yy on the line segment {zo} x I, thus it can be
factored through gx to define a pointed map f : (X % I,*x.7) — (Y, y0). Applying A* to
f we find that
Nf=XMfoax)=Af =g,
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proving that \* is a surjective function.

We have proved so far that A* defines a bijection of sets Top,(X x [,Y) =
Top.(X,Map(/,Y)). The naturality of this bijection follows from the naturality of the

usual exponential adjunction . |

Equipped with this adjunction we can finally describe a pointed homotopy in terms

of a suitable family of paths.

4.1.5 Proposition. Two pointed maps f, g : (X, z9) = (Y, yo) are pointed homotopic if
and only if there exists a pointed map D : (X,z9) — (Map(I,Y),ctr,,) that fits in the

commutative diagram below.

/ J
--p - Map(1,Y)

R

Proof. Suppose first that f and g are pointed homotopic. According to Proposition 4.1.3,
this means that there exists a pointed map K : (X x I, %) — (Y, yo) such that Kojxo= f
and Ko jx1 =g.

Applying the adjunction of Proposition 4.1.4 we obtain the pointed map D =
MK (X, 29) = (Map(I,Y),ctry,). For any 2 € X we have

and a completely analogous reasoning shows that we also have evy(D(z)) = g(z) for every

x € X; proving that D satisfies the required commutativity conditions.

Conversely, given a pointed map D : (X, z9) — (Map(/,Y),ctr,,) as in the dia-
gram, by applying Proposition 4.1.4 we obtain a pointed map K : (X x Y, %) — (Y, o)
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such that D = A*K. For any x € X we have the equalities

K(jxo(z)) = (K 0qx)(z,0)

therefore K o jx o = f. Analogously, we also have K o jx; = g, thus K defines a pointed
homotopy f ~, g according to Proposition 4.1.3. |

4.2 The pointed homotopy category

In the previous section we introduced the concept of a pointed homotopy between

two pointed maps, and we then studied how it can be described in three equivalent ways:

1. as an ordinary homotopy satisfying an extra condition;
2. as a pointed map out of the reduced cylinder satisfying some conditions;

3. as a pointed family of paths satisfying some conditions.

In the present section, we introduce the analogue of the homotopy category HoTop
in the pointed case, and we exploit the three characterizations above to deduce some
useful properties of this category. This section is basically an adaptation of Section 2.2 to

the context of pointed spaces.

Given two pointed spaces (X, xg) and (Y, 30), the notion of pointed homotopy intro-
duces a relation ~, in the set Top*(Y,Y") of pointed maps. It turns out that this relation is
in fact an equivalence relation. In order to prove this, we can think of homotopy as maps
of type X x I — Y, and then use the exact same formulas obtained in Proposition 2.1.4

taking care to check that they actually define pointed homotopies.

We can then form the quotient set

XY, = Top.(X,Y)

~
—%k

whose elements are called pointed homotopy classes of maps. If f: (X, z9) — (Y, o)
is a pointed map, then its equivalence class in [X, Y], will be denoted by [f]..

The next step is to analyze how pointed homotopies interact with compositions of

pointed maps.
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4.2.1 Proposition. Let (W, wy), (X, xq), (Y,Ys) and (Z, z9) be pointed spaces, and con-
sider pointed maps a : (W, wo) — (X, o), f, g+ (X, 20) = (V) and B : (Y, 30) = (Z, z0)

as shown in the diagram below.

f
W, x 7y ",z

If f~,g, then foa~,goaand fof~, [fog.

Sketch of proof. We give a sketch of the proof to illustrate how the diagrammatic formu-

lations of homotopy allow us to essentially reuse the proofs of the unpointed case.

Let D : (X, x0) = (Map(Z,Y), cty,,) be the pointed family of paths associated to
the pointed homotopy f ~, g. The composite pointed map

Doa: (W,wy) = (Map(I,Y),ctry,)

satisfies evgy o Doa = foa and evyy o D o = g o a, therefore it induces a pointed

homotopy foa ~, goa.

Now for the other homotopy, we regard the homotopy f ~, g as being given by a
pointed map K : (X x1, %) — (Y, yo) satisfying the equalities Kojxo = fand Kojx; = g.

It is then a matter of simple computation to show that the composite pointed map
foK : (X %I x)—(Z 2)

satisfies the equalities So K ojxo = o fand foKojx; = fog, inducing thus a pointed
homotopy fo f ~, fog. [ |

As in the unpointed case, this result implies that pointed homotopies are preserved

by compositions.

4.2.2 Corollary. Let (X, ), (Y,yo) and (Z, 29) be pointed spaces, and consider two
pairs of pointed maps fi, g1 : (X, z0) = (Y, y0) and fa, g2 : (Y,40) — (Z, 20) as shown in

the diagram below.

fi f2
X Y YA

g1 92

If fi >~ g1 and fo >, go, then fo0 fi ~, g2 0 gi.

Using this result we can define a composition of pointed homotopy classes. Given

pointed spaces (X, ), (Y, yo) and (Z, 2zp), we define a composition function
o:[Y,Z], x [X,Y], = [X, Z].

by the formula
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for any pointed homotopy classes [f]. € [X,Y]. and [g]. € [Y, Z].. This function is
well-defined precisely due to the compatibility of pointed homotopies with the usual com-

position of pointed maps.

This composition operation is associative by virtue of the associativity of the
usual composition of pointed maps. Moreover, for any pointed space (X, xg)., the pointed
homotopy class [idx]. defines a unit for the composition operation of [X, X].. We can
then consider the category whose objects are pointed spaces, and whose morphisms are
pointed homotopy classes with composition described as above. The category defined like

this is called the pointed homotopy category and is denoted as HoTop,.

Like in the unpointed case, we can specialize categorical notions to the category
HoTop.. For example, a pointed map f : (X,z9) — (Y,yo) is said to be a pointed
homotopy equivalence if its pointed homotopy class [f]. defines an isomorphism in
HoTop., that is, if there exists a pointed map ¢ : (Y, yo) — (X, zo) such that go f ~, idy
and f o g ~, idy. If this is the case, we also say that (X, x¢) and (Y, yo) are of the same
pointed homotopy type.

We now study some categorical properties of HoTop.. We are especially interested

in how some constructions made in Top, behave when interpreted in HoTop,.

First, recall that, given two pointed spaces (X, zg) and (Y, yo), the usual cartesian
product X X Y can be regarded as a pointed space by choosing (z,yy) as basepoint.
This is in fact a very nice choice, because the canonical projection 7 : X xY — X
and m : X XY — Y become pointed maps, and, given another pointed space (W, wy)
together with pointed maps f : (W, wy) — (X, z0) and g : (W, wy) — (Y, y0), the usual
induced map (f,g) : W — X x Y also becomes a pointed map. In summary, this choice
of basepoint on X x Y ensures that the triple ((X X Y, (zo,v0)), 71, m2) defines a product
of (X, z0) and (Y, yo) in the category Top..

We saw in Proposition 2.2.7 that the formation of the induced map into a product
is compatible with homotopies, that is, two pairs of homotopic maps give rise to two
homotopic maps into the product. The next result shows that this is also true for pointed

homotopies.

4.2.3 Proposition. Given pointed spaces (X, ), (Y1,y1) and (Y2, y2), and given pointed
maps f1, g1 : (X, 7o) = (Y1,y1) and fo, g2 : (X, 20) — (Yo, 10), if fi = g1 and fo >~ go,
then the induced pointed maps (f1, f2), (91, 92) : (X, x0) = (Y1 X Y3, (y1,y2)) are pointed

homotopic.

Proof. The proof is analogous to that of Proposition 2.2.7. Suppose that the pointed
homotopies fi ~, ¢; and fy ~, go are given by pointed maps Hy : (X x I,%) — (Y1,11)
and Hy : (X x I,%) — (Ya,y2) respectively.
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The two homotopies together define a pointed map
(HlaHQ) . (X X Ia *) — (}/1 X }/2a (92792))«

If 7] and 7} are the canonical projections out of Y; X Y5, then computations analogous to
those of Proposition 2.2.7 show that

7T,1 o (Hy, Hy) ojxo=J1 andmo (Hy, Hy) °Jjx0 = fo,

therefore the universal property of the product implies the equality (Hy, H2) o jxo =
(f1, f2). A similar reasoning shows that we also have (Hy, Hs) o jx1 = (¢1,92), thus
(Hy, Hy) defines a pointed homotopy from (f1, f2) to (g1, 92)- [ |

From this we obtain the pointed analogue of Corollary 2.2.8.

4.2.4 Corollary. The product functor x : Top, x Top, — Top, respects pointed ho-
motopies. More precisely, for any pointed spaces (Xi,x1), (Xo,x2), (Y1,91) and (Ys, ys),
and for any pointed maps fi, g1 : (X1,21) — (Y1,91) and fo, g2 : (Xo,22) — (Y1,42), if
f1 >~ g1 and fy ~, g9, then we also have pointed homotopy f; X fo ~, g1 X go.

Sketch of proof. The proof is the same as that of Corollary 2.2.8. If m; and 7y are the
canonical projections out of X; x X5, then the products f; x fo and g; X go are the

induced maps

fix fa= (fl O7T1,f207T2) and g1 X g2 = (91 07T1,9207T2)

into the product Y; x Y;. We just need to use the compatibility of composition with
pointed homotopies and the result of Proposition 4.2.3. |

We saw in Proposition 2.2.9 and Corollary 2.2.10 that the coproduct in Top,,
that is, the disjoint union, also interacts nicely with homotopy. These results also have
analogues in the pointed case, but we must remember that the coproduct in Top, is given
by the wedge sum of Definition 3.1.14.

4.2.5 Proposition. Let (Xi,z1), (X2, 22) and (Y, yo) be pointed space, and consider
pointed maps fi, g1 : (X1,21) = (Y,50) and fo, g2 : (X2, 22) — (Y, 90). If fi ~, g1 and
fo ™~ go, then the induced pointed maps (f1, f2), (91,92) : (X1 V Xa,%) = (Y,y) are

pointed homotopic.

Proof. The proof is analogous to that of Proposition 2.2.9. Suppose that the pointed
homotopies f; ~, ¢; and f; ~, go are given by pointed families of paths D; : (X3, 21) —
(Map(1,Y),ctry,) and Dy : (Xg, 22) = (Map(Z,Y), cty,,) respectively.
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These two maps together induce a pointed map
<D1, D2> : (Xl V XQ, *) — (Map([, Y), Ct[,yo),

since the wedge sum is a coproduct in Top,. If j; and j, are the canonical injections into

X7V Xs, then following the computations of Proposition 2.2.9 we see that
evoy © (D1,D9) 051 = fi and evo,y © (D1, Dy) 0 ja = fo,

therefore the universal property of the coproduct implies the equality evgy o (Dy, Dy) =
(f1, f2). Similarly, we also have the equality evyy o ( Dy, D) = (g1, ¢2), thus the map
(D1, Do) induces a pointed homotopy (f1, f2) ~ (91, g2)- |

We then obtain the analogue of Corollary 2.2.10 for the wedge sum of maps.

4.2.6 Corollary. The wedge sum functor V : Top, X Top. — Top. respects pointed
homotopies. More precisely, given pointed spaces (X1, 1), (X2, 22), (Y1,71) and (Y2, y2),
and given pointed maps fi, g1 : (Xi,21) = (Y1,91) and fo, g2 ¢ (Xa,22) = (Ya,10), if
f1 >~ g1 and fy ~, g9, then we also have a pointed homotopy fi V fo >~ g1 V ¢o.

Proof. Let j; and j} denote the canonical injections into Y; V Y3. The wedge sums f; V fo

and ¢; V g2 are then the induced maps

[V fa= (1o fi,jaofa) and g1V ga = (ji 091,750 g2),

therefore the result follows by combining the compatibility of composition with pointed

maps and the result of Proposition 4.2.5. ]

These results on the compatibility of products and wedge sums with homotopies
can be reinterpreted as saying that these functors descend to functors defined on the

homotopy category.

4.2.7 Corollary. Let (X, x¢) and (Y, 10) be pointed spaces.

1. The triple ((X X Y, (20, v0)), [1]+, [m2]+) defines a product for (X, zq) and (Y, yo) in

HoTop,, where m; and m are the canonical projections out of X x Y.

2. The triple (X V Y, %), [j1]s, [J2]«) defines a coproduct for (X, zq) and (Y,yo) in

HoTop., where j; and j, are the canonical injections into X VY.

Proof. 1. Given another pointed space (W, wy) equipped with two pointed homotopy
classes [fl. : (W,wy) — (X, o) and [g]. : (W, wy) — (Y, 40), we need to show that
these two morphisms can be factored through the product X x Y, that is, we need to

show that there exists a unique pointed homotopy class [hl. : (W, wy) — (X XY, (z0,%0))
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satisfying the conditions [m ], o [h]. = [f]« and [ma]s o [h]« = [g]«. Thinking in terms of
the representing pointed maps instead of the pointed homotopy classes, we need to show
that there exists a pointed map h : (W, wp) — (X XY, (0, yo)) satisfying the homotopical
conditions m; 0 h ~, f and myoh ~, g, and moreover, we also need to show that any other

pointed map satisfying these two conditions is in fact pointed homotopic to h.

We claim that h := (f,g) is the desired map. Since the equalities m o (f,g) = f
and m o (f, g) = ¢ hold strictly, they also hold up to pointed homotopy, so (f, g) satisfies
the two required homotopical conditions. Now, if b’ : (W wy) — (X X Y, (z0,%)) also
satisfies T o b’/ ~, f and myoh' ~, g, then by Proposition 4.2.3 we know that the induced
map (7 o ', my o h') is pointed homotopic to (f, g), but (7w o h', w5 o h') is precisely the
map h'.

2. The proof is similar to that of the previous item. Working directly with pointed
maps, we need to show that, given a pointed space (Z, zp) and pointed maps f : (X, z9) —
(Z,z0) and g : (Y,y0) — (Z, 20), there exists a pointed map h : (X VY, %) — (Z, z) such
that h o j; ~, f, hojs ~, g, and any other pointed map satisfying these two conditions

must be pointed homotopic to h.

We claim that h = (f,g) : (X VY %) = (Z, 29) is the desired map. It satisfies the
equations (f, g) o j; = f and (f, g) o jo = g, thus it satisfies the two required homotopical
conditions. If &' : (X VY %) — (Z, 2) also satisfies A’ o j; ~, f and h' o j, ~, ¢, then
according to Proposition 4.2.5 the induced map (k' o j1,h’ o j5) is pointed homotopic to
(f,q), but (b o j1,h o js) is equal to the map b’ itself. [ |

In the case of pointed spaces, there is yet another construction whose interaction
with pointed homotopies is worth studying: the smash product. Since the smash product
of two maps is obtained by factoring a certain map through a quotient map, it is useful
to have a slightly more general result about factoring two homotopic maps through a

quotient.

4.2.8 Proposition. Let X and Y be spaces, and consider subspaces A C X and BC Y.
Denote by g4 : X — X/A and ¢p : Y — Y/B the quotient maps obtained by collapsing
the subspaces to a single point. Given two maps f, g : X — Y such that f(A) C B
and g(A) C B, let f,g: (X/A,xx/a) = (Y/B,*y) be the pointed maps obtained by

factoring gg o f and gg o g through g4 as shown in the diagrams below.

f g

X —Y X —Y
q/{ iqB q{ iqB
X/ATY/B X/ATY/B

Suppose there is a homotopy H : f = ¢ with the added property that, for any
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r € Aand t € I, the relation H(x,t) € B holds. Then the two induced maps f and g are

pointed homotopic.

Proof. By definition of the quotient space X/A, the diagram below is a pushout square

in Top,
Ar—mmm X

CtA,p{ JqA

{pt} X/A

with the first horizontal map being the inclusion map. Since the functor — x I is a left

Ct{pt}v*x/A

adjoint, because [ is locally compact Hausdorff, the diagram below is also a pushout
square.
AX] —m— X x T
CtA,thidIJ JqAxidI

t} x I X/Ax 1
{p } Ct{Pt}a*X/AXidI /
If we take into account that there is a homeomorphism {pt} x I, then we can modify the

diagram above to obtain the pushout square below.

Ax T — 5 X x 1T

ng J/qAXid[

[ —— 5 X/AxI

(Ctl,*X/AJ 1)

The goal of this setup is to give us a universal property that we can use to map out
of the cylinder X/Ax I. Consider the maps ggoH : X xI — Y/Band ctr.,,, : [ = Y/B.
For any (a,t) € A x I, we have

qp(H(a,1)) = *y/p = th,*y/B(Wg(a,t)),

since H maps Ax 1 — B, and ¢g maps B to {*y,p}. It follows from the universal property
of the pushout that there is an induced map H : X/A x I — Y/B making the diagram

below commute.
Ax ] — v X x 1T

iy, p

We claim that H is the desired pointed homotopy. First notice that, for any ¢ € I,

by a simple computation we have the equality

ix/a: 0 qa = (qa x idy) oix,.
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Using this we obtain the following chain of equalities:

Hoix/a00qa=Ho(qaxids)oixg
=qpoHoixy
=gqpof
= foqa,

and by cancelling the projection g4 we deduce that

Hoix/ao=/[
By an analogous reasoning we can also show the equality

F o Z'X/A,l =g,

therefore H defines at least a homotopy f ~ §. This homotopy is in fact pointed because,

for any t € I, by the commutativity of the diagram above we see that

ﬁ(*X/fb t) = (ﬁ © (Ctla*X/AvidI>>(t)

= Ct[v*Y/B (t)

= *Y/B- |

4.2.9 Remark. In Proposition 4.2.8 we considered pairs (X, A), and maps f : (X, A4) —
(Y, B) satisfying the condition f(A) C B, which are called maps of pairs. There is a
category Top, whose objects are pairs, and whose morphisms are maps of pairs. Every
pair (X, A) gives rise to the pointed quotient (X/A, *x/4), and if f: (X, A) = (Y, B) is a
map of pairs, we have the induced pointed map f: (X/A,*x/4) = (Y/B, *y,p), and this
gives us a functor @ : Top, — Top..

The category Top, has its own notion of homotopy: two maps of pairs f, g :
(X, A) — (Y, B) are said to be homotopic if there is an ordinary homotopy H : X xI — Y
from f to g satisfying the additional condition H(A x I) C B. This notion of homotopy
satisfies properties analogous to those satisfied by ordinary or pointed homotopies, and

we can then define the homotopy category of pairs HoTop,.

Using this language of pairs, Proposition 4.2.8 can be rephrased as saying that the
functor () turns homotopies of pairs into pointed homotopies, and therefore it induces a

quotient functor Ho(Q) : HoTop, — HoTop..

4.2.10 Corollary. Let (X, 1), (X2,92), (Y1,71) and (Y2,y2) be pointed spaces, and
consider pointed maps fi, g1 : (X1,21) — (Yi,y1) and fo, g2+ (Xo,22) — (Y2,92). If
f1 >~ g1 and fy ~, g9, then we also have a pointed homotopy fi A fo ~, g1 A ga.
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Proof. Following the terminology of Proposition 4.2.8, the product maps f; X fo and g1 X g2
both map the subspace X7 x {2} U {1} x X5 to the subspace Y1 x {y2} U {y1} x Y. If
q: X1 X Xe— X1 ANXsand ¢ : Y] x Yy — Y] AY; denote the canonical projections, then
the smash products fi A fo and g1 A go are defined by factoring the composites ¢’ o (f1 X fo)
and ¢’ o (g1 X g2), respectively, through q.

X, x X, 2P vy, X, x Xy 2Ly Y,
o] |« o] |«
X1 AN X2 **}{/;};ﬁ }/1 AN }/2 X]_ AN X2 **é{xég*) Y'l A }/2

We already know from Proposition 4.2.3 that the hypothesis f; ~, ¢g; and fo ~, ¢»
imply that f; x fs ~, g1 X hy. More precisely, if Hy : f| =, g1 and Hs : fy =, g are
pointed homotopies, then H : (X; x X3) x [ — Y; X Y3 given by the formula

H((x,2'),t) = (Hy(x,t), Hy(2', 1))

defines a pointed homotopy from f; X f5 to g1 X go. Notice that, for any t € I, if v € X,
then

H((l’,xz),t) = (Hl(x7t)7H2<x2’t)) = (H1($,t),y2) €Y) x {yQ}v
while if 2’ € X5, then
H((x17$/)>t) = (Hl(xlat)>H2<x/at)> = (y1:H2($/7t)) € {yl} X Ys.

This show that, at every instant ¢ € I, the homotopy H maps the subspace X; x {z2} U
{z1} x X5 into the subspace Y] x {y2} U{y1} x Y3, therefore Proposition 4.2.8 implies the
existence of a pointed homotopy fi A fo >~ fo A go. ]

We end this section by studying the compatibility with pointed homotopies of two
other closely related functors: the pushforward and pullback functors. These results also
hold in the unpointed case, but we decided to only prove them in the pointed cases since

this is the only context in which we will need them.

4.2.11 Proposition. Consider pointed spaces (X, zo), (Y, yo) and (Z, z).

1. If the pointed maps «, 5 : (X, z9) — (Y, yo) are pointed homotopic, and Y is locally
compact Hausdorff, then the pullback maps

Map* (O{, Z)a Map* (B? Z) : (Map* (Y7 Z)a CtY,ZO) — (Map*(X7 Z)? CtXJo)

are pointed homotopic.
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2. If the pointed maps «, 5 : (Y, y0) — (Z, 20) are pointed homotopic, and X is locally

compact Hausdorff, then the pushforward maps
Map, (X, o), Map, (X, 3) : (Map,(X,Y),ctx,,) = (Map,(X, Z), ctx..,)
are pointed homotopic.

Proof. 1. Let H : X x I — Y be a pointed homotopy from « to . Consider the map
O : (Map, (Y, Z) x I) x X — Z defined by the formula

O((f, 1), ) = f(H(z,1)).

Notice that part of the definition of ® involves the evaluation map Map,(Y,Z) x Y — Z,
so we need the local compactness and Hausdorff properties on Y to ensure its continuity.

Direct computations show that & satisfies the following properties:

(i) ®((f,0),z) = [Map,(«a, Z)(f)](z) for every f € Map, (Y, Z) and every z € X
(ii) ®((f,1),z) = [Map, (5, Z2)(f)](z) for every f € Map,(Y, Z) and every z € X;
(iii) P((f,t),z0) = 2o for every f € Map,(Y, Z) and every t € I;

(iv) D((cty,z,t),x) = ctx () for every t € X and every z € X.

We then let
H = & : Map, (Y, Z) x I — Map, (X, Z)

be the usual exponential adjoint of ®. Conditions (iii) above guarantees that % really
takes values in Map, (X, Z) and not just in Map(X, Z). We then notice that conditions (i)
and (ii) above imply that ﬁ defines a homotopy from Map, («, Z) and Map, (3, Z), while

condition (iv) implies that this homotopy is in fact pointed.

2. The proof is similar to that of the previous item. Let H : Y x I — Z be a

pointed homotopy from « to 5. Consider the map
U: (Map, (X, Y)xI)x X = Z

defined by the formula
((f,1), ) == H(f(x),1)

for every (f,t) € Map,(X,Y) x I and every x € X. Notice that, since part of the definition
of U involves evaluating the map f € Map,(X,Y') on the point x € X, we need the local
compactness and Hausdorff conditions on X to ensure its continuity. Direct computations

show that U satisfies the following properties:
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(i) ¥((f,0),z) = [Map,(X,a)(f)](z) for every f € Map,(X,Y) and every z € X;
(i) W((f,1),) = [Map, (X, B)(£)](z) for every f € Map,(X,Y) and every z € X
(i) W((f,t),z0) = 2o for every f € Map,(X,Y) and every t € [;

(iv) W((ctxyy,t),z) = ctx ,(x) for every t € I and every x € X.

We then let
H = AU : Map, (X, Y) x I — Map, (X, Z)

be the usual exponential adjunct, which in this case really takes values in Map, (X, Z) by
virtue of property (iii) above. We then notice that properties (i) and (ii) imply that

defines a homotopy from Map, (X, ) to Map, (X, ), while property (iv) implies that this
homotopy is in fact pointed. |

4.3 Pointed contractions and pointed null homotopies

This last section is an adaptation of Section 2.3 to the context of pointed spaces.
We define the notions of pointed contractibility and pointed null homotopy, and we then
show that these two concepts are related to one another by proving that a pointed map is
pointed null homotopic if and only if it can be extended to a pointed contractible space.
This proof requires adapting the construction of the cone over a space to the category
of pointed spaces. After proving the mentioned equivalence, we apply it to the study of

extending pointed maps from the n-sphere to the (n + 1)-disk.

A pointed space (X, xg) is said to be pointed contractible if its identity map idx
is pointed homotopic to the constant map ctx ,, from X to its basepoint, and a particular
choice of pointed homotopy H : idx = ctxg, is then called a pointed contraction.
At first, this might seem equivalent to contractibility, because if X is contractible, then
for any point x € X we can find a homotopy idx =~ ctx ,, so in particular we can find a
homotopy idx =~ ctx ;,. Notice, however, that there is no guarantee that this homotopy
is pointed, and this is the crucial difference. While a contractible space can be shrunk
to any particular basepoint, in a pointed contractible space the chosen basepoint cannot
move during the shrinking process. Similar to the unpointed case, the notion of pointed
contractibility can also be stated in terms of pointed homotopy types: a pointed space
(X, x0) is pointed contractible if and only if it is pointed homotopy equivalent to the
singleton space ({pt}, pt).

The notion of null homotopic map also has a straightforward generalization to the

pointed case. A pointed map f : (X,z9) — (Y,yo) is pointed null homotopic if it is
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pointed homotopic to the constant map ctx ,,. In this case, a choice of pointed homotopy

H : f =, ctx,y, is called a pointed null homotopy for f.

In the unpointed case, we saw that a map f : X — Y was null homotopic if
and only it could be factored through a contractible space, namely the cone C'X over X.
We would like to obtain an analogous result relating pointed null homotopic maps and
pointed contractible spaces, and in order to do this we need to adapt the construction of

the cone to the pointed category.
Throughout the rest of the chapter, we will denote by I; the pointed space (I, 1).
4.3.1 Definition. Given a pointed space (X, ), the pointed space defined as the smash

product
CX =XNA Il

is called the reduced cone over X.

Explicitly, the reduced cone C'X is the quotient space

X x1I

CX:XX{1}u{xO}><1'

The construction of the reduced cone over X can be seen as a two-step process: first we
construct the usual (unreduced) cone over X by collapsing the subset X x {1} C X x I,
and then, if we identify X with the basis of the cone, we further collapse the line segment
joining zy to the vertex of the cone. See Figure 3 for a visualization of this construction
when X = S%.

(a) Cylinder over S* (b) Unreduced cone over S! (c) Reduced cone over S!

Figure 3 — Construction of the reduced cone over the circle.

Composing the usual inclusion ixo : X — X x I with the canonical projection

p: X xI— CX gives us a map
lox I:pOiX’OIX%CX,

and since the image of ix o is contained in the subspace which is collapsed to the basepoint

of x of CX by p, icx actually defines a pointed map (X, z9) — (CX, *).

We want to show that, just like the usual cone allows us to relate null homotopic

maps to contractible spaces, the reduced cone allows us to relate pointed null homotopic
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maps to pointed contractible spaces. In the unpointed case, in order to establish this
connection we first had to prove the contractibility of the cone itself in Proposition 2.3.7,

so we first adapt this result to the pointed case.

4.3.2 Proposition. The reduced cone over any pointed space (X, xq) is pointed con-
tractible.

Proof. We need to show the existence of a pointed homotopy idex ~. ctex .. The trick to
make this easier is to notice that both of these maps can be obtained by factoring through
the quotient p : X x Iy — CX. More precisely, idcx and ctox .., can be obtained by
factoring the composites poidxys and po (idx x ctr 1), respectively, through the quotient

map p, so that we have the two commutative squares below.

id x Iy it ctr 1
X x I -0 X X x [ Ny
pJ Jp pi Jp
cX — X X — X
idox ctox «

We can then try to use Proposition 4.2.8 to obtain the desired pointed homotopy.
Consider the map H : (X x [;) x I — X x I; defined by the formula

H((2,5),1) = (z,(L = 1)s +1)

for every (z,s) € X x I; and every t € [. Straightforward computations show that H

satisfies the following properties:

1. H((z,s),0) =idxxs(x,s) for every (z,s) € X x Iy;
2. H((x,s),1) = (idx x ctr1)(x,s) for every (z,s) € X x I,
which means that H defines a homotopy idx«; ~ idx X ctr;. Moreover, for any t € I, if

x € X, then
H((z,1),t) = (z,1) € X x {1} U {xo} x 1,

and if s € I, then

H((xo,s),t) = (o, (1 —t)s+1t) € X x {1} U {xo} x I.

This means that not only does H define a homotopy from idx, to idx X ct, but
also that, for every “instant” ¢ € I, this homotopy maps the subspace X x {1} U{xzo} x [
to itself. It then follows from Proposition 4.2.8 that there is an induced pointed homotopy

idCX >~y thx’*. [ |

Now we are able to adapt Theorem 2.3.8 to the context of pointed spaces.
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4.3.3 Theorem. A pointed map f : (X, z9) — (Y, yo) is pointed null homotopic if and
only there exists a pointed map F': (CX, *) — (Y, yo) satisfying the equation Foicx = f.

CX o v
ich /
X

In other words, f is pointed null homotopic if and only if it can be extended to the reduced

cone.

Proof. Suppose first that the extension F' : (CX,*) — (Y,yo) exists. Using that CX is

contractible, and that pointed homotopies are compatible with composition we see that
f=Foicx =Foideox otcx ~ Foctox.oicx = ctx y,,

which means that f is pointed null homotopic.

Conversely, suppose f is pointed null homotopic, and let H : f =, ctx,, be a
pointed null homotopy regarded as a usual homotopy H : X x I — Y mapping the whole
line segment {x¢} X I to yo. This homotopy then maps the subspace X x {1} U {x¢} x [
to the basepoint yy of Y, therefore it can be factored through p to define a pointed map
F:(CX,%) = (Y, yo0).

XxI 25y

This map F'is the extension we are looking for since
Foigcx =Fopoixg=Hoixo=[. u
Like in the unpointed case, the reduced cone C'S™ over the n-sphere can be com-

pared with the (n + 1)-disk. In order to do this, we introduce an auxiliary map from the

cylinder to the disk which “interacts” nicely with the basepoint of D"*!,
4.3.4 Lemma. For every n > 0, the map 7 : S® x I — D"*! given by the formula
m(x,t) = (1—1t) - x+1-*gn,

where #gn = (1,0,...,0) is the basepoint of the n-sphere, is a quotient map.

Proof. The map 7 can be interpreted geometrically as follows: for each = € S™, if we let ¢
vary in [, then 7 transforms the segment from (z,0) to (z, 1) on the surface of the cylinder

into the segment from x to *g» on the disk like shown in Figure 4.

We want to show that 7 is a surjective map. Notice first that the basepoint *gn

surely belongs to the image of 7 because xgn = m(z, 1) for any x € S™. Now, if p € D"™!
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Figure 4 — Each colored line segment on the cylinder is mapped to the segment of the same color
on the disk.

is different from *gn, consider the ray emanating from g~ and passing through p, which

is given by the curve 7 : [0, +00) — R™! defined as
Y(t) = (1 —t) - *gn + - p.
Using this curve define d : [0, +00) — [0, +00) as
d(t) = [ly(O)]1* = (v(t),¥(®)),
which can be written explicitly as
d(t) = [lp — #sn[*t* + 2((p, %s+) — 1)t + 1.

At t =1 we have

d(t) = [v(DI* = Ipl* <1
because ||p|| < 1. Moreover, since d is a quadratic polynomial with positive leading co-
efficient, lim; ;. d(t) = 400, and so by the Intermediate Value Theorem we can find a
number ¢ > 0 such that d(#) = 1. This means that the point x, := (f) belongs to the
sphere S™.

We claim that the number t so defined satisfies the inequality ¢ > 1. In order to
show this, we consider the number t,,;, of [0, +00) which minimizes d(¢). This point is
given explicitly by the formula

1- <p7 *S”)
[p — *gn|?

tmin -

We claim that the inequality tmm < ¢ holds. One way to see this is to note that,
since the graph of d(t) is symmetric with respect to the vertical line ¢ = ¢y, and d(0) =
d(T) = 1, we actually have an equality

tmin = o)

T
2
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and this implies the desired inequality.

We will use this to prove that the inequality ¢ > 1 holds. We split the proof into

two cases.

1. If tm > 1, then by transitivity we immediately conclude that ¢t > 1 also holds.

2. If twmin < 1, and we also suppose that ¢ < 1, then ¢ must lie on the open interval
(tmin, 1), but since d is strictly increasing on this interval, we would have d(t) < d(1),
which is another contradiction since d(t) = 1 and d(1) = ||p||*> < 1.

Having obtained ¢ as above, we define

t ::1—7\7
P t

and notice that t, € I due to the fact that ¢ > 1. These choices of z, € S™ and t, € [
satisfy

—~
—_

—t,) - xp b, *gn

+<1 1)
- = c kagn
7 S

-((1—5-*5n+f-p)+<1—%)-*Sn

7T($p’tp) =

8
=

S i S S S

1

I
=

showing at last that p belongs to the image of .

So far we have shown that 7 is a surjective map, but since S™ x I is a compact
space, and D" is a Hausdorff space, 7 is also a closed map. The result then follows from

the fact that every surjective and closed map is a quotient map. [ |

Another way to visualize the map 7 defined above is to study its restriction to the

“horizontal slices” S™ x {t} that make up the cylinder S™ x I. Given any x € S™, we have

Im(2,t) =t xgnl = [|(L=1) -2+ 1 %gn =t xn]
=11 =1) - «|
= [1 =]l
=1—-1t.

This means that the sphere S™ x {t} is mapped to a sphere of radius 1 —t centered at the

point ¢ - xgn like shown in Figure 5
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Figure 5 — Each colored circle on the cylinder is mapped to the circle of the same color on the
disk.

4.3.5 Proposition. For every n > 0, there is a pointed homeomorphism

(CS™ %) = (D™ xgn).

Proof. Let p : S™ x I} — CS™ = S™ A I be the canonical projection, and consider the
map 7 : S™ x [ — D" of Lemma 4.3.4. A direct calculation shows that

m(S™ x {1} U {¢} x I) C {xgn},
so by factoring 7 through p we obtain a pointed map 7 : (C'S™ %) — (D", xgn).

S™x I

/\

_______________________ s pntl

Given a point z € D" if x # xgn, then the fiber 771(x) consists of a single
point, and if = #gn, then 77 (xgn) = S™ X {1} U {gn} X I. It follows that p is constant
on the fibers of 7, therefore it can be factored through this quotient to define a map
p: Dl CSn,

St x I

Notice that p(sgn) = p(m(*kgn, 1)) = p(kgn, 1) = *, thus p actually defines a pointed map

P (D" xgn) — (CS™) %).
We now show that 7 and p are inverse maps. On the one hand,

poTop=pom=p,
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and by cancelling p we obtain p o ™ = idggn; while on the other
MTOPOM =TOpP =T,
and then by cancelling m we obtain the other equality 7™ o p = idpn+1. |

This allows us to obtain a pointed version of Corollary 2.3.11.

4.3.6 Corollary. For every n > 0, a pointed map f : (S",*gn) — (X, x¢) is pointed null
homotopic if and only if it can be extended to the disk, that is, if and only if there exists
amap F : (D" xgn) — (X, x0) satisfying F|gn = f.

Proof. TIf a map F like above exists, then the fact that (D"*1, %gn) is contractible together
with the relation F'|g» = f imply that f is pointed null homotopic.

Conversely, if f is pointed null homotopic, then by Theorem 4.3.3 there exists a
pointed map G : (CS™ %) — (X, o) such that Goicx = f. Let p : (D" xgn) —
(C'S™, *¢cgn) be the pointed homeomorphism of Proposition 4.3.5, and define

F:=Gop: (D" xgn) = (X, x0).

As we remarked above, the inclusion i : S® — D"*! coincides with the composition
T 0 ign g of the inclusion igng : S™ — S™ x I with the quotient map 7 : S™ x [ — D"*1,

Using this we see that
F‘Sn - F 07/-
=Gopomoigny
= G Opo Z’Sn,o

=Goicx

:f7

therefore F' is an extension of f. |
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CHAPTER

5

HOMOTOPY GROUPS

In this chapter we finally introduce the homotopy groups of a pointed space. The
approach is somewhat categorical, with homotopy groups being obtained via cogroup
objects in the pointed homotopy category HoTop,. These cogroup objects are called H-
cogroups, and the first section is devoted to the study of their properties, and also the
construction of important families of examples. The second section then makes use of
the categorical machinery of cogroup objects to define the homotopy groups of a pointed
space, and also deduce some of its basic properties like functoriality with respect to pointed

maps.

The third section dualizes the concepts of the first one by introducing H-groups.
The main goal of this section is to construct a family of examples of H-groups. In the
fourth section, the concepts of H-cogroup and H-group come together and allows us to
deduce some interesting basic properties of the higher homotopy groups. The Eckmann-
Hilton Duality plays a particularly important role here. Lastly, the fifth section analyzes
the dependence of the homotopy groups on the chosen basepoints by introducing the
transport maps along paths. We also define the concept of n-simple space which will be

crucial in our study of Obstruction Theory.

5.1 H-cogroups

In this first section we introduce the notion of H-cogroups. We first study their
general properties, and then later we give concrete example which will be useful later for

defining the homotopy groups and for proving some of their basic properties.

We begin by introducing H-cogroups.

5.1.1 Definition. An H-cogroup consists of a pointed space (X, xy) together with the

following data:
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o A pointed map p: (X, z9) = (X V X, *xvx) called the H-comultiplication;

e A pointed map v : (X, x9) — (X, x) called the H-co-inversion.

These maps are required to satisfy the following “commutativity up to homotopy” condi-

tions:

1. <idx,CtX’$O> O L =y ldX ~ <CtX’$0,idx> o U,
2. (idx, V) o p o2 ctx zy 2 (v, idx) 0 5

3. (idxy V p)op~, Ao (uVidy)opu, where a denotes the associator homeomorphism

(=3

A (XVX)IVX = XV (XVX)

The next theorem gives us a whole family of H-cogroups. Its proof is rather long,
but we give plenty of details. It is essentially a more refined version of the proof that the

concatenation product on loops satisfies the group axioms.

5.1.2 Theorem. If (X, z) is any pointed space, then its reduced suspension (XX, x5 y)

admits an H-cogroup structure.

Proof. Throughout the proof, we use the notation
Ji, J2 i XX =YX VEX

to denote the canonical injections.

Let d: X x I — XX VXX be defined as

J1([z, 2s]), if t

Jo([z, 25 — 1]), if

o
IN
IN

= ole

d(zx,s) = _,

IN

1
2 9

where [z, t] denotes the image of (x, s) € X x I under the canonical projection ¢ : X x I —
> X. This is well-defined because setting s = % in the first line of the definition give us

J1([z,1]) = j1(*sx) while the second line gives us jo([z,0]) = ja(*sx), and these two
define the same point of XX V XX

Given any z € X, for s = 0 we have

d(x,0) = ji([%,2-0]) = j1([2,0]) = j1(*sx) = *sxvex,

while for s = 1 we have

d(z,1) = jo([#,2- 1 = 1)) = jo([2, 1]) = ja(*ux) = *nxvex.
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Moreover, for any s € I, if s < % we have
d(wo, s) = ji([ro,25]) = ji(*sx) = *sxvex,
while if s > % we have
d(o, 5) = ja([ro, 25 — 1]) = Ja(*2x) = *zxvex.
This means that d satisfies the relation
d(X x {0} U X x {1} U {xo} xI) C {*sxvsx},

therefore we can factor it through the canonical projection ¢ : X x I — ¥ X to obtain the
pointed map
JI (EX, *EX) — (ZX V EX, *EX\/ZX)~

Explicitly, p is described by the formula

J1([z, 2s]), if 0
Jo(lz, 25 — 1)), if

IN

S

IN
—_ N

p(lz, s) =

IA
»
IN

1
2
Let us begin by proving that the basepoint %y x acts as a counit up to homotopy

for p, which means that we must construct pointed homotopies

(idsix, Ctox ey ) © 4 1dgx 2 (Cbnx sy 1dux) O L.
Using the definition of p, as well as the relation between the induced map (idsx, ¢ty x ayy )
and the canonical injections j; and js, we obtain the following formula:

[z,25], f0<s<1i

(<id2X’Ct2X7*zx> ON’)(M’ S]) = (51)

*vx, if % S S S 1.
The important thing to notice in this equation is that, for a fixed x € X, when we vary
s € I, the only thing varying in the image of [z, s| is the “second component”: in the
first line it goes from O to 1, and then in the second line it remains constant at 1, since

xvx = |z, 1]. More precisely, if we define a map a : I — I by the formula

2s, If0<s<i
a(s) =
1, if;<s<l,
then it fits into the commutative diagram below.
Xx I —5 X ]

| |s

XX ——— ¥X

(ldsx et x gy JOH

It seems reasonable to expect that the homotopical properties of a affect the homotopical

properties of the bottom map, and the next lemma makes this relation precise.
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5.1.3 Lemma (Reparameterization I). Consider a pointed space (X, zy) and a pointed
map f: (XX, xgx) = (XX, *xgx). Suppose there exists a map « : I — [ that fits into a

commutative diagram like the one below.

idxXa

X xI —/— X x1I

| s
nX ———— TX.

1. If «(0) =0 and (1) =1, then f ~, idsx.

2. If a(0) = a(1) =0, or «(0) = a(1) =1, then f ~, ctyx -

Proof of the Lemma. 1. The conditions on « ensure that the product idy X « can be seen

as a map of pairs
idy xa: (X x[,A) - (X x I, A),

where, in order to simplify the notation, we have denoted by A the subspace
X x{0,1} U{zo} x I C X xI

which gets collapsed to a point in the construction of the reduced suspension. Following
the notation of Proposition 4.2.8, the commutativity hypothesis implies that f is the map

idy X a obtained by factoring the composition g o (idy x a) through the quotient g.

Consider the map H : (X x I) x [ — X x [ defined by the formula
H((x,5),1) = (. (1 - )a(s) + ts)

for all ((z,s),t) € (X x I) x I. By direct computation we see that the map H satisfies

the following properties:

1. H((z,s),0) = (z,a(s)) = (idx x a)(z,s) for all (x,s) € X x [;
2. H((z,s),1) = (z,s) = idxx(z,s) for all (z,s) € X x I;

3. H((x,0),t) = (2,0) € Afor all x € X and all t € I;

4. H((z,1),t) = (z,1) € Aforallz € X and all t € I;

5. H((xo,s),t) = (o, (1 —t)a(s) +ts) € Aforall s, t € 1.

The first of the two properties above say that H defines a homotopy idxy x a ~
idx 7, while the last three properties say that this homotopy is such that, for any fixed
t € I, the intermediary map X x I — X x [ defined by the homotopy maps the subspace
A to itself. Proposition 4.2.8 then implies that passing to the quotient gives us a pointed
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homotopy idx X a ~, idxy;, but we have already remarked that idxy x a = f, and it is

clear that idx.; = idyx, so the result follows.

2. The proof of this item is very similar to that of the previous one. We now
consider the map H : (X x I) x I — X x I defined as

H((z,5),t) = (z, (1 = s)a(s) + tp),

where p == a(0) = «a(1) is equal to either 0 or 1 according to the hypothesis in the
statement of the result. By direct computations we can show that H defines a homotopy
idy X e >~ idx X cty,, and moreover, for any fixed ¢ € I, the intermediary map X x I —
X x I induced by this homotopy maps the subspace A to itself. Using Proposition 4.2.8
again gives us a pointed homotopy idy x o = f ~, idx X ctr,, but since p € {0, 1}, the

induced map idx x cty,, is equal to the constant map ctyx ..., S0 the result follows. [

With the use of this Lemma, the rest of the proof is straightforward. As we had

already remarked, from equation (5.1) we see that the map « : I — I defined as

1, ifi<s<

satisfies go (id, X ) = (idgx, Ctyx sny) © 10 g, and since a(0) = 0 and «(1) = 1, it follows
from Lemma 5.1.3 that

¥ N* i °
(idsx, Ctyx ey ) © p 2y idsx

The other composition is proved similarly. We have the formula

. *DX, if 0 <s< %
({ctsx,mmy s idsx) o [z, 5]) = (5.2)
[z, 2t — 1], if<s<1,
so the map « : I — I defined as
0, ifo<s< %
a(s) = (5.3)
2s — 1, if % <s<1

is such that
qo <1dX X Oé) e <Cth,*EX,idzx> O L OQg,

and Lemma 5.1.3 then implies
(Ctyix rgy, idyx) 0 p o2, idyx.

Now we have to prove the coassociativity up to homotopy of u, thus we need to

construct a pointed homotopy

(idsx V) o~ Ao (puVidgy) o p,
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where A : (EXVYIX)VEX — EX V(XX VEX) is the associator homeomorphism defined
as in Remark A.1.10. Following the notation of said Remark, if we recall that idsx V u
by definition satisfies the equalities
(idgx Vp)ojr =J; and (idsx V p)ojo = Jyopu,
we obtain the formula
J1([z,2s]), ifo0<s<
(idsx V 1) o p)([z,s]) = { J5(ia(r 4s — 20)), i L <5<
Jy(ja([z,4s = 3])), if 3 <s <1

Al Nl

(5.4)

Now, for the other composition, the wedge sum pVidgyx : EXVEX — (XX VIX)VEX
satisfies by definition the equalities

(uVidgx)ojy = Jiop and (uVidgy)ojo = Jo.

Using these we obtain the equality

1 (1([z, 4s))), if0<s<j
((pVidsx) o p)(lz, s]) = ¢ S (Go([z, 45 — 1])), if § <s <3
Jo([z, 2t — 1)), if 1 <s<1.

We recall also that, according to Remark A.1.10, the associator A by definition satisfies

the conditions

AOJ1:<J{’JéOj1> and AOJZZJéOjQJ

from which we deduce the formula

AN

V)

IA |
N= =

(Ao (uVidsx) o p)([a, ) =  H( ([, 4s — 1)), if (5.5)

We want to use Lemma 5.1.3 to compared (5.4) and (5.5). Define o : I — I by the

formula
2s, if0<s<q
— 1 1 1
a(s)=qs+1, ifi<s<]
%s—i—%, if%gsgl,
and consider the product map idy x o : X x I — X x I. A direct verification shows that
the composite

go(idx xa): X x I - XX
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is such that
(go (idy x @))(X x {0} U X x {1} U {xo} x I) C {*xux},
therefore it can be factored through the quotient to give a pointed map
B (XX, *xsx) = (X, *px).
The map « is hand-crafted to ensure that the induced map [ satisfies the equation
(idgx Vp)opof=Ao (uVidgy) o p.
Since a(0) = 0 and (1) = 1, Lemma 5.1.3 implies 5 ~, idysy, therefore

Ao (uVidgy)opu = (idgxy Vpu)opof
~, (idEX\/,lL)O,uOidEX
== (idZX\/,U)OH-

We still have to define an H-co-inversion map. Let r : I — I be defined as r(s) :=
1 — s for every sinl, and consider the product idx x r : X x I — X x I. The composition
go(idx xr): X x I — XX satisfies

(qo(idx x r))(X x {0} U X x {1} U {zo} x I) C {*sx},
thus it induces a pointed map
v: (XX, xux) = (BX, *xx)
as shown in the diagram below.

X x ] 29X v

The only thing left is showing that v really behaves as an H-co-inversion, that is,

we need to construct pointed homotopies
(1,1dsx) 0 [t 2y Clnx gy 2 (idxx, V).
On the one hand we have the formula

i 2,1 —2s], if0<s<3
(v, idsx) o p)([a, s]) = - (5.6)
[z,2s — 1], if 5 <s<1
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The map « : I — I given by

1—2s, ifOSsS%
a(s) = )
2s—1, if53<s<1

is such that
o (idx x a) = (v,idsx) o pog,
so Lemma 5.1.3 implies the desired homotopy
(v,idyx) o 1 2 Cby X agy -

On the other hand, we also have the formula

' [z, 2s], if0§s§%
((idsx, v) o p)([z, s]) = L (5.7)
[,2-2s], if ;<s<1

In this case, we consider the map « : I — I defined as

which satisfies the equation
go (idx x o) = (idsx,v)opogq,
and use Lemma 5.1.3 one last time to conclude that

<idgx, V) O L =y CtZX,*gx- |

Now that we have a “recipe” for obtaining H-cogroups, we can apply it to some
particular examples. The simplest pointed space there is the singleton space ({pt}, pt).
The previous theorem implies the reduced suspension (3{pt}, *spt}) admits an H-cogroup
structure, but this structure is in fact rather trivial. Indeed, since there is a pointed

homeomorphism
2{pt} = {pt},
the H-comultiplication pxpy of X{pt} corresponds to an H-comultiplication

ipty * APt} — {pt} V {pt},

and if we take into account the existence of a pointed homeomorphism

{pt} v {pt} = {pt},

then this H-comultiplication corresponds simply to the identity map of {pt}. Similarly,
the H-co-inversion vspey @ X{pt} — E{pt} corresponds to a map {pt} — {pt} which is

necessarily the identity map of the singleton space.
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The next simplest pointed space is the 0-dimensional sphere S° = {—1,1}. In
this case, we already have a non-trivial and extremely important example of H-cogroup
structure on the suspension. First, we make precise the way in which we can “transport” H-
cogroup structures along pointed homeomorphisms. In fact, since an H-cogroup structure
is something homotopical in nature, this transport procedure can actually be done along

the weaker notion of a pointed homotopy equivalence.

5.1.4 Proposition (Transport of H-cogroup structure). Let ((X,zo),u,v) be an H-
cogroup. If (Y, yo) is another pointed space, and h : (Y, y9) — (X, x0) is a pointed homo-
topy equivalence, then (Y, ) admits a structure of H-cogroup such that h becomes an

H-cogroup morphism.

Proof. Let h™': (X, xy) — (Y, o) be any homotopy inverse to h. Define a map py : Y —
Y VY by the diagram below.

We must check that yg is a counit up to homotopy for py, which means that we

must construct homotopies

<idy7 Cty’y0> O Uy 4 ldy ™~ <Ctyyy0, 1dy> O Uy .

The idea is to somehow relate the maps above with the corresponding ones for X, and

then use the homotopical properties of .

The way to relate the structure of X and Y is to write the “obvious” diagrams
and check that they commute (sometimes only up to homotopy). In this first part, we
check the commutativity in details, but for the later parts, in order to avoid excessive

repetition, we just give an outline of the proof.

We claim that the diagram below commutes up to homotopy.

y —h X

| [

YVvy ‘Yoo xvx
<idYuCtY,y0>l l(idxﬁtx,z&

Y —— X
For the top square, unpacking the definition of py we get

(hVh)opuy =(hVh)o(h™"*Vh ouoh,
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and if we use the functoriality of the wedge sum, as well as the fact that it preserves

pointed homotopies, we obtain

(hvh)o(h*Vh ouoh=((hoh™)V(hoh™))ouoh
~, (idx Vidx)opoh
=idxvxopoh

=poh

showing the commutativity up to homotopy of the first square.

The bottom square actually commutes strictly, not only up to homotopy. Indeed,
if 5%, 455 X - XV X and 57, i3 : Y — Y VY are the canonical injections, on the one

hand we have

(idx, ctx ) 0 (A V R) ojf = <idX,CtX7x0)jf( oh

while on the other we have
ho (idy,cty,) o ji =hoidy =h
showing that there is an equality
(idx,ctxay) o (hVh)ojl = ho (idy,cty,,) oj) .
An analogous argument shows that there is also an equality
(idx,ctxz) o (hV h)ojy =ho(idy,ctyy) o Js .

Combining these two with the universal property of the coproduct then gives us the
desired equality
<idx, CtX7x0> o) (h V h) =ho <idy, Cty7y0>.

Now that we know that the mentioned diagram commutes up to homotopy, we

can also state the homotopy
ho ((idy, cty,,) © py) = ((idx, ctxz,) © i) o h,
but since z( is a counit up to homotopy for u, we also have the homotopy
(idx, ctx zy) 0 o > idy,
and substituting this into the previous one gives us

ho ((idy, cty,y,) © py) =~ idx o h = h.



5.1. H-cogroups 135

Finally, composing both sides of this equality with A~! gives us the desired pointed ho-
motopy

<idy, Cty’y0> O Uy =y idy.
The proof that there exists a pointed homotopy
<Cty7y0, 1dy> O Uy =4 ldy

is completely analogous. We just write the corresponding diagram relating (cty,,, idy )opy
with (ctx u,,1dx) o 1, which commutes up to homotopy by an analogous argument, and

then use the same reasoning as above to deduce the required pointed homotopy.

Now we prove that py is also coassociative up to homotopy. We denote the associ-
ators of X and Y by Ax and Ay respectively. We must show that there exists a pointed
homotopy

Ay o) (/Ly V ldy) O Ly 4 (ldy V ,l,by) o Uy .

The trick again is to use the “obvious” homotopy commutative diagram to relate both

sides of the expression above in terms of the corresponding expressions for X.

First we rewrite the composition on the left-hand side using the homotopy com-

mutative diagram below.

Y L X
By H
YVY hvh XVX
py Vidy pVvidx
yYvy)vy WYy Xy v x
Ay Ax

The top and middle rectangles commute up to homotopy due to the definition of uy, the
functoriality of the wedge and its compatibility with pointed homotopies. The bottom
rectangle actually commutes strictly (not just up to homotopy) as a consequence of the

naturality of the associator homeomorphism applied to the pointed map h : (Y,yo) —
(X, .flfo) .

This commutativity up to homotopy allows us to write
(hV (hV h))o (Ay o (uy Vidy) o py) 2= (Ax o (uVidx)op)oh,
but if we recall that we have the pointed homotopy

Axo(puVidy)op~, (idx V i) o,
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then the previous expression can be rewritten as
(hV (hVh))o(Ay o (uy Vidy) o py) ~ ((idx V ) o ) o h. (5.8)

Now, one would hope that the right-hand side of (5.8) can be rewritten in terms

of the composition (idy V py ) o py. Indeed, we have the homotopy commutative diagram

Y h X
uyl lu
YVY hvh XVX

idy\/uyl Jidx\/u

which allows us to write
(hV (hVh))o ((idy V puy) o py) =~ ((idx V ) o u) o h. (5.9)
Comparing equations (5.8) and (5.9) give us
(hV (hV h))o(Ay o (uy Vidy) o py) 2= (hV (A V h))o ((idy V py) o pry),

and if we then compose both sides above with h=' v (h™! V h™!) we obtain the desired
pointed homotopy

Ay ©) (/Ly V 1dy> ¢) ldy >~ (ldy V ILLy) o Uy .

We define a co-inversion map vy : (Y,yo) — (Y,v0) by using the map h and the

co-inversion v of X.

We must construct the two pointed homotopies indicated below.
<idY, VY> O fly ™y Cly yy ™ <Vy, idy> o Uy .

The strategy behind the proof is the same. For the left-hand side, we use the

homotopy commutative diagram

y — " . x

uyl lu
Yvy ‘Mo x v X
<idy,uy>l l(idx,w
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and the homotopical properties of u to write
ho ((idy,vy) o py) =, ((idx,v) o p) o h >, ctxz, © h = cty 4.
Composing both sides above with A~! then gives us the desired pointed homotopy
(idy, vy) o py > Cly.y,.

The other pointed homotopy is obtained by an analogous reasoning. ]

Let us return to the study of some explicit H-cogroups. Recall that, for every n > 1,

we have the pointed homeomorphisms
nonl e gl A gt~ gn
The next result follows from this observation by applying Proposition 5.1.4.

5.1.5 Corollary. For every n > 1, the n-sphere S™ admits an H-cogroup structure.

Let us examine this H-cogroup structure in detail for the particular case of the
circle S! by following the construction given in the proof of Proposition 5.1.4. We start by
giving an explicit description of the pointed homeomorphism 5% & St Let exp : I — S*
be the usual quotient map which identifies the two endpoints of the unit interval. Define
®: 5% x I — S! by the formula

exp(s), ift=-1
B(t,5) = | P |
*g1, lft: 1.

This map satisfies the condition
P(SY x {0} U S x {1} U {1} x 1) C {*q},
so it descends to a pointed map
¢ (25% %5g0) — (St xg1).
Conversely, the map ¥ : I — XS defined as
U(s) = [-1,s]

satisfies U(0) = W(1) = #xg0, therefore it can be factored through exp to define a pointed
map

1/} : (Sl,*sl> — (ESO,*ZS@).
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The maps ¢ and 1 defined above are inverse to one another. If pygo denotes
the H-comultiplication map of 3SY, according to Proposition 5.1.4 we obtain an H-

comultiplication map g : S* — S'V S! as the composition

St ms0 L w50y Est T gty gt

Using the definitions for ¢ and 1) we can show that ug1 can be described in the following
way: given a point in S! of the form exp(s) for some s € I, we have
J1(exp(2s)), if0<s<

1
st (exp(s)) = :
joexp(2s — 1)), if 3§ <s<1,

where ji, jo : S — SV St are the canonical injections.

We can also understand j1g1 geometrically. The wedge sum S'V.S! can be visualized
as two tangent circles in the plane. The canonical injections j; and j, map S* to either one
of these two tangent circles. The exponential map exp : I — S wraps the unit interval
around the circle, with the restriction exp|[07é] covering the upper hemisphere, and the
restriction eXp|[%,1] covering the lower one. The map p then uses the circle S* to cover the
whole wedge sum S! Vv S1, the upper hemisphere is used to cover one of the two circles
by applying exp with “double the speed”, while the lower hemisphere is used to cover the

other circle that makes up the wedge sum, like shown in Figure 6.

Sty st
Sl jl(sl)

Hst

\J

j2(S")

Figure 6 — The H-comultiplication map of the circle.

Sometimes g1 is also called the pinching map. This is because, since pg: maps

xg1 and —xg1 both to the basepoint of S'V S, we can consider the quotient
q: Sl — Sl/{*sq, —*Sl}
and factor pg1 through it to obtain a pointed homeomorphism

Sl/{*sl, —*51} = Sl V Sl;
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and one way to visualize S'/{*g1, —*g1 } is by pinching the equator of S* to a single point.

There is a similar geometric interpretation of the H-comultiplication maps for the
higher dimensional spheres. The pointed homeomorphism ¢ : 5™ — S™"*! maps a point
[z, s] € £.S™ to the point

cos(t) || gn+1 — i(z)]| sin(t)

;(i(x)+*sn+1)+< 5 >-(*sn+l—i(x))+< 5 )'(07--‘»071)7

where i : S™ — S™"1 is the inclusion at the equator. Recall that geometrically, for a fixed
xr € S", as we vary t € I, the image ¢([x,t]) describes a loop on the surface of S"*! that
starts at kgn+1, moves across the upper hemisphere, passes through i(z) when t = %, then
moves across the lower hemisphere, and then finally comes back to *gn+1 when t = 1. We
see then that the map pgnt1 : S" — S7H v S uses the upper hemisphere of S™ to
cover one copy of S™ inside the wedge sum, and then uses the lower hemisphere to cover
the other copy of S™. In particular, the whole equator gets mapped to the basepoint of

wedge sum, so we have the same pinching effect as before.

5.2 Homotopy groups

In this section we finally introduce the homotopy groups of a pointed space. The
payoff for using the language of H-cogroups is that the definition is uniform in all dimen-
sions, and it automatically comes with the property of being functorial for pointed spaces
and pointed maps. Our approach heavily relies on the concepts of group and cogroup

objects developed in Appendix A.1 and on the results proved therein.

The goal of this section is merely to define the homotopy groups, we do not delve
to deep into its properties for now. In a later section we will use the notion of H-groups to
deduce some interesting basic properties satisfied by the homotopy groups. It is only in
the next chapter that we obtain some tools for really computing some homotopy groups

coming from the theory of locally trivial bundles.

We first recall some basic categorical properties of HoTop, that we have already
studied. The singleton pointed space ({pt}, pt) is both an initial and terminal object of the
category Top,. Consequently, it is also both initial and terminal in the pointed homotopy
category HoTop,: given a pointed space (X, xg), [ct{pt},zo)« is the only pointed homotopy
class from ({pt}, pt) to (X, o), while [ctx ) is the only pointed homotopy class from
(X, x0) to ({pt},pt). We have also seen in Corollary 4.2.7 that HoTop, admits all finite

products and coproducts.

These categorical properties ensure that the category HoTop, supports the alge-
braic notion of cogroups objects. The next result shows that we have in fact already

obtained a bunch of cogroup objects in HoTop,.
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5.2.1 Lemma. If ((X, zo), 1, v) is an H-cogroup, then ((X, zo), [1t]«, [ctx pt)«, [V]«) defines

a cogroup object in HoTop,.

Proof. The idea behind the proof is pretty simple: the homotopical conditions that p and
v satisfy imply the equalities that the comultiplication and co-inversion morphisms of a
cogroup object must satisfy. There are, however, some subtleties that we must take care
of. The problem is that, while being a cogroup object in HoTop, involves morphisms and
equalities in this category, being an H-cogroup involves maps and pointed homotopies in
Tops, so in order to prove the result in question, we need to understand how categorical

constructions in HoTop, can be obtained from the analogous constructions in Top,.

We saw in Corollary 4.2.7 that, given two pointed spaces (X, x¢) and (Y, yo), the
triple ((X V'Y, %), [71]«, [j2]«) defines a coproduct for (X, zy) and (Y,yo) in the pointed
homotopy category HoTop,, where j; and j, are the canonical injections into the wedge
sum. More succinctly, we can say that the coproduct in HoTop, can be obtained by the
corresponding coproduct in Top,. In order to prove this, we showed that, given pointed
homotopy classes [f]. : (X, z0) = (Z, 20) and [g]. : (Y,y0) — (Z, 20), the pointed homo-
topy class [(f, ¢)]« : (X VY, %) = (Z, o) is the unique morphism (in HoTop,) factoring [f].
and [g]. through the morphisms [ji]. and [js]«. In other words, the morphism ([f]., [g]+)
induced by the universal property of the coproduct in HoTop, is defined in terms of the

analogous induced morphism in Top,.

There are two formal consequences of this that will be useful for us in the current
proof. The first is that, given pointed homotopy classes [f]. : (W, wy) — (Y, 40) and [g]. :
(X, z9) = (Z, 2), the categorical coproduct morphism [f].U[gl. : (W VX, x) = (Y V Z, %)
can be described as the pointed homotopy class [f V g]. of the corresponding coproduct
map in Top,. The other consequence is that the associator isomorphism (X V X)V X &
X V(X V X) in the pointed homotopy category HoTop,, or in other words, the associator

pointed homotopy equivalence
(XVX)VX ~ XV(XVX)

is given simply by the pointed homotopy class [A], of the associator isomorphism in Top,.

Keeping these subtleties in mind, in order to prove that (X, [ul., [ctx ptl«, [V]+)
defines a cogroup structure in HoTop,, we need to check the commutativity of the three

following diagrams:

1. (Existence of two-sided counit)

[(idx et x,mq )]«
-« -

X XVvX
[(CtX,wO:idX]*T [idx]« T[IJ’}*

X\/XTX
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2. (Existence of co-inverses)

3. (Coassociativity)

(XVX)VvX
[idx\/u]*T T[M\/idx]*
XVvX XVvX

(1]« %
X

The commutativity of these diagrams actually follows directly from the defining
properties of an H-cogroup. For example, the H-comultiplication by definition satisfies the

homotopical conditions

<idX7 CtX,xg) Ol =y 1dX - <CtX,x0a 1dX> O [,

so, if we pass to pointed homotopical classes, this becomes the equality

[(idx, Ctx zo)]s © [1]e = [dx]s = [{Cbx m, idx )]s © [12]s;

which means precisely that the first of the three diagrams above commute. The required
commutativity of the two other diagrams then follows from the two other defining prop-

erties of an H-cogroup. |

Now that we have cogroup objects, applying the tools developed in Appendix A.1,
in particular Theorem A.2.2, allows us to obtain many algebraic objects from homotopical

ones.

5.2.2 Corollary. If ((X, ), u,v) is an H-cogroup, then for any pointed space (Y, o),
the set of pointed homotopy classes [X, Y], admits a group structure such that, if « :
(Y,y0) — (Z,20) is a pointed map, then the pushforward function along the pointed
homotopy class [a].

HoTop(X, [al.) : [X, Y]. — [X, Z.

defines a group homomorphism.

Following the discussion after Theorem A.2.2, we can explicitly describe the group

structure on [X, Y].. The binary product

v XY x (X, Y], = (X, Y.
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is described explicitly as

[f1e v gl = (If]« U [g]s) o [us,

but according to the discussion at the start of the proof of Lemma 5.2.1, the coproduct
morphism [f]. U [g]« is given by the pointed homotopy class [f V g]. of the wedge sum,

therefore the previous formula can be rewritten as

/1« v lgle = [{f, 9) © ] (5.10)

for all [f]., [g]« € [X,Y].. The unit for such product is given by composing the counit
[ctx pt] With the unique pointed homotopy class [ctip} ) @ ({Pt}, pt) = (Y, 90), but this
composition is simply equal to [ctx ]« Lastly, given a pointed homotopy class [f]. €

[X, Y], its inverse with respect to -y is given explicitly in terms of the H-co-inversion as
1o =[f o] (5.11)

Of course, the result of Corollary 5.2.2 would not be very useful had we not de-
scribed explicit examples of H-cogroups coming from reduced suspensions in the previous

section.

5.2.3 Corollary. For any two pointed spaces (X, ) and (Y, yo), the set [£X, Y], admits a
group structure, such that, if o : (Y, y9) — (Z, 20) is a pointed map, then the pushforward
along [a], defines a group homomorphism [XX, Y], — [2X, Z]..

Since we have an explicit description of the H-comultiplication p and of the H-
co-inversion of XX, we also have a more explicit description of the induced product
on [XX,Y].. Given two pointed homotopy classes [fi, ., [fo]« € [EX,Y]., according to
equation (5.10) their product [fi]. -y [f2]« is given by the pointed homotopy class of the
map

(fi,fo)op: XX =Y.

Now recall that the H-comultiplication map p : XX — XX V XX constructed in Theo-
rem 5.1.2 is given by the formula
J1([z, 2s]), ifogsgé,

il s]) = Jo([x, 28 — 1]), if % <s< 1,

where ji, jo : XX — XX V XX are the canonical injections. Since the induced morphism

(f1, fo) satisfies (f1, fo)oj1 = f1 and (f1, f2)0ja, it follows that the pointed map (f1, fo)op
representing the product [fi]. -y [f2]« can be described explicitly as

1(|z, 2s]), if _S_%,
(oo o) o ). sly = 2o O s (5.12)
follz,2s = 1)), if3<s<1L
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We can also obtain a more explicit description of the inverse of a pointed homotopy
class [f]. € [2X,Y].. According to Equation (5.11), this inverse [f];! is given by the

pointed homotopy class of the map
forv:¥X =Y.
The H-co-inversion map v : XX — > X is described as
v([z,s]) = [,1 - 5]

for every point [z, s] € ¥.X, therefore the composite f o v representing the inverse of [f].
is given explicitly by
(fov)([z,s]) = f(lz, 1 —s]). (5.13)

Even more important than the fact that reduced suspensions are H-cogroups is
the fact that all spheres S™ for n > 1 are homeomorphic to reduced suspensions, and
therefore inherit an H-cogroup structure too (Corollary 5.1.5), a result which together

with Corollary 5.2.2 implies the next one.

5.2.4 Corollary. For every n > 1 and for every pointed space (X, xg), the set of pointed
homotopy classes [S™, X], admits a group structure such that, if f: (X, z0) = (Y, 0) is
pointed map, then the pushforward along [f]. defines a group homomorphism [S", X], —
[S™ Y]..

At last, we have the infamous homotopy groups.

5.2.5 Definition. Let (X, zo) be a pointed space, and consider an integer n > 1. The
group [S™, X, induced by the H-comultiplication map on S™ according to Corollary 5.2.4
is called the n-th homotopy group of (X, z) or also the n-th homotopy group of
X based at zg, and is denoted by m,(X,xg). In the case where n = 1, m (X, xg) is
traditionally called the fundamental group of X at z.

If f:(X,20) = (Y,y0) is a pointed map, we know from Corollary 5.2.4 that the
pushforward along [f]. defines a group homomorphism 7, (X, zg) — 7,(Y,yo) which we
denote by m,(f). Of course, if g : (X,z9) — (Y,70) is pointed homotopic to f, then
the induced homomorphism ,(g) coincides with 7,(f), since these only depend on the

homotopy classes [g]. and [f]. which are equal.

All of this can be rephrased by saying that the construction of the homotopy
group defines either a functor of type Top, — Grp, or a functor of type HoTop, — Grp.
We denote both of these functors by m, and refer to them both as the n-th homotopy
group functor. The two points of view are useful for different things. Notice for example

that, since functors always preserve isomorphisms, thinking of m, as a functor of type
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Top. — Grp shows that, if f: (X, z9) — (Y, yo) is a pointed homeomorphism, then m,(f)
is a group isomorphism; while thinking of m, as a functor of type HoTop, — Grp implies

the following stronger result:

5.2.6 Proposition. If f: (X, z9) — (Y, o) is a pointed homotopy equivalence, then the
induced group homomorphism m,(f) : (X, x9) = m,(Y,40) is an isomorphism for every

integer n > 1.

Even though we cannot do much with the homotopy groups yet, we can state a

definition that will be crucial for our study of Obstruction Theory.

5.2.7 Definition. Given an integer n > 1, we say a space X is n-connected if it is
path-connected, and if the homotopy groups (X, zg) are trivial for all 1 < k£ < n and
all points 2o € X. A 1-connected is more often said to be a simply-connected space.

We also refer to a path-connected space as a 0-connected space.

5.2.8 Remark. So far we have only worked with pointed spaces when dealing with the
homotopy group. Any map f : X — Y can be turned into a pointed map by choosing an
arbitrary basepoint xy € X, and then taking f(z() as a basepoint for Y. Consequently,
for every zy € X we have the induced homomorphism 7, (f) : m,(X, o) = m.(Y, f(z0))

between the homotopy groups.

Unfortunately, this construction is not always adequate, the domain X might not
have a natural choice of basepoint, or the corresponding basepoint f(zy) might not be
relevant to the problem at hand. Another problem is that this strategy for choosing
basepoints does not allow us to compare maps with are homotopic in the unpointed sense.
If g : X — Y is another map homotopic to f, the basepoint g(zo) in Y induced by g

might be different from f(z), and then it is not possible to compare the homomorphisms

Tn(f) 2 (X, m0) = mu(Y, f(20)) and m,(g) @ mu (X, 20) — ma (Y, g(0))

with the tools we have so far. Nevertheless, the points f(zo) and g(z¢) are not entirely
unrelated, since the existence of a homotopy f =~ ¢ allows us to obtain a path connecting

f(zo) to g(xo) for nay choice of initial basepoint xy € X.

We will see later that the existence of paths between two points allows us to
compare the homotopy groups based at these points, but since there might exist many
paths connecting two points, we might end up with many ways to compare the different

homotopy groups.

We end this section with an alternative description of the set my(X) of path-
components which more closely resembles the definition of the homotopy groups. Notice

first that, although m(X) is in general merely a set, the choice of a basepoint o € X



5.3. H-groups 145

gives rise to a distinguished element in 7y(X): the path-component [z,] of the chosen
basepoint. The pair (m(X), [zo]) therefore defines a pointed set, and when we want to
talk about this pointed set instead of just my(X'), we employ the notation 7y(X, z¢). This
of course means that instead of the functor my : HoTop — Set, we can now consider a

functor my : HoTop, — Set,.

The sphere S° C R consists of the two disjoint points —1 and +1. A pointed map
(8% +1) = (X,x0) is then uniquely determined by the choice of point f(—1) € X.
Given a point z € X, let 6, : (S° +1) — (X, z0) be the induced pointed map. Notice
that the map 6,, induced by the basepoint itself is the constant map ctgo,, : (S°, +1) —
(X, zo).

A path v : I — X from z to 2’ induces a pointed homotopy from 6, to 6,,
therefore we can consider the pointed function ©x 4 : mo(X, zo) — [S?, X]. sending the
path-component [z] to the pointed homotopy class [0, ].. It is straightforward to show that
O(x,z0) 1s a bijection: if two components [z| and [2'] are such that [0,]. = [0.]., then a
pointed homotopy 6, =, 0, defines a path from x to 2’ by restricting it to {—1} x I; and
any pointed homotopy class [a], € [S?, X]. is equal to '[0,,], where z, = a(—1) € X

The bijection ©(x 4,) depends naturally on (X, ). Given a pointed homotopy class
[f]e : (X, 20) = (Y, o), the compositions [S?, f], 0 O (x40 and Oy, o mo(f) both send a
path component [z] € m(X, xp) to the pointed homotopy class in [S°, X], represented by
the map S° — X given by —1 +— f(z) and +1 — yo; showing the commutativity of the

diagram below.

mo(f
7T0(X7$0) L 7T0(Y7yo)

®<X@0>J Je(Yﬂo)

[5% X]s o 9% Y]

We summarize this discussion in the next result for later referencing.

5.2.9 Proposition. The path-components functor my : HoTop, — Set, is naturally iso-

morphic to the representable functor [S°, —], : HoTop, — Set,.

5.3 H-groups

In this section we introduce the concept of H-groups, which are dual to the H-
cogroups introduced in Section 5.1. The progression of ideas is similar to that of the
aforementioned section, we first define H-groups, and then later we describe a family of
examples. In the next section we will then see how the interaction of H-cogroups and

H-groups allows us to deduce some properties of the homotopy groups.
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5.3.1 Definition. An H-group consists of a pointed space (X, z() together with the

following data:

« A pointed map m : (X x X, (xg,20)) = (X, x0) called the H-multiplication;

e A pointed map inv : (X, zg) — (X, x) called the H-inversion.
These maps are required to satisfy the following homotopical conditions:

1. mo (idx, ctx z) > idx =, mo (ctx a0, idx);
2. mo (idx,inv) ~, ctx ., ~ mo (inv,idx);

3. mo(m xidy) ~, mo (idx x m)o A,

where A denotes the product associator pointed homeomorphism

A (X xX)x X — X x (X x X).

The geometric interpretation of an H-group is simpler than that of an H-cogroup.
The maps m and inv are like the multiplication and inversion maps of an ordinary group,
but the usual properties satisfied in a group only hold up to homotopy. In the first of
the properties above, the map m o (idx, ctx ) sends a point z € X to m(x,xg). If we
had a strict equality m o (idy, ctx ,,) = idx, then m(z,z) would be equal to x itself.
In an H-group, even though this equality does not necessarily hold, by virtue of the
pointed homotopy m o (idx, ctx 4,) =~ idx, there is a path connecting m(x,zy) and z,
and this path depends continuously on x. There is a similar interpretation for the other
two properties. The point inv(x) is not necessarily an inverse for = with respect to m, but
m(z,inv(x)) and m(inv(z), z) can be connected to the basepoint xy by a path depending
continuously on x. Lastly, for any three points 1, xs, 3 € X, the points m(m(z1, x2), x3)
and m(xy, m(x, x3)) might be different, but there is a path connecting the two, and this

path depends continuously on the three chosen points.

The most important result on H-groups for now is the fact that we have already

encountered a family of them.

5.3.2 Theorem. If (X, z() is any pointed space, then its loop space (QX, ctg: ,,) admits

an H-group structure.

Proof. We first define an H-multiplication map

m: (X X QX (Wayy Way)) = (X, wyy ).
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Consider the map ¥ : (2X x QX) x I — X defined by the formula

xp(2s)), if0<s<3,
B((f0)5) = 1PN T
glexp(2s — 1)), if$ <s<1.

This is a well-defined function, since for s = % the equalities

Flexp(2- 5)) = flexp(D) = £(x) =z

and .
glexp(2- 5 —1)) = g(exp(0)) = g(x) = o
hold for any pair of loops (f, g) € Qx x QX.

The restriction of 1 to the subspace (2X x QX) x [0, 1] is given by the composition
shown below

OX x QX)) x [0,1] —— QX x [0, 1] XCL g x o [ OB oy g1 X,
2 2

¢|<9Xxnx)x[o,%]

where the first map is a suitable combination of canonical projections, and where the last
map is the usual evaluation map, therefore this restriction is continuous. Similarly, the
restriction of ¢ to the subspace (QX x QX) x [1,1] is also continuous, thus ¢ itself is
continuous by virtue of the Pasting Lemma.

Now consider the map
idoxxaox X exp: (2X x OX) x [ = (QX x QX) x S,

which is a quotient map due to the fact that exp is a proper map. This map has two types
of fibers: given ((f, g), 2) € (QX x QX)) x S!, if 2 # %, then the fiber this point consists of a
single point, while if z = *, then the fiber over ((f, g), z) is equal to {((f,¢9),0), ((f,9),1)}.
Since

((f,9),0) = flexp(2-0)) = fexp(0)) = f(*) = xo,
and also

Y((f,9),1) = glexp(2-1—1)) = g(exp(1)) = g(*) = o,

1 is constant on the fibers of idgxxox X exp, therefore we have an induced map
P (X xQX)x St = X
as shown in the diagram below.

(QX x QX) x [ —"— X

idoxxax XGXPJ -

(X x QX) x St
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The computations we have already performed show that

P((2X x QX) x {x}) C {xo}.
Moreover, a simple computation shows that v also satisfies

O({(Way, wao)} x ST) € {0}

It then follows from Lemma 3.2.4 that the exponential adjoint m = Ay defines a pointed
map

(QX X QX (W, Way)) = (X, Wiy )

We now prove that the map m obtained above satisfied the required conditions
for an H-multiplication. The first thing we need to prove is that the constant loop wy,

behaves as an H-unit, that is, we need to construct pointed homotopies

m o (idox, ctaxw,, ) =« idax =~ m o (ctox w,,,dax).

Let us first understand the map m o (idgy, cto X7w10) : QX — QX on the left. It sends any
loop f € QX to the loop m(f,w,,) € QX defined as

exp(2s)), if0<s< %,
mlfrl(exp(s)) = | OPEN 0= 02 (5.14)
X, if 5 <s< 1

The expression above shows that m(f,w,,) is obtained from f by a certain repa-
2
]. We can express this a real reparameterization of the domain S* of

rameterization: we use f on [0, 5] with double the speed, and then we remain at the

1
12
the loops. Let a : I — I be the map defined as

basepoint zy on [0

2s, if0<s< %,
a(s) = . (5.15)
1 if % <s<1.

Y

Since a(AI) C I, we can obtain a pointed quotient map @ : (S1, %) — (S, *) that fits in

the commutative diagram below.

Equation (5.14) then shows that the map m o (idax, ctax..,,) is equal to the pullback
Map, (@, X).

It is clear that we need a reparameterization lemma analogous to Lemma 5.1.3 to

understand how the properties of «v affect the pullback Map, (a, X).
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5.3.3 Lemma (Reparamaterization II). Let (z,z() be an arbitrary pointed space. Sup-
pose a : I — I is a map such that «(9I) C 91, and let @ : (S*, *) — (S, *) be the pointed

map induced by passage to the quotient as shown in the diagram below.

1. If «(0) = (1), then the pullback map Map, (@, X) : QX — QX is pointed null

homotopic.

2. If «(0) =0 and «a(1) = 1, then the pullback map Map, (@) : (QX, wy,) = (22X, wy,)

is pointed homotopic to idgy.

Proof of the Lemma. The proof is just a combination of several other results.

1. Let p == «(0) = (1) € 01, and define amap H : I x [ — I as
H(s,t) = (1 —t)a(s) +tp.
Direct computations show that H satisfies the following properties:
(i) H(s,0) = a(s) for every s € I;
(ii) H(s,1) =p=ctr,(s) for every s € I;
(i) H(AI x I) C dI.

It follows from Proposition 4.2.8 that the induced map @ is pointed homotopic to
ctr, = ctgr,. Since St is locally compact Hausdorff, by applying Proposition 4.2.11 we
conclude that the pullback maps

Map*(@,X), Map*(CtSl,*aX> : (QX7 Wmo) - (QX7 wzo)

are pointed homotopic, but the pullback Map, (ctg: ., X) is just the constant map ctox ., ;
thus Map, (@, X) is pointed null homotopic.

2. Consider the map H : I x I — [ defined as
H(s,t) = (1 —t)a(s) +ts

for all (s,t) € I x I. Again, direct computations show that H satisfies the following

properties:

(i) H(s,0) = a(s) for every s € I,
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(ii) H(s,1) = s =1id;(s) for every s € I;

(iii) H(I x I) C AI.

Applying Proposition 4.2.8 again, we conclude that @ is pointed homotopic to id;,
but this latter map is just the identity idg1 on the circle. Proposition 4.2.11 then implies
that Map, (@, X) is pointed homotopic to Map, (idg1, X), but by functoriality we know
that this latter pullback is nothing but the identity idgx on the loop space. U

With Lemma 5.3.3 at our disposal, the rest of the current proof is very similar
to the proof of Theorem 5.1.2. As we saw before the statement of the lemma, the map
m o (idax, ctaxw,,) is equal to the pullback Map, (@, X), where @ is induced by the map
«a : I — I defined in Equation (5.15). Since a(0) = 0 and a(l) = 1, it follows from

Lemma 5.3.3 that m o (idqy, CtQX7wx0> is pointed homotopic to idgy.

Now for the composition mo (ctoxw,, ,idaox), unpacking the definitions we see that

it sends a loop f € QX to the loop m(w,,, f) given by

o, if0<s <3,
[m(wso, £l (exp(s)) = ‘ (5.16)
flexp(2s —1)), if I <s<1.

This means m o (ctox ,,,idax) is equal to the pullback Map, (@, X), where @ is induced

by the map « : I — I defined as

0, if 0
2s — 1, if

IA
IN

’ (5.17)

Q
—~
»
S~—
IA
—_ N

S

IN

1
2

Since a(0) = 0 and (1) = 1, we know from Lemma 5.3.3 that m o (ctax.,,,idax) is

pointed homotopic to idgx.

We now deal with the H-associativity of m. We must exhibit a pointed homotopy
mo (m x idgx) >~ mo (idgx X m) o A.

The idea is to show that one side of the equation above can be obtained from the other
using a certain pullback. The map on the left-hand side above sends a triple of loops
((f,9),h) € QX to the loop m(m(f,g), h) described explicitly as

[m(m(f,9),h)](exp(s)) = { glexp(4s — 1)), if + <s<L (5.18)
3 1
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Similarly, the composition on the right-hand side sends the same triple ((f, g),h) to the
loop m(f,m(g,h)) described as

f(exp(2s)), if0<s<3,
[m(f,m(g, h))](exp(s)) = { glexp(4s — 2)), if :+ <s<3 (5.19)
h(exp(4s —3)), if 3 <s<1

Now, just like we did in the proof of Theorem 5.1.2, consider the map o : [ — [
defined as

2s, if0<s<s
a(s)=qs+1, if1<s<; (5.20)
1o, 1 el
584‘5, 1f§§5§1,
which satisfies a(0I) C 9I. Comparing equations (5.18) and (5.19) we see that « is such

that the induced pullback Map, (@, X) fits in the equality
mo (m X idgx) = mo (idgx x m) o Ao Map, (@, X);

but since a(0) = 0 and «(1) = 1, Lemma 5.3.3 implies that the pullback Map, (@, X) is
pointed homotopic to idgy, and by combining this with the previous equality we obtain

the desired pointed homotopy relation.

We still have to define an H-inversion map and prove that it satisfies the two
required conditions. Consider the map r : I — [ that reverses the interval, that is,
r(s) :=1— s for every s € I. Since r(91) C I, we have the corresponding pointed map
7: (S, %) — (S1, %) like shown below.

I —— 1T

expl lexp

We then define an H-inversion map via the pullback inv := Map, (7, X) : (QX, w,,) —
(QX, wy,). This inversion sends a loop f € QX to the loop inv(f) defined by the formula

[inv(f)](exp(s)) = f(exp(1 — s)) (5.21)
for every s € I.

In order to show that inv really defines an H-inversion, we need to show that the

homotopical relations
m o (idgx, iIlV) ™~y CtQXMIO ~, M O (iIlV, ldgx)

hold. The map on the left sends an arbitrary loop f to the loop m(f,inv(f)) given by the

formula
f(exp(2s)), ifo<s<l

[m(f, inv(f))](exp(s)) = , e (5.22)
flexp(2—2s)), if1<s<1.
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This means that m o (idgy, inv) is nothing but the pullback Map, (@, X), where o : [ — I

is defined as
2s, if

2 —2s, if

o
IA
IN

—_ N |—

als) = i (5.23)

<s

IA

1
2
Since a(0) = «a(1), it follows from Lemma 5.3.3 that Map,(a, X) = m o (idgx,inv) is
pointed homotopic to ctoxw,,. Similarly, the other composition m o (inv,idgx) sends a
loop f to the loop m(inv(f), f) defined by the formula

exp(l —2s)), f0<s<3,
[m(inv(f), f)}(exp(s)) = flexpll =22)) . (1)< = (5.24)
f(2s —1), if 5 <s<1.

It can also be described as the pullback Map, (@, X ), where this time « : [ — [ is defined

as
1—2s, if0<s<4,

a(s) = (5.25)
25 — 1, if 1.

Lemma 5.3.3 once again implies Map, (@, X) = m o (inv,idgy) is pointed homotopic to

ctox w,, Decause a(0) = a(1). [

5.4 Commutativity results

In this section, we combine the notions of H-group from Section 5.3 with the results
of Appendix A.1 to deduce some properties of the homotopy groups. The first result says
that, dually to how H-cogroups give rise to cogroup objects in HoTop,, H-groups give rise
to group objects in this same category. The proof follows that of Lemma 5.2.1, when we
pass to the pointed homotopy category HoTop,, the properties satisfied up to homotopy

by an H-group become exactly the algebraic properties that a group object must satisfy.

5.4.1 Lemma. If ((X, ), m,inv) is an H-group, then ((X, o), [m]., [ctipt}zo)«, [iNV]4)
defines a group object in HoTop,.

Recall from Theorem A.2.1 that a group object induces an ordinary group structure
on any set of morphisms into it. When interpreted in the category HoTop,, this implies

the next result.

5.4.2 Corollary. If ((X,zg), m,inv) is an H-group, then for any pointed space (W, wy),
the set of pointed homotopy classes [W, X]|, admits a group structure such that, if « :
(W,wy) — (W' wy) is a pointed map, then the pullback function along the pointed
homotopy class [a].

HoTop. ([al., X) « W', X], — [W, X],

defines a group homomorphism.
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We recall from the proof of Theorem A.2.1 how this group structure is defined.
Given two pointed homotopy classes [f]., [g]« € [W, X]., their product [f]. -w [g]. is the

pointed homotopy class defined as the composition

[ﬂ* W [g]* = [m]* © ([f]*a [g]*),

where ([f], [g]+) is the pointed homotopy class W — X x X induced from the universal
property of the product. We saw in Corollary 4.2.7 that this pointed homotopy class is
precisely [(f, g)]«, where (f,g) : W — X x X is the usual induced pointed map in Top..

This allows us to rewrite the previous expression for the product in the form
1w gl = [mo (f,9)] (5.26)

The unit ey, for the product -y is obtained by composing the pointed homotopy
class [ctypt]«, which is the unique morphism from (W, wy) to ({pt},pt) in HoTop,, with

the unit morphism [ct{p} 4,)« from the group structure, therefore we have the equality
ew = [Ctipt},mo)s © [Cwpt)s = [Ctvzg)s- (5.27)

Lastly, the inverse of a pointed homotopy class [f]. € [W, X] is obtained by com-
posing it with the inversion morphism [inv], : (X, z¢) — (X, zo) from the group structure,
so that we can write

[fl:" = [inv o fl.. (5.28)

We can specialize the previous results to the H-groups obtained in Section 5.3 via

loop spaces.

5.4.3 Corollary. For any two pointed spaces (W, wg) and (X, zo), the set [W, QX], admits
a group structure such that, if o : (W, wo) — (W', wy) is a pointed map, then the pullback
along [a], defines a group homomorphism [W', QX], — [W, QX]..

Just like we gave explicit descriptions for the products and inverses of elements of
(XX, Y], coming from the H-cogroup structure on XX, we also have explicit formulas for

the products and inverses of elements in [WW, QX]. coming from the H-group structure of
QX.

According to equation (5.26), given two pointed homotopy classes [g1]s, [g2]« €
[W, QX]., their product [g1]. -w [g2]« is given by the pointed homotopy class of the map
mo (f,g) : W — QX. Recall that the H-multiplication m constructed in Theorem 5.3.2
sends a pair of loops (w1, ws) € QX x QX to the loop m(wy,ws) : S* — X described by

the formula

(m(wr, ws)) (exp(s)) = w1 (exp(2s)), if0<s<l

wa(exp(2s — 1)), if 3 <s<1.
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Now given two maps g1, g2 : W — QX that is, two families of loops on (X, zg) param-
eterized by W, the composite m o (g1, g2) : W — QX is the family of loops which sends
each point w € W to the loop m(g1(w), ga(w)) described explicitly as

[g1(w)] (exp(2s)), if 0
[g2(w)](exp(2s — 1)), if 5 <'s

that is, m(g;(w), g2(w)) is the loop obtained by first traversing the loop ¢;(w), and then

IA
®
IA

Y

[m(g1(w), g2(w))] (exp(s)) = (5.29)

[S— DN

I

IN

traversing the loop go(w), both with twice their usual speed.

Now, according to (5.28), the inverse [g],;! of a class [g]. € [W,QX], is given
by the pointed homotopy class of the map invog : W — QX. The H-inversion map
inv: QX — QX transforms a loop w € QX into the loop inv(w) : S* — X described as

[inv(w)](exp(s)) = w(exp(l — s))

for every s € I. It follows that invog: W — QX sends each point w € W to the loop
inv(g(w)) on (X, xg) described explicitly as

[inv(g(w))](exp(s)) = [g(w)](exp(l — s)) (5.30)
for every s € I.

So far we have studied H-groups and H-cogroups separately, but our main interest
in this section is on the results obtained by studying the interaction between these two
concepts. We know that we have a group structure on sets of morphisms coming out of
a cogroup object, as well a group structure on sets of morphisms coming into a group
object. If we then look at the morphisms from a cogroup object to a group object, we
have two possible group structures a priori, but according to Proposition A.2.3, these two
structures coincide and are automatically commutative. Applying this to H-cogroups and

H-groups gives us the next result.

5.4.4 Proposition. Let ((X,zy), i, v) be an H-cogroup, and let ((Y,yo), m,inv) be an H-
group. Denote by -y the product on [ X, Y], induced by the cogroup object obtained from
(X, x0), and denote by -x the product on [X, Y], induced by the group object obtained
from (Y, y). Then these two products coincide, and they define an abelian group structure
on the set [X,Y]..

This has immediate consequences for the homotopy groups of H-groups.

5.4.5 Corollary. If ((X,x), m,inv) is an H-group, then its homotopy groups 7, (X, x¢)

are abelian for all integers n > 1.

Proof. By definition, m, (X, z¢) is the group of pointed homotopy classes [S™, X]. obtained

by equipping S™ with an H-cogroup structure induced via the homeomorphism S =

¥57~1. The result then follows immediately from Proposition 5.4.4. |
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The simplest examples of H-groups are those where the homotopical conditions
are satisfied strictly, also known as topological groups, so the previous result immediately

implies the next corollary.

5.4.6 Corollary. The homotopy groups of a topological group based at any point are
all abelian. In particular, the homotopy groups of the circle S based at any point are all

abelian.

Of course, using other tools, like covering space theory, we can show that 7 (S, p)
is in fact isomorphic to Z for any choice of basepoint p, but it is still interesting that
the fact that m (S, p) is abelian holds for purely formal reasons. As we will see in the
next chapter, the higher homotopy groups 7, (S, p) for n > 2 are in fact trivial, so their

commutativity is not very surprising.

We finish this section by showing how Corollary 5.4.5 can be used to show that
the higher homotopy groups of any space are commutative. The idea is that, given a
pointed homotopy class [f]. € m,(X, zo), if we look at the representing pointed map f :
(S™, %gn) — (X, 20), and we identify S™ with ¥.5"~! then we can use the Eckmann-Hilton
Duality of Corollary 3.4.6 to obtain a pointed map of type (S" 1, xg-1) = (X, w,, ), which
gives rise to an element of the homotopy group 7,1 (X, w,,). This suggests that there is
a bijection 7, (X, zg) = m,-1(2X, w,,). This is indeed true, and moreover, if n > 2, this is
not only a bijection but also an isomorphism of groups. In order to show this, however, we
need to take a slight detour to understand how the pointed exponential adjoint interacts

with pointed homotopies.
5.4.7 Proposition. Let (X, z), (Y, yo) and (Z, z9) be pointed spaces, and suppose Y is
locally compact and Hausdorff.

1. If f1, fa: (X AY, %) = (Z, z) are pointed homotopic, then the pointed exponential

adjuncts \*fi, A* fo : (X, z9) = (Map,(Y, Z), cty,,) are pointed homotopic.

2. If g1, g2 : (X, 29) = (Map, (Y, Z), cty,) are pointed homotopic, then the inverse ex-
ponential adjuncts (A\*) gy, (\*)7lgy : (X AY, %) — (Z, 2) are pointed homotopic.

Proof. 1. Recall that, given a pointed map f : (X AY, %) — (Z, zo), its pointed exponential

adjunct can be described as the composition

A"f =Map, (Y, f) o ik,

where % : (X, 29) — Map,(Y, X AY) is the unit morphism which associates to each
point x € X the pointed map (% (x) : (Y,yo) — (X AY,x*) defined by [t%(z)](y) =
[z,y]. Since fi ~, f2, and Y is locally compact Hausdorff by hypothesis, we know from



156 Chapter 5. Homotopy groups

Proposition 4.2.11 that there is also a pointed homotopy Map, (Y, f1) ~. Map, (Y, f2). If
we then recall that composition preserves pointed homotopies, we see that
A*fl = Map*(Y7 fl) © L;(
~, Map, (Y, f2) ot
- )\*fg

2. Recall that, given a pointed map ¢ : (X, z¢) = (Map, (Y, Z), cty,), its inverse

pointed exponential adjunct can be described as the composition
(A1) g =evizo (g Aidy),

where evy , : Map,(Y,Z) ANY — Z is the counit of the pointed exponential adjunction
obtained by factoring the usual evaluation evy ; through the quotient map defining the
smash product in question. Since g; ~, go, by Corollary 4.2.10 we deduce that g; Aidy ~,
g2 N\ idy also holds. Combining this with the compatibility of composition with pointed
homotopies we see that

(M) 'gr = evyz o (g1 Ady)

~, evy ;o (g2 Nidy)

=(\) g2 u

As a corollary, we deduce that the pointed exponential adjunction descends to a

natural bijection between the sets of pointed homotopy classes.

5.4.8 Corollary. Given pointed spaces (X, zo), (Y, 40) and (Z, zo), if Y is locally compact

Hausdorff, then the pointed exponential adjunction descends to a bijection

which depends naturally on (X, zg) and (Y, yo).

Proof. Consider the function Ho(\*) : [X AY, Z]. — [X, Map, (Y, Z)]. defined as
Ho)([f].) = N/l ¥If). € [X A Y, Z]..
The result of Proposition 5.4.7 guarantees that Ho(\*) is a well-defined function.
We can also define a function Ho((A*)™!) : [X, Map, (Y, Z)]. — [X AY, Z], in the

opposite direction as
Ho((A)7")([g]s) = [(\")"'gl«  V[g]« € [X,Map, (Y, Z)]..
This is well-defined by virtue of Proposition 5.4.7 again.

The fact that Ho(A\*) and Ho((A\*)™!) are inverse to one another follows from the
fact that A\* and (A\*)~! are inverse to one another, while the naturality of Ho(\*) follows

from the corresponding naturality of A\*. |



5.4. Commutativity results 157

We are particularly interested in applying this result to the case where the lo-
cally compact Hausdorff space is the circle S'. Recall that the Eckmann-Hilton Duality
(Corollary 3.4.6) gives us a bijection

Top.(SX,Y) 2 Top. (X, QY)

depending naturally on both (X, z¢) and (Y, yo). We briefly recall its construction, since it
will be used in the next result. The first step consists of identifying the reduced suspension
Y X with the smash product X A S! by means of the only pointed homeomorphism )y :
X A ST — X satisfying the equation

¢X([I’ exp(s)]) = [I’ 3]

for any x € X and s € I.

Pulling back along this homeomorphism gives us a bijection
Top,(XX,Y) = Top, (X A ST Y),

and then composing this with the pointed exponential adjunction gives us the desired

bijection, which we denote by EH temporarily', as shown below.

Tops (x,Y)
) ——

Top.(ZX,Y Top, (X A SLY) —2— Top,(X,QY)

Explicitly, given a pointed map f : XX — Z, the adjunct EH(f) : X — QZ sends a point
x € X to the loop EH(f)(x) on (Z, z9) described by the formula

[EH(f)(2)](exp(s)) = f([z,s])

for every s € I.

This bijection continues to hold on the homotopical level, but we want to under-

stand how it interacts with the extra algebraic structure present on this level.

5.4.9 Proposition. Given pointed spaces (X, zq) and (Y, o), the Eckmann-Hilton Dual-

ity induces an isomorphism of groups
[2X, Y], = [X,QY].,

where the group structure on the left comes from the H-cogroup structure on ».X, while

the group structure on the right comes from the H-group structure on QY.

L EH here stands for Eckmann-Hilton.
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Proof. The bijection comes from applying the bijection EH of the Eckmann-Hilton Duality

at the level of pointed homotopy classes, that is, we consider the function

EH: [SX,Y], = [X,QY],

defined as
EH([f].) = [EH(f)]. = [\"(f o ¥x)]..

This is well-defined, because if f ~, f’, then also foyx ~, f o1y, and thus A\*(fohx) ~.
N (f" o 1x) by virtue of Proposition 5.4.7. The fact that EH is a bijection follows from
the fact that EH itself is a bijection.

The only thing left to show is that EH is a group homomorphism. Given pointed
homotopy classes [fil]«, [f2]« € [2X, Y], we must show the equality

ﬁ([fl]* v [fa]) = ﬁ([fl]*) X ﬁ([fz]*)

Unpacking the definition of EH as well as the definitions of the products -y and -x, the

expression above can be rewritten as

[EH((f1, f2) © p)]« = [m o (EH(f1), EH(f2))].,

which is equivalent to the following homotopical condition:
EH((f1, f2) o p) 2= m o (EH(f1), EH(f2)). (5.31)

The proof that this homotopical condition holds consists of simply comparing both
sides of the expression. ON the left-hand side, it follows from our discussion before the
statement of the proposition (or from equation (3.11)), that the adjunct EH({f1, f2) o p) :
X — QY sends any point z € X to a loop on (Y, yy) given by the formula

(EH((f1, f2) o p)(x))(exp(s)) = ({f1, f2) o p)([z, 5]).

We can then use equation (5.12) to conclude that the equality

[BH((f1, f2) 0 1) ()] (exp(s)) = {fl([x’zsb’ f0<s <3,

fo(lz,2s =1]), if 5 <s<1

holds for every s € I.

Now we analyze the right-hand side of (5.31). We know from (5.29) that m o
(EH(f1), EH(f2)) : X — QY sends any point 2 € X to the loop on (Y,y,) given by the

formula
[EH(f1)(2)](exp(2s)), if0<s <3,

[(m o (EH(f1), EH(f2))(2)](exp(s)) = ,
[EH(fo)(x)](exp(2s — 1)), if $ <s<1.
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If we then apply equation (3.11) to rewrite the parts of the expression above involving
EH(f1) and EH(f2) we conclude that the equality

f1([z, 2s]), if0<s<3,
[(m o (EH(f1), EH(f2)))(x)](exp(s)) = .
fg([.f,28—]_]), 1f§§3§1

Comparing the end results we see that, for any x € X, we have the equality of

loops
EH((f1, f2) o p)(x) = (m o (EH(f1), EH(f2)))(x),

from which we deduce the equality of maps

EH((f1, f2) o p) = m o (EH(f1), EH(f2))-

This means that the homotopical relation (5.31) we wanted to prove holds strictly in fact,

and not simply up to homotopy. |

As promised, a corollary of this is that all the homotopy groups of a space are in

bijection with a lower dimensional homotopy groups of its loop space.

5.4.10 Corollary. Given a pointed space (X, zg), for every integer n > 1, there is an
isomorphism of groups
T (X, o) = mo1 (X, wWey)

depending naturally on (X, z¢). Consequently, the homotopy groups 7, (X, z¢) are abelian

for all integers n > 2.

Proof. Let ® : XS ! — S" be the pointed homeomorphism of Proposition 3.4.7. Since
the H-cogroup structure on S™ comes from this identification with a reduced suspension,
by pulling back along the pointed homotopy class [®], we obtain a natural isomorphism
of groups

(X, 70) = [, X, 2 [2S" ! X]...

If we combine this with the natural isomorphism
[BSm 1 X, =[S QX
of Proposition 5.4.9 we conclude that there exists a natural isomorphism of groups

(X, 1) = [S", QX]..

The last step is to identify the group on right with m,_1(Q2X,w,,). The group
isomorphism [2S"71 X], = [S"1 QX], from Proposition 5.4.9 considers [S"~!, QX],
equipped with the group structure induced by the H-group structure on X, but the ho-
motopy group m,_1(2X,w,,) comes from equipping [S"~!, QX], with the group structure
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induced by the H-cogroup structure on S™*~1. Luckily, these two group structures coincide

by virtue of Proposition 5.4.4, and we really end up with a natural isomorphism of groups

T (X, o) = T 1(QX, Wy )-

The fact that m, (X, z¢) is abelian for n > 2 then follows from the fact that the
homotopy groups m,_1(2X,w,,) are all abelian due to QX being an H-group (Corol-
lary 5.4.5). |

5.5 Change of basepoint

This section is concerned with addressing an issue raised in the section where
we defined homotopy groups: how do different choices of basepoints affect the homotopy
groups. In summary, we show in the present section that the data of the homotopy groups
can be “transported along paths”, so that a path v : I — X from a point z( to a point
gives rise to a group homomorphism 7, (X, z¢) — m,(X, z1) for every integer n > 1. By
further exploring the properties of this transport procedure we eventually show that the
homotopy groups are constant (up to isomorphism!) on the path-components of a space.
This does not mean that we can always forget the basepoints, but it does make our life

easier in many cases.

The next result is the main tool used in the construction of this transport proce-

dures.

5.5.1 Proposition. Fix an integer n > 0, let X be any space, and suppose we are given a
homotopy h : S™ x I — X. If there exists a map F : D" — X such that F(z) = h(x,0)
for every x € S™, then there exists a homotopy H : D" x I — X with the following

properties:

1. H(x,0) = F(z) for every x € D",

2. H(z,t) = h(x,t) for every x € S™ and every t € I.

In other words, the homotopy A : S™ x I — X can be extended to a homotopy
H : D" x I — X as soon as its initial stage ho : S — X can be extended to a map
F:D"! 5 X,

Proof. The two numbered conditions above impose restrictions on the behavior of the
extension H on the subspace (D" x {0}) U (S™ x I) C D" x I. Recall that there is a

homeomorphism of pairs

w: (D" x I, D" x {0}) — (D" x I,(D" x {0}) U (S" x I)),
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so we can work with the subspace D" x {0} instead of (D"*! x {0}) U (S™ x I).
First, let ¢ : (D" x {0}) U (8™ x I) be defined as follows:
F(z), ift=0,
h(z,t), ifze S™

p(e,t) =
The fact that F|gn = ho ensures that ¢ is well-defined, and the Pasting Lemma then
implies its continuity.
Using ¢ and the homeomorphism u we define ¢ : D" x {0} as the composition
¥ = @ o u|pr+ix{o}-
Since u maps D" x {0} to the subspace (D" x {0}) U (S™ x I) where ¢ is defined, the

composition above is well-defined.

It is easy to extend v to a homotopy ¥ : D" x I — X, we just project D" x I
down to D"! x {0} and apply 1, that is, we define ¥ : D"*! x [ — X by the formula

U(x,t) = 1(z,0) V(x,t)€ D" x 1.

Now we undo the effect of u by defining H : D" x I — X via the composition
H=Vou !
The only thing left is checking that H satisfies the required conditions.
1. For any (2,0) € D""! x {0}, the inverse image u~!(z,0) is of the form (2’,0) for
some ' € D" therefore

H(z,0) = U(u*(z,0))

~—~

2. For any (x,t) € S™ x I, its inverse image u~*(z,t) is of the form (2”,0) for some

2" € D" therefore
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Arguing cell by cell we can generalize this result to the case where (X, A) is any

n-cellular pair.

5.5.2 Corollary. Let (X, A) be an n-cellular pair, Y an arbitrary space, and consider a
homotopy h: Ax [ — Y. If F: X — Y is a map such that the equality F'(a) = h(a,0)
holds for every a € A, then there exists a homotopy H : X x I — Y satisfying the

following conditions:
1. H(z,0) = F(z) for every x € X;
2. H(a,t) = h(a,t) for every (a,t) € A x I.

This can be further generalized to any relative CW-complex (X, A) by induction

over the skeletal filtration.

5.5.3 Corollary. Let (X, A) be a relative CW-complex, Y be an arbitrary space, and
consider a homotopy h : A x I — Y. If FF: X — Y is a map such that the equality
F(a) = h(a,0) holds for every a € A, then there exists a homotopy H : X x [ — Y

satisfying the following conditions:
1. H(x,0) = F(x) for every x € X;
2. H(a,t) = h(a,t) for every (a,t) € A x I.
Recall that we proved in Example 1.2.5 that the pair (S™,%gn) is n-cellular for

every integer n > 1. We can then specialize Corollary 5.5.2 to this particular case keeping

in mind that a homotopy {*g»} X I — X is equivalent to a map I — X.

5.5.4 Corollary. Let X be any space, and consider a path v: 1 — X. If f: 5" — X is
a map such that f(xgn) = (0), then there exists a homotopy H : S™ x I — X satisfying

the following conditions:

1. H(z,0) = f(x) for every x € S™;

2. H(xgn,t) =~(t) for every t € I.

This last result is the fundamental tool used for relating the homotopy groups for

different choices of basepoints.

5.5.5 Construction. Let X be an arbitrary space, xq, 1 € X two different choices of

basepoints, and suppose v : I — X is a path from z( to x;.

For every integer n > 1, we define a function ¢, : m,(X, zg) — m,(X, 21) as follows:
given an element [f], € 7, (X, zo) represented by a pointed map f : (S™, *gn) — (X, x),
since f(xgn) = xo = v(0), by Corollary 5.5.4 there exists a homotopy h : S" x [ — X

satisfying the following conditions:
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1. h(x,0) = f(x) for every x € S™;
2. h(xgn,t) = 7(t) for every t € I.

Let us say that a homotopy h satisfying these conditions is adapted to v and f. If we look
at the final stage hy : S™ — X of this homotopy we see that

hl(*S") = h(*5”7 1) = 7(1) = 1,
therefore we have a pointed hy : (S™, *gn) — (X, 1), and it is reasonable to define

ty([fls) = [Hi]« € mu(X, 21).

Of course, one needs to check that this construction is well-defined, which means
that it must be independent of the chosen homotopy H adapted to f and ~, and also
independent of the pointed homotopy class of f. This can be shown by using the extension
Corollary 5.5.2 for suitably chosen cellular pairs. For example, if ' : S™x I — X is another
homotopy adapted to f and ~, let

A= (5" x {0)) U(S" x {1} U ({sn} x ) € 8" x I,
and consider the homotopy ¢ : A x I — X defined as follows:

h(z,t), if s =0,
QZS((I‘,S),?‘J) = h/<$,t), if s = 17
(1), if = %gn.

This is well-defined since both h and A’ coincide with v when restricted to {*gn} X I.
Now, since the pair (S™ x I, 5" x {0} US™ x {1} U{xgn} x I) is (n+ 1)-cellular according
to Proposition 1.2.8, by Corollary 5.5.2 we know that ¢ can be extended to a homotopy
$ (9" x I) x I — X if its initial stage ¢y can be extended. Substituting ¢ = 0 in the

expression for ¢ and using the defining properties of h and h’ one can show that

f(z), ifs=0,
QS((I" 8)70) = f(.T), if s =1,
Zo, ifz= *gn.

This means that the map S™ x I — X defined as (z,s) — f(x) is an extension of ¢,
therefore we obtain the homotopy ® : (S™ x I) x I satisfying

1. ®((z,s),0) = f(z) for every (z,s) € S™ x [;

2. O((x,s),t) = o((x,s),t) if ((z,s),t) € AxI.
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Having such map ®, a simple computation shows that the rule (z, s) — ®((z, s), 1) defines

a pointed homotopy from h; to h} as desired.

The next result summarizes the main properties of this transport construction.

5.5.6 Proposition. Fix an integer n > 1, and let X be an arbitrary space.

1. If v, +" : I — X are two paths from xq to x; which are homotopic as paths, then

the two transport functions t.,, t, : m, (X, zo) — m,(z, z1) are equal.

2. The transport along the constant path ct;,, : I — X is equal to the identity, i.e.,
the equality t. g = idy, (x,z0) holds.

3. If v9 : I — X is a path from zy to 1, 71 : I — X is a path from z; to xs, and
Y - 71 : I — X denotes the concatenation of the two paths, then the equality
lyyyy =ty Oty holds.

4. If v : I — X is a path from x( to x1, then the transport function ¢, : m,(X, zg) —

(X, z1) defines a group homomorphism.

An immediate corollary of this is the comparison between homotopy groups based

at different points in the same path-component.

5.5.7 Corollary. If X is any space, and zy, 1 € X are two points belonging to the same
path-component of X, then there is an isomorphism of groups m, (X, xg) = 7,(X, z1) for

every integer n > 1.

Proof. Let v : I — X be a path from zy to x1, which gives an associated transport map
ty : mo(x, x9) = (X, z1). f 7 : I — X denotes the inverse of the path 7, we also have
an associated transport t5 : m, (X, z1) — m,(x, ). Since 7 - 7 is homotopic as a path to

ctr .z, it follows from the above properties that

tﬁ O t'Y = t'YV = tCthO = idﬂ'n(X,l’o)'

Analogously, since 7 - 7 is homotopic as a path to ct;,,, we also have

by oty =ty = tCtI,zl = idwn(X,m)-

These two chains of equalities show that ¢, and ¢5 define inverse group homomorphism,

therefore there is an isomorphism m,(z, xg) = m,(x, 7). [ |

It is important to remark, however, that this isomorphism is not naturally defined,
we have to specify a path between v : I — X from xy to z; before obtaining an isomor-

phism ¢, : 7,(X, z0) = m,(z,21), and if 4/ : I — X is another path from z, to 1, it is
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possible for the isomorphism ¢,/ to be different from ¢,. Of course, if v and " are homo-
topic as paths, then ¢, and ¢,/ coincide by the first item of Proposition 5.5.6. In particular,
if X is simply connected, then for any two points xy, 1 € X there is a naturally specified

isomorphism 7, (x, z9) = 7,(X, z1) obtained by choosing any path between these points.

There is a nice way to formalize this discussion in terms of group actions. Given
a pointed zy € X, let Top(I,0I; X, x) denote the set of paths v : I — X such that
v(0I) C{xo}, i.e., the set of loops at the point (. There is a natural bijection

Top(1,0I; z, 79) = Top,(S*, X)

assigning to each loop v : I — X its quotient %7 : S — X through the exponential
map exp : I — S', and assigning to each pointed f : (S, %) — (X, o) the loop
foexp: I — X. Moreover, this bijection transforms path homotopies of loops on the left

into pointed homotopies on the right, so it induces a bijection
[17817)(7 'TO] = [517X]*2

of appropriate sets of homotopy classes.

The properties of the transport maps allow us to define a function
[1,0I; X, xq] X mp(X, 20) = mo (X, 20)

by assigning to each pair ([y],[f].) the element t,([f].), i.e., the result of transporting
the pointed homotopy class [f]. along the loop 7 representing the path-homotopy class.
Taking the bijection [, dI; X, xo] = [S', X| = 71 (X, x¢), this can also be seen as a function
of type

(X, 20) X T (X, ) — m0(X, 20)

that assigns to a pair of pointed homotopy classes (o], [f]«) the element tpoexp([f]+) €
mn(T, xo) obtained by transporting [f]. along the path coexp : I — X. We will from now
on use the notation [, - [f]+ to denote this operation. The next result explains why this

is a good choice of notation.

5.5.8 Proposition. The function - : m (X, z¢) X 7, (X, x9) — 7, (X, zo) defines an action

of m,(X, x0) on m,(X, x¢) by automorphisms.

Sketch of proof. We already know from Proposition 5.5.6 that, for a fixed [a]. € m1 (X, x0),
the transport map tacexp @ mn(X, o) = mn(x, 20) is a group homomorphism, or in other
words, the function [a], - (=) : m, (2, x9) — 7,(x, 20) mapping [f]. to [a]. - [f]« is a group

homomorphism.

2 Tt is important to stress that the notation [, 9I; X, z¢] on the left-hand side denotes the set
of homotopy classes of paths, also known as homotopies relative to 01, so that each stage of
the homotopy defines another loop based at xg.
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-1

. is by definition equal to [« o vg1],, and a direct veri-

Moreover, the inverse [a]
fication shows that the path (aowvgi)oexp : I — X is homotopic as a path to @oexp,
i.e., the reverse path of oo exp. This means that the function [a];! - (—) is the inverse of

[, - (=), which defines therefore an automorphism of m, (X, x¢).

The only thing left is showing that this action is compatible with the group struc-
ture on (X, xp). The identity of the fundamental group is [ctg: 4]+, and the corre-
sponding path ctgi ,, oexp : I — X is the constant path ct;,,. Since we already know
from Proposition 5.5.6 that the transport bety g along the constant path is the identity
idr, (x.20), it follows that [ctgi . ], - (=) is equal to this same identity. Lastly, given two
elements [a]., [« € m (X, z), their product [f]. - [g]« in m (X, z¢) is given by the pointed
homotopy class [(«, 3) o ugi]. A direct computation the shows that the corresponding
path

(f,g9)opsroexp: I — X

is in fact equal to the concatenation
(foexp)-(goexp): I — X,

and since the transport along a concatenation is equal to the composition of the individual

transports, it follows that the function [(f,g) o psi]« - (=) is equal to the composition

([gle - (=) o ([f]+ - (=))- u

We can then state a definition that will be crucial during our study of Obstruction

Theory.

5.5.9 Definition. A topological space X is called n-simple for some integer n > 1 if it
is path-connected, and if the action of 7 (X, zg) on m, (X, x¢) is trivial for every choice of

basepoint xy € X.

In an n-simple space, the homotopy groups 7, (X, z¢) and 7, (X, x1) at two different
basepoints xg, x1 are naturally identified. If 7, 7/ : I — X are two distinct paths from x
to 1, then the concatenation 7 - 7/ defines a loop based at z,. Now, since the action of
m1(X, o) on m, (X, x¢) is trivial, the transport map ¢, = : 7, (X, o) — 7, (X, 7o) must be
equal to the identity idy, (;4,). If we use the properties of Proposition 5.5.6 we see that

-1
Lo =tzoty =1, oty

therefore we have the equality t;,l oty = idnr,(z,e0), Which implies that ¢, = t,,. This
shows that we can identify 7, (X, x¢) with 7, (X, z1) by choosing any path joining the two

basepoints.
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CHAPTER

LOCALLY TRIVIAL BUNDLES

This chapter is devoted to a particular class of maps known as locally trivial bundles.

There are two main reasons behind our interest in this class of maps:

1. locally trivial bundles have nice homotopical properties which allow us to develop

some computational tools for studying homotopy groups;

2. our study of Obstruction Theory will be restricted to the analysis of the possibility

or impossibility of constructing and extending sections of a locally trivial bundles.

The two reasons outlined above hopefully make it clear that we are interested in
locally trivial bundles primarily for their homotopical properties, and this influences the

choice of topics developed in this chapter.

After introducing the basic definitions, we investigate locally trivial bundles arising
from group actions. We prove a theorem giving sufficient conditions for the orbit map of
an action to be a locally trivial bundle, and use this theorem to obtain several important
examples that will be useful later on. After this, we turn to the homotopical study of locally
trivial bundles by first proving the crucial result of Feldbau characterizing bundles over
cubes and disks, and then applying this result to study the homotopy lifting properties
of bundles, as well as some properties of bundles over CW-complexes. The study of the
homotopy lifting property leads to a long exact sequence relating the homotopy groups of
the various spaces that make up a locally trivial bundle. We finish the chapter with some

computations to illustrate the use of the long exact sequence.

Since our interest is mainly in the sections dealing with the Homotopy Theory of
locally trivial bundles, the first couple of sections contain mostly either sketches of proofs,
or references for complete proofs in the literature. We do however discuss in details some

examples that reappear later in the text.
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6.1 First definitions and examples

This first section introduces the concept of locally trivial bundles, as well as the
more restricted notions of covering maps and vector bundles. We also study important

examples of these concepts that will reappear in later sections.

Roughly speaking, a locally trivial bundle is a map that locally looks like the

projection out of a product space into one of its factors.

6.1.1 Definition. A locally trivial bundle consists of a quadruple (E, B, F,p) where:

« F, B and F are spaces,

e p: E — Bisamap.

These data are required to satisfy the following local triviality condition: every point b € B
admits a neighborhood U C B for which there exists a homeomorphism ¢y : p~(U) —
U x F' that fits in the commutative triangle below.

(6.1)
X . /

Each of the objects appearing in the definition above have particular names: F is

called the total space, B is called the base space, F'is called the typical fiber, and p is
usually called the projection map. The neighborhood U appearing in the local triviality
condition is called a trivializing neighborhood, or sometimes also a distinguished
neighborhood, and the homeomorphism ¢y comparing p~!(U) with the product U x F

is called a local trivialization.

Sometimes, instead of saying that the quadruple (E, B, F,p) is a locally trivial
bundle, we also simply say that the map p : E — B defines a locally trivial bundle
with typical fiber F.

Let us discuss the geometric meaning of this definition. If p : E — B is a locally
trivial bundle with typical fiber F', then the parts of the total space E that are over
sufficiently small parts of the base space B look like a product with the typical fiber.
Even though E might not be globally like the product space B x F, if we restrict to the
part p~1(U) of E that is over a trivializing neighborhood U C B, then this part looks like

a product U x F' by means of the trivialization ¢y.

Notice that the condition 71 o ¢y = p implies that ¢y maps the fiber p~(b) over
a point b € U to the subspace {b} x FF C U x F, but since ¢y is a homeomorphism by

hypothesis, the restriction ¢y|,-1() actually defines a homeomorphism between the fiber
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p~1(b) and the space {b} x F', and this space is itself homeomorphic to the typical fiber
F'. This means that, in a locally trivial bundle, every fiber is topologically the same as
the typical fiber. We can then regard the total space E of the bundle as being obtained
by gluing together a bunch of copies of the typical fiber F', but this gluing is far from
being arbitrary: fibers over nearby points of the base space B are in some sense “parallel”,
just like the fibers of the canonical projection B x F' — B are all parallel in our usual

depictions of products.

6.1.2 Example. Given any two spaces B and F', the canonical projection m; : BXF — B
defines a locally trivial bundle. Notice that, if we take U := B, then 771 (U) = 77 1(B) =
B x F =U x F, and then the identity map idgy«r defines a trivialization, since it trivially

fits in the commutative triangle below.

T (U)=BxF Mo UxF=BxF
x /
U=58

This is called the trivial bundle over B with typical fiber F.

We have a special terminology for locally trivial bundle p : E — B that are
equivalent to the trivial bundle 7 : B x F' — F'.

6.1.3 Definition. A locally trivial bundle p : ' — B with typical fiber F is said to be
trivial if B itself is a trivializing neighborhood, that is, if there exists a homeomorphism

¢ : F — B x F that fits in the commutative triangle below.

E L BxF

N

B

In this case, the homeomorphism ¢ is called a global trivialization of the bundle.

6.1.1 Bundles from group actions

In this subsection we study some useful results relating group actions to locally
trivial bundles, and then use these results to deduce some important examples of locally
trivial bundles that will reappear later on. The contents presented here is based mainly
on (STROM, 2011, Section 15.3) and (DIECK, 2008, Section 14.1). Since our focus for
the moment is on the examples, we only sketch the simpler proofs, or instead point to

references in the literature when possible.

Let G be a topological group, and suppose we have a map p : G x X — X defining

a (left) action of G on X. There are a number of objects associated with this action. Given
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any point x € X, the subspace
Gr={g-x|geG}
is called the orbit of the point x. The subgroup G, C G defined as
G, ={9€G|g r=ua}

is called the stabilizer of x, or also the isotropy group of x. The action of G induces
an equivalence relation ~g defined as x ~g 2’ if and only 2’ = ¢g - x for some g € G. The
equivalence classes of this relation are precisely the orbits of the action, and the quotient

space X/ ~¢ is aptly called the orbit space and is commonly denoted by X/G.

We are interested in obtaining conditions under which the canonical projection
m: X — X/G - called the orbit map of the action - defines a locally trivial bundle with
typical fiber G. In order to obtain nice results, however, we will need to consider a more
restricted notion of locally trivial bundle by imposing a certain compatibility condition

with the action that we now explain.

If U C X/G is any subset, then its inverse image 7~ (U) C X satisfies a G-stability
condition: for any x € 7~1(U) and any g € G, the point g -z still belongs to 7=(U), since
7(g-x) = m(x) € U. This means that the action of G on X restricts to an action of G on
71 (U). Given a local trivialization ¢ : 71 (U) — U x G for T, since G also acts on U x G
by the rule g- (b, ¢') := (b, g¢’), we can ask for ¢ to satisfy the condition ¢(g-x) = g- ().
When this happens, we say that ¢ is a G-equivariant local trivialization, or more

simply a local G-trivialization.

We can now state our goal: we want to find conditions under which every point
b € X/G has a neighborhood U over which there exists a local G-trivialization ¢y :
71 (U) — U x G. This of course implies that 7 : X — X/G is a locally trivial bundle

with typical fiber GG, but local G-trivialiaty is stronger than mere local triviality.

It turns out that this local G-triviality condition is equivalent to a combination
of global and local properties of both the action and the orbit map X — X/G. Roughly
speaking, the local G-triviality condition is equivalent to the combination of the following

conditions:

1. two global conditions on the action which ensure that the orbits of the action are

all topologically equivalent to G;

2. a local condition on the projection X — X /G allowing us to continuously choose

points in different orbits of the action.

The next example shows that, in general, the orbits of an action are topologically

distinct, so we really need to impose restrictions on the action to avoid this problem.
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6.1.4 Example. Regard the multiplicative group Z, = {—1,1} as a discrete topological
group, and consider the action p : Zy x St — S! defined as

(z,y), ifg=1,

(g, (x,y)) = .

(x,—y), ifg=—1.
The orbit of a point (zg,yo) € S is the set {(zo,y0), (zo, —yo)}. Notice that, if yo # 0,
then the orbit contains two points, but if yy = 0, then the orbit contains a single point.
This means that there are topologically distinct orbits, or equivalently, that the projection
7 : S — S'/Z, has topologically distinct fibers, so there is no hope of it being a locally

trivial bundle.

I am not familiar with a general condition that ensures the different orbits of the
action are similar in some sense, so I will use one which is sufficient for our purpose. An
action p: G x X — X is said to be free if, for any point z € X, the equality g-x = = only
holds if g = e. This is equivalent to saying that all the stabilizers GG, are trivial. Notice
that the action of Example 6.1.4 is not free, because the stabilizers of the points (1,0)
and (—1,0) are both equal to Zs.

When dealing with free actions, there is more hope for the quotient X — X/G to
be locally trivial. This is because in this case the orbits are more similar than in the case
of an arbitrary action. More precisely, for any action p : G x X — X and for any point

x € X, we always have a surjection p, : G — Gz defined as

pe(9) =g-x VgeQG.

If g1, g2 € G are such that p,(g1) = pz(g2), then g; - * = go - x, which can be rewritten
as (g5'g1) - ¢ = x. If the action is free, this implies g5 'g; = e, therefore g, = go. This
shows that in a free action there is always a continuous bijection p, : G — Gz between

the orbits and the group itself.

In general, there is no reason to expect p, to be a homeomorphism, so we have
not solved the problem of topologically distinct fibers yet, but we are closer to a solution.
If the action of G on X is free, then there is an obvious inverse function p;' : Gx — G
sending g - x to g, that is, p; ! “extracts” the group elements from the points of the orbit.
We want to consider actions where this extraction can be made continuously for all orbits,

and we now formalize this idea.

The action p : Gx X — X and the projection 75 : G x X — X together determine

a map
(m2,p) : G x X = X x X,

called the shear map of the action, which sends (g,z) to (z,g - ). The image of this

map is the subspace

CX)={(r,g-v) e X x X |z e X, geG}.
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If the action p is free, then its shear map is injective, and we can then consider the

translation function' ¢ : C(X) — G defined as the composition

t =m0 (m,p) "

Explicitly, ¢ sends a point (x,g - x) to g € G, so it is related to the extraction process
mentioned above. In principle, ¢ is just a function, and if ¢ happens to be continuous, we

say that the action is weakly proper.

The next result shows that, if we want the projection X — X/G to be a locally

trivial bundle, then it is reasonable to work with free and weakly proper actions.

6.1.5 Lemma. Let p: G x X — X be a continuous action of the topological group GG
on the space X. Suppose that, for each b € X/G, we can find a neighborhood U C X/G
over which there exists a G-equivariant local trivialization ¢ : #=1(U) — U x G of the
canonical projection 7w : X — X/G. Under these conditions, the action of G on X is both

free and weakly proper.

Sketch of proof. For any space Y, notice that the action of G on Y x GG defined as g -
(y, h) = (y, gh) is free. Indeed, if g - (y,h) = (y, h), then gh = h, which implies g = e.

This action is also weakly proper. The translation map t : C(Y x G) — G can be

described as the composition below,
CY xG) —— Gx G2 g —m G

where the first map is a combination of projections sending ((y, k), (y, gh)) to (gh, h), and

m and inv are the multiplication and inversion maps of G.

The result then follows by using local G-trivializations over neighborhood U C
X/@G to compare the action p on 7! (U) with the action of G on U x G. |

Free and weakly proper actions solve the problem of topologically distinct fibers.
We have already discussed how the map p, : G — Gx defines a continuous bijection in the
case of a free action. Now, if the action is moreover weakly proper, then the continuity of
the translation function implies that we can continuously invert the shear map, therefore
it defines a homeomorphism
s: X x G = C(X).

Restricting s gives us a homeomorphism between {z} x G and the subspace
s{z} x G)={(z,9-v) e X x X | g € G} = {z} x Gx.

Using that there are homeomorphisms G — {z} x G and {z} x Gz — G we deduce

that p, : G — Gz is also a homeomorphism.

L Some authors call ¢ the division function of the action.
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So far we know that, if the projection X — X/G is locally G-trivial, then the
action is free and weakly proper, and that a free and weakly proper action has all its
orbits homeomorphic to the group G itself. These two conditions are almost sufficient to
guarantee that the orbit map X — X/G is globally G-trivial! The space X is partitioned
into orbits, and each of these orbits is homeomorphic to GG, so it seems like we can compare
X to (X/G) x X by means of a map ¢ : X — (X/G) x G whose restriction to the orbit
Gz sends every point of the form g -z to the pair (Gz,g). Notice that this definition
depends on choosing for each orbit b € X/G a representing point in X, that is, a point
x € X such that b = Gz. Of course, any point on the orbit can serve as a representing
point for it, and without further assumptions on the action, it is not possible to guarantee
that we can continuously choose a representing point for each orbit. In order to do this,

we introduce the concept of sections.

6.1.6 Definition. If p : X — Y is a map, then a section of pisa map s : Y — X
satisfying the equation pos =idy. If U C Y is an open subset, a section of the restriction

plp-1w) : pH(U) — U is called a local section of p over U.

At the moment we are interested in constructing local sections of the orbit map
X — X/G. Maps out of a quotient can always be constructed by starting with a map on
the “over” space, and then factoring it through the quotient. The next result is a useful

lemma for defining local sections by a similar factoring process.

6.1.7 Lemma. Let p : X — Y be a surjective quotient map. Given an open subset
U CY, denote by py : p~'(U) — U the restriction p|,-1,. The following assertions are

equivalent:

1. there exists a local section s : U — p~*(U) of p over U;

2. there exists a map S : p~'(U) — p~}(U) which is constant on the fibers of py; and

satisfies the equation py o .S = py.

Proof. Suppose that s : U — p~1(U) is a local section of p over U. Define S : p~1(U) —
p 1 (U) as the composition S = so py. If 71, 7o € X are such that py(z1) = py(z2), then

S(x1) = s(pu(z1)) = s(pu(z2)) = S(72),

showing that S is constant on the fibers of p;;. Now, using that s is a local section we see
that

pu oS =pyosopy
= idy o py

= pu-
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Conversely, suppose S satisfies the conditions in the statement. Since p~'(U) is
an open subset of X saturated with respect to p, according to (BROWN, 2006, result
4.3.1), py : p~(U) — U is still a quotient map. Since S is constant on the fibers of py by
hypothesis, it can be factored through it to define a map s : U — p~1(U).

p(U) —5= p~'(U)

/,>l
P|p—1<U>J e
U

We claim that s is a local section of p over U. In order to see this, using the equality

pu o S = py we first notice that s satisfies

puosopy =pyoS=py.

Now, since py is surjective, we can cancel it from both sides of the equation above to

deduce that py o s = idy as desired. [ |

The concept of section solves our problem of representing points for orbits: a
section of the orbit map X — X/G is precisely a way to continuously choose a point
in each of the orbits. With this in mind, the next result is expected. See (DIECK, 2008,
Propositions 14.1.5 and 14.1.7) for a proof.

6.1.8 Theorem. Let p: G x X — X be a continuous action of a topological group G on

a space X. The following assertions are equivalent:

1. the orbit map 7 : X — X/G is globally G-trivial, that is, there exists a G-equivariant
homeomorphism ¢ : X — (X/G) x G such that m o p = 7;

2. the action is free, weakly proper, and the orbit map admits a section.

Now that we know conditions ensuring the global G-triviality of the orbit map of
an action, in order to obtain conditions for local triviality we just need to reformulate the

previous result in local terms.

6.1.9 Theorem. Let p: G x X — X be a continuous action of a topological group G on

a space X. The following assertions are equivalent:

1. the orbit map 7 : X — X/G is locally G-trivial, that is, every b € X/G has a
neighborhood U C X/G over which there exists a G-equivariant homeomorphism

oy ™ HU) — U x G such that m o oy = T;

2. the action is free, weakly proper, and every b € X/G has a neighborhood U C X /G

over which the orbit map admits a local section.
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6.1.10 Remark. One could wonder why we did not make the apparently weaker assump-
tions that the action p : G x X — X in Theorem 6.1.9 is only locally free and locally
weakly proper. This is because these two assumption imply that p is globally free and
weakly proper. More precisely, if we suppose that each b € X/G has a neighborhood U
such that the restricted action py : G x 771(U) — 7 1(U) is free and weakly proper, then

it follows that p itself also satisfies these two properties.

The examples below show that many important locally trivial bundles in Algebraic

Topology can be described as orbit maps of group actions.

6.1.11 Example. Regard the integers Z as a discrete topological group, and consider
the action p : Z x R — R defined as

p(n,t) =t+n V(n,t)eZxR.

Geometrically, each n € Z acts by translating the points of R.

We now show that the orbit map p : R — R/Z defines a locally Z-trivial bundle.
First, it is clear that the action in question is free, since the equality t+n = ¢ only happens
if n = 0. For the weak properness, notice that the translation function C(R) — Z sending
(t,t+mn) to n can be described by simply subtracting the first coordinate from the second,
therefore it is continuous. Now, given a point [t] € R/Z represented by a point ¢ € R,
consider the open neighborhood U of [t] defined as U := p(V'), where V = (t — 2, t+ %)
is an open interval around t. The restriction p|y : V — U is injective, because it [t] = [t'],
then ¢t — ¢ = n for some n € Z, but since the distance between any two points of V' is
strictly smaller than 1, this equality can only happen if n = 0, therefore ¢ = ¢’. This means
that p|y is a continuous an open bijection from V' to U, thus a homeomorphism. A local

section of p over U can then be obtained as the inverse of p|y .

The previous paragraph shows that the action p in question is free, weakly proper,
and that the orbit map p admits local sections. It then follows from Theorem 6.1.9 that
p: R — R/Z is a locally Z-trivial. And why is this particular bundle important? The

answer is that it is merely an alternative description to a famous bundle, as we now show.

Since the complex exponential is 27 —-periodic, the quotient map £ : R — S!
given by E(t) := ¥ = (cos(2nt),sin(27t)) is constant on the orbits of the action p,
therefore it can be factored through the orbit map to define F : R/Z — S*.

Conversely, given a point z € S! of the form €™ = F\(t), its fiber E~!(z) is equal to
{t+n|n € Z},ie., it is precisely the orbit of ¢t under the action of Z; therefore the orbit
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map p is constant on the fibers of the quotient map F, so it can also be factored through
it to define p: S* — R/Z.

Using the defining properties of E and p it is straightforward to show that they are inverse
maps. Of course, E is the famous covering of the circle by the real line, and we have simply

given an alternative description of it in terms of orbit maps of group actions.

6.1.12 Example. Recall that, as a mere set, the n-dimensional projective space RP" can
be defined as

RP™ := {¢{ C R"™ | /is a 1-dimensional linear real subspace}.

Since every 1-dimensional linear real subspace of R"*! is generated by a non-zero vector,
we have a surjective function ¢, : S™ — RP" which sends each point x € S" to the linear
real subspace (x) spanned by it. We then regard RP™ as a topological space by equipping
it with the quotient topology induced by the function g¢,.

Standard results from the theory of quotient spaces imply that there is a homeo-

morphism ¢ : RP™ — S™/ ~, that fits in the commutative triangle below.

n

Here ~,, is the equivalence relation defined as « ~,, y if and only if ¢,(z) = ¢, (y).

In this case, there is a very simple explicit description for ~, . If  ~, vy, then
(x) = (y), so there exists a real number ¢ > 0 such that y = tx. Taking norms of both
sides we conclude that |t| = 1, that is, ¢ = +1. The equivalence ~,, can then be restated

as T ~g, yif and only if z =y or y = —x.

This equivalence relation can in fact be seen as induced by a group action. Regard

Zso as a discrete group, and define an action p : Zs x S™ — S™ by the formula

x, ifg=1,
plg, x) =
—x, ifg=—1.

The equivalence relation induced by this action is precisely ~, , so we can regard the
quotient S™/ ~, as the orbit space S"/Z, and use Theorem 6.1.9 to study the local
triviality of the orbit map 7 : S™ — S™/Zo.



6.1. First definitions and examples 177

Since there is no point x € S™ satisfying the equation x = —uz, the action of
—1 € Zy does not fix any points of S™, therefore the action of Z, in question is free. The

image of the shear map S™ x Zy — S™ x S™ is the subspace
ciS") ={(z,z) |z € S"yU{(z,—x) |z € S"},

which can be written as the disjoint union of two closed subspaces. The restriction of the
translation function ¢ : C(S™) — Zs to the first of these subspaces is constant and equal
1, and thus continuous; while the restriction to the second subspace is constant and equal
to 1, therefore also continuous. It follows from the Pasting Lemma that ¢ is continuous,

so the action in question is weakly proper.

Now we show that the orbit map 7 : S™ — S™/Z, admits local sections. It is a
standard fact from the theory of topological groups that the orbit map is always open
(see for example (BROWN, 2006, result 11.1.2)). It follows that the subset U; C S™/Z,
defined as

Ui ={[yl € S"/Zs |y = (41, -, Yns1) € S", y; # 0}

is open.

The map S; : 7 1(U;) — 7 1(U;) defined as
Si(xy, .o Tpgr) = ﬁ(xl, ey Tpa)
|7,
is constant on the fibers of 7|1y, because Sj(—x) = S;(x) holds for every z € 7~'(Uj;),
and it also satisfies 7| -1,y 0 S = 7|r-1(1,), because S;(z) is obtained from x by scalar
multiplication. It follows from Lemma 6.1.7 that the map s; : U; — 7 1(U;) obtained by

factoring S; through the quotient is a local section of 7 over Uj.

If we vary j € {1,...,n+1}, then the open subsets of S™/Z, of the form U; define
an open covering of the orbit space. This means that every orbit lies in an open subset
over which we can define a local section. Theorem 6.1.9 then implies that there exists a
local trivialization v : U; x Zg — m1(U;). Explicitly, this map is given by

X,

|?j‘|(x17"'7xn+1)7 lfg:]-7
¢([$17---7$n+1]79): ]:L‘~
- (2, ), ifg=—1
;]
Notice, moreover, that ¢ is Zs-equivariant, because ¥ ([z]|, —1) = —¢([z], 1).

6.1.13 Example. The n-dimensional complex projective space CP™ has an analogous

construction. As a set, it is defined as
CP™ := {¢ C C"" | / is a 1-dimensional complex linear subspace of C"*'}.

Let S be the set of unit norm vectors in C""!. Since every 1-dimension complex linear

subspace of C"™! can be generated by a vector in S, the map ¢, : S — CP" defined
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a gn(2) = (z) is a surjection, and we can then equip CP™ with the quotient topology
induced by g,.

Like in Example 6.1.12, we can also regard CP™ as a quotient of S' by the equiva-
lence relation ~,, defined as z ~,, 2’ if and only if ¢,(z) = ¢,(%'). Using that the vectors
of S have unit norm, a simple computation then shows that z ~, 2’ if and only if there
exists a complex number w € S! such that 2/ = w - z, where the dot denotes the usual

scalar multiplication in C**!. In other words, ~,, is the equivalence relation induced by

n

the group action p : S x S — S defined as

p(w, (z1,. .., Zn41)) =W (21, Zng1) = (W21, .o, W2Zpe1).

We then have a homeomorphism f : S/S* — CP" that fits in the commutative triangle

below.
S > CP"
If 2= (21,...,2n41) € S and w € S* are such that w - z = z, then wz; = 2; holds
for every i € {1,...,n+1}. Since z # 0, at least one of its coordinates, say z;, is non-zero,

and then the equality wz; = 2; implies w = 1; proving that the action of S on S is free.

In order to prove that the action is also weakly proper, consider first the usual
hermitian product B : C** x C*"*! — C given by

n+1
B((wl, c. ,wn+1), (21, e 7Zn+1)> = Z W; Z; -

For any z € S and w € S we have the equality
B(z,w- z) =w,

therefore the translation function ¢ of the action can be described as the composition
of B (suitably restricted) with the complex conjugation map, which means that ¢ is a

continuous function.

Now we deal with the construction of local sections. Similar to what we did in
Example 6.1.12, we consider the open subset U; C CP" defined as

U ={[z]€85/S" | z=(21,...,2011) €S, z; # 0}.
Now let S; : = 1(U;) = 7 *(U;) be defined as
Z.
Si(21y oy 2ng1) = — 2 (215 Zng1)-
12

Reasoning like in Example 6.1.12 we can show that S; is constant on the fibers of the

orbit map and that it satisfies the equation 7|r-1) © S; = 7|r-1(v,). It follows from
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Lemma 6.1.7 that by factoring S; through m we obtain a map s; : U; — 7~ *(U;) which is
a local section of 7 over U;.

Theorem 6.1.9 then implies that the map ¢ : U; x S* — 7= 1(U;) defined as
wz;

Il

U([z1, -0 2] w) (21, Zna1)

defines an S'-equivariant local trivialization of 7, and since S/S! can be covered by open
subsets of the form U; for varying j € {1,...,n + 1}, the projection 7 : S — S§/S*
is a locally trivial bundle with typical fiber S!, the same being true of the projection
Gn : S — CP™.

We now study some results closely related to Theorem 6.1.9. Suppose p : G X
X — X is a continuous action of a topological group G on a space X, and suppose
that this action is free, weakly proper, and admits local sections, so that the orbit map
m: X — X/G is locally trivial with typical fiber G. If H < G is a subgroup, it becomes
a topological group when equipped with the subspace topology, and it gives rise to a
restricted action

pHI:p|H><XIH><X—>X.

The orbit map 7y : X — X/H obtained from this restricted action might not be a
locally H-trivial bundle, because it might not admit local sections. A rough explanation
for this possible non-existence of local sections is that, even though every orbit of H is
contained in an orbit of GG, this containment might be strict, and then, even if we are able
to continuously choose points in sufficiently close orbits of G, it might happen that the

chosen points are outside the orbits of H.

There is, however, a map related to m and 7y that is a locally trivial bundle. The
orbit map 7 : X — X/G is constant on the orbits of H, therefore it can be factored
through 7y : X — X/H to define an induced map p : X/H — X/G. Explicitly, p sends
an H-orbit of the form Hx to the corresponding G-orbit Gz.

The next result shows that this induced map p defines locally trivial bundle.

6.1.14 Proposition. Let p: G x X — X be a continuous, free and weakly proper action
of the topological group G on the space X, and suppose that the orbit map 7 : X — X/G
admits local sections. Given a subgroup H < G, let pg : H x X — X denote the restricted
action. The map p: X/H — X/G obtained by factoring 7 through 7y is a locally trivial
bundle with typical fiber G/H, where G/H denotes the orbit space of the action of H on
G by multiplication on the right.
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Sketch of proof. Let U C X/G be an open subset together with a G-equivariant local
trivialization ¢ : 7~ 1(U) — U x G. We will construct a local trivialization @ : p~}(U) —
U x (G/H) of p over this same subset.

Since 75 (p~1(U)) = n~4(U), by (BROWN, 2006, result 4.3.1) we know that the
restricted projection my -1y : 7 (U) — p~}(U) is still a quotient map. If ¢ : G — G/H
denotes the orbit map given by g — gH, then using the G-equivariance of ¢ one can show

that the composite map
(idy x q)op: 7' (U) = U x (G/H)

is constant on the fibers of 7y |1, therefore it can be factored through this projection

to define a map
?:p ' (U) = U x (G/H).

Now let ¢ : U x G — 7~ 1(U) be the inverse map of the G-trivialization . Since
q : G — G/H is an open map, being the orbit map of an action, the product idy X ¢ :
UxG — U x (G/H) is an open surjection, and thus a quotient map. Using the G-
equivariance of 1) we can show that 7 0 : U x G — p~'(U) is constant on the fibers of
idy % g, therefore it can be factored to define a map ¢ : U x (G/H) — p~'(U).

A straightforward computation using the defining properties of % and 1 shows that
these two maps are inverse to one another. Moreover, they are compatible with the maps
p:p Y(U)—=Uandm:Ux (G/H) — U, defining therefore local trivializations. [ |

The next example is an application of Proposition 6.1.14 which will be relevant

later for the construction of characteristic classes.

6.1.15 Example (Stiefel manifolds). Let F denote either the field of real or complex
numbers. Given integers 1 < k < n, a k-frame in F" is a k-tuple (vy,...,v;) € (F")* of

linearly independent vectors. The space of all k-tuples in F™
V(™) = {(v1,...,v) € (F)* | (vy,...,v;) is a k-frame},

regarded as a subspace of (F")* is called the open Stiefel manifold of k-frames in F”.

Let (—, —) denote the usual inner product on F* (euclidean if F = R, and hermitian
if F = C). If a k-frame (v,...,v;) is such that ||v;|| = 1 for every i € {1,...,k}, and
v; L v; for all i # j, then we say (v1,...,v;) is an orthonormal k-frame. The space

Vi(F") = {(v1,...,vr) € V' (F") | (v1,...,v) is an orthonormal k-frame}

is called the Stiefel manifold of orthonormal k-frames in F". Notice that V(F") is
a closed subspace of the product of spheres (S9 1)k where d = 1 if F = R, and d = 2 if
F = C; therefore Vj(F™) is compact.
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The Gram-Schmidt orthonormalization algorithm defines a map GS : V2(F") —
Vi.(F™). Since the algorithm does nothing when applied to a k-frame that is already or-

thonormal, GS is a retraction.

Now given another integer 1 < j < k, there is a projection map g ; : Vi (F") —
V;(F™) defined as

Qk‘7j<vla s 7Uk;) = (Ul, Ce 7Uj>'

We want to show that g ; is a locally trivial bundle. In order to do this, we give an

alternative description of Vi (F™) in terms of group actions.

The group O(F") of orthogonal transformation of F" to itself acts on Vj(F") via
the map p : O(F") x Vi (F™) — Vi (F") defined as

p(T, (v, ...,vp)) =T - (vy,...,v5) = (T(v1),...,T(vx)).

If eq,...,e, are the canonical basis vectors of F", we let e == (eq,...,ex) € Vi(F"). If
(v1,...,v;) is any orthonormal k-frame in F™, there exists an orthogonal transformation
T € O(F™) such that (vq,...,v;) =T - e. This means that the action p is transitive, and
that the map p. : O(F") — Vi (F") defined as

pe(T) =T -e=(T(e1),...,T(ex))

is surjective.

The isotropy subgroup O(F™), < O(F") consists of the orthogonal transformations
T € O(F") satisfying T'(e;) = e; for every ¢ € {1,...,k}. If T\, T, € O(F") are such that
pe(Th) = p(T3), then the orthogonal transformation Ty * o T} belongs to O(F").. In other
words, if we let O(F"), act on O(F™) by multiplication (= composition) on the right, then
pe(T1) = pe(T2) if and only if T} and T3 are in the same orbit under this action of O(F")..
We can then factor p, through the orbit map 7 : O(F") — O(F")/O(F"). to obtain a map
G+ O(F)JO(F™), — Vi(F").

O(F") ——— V(R

T
WJ( e
,/// ¢n,k

O(F")/O(F").

Since p. is surjective, and O(F")/O(F"). is compact, the induced map ¢, is a homeo-

morphism.

There is a more familiar description of the isotropy group O(F").. There is an
“inclusion map” i : O(F"%) — O(F™) mapping an orthogonal transformation 7" : F*~% —
F™* to the orthogonal transformation T : F* — F" defined as

~

T(X1y ey Thy Tty e ey L) = (X1, ooy Tp, T (Thg1y -+ 5 Tn)),
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where we are making the harmless identification F* = F* @ F"~%. Notice that T fixes the
first k basis vectors of F”, that is, T € O(F"),, and the inclusion O(F" %) < O(F") just
described establishes a homeomorphism O(F"), = O(F"*). For this reason, we usually
write the quotient O(F")/O(F"), as O(F")/O(F"*), so that we have a homeomorphism

Gne : O(F™) JO(F" ) =5 Vi (F™).

For an integer 1 < j < k, we also have the analogous inclusion O(F"~7) < O(F")
identifying O(F"7) with the orthogonal transformations in O(F") that fix the first j
canonical basic vectors of F”. With these identifications in mind, we have the subgroup
inclusions O(F"*) < O(F"7) < O(F"), and therefore we have an induced map

O(F")/O(F"~*) — O(F")/O(F"~)

fitting in the commutative triangle below.

(/// \\\»

O(F™) JO(F"F) e > O(F")/O(F")

A direct computation shows that py ; fits into the commutative square below.

O(F™) JO(F"=F) 222, v, (m)

pk,jl JVQk,j

OF")/O(F"7) —— V;(F")

This means that we can study the local triviality of g ; by instead studying the local

triviality of py ;, and for this we have Proposition 6.1.14 at our disposal.

The action of a subgroup on the ambient group by multiplication on the left or
on the right is always free and weakly proper, therefore the action of O(F"7) on O(F")
is free and weakly proper. We now show that the orbit map 7 : O(F") — O(F")/O(F" )
admits local sections. Fix n — j vectors wy,...,w,—; € F". Using the continuity of the
determinant we can show that the subset V' C V;(F") defined as

Vi={(v1,...,v5) € V;(E") | (v1,...,05,w1,...,w,_j) =F"}

is open, therefore U := ¢, (V) is an open subset of the orbit space O(F")/O(F"~7). The

inverse image 7! (U) consists of those orthogonal transformations 7' € O(F") such that

(T(er), .., T(ej), wr, .., wa_s) = F".

Define a map X : 7 }(U) — 71 (U) by setting X(T') to be the unique orthogonal

transformation satisfying

(S(T)(ey), ..., B(T)(en)) = GS(T(e1), ... T(e;),wr, ... wn_j).
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Notice that X is constant on the orbits of O(F"~7). Indeed, if S € O(F"77), that is, if S

fixes the first j basic vectors, then
GS((T 9] S)(el), cey (T o S)(ej),wl, . ,’U)n,j) = GS(T(@l), c. ,T(ej), Wi, ... ,wn,]’),

which means that ¥(7 o S) = X(T). Moreover, since (T'(e1),...,T(e;)) is already an or-
thonormal j-frame, the Gram-Schmidt algorithm does not change the first j components
of the n-frame (T'(e1),...,T(e;), w1, ..., w,—;). This means that the orthogonal transfor-
mation T~ ! o ¥(T) fixes the first j basic vectors, i.e., T~ o X(T) € O(F"7). It follows
that X(T) and T are in the same orbit of O(F"7), therefore m(3(T")) = 7(T) holds for
every T € 7 }(U). Lemma 6.1.7 implies that ¥ can be factored through 7 to define a
local section s : U — 7 }(U) of the orbit map m : O(F") — O(F")/O(F" 7).

We have shown so far that the action of O(F"~7) on O(F") is free, weakly proper
and admits local sections. If we then apply Proposition 6.1.14 to the subgroup O(F"~*) <
O(F"7) we deduce that the induced map

prj : O(F")/JO(F" %) — O(F™)/O(F")

is a locally trivial bundle whose typical fiber is the quotient space O(F"~7)/O(F"~*), which

is homeomorphic to the Stiefel manifold Vj_;(F"~7) via the map
iy + OF" ) JO(E") = Vi (F"7).

Thinking only in terms of Stiefel manifolds, this example shows that the projection ¢y ; :
Vi(F™) — V;(F™) is a locally trivial bundle with typical fiber Vj_;(F"7).

6.1.16 Example. Regard the additive group Z as a discrete topological group, and

consider its action on the infinite horizontal strip R x I defined by the formula

p(n, (s,) = (s +n, 5+ (=1)" (t—13)).

This action is free, since if n-(s,t) = (s,t), then in particular s+n = s, which implies n = 0.
Moreover, the translation function ¢ : C'(R x I) — Z can be described as a combination

of projections and a subtraction as shown below,
((s,t), (s+n,%+(—1)” (t—%))) = (s,s+n)—>s+n—s=n

therefore the action p is also weakly proper.

Let us describe the orbit space M := R x I/Z of this action. Notice that, for any
point (s,t), we can find another point (s',t') which belongs to the subspace I x I and
which is in the same orbit of (s,t). Indeed, if we let n be the greatest integer satisfying

n < s, then the point

) (s b 1y (e 1)
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Figure 7 — Line segments on the M&bius strip.

~+~
Il
—_

‘Il |
~ ~

Il
Ll Ll (98]

~+~
Il
N[

-
Il
=)
«

Figure 8 — Topological circles on the Mdbius strip.

belongs to I x I and satisfies n - (s',t') = (s,t). This means that the restriction of the
orbit map 7 : R x I — R x I/Z to the unit square I x [ is surjective, thus we can regard
the orbit space R x [ /Z as a quotient I x I. The only identifications made on I x I by
the action are those of the form (0,¢) ~ 1-(0,¢) = (1,1 — t). This means that R x [/Z
can be obtained from I x I by identifying the left side {0} x I of the square with the left
side {1} x I, but performing a half-twist before making the identification; therefore the
orbit space R x I/Z is a Mobius strip.

We can better visualize the orbit map 7 : R x I — M by studying how it affects
particular subspaces of R x [. In Figure 7 we can see how different line segments in
R x I are identified with alternating orientations, and then how these correspond to line

segments on the surface of the Mobius strip.

It is also interesting to see how the orbit map affects lines of the form R x {¢} for
some t € I. Their images are topologically equivalent to circles, but due to the way that
the points in R x I are identified, pairs of lines which are symmetric with respect to the

central line R x {%} have equal images, as shown in Figure 8

Let F : R — S de the map defined as E(s) := (cos(27s),sin(27s)), so that E|;
is the exponential map exp : I — S! we have been using so far. Using F, we define a
map P : R x [ — S* by the formula P(s,t) := F(s). The periodicity of F implies that
P(n - (s,t)) = P(s,t) holds for any (s,t) € R x I and any n € Z, therefore P can be
factored through the orbit map of the action to define a map p: M — S*.

We want to show that the map p constructed above is a locally trivial bundle
with typical fiber the unit interval I. Consider the open subset U := S*\ {(1,0)}. Since
E(s) = (1,0) if and only if s = n for some n € Z, if we set U,, == (n,n + 1) x I for each
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n € Z, then we can write
P U) = | Un.

nez
The map p was defined by factoring P through =, so the equality 7 (p~}(U)) = P~}(U)
holds, and by restriction we have a surjection 7|p-1(yyy : P~ (U) — p~}(U). Now, for every
point (s,t) € P~Y(U) we can find another point (s',t') € Uy such that (s,t) ~ (s',#'), which
means that the restriction 7|y, : Uy — p~!(U) is still surjective. Moreover, this restriction
is also an open map, and thus a quotient map, because the orbit map 7 : Rx 1 — M is itself
an open map. Notice, however, that 7|y, is also injective, because if (s1,11), (s2,t2) € Uy
are such that 7(sy,t1) = 7(sg,t2), then in particular sy = s; + n for some integer n € Z,
but since s; and sy are both in (0, 1), this is only possible if n = 0, which then implies

(s1,t1) = (s2,12).

The reasoning of the previous paragraph implies that |y, : Uy — p~1(U) is a
homeomorphism. Now, since the restriction E|q 1 : (0,1) — U is also a homeomorphism,
so is the map @y : Uy — U x I defined as

Oy(s,t) = (E(s),t) = ((cos(2ms), sin(27s)), t)

for every (s,t) € Uy. Using this we define a homeomorphism ¢ : p~1(U) — U x I via the
composition ¢y == @ o w|;;}. Notice then that, given [s,t] € M with (s, t) € Uy, we have

mi(pu([s, 1)) = m(E(s), 1) = E(s) = p([s, 1]); (6.2)

showing that the homeomorphism ¢ commutes with the projections of p~!(U) and U x I,

and therefore that it defines a local trivialization.

The open subset U does not cover all of S, however. We still need to construct a
local trivialization around the point (1,0) € S!. Consider the open neighborhood of such
point defined by V := S'\ {(—1,0)}. Since E(s) = —1 if and only if s = n + 5 for some
n € Z, we can write

PHV)=(R\{n+35|neZ})xI
Similarly to the previous case, if we consider, for each n € Z, the subset
V, = (n+%,n+l+%) x I,
then we can rewrite the previous expression as

PV) = Ve

neL

The restricted exponential E|/; 3y : (%, %) — V is again a homeomorphism, and
22

using it we define a homeomorphism ®y, : Vj — V' x I by the formula

Oy (s,t) = (E(s),t) Y(s,t) € V.
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Using the same reasoning as in the previous case we can show that the restriction |y :
Vo — p }(V) is a homeomorphism, and combining everything we define the required

trivial localization ¢y : p™ (V) = V x I via the composition ¢y = ®y o7l

The trivializations ¢y and ¢y constructed above look similar, and this might
suggest that they actually coincide where both are defined, i.e., that oy (o7 (2,1)) = (2, 1)
for every (z,t) € (UNV')x I, but this is far from being true. Consider for example z = (0, 1),

so that for any ¢t € I we can write ((0,1),t) = (E (i) ,t), and therefore

o ((0,1),8) = [4,¢].

Now, if we are careless we might say that

v (1) = (2(2).9) = @110

and conclude that ¢y and ¢y really coincide. The problem is that before applying ¢y we
need to rewrite the input in the form [s, t] with (s, t) belonging to Vj, and (i, t) does not
belong to V4! In order to fix this, we note that (3, 1-— t) belongs to Vj, and it is in the

same orbit of (i,t) since

(1= =(+tarE(-8) =1 ().

It follows that

v () = ([5:1-) = (B(2) 1 1) = (0.1 -0

therefore, going back and forth along the trivializations results in a vertical reflection of
(UNV) x I along the axis (UNV) x {%}

6.2 Feldbau’s Theorem

The goal of this short section is to prove Feldbau’s Theorem, one of the most
important basic results in the theory of locally trivial bundles. It plays a crucial role in
the next section where we study the lifting properties of the projection map of a locally
trivial bundle, and it is these properties that allow us to develop Obstruction Theory for

locally trivial bundles.

The lemma below on locally trivial bundles over cylinders is the main technical

result used in the proof of Feldbau’s Theorem.

6.2.1 Lemma. Let B be any space, and suppose £ = (E, F, B X [a,b],p) is a locally
trivial bundle over the cylinder B X [a, b]. If there exists ¢ € (a,b) such that the restricted

bundles &|px[a,q and &|pxcp) are both trivial, then § itself is trivial.
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Proof. Consider local trivializations

o+ (Bx[a,d) x F = p™(B x [ac)),
Y (B x[c,b]) x F— p (B x [c,1]).
We want to somehow glue these two trivializations along (B x {c}) x F, but since they

do not necessarily agree on this subspace, we need to modify them before performing this

gluing.

The restriction ¢|(px ()« defines a homeomorphism (B x {c})x F = p~'(Bx{c}),
the same being true of the restriction v|(px{c})xr. We can then find a homeomorphism
a : F'— F such that the equality

Y (p((x,0),2)) = (2. ¢), (2))

holds for every z € B and z € F. Using this auxiliary map we define ® : (B x [a, b]) X F —
E by the formula

o((z,t), 2), ifa <t<cg,

O((z,t),2) = .
P((x,t),a(z)), ifc<t<b.

Notice that, for t = ¢, the two expression above coincide since

U((@,0),a(2)) = ¥ (e((z,0).2))) = @(z,¢), 2),
therefore @ is well-defined and continuous by the Pasting Lemma.

Using that ¢, ¥ and « are homeomorphisms, it is straightforward to check that ®
is a bijection. Now let A C (B X [a,b]) x F be a closed subset. The intersections

A =AN((B % [a,c]) x F) and Ay :=AN((B x [¢,b]) x F)
are closed in (B X [a,c]) x F and (B X [c,b]) x F, respectively, and we can write
D(A) = P(A;) UD(Ay).
Since @ is equal to ¢ on the subspace (B X [a,c]) x F, we have the equality
(A1) = p(Ay),

which is a closed subset of p~1(B x [a, ), since ¢ is a homeomorphism; but p~(B x [a, c])
is closed in F, therefore ®(A;) is closed in E. For the other intersection, by definition of

® we can write
P(Az) = (Yo (idpx[ey X @))(As),

so this image is a closed subset of p~! (B x ¢, b]), since tho(id gy [ 5 X @) is a homeomorphism;

and then reasoning like in the previous case we deduce that ®(As) is closed in E too.
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It follows that ®(A) is the union of two closed subsets of F, so it is also closed in
E. This means that ® is a closed map, but since we already know that it is a bijection, we
deduce that ® is in fact a homeomorphism, and it defines the desired global trivialization
of &. |

6.2.2 Remark. We will need a version of Lemma 6.2.1 which follows from the one we just
proved, although it certainly looks stronger. In this version, we consider a finite number

of spaces X1,...,X,, and a locally trivial bundle
p:E— Xy x- XX, 1 X [a,b] x X x---x X,.

If there exists a number ¢ € (a,b) such that restrictions of the bundle above to X; X
e Xy X ay el x Xy xo-ox X, and Xy x -+ - x Xy X [¢,b] x X; x -+ - X, are both trivial,

then the original bundle is also trivial.

This version follows from the one we proved because there is a homeomorphism
Xy X oo x Xig X [a,b] x Xy x - x X, 2 (X; x -+ x X,,) X [a,],

therefore the bundle in question is isomorphic to a bundle over (X; x --- X,,) X [a,b] to

which we can apply Lemma 6.2.1.

With Lemma 6.2.1 we can prove the main result of the section.

6.2.3 Theorem (Feldbau). Every locally trivial bundle over the n-cube I™ is globally

trivial, where n > 0 is an integer.

Proof. Let & = (E, F,I"™,p) be a locally trivial bundle over I"™. By the Lebesgue Covering
Lemma, we can find a sufficiently big integer N > 0 such that, for any integers 1, ...,1, €

{0,..., N — 1}, the subcube

i atl
[ 5] x|

is contained in a trivializing neighborhood, therefore the restriction of £ to this subcube

i1
’zjiif—}g[n

=S

is trivial.

Now, if we fix the first n — 1 integers iy,...,4,1 € {0,..., N — 1}, we claim that

¢ is actually trivial when restricted to the strip

’il ’Ll+1 R 7:'rLfl Z’nfl“l’l
[ }x x[—N,iN }XI.

Indeed, if we let

C, = [%’ u;l} VTR [zﬁn’ zn];[i-l]
denote the “horizontal part” of this strip, then we know that £ is trivial when restricted

to the subcubes C,, x {0, %} and C), x [%, %}, therefore £ is trivial when restricted to the
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subcube C,, x [0, %} by Lemma 6.2.1 But £ is also trivial when restricted to C,, x [%, %],

so using Lemma 6.2.1 again we conclude that £ is trivial over C), x {O, %} . Proceeding like

this we eventually deduce that £ is trivial over C,, x I.

Now consider only n — 1 integers iy, ...,4,-1 € {0,..., N — 1}, and let

C, = [%7 iljJVrl} VTR [znT_l’ z‘n_]\1]+1} _
We claim that £ is trivial over C,,_; x I x I. Indeed, by the previous paragraph we know
that & is trivial over C),_; X {O, %} x I and C,,_; X [%, %} x I, so Lemma 6.2.1 (and
also Remark 6.2.2) implies that ¢ is trivial over C),_; X {0, %} x I. Proceeding like in the

previous case we eventually deduce the desired triviality condition.

Repeating the reasoning above a bunch of times we eventually show that, for any
choice of integer i; € {0,..., N — 1}, the bundle £ is trivial over [lﬁl, %} X (I x---x1T).
Varying ¢; and applying Lemma 6.2.1 like in the previous cases we see that £ is trivial

over I" [ |

6.3 Lifting properties

In this section we prove several results characterizing the lifting properties of the
projection map of a locally trivial bundle. We first prove that certain simple inclusions
can be lifted, and then use this to prove similar lifting results for certain inclusion of
CW-complexes and for homotopically simple maps. These results will be crucial for the
construction of the long exact sequence of homotopy groups associated to a locally trivial
bundle in the next section, which constitutes our main tool for calculating some homotopy

groups.

We begin by defining the meaning of a lifting property.

6.3.1 Definition. We say that a map p : E — B has the right lifting property with
respect to a map ¢ : X — Y, if, given any maps f: X — F and g : Y — B such that the

square below is commutative,

X E
’LJ p
Y

B

J\

|

there exists a diagonal map h : Y — E such that the resulting diagram below is still
commutative.

E

//7
h p
g

\

.

-
-

\

B

T
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Our first important theorem is that the projection of a locally trivial bundle has

the right lifting property with respect to a family of simple inclusions.

6.3.2 Theorem. Let p: E — B be a locally trivial bundle with typical fiber F'. Then p
has the right lifting property with respect to the inclusion i : I"™ — I™ x I for every

integer n > 0.

Proof. We first prove that the result holds in the case where the locally trivial bundle is

globally trivial. Consider then the commutative square below.

m—f  BxF

7‘I”,OJ{ J{Wl

"< —7— B

Define h : I™ x I — B x F' by the formula

h(svt) = (g(s7t)77r2(f(3)))

for any s = (sy,...,8,) € [™ and any t € I, where my : B X F' — F' is the canonical

projection.

Let us check that h defined as above satisfies the two required conditions. On the

one hand
ﬂ-l(h(sat)) - ﬂ-l(g(S?t)?ﬂ-?(f(S))) - g(S,t),

which means that 7 o h = g. On the other hand,

mi(h(irmo(s))) = mi(h(s,0)) = g(s,0) = m(f(s)),

and also
Ta(h(irno(s))) = ma(h(s,0)) = m2(g(s,0), m2(f(s))) = ma(f(s))-

These two equalities mean that m o hoimg=m o f and mpohoimg=mo f, and by

combining these two equalities we deduce that hoim g = f.

Now let p : E — B be an arbitrary locally trivial bundle with typical fiber F.
Consider the pullback bundle g*p : ¢*FE — I"™ x I which fits in the commutative square

below.

g*ELE

| Jp

]"XIT>B
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Using the universal property of the product we obtain a map « : I™ — ¢*F that fits in

the commutative diagram below.

f

m—e LgoE Y3 F

iln ,OJ/ Jg*p J/p

IHXITlnXIT)B

Since I™ x I is homeomorphic to the cube 1", Feldbau’s Theorem (Theorem 6.2.3)
implies that the pullback g*p : g*E — I™ x I is a trivial bundle, therefore we can find a
diagonal map [ : I" x I — g*F such that the resulting diagram below is still commutative.

f

m—° s ¢FE—-%3F

w e

IHXITlnXIT)B

We then define h: [ x I — E as h := G o . This map satisfies the two required

conditions, since on the one hand

poh=poGop
=gog'pof
= goidmyrg

=9,
while on the other
hoimg=GoBoimg
=Gou«
= f. [ |

Since the n-dimensional cube I™ is homeomorphic to the n-dimensional disk D",

Theorem 6.3.2 can also be stated in terms of disks.

6.3.3 Corollary. Let p: E — B be a locally trivial bundle with typical fiber F'. Then p
has the right lifting property with respect to the inclusion ipn gy : D™ — D" x I for every
integer n > 0.

So far we have proved that we can lift maps g : D™ x I — B through a locally
trivial projection p : F — B by specifying the initial stage of the lift, that is, by imposing
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conditions on the values h(zx,0) for a lift ~ : D" x I — E. In many cases, however, we will
need a more refined control over the lift obtained by specifying not just its initial stage,
but also its behavior along a subspace A C X, that is, by specifying the values h(x,t) for
reAandt el

Naturally, this is not always possible, we need to impose some nice conditions on
the subspace. We start by studying the case of the subspace inclusion S*~' C D". The
problem then is to lift a map g : D™ x I — B through the projection p : E — B subject
to predetermined conditions on the subspace D™ x {0} U S™" 1 x I C D" x I. The trick is

to compare this inclusion with a more familiar one.

6.3.4 Lemma (“Stacking cups” homeomorphism). For every integer n > 0, there exists
a homeomorphism u : D" x [ — D™ x [ such that u(D" x {0}) = (D" x {0}) U (S"" ! x I).

Sketch of proof. If n = 0 the result is trivial, because in this case S~! = @, and then the

identity idpny; satisfies the required conditions, so we suppose from now on that n > 1.

Recall that the map ¢ : S"~! x I — D" given by (z,t) + t - x is a quotient map.
In particular ¢ x id; : (S"™! x I) x I — D™ x I is also a quotient map, since I is locally

compact Hausdorff.

Define U : (S" ! x I) x I — D™ x I by the formula

(2s(1 —t) - a,t), if
((1—75)-3:,2(5—%)(1—04—75), if 1 <s

)
IA
IN

— ol

U((z,s),t) = °

IN

This is a well-defined function, because at s = § both expressions evaluate to ((1—t)-z,1),

and the Pasting Lemma then implies its continuity.

The only fibers of ¢ x id; : (S"™! x I) x I — D™ x I which contain more than a
single point are those over points of the form (0,¢), and we can describe them explicitly

as

(g xid7)7H(0,8) = (5"~ x {0}) x {t}.
Since for any x € S"! we have U((z,0),t) = (0,¢), it follows that U is constant on the
fibers of ¢ xid;, therefore it can be factored through it to define a map u : D" xI — D" x I.

Notice that the map U satisfies
U((S" % [0,3]) x{0}) € D" x {0} and U ((S"" x [3,1]) x {0}) € 5" x 1,
therefore the induced map u satisfies u(D" x {0}) C (D" x {0}) U (S"! x I).

We trust the reader will believe that this map u is a homeomorphism. |

With this auxiliary homeomorphism at our disposal, we can prove the existence

of lifts satisfying extra conditions.
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6.3.5 Proposition. Let p: E — B be a locally trivial bundle with typical fiber F. Given
any maps f : (D"x{0})U(S" ' xI) — Fand g : D" x I — B satisfying po f = goi, where
i (D" x{0})U(S™ ! x I) — D" x [ is the inclusion, there exists a map h: D" x [ — F

that makes the diagram below commute.

(D" x {0} U (St x T) —L—

{ ///V/ g

D x T -

g

Proof. Consider the homeomorphism u of Lemma 6.3.4 which fits in the commutative,

and form the commutative square below.

fOuOiDn ,0

D’n

1)
iD”,OJ JP
B

n
DX[T

Since (woipn)(D™) C (D™ x {0}) U (S™! x I), and the restriction of ¢ to this subspace

coincides with p o f by hypothesis, the diagram above is commutative.

Using Corollary 6.3.3 we obtain a diagonal map 6 : D" x I — FE satisfying the
equations pof = gou and oipng = fouoipny. We claim that the map h: D" xI = F
defined as h := fou~" is the desired lift. Indeed, on the one hand the equality po = gou

1

implies po § ou™' = g, that is, po h = h; and on the other, since any point (y,t) €

(D" x {0}) U (S™ ! x I) is of the form (y,t) = u(z,0) for some x € D™, we have
h(y.t) = h(u(z,0)) = 0(u"" (u(,0))) = 0(z,0) = f(u(=,0)) = f(y,1). u

We now derive some useful corollaries from this enhanced lifting result.

6.3.6 Corollary. Let p: E — B be a locally trivial bundle with typical fiber F', and let
(X, A) be a pair such that X is obtained from A by cell attachments. Suppose we are given
maps f: (X x{0})U(AxI)— Eand g: X x I — B such that po f = g|(xxopuaxn-

There exists a map h : X x I — F making the diagram below commute.

(XX{MMMAXDA—%ﬁE

Xx] ——— B

Proof. By the definition of cell attachment, there exists a family of maps {®, : DU —

X }ece satisfying the two following conditions:

1. @, (S%®)~1) C A for every e € &;
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2. the diagram below is a pushout square.

—
)
®
~
)
m
3}

|_I Sd(e)—l

A
ecf [
L DX — X
ecE (Pe)ece

Since the functor — x [ is a left adjoint, it commutes with coproducts and pushouts,

therefore the diagram below is also a pushout square.

|_| (Sd(e)_l % ]) (pexidr)eece A w I

T I

L (DH) x ) ————— X x I

ec& (Pexidr)ece

For every e € &, the restriction of ®, xid; to (D) x {0})U (S~ x I) takes values
in (X x{0})U(AxI), therefore we can consider the map f, : (D¥®)x{0})U(SU)~1x]) - E
defined by the composition

fe = f o (CI)e X id])|(Dd(e)><{0})u(sd(e)—1X]).
We also consider the map g, : D®) x I — B defined as
Je ‘= go ((I)e X 1d]>

Since f is a partial lift of g over (X x {0}) U (A x I), it follows that f. is a partial lift of

ge over (DU x {0}) U (S4)~1 x I), i.e., the square below is commutative.

(D4 x {0}) U (541 % 1) —F=y

I

De) x 1

S|

«—
s

Sy

Ge

Applying Proposition 6.3.5 we obtain a map h, : D% x I — E lifting g, and
coinciding with f, on the subspace (D% x {0}) U (S¥€)~1 x I). The maps h, so defined

for all e € £ give rise to an induced map

(heYees : | | DM x I — E.

ec&

The defining property of h, is such that the restriction he|gae) ; is equal to fe|gace) 7, and
this latter restriction is the same as the composition f|axso (@, X id;). Since this holds for

every e € &, it follows that the “outer square” of the diagram below commutes, therefore
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the universal property of the pushout implies the existence of the map h : X x I — E

making the whole diagram commute.

L] SHe-1 5 (pexidr)ece Ax]

© I

L] DU x [ ——— X x T
ec& <q>e><1d1>e€£ .

f‘AxI

(he)ece E

We would like to show that h is the desired lift of g. In order to do this, we need to
show that h satisfies the equation poh = g, and that its restriction to (X x {0})U (A x I)
coincides with f. From the diagram above we see immediately that h coincides with f
over A x I. Now, given (z,0) € X x {0}, if x € A, then we have already shown that
h(z,0) = f(x,0); but if z € X \ A, then according to Definition 1.2.1 there is a point
a € DU such that x = ®,(a) for some e € &, therefore

h(z,0) = h(®P, x id;(a,0))
= he(a,0)

= fe(aa O)
= f(P. x id;(a,0))

= f(z,0).

In order to show that A is a lift of g, notice that

(poh>|A><I :poh’AxI :pof|A><I :g|A><I,

and also that

poho(®. xidr)ece = po (he)ecs
= (po he)eee
= (Ge)eee
= (g0 (P X idy))eee
=g o (P X idr)ese.

This means that both g and p o A make the diagram below commute, so the uniqueness
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in the universal property of the pushout implies that po h = g.

L] SUe—1 x| (pexidilece 4o

T |

L] DU x [ ——— X x [
eeE (q>e><1dl>e€£'

\—1)
go{®. xidr) B

ecé

The previous result has a particularly simple form for CW-complexes.

6.3.7 Corollary. Let p : E — B be a locally trivial bundle with typical fiber F', and
let X be a CW-complex. Suppose we are given maps f : X — Fandg: X xI - B
such that goixo = po f. There exists a map h : X x I — E making the diagram below
commute.

X%E

o
ix,oJ{ B’ J{P

XXITB

In other words, p has the right lifting property with respect to the cylinder inclusion
ix,0: X = X x I for any CW-complex X.

Proof. Consider the skeletal filtration of X:

g=X1CXCX;C---CX,C---CX.

Using that X is the colimit of its skeletons, it follows that the existence of h is equivalent
to the existence of a collection of maps {h, : X,, x I — E},>0 satisfying the following

conditions:

L. hulx,_x1 = hn_q for every n > 1,
2. poh, = g|x,xs for every n geq0;
3. hyoix, o= fl|x, for every n > 0.
The first of these conditions ensures that the collection {h,, },>0 induces amap h : X x I —

E, while the two other conditions ensure that the induced map h will satisfy the required

commutativity properties.

We construct the maps h,, by induction. Since X is obtained by attaching points

(0-dimensional disks) to the empty set, Xy consists of a discrete collection of points
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{®.(pt)}ece,, where @, : D — X, are the attaching maps. The product Xy x I is

then a disjoint union of copies of the unit interval, and for each e € &, we define

ho(®e(pt), t) = f(Pe(pt))
for every t € I, so that hy automatically satisfies po hg = goix, o and hgoix,0 = f|x,-

Now suppose we have defined h,, : X,, x [ — FE satisfying the required conditions,
and let us define h, 1. Let F': (X141 x {0}) U (X, x I) — E be the map defined by the
conditions F(x,0) = f(z) for every x € X,,41, and F|x, s = h,. Notice that this is well-
defined because h,, o ix, o = f|x, holds by the inductive hypothesis, and the continuity
of F' then follows from the Pasting Lemma. If we combine the initial hypothesis that
po f = goixp with the inductive hypothesis saying that p o h, = ¢|x, s, it follows
that the outer square below is commutative, therefore from Corollary 6.3.6 we deduce the

existence of a map h, 1 : X,,11 X I — E making the whole diagram commute.

(Xnr1 x {0Y U (X x ) —— E

Xy X[ — 4 B
g‘XnJrlxI

The condition p o h,11 = g|x,,,xs is immediate from the commutativity, while the other
two conditions that h,,; must satisfy follow from the fact that h,; coincides with F
when restricted to (X,,1 x {0}) U (X, x I). |

We finish this section by making some general remarks on lifting properties. In
Homotopy Theory, a map p : E — B which has the right lifting property with respect
to the inclusion i : I™ — I"™ x [ for every integer n > 0 is called a Serre fibration.
Theorem 6.3.2 can then be restated as saying that the projection p : E — B of a locally
trivial bundle is a Serre fibration. The proof we gave using Lebesgue’s Covering Lemma
and Feldbau’s Theorem can be adapted to show the following slightly stronger result: if
p: E — B is a map for which there exists an open cover {U;}jc; of B such that the
restricted projection pl,-1(v,) : p(U;) = Uj is a Serre fibration for every j € J, then p
itself is a Serre fibration. Brifely, a local Serre fibration is a Serre fibration. This implies
Theorem 6.3.2 because every trivial bundle is a Serre fibration, so a locally trivial bundle

is a local Serre fibration.

The results of this section show that a Serre fibration has the right lifting property
with respect to the cylinder inclusion X — X x I also when X is a CW-complex, and

that under certain conditions we can impose additional conditions on the lift.

If we demand that p : E — B satisfies the stronger condition of having the right
lifting property with respect to the inclusion ix o : X — X x I for any space, not just cubes

or CW-complexes, then we say that p is a Hurewicz fibration or simply a fibration.
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This is a much stronger condition than being a Serre fibration, and it implies some nice

properties on p like the homotopy equivalence of fibers, for example.

Over nice spaces there is a local-to-global result for detecting fibrations: if B is
a paracompact Hausdorff space, and p : E — B is a map for which there exists an open
cover {U;}jes of B such that the restricted projection p|,-1 ;) : p~"(U;) = Uj is a fibration
for every 7 € J, then p itself is a fibration. This result has a much more difficult proof
than the analogous result for Serre fibrations requiring some serious juggling of partitions
of unity. One important consequence of this is that every locally trivial bundle over a
paracompact Hausdorff space is a fibration, since trivial bundles are clearly fibrations.
We leave this registered here as a theorem, since we will need to refer to it later when

talking about Obstruction Theory.

6.3.8 Theorem. If p: £ — B is a locally trivial bundle with typical fiber F', and B is a

paracompact Hausdorff space, then p is a fibration.

6.4 A long exact sequence

In this section we show how the lifting properties satisfied by the projection of a
locally trivial bundle allow us to construct a long exact sequence relating the homotopy

groups of the base space, the total space, and the typical fiber.

We first define a slightly generalized notion of exactness.

6.4.1 Definition. A triple of pointed sets and pointed functions
f
(X,20) —— (Y,%0) — (Z, 20)

is said to be exact if the equality Im f = g~!(z() holds.

A group G gives rise to the pointed set (G, eq), where eg is the identity element of
the group, and since group homomorphisms preserve identities, a group homomorphism f :
G — H gives rise to a pointed function f : (G,eq) — (H,eq). Notice that the definition

of exact triple of pointed sets is such that a triple of groups and group homomorphisms

G-y,

is exact if, and only if, the corresponding triple of pointed sets and pointed functions
(G, eq) AN (H,ey) —2— (L,ep)

is exact. During the rest of this chapter, whenever we encounter a group in a context
involving pointed sets, we choose its identity element as basepoint, and therefore treat it

as a pointed set.
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We first construct exact triples of homotopy groups in different dimensions, and
then later we study how these different triples can be connected to form a long exact
sequence. The proof only uses the lifting properties proved in the previous section, so the

results holds in fact for any Serre fibration.

6.4.2 Proposition. Let p : E — B be a locally trivial bundle with typical fiber F'. Given
a point by € B, let i : p~'(by) — E be the inclusion of the fiber over by into the total
space. For any choice of basepoint eg € p~!(by), and for any integer n geq0, the sequence

of pointed sets and pointed functions below is exact.

T (00), e0) s 7o (B, e0) =2 7.(B, bo)

Proof. Let [f] € m,(p~(bo), e0) be a pointed homotopy class represented by the pointed
map [ : (S", *gn) — (p~(bg), €0). Since the image of f is contained in the fiber over by,

the composite poio f is constant and equal to by, therefore

(mn(p) © ma (D)) ([f]+) = [P o i 0 flu = [ctgnpol;

showing that the inclusion Im 7, () C m,(p) " ([ctgn p,]«) holds.

Conversely, suppose [f]. € m,(E, ep) belongs to the kernel of p, so there exists a
pointed homotopy ¢ : 8" x I — B from po f to ctgny,. Recall from Example 1.2.5 that
the pair (S, *gn) is n-cellular, therefore Corollary 6.3.6 allows us to lift the homotopy g
through p by first lifting it partially over the subspace (S™ x {0})U ({*gn} x I). With this
in mind, consider the map G : (S™ x {0}) U ({*g» X I}) — E defined as

Glat) = f(x), ift=0,

€, 1f$:*gn

This is well-defined as a function since for x = %g» and ¢ = 0 the first expression for GG
gives f(*gn) = by, which coincides with the value given by the second expression. It then

follows from the Pasting Lemma that G is continuous.

We claim that G is a partial lift of g on (S™ x {0})U ({*gn} X I). On the one hand,

for every x € S™, we have

p(G(x,0)) = p(f(x)) = g(x,0),

since g by hypothesis starts at p o f; and on the other

p(G(*gn,t)) = pleo) = by = g(*gn, 1)

for every t € I, where we used the fact that g is a pointed homotopy.
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Applying Corollary 6.3.6 we obtain a map h : S x I — FE making the diagram

below commute.
(5" x {0 U ({sn} xI) =S4 E

S™ox I B

g
Let hy : S — E be the “final stage” of the homotopy h, that is, hy(z) = h(z, 1) for every
x € S™. Since h is a lift of g through p, we have

p(ha(x)) = p(h(z, 1)) = g(x, 1) = ctgn () = bo,

showing that h takes values in the fiber p~!(by), so we may regard it as a map hy : S™ —

p~(by). Moreover, since h coincides with G on {gn} X I, we have
hi(xsn) = h(xgn, 1) = G(xsn, 1) = eo,

so hy defines a pointed map (S™,*gn.) — (p~'(bg), o). Lastly, since h defines a pointed

homotopy from f to hq, since

h(z,0) = G(x,0) = f(x)
holds for every z € S™, and

h(xgn,t) = G(*gn,t) = €g

holds for every ¢t € I. We conclude at last that 7,(¢)([h1]«) = [i © h1]. = [f]s; proving that

the reverse inclusion 7, (p) " ([ctgn ,]«) € Imm,(7) also holds.

We remark that the proof given also works for n = 0, since for any pointed
space (X, 1), there is a natural pointed bijection between the set of path-components
70(X, o) = (m0(X), [20]) and the set of pointed homotopy classes ([S°, X]., [ctgo ,]). W

Even more important than this exactness property is the fact that there are con-
necting maps relating the various exact sequences above turning them into a long exact

sequence. We first describe this construction before analyzing its exactness properties.

6.4.3 Construction. Given a locally trivial bundle p : £ — B with typical fiber F,
choose a basepoint by € B, as well as a basepoint ¢y € p~'(by) C E. We will construct, for
every integer n > 1, a function 9, : m,(B,by) — m,_1(p~'(by)). The construction depends
only on the lifting properties proved in the previous section, so it works more generally

for Serre fibrations.

Consider an element [f]. € m,(B, by) represented by a pointed map f : (5™, %gn) —
(B, bo). Recall from Proposition 3.4.7 that there is a pointed homeomorphism

o

W (9871 %) =5 (87, %gm,)
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and this allows us to define a map of type S" ! x I — B via the composition shown

below,

where 7 : S x I — 35" ! denotes the canonical projection.

Let cte, @ (S™! x {0}) U ({*gn-1} x I) — E be the map which is constant and
equal to eg. Since the projection m maps (S™ 1 x {0})U ({*gn-1} X I) to the basepoint * of
the reduced suspension, and W and f are both pointed maps, the composition foW o
is constant and equal to by on (S™™! x {0}) U ({*gn—1} x I), therefore ct,, is a partial lift
of f oW omx over this subspace, or equivalently, the outer square in the diagram below is
commutative. Applying Corollary 6.3.6 we then obtain a diagonal map A/ : S" ' x I — E

making the whole diagram commute.

cte

(571 % {0}) U ({rgn1} x I) —2,

Sl T i

foWorm

We will say that a map S ! x I — FE satisfying the same commutativity properties of
h' is adapted to f.

Let h{ : S"~! — F be the final stage of the homotopy h/, that is,
W(x) = hf(x,1) Voes
The commutativity properties of A/ imply that h{ is pointed, since
W (kgn-1) = hf (s gn-1,1) = €.

Moreover, since h' lifts f o W o7, and m maps the subspace S"~! x {1} to the basepoint

* of the reduced suspension, for any x € S"~! we have the chain of equalities

which means that the image of h{ is contained entirely in the fiber p~!(by); therefore we
can regard it as a pointed map k] : (S"! xgn-1) — (p(bo), €0)-
It is tempting to define a function 9, : m,(B,by) — m,_1(p~*(bo),€0) via the

formula

On([£].) = [l
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By the previous paragraph we know that this defines an element of m,_1(p~*(bg), €o)
indeed, but we need to be careful. Before doing so we need to check that this definition
is homotopy invariant, that is, if f’: (S™, *gx) — (B, bg) is pointed homotopic to f, we
must show that applying the above procedure to f’ instead of f yields the same element
of m,_1(p~(by), €9). There is another more subtle possible problem with this definition.
The homotopy A/ was obtained from the lifting properties of p, but Corollary 6.3.6 is
only concerned with the ezistence of lifts, it does not say anything about uniqueness. If
we choose a different homotopy h : S"~! x I — E satisfying the same commutativity

properties of h/, do we obtain the same element of 7,_1(p~*(by), €)?

We first show that the pointed homotopy class [h{ ]« is independent of the lift i/,
since this will be crucial for studying the other properties of 9,,. Suppose h : S" ! xI — E
is another homotopy adapted to f, so it fits in a commutative diagram analogous to
(6.4.3). We would like to construct a pointed homotopy H : S"~! x I — p~!(by) such that
H(z,0) = hi(z) = h'(2,1) and H(z,1) = h(z,1). The idea is that this homotopy is given

by the final stage of a “homotopy of homotopies” H : (S"~! x I) x I — E, which can be
constructed by applying a suitable lifting property. This lifting property comes from the
fact that the pair

(S" P x I, 8" P x {0} US" ™t x {1} U {#gn1} x I)

is n-cellular according to Proposition 1.2.8, since by Example 1.2.5 (S" 1 {#gn-1}) is
(n — 1)-cellular, while by Example 1.2.3 (1, 0I) is 1-cellular.

Let o : (S"1 x I) x I — B be defined as
o((z,8),t) = (foWom)(x,t) V((x,8),t)ec (St xI)xI.

According to Corollary 6.3.6, we can lift ¢ through p by first lifting it partially over the

subspace
X = ("t xI)x{0} U (S" ' x{0}uUS" ' x{1} U {sgn1} x1I)x1.
Consider then the map ® : X — FE defined as follows:

€o, if t = O,
hf(x,t), if s =0,
h(z,t), ifs=1,

€0, if x = *gn—1.

The domains of definition of the first two expressions for @ intersect on (S"~ ! x {0}) x {0},
and the two expressions agree on this intersection since h'(x,0) = e holds for every z €

5™~ Continuing like this we can show that, whenever two of the expressions appearing
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in the definition of ® have intersecting domains of definition, the two possible expressions
agree on this intersection. Proving this is as tedious as it sounds. In the end, this argument
shows that ® is well-defined, and its continuity then follows from the Pasting Lemma once

again.

Using the fact that h/ and h both lift f o W o7, and working case by case we can
show that ® is a partial lift of ¢ over the subspace X, and Corollary 6.3.6 then gives us
amap H : (S" ! x I) x I — E as shown below.

P

X ——F
[
(8" 'xI)xI —— B

Let Hy : S" ! x I — FE be the final stage of H, and notice that it takes values in p~!(by),

p(Hi(z,8)) = p(H((2,5),1)) = ¢((x,5),1) = f(W(n(z,1))) = bo.

The following are true for every x € S" 1

1. Hy(z,0) = H((z,0),1) = h' (2,1) = hi (z),
2. Hi(x,1) = H((x,1),1) = h(x,1) = hy(z),

3. Hi(xgn-1,8) = H((*gn-1,5),1) = €.

This shows that H; defines a pointed homotopy hJ ~, hy, therefore the element 8, ([f].)
is independent of the choice of homotopy adapted to f.

Now we show that the element [h]], € m,_1(p~"(by),e) only depends on the
pointed homotopy class of f. Let f’: (8", %gn) — (B, by) be another pointed map such
that f' ~, f, and let g : S” x I — B be a pointed homotopy from f’ to f. Let hf, h'" :
Sl x I — E be homotopies adapted to f and f’, respectively. The idea is to use ¢
together with the lifting properties of p : E — B to construct a pointed homotopy from
h{/ to h{. In order to do this, consider first the map ¢ : (S"™! x I) x I — B defined as

p((x,9),t) = g(W(x(z,1)),s)
for every ((z,s),t) € (S"! x I) x I. Consider also ® : X — E defined as follows:
€o, if t = 0,

Rt (z,t), if s =0,

(@ 2)1) = hf(x,t), ifs=1,

€o, lf{L': *gn—1.
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Comparing each of the two expressions and using the commutativity properties defining
h!" and h' one can show that ® is well-defined, and its continuity follows from the Pasting
Lemma. Working case by case we can show that @ is a partial lift of ¢ over X. For example,

if s =0, then on the one hand

p(®((2,0),1) = p(h' (1)) = f'(W(n (1)),

while on the other

o((,0),t) = g(W(m(z,1)),0) = f'(W(r(z,1)));
so @ lifts ¢ over (5" ! x {0}) x I C X. Reasoning like this for each of the closed subsets
that make up X we eventually show that the equality p o ® = g|x is indeed true.

Applying Corollary 6.3.6 we obtain the map H : (S" ! x I) x I — E depicted in

the commutative diagram below.

P

X ——F
[
(8" 'xI)xI —— B

Like before, let Hy : (S"~! x I) x I be the final stage of H;. Using the fact that H lifts ¢,
together with the fact that g is a pointed homotopy, we can show that H takes values in
the fiber p~1(bg). Using the commutativity properties of H, for every x € S"! we have
the following:

1. Hy(z,0) = H((z,0),1) = b/ (z,1) = h{ (2);
2. Hy(x,1) = H((x,1),1) = h(z,1) = h{ (z);

3. Hy(*gn-1,8) = H((xgn-1,$),1) = eo.
It follows that H defines a pointed homotopy h{/ o~ h{ .

We have shown at last that the function , : m,(B,by) — m,_1(p~*(bo), €9) sending
[f]« to [h{]*, where b/ : (S""t x I)x I — E is any homotopy adapted to f, is well-defined.
We will refer to it as the connecting map associated with the triple (p~'(bo),e0) —
(E,eq) — (B,by). The main result of the present section concerns the algebraic and

exactness properties of this connecting map.

6.4.4 Theorem. Let p : F — B be a locally trivial bundle with typical fiber F, and
choose basepoints by € B and ¢y € p~'(by) C E.
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1. The various connecting maps fit together in a long exact sequence of pointed sets.

71 (p~1(bo), €o) L(l)> m1(E, ep) m—(m> m1(b, bo)

Jo

mo(B, bo) Ne— mo(E, eo) N— mo(p~" (bo); o)

2. The connecting map 0, : m,(B,by) — mn_1(p~(bo), €0) is a group homomorphism

for every integer n > 2.

Proof. 1. We first show that the triples of the form
Tn(b bo) —2— 701 (p~L(bo), €0) = 7,1 (E, €q)

are exact. Given [f]. € m,(B,by), let h : S"! x I — E be a homotopy adapted to f, so
that we have the equality 9,([f].) = [h1].. We need to show that i 0 hy : S"! — FE is
pointed null homotopic. This is actually easy, because since h is adapted to f, it satisfies

the two following properties:

1. h(x,0) = ey = ctgn-1,, for every x € S 1,

2. h(xgn-1,t) = eg for every t € I.

It follows that h defines a pointed homotopy ctgn-1,., =~ ¢ o hi, from which
we deduce that m,_1(i)([h1]s) = [ctgn—1¢,]s. This proves that the inclusion Ima, C
Tn_1(1) " ([ctgn-1, €o]«) holds.

Conversely, suppose [f]. € m,—1(p~'(bo), €) is such that i o f ~, ctgn-1,,, and let
h:S" 1 x I — E be a pointed homotopy from ctgn-1,, to io f. It is reasonable to look for
a pointed map F' : (S™,%gn) — (B, by) such that h itself is adapted to it. In order to do
this, notice that h is constant and equal to e on the subspace (S™ 1 x {0}) U ({*gn-1} x I,

therefore p o h is constant and equal to by on this same subspace. Moreover,

p(h(S"71 x {1})) = p(f(S")) € {bo},
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where we used the fact that f takes values in p~!(by) by hypothesis.

In summary, po h : S"! x I — B is constant and equal to by on (S"~! x {0})U
(5"t x {0}) U ({#gn-1} x I), therefore it can be factored through m, ; : S"™' x I —
¥.5"7! to define a pointed map poh : (XS 1 #59n-1) — (B, by), and using it we define
F :(S" %gn) — (B, by) via the composition

F::pohoVan1

as shown below.

gty M, B

0
ﬂ'n—ll poh ' F
pd |

ESn—l — Sgn

n—1
The map F' really has h as an associated homotopy since
FoW,_1omyy=pohoW, oW, yom,
=po ho Tn—1
=poh.
It follows that 0,,([F].) = [h1]« = [f]+, proving that the inclusion 7,1 (i) ([ctgn-1¢,]+) C
Im 0,, also holds.

The only thing left is showing the exactness of the triples of the form
Tn an _
(B, e0) = 7,(B,bo) —2 s (p~ (o), €0)-

Consider an arbitrary element [f]. € 7,(F, ), and let h : S"' x I — E be defined via
the composition

h = f o n—10C Tp—1,
as shown in the diagram below.

f
— B

g1 5 [ =ty sign-1 Wt gn

Since m,_1 maps (S™ ! x {0})U ({*gn-1} X I) to *xgn-1, and W,,_; and f are both pointed,
h maps (S"1 x {0}) U ({*gn-1} x I) to eg. Moreover, the definition of i immediately
implies the equality
poh=(pof)oW, yom, 1,

i.e., his adapted to po f. It follows that 0, ([po f].) = [h1]«, but hy = ctgn-1, since m,_;
maps S"! x {1} to #x,gn-1. We have then proved the inclusion Im ,,(p) C 9, ([ctgn-1, €]).

The reverse inclusion is a bit harder to show. Let [f]. € 7,(B,by) be such that
On([f]«) = [ctgn-1ep)e in mp1(p~ (o), €0). This means that, if h : S ' x I — E is a
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homotopy adapted to f, then we have an equality [h], = [ctgn-1,]., SO there is a pointed
homotopy Aaux : S™ 1 x I — p~!(bg) from hy to ctgn-1,,. The map h; is not necessarily
constant and equal to eg, but we claim that by using h... and the lifting properties of p
we can modify A to obtain another homotopy A’ : S"~! x I — E which is still adapted to

f, but which is also constant and equal to ey on S™! x {1}.

In order to do this, let ¢ : (S"™! x I) x I — B be defined as
p((z,5),1) == (f e Wy_y 0o mp1)(2, 5).
We can lift ¢ partially over the subspace
X=(S"tx)x{0} U (S" ' x{0H)xT U (S 'x{1})xTU {sg}xI)xI
by defining ® : X — F as follows:

h(z, s), if t =0,
€0, if s =0,

haux(z,t), if s =1,

€o, if x = *gn—1.

One can show that ® is well-defined by comparing the expressions above in pairs. Moreover,
using that h is adapted to f, and that the image of h,,y is contained in the fiber p~*(by),
one can show that ® is indeed a lift of ¢ through p. We thus obtain the diagonal map

U (S" ! x I) x [ — E shown in the commutative diagram below.

X —2 —F

[ )

(8" 'xI)xI —/— B

We now define h' : S"' x I — E as W (z,s) = ¥((z,s),1) for every (z,s) €
S™=1 x I. This map k' satisfies the following properties:

(i) W(z,0) =¥((x,0),1) = e for every z € S"1;

(ii) p(h'(z,s)) = p(¥((z,s),1)) = @((z,$),1) = (f o Wp_10T,_1)(z, ) for every (z,s) €
Sntx I

(iii) A'(x,1) = ¥((x,1),1) = haux(x, 1) = €p for every z € S"1.

The first two properties say that h’ is adapted to f, while the third one says that A’ is

constant and equal to ey on S™™1 x {1}; thus A’ is the homotopy we were looking for.
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Equipped with this improved homotopy h', we now construct the desired map
F: (8", xg0) — (F, ep). Consider the map ¢ : (S"! x I) x I — B as defined before, but
this time let &’ : X — F be the alternative lifting defined as follows:

W(x,s), ift=0,
, _Jeo, if s =0,
d'((x,s),t) =
€o, if s = 1,
€0, if = *kgn-1.

Notice that, since h'(x,1) = eg for every xz € S"~!, @ is well-defined, and a case-by-case
computation shows that it really lifts ¢ over X. The lifting properties of p then imply the

existence of a diagonal map H : (S"! x I) x [ — E as shown below.

@l
X ——

[ )

(8" 'xI)xI —— B

The definition of ®’ ensures that, for every ¢ € I, the inclusion

H((S" > {0}) x {t} U (8" x {1}) x {t} U ({xsn-1} x 1) x {t}) C {eo}

holds, therefore H can be factored through the quotient m, 1 x id; : (S*™2 x I) x I —
Y571 x I to define H : ©S" ! x I — E. Using this factored homotopy we define
K : S" x I — E via the composition K := H o (W, !, x id;).

n—

We would like to show that the final stage F' := K; of the homotopy K is the
desired map. Notice first that F' is pointed since

F(*gn) = K(*gn,1) = HW, 1 (%gn),1) = H(sxgn-1,1) = H((gn-1,0),1) = €.

n—1

Moreover, since F' = K7 ~, Ky, if we can show the equality po Ky = f, then the homotopy
relation p o F' ~, f will follow. In order to show this, we begin by noting that

poHyom,_1 =poHy
= ®o
= foWy10m,1,
and by eliminating m,,_; we deduce that
poHy=foW,_;.
Using this expression we then see that K satisfies
po Ky :poﬁooWn_}l
=foW,o0 Wn_—ll
= f.
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Overall, we have seen that F' defines an element [F|. € 7, (F, ey) such that m,(p)([F].) =
[p o F]. = [f]s; proving that the reverse inclusion 9, *([ctgn-1 ¢]) C Im,(p) also holds.
|

6.4.5 Remark. A personal remark about the proof above. The reader has certainly
noticed that we did not prove that the connecting map 0, is a group homomorphism. In
the literature, the most common proof is actually indirect: one first shows that, for any
pair (X, A) and any basepoint zq € A, there is an exact sequence of pointed sets and

groups of the form
o (A, 2) — (X, 1) — Ta(X, A, 20) —2 Tp1(A, ) — -

Here, m,(X, A, z) denotes the relative homotopy sets of the pair (X, A) at the base-
point xy. These sets have a group structure when n > 2, and they are also abelian
when n > 3. They capture in some sense the possible loss of injectivity of the map
(A, z9) = m,(X, zo) induced by the inclusion (A, xy) — (X, xg). In the sequence above,
A (X, A xg) = mho1(A, 1) is a naturally defined map which is easily shown to be a

group homomorphism in suitable dimensions.

When p : E — B is a locally trivial bundle (or more generally a Serre fibra-
tion), the lifting properties can be used to show that the projection p induces a bijection
(isomorphism )

P (B, p Y (A), e0) — ma(B, A, by)

of relative homotopy sets (groups), where by € A is a basepoint, and ey € p~(by) C p~1(A)
is a basepoint lying over by. If we consider A := {by} as being the basepoint itself, then
the aforementioned isomorphism becomes 7, (E,p 1 (by), e0) = m,(B, {bo}, bo), and if we
take into account that there is also an isomorphism 7, (B, {bo},bo) = m,(B,by), we end

up with an isomorphism
pe : (B, p~ ' (bo), €0) — ma(B, bo).

This isomorphism can be used to “divert” the long exact sequence associated with the

pointed pair (E,p~!(by), eg) by considering the composite map depicted below.

ﬂ-n(Eap_l(bU)? 60) # anl(p_l(bo)u 60)

o
p*l /,/”/

(B, bo)

The composition A o (p,)™' : m,(B,by) — m_1(p~(bo), o) is precisely the connecting
map 0, that we constructed. Notice that, in this approach, the fact that 9, is a group
homomorphism in certain dimensions follows from the fact that both A and p, are group

homomorphisms.
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As I said, this is the most common approach for constructing the long exact se-
quence of homotopy groups of a Serre fibration. However, due to time and space limita-
tions, I decided to not include a discussion of relative homotopy groups in the text, so
that is why we had to construct the sequence from scratch. Using the lifting properties
we managed to prove that it is exact, but I couldn’t for the life of me prove that 0, is a
group homomorphism directly, and I also did not find a reference that proves it without
appealing to the exact sequence of a pair. The closest proofs that I found in the literature
are in (GOERSS; JARDINE, 2009, Section 1.7, Lemma 7.3) and (LURIE, 2022, Subsec-
tion 3.2.4, Proposition 3.2.4.4). These two proofs, however, are written in the language of
simplicial sets, but since the homotopy theory of simplicial sets is equivalent (in a precise
sense) to the classical homotopy theory of spaces, they can probably be translated and

adapted to our context.

6.4.1 Some computations

In this subsection we apply the long exact sequence constructed above to explicitly

compute some homotopy groups that will be useful later on.

We start with one of the simplest non-trivial spaces whose homotopy groups can

be fully determined.
6.4.6 Proposition. The homotopy groups of the circle can be described as follows:

Z, ifj=1,
0, ifj>1.

Il

Wj(Sl, *51)

Proof. We showed in Example 6.1.11 that the map F : R — S! defined as E(t) := ¢*™
is a locally trivial bundle with typical fiber the discrete space Z. The origin 0 € R is in
the fiber E~1(xg1) = Z, so consider the following fragment of the exact sequence of the

bundle in question:
5 (%) m;(E) 1 95
WJ(Z,()) . 7T]<R,O) E— W](S ,*Sl> e Wj,l(Z,O)
If 5 > 1, since the fiber Z is discrete, and the spheres S/ and S/~! are connected
(it is important that j > 1 for this!), the only pointed maps (S7,*g;) — (Z,0) and
(8771 %gi-1) = (Z,0) are the constant ones, therefore the groups m;(Z,0) and 7;_1(Z,0)
appearing at the endpoints of the sequence are both trivial. Exactness then implies that

we have an isomorphism
7Tj<E) : Wj(R,O) i) Wj(Sl, *Sl).

Now, the real line R can be contracted to 0, i.e., (R,0) is pointed contractible, therefore
7;(R,0) is trivial, and the isomorphism above implies that 7;(S!,*g1) is also trivial for

j>1.
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Now let us deal with the fundamental group. We have the following fragment of
the exact sequence:

m1(R,0) M Wl(Sl,*sl) o, m0(Z,0)

There is a natural pointed bijection 7y(Z,0) = (Z,0) mapping a pointed homotopy
class [f : (S° +1) — (Z,0)]. to the integer f(—1). Notice that this is indeed well-defined,
since if f' : (S° +1) — (Z,0) is another pointed map, and h : f = f’ is a pointed
homotopy, the fact Z is discrete forces the restriction h|;_13x; to be constant, therefore
f(=1) = f(=1).

Under this identification, the connecting map 9y : m (S, *g1) — (Z,0) can be
described as follows: given an element [f]. € m (S, *g1), if b/ : S®x I — R is a homotopy
adapted to f, then

ou([f]s) = h{(—1) = hf(-1,1).

Keeping this identification in mind, we claim that the connecting map 0 is in fact
a group homomorphism, with Z regarded as a group via its addition operation. Suppose
[f1+, [g]« € w1 (St *g1) are such that d;([f]«) = m and 0;([g].) = n. This means that
there are homotopies h/, h9 : S® x I — R adapted to f and g, respectively, such that
hf(—1,1) = m and h9(—1,1) = n. Now, the product [f], - [g]. € T (S, xs1) is equal
to [(f,g) o psil]«, so in order to evaluate O;([f]« - [g]«), we need to find a homotopy H :
S% x I — R adapted to (f,g) o jug1, which means that it must fit in the commutative

diagram below.
(S x {0}) U ({+1} x 1) é R
I /H E

0 X I 1
S (f,9)org10Woopo S

Unpacking the definition of the H-comultiplication g1, we can show that the map on the

bottom can be alternatively described as

(f,9) 0pgroWyopy=(foWy goWy)o o po,

where i is the standard H-comultiplication on $.5°. More explicitly, for any (s,t) € SYx I

we have

>l<517 lfS:+1,
((f o Wo,g0Wo) o pgopo)(s,t) =1 (foWyopg)(—1,2t), if s=—land 0<¢< 3,
(goWoopy)(—1,2t—1), ifs=1andj<t<1.
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Using the action of Z on R it is easy to combine A/ and h9 to obtain the desired
homotopy. We define H : S° x I — R as follows:
0, if s =41,
H(s,t) = ¢ hf(—1,2t), ifs=-land0<t <3,
m+h?(—1,2t —1), ifs=-land 3 <t <1

This is well-defined, because s = —1 and t = % we have

m+h(=1,2-2 1) =m+n9(-1,00=m+0=m=~r(-1,1) =/ (-1,2- 1).

It is clear from the definition that H maps the segment {+1} x I to 0, and since h/ maps
S9 % {0} to 0, the same is also true of H. Moreover, since h/ and h9 are adapted to f and

g, we have the equalities
Eohl = foWyopy and Eoh?=goWopy,
and using these we can show with a direct computation that
EoH = (foWy,go0W)opugopo
also holds.

The conclusions of the previous paragraph show that H is adapted to (f, g) o usn,

therefore

O1([f]« - lgle) = O[S 9) © msil.)
= H(~1,1)
=m+ hI(—1,1)
=m+n

= 0u([f].) + O1([g]+);

proving that 0; is a group homomorphism.

The exactness of the sequence implies
o7 H0) = Imm (E),

but since (R,0) is pointed contractible, m(RR,0) is the trivial group, thus the image
Im 7 (E) above is also trivial. Knowing that 0y is a homomorphism, the equality above

means that its kernel is trivial, which implies that it is injective.

The only thing left is proving the surjectivity of 0;. Since Z is generated by 1, it
suffices to prove that 1 belongs to the image of d;. We will show that 0;([idg1].) = 1. Let
h: 8% x I — R be defined as

0, ifs=+41,

h(s,t) =
t, ifs=-—1.
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According to the discussion after the proof of Proposition 3.4.7, the composition Wy o py :

S x I — St is described explicitly

xg1, if s =41,
(Wo o po)(s,t) = 4
e?mitif s = —1.
This means that the equality E o h = Wy o pg holds, therefore h is adapted to idg:, and
then by definition
O ([idst]s) = h(—1,1) = 1. [

For the next computation, we will have to assume the following results about the

homotopy groups of a sphere S™ for n > 1:

) 0, f0<j<n-—1,
(5", xgn) =
Z, if j =n.

6.4.7 Proposition. Given integers 1 < k < n, the homotopy groups of the complex
Stiefel manifold V;(C™) can be described as follows:

0, if0<j<2(n—k);
Z, itj=2(n—k)+1.

I

7;(Vi(C"))

Proof. The proof is by a double induction on both n and k. If n = 1, then necessarily
k =1 too, and V;(C) is simply the set of unit norm complex numbers, that is, V;(C) = S*,

and from Proposition 6.4.6 we know that

0, ifj=0,
7, ifj=1;

I

m;(V1(C)) = m;(S")

therefore the statement is true in this case.

Now suppose n is an integer such that the statement is true for all smaller non-
negative integers. We then perform an induction on k. For k£ = 1, V;(C") is the set
of unit norm vectors on C", so if we consider the usual identification C* = R?", then
Vi(C™) = S?"~1 If we then use the result about homotopy groups of spheres mentioned

above, we deduce that
. o1y~ ] 0, 1f0<j<2n-—2
m(Vi(C")) = m(5™77) = o
Z, if j=2n—1;
which is what we had to show.

Now, suppose 2 < k < n, and assume that the statement has been proved for

integers smaller than k. We then have to prove that the statement holds for k itself.
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The trick to use the inductive hypotheses (both of them!) is to recall that the map
Q1 : Ve(C") — V1(C™) mapping a k-frame (vy, ..., vy) to the vector v; is a locally trivial
bundle with typical fiber V;_;(C"™!), as was showed in Example 6.1.15.

Let us first deal with path-connectedness. Choosing appropriated basepoints by €
Vi(C™) and ey € g;1(bo), if we let ¢f € Vo_1(C"') be the image of ey with respect to
the identification g, 1(bo) = Ve—1(C"!), then from the exact sequence of a locally trivial

bundle we have the following exact triple of pointed sets:
To(Vi—1 (€71, ep) —— mo(Va(C"), e0) —— mo(VA(C"), bo).

The inductive hypotheses imply that both pointed sets at the sides contain only a single
element, therefore the same is true of my(Vx(C"), eq); proving the path-connectedness of
Vi (C™).

Keeping in mind this path-connectedness, we now omit the basepoints from our

notation. For 7 > 1, we have the following exact sequence of homotopy groups:
1 (Veea (€771)) —— m(l€) —— m,(A(C") — moa(Via (C).

Notice that 2((n—1) — (k—1)) = 2(n—k), so if j < 2(n— k), by the inductive hypotheses
we know that the groups 7;(Vj—1(C" 1)) and 7;_1(Vj—1(C"1)) are both trivial. Exactness

then implies that there is an isomorphism

m;(Vi(C")) = m; (11 (C")),
and since 2(n — k) < 2n — 2 because k > 2, j is smaller than 2n — 2, so 7,;(V1(C")) is
trivial; therefore m;(V,(C™)) is also trivial.

The only case left is when j = 2(n—k)+1. We now consider the following fragment

of the exact sequence:
T (Vi(C") —— m(Via (C"7)) —— m(Vi(C)) —— m;(Va(C™)).
Since k > 2, n — k < n — 2, therefore
j=2n—k)+1<2(n—2)+1=2n-3.

It follows that both j and j+1 are smaller than 2n — 2, therefore the groups 7,41(V1(C"))
and 7;(V1(C™)) appearing at the endpoints are both trivial. We then have an isomorphism
Totm—t)+1(Vie1 (C" ) = mon—py+1 (Ve (C™)).

Now we just need to notice that 2((n—1)—(k—1))+1 = 2(n—k) +1, so by the inductive
hypothesis
Tom—r)+1(Vie1 (C" ™)) & Z;

therefore mo(,—ky41(V(C")) = Z also holds. [ |
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There is a similar result for real Stiefel manifolds, but it is more complicated.

6.4.8 Proposition. Given integers 1 < k <, the real Stiefel manifold V(R") is (n—k—1)-
connected, that is, it is path-connected, and m;(V}(R™)) is trivial for every 1 < j < n—k—1.
Moreover, its (n — k)-th homotopy group is given by

Z, if k=1orif n—k is even,

Tn—k(Ve(R")) =
Zs, otherwise.
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CHAPTER

Z

OBSTRUCTION THEORY

We have at last developed all the concepts required for analyzing the main results
from Obstruction Theory, which is the goal of the present chapter. We start out by
broadly describing the goals of Obstruction Theory in terms of the so-called eztension-
lifting property. This is a big class of problems whose analysis in the most general case
is way beyond the scope of this text, so, after giving some examples of such problems,
we turn our attention to a particular class of them: constructing and extending maps
and section of locally trivial bundles over CW-complexes. We first deal with the case of
globally trivial bundles where the problem can be restated in terms of constructing and
extending maps. In this simple case we can already discuss some important subtleties
that arise, and also get a taste of the different techniques and ingredients required in the
proofs. After studying this simple case, we go back to the more general context of only
locally trivial bundles where the same results continue to hold, but with an added layer

of possible complications.

Many of the proofs in this chapter would be too technical, or would at the very
least require too much sidetracking to recall the necessary concepts, so we decided to
many of the proofs, and focus instead on the flow of ideas and on the subtleties that must

be dealt with when trying to formalize all the results.

7.1 Extension-lifting problems

Many of the problems one encounters when doing Algebraic Topology have the

following form: we are given spaces E, B and X, a subspace A C X, and also maps
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fiA—=FE p:E— Bandg: X — B that fit in a commutative square.

ALE

I lp (7.1)

XT>B

We will usually say that a diagram like this poses an extension-lifting problem. We are

then interested in finding a diagonal h : X — F such that the resulting diagram is still

commutative.
A L E
21
I o Jp (7.2)
X —> B

g

This commutativity is equivalent to the two following equalities:

1. poh=g;
2. hla=f.

The first equality says that h is a lift of g through p, while the second one says that h is
an extension of f. Diagram (7.1) says that f is a lift of g, but only over the subspace
A C X, ie., fis a partial lift. The map h then furnishes an extension of the partial lift
f to a global lift defined on the whole space X. We call such map h a solution to the
extension-lifting problem posed by (7.1).

Let us see some examples of common problem that can be formulated in this

framework of extension-lifting problems.

7.1.1 Example (Lifting homotopies). Consider the extension-lifting problem posed by

the commutative diagram below.

Xx{0y 1> E

[ b

XxI—5— B

In this case, the map ¢ is a homotopy between the maps ¢o, g1 : X — B, and the
commutativity condition says that f (or more precisely the composition f oix) is a lift

of the initial stage go of g through p.

If h: X x I — E is a solution to the problem, then it is a homotopy lifting the
entire homotopy ¢ through p, and moreover its initial stage hy coincides with the given
initial lift f. When such a solution always exist, it means that, in order to lift a homotopy
X x I — B to a homotopy X x I — E, we just need to lift its initial stage. We have

already encountered problems of this kind when studying locally trivial bundles (or Serre
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fibrations more generally). We saw in Corollary 6.3.7 that, if p : E — B is a locally trivial
bundle with typical fiber F', then the extension-lifting problem in question always has a

solution if X is a CW-complex.

7.1.2 Example (Extending maps). Consider the extension-lifting problem posed by the

commutative diagram below,

ALXXF

[l

X — X
idx

where m; : X X F' — X denotes the canonical projection to the first coordinate.

The commutativity condition says that f is a section of 7 over the subspace
A C X, ie., a partial section. If F' : X — X x F'is a solution to the problem, then it
defines a global section of 7;. This can be reformulated in more familiar terms by noticing
that, since F' is a map into a product, it is completely determined by the compositions
m o F and my o F, and since m; o F' is forced to be equal to idy by the commutativity
conditions, F'is completely determined by the map m 0 F': X — X X F'. In other words,
constructing a section of m; extending f is the same thing as constructing a map of type
X — F extending f.

7.1.3 Example (Constructing and extending sections). Let p : E — X be a locally
trivial bundle with typical fiber F', and consider the extension-lifting problem posed by
the following diagram.
A——F
I »
X —a X
The commutativity condition expressed above says that s is partial section of
the bundle over the subspace A C X. If S : X — E solves the extension-lifting problem,

then it defines a global section of p extending the one defined over the subspace A.

Notice that the previous example is a particular example of this one, since the
projection onto the first coordinate m : X x F — X is the worldwide famous trivial
bundle with typical fiber F'.

This problem of extending and constructing sections of bundles is in general non-
trivial. For example, T'S? \ {0} be the space of non-zero tangent vectors on the 2-sphere
S2. The usual tangent bundle projection p : T'S? — S? restricts to a locally trivial bundle
projection p' : T'S?\ {0} — S? whose fiber has the homotopy type of a circle.

This bundle certainly admits local sections over some subspace of S2. For example,

if we regard S* as a subspace of S? via the embedding at the equator, then we can consider
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the vector field v : S' — T'S? \ 0 running parallel to the equator. We could then search

for a solution to the extension-lifting problem

ST, 782\ {0}

I
S 52
idgo
However, one of the most important results of Algebraic Topology says that this particular
problem cannot be solved: if V' : S* — T'S? \ {0} were such a solution, then it would
define a vector field on S? without any singularities, but this is impossible by the hairy

ball theorem.

When we later study the results of Obstruction Theory, we will see that the lack
of solution to this problem is simultaneously related to two algebro-topological properties:
the non-vanishing of the first homotopy group m;(S') of the circle, and also the non-

vanishing of the second homology group Hs(S?) of the sphere.

7.2 QObstruction Theory for maps

In this section we develop Obstruction Theory for analyzing the problem of con-
structing and extending maps. As we discussed in one of the examples of the previous
section, given a pair (X, A), a space Y, and amap f : A — Y, the problem of extending f
toa map F': X — Y is equivalently the extension-lifting problem posed by the diagram
below.

X xy

A
I |
X — X

idx

We make the simplifying assumption that the pair (X, A) is n-cellular for some
integer n > 0. The advantage of this is that we can then restate the extension problem in

homotopical terms by using Corollary 2.3.11.

7.2.1 Theorem. Let Y be any space, and let (X, A) be an n-cellular pair for some
integer n > 0, with {®, : D" — X}.ce being its family of characteristic maps. Given a
map f: A — Y, the following are equivalent:

1. f can be extended to amap F : X —» Y,

2. the map f. = f o, : S" ! =Y is null homotopic for every e € &.

Proof. Suppose first that the extension I’ exists. Consider, for each e € £, the composite
map F, : D" — Y defined as F, .= F o ®,. Now, since ¢, = P.|gn-1, F|s = f, and
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0. (S™1) C A, we see that
F|Sn71 :Fo¢e|5n71 - Fogpe = f’

therefore F, is an extension of f., It then follows from Corollary 2.3.11 that each of the

maps f, is null homotopic.

Conversely, suppose each of the maps f, : S ! — Y is null homotopic. Applying
Corollary 2.3.11 again implies the existence of maps F, : D" — Y extending f. for every
eef.

Recall now that by the definition of cellular pair we have the pushout square below.

|_| Snil <Sae> A
ecf [
D" — X

elglé' (@e)

The various maps F, together induce a map (F.) : |l.ce D" — Y, and since for each

e € & the restriction F.|gn-1 equal f. = f o ., the “outer shell” of the diagram below

commutes; therefore by the universal property of the pushout we obtain the diagonal map

F: X —Y depicted.
|_| Sn_l <§Oe> A
ecf [
D" A

(Fe)

It is then immediate from the commutativity properties of F' that it extends the initial

map f. ]

Since relative CW-complexes are obtained by successive cell attachments to an
initial subspace, it seems reasonable to apply this result to the problem of extension on

relative CW-complexes.

Let (X, A) be a relative CW-complex with skeletal filtration
A=X,1CXCcX;C--CX,C---CX

Given a map f : A — Y, we can use the previous result to investigate the possibility of

extending f to higher stages of the skeletal filtration.

By the definition of relative CW-complex we know that the pair (A, X,) is 0-

cellular, which means that X is given by the disjoint union of A and a disjoint collection
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of points.

XOE’AI_I(U{pt}).

ecéy

It is then always possible to extend f to Xj: if we choose for each e € &, an arbitrary point
Ye € Y, then the collection of maps {ctipi) . tece, gives rise to a map g : [eeg, {pt} =Y,
and taking into account the description of X as a disjoint union we then have the induced

map

Jor=(f.9): Xo =Y.

Okay, so extending over to the O-skeleton is always possible, but what about ex-
tending to the 1-skeleton? According to the definition of relative CW-complex, the pair
(X1, Xo) is 1-cellular, so there exists a collection of characteristic maps {®. : I — X }eee,

that fit in the pushout square below.

L {0, 1} ¥ x,

1]

I — X
eel_lgl (@) !

We already have the partial extension f; : Xg — Y, so it seems reasonable to
look for a map ¢ : |eeg, I — Y which we can combine with f; to use the universal
property of the pushout to obtain a map f; : X; — Y. In order for this to work, the
maps g and fy must be compatible in some way. Precisely, for every e € &, the maps
(g oic)lfo1y, foo e :{0,1} = Y must coincide, which means that g o i is a path in Y’
from fo(pe(0)) to fo(pe(1)). If we want to be sure that such a map exists, we can suppose
that the target space Y is path-connected. If this is the case, then for every e € £ we can
choose a path g. : I — Y from fy(p.(0)) to fo(pe(1)). All these paths together define a

map

(ge): L T =Y,

e€é
and by construction it fits together with fyo (p.) in the commutative “outer shell” of the

diagram below.

L {0, 1} ¥ x,

1]

] — X
egl_lgl (@) v

N
N
f1
N
N
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The diagonal map f; : X; — Y is obtained via the universal property of the pushout, and
it is clear from the commutativity properties of the diagram that f; is an extension of fy,

and therefore also an extension of f.

The crucial part in this reasoning of extending to the 1-skeleton was assuming that
Y is path-connected. This simpler case already illustrates the general principle that how
far it can extend f up the skeletal fibration depends on the connectivity of the target

space. The next result makes this precise.
7.2.2 Theorem. Let (X, A) be a relative CW-complex with skeletal filtration
A=X,1CXCX,C--CX,C---CX.

If Y is a (n — 1)-connected space for some integer n > 1, then any map f: A — Y can

be extended to a map f, : X,, — Y defined on the n-skeleton.

Proof. The discussion above shows that f can always be extended to a map fy: Xg = Y
defined on the 0-skeleton.

Now suppose we have extended f to a map fr : Xy — Y on the k-skeleton for
some integer 0 < k£ < n — 1. We will show that f; can then be extended to the next
stage fri1 @ Xgr1 — Y of the filtration. By definition of relative CW-complex we know
the pair (Xgi1, Xg) is (k + 1)-cellular, so there exists a collection of characteristic maps

{®,: DML — Xit1}eee,,, which together fit in a pushout square.

I_I Sk <LP5> Xk

e€5k+1 [

k+1
LI D"t o Xit1
e€fpi1 (@e)

For each e € &1, we can regard the composition frop, : S¥ — Y as a pointed map
of type (S*, %) — (Y, y.), where y. = fi(¢e(*gx)). This map then defines an element
[fx © pe]« of the k-th homotopy group (Y, y.). Since k < n, and Y is n-connected, this
homotopy group is in fact trivial, therefore [f o @c]. = [ctgr . ]+, which implies that f o,

is null homotopic (even pointed null homotopic).

The reasoning above shows that f; o ¢, is null homotopic for every e € &Eys.
Theorem 7.2.1 then implies that f, can be extended to a map fri1 : Xgy1 — Y as
claimed. Now, if k was equal to n — 1, then we have succeeded in extending f to the
n-skeleton; if not, then k+ 1 is still strictly smaller than n, and the argument still applies,
so we can then extend fi11 to a map frio @ Xxio — Y. Continuing like this inductively

we eventually obtain a map f, : X,, = Y extending the initial map f. |
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7.2.1 The obstruction cocycle

Theorem 7.2.2 tells us that, the more connected the target space Y is, the easier it
is to extend a map f : A — Y through higher stages of the skeletal filtration of a relative
CW-complex (X, A).

But what happens when Y has some non-vanishing homotopy groups? Suppose we
have a partially extended map f, : X,, — Y defined on the n-skeleton, and that Y does
not necessarily have trivial homotopy groups in dimension n. By the definition of CW-
complex, the pair (X, 11, X,) is (n + 1)-cellular, so there is a collection of characteristic
maps {®, : D" — X, }ce
still applies, so that f, can be extended to a map f,.1 : X,4+1 — Y if and only if the

.. that give rise to a certain pushout square. Theorem 7.2.1
compositions f, o ¢, : S® — Y are null homotopic for every e € &,,1. If like before we
set Ye = fu(pe(xsn)), and we assume at the very least that Y is path-connected, then the
pointed map f, 0 ¢, : (5™, *gn) = (Y, y.) is null homotopic if and only if [f,, o @], is the

trivial element of 7, (Y, y.).

7.2.3 Remark. Here we have to be a bit careful with basepoints. If [f,, o ¢.]. defines
the trivial element of m,(Y,y.), then f, o ¢, is certainly null homotopic, even pointed
null homotopic. For the converse, if f, o ¢, is null homotopic, since this homotopy need
not be pointed, its final stage might not define an element of 7, (Y, y.). More precisely, if
h:S"™x 1 —Y is the homotopy of f, oy, to a constant map ctgn , for some point y € Y,
then we have the trivial element of 7, (Y, y), and not of m,(Y, y.).

Nonetheless, if we consider the path v : I — Y defined as y(t) == h(xgn,t) for
every t € I, that is, if we keep track of how the image of the basepoint xg» moves during
the null homotopy, we have the transport map ¢, : m,(Y, y.) — m,(Y, y). Moreover, h is a
homotopy adapted to f, 0y, and ~, so we know that the image ¢, ([f, 0 ¢..) is exactly the
pointed homotopy class [h;]., which we know is the trivial element of 7,(Y,y). Since the
transport map ¢, is an isomorphism of homotopy groups according to Proposition 5.5.6,

it follows that [f, o ¢.]. must also be equal to the trivial element of m, (Y, y.).

In our present context, it might very well happen that [f, o p.]. does not define
the trivial element of 7,(Y, y.). In this case, it is then not possible to extend f,, further to
the (n+ 1)-skeleton, the non-vanishing homotopy class [f,, o .|« represents an obstruction

to the possibility of extending.

Our goal is to quantify algebraically this extension, and in order to do this we
use the cellular cohomology of the relative CW-complex (X, A). Let us very briefly recall
how this is constructed. If {®, : D" — X,,_;}ece, are the characteristic maps for the
n-skeleton, we can consider the collection of open cells {®.(D"\ S" ')} .ce,. The group of
n-dimensional relative cellular chains C, (X, A) can be defined as the free abelian group
generated by the open n-cells of (X, A). A boundary operator 9, : C,,(X, A) — C,—1(X, A)
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is constructed as follows, if ®.(D™\ S"™!) is an open n-cell of (X, A), and & ;(D"~*\ S"2)

is an open (n — 1)-cell of (X, A), it turns out that there is a homeomorphism
X1/ (Xna \ @p(D"7H\ §77%)) = DMl /9n 2 = 5,
so via the composition
S Xy o X /(X \ @y (D S72) 2 Dot jgnt 2 gne

we end up with a self-map S"~! — S"~! whose degree is called the incidence number of
the n-cell ®.(D™\S™" 1) and the (n—1)-cell ®;(D"'\ S"2), and is denoted by [e : f]. We
then define the boundary operator 9, : C,(X, A) — C,_1(X, A) on the n-cell ®.(D™\ S 1)
as

On(®(D"\S" 1)) = 3 [es f]- p(D"H\ 577,

fegn—l
where the sum is over all the (n—1)-cells of (X, A). Since C,, (X, A) is freely generated by the
open n-cells, the definition above can be extended by linearity to a group homomorphism

O 1 Cu(X, A) = Coy (X, A).

This procedure then gives us a chain complex {C,(X,A)},>0 whose homology
groups define the relative cellular homology groups of the relative CW-complex (X, A).
The construction can then be dualized to define cellular cohomology, that is, we consider
an abelian group G, define the group of cellular cochains C"(X, A;G) as the group of
homomorphisms C,(X, A) — G, and define a coboundary operator

5" CM(X, A G) — CMTY(X, A G)

by dualizing 0,,+1. We end up with a cochain complex {C™"(X, A; G) },,>0 whose cohomology
groups define the relative cellular cohomology groups with coefficients in G of (X, A)

Back to our obstruction problem, we have seen that the possibility of extending
fn s X,y = Y further to f,1; is controlled by the elements [f,, o .« € T, (Y, y.). We can
consider this as assigning an element of 7,(Y, y.) to each (n+1)-cell in the (n+1)-skeleton
of (X, A), something that looks a lot like a cellular cochain as described above. There is a
problem, however, since the elements [f;, o p.]. assigned to the (n+ 1)-cells live in different
groups for each e € &, 1. We can make the assumption that Y is path-connected, which
allows us to identify the homotopy groups m,(Y,v.) for different (n + 1)-cells e € &, 1,
but recall that these identifications are not canonical, they are obtained by transporting
along paths between the various basepoints, and we might run into problems if we choose
paths arbitrarily. At this point, we make the simplifying assumption that the target space
Y is n-simple, which allows us to canonically identify the homotopy groups at different
basepoints. Keeping this in mind, we from now on denote the homotopy groups of Y

simply by 7,(Y), omitting the basepoint.

With these considerations in place, we can make the following definition.
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7.2.4 Definition. Let (X, A) be a relative CW-complex, and let Y be an n-simple space.
Given a map f : X,, — Y defined on the n-skeleton, the cellular (n + 1)-cochain obtained
by assigning to each (n + 1)-cell ®.(D™"!\ S™) of (X, A) the pointed homotopy class
[fn 0 pe]s € T, (Y) is called the obstruction cochain of f, and is denoted by 0" (f) €
C"U(X, A;m,(Y)).

Since a relative cellular cochain in C"*1(X, A; 7,(Y)) is the same thing as a group
homomorphism C, (X, A) = 7m,(Y), and C,11(X, A) is by definition freely generated by
the open (n+1)-cells of (X, A), a cellular cochain vanishes if and only if it maps each open
(n+ 1)-cell to the trivial element of 7, (Y"). Specializing this to the case of the obstruction
cochain 0" (f) € C"(X, A;7,(Y)) we obtain the following algebraic reformulation of
Theorem 7.2.1:

7.2.5 Corollary. Let (X, A) be a relative CW-complex, and let Y be an n-simple space.
A map f: X,, — Y defined on the n-skeleton of (X, A) admits an extension to the (n+1)-
skeleton if and only if its obstruction cochain 6"*1(f) € C"™ (X, A; 7, (Y')) vanishes.

We have taken a step towards an algebraic condition for the existence of an exten-
sion of f: X,, = Y to the (n + 1)-skeleton with Corollary 7.2.5. Unfortunately, it is not
of much practical use, since verifying if 6"*1(f) vanishes is the same thing as verifying if

the maps f o . : S™ — Y are null homotopic.

Nevertheless, this reformulation suggests that the extension problem has a cohomo-
logical nature to it. This is indeed true, and the main result of Obstruction Theory makes
precise the connection between extensions and cohomology. The crucial result behind this

connection is the following:

7.2.6 Theorem. Let (X, A) be a relative CW-complex, and let Y be an n-simple space.
If f: X, — Y is a map, then its obstruction cochain 6"'(f) € C"*}(X, A;m,(Y)) is in

fact a relative cellular cocycle.

All proofs of this result rely in some way or another on auxiliary results that tell
us how the homotopy groups are related to the homology groups. The most famous result
of this type is the Hurewicz Theorem, which basically states that the homotopy group
(X, zo) of a path-connected space is isomorphic to the corresponding homology group
H,(X) if the homotopy groups m;(X, xq) are trivial for all 1 <1i < n — 1.! For proofs, see
for example (STEENROD, 1951, Part III, Section 32) and (DAVIS; KIRK, 2001, Theorem
7.6).

1

There is a subtlety in dimension n = 1, since 71 (X, z¢) is in general non-abelian, even if X is
path-connected (that is, if mo(X) is trivial). In this case, the Hurewicz Theorem states that
H,(X) is isomorphic to the abelianization of 71 (X, x¢).
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7.2.7 Definition. Let (X, A) be a relative CW-complex, and let Y be an n-simple space.
Given a map f : X,, — Y, the relative cohomology class [0""(f)] € H""(X, A; 7, (Y))

determined by the obstruction cocycle of f is called the obstruction class of f.

7.2.2 The difference cochain

We now take another step towards understanding the connection between exten-
sions and cohomology by understanding how the obstruction cochain of f depends on its
values on the previous skeleton X,,_;. The main result needed for this comparison is the

following:

7.2.8 Lemma. Let (X, A) be a relative CW-complex, and let Y be an n-simple space.
If f,g:X, — Y are two maps such that their restriction f|x, ., g|lx,_, : Xn-1 = Y to
the previous skeleton are homotopic, then there exists a relative cellular cochain d(f, g) €
C"(X, A;m,(Y)) satistying the equality

0"(d(f,9)) = 0" (f) — 0" (g).

Sketch of proof. Since (I,01) is a relative CW-complex with Xg = X 1 =9I, and X; = I,
where the only characteristic map is the identity id; : (I,01) — (I,0I) (notice that we
are making the harmless identification of pairs (D!, S°) = (I,0I)), the pair (X x I, Ax I)
is also relative CW-complex whose k-th skeleton (X x I) is given by (Xz0l)U (Xg_1 X I).

In this case, the characteristic maps for the k-cells can be identified with the products
®, xid; : DF x [ — (X x 1)y,
taking into account the existence of a homeomorphism of pairs

(D* x I,D* x 09I U S*' x I) = (D" s*).2

Let H : X1 x I — Y be a homotopy from f|x, , to g|x,_,. These maps can be
combined to define a map I' : (X x I),, = Y as

f(z), ifrxe X, t=0,
[(x,t) = g(x), ifre X, t=1,
H(I,t), ifx e Xy_q.

This map I gives rise to an obstruction cochain 6"*(T') € C"™ (X x I, Ax I, m,(Y))
measuring the possibility of extending it to the (n + 1)-skeleton of X x I. Using this we
define a cochain d(f, g) € C"(X, A;m,(Y)) as follows: given an open n-cell ®¢(D™\ S"1),

2

See the discussion at Example 1.2.7.
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the product ®, x id; : D™ x id; can be identified with the characteristic map of an
(n+ 1)-cell in X x I, and we then define

d(@,(D"\ §"7Y)) = (1)@ (D) (@, (D"\ §7) x (1) 91)).

This assigns an element in 7,(Y") to each open n-cell of (X, A) by considering the element
that is assigned to a corresponding product open (n + 1)-cell in (X x I, A x I) by the

obstruction cochain §"1(T).

The fact that 6™(d(f, g)) = 0" (f) — 6"T1(g) follows by direct comparison cell-by-
cell using that #""1(T") is a cocycle. There are some subtleties since we have to understand
how the boundary operator of (X x I, A x I) relates to the boundary operators of (X, A)
and (I,01). See (DAVIS; KIRK, 2001, Lemma 7.8) for a detailed computation. |

The cochain d(f,g) constructed above is called the difference cochain of f and

g. Notice that its definition requires first choosing a homotopy between the restrictions
f|Xn71 and g’anl’

Lemma 7.2.8 allows us to prove the first part of the connection between extensions

and cohomology classes.

7.2.9 Corollary. Let (X, A) be a relative Cw-complex, and let Y be an n-simple space.
Given a map f : X,, — Y, if there exists a map F' : X,41 — Y whose restriction
F|x, , is homotopic to the restriction f|x, ,, then the obstruction class of f [6"T'(f)] €

H" (X, A;7,(Y)) vanishes.

n—17

Proof. Let g .= F|x, : X,, — Y, and notice that g|y, , = F|x,_,, therefore f|yx, , and
glx,_, are homotopic by hypothesis. According to Lemma 7.2.8, there exists a difference
cochain d(f, g) € C*(X, A;m,(Y")) such that

0"(d(f,9)) = 0" (f) — 0" (g),

and since F' is an extension of ¢, the obstruction cochain on the right vanishes, and
we are then left with the equality 0"*1(f) = 6"(d(f,g)). This means that 6"T1(f) is
a coboundary in C"™(X, A;7,(Y)), from which we deduce that its cohomology class
[0"F1(f)] is zero. [ |

7.2.3 The main extension result

At the end of the previous subsection we proved that, if a map f : X,, — Y can be
extended to X, after being modified onX,, in the sense that the restriction f|x, , is
homotopically to a map which does extend to X,, .1, then the obstruction class [0""!(f)]

vanishes.



7.2.  Obstruction Theory for maps 229

The goal of this subsection is to prove that the converse is also true, that is, if the

obstruction class vanishes, then f can be extended to X,,.; after being modified on X,,_;.
In all the next results, (X, A) is a relative CW-complex, Y is an n-simples space.

The proof of the main result depends on the following:

7.2.10 Proposition (Realization). Given a map fy : X,, — Y, a homotopy H : X,,_; X
I — Y such that Hy = fy|x,_,, and a cochain d € C*(X, A;7,(Y)), there exists a map
f1: X, — Y such that H; = fi]x,_, and d(fo, f1) = d. In summary, given f, and H, any

cochain of C"(X, A;7,(Y")) can be realized as a difference cochain.

The proof depends on a simple homotopical result.

7.2.11 Lemma. For any map f: D" x {0} US" ! x I — Y, and for any homotopy class
a € [9(D™ x I),Y]?, there exists a map F : (D" x I) — Y such that [F] = [a], and

whose restriction to D™ x {0} U S"~! x I coincides with f.

Proof. Consider the representing map « : (D" x I) — Y. If D denotes the subspace
D" x {0} U S"™! x I, then D is contractible, therefore f and a|p are both null homotopic,
therefore homotopic to one another. Consider then a homotopy h : D x I — Y starting
at f and ending at the restriction a|p, and notice that « itself extends the final stage of
h. Since the pair (0(D™ x I), D) is n-cellular - we just need to attach the “cap” D™ x {1} -
it satisfies the Homotopy Extension Property®, therefore we can extend h to a homotopy

H:0(D" x I) x I — Y satisfying the following properties:

1. H(z,1) = a(z) for every z € O(D™ x I);

2. H(z,t) = h(z,t) for every (z,t) € D x I.

We then let F':= Hy : (D" x I) be the initial stage of this extended homotopy. It
is homotopic to «a, so the equality [F] = [a] holds, and its restriction F'|p coincides with

f by virtue of the second property above. ]

Proof of Proposition 7.2.10. Consider an n-cell @, : (D™, S™1) — (X,,, X,,_1) of (X, A).
Let f: D" x {0} U S" ! x I =Y be defined as

¢€ 9 f G DTL7 t — 0,
RO L ICXE I
H(p(z),t), ifzeSt tel.

3 The notation 9(D™ x I) denotes the “outer shell” of the filled cylinder D™ x I, i.e., the
subspace S"~! x I U D™ x {0} U D" x {1}, which is topologically an n-sphere.
Technically, we are using the fact that, if (X, A) is a cellular pair, then the inclusion 7 : A — X
is a cofibration
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Consider also [a] = d(®.(D" \ S"')) the homotopy class assigned to the open cell
(D" \ S™1) by the cellular cochain d.”

Applying the previous Lemma we obtain a map F° : (D" x I) — Y such that
[F¢] = [a] and whose restriction to D coincides with A\°. We then let ff : D" — YV
be defined as ff := Ff. Doing this for every n-cell of (X, A) we can glue together the
various maps ff (formally, we use the universal property of the pushout) to obtain a map
f1: X, =Y. Since X(z,1) = H(pe(z),1) = F*(z,1) holds for every x € S"! and every
open n-cell, this map f; we have defined satisfies the equality f|x,_, = H;.

The only thing left is showing that the difference cochain d( fy, f1) has the specified
value. If we go over its construction, we see that it assigns to each n-cell ®.(D™\ S™ 1)
an element ,(Y") which can be identified with the class [I" o (®. x id;)] € [0(D™ x I),Y],
where I' : X,, x 0I U X,,_; x [ =Y is defined as

fo(z), ifrxex, t=0,
O(z,t) = 1 fi(z), ifzsX,, t=1,
H([E,t), if x € Xn—l-

This means that ®o (P, xid;) is equal precisely to the map F*® we obtained by applying the
previous Lemma. Since this map satisfied [F] = [a], and a was obtained from evaluating
the cochain d on the open n-cell (D" \ S"!) via the identification 9(D" x I) = S™ if
we revert this identification we see that [F| gets mapped precisely to the value d(®.(D™\
S" 1)) € m,(Y). In summary, the element of 7,,(Y") assigned to the open cell ®.(D™\ S"!)
by the difference cochain d( fo, f1) is equal to the element assigned by the cochain d, and
since this holds for every n-cell, we deduce that d(fy, f1) = d as desired. |

We finally have all the ingredients to prove the main theorem.

7.2.12 Theorem. Let (X, A) be a CW-complex, and let Y be an n-simple space. Given
amap f: X, — Y, its obstruction class [0""!(f) € H""(X, A;7,(Y)) vanishes if and

only if there exists a map F' : X, ;1 — Y whose restriction F|y, , is homotopic to the

n—1

restriction f|x, .

Proof. We have already proved that, if the extension F exists, then [#"!( f)] vanishes. For
the converse, suppose this cohomology class vanishes, so that §"1(f) = §"(d) for some
cellular cochain d € C"(X, A; m,(Y)).

Consider the homotopy H : X,, 1 X [ — Y given by H(z,t) = f|x,_,(z). By

definition the initial stage Hy agrees wit f|x,_,, and we can then apply Proposition 7.2.10

> This cochain actually assigns an element to the open cell an element in the homotopy group

m(Y'), but this gives rise to a homotopy class in [0(D" x I),Y] since 9(D™ x I) = S™ as we
have already remarked.
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to obtain a map f’': X,, — Y such that H; = f’|x,_,, and such that the difference cochain
d(f, f') is equal precisely to d.

We just need to show that f’ can be extended to a map F': X,,;; — Y. In order

to see this, recall that the difference cochain satisfies the equality
0" (d(f, f) = 0" () = 0" ()
In our case, this can be rewritten as
0" (d) = 0" (f) — "),

but d was chosen to satisfy 6"*!(f) = §"(d), which implies that the obstruction cochain
6"+ (f') vanishes, thus it can be extended to X,,,1. [

It is interesting to note that the extension F' constructed above is such that the

restriction F|y, , is not only homotopic to f|y, ,, but in fact equal to it.

7.3 Obstruction Theory for sections

The theory developed in the previous section can be adapted to study the extension
lifting problem for sections of a locally trivial bundle. In this section we briefly go over
the main results. We do not include proofs, but mostly point out where are the differences

and subtleties in adapting the obstruction theory for maps to the context of sections.

Throughout the section, let X be a CW-complex, and suppose p : £ — X is a
locally trivial bundle with typical fiber F'. Given a section s : X,, — F of the bundle, we
are interested in investigating the possibility of extending s to higher stages of the skeletal

filtration of X such that the extension is still a section of the bundle.

If we suppose that s is defined on the n-skeleton of X,, and we consider the
characteristic map @, : (D""! S™) — (X,,, X,,_1) of an (n+ 1)-cell, we have the composite
S, == 50, : S* — E. The projection po s, : S"! — B is null homotopic, because
POSe=posop,=1idg oy, = p., and ¢, extends ..

If we then consider a null homotopy h : S™ x I — B of po s, to some constant map
ctgn 5, using the lifting property of locally trivial bundles we can find a lift h:S"xI—E
of h such that its final stage h; maps S™ entirely to the fiber p~!(x). This procedure then
assigns an element in ,(p~*(z),*) to each (n 4 1)-cell of (X, A). We have the same
possible problem of choice of basepoints in the fiber p~!(x), so we better assume that the
fibers are n-simple. Since the fibers are all homeomorphic to the typical fiber F', it suffices

to assume that F' is n-simple.

We then have a procedure that assigns to every open (n + 1)-cell of X an element

in the homotopy group 7,(p~*(z)) of some fiber. Since all fibers are homeomorphic to F,
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we can identify 7, (p~!(z)) with 7,(F). It is tempting to say that this whole procedure of
assigning homotopy classes in m,(F") to the (n + 1)-cells of X defines a cellular cochain
C"(X;m,(F)). Unfortunately, there is still a possible problem. When we identify the
fiber p~!(z) with F, this identification is not canonical, it depends on choosing a local
trivialization around the point z. Now, different points will give rise to potentially different
local trivialization, and we might end up with a mess of different identifications between

fibers over points of x and the typical fiber F'.

There are two ways to circumvent this problem:

1. we fix once and for all a point g, and fix an identification p~'(zy) = F. This
will serve as the standard identification with the typical fiber. If we can somehow
naturally identify other fiber p~'(x) with p~'(x¢), then we can also identify them
naturally with F. The situation is similar to the process of identifying homotopy

groups based at different points.

2. We can give up on assigning elements of the single group m,(F") to the open (n -+ 1)-
cells, and instead allow a varying family of groups. The local triviality of the bundle
ensures that at least locally it is possible to make a consistent choice of groups. It is
possible to develop an alternative cohomology theory based on this idea of varying
coefficient groups called cohomology with local coefficients. If we use this technology,
then the process described above does indeed produce a cochain on this generalized

sense, and the theory can be developed in this way.

The second approach is way beyond the scope of this text, so we comment a little
on the first. If we recall that every CW-complex is a paracompact space, then it follows
that every locally trivial bundle over a CW-complex is in fact a Hurewicz fibration. This
means that the projection p : £ — X satisfies the right-lifting property with respect to

any cylinder inclusion Z — Z x I, not just those defined on other CW-complexes.

This allows us to transport information on fibers along paths on the base space.
More precisely, if v: I — X is a path from xq to z1, and we denote the respective fibers
by F,, and F,,, then the homotopy h : F,, x I — B given by h(u,t) = 7(t) can be lifted
to a homotopy h: F,, x I — E, and its final stage hy F,, — E actually takes values in
the other fiber F,.

Let t, : I, — F, be this map obtained from the path «. This construction satisfies
properties similar to those satisfied by the transport map for the homotopy groups, in

particular:

1. if & is another lift of h, then the final stages hy and hy are homotopic, therefore the

definition of ¢, is independent of the chosen lift;
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2. if v ~ 7 as paths, then ¢, and t,, are homotopic maps;

3. if we consider the constant path ct;,, : I — X, then the associated transport map

bety b F,, — F,, is homotopic to the identity;

4. if v/ : I — X is a path from x; to xo, and ~ - 7/ denotes the concatenation of the

two paths, then ¢,.,, is homotopic to the composition ¢,/ o ¢,.

This allows us to associate to path-homotopy class [y] between two points zy and

x1 a homotopy class [Fy,, Fi,| of maps between the corresponding fibers.

The algebraic properties “up to homotopy” satisfied by the transport construction
that were mentioned above allow us to define an action of the fundamental group 7 (X, z¢)
on the homotopy group 7, (F,,): given a class [a]. € m1(X, xg), the properties listed above
imply that the associated transport map t,, : F,, — [, is actually a homotopy equivalence
of the fiber, whose inverse up to homotopy can be obtained by transporting along the
reverse loop @, and the homotopy class [t,] € [Fy,, Fy,] induces a group homomorphism
by the rule [f] — [t, o f], where [f] € m,(F,). Notice that we are not worrying about the
basepoints because we supposed that the typical fiber F' is n-simple, so the same is true
of the fiber F,,. We can avoid the problem of canonical identification between fibers if we

demand that this action be trivial.

7.3.1 Definition. A locally trivial bundle p : £ — X with typical fiber F' is said to be

n-simple if the following conditions are satisfied:

1. X is path connected;
2. the typical fiber F' is n-simple;

3. for every point z; € X, the action of the fundamental group m(X,zo) on the

homotopy group 7, (F},) of the corresponding fiber is trivial.

If we restrict ourselves to working with n-simple locally trivial bundles, then the
construction described at the beginning of the section goes through. Fix a point xg € X,
identify F,,, which we will denote by F', since it is homeomorphic to the typical fiber, and
then by transporting along paths every other fiber can be identified with F'. Given a section
s : X,, = E over the n-skeleton, we assign to each (n+1)-cell @, : (D" S") — (X,11, X,,)
the element of 7,(F") by first lifting a null homotopy h : S™ x I — B of the composition
poso, toahomotopy h: S™ x I — E, and then looking at the homotopy class of the
last stage of this lift [El] Again, this class lives in the n-th homotopy group of some fiber,
but the assumption of n-simplicity allows us to identify this with m,(F"). We obtain then
obtain a cellular cochain §""!(s) € C"™(X;7,(F)) called the obstruction cochain of

S.
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We then have results analogous to the ones proved in the previous chapter.

7.3.2 Theorem. Let X be a path-connected CW-complex, and let p : E — X be an
n-simple locally trivial bundle with typical fiber F'. Given a section s : X,, — E of the

bundle over the n-skeleton, the following are true:

1. the section s can be extended to a section S : X,,;1 — F if and only if its obstruction

cochain #"1(s) vanishes.
2. The obstruction cochain §"*!(s) is a cellular cocycle.

3. The cohomology class [0"11(s)] € H"™(X; m,(F)) vanishes if and only if there exists
a section S : X, ;1 — E whose restriction S|y, , to the (n — 1)-skeleton coincides

with the restriction sy, ..
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CHAPTER

SOME APPLICATIONS

In this final chapter we briefly describe some applications of the results of Obstruc-
tion Theory obtained in the previous chapter. It is a short chapter mainly concerned with
exposing the potential ways in which Obstruction Theory can be used in other areas of

Mathematics.

The first section discusses characteristic classes of vector bundles. These are co-
homology classes that can be naturally associated with any vector bundle, and which
are connected with its topology. In our obstruction-theoretic approach, these cohomology
classes show up as obstruction classes of some locally trivial bundle naturally associated

to the initial vector bundle.

In the second and last section, we discuss how the results of Obstruction Theory
have been applied in Singularity Theory to define the so-called local Euler obstruction,
a numerical invariant which in some sense measures the complexity of a singularity at a
point of a space. We then briefly describe how this invariant was first used to construct

Chern classes for possibly singular spaces.

This chapter is of a more expository nature, without worrying about the technical-
ities. Compared to the previous chapters, this one reads more like a mathematical prose

than a technical text.

8.1 Characteristic classes

Let X be a path-connected CW-complex, and let p : E — X be a real vector
bundle of rank n > 2. Suppose also that the bundle is orientable, that is, we can cover
X by trivializing neighborhoods {U; };e; such that, for each 7, j € I, over the intersection
U; N U; the change of coordinates map ¢; o ¢; ' : (U; N U;) x R* — (U; N U;) x R™ is of

the form (z,v) — (z,t;;(x)(v)), where ¢;;(x) : R* — R" is an orientation preserving linear
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isomorphism which depends continuously on z € U; N Uj.

Every vector bundle comes equipped with a zero section i : X — E which maps
each point # € X to the corresponding zero vector 0, € p~!(x) in the fiber above. We
can obtain a new bundle py : Fy — X by removing the image of this zero section, i.e., by
defining Ey := E \ i(X). The resulting projection is no longer a vector bundle, of course,

but it is still a locally trivial bundle whose typical fiber is the pointed euclidean space
R™\ {0}.
This typical fiber is homotopy equivalent to a sphere S™~!, so some of its homotopy

groups can be explicitly described as

. 0, if0<;j<n-—2
m;(R"\ {0}) = o
Z, it j=n-—1.
We then see that the typical fiber is (n — 1)-connected. This is why we restricted to the
case n > 2 by the way, since when n = 1, the fiber R\ {0} is not path-connected.

This connectedness means that we can find a section s : X,,_; — Ey over the (n—1)-
skeleton. The orientability hypothesis on the vector bundle ensures that py : Ey — X is
(n — 1)-simple, and so by the results of Obstruction Theory we know that there is an
obstruction class [6"(s)] € H™(X;Z) which measures the possibility of extending s to
n-skeleton. It follows from the connectedness of the fiber that this obstruction class is
actually uniquely determined, if s’ : X,,_; — Ej is another section, then [#"(s")] is equal
to [6™(s)]. In other words, the cohomology class obtained this way is intrinsic to the
bundle, and it is called the Euler class of the bundle, and denoted by e(E) or e(p).

The construction of the Euler class can be generalized. Since every CW-complex is
paracompact, a vector bundle over a CW-complex can always be equipped with a metric.
This allows us to define a new bundle Vj(p) : Vi(E) — X, where Vi (F) is obtained by
replacing each fiber p~! () with the Stiefel manifold Vi (p~!(z)) with respect to the metric
mentioned above. As a set, Vi (F) is then given by the disjoint union | |,cx Vi(p~'(x)), and
by suitably topologizing this the projection Vi(p) : Vi(E) — X becomes a locally trivial
bundle with typical fiber the usual Stiefel manifold Vj;(R™) of orthonormal k-frames in
R™.

We mentioned in Proposition 6.4.8 that Vi (R™) is (n — k — 1)-connected, so we
can always find a section s : X, — Vi(F) defined over the (n — k)-skeleton. The
possibility of extending this section to X, .1 is controlled by its obstruction class
[0 F 1 (s)] € H "X 7, 1 (Vi(R™))). Recall that the homotopy group m, (Vi (R™)) is
a bit complicated:

Z, ifk=1orn—kiseven,

Tn—k(Vi(R")) =
Zs, otherwise.
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This means that, depending on the particular values of n and k, the obstruction class
[67=*+1(5)] either lives in H" **1(X;Z) or in H" (X Zs,). If we reduce Z mod 2, then
we can always obtain a cohomology class in H""*~1(X;Z,) regardless of the values of
n and k. Like in the case of the Euler class, this obstruction class does not depend on
the section s : X,,_ — Vi(F) considered initially, being intrinsic to the bundle. The Zo-
cohomology class obtained in this way starting with any section is called the (n—k+1)-th
Stiefel-Whitney class of the bundle, and it is denoted as w,,_g+1(F).

Geometrically, the Stiefel-Whitney classes measure how far up the skeletal filtra-
tion of X we can find a continuously varying family of k-frames in the fibers above. For
example, if X is a smooth manifold, and the initial bundle is the tangent bundle TM — M,
then w,_xy1 measures in some sense on how much of the manifold M we can define a

collection of £ linearly independent vector fields.

We end our discussion of characteristic classes with a brief comment on Chern
classes. Let p : E — B be a complex vector bundle over a path-connected CW-complex
X. It can be equipped with a continuously varying family of hermitian products on each
of its fibers, and we can then perform the previous construction by replacing each fiber
p~(z) with V;(p~'(z)), where we are now considering the Stiefel manifold of complex
frames that are orthonormal with respect to the hermitian product. This gives us a locally
trivial bundle p : Vi (E) — X whose typical fiber is the complex Stiefel manifold V;(C™)

of orthonormal frames with respect to the usual hermitian product on C".

Luckily, the homotopy of the complex Stiefel manifolds is a bit simpler than that of
their real counterpart, and we showed in Proposition 6.4.7 that some of the first homotopy

groups can be described as follows:

0, if0<j<2n—k),

T (Ve(C")) = o
Z, ifj=2(n—k)+1.

This means that we can always find a section s : Xo(,_gy4+1 — Vi(E) over the (2(n—Fk)+1)-
th skeleton. The possibility of extending it to the next stage of the filtration is controlled
by its obstruction class #2"~F+1)(X: Z). Like with the two previous characteristic classes,
this cohomology class does not depend on the section initially considered, it is intrinsic

to the bundle. It is called the (n — &k + 1)-th Chern class of E, and is commonly denoted
by cn-pr1(E).

8.2 Local Euler obstruction

In the previous section, we were mainly interested in explaining how some charac-
teristic classes of vector bundles arise from the main results of Obstruction Theory. Part

of the importance of these classes, however, is how they admit multiple constructions in



238 Chapter 8. Some applications

different areas, each of them revealing a connection with another topic. Some possible

constructions are:

« the classical construction via Obstruction Theory as presented in the previous sec-

tion;

e a construction via the Leray-Hirsch Theorem and the projectivization of a vector
bundle;

 a construction via the Thom Isomorphism and the Steenrod squaring operations in

cohomology;

« in Differential Geometry, Chern-Weil Theory allows us to relate Chern classes, which

live in singular or cellular cohomology, with classes in de Rham cohomology.

Beyond the various possible constructions, the importance of characteristic classes

can also be perceived by looking at some theorems related to these objects.

1. Every manifold has associated to it a vector bundle: its tangent bundle TM — M.
The Stiefel-Whitney classes w;(T'M) of the tangent bundle are also called the Stiefel-
Whitney bundles of M. Using the obstruction-theoretic construction of these classes
one can show the following result: a manifold M is orientable if and only if its first
Stiefel-Whitney class wy (M) vanishes.

2. Given a closed manifold M, let [M] denote its fundamental class in homology with
Zs coefficients. The evaluations (w; (M), [M]) are called the Stiefel- Whitney numbers
of M. René Thom proved the following result: two closed manifolds M and N are
cobordant if and only if their Stiefel-Whitney numbers agree.

3. There exists a special BO(n), called the classifying space of the orthogonal group
O(n), as well as a rank n vector bundle EO(n) — BO(n), called the universal rank
n vector bundle: which together satisfy the following properties: if X is a sufficiently
nice space (like a CW-complex), and p : E — B is a rank n vector bundle over X
then there exists a map f: X — BO(n) such that p : E — B is the pullback of the
universal bundle FO(n) — BO(n) along the map f, which is called the classifying
map for the bundle. It turns out that the cohomology ring of the space BO(n) is
determined by the Stiefel-Whitney classes of the bundle £EO(n) — BO(n). Using
the classifying maps we can then obtain the Stiefel-Whitney classes of any rank

n bundle over a nice space from the corresponding classes of the universal rank n
bundle.

Historically, characteristic classes have been important tools in the study of the

topology and geometry of manifolds. One reason behind this usefulness is the fact that
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manifolds have many vector bundles associated to them by means of the tangent bundle
and modifications of it. When we enter the world of singular space, the situation is more
complicated. Since these spaces are characterized by having points without a well-defined
tangent space, we cannot associate a vector bundle to a general singular space. This leaves

us wondering if the theory of characteristic classes can be of any use in Singularity Theory.

The goal of this final section is to give a brief overview of how the techniques of
Obstruction Theory can be used to construct characteristic classes for a certain class of
singular spaces. We do not give proofs, that is beyond the scope of this work, but at times

we offer some pointers to the literature.

Before looking for characteristic classes for singular spaces, we first reformulate

the usual characteristic classes in a functorial way. This is possible due to the following:

8.2.1 Proposition. The Chern classes enjoy the following properties:

1. If £ is a rank n complex vector bundle, then ¢;(§) = 0 for every i > n.

2. If £ is a complex vector bundle over the space Y, and f : X — Y is a map, then
the Chern classes of the pullback bundle f*¢ satisfy the equality ¢;(f*¢) = f*(¢i(€)),
where f*: H*(Y;Z) — H?*(X;Z) denotes the morphism induced in cohomology.

3. If n and & are two complex vector bundles over the same base space, then the Chern

classes of the Whitney sum 7 & 7n can be described via the formula

c(n®§) = Z ci(n) — ¢;(§).

i+j=k

4. The first Chern class ¢; () of the tautological line bundle over the complex projective
line CP"' is a generator of the cohomology group H?(CP';Z) = H?*(S*Z) = Z.

These properties can actually be proved via the obstruction-theoretic construction
of Chern classes, see for example (FOMENKO; FUCHS, 2016, Section 19.5) for a proof in
the context of Stiefel-Whitney classes. Other approaches to characteristic provide easier
proofs, however. It is also interesting to note that these properties completely characterize

the Chern classes, so they can be taken as axioms.

Let us see how these properties allow us to think of Chern classes functorially.
Let HoCW be the category whose objects are CW-complexes, and whose morphisms are
homotopy classes of maps. Given an integer ¢ > 0, we define two (contravariant) functors

on this category:

1. The first is the cohomology functor H*(—;Z) : HoCW®° — Set sending a CW-
complex to its singular cohomology group H*(X;Z), and sending a homotopy class
[f] : X = Y to the induced morphism f*: H*(Y;Z) — H*(X,Z).
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2. The second is the functor Vec : HoOCW°P — Set sending a CW-complex to the set
Vec(X) of isomorphism classes of complex vector bundles over X, and sending a
homotopy class [f] : X — Y to the function Vec([f]) : Vec(Y) — Vec(X) given
by [£] — [f*¢], where [£] denotes the set of isomorphism classes of . This is well-
defined by virtue of the well-known result that pullbacks of a vector bundle along

homotopic maps are isomorphic.

The Chern classes allow us to define natural transformations of type
Vec = H*(—; 7).

More precisely, we can consider for each CW-complex X the function ¢ : Vec(X) —
H?(X;7Z) defined as
ci ([€]) = ai(€) € H*(X;2),

that is, ¢ sends the isomorphism class [¢] to the i-th Chern class ¢;(€). This is well-defined
by virtue of the naturality property of Chern classes, and it satisfies the commutativity

condition characterizing natural transformations.

Vec(X) e Vec(Y)

X Y
G l Jci

H?*(X;7Z) o H?*(Y;Z)

This formulation makes it clear that the characteristic classes allows us to naturally
translate geometric information about a space (vector bundles over it) into algebraic
information (cohomology classes). It is this functorial formulation which represents a

bridge to the world of characteristic classes for singular spaces.

Alexander Grothendieck and Pierre Deligne conjectured the following result:

8.2.2 Theorem. Let C denote the category of complex algebraic varieties and algebraic
maps. Let F : C — Ab be the “constructible functions” functor, and let Ho.(—;Z) : C —
Ab be the total homology functor.

There exists a unique natural transformation ¢ : F = Ha.(—;Z) satisfying the
following normalization condition: if X is smooth, and [X] denotes its fundamental class,
then the equality c.(X) —~ [X] = ex(ctx1).

Some explanation of this statement is needed:

« Very roughly speaking, a constructible function on a complex algebraic variety X
is a function X — 7Z which is constant on the pieces of a nice decomposition of X

into smooth pieces.



8.2. Local Euler obstruction 241

+ The homology functor Hs,(—;Z) sends a space X to the direct sum ;- Ho;(X; Z)
of all its even dimensional homology groups. Similarly, c,(X) € Hs.(X;Z) is the

total Chern class of X, that is, the formal sum of all its Chern classes.

The idea is that this natural transformation ¢ behaves as the natural transforma-
tion induced by the usual Chern classes that we mentioned before. For each X € C, the
homology class cx(ctx 1) € Ha(X;Z) coming from the constant constructible function
is called the Chern-Schwartz-MacPherson class of X. The normalization condition
in the theorem statement says that, if X is in fact smooth, then its Chern-Schwartz-

MacPherson class agrees with its usual Chern class up to Poincaré duality.

The reason we have stated a theorem, and not a conjecture, is because it was
proved by Robert MacPherson in (MacPherson, 1974). Interestingly, some years before
this, the French mathematician Marie-HéLene Schwartz had in fact already constructed
Chern classes for some singular spaces (even before the Grothendieck-Deligne conjecture
was stated!), and in later work together with Jean-Paul Brasselet they showed that her

construction was in fact dual to MacPherson’s.

8.2.3 Remark. On a personal remark, one thing that has never been clear for me about
this Grothendieck-Deligne conjecture is: why constructible functions? If classical char-
acteristic classes are useful for turning geometric data into algebraic data, why consider
constructible functions in the singular case? What is the geometric content of constructible
functions? I discussed this with some other students and looked for some information in

the literature, but I did not find a precise explanation.

Having explained the general context of part of the historical origins of the theory
of characteristic classes for singular spaces, we dedicate the rest of this chapter (and of
the text!) to very briefly explain the construction introduced by MacPherson, and how

results from Obstruction Theory played a role in it.

The first step is to find a substitute for the tangent bundle. Let X be a d-
dimensional complex algebraic variety embedded in a smooth complex ambient manifold
M of dimension N. Using the tangent bundle TM of M, we define a map v : Xy —
G4(TM) over the regular part of X as

V() = (2, Ty Xieg)-

Here, G4(T M) denotes the bundle over M obtained by replacing each of the tangent space
of M with their corresponding grassmannian of d-planes. The closure of the image of v in
G4(TM) is called the Nash modification of X and is denoted by X. The restriction of
the projection G4(T'M) — T'M to X defines a map v : X — X called the Nash blow-up.

Over G4(TM) we have the tautological bundle " — G4(T'M) whose points are
the triples (m,V,v), where m is a point of M, V < T,,M is a d-plane, and v € V is a
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vector. The restriction of this tautological bundle to the Nash modification is called the
Nash bundle of X, and is denoted by TX.

A first idea for obtaining a class as described in the theorem above is to define

ear(X) = (e (TX) ~ [X]),
i.e., we consider the total Chern class ¢,(TX) of the Nash bundle, dualize to obtain a
homology class in Hy,(X;Z), and then push it down to Hy, (X Z) via the pushforward v,
along the Nash blow-up. The class ¢/ (X) obtained like this is called the Chern-Mather

class of X.

Unfortunately, even though ¢y, (X) satisfies the required normalization condition
when X is smooth, i.e., it is Poincaré-dual to the usual Chern class, it does not de-
pend naturally on the initial variety X. Nevertheless, these Chern-Mather classes are still
part of the solution to the problem. More precisely, using it we can associate to every
subvariety V' C X a homology class in Ho,(X;Z) via the rule V > ¥ (cp(V)), where
iY : Hy(V;Z) — Ha.(X;Z) is the morphism induced by the inclusion map ¥ : V »— X.
This assignment can be extended to a group homomorphism ¢ @ A (X) — Hau(X;Z),
where A, (X) is the group of algebraic cycles on X, which is defined as the free abelian
group generated by all the subvarieties of X.

The component cx : F(X) — Hs.(X;Z) of the natural transformation ¢ : F =
Hs.(—;7Z) we are trying to define is obtained by composing the Chern-Mather homo-
morphism ¢y AL(X) — H(X;Z) constructed above with a certain isomorphism
F(X) 5 A, (X) between the group of constructible functions and the group of algebraic

cycles.

This is where Obstruction Theory finally shows up. Suppose V' is a v-dimensional
complex algebraic variety embedded in a smooth complex algebraic variety N. Given a
point p € V| let z = (z1,..., 2,) be a set of local coordinates for N on a neighborhood U
of this point such that z;(p) = 0 for every i. Let ||z||* : U — R be the map defined as

1212) = Va1 ()21 W) + - + 20(1) 20 (W)

for each y € U. This map induces a differential form d||z||?, which is a section of the
cotangent bundle T'"N* over this neighborhood U. This section can be pulled-back along
the Nash blow-up v : X — X to define a section r of the dual bundle TX over the
neighborhood v~'(U) C X.

The next result, whose proof requires using techniques from the Stratification

Theory of algebraic varieties, is crucial for the definition of the local Euler obstruction.

8.2.4 Lemma. Given € > 0, let BX be the set of points in y € U such that 0 < ||y|| < e,

i.e., it is a punctured ball in the metric associated with the local coordinates on U.
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If ¢ is sufficiently small, then the section r of TX" is non-zero on the subspace
v (BY).

Knowing this, for a sufficiently small €, let B. be the closed e-ball in this coordi-
nate neighborhood, and let S; be the corresponding boundary sphere. The Lemma above
implies that r is non-zero on the subspace v~1(S;) lying over the e-sphere. The possibility

of extending r from v~1(S.) to v~!(B.) is controlled by its obstruction class
6 H' (v (B.),v\(5.): 7).

If 0. € H,(v ' (B.),r'(S.); Z) is the orientation homology class of the pair of spaces
(1 (B2), v 1(5.)), we have

8.2.5 Definition. The integer
Eu, (V) = (0, O;)

is called the local Euler obstruction of V' at p.

Back to the original context, given a subvariety V' < X using the local Euler

obstruction we can define a function Euy : X — Z as follows:

Eu,(V), ifpeV,
Euy(p) = P
0, ifpeg V.
One of the key properties of the Euler obstruction is that Eu,(V) = 1 if p is a smooth
point of the variety V. By choosing a stratification of X adapted to V', using this property

one can then show that Euy : X — Z is a constructible function.

The assignment V' +— Euy induces a group homomorphism 7" : A,(X) — F(X),
and MacPherson proves in (MacPherson, 1974) that this homomorphism 7" is in fact an
isomorphism of groups. He then goes on to define the desired morphism cy : F(X) —
Hs.(X;7Z) via the composition

Cx = Cp1 © T_l

as shown below.

It is straightforward to show that this definition of cx satisfies the normalization
condition. If X is smooth, we want to show that cx(ctx 1) is Poincaré-dual to the classical
Chern class ¢,(X). By definition, cx(ctx1) = ey (T *(ctx1)), and in order to evaluate

T~*(ctx,1), we need to find an algebraic cycle o of X such that T'(«) = ctx 1, but this is
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easy: consider the algebraic cycle 1- X € A,(X), then T(1 - X) = Euy, but since X is
smooth, Eu,(X) =1 for every p € X, i.e., Euy = ctx ;. We then have

Cx(CtX’l) = CM(Til(CtXJ)) = CM(X),

but as we remarked above, when X is smooth, its Chern-Mather class is already Poincaré-

dual to its usual Chern class, from which we deduce that

CX(CtXJ) - [X] = CM(X) ~ [X] = C*(X)

The proof that cx : F(X) — Hi.(X;Z) depends naturally on X is much more
difficult, however. It involves an intricate construction, called the graph construction, and
deeper results about algebraic cycles on algebraic varieties. A proof, albeit very succinct,

can be found in MacPherson’s original article (MacPherson, 1974).

We end this section with some final remarks on the local Euler obstruction. Unfor-
tunately, obstruction-theoretic constructions tend to be difficult work with in practice, so
without additional tools it can be difficult to calculate the local Euler obstruction. Fortu-
nately, several results of computational nature have been obtained since the introduction
of the concept. One famous such result by Brasselet-Lé-Seade roughly says that, for a
variety X in some C¥, the local Euler obstruction at 0 € X can be computed via the

weighted sum
k

Buo(X) = x(Vin B: N (to)) - Buy, (V7).

i=1
In this formula, {V;}1<;<x is a nice stratification of the variety X (what is called a Whitney
stratification), p; is an arbitrary point in the stratum V;, € and t, are sufficiently small
real numbers, £ is a suitable complex linear functional on C¥, B. is the closed ball of
radius € centered at the origin of CV, and y denotes the usual Euler characteristic Geo-
metrically, this says that the local Euler obstruction can be calculated by looking at how
the hyperplane £~*(ty) intersects the different strata V; near the origin 0. For a proof, see
(BRASSELET; TRaNG; SEADE, 2000).
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APPENDIX

A

GROUP AND COGROUP OBJECTS

The goal of this appendix chapter is to analyze the categorical concepts of group
and cogroup objects. Since these concepts are more specific than the other ones used
in the text so far, and they are not always covered in introductory texts, I felt that an

appendix dedicated to them would be good.

We first introduce group objects and analyze some of the more common examples.
We then prove a seemingly innocuous result characterizing group objects in the category
of groups - the Eckmann-Hilton Argument - which is in fact very useful for studying the
commutativity of the higher homotopy groups. After this, we analyze the dual concept of

COgroups.

The last section then explains how these categorical notions of group and cogroup
can be used to generate whole families of ordinary groups. The results of this section can
be seen as a possible explanation behind the existence of group structures on certain sets

of pointed homotopy classes.

A.1 Definitions and examples

In this last section we introduce the categorical notions of group and cogroup
objects. These are special types of objects of a category which, when they exist, allow us
to obtain algebraic objects from the category in question. These concepts will be specially
important for us because they will be used to obtain algebraic objects from topological

spaces, in particular the infamous homotopy groups.
The definition of a group object comes from rewriting the axioms that define a

group in a diagrammatic way that can be stated in any category.

A.1.1 Definition. Let C be a category with binary products and a terminal object x. A

group object in C is a tuple (G, m, e, inv) where
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1. m is a morphism of type G x G — G,
2. e is a morphism of type x — G,

3. inv is a morphism of type G — G.

These morphisms must satisfy the commutativity conditions imposed by the three dia-
grams below, where !¢ : G — * denotes the unique morphism from G to the terminal

object %, and A: (G x G) x G — G x (G x G) denotes the associator isomorphism:

(G1) (Existence of a two-sided unit)

G (eolg,idg) Gx G

(ideeo!G)l idg Jm
™~

(G2) (Associativity)

(GxG)xG 4 G x (G x @)

mXidGJ, J{idg xXm

Gxd G xd

S A

(idg,inv)

(G3) (Existence of inverses)

G
. . \
(1nv,1dg)J{ eol

GxG

b

GxG——3G

Each of the morphisms that make up the structure of a group object has a corre-
sponding name: m is the multiplication morphism, ¢ is the unit morphism, and inv

is the inversion morphism.

A.1.2 Remark. Let us recall the construction of the associator isomorphism A mentioned
above, since we will need to make use of its defining properties later on. Consider the
canonical projections below:

m:GExG—= G,

m G x G — G,

I : (GxG)xG— G xG,

I: (GxG)xG— G,

I} : G x (GxG)— G,

I, : G x (GxG)— G xG.
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A morphism A : (G x G) x G — G x (G x G) is completely determined by
the composite morphisms [l 0 A : (G X G) x G — Gand Il 0 A : (G xG) xG —
G x G. The second composite morphism II, o A is itself determined by the morphisms
mollboA moll,o A: (G x G) x G — G. Using the universal property of the product
twice, we can then define A as the unique morphism (G x G) x G — G x (G x G) satisfying

the following equations:
Hll 0 A= 71 O Hla
7T10H’20A:7T20H1, (A-l)
79 O le 0 A= HQ.

Let us examine examples of group objects in particular categories to see if this

definition really captures the idea of a group.

A.1.3 Example. The category Set has all binary products, which are given by the usual
cartesian product construction, and a terminal object is given simply by a singleton set
{pt}, so the unique morphism !x : X — {pt} is just the constant function ctx  : X —
{pt}.

Suppose G is a group object in Set, so that we have functions e : {pt} — G,
m: G x G — G and inv : G — G satisfying the commutativity conditions stated above.
The function e : {pt} — G determines an element e(pt) € G which we will denote by eg.
We usually think of a function of type G x G — G as a binary operation on G, so we will
use the notation ¢y - g2 = m(g1, g2). Let us analyze what the commutative diagrams in

the definition of a group object mean in terms of explicit elements.

The first diagram imposes the equalities m o (idg, e o ctg ) = idg and mo (e o
ctgpt, m) = idg. Evaluating the left side of the first equation on an arbitrary element

g € G gives us

(mo (idg, e o ctgpi))(9) = m(g,e(pt)) = g - ec,

so the first equation says that g - e = ¢ holds for every g € G; and by an analogous
computation we see that the second equation says that eq - ¢ = ¢ holds for every g € G.
The commutativity of the first diagram (G1) is then equivalent to saying that eg is a two

side-unit for the binary operation defined by m.

The second diagram states the equality m o (m,idg) = mo (idg, m) o A, where the
associator bijection A : (G X G) x G — G x (G x G) maps ((g1,92), 93) to (g1, (g2, 93))-
On the one hand

(m o (m,ide))((g1,92), g3) = m(g1 - 92, 93)
= (91 '92) * g3,
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while on the other

(m o (idg,m) o A)((g1,92), 93) = (m o (idg,m)) (g1, (92, 93))
= m(g1,92 : 93)
=01 (92 - g3)-

The commutativity condition of (G2) then says that the equality

(91 '92) “g3 =01~ (92'93)

holds for every g1, g2, g3 € G, or in other words, that the binary operation defined by m

is associative.

Lastly, the third diagram imposes the equalities m o (idg,inv) = e o !lg and m o
(inv,idg) = e o lg. We already know that the right-hand side of these equations is the
constant function ctg .. Now, evaluating the left-hand side of the first of these equations

on an element g € G gives us

(m o (idg, inv))(g) = m(g,inv(g))
= g - inv(g);

while evaluating the left-hand side of the second equations gives us

(m o (inv,id))(g) = m(inv(g), g)
= inv(g) - g.

The commutativity of (G3) then says that the equalities

g-inv(g) = eq =inv(g) - g

hold for any g € G. Since we have already seen that e is a unit for the binary product
defined by m, these equalities mean that inv(g) is the inverse of g with respect to this

product.

All this reasoning shows that a group object in the category set is nothing but an

ordinary group.

A.1.4 Example. The category Top also has binary products given by the cartesian
product of sets equipped with the usual product topology, and a terminal object is also
given by a singleton set {pt} equipped with the discrete topology. The unique morphism
lx : X — {pt} in this case is also given by the constant map cty ¢, and the associating

homeomorphism A : (X xY) x Z — (X xY) x Z is also given explicitly on elements by
Al(z,9), 2) = (2(,,2)).

If G is a group object in Top, then we have maps - not just functions - e : {pt} — G,
m: G xG — G and inv : G — G. The interpretation of the map e choosing an element of
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G also holds in this case, since any function defined on a discrete space is automatically
a map. Moreover, since composition of maps is the same as composition of ordinary
functions, the explicit interpretation of the commutativity conditions that we gave in

Example A.1.3 also holds in this topological case.

In summary, a group object in Top is like an ordinary group, but with the added
hypothesis that the multiplication m and inversion functions inv are continuous. Not

surprisingly, group objects in Top are also called topological groups.

A.1.5 Example. Let Mfld be the category of smooth manifolds and smooth maps. It
has binary products given by the usual smooth structure on the product space of two
manifolds. It also has a terminal object given by the singleton set {pt} regarded as a zero-
dimensional manifold, with the constant map ctys e : M — {pt} being the unique smooth
map. The explicit description of the association isomorphism A : (M; x My) x My —

M x (Msy x Ms3) is the same as in the previous examples

Just as before, if G is a group object in Diff, then G is a smooth manifold together
with smooth maps m : G x G — G and inv : G — G that together satisfy the axioms of

a group. In other words, a group object in Mfld is precisely a Lie group.

Now we want to investigate the following question: what is a group object in the
category Grp of groups and morphisms of groups? This may seem weird at first because
we are essentially defining a group using an object that is already a group and using
maps that are already morphisms of groups. In order to answer this question, we need an

auxiliary result that will be very important for Homotopy Theory.

A.1.6 Theorem (Eckmann-Hilton Argument). Let X be a set and consider two binary
operations ®, ® : X x X — X satisfying the following conditions:

1. both operations are unital, i.e., there are elements 14, 15 € X such that 1o, © z =

r®lg=zand lg ®z =2 ® lg = = hold for every z € X;

2. the equation (W O z)® (¥ © 2) = (W y) © (z ® z) holds for every w, z, y, z € X.

Under these assumptions, the following properties hold:

1. ]_@ = 1@,

3. ® is commutative and associative.
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Proof. 1. Using the compatibility between the two operations we have

lg =1 ® 1g
=(lo ©1g) ® (lp © 1)
= (1o ®1g) © (lg ®10)
=1014

2. Given any x, y € X, using the previous item and the compatibility condition

we see that

tRy=(201ls)® (1o 0y)

=(2®1le) 0 (lo®y)

=(z®1lg) 0 (lg®y)
=r0Uy.

3. Knowing that both operations are identical, we can rewrite the compatibility

condition solely in terms of a single operation, so that we are left with the equation

(woOr)o(yo2)=(woy O (o =2).

Given z, y € X, we have

rOy=(10z)0 (yOle)
=(10y) o (re 1)
=y0Ox;

showing the commutativity of ©.

Lastly, for the associativity, given x, y, z € X, using the compatibility condition

we see that

(oY) 0z=(20y) o (lo©2)
=(201) 0o 2)
=20 (Yo 2). [

A.1.7 Remark. In Algebra, a pair (M, ®), where M is a set and @ : M x M — M is
a binary operation on M is called a magma. If there exists a double-sided unit 1 € M,
then the triple (M, ®, 1) is a unital magma. The Eckmann-Hilton Argument can then be
restated as saying that, if two unital magma structures on a set satisfy the compatibility
condition in the statement of Theorem A.1.6, then the two structures coincide, and in

fact define commutative and associative magma.
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One important consequence of Theorem A.1.6 is the characterization of group

object in the category of groups.

A.1.8 Corollary. A group object in Grp is an abelian group.

Proof. The category Grp satisfies the conditions required in Definition A.1.1. A terminal
object in Grp is given by the singleton group {pt} with the only binary product possible.
The unique group homomorphism 1 : G — {pt} is of course the constant function cte pt.
Moreover, if G and H are groups, the cartesian product G x H has the structure of a

group with product defined as

(91, h1) - (92, h2) = (g1 - g2, 1 - ha),
and this is structure is such that G x H is a categorical product for G and H.

Suppose G is a group object in Grp. Since G is an object of the category Grp,
it has the structure of an ordinary group. We will denote its ordinary multiplication by
-1 G x G — @, its ordinary identity by 1 and the ordinary inverse of an element g € GG
by g—!. Forgetting about the inverses for a moment, the triple (G, -, 1) is a unital magma,
in the sense of Remark A.1.7.

Now, since G is also a group object in Grp, there are group homomorphisms m :
GxG — G, e:{pt} - G and inv : G — G satisfying some commutativity conditions,
where G x G has the product group structure described in the first paragraph. We may
regard m as defining a second binary product on G, and the commutativity axiom (G1)
then says that the triple (G, m, 1) is a unital magma, where we used the equality e(pt) = 1

coming from the fact that a group homomorphism preserves units.

Recall that the group structure on G' x G is defined by the product

(91,92) - (93, 94) = (91 93,92 * Ga).

Since m is a group homomorphism by hypothesis, the equality

m((g1,92) - (93, 94)) = m(g1, g2) - M(g3, 94)

holds for any g1, ¢2, g3, g4 € G. Unpacking the definition of (g1, g2) - (g3, g4), this equality

is equivalent to
m(g1 - gs, 92 - 91) = m(g1, g2) - m(gs, ga)-

If we introduce the auxiliary notation
99 =mlg.9)
for the binary product defined by m, then the previous equality can be rewritten as

(91-93) ® (92 94) = (91 - g2) ® (g3 @ ga).
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This equality shows that the unital magmas (G,-,1) and (G,®,1) satisfy the
compatibility condition of Theorem A.1.6, therefore - must be commutative, that is, G

must be an abelian group.

As an extra, we can also show that the inversion inv coincides with the inversion

(—)~!. Given g € G, since m coincides with - by Theorem A.1.6, we have

g -inv(g) = m(g,inv(g)) = 1 = m(inv(g), g) = inv(g) - g.

This shows that inv(g) is an inverse to g with respect to the product -, and the uniqueness

of inverses in a group then implies that inv(g) = g~ [ |

Now we introduce the concept dual to group objects: cogroup objects. Whereas
in a group two elements can be combined into one, in a cogroup an element can in some
sense be separated in two. This may seem weird at first, but over the course of the text we
will encounter very natural examples of cogroups in Homotopy Theory. In fact (spoiler!),

the most important spaces in Algebraic Topology are cogroups.

The definition of a cogroup object is obtained by dualizing the definition of a group,
which informally means that we reverse the directions of arrows in diagrams and dualize

all the categorical constructions involved.

A.1.9 Definition. Suppose C is a category with binary coproducts and an initial object

0. A cogroup object in C is a tuple (G, u, e, ) where

1. p is a morphism of type G — G UG,
2. ¢ is a morphism of type G — 0,

3. v is a morphism of type G — G.

These morphisms must satisfy the commutativity conditions imposed by the three dia-
grams below, where !¢ : 0 — G is the unique morphism from the initial object 0 to G,
and A: (GUG)UG — GU(GUAQG) is the associator isomorphism:

(CG1) (Existence of two-sided counit)

(goe,idg

G L GuG

<idG7!GOE>T ™ ide TM
\

GUG ——— @
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(CG2) (Coassociativity)

GU(GUG) A (GUG)UG
idg UMT Tul_lidg
GUG GUG

S A

(CG3) (Existence of co-inverses)

(idg,v

g e oG

.
(V7idG>T lgoe T#
™~

GUG «—— G

The morphisms in a cogroup structure also have special names: p is the comultipli-

cation morphism, ¢ is the counit morphism, and v is the co-inversion morphism.

A.1.10 Remark. The description of the associator isomorphism for the coproduct is dual
to the description of the analogous isomorphism for the product we gave in Remark A.1.2.

Consider the canonical injections below:

j1:G = GUG,

jo: G — GUG,
J:GUG = (GUG)UG,
J,:G— (GUG) UG,
J:G— GU(GUG),
Jy:GUG —- GU(GUG).

The morphism A : (GUG)UG — G U (G LU G) we are trying to define is uniquely
determined by the compositions AoJ; : GUG — GU(GUG) and Ao Jy : G — GU(GUG),
and A o J; is itself determined by the compositions A o J; o j; and A o J; o js from G to
G U (G UG). Using the universal property of the coproduct twice we can then define A

as the only morphism of its type satisfying the following equations:

Ao Jyoj = Jj,
Ao Jyojz = J;0 i, (A.2)
AOJQZJéOjQ.

Most of the interesting examples of cogroups we will meet are connected with
Homotopy Theory, so they will be studied in a future chapter. Nevertheless, there are

some basic examples that we can examine already.
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A.1.11 Example. In any category with coproducts and an initial object, the initial object
0 itself admits a cogroup structure, with comultiplication given by the unique morphism
oo = 0 — 0 U0, and both counit and co-inversion given by idg : 0 — 0, which is the

unique endomorphism of 0.

All the required commutativity conditions follow from the universal property char-
acterizing 0, that is, the fact that for any object A € C there is a unique morphism in
C(0, A). For example, condition (CG1) follows because (!g00e€,idg) and (idg, loooe) both
belong to C(0,0), therefore they must be equal.

In particular, in the category Set, the empty set @ admits such a cogroup structure
because it is an initial object. In fact, it is the only set admitting a cogroup structure,
because if X € Set admits one, then in particular there is a map e : X — &, but this is
only possible if X = &. This is a possible explanation for the initial weirdness of cogroups:
whereas the study of group objects in Set - also known as Group Theory :) - is extremely

rich, the study of cogroup objects in Set is trivial.

A.1.12 Example. Let R be a commutative ring with unit, and consider the category
rMod of left R-modules. Let us recall some basic facts and constructions of this category.
It has an initial object given by the trivial R-module {0} containing only the neutral
element for addition. Any two R-modules M and N have a coproduct given by the direct
sum M @ N, with canonical injections ©; : M — M @& N and i3 : N — M & N defined as

i1(m) = (m,0) and iy(n) = (0,n)

for every m € M and n € N. If we consider another R-module P together with morphisms
f:M — Pand g: N — P, then the induced morphism (f,g) : M & N — P is given
explicitly by

Lastly, the associating isomorphism A : (M@&M)&M — M&(MSM) maps ((my, msa), ms)

to (mq, (may, m3)).

We now show that any object of RMod admits the structure of a cogroup. Given an
R-module M, we define a comultiplication by using the diagonal map A : M — M & M,
so that m € M is mapped to (m,m). The only choice of counit map € : M — {0} is the
zero map. Lastly, a co-inversion morphism v : M — M is defined as v(m) = —m for

every m € M.

We now check the commutativity conditions. Let m € M be an arbitrary element.
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For the counit condition, we have

((idas, las 0 €) 0 A)(m) = (idas, Ly 0 €)(m, m)

and also

((Iar 0 g,idpr) 0o A)(m) = (a0 g,idps) (m,m)
= (I 0 €)(m) + idp(m)

For the coassociativity, on the one hand

((idas L A) 0 A)(m)
= (idp LU A)(m, m)
= (ida(m), A(m))

= (m7 <m7 m))?
while on the other

(Ao (AUidy) o A)(m)
= (Ao (AUidp))(m,m)
= A(A(m),id(m))
= A((m,m), m)

= (m, (m,m)).
Lastly, for the co-inversion condition, we have

((v,idps) o A)(m)
= (v,idpr) (m, m)
=v(m) + idy (m)
=-m+m
=0

= (lmog)(m),
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and also

((idar, v) o A)(m) = (idpr, v)(m, m)
= idpy(m) + v(m)

A.2 Ordinary groups from (co)group objects

After introducing the notions of group and cogroup objects, we now study how
these concepts can be used to obtain a family of ordinary groups. This is a procedure which
allows us to extract algebraic information from any category with sufficient structure

possessing either group or cogroup objects.

A.2.1 Theorem. Suppose C is a locally small category with terminal object * and with
all binary products. Let (G, m, e, inv) be a group object in C. Then, for any other object
X € C, the set of morphisms C(X,G) admits a group structure such that, for any mor-
phism « : X — Y, the pullback function C(o,G) : C(Y,G) — C(X, G) defines a group

homomorphism.
Proof. We define a binary product -x : C(X,G) x C(X,G) — C(X, G) using the formula

fxg=mo(fg) (A-3)

for every f, g € C(X,G). This definition makes sense: given two morphisms f, g : X — G,
by the universal property of the product we obtain an induced morphism (f,g) : X —
G x G which we may then compose with the multiplication morphism m : G x G — G to

obtain another morphism from X to G.

!
X———a - x Y axg-".q

g — -

We now need to prove that this binary product -x really defines a group structure
on C(X,G). We start by exhibiting an identity element for it. Let !x : X — x be the
unique morphism from X to the terminal object. Combining this with the unit e : x — G
we obtain the morphism

ex =eoly: X = G. (A4)

Given any f € C(X, @), by definition we have f-ex =mo(f,ex) =mo(f,eoly),

but we have the equality !x = !5 o f, since !5 o f also defines a map from X to *. Using
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this relation leaves us with the equality

f-ex=mo(feclgof).

We claim that the right-hand side can be rewritten as

(f,eolgo f)=(idg,eolg) o f. (A.5)

Indeed, first recall that, if 7wy, mo : G X G — G are the canonical projects, then (f,eolgo f)

is the only morphism of its type satisfying the equations

mo(f,eolgof)=f and mo(f,eolgof)=eolgof.

With this in mind, notice that on the one hand

m o (idg,eolg)o f=idgo f = f,

and on the other
myo (idg,eolg)o f=eolgo f;

and these two equalities together imply (A.5). Using this newly obtained identity we see
that

f-XeX:mo(f,eo!Gof)
=mo (idg,eolg)o f
=idgo f (by axiom (G1))
=/

proving that ey is a right-identity for the product - 4.

The proof that ey is also a left identity is similar. For any g € C(X, G) we have

ex - g=mo(ex,g)
=mo(eolx,g)
o(eolgog,g)
=mo(eolgidg)og
—idgog

Now we show the existence of inverses. Given a morphism f € C(X,G), we will

show that invo f: A — ( is the inverse of f with respect to the product -x. On the one



260 APPENDIX A. Group and cogroup objects

hand
fx (invo f) =mo(f invo f)
=mo (idg,inv) o f
=eolgof
= €0 !X
= €x,
which proves that inv o f is a right-inverse for f; and on the other
(invo f)-x f=mo(invo f,f)
=mo (inv,idg) o f
=eolgof
= €0 !X
= €x,
which proves that inv o f is also a left-inverse for f.

Now we turn to proving the associativity of - x, the hardest part of the proof. Given
three morphisms f, g, h € C(X, G), in order to show the associativity of - x we must show

the equality
mo (mo(f,g),h) =mo(fmo(g,h)).

We first claim that the equality

Ao((f,9),h)=(f,(g,h)) (A.6)

holds, which is equivalent to the commutativity of the triangle below.

X

((fV wh»

(GxG)xG G x (G xG)

A

Following the notation of Remark A.1.2, the equality will follow from the universal prop-

erty of the product if we manage to show the equalities

o Ao((f,9),h) =F,
I, 0 Ao ((f,9),h) = (g, h).
Using the relations (A.1) characterizing the associator isomorphism A we see that
Hll oAo ((g7h)7h) =mollo ((fag)ah)

:7T10<f7g)
:f7
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which shows the first of the required equalities. For the second equality, we first note that

mollyo Ao ((f,g),h) =mollio((f g),h) (by (A.1))
= T2 0 (f>g)
=9,

and then we also note that

mollyo Ao ((f,9).h) =T ((f,9),h) (by (A.1))
= h;

but these equalities together imply that

Iy o Ao ((f.9),h) = (g,h)
as desired.
Now, we know from axiom (G3) that the equality
mo (m Xidg) =mo (idg x m)o A
holds. If we precompose both sides with the morphism ((f, ¢g), k) and use (A.6) we obtain
mo (m xidg) o ((f,9), h) = mo (idg x m) o (f, (g, h)). (A.7)

This is in fact equivalent to the equality we want to prove. In order to show this, we first
show that

(m xidg) o ((f,9),h) = (mo (f,9),h). (A.8)

Again, this is shown by looking at the compositions with the canonical projections. The

product morphism m X idg by definition satisfies the equalities
mo(mxidg) =moll; and meo(m Xxidg) =idg o Il = Il,.
Using these relations we see that

m o (m xidg) o ((f,9),h) =moTIlio((f g),h)
=mo (f,g),

and also

UPRY (m X 1dG) o ((.fag)ah> = H2 o ((f>g)>h)
:h;

and these two equalities together imply (A.8). An analogous reasoning shows that we also

have the equality
(idg xm) o (f,(g,h)) = (f,mo (g, h)). (A.9)
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Finally, substituting (A.8) and (A.9) into (A.7) yields

mo (mo(f,g),h) =mo(f,mol(g,h)),

which is precisely the equality we wanted to show.

The only thing left is showing that, for a morphism « : X — Y, the pullback
C(f,G) : C(Y,G) — C(X,G) defines a group homomorphism. This follows by a direct
computation: given f, g € C(Y,G), we have

Cla,G)(fvg)=(fvg)oa
=mo(f,g)oa

=mo(foa,goa)
=(foa)x(goa)
= Ca, G)(f) "x C, G)(9). u

All the results proved so far have dual ones concerning cogroups. They can be
proved either by direct arguments analogous to the ones we have already given, or by
applying the results we have already obtained to the opposite category. We now state

these dual results without proof in order to be able to reference them later on.

A.2.2 Theorem. Suppose C is a locally small category with initial object 0 and with
all binary coproducts. Let (G, u,e,v) be a cogroup object in C. Then, for any other
object X € C, the set of morphisms C(G, X)) admits a group structure such that, for any
morphism « : X — Y, the pushforward function C(G,«) : C(G, X) — C(G,Y) defines a

group homomorphism.

The description of the product on the set C(G, X) is dual to that of Theorem A.2.1.
Given two morphisms f, g : G — X, by the universal property of the coproduct we have
an induced map (f,g) : G UG — X, and combining this with the comultiplication
morphism we define

f X 9 = <f7 g> O M, (AlO)

which is another morphism G' — X as shown below.

f .
G— X - G-t oua Y x
7 Al -
fxg
A unit for this product -y is given by the morphisms
ex =lxoe, (A.11)

and lastly, an inverse for a morphism f : G — X with respect to the product -y is given
by the morphism
ft=fow. (A.12)
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After studying how to obtain ordinary group structures from categorical group
and cogroup objects, we study a particular case of this construction where we deal simul-
taneously with both group and cogroup objects. The next result is one of the underlying

principles behind the commutativity of the higher dimensional homotopy groups.

A.2.3 Proposition. Let C be a locally small category with an initial object 0, a terminal
object %, and having all binary products and coproducts. Let (G, u,e,v) be a cogroup
object in C, and let (H,m, e,inv) be a group object in C. Denote by -5 the binary product
on C(G, H) coming from the cogroup structure, and denote by -¢ the binary product on
the same set coming from the group structure. Then -5 and -4 coincide, and they define

an abelian group structure on the set of morphisms C(G, H).

Proof. The setup suggests the use of the Eckmann-Hilton Argument (Theorem A.1.6), so
we need to verify the compatibility of the products -5 and -, that is, given morphisms

a, 8,7, 0 € C(G, H), we need to prove the equality
(g pB)c(yu-d)=(acy)uBcd).

Unpacking the definitions of the products -5 and -, the expression above can be

rewritten as

mo ((a, B) o p, (7,0) o p) = (mo (a,7),mo (3,0)) o p. (A.13)
By studying the compositions of the morphism ({«, 3) o u, (a, 5) o u) with the canonical
projections my, mo : H X H — H we deduce the equality

({a, B) o p, (7,0) o ) = ({, B), (7, 6)) o u,

and similarly, by studying the composition of (m o (a, ), m o (3,0)) with the canonical
injections ji, j» : G — G U G we deduce that

(mo(a,y),mo(5,9)) =mo{(e,7),(5,0)).

Substituting these two equalities into (A.13) shows that the equality we are trying to

prove can be rewritten as

mo ({a, 8),(7,6)) o p=mo ((a,7), (B, 0)) o p. (A.14)
Comparing the two sides of this, we see that in fact it suffices to prove the equality
((aaﬂ>v<%5>) = <(O‘77)7(575)>' (A'15)

The right-hand side of the expression above denotes a morphism of type GUG —
H x H obtained by applying the universal property of the coproduct, therefore (A.15) is

equivalent to the pair of equalities below:

(A.16)
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Both morphisms appearing on the right-hand side above are obtained from the universal
property of the product, so it makes sense to study the composition of the morphisms on

the left-hand side with the canonical projections 71, m : H x H — H. We have

m o ((Oé,ﬁ>, <7’5>) ojl = <Oé,6> ojl = @,

and also
T2 © (<a76>7 <775>) ojl = <’77(5> Ojl =7,
implying the first line of (A.16) By completely analogous computations we also have the

equalities

T o (<O‘76>7 <’7> 5)) Oj? - ﬂ and myo (<a>ﬁ>’ <7a 5>> Oj? = 5;

which together imply the second line of (A.16). [
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