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Preface

Let £ be a smooth principal G-bundle over a differential manifold B represent-
ing a physical theory. An equivariant, fibre preserving bundle automorphism
of & gives rise to a new bundle with identical physical content and therefore,
such an automorphism is a symmetry of the physical theory. It is clear that
the set G(£) of all such automorphisms (called gauge transformations) has
the algebraic structure of a group; it has also a topological structure com-
patible with the group structure, that is to say, G(£) is a topological group
(see Section 2.1) called gauge group of &.

The gauge group G(£) acts on the connections and curvature forms; the
attempt to understand these objects under the action of the gauge group
lead to the development of a new theory known as Gauge Theory. Born in
the framework of Theoretical Physics, gauge theory soon became an impor-
tant and powerful research instrument also in Differential Geometry, leading
to the construction of new invariants. On the other hand, gauge groups
are interesting topological and algebraic objects on their own right. More-
over, they can be viewed as particular cases in more general contexts as, for
example, in the study of the group of homotopy classes of fibre preserving
self-homotopy equivalences of a fibration. Indeed, from this point of view,
gauge groups are just a particular case of a far more general abstract situa-
tion: they can be regarded as coming from the self-equivalences of an object
within a well-defined Category.

The general line of thought in these notes is the classical one followed
rather successfuly in Algebraic Topology: we associate algebraic objects to
fibre bundles, and through some algebraic properties of the former we try to
obtain topological informations about the latter. Now, gauge groups contain
interesting informations about the topology of the bundles; thus, it seems
rather natural to search for these topological properties through algebraic
manipulations of the gauge groups. A direct analysis and classification of
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gauge groups as algebraic objects is rather complicated; a simpler way seems
to be the comparison of the gauge groups of different bundles within a larger
group of symmetries. Let us explain this last idea more thoroughly.

Fibre bundles are locally trivial over the open sets U; of a convenient open
covering of B, that is to say, the restriction of £ over each U; behaves like a
projection U; x G —— U;. On the other hand, a gauge transformation of ¢ is
represented locally, by a map U; —— G and thus, it is possible to view G(&)
as a topological closed subgroup of the topological group £ = [, Map(U;, G).
Now if B has a good cover — an open covering made up of contractible open
sets — any principal G-bundle over B can be trivialized over the good cover
and therefore, the gauge group of any principal G-bundle over B can be
imbedded in L.

The objective of these lecture notes is essentially to make enquiries in the
following two directions: (i) what topological informations about bundles
one can obtain from the conjugacy of their gauge groups? and (ii) can we
use the conjugacy relation introduced previously as a first step towards the
classification of gauge groups via the classification of bundles with conjugated
gauge groups?

We now give a brief description of the contents of each chapter of these
Lecture Notes. In the first chapter we describe the categories we deal with;
in particular, we study the category of weak Hausdorff k-spaces which is
the category of topological spaces we use. Although this category is smaller
than the category of all topological spaces, it is important to keep in mind
that it is still large enough to contain all the interesting spaces of everyday
life: manifolds, metric spaces, CW-complexes, etc.; moreover, the category
of weak Hausdorff k-spaces satisfies an exponential law, no matter which
spaces we consider. For this and other reasons, such a category is extremely
useful for homotopy theory. The reader who has not been exposed to this
category before might find it very abstruse at a first glance; however, one
should not be deterred by this. Indeed, on a first reading, one could very
well bypass Section 1.1 and simply assume that all spaces encountered have
the right properties. Chapter one also contains a review of the categories of
fibre bundles and principal bundles, including their equivariant versions.

Chapter 2 is devoted to the definition and main topological properties of
gauge groups; in particular, Section 2.2 is heavily based on results presented
in [6].

In Chapter 3 we go deeply into an analysis of the relation between two
principal G-bundles which have conjugate gauge groups. We soon obtain
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that, under certain mild conditions, the set of (equivalence classes) of princi-
pal ZG-bundles (here ZG represents the centre of G) is actually an abelian
group acting on the set of all (equivalence classes) of principal G-bundles;
then we discover that two pricipal G-bundles with conjugate gauge groups
are characterised by the fact that they differ by the action of a principal
ZG-bundle. This relation becomes clear in the case of vector bundles: two
vector bundles (real or complex) ¢ and ¢ have conjugate gauge groups if,
and only if, & = ¢ ® A where X is a line bundle. This clearly defined geo-
metrical relation seems to suggest an easy way to enumerate bundles with
conjugated gauge groups: just use the classification of line bundles given by
the cohomology of the base space. Actually one soon realizes that this is
not true in general, because tensor multiplication by a line bundle defines an
action which is not free. This problem can be reformulated in an elemen-
tary way: given a vector bundle £ and a line bundle A over the same base
space, are £ ® A and & equivalent? Like many basic questions, and despite its
simple formulation, this problem is eventually extremely hard to solve; the
last section of Chapter 4 is devoted to a particular case (of even dimensional
real vector bundles over real projective spaces) which we are able to solve.
We also hope to entice the reader to do further work in the direction of the
problem we raised.

Up to the end of Chapter 4 we make no use of the Classification Theorem
for bundles; that is the technical device we use in Chapter 5. To do this we
need several properties of Classifying Spaces; the construction and properties
of Classifying Spaces and Universal Bundles are reviewed in the Appendix
where the reader can read a reconstruction of the work by J. Milgram and
N. Steenrod [42] within the framework of the category of weak Hausdorff k-
spaces. Indeed, the Appendix gives a self contained overview of this subject;
on the one hand, we state the results which give the necessary tools employed
throughout these notes, and on the other hand, we hope to impress upon the
interested reader a deeper feeling for the methods and techniques used in the
construction of Classifying Spaces. As we said before, Chapter 5 makes use of
the Classification Theorem; this theorem is combined with techniques typical
of Homotopy Theory to restate, in a far more general context, concepts and
results obtained in the previous chapters. Moreover, in this way we can shed
new light into the theory we are trying to develop.

The authors wish to thank Wilson Sutherland for his many suggestions
and continuous support.
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Chapter 1

Preliminaries

The intent of this chapter is to describe the categories which are necessary
to develop this work, and to give some of the important properties related to
them. We begin by giving a partial list of the categories which we shall use.

Sets - category of sets and functions between sets;
Gr - category of groups and group homomorphisms;

Top - category of all topological spaces (simply called spaces) and contin-
uous functions (called maps);

CW - category of CW-complexes and maps (not necessarily cellular);

HTop - category of spaces and homotopy classes of maps. This is the
homotopy category associated to Top;

If in the above categories we consider only based objects (i.e., each object
is taken together with a distinguished element - a base point ) and consider
only the morphisms which take base points into base points, then we have
the based subcategories Sets,, Gr,, Top, and CW,; as for HT op, we obtain
H'Top, via based homotopy i.e., we require that in the definition of homotopy,
the entire whisker over the base point of the first space goes to the base point
of the second space.

A question of notation: for any category C, we denote by C(X,Y") the set
of all morphisms from an object X to an object Y of C.

We could “combine” some of these categories; for example, we could con-
sider the category T'opGr of topological groups; its morphisms are continuous
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group homomorphisms. Furthermore, we indicate with = the equivalences
in each category.

1.1 The category wHkE(Top)

While the previous categories do not need further explanations, there is an
important category which we shall have to use for technical reasons and which
needs some explaining; we refer to the category wHk(Top) of weak Hausdorff
k-spaces. Although its definition may seem overwhelming to the person who
encounters it for the first time, such a reader should not be deterred by the
momentary difficulty; indeed, wHk(Top) contains all the nice spaces one
deals with in practice - such as smooth manifolds - and hence, on a first
reading, those who are unfamiliar with weak Hausorff k-spaces might simply
ignore their definition and admit they are working with “nice spaces”.

We define wHE(Top) as follows. Let X be a given space; a subset A C X
is compactly closed if, for every compact Hausdorff space K and every map
f: K——X, f7Y(A) C K is closed in K; the space X is said to be a
k-space if all of its compactly closed subsets are closed. Now define a functor
k : Top — Top by associating to each X € Top the space k(X) with the
same underlying set as X but with the topology given by taking as closed
sets the compactly closed sets with respect to the topology of X. As for the
morphisms, we observe that if Y is a k-space, then a function f : Y —— X is
a map, if and only if, f : Y —— k(X)) is continuous; thus, for any morphism
f € Top(Y,X), we simply take k(f) = f : k(Y) ——k(X). The functor
k is called k-ification and its image k(Top) is a full subcategory of Top.
The category k(Top) is both complete and cocomplete, with the product of
k-spaces given by the rule

X XY =k(X x.Y)

where X Xx.Y is the usual cartesian product in Top. A k-space X is said to
be weak Hausdorff whenever the diagonal Ax : X —— X x X is closed in
X x X. The category wHFk(Top) is the full subcategory of T'op determined
by all weak Hausdorff k-spaces and maps. There is a useful characterization
of weak Hausdorff k-spaces which reads as follows: if X is a k-space; then
X is weak Hausdorff if, and only if, for every map f : K —— X, with K
compact and Hausdorff, f(K) is closed and compact Hausdorff.
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We give now the main properties of wHk(Top). To begin with, we note
that the previous characterization of weak Hausdorff k-spaces implies that
these spaces have separation property T;; they are not necessarily Hausdorff
as the property of A being closed in k(Top) is not as strong as being closed
in Top (there are examples of k-spaces that are not weak Hausdorff: the
Tychonoff plank is such an example — see [15, Appendix Al]).

Next, wHk(Top) is closed under the formation of subspaces, finite prod-
ucts and coproducts, and quotients by closed subspaces. Notice that the
category wHE(Top) has mapping spaces Y* = k(Map(X,Y)) (Map(X,Y)
is endowed with the compact-open topology), and these satisfy the exponen-
tial law

( ZX )Y ~ ZX XY .

Finally, wHk(Top) is closed under the formation of adjunction spaces: given
that A is a closed subspace of X, for any map f : A —— B, the space
B Uy X obtained as a pushout of the diagram X A B is also an
object of wHE(Top).

As we did before, we could combine the category Gr with wHE(Top) to
obtain the category wHk(Top)Gr of weak Hausdorff topological groups.

A space X € Top has the initial topology induced by a mapi: X ——Y
if, for every Z € Top, f € Top(Z,X) <= if € Top(Z,Y). Dually, a
space X has the final topology induced by a map p : Y —— X if, for every
space Z € Top, g € Top(X,Z) <= gp € Top(Y,Z). If X has the initial
topology induced by 7 : X ——Y in Top and 7 is injective, we say that ¢ is
an inclusion; then U C X is open if, and only if, i(U) C i(X) is open'. If
X has the final topology induced by p : Y —— X and p is surjective, we
say that p is a proclusion; then U C X is open if, and only if, p~(U) C YV
is open. It is very easy to show that the composition of two inclusions (resp.
proclusions) is an inclusion (resp. proclusion). Furthermore, a finite product
of inclusions in Top is an inclusion (see [9, 1.4.1, Corollary to Proposition
3]); the corresponding property for proclusions fails to be true in T'op but
not in wHk(Top):

Lemma 1.1.1 Suppose that f : X ——Y and f': X' ——Y" are proclu-
sions in wHE(Top). Then f x f': X x X' ——Y x Y’ is a proclusion in
wHE(Top).

IThe following observation will be useful later on: an injection of Top is closed <=
it is a closed inclusion.
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Proof - Since the functor X x — preserves colimits (see [15, Appendix])
the space X x Y’ has the final topology with respect to 1x x f’; a similar
argument applied to — X Y’ shows that X’ x Y’ has the final topology with
respect to f X 1y and therefore, X’ x Y’ has the final topology with respect
to fx f'. O

Notice also the following property of the functor k:

Lemma 1.1.2 The k-ification functor k : Top ——Top preserves inclu-
s10MS.

Proof — Let i € Top(X,Y') be an inclusion. Clearly, ki is injective. Now we
must show that, given any Z € k(Top), a function g : Z —— k(X)) is contin-
uous <= kig is continuous. In fact, kig is continuous <= ig: 7 ——Y
is continuous <= ¢ : Z —— X is continuous <= g¢g: 72 ——k(X) is
continuous. O

We now recall the definition and the main properties of expanding se-
quences of spaces in wHk(Top); we refer the reader to [15] for further details®.
An expanding sequence of spaces in wHk(Top) is a sequence {X,,,n € N} of
spaces in wHE(Top) such that, for every n € IN, X,, is a closed subspace of
Xp+1. The union space of the expanding sequence is the set X = U2, X,
endowed with the final topology with respect to the family of inclusions
X, € X. The family of spaces {X,,n € IN} is also called a filtration of
X. A map f between two filtered spaces X and Y is said to be filtered if
there exists a sequence of maps f, : X,, ——Y,, which is compatible with
the filtrations, that is to say, if f,i1|x, = fn, for every n € IN. Clearly, a
compatible sequence of maps induces a map (the union map) between the
union spaces.

The main properties of the union space of an expanding sequence, are
due to the fact that the topology of the union space is coherent with that
determined by the family {X,,n € IN}, and each X,, is a closed subset of
X. In particular, this implies that wHk(Top) is closed under the formation
of union spaces of expanding sequences; furthermore, if all the inclusions
X, C X, 11 are closed cofibrations, then the inclusions X, C X are also
closed cofibrations.

2Unlike [15] we do not require that each space of an expanding sequence is included in
the next as a closed cofibration; nevertheless, the results of [15] are still valid.
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The following lemmas show how the process of taking the union map of
a compatible sequence between filtered spaces, preserves closed inclusions,
proclusions and closed cofibrations.

Lemma 1.1.3 Let X =U;2 X,, and Y = U,_, Y, be filtered spaces, and let
fn: X Y, be a compatible sequence of closed inclusions (respectively,
proclusions). Then, the union map f is a closed inclusion (respectively, pro-
clusion).

Proof — We begin with closed inclusions. Since f is injective, we have only
to prove that f is closed. Let C be closed in X; then f(C)NY, = f,.(CNX,)
is closed in Y;,, and hence in Y it follows that f(C) is closed in Y.

Now we take a look at the proclusions. It is easy to see that f is surjective;
it remains to prove that Y has the final topology coinduced by f. If V C Y
is such that f~1(V) is open in X, then f~'(V)N X,, is open in X,, for each
n. Now set V;, = V' NY, and observe that f~(V) = U2, f~'(V,) and

f_l(v) an = fn_l(vn)

is open in X,,. Since each f, is a proclusion, V,, is open in Y,, for each n and
thus, V is open in Y. O

For the preservation of cofibrations, we need an extra assumption on the
maps involved:

Lemma 1.1.4 Let X = U2, X, and Y = U;2, Y, be filtered spaces, and
let f, + X;, ——Y,, be a compatible sequence of closed cofibrations; suppose
also that all the inclusions X,, C X, 11 and Y, C Y,1 are closed cofibrations.
Then, the union map f: X ——Y 1is a closed cofibration.

The proof follows the same lines as [15, A.5.5] (the requirement of normality
is not needed).

1.2 Relations, actions and quotients

Let R be an equivalence relation on X € k(Top); because X /R has the final
topology induced by the quotient map p : X —— X/R, then X/R € k(Top)
(see [15, page 242]). This is not quite true in wHkE(Top): in fact, we heve
the following
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Lemma 1.2.1 Let f : X ——Y be a proclusion in k(Top). If X is weak
Hausdorff, then Y is weak Hausdorff iff (f x f)"'Ay is closed in X x X.

Let R and R’ be two given equivalence relations on X and X' respectively.
A map f € k(Top)(X,X’) is said to be relation preserving if xRy implies
f(z1)R f(z3) for each z1,x9 in X, and relation bipreserving if 1Rz, <=
f(x1) R f(x2) for each 1,25 in X. A relation preserving map f: X —— X’
defines a unique map f € k(Top)(X/R, X'/R') such that p'f = fp. Notice
that if f is relation bipreserving then f is injective; moreover, if f is an
injective relation preserving map and f is injective, then f is actually relation
bipreserving. Finally, if f is a proclusion, so is f . The last statement holds
true in wH k(Top) provided X/R and X'/ R’ are weak-Hausdorff (for example,
if R and R’ are the relations induced by closed subsets A C X and A’ C X”).
A similar statement for inclusions canot be made in general; a situation where
this can be done will be discussed in Lemma 1.2.4.

We say that M € k(Top) is a topological monoid with multiplication
T € k(Top)(M x M, M) if T is associative with identity element wuy, € M.
A topological monoid M acts on X € k(Top) if there exists an action®
@ € k(Top)(X x M,X) such that ¢(¢ x 1y) = ¢(lx x 7) and, for all
r € X, o(x,up) = x. With the previous conditions, X is said to be an
M -space. An equivalence relation R on X is said to be consistent with the
action ¢ if, for every m € M and z,2" € X, xRz’ implies that (zm)R(x'm).
If this is the case, the action passes to the quotient, giving an action ¢ :
X/Rx M — X/R.

1.2.1 The category Topg

Suppose that the topological monoid M is actually a topological group G.
The action of G on a G-space X € k(Top) determines an equivalence relation
Ron X: (xR2' <= (dg € G) 2/ = xg) which is consistent with the action
in the sense that, for every g € G, xRz’ implies (xg)R(2'g). The k-space
X/R, also denoted by X/G, is said to be an orbit space.

In particular, if the G-space X is itself a group, say H, in general the
action r : H x G —— H is not a group homomorphism. The next result
characterizes this situation.

3To simplify the notation, we shall normally write xm for ¢(x,m).



1.2. RELATIONS, ACTIONS AND QUOTIENTS 15

Lemma 1.2.2 A right action r : H x G —— H is a group homomorphism
< r commutes with the right and left translations of H (in other words,
if for every g in G and h,h' in H, hr(K,g) = r(hh',g) = r(h,g)h" ).

Proof — = For every ¢g,¢ € G and every h,h' € H

r((h,g)(W',g")) = r(hl', gg") = r(h,g)r(K,g') .

In particular, if we take ¢’ = ug we obtain that r(hh',g) = r(h, g)h’, while
taking g = ug we get r(hh',g") = hr(l,q').
< With arbitrary g, ¢’, h,h’ as before
r((h,g)(h',g")) = r(hh', gg") = r(r(hh',g),9") =
=r(r(h,g)t',g") = r(h,g)r(',g') .
O

As an example, we take GG to be a central subgroup of H and r to be the
restriction of the group multiplication. Notice that in this example r is free.

Let ¥ : G —— G’ be a continuous homomorphism between the topo-
logical groups G and G’. Take a G-space X and a G’-space X'; a map
[ X —— X' is ¥-equivariant (or G,G'-equivariant) if, for every (z,g) €
X xG, f(xg) = f(x)I(g). The category of G-spaces and G-equivariant maps
is denoted by Topg.

Considering the equivalence relation S in X x G given by

(1,01)5 (22, 92) <= x101 = T202 <= (g € G) 29 = 219 and g = 9_191

(similarly, for X’ x G”), we easly get the following relation between equivari-
ance and relation preserving:

Lemma 1.2.3 Under the conditions set before, the following statements hold
true:

i) if f is ¥-equivariant, both f and f x ¥ are relation preserving;

ii) if [ is 9-equivariant and injective, then f X ¥ is relation bipreserving.
iii) if f is O-equivariant and injective, and ¥ is onto, then f is relation
bipreserving.

As pointed out before, ¥-invariant proclusions induce quotient maps that
are proclusions. As for inclusions we have:
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Lemma 1.2.4 Let Y € TopGr(G, H). Let X be a G-space, Y be an H-space
Y, and f : X ——Y be a V-equivariant relation bipreserving map. Then, if
f is an open or closed inclusion the quotient map f: X/G ——Y/H is an
inclusion.

o~

Proof — Since f is relation bipreserving, f is injective. In order to prove
that f is an inclusion we show that f : X/G —— f(X/G) is open. When f
is open this follows immediately, thus take a closed f.

For every h € H, the map ¢, : Y ——Y, ¢,(y) := y.h is a homeomor-
phism; thus, because f(X) C Y is closed, every f(X).h is closed in Y. Let
f(X).H = Upey f(X).h with the topology determined by the closed sub-
spaces f(X).h , h € H; one now shows that this topology is equivalent to
the relative topology induced by Y.

Next, let p : X —— X/G be the identification map and let U C X/G
be an open set; then V := p~!(U) is open in X and, f(V) is open in f(X)
since f is an inclusion. Because f is relation bipreserving and J-equivariant
f(X)n f(V).H = f(V); moreover, for every h € H, f(V).h = f(X).h N
f(V).H is open in f(X).h and hence, f(V').H is open in f(X).H. Using the
relative topology of the latter space, this means that there exists an open set
B in Y such that f(V).H = f(X).HN B.

At this point we take the identification map ¢ : Y ——Y/H and observe
that

o~

a(B) N J(X/G) = q(BN f(X).H) = q(f(V).H) = q(f(V)) = f(U) ;

since ¢(B) is open, it follows that f (U) is open and therefore, f is a homeo-

~

morphism onto its image f(X/G), that is to say, f is an inclusion. O

The following lemma gives a fundamental propery of spaces with a G-
map taking value in G, usefull in dealing with local triviality of homogeneus
spaces.

Lemma 1.2.5 Let X be a G-space and let f: X —— G be a G-map; then
X = f_l(ug) X G.

Proof — Define ¢ : f~'(ug) x G —— X as (z,g9) —xg. It is immedi-
ate to verify that f¢ = pry, the natural projection f~!(ug) x G G,
and that ¢ is bijective. Furthermore, the map ¢ : X —— f~!(ug) x G,
x —— (z(f(x))7, f(x)), is a continuous inverse of ¢. O
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Corollary 1.2.6 If X is a free G-space and f : X —— G is a G-map, then
X =X/GxdG.

We now recall the notion of principal action. Let E be a free G-space
and consider the subspace E* = {(z,zg) | x € E, g € G} of E x E. Since
the action of GG is free, it is possible to define a function 7 : E* —— G
(called the translation function of the G-space F) by z7(x,z’) = 2/, for each
(z,2") € E*, satisfying the following properties:

1. (Vz € E) 7(z,x) = ug;

2. (Vx,2’ € E) 1(x,2")7(2, 2) = ug;

3. (Va,a',2" € E) 7(x,2")7(2', ") = 7(x, 2");
4. Vx e E, g€ Q) 7(z,zg) = g.

The G-action is called principal if 7 is a continuous function; we shall also
say that a free G-space with a principal action is a principal G-space. As it
will be apparent later on, principal actions play a fundamental role in the
definition of principal bundles.

Notice that Lemma 1.2.1 implies the following relation between separa-
bility in T'op (weak separability in k(Top)) of the orbit space and closure of
E*: E/G is Hausdorft iff E* is closed in E x, E.

1.2.2 Equivariant cofibrations

Equivariant cofibrations are the natural extensions of cofibrations in the cat-
egory Topg of G-spaces. For a question of completeness we state next a
proposition which characterizes G-cofibrations (see [47, Chapter I, Section 5]
and [15, A.4]).

Proposition 1.2.7 Let X be a G-space and let A be a G-closed subspace of
X. The following statements are equivalent:

1. the pair (X, A) has the homotopy extension property in Topg;

2. the space X =Xx0UAxTisa strong G-deformation retract of X x I;
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3. there are G-maps u : X ——1 and h : X x [ —— X (let G act
trivially on I) such that: (i) A = u=(0), (i) (Vx € X) h(z,0) = z,
(1)) (Vt € I,x € A) h(z,t) =z and (i) (Vo € X,u(z) < 1), h(z,1) €
Al

Note that the space U = u~1([0, 1)) is an open G-space which retracts to A.
The next result (whose proof is left to the reader) shows the importance
of equivariant cofibrations in dealing with quotient spaces.

Proposition 1.2.8 Let A be a G-closed subspace of a G-space X and let 1 :
A —— X be the inclusion map. Then the induced map @ : A/G —— X/G
is a closed cofibration <= 1 1s a G-closed cofibration.

The next proposition is useful in the theory of principal bundles. First
notice that a free G-space X is locally trivial if the orbit space B = X/G is
covered by open sets U; for which there exist G-equivariant homeomorphisms
¢i Uy x G ——p~Y(U;) over Uj.

Proposition 1.2.9 Let X be a principal G-space (as defined in Section 1.2)
with a G-action ¢ : X x G — X. Suppose that there exists a point x, € X
such that (X, 2,G) is a G-closed cofibration. Then, the quotient map q :
X —— X/G is locally trivial.

Proof — Let 7 : X* —— G be the translation map defined by ¢. For ev-
ery x € X, the restriction of 7 to the subspace {(z,z¢9)lg € G} C X* is a
G-homeomorphism with G; then, xG and z,G are G-homeomorphic as sub-
spaces of X and so, (X, xG) is a G-closed cofibation. Let u, : X —— I and
hy : X x I —— X be the maps which define (X, 2G) as a G-ndr. Take the
G-map f : U, — G defined by f(z) = h(z,1) for all z € U,. Corollary
1.2.6 now shows that U, is G-homeomorphic to U, /G x G. O

The two previous propositions combined have an important consequence:
let H be a closed subgroup of G € TopGr; if (G, H) is a G-closed cofibration,
then g : G — G/ H is locally trivial. This is the case of a closed subgroup
of a Lie group (Lie groups are CW-complexes — see [29]).

4In other words, (X, A) is a G-neighborhoud deformation retract (G-ndr).
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1.2.3 The category Topy NTopa

Next we investigate the spaces with a double action. This is the general set-
ting where equivariant theories originate. Let G and H be given topological
groups. An object X € Topg NTopy is a space X togeher with an action of
a group H (say, on the left) and an action of a group G (on the right). These
actions are said to be compatible if they commute with each other, that is to
say, if (hz)g = h(zg), for all x € X, h € H and g € G. Notice that this gives
rise to a natural action

X x(HxG) —X, (z,(h,g9)) ——hzg .
The following lemmas characterize the present situation.

Lemma 1.2.10 Let X € Tope N Topy with compatible actions. Then X/G
has an H action, X/H has a G action, and the spaces

(X/G)/H and (X/H)/G
are well defined and homeomorphic.
Proof - By [10, 3.2.5, Proposition 11] G acts on X/H with the action

¢ : X/H x G

X/H , (Hz,g) — H(zg)
and H acts on X/G with the action
Vv X/Gx H—X/G, (xG,h) —— (hz)G ;

thus, the quotient spaces (X/H)/G and (X/G)/H are well defined.
Consider the compositions p'q and ¢'p of the natural projections

/

X+ X/H —— (X/H)/G

and

/

X 1+ X/G ——~(X/G)/H .
The maps p'q and ¢'p define the equivalence relations R and S in X

TRy <= dgeG,heH|2 = (hr)g,

rSt' < 3JgeG,heH |2 =h(zg) .
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The commutativity of the actions of G and H implies that
(Vz,2' € X) 2Rz’ & xSz’ .

Hence, the sets X/S = (X/H)/G and X/R = (X/G)/H coincide (up to
bijection). Furthermore, p'q = ¢’p and so, the final topology determined by
p'q on (X/H)/G coincides with that determined by ¢'p on the (same) set
(X/G)/H. Hence, (X/G)/H = (X/H)/G. 0

Let us assume now that the actions of G and H on X coincide when
restricted to N = G N H, with N normal in G and H. The next lemma
allows the transformation of this case into the general one given by two
independent compatible actions.

Lemma 1.2.11 Let X be a G-space and N a normal subgroup of G. Then,
there is an action of G/N on X/N such that the following diagram commutes:

X x@

X/N x G/N ——~X/N
¢

Moreover, if X is a free and locally trivial G-space, then X/N is a free and
locally trivial G /N -space.

When the actions of G and H coincide on a central subgroup Z = GNH,
the previous lemma allows us to define indipendent actions of G/Z and H/Z
on X/Z. Thus, because of Lemma 1.2.10, we obtain an action of H/Z on
(X/Z2)/(G/Z) = X/G and an action of G/Z on (X/Z)/(H/Z) = X/H such
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that the following diagram commutes:

l p

A G G/Z
J ig ig = iq/z
¥
H X X/H
iy PH |
q yZe: PGz = PG
v
H/Z —————— > X/G —————————— ~Y
g = tH/z PH/Z = DH

where: i and iy are the restrictions of the actions of G and H to {x¢} x G
and {z} x H respectively (for some ¢ fixed in X); p, ¢, pc and py are the
natural projections; pg and pg are the induced quotient maps and finally,

Y= X/H)/(G/2) = (X/2)/(H]2))(G]Z) =
= ((X/2)/(G/2))/(H]Z) = (X/G)/(H]Z) .

In particular, we have proved the following result:

Lemma 1.2.12 Let G and H be topological groups whose intersection G N
H = 7 is a central subgroup of both G and H. Let X be a space on which
both G and H act compatibly and suppose that the two actions coincide on
Z. Then, X/H has a G/Z-action, X/G has a H/Z-action and

(X/H)/[(G/2) = (X/G)/(H]Z) .

Proposition 1.2.13 Let X € TopyNTopg with compatible actions. Suppose
that the action of H on X is principal and that the space X* = {(x, hx)|z €
X,h € H} is closed in X x X. Finally, assume that the natural action of
H x G on X is free. Then, the action of H on X/G is principal.

Proof — The group G acts on X* by ((z,2'),9) —— (xg,2'g). Moreover,
the translation function 7 : X* —— H determined by the action of H on
X is continuous and is relation preserving (with respect to the relation on
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X* determined by the action of G' and the relation on H determined by the
trivial subgroup {ug}); hence, 7 defines a unique map 7 : X*/G — H
such that the following diagram commutes:

T

X* H

H

X*/G

7

On the other hand, the inclusion map ¢ : X* —— X x X is A-equivariant
relation bipreserving (here A is the diagonal homomorphism); hence, by
Lemma 1.2.4, it passes to the quotient

i

X" X xX

X*/G ——X/G x X/G
i

and 7 is an inclusion. Now we see that X*/G = (X/G)*. O

1.3 Bundles

A fibre bundle is a 5-tuple £ = (F,p, B, F, G) satisfying the following prop-
erties:

1. E,B,F € Top , p € Top(E,B) and G is a topological group acting
effectively on the left of F’;

2. B is covered by a collection of open sets {U;|i € J} and for every i € J
there exists a homeomorphism ¢; : U; x F ——p~1(U;) over U; (that
is to say, such that po; = pry);
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3. for every b € Uy = U;NU; # 0 and every y € F, ¢;'¢;(b,y) =
(b, g;j(b)y) and the function g;; : U;; — G is continuous.

The space B is the base, F' is the fibre and G is the structural group of the
fibre bundle; finally, the maps g;; are its transition functions. A fibre bundle
with structural group G is also called a G-bundle.

The transition functions are the key ingredients to work with fibre bun-
dles. The following formulation of the transition functions is very useful: for
every b € U;;, define

Gip : {b} x F ——p7'(b) , ¢is(y) = di(b,y) ;

then, for every y € F, ¢,;(b)y = gb;l,lgzﬁj,b(y) )
It is easy to verify that the transition functions satisfy the following con-
ditions:

TF1 (Vb € U;) gii(b) = ug ;
TF2 (Vb € UZJ) (gij(b))_l = gjz(b) ;

TF3 (Vb € Uiji) gri(b) = gr;j(0)g;i(D) -

The last condition can be written in a cyclic fashion:
(Vi,j, k € J)(Vb € Uji) 9i5(0) 1 (b)gri(b) = uc -

Theorem 1.3.1 Let G be a topological group which acts effectively on a
space F' (on the left); let B be a space with an open covering {U;|i € J}
and, for everyi,j € J for which U;; # 0, we are given maps g;; : Uyj —— G
which satisfy conditions TF1, TF2 and TF3. Then there exists a fibre bundle
¢ = (E,p, B, F,Q) with transition functions g;; .

The preceding result allows us to construct a G-bundle with fibre G out
of any given G-bundle &: just observe that G acts on itself by multiplication.
Such a G-bundle with fibre GG is the principal G-bundle associated to £&. We
denote a principal G-bundle over B and with total space E simply by the
4-tuple notation (E,p, B, G).

Another important application of Theorem 1.3.1 is the construction of
the tangent bundle of a differentiable manifold. Let M be an n-manifold
with a C"-atlas {(U;, ¢;)|i € J} (r > 1); then

hij = ¢;0; " ¢:(Uy;) C R ——¢;(Uy;) € R”
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is a C"-map. The fibre bundle 7(M) with base M, fibre R™ and group
GL(n,R) determined by the transition functions

gij : Uij —=GL(n,R) , b ——J(hi;)(¢i(b))

where J(h;;) is the Jacobian matrix of h;; is the tangent bundle of M.

The transition functions are also used to “compare” bundles. Let & and
& be two G-bundles with the same base B and fibre F'; moreover, suppose
that both bundles are locally trivial over the same open covering of B (this
is always possible by simply intersecting the original open coverings of both
bundles). Then we say that & and & are equivalent if, for every ¢ € J, there
exists a map p; : U; — G such that

(Vb € Uij) gi;(b) = (p; (D))" gi; (b) pi(b) .

We introduce the notation & = £’ to indicate that £ and & are equivalent.
Equivalence of bundles is an equivalence relation; we shall not introduce a
special notation for the equivalence class of a bundle. It is clear that two
G-bundles are equivalent if, and only if, their associated principal G-bundles
are equivalent.

Next we study the structure of principal G-bundles more thoroughly.

1.3.1 The category Bung

The objects of Bung are principal G-bundles; a morphism f € Bung(§,&') is
a G-equivariant map f : E —— E’ which commutes with the projections p

and p’. Actually, any such morphism f turns out to be a G-homeomorphism
from F to E'.

Proposition 1.3.2 Let £ = (E,p, B, G) be a principal G-bundle. Then, the
following hold true:

1. E is a principal G-space;
2. B is homeomorphic to the orbit space E/G;

3. the local homeomorphisms ¢; : Uy x G ——p~Y(U;) over the open sets
U; are G-equivariant.
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Proof — The action of G on E is given as follows: if x = ¢; ' (p(x), ¢;) and
g € G, set zg = ¢;(p(x),¢g;9). The translation function 7 : E* ——G is
then given locally as follows: if z € p~}(U;), define o;(z) = prog; ' (7) € G
now, define 7;(z, 2') = (04(z)) o (2'), for every (z,2") € p~1(U;)*. Clearly, if
x also belongs to p~1(U;), then 7;(x, 2’) = 7j(x,2’). Thus, the global function
T is continuous.

It remains to prove that 7 satisfies the condition x7(x,z") = ', for every
(x,2") € E*. In fact,

w7i(w,2") = di(p(x), 03(2)7i(w,2")) = ¢i(p(2), 03(2)) = 2" .

The following proposition is a converse of Proposition 1.3.2
Proposition 1.3.3 Let E be a locally trivial free G-space. Then,

1. E has a continuous translation function,

2. the 4-tuple € = (E,p, E/G,Q) is a principal G-bundle.

Proof — It is enough to define the transition functions: take the functions

o; : p~ Y (U;) — G be defined in the previous proposition and set

gij : Uiy — G, gij(p(x)) = Uz‘(f)(gj@))_l

Propositions 1.3.2 and 1.3.3 together show the following:

Theorem 1.3.4 A J-tuple £ = (E,p, B,G) is a principal G-bundle <— FE
s a locally trivial free G-space.

These facts simplify considerably life in the category of principal G-
bundles: for example, one can easily change the fibre of a principal G-bundle
simply making G act on the product E x F by (x,y)g = (rg, g 'y), defining
Er = (F x F)/G and

pr: Er B=FE/G, [(z,y)] —p(x) .

Equivalence of principal G-bundles is also easily recognizable: { = ¢ <—
there exists a G-equivariant map f : £ —— E’ over B.
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1.3.2 Homotopy classification of principal G-bundles

At this point a new actor enters the stage: Homotopy Theory. The purpose of
this move is to obtain some sort of classification theorem. We begin by saying
that a principal G-bundle ¢ is numerable provided it is locally trivial over
an open covering with an open refinement given by a locally finite partition
of unity; thus, any principal G-bundle over a paracompact space (e.g., a
manifold, CW-complex, etc.) is numerable. We now define the contravariant
functor

Eq: HTop Set

which transforms a space B into the set® €g(B) of all equivalence classes of
numerable, principal G-bundles over B and the morphism [f] € HTop(A, B)
into the function

Ea(lf]) - €c(B) —€a(B) , & — f7(¢)

where f*(£) is the numerable, principal G-bundle defined by pullback via any
representative f of [f] (note that if f = g then f*(§) = g*(§) ).
Next, let { = (E,p, B,G) be a numerable, principal G-bundle and let

[—, B] be the well-known contravariant functor from HTop to Set. It is easy
to see that there is a natural transformation

T: [, E} —Cq
such that, for every B € HTop,
T(B) : [B, B] —€¢(B) , [f] — f*(£) .
We now can state the following Classification Theorem:

Theorem 1.3.5 If E is contractible, the functors € and [—, B] from HTop
to Set are naturally equivalent.

A principal G-bundle with contractible total space is called universal G-
bundle; the base space of a universal G-bundle is the classifying space of G.
There are various ways to construct a classifying space; these constructions
are all functorial. In Appendix A we shall describe the Milgram-Steenrod
construction of a universal bundle £; = (Eg, pg, B, G) for any topological
group G.

5The fact that bundles are characterized by the transition functions guarantees that
¢€¢(B) is indeed a set.
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Remark 1.3.6 Most of the bundles we encounter in this work have a para-
compact base; thus, they are numerable and so, unless we have numerability
for different reasons (see, for example, Theorem A.3.4), we do not refer ex-
plicitly to numerability and assume that the principal bundles we deal
with are numerable.

1.3.3 Equivariant bundles

The work on spaces with the action of two groups described in Section 1.2.3
naturally leads us to introduce the notion of equivariant bundles. In doing so,
we lose the “symmetry” of the actions in favour of a somehow more general
situation, where one of the actions is definitely characterized as a principal
bundle action, while the other is assumed to be consistent with the whole
bundle structure. More precisely, let G' be a topological group, let I be a
compact topological group, and let o : I' —— Aut(G) be a homomorphism
into the automorphism group of G such that the left I'-action

I'xG—G, (v,9) ——a,(9)

is continuous.
A (T, a, G)-equivariant bundle (or just (', «, G)-bundle is a principal G-
bundle (F,p, B, G) together with a left [-action on E and B such that:

1. p is I'-equivariant;

2. (VyeTl, g€ G, x € E)v(xg) = (va)ay(g) -

Observe that the second property just shows that the actions of G and I’
on E are consistent, up to a (compare with Section 1.2.3). If « is trivial,
(E,p, B,G) is a I'-equivariant principal G-bundle.

A (', o, G)-bundle map is a principal G-bundle map that is also I" equiv-
ariant.

The semidirect product I' X, G, defined as the topological product with
multiplication

(.9 9) = (v, o (9)9)
acts naturally on the total space E of a (I', o, G)-bundle (E,p, B, G):

(Vyel,geG,xeE), (v,9),x) — (v2)g .
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The main difficulty in dealing with (I", @, G)-bundles is the fact that, in
general the action of I' (and hence of I' x, G) in E is not free. To handle
this problem, we introduce an appropriate notion of local triviality.

We begin with the following result (see [45, Chapter I, Lemma 8.9]).

Lemma 1.3.7 Let A be a closed subgroup of I' and suppose that the closed
subgroup H of T' x,, G is the graph of a map s : A ——G":

H={(\s(\)el'x,G| e A}
Then (T' X, G),q,T'/A, G) is a principal G-bundle.

The quotient maps
q:(I'xyaG)/H —T/A

of the type introduced in the previous lemma are called local objects. A
(T', o, G)-bundle (E,p, B,G) is said to be locally trivial if B has an open
covering by I'-sets {U; | i € J} such that the restriction p~'(U;) ——U;
admits a (I, a, G)-bundle map into a local object.

Unfortunately the complicated and abstract concept we just introduced
is necessary to set up the appropriate framework in which one can deal with
bundles endowed with the action of an extra group; however, this sort of
abstraction has its rewards! Let us just mention the following.

Let (E,p, B, G) be a principal G-bundle and let H be a topological group
acting on F consistently with G. We know that the quotient map

p:E/H —B/H

is well defined; however, we do not know if it is locally trivial. In order to
find out a necessary condition for local triviality we study the problem from
the equivariant point of view.

Let (E,p, B,G) be a locally trivial (I', «, G)-bundle, and let U be one
of the open I'-sets of B over which the bundle is trivial. Then we have an
equivariant map f : p~1(U) — (I' X, G)/H which induces a quotient map
f:p Y (U))T —((T' xq G)/H)/T. Notice that the the left (resp. right)
action of I' (resp. G) on I' x,, G is defined by the restriction of the product
to I' x {ug} (resp. {ur} x G); since these actions commute with the right
action of H, we have corresponding actions on (I' x, G)/H (see Lemma
1.2.10); furthermore, as U is T-invariant, so is p~}(U). Then, considering the
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right G-actions 6 on p~!(U) and ¢ on (I x, G))/H, we can construct the
following commutative diagram

p I (U) x @G fxle (T'xo G)/H x G
(p ' (U) x G)/T (T xo G)/H)/T x G
p H(U)/T ~ (I'xa G)/H)/T
/
pH(U) ; (T xa'G)/H

where the composite map h = ¢(f X 1) passes to the quotient, while the map
f X 1¢ itself does not. In general, this says nothing about local triviality of
the quotient bundle, since we do not have an action of G on p~*(U); however,
suppose that the following two conditions hold true:

l. a: ' —— Aut(G) is trivial, and
2. I'x, G =T x G acts freely on E .

In that case the map R of the diagram factors throught Gx G as h = ¢(f x1¢)
and ¢ is exactly the multiplication in G, implying that

fop ' (U)/T — (I xG)T=G

is G-equivariant, and thus (E/H,p, B/H,G) is a principal G-bundle (local
triviality is established).

A similar situation arises even when the action of the two groups are not
completely disjoint as in the previous Lemma 1.2.12; in this case we have the
following result.
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Proposition 1.3.8 Let (E,p, B,G) be a principal (I', G)-bundle. Suppose
that the actions of G and I' on E coincide on a common subgroup Z of G

and I' which is a central subgroup of both groups; moreover, suppose that the
natural action of I')Z x G/Z on E/Z is free. Then, the quotient map

p:E/T ——~B/T
defines a principal G/Z-bundle (E/T,p, B/T',G/Z).

Proof — Because Z is normal in G, we can use Lemmas 1.2.11 and 1.2.12 to
reduce p to the (I'/Z,G/Z)-bundle (E/Z,p, B,G/Z), and proceed as before.
O

We are now going to focus our attention on (I', o, G)-bundles (£, p, B, G)
for which the homomorphism « : I' —— Aut(G) is trivial and the action
of I' x G on E is free. Such equivariant bundles will be called principal
(T, G)-bundles.

We want to show that in this case local triviality can be defined in a
more convenient way, closer to the way it is defined for ordinary bundles.
In fact, we say that a principal (I', G)-bundle (E,p, B, G) is locally trivial if
there exists an open covering of B by I'-sets {U;}, and a family of principal
(T, G)-bundle maps® f; such that the following diagram commutes

p_l(Ui) LF x G

b pr

Ui r

fi
With the aid of the maps f; we construct a set of homeomorphisms
(0) " ip T (U) ——=Uix G, (4:)" & = (p(2), pr2fi())
that are I'-equivariant with respect to the action

IxU;xG——U;xG, (v,(b9) —(7b,9)

6Recall the actions of I' and G on I' x G are defined by restrictions of the multiplications.
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Thus, the set {(U;, ¢;)} gives a I'-equivariant local trivialization for p,
and hence, we obtain a local trivialization for p: E/I' —— B/I:

(6)": 5" (U/T) = p~ " (U) /T — (Uy/T) x G

(6) "+ [a] == ([p(2)), prafi(w)) -

Notice that the transition functions satisfy the condition
(Vo € p~'(Uy)) Gijp([z]) = gigp(x) -

Since the existence of a I'-equivariant local trivialization is sufficient to
guarantee the local triviality of the quotient map we shall be content to
consider the previous definition of local triviality for a principal (I, G)-bundle
as the correct one.

We now revert to fibre bundles. Let F' be a space with a left G-action
and let £ = (E,p, B, G) be a principal (I, G)-bundle; the fibre bundle with
fibre F' associated to ¢ viewed just as a principal G-bundle is denoted by
E[F] = (EXgF,pf, B, F,G); the bundles £ and £[F] have the same transition
functions (see Theorem 1.3.1). Notice that the action

I' x (E XGF) ExgF, (7’ [(I,y)]) '_"[(P)/xay)]

defines a family of G-bundle maps and the map p' : E xg F B turns
out to be I'-equivariant. Moreover, if {(U;, ¢;)|i € J} is a local trivialization
for £, we define a local trivialization {(U;, ¢ )|i € J} for £[F] by setting

(67)~": (") ()

(@) < [(z,9)] —— (p(x), pragi(z)y),

It follows that if (E, p, B, G) is a locally trivial principal (I", G)-bundle, then
the open sets U; are I'-sets and the maps ¢! are ['-equivariant — with respect
to the natural action

UiXF

x (U x F) —U; x F', (7,(b,y)) —— (b, y) .

Thus, we give the following definition: a fibre bundle £ = (E,p, B, F, G) is
said to be a (I', G)-equivariant fibre bundle (or simply a (I', G)-bundle) if the
follwing conditions hold true: 1) the compact topological group I' act freely
on F and B (on the left), and the map p : B —— B is [-equivariant; 2) the
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opens sets U; of the atlas {(U;, ¢;)} of £ are I'-sets; 3) the fibre preserving
homeomorphisms ¢; : U; x F —— p~!(U;) are I'-equivariant.

It is now straightforward to verify that the principal bundle associated to
a (I', G)-fibre bundle is a principal (I, G)-bundle.

As we did for principal bundles we can associate a fibre bundle
¢/I'=(E/T,p,B/T,F,G)

to a (I', G)-fibre bundle £ = (E, p, B, F, G); its atlas is given by {(U;/T, @7)},
and its transition functions are gfi([p(z)]) = g/jp(z). The corresponding
result to Proposition 1.3.8 is the following;:

Proposition 1.3.9 Let £ = (E,q, B, F,G) be a (I',G)-fibre bundle. Then
¢/I'=(E/T,p, BT, F,G) is a fibre bundle with fibre F' and structural group
G.

We now analyse what happens when a principal G-bundle is endowed
with the actions of two groups (notice that we could contemplate the case of
just one group but with two different actions).

Let (E,p, B,G) be a principal G-bundle which is also a principal (I', G)-
bundle and a principal (I, G)-bundle for two topological groups I' and ['" (we
are, of course, assuming that B/I" = B/I"). Furthermore, suppose that there
exists a group homomorphism 6 : I' ——T". Then we obtain two quotient
bundles

(E/T,p,B/T,G) and (E/T",p, B/T',G)

over the same base space. It is easy to see that these two bundles are equiv-
alent <= p has a I',I"-equivariant bundle automap that is to say, a map
f+ E —— F over B such that

(Vyel,ve E,geq) f((hvr)g) =0(v)f(r)g .

For a (I',G) fibre bundle (E,p, B, F,G) all this is translated into the
existence of a I',I"-equivariant G-bundle autoequivalence, namely an au-
tomap f of E over B, whose restriction to the fibre takes values in G con-
tinuously as a function of the point in the base space; more precisely, if
fo = flp=1@) : p1(b) ——p~1(b) is the restriction of f to the fibre over b,
then we require that f, belongs to G C Homeo(F, F') and that the map

B—*G,bl—’-fb
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is continuous.
We end this section with an example. Let

T(S™) = (TS",pr;, S",R", GL(n,R))

be the tangent bundle to the sphere S™, n > 1; its total space T'S™ is the space
of all pairs (b, 7) € S™ x R™™ with < b, ¥ >= 0; the map pr, : T'S" —— S
is just the projection on the first factor; finally, we trivialize it over the open
sets '

UZ' CZUH_UUi_:{bGSn ‘ bl7é0}, ZZO,,TL
The topological group Z, acts freely on the base space S

¢ Ly x S" —— 85", (£1,b) —— £ b ;

however, there are two free actions of Zy on T'S™:

¢1: Ly X TS ——TS" | (£1,(b,V) —— (&b, )
and

Gg i Loy x TS" ——TS" | (&1, (b, V) —— (b, +0) ;

in either case, the fibre bundle 7(S™) can be viewed as a (Zy, GL(n, R))-fibre
bundle. The pairs of actions (¢, ¢) and (¢2,¢) and Proposition 1.3.9 now
give rise to two quotient bundles

T(S")/Z2(¢1, ¢) and 7(S™)/Zy(¢2, §)

which, in general, are not equivalent: in fact,

T(S")/Z(¢1, ¢) = T(RP")
— the tangent bundle to the real projective space RP™ — while

7(S")/Zs(¢2, ) = T(RP") @ 77

where 77" is the Hopf bundle over RP", that is to say, 7 is the line bundle
associated to the principal Z,-bundle

(S",p,RP",Zy = S°, Z,)
where p is the map which identifies antipodal points of S™. The total space
E of 77 is given by

E=(S"xR)/(x,r) ~ (xt,rt) , t € Zy;

moreover, according to [19, Chapter 5, Theorem 7.8 and Remark 7.9], 47 ®~7

is the trivial line bundle over IRP". The line bundle 77 is also called canonical
line bundle over RP".
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Chapter 2

Gauge Groups

2.1 Gauge Groups

Let £ = (E,p, B,G) be a principal G-bundle and let G(£) be the set of all
G-equivariant homeomorphisms over B of E. The set G(£) is endowed with a
natural group operation given by composition; moreover, we give to G(§) the
subspace topology from the compact-open topology of the space Map(E, E)
of all maps from F to itself. At this point we do not know if the algebraic
and topological structures of G(£) are or not compatible'; we shall see that
G(€) is indeed a topological group, but this fact will come out of a different
formulation of G(¢). The argument is as follows.

Define the G-space Ad(G) to be the topological space G with the left
action

G x Ad(G) —— Ad(G) , (9,9) =339 -

Now take the set Mapg(F, Ad(G)) of all G-equivariant maps of F into Ad(G);
this set, together with the topology inherited from Map(E, Ad(G)) and the
group structure given by

(f, f) —— 1" (Vo€ E) ff'(z) = f(x)['(x)

(with the inverse map of an arbitrary f € Mapg(E, Ad(G)) defined by
fYz) = (f(x))~! far all z € E) is a topological group. Finally, we show
that the homomorphism of topological groups

G(§) — Mapg(E, Ad(G))

'We call the attention of the reader to [3] which deals with the problem of when the
space of self-homeomorphisms of a space is a topological group.

35



36 CHAPTER 2. GAUGE GROUPS

defined by
f——"hy, (V& € E) hy(z) = t(z, f(x)),

where t is the associated translation function as defined in section 1.3, is a
bicontinuous bijection (its inverse is given by

with fj, defined by: (Vo € E) fi(x) = zh(x) ).

The topological group G(§) is called gauge group or group of gauge trans-
formations of .

We write explicitly this formulation of G(&):

G(§) = Mapa(E, Ad(G)) - (2.2)
The next result is an easy consequence of this formulation of G(§).

Theorem 2.1.1 If ¢ is trivial or G is abelian, then
G(¢) = Map(B, G) .

We also give a description of the underlying set of a gauge group in terms
of the so-called Hu’s criterion which we describe anon (see [18]). Let £ and
&’ be principal G-bundles over B and suppose that £ (resp. &’) has transition
functions g;; (vesp. g;;). Let Aut(G) be the group of all automorphisms of
G; define the group homomorphism

p:Gx G ——Aut(G) , p(g1,92) : h ——gihgy " .
Define the subgroup G* C Aut(G) by means of the exact sequence

0 262 axat o 0

where A is the diagonal map. Let £*(&,¢’) be the bundle with base B, fibre
G and structural group G* determined by the transition functions g*;;(b) =
p(9ij(b), gi;(b)). This is the Ehresmann bundle associated to § and ¢'. Let
[(B,£%(&,&")) be the set of all cross-sections of £*(&,¢"). Now, Hu'’s criterion
says that there exists a bijective correspondence between the equivalences
of £ and ¢ and the elements of I'(B,£*(&,¢')). Hence, according to Hu’s
criterion, there is a bijection

G(&) =T(B,£(£,6)) -
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The bundle £*(&,£) can be constructed in a more direct way: firstly,
take the set of transition functions {g;;|¢,j € J} of &; next, take the centre
ZG C G and the quotient map 7 : G ——G/ZG = I(G), the group of
inner automorphisms of G; finally, notice that I(G) acts on the left of G
and use the transition functions {ng;; : U;; —— I(G)|i,j € J} to construct
the fibre bundle F'(§) = {E,ﬁ, B,G,1(G)}. The bundle F(§) is the so-called
fundamental bundle associated to &. It is now easy to verify that £*(£, &) is
equivalent to F(£); hence, Hu’s criterion now tells us that the sets G(£) and
['(B, F(§)) are isomorphic:

G(&) =T(B, F(¢)) - (2.3)

There is a third interesting interpretation of the underlying set of a gauge
group. Let {[Ad(G)] be the fibre bundle with fibre Ad(G) and structural

group G obtained from ¢ in the usual manner; we write it as
¢[Ad(G)] = (B x¢ Ad(G), p[Ad(G)], B, Ad(G), G) .

Let I'(B, £[Ad(G)]) be the set of all cross-sections of {[Ad(G)]. According to
[19, Chapter 4, Theorem 8.1] there is a bijection

Mapg(E, Ad(G)) —T'(B,£[Ad(G)])

which associates to each G-equivariant map h : B —— Ad(G) the cross-
section

Sp - B—F Xa Ad(G)

such that, for every b € B and every z € p~1(b), su(b) is equal to the
equivalence class mod. G of the pair (z,h(x)). Thus

G(&) =T (B,£[Ad(G))) - (2.4)

The local triviality of the principal G-bundle £ gives rise to a very useful
formulation of its gauge transformations in terms of the transition functions.
As before, we assume ¢ to be locally trivial over the open covering 4 =
{U;]i € J} of B and has transition functions g;;.

We begin by defining the local gauge group of & associated to the open
covering 4 as the topological group

L=1]Map(U;,G)

icJ
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endowed with the product topology. Now, for every ¢ € J define ; to be the
restriction of £ to U;; since &; is trivial, the gauge group G(§;) is homeomorphic
to the topological group Map(U;, G), via the function

0;: G(&) —— Map(Uy, G) , 9i(fi)(b) = (¢, fintin) (uc)

(see Theorem 2.1.1) for every f; € G(§;) and every b € U;, and where f;; is
the restriction of f; to the fibre p~'(b).
Next, define the map

i G(€) —G(&), fr—Fflp" (L)) .
Lemma 2.1.2 The function

V:G(&) —L, fr——{diri(f)li € J}.
is an embedding of topologial groups.

Having identified G(§) with ¥(G(€)) C £ we can characterize G(&) using
the transition functions of &:

Theorem 2.1.3 The group G(§) coincides with the subgroup
{{fili € J} € LIf; = gi;' figij on Uy} .

As consequence of the previous theorem, we can see once more that if
G is abelian, the gauge group G(&) coincides with M (B, G) (cfr. Theorem
2.1.1).

It is easy to see that if £ =2 ¢’ then G(§) = G(¢'): in fact, let £ : E —— E'
be a G-equivariant homeomorphism over B; then

Ady: G(§) —G(&) . fr——=Ll""Ft

is an isomorphism. However, note that the converse of this statement is not
true: the trivial Z-bundle S x Z —— S' and the exponential map bundle
e?™ 1 R —— S are not equivalent but have homeomorphic gauge groups.

Observe that for any finite set of principal G-bundles over a given space
B, one can select a single common local gauge group in such a way that the
embedding theorems above hold true for the gauge groups of all the bundles
concerned.
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Now we give a result on the gauge group of a sum of principal bundles.
More precisely, let {{g|k = 1,...,n} be a set of principal Gg-bundles over B;
suppose that 4 = {U;|i € J} is an open covering of B over which the s are
all locally trivial; finally, let {g;|i,j € J} be the set of transition functions
of &.. The transition functions

Pl Uy — PG
k=1 k=1

define a principal @) _; Gi-bundle over B which we denote by @;_, & and
call sum of &,...,&, (if we are dealing with vector bundles, this is the Whit-
ney sum).

Theorem 2.1.4 For any set of principal Gp-bundles &1, ... ,&, over B,

n

n
G(ED &) =D G(&) -
k=1 k=1
It is interesting to observe that an automorphism ¢ of the structural
group G of a principal G-bundle £ gives rise to a new principal G-bundle £¥
which, in general, is not equivalent to &; however, the gauge groups of these
bundles are isomorphic, as one can see in the next lemma.

Lemma 2.1.5 Let £ = (E,p, B) be a principal G-bundle. An automorphism
p:G G determines a bundle £¥ whose gauge group G(£¥) is isomorphic

to G(£).

Proof — Let {gi;]i,7 € J} be the set of all tanstion functions of £. Then,

because the maps ¢g;; satisfy properties TF1, TF2 and TF3, {¢g;;|i,j € J}

can be taken as the set of transition functions for the principal G-bundle £%.
We now prove that 9 induces an isomorphism

¢:G(§) —G(&%) , {fi} ——{efi}
In fact, for every 4, j € J such that U;; # 0,

(2gi;) " (0 fi) (pgis) = (gi;' figi5) = ©f;

and so, by Theorem 3.1.1, {¢fi} € G(£¥). To show that @ is surjective, take
arbitrarily {f;} € G(£¥); from the equality

(09:) " (fi) (0gi5) = E
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we conclude that N B
o' fi =g (07 fi)gij
and so, {p~1fi} € G(€). The proof of the injectivity of @ is also easy. O

We conclude this section with a description of the centre of the gauge
group of a principal G-bundle ¢ = (E,p, B,G). In order to conduct our
analysis, we must introduce the following condition:

[C1]  (Vb, € B)n:G(&) ——G , fr— f|lp1(by)(ug) is a surjection.

Now take the homeomorphism

Mapa(E, Ad(G)) —G(E)

introduced in 2.1. On the one hand, we note that this map is centre-
preserving and thus,

ZMapc(E, Ad(G)) = ZG(§) -
On the other hand,
u € ZMapg(E, Ad(G)) <=

(Vf € Mapg(E, Ad(G))) (Vo € E) f(z)u(z) = u(z)f(z) .
Thus, if [C1] is satisfied, u € ZMape(F, ZAd(G)) = Map(B, ZG) because

Z (G is abelian. Therefore, we have the following homeomorphism:

7G(¢) = Map(B, ZG) . (2.5)

2.2 The topology of gauge groups

In this section we give some results about the homotopy type of G(£). Our
first result is a consequence of the interpretation of G(§) given in 2.4 for a
particular €.

Theorem 2.2.1 Let £ to be a principal G-bundle over a sphere S™ with G
compact. Let f : 8™ —— Bg be a classifying map for . Let Map(S™, Bg; f)
be the path-component of Map(S™, Bg) which contains f. Then G(&) has the
weak homotopy type of the loop space Q(Map(S™, Bg; f))-
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Proof — Take the fibre bundles
([Ad(G)] = (E xg Ad(G), plAd(G)], S, Ad(G), G)

and
{c|Ad(G)] = (Eg x¢ Ad(G), pe|Ad(G)], Bg, Ad(G), G)

of which the former is equivalent to the fibre bundle induced from the latter
by f. Because S™ is paracompact, the map p[Ad(G)] : E xg Ad(G) —— S"
is a (Hurewicz) fibration with fibre Ad(G) (see [35, Exercise 4.4.5] and [14]);
moreover, because G is compact, Bg is paracompact (see the observation at
the end of Section A.3) and thus, the map pg[Ad(G)] : EgxcAd(G) —— Eg
is also a fibration.

The preceeding results and the exponential law (see [35, Theorem 1.1.2];
also, cfr. [35, Exercise 2.2.4]) show that the following diagram is a pullback
whose vertical arrows are fibrations.

Map(S™, E x¢ Ad(G)) — Map(S™, Eg ¢ Ad(G))

q 4a
Map(S™, S™) Map(S™, Bg)
f*
Note that f*(1gn) = f; furthermore,
g6~ (f) = ¢ (1s+) = T(B,£[Ad(G)]) = G(¢)

(the last bijection by 2.4).
A comparison of the exact sequences of the fibrations pg and pg[Ad(G)]
with the aid of the map over Bg

h: EG —’-EG XaG Ad(G) s h(l’) = [1],6@]

shows that Fg xg Ad(G) is weakly contractible; using [21, Corollary 2.5] we
conclude that Map(S™, Eg xq Ad(G)) is also weakly contractible and there-
fore, the exact homotopy sequence of g¢ shows that G(&) has the same weak
homotopy type as Q(Map(S™, Bg; f)). O
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The arguments used in the previous result show that if G'is compact and
B is locally compact Hausdorff, then G(&) is the fibre over f € Map(B, Bg)
of the Hurewicz fibration

qc : Map(B, Eg X Ad(G)) —— Map(B, Bg) .

Actually, without the assumptions on G and B required before, but using
different techniques and working within the category of weak Hausdorff k-
spaces we obtain a more general result; indeed, it is possible to construct a
fibration over Map(B, Bg; f) with fibre G(§) over {f} and with contractible
total space (see [6, Proposition 3.1]); this leads towards the following result
(see [6, Theorem 3.3]):

Theorem 2.2.2 Let & be a principal G-bundle classified by f : B Bg
and let Map(B, Bg; f) be the path-component of Map(B, Bg) containing f.
Then the gauge group G(§) has the same homotopy type as the loop space
Q(Map(B, Bg; f)); furthermore, the homotopy equivalence in question pre-
serves the H-space structures of both spaces.

We use the previous theorem to produce a class of principal G-bundles
over a fixed space B with infinitely many non-isomorphic gauge groups. Take
B = S* and G = SU(2) = S3; the principal SU(2)-bundles over S* are
classified by self-maps of S* because the Hopf bundle v = (S7, p, S*, S?) is 7-
universal (see [40, Sections 19.3 and 19.4]). Now take a map k : S* St
of positive degree k and let & be the principal SU(2)-bundle over S* induced
from v via k. According to Theorem 2.2.2 G(&;) and Q(Map(S*, Bsy(2); k)
have the same homotopy type and hence

m2(G(&)) =2 m(QUMap(S*, Bsu); k)

on the other hand, Bgy2) = S* and thus, from [43, Lemma 3.10], we conclude
that

(G (&) = Loy & Zso

showing that the second homotopy group of G(&) depends on k.

Let b, be a fixed point of the base space B of ¢ and let G'(£) be the sub-
group of G(§) determined by all gauge transformations of £ whose restriction
to p~1(b,) is the identity map; also, let Map,.(B, Bg; f) be the path compo-
nent of f of the space Map,(B, Bg) of base-point preserving maps from B
to Bg. The next result is a based version of Theorem 2.2.2 (see [6, Corollary
5.7]).
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Theorem 2.2.3 Let £ be a principal G-bundle classified by f : B —— Bg
and let Map, (B, Bg; f) be the path-component of Map.(B, Bg) containing f.
Then G'(€) has the homotopy type of the loop space Q(Map.(B, Bg; f)); fur-
thermore, the homotopy equivalence in question preserves the H-space struc-
tures of both spaces.

The next result also comes from [6] (see [6, Theorem 6.1]).

Theorem 2.2.4 Suppose that the path-components of Map(B, Bg) (resp.
Map, (B, Bg)) have the same homotopy type; then G(&) (resp. G'(€)) has the
homotopy type of Map(B,G) (resp. Map.(B,Q)). Furthermore, the homo-
topy equivalences connecting the respective spaces preserve the multiplicative
structures.

The interest of the theorem rests mostly on the based case: indeed, a
sufficient condition for the path components of Map.(B, Bg) to be of the
same homotopy type is that B is an associative COH-space (for example, B is
a suspension). A sufficient condition for the path components of Map(B, Bg)
to have the same type is to require that B is an associative H-space (see
[44, page 31]). For example, Bg could be an Eilenberg-MacLane space or
a group; however, the latter hypothesis is uninteresting because Bg has a
continuous multiplication induced from that of Fg <= G is abelian (see
Proposition A.5.2) and then, by Theorem 2.1.1, G(§) & Map(B,G), thus
bypassing 2.2.4.

The spaces G*(¢) and G(€) are more intimately related than just by the
relation subspace/space; in fact, let

n:G(&) —=G, f——flp~"(bo)(uc) ;
the following theorem holds true (see [6, Proposition 5.8]).

Theorem 2.2.5 The map n : G(§) — G is a Hurewicz fibration with fibre
G (&) over ug.

This result will play an interesting role in the development of Chapter
3 (see Condition [C1] there); it is also useful in computing certain gauge
groups.

Theorem 2.2.4 compares the homotopy type of G(£) (resp. G'(€)) to
that of the mapping space Map(B,G) (resp. Map.(B,G)), provided we
are prepared to assume that the path-components of the space Map(B, Bg)
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(resp. Map.(B, Bg)) have the same homotopy type; if this is not the case, we
still can compare the homotopy groups of the gauge groups and the mapping
spaces (within a certain range). What we have in mind is the following
theorem.?

Theorem 2.2.6 Suppose that G is (n-1)-connected (with n > 1) and that B
is a CW-complex of dimension m < 2n. Then, for every 0 < j < 2n—m—1,

m(G(§)) = mj(Map(B,G)) ,
m;(GY(€)) = mj(Map.(B,G)) .

Proof — Let p : B —— QX B¢ be the adjoint to the identity map of the
(reduced) suspension ¥.Bg into itself. The hypothesis on the connectivity of
G implies that B¢ is n-connected and hence, p is a (2n + 1)-equivalence (for
the definition of n-equivalence see [35, Exercise 6.2.2] or [39, page 404]; for
the proof of the result quoted above see [39, Corollary 10, Ch.8,Sec.5]). The
map p induces a map

p': Map(S*, Bg) — Map(S',QXBg) , g — pyg

such that the next diagram commutes:

/

Map(S", Bg) —— Map(S", 0% Bg)
ev ev

Bo OY By
p

(Here ev is the evaluation map at the base point of S'.) But the columns of
the diagram are fibrations with fibres Map,(S', Bg) and Map.(S', Q¥ Bg)
(over the canonical base points of Bg and QX B, respectively); then, the
long exact sequences of homotopy groups corresponding to these fibrations
and the five lemma imply that p’ is a 2n-equivalence.

Let L(B, Map(S*, Bg); f) be the space of all lifts of f to Map(S*, Bg);

it is clear that p’ induces a map

‘C(pl) : £<B7Map(SIaBG);f) —’-»C(SI,MCLP(SI,QEBg);pf) :

2For a more general result see [6, Theorem 6.3].
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We are going to show that £(p') is a (2n — m)-equivalence. In fact, take S’
with 0 < j < 2n — m, and form the maps

f::fprzzijB

Bga
and
fr:8v B ——~Map(S', Be) , f':=(for)|(S) x {b.}) U

where 6 is a selected base-point of L£(B, Map(S*, Bg); f); next, apply [39,
Theorem 12, Ch. 7, Sec. 8] to the commutative diagram

!/ /

S’V B L» Map(S*, Bg) L. Map(S*, Q¥Bg)

Sj x B f BG QEBG

p

to obtain the stated result. This means that, for every j < 2n —m —1,
i (L(B, Map(S", Bg; f)) = m;(L(B, Map(S", QX Bg; pf)) -
A double application of the exponential law proves that
QMap(B, Bg; f) = L(B, Map(S", Bs); f)
and thus, for every j < 2n —m — 1,
mj(Q@Map(B, Bg; f)) = m;(Q@Map(B, QX Bg; pf)) -

On the other hand, because QX B¢ is an associative H-space with inverse, the
path components of Map(B, Q¥ Bg) have the same homotopy type; hence,
if ¢ denotes the constant map of B to the base point of Q¥ Bg,

(Vj<2n—m—1) m;(QMap(B, Bg; f)) = mj(QMap(B, QX Bg; ¢)) .
Now we observe that

7 (QMap(B,QYBg;c)) = m;(Map(B,2Bg), c) = m;(Map(B, G),c) .
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Theorem 2.2.2 completes the proof. The proof of the based case follows the
same lines. O

We give an application of Theorem 2.2.6. Let £ = (F,p,S™,G) be a
principal G-bundle with G (n — 1)-connected and m < 2n (we assume that
n is strictly larger than 1). Then,

(Vi <2n—m —1) 7;(G(§)) = mj1m(G) & 7;(G) -
To see this, take the fibration
ev: Map(S™,G) ——G , h ——h(e,)

(where e, is the base-point of S™); its fibre (over the identity ug € G) is
Map,.(S™, G) and moreover, ev has a section. This implies that

(\V/] > O) Wj(Map(Sm, G)’ C) = 7Tj+m(G) D ﬂ-j(G)

and thus, we obtain the statement using 2.2.6.

We now make two remarks about the gauge group of a principal G-bundle
& over a sphere S™, with n > 1. The first of these is that as a consequence of
Theorem 2.2.4 we conclude that G'(¢) and Q"G have the same type. Next,
we notice that the long exact sequence of homotopy groups of the fibration 7 :
G(§) — G and the previous observation show that the homotopy groups
of G(&) are related to those of G by an exact sequence of the type

o m(G) —— T (G) ——
(2.6)
— m-1(G(§) — M1 (G) —— ...

We conclude this section with a discussion about the gauge groups of
Lorentz bundles. The topological group

O(n—1,1)={L € GL(n,R)| L', L = j1,}

where p,, is the Minkowski matrix
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is a Lorentz group. The group O(n—1,1) has an important subgroup, namely
the subgroup O'(n —1,1) of all orthochronous transformations that is to say,
of the matrices L € O(n — 1,1) with det L = 1 and L, , > 0; geometrically
the special Lorentz group O'(n, 1) is the connected component of O(n —1,1)
containing the identity element.

We define a Lorentz bundle to be a principal bundle over an n-dimensional
manifold B with structure group O'(n — 1,1). We wish to investigate the
homotopy groups of the gauge group of a Lorentz bundle; the key step in
pursuing this investigation is the next theorem which shows that the special
Lorentz group O'(n — 1,1) has the same homotopy type as the special or-
thogonal group SO(n — 1). The proof we are going to present is due to M.
Marcolli (see [23]). Before we go into the theorem we make a few observa-
tions. The Minkowski matrix pu, defines a bilinear form in IR™ of signature
-1:

n
< T Y > = D Tili — Taln = T [0y ;
=1

moreover, O(n—1,1) is the group of all transformations of IR" which maintain
this form (see [46]). The pseudosphere P in R™ is the set

P={z € R'2'p,x = £}
with the topology induced from IR"; the following result holds true:

Lemma 2.2.7 The special Lorentz group O'(n — 1,1) is the subgroup of all
Lorentz transformations which map the upper layer of P, namely

P~ ={z e R"2'ppz = 1,2, >0} ,
into itself.
Theorem 2.2.8 O'(n —1,1) and SO(n — 1) have the same homotopy type.

Proof — Let {é},...,€,} be an orthonormal basis of R" with é, € P~. A
transformation defined by a matrix

I,—5 0 0

Le=10 cosh( sinh(
0 sitnh(  coshC

is said to be a hyperbolic rotation. Observe that L, € O'(n —1,1), for every
¢ € R; moreover, the hyperbolic rotations just defined form a subgroup $ of
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O'(n — 1,1). Because the elements of O'(n — 1,1) map P~ into itself (see
Lemma 2.2.7), we conclude that every L € O'(n — 1,1) can be written as a

product
L =R LRy

_( B O
w0 1)

R, ,€S50(n—-1),i=1,2.
The proof of the theorem is concluded with the observation that the group
$ is contractible: just define

with

F:9xI

,.6 , (Lg,t) |_"LtC .

Corollary 2.2.9 Let £ be a Lorentz bundle over S®. Then

o= {2 4451

Proof — From the previous theorem we conclude that O(2,1) and SO(2)
have the same homotopy type; next, because of 2.2.4 G'(¢) and Q3(0'(2, 1))

are of the same type; finally, use the long exact sequence 2.6, and the fact
that 7, (SO(2)) = 0 for every k # 1 and m(SO(2)) = Z. O

We indicate two other ways to show the previous result.
1) The long sequence of homotopy groups associated to the bundle

(Eso),p, Bso2), SO(2))
implies that

Z ifg=1
wq+1<Bso<2>>%wq<SO<2>>%{ if g

0 otherwise .

and therefore, Bgo(2) has the type of an Eilenberg-MacLane space K(Z,2).
This implies that

Coran)(S) 2 [S%, Bsog)] = H*(S®,Z) =0
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and thus, ¢ is trivial, implying that G(¢) & Map(S?,SO(2)) and so, the
homotopy groups of G(§) are as stated in the Corollary.

2) Use the long exact sequence of homotopy groups associated to the fibration
(G(€),n,07(2,1)) with fibre G'(€) = Map.(S* 07(2,1)).

2.3 The classifying space of G(§)

The various constructions of classifying spaces for a topological group G (e.g.,
the Milgram-Steenrod construction of Appendix A) give rise to a classifying
space Bg@). We now give a useful description of the homotopy type of Bg(g).

Theorem 2.3.1 Let & = (E,p, B,G) be a principal G-bundle classified by a
map f: B Bg; suppose also that B has the type of a finite CW-complex
and that G is a CW-complex. Then Bg(g) and Map(B, Bg; f) have the same
homotopy type.

Proof — We first observe that Bg(g) has the same weak homotopy type as
Map(B, Bg; f): this follows from [26, Corollary 7.7]. To prove that they have
the same type it suffices to show that they have the type of CW-complexes
and then use Whitehead’s Realizability Theorem (see [15, Theorem 2.5.1]).
Next, we notice that both G(£) and Map(B, Bg; f) have the type of CW-
complexes. Because G is a CW-complex, the Milgram-Steenrod construction
yields a classifying space B with the type of a CW-complex; then, because
B has the type of a compact CW-complex, we conclude from [15, Theorem
5.3.4] that Map(B, Bg) has the type of a CW-complex; finally, we use [15,
Proposition 1.4.11] to obtain that Map(B, Bg; f) has the type of a CW-
complex. Next, we use Theorem 2.2.2 and [15, Theorem 5.3.4] to prove that
Bg@) has the type of a CW-complex. O
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Chapter 3

Fundamental equivalence and
conjugation of gauge groups

3.1 Conjugation in the local gauge group

As we have noticed in Chapter 2, equivalent principal G-bundles over a space
B give rise to isomorphic gauge groups; more precisely, if £ : § ——¢" is a
G-equivariant homeomorphism, the isomorphism between the gauge groups
G(€) and G(&') is given by the “adjoint map” Ady(f) = ¢~ f{. If we assume
¢ and &' to be locally trivial over the same open covering (recall that we can
do this simply by intersecting the open covers of £ and ¢'), then G(§) and
G(¢&') can both be viewed as subgroups of the common local gauge group £;
in this case, G(£) and G(¢&') are conjugate subgroups of £. We indicate this
fact by writing G(&) ~c G(&).

At this point, it is natural to ask whether stable equivalence also induces
conjugation of the gauge groups. The answer to this question is given in
the negative by the following example. The principal SO(4)-bundles £ =
(S* x R,p, 5%, S0(4)) and ¢ = (T'S* 7, 5%, SO(4)) are stably equivalent
(there is a trivial line bundle € such that e = '@e). If G(€) ~c G(£') they
would have the same topological structure as subgroups of £; then, because
of Theorem 2.1.1, both gauge groups G(¢) and G(£') would be homeomorphic
to the function space Map(S*, SO(4)). However, because of [21, Corollary
2.5] we obtain that

1(G(€)) = m(Map(S", SO(4)) = m(SO(4)) & m5(SO(4)) = Z, & Z, & Z,

o1
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and using [38] we obtain that
m(G(E) =2, D Z, .

We would like to develop further this conjugacy relation. Our analysis
will be conducted from a local point of view; hence, we shall assume that
whenever we talk about “conjugate” gauge groups, the principal G-bundles
which produce them are localy trivial over a common open covering i =
{U;li € J}. Moreover, these gauge groups are viewed as subgroups of the
common local gauge group £ = [[;c; Map(U;, G).

For the benefit of the reader, we put both Lemma 2.1.2 and Theorem
2.1.3 under a single roof:

Theorem 3.1.1 Let & be a principal G-bundle over a space B with an open
covering U = {U;|i € J}. Then, the map

9:6(§) — L = [ Map(U;,G) , | ——={iri(f)li € J}

is an embedding of topologial groups. Furthermore, the group G(§) coincides
with the subgroup

{{filie J} e L|f; = gz‘;lfigij on U} .

We wish to observe that the conjugation of two gauge groups does not
depend on the transition functions selected. In fact, assume that £ (resp.
¢') have transition functions g;; and gj; (resp. g;; and gj;). Then, for every
1 € J, we can find maps h; : U, —— G and k; : U; G such that

i = hyi gihi s gz = ki gk
and the functions
G —g(&), {fi} '_"{hi_lfihi}

and

G(E&) —G(&), {f]} —— Ak fik:}
are inner automorphisms. Now assume that G(£) and G(¢') are conjugate;
then, we can find an element {/;} € £ such that

G(¢) ={6}'6(){t:}
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and in particular, we may suppose that, for every i € J, f/ = £;7' f;{;. Hence,
writing ¢; = h; ' f;k; for every i € J, we obtain the equality

kit flk = (higi) " fi(higs)

proving that the conjugation relation is maintained by the change of transi-
tion functions.

Remark 3.1.2 For technical reasons we shall require from now, and to the
end of the section, that any point b € B is non-degenerate, that is to say,
the inclusion {b} — B is a closed cofibration (this is the case whenever B
is a manifold or a CW-complex).

As before, let ZG be the centre of G and let 7 : G —— G /ZG = I(G) be
the quotient map. We indicate by €z¢(B) the set of equivalence classes of
principal ZG-bundles over B and by €g(B) the set of equivalence classes of
principal G-bundles over B.

Lemma 3.1.3 The set €z¢(B) is an abelian group which acts on the set
¢q(B).

Proof — We first describe the action. Take a principal ZG-bundle A over B
with transition functions {¢;;|i,j € J}, and an arbitrary principal G-bundle
§ over B with transition functions g;;. Now observe that the composite func-
tions ¢;;g;; : Ui; — G satisty properties TF1, TF2 and TF3 (because the
elements of ZG commute with all elements of G) and thus, they define a new
principal G-bundle which we denote by A ® &. This operation is independent
of the representative on each class. In particular, if £ = )\ is a principal
ZG-bundle over B, then A® X € €,¢(B) and indeed, the operation ® gives
¢,c(B) an abelian group structure. The unit element is given by the trivial
line bundle. O

Observe that if & = A ® £ then, the fundamental bundles F(¢) and F'(¢')
associated to £ and £ (see Chapter 1 for the definition) coincide; moreover,
the gauge groups G(§) and G(¢') coincide as sets. This last statement’s
converse is not true in general; however, it is correct if £ satisfies condition
[C1] introduced in section 2.1 and which we reproduce here for completeness:
[C1] (Vb, € B)n:G(&) —G , fr— flp~(b,)(ug) is a surjection.
In fact, if {fi} € G(&) = G(&), then, for every i, € J such that U;; # 0,

_ -1
fj = Gij 1figij and fj = gz/'j figz/'j .
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These equalities prove that, for every i € J,
/=1 _ /7 —1
(gijgij Vi = fi(gijgij ) -

o -1
Condition [C1] then shows that for every g € G and every b, € B, (;;9:; ) (bo)
commutes with g, that is to say,

gz'»jgi;1 :B—— 7@

and thus, ¢ =X ©® &

We are going to prove that conjugacy of gauge groups is related to the
fundamental groups associated and to the action introduced in Lemma 3.1.3
provided that condition [C1] is satisfied, together with the requirement that
all maps U; —— I(G) can be lifted to G (see condition [C2] below).

Let us spell out our new condition:

Theorem 3.1.4 Suppose that & satisfies conditions [C1] and [C2]. For any
principal G-bundle §' over B with transition functions g;; the following state-
ments are equivalent:

1. F(E)=F(E)
2. G(&) ~c G(§) :
3. there exists a principal ZG-bundle over B such that

N0

Proof — 1. = 2. The hypothesis implies that for every ¢ € J there exists a
map h; : U; € I(G) such that

- —1
T = h;  (7gij)hj .

Because of condition [C2] every h; admits a lift h; : U; —— G and so we
can define

hy: L —— L, {fi} ——{h:} " HfiX{h:} = {h;' fih;}

which, together with Lemma 2.1.2, shows that G(¢') is conjugate to G(&).
2. = 3. If G(&) is conjugate to G(§), for every i € J, there exixts h; :
U; G such that

G(&) ={h} G () {hi} -
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Hence,
(V{fi} € 6B} € G©)(Vie ) [ =h;" fihi
in other words, for every {f;} € G(§) and every pair of indices i, j € J such
that Uy; # 0,
hy ' fihy = géj_lhflfihjgz{j :
From this equality we deduce that

hi g figijhy = gzl‘j_lhi_lfihigz,‘j
and therefore,
higgjhjilgijilfi = fihiggjhjilgijil .
This implies that (V{f;} € G(€))(Vb € Uy,),
(hagizhy ™" 97 (0) fi(b) = fi(b)(Rigl by gi;~ ") (D) .

Now we use condition [C1] to conclude that, for every ¢ € G and every
b e U,
(higiihi ™ 9i~ ) (0)g = g(higishy™" g57")() 5
thus, for every 4, € J such that U;; # (), we have the maps
Cij = hz‘gz{jhj_lgij_l . Uij —’-ZG

and these satisfy conditions TF1, TF2 and TF3 of transition functions, thus
defining a principal ZG-bundle X\ over B; furthermore, from the definition of
these maps we conclude that & 2 X\ © &.

3. = 1. The hypothesis now indicates that, for every ¢ € J, there exists a
map h; : U, — (G such that

gzl-j = hi_lcijgijhj . (31)
Then, for every g € G and every b € U,;, we have that
(higishy " 9i; ") (0)g = g(hagishy; ™" i~ ) (b) -

A straightforward computation now shows that

— —1
Tgi; = h;  (mgij)h;

and therefore, the bundles F'(£') and F(§) are equivalent. O
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Two principal G-bundles over B which satisfy the equivalent conditions
of Theorem 3.1.4 are said to be fundamentally equivalent. Notice that fun-
damental equivalence is an equivalence relation; furthermore, as seen in the
beginning of this section, two equivalent principal G-bundles are fundamen-
tally equivalent; however, the converse is not true: as observed in Section
2.1, the trivial Z-bundle S' x Z —— S! and the exponential map bundle
e?™ : R —— S! are not equivalent but have isomorphic gauge groups.

At times it is possible to “reduce” the structural group of a bundle; next
we give a first result on the behaviour of fundamental equivalence with respect
to this “reduction” (definition below). Let £ be a principal G-bundle over B
with transition functions {g;;|i,j € J} and let H be a closed subgroup of G
with inclusion map ¢ : H —— G; we say that & admits a reduction to the
structural group H if there is a principal H-bundle 5 over B with transition
functions {gi;|7,7 € J} such that £ and the principal G-bundle over B with
transition functions {vg;;|i,j € J} are equivalent.

Lemma 3.1.5 Let & and & be two principal G-bundles which admit a reduc-
tion to a closed subgroup H C G. Suppose that ZH C ZG. Then, if the
reductions of & and & to H are fundamentally equivalent, so are & and &'.

Proof — It follows by comparing the transition functions via relations like
3.1. O

In Chapter 4 we shall take up again this theme.

We now observe that conditions [C1] and [C2] are not so unsual. For
example, they are clearly satisfied whenever G is abelian. Furthermore, con-
dition [C1] holds true if G is path-connected because in that case the map
n:G() — G is a fibration (see [6]). As for condition [C2|, we prove the
following:

Lemma 3.1.6 Suppose that the open sets U; of the distinguished open cov-
ering are all contractible. Then condition [C2] holds true.

Proof — Take the exact sequence of groups
0 —2G —G —I(G) —0

and the exact sequence of sheafs

0 —S8z¢ Sa Sy —0
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obtained from the pre-sheafs of continuous functions from the open subsets
of B into these groups. According to the non-abelian version of [17, Theorem
2.4.2] we obtain, for every open subset of B, an exact sequence

0 —T(U,Szc)

U, Sq)

LU, Sie))

where I'(U, —) indicates that we are dealing with the sections of the appropri-
ate sheaf over U. The cokernel of the last homomorphism of the above exact
sequence is the cohomology group H' (U, Sz¢) (see [17, Theorem 2.10.1]); the
result now follows from the fact that the open sets U; are contractible. O

The hypothesis of Lemma 3.1.6 is satisfied when B is a CW-complex or a
manifold with a riemannian metric because in both cases B can be covered
by contractible open sets: the reference for the former case is [13, Proposition
6.7] while for the latter is [8, Theorem 5.1]. These open covers are called good
covers by some authors - see [8].

In the present context, where conjugation of gauge groups is beeing stud-
ied, the existence of a good cover of B has interesting consequences. We
start with the following:

Lemma 3.1.7 Let 34 = {U;|i € J} be a good cover of B. Then any principal
G-bundle over B s locally trivial over \l.

Proof — Let £ = (E,p, B,G) be a principal G-bundle. Since the inclusion
map ¢; : U; —— B is homotopic to a constant map, the induced principal
G-bunde (p~1(U;), p, U;, G) is trivial (see [19, Chapter 4, Theorem 9.9]). Now
E is a localy trivial principal G-space over U and so, by Theorem 1.3.4, £ is
a principal G-bundle, locally trivial over 4. O

Under these circumstances, if 4l is a fixed good cover of B, the topological

group
L=1]Map(U;,G)
ieJ

contains as subgroups the gauge groups of all principal G-bundles with base
space B. Hence, we can divide the set of the gauge groups of all principal
G-bundles over B into conjugacy classes. We denote by €G (&) the conjugacy
class of the gauge group G(£). We shall take up again this theme later on.
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3.2 Isomorphism and conjugacy of
gauge groups

It is clear that if G(&) ~c G(£'), then these gauge groups are isomorphic;
however, if two principal G-bundles over B have isomorphic gauge groups, it
not necessarily true that the gauge groups are conjugate. In this section we
describe an example of that assertion, given by M. Marcolli in [24].

Take G to be the dihedral group of order 8 given by a clockwise ninety
degree rotation of the square around its centre (call it 7), its compositions
r?, r3 r* =1 and, the four flips (two around the diagonals, called m and n,
and two around the horizontal and vertical axis, called h and v). We endow
this group with the discrete topology. Let ¢ : G —— G be the isomorphism
defined by

ro b r
m +—— h
n o v
h —— m
v —— n

We now take B = S! with the open covering {U;, U} where U, is the open
arc containing the point (—1,0) and limited by the points § — € and 37 + e,
and Us is the open arc containing the point (1,0) and limited by 7 + € and
3% —e.

2

The intersection Uj, is the union of the open arcs
U:{mg—e<9<g+@
and - -
V:{9]3§—6<9<3§+e};

Define the transition funtion g5 : Ujs —— G by the following condition:
for every b € U,

g =h, ifbeU
92O =40 )y —1] ithev.

The set of transition functions {g,;|i,j = 1,2} gives rise to a principal G-
bundle ¢ and the set {pg;;]i,7 = 1,2}, to the principal G-bundle £¥. Ob-
serve that the bundles ¢ and &% are not equivalent; however, according to
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Lemma 2.1.5, these two bundles have isomorphic gauge groups (indeed, the
patient reader can verify, by direct computation, that G(¢) = {1,72, v, h}
and G(£9) = {1,72,n,m}, both isomorphic to the so-called “Viergruppe”).

Let us prove that G(§) and G(£¥) cannot be conjugate. Suppose that they
were so0. Then, we could find an element {h;|i € J} € L such that

G(&%) = {hi}G(E){hi} ™ ;
thus, for every {f;} € G(§), the element {f} defined by
JE = hifih; !

belongs to G(£¥). But, according to Theorem 2.1.3, for every i,j € J, we
have the following equalities in Uj;:

[i = gjifigij and ff = gﬁffpgé )
therefore,
higij fig5:hit = gl fihy g5

or, in other words,
(h; ' g5higii) f; = fi(hi ' g5higi;) -
This means that for every ¢,j € J, the element \;; = hj_l gﬁhigij commutes
with the j* component of any element of G(¢) and thus, in the present
context in which G is the dihedral group of order eight, \;; : Uj; —G
takes values in the subgroup S = {1,7%,v,h} = G(£). Moreover, observe
that one can write
gﬁ = hj)\jigjihi_l .
The previous considerations give rise to the following two equalities:
96 = hduguhy ' and g = hodyvgvhit;

however, a straighforward computation shows that it is not possible to find
elements hq, ho € G and Ay, Ay € S such that

m = hodyAphy ' and hy = hody .

Notice that in this example [C1] is not valid and hence we cannot use
Theorem 3.1.4; however, the reader can prove with no difficulty that the
fundamental bundles F'(§) and F'({') associated, respectively, to £ and &', are
equivalent!
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Chapter 4

Conjugacy classes of vector
bundles

4.1 Characteristic Classes

In this chapter we study the conjugacy classes of the gauge groups of real
and complex vector bundles over a fixed base space B which is assumed to
be a connected, smooth, paracompact manifold endowed with a Riemannian
metric.

We recall that real (resp. complex) n-vector bundles have structural
group GL(n,R) (resp. GL(n,C)). However, because we are taking our vec-
tor bundles to be smooth over a riemannian manifold, we can endow their
total spaces with a Riemannian structure, and therefore, we can reduce their
structural groups to O(n) and U(n), respectively, in the real and complex
cases (see [8, Sections 6 and 20]). Therefore, we shall deal with principal
bundles having for structural group either the orthogonal group O(n) or the
unitary group U(n).

Furthermore, as we have seen in Section 3.1 we can take a good cover
for B, that is to say, an open covering 4 = {U;|i € J} with all the U;’s
contractible. Hence, because of Lemma 3.1.7 all principal O(n)- or U(n)-
bundles over B are locally trivial over 4; this means that the gauge group of
any principal O(n)- or U(n)-bundle over B is a subgroup of the local gauge
group £ and thus, we can arrange all these gauge groups into conjugacy
classes.

The contents of this chapter are based on [25].

61
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We begin by observing that Theorem 3.1.4 takes on the following format:

Theorem 4.1.1 G(§') ~c G(§) if, and only if, there ezists a line bundle A
over B such that & = &® M.

Proof — It is enough to show that under the present circumstances, con-
ditions [C1] and [C2] of Section 3.1 hold true. Condition [C2] is satisfied
because of Lemma 3.1.6. As for [Cl], we distinguish two cases. In the
unitary case, [C1] follows from the connectivity of U(n) and the fact that
n: G(§) ——U(n) is a fibration. In the real case, the map 7 is onto SO(n)
— the path-component of O(n) which contains the unit element — and this is
a sufficient condition for the equivalence of the three statements of Theorem
3.1.4. O

Using the terminology introduced in Chapter 3, we can say that two (real
or complex) vector bundles ¢ and & as above are fundamentally equivalent
if, and only if, there exists a line bundle A such that & =2 &® .

At this point we wish to study the relationship between the characteristic
classes of two fundamentally equivalent vector bundles. A description of the
general theory of characteristic classes can be found in the books by D.
Husemoller [19] and J. Milnor and J. Stasheff [30].

4.1.1 Complex vector bundles
Our first result follows from [7, page 493]:.

Lemma 4.1.2 Let & and &' be two fundamentally equivalent complex vector
bundles of rank n over B. Then the Chern classes of & and &' are related by
the formula

€)= X (127 ) e@ar. (@)

Corollary 4.1.3 Suppose that the Riemannian manifold B is also endowed
with a CW-complex structure. Let & and & be two fundamentally equivalent
complex vector bundles over B. Suppose that ncy(\) # 0 in H*(B,Z). If the
restrictions of € and € to the 2-skeleton B® are equivalent, then & = ¢'.

Proof — From the previous lemma we conclude that

c1(&) = c1(§) +ne(N)
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Take the inclusion ¢ : B® ——~ B and notice that
0= cl()\|B(2)) =1"(c1(N)) € HQ(B(Q), Z)

but * is injective because H?(B, B2 Z) = 0 since B/B® has no cells in
dimension less than 3. O

We are going to show with an example that the condition on the first
Chern class of A is necessary. Let n be the complexification of the Hopf
bundle 77 over RP* and form the complex 2-bundle £ = 1 @& n over RP?.
The bundle 7 is not trivial; however, using [19, Chapter 5, Theorem 7.8 we
conclude that £ is fundamentally equivalent to the trivial 2-bundle €5 over
IRP* (take A = n); this same theorem shows that 2¢;(n) = 0. Now, according
to [1, Theorem 7.3], the restrictions of ¢ and &5 to RP? are equivalent.

Since ¢ is a smooth vector bundle, the Chern classes ¢;(£) can be expressed
- modulo torsion - in terms of symmetric invariant polynomials in the cur-
vature 2-form €2. As we shall see, this method yields interesting and new
results which are not visible just from Lemma 4.1.2. In order to conduct our
analysis in an ordered fashion, we give a quick review of the principal defini-
tions and ideas about connections and curvature in complex vector bundles;
our main sources of informations are the books of M. Nakahara [32] and Y.
Choquet-Bruhat, C. DeWitt-Morette and M. Dillard-Bleick [12]. First, some
notation: £(U(n)) denotes the Lie algebra of U(n) and, for a given open set
U; € s, T(U;) and T*(U;) represent, respectively, the tangent and cotangent
spaces to U;. Next, recall that the Lie algebra £(U(n)) is isomorphic to the
tangent space to U(n) at the unit element [,,. There are several equivalent
ways to define a connection on a principal U(n)-bundle £ = (E,p, B,U(n)),
the first of which is very geometrical: a connection on & is a unique splitting
of the tangent space T, F, for every x € E, as a direct sum of a vertical sub-
space V. F and a horizontal subspace H, F, such that horizontal spaces on the
same fibre are related by a linear map induced by a right action Ry = xg;
one also requires that smooth vector fields on E separate into smooth hori-
zontal and vertical vector fields. In practice, we need to obtain the splitting
T.F = H,E ® V,FE in a systematic fashion; this can be done with the Lie
algebra valued one-form w € £(U(n)) ® Q'(F) !: this is just a projection of
T.E onto V,E = £(U(n)). The curvature two-form €2 is the covariant deriva-
tive of the connection one-form w; hence, 2 € £(U(n)) ® Q*(F). Connection

'We indicate the space of smooth r-forms over a manifold M by Q" (M).
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and curvature are related by the following Cartan structure equation:
VX, Y e T,E) QX,Y) =dw(X,Y) + [w(X),w(Y)],

which is also written as
Q=dw+wAw.

As in the case of gauge transformations, it is convenient to view connec-
tions and curvatures in terms of the open sets of U; accordingly, for each
i € J, take a cross-section o; : U; — p~(U;) and define the local (gauge)
potential

Ai =0 (w) € £U(n)) @ QUU;) .
The set A = {A;|i € J} is called (Yang-Mills) potential. Conversely, given an
£(U(n))-valued one-form A; on U; and a cross-section o; : U; — p~1(Uj),
there exists a one-form w; € £(U(n)) ® Q1(U;) such that A; = o;*(w;) (see
[32, Theorem 10.5]). In order to define w uniquely out of the local potentials
(in other words, so that w; = w; on Uj;), the local potentials must satisfy the
following compatibility conditions:

Aj = gi}lAigij + 95id(gi5) - (4.2)
The local form F; of the curvature 2 at U; is given by
Fi= Ui*<Q) )

where o; is a cross-section at U;. The two-forms F; are called local fields;
F ={F;|li € J} is called (Yang-Mills) field strength. In this context, we also
write Q; = p*(F,).

The equations corresponding to the Cartan structure equations are:

Fi=dA; + A N A; (4.3)
with the local transformation conditions

Fj =95 Figii (4.4)

J

for every 7,7 € J.

Now we are ready to talk about Chern classes. Let G be a group of
complex square matrices (say GL(n,C) or U(n)) and let £G be its Lie algebra.
We say that a symmetric, k-linear mapping

Fi8G%... x 86 ——~R
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is Ad-G invariant if, for every g € G and every k-tuple (V4,..., Vi) € £G X
... X £G,
FAAd VA, . A VE) = f(VA, . Vi)

where Ad,V; = g7'V;g. The following is the main theorem of the theory of
characteristic classes (see [12, Theorem 1, V BIS] or [32, Theorem 11.1]):

Theorem 4.1.4 (Chern-Weil) Let f be an Ad-G invariant symmetric k-
linear mapping of £G to R, let & = (F,p, B,G) be a principal G-bundle
and let ) be the curvature two-form of a connection w of &. The exterior
differential form f(Q) of degree 2k defined by

Q) (v, ..., 0) = 21k' ZSign(U)f(Q(Uo(1)> 00(2)) cee (Q(Uo(%fl)a Ug(zk)))

where o is a permutation of the set {1,2,... k}, has the following properties:
(i) f(Q) projects to a unique 2k-form v, on B (i,e., p*(vk) = f(2)) such that
d(ﬁ)/k) =0;

(ii) the element [yy] of the De Rham cohomology group HHw(B,R) is inde-
pendent of the choice of the curvature two-form €.

The reader should note that this theorem could be stated in terms of poten-
tials and relative field strengths.
If we choose a basis for £G and, for every V € £G, we set

fWV):=f(V,...,V)

then, f(V) is a polynomial of degree k in the components of V. The algebra of
Ad-G-invariant symmetric multilinear mappings is identified with the algebra
of Ad-G-invariant polynomials. At this point notice that the coefficients
f1(V) of the characteristic polynomial of a matrix V' € £G, namely

det(\1,, — iV) = fj fe(AH (4.5)
2 =0

are Ad-G-invariant polynomials. In particular, if V' = ), the closed 2k-form
v such that p* () = fr(Q) gives rise to the k-Chern class of &:

(€)= [v] € Hpr(B,R) .
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The total Chern class of £ is given by

cll)=1+c1(§)+...+cu(é) € éHf{R(B, R) .

J=0

From the general properties of the characteristic polynomials, we conclude
that f1(Q) = tr(3=Q) and that f,(Q) = det(3=). We also note that the
defining equation 4.5 yields the total Chern class of ¢ simply by replacing
the variable A by 1. Finally, we observe that from 4.5 we retrieve the axioms
—see [19, Chapter 17, Section 3] — which characterize Chern classes (valued
in the real cohomology ring of the base space).

The set 2, of potentials (or connections) on & is not empty: indeed, there
are infinitely many connections on a smooth vector bundle (with paracompact
base - see [12, Theorem, pg. 363]). Actually ¢ is an affine space, that is
to say, a vector space with a selected origin: hence, if A, A" € U, so is
(1 —t)A —tA, for every t € R (see [33, Chapter VIII]). Our next result
shows that there is a bijection between the affine spaces of all connections of
two fundamentally equivalent n-bundles £ and &'

Lemma 4.1.5 If & 2 A®E, then there is a bijection
0:Ae —Ac .

Proof — Let g;;, gi; and c;; be, respectively, the transition functions of the
vector bundles &, ¢ and A. As in Theorem 3.1.4 (3.= 1), the hypothesis
implies that there exists a set of maps {h; : U; —— S*'|i € J} such that

ggj = hiilcijgijhj . (46)

Now take a partition of unity {p;|i € J} subordinated to the open covering
il of B and, for every i € J, define the 1-form

keJ

Take arbitrarily A € ¢ and, for every i € J, define

we wish to prove that the local one-forms A; define a connection A" € g
that is to say, according to 4.2, the one-forms A, must satisfy the equation

Y AT / /
Ai = gijAjgjz’ + gijd(gji) .
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Using equalities 4.6 and 4.8, the right hand side of the previous formula gives
rise to the following sequence of equalities:

9554395 + 9550(95:) =

= i~ ciygighy (hy ™ Ashy + by~ dhy + 3 pregrdery )y cjiggihit
keJ

+(hi teijgighi(hy~")d(hy ejigjihi) =
= hi ' gijAjgjihi + hi ' i ((dhy)hy ™) gjihit

+hi " iy (Y prcjederg)hy ™ g+ hi ™ gig (hy(dhy ™)) ggihit
keJ

+hi ™ gij(cigdeis) gjih + hi™" gigdggihi + hi ™ dh; .

Since h;(dh;) " + (dh;)h; 7' = 0, the second and fourth terms of the last sum
cancel out; moreover, the adjoint action of any element of U(n) is trivial on
£(U(n)) and thus, we conclude that

Al =i g5 Ajgi + gi5(dggi) Yhi + RN (dh) + Y prepder; + ci(deg;)
keJ

Because .5 pr = 1, we can write the last two summands as follows:

> prcipdery + cij(deji) = prcjrder; + (O pr)cis(de;)

keJ keJ keJ

by the cyclicity property of the transition functions (see [TF3]) and the prod-
uct property of the exterior derivative, we conclude that

> prcjrder; + (O pr)eij(deji) = preader; -

keJ ke ey
Therefore,
9 Asdhs + gid(gh) = hi Ay hi T dhi + 0; = A
concluding our proof. O

The next theorem compares the Chern characters of two complex n-
bundles which are fundamentally equivalent when their structural groups
can be reduced to a subgroup H with discrete centre. We already know
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from Lemma 3.1.5 that if the reductions to H of £ and ¢ are fundamentally
equivalent, then £ and & themselves are fundamentally equivalent and there-
fore, their Chern classes are related by equation 4.1; however, the next result
shows that in this case the Chern classes of £ actually coincide with those of

£

Theorem 4.1.6 Let £ and & be two complex n-bundles with structural group
U(n) reduced to a subgroup H such that ZH is discrete. If these bundles are
fundamentally equivalent with respect to the structural group H then, for

every i =1,...,n, ¢;(§) = ¢;(£).

Proof — Because the Lie algebra of ZH is trivial, the one-forms 6; defined
in 4.7 vanish. This implies that

Al = hi " Achy + by dh

and therefore, the local fields (and corresponding local curvatures) are re-
lated by F, = Ady, F;. The statement of the theorem now follows from the
definition of the total Chern class. O

We wish to observe that the conclusion of Theorem 4.1.6 above does not
follow from equalities 4.1 because the central step in the proof of theorem is
to show that there is a flat connection on the line bundle A and this implies
that its Chern class is a torsion element. We also note that the converse of
the above theorem is false: in fact, on the one hand, A has a flat connection
<= it has locally constant transition functions (see [20, page 6]) and on
the other hand, one can easily construct a line bundle with locally constant
transition functions that are not contained in any finite order subgroup of
U(1).

4.1.2 Real vector bundles

Our first result has to do with the Pontrjagin classes of two fundamentally
equivalent real vector bundles and is a direct consequence of Theorem 4.1.6.

Proposition 4.1.7 Two fundamentally equivalent real n-bundles have the
same Pontrjagin classes in the De Rham cohomology ring of their base space.
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Proof — The Pontrjagin classes p;(€) of a real n-bundle ¢ are obtained from
its Chern classes by complexification:

pi€) = (=1)'eai(€ ®C) .

Now, by complexification, we can embed O(n) into U(n). Since £ ® € and
¢ ®C are fundamentally equivalent over O(n) and ZO(n) = Z,, Theorem
4.1.6 shows that the Chern characters of the complexified bundles are equal;
thus, we have the result stated. O

At this point we want to observe that the previous proposition might be
false if we work in the integral cohomology ring of the base space, as we can
see from the following example. Let 7} be the Hopf bundle over RP* and
let £ =7 @ ~?; because of [19, Chapter 5, Theorem 7.8], £ is fundamentally
equivalent to the trivial real 2-bundle &5 over RP* (take A = ~7). However,
¢ has a non-vanishing top Pontrjagin class: this can be seen by taking the
complexification n = 77 ® € and observing that because n = 7, ¢;(n) is a
non-zero element of order 2 in H*(RP*,Z).

Next, we recall that to each real n-vector bundle £ over a space B we can
associate a sequence of cohomology classes

w;(&) € H(B,Z,)

i =0,...,n which satisfies certain axioms listed in [30], for example. These
are the so-called Stifel-Whitney classes of £&. Our first result is similar to
Lemma 4.1.2:

Lemma 4.1.8 Let & and &' be two fundamentally equivalent real vector bun-
dles of rank n over B. Then the Stiefel-Whitney classes of & and & are related
by the formula

k )
w€) =3 (127 ) w0 (19

J=0

with coefficients taken modulo 2.

Proof - See [7, page 497]. O

The first and second Stiefel-Whitney classes have a particular geometric
interest; in support to this statement we give here the following two results:
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1) if M is a riemannian manifold and 7 = (T'M, m, M) is its tangent bundle,
then M is orientable if, and only if, wy(7) = 0; 2) if M is orientable, then
there exists a Spin bundle over M if, and only if, ws(7) = 0 (see [32, Theorems
11.21 and 11.23]). We wish to compare the first two Stiefel-Whitney classes
of two fundamentally equivalent real vector bundles, However, before we
do this, we recall briefly an alternative method of defining Stiefel-Whitney
classes for smooth vector bundles over riemannian manifolds; this method is
based on properties of the Cech cohomology of B (unlike the Chern classes,
the Stiefel-Whitney classes cannot be constructed via the curvature two-form
(2 associated to a curvature form w of §).

We begin by taking a good cover Y = {U;|i € J} of B, and for every
is a map

flososin) = Uig,.oi — 22

which is totally symmetric under any permutation o of 4g,...,7,. Next,
consider the multiplicative group C™(4, Z,) of all Cech n-cochains, for all
possible non-empty intersections of n 4+ 1 open sets in 4. Finaly, define the
coboundary operator

Ot O™(U, Zy) —— O™ YU, Zy)
n+1

(5nf)(z0,,n+ 1)) = H f(ig,...,Z/];,...,Z.n_i_l)
k=0

(as usual, the symbol ~ means that the variable under it has been cancelled).
It is easy to prove that §% = 1. Hence,

(Vn >0) im §,, = B"(U,Z,) C ker 0,41 = Z" (U, Z5) ;
by definition, the n'*-Cech cohomology group of i is the quotient group
H"(WU, Zy) = Z"(W, Z,)/ B" (4, Zs) .

Now let U = {V}|j € J} be another good cover of B and suppose that U
refines 4, that is to say, there exists a “refinement” function o : J —— 1T
such that

(Vj S J) VJ - Ua(j) .
Such a refinement function induces a chain complex homomorphism C*: for
each n > 0, define

C™(@) : O"(8, Zs) —— C™(D, Zy)
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(C™()f) (o, -+ 5dn) = fla(do), - ln)) ;

thus, o induces homomorphisms
(6770 Hn(ﬂ, ZQ) —_— I':["(‘IT, Zg)

for each n > 0. This homomorphism between the cohomology groups is actu-
ally independent of the refinement function, because two refinement functions
from U to U produce homotopic chain complex functions. All this means that
the set {H*(4, Z,|4} is a direct system of graded abelian groups; the Cech
cohomology of B is then defined as the direct limit

H*(B,Z,) = lim H* (U, Z,) .

Let £ be a principal O(n)-bundle over a riemannian manifold M covered
by a good cover 4. In order to construct the first Stiefel-Whitney class w; (&)
we consider the transition functions g¢;; : U;; —— O(n) and define

fl(i,j) : Uij — 2,

by the condition: for every b € Uj;, fi(i,7)(b) = det(g;;(b)). Clearly,
f1(i,5) = f1(j,4) and hence, fi(i,7) € C*(4,Z;). On the other hand, from
the cyclicity condition g¢;;¢;x9x = uc, we conclude that

(0f1)(4, 7, k) = det(g;;) det(g;x) det(gri) =1

and therefore, f; € Z' (4, Z,). We define w; (€) to be the image in H'(B, Z,)
of the cohomology class [fi] € H' (U, Z5).

Now we define the second Stiefel-Whitney class of £. Suppose that the
principal O(n)-bundle £ is orientable that is to say <= the structure group
O(n) can be reduced to SO(n) (see [8, Chapter I,Proposition 6.4]). Recall
also that, for every positive integer n there is a universal covering map

¢ : Spin(n)

SO(n)
with fibre Zs,; the simply connected space Spin(n) is actually a topological

group (see [19, Chapter 12]). Now, for every b € U,;, take a lift g;;(b) of ¢;;(b)
and define

fo(t,5,k) : Uijy ——2Z5 , b ——3;;(0)gjx(b)gri(D) .
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In this case too, fy is a cocycle and we define wy(§) to be the image in
H?(B, Z,) of the cohomology class [f2] € H?(U, Z5).

Now we are ready to prove the following two results which give a more
accurate comparison of the first two Stiefel-Whitney classes of two funda-
mentally equivalent real vector bundles.

Theorem 4.1.9 Let £ and &' be two real, even dimensional, fundamentally
equivalent vector bundles over B. Then, wi(£') = wy ().

Proof — We know that, because ¢ and £ are fundamentally equivalent, the
transition functions of these two vector bundles are related by an equation
of the type
gi; = hi teigiihy
(see 4.6). But we are dealing with vector bundles whose structural group is
O(2m) and so, det(c;;) = 1. Then, from the equation above we conclude that
det(ggj) = det(g,;) det(h;) " det(h;)

and therefore, the cocycles fi(i,j) and f{(7, 5) differ by a coboundary:

(]

We can obtain this from Equation 4.9, provided we take k = 1, n even, and
we write Z, additively.

Theorem 4.1.10 Let £ and &' be two real, orientable 2m-vector bundles for
which there exists a line bundle A such that & = &€ @ X. If wa(BanA) = 1,

then wy (&) = wa(E').

Proof — The transition functions of both bundles take values in SO(n);
moreover, because £ and & are fundamentally equivalent, these transition
functions are related by a relation like 3.1, namely:

gi; = hi teigiihy
Lift the maps h; and ¢;; to Spin(2m):

h; : U, — Spin(2m) ,
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Gi;  Ujj — Spin(2m) ;
these liftings give rise to a lifting of g;;, namely

— N71~~
9i; = hi  Cijgishy -
But from wq(£) = 1 we conclude that
9ij9ikgri = 1
and so, -
gz/‘jg;'kg;ci = CjjCikCri -

But ¢;;¢5¢0 = 1 because wa(@o,A) = 1 by assumption; thus, wy(¢) =1. O

4.2 The isotropy group of a vector bundle

Let £ be a (principal) real or complex vector bundle over B and let J(§) be
the set of all line bundles over B such that A\® & = &; with the tensor product
operation this set becomes a group, indeed a subgroup of the group €o()(B)
(resp. €y(1)(B)) of all classes of equivalent principal real (resp. complex)
line bundles over B. The group J(&) is the isotropy group of &.

The following observation shows that the isotropy group of a vector bun-
dle ¢ can assume a key role in the game of characterizing the conjugacy class
¢€G(&). Suppose that J(€) = 0; then, according to Theorem 3.1.4, there exists
a bijective correspondence between the set €G(&) and the set €o(1)(5) (resp.
€y (B)). Thus, if I(£) = 0 the Classification Theorem 1.3.5 implies that:

1. Real Case: €G(¢) = HY (B, Z,) ;
2. Complex Case: €G(¢) = H*(B,Z) .

As we shall see after the statement of Theorem 4.2.5, the isotropy group
of a trivial bundle is not necessarily trivial.

Now we give a simple example of a non-trivial vector bundle whose
isotropy group is trivial.

Theorem 4.2.1 Let & be a real vector bundle of odd dimension over B. Then
Jom)(§) = 0.
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Proof - We begin by observing that A ® ¢ = ¢ <= A is trivial. In fact,
from equations 4.9 we conclude that

wi(§) = (dim &)wi(A) +wi(§) ;

because the Stiefel-Whitney classes are elements of the Z;-cohomology ring
of B and dim¢ is odd, it follows that w;(§) = 0 and hence, A = 1 is the
trivial line bundle over B. O

The analysis of the first Stiefel-Whitney class conducted in the previous
theorem clearly yields no results if £ is even-dimensional; this method is also
fruitless in case £ is an even-dimensional trivial real bundle. For complex
vector bundles we use the Chern characters and conclude that J(§) = 0
whenever ¢ is trivial and H?(B,Z) is torsion-free.

Now we give an example of a real vector bundle ¢ with non-trivial isotropy
(that is to say, J(§) # 0). Suppose that n = 2m with m > 1; construct the
vector bundle over RP"

§=myr &m

(here m~7 stands for the Whitney sum of ~] with itself m-times and the
second factor m stands for the trivial m-dimensional bundle over RP™). The
dimension of £ is n and it is immediate to see that

@ =€ .

4.2.1 Isotropy and stable equivalence

Our first objective is to prove that if an n-real vector bundle over a CW-
complex with only one top cell (for example, a projective space) has non-
trivial isotropy, then any n-bundle in its stable class also has non-trivial
isotropy. Let us recall that two real vector bundles £ and & are stably equiv-
alent (and we write £ ~g £’ ) if there exist trivial vector bundles, say m and
n such that £ ® m and & @ n are equivalent.?

In order to prove what we just anounced we must make use of the concept
of cooperation of a COH-space on a based space due to B. Eckmann and P.
J. Hilton (see [16]), which we briefly review here for the reader’s benefit. Let

2As we did with equivalence classes of bundles, we do not differentiate notationaly a
vector bundle and its stable class.
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A be a COH-space with comultiplication v : A —— AV A; we say that A
cooperates on a based space X if there exists a map p: X —— AV X such
that

1.if ¢ : Av X —— X is the projection, then ¢gp and 1y are based-
homotopic;

2. (14 Vp)p and (v V 1x)p are based-homotopic.

CW-complexes with just one top cell are a natural source of examples of
cooperation of a sphere on a space. In fact, suppose that X =Y Uy D" is
defined by attaching the n-disk D" to the CW-complex Y (note that dimY <
n) via the map ¢ : S" ' ——Y. The canonical map p : X ——=S"V X
obtained by pinching the cone C'S""! = D" half-way through its height is a
cooperation.

Notice that X =Y U, D" is homeomorphic to the mapping cone Cy; now
take the long sequence of spaces determined by ¢

n— gb 7 Cyo
gn-t1 % c,

cyo

So =0 sy (4.10)

where ¢, is induced by the constant map onto the base point y, € Y. Let Z
be an arbitrary based space and construct the long exact sequence of based
spaces and groups associated to the sequence 4.10 (see [35, Theorem 3.2.1]):

Cyo *

E¢*
L ——[2Y, 7], [, 2] —

X, Z), —e [V, 2]~ (5", 7). (4.11)
Before proceeding further, we introduce some notation. Firstly, we indicate
the free homotopy class of a map, say f : X —— Z, simply by its represen-
tative f; secondly, if in the previous example the spaces X, Z and the map
f are based, we indicate the based homotopy class of f by f..
Take arbitrarily f, € [X, Z], and a € 7,(Z, 2) and define f& € [X, Z].
to be the based homotopy class of the composite map

p aVf v
X—5S"VX —~7ZVI—17,
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where v is the folding map. We now state the key result that makes possible
the result on isotropy and stability we have anounced at the end of the
previous section (for its proof, see [16, Corollary 15.5]):

Theorem 4.2.2 Let f,,g. € [ X, Z]. be given. Then,

L(fe) =u(gs) = (Baem(Z,2)) g.=f.

We wish to extend this theorem to sets of free homotopy classes of maps
with Z = Bo,). To this end, we recall another well-known result of Ho-
motopy Theory: since the base point y, € Y C X is non degenerate (we
assume implicitly that we work with well pointed based spaces) and Bo,) is
path-connected, there exists an action of 71 (Bo(m), w,) on [X, Boay ). and

[X, Bo,]+/m(Bowmy, w,) = [X, Bo,]

(see [35, Corollary 7.1.13]). Notice that because mi(Bom),w,) = Z; =
{—1, 1} this action becomes particularly simple; we indicate it by writing, for
every f. € [X, Bo,l«, —1.f. = —f+. An analysis of the proof of [35, Corollary
7.1.13] shows that the function

[X, Bo,]« —[Y, Bo,].

is 71 (Bo(n))-equivariant, that is to say, 7,(£f.) = * £72.(f.), for every f. €
(X, Bo, |+

With this we can extend Theorem 4.2.2 to the free case: Suppose that
f,g € [X, Bo,] are such that

w(f) = 1(g) - (4.12)

Because Bo(y) is path connected and the base point y, € X is non degenerate,
within the free homotopy classes f and g there are based representatives of
f and g, respectively; thus, without loss of generality, we may assume that
the maps f,g : X —— Bo(n) are based, that is to say, f(y,) = 9(¥o) = wo.
In view of the format of the orbits of [ X, Bo, ]./Z2, equality 4.12 means that
either 7, (f.) = 7.(g«) (in such case g. = f) or 7.(f+) = 7 (—g.) (in such case
—g. = [&), for some « € 7m,(Z, 2,)); hence, g = f*. The converse also holds
true, showing that Theorem 4.2.2 can indeed be extended to the free case if
Z = Bon).
Now we can prove the following result.
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Theorem 4.2.3 Let & andn be two stably equivalent real n-dimensional bun-
dles on a connected CW-complex with only one top cell X, and suppose that
ERQANZE for some line bundle \. Then, n®@ X = n. In particular, the isotropy
groups of & and n coincide.

Proof — For the proof the reader is referred to the next diagram

X
p
S"vX
1xA A
(S"V X)x (S"VX) STV (X x X)
(aV f)x (co V1) aV (f x1)
(Bo, V Bo,) x (Bo, V Bo,) B, V (Bo, x Bo,)

VXU 1V

BOn X BO1 On V Bon

B
X /
Bo,

Assume that X =Y Uy D"; moreover, suppose that £, n and A are classified
by f: X ——Bow), g: X —— Bon) and £ : X —— Bp1), respectively.
Since £ and 7 are stably equivalent and dimY < n, the restrictions to £|Y
and 7|Y" are equivalent (see [19, Chapter 9, Theorem 1.5]); hence, according
to the free version of Theorem 4.2.2, there exists o € 7, (Bon), w,) such that
g = f%; if we indicate by £ the bundle classified by f¢, we can write that



78 CHAPTER 4. CONJUGACY CLASSES OF VECTOR BUNDLES

n = &*. With this notation in mind, we observe that the bundle (£ ® \)* is
classified by the map

X Lesrvx 2 B, v By, —~Bo,
where h := ¢(f x £)A and 9 is the action of Bp1) on Bom) (see Theorem
A.6.6); moreover, the bundle £~ ® A is classified by the map ¥ (f* x £)A.

It is now a straightforward matter to prove that the diagram at the be-
ginning of the proof is commutative. This means that (£ ® \)* = £*® A and
therefore,

NRAANZET A= (RN ==,

Hence,
ANeT(E) < AeT(n) .

Remark 4.2.4 The condition that the two vector bundles £ and 7 of the
statement must have the same dimension is essential: indeed, for n = 2m,
& = myy @ m and n = mn] are stably equivalent with £ ® 7 = ¢ and
NI = m.

4.2.2 Vector bundles on real projective spaces

In this section we will study the isotropy group of a real even-dimensional
vector bundle over a real projective space RP". Since line bundles over RP™
are classified by H'(RP" Z,) = Z,, these isotropy groups are subgroups of
Z,; one is then tempted to believe that such an analysis is relatively simple
but, as we shall see, this is not so!

We begin by reviewing some basic acts about topological K-theory. The
reader can find all the necessary definitions in [19] or [22]; here we only recall
the following.

Let B(B) be the set of all equivalence classes of real vector bundles over
a finite CW-complex B; the Whitney sum and tensor product of vector bun-
dles give to this set the structure of a semi-ring; the (Grothendieck) ring
KO(B) obtained by symmetrization of U(5) is the so-called real K-ring of
B. If B is based, say with base point b,, define KO(B) as the kernel of the
homomorphism

/' KO(B) ——KO({b,})) = Z
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induced by the inclusion map ¢ : {b,} — B.
The collapsing map B —— {b,} shows that

KOB)~KOB)& Z .
It is well-known that there exists a surjection
o :Y(B) —KO(B) , € — £ — dimé
and

E~sn = al§) =an)

(that is to say, the stable equivalence classes of real vector bundles over B
can be identified with the elements of KO(B) — see [19, Chapter 9, Theorem
3.8]).

At this point we can describe the reduced K O-ring of a real projective
space (see [22, Chapter 4, Proposition 3.12] or [19, Chapter 16, Proposition
12.5)).

Theorem 4.2.5 The ring KO(RP™) is generated by the element & =~ — 1
subject to the relations

22+ 22 =0 and /™M =0

where f(n) is the number of integers q with ¢ = 0,1,2,4 (mod. 8) and
0 < g <n. In particular, the group KO(RP™) is cyclic of order 2™,

This theorem shows in particular, that if £ is an r-dimensional real vector
bundle over RP™, there exists an integer s, 0 < s < 2f(™ such that

E=sy+r—s.

Furthermore, it also shows that the isotropy groups of the trivial vector
bundle of dimension 2/ over RP" is not trivial: it contains 7} !

Remark 4.2.6 The integer valued function f(n) is given by f(n + 8) =
f(n) + 4 and in particular, f(8¢q) = 4q. The following table will be useful
later on:

n 123456 7 8
ftn) 1.2 2 3 3 3 3 4 (4.13)
2fn) 92 4 4 8 8 8 8 16

(see [22, Chapter 3, Remark 3.13]).



80 CHAPTER 4. CONJUGACY CLASSES OF VECTOR BUNDLES
After this hiatus we resume the normal course of our discourse with the
following result.

Theorem 4.2.7 Let £ be a real r-dimensional bundle over RP™ (with r
even® ) which is stably equivalent to sy? with 0 < s < 2/ . Then

1 1
E~vgER ] < either s = 57“ or s = §(r+2f(n)) ‘
Proof — Because of Theorem 4.2.5

§@2f(n) :S’}/?@Qf(n)—i-'f’—s

and so,
E@r o2 =1eEo™)=

=n @ ® @MW tr—s)=so @ +r—shi.
Therefore,
E2/W=(ta M a2/ —= s=2/™ 4 5 (mod 2/™) .

O

We now recall that if B is a CW-complex with dim B = n < oo, and &
and 7 are two real r-bundles over B with » > n + 1, then

Er~sn = {~

(see [19, Ch.9, Theorem 1.5]). This fact and the previous Theorem have an
immediate consequence:

Corollary 4.2.8 Let £ be a real r-dimensional bundle over RP™ (with r
even) such that & ~g sy?, for 0 < s < 2/ Then

1 1
E~ERY <= either s=gror 3:§(r+2f(n)) _

If the dimension of £ is less or equal to n we have a weaker result:

Corollary 4.2.9 Let & be a real r-dimensional bundle over RP"™, withr <n
even; suppose that £y = £. Then, either £ ~g %n’y’f oré ~g %(n+2f("))7?.

3See Theorem 4.2.1.
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The previous Theorem and its corollaries are significant steps towards the
proof of the following interesting and highly non-trivial result:

Theorem 4.2.10 Let £ be a real vector bundle of dimension n over RP™,
with n even. Then

sy =] L= {LAp} = &=inpor £ 5(n+2/M)p
10 otherwise .

Proof - We are going to give a proof of the “easy cases” of this theorem and
we will sketch the argument for the remaining “hard case”; indeed, this part
of the proof transcends the scope of these notes, and so the reader is referred
to [11, Theorem 1.1].

Suppose that for s = %n or s = %(n + 2/(M) we can show that there
exists a real m-bundle ¢ over RP™ which is stably equivalent to syf* and is
such that £ ® 77 = €. Then by Theorem 4.2.3 the same will hold true for
any n-bundle stably equivalent to &, thus proving the Theorem. As we have
already noted, the existence of such an n-bundle ¢ is clear for s = %n: just
take & = %ny’f &) %n

The problem is to establish the existence of such a vector bundle whenever
5= %(n—{—Qf(”)). The cases n = 2 and n = 6 are easy to deal with. In fact, on
the one hand we note that in both cases s = 1(n+2/™) = n 41 (refer back
to Table 4.13); on the other hand, we recall that for every positive integer n

T(RP") ~g (n+1)77

(see [19, page 17]). We must show that 7(RP™) ® 47 = 7(RP™). This fact
can be established using the results of Section 1.3.3; see in particular the
example at the end of that Section. We recall that 7(RP") is equivalent to
the vector bundle obtained as the quotient of the (Zy, GL(n, R))-equivariant
bundle 7(S™) by the action (¢1,¢) and that 7(RP™) ® ~] is the quotient
bundle of 7(S™) by the action (¢, ¢). Now, for n = 2,6 there exists a fibre
preserving equivariant map f : T'S™ ——T'S™ given by f(b,v) = (b,b x 7)
where b x ¥ is either the usual cross-product in IR® or the Cayley-product
in R”. This map induces the equivalence 7(RP") ® 4* = 7(RP") we are
seeking.?

4This is similar to the fact that the only almost complex spheres are precisely S? and
S7 (see [22, Chapter 3]).
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To handle the general case, we must introduce a usefull tool, namely
twisted complex structures. A twisted complex structure on a real vector
bundle & over a space B is like a complex structure, except that the pure
imaginary scalars live in a real euclidean line bundle A over B, instead of
in a constant “imaginary axis iIR”. Thus in place of € we define €, to be
the bundle of fields with underlying real bundle 1 & A and whose fibrewise
multiplication is determined by setting v? = —1 for any v in A with ||v|| = 1.
Like ordinary complex structures, and like the analogous twisted symplec-
tic structures in [5], twisted complex structures have a useful desuspension
property (see Proposition 4.2.11 below).

Although a complex structure on £ involves a scalar action of € on the
fibres of £, the usual definition of complex structure concentrates on the ac-
tion of the pure imaginary scalars: we define a complex structure on £ to be a
fibrewise linear map J : £ — ¢ such that J? = —1. The analogous defini-
tion of twisted complex structures shows immediately why we are interested
in them here. Let & be a real vector bundle, A a real euclidean line bundle
over the same base, and let &, , A\, denote the fibres over a point b € B.
Then we introduce the following definition. A A-twisted complex structure
on £ is a fibrewise linear map J : A ® £ — & such that J? = —1; more
precisely, for every b € B, u € &, and v € A, such that ||v|| = 1, we require
that J(v ® J(v ®@u)) = —u.

Thus if € has a A-twisted complex structure, then A®¢ and £ are equivalent
in a special way.

When A is trivial a A-twisted complex structure on ¢ is just a complex
structure on £. Since any line bundle A is locally trivial, locally a twisted
complex structure is the same as a complex structure.

Given a A-twisted complex structure J on &, we get a corresponding
fibrewise scalar action of €, on &, and in particular this gives each fibre of £
a complex structure. For if we choose a unit vector v in \,, we may denote a
point in (1@ \), by = @ yv where z , y € IR, and define the scalar action by

(x®yv) - u=zu+yJ(vu).
This is well-defined since if we use —v in place of v the recipe gives
(x® (—y)(—v) u=zu+ (—y)J((—v) @u) =2u+ J(v @ u) .

We call this scalar action a Cy-structure and & equipped with a C,-structure
is called a €C,-bundle.
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The simplest case is 1 @ A\, which admits a natural C,-structure.
As a second example, reconsider the situation of the tangent bundle de-
scribed in Section 1.3.3. If n = 2 (resp. 6), a well defined €, n-structure

J:7(RP") @ ' ——7(RP")
is given on 7(RRP™) by the vector product (resp. Cayley number product)
T(b,7) = (b,b % 7) .

Notice that J2 = —1, as expected.

The Whitney sum of €y-bundles for a fixed A is again a € -bundle; over a
finite-dimensional base space we can “stabilise” € -bundles by adding multi-
ples of €y, in the same sense that complex bundles are stabilised by adding
multiples of the trivial bundle C. In particular the following “twisted desus-
pension” theorem holds true.

Proposition 4.2.11 Let A be a real line bundle over a 2m-dimensional C'W -
complex B, and let ( be a Cy\-bundle of complex dimension m + N over B,
with N > 0. Then there is a (unique) Cx-bundle n of complex dimension m
over B such that ¢ and n ® NC, are isomorphic as Cy-bundles.

Notice that, as in the ordinary case, A-twisted complex structures are
related to non-degenerate skew-symmetric fibrewise maps £ ® & — A (we
may pass from one to the other by making a choice of euclidean metric on
¢). This shows up the similarity with the twisted symplectic structures in
[5].

The next result establishes a connection between the existence of C,n
structures for bundles over the real projective spaces and equivariant bundle
theory.

Proposition 4.2.12 Let € be a (Z2, Gl(n, R))-bundle over S™ with the ac-
tions (1, @) and (o2, d) as at the end of Section 1.3.3. Let us assume that
there exists an equivariant bundle autoequivalence f of €. Then, if f is an
involution, that is to say, f* = —1, the corresponding quotient bundles have
the Cyn-structure J = f.

Now let us go back to the theorem. We first deal with the case n = 2, 4
or 6 mod 8.
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Suppose we can show that the trivial bundle 270" over RP" admits a
C,p-structure. By Proposition 4.2.11 then 2/ is isomorphic as aC,n-bundle
to n & 1(2f(W —n) for some C,»-bundle 7 of complex dimension in. Let & be
the real n-plane bundle underlying 1. Then

1 1
£Ed §<2f(n) — ) @ E(Qf(n) —n) = 2f ()

and since & @ 27" = 547 @ (n — s + 27() for some s, an easy calculation
shows that £ is stably equivalent to %(n + 2/ Furthermore, £ @ 4} = ¢
since £ admits a €,r-structure.

We aim to show that for n = 2, 4 or 6 mod 8, the trivial bundle 2/
admits aC,p-structure. At this point we could simply quote from Proposition
(7.1) of [2]. However, we shall give a self-contained argument using Clifford
algebra bundles and modules, and equivariant theory.

We refer to [4] as a good reference for Clifford algebras and modules, and
will use their notation here.

First, recall that 2/ = d,,, the dimension of the irreducible real module
for the Clifford algebra Cl, = CI(IR"™); therefore, R*" is a real module for
Cl,. Now, if n = 2 mod 4 (i.e. n = 2,6 mod 8), the volume element w
in Cl,.; has positive square, w? = 1, and is central in Cl,,;; moreover, as

n + 1 is odd, wb belongs to the even subalgebra CI. ., = Cl,, and hence

acts on the module R”"™. This means that on the trivial bundle (S™ x
|R2f(n>,pr1, Sn, IRQf(n), GL(n,R)), we can define the map f(b,v) = (b, wb - v),
where 0 is immersed as an odd element of Cl,, 1, and the - means the Clifford
multiplication. This is an automap of S™ x Isz(n), that is linear on the fibre
and equivariant as f(—b, —v) = (—b,wb - ¥); furthermore, it is an involution,
since

FUFB, 7)) = (b, wbwb - T) = (b,w?b* - T) = (b, —7) .

Now, this does not work for n = 0 mod 4, when w? = —1; anyway, we
can solve the case n = 4 mod 8 by a similar argument, observing that, for
these values of n, we have 270" = 2/(»+1)  Actually, this is always true for
n =2, 4, 6 mod 8, and therefore, the following is a unified proof for all these
cases.

Simply observe that for these values of n, R = RS (”+1), and since the
second is a module for Cl,,1, every b € R™"! acts by Clifford multiplication
on R”"™ as desired. Then, define the automap f(b,7) = (b,b-7) of RP™ x

fn) o
IR*"™ | where again b is view as an element of Cl,,1.
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The argument just described can not be generalized to the values of n
that are divisible by 8. This follows from the computation of the twisted
K-groups performed in Section 7 and 8 of [11] for the projective spaces.
On the other hand, one can give a direct proof that holds true in general
for n divisible by 4. As stated before, this requires sophisticated tools, and
therefore here we give just a sketch of the argument.

Let n = 4k for some integer k, and for any non-negative integers r, s with
r—+s > 2k, consider the vector bundle ¢ = 2r®2s7y} over RP*. Then ( is the
real bundle underlying the complex bundle r @& s77'. The latter desuspends
uniquely to a complex bundle 1 of complex dimension 2k, that is to say,

nd(r+s—2k) =2rodsyy.

Now, since 2f(4%) = 92k+¢ where e = 0, 1 for even, odd k, if we specialize to
the case s = k + 2%72%¢ r = 0, we get, for the real bundle ¢ underlying 7

1 n ~J 1 n n
£6 5@ —n) = @ 4,

that is, £ is stably equivalent to %(Qf ) 4 n)7yy as desired.

Observe that n and n®~7 are stably equivalent and for an odd k they are
actually equivalent. This gives at once an easy proof for the case n = 4 mod 8.

Now, the real problem is to prove that £ and £ ® 4{" are equivalent for
any k. The proof is based on a desuspension argument for Spin® structures,
similar to the one described before for €y-bundles.

The idea is that if two bundles are stably equivalent and admit a Spin®
structure, and if the stable equivalence preserves in some sense the Spin®
structure, then the obstruction to desuspend the equivalence lies in the Z,-
equivariant K theory of the base space. The precise statement (whose proof
can be found in [11]) is the following.

Proposition 4.2.13 Let X be a connected closed manifold of even dimen-
sion 2m, with non trivial first Stiefel-Withney class wi(X) and such that
wo(X) is the reduction of an integral class in H*(X,Z). Let & and & be
two 2m-dimensional Spin® bundles over X, and suppose that there exists
a stable equivalence & ~y¢ & under which the Spin® structures correspond.
Then, f desuspends to an equivalence § = ¢ <= the Euler classes of the

Z5-equivariant bundles associated to & and &' are equal in KOZ (X).
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Now, the complex structures on n and n ® ~7, define the desired Spin®
structure on & and £ ® 77 Since £ and £ ® 7 are stably equivalent, it follows
that (with the orientation given by their Spin® structures) they are stably
oriented equivalent. Moreover, by Corollary 9.3 of [11], there exists a stably
oriented equivalence between them that preserves their Spin® structures.

There remains to prove the equality of Euler classes; this is more tech-
nical, and must be done by explicit computation. The desired results are in
Lemma 10.6 of [11]. O



Chapter 5

Homotopy and fundamental
equivalence

5.1 Introductory material

In Chapter 3 we introduced the concept of fundamental equivalence between
two principal G-bundles ¢ and £ over a space B; we arrived at this no-
tion through three different routes, namely by comparing: (i) the funda-
mental bundles associated to & and ¢, (i7) the gauge groups of ¢ and ¢
as subgroups of a common local group, and (iii) the transition functions of
¢ and . In Chapter 4 we tried to gain some insight about fundamental
equivalence between smooth vector bundles; we discovered that if we select
and fix a good cover for B, say { = {U;|i € J}, then there is a bijection
between the set of all classes of fundamentally equivalent principal O(n)-
bundles (resp. U(n)-bundles) over B and the set of all conjugacy classes of
all the gauge groups of such bundles (viewed as subgroups of the local gauge
group L = [[;c; Map(U;, G)). In neither of these two chapters we made a
systematic use of the homotopy classification of bundles; we do this in the
present chapter.

In order to develop this chapter we need to recall some properties of
classifying spaces; the proof of these properties can be found in Appendix
A. We first recall that the construction of classifying spaces is functorial;
furthermore, we need the following properties: (i) the classifying space Bg
of a topological group G is the base space of a principal G-bundle £ =
(Ec, pa, Ba, G) with contractible total space Fg; (i) because the centre ZG

87
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of the group G is abelian, the classifying space Bz is a topological abelian
group with multiplication v (Proposition A.5.2); (iii) the free action r of ZG
on GG obtained by restricting the multiplication of G defines a free action

B(T) : BG X BZG _"BG .

(see Theorems A.6.6 and A.6.7). Finally, we make the following observation.
Let I(G) = G/ZG be the group of inner automorphisms of G. If we apply
the functor

B:TopGr ——Top , G —— Bg

to the central sequence

0 7G G I(G) 0
we obtain the exact sequence of based spaces and maps (Theorem A.6.1)

B; B,
0 BZG BG B[(G) 0. (51)

Remark 5.1.1 For technical reasons we now assume that the generic struc-
tural group G of all bundles considered in this chapter are compact; we
also observe that since our version of the Milgram-Steenrod construction of
classifying spaces is done within the framework of weak-Hausdorff k-spaces,
the group G is automatically Hausdorff, because all k-spaces are T7. We also
assume that the identity element ug of G is non-degenerate. Last, but not
least, we suppose that the pair (G, ZG) is a ZG-equivariant closed cofibra-
tion.

The exact sequence 5.1 yields an exact sequence of sets or groups of
homotopy classes of maps as follows. Because of the assumptions made in
Remark 5.1.1, the 4-tuple

(BG7 B7T7 B[(G)7 BZG)

is a principal Bzg-bundle by Theorem A.7.2; moreover, because of Remark
A.7.3, the map B, : Bg B is a Hurewicz fibration with fibre Bzq.
This fibration yields, for every based space Y, an exact sequence of based
sets and groups

o Jx

[B,Q)Brc))s —

ik

[Ba QBZG]*

[B, B¢l
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j* Bz* Bw*
[BvBZG]* [BvBG]*
(see [35, Theorem 3.1.4]). Note that if B is a non-based space and Y =
BU{x} is the disjoint union of B and a singleton space {*}, then [Y, — |, =
[B, — ]. With this stratagem we obtain the free version of the exact sequence
5.2:

[B, Brc))s (5:2)

o Jx

|B,QBzq) — [B,QBg] (B, QB —

Jx T

BBac) e (B Bo) 2w BB Y

5.2 Conjugacy classes of gauge groups

Let B be a space with a fixed good cover 4 = {U;|i € J}; according to
Lemma 3.1.7, every principal G-bundle over B is locally trivial over {4 and
hence, we can subdivide the set of gauge groups of all principal G-bundles
over B into conjugacy classes €G(£), where G(§) is the gauge group of the
principal G-bundle £ = (E, p, B, G); we denote by €(B, ) the set of all these
conjugacy classes.

Let us assume that ¢ is classified by a map f : B B¢ and satisfies
conditions [C1] and [C2] introduced in Sections 2.1 and 3.1 respectively, but
which we reproduce here for the reader’s benefit:

[C1] (Vb, € B)n:G(&) ——~G , f+ flp~'(b,)(ug) is a surjection ;
[C2] (Vi€ J)(Vhy: Uy —1(G))(3h; : Uy ——G) h; = 7h; ;

then, the following theorem is an immediate consequence of Theorem 3.1.4:

Theorem 5.2.1 The function
=:¢(B,G) — B, By
€G (&) = [Bx/f]
1S injective.

The next result (which also follows from Theorem 3.1.4) is more interest-
ing:
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Theorem 5.2.2 Suppose that & is classified by a map f : B —— Bg and
satisfies conditions [C1] and [C2]; moreover, assume that one of the following
hipotheses holds true:

1. the set [B, By)) has only one element;
2. Z@G is trivial ;
3. the sequence of topological groups

7 T

0 ZG G 1(G)

splits ;

4. B is the (reduced) suspension of a simply connected space X and ZG
1s discrete.

Then , Z: &(B,G) — [B, By()| is bijective.

Proof — The stated conclusion is an immediate consequence of either hy-
potheses 1. or 2.

Assume 3. to be valid: a section o : I(G) —— G produces a map B,
such that B, B, = 15,6 -

Now suppose that 4. is true. Since ZG is a discrete subgroup of G,
the projection map 7 : G —— I(G) is a covering projection; hence, every
map from a simply connected space X into I(G) can be lifted to G over 7.
This means that 7, : [X,G] —— [X, I(G)] is surjective. Now consider the
following commutative diagram:

B,
DX, Bd >_ X, Bio)
OB,
[X, QBg] (X, QBra))
[X, G] (X, 1(G)]

T
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where the two upper vertical maps are given by adjointness (so they are
bijective) and the other two vertical maps are induced by the homotopy
equivalences QBg = G and QB ) = I(G). This diagram shows that B, is
surjective, that is to say, every map > X —— Bj(q) has a lift over B,. O

The last consequence of Theorem 3.1.4 which we wish to state as a theo-
rem is the following:

Theorem 5.2.3 Let B =Y X satisfying condition [C2] and suppose that G
is path-connected. Also, let T be the trivial principal G-bundle over B. Then
the gauge groups G(&) and G(T) are conjugate <= & admits a reduction of
its strucure group G to ZG.

Proof — Consider the tail end of the exact sequence 5.3

1% Bﬂ'*

[B7 BG]

(B, Bzq| [B, Brc)]

and notice that because B is an associative COH-space, this is an exact
sequence of groups (see [35, Theorem 1.2.8]). The result now follows from
Theorem 3.1.4 and [19, Chapter 6, Theorem 5.1]. 0

We give now some examples. Suppose that B = S§* and G = SU(2) = S3.
Since ZSU(2) = Z, is discrete, we conclude from Theorem 5.2.2 that

€(S*,SU(2)) =[S, Bisuey] = m3(RP?) = Z .

Hence, there are infinitely many conjugacy classes of gauge groups of princi-
pal SU(2) bundles over S*. Tt is worth noticing that because

Csu()(SY) = 8%, Bsu)) = Z
we can say that if £ and & are two principal SU(2)-bundles over S* then
(= = G(&) ~cg(&) .

The reader should recall that in general, equivalence of principal bundles
is not equivalent to neither isomorphism or conjugacy of the corresponding
gauge groups (see the example given in section 3.2).
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In the next example we take B = S? and G = SU(2) x S'. Because the
homomorphism

By, :[S*,Bg) ¥ Z —[S?, Bye)) & Z,

is trivial, the set €(S% SU(2) x S?) has only one element and hence, by
Theorem 5.2.3, any principal SU(2) x S'-bundle £ over S? has a reduction
to Z(SU(2) x S') = Z, x S*. In particular, G(£) & Map(S?, SU(2) x S*).

5.3 Fundamental action and classifying spaces

The observations made before imply that, for every space B, the based set
[B, Bzg] is an abelian group with multiplication

s+ [B, Bza] X [B, Bza] ——[B, Bzal , (1], [62]) ——[¢(€1 x £2)A]

(where A is the diagonal map). In what follows we shall indicate the homo-
topy classes by any of their representatives and hence, the multiplication 1,
will be written simply as

w*(él,@) = ¢(£1 X 52)A .

It is easy to see that the there is an action B(r), of the group [B, Bzg| on
the set [B, Bg| given by

B(r).(f,0) = B(r)(f x A .

In the sequel this action will be known as the fundamental action (of the
group [B, Bzc] on [B, Bgl).

The next proposition shows that B(r), is actually the action introduced
in Lemma 3.1.3; a preparatory lemma is necessary.

Lemma 5.3.1 Let{ = (E,p,B,G) and ' = (E',p/, B',G") be principal bun-
dles; let j1 : G —— G' be a group homomorphism and let £, : E —— E" be
a p-equivariant map. Then, there exists a common local trivialization of the
two bundles such that their transition functions are related by the formula
1gi; = gi; By, where By, is the map induced by E,, at the base space level.
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Proof — Let {Uj,¢;} be a local trivialization for p'. Then {B;*(U])} is
an open covering of B over which we can obtain (by refinement) an open
trivialization {U;, ¢;} of p. The following commutative diagram

-1 E“ =177/
p (Uz) p (Uz)
o; o
Ui xG U x G
B, x

can now be used to define a new family of local homeomorphisms {.} for
p': in fact, E,¢;(z,ug) and ¢)(B,(x),uy) belong to the same fibre and
hence define an element ¢ in G’ giving rise to the desired trivialization
Vi(x,q) = ¢i(x,g'g"). The definition of the transition functions via the
local homeomorphisms {¢;} and {¢/} completes the proof. O

Proposition 5.3.2 Two principal G-bundles & and & over B classified by
maps f, f' : B —— Bg are fundamentally equivalent <= f' = B(r).(f, /)
for some ¢ in [B, Bzg].
Proof — We indicate the set of transition functions of a generic principal
G:bundle ¢ by {gf]} With this notation in mind, if f" = B(r).(f,{), then
g5 = 9i¢ B(r)(f x 0)A.
Now apply Lemma 5.3.1 to the following diagram
r

G x zZ4 G
g X iza e
E(r)
Eq x Ezq G
Pc X Pza yZe;
Bg x Bz Bg

B(r)
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to obtain the equality

G

g5 = s(g58 | X g0 A = gleis

zZ

where the maps ¢;; = gfj “¢ take values in ZG; we conclude the proof using
Theorem 3.1.4. O

Corollary 5.3.3 Let € be a numerable principal G-bundles over a space B,
and X be a numerable principal ZG-bundle over the same space. Suppose
that these bundles are classifyed by the maps f and I, respectively; then the
bundle £ ® X is classifyed by the map B(r).(f, ().

5.4 An exact sequence

It is well-known that if p : F —— B is a Hurewicz fibration with fibre F
and F contractible, then F' and 2B have the same homotopy type; for the
reader’s benefit and in order to give detailed proofs of the statements we are
going to make later on, we now explain how we arrive at such a homotopy
eqivalence.

Consider the diagram

o .1, .pp
|
h _
€1 €1
F E B
1 p

where the square is a pullback, PB is the space of all paths originating
at the base point x, € B, j is the fibre inclusion, and h(z) = (z,¢,,) is
a homotopy equivalence whose homotopy inverse is constructed as follows.
Take the homotopy

H:L,xI —B, ((z,a),t) — a(l—1t)

and lift it to a homotopy H : L,xI E. The map s = H( — ,1) takes
values in the fibre F' and one can prove that sh and hs are homotopic to the
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appropriate identity maps (see [35, Lemma 3.1.3] for details). Now suppose
that E is contractible, and take a based contraction K : £ x [ —— E to
the base point z, € E (we assume that z, is non-degenerate). Then 2B
is a weak deformation retract of L,: in fact, the homotopy K'((z,«),t) =
(K(z, 1+t) B;) of L,, where

2s 14¢

a | == 0<s<

Bi(s) = i 1+_< <2
pK (x, Trs ) <s<1,

yields a retraction p((x,«)) = K'((x, «),0); finally, we observe that § = sj :
OB —— F' is a homotopy equivalence with homotopy inverse ph.

In the present context, there is a further point which deserves our atten-
tion. Suppose that F'is an H-space with a multiplication v : F' X F —— F
which has a strict identity. Moreover, assume that there is an action 1 :
F x E —— F such that the following diagram commutes:

FxF F
FxFE FE
Pro b
E B

p

Then, under these conditions, the map § : QB —— F' is an H-map (see |6,
Lemma 3.2]).!

Because B, : Bg Bie) and prq) : Erq) — Bi(g) are Hurewicz
fibrations with fibres Bzg and I(G), respectively, we have the following H-
space preserving homotopy equivalences:

0: QB[(G)

BZG y 5I(G) : QB[(G) —*I(G) .

'Recall that QB is an H-space with multiplication given by composition of loops (with
strict unit).
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We can summarize the previous information in the following double pullback
diagram:

B Jie)
PB[(G) I—LBP / QB[(G) = QBI( —_— LP[(G) J—" PB[(G)
h
T dra
(&) hie
Bra Ba Bza I(G) Ere Bra
Pi@)

™

The retraction py(q) : Lpz(c;) — OBy and sy : Lp,
inverse of h,) combine to give a homomorphism

Bz (homotopy

v = Szi=prc)hr@) : I(G) — Bzq -

Going back to the Puppe sequence 5.3 and using the appropriate H-ho-
motopy equivalences defined before, we obtain the following exact sequence
of based spaces and groups:

B,2G) ' [B,¢] =~ [B.1(@) (54

Bi* BT(*
[B>BZG] _"[BvBG'} [B7B1(G)] .
Remark 5.4.1 From this point on, the space B is taken to be paracompact.

Because of the Classification Theorem 1.3.5, the function

B, : [B, B¢ |B, Br))

establishes the transition from principal G-bundles over B to their associated
fundamental bundles (see the definition in Section 2.1). This, together with
Theorem 3.1.4, implies the following result:

Proposition 5.4.2 Take arbitrarily f, f' € [B, Bg|. Then
Bri(f) = Bru(f') <= (3L € [B,Bia))f = B(r)(f. 1) -

Using the language introduced in Chapter 3, we can paraphrase the pre-
vious proposition by saying that two principal G-bundles ¢ and & over B,
classified respectively by f,f" : B Bg are fundamentally equivalent
= Br(f) = Bul/).




5.5. THE ISOTROPY OF THE FUNDAMENTAL ACTION 97

5.5 The isotropy of the fundamental action

From various examples given in Chapter 4 we conclude that the fundamental
action B(r), is not free; the obstruction to freenes is given by eventual non-
trivial isotropy groups. Let us discuss this point in a more general context
than that of Chapter 4. We recall from Lemma 3.1.3 that there is an action

© 1 €g(B) x €z6(B) —€g(B) , (&,A) ——={OA;
then, the isotropy group of a principal G-bundle £ over B is given by
I ={re€(B) | £OA=¢};

on the other hand, if ¢ is classified by f : B
before, we conclude that

J(€) ={l e [B, Bzl | B(r).(f.0) = f}.

Proposition 5.5.1 Let 7 be a trivial G-bundle over B; then

Bg, from what we did

j(T) = ker (Bz* : [B,Bzg] —'—[B,Bg]> .

Proof — The bundle 7 is classified by a constant map ¢, : B Bg; notice
that B(r)(c,, /)A = B;{: in fact, these two functions produce equivalent pull-
back bundles from the universal G-bundle & (this can be seen using Lemma
5.3.1 and comparing the transition functions of the pullback bundles). O

The next result shows that the isotropy group of a principal G-bundle
depends on the equivalence class of fundamental equivalence of &; more pre-
cisely,

Proposition 5.5.2 If & and & are fundamentally equivalent then J(§) =
3(E).

Now suppose that the base space B is a suspension, B = XA. In this
case, the classifying sequence 5.4 is an exact sequence of groups and group
homomorphisms; hence, we have the following:

Proposition 5.5.3 The isotropy group of a principal G-bundle over a sus-
pension B = XA is isomorphic ker By, (that is to say, it coincides with the
isotropy group of a trivial G-bundle over B).
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Proof — Let £ be a real vector bundle represented by a map f : B —— Bg;
let A € J(&) be represented by ¢ : B —— Byg. According to the definitions,
€ ® A is represented by ¢ (f x £)A. On the other hand, B = ¥ A is a COH-
space with comultiplication v : YA —— YAV ¥ A and thus, [XA, Bg] is a
group. The product f e B;{ is given by o(f V B;{)v, where o is the folding
map. But

W(f x OA ~ o(fV Bl)v

(cfr. Theorem 4.2.3). Hence, f @ B;{ ~ f and so, B;¢ is homotopic to the
constant map, that is to say, A € J(7) (see Proposition 5.5.1). O



Appendix A

The Milgram-Steenrod
classifying space

The contents of this appendix are taken freely from our paper The Milgram-
Steenrod construction of classifying spaces for topological groups [36].

A classifying space for a topological group G is the base space of a
principal G bundle (Eg,pg, Be) with contractible total space Eg. Classi-
fying spaces have been constructed using several different methods; amongst
the most popular constructions we recall the Milnor construction, the Dold-
Lashof-Fuchs construction (see [34] for an up-dated version) and the Milgram-
Steenrod contruction. The latter was introduced in [28] and then, taken up
and reformulated by N. Steenrod (see [42]). The objective of this appendix
is to review the contents of Steenrod’s paper in the light of more streamlined
techniques and, as a consequence, obtain new results not contained in [42]
about the classifying space functor B which transforms a topological group
G into a space Bg. In fact, we shall prove that B is exact and preserves
products, normality, closed inclusions, proclusions and closed cofibrations;
moreover, we shall see that if Z is a central subgroup of a topological group
G such that the pair (G, Z) is a Z-equivariant closed cofibration, the map
B, : B¢ — Bg/z induced by the quotient map ¢ : G —— G/ Z gives rise
to a locally trivial principal Bz-bundle.

Finally observe that, while in his version of Milgram’s construction, Steen-
rod selected as his basic category the category CG of compactly generated
topological spaces defined in [41], here we are working in the more convenient
(and larger) category wHk(Top) of weak Hausdorff k-spaces. As we shall see
in the sequel, this gives many advantages and more elegant proofs.

99
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A.1 Enlargement of actions and contractions

Suppose that we are given a closed subspace A C X € wHE(Top) and an
action ¢ : Ax G —— A of a weak Hausdorff k-group G (that is, an object of
TopGr. NwHE(Top,)). Then Ax G, X x G € wHk(Top) and the pushout
space X of the diagram

1 X 1g ¢

X xd Ax G A

is also a weak Hausdorff k-space (see [15, Corollary A.1.4]). Going quickly
over the construction of the pushout, we recall that one produces a commu-
tative diagram

Ax G A
i x 1g 1 X 1g
X x@G I_Y

¢

in which the maps ¢ and 2 x 1o are the compositions of the appropriate
inclusion maps with a proclusion p : AU (X x G) —— X. Notice that
because ¢ : A x G —— A is an epimorphism, the elements of X can be
represented by classes [z, g] given by the equivalence relation on X x G
obtained by extending ¢:

:/ Ex/’g,) if (gj’g), (:L’i,g,) € (X\A) x G

(z,9)R(2,g") { (z.9) §)EAXG;

zg = 'y if (z,9), (
then X is the quotient space (X x G)/R and ¢ is the quotient map.

Proposition A.1.1 The space X is a G-space; the action ® : X xG —— X
extends ¢.

Proof — The functor — x G preserves colimits (see [15, Appendix A.1]) and
therefore, X x G is the pushout of the diagram

(iX1G>X1G ¢X1@

(X xG) x G (AxG)xG AxG
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Let 7¢ : G x G —— G be the multiplication of G. The maps

d(lx x1g) : (X xG) x G X

(ix1g)p: AxG—+X

are such that

(W)(b((ﬁ X 1g> = (b(lX X Tg)(’i X 1G X 1g)

and therefore, by the universal property of pushouts, there exists a unique
map B B

O: X xG—X
rendering commutative the resulting diagram. It is a straightforward mat-
ter to prove that ® is an action defined by ®([z,g],¢') = [z, gd], for every

[x,9] € X and every ¢’ € G. The action ® gives rise to an equivalence rela-
tion R on X. O

The adjunction space X is the enlargement of the G-action of A (to X).

Remark A.1.2 - To carry on this construction within the category CG of
compactly generated topological spaces we must require that both pairs
(X, A) and (G,{ug}) are closed cofibrations; this is another instance where
there is a distinct advantage to work in wHk(Top).

Proposition A.1.3 The space X is homeomorphic to a closed subset of X.

Proof — The restriction to X x {ug} of the map

$:XxG 2w AU(X xG) L X

is induced by the homeomorphism ¢(—,ug) : A —— A; hence it is a home-
omorphism onto the closed set ¢(X X {ug}) of X. O

Our objective now is to clarify the question whever the inclusion (X, X) is
a closed cofibration; to do this we shall give an auxiliary result which relates
relative homeomorphisms and adjunction spaces. We first recall that a map of
pairs (¢/, ¢) : (X, A) —— (Y, B) in wHE(Top) is a relative homeomorphism
if A is closed in X, the map ¢’ is proclusive and induces a homeomorphism
(X\ A) — (Y \ B).
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Lemma A.1.4 A map of pairs (¢',¢) : (X,A) —— (Y, B) is a relative
homeomorphism <= Y = B, X, with ¢ proclusive.

Proof — Let (¢, ¢) : (X, A) —— (Y, B) be a relative homeomorphism and
let Z be the adjunction space of X to B via ¢. Consider the following
commutative diagram where the square is a pushout:

By the universal property of pushouts and the definition of relative homeo-
morphism, the sets Z = Y; thus, the map f is bijective. Since ¢ = f~'¢/
and ¢’ is a proclusion, f~! is continuous and hence, Z = Y as topological
spaces.

The converse is given by [15, Proposition A.4.8 (iii)] . O

Proposition A.1.5 Suppose that (X, A) and (G,{ug}) are closed cofibra-
tions in wHEK(Top); then (X, X) is a closed cofibration in wHk(Top).

Proof — The following pairs are closed cofibrations: (X x G, A x G), (X X
G, X x {ugtUA X G) and (X, A) (see [15, Proposition A.4.2 (iii), (iv) and
Proposition A.4.8 (ii)] , respectively). Now apply Lemma A.1.4 to the map
of pairs

(X x G, X x{ugtUA X G) — (X, X)

to end the proof. O

We conclude our observations about the enlargement of actions noticing
that the universal property of pushouts proves easily that we can interpret
the enlargement of an action as a functor:
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Proposition A.1.6 For every ¥ € (TopGr NwHE(Top))(G, H) and every
map of pairs (f,u) : (X, A) —— (Y, B) in wHk(Top) such that A is a G-
space, B is an H-space and u is ¥-equivariant, then fxv : X xG ——Y xH
18 U-equivariant with respect to the trivial actions 1x X7, 1y X1y and induces
a V-equivariant quotient mapping f : X ——Y.

We note explicitly that

(Vlz. 9] € X), f(lz,g]) = [f(x),9(g)] -

Now we start to talk about contractions. Regard the unit interval [ =
[0, 1] as a topological monoid under ordinary multiplication and define an /-
action as a map h’' : X x I —— X such that h'(—,1) = 1x and h/(z,tt') =
R (B (z,t),t"), for every x € X and t,t' € I. Let X € wHk(Top) be based,
with base point xg; a contraction of X to xqis an I-action b’ : X x [ —— X
that factors through the smash product A’ : X x [ X AT "X (we
take 0 € I as base point). In particular, the ordinary multiplication on [ is a
contraction of I to 0. Denote the base point of X A I by Zg ; then the trivial
action

T (X XxI)x I —Xx1, ((z,t),s) —(x,1s)

induces a contraction of X A I to Ty, called canonical contraction. In fact, 7
factors through X V I and gives rise to a map

(XN xT XAT, (xAt,s) ——x Ats

which is the desired contraction.

Suppose that we are given o € A C X (with A closed, X € wHk(Top))
and a contraction b’ = hp : A x [ —— A of A to 9. The adjunction space
X = AU, (X A1) € wHE(Top) is the enlargement to X of the contraction'
h': Ax I ——A. Let xy be the base point of X.

Arguments similar to those used for the proofs of propositions A.1.1,
A.1.3, A.1.5 and A.1.6 show the following results:

Proposition A.1.7 The space X has a contraction W' : X x I —— X that
extends the contraction h' : A x I —— A.

Proposition A.1.8 The space X is homeomorphic to a closed subset of X.

'f we stay in the category CG, we must require that (X, A), (X, {zo}) and (4, {z0})
are n.d.r.’s in order to guarantee that X € CG (see [42, Lemma 3.3]).
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Proposition A.1.9 If the pairs
(X, 4), (X, {zo}) and (A, {x0})
of wHEk(Top) are closed cofibrations, then
(X,A), (X,z) and (X, X)

are closed cofibrations in wHk(Top).

Proposition A.1.10 Let (f,u): (X, A) (Y, B) be a based map of pairs
of weak Hausdorff based k-spaces and leth' : AxI ——~ A, k' : Bx] ——~ B
be contractions such that k(u A 1r) = uh. Then there exists a unique based
map f: X — Y which commutes with the extensions of the contractions

h and k' .

The last proposition shows that we can view the process of enlargement
of contractions functorially.

A.2 Enlargement of inclusions, proclusions,
cofibrations
In this section we prove that the functorial processes of enlargement of actions

and contractions preserve closed inclusions, proclusions and closed cofibra-
tions.

Proposition A.2.1 Let X,Y € wHk(Top) with closed subsets A C X and
B C Y, the corresponding inclusions are indicated by

1 A—X,j:B—Y .

Let G, H be weak Hausdorff k-groups acting on A and B respectively, with
actions

p: X xG—X

and
v:YxH—Y .

Take 9 € TopGrOwHE(Top,)(G, H) and a map of pairs (f,u) : (X, A) —
(Y, B) with u : A —— B ¥-equivariant; finally, suppose that ¢ and f are
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closed inclusions and f(X)NB = u(A). Then the induced map f : X ——Y
is an inclusion, and f(X)NT(Y) = f3(X), where 3 : X —— X and
7:Y ——Y are the inclusions obtained in the construction of X and Y
(see Proposition A.1.3).

Proof — The diagram below portrays the relationship between the various
spaces of the proposition:

Ax G ¢ A
u X U U
Bx H B
i X 1g g x 1y
Y x H — l_?
(0
fx9 f
X x G - X
¢

Since u is Y-equivariant and injective, u x ¥ is relation bipreserving (see
Lemma 1.2.3); then f x ¢ is relation bipreserving (with respect to the ex-
tended equivalence relations) and consequently, f is injective.

It remains to prove that f is closed. We begin by observing that in view of
[9, 1.10.1, Propositions 2 and 4], both f x 9 and u x ¢ are closed maps. Now
take a closed subset C' C X; set K = ¢~1(C) and take (f x 9)(K) CY x H.

Because of [14, VI.6.2]

F(C) =¢(f x 9)(K) closed <= ¥((f x 9)(K)N (B x H)) closed .

Hence, we must prove that ¢((f x 9)(K) N (B x H)) is closed in B. Notice
that because ¢(K) = C' is closed, [14, VI.6.2] can be used again to prove
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that ¢(K N (A x G)) is closed. The injectivity of u, f, ¥ and the assumption
f(X)N B = u(A) imply that

(f x 0)(K)N (B x H) = (ux 9)(K N (AxG))

and thus,

P((f x 0)(K) N (B x H)) = up(K N (A X G))

is closed, because u is a closed map. The last statement follows from simple
set theoretical considerations. O

Corollary A.2.2 In the situation of the proposition, if u is relation bipreserv-
ing with respect to the equivalence relations defined in A and B by the actions
of G and H respectively, then f and f x ¥ are relation bipreserving.

Proof — The first statement is proved by direct computation; as for the sec-
ond, notice that f is ¥-equivariant and injective and then use Lemma 1.2.3. O

Before we prove a result similar to Proposition A.2.1 for the enlargement
of a contraction, we give an auxiliary lemma.

Lemma A.2.3 If f € wHk(Top.)((X,x0),(Y,v)) is a closed inclusion,
then fAN1: X NI ——Y AT is a closed inclusion.
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Proof — Construct the commutative diagram

Cs

X VI (0, 0)
J V1
c/
Y VI —— (y5,0)
1 7 7 7
Y x1 I_Y/\I
c.
fx 1 f AL
X x 1T I_X/\[
Cy

and observe that X A I and Y A I are quotient spaces of X x [ and Y x [
by the equivalence relations R and S respectively, defined by

(z,t)R(2",t') & z=a"=xport=1t =0,

(. )S(W.t) & y=y =yort=t'=0.

Since f is injective, f x 1 is relation bipreserving and thus, f A1 is injective.
Let C' C X AT be closed; because f x 15 is a closed map, (f x 17)(e;1(C))

is closed in Y x I, implying that (fA1;)(C) is closed in Y AT (use [14] V1.6.2).
O

Proposition A.2.4 Let (f,u) : (X, A,x0) — (Y, B,yo) be a based map
of pairs in wHk(Top,) such that A is a closed subset of X with a con-
traction h' to xq, B is a closed subset of Y with a contraction k' to yo,
and w is an I-mapping®. Suppose that f is a closed inclusion and that

%ie., for every (z,t) € A x I, u(at) = u(x)t
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f(X)N(B) = u(A). Then the quotient map f:X——=Yisa closed in-
clusion, and f(X)N7(Y) = f5(X), where s and 7 are the inclusions (X, X)
and (YY) respectively.

Proof — Take the commutative diagram

ANT h A
uANly U
BAIT K B
T inT TA; T
YAT — rf/
k
fAL f
XAI - X
h

recall that f A 1; is a closed inclusion and proceed as in Proposition A.2.1.
O

Now consider the preservation of proclusions.

Proposition A.2.5 Let 9 : G H be in TopGrNnwHE(Top); let (f,u) :
(X, A) (Y, B) be a mapping of pairs in wHE(Top) such that A is a
closed subset of X and a G-space with action ¢, B is a closed subset of Y
and an H-space with action ¥, and u is ¥-equivariant. Suppose that 9 and
f are proclusions. Then the quotient map f : X ——Y is a proclusion.

Proof — Just recall that a relation preserving proclusion f € k(Top)(X, X’)
defines a unique proclusion f € k(Top)(X/R, X'/R'). O
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Proposition A.2.6 Let (f,u) : (X, A,x0) — (Y, B,yo) be a based map
of pairs in wHk(Top,) such that A is a closed subset of X with a contraction
h' to xg, B is a closed subset of Y with a contraction k' to yy, and u 1is
an I-mapping. Suppose that f is a proclusion. Then the quotient map f:
X —~Yisa proclusion.

The main tool to deal with closed cofibration is the following lemma whose
proof is straightforward.

Lemma A.2.7 Let B, B', X and X' be spaces; let A C X and A" C X'
be closed subspaces; finally, let ¢ : A —— B and ¢’ : A\ —— B’ be given
maps. Now construct the adjunction spaces X := AUy X and X' := A'Uy B'.
If (f,u): (X,A) —— (X', A") and v: B —— B’ are closed cofibrations, so
is the induced map f: X — X',

This lemma is helpful in proving a modified version of proposition A.2.1
for closed cofibrations. The corresponding result for the enlargement of a
contration follows in a similar way after recalling that the wedge product
preserves closed cofibrations.

A.3 The construction of the classifying space

Let G be a weak Hausdorft k-group. We are going to construct two expanding
sequences in wHk(Top,) with homeomorphic union spaces.
We begin by taking

E,l IIQ s DO = {UG}
and the maps
d_1:0xG——0, hy:{ug} x I —{ug} .

Notice that we can view ¢_; as a group action, hj, as a contraction, and E_;
as a closed subset of Dy; then construct by enlargement

EO = E,l |_|¢,_1 (DO X G) and D1 = DO |_|h0 (EO A\ [) .

The weak Hausdorff k-spaces Ey, Dy and Dy are based, with base point ug.
According to Proposition A.1.1 there exists a G-action ¢qg : Eg X G —— Ej.
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Moreover, in view of Proposition A.1.8, Fy is homeomorphic to a closed sub-
set of Dy; from this we construct F; as the enlargement of the action ¢
namely, £y := EyUg, (D1 x G). On the other hand, there is a contraction
hy : Dy x I —— Dy (see Proposition A.1.7) and we know that D; is home-
omorphic to a closed subset of E; (see Proposition A.1.3); then we construct
the enlargement of the contraction Dy := D; Uy, (E1 AI) . Up to now we
have a finite string of inclusions

E_1CD0CE0CD1CE1CD2;
we construct an infinite string
(ED) E,CDyCE,CDiCEC...CD,CE,CD,1C...

by induction :
En—l = En—2 |—|¢n,2 (Dn—l X G) 3
Dn = Dn—l uhn—l (En—l N ]) .

Because of Propositions A.1.1 and A.1.7 we can also construct the following
actions and contractions:

¢n—2 : En—2 x G _"En—2 )

hn—l =Dy y NI —— Dy,

The next diagram is useful to understand the construction of F,_; and
D,:

Pn-1 hn—l
anl x I anl AT anl
(Dn—l X G) x I En—l x I En—l AT I—Dn
(En e xG)x I E, ox1I

¢n—2 X 1[
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The reader should observe that if the pair (G, {ug}) is a closed cofibration
in wHE(Top,), then all the inclusions in the infinite sequence of spaces (ED)
above are closed cofibrations: in fact, (Fg, Do) is a closed cofibration under
the assumption on (G, {ug}); for the other inclusions we proceed by induction
and use Propositions A.1.5 and A.1.9.

We obtained two expanding sequences of spaces in wHk(Top,),

F,.CE,CE,C...CE,C... and

DicDiCcDyC...CcD,C...,

whose union spaces are homeomorphic:

E¢:=|J E.=J D,
n=—1 n=0

(by definition, the topology of Eg is determined by either of the families
{En|n > —1} or {Dy|n > 0}). Note that Eg € wHk(Top) by [15, Proposi-
tion A.5.2]. Furthermore, for every n > 0, the inclusion i, : D, 1 — D,
is nulhomotopic (take the homotopy i,y 1pn—1 : Dp1 X 1 D,,); hence
Eq = U2y D, is weakly contractible.

The union space of the expanding sequence {E,, x G|n > —1} is home-
omorphic to Eg x G (see [15, Proposition A.5.1]); this fact determines the
existence of an action

qb:zfjgbn:EGxG

n=0

Eq .

By the same token US> (D, xI) = Eg x I. Moreover, because [ is compact

Hausdorff, there is a bijection between the sets of based maps
wHE(Top (X N1Y) = wHE(Top.)(X, Map.(1,Y))

that is to say, — A I is a left adjoint functor and thus, preserves colimits;
therefore (J0° (D, AI) = Eg Al Under these circumstances, we can define
a contraction

(0.]

h = U hnIEg/\[—>'EG

n=0

and thus Eg is actually a contractible space.
Now we construct the classifying space Bg. For every n > —1, let B,

be the orbit space determined by the action ¢, : E, x G —— E,, and let
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[ B,, be the identification map. It is immediate to verify that
B,, is the push out of the triad

Pn
anl * Enfl > Dna

and that {B,|n > —1} is an expanding sequence of spaces. Then, we define
the (Milgram-Steenrod) classifying space Bg of G to be the union space of
the sequence {B,|n > —1}. Notice that B¢ is homeomorphic to the orbit
space determined by the action ¢ of G on Eg and the identification map
pa - Fga B¢ is the union map pg = U;—_1 Pn-

The process just described, which gives rise to the based weak Hausdorff
k-spaces Eg and Bg associated to a weak Hausdorff k-group G, is known as
the Milgram-Steenrod construction. The next results show that the Milgram-
Steenrod construction is functorial.

Lemma A.3.1 Let ¥ : G —— H be a homomorphism between two weak
Hausdorff k-groups. Then 9 determines an equivariant map

EﬂiEg—>-EH.

Proof — The proof is done by induction and using Propositions A.1.6 and
A.1.10. By the Milgram-Steenrod construction F¢ is the union space of the
expanding sequence {FE,|n > —1} with the action ¢ := )", ¢,. Likewise,
Ey is the union space of the expanding sequence {E,|n > —1} with action
quS = Un2o gg; The first steps of the induction are trivial. Assume that we
have defined the equivariant map Ey,_1 : E,_1 —»E/ntl; the next step
in the construction is depicted by the following commutative diagram with
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pushout squares:

O
Enfl x G : Enfl
W1 X v Eyn1
N Gn1
By x H——+F,,

D, x H E,
Al x 1 Eﬁn
D, x G E,

Corollary A.3.2 Let ¥ : G —— H be a homomorphism between two weak
Hausdorff k-groups. Then 9 determines a map By : Bg By.

Proof - The existence of By is clear. We only wish to notice, for the sake of
completeness, that By = U;—, By, where the maps By, : B, — B,, are
induced by the corresponding maps Ey,,. O

Let us put together the lemma and its corollary. Denote by £G the cate-
gory of weak Hausdorff k-spaces together with the action of a weak Hausdorff
k-group and equivariant k-maps.

Theorem A.3.3 The Milgram-Steenrod construction defines two functors
E:TopGr.NwHE(Top,) —EG , G —— Eg

B: TopGr. NwHk(Top,) —wHk(Top,) , G —— Bg .
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With the aid of the mapping track we can replace pg by a fibration whose
fibre is weakly homotopic to {2B¢; however, under a mild assumption on the
pair (G,{ug}) we can obtain much more (see [42, Theorem 8.3] and [27,
Theorem 4.2]):

Theorem A.3.4 Let G be a weak Hausdorff k-group with identity element
ug such that (G,{ug}) is a closed cofibration in wHk(Top,.). Then

(Eq,pa, Ba) is a numerable principal G-bundle with contractible total space
Eg3

Notice that if (G, {ug}) is a closed cofibration, then the pairs
(Dn7En—1) ) (Enan) ) (E'mEn—l) ) (DnaDn—1> )

(Bnaanl) ) (EG>En) 5 (EGaDn) and (BGaBn)

are closed cofibrations; moreover,
(Eru Enfl) and (EGa En)
are (G-closed cofibrations for each n.

Remark A.3.5 If G is a compact weak Hausdorff k-group, then Eg and Bg
are paracompact and normal.

In fact, we first notice that weak Hausdorff k-spaces are T; and hence, G
is Hausdorff because topological groups are regular. The assertion is now
proved by induction and [15, Proposition A.5.1].

Thus, if G is compact and (G,{ug}) is a closed cofibration, the pre-
vious observation together with Theorem A.3.4 show that the map pg :
Eq — Bg is a Hurewicz fibration with fibre G.

The last result of this section is about the homotopy type of G.

Proposition A.3.6 Let G be a compact Hausdorff topological group and
suppose that (G,{ug}) is a closed cofibration. Then there exists an H-space
preserving map

5IQBG—’-G

which is a homotopy equivalence.

3Thus (Eg,pa, Be) is a universal bundle for numerable principal G-bundles.
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Proof — Let L, be the pullback of the triad

€
o —2¢ B pp,.

Then, according to [35, Lemma 2.2.2], G ~ L,,. Since Eg is contractible,
L,., ~ Eg x QBg ~ QBg. Now use [6, Lemma 3.2]. O

A.4 Inclusions, proclusions and cofibrations
of classifying spaces

Theorem A.4.1 The functors £ and B preserve closed inclusions.

Proof — Let ¥ : G —— H € TopGrNwHFk(Top) be an inclusion. According
to the notation of Section A.3 we write

-E—1:::®a L%:::{UG}a

G 1:0xG——0, hy:{ug} x 1
E_ =0, Dy:={ug},

{uc},

1 Ox H—0, hfy: {ug} x I — {ug} ,

Eq:=\J E.=J Dn,
n=0

n=-—1

E&{?: LJ ELLZZLJADH,

n=—1 n=0
Eyn:E, ——E,, Dy, : D, —D,,
and . .
Ey= | EBsn= Dyn: EG—Euy .

n=-—1 n=0

The hypotheses of Proposition A.2.1 are satisfied for the map of pairs

—

(Dg.o, Ey_1) : (Do, E_y) — (Do, E_1)
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and those of Proposition A.2.4 hold true for the map of pairs
(E90. Dg.o) : (Eo, Do) —— (Eo, Dy) ;

therefore, Dy, and Ey are closed inclusions; an induction argument plus
Propositions A.2.1 and A.2.4 prove that, for every n > 0, both Dy, and Ey,
are closed inclusions (this assertion is also true for Ey ;). But the topology of
E¢ coincides with the final topology of the family {¢, : E, —— Eg|n > —1}
(or of the family {:,, : D, —— Egln > 0}) as one can see from [15,
Lemma A.2.4] (and similarly for Ey). It follows that the family of closed
inclusions {Ey,ln > —1} (or {Dyn,|n > 0}) induces a closed inclusion
Ey : E¢ — FEy (see Lemma 1.1.3). This shows that £ preserves closed
inclusions.

Now we study the map By : B — By induced by Ey. We notice first
that the map Fy : By —— Ey is relation bipreserving in view of Corollary
A.2.2; by induction, all maps Ey,, are relation bipreserving, for every n > —1
and thus, Fy is relation bipreserving. This shows that the induced map By
is injective.

It remains to prove that By is closed. This is done by induction on the
components of By. Clearly, By is closed; assume that By ,_; is closed and
take the commutative diagram

Eﬂ,n—l —
En,1 Enfl

PG n—1 pG,nfl pH,nfl PHn—1
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Let C' C B, be closed; then K := ﬁ@,ln—1(0) is closed in D,, and, because

Dy, is a closed map, Dy ,,(K) is closed in D,. Using [14, VI.6.2] we conclude
that

By n(C) C B, closed < Pan-1(Dyn(K)N E/,;l) C B,_; closed .

Since Dy, is injective and Dy, (D,) N E, = Eypn—1(Ey—1) (compare with
Proposition A.2.1), it follows that

Dyu(K) N Epoy = Egp1(K N Ey_y) .
Therefore,
Prn1(Dgn(K)NEy_1) = prn-1Egn1(KNEy_1) = By 1pan1(KNE,_1)

which is closed in B,,_; since By -1 is a closed map, and pg,—1 (K N E,_1)
is closed in B,_1, again by [14, VI.6.2], because pgn—1(K) = C' is closed in
B,.

O

Theorem A.4.2 The functors £ and B preserve proclusions.

Proof — Let ¥ : G —— H be a proclusion of two weak Hausdorff k-groups.
According to the notation of Lemma A.3.1

Eq = U E, = U D, ,
n=-—1 n=0
Ey= E.=Dn
n=—1 n=0
and -
Eg = U Eg,n : EG EH .
n=-—1

Induction and Proposition A.2.6 show that the maps Dy, : D, —»l/);
(see notation of Lemma A.3.1) are proclusions; this, coupled with Proposition
A.2.5 and induction, shows that the maps Ey,, : E,, — EAn are proclusions.
The map FEj is clearly surjective as a union function of surjective functions,
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and by Lemma 1.1.3 its image has the final topology. This means that Fy is
a proclusion.

To complete the proof, first notice that Bypg = pyFEy and that pg, py
and Ey are proclusions and then apply [9, 1.2.4, Proposition 7]. O

Theorem A.4.3 The functors £ and B preserve closed cofibrations between
weak Hausdorff k-groups with non-degenerate unit.

Proof — Let G,H € (TopGr N wHk(Top) be such that (G, {us}) and
(H,{ug}) are closed cofibrations (i.e., ug and uy are non-degenerate). Sup-
pose that the pair (G, H) is a closed cofibration; we wish to prove that the
pairs (FEqg, Fy) and (Bg, By) are closed cofibrations.

We first recall that under the non-degeneracy hypothesis of u¢g all pairs in
the infinite sequence of spaces (ED) defined during the construction of Eg
are closed cofibrations (similarly for Fy). Then, we prove that, for every n >
—1, (E,, E,) is a closed cofibration and use the appropriate result analogous
to [15, Proposition A.5.5]. The proof follows the same lines as Theorem
A4.1.

Now for (Bg, Br): we already know that all maps By, are closed in-
jections; in order to prove that the pairs (E, B,,) are all closed cofibrations
we proceed again by induction; this is a routine exercise (refer back to the
diagram of Theorem A.4.1). O

A.5 The group structure of Eg

We begin by observing that the results stated in sections 5, 6 and 7 of [42] are
still valid if one works withing the category of weak Hausdorft k-spaces. We
have already noted that F is a contractible space; moreover, as proved by N.
Steenrod, E is a topological group [42, Theorem 7.6 (e)]. Our immediate
objective is to review this group structure; to do this, it is necessary to
conduct a refined analysis on the nature of Eg. First recall how to express
the elements of E¢ (see details in [42]). Let A,, be the n-simplex of IR" defined
by the inequalities 0 < ¢; < ... <t, <1 and let §,, be its interior; imbed A,
in A, by adding the (n + 1) coordinate t,,; = 1. A point of G* x A, is
represented by its coordinates in the shuffled form [gq,1, ..., gn, t,]. Imbed
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G™ x A, in G"! x A, 41 by adding the coordinates ¢,,.1 = ug and ¢, = 1.
Theorem 5.1 of [42] shows that, for every n > 0, there exists a proclusion
k, : G" x A,, — D,,, whose restriction to G*~! x A,_; is k,_; and thus,
the union map
U k’ U " x An) —'—EG
n=0

is a well defined proclusion. Thus, for every x € Eq := U;2, D, there exist
a non negative integer n and an element u € G™ x A, such that z € D,
and k,(u) = z. Two elements u,v € G" x A,, are said to be equivalent if
kn(u) = k,(v); the resulting quotient space can be viewed as the space

2= UI@ e x (6 06,)

and the restriction of k, to N,, is a bijection to D,, (see [42, Corollary 5.4]).

At this point consider the free abstract group E¢ generated by all pairs
(9,t) € G x I: this is the set U (G x I)" with multiplication z' : Eg x
Ei; — E¢ defined by juxtaposition of monomials (the unit element is
the empty monomial L corresponding to n = 0). Let E[, be the quotient
group obtained from E using the following Fundamental Relations: for every
9,9 € G and every t,t' € I,

L. (9,0) = (ug,t) = ug, = L,

G

2. (9,1)(g',) = (99',1) ,
3.if0 <t <t <1, then (g,t)(¢,t')=(g9-g -9 ', t)(g,t) .

Notice that if G is abelian, then E, is also abelian.

A monomial (gq,t1) ... (gk,tx) is said to be in normal form if it is the
empty monomial or if 0 < t; < ... < #; < 1 and each g; € G\ {ug}.
Moreover, each monomial is equivalent to one and only one monomial in
normal form; the equivalence is obtained by using the previous Fundamental
Relations. Thus Ef, is isomorphic to the abstract subgroup of E deter-
mined by all the monomials in normal form (for example, up, corresponds
to the empty monomial L). Next, define f : Ej, —— FE¢ as the function
which assigns to each element (g1,%1) ... (gm,tm) in normal form the element
(91 s -+ G b]) Of B (Em = 0, flupy) = f(L) = ug € Eg). Ac
cording to [42, Theorem 7.6 (a)], f is a leeCtIOD. One should observe that,
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even if the two sets EG and U2, G™ x A,, are not isomorphic, the sets E;
and N, are indeed isomorphic, via the function

€: E/G _’_NOO ) (gl7t1) s (gTUtTZ) S [glﬂtl)' .. 7gn7tn]

(in normal form); then f = ke. Finally, define a multiplication p : Eg X
Eq E¢ as the composition

fx g / 7
Bl x E., —— EL, E¢

EOXEG

(the continuity of x4 is shown in [42, Theorem 7.6 (d)]).
Let ¥ : G —— H be a homomorphism between two weak Hausdorff
k-groups. An analysis of the construction of Fy shows that

Ey((g1,t1) - (gn, tn)) = (9(g1), 1) - .. (U(gn), )
In particular, we obtain the following result (cf. Theorem A.3.3):

Proposition A.5.1 &£ is a covariant functor of the category of weak Haus-
dorff k-groups to itself.

Let E2 be the set of all elements (g,1) € Ef; with the identification
(ug,1) = L, the elements of EJY are all in normal form and f : £} —— Ey C
E¢g (see the definition of Ey in Section A.3). On the other hand, we can
identify EX with the topological group G by the function ig : G — E,
which takes an arbitrary g € G into (g, 1); hence, G can be viewed as a closed
topological subgroup of Eg. Furthermore, the multiplication p restricted to
Eq x G C Eg X Eg coincides with the action ¢ : Eq x G —— E defined
somewhat abstractly in Section A.3; in other words, the following diagram
commutes:

EGxG EG
[ xig f
EL x EL, EL,

/

0
Therefore, ¢ acts on the elements of Eg x G as follows:

f((g1,t1) ... (grg, tr)) if t, =1
¢«%“%«%“»”_{ﬂémnméﬁﬁ@n)ﬁ£<1
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The previous considerations also show that the space Bg = Eg/G of G-orbits
in Eg can be identified to the space of right cosets of the topological group
E¢ with respect to its subgroup G. In particular, if G is normal in Eg, the
classifying space Bg is a topological group.

We simplify the notation by omitting f and identifying implicitly the
elements of Eg with the corresponding monomials in Ef, in normal form
(this can be done as f is bijective and thus, the equivalence classes of Eg are
equivalence classes of E;).

The orbit of an element x = (¢1,%1) ... (gn,tn) € Fe (in normal form) is
the set

G ={(g1.t1) .- (gn: ta)(9:1) [ g € G} .

Thus, according to the rules established, if ¢,, = 1 the elements of xG have
the form (g1,%1) - (gng,1) and therefore, we take (g1,t1) -+ (gn_1,tn_1) to
represent it. This shows that as sets

BGg{(ghtl)(gnatn) EEjG’ | tn < 1,71207---,00}

(the elements of Eg are always taken in normal form and if n = 0, we have
the neutral element L).
If ¥ : G —— H is a morphism between two weak Hausdorff k-groups,

By : 2G = [x] —— Ey(z)H = [Ey(z)] .

Proposition A.5.2 The continuous group multiplication in Eq induces a
continuous group multiplication in Bg if, and only if, G is abelian.

Proof — It is enough to prove that ig(G) is normal in By <= G is
abelian.

Recall that i¢(G) is the set of monoids of the form (g,1) with ¢ € G.
Thus, we should check that Vo € Eg and (g,1) € ig(G)

z(g, Dz ! €ig(@),

iff G is abelian.
If G is abelian, the Fundamental Relations 2. and 3. show that, for every
monomial (h,s) € Eg and every (g,1) € ig(G),

(9.1)(h,s) = (ghg™",5)(g.1) = (h,s)(g,1)
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if s <1, and

(9, 1)(h,8) = (gh, 1) = (hg,1) = (h, 1)(g, 1)
if s = 1. Hence, for every z € Eg,

(g, )z~ = (g, ra™" = (g,1) € ic(G) ,

and thus ig(G) is normal in Fg.
Conversely, if ig(G) is normal in Eg, for every g, h € G and every s < 1,
(h,s)(g,1)(h™1,s) € ig(G) and hence,

(h,5)(g,1)(h™",8) = (h,5)(gh~'g™ ", 8)(g,1) = (hgh™ g™, 8)(9,1) € ia(G) ;

it follows that hgh™'¢g™! = ug and thus, G is abelian since g and h were
taken arbitrarly. O

Observe that, when G is abelian, the multiplication in B¢ is naturally
induced from the one of Eg, i.e. the following diagram commutes

7
EZ X EZ EZ
bz X pz bz
BZ X BZ BZ
i

Let G and H be two weak Hausdorft k-groups; the function
So.n i Boxn — Eg X By

5G7H{((glv h1)>t1) s ((gnv hn)vtn)} = ((91, tl) s (gnvtn)v (hbtl) cee (hmtn))

is a natural homeomorphism of weak Hausdorff k-groups (see of [42, Theo-
rems 6.2 and 7.6 (g)]); in other words, the functor £ preserves finite products.

The natural homeomorphism {; i passes on to the orbit spaces, that is
to say, there exists a map

pa,u : Baxy — Bg X By
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pG,H{[((gl, hl)a tl) e ((gna hn)a tn)]} =

([(grst1) - (gns ta))s (P 1) - (s 80)])

such that the following diagram commutes

§a.H
Eoxg — Eqg X By

PGxH PG X PH

Baxuy — Bg X By
PG,H

The map pg g is actually a natural homeomorphism; in other words, the
functor B preserves finite products.

A.6 The functors £ and B: algebraic proper-
ties

In this section, we provide the main algebric divices that makes the Milgram-
Steenrod construction a powerfull machinary to work with classifying spaces.

A.6.1 Exactness

Theorem A.6.1 The functors £ and B are exact.

Proof — Let

Al a2 ¢
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be a sequence in TopGr N wHk(Top) such that im ¥ = ker; then, the
following diagram commutes:

A v G i C
iA i ic
E4 b Eq S E'c
pa pc Pc
By Bq B'C
By B,

Take arbitrarily z = (aq, $1) ... (ag, Sx) € Fa. Then
EpEy(2) = Egp(2) =

= (pd(ar),s1) .. (p(ax), sk) = (uc, $1) - . (uc, sk) = L. -

Hence, im Ey C ker E,. Now, take z = (g1,t1) ... (gn, ts) € ker E, in normal
form; then

Ey(x) = (p(g1):t1) - - - (¢(gn), tn) = LE,

and since 0 < t; < t; for all 0 < i < j < n, p(g;) = ug; thus, for every
j € [0,n], there exists an element a; in A such that g; = ¥(a;). Therefore,
r = Ey(z) with z = (a1,t1) ... (an, t,), and ker E, C im Ey.

Now let us look at the sequence of classifying (based) spaces. Let [z] € By
be given; then, for every z € [z] in E4,

By By([2]) = [EpEp(2)] = [Lic]

and thus, im By C ker B,,.

Suppose that [z] € ker B, is such that B,([z]) = [Lg.]. But By([z]) =
[Ey(z)] for every representative x € [z] and thus, E (z) = Lg.(c,1), for
some ¢ € C. Suppose that x = (g1,t1)...(gn,t,) in [x] with ¢, < 1%; then

4This is possible because if 2’ = (g1,t}) ... (g}, t,,) and t,, = 1, it is sufficient to take

z=a'(g " 1).
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¢ =uc, and E,(z) = Lpg,. The exactness of the middle row of the previous
diagram now implies that there exists z in E4, such that x = Ey(z), and
hence [z] = [Ey(z)] = By([2]), that is to say, ker B, C im By. O

A.6.2 Group theoretical invariants of &

The functor £ behaves well with respect to subgroups, normality and related
properties. We start this series of results by observing that if G is a weak
Hausdorff k-group and K is a topological subgroup of G, then Ei is a topo-
logical subgroup of Eg: in fact, the closed inclusion ¢ : K —— G gives rise
to a closed inclusion E, : Ex —— E¢ (see Theorem A.4.1) and E,(Ek) is
an abstract subgroup of Eg.

Corollary A.6.2 The functor £ preserves normality of subgroups.

Proof — Let N be a normal subgroup of GG; Theorem A.6.1 applied to the
short exact sequence

' p
0 N— G G/N 0
gives rise to a short exact sequence of groups
E; Ly
0 Ey Eq Eq/n 0.

Then, for every 2 € Eg and every y € Ey, zyz~' € ker E, = im F; and thus
ryr~t € Ey. 0

If A is an abelian subgroup of G, then F4 is an abelian subgroup of Eg;
in particular, if ZG is the centre of GG, then E;g is an abelian subgroup of
Eg. Actually, we can go one step further:

Lemma A.6.3 E;q coincides with the centre ZEq of Eq.

Proof — Take two monomials (g,s) € Eg and (z,t) € Ezg. If s > ¢

(9.8)(2,t) = (gzg " 1)(g, 5) = (2,t)(g, 5) ;
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ifs<t

(2,8)(g,5) = (2927, 5)(2,t) = (9,9)(2,1) ;
ift=s

(9,5)(2,1) = (92, 5) = (29,8) = (2,t)(g, ) -

For arbitrary elements in normal form, the proof follows after successive ap-
plications of the Fundamental Relations. O

More generally,

Corollary A.6.4 Let Z be a central topological subgroup of G € TopGr N
wHEk(Top). Then Eyz is a central subgroup of Eq; in short, £ preserves
centrality.

Now we wish to prove that £ preserves quotient groups obtained from
normal subgroups: more precisely:

Theorem A.6.5 Let N be a normal subgroup of the weak Hausdorff k-group
G. Then Eq/y = Eq/EN in TopGr NwHE(Top).

Proof — Take the short exact sequence of weak Hausdorff k-groups

L ™

0 N G G/N 0

and notice the following: (i) E, : Ey —— Eg is a closed inclusion in
TopGrNwHE(Top) (Theorem A.4.1); (ii) £ : Eg — Eg/n is a proclusion
in TopGr NwHE(Top) (Theorem A.4.2); (iii) the sequence

E, E,
0 Ex Eq Ea/n

0

is exact (Theorem A.6.1). The last observation shows that as abstract groups,
Ec/n = E¢/FEn; the question is now to prove that actually we have a home-
omorphism in TopGr NwHk(Top). To this end, we refer to [37, Theorem 12,
I11.19] and notice that we have to adjust Pontrjagin’s proof in the sense that
in his treatment F is an open map, while in our case, F, is a proclusion. Let
[+ Eq/N — E¢/Ey be the function that maps an element £, (z) € Eq/n



A.6. THE FUNCTORS & AND B: ALGEBRAIC PROPERTIES 127

into the coset zF and consider the diagram

Eq

E, q

Ea/n Eq/EN

in which Eg/FEy has the final topology determined by ¢. According to [37,
Theorem 12, TI1.19] f is a bijection and its inverse f~! is continuous; the
continuity of f follows from the fact that fp = ¢ is continuous. O

A.6.3 Actions of classifying spaces and quotients

There is a similar result for the classifying spaces in the particular case in
which N is a central subgroup of the weak Hausdorft k-group G.

First, let A be an abelian subgroup of H € TopGr, N wHk(Top,) and
let 7 : G x A —— G be an action that commutes with the translations of
G. Then the group E4 is abelian and B, := E4/A is an abelian group with
the natural quotient structure (see Section A.5). Because £ and B preserve
finite products (see the end of Section A.5) we can build up the commutative
diagram in wHk(Top)

r

Gx A Gx A G
’iG X iA iG X iA iG

' o E, '

Eq x By Ecxa e
PG X pa DPGx A yZe;

Bg x By Baxa Ba

-1
Pa.A B,
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where fé}A and p@}A are natural homeomorphisms in TopGrNwHk(Top) and
wHE(Top), respectively.

Theorem A.6.6 Ifr: Gx A —— G is a right action which commutes with
the translations of G, then the maps

E(r):= Erf(_;}A and B(r) := B,,palA
are right actions.

The theorem says that, modulo certain natural homeomorphisms, the func-
tors £ and B preserve the right actions of abelian groups which commute
with translations.

Proof — Let © = (g1,51) - .. (gn, Sn) € Eg be in normal form. Then

E(T)(l’, J-EA) = Er«gla uA)v 81) S ((gna uA)a 3”)) =
= (r(g1,ua),51) . (1(gn,ua),sn) = ;
furthermore, for any representative z € [Lg,],
B(r)([z], [Le.]) = B:([§galz, 2)]) = By([z]) = [Er(2)] = [2] .

The proof of the associativity is based on the fact that in the present case
r and the multiplication m of E, are homomorphisms. Therefore, we can
construct the commutative diagram

o E.x1

Eo X By x By —— Baya X Ea Eo x B4
' ET><1 '
Ea x Eaxa Ecxaxa Ecxa
1 x B, B, xm Erexy) |,
Er(lxm)
Eq x E4 Ecxa Eq
~ E,

where the isomorphisms are given by the maps €' defined at the end of Sec-
tion A.5. The associativity of B(r) then comes by projection of the diagram



A.6. THE FUNCTORS & AND B: ALGEBRAIC PROPERTIES 129

onto the corresponding diagram of classifying spaces. O

Notice that, since F(r) is a group homomorphism, it commutes with the
multiplication in Fg (see Lemma 1.2.2). Furthermore, by straightforward
computations, we can verify the following:

Theorem A.6.7 Both functors £ and B preserve freedom of actions.

Now, consider tha case when the group A acting on G is one of its sub-
groups, and the action is the natural one given by restriction of multiplication
of G; this action is an homomorphism iff A is central in G. Then, if Z is a
central subgroup of G, there are two actions of E; over F¢, the one defined in
Theorem and the one given by restriction of the multiplication, but it is easy
to show that actually they coincide, i.e. the following diagram commutes:

r

G x Z GxZ G
iq X iy laxz e
4 5—1 E’r 4
Eq x Ey Ecxz e
1 1
EG X Ey EG
«

For classifying spaces, where we have not a group moltiplication, a weaker
result is still valid. In fact, in this case Bz is a subspace of B¢, and by
restriction of the action r in the diagram in the proof of Theorem A.6.6 to
{ug} x Z, we can show that the restriction of the action B(r) to {by} x Bz
coincides with the inclusion of By in Bg (here by is the preferred point of
Bg, i.e. the image of G under pg).

Finally, the analogous of Theorem A.6.5 for classifying spaces is the fol-
lowing;:

Theorem A.6.8 For any G € TopGrNwHEk(Top) and any central subgroup
Z C G, Bgyz = B/ By.
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Proof — The sequences

E, Er
0 Ez Eq Ec/z 0

and

B, B

0 Bz Bg Bgyz 0

are exact in the respective categories by Theorem A.6.1 and Eq/z = Eq/Ey
because of Theorem A.6.5. From [10, 3.2.8, Proposition 22| we conclude that

Bg = FEq/G = (Ec/Z)/(G]Z) .

This, together with the fact that By acts on Bg (see Theorem A.6.6) and
Lemma 1.2.10 imply the following sequence of homeomorphisms:

Ba/Bz = (Ec/2)/(G]2))/(Ez/Z) =

= ((Ec/Z)/(Ez/2))/(G/Z) = (Ec/Ez)/(G]Z) =
= Eg7/(G)Z) = Bayy .

A.7 The functors £, B and principal bundles

In this section we seek the pairs of weak Hausdorff k-groups that give rise to
(locally trivial) principal bundles by application of £ and B. We begin with
the functor &.

Proposition A.7.1 Let G be a weak Hausdorff k-group with non-degenerate
unit and N be a normal subgroup of G such that i : N —— G is an N-
equivariant closed cofibration. Let m : G ——G/N be the quotient map.
Then E; : En —— E¢g is an En-equivariant closed cofibration and

(EG7 ETH EG/N7 EN)

15 a principal En-bundle.
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Proof — E¢ is a weak Hausdorff k-group (Proposition A.5.1) with non-
degenerate unit (Theorem A.4.3); furthermore, Ey is a normal subgroup
of E¢ (Corollary A.6.2).

The identity element ug € G is a non-degenerate element of N and the
class N is non-degenerate in G/N. We also know (from Theorem A.4.3) that
E; . Ey —— E¢ is a closed cofibration; however, this is not enough. Take
the commutative diagram

E;
En Eq
q q
En/Ey — Eq/Ey
E;

and observe that E; : Ex /Ex — E¢/Ey is a closed cofibration; it follows
that F; : Ey — Eg is an Ey-equivariant closed cofibration in view of
Lemma 1.2.8.

The second part of the proposition follows from Proposition 1.2.9. O

Now let us go to the functor B.

Theorem A.7.2 Let G be a weak Hausdorff k-group with non-degenerate
unit. Let Z be a central subgroup of G such that the inclusion Z C G is a
Z-equivariant closed cofibration; finally, let m : G —— G/Z be the quotient
map. Then (Bg, Br, Bgyz, Bz) is a principal Bz-bundle.”

Proof — Let us take Eg, G and Ey for X, G and H, respectively, of Proposi-
tion 1.2.13. Take the map E, : Eg Eq/FEz and form the commutative

diagram
A
EG EG X EG
E, E, x E,
Eg/EZ Eg/Ez><Eg/EZ

5In general we do not know if this bundle — and that of Proposition A.7.1 - is numerable.
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Then observe that the space EY, coincides with (E, x E,) 'A(Eg/Ez) and
thus EY, is closed in Eg x Eg because Eq/E; = Eq/z is weak Hausdorff.
Then, according to Proposition 1.2.13 and Theorem 1.3.4,

(Ba/Ez,q,Eq/G = B, Ez, Ez)

is a principal Ez-bundle. We conclude the proof using the second part of
Lemma 1.2.11 and observing that Z acts trivially on Bg. O

Remark A.7.3 If G is compact, then Bg/z is paracompact (see Remark
A.3.5) and so, (Bg, By, Bgyz, Bz) is a numerable bundle and moreover, is a
Hurewicz fibration.
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