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Preface

It is our intent here to write an interpretive account of the study of the actions of
the classical small categories of topology, reasonably complete in its topological
presentation up through about 1975. We are far from expert in this area, but
approach it from the related field of equivariant topology. Our feeling is that
the colimits, homotopy colimits, and realizations of these categories have made
large contributions to the core of topology, and that this language provides a
good framework for thinking about these contributions.

The original plan for this project was an idea of Ed Floyd’s from 1980. Because
of his commitments as Dean of the Faculty and then Provost at the University
of Virginia, he did not get to work seriously on the project for several years after
that. We started working on the project together in 1987, and had a completed
manuscript in 1989.

We started working on a major revision of the manuscript in 1990, at least
partly to take into account work of Baues and Meiwes pertaining to the cubical
category. It has become clear to me in the years since Ed’s death at the end
of 1990 that I would not get the revision finished. This book is essentially the
manuscript that we finished in 1989.

This work was supported in part by NSF research grants.

Bill Floyd
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Introduction

The Equivariant General Topology Setting

We first settle on a preferred category TOP of spaces and maps, the compactly
generated spaces of McCord [1.3]. If G is a small category, then a G-space Y is
a covariant functor Y : G — TOP and a G°-space X is a contravariant functor
X : G — TOP. Thus Y assigns to each object p of G a compactly generated
space Y (p), and to each morphism g : p — g of G a map

g-:Y(p) = Y(q), yr gy

such that the functorial conditions hold. Given G-spaces Y and Y, then a G-
map ¢ : Y — Y’ is a natural transformation of functors, thus is a collection of
maps ¢, : Y(p) — Y'(p) commuting with the action maps g.. We arrive at the
category TOPY of G-spaces, and the category TOP®” of G°-spaces. These are
classical examples of category theory.

Given a G°-space X and a G-space Y, there is the space

XxaY =][[X@)xY®)/ ~
where ~ is the least equivalence relation such that given

reX(p), pLaq yeY(o

then (zg,y) ~ (z,gy). The space X X Y is often not compactly generated, so
that this bifunctor is of the form

xa : TOPY” x TOPY — Top,

where Top is the category of k-spaces.

There is a terminal object in the category TOPY, the G-space Ob G which
associates with each object p of G the singleton {p}. Setting Y = Ob G in
X X¢g Y yields the colimit of the G°-space X, the space

X/GzcolimX:HX(p)/w.

1



2 INTRODUCTION

A major purpose of this work is to consider the generalized colimits assigning
to a G°-space X the space X XY, where Y is some fixed G-space, usually with
each Y (p) contractible. The basic language outlined here is set up in Chapter 1.

The Category TOP?’ of Simplicial Spaces

There is in a sense a universal setting for this equivariant general topology,
the category TOPA’ of simplicial spaces. Here A is the category whose objects
are the non-negative integers, and whose morphisms 6 : m — n are the order
preserving functions

6:{0,1,--- ,m} —{0,1,--- ,n}.

The word simplicial comes from the A-space V which assigns to n the standard
n-simplex V(n), with ordered vertices vy 0,Vn1," " ; Un,n, and to 6 : m — n the
unique affine map 6. : V(m) — V(n) for which 6.(vm,i) = vn ;). We thus have
Milnor’s realization functor [2.9]

|o]: TOPA” — TOP, X — |X|=X xaV,

perhaps the most important single generalized colimit.

A topological category G is a small category G whose sets Ob G of objects
and Mor G of morphisms are compactly generated spaces, with the structure
functions continuous. Denote by TOPCAT the category whose objects are the
topological categories and whose morphisms are the continuous functors. The
universality of TOP?" comes from Segal’s nerve functor [2.11]

N : TOPCAT — TOP2".
Here one interprets A as a category whose objects are categories
n: 0«1« --<mn,

and whose morphisms are the functors m — n. Then given a topological category
G, one gets the A°-space NG = {GZ}, where G2 denotes the space of functors

n — G, equivalently the space of diagrams
9 g2 gn
Po—P1r— < Pn

in G.
For any small category G, there are functors

My : TOPY” — TOPCAT, M, : TOPY — TOPCAT,

M : TOP®" x TOPY — TOPCAT
due to Segal [2.11] and May [2.6]. Given a G-space Y, M1Y has objects y €
[1Y (p) and morphisms gy < y for

p<q, yeY(q),
while MpX has objects z € [[ X (p) and morphisms z Le8) xg for

zeXp), paq
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and M(X,Y) has objects (z,y) € [[ X(p) x Y(p) and morphisms (z, gy) Loaw)
(zg,y) for
z€X(p), pq yeY(q.

For a G-space Y and for a fixed object p of G, define a G°-space X by letting
X (q) be the discrete space of morphisms g : ¢ — p. Applying the composition

ol

TOP® x TOPC 2L TopcaT & ToP2’” 2L TOP

to the pair (X,Y), we get a compactly generated space which we denote by
(EcY)(p). Letting p vary, we get a G-space EgY. The colimit BgY of EgY is
obtained by applying the composition

ToP¢ M, Topcat & Tor2” L Top

to the G-space Y.
These classical applications of simplicial topology to equivariant topology are
set up in Chapter 2.

The Homotopy Colimits of a G-Space

In the years 1965-1975, Boardman-Vogt [4.1], May [2.8], and Segal [2.11,4.4]
codified in somewhat different ways a homotopy theory of actions of small cat-
egories. The fundamentals of this theory are reviewed in Chapter 4, the needed
general homotopy theory having been reviewed in Chapter 3.

Both TOP® and TOP®’ have associated homotopy categories. Given a G-
space Y, one can form a G-space I x Y by letting (I x Y)(p) = I x Y(p),
with action g(t,y) = (¢, gy). There results a homotopy relation on the G-maps
¢ : Y — Y’'. The homotopy category corresponding to TOP® has objects the
G-spaces, and morphisms Y — Y’ the homotopy classes of G-maps [¢] : ¥ — Y.
A homotopy equivalence ¢ : Y — Y’ in TOPY is a G-map such that [¢] is an
isomorphism in the homotopy category. If HE denotes the subcategory of TOPY
whose morphisms are the homotopy equivalences in TOPY, then we denote the
homotopy category by TOPY [HE_l], as the result of inverting the homotopy
equivalences in TOP®.

A weak homotopy equivalence ¢ : Y — Y’ in TOP® is a G°-map for which
each ¢, : Y(p) — Y'(p) is a homotopy equivalence in TOP. Denote by WHE the
subcategory of TOPY whose morphisms are the weak homotopy equivalences in
TOPC.

Since the colimit functor TOP® — Top is a delicate invariant, for example is
often not compactly generated, we seek G-spaces whose colimits are well behaved.
For each collection A = {A(p)|p € Ob G} of compactly generated spaces, form
the G-space G Xop ¢ A which has

(G xove A)p) ={(g,a)lp <& q, a € Aq)},

with action ¢'(g,a) = (¢'g, a).
Define a G-space Y to be a principal G-space if there exists a closed filtration
Y =Y, in TOP® with

(i) a homeomorphism in TOPY of some G xop ¢ Ap onto Yo, and
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(ii) for n > 0 a relative homeomorphism
(G xob6 An, G Xob G Bn) = (Yn, Yn_1)

in TOPY, for some collection (A, B,) = {(An(p), Bn(p))} of closed
cofibered pairs in TOP.

Denote by PRINC TOP the full subcategory of TOP® whose objects are the
principal G-spaces. The following propositions largely adapted from Boardman-
Vogt codify the fact that

colim : PRINC TOP® — TOP

makes an interesting substitute for colim : TOPY — Top.

1. If ¢ : Y — Y’ is a G-map joining principal G-spaces, then ¢ is a
homotopy equivalence in TOPC iff ¢ is a weak homotopy equivalence
in TOPC.

2. Given a diagram Y’ 2y L yrin TOPY, where Y is a principal G-
space and @ is a weak homotopy equivalence in TOPC, then there exists
a unique homotopy class [u] : Y’ — Y" of G-maps with [¢] = [Ou].

3. Call a principalization of a G-space Y a principal G-space EY to-
gether with a weak homotopy equivalence 7 : FY — Y in TOPY.
Every G-space Y has a principalization; in fact, the natural G-map
EqY — Y is a principalization. Any two principalizations are joined
by a natural homotopy class of homotopy equivalences in TOPY; hence
their colimits are joined by a natural homotopy class of homotopy
equivalences in TOP.

Given a G-space Y, define its standard homotopy colimit to be the colimit
BgY of the principalization EgY. A homotopy colimit of Y is a compactly
generated space C' together with a homotopy class of homotopy equivalences
BgY — C in TOP.

If Y is the terminal G-space Ob G, any principalization E of Y is called a
universal G-space and its colimit F /G is called a classifying space B for G. There
is the standard universal G- space Eg and the standard classifying space Bg.

Homotopy colimits of G°-spaces have an analogous treatment, with the stan-
dard homotopy colimit of a G°-space X denoted by BgoX. There is an identi-
fication

BGOX =X Xa EG,

and if F is any universal G-space then X X E is a homotopy colimit of X.
One can consider this theory as a part of the study of the category

TOP® [WHE ™|

in which the weak homotopy equivalences in TOP® have been inverted. A precise
model is the category whose objects are the G-spaces and whose morphisms Y —
Y’ are the homotopy classes [¢] : EgY — EgY’ of G-maps ¢ : EgY — EgY’.
Equivalently the morphisms can be taken as the homotopy classes of G-maps
EgY —»Y'.
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It is useful to be able to exhibit a wide class of principal G-spaces. In Chapter
5, we adapt from May [2.6] and Quillen [5.5] that for each functor 6 : H — G of
small categories one gets a principal G-space 04 Ef. For each object p of G, let

(04Ew)(p) = {(g,m2)|p < 6(r),r € Ob H,z € En(r)}/ ~,

where ~ is the least equivalence relation such that if A : s — r is a morphism of
H then (g,r, hx) ~ (g0(h),s,z). If each (04 Ewn)(p) is contractible, then 64 Ey
is a universal G-space and homotopy colimits of G°-spaces are produced by

X xg 0By ~ 0% X xy By = By.0#X,

where 6% X is the H-space given by (6% X)(r) = X (0(r)).

There is a dual development of homotopy limits. Homotopy limits are more
difficult and therefore have been developed more recently, and in this review of
older work we tend to concentrate on homotopy colimits.

Homotopy Colimits of Simplicial Spaces

These are considered in Chapter 6. In order to consider homotopy colimits of
all simplicial spaces, we need a certain functor 6 : H — A for which 4 FEy is a
universal A-space. Denote by Mono A the subcategory of A whose morphisms
are the order preserving monos

6:{0,1,--- ,m} —{0,1,--- ,n}.

Then FErono a(n) is the standard simplex V(n), with the action maps 6. :
V(m) — V(n) given by the face operators. If i : Mono A — A is the in-
clusion functor, we show that i4 Erono A is a universal A-space. By mild abuse
of language, we then exhibit the homotopy colimit

BX =X X Mono A \Y

of A°-spaces X; this we have learned from Segal [4.4].
We then consider the natural map

XXMonoAv_)|X|:XXAV7

and place conditions on X which ensure that the map is a homotopy equivalence,
i.e. that |X| is a homotopy colimit of X. For each order preserving epi § :
{0,1,---,m} — {0,1,--- ,n}, there is the closed pair (X (m),6*X(n)). The A°-
space X satisfies the cofibration condition for simplicial spaces if each of these is
a cofibered pair. For such simplicial spaces X, | X| is a homotopy colimit of X.

We now generalize TOP® and TOPS” to the case where G is a topological
category, and do so in two slightly different ways. In the first case, say that a
topological category G satisfies the cofibration condition for topological categories
if the pair (Mor G,Id G) is a cofibered pair of spaces over Ob G x Ob G. In
this case, one can simply mimic the treatment of TOPY for G an untopologized
small category, using the composition

ol

TOPS 2, ropcAT ¥ TOPA” L, TOP

to produce BgY etc.
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For all topological categories, one can follow a second option by replacing
|o|: TOPA” — TOP by B : TOP®" — TOP, otherwise following the previous
pattern. We denote the new standard models in this case by £qY, BgY, &q,
and Bg.

We consider the case in which G is a topological monoid, i.e. a topological
category with a single object. Then all the structure is subsumed under Mor G,
and we denote Mor G simply by G. The nerve NG of G is then NG = {G"},
where G is the singleton {1}. We prove that if G is a topological monoid with
homotopy inverses, then the natural inclusion

G — QB¢

is a homotopy equivalence in TOP.
We then obtain the theorem of James [6.4]. Denote by TOP, the category of
compactly generated spaces A with base point ag. There is the functor of James

J:TOP, - TOP MON, X w~—JX

where JX = [[ X"/ ~, with ~ the least equivalence relation allowing the dele-
tion of any coordinate which is the base point. If X has cofibered base point,
then the reduced suspension SX is a classifying space for JX. If also JX is path
connected and of the homotopy type of a CW-complex, then JX has homotopy
inverses. Hence if all these conditions hold, the natural map JX — QSX is a
homotopy equivalence.

Converting Simplicial Spaces into Topological Categories
We now use homotopy colimits to produce a functor
W : TOP®” — TOPCAT.

If we use colimits instead of homotopy colimits, and ignore topology, we obtain
the Gabriel-Zisman functor [2.4]

SET2” — CAT

adjoint to the nerve functor. If we consider the composition

TOPCAT % TOP2” ¥ TOPCAT,
we obtain an explosion functor
TOPCAT — TOPCAT
analogous to a Boardman-Vogt construction [4.1]. If we consider the composition
ToP~” Y, TOPCAT & TOP',

we obtain a functor

TOPA" — TOPA”,
which is analogous to a construction of Segal and which converts a simplicial
space into the nerve of a topological category. Thus in Chapter 7 we are extend-
ing work of Gabriel-Zisman, Boardman-Vogt, and Segal.
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If homotopy colimits of G°-spaces X are to have more structure than that of
a space, then additional structure must be placed on G, or X, or both.
A small category G is strictly monoidal if we are given a bifunctor

®:GxG— G

which is associative, and an object 0 of G which is an identity element for Ob G
and is such that 1¢ is an identity element for Mor G.

Let G be a strictly monoidal small category, and let X be a G°-space. From
@ :G x G — G we get

&# : TOPY” — TOPY <%’
and the G° x G°-space ®# X with

(@"X)(p,q) = X(p@®q).

There is also the G° x G°-space X x X. Then X is comultiplicative if we are
given a G° x G°-map ¢ : %X — X x X, equivalently equivariant maps Dp.q :
X(p®q) — X(p) x X(q), which is associative and has both compositions

X(p) = X(p®0) 2% X (p) x X(0) =% X (p),

X(p) = X(0@p) 5 X(0) x X(p) 2 X(p)
the identity. Using the projections onto X (0) instead of the projections onto
X (p), each X (p) receives the structure of a space over X(0) x X(0). The maps
¢p,q then become maps

bpq: X(p®q) — X(p) Xx(0) X(9)

of spaces over X (0) x X(0). The G°-space X is strictly comultiplicative if each
of these maps is a homeomorphism. Denote by COMULT TOP®” the cate-
gory whose objects are the comultiplicative G°-spaces and whose morphisms are
the structure preserving G°-maps. Denote by STR COMULT TOPY’ the full
subcategory whose objects are the strictly comultiplicative G°-spaces.

If G is a strictly monoidal small category, then we get a functor

STR COMULT TOP®” — CAT

which associates with X a small category whose set of objects is X (0) and whose
set of morphisms is the colimit of X and we get a functor

STR COMULT TOP%" — TOPCAT

which associates with X a topological category whose space of objects is X (0)
and whose space of morphisms is the standard homotopy colimit Bgo X.

Consider now the subcategory A of A whose morphisms are the order pre-
serving functions

A:{0,1,--- ,m} —{0,1,--- ,n}
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for which A(0) = 0 and A(m) = n. Then A is strictly monoidal, by letting
m ®n =m+n and by letting A @ p for A : m — m/ and p : n — n’ be given by
A7), for0<i<m

m' +u(E—m), form<i<m+n.

(Aep)(i) = {

We then have an equivalence of categories
i# : TOP®” — COMULT TOP*’

which assigns to the simplicial space X the A°-space i# X, where i : A — A is
inclusion, with comultiplication

(#*X)(m+n) = X(m+n) — X(m) x X(n)

the map sending € X (m + n) into (a’,2") where 2’ is the front m-face of x
and z” is the back n-face.
Now define !A to be the category whose objects A are all the subsets

{0,m} c Ac{0,1,---,m}.

Given {0,n} C B C {0,1,---,n}, define the morphisms A — B to be all the
morphisms A : m — n in A for which A(A) D B. The category (A is strictly
monoidal. Given objects A and B as above, one can use @ for A to construct
A ® B with

{07m+n}CA@BC{0717 7m+n}7

and one can go on to define @ on morphisms. There is a natural inclusion A — A
obtained by identifying each m with A = {0, m}. Then one can think of Ob 1A as
the free monoid generated by the non-zero objects of A, thus one can enumerate
the objects of A as 0 together with all (my,--- ,my) where each m; is a positive
integer.

There is an equivalence of categories

) : TOP2” — STR COMULT TOP®)’

which associates with a simplicial space X a strictly comultiplicative (A)°-space
!X given by

X)(ma, - ,mE) = X(m1) Xx ) -+ Xx(0) X (M),
(X)(0) = X(0).
Applying previous remarks, we get
TOP2’ 4 STR COMULT TOP®™)’ — TOPCAT

and the composition
W : TOP2” — TOPCAT

assigning to X a topological category WX . The space of objects of WX is X (0)
and the space of morphisms is B(pye (1X).
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Simplicial Spaces Determined up to Homotopy by X (0) and X (1)

The simplest simplicial spaces X are those with each X (n) determined up to
homotopy by X (0), i.e. those for which the unique n — 0 induces a homotopy
equivalence X (0) — X (n) for all n. Then BX is naturally homotopy equivalent
to X(0). As examples, consider the functor

oV : TOP — TOP?", A AY = {4V},

where clearly each X = AV has X (n) determined up to homotopy by X (0) = A4,
and thus the natural map BX — A is a homotopy equivalence.

Denote by PAIR TOP the category of closed pairs (4, Ag) in TOP. For each
n, let Vo(n) C V(n) denote the set of vertices of V(n). Then there is the functor

o(V:Vo) . PAIR TOP — TOP2”, (A, Ag) — X = {(A, Ag) V(Yo

assigning to (A, Ap) the singular simplices in A all of whose vertices are in Ay.
It is readily checked that each X (n) is determined up to homotopy by X (0) and
X(1). That is, consider each X (n) as a space over X (0) x X (0) by assigning to
a singular simplex its first vertex and last vertex. Then each of the maps

X(m+n) — X(m) xx@0) X(n)

is a homotopy equivalence of spaces over X (0) x X(0). This is what we mean
by X (n) being determined up to homotopy by X (0) and X (1), since it follows
that for such X we have

X(n) ~ X(1) Xx(0) -+ Xx(0) X(1)

as spaces over X (0) x X(0).

Given a simplicial space X, let X, denote the O-skeleton of X, that is, the
simplicial space which has Xop(n) = 6*X(0) where ¢ is the unique morphism
n — 0. Then we get

TOPA” — PAIR TOP, X — (BX,BXy).
In Chapter 8, we show that if we apply the composition
PAIR TOP — TOP”" — PAIR TOP

to a pair (A, Ag) with A a CW-complex and with Ay a subcomplex intersecting
each path component of A, then the result is homotopy equivalent to (A4, Ag) in
PAIR TOP. Given such a pair, we get from

PAIR TOP — TOP2” Y, TOPCAT

a topological category G whose space of objects is Ag and whose space of mor-
phisms is homotopy equivalent to the space of paths in A whose ends are in Ayp.
Moreover, the classifying space Bg is homotopy equivalent to A. In particular,
if A is a path connected CW-complex with base point a vertex, we receive a
topological monoid G which is homotopy equivalent to the loop space QA and
whose classifying space Bg is homotopy equivalent to A. Such theorems are an
integral part of our topic, and in fact go back to Milnor’s theorem [8.1,8.2] that
one can choose G to be a CW-group.
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Such results can be regarded as a part of the general program of Stasheff
[4.5,7.6] to replace homotopy associativity systems by strictly associativity sys-
tems.

Following Segal, in Chapter 7 we consider more generally the simplicial spaces
X which have X (n) determined up to homotopy by X (0) and X (1). For many
purposes, these are the simplicial spaces which can be replaced by the nerve of
a topological category, specifically by NW(X). In particular, if also X (0) is a
singleton then X can be replaced for many purposes by the nerve of a topological
monoid. If this topological monoid has homotopy inverses we get Segal’s theorem
that the natural inclusion

X(1) - QBX

is a homotopy equivalence.

Colimits and Homotopy Colimits of the Mono X-Spaces
Corresponding to TOP,,

Consider the category Mono ¥ whose objects are the non-negative integers,
and whose morphisms o : m — n are the one-to-one functions

o:{1l,---,m}—>{1,--- ,n}.

One sees that disjoint union gives a strictly monoidal structure to Mono %,
and in fact this structure comes from a coproduct. The subcategory Iso ¥ of
isomorphisms in Mono X is just [[ X(n) where X(n) is the symmetric group on
n letters. Every morphism of Mono ¥ is uniquely expressed as an isomorphism
followed by a mono
5;{17... ,m} _,{17... 7n}
which preserves order. We interpret this category as a suitable entry into the
study of relationships between the symmetric groups and topology.
There is a natural functor

TOP, — TOPMome ¥ A A = {A"},
where if ¢ : m — n is a morphism of Mono ¥ then
O'*((L]_,"' ,(Lm) = (bla"' 7bn)

with b; = a,-1(j) when o7 !(j) # 0 and b; the base point otherwise. The
identifications A™T" ~ A™ x A™ make A strictly comultiplicative. The fact
that A® = pt makes the colimit of A> a monoid. The presence of the coproduct
makes the colimit an abelian monoid. One can prove by filtration methods that
the colimit is compactly generated. We have with this abstract language cited
one of the classics of our subject, the functor

TOP, — AB TOP MON, A SP>(A)

of Dold-Thom [9.2] which assigns to a compactly generated space A with base
point the infinite symmetric product SP*A, an abelian topological monoid,
specifically the colimit of the Mono X-space A>.

Consider the case in which A has cofibered base point; then {1} C SP>(A4) is
cofibered. The space Bgp~(4) can be computed, and turns out to be SP>(SA).
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If A is path connected and of the homotopy type of a CW-complex, the topolog-
ical monoid SP>(A) has homotopy inverses. Thus if all of these are true, the
natural inclusion

SP®(A) — QSP®(SA)

is a homotopy equivalence. For the spheres S™, the most immediate SP>°(S™)
is given by SP>(S5?) ~ CP(c0). Since CP(c0) is a classifying space for S* one
has that SP>(S?) is a K(Z,2) and hence, for all n > 0, SP*°(S") is a K(Z,n).

These classic facts of Dold-Thom are early in Chapter 9. In Chapter 10, we
return to this example and discuss a little the classic extension by May [2.8] of
this example to the composition

TOP, — TQPMono = hocolim map

Namely, if A has cofibered base point, is path connected, and is of the homotopy
type of a CW-complex, then 2°°5°° A is a homotopy colimit of the Mono Y.-space
A,

We first analyze in the fashion of May conditions on a (Mono X)°- space X
which assure that

9]
X X Mono A

is a homotopy colimit of A* for all A with cofibered base point. It turns out
to be sufficient to require that each X (n) is homotopy equivalent in TOPZM)”
to a universal (X(n))°- space. In order to use this fact, May considers the
(Mono X)°- spaces Xy, due to Boardman-Vogt, where Xy (n) consists of the
n-tuples (C1,- -+, C,,) of subcubes of [—1, 1]* which have disjoint interiors. Here
the action is given by

(Cla e 7Cn)0 = (Co(l)a Tty Ca(m))
There is a natural map
Xk X Mono & A® — QkSkA

and May proves that under the cited conditions this is a homotopy equivalence.
One next defines a (Mono X)°-map X — Xj41 given by

(Ciye+,C) = (Cr X [1,1]; -+, G x [~1,1]),
and defines X = colim Xj. Then one has the map
X X Monos A® — QFSFA,
which is a homotopy equivalence under the cited conditions. Moreover, each

X (n) is homotopy equivalent to a universal (X(n))°- space, thus the left hand
side is a homotopy colimit of A°.
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Generalizations by McCord and Segal of the Infinite Symmetric
Product

The major point of Chapter 9 is to consider Segal’s category I' which has
objects the non-negative integers, equivalently the finite sets {0,1,---,n} with
base point 0, and morphisms v : m — n the base point preserving functions.
The identification

{0717“'7m}\/{0717"'7n}2{0717“'7m+n}

gives by means of this coproduct a strictly monoidal structure to I'.

If A is a space with base point, there is the I'°-space [[ A", where A" is
interpreted as the base point preserving functions {0, 1,--- ,n} — A, which thus
receives a ['?-structure. There is also a functor

AB TOP MON — TOPY

assigning to an abelian topological monoid G the I'-space [[ G™ where vy : m — n
gives 7. : G™ — G" by

V(g1 5 gm) = (915, 9n)
with
J - {Hym_j gi, fory71(j) #0
I 1, for y71(j) = 0.
The reduced product [[ A™ xr [[G™ is compactly generated, and the identifi-
cations A™F" ~ A™ x A" and G™T" ~ G™ x G™ together with the coproduct

in I' make it an abelian topological monoid. Thus we have McCord’s extension
[1.3] of the infinite symmetric product to a functor

SP> : TOP, x AB TOP MON — AB TOP MON,
(A4,G) — SP®(A;G) = [ A" xr [[ G™.

Letting A = S', we get

Bg = SP>(S%;G).
If G is an abelian toplogical monoid, then B¢ is also an abelian topological
monoid, thus one can define the abelian topological monoid Bg"’l as the classi-
fying space of Bg. From McCord’s formula

SP>(A; SP¥(B;G)) ~ SP®(AA B;G)

we get Bt ~ SP>(S"; G). If G is a discrete abelian group, there is the homotopy
equivalence
SP>®(S™;,G) — QSP>(S"T @)

and one has the model SP*>(S™; G) for the Q-spectrum K (G).

For any T'-space Y, the unique morphism n — 0 makes Y'(n) a space over
Y (0). The natural maps

m+«—m-+n-—n

also provide natural maps Y (m +n) — Y (m) Xy () Y (n), where the right hand
side now denotes the product as spaces over Y (0). It follows from the work of
Segal that one should consider the T'-spaces Y for which Y'(n) is determined up
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to homotopy by Y (0) and Y (1), interpreted to mean that the maps Y (m+n) —
Y (m) Xy (o) Y (n) are homotopy equivalences of spaces over Y (0).

Thus we follow Segal [4.4] through his consideration of I'-spaces Y for which
Y (n) is determined up to homotopy by Y (0) and Y (1), with the condition that
Y (0) = pt. There is then a spectrum

{spP>(s™Y)}
where any SP>(A4;Y) is given by
SPe(A4Y) =[] A" xr Y.

Moreover, if each Y (n) is of the homotopy type of a CW-complex then the result-
ing spectrum is an Q-spectrum, disregarding the first map Y (1) — SP>(S1; G).
If in addition the monoid 7o(Y'(1) is a group then the first map is also a homo-
topy equivalence. The maps of the spectrum are best understood by formulating
an extension

TOP, x TOP" — TOP"

of the McCord functor
TOP, x AB TOP MON — AB TOP MON.

Segal extends this result to the case in which Y'(0) is contractible, and the
maps Y (m +n) — Y(m) x Y(n) are homotopy equivalences.

We include as an example a version of Segal’s I'-space Y which yields stable
homotopy theory. Consider the diagram

I — TOP, — TOQpMene> hocolim

K

whose composition yields a I'-space Y. It is seen that Y'(0) is the classifying
space Bhrono s and one can thus check that Y (0) is contractible. Less evident is
the fact that the maps Y (m+n) — Y (m) x Y (n) are homotopy equivalences, but
it can be checked. It remains to exhibit Y (1), which is the standard homotopy
colimit of the Mono Y-space (S°)*°. Any standard homotopy colimit can be
computed by converting the G-space by means of M; into a topological category
C and computing Be. Here the objects of C are all subsets S C {1,---,m} for
all m, and for each o : m — n in Mono ¥ there is a morphism o : S — o(S) in C.
Then Be ~ Bp, where D is the subcategory whose objects are S = {1,--- ,m}
and whose morphisms are the permutations. Thus Y'(1) ~ [[ Bx(,). It is also
the case, for example from the work of May, that if A is path connected, of the
homotopy type of a CW-complex, and has cofibered base point, then

SP®(A;Y) ~ QPS> A.

We conclude Chapter 10, and the tract, with a review of the models for By,
which come from the work of Nakamura [10.2].
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CHAPTER I

The General Topology Background

We assume at least the equivalent of a one-semester course in general topology,
but fill in here some elementary topics which represent special needs. An overall
goal of the work is for a framework in which to present a wide variety of specific
models for topological spaces and continuous functions joining such spaces; the
emphasis here is on diagrams of spaces and maps as a technique for producing
models. Moreover our attention is on topological models rather than algebraic
models. In this chapter there is reviewed some of the general topology especially
relevant to diagrams of spaces and maps.

It is our goal to expose the structure of the material, but to provide only a
working outline of proofs. To some extent, we seek to provide only a workbook.

It is desirable to use the basic language of category theory, thus it is assumed
here. A definitive and frequently used reference is the book of MacLane [1.2].
In this language, we will start with the category top whose objects are the
topological spaces X, and whose morphisms f : X — Y are the continuous
functions.

Products and Coproducts of Spaces

We first recall that top has arbitrary products and coproducts in the sense of
category theory.

Given a family {X,|p € P} of topological spaces indexed by a set P, there is
the product space [[ . p X}, whose elements are the functions z = {z,|p € P}
which assign to p € P an element z,, € X,,. There are also the projection maps

’ﬂ'qZHXp—>Xq

for each ¢ € P, defined by my(z) = z4. If Y is any space and if for each ¢ € P
we are given a map v : ¥ — Xg, then there is a unique map ¢ : ¥ — [[ X,
with my¢ = v, for each ¢ € P, and ¢ is given by ¢(y) = {vp(y)}. That is, the
category of spaces and maps has products.

15
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It also has coproducts. Given {X,|p € P}, there is the disjoint union

[T X ={wa)lpep zeX,}.
peP

For each ¢ € P there is the function p, : Xy, — [[ X, given by p,(z) = (¢, z) for
z € X, Then [[ X, is topologized so that the sets p,(U) form a basis for the
topology as ¢ ranges over all elements of P and U ranges over all open sets of
X,.

The Topology on Mapping Spaces

Given objects X and Y in a category, we must be clear on any special structure
enjoyed by the set of morphisms from X to Y. For top, that means putting the
best topology one can on the set of continuous functions from one given space
to another.

Given spaces X and Y, denote by YX the set of all continuous functions
f: X =Y. For each compact subset C of X and each open subset U of Y, let

W(C,U) ={f eY¥|f(C)cU}.

Then Y is topologized by requiring the W (C, U) to constitute a sub-basis. This
is the compact-open topology.

(1.1) Given a map (i.e. a continuous function) ¢ : X — X' and a space Y, the

function ¢7 : YX — YX sending f into the composition f¢ in the diagram
vilx &x

18 continuous.

Given f and a sub-basis element W(C,U) of YX to which f¢ belongs, we
have f(#(C)) C U hence f belongs to the sub-basis element W (¢(C),U) of
YX'. Tt is seen that ¢# maps W (4(C),U) into W(C,U) and hence that ¢# is
continuous. [

(1.2) IfY is a space and X is a compact Hausdorff space, then the evaluation
function

e:Y¥Xx XY, e(f,xz) = f(x)

18 continuous.

If U is open in Y and if f(z) € U for some map f: X — Y, the fact that X
is regular implies that there exists an open set V' containing x with f(V) C U.
Since V is automatically compact, it follows that

e '(U) = JW(V,U)xV,

where the union is over all open sets V of X. O
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(1.3) If X and Y are spaces, then for every map h : C — YX x X where C is
compact Hausdorff, the composition

h
CHY¥xX3SY
1S continuous.

Suppose the map h : C — YX x X is given by u — (f(u),g(u)) where
f:C—YXand g:C — X. Then the composition

#
c L . oxo D yxyo X yoyo - Ly

is continuous, where d is the diagonal map d(c) = (¢, ¢). But this composition is
eh. O

The reader should check that given a map f: X XY — Z then for each fixed
xo € X the function y — f(xg,y) isamap Y — Z.

(1.4) Given spaces X, Y and Z, there is the map
L ZXXY _ (ZY)X
defined by [Lf(2)](y) = f(z,y).

The sentence preceding (1.4) gives a function Lf : X — ZY for each f: X x
Y — Z. We first note that each L is continuous, i.e. that each (Lf)~1(W(D,U))
is open in X. Now (Lf)"Y{(W(D,U)) is the set of x € X with f(x x D) € U.
Since D is compact, this set is open. Thus L is a well-defined function.

We have to prove that L=V is open for each open subset V of (ZY)X. It
suffices to prove that L~!V is open for each V in a sub-basis for the topology
of (Z¥)X. Hence it suffices to prove that each L=Y(W(C,V")) is open. Here
V' varies over all open subsets of ZY, but it suffices to check it on a sub-basis.
Hence let V! = W(D,U) where D is a compact subset of Y and U is an open
subset of Z. Then it is seen that

LY (W(C, W (D,U)) = W(C x D,U),
and the theorem follows. [
(1.5) Suppose that'Y is a compact Hausdorff space and that X and Z are spaces.
Then the map L : ZX*Y — (ZY)X is one-to-one and onto.

Fix g: X — ZY. By (1.2), there is the composition of maps

Xxy ZL 2wy &z

which yields an element in L™1g. It is seen that there is at most one element, so
we can denote the composition simply by L='g. O

We summarize up to this point. Two very basic construction devices can be
looked upon as bifunctors. These are given at the object level by

(X,Y)— X xY, (X,Y)— XY,
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call these the product bifunctor and the map bifunctor respectively. The product
bifunctor is covariant in both variables, the map bifunctor is covariant in the first
variable and contravariant in the second, thus in arrow notation they are written
as (covariant) functors

X : top X top — top, exp : top x (top)° — top,

where (top)° denotes the opposite category of top. There is a defect in top. In
categorical language, it is not cartesian closed [1.2,p.95]. That is, for all spaces
X, Y and Z we have a natural map ZX*Y — (ZY)X but it is not always an epi.

Quotient Maps and Inclusion Maps

The monomorphisms in top are the one-to-one continuous functions, and the
epimorphisms are the continuous functions f : X — Y for which f(X) =Y.
Restricted classes of monos and epis are more useful here than are the monos
and epis.

Suppose that X is a given space and that we are also given a function f of
X onto a set Y. Then the topology on Y induced by f has as open sets those
subsets U for which f~(U) is open in X. If X and Y are spaces and if f is
a continuous function of X onto Y, then f is a quotient map if and only if the
topology on Y coincides with that induced by f.

Each equivalence relation ~ on X leads to a disjoint partitioning of X into the
various equivalence classes [z]. Denote by X/ ~ the set of equivalence classes,
and by 7 : X — X/ ~ the function given by n(z) = [z]. Then we can put
on X/ ~ the topology induced by 7, and 7 is then a quotient map. Moreover,
given any quotient map f : X — Y there is an equivalence relation ~ with Y
homeomorphic to X/ ~. Simply define ~ by z ~ 2’ if and only if f(z) = f(z').

A useful fact about quotient maps is that if one has a commutative diagram
of spaces and functions

x 1 .y
ool
z Z

where f is a quotient map and h is a map, then g is a map. Its proof is trivial.

(1.6) Consider the commutative diagram

Y <f—2 X
flJr ng/
Z <2y
of spaces and maps, where fo and gs are quotient maps and where f1 and g1 are

one-to-one continuous maps. Then there is a homeomorphism h of Y onto Y’
such that hfy = go and g1h = f1.
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Check that the equivalence relations ~f, and ~g4, on X induced by f> and g2
coincide. It then follows that the functions

efs Y =Y, fagyt Y =Y

are well-defined functions. They are both continuous since f; and g, are quotient
maps. [0

Every map f : X — Z can be written as f = f; fo where f5 is a quotient map
and where f; is one-to-one and continuous. For define ~ to be the equivalence
relation on X given by f and check that there is the factorization

Z— X/ ~—X

with the desired properties. Then (1.6) gives the uniqueness of the factorization
up to natural homeomorphism of the middle space.

17 If f : X — X' is a quotient map and Y is compact Hausdorff, then
fx1:XxY — X'xY is a quotient map.

Define an equivalence relation ~ on X x Y by (z,y) ~ (z,w) if y = w and
f(x) = f(2). Let Z=X xY/ ~andlet g: X xY — Z be the quotient map.

The diagram

7L xxy L X' xy

yields the diagram

X _ X!
LgJV
VAS VAS

and it is seen that there is a function h : X’ — ZY making the diagram com-
mutative. It follows from an earlier observation that h is continuous. Then by
(1.5) we get the commutative diagram

xxy 2 xixy

gl L’thV

7z = Z
By construction of Z, f x 1 induces a continuous map Z — X’ x Y which is an
inverse of L™'h. Hence f x 1 is a quotient map. [

Dually, for each one-to-one function f : X — Y of a set X into a space Y,
define a topology on X by defining the open sets to be the sets {f~*(U)} for all U
open in Y. Call this the relative topology on the set X. Thenamap f: X —» Y
is an inclusion map if it is one-to-one and if the topology on X coincides with the
relative topology. In particular, if X is a space and if A is a subset of X, then
A can be given the relative topology via A < X, and the space A is then called
a subspace of X. The inclusion maps f : X — Y can then be characterized as
the compositions of homeomorphisms of X onto subspaces A of Y followed by
A — Y. The equivalent of (1.6) can then be proven for factorizations of a given
map into an onto mapping followed by an inclusion map.
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McCord [1.3] has given the following useful device for recognizing quotient
maps and inclusion maps onto closed subsets. We leave its proof as an exercise.

(1.8) Consider the diagram of spaces and maps

A X
T
B—>Y

where f is a quotient map and i is a one-to-one map. Suppose also that [Z;|j € J]
is a locally finite collection of closed subsets of X with f~i(B) = Z;, and that
for each j we have a map o; : Zj — A with itho; = f on Z;. Then h is a quotient
map and i is an inclusion map onto a closed subspace of Y.

In summary, we have pointed out in the category top the “strong epis”, i.e.
the quotient maps, and the “strong monos”, i.e. the inclusion maps.

Limits and Colimits of Diagrams

We now put in a first crude form the two basic construction devices considered
in this tract, which amount to two ways of systematically making spaces out of
diagrams of spaces and maps. The notation “limit” and “colimit” for these
primary constructions is taken from category theory, although we will not put
these constructions in a fully categorical setting until later in the chapter.

A diagram scheme consists of a set P together with a set D), ; for each ordered
pair (p,q) of elements of P. A diagram of spaces corresponding to a given
diagram scheme is a pair consisting of a function associating with each element
p € P a space X(p) and a function associating with each g € D(p,q) a map
X (q) — X (p) with functional values denoted by x — gz. Then the limit lim X
is given by the subspace

lim X ¢ [[ X(p)
peP

consisting of all {z,} such that for any g € D, , we have gz, = z,. The colimit
colim X is defined to be the quotient space

colim X = H X(p)/ ~
peP

where ~ is the least equivalence relation on [] X (p) such that for any (q,x) €
[IX(p) and g € D, ; we have (g, ) ~ (p, gz). There are then the natural maps

lim X —>HX(p), HX(p) — colim X

and these are respectively inclusion maps, quotient maps.

The terms graph and precategory are also used for what we have called a
diagram scheme; see [1.2,p.48].

Below are some frequently occurring limits and colimits, with their special
names:
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(i) pushouts, the colimits Y of diagrams X L AL Bin top; the space
Y is then the quotient space (X U AU B)/ ~, where ~ is the least
equivalence relation on the disjoint union with a ~ f(a) for a € A and
a ~ g(a) for a € A; an important subcase are the pushouts of diagrams

X< A%B,

where A is closed in X and ¢ is the inclusion map; the pushout is in this
case denoted by X Uy B and called an attaching space; the topology
on the attaching space is better described by using (1.8) on

XUB XUAUB
% P
XUyB —— XU, B

together with the closed covering [X, A, B] of X U AU B together with

the maps X 1x, X, A% B, and B 15, B which shows that k is a
quotient map and that one may use k to define the topology of the
attaching space. A relative homeomorphism is a map h : (X, A) —
(Y, B), where (X, A) and (Y, B) are closed pairs, hlli: XUB — Y
is a quotient map, and h maps X — A one-to-one onto Y — B; in this
case, Y is naturally homeomorphic to X Uy 4 B;

(ii) pullbacks, the limits of diagrams of the form X JoAE Bin top;
the pullback is the subspace

{(z,a,b) € X x Ax B|f(z) =a=g(b)},
of X x A x B but this space is naturally homeomorphic to

{(z,b) € X x B|f(x) = g(b)};

one prefers the more economical presentation;
(iii) coequalizers, the colimits of diagrams X =Y also equalizers, the
limits of such diagrams; the reader should present these explicitly;
(iv) filtered spaces X = |J X, in top, where X is the colimit of a diagram

Xo—...—> X, — ...

with each X,,_1 a closed inclusion in X,,; here A is closed in X if and
only if AN X, is closed in X for all n.

The General Topology of k-spaces

The category top of all spaces and maps has lead to an incomplete frame-
work. For example, (1.3), (1.5) and (1.7) have compactness hypotheses which
are inconvenient for a general framework. One seeks a large full subcategory of
top which is big enough to be useable for a general framework and in which the
product bifunctor and the map bifunctor are better behaved. The clue is the
presence of compactness hypotheses in the above.
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Let X be a topological space, and let T' be its topology; i.e. its collection of
open sets. Define T” to be the topology containing T' whose open sets U are the
subsets of X such that if o : C' — X is any map of a compact Hausdorff space
C into X then o~1(U) is open in C. Denote by kX the set X taken with the
topology T”. A space X is a k-space if and only if kX = X.

Consideration of such spaces is due to Kelley [1.1], and other references are in
Steenrod’s paper [1.4]. The presentation of Kelley used the compact subspaces
of the space X even if X is non-Hausdorff. The variant presented above uses
compactness only when accompanied by the Hausdorff property, so that one has
to look outside the space, at maps ¢ : C' — X where C is compact Hausdorff.
See for example McCord [1.3] or Boardman-Vogt [4.1] for the variant we have
used.

Since the topology T above contains the topology T, it follows immediately
that the function kX — X given by z — z is continuous. In particular, if C is
a compact Hausdorff space and ¢ : C' — kX is continuous, then ¢ : C — X is
also continuous. The converse of this can be checked, thus there are precisely
the same maps of compact Hausdorff spaces into the spaces X and kX.

(1.9) A space X is a k-space if and only if there is a quotient map f: D — X
with D a locally compact Hausdorff space.

Let X be a k-space. Enumerate all the nonopen subsets of X as {M;|j € J}.
For each j € J select a compact Hausdorff space C; and a map o; : C; — X for
which crj_le fails to be open in C;. Augment the collection of maps o; : C; —
X, with C; compact Hausdorff, so that every x € X is in the image of some o;.
One can do the augmentation by including enough maps of singleton spaces into
X. There is then the coproduct [],.; C; and the map f : [[C; — X defined by
f(j,z) = oj(x) for z € Cj. Then f_[C’j is locally compact Hausdorff and f is a
quotient map.

Suppose now that there exists a quotient map f : D — X where D is locally
compact Hausdorff. If M is a subset of X which is not open in X, then f~!(M)
is not open in D, since f is a quotient map. There is then a compact subspace C'
of D such that f~1(M)NC is not open in C. There is then the map f|C : C — X
such that (f|C)~1(M) is not open in C. Then the topology T” of kX is equal to
the topology T of X, and X is a k-space. [

This latter part of the above proposition can be generalized slightly. If X is a
k-space and f : X — Y is a quotient map, then Y is a k-space. It is also easy to
see that every kX is a k-space. One way to do so is to use the first paragraph of
the above proof to construct a quotient map [[ C; — kX for any space X, from
which it follows from (1.9) that kX is a k-space.

(1.10) Let X be a k-space and let C be a compact Hausdorff space. Then C x X
is a k-space.

There exists from (1.9) a locally compact Hausdorff space D and a quotient
map f: D — X. By (1.7), 1x f : Cx D — Cx X is a quotient map. Since C'x D
is locally compact Hausdorff, it follows from (1.9) that C x X is a k-space. [
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(1.11) Let X andY be spaces and let f : X — 'Y be a function. Then f: kX —
kY is continuous if and only if for every map o : C — X, where C' is compact
Hausdorff, the composition of

cZx Ly

1S continuous.

We prove only the half that we use. Suppose every composition fo as above
is continuous. As in the proof of (1.9), there is a quotient map o : [[C; — kX
with every C; compact Hausdorff. In the commutative diagram of functions

1[G, —%— kX

g /|
kY kY

one can see that h is continuous by the hypothesis and the fact that there are the
same continuous maps from a compact Hausdorff space to Y as to kY. Continuity
of f then follows from an earlier observation about quotient maps. [

(1.12) Let X andY be spaces. Then if e is the evaluation function YXx X — Y,
it follows that

e:k(YX x X) = kY

1S continuous.

This is a combination of (1.3) and the above. O

(1.138) Given k-spaces X,Y,Z and a map f : k(X xY) — Z, there is a unique
map Lf : X — k(ZY) with [(Lf)x]y = f(z,y).

Let C — X be a map of a compact Hausdorff space into X. Then we have
the composed map, denoted by g, of

CxY=k(CXY)—=k(XXxY)—Z

By (1.4), there is the map Lg : C — ZY. Use of (1.11) shows that X — k(ZY)
is continuous. [

The Category Top of k-spaces

We have now gathered together enough to proceed to a full subcategory of top
in which the basic framework is improved. Denote by Top the full subcategory
of top whose objects are the k-spaces.

First of all, one retopologizes function spaces. For a brief moment denote by
(YX )top the space of maps from any space X to any space Y, where the topology
is the compact-open topology. If X and Y are k-spaces, then again for a brief
moment denote by (Y¥)1,, the space k[(Y*X)op]. Similarly let [X, : p € P]
be a collection of k-spaces. There is the product (J[] Xp)top in top. Define the

product in Top by
(H Xp)Top = k((H Xp)top)-
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Suppose now that we denote (] Xp)top simply by [] X,, and the two-fold prod-
uct in Top by X x Y. These are products in Top in the sense of category theory.
Similarly for X and Y in Top let YX denote (Y*)1op. Then one has in Top the
following remarkable improvements over top.

Theorem (1.14) For k-spaces X and Y, suppose YX and X xY are topologized
as k-spaces as above. Then the following hold.

1. The evaluation function YX x X — Y is always continuous in Top.

2. Composition Z¥Y x YX — ZX is always continuous in Top.

3 Iff: X —-Y and g: X' — Y’ are quotient maps in Top, then the
product

fxg: XxX —-YxY'
is also a quotient map in Top.

4. These are all related to an adjointness between products and mor-
phism spaces in Top. If we have a map f: X XY — Z in Top, then
we get a map X — ZY given by x — f, where f.(y) = f(x,y). From
each map f: X xY — Z we thus get Lf : X — Z¥ and the resulting
function

L: ZX><Y _ (ZY)X
is a natural homeomorphism.

The proofs are an exercise. Number 1 follows easily from previous facts. One
also has from previous facts that given f : X xY — Z in Top, one gets the map
Lf: X — ZY. With these starting facts, and with the fact that a composition
of two quotient maps is a quotient map, one proves them all.

Coproducts and colimits work optimally in Top; the coproducts and colimits
in top serve without change in Top. The disjoint union [] X, of a collection of
k-spaces is again a k-space. If f : X — Y is a quotient map and if X is a k-space,
then Y is a k-space.

Inclusion maps exist in Top, but one may have to change topology. Given a
space X, and a subset A of X, denote for the moment by Agop the set A together
with the relative topology of top. Then the corresponding subspace topology for
Top is given by Arop = k(Asop). If one accepts this as the k-space topology of a
subset A of X, then one has inclusion maps and limits in Top. For closed subsets
of X, one gets the same topology in Top as in top.

(1.15) Let f : X — Y be a quotient map in Top, and let Z be a k-space. Then
the map f# : ZY — ZX given by ¢ — &f is an inclusion map in Top.

It is clear that f# is one-to-one and continuous. We must prove that given a
map g : A — Z% with the image of g contained in the image of f#, then we can
express g as a composition

#
Ao z¥ 15 gx
Consider the associated map L™'g : Ax X — Z. One checks that in the diagram

-1
Axy L axx 9 7



COMPACTLY GENERATED SPACES 25

each (L71g)((1 x f)~%(a,y) is a singleton, thus since 1 x f is a quotient map
that L='g can be factored as a composition

Axx 2L axy oz

from which it follows that g is the composition
AL gy I gx g

Compactly Generated Spaces

As we go on, we will move to the general topology of homotopy theory, where
it is convenient to have an appropriate separation property on the spaces con-
sidered. We make a choice, which amounts to choosing an appropriate full sub-
category of Top, whose spaces we will call the compactly generated spaces. Be
warned that Steenrod’s paper [1.4] or G.W. Whitehead’s book [1.6] use a slightly
different choice but the same name. The version we use is due to Moore; see
for example McCord’s paper [1.3]. The original version defined the Hausdorff
k-spaces to be the compactly generated spaces. Moore’s variant used here will
be a slightly weaker condition.

Theorem (1.16) For a space Y in Top, the following conditions are all equiv-
alent.

(a) The diagonal D = {(y,y)} CY XY is a closed subset of the product
Y xY in Top.

(b) for each diagram X =Y in Top, the equalizer is a closed subspace
of X; that is, if f,g: X =Y, then {z € X|f(x) = g(x)} is a closed
subset of X .

(c) whenever o : C — Y is a map of a compact Hausdorff space C into
Y then o(C) is closed inY .

PROOF. Suppose D is closed in Y x Y, and that we have f,g: X — Y in Top.
Then (f x g)~%(D) is closed in X x X. If d: X — X x X is the diagonal map,
then d=1((f x g)~1(D)) is closed in X. But this is the equalizer.

Suppose the equalizer condition is satisfied, and that ¢ : C — Y is a fixed
map with C compact Hausdorfl. In order to show that o(C) is closed in Y, we
have to show that if 7: D — Y where D is compact Hausdorff, then 771 (c(C))
is closed in D. There are the maps f,g : C x D — Y given by f(c,d) = o(c)
and g(c,d) = 7(d). The equalizer is closed, hence {(c,d) € C x Dl|o(c) = 7(d)}
is closed in the product C' x D in top. Since the spaces are compact Hausdorff,
the projection C' x D — D carries closed sets into closed sets and 771(o(C)) is
closed in D.

Suppose now that whenever we have a map ¢ : C — Y with C compact Haus-
dorff, then o(C) is closed in Y. It is then immediate that every such o is a closed
map. It follows readily from this that o(C) is Hausdorff in the relative topology
of top, and we leave this to the reader. In order to show that D is closed in
Y x Y, it suffices to show that if we are given f,g : C' — Y, then the equalizer
is closed in C. Since f(C) U g(C) is a closed compact Hausdorff subspace of Y,
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this is reduced to the case in which Y is a Hausdorff space, where the conclusion
is easy. [

Definition. We call a space Y a compactly generated space if it is a k-space
which satisfies any one of the above equivalent conditions.

(1.17) A space Y in top is compactly generated if and only if every compact
Hausdorff subspace C in top is closed in Y, and every set M in'Y which inter-
sects every compact Hausdorff subspace C' in a closed set is itself closed in'Y.

Suppose that Y satisfies the above condition on compact Hausdorff subspaces.
Then a compact subspace D of Y in top intersects every compact Hausdorff
subspace C' in a compact subspace. For given an open covering {U;} of C N D,
one can augment it by the open set Y — C of Y, get a finite open subcovering of
D and then pass to a finite subcovering of {U;} for CND. Hence every compact
subspace of Y in top is closed. Then use (1.16).

If Y is compactly generated, then the proof of (1.16) shows that every contin-
uous image in Y of a compact Hausdorff space is also Hausdorff as well as closed
in Y. The condition on compact Hausdorff subspaces follows readily. O

(1.18) Let X =|J X, be a filtered space in Top with each X, compactly gener-
ated. Then every subspace C of X which is compact in the relative topology of
top is contained in some X,, and X is also compactly generated.

Suppose C' is a compact subspace of X and for each n > 0 that there exists
¢n € C with ¢, ¢ X,. Then {c,} intersects each X,, in a finite set, thus in
a closed subset of X,,. Hence {c,} is a closed subset of X, has the discrete
topology, and is compact. It is therefore finite, which is a contradiction. Hence
each compact subspace of X is in some X,,, and the result follows from (1.16). O

(1.19) Let X be a k-space, and let f : X — Y be a quotient map. ThenY is
compactly generated if and only if the subset {(z,y) € X x X|f(z) = f(y)} is a
closed subset of the product X x X in Top.

It follows from (1.14) that f x f : X x X — Y x Y is a quotient map. Also Y
is compactly generated if and only if D is closed in Y x Y. The remark follows
readily. O

(1.20) Consider the diagram X a4l Bin Top, where A is a closed subset
of X and i is the inclusion map. If X and B are compactly generated, so also is
the pushout Y.

There is the quotient map h: X U B — Y, and one applies (1.19). O

The Category TOP of Compactly Generated Spaces

Denote by TOP the full subcategory of Top whose objects are the compactly
generated spaces. This is the general topology setting in which we eventually
work.
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Morphism sets, products and coproducts transfer without change of topology
from Top to TOP. If X and Y are in Top, the mapping space (Y )rop, is denoted
simply by Y X, it being implicit that the topology is that of Top. If X and Y
are in Top with Y also compactly generated, then for each zo € X {(f,g) €
YX x YX|f(20) = g(w0)} is the equalizer of two maps YX x YX — Y and hence
is closed in YX x YX. Hence the diagonal in YX x YX is the intersection of
closed sets and VX is compactly generated. If {X,} is a collection of compactly
generated spaces, then the product [][ X, in Top is compactly generated, thus
serves as product in TOP. Similarly for coproducts. Consider now the limit in
Top of a diagram D in TOP. Fix one of the maps g : X; — X,,. Then the set of
points {z,} in [[ X, for which g(z4) = z, is the equalizer of maps

[[x=x,

and is thus closed in the product. Hence the intersection over all g is closed
in the product, and is therefore compactly generated. But this intersection is
precisely the limit in Top. Hence it serves as the limit in TOP.

Colimits generally work badly in TOP; it is the nature of colimits to destroy
separation properties, as also do quotient maps which do not satisfy (1.19). While
the colimits in Top will not generally serve for TOP, there are useful exceptions
of (1.18) and (1.20):

(i) if Aisclosedin X and X « A isinclusion, the attaching space XUy B

of the diagram X «— A J. B in TOP is also in TOP; equivalently, if
F : (X,A) — (Y,B) is a relative homeomorphism of closed pairs in
Top, then X, B compactly generated implies Y compactly generated;

(i) if X = |JX, is a filtered space in Top and each X,, is compactly
generated, then X is compactly generated.

Actions of Groups and Monoids

We have now to put diagrams of spaces and maps into a more understandable
setting. In order to do so, we need a little background in the equivariant general
topology associated with Top.

Fix a group G whose operation is multiplication and whose identity element
is 1. One could equally well fix a topological group, but at this time if we need
G topologized we will take the discrete topology. A left action of G on a k-space
X is a map

GxX—X, (g,x) — gz

such that g(¢'z) = (g9¢')r whenever (g,¢9',2) € G x G x X, and 1z = z for all
x € X. A right action of G on a k-space X is a map

XxG—X, (z,9) — xg

such that (zg)g’ = z(g9¢’) and 1 = z. Technically one can regard a right
action of G as a left action of the “opposite” group G° whose multiplication is
(9,9)—d'g.

A G-space is a pair consisting of a k-space X and a left action of G on X. If
X and X' are G-spaces, an equivariant map or a G-map ¢ : X — X’ is a map
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with ¢(gz) = go(z) for all (g,z) € G x X. We denote by Top® the category
whose objects are the G-spaces and whose morphisms are the G-maps.
There are in this category two basic invariants of a a G-space X:

(i) the space of stationary points, the subspace of X in Top consisting
of z € X such that gz = x for all g € G}

(ii) the orbit space, the k-space X/G = X/ ~ where ~ is the equivalence
relation on X given by x ~ z’ if and only if 2’ = gz for some g € G.

One thus has at the start the two functors
TopG — Top,

assigning to X the stationary subspace of X and the orbit space of X.

Note the point of contact with diagram schemes and diagrams. Namely, every
G-space can be interpreted as a diagram of spaces and maps. The diagram
scheme has P a singleton {p}, thus there is just one D, , which is defined to
be G. The diagram assigns X to p, and to each g € G = D,, ,, assigns the map
x +— gz of X. The limit of the diagram will be precisely the stationary point
set, and the colimit will be precisely the orbit space. In fact, we use the terms
“limit” and “colimit” hereafter for “stationary subspace” and “orbit space”.

A G°-space similarly is a pair consisting of a k-space X and a right action
of G on X, the G°-maps are the maps ¢ : X — X’ with ¢(zg) = (¢(z))g, and
there is the category TopGo.

One can provide in this new setting a mapping bifunctor and a product bi-
functor. The mapping bifunctor is obtained by assigning to each pair X and Y
of G-spaces the subspace

(XY)TopG - XY
in Top consisting of all equivariant maps ¢ : ¥ — X.

If one then fixes Y to be a singleton G-space, then (X Y)TopG is precisely the
stationary point set, i.e. the limit. As one proceeds through this work, one will
see that “generalized limits” are obtained by replacing the singleton G-space Y
by some G-space Y for which Y is a contractible as a space.

The new product bifunctor requires that one be given at the start a right
G-space X and a left G-space Y. One can then form a “reduced”-product

XxgY=(XxY)/~,

where ~ is the least equivalence relation on X xY such that if (z,g,y) € X xGXY
then (xzg,y) ~ (z, gy). If we now take again for Y a singleton G-space, the result
is checked to be the orbit space of X. Our subject displays many instances in
which one forms a “generalized colimit” by fixing a G-space Y for which Y is a
contractible space, and then assigning the generalized colimit X xg Y to X.
We will require operator domains which are not groups. Having fixed the letter
G for the operator domain and the letter g for the individual operators, we do
not change the symbols. As a transitional state, consider as operator domain a
monoid G, i.e. require of the multiplication on G only that it be associative and
have an identity element, and do not require inverse elements. The definition
of orbit space has to be changed slightly in the above discussion. Let ~ be the
least equivalence relation on X such that z ~ gz whenever (g,z) € G x X, since
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the relation used in the group case is not necessarily symmetric in the monoid
case. All else in the discussion of groups can be unchanged.

Our subject takes a bigger jump than this; it allows for X being a family of k-
spaces, and it allows the total action to be made up of individual actions taking
one member of the family into another. The diagram schemes used earlier in
this chapter do not suffice, for they do not allow for multiplications and identity
elements. That is, we take in this tract as the appropriate basic model for
equivariant general topology that in which G is a small category, where “small”
is the technical term indicating that everything involved in the structure of
G is a set. The small categories G with precisely one object are exactly the
monoids, thus the monoid case and hence the group case will be a special case
of considerable interest.

Actions of a Small Category

Fix a small category G. Denote its set of objects by Ob G, and denote
individual objects by such letters as p,q, etc. Denote its set of morphisms by
Mor G, and denote individual morphisms by letters such as g,h, etc. A morphism
is also written in arrow notation as p £ q. Let

Mor G xop g Mor G C Mor G x Mor G

denote all ordered pairs (g, g') for which the composition exists, i.e. all (g, g") of
the form

’

The structure functions of the category G are then the functions

ObG — Mor G, p—1p,

MorG—ObGxO0bG, p<q— (pq),
Mor G xovg Mor G — Mor G, (9,9") — g9

subject to the standard requirements.
If G and H are small categories, there is the usual product category G x H
with

Ob(GxH)=0bG xO0bH, Mor(GxH)=MorGx Mor H.

There is also the opposite category H° of H, in which target and source are
interchanged, and the order of composition is inverted.

A G-space Y is defined to be a covariant functor Y : G — Top. Thus a
G°-space is a contravariant functor X : G — Top. One gets then a family of
k-spaces {X (p)|p € Ob G}, or {Y(p)|p € Ob G} by restricting the functor to
objects. The action of G on the family is the result of restricting the functor
to morphisms. For ¢ < p in Mor G, there results for X a map X (g) — X (p)
which we denote by g* and whose values we denote by x — xg. For q L p in
Mor G, there results for Y a map Y (¢q) <= Y (p) whose values are denoted by
y — gy. The usual rules on compositions and identity elements are satisfied.

Given G°-spaces X and X', an equivariant map ¢ : X — X' is defined to be
a natural transformation of functors. That is, ¢ is a collection {¢,|p € Ob G}



30 I. THE GENERAL TOPOLOGY BACKGROUND

of maps ¢, : X (p) — X'(p) such that given any morphism ¢ <- p, the following
diagram is commutative:

*

X'(q) —— X'(p).

These maps are also called G°-maps. There is the similar definition of equivariant
maps, or G-maps, joining G-spaces.

The category whose objects are G-spaces and whose morphisms are G-maps
is denoted by Top®. The category whose objects are G°-spaces and whose mor-
phisms are G°-maps is denoted by TopGo.

Given a G-space Y, one gets a diagram of spaces and maps and thus the limit
and colimit of the diagram. These are called the limit and colimit of the G-space
Y. Hereafter, we will interpret limit and colimit to be the resulting two functors

TopG — Top.

The Reduced Product Bifunctor xg : TopGD X TopG — Top

Fix a small category G, and let X be a G°-space in Top and Y a G-space in
Top. Form the disjoint union

X XopaY = H X(p) xY(p)
pEOD G

and to ease notation suppose either that all the X (p) are disjoint or all the Y (p)
are disjoint so that the disjoint union coincides as a set with the ordinary union.
Let

XxovaGxovaY =[] X(p)xGpq) xY(q),
p,q€0b G

where G(p,q) denotes the set of all morphisms p <~ ¢ in G. Thus X X0 ¢
G xop ¢ Y is all triples (z, g,y) where

zeX(p), p<q  zeY(g)
There are then the maps
X xoba G xopag Y=X xopa Y

given by (z,g,y) — (xg,y) and (x, g,y) — (z, gy) respectively. Then the reduced
product X XgY is defined to be the coequalizer of

X xobaGxovaY=X xopaY.

Specifically, we have

X xgY =[[[X®) x Y )/~



THE REDUCED PRODUCT BIFUNCTOR x¢ : Top®® x Top® — Top 31

where ~ is the least equivalence relation on [[ X (p) x Y (p) such that (zg,y) ~
(z, gy) whenever

reX(p), pLq yeY(q.

There is the natural quotient map
T HX(p) xY(p) — X xgY

where 7(x,y) = x X y is the equivalence class containing (x,y). We thus have
the functor
XaG: TopGo X TopG — Top.

We have stated the definition of X X Y in this simplest form for clarity, but
also need it in a generalized form.

We need first an interpretation of G x H°-spaces X, whose verification we leave
to the reader. As a collection of spaces, X is a family {X(p,q)|p € Ob G,q €
Ob H}. For each fixed ¢, we have the G-space X (¢,q) = {X(p,q)|p € Ob G},

where given p’ & p we have the action map

X(p,q) = X0, q), (9,2) — gz

The diamond here is used as a blank in which any object of G can be inserted.
For each fixed p € Ob G, we have the H®-space X (p,o) = {X(p,q)|q € Ob H},

where given ¢ A q' we have the action map
X(p.q) = X(p,d),  (2,h) — zh.

Moreover, for z, g and h as above, we have (gx)h = g(zh). These characterize
G x H°-spaces.
The above is an informal description of isomorphisms

Top®*¥ ~ (Top™)¢ ~ (Top®)X.

We leave the details to the reader, or see [1.2,p.37].

As an example, we can interpret G as providing a G x G°-space which we also
denote simply by G. Interpreted in this way, G is the G x G°-space {G(p,q)}
with left composition giving the left action of G on its morphisms, and right
composition giving the right action. Here G(p, ¢) continues to denote the set of
all morphisms p <~ q.

We can now generalize the reduced product to a functor

GxH°? HxK° GxK°

x g : Top — Top

Given a G x H°-space X and an H X K°-space Y, define X Xy Y to be the
family of spaces

x Top

(X xuY)(p,r) = X(p,0) xm Y(o,7)
with actions
9(r xgy) = (9z) Xu Y, (x xg y)h =z x5 (yh).

In the above, the diamond is used as a blank where the same variable object of
H is to be filled in.
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One can specialize this bifunctor to bifunctors

GxH°? GxH°?

Top x Top™ — TopG, TopGo x Top — TopHD.

Theorem (1.21) Let X be a G°-space, let Y be a G x H®-space, and let Z be an
H-space. Then X xgY is an H°-space, thus we obtain the space (X xgY )Xy Z.
Moreover, Y x g Z is a G-space, thus we obtain the space X Xg (Y xg Z). We
have a homeomorphism

(XxegY)xgZ =X xg(Y xugZ), (xxgy)Xgz—xXg(yXmg2).

PROOF. Let W = X Xop g Y Xob g Z denote the disjoint union

w= JI X®xY®aq x 2.
peOb G,qeOb H

There are the diagrams of quotient maps

W— J[ (XxacY(e,9)x2Z(q) = (X xaY) xu Z,
qeOb H

W— [ X x ¥ (p,e)xuZ)— X xa(Y xu Z).

One can then work across the diagram

W —— JI(X x¢Y(0,q)) x Z(q) —— (X xgY)xuZ

W —— [[X(p) x Y (p,o) xug Z) —— X xg (Y xXug Z)

to obtain vertical maps on the right, and can show that they are inverse to each
other. [

As an exercise, the reader should check that if we fix the G x G°-space in

GxG” Top® — Top®

X g : Top
to be G then we get a natural G-homeomorphism

GXGY—>Y

given by g Xg y — gy.
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The Extension Functor and the Restriction Functor

Let G be a small category, and let H be a subcategory of G. Denote by
1 : H — G the inclusion functor. There is then a natural functor

i TopG — TopH

called restriction. Namely, given a G-space X = {X(p)|p € Ob G}, simply let
i*X = {X(p)|p € Ob H} and restrict the action to the morphisms of H. We
can also consider restriction as applicable to right actions.

There is also a natural functor 74 : Top™ — Top® called extension. Out of G
and H, one can make a G x H°-space which we denote by Gg. Namely,

Gu ={G(p,q)lpc ObG,qec Ob H}

and let G act by left composition and H act by right composition. Then given
an H-space X, define the extension ix X by

i#XZGH XHX.

We can also use G on the right to interpret the restriction i# : Top® —
Top™”. In fact, if X is a G°-space then it can be checked that

i*X = X x¢ Gg.
(1.22) Let G be a small category, and let H be a subcategory. If X is a G°-space
and if Y is an H-space, then there is a natural homeomorphism

"X xgY ~ X xgiyY.

This is an easy consequence of (1.21) used on

(XXGGH) XHYZXXG(GH XHY). O

The Mapping Bifunctor Top® x (TopG)O — Top

Fix a small category G, and let X and Y be G-spaces in Top. There is then
the set (XY )poc of all G-maps ¢ : Y — X, and it is not hard to give this set

a natural k-space topology. First, there is the space [ ¢ ¢ X (p)Y®) in Top,
and we have the natural inclusion as sets

(XY)TopG - HX(p)Y(p)

Simply give (X¥) ¢ the subspace topology in Top. This gives us the mapping
bifunctor

Top

Top® x (Top®)° — Top.

As with the reduced product bifunctor, we can extend the mapping bifunctor
in various ways, for example to a bifunctor

Top? x (Top”*#")* — Top”,  (X,Y) = (X" )pgpe-
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Here the H-space is {(X Y(Q’q))Topc} for all ¢ € Ob H, where ¢ denotes the vari-
able. The reader should study the action of H, under which given an equivariant

map X «— Y (¢,q) and a morphism ¢’ ua q of H there is assigned the composition
X — Y(o,q) &= Y(o,q).
One should also verify that if X is any G-space in Top, then
(X)) pope = X
in the case Top® x (Top®*¢°)° — Top€.
The mapping bifunctor is well adapted to TOP. Let X be a G-space in TOP

and let Y be a G-space in Top. Then the spaces X (p)Y® and [] X (p)¥® are
compactly generated. Moreover (X¥)p,,c is a closed subset of [] X (p)¥ (). For

each fixed r <~ ¢ in Mor G, there are the maps
H X(p)Y® =X (r)Y @

sending ¢ = {¢,} into ¢,g. and g.¢, respectively. The equalizer is closed. The
intersection of these closed sets is then closed, and is precisely

(XY)TopG - HX(p)Y(p)

Hence if X is in TOP then the space (XY)
mapping bifunctor

Top¢ 18 in TOP, and we have the

TOP¢ x (Top®)° — TOP
as well as the more general form
TOPY x (Top®*H")° — TOPH.

Thus we have introduced the primary object of this work, the study of T opP¢
for G a small category. The primary invariants limit and colimit are very delicate
for arbitrary G-spaces X. In the next chapter we plunge into semisimplicial
topology in order to replace systematically a G-space X by an exploded G-
space FEgX whose colimit BgX is generally better behaved than that of X.
Similarly, we will replace X by another exploded version E¢X whose limit is
better behaved than that of X. The next chapter is devoted to setting these
up in a standard way, which requires study of simplicial spaces. It will take
another couple of chapters before we have pinned down precisely how the limits
and colimits of the exploded versions are better behaved.
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CHAPTER II

The General Topology of Simplicial Spaces

We now start our review of actions of small categories with a central and classic
example, the study of the simplicial spaces. Here we study them in a preliminary
way, including few homotopy properties.

Many have contributed to the development. We give special mention to several
of these contributions. The seminal work, which set up the discrete version
which has come to be called simplicial sets, is due to Eilenberg-Zilber [2.3,1950].
Milnor [2.9,1957] introduced his realizations which made an explicit bridge to
topology for either simplicial sets or spaces. Segal [2.11,1968] put the work into
equivariant topological terms such as we use in this tract, so that one could
use the more general simplicial spaces in place of simplicial sets. There is an
excellent summary of simplicial spaces in May’s 1972 book [2.8,pp. 100-112].

There are noteworthy books treating simplicial sets: those of Lamotke [2.5,
1968], May [2.7,1967], Gabriel-Zisman [2.4,1967] and Bousfield-Kan [2.1,1972].
There is also Quillen’s book [2.10,1967] on abstract homotopy theory which is
closely interwoven with the subject. One of our purposes in adding to this excel-
lent literature is to give a full presentation which from the first treats simplicial
spaces rather than simplicial sets.

Our goal is to expose in the first five chapters, as quickly as makes sense to
us, the various tools that we need so that in a more leisurely way we can go
through, in chapters 6-10, important examples that relate to algebraic topology.
Perhaps any sense of historical order lacking in the first part will be clearer in
the second part. At this time we simply plunge into the middle of the subject.

The Simplicial Category A

The simplicial category A is the category whose objects are the nonnegative
integers and whose morphisms ¢ : m — n are the order-preserving functions

6:{0717'“7m}_){0717"'7n}7

where order preserving means that ¢ > j implies §(¢) > 6(j). The monomor-
phisms of A are those functions which are also one-to-one, and the epimorphisms
are those which are also onto. Every morphism in A has a unique factorization

37
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into an epi followed by a mono. We sometimes denote the partially ordered set

(2.1) The subcategory Epi A of all epis has pushouts. The subcategory Mono A
of all monos has a restricted pullback condition: if the diagram ny — m <2 ngy
of monos is such that there exists at least one commutative diagram

r o —— ny

Lol

Q2
ng —— m

in Mono A, then there is a pullback in Mono A.

We start with the second statement. For a fixed m, the monos n — m are in
natural one-to-one correspondence with the nonempty subsets of {0,1,---,m}.
If two subsets have a nonempty intersection, then the intersection serves as the
pullback in the category of nonempty subsets. This translates into the second
assertion.

In order to show the first statement, consider first any epi v : m — n. Let
~ denote the equivalence relation on {0,--- ,m} given by ¢ ~ j if and only if
~(i) = v(j). The equivalence classes are a disjoint partitioning of {0,---,m}
into subintervals, and these occur in the same order on {0,---,m} as do their
images in {0,---,n}. Thus the equivalence relations whose equivalence classes
are subintervals are entirely equivalent to the epis v : m — n. Thus convert the
pushout assertion on epis into a pushout assertion on such equivalence relations,
and prove it. [

(2.2) Given an epi v : m — n in A, there exists a mono o : n — m with
ya = 1,. Call such an a a section of v. If two epis v1,7v2 : m — n have pre-
cisely the same sections, then v1 = vs.

The proof is an exercise.

Cosimplicial Spaces

Define the standard m-simplex V(m), for each m > 0, to be the subspace of
Euclidean (m+1)-space consisting of all points (¢o,t1,- - , ¢y, ) for which each ¢; >
0 and for which },,.,, t; = 1. The standard simplices are then indexed by the
objects of A; in addition, for each morphism ¢ : m — n we get a corresponding
map V(m) — V(n) taking (to,-- - ,tm) € V(m) into

6(t07 e 7tm) = (u07 e 7“71) € v(”)?
where

w — D s(iy—; tin When 671(j) #0
J 0, = 0.

when §71(5)
The map is also denoted by 6, : V(m) — V(n).
Denote the vertices of V(m) by

Vo,m = (1707 70)7 Vi,m = (0717 70)7 Um,m = (07 7071)'
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Alternatively, the map 6, : V(m) — V(n) is the unique affine map which takes
Vim into vsy , for all 0 < 4 < m. A composition of r & n < min A has
6" (6y) = (8'6)y for each y € V(m). Moreover, 1,,y =y for y € V(m), where 1,,
is the identity morphism.

In short, V is a covariant functor A — TOP; that is, V is a A-space. The
A-spaces are also called cosimplicial spaces. For the moment, the only A-space
which interests us is V.

If Y is a cosimplicial space and if y € Y (m), then y is degenerate if there
exist n < m, amono a : n — m and v € Y(n) with y = av. Otherwise y is
nondegenerate. For V, y € V(m) is degenerate if y € OV (m).

(2.3) The cosimplicial space V has the following properties.

(i) If & : m — m is a mono, then a, maps V(n) homeomorphically onto
a closed subset of V(m).

(i) Given v € V(m), there exists a unique triple consisting of n < m,
a mono o :n — m, and a nondegenerate u € V(n) with v = au.

(iii) If the diagram n1 ~ m <2 ny of monos has no pullback, then

al*V(nl) n OéQ*V(’IlQ) = (D

(i) If the above diagram of monos has a pullback diagram of monos

P1
r — N1

S
ng —2— m
and if a1p1 = agpa = (3, then
a1:V(n1) Na2.V(ng) = 8. V(r).

(v) If v : m — n is an epi and if v € V(m) is nondegenerate, then
yv € V(n) is nondegenerate.

The proofs are left as an exercise.
The following is one way of stating a remarkable computation that goes back
to Milnor’s paper [2.9].

Theorem (2.4) Consider A embedded diagonally as a subcategory of A x A by
identifying an object k of A with (k,k) and a morphism & of A with (6,6), thus
obtaining an inclusion functor i : A — A x A. We have then the extension

Ty TOP® — TOP>*2,
and we have in particular a homeomorphism of A x A-spaces

iyV ~VxV.
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PrROOF. We compute each side. We have on the left for each pair m,n of
nonnegative integers,

(Z#V)(m,n) = (A(mvo) X A(n,o)) XAV,

where ¢ denotes a variable nonnegative integer. Here A(m,¢) x A(n,o) can be
interpreted also as all order preserving functions m X n < ¢, where m x n is the
partially ordered set which is the product of the partially ordered sets m and n,
and where now ¢ denotes a variable among the various posets k. Every order
preserving function m X n < k can be factored uniquely as an order preserving
composition

mxn < p -k,

where « is a monomorphism and v is an epimorphism. Let {m x n < ¢} denote
all the order preserving functions and let {m x n < ©} denote all the order
preserving monos. Then it is seen that

{mxn o} ~{mxn <o} Xnonoa A.
It is seen to follow from associativity of the reduced product that
ixV(m,n) ~{m xn < o} Xponoa V.

Thus we have computed the left hand side. Points of 4V (m,n) are uniquely
expressed as @ Xprono A v Where for some k, « is an order preserving mono
m X n < k and where v € V(k) — OV(k).

We now interpret the right hand side V(m) x V(n) in a standard form as
a finite simplicial complex; for full details of this simplicial decomposition, see
Eilenberg and Steenrod [2.2]. There are the vertices (vjm,vjn), i.€. its set of
vertices is in natural one-to-one correspondence with m x n. Any simplex of
dimension k is spanned by the set of vertices which correspond to an order pre-
serving mono k — mxn, and the correspondence between simplices of dimension
k and such monos is one-to-one.

Thus the two sides ixV(m, n) and V(m) x V(n) are naturally homeomorphic.
We leave it to the reader to ponder further this unusual theorem. [

The Category TOP?’ of Simplicial Spaces

A A°-space X in TOP is a contravariant functor X : A — TOP. The A°-
spaces are also called simplicial spaces. These are the objects of TOPA”.

There is also the category SET2’ whose objects are the contravariant functors
X : A — SET, where SET is the category of sets and functions, and whose
morphisms are the natural transformations of functors. We regard this category
as the full subcategory of TOP2’ whose objects are the A°-spaces X with each
X (m) a discrete space. Such X are also called simplicial sets.

We get a A°-space AV for each space A in TOP; to be specific, AY =
{AV®)|n > 0}. Thus we have a functor

oV : TOP — TOP?’,
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where given A 4 V(n) and n & min A, then f6 is the composition
AL V(n) & V(m).

The elements of AV(™) are the singular m-simplices of A. The monomorphisms
a:m — n of A assign to f € AV("™ the various faces a*f of f. The epimor-
phisms v : m — n with m > n assign to f € AV the various degenerate
m-simplices based on f.

One can equally well consider each AV(") as having the discrete topology. In
this case, one may as well take A any topological space, thus if one ignores the
topology on the mapping spaces one gets a functor

top — SETA’

sending A into AV with the discrete topology. These are the A°-spaces used to
approximate a space by a CW-complex.

Terminology natural to the above example is also applied to an arbitrary
simplicial space X. For example, a point of X (0) is called a vertezx of X.

Topological Categories and the Functor TOPCAT — TOPA’

There is another large class of simplicial spaces. Define a topological category
G to be a small category G, together with compactly generated topologies on
Ob G and Mor G in which the structure functions are all continuous. If G and
H are topological categories, a continuous functor H — G is a functor for which
both Ob H — Ob G and Mor H — Mor G are continuous.

TOPCAT denotes the category whose objects are the topological categories
and whose morphisms are the continuous functors. This category is due to Segal
[2.11,1968], who gave the functor

TOPCAT — TOP?’

that we consider now.

In order to present this functor, one needs to look at the category A in terms
of categories and functors. For each n > 0, consider the category n whose
objects are the elements of {0,1,--- ,n}, and which has precisely one morphism
Vji : % — j whenever ¢ > j and no morphism ¢ — j if 4 < j. That is, n is now
the category associated with the poset {0, - -- ,n} in its natural linear order. We
write

n={0,1,--- ,n}.

The functors m — n are in natural one-to-one correspondence with the order
preserving functions

6:{0717'“7m}_){0717"'7n}'

Given ¢, there is the functor m — n which takes an object ¢ into the object
6(i) and the morphism +;; for j <4 into the morphism vs;) 5(;). Thus we could
equally well have presented A as the category with objects n for all n > 0, and
with morphisms the functors m — n.
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Given a topological category G and given a nonnegative integer n, consider
all functors n — G. These are in natural correspondence with the diagrams

g1 9n
Po—P1r— < Pn

in G, for given such a diagram there is the functor F' which sends an object i
into F (i) = p; and the morphism ~; ; for j < into

v ogir1gi, g <
F(’YLZ)_{ lp“ lfj:Z

For n > 0, the functors n — G are in natural correspondence with the n-tuples
(91,92, -+ ,gn) of morphisms of G for which the composition g1g3 - - - g,, exists. It
can be seen that the set of all such n-tuples is closed in (Mor G)™, and therefore
is a compactly generated space. If n = 0, then the functors 0 — G can be
identified with the space Ob G or with the subspace of Mor G consisting of all
the identity morphisms; these are homeomorphic spaces, so it doesn’t matter
which is used.

Given a functor F': n — G represented by (g1, , gn), and given a functor 6 :
m — n, then the composed functor F'é is seen to be represented by (g1, , g0)s
where

o [ gst-ny41 e gey, 1 6(i—1) <6(d)
9i 1ps(s)» if 5(i — 1) = 8(i).

We will denote the space of functors n — G by G=2.
We have now Segal’s nerve functor

N : TOPCAT — TOPA".
Namely, for each topological category G let
NG = {G%n > 0}.

Every functor § : m — n then gives by composition a map G® — G™, which
gives the action map.

Among the topological categories are the topological monoids, where Ob G
is a singleton; here NG = {G"™}. And among these are the topological groups,
where there is in addition a continuous inverse function.

In summary up to this point, we have introduced the simplicial spaces, the
objects of a category TOP2”. We have furnished a number of simplicial spaces
to look at more fully, by means of two natural functors

TOP — TOP?’, TOPCAT — TOP2’.

We need ways of studying simplicial spaces, and in particular need Milnor’s
realization of a simplicial space.
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The Realization |X| of a Simplicial Space X

We are ready now to describe Milnor’s process [2.9] for obtaining a k-space
|X| from any given simplicial space X. Namely, consider

xa : TOPA” x TOP? — Top,
fix the A-space V and thus define
|X| =X xa V.

Then |X| is a k-space called the realization of X, and we have the functor
| % | : TOPA” — Top. Let 7 : [[X(m) x V(m) — |X| denote the quotient
map sending each (z,v) € [[ X (m) x V(m) into its equivalence class which is
denoted by z XA v.

Given a small category G, then we call a generalized colimit for G°-spaces a
functor TOPS" — Top of the form X — X x¢g V, where V is a fixed left G-
space with each V(p) a contractible space. Thus |X| is a generalized colimit of
the A°-space X. This example is the most important of the generalized colimits.

The Eilenberg-Zilber Analysis

For any A°-space X, the inclusion i : Epi A — A induces the restriction i# X
which is the (Epi A)°-space obtained by restricting the structural category from
A° to (Epi A)°. We give here the Eilenberg-Zilber analysis [2.3] of i# X for all
X

Fix a A°- space X in TOP. If v : m — n is an epimorphism in A, then
the action map v* : X(n) — X(m) is a homeomorphism of X (n) onto a closed
subset of X (m). For choose a section « of 7, and note that the composition

X(n) <= X(m) &= X(n)

is the identity, hence v*a* is a retracting map of X (m) onto the image of v*,
and the assertion follows.

Call an epimorphism v : m — n proper if 7y is not the identity morphism of
m. If X is in TOP2’| define X99(m) C X (m) to be X%9(m) = |Jv*X (n)
where the union is over all proper epimorphisms ~ with source m, and call an
element x € X = [[ X(n) nondegenerate if it belongs to some X (m) — X99(m).
Note that X9¢9(m) is a finite union of closed subsets of X (m), hence is closed
in X (m).

(2.5) If X isin TOP?" and z € X (m), then there exists a unique nondegenerate
element y of X such that for some epimorphism ~v : m — n we have y € X(n)
and x = yvy. The epimorphism ~ s also uniquely determined by x.

ProoF. It is easy to see that there is at least one triple n,~,y satisfying all
conditions except possibly uniqueness. Suppose there are two such triples: a
nondegenerate y; € X (n1) and an epimorphism ~; : m — ny with y1y; = z, and
a nondegenerate yo € X (n2) and an epimorphism 2 : m — ng with ya2y2 = z.
We will consider the monomorphisms a; : n1 — m with y1a1 = 1,,, and the
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monomorphisms ag : ng — m with yaae = 1,,. There exists at least one of
each. Since 7101 = 1,,, then

Y1 = Y1711 = T

and similarly yo = zas. Then

Y27720x1 = TQ1 = Y1

and similarly y1y1c2 = y2 . We next see that both vy and ;a2 are monomor-
phisms. Consider v2a1 as typical. Write y9a7 = o/+' where o/ is a monomor-
phism and ~' is an epimorphism. Then

y2a17l = Y1

If v' were a proper epimorphism, we would have a contradiction to the fact that
y1 is nondegenerate. Thus 23 is a monomorphism. Similarly, so is y1as a
monomorphism. Since ysa; : ny — ng and y1ae : ny — ny are both monomor-
phisms then ny = ng; call their common value n, and note that v2a; = 1,, and
Y12 = 1,. Hence the epimorphisms v; and v, have precisely the same sections.
Hence 1 = 72 by (2.2). Since ~; is one-to-one, then y; = y2. O

(2.6) Consider the pushout diagram of epimorphisms in A

Y1
m —— N

| o |

p2
ng —

and let T = 171 = paye. If X is a simplicial space, then

X(m) —— X(m)

is a pullback diagram: i.e.

Y1 X (n1) Ny X (n2) = 7" X(p).

PROOF. Let z € 7 X (n1) Nv3X (n2). Then there exist y1 € X(n1) and y2 €
X(nz) with
T =117 = Y272

Choose by (2.5) the unique nondegenerate y € X (r) and the unique epiy : m — r
such that z = y~. Similarly there are nondegenerate elements corresponding to
both y; and y2, but the uniqueness of the nondegenerate y corresponding to x
implies that y serves also for y; and yo. That is, there are epis p; : n; — r and
p2 : ng — 1 such that

Y1 =Yp1, Y2 = yYp2.
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Then z = yp1y1 = ypay2 and from (2.5) we also get p1y1 = pay2. Since 7 is the
pushout of «; and 79, there is an epi p : p — r with u7 = p1y1 = p2y2. Then
z =yupr and z € 7*u* X (r) and the theorem follows. [

The Filtration of |X|
We can give now Milnor’s analysis of the equivalence relation ~ on [ X (m) x
V(m). Here ~ is the least equivalence relation such that given
z € X(n), nim, v e V(m),

then (x6,v) ~ (z,6v). Roughly speaking, ~ turns out to be very nice because,
by (2.5), X behaves well with respect to Epi A and, by (2.3), V behaves well
with respect to Mono A.

(2.7) For any X € TOP®" and any (z,v) € [[X(m) x V(m), there exists a
unique representative of the equivalence class [(x,v)] of the form (y,w) where y
and w are both nondegenerate. If (y,w) € X (p)xV(p) and (z,v) € X (m)xV(m)
are distinct, then p < m.

PROOF. We define a retracting function ® from [ X (m) x V(m) onto its sub-
set consisting of all (y,w) with y and w both nondegenerate. Given (x,v) €
X (m) x V(m), choose the unique monomorphism « : 7 — m and the unique
nondegenerate element u € V(r) — V(r) with v = au. Then

(z,v) = (z,au) ~ (za, u).

Using (2.5), there is a unique nondegenerate y in some X (s) and epimorphism
v :r — s with za = yv. Then

(o, u) = (yy,u) ~ (y,yu).

Define ®(x,v) = (y,yu) and note that y and yu are both nondegenerate. Note
that ®(x,v) ~ (z,v) and that if z and v are nondegenerate, then ®(z,v) = (z,v).
We show that if 6 is a morphism of A and if

x € X(n), nim, v e V(m)

then
d(x6,v) = D(x, bv).

We can assume that
@(IL'(S,U) = (yh’YlUl) 9 ¢(x761}) = (y27’72U2)7

where
v =auy , xda1 = Y171, OV = Qolz ,TQy = Y27Y2

as in the definition of ®. Then

60&11&1 = QU2.
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Let 6a; = ays be the factorization of 6oy into an epi 3 followed by a mono
a3. Then
a37Y3Ul = Qa2 , A3 = Q2 , Y3U1 = U2.

Substituting as for as in xas = yay2, we get
Tagy3 = Y2727Y3 , TO = Y2¥273 5, Y171 = Y2723
and y1 = y2 , 71 = 72773 Hence
Y1Ul = 7Y27Y3U1L = Y2U2

and ®(z6,v) = ®(x, 6v) for all (z,,v). Hence @ is constant on each equivalence
class and the result follows. O

We are now ready to use this analysis. In our present setting with no homotopy
as yet built into our methods, we use the following criterion for potential interest
of a generalized colimit TOPY — Top. Namely, to be of potential interest it must
take the G-spaces in TOPY, or at least those that we care about, into TOP. The
realization satisfies this in the strongest way, by taking every A°-space in TOP
into TOP.

Theorem 2.8 For X € TOP®" and m : [[X(m) x V(m) — |X| the natural
quotient map, the realization | X| = X xa V is a filtered k-space given by

|X| = U | X |, where | X |, = m(X(n) x V(n)).
For each n, ™ gives a relative homeomorphism
(X (n), X% (n)) x (V(n),0V (1)) = (|X|n,[X]n—1)

mapping (z,v) into x Xa v. In particular, each point of | X|, — |X|n-1 has a
unique representation as xx av where x € X (n)—X%9(n) andv € V(n)—0V(n).
Each | X |, is compactly generated and | X| is compactly generated. Thus we have
the functor

|o|: TOPA" — TOP.

PRrROOF. We begin by letting

X = (] X(s) x V(s))

We then use (1.8) on _
[To<n X(5) x V(s) [I X (m) x V(m)
X1 —— X1,

guided by the function ® above. Namely, consider all diagrams

B:istpSm
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where 7y is an epimorphism, « is a monomorphism and s < n. There are only a
finite number of such diagrams [ for each m. For each (3, there are the diagrams

X(s) 5 X(p) <= X (m) , V(p) <= V(m),

where v* and a, are homeomorphisms onto closed sets, and where a* maps onto
X(p). Let Z(8) C X(m) x V(m) be given by

Z(B) = (") 'v* X (s) x .V (p),

which is closed in X (m) x V(m), and note that there are only a finite number
for each m. The reader should check that 7= 1i(|X|,) = Us Z(B). For each B,
define

rg: Z(B) — X(s) x V(s)

by rg(z,v) = (y,yu) where v = au and za = yy. The conditions of (1.8) are
met, thus

7' HX(s) x V(s) = |X|n

s<n

is a quotient map and |X|, is closed in |X|. If A C |X| and all AN |X]|, are
closed, then m~1 A meets each X (s) x V(s) in a closed set, thus 7= 1(A) is closed
and A is closed. That is, | X| = J|X| is a filtration of | X| in Top.

In order to show that 7" : X (n) x V(n) — | X]|,, is also a quotient map, (1.8)
can be applied to

X(n) X V(n) Hsgn X(S) X V(S)

Namely, let 0y, : X(n) x V(n) — X (n) x V(n) be the identity. For s < n, choose
a monomorphism « : s — n and an epimorphism v : n — s with ya = 15 and
define

os: X(s) x V(s) = X(n) x V(n)
by os(x,v) = (x7y,av). Then (1.8) shows that 7/ is a quotient map and (2.7)
shows that
™ (X(n), X%9(n)) x (V(n), 8V (1)) = (|X|n, | X[n-1)

is a relative homeomorphism. It follows inductively that each | X|,, is compactly
generated and hence | X| is compactly generated. [

Note as a corollary that if X is a simplicial set, then | X| is a CW-complex with
an n-cell for each nondegenerate x € X (n); in fact, the open n-cell corresponding
to z is all © x o v where v € V(n) —9V(n). For basic facts about CW-complexes,
see Spanier’s text [2.12] or that of Whitehead [1.6].
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Milnor’s Product Theorem
Theorem (2.9) If X and Y are simplicial spaces in TOP, then there is in
TOP™’ the categorical two-fold product
X xopaY ={X(n) xY(n)ln >0},
where A acts diagonally on the right. The projection A°-maps
X <7T—1 X X0b A Y E) Y
give maps
[ X| & X xopa Y| 75|V,
and the induced map
T1sx X T2y & |X XObAY| — |X| X |Y|
is a homeomorphism.

PrOOF. There is the product A x A-space X X Y, and the A- space V. If
i: A — A x Ais the diagonal embedding, we get from (1.22) and (2.4) that

(X XY)xa V(X xY)xaxa (Vx V).
It is readily checked that
(X XY)xaxa (VX V)~ (X xaV)x (Y xa V).
Moreover
(X XY)=X xopa Y

and the theorem follows. [

The above homeomorphism takes (z,y) X a v into (z XA v,y XA v). Its inverse
represents a point (z Xa v,y Xa w) in the form (x XA d1u,y XA d2u) and maps
it into (261, yb2) Xa u.

The following generalized form of (2.9) is also useful. In it, we call a A° x A°-
space a bisimplicial space. If Z is a bisimplicial space, then its realization is
defined by

||Z|| ZZXAXA (VX V)

If ¢ is the diagonal inclusion of A into Ax A, the realization || Z|| is homeomorphic
to i*Z xaA V = |i* Z|.

(2.10) Let W be a G° x A°-space and let Z be a G x A°-space. We can consider
W as a functor G° — TOP~’ and thus obtain a G°-space from the composition

Go — ToP> 2L Top,

which we denote by |W| = {|W(p,o)|}. Similarly we obtain a G-space from Z
which we denote by |Z| = {|Z(p,©)|}. Alternatively for each m,n > 0 we obtain a
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k-space W (o, m) X g Z(o,n), thus obtaining a bisimplicial space which we denote
by W x¢g Z. Then we have

W xg Z|| ~ [i#*(W xg Z)| ~ |W| x¢ |Z|.

PROOF. From (2.9) we have the homeomorphism
[i# (W x Z)| =W xopa Z| — W] x |Z]|

together with its inverse |W| x |Z| — |W xob a Z|. Both of these are seen to
preserve equivalences, so that one gets maps

(W xe Z)| = W|xg|Zl,  |W|xal|Z] —[i*(W xc Z)]

which are seen to be inverse to each other. [

When we use (2.10), one of the above (say Z) will only be a G-space. Then Z is
regarded as a G x A°-space trivially by letting Z(p,n) = Z(p) and letting each &
act as the identity. In this case, the conclusion can be written as |i# (W x g Z)| ~
|W| xg Z. If instead W is a G°-space and Z is in G x A°-space, then the
conclusion becomes |i# (W xg Z)| ~ W x¢ |Z|.

Segal’s Homotopy Theorem

If a,0 : G — H are continuous functors joining topological categories, recall
that a natural transformation T : o — [ assigns to each p € Ob G a morphism
Tp:ap — Bpin H such that for any g : p — ¢ in G there is commutativity in

ap —2 g

Tpl qu
Bp 22 5g.

Then T is continuous if the function T : Ob G — Mor H is continuous. There
is the following theorem of Segal [2.11].

2.11 Let a,08 : G — H be continuous functors joining topological categories
which are related by a continuous natural transformation T : o« — B. Then the
maps ., Bx 1 |[N(G)| — |N(H)| are homotopic.

PROOF. Let Z denote the category with two objects {0,1} and with precisely
one nonidentity morphism, that being of the form 0 — 1. Then N(Z) has two
nondegenerate elements in dimension 0 corresponding to the two objects, and
one nondegenerate element in dimension one corresponding to the nonidentity
morphism. That is, |V(Z)| is the unit interval. Consider now the given data,
which is precisely what is required to give a continuous functor

IxG— H.
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There is the induced map
IN(Z x G)| ~ I x|N(G)| — [N(H)],
which is precisely the desired homotopy. O

Having developed classic properties of the realization, at least those not in-
cluding a deeper use of homotopy, we set up now its use in the study of TOP%
for G a small category.

The Functor M; : TOP® — TOPCAT
In order to exploit more fully the composition

ol

TOPCAT . TOoP2” %L TOP,

we note that for any small category G and any G-space Y in TOP we get a
topological category M;Y . This construction is due to Segal [2.11].
Define the topological category MY to have

obmy =Y =[] Y);
peOb G

we assume the various Y(p) already disjoint so that the objects are the various
y € Y(p) for all p € Ob G. Define the space of morphisms by

Mor M1Y =G XObGY;

so that morphisms are pairs (g,y) where p <~ ¢ and y € Y (q). The structure
functions of MY are as follows:

(i) the source of the morphism (g,y) € G(p,q) x Y(q) is y, and the
target is gy; thus in arrow form we write

(9:9)
9y <2y, (9,y) €G xopa Y;

two of the four variables in the arrow are easily derived from the other
two, so that we also write the arrow as ¢ La0) y where each diamond
denotes here a variable to be filled in from the given variables;
1q,
(ii) the identity morphism 1, is y Lav) y for y € Y(q);
(iii) the composition

’ (g'59v) (9:9)
g9y — gy —Y

is defined by

(¢"s99)(9:9) = (9'9,v),
or in diamond notation as (¢',¢)(g,y) = (¢'g, y).
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It can then be checked that we have a functor
M; : TOP® — TOPCAT.

In passing, note that one easily computes the simplicial space which is the
image of Y under

ToP¢ 2, TopCcAT & TOPA’.

In order to do so, one has to compute all functors n — M;Y. These are all the
diagrams

° (91,0) ° (92,0) DN (gn+0)

Y, (glv"'7gn7y)€GEXObGY

Thus NM1Y = {G® xop¢ Y}. The vertices of NM;Y are the points of Y =
1Y (p), for n > 0 the n-simplices are all (g1, -, gn,y) as above, and the non-
degenerate simplices are those for which no g; is an identity morphism.

The image of Y under the composition

ToP¢ M, Topcat & Tor2” L Top

is denoted by BgY. It is called the standard homotopy colimit of the G-space
Y. Points of BgY are of the form

(917 e 7gn7y) XA (t07 e 7tn)7
and have a unique representation where no g; is an identity morphism and

(to, -+ ,tn) € V(n) — OV (n).

The Functor M, : TOP®" — TOPCAT

Fix a small category G and a right G-space X in TOP. It is easy to modify
the above to construct a topological category MyX. Set

Ob MyX =X = HX(p), Mor MyX =X xopc G
so that morphisms are written as

.’BM{EQ, (x,g)EXXObgG.

One obtains
My : TOPY” — TOPCAT.

The simplicial space N MyX is given by
NMyX = {X X0b G Gﬂ|n > 0}.

Given a right G-space X, the Milnor realization |NMyX| is the standard homo-
topy colimit BgoX of the G°-space X.
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May’s Bifunctor M : TOP®" x TOPY — TOPCAT

There is a general setting due to May [2.6] which includes the above as special
cases, and which we use in a basic way.

Fix the small category G, a G°-space X in TOP, and a G-space Y in TOP.
Following May, we define a two-sided topological category M (X,Y") by

Ob M(X,Y) = HX(p)XY(p) = XXObGY; Mor M(X,Y) = XXObgGXObG}/.

The morphism (z, g,y) € X (p) x G(p,q) x Y(q) is written in arrow form as

(ZE7 k )
(z, gy) <= (2g,y).

In arrow form, four of the seven entries are derived from the other three so that
in simplified form the arrow can be written

(©,9:0)
099

(z,0) (0, 9),

where the diamonds can be filled in from the other data.
Compositions exist only in the case

(z,9",9v) (zg',9,9)

(z,9'9y) (zg', 9y) (x9'9,v),

where (2,9, 9y)(z9’,9,y) = (x,9'9,y). If only independent variables are dis-
played, the composition of

(z,0) 2L (6,0) L2292 (4 4

is (2,9'9,y)-
The simplicial space NM(X,Y) is given by

NM(X,Y)={X xopc G=xopc Y},
thus its elements can be abbreviated in the form
(T, 91, ,9n,y) € X Xoba GEXopa Y.
The action of A° can be readily computed; if n & m, then

($7 g1, 7gn7y)6 = (-Tgl T g5(0)y 7 1 98(i—1)+1 " s s 9s(m)4+1 7 gny)7

where if §(0) = 0 the Oth-term is z, if §(i — 1) = 6(¢) the ith-term is the appro-
priate identity element, and if §(m) = n the last term is y.

From the above, one can compute the degenerate elements of the simplicial
space NM(X,Y). Namely, (z,g1, - ,0n,y) is degenerate if and only if some g;
is an identity morphism.
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The Bifunctor @ : TOPY’ x TOPY — TOP
Denote by @, the bifunctor which is the composition

TOPS” x TOPS 2, ToPcAT X ToP2” 2L ToP.

Think of this composition as assigning to each G°-space X and each G-space Y’
an exploded version X @ Y of the space X x¢ Y. The properties evident up
to now constitute the following proposition.

(2.12) For G a small category, for X in TOP®" and for Y in TOP®, there is
the compactly generated space X QY whose points are of the form
($7gl7" : 7gn7y) XA (t07" . 7tn)
where
(x,91, -+ ,9n,y) € X Xobc G* Xopc Y.
There is a natural transformation of bifunctors, given as the maps X Q@Y —
X xqY which send the above point into the point
g1 Gn XGY =T XG g1 - gy € X XgY.

There is a filtration X QY = U(X Qg Y)n and (X QY )n — (X Qg Y)n-1
consists of all

($7gl7"' 7gn7y) XA (t07"' 7tn)
with no g; an identity morphism and with (to, - ,t,) in V(n) — dV(n).

The Functor Eg(c) : TOPY — TOP®

We now have yet another opportunity to obtain a functor from a bifunctor,
by replacing X by the G°-space G(p,¢) = {G(p,q)}.

Fix a small category G and a G-space Y. For each p € Ob G, we can take
the G°-space X to be G(p,o) = {G(p,q)|qg € Ob G}. The resulting compactly
generated space G(p,¢) @ Y has points

(907917 9 9ny ZJ) XA (t()v e 7tn)
Denote by EgY the resulting G-space

EcY = {(EaY)(p) = G(p,o) Q) Y},
G

where g acts on the above point by

g((907gl7"' 7gn7y) XA (toa"' 7tn)) = (9907917"' 7gn7y) XA (th"' 7tn)'

(2.13) We have the functor Eg(o) : TOP® — TOP®, where EGY (p) =
G(p,0) QY has as points all

(907917' o 7gn7y) XA (t07" : 7tn)
for which
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There is a natural transformation T : Eg(o) — 1 of functors, where given the
G-space Y, the G-map Ty : EgY — Y is given by

TY((g07glv' o 7gn7y) XA (t()v' o 7tn)) = gogdi - gny.

For each p € Ob G, the resulting map

(EcY)(p) = G(p,0) Q) Y — Y(p)
G

18 a homotopy equivalence of spaces.

PROOF. On one hand, there is the topological category H given by M (G(p,<),Y)
whose objects are the pairs (go,y) € G(p,¢) Xo» ¢ Y and whose morphisms are
the triples (go, g,y) in G(p, o) Xob ¢ G Xob ¢ Y. On the other hand, there is the
topological category K whose space of objects is Y (p) and whose morphisms 1,
are all identity morphisms. Moreover |N(H)| = (E¢Y)(p) and |N(K)| = Y (p).
There is a continuous functor F' : H — K taking the object (go,y) into the
object goy and taking the morphism (go,g,y) into 1gyg,. There is the functor
F’' : K — H which takes an object y € Y(p) into the object (1,,y). The
composition FF’ is the identity. The composition F'F sends an object (go,y)
into (1p,goy) and sends morphisms into identity morphisms. There is then a
continuous natural transformation S : 1 — F'F given on any object (go,y) by

(1p,90,y)
(1p, 90y) =2 (g0, y).

Hence by (2.11) the composition

Fi

IN(H)| £ (N ()| 25 (N ()|

is homotopic to the identity. The composition F,F. is the identity, hence F is
a homotopy equivalence. One has to check that it is the map in question. [

(2.14) The colimit of the G-space EGY is naturally identified with the standard
homotopy colimit BgY of the G-space Y .

PROOF. A direct proof can be given, or one can use (2.10). In the latter, let the
W of (2.10) be the G-space Ob G and let the Z of (2.10) be the G x A°-space
arising from NM(G,Y’). Then from (2.10) we get

colim EqY = (Ob G) x¢ |Z| ~ i (Ob G) x¢ Z)| ~ BgY. O
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The Exploded Version EG of the G x G°-space G

If we apply May’s construction to the example X = G(p,¢) and Y = G(¢, q),
we receive for each p, ¢ € Ob G the compactly generated space G(p, ©)  G(¢, q).
Let

EG=G(R) G={G(p,o)Q) G(o,q) | p,gc ObG}
G G

denote the resulting G x G°-space, whose elements are all

(907917 e 7gnagn+1) XA (t()y e 7tn)7 (907917 e 7gn7gn+1) S Gﬁ

There is the natural G x G°-map EG — G taking the above point into go - - - gnt1
e G.

(2.15) For any G-space Y, we have
Egy ~ BEG Xaq Y.

PRrOOF. The natural map EG xg Y — EgY is given by

((g()vglv"' 7gnagn+1) XA U) XGgyr— (907917"‘ 7g’n7.g'n,+1y) XA V.

One can apply (2.10) to show that it is a homeomorphism. [

The Functor E%(o) : TOPY — TOPY

We have been neglecting the mapping bifunctor. There is an analogue of the
above explosion functor, namely a functor

E€(0) : TOP® — TOPY

which assigns to each Y in TOPY an exploded version ECY in TOPY. There
is also a natural transformation 7’ : 1 — E%(o) of functors, assigning to each
G-space Y a G-map T" : Y — E®Y. The G-space is given by

(ESY)(q) = (YPCD)popa,
i.e. E9Y(q) is all G-maps EG(o,q) — Y where the action assigns to g : ¢ — ¢’
the map E€Y (q) — E€Y (¢') as the composition ¢ — ¢g* in
Y — EG(s,q) ¥= EG(s,q).
The natural transformation is the G-map
T'=717:Y = (Yrope = (Y¥)1ope,

where 7 : EG — G is the natural G x G°-map EG — G.

For each G-space Y and each ¢ € Ob G, the map Y(q) — (EYY)(q) is a
homotopy equivalence of spaces. We need a little background in order to prove
it.
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Given a G-space Y, denote by I x Y the G-space
(I xY)(p) =1xY(p),

where G acts on I XY by g(¢,y) = (¢, gy). There are G-maps mg,m1 : Y — I XY
given by mo(y) = (0,y) and m(y) = (1,y). Define G-maps ¢ : ¥ — Y’ and
¢1:Y — Y’ to be homotopic in TOP® if there exists a G-map ® : I x Y — Y’
such that ¢g = Pmy and ¢; = ®m. Define a G-map ¢ : ¥ — Y’ to be a
homotopy equivalence in TOPY if there exists a G-map 0 : Y’ — Y such that
#0 and 0¢ are homotopic to the identity in TOPC.

We need the following generalization of (2.13).

(2.16) Let Y be a G x G°-space, and let EgY denote the G x G°-space

BeY =GQ) Y,
where the G°-action is given by

(90, s 9n>¥) XA v)g = (905 »Gn, Yg) XA V.
There is the natural G x G°-map EgY — Y given by

(90, ,9n,Y) XAV = go - Gny-

For each p € Ob G, the G°-map EgY (p,o) — Y(p, <) is a homotopy equivalence
of G°-spaces.

PROOF. We need first to generalize the proof of (2.13). There is the topological
category H with objects (go,y) € G(p,¢) Xob» ¢ Y and morphisms

(90,9,y)
L90:9Y)

(90, 9Y) (909, )

indexed by the elements of G(p,¢) xoba G Xobc Y. The category H splits
as a disjoint union of subcategories H(q) where H(q) is all objects with y €

’

Y (¢,¢) and all morphisms with y € Y (¢,¢q). Bach ¢ < ¢/ in G gives a functor
H(q) — H(q') taking an object (go,y) into (go,yg’) and a morphism (go, ,y)
into (go, g,yg’). Thus we have a contravariant functor G — TOPCAT taking
q into H(q) and ¢ into the above functor. Then by composition we get the
contravariant functor
G — TOPCAT -, Top

and thus we have [INH| = [[ |N(H (q)| and in addition we have that {|N(H(q))|}
is a right G-space.

As in the proof of (2.13), there is the functor F'F' : H — H which takes
each H(q) into itself. Moreover F_F) is seen to be a G°-map. The question is
whether the homotopy from the identity to F.F, constructed in the proofs of
(2.13) and (2.11) is then a homotopy of G°-maps. One can do this by considering
I x H =1]]Z x H(q), by letting G° act on T x H as functors operating triv-
ially on the Z-coordinate, and by showing that the induced functor Z x H — H
constructed in the above proofs commutes with the contravariant functors on
the two categories. We leave the details to the reader, but one obtains that the
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identity is homotopic to F.F, as G°-maps. O

We note that there is an opposite of (2.16), proved in a similar way. If X is a
G x G°-space and if p € Ob G, there is the G-space X Q. G(¢,q) and a natural
G-map X Q G(o,q) — X(o,q), which is a homotopy equivalence of G-spaces.

(2.17) For each q € Ob G, the G-map EG(o,q) — G(o,q) is a homotopy equiv-
alence in TOP®. Similarly for each p € Ob G the G°-map EG(p,o) — G(p,o)
is a homotopy equivalence in TOP’ .

This is a corollary to (2.16) and its opposite.

(2.18) Let Y be a G-space, and let ¢ € Ob G. Then the G-map Y — ECY has
Y(q) — (ECY)(q) a homotopy equivalence of spaces.

This follows from (2.17).

The Category 0 — 1

Note an example, that in which G is the category 0 — 1 with two objects
{0,1} and a single nonidentity morphism 0 — 1. That is, G is the category
previously denoted in this chapter by Z. A G-space is then amap g: Yy — 1
in TOP.

The G x G°-space EG can be computed. Up to natural homeomorphism it is

*

EG(0,0) «2— EG(o,1)

|

H o =

EG(0,0) 0
Jdo
EG(1,0) I —

Hence
(EqY)(0) ~ EG(0,0) Xg Y ~ 0 x Yy,

(EcY)(1) » EG(L,0) xg Y ~ I x Yy U, Y.
Thus EgY is up to natural isomorphism the inclusion
0xYy—1IxYyUyYy,

which is the standard model in homotopy theory for the cofibration associated
with the map g.
Similarly (E€Y)(0) is all G-maps from EG(¢,0) into Y, hence

(ECY)(0) C Yy x (Y1)!

consists of all (yo,0) € Yy x (Y1)! with gyo = (0). Moreover, (EFY)(1) is all
G-maps from EG(¢,1) into Y, hence (E€Y)(1) = Y;. Thus E®Y is the map

(E9Y)(0) — Y1, (Y0,0) = a(1),
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which is the standard model in homotopy theory for the fibration associated with
the map g¢.

We review in Chapter 3 the general topology of cofibrations, fibrations, and
homotopy equivalences, because these topics are deeply interwoven with the
study of actions of small categories. After having done that, we can then com-
plete in Chapter 4 the beginning we have made here.
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CHAPTER III

Cofibrations, Fibrations, and Homotopy Equivalences

We now take an interlude from development of simplicial spaces to review the
basic homotopy of cofibrations, fibrations and homotopy equivalences. Our even-
tual purpose is to review the equivariant general topology which has been in-
vented in order to understand homotopy theory better. That being the case, one
will understand better if one starts with the simple examples which have to do
with the role of cofibrations and fibrations in topology.

The reader who wishes to consult original sources will find an extensive liter-
ature. One could consult some of the older works such as those of Fox [3.3,1943],
J.H.C. Whitehead [3.9,1949], and Hurewicz [3.4,1955]. In the next generation
there are works such as those of Dold [3.2,1963], Spanier [2.12,1966], D. Puppe
[3.7,1967] and Strom [3.8,1966-1968]. Besides Spanier’s book, one should also
note the books of tom Dieck, Kamps, and Puppe [3.1,1970], G.W. Whitehead
[1.6,1978] and I.M. James [3.5,1984].

Cofibered Pairs

Let (X, A) be a closed pair of spaces in TOP. Then (X, A) is a cofibered pair
if given a map ¢ : X — Y in TOP and a homotopy Hy : I x A — Y with
Hy(0,a) = ¢(a) for all a € A, then there exists a homotopy H : I x X — Y with

H(t,a) = Ho(t,a), a € A, H0,z) = ¢(z), z € X.

Equivalently, (X, A) is a cofibered pair if and only if there exists a retracting
map of I x X onto 0 x X UTI x A.

It is easily checked that if X D A D> B and if (X, A) and (A, B) are cofibered
pairs, then (X, B) is a cofibered pair.

Suppose (X, A) is a cofibered pair and that r is a retraction of I x X onto
0x X UI x A. Let the projection maps be denoted by

I Tx X BBX,
and define a function v : X — I by

u(z) = lubser|t — mir(t, z)|.

59
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It follows from (1.10) that I x X has the product topology of the category top,
and one can readily show that u is continuous. It is also the case that u(z) =0
if and only if x € A. For if x ¢ A, it can be seen that if ¢ is a sufficiently small
positive number then m7(¢,2) = 0 and hence u(x) > 0. We start a collection of
properties of cofibered pairs (X, A) with this one.

(i) There exists a map u : X — I with u=(0) = A.

Continue to assume a cofibered pair (X, A) with a retracting map r of I x X
onto 0 x X UTI x A. There is a homotopy H : I x X — X defined by

H(t,x) = mor(t, z),

and it has the following properties;
(ii) H(0,z) =z for all x € X;
(i) H(t,a) = a for all a € A;
(iv) H(t,x) € A whenever 1 >t > u(z).
Conversely, if (X, A) is a pair in TOP such that there exists amap u: X — I
and a homotopy H : I x X — X satisfying (i)-(iv), then (X, A) is a cofibered
pair (see Strom [3.8]). For one can then define the retracting map r by

_{ (0,H(t,x)), for ¢ < u(x)
T’(t, T) = { (t —u(z), H(u(z),z)), fort> u(x).

If (X,A) and (Y, B) are cofibered pairs, then (X x Y;AxY UX x B) is a

cofibered pair. For if u, H satisfy (i)-(iv) for (X, A) and if v, K satisfy (i)-(iv)
for (Y, B), then w, L satisfy (i)-(iv) for (X x Y, A x Y U X x B), where

w(ﬂc,y) = mn (u(m),v(y)), L(t7$7 y) = (H(min(t,v(y)),x), K(mln(tvu(x))vy))

If : (X,A) — (Y,B) is a relative homeomorphism of closed pairs in TOP,
then (X, A) a cofibered pair implies (Y, B) a cofibered pair. For let r be a
retraction of I x X onto 0 x X U T x A. The natural quotient map X UB — Y
yields a quotient map I x (X U B) — I x Y. We have a retraction

rUlyxp: IXXUIxB—-0x(XUB)UI x (AUB).

The diagram
IXXUIxB —— 0x(XUB)UIx(AUDB)

| |

I xY O0xYUIxB

induces a retraction I xY - 0x Y UI x B.

A cofibered filtered space X = [J X, in TOP is a filtered space such that
(Xn, X5—1) is a cofibered pair for each n > 0. It is then the case that (X, Xj)
is a cofibered pair. Fix a map ¢ : X — Y and a homotopy Hp : I x Xg — Y
such that Ho(0,z0) = ¢(xg) for all zyp € Xy. One can extend to a homotopy
Hy:1Ix X; — Y such that

Hi(t,z0) = Ho(t,z0), zo € Xo, Hi(0,21) = ¢(z1), =1 € X;.



THE CATEGORY TOP\A OF SPACES UNDER A 61

Similarly, one obtains inductively a sequence H, : I x X,, — Y and obtains
H:Ix X — Y as the common value of the H,.

The Category TOP\ A of Spaces Under A

Fix a compactly generated space A. The category TOP\ A of spaces under A
has as objects all maps v : A — X in TOP. We most often denote the object
simply by X, regarding the map v as implicit. The morphisms ¢ : X — Y of
TOP\ A are the commutative diagrams

A A
ul V'l
X % .y

in TOP.
There is a homotopy relation ~ in TOP\ A. Given ¢y, ¢; : X — Y with
dov =1/, v =1,
then ¢g is homotopic to ¢1 in TOP\ A if there exists a homotopy H : IXx X — Y
joining ¢g to ¢ such that
H(t,v(a)) =V'(a), a € A, t €I

The homotopy category 7TTOP\ A has as objects all spaces X under A and as
morphisms X — Y all homotopy classes [¢] of morphisms ¢ : X — Y in TOP\ A.
A map ¢ : X — Y in TOP\A is a homotopy equivalence in TOP\ A if there
exists amap 0 : Y — X in TOP\ A with ¢ and ¢ homotopic to the identity in
TOP\ A.

We call amap ¢ : X — Y in TOP\ A a weak homotopy equivalence in TOP\ A
if : X — Y is a homotopy equivalence in TOP. Such a ¢ has a homotopy
inverse in TOP but not necessarily in TOP\ A.

Cofibrations and TOP\ A

A map v : A — X is a cofibration if v is an inclusion map onto a closed
subset v(A) of X, and if (X,v(A)) is a cofibered pair. Denote by COF\ A the
full subcategory of TOP\ A whose objects are the cofibrations v : A — X.

Let v: A — X be an arbitrary space under A. There is then the diagram

IxAL1xA~ALX
and its pushout diagram
IxA —2— X
| 1|
IxA "5 TIxAU,X.
We then have the relative homeomorphism of pairs

(IxAJdIxA)—IxAU, X,0x AUX),
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from which it follows that the latter pair is a cofibered pair. Since (0x ALX,0x A)
is also a cofibered pair, then (I x AU, X,0x A) is a cofibered pair. Alternatively,
the map

A Tx AU, X

which identifies a € A with (0, a) is a cofibration. This is the mapping cylinder
construction pointed out at the end of Chapter 2. There is the commutative
diagram

A A

IxAU, X —2 . X

where ¢ is induced by the map I x AU X — X which maps (¢, a) into v(a) and
x into z. It can be checked that ¢ is a weak homotopy equivalence in TOP\ A.
We often denote I x AU, X by EX and v/ by Ev.

Theorem 3.1 Consider the commutative diagram

A A
”l Vfl
X 2 .y

i TOP, where v and V' are cofibrations. If ¢ is a weak homotopy equivalence
in TOP\A, then ¢ is a homotopy equivalence in TOP\ A.

PROOF. Choose amap 6 :Y — X with 8¢ ~ 1x in TOP. Let H : I x X — X
be a homotopy with

H(O,2) = 66(x),  H(1,7) ==
One next uses the fact that v/ is a cofibration. Define
Ko:0xYUIxV(A) —X

by
checking that the definitions coincide on 0 x v’ A. Since v’ is a cofibration, there

exists an extension K : I XY — X.
Define p: Y — X by u(y) = K(1,y). Then

u('a) = K(1,V'a) = H(1,va) = va,

and p is a morphism of TOP\ A.
One next shows that p¢ ~ 1x in TOP\ A, using the cofibration condition on
v. Since (X,vA) is a cofibered pair, so is
(I,0I) x (I,0) x (X,vA).

Define
My:0I x Ix XUIx0xXUIxIxvA— X
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Mo (0, u,2) = K(u, ¢(z)),  Mo(1,u,2) = H(u,z),
My(t,0,z) = 0¢(x), My(t,u,va) = K(u,v'a) = H(u,va),
and check that My is a well defined continuous function. Extend My to a map
M:ITxIxX—X,
and define L: I x X — X by
L(t,z) = M(t,1,z).

Then check that L is a homotopy in TOP\ A from u¢ to 1x.
Thus ¢ : X — Y has a left homotopy inverse 1 : Y — X in TOP\ A. Similarly
u has a left homotopy inverse 7: X — Y in TOP\ A, thus
¢~ THO ~T
in TOP\A and ¢ and p are homotopy inverses in TOP\A. [

Corollary 3.2 Let (X, A) be a cofibered pair. Then the inclusion A > X is a
homotopy equivalence if and only if A is a strong deformation retract of X. In
particular, (X, A) is a cofibered pair if and only if 0 x X UI X A is a strong
deformation retract of I x X.

PRrROOF. To obtain the first conclusion, apply (3.1) to

A A
|
A— - X

To obtain the second, note that 0 x X UI x A — I x X is a homotopy equiva-
lence. O

Fibrations and the Category TOP /B of Spaces over B

Fix a compactly generated space B. The category TOP/B of spaces over B
has as objects the maps g : X — B in TOP. As with spaces under A, we often
denote the object g : X — B by X. The morphisms ¢ : X — Y of TOP/B are
the commutative diagrams

¢

X — Y
AR
B B

in TOP.
Given an object g : X — B in TOP/B there is the object gm : [ x X — B,
where 7 : I x X — X is the projection. If 6y,60; : X — Y are maps in TOP/B,
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then 6y is homotopic to 61 in TOP/B, written 6y ~ 61, if there is a morphism
H : I x X — Y such that

H(0,z) =0(z), H(1,z) = 01(x),z € X.

A map ¢ : X — Y in TOP/B is a homotopy equivalence in TOP/B if there
isamap 0§ : Y — X in TOP/B with ¢0 ~ 1y and ¢ ~ 1x in TOP/B. A
homotopy equivalence in TOP/B is also called a fiber homotopy equivalence. A
map 0 : X — Y in TOP/B is a weak homotopy equivalence in TOP/B if it is a
homotopy equivalence in TOP.

A fibration in TOP is a map g : Y — B such that for any commutative
diagram in TOP

Ox X —2° .,y

(| di
IxX -2 . B

there exists a [lifting: a map 6 : I x X — Y such that 68i = ¢y and gf = ¢;.
We denote by FIB/B the full subcategory of TOPwith objects the fibrations
g:Y — B.

Immediate remarks then include the following:

(3.3;1) A composition of two fibrations is a fibration.

(3.3;ii) Every projection map A Xx Y — Y in TOP is a fibration.

(3.3;iii) The maps eg: Bl — B, eg(c) = (0), and ep1 : Bl — B x B,
eo,1(0) = (0(0),0(1)), in TOP are fibrations.

(3.3;iv) If B’ 4 BLYisa diagram in TOP where ¢ is a fibration,
and if

y! % Ly

o
B —2.B
denotes the pullback diagram, then ¢’ is a fibration; when the context
is clear, we will write it as ¢’ : ¢*Y — B’.
(3.3;v) If g : Y — B is a fibration and if B’ is a closed subset of B, then
g|lY’: Y’ — B'is a fibration, where Y’ = g7 B’.
(3.3;vi) Given a map g : X — B in TOP, denote by E’X the subspace
of X x B of all [(x,0) : g(x) = 0(0)] and define E'g : E'X — B by
E'g(z,0) =0o(1). E'X is the pullback of

x4 B& B!

and the map E'g : E'’X — B is a fibration.
(3.3;vii) Given a space B in TOP and a cofibered pair (X, A) in TOP,
then the restriction map BX — B4 is a fibration.

The following theorem is due to Dold [3.2].
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Theorem 3.4 Consider the morphism ¢ : X — 'Y in TOP/B, i.e. the commu-
tative diagram in TOP

X 2 .y
of 4]
B B

and suppose that g and g’ are both fibrations. If ¢ is a weak homotopy equiva-
lence in TOP/B, then ¢ is a homotopy equivalence in TOP/B.

PRrROOF. Let 0 : Y — X be a homotopy inverse for ¢ in TOP. Then ¢6 ~ 1y,
and there is a homotopy H : I x Y — Y joining ¢0 to 1y. Hence ¢'H is a
homotopy joining g6 to ¢’. Since g is a fibration, there isamap K : I xY — X
with gK = ¢'H and K(0,y) = 6(y). Define p: Y — X by u(y) = K(1,y) and
note that p is a morphism in TOP/B.

One next shows the existence of a homotopy L : I X Y — Y joining ¢p to 1y
and with ¢'L(¢,y) = ¢'(y), i.e. that ¢u ~ 1y in TOP/B. Define

My:IX0XxYUIIXxIXY =Y
by
MO(07t7 y) = ¢K(t7y)7
M0(17t7y) :H(t7y)7
MO(8707y) = ¢0(y)7
Define M : I x I xY — B by
M(s,t,y) = gK(t,y) = ¢’ H(t,y).

There is a homeomorphism (I x I,0 x I) — (I x I,I x 0U0I x I) and hence a
homeomorphism (I X I xY,0x I XY) - (IxIxY,Ix0xYUOJI xIxY).
That is, there is a commutative diagram

OXIXY — & Ix0xYUAIxIXY

d 1|

IxIxy —" IxIxXY

in TOP with 4, 5 inclusions and hg, h homeomorphisms. Since ¢’ is a fibration,
the commutative diagram

0x [ xy Mho, y

| /|
IxIxy M, B

has a lifting L' : I x I x Y — Y. Define L(s,y) = L'h~%(s,1,y). Note that L is
a homotopy between ¢u and 1y in TOP/B.
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Thus ¢ has a right homotopy inverse p in TOP/B. Similarly p has a right
homotopy inverse 7, and

o~ gur ~.
Thus ¢ and p are homotopy inverses in TOP/B. O

Cofibrations, Fibrations, and Liftings

Given a commutative diagram

A ¢D

S
$1
X —— B
in TOP, a lifting of the diagram is a map 6 : X — Y in TOP such that 8f = ¢g

and gf = ¢;. We are interested in conditions on f and g that ensure that the
diagram has a lifting. We start with a theorem from Strom [3.8].

Theorem 3.5 Let g:Y — B be a fibration and let (X, A) be a cofibered pair
with the inclusion i : A — X a homotopy equivalence in TOP. Then every
commutative diagram

A ¢D

Ll
X . B
has a lifting 0 : X — Y.

PROOF. Let u: X — I be a map with u=(0) = A. By (3.2) there is a strong
deformation retraction of X onto A, in the form H : I x X — X of a homotopy
{H: : 0 <t <1} with H; the identity map of X, with each H; restricted to A
the identity map of A, and with Hy a retraction of X onto A. It is no restriction
to suppose in addition that

H(p(z),z) =H(1,z), z € X.
For otherwise one would replace H by H’, where

H(t/u(z),z), if p(xz)>0and pu(z) >¢t>0
H'(t,z) =< =, if pz)=0=t
H(1,z), if1>1t> p(x).

Hence we suppose the added condition holds. Then the commutative diagram

0x X —Poffo, y

i| i
Ixx 27, p
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has a lifting K : I x X — Y. Define 6 : X — E by 0(z) = K(u(x),z). O

Corollary 3.6 Consider the commutative diagram in TOP

Ox XUIxA -2,

J| ‘|
IxX _% . B

where (X, A) is a cofibered pair and g is a fibration. There is a lifting 6 : [x X —
Y.

PrROOF. By (3.2), (I x X,0x X UI x A) is a cofibered pair with the inclusion
a homotopy equivalence. [

Theorem 3.7 Consider the commutative diagram in TOP

%o

A ——

[
X - . B

where (X, A) is a cofibration and where g is a fibration and a homotopy equiva-
lence in TOP. Then the diagram has a lifting.

PROOF. There is the weak homotopy equivalence in TOP/B given by

y -2 . B

|l

which is then by (3.4) a homotopy equivalence in TOP/B. Let s : B — Y
denote a homotopy inverse in TOP/B. Then gs = 1p, and there is a homotopy
H:IxY — Y joining sg to 1y as a fiber homotopy. Consider the commutative
diagram

Ox XUIxA -2,y
| o

where
F(t,z) = ¢1(x),
Fo(0, %) = s¢1 (),
Fo(t,a) = H(t, ¢o(a)).
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By (3.6), there is a lifting G : I Xx X — Y and one can take G(1,x) as the desired
lifting. [

Two Homotopy Lifting Theorems

Using the cofibration and fibration associated to a map in TOP, we next prove
two homotopy lifting theorems by weakening the hypotheses in (3.5) and (3.7).

Given amap v : A — X in TOP, there is the associated cofibration Fv : A —
EX and the pushout diagram

I1xA 2 X
al i|
IxA —Z" EX.

Suppose that we are given a homotopy commutative diagram

A % Ly
AR
X - . B

with homotopy Hy : I x A — B joining g¢o and ¢yv. The maps Hyp: I x A — B
and ¢; : X — B induce a map on the mapping cylinder f : EX — B. There is
a commutative diagram

A >,y
Eul gl
EX — . B

Conversely, suppose that we are given a commutative diagram

A Ly
wl
Ex —1 B.
The diagram
A2y
AR
x Y. B

is homotopy commutative with homotopy f.
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Homotopy commutative diagrams can also be interpreted in terms of associ-
ated fibrations. Given amap g : Y — B in TOP, there is the associated fibration
E'g: E'Y — B and the pullback diagram

EY ——— B

TFJ, EOJ,
y — 2. B.

Suppose that we are given a homotopy commutative diagram

ALY

AR
X _9 B
with homotopy Hy : I x A — B joining g¢o and ¢1v. By (1.14) there is the

map LHy : A — B!. The maps ¢o and LH, induce a map f: A — E'Y. The
diagram

A1 By

Ll
$1
X —— B
is commutative. Conversely, given a commutative diagram

A1 By

| el
1
X 2. B

the diagram
Ay
AR
X _9 B

is homotopy commutative with homotopy L~1(7f).

Theorem 3.8 Suppose that v : A — X is a homotopy equivalence in TOP, and
that g 1 Y — B is a fibration. Given a homotopy commutative diagram

4
L
X " .B

in TOPand a homotopy Hy : I X A — B joining gog to ¢1v, there exists a map
0: X —Y with g6 = ¢1 and a homotopy H : I Xx A — 'Y joining ¢g and Qv with
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H() = gH

ProOF. There is the pushout diagram
IxA —~2— X
TR
IxA —— EX

and the commutative diagram

A Py
Eul gl
EX —L . B

described above. The map Ev : A — EX is a cofibration and a homotopy
equivalence in TOP. By (3.5) there is a lifting h : EX — Y. Let 6§ = hj and
H=hr. O

The following is the homotopy extension lifting property, or as Boardman and
Vogt [4.1] have called it, HELP.

Theorem 3.9 (HELP) Suppose that g : Y — B is a homotopy equivalence in
TOP, and that v : A — X is a cofibration. Suppose that

A % Ly

Ll
X . B
18 a homotopy commutative diagram and that we are given a homotopy Hy :

I x A — B joining g¢g to p1v. Then there exists a map 0 : X — Y with Qv = ¢
and a homotopy H : I x X — B joining g0 to ¢1 with H(1; X v) = Hy.

ProOF. There is a commutative diagram
Yy — . BY

T

B 2, B

where k(z) = (z,0,) and o, denotes the constant path at g(x). Since g is a
homotopy equivalence in TOP, E’g is a homotopy equivalence in TOP. There
is the pullback diagram

EY ——— B
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and the commutative diagram

X 1
described above. By (3.7) there is a lifting h : X — E'Y. Let § = 7h and let
H=L"rh). O

Homotopy Equivalences and Weak Homotopy Equivalences in TOPY

We now return to the mainstream of our topic by investigating further than at
the end of Chapter 2 the category G with two objects 0 and 1 and one nonidentity
morphism 0 — 1. The objects X of TOP’~! are the maps Xy - X; and the
morphisms ¢ : X — Y are the G-maps, i.e. the commutative diagrams

XOL}/O

Ll
b1
X1 E— Yl.
As introduced just prior to (2.16), there is a notion of homotopy in TOPY for
any small category G. Given the G-space X, there is the G-space I x X, and
there are the G-maps

mo, 1 X — I x X.

Two G-maps ¢,0 : X — Y are homotopic in TOPY if there exists a G-map
H:IxX — Y with ¢ = Hng and 8 = Hm;. This is an equivalence relation
~ on the G-maps X — Y. A G-map ¢ : X — Y is a homotopy equivalence in
TOPY if there exists a G-map 6 : ¥ — X with ¢ and ¢ both homotopic in
TOPY to the identity G-map. Denote by HE the subcategory of TOP® whose
morphisms are the homotopy equivalences in TOPC.

The homotopy category "TOPS of TOP® is the category whose objects are
the G-spaces X and whose morphisms are the homotopy classes [¢] of G-maps
¢ : X — Y. There is the functor

F': TOPY — 7#TOP¢

which is the identity on objects and which takes ¢ into [¢]. The isomorphisms of
TTOPC are precisely the homotopy classes whose representatives are homotopy
equivalences in TOP®. Given any functor F : TOP® — C such that whenever
¢ is a homotopy equivalence of TOP® then F¢ is an isomorphism of C, there
exists a unique functor F” : 7TTOP® — C with F = F"F’. To prove this, note
for any G-space X that mg, 7 : X — I X X are homotopy equivalences in TOPY
with common homotopy inverse the projection G-map v : I x X — X. Then
Frg = Frmp and if ¢g, ¢1 : X — Y are homotopic in TOPY then Fog=Foq.
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In the language of Gabriel-Zisman [2.4], we thus have 7TTOPY = TOP®[HE].
That is, 7TOPY is the category obtained from TOP® by inverting the homotopy
equivalences in TOP®.

We need also the weak homotopy equivalences of TOPY, that is the G-maps
¢ : X — Y such that for each p € Ob G the map ¢, : X(p) — Y(p) is a
homotopy equivalence in TOP. Denote by WHE the subcategory of TOPY
whose morphisms are the weak homotopy equivalences in TOPC.

Cofibrations and Fibrations as Objects of TOP"~!

We return to TOP? ™!, Denote by COF the full subcategory of TOP~! whose
objects are all the cofibrations in TOP°~!, and by FIB the full subcategory of
TOP?~! whose objects are the fibrations in TOP?~!,

Theorem 3.10 Let v : A — X and 7 : B — Y be cofibrations in TOP, and
let ¢ : v — 7 be a morphism in TOP°™! such that both ¢g : A — B and
¢1 : X — Y are homotopy equivalences in TOP. That s, suppose there is a
commutative diagram

ALB

]
X 2,y

with ¢ a weak homotopy equivalence in TOP’~. Then ¢ is a homotopy equiv-
alence in TOP°™1,

PrROOF. We will prove that ¢ has a right homotopy inverse 6, and the usual
argument will then show that ¢ and 6 are homotopy inverses. Start by picking
any homotopy inverse 6y : B — A and picking any homotopy Hy : [ x B — B
joining ¢ to 15. Then use (3.9) on the diagram

B %, x

1 el

y 2 .y

and the homotopy 7Hy to obtain #; : Y — X and a homotopy H; : I XY — Y
such that Hy and H; give a homotopy joining ¢f to 1.

The freedom to pick 6y and the homotopy Hy arbitrarily will be useful in
other contexts. [

Theorem 3.11 Consider the commutative diagram in TOP

%o

Y — Y

T

B —— B
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where g’ and g are fibrations and where ¢g and ¢1 are homotopy equivalences
in TOP. That is, consider the weak homotopy equivalence ¢ : & — & in
TOP’=Y, where & and £ are both fibrations. Then ¢ is a homotopy equiva-
lence in TOP*~!.

PRrROOF. It suffices to show that ¢ has a left homotopy inverse. Choose a left
homotopy inverse 61 : B — B’ for ¢; and a homotopy H; : I X B’ — B’ joining
1p/ to 01¢1. Now use (3.8) on the diagram

YI ly Y/

N
y 29, pr

and the homotopy H;(1; X g') to obtain a map 6y : Y — Y’ and a homotopy

Hy:IxY' — Y’ joining 1y and 6y¢p. [

Categories with Principal Models

Let C be a category with a homotopy relation on its morphisms, and thus an
associated homotopy category mC. One assumes an equivalence relation ~, ; on
each set of morphisms p < ¢, such that if g, ¢’ : ¢ — p have g ~,, 4 g’ then for
any

h f
S§<—p, qg<7r

we have hgf ~, hg'f. Denote by HE the subcategory of C' whose morphisms
are the homotopy equivalences of C'. Assume we are given a subcategory WHE of
C containing HE, whose morphisms are called the weak homotopy equivalences of
C. Let M be a subcategory of C, whose objects are called models. The objects of
M are called principal models or principal objects if there is a functor £ : C — C
and a natural transformation T': E — 1 which satisfy the following:

(1) For each object X of C, the object EX is a model.

(2) For each object X of C, Tx : EX — X is a weak homotopy equiva-
lence.

(3) If X and Y are models and ¢ : X — Y is a weak homotopy equiva-
lence, then ¢ is a homotopy equivalence.

(4) If ¢,0 : X — Y are homotopic morphisms then E¢, E0 : EX — EY
are homotopic.

(5) If the morphism ¢ : X — Y is a weak homotopy equivalence, then
E¢ : EX — EY is a weak homotopy equivalence (and therefore a
homotopy equivalence by (3)).

Theorem 3.12 Suppose that C is a category with principal models as above, and
consider the diagram in C

ALy & x
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where A is a model and where 0 is a weak homotopy equivalence. Then there is
exactly one homotopy class of maps p: A — X such that ¢ ~ Op.
PRrOOF. Consider the diagram

EA 22, gy <2 Epx
TAl Tyl Txl
Ay % x

It follows from our assumptions that 74 and E6 are homotopy equivalences,
therefore invertible in the homotopy category. Hence there exists p with the ho-
motopy relation holding. We have now to show that it is unique up to homotopy.
Otherwise there are nonhomotopic maps p1, p2 : A — X with 6uy ~ Qus. From

the diagram

E6

EX EY

we see that the maps Fu, Eus are not homotopic while E(0)E(u1) ~ E(0)E(u2).
But E(f) is an isomorphism in the homotopy category, which furnishes a con-
tradiction. [

Cofibrations as Principal Models in TOP?~!

Given a morphism ¢ in TOP°™!, that is a commutative diagram

ALB

there is a commutative diagram

AL»B

EX —" ., gy,
where 8y = ¢ and 6; is the map on quotients induced by the map I x AL X —
IxBUY, (t,a) — (t,¢0(a)), a € A, t € I, z — ¢1(x), x € X. This gives
a functor E : TOP*™! — TOP°™! by v — Ev, ¢ — 6. There is a natural
transformation 7' : F — 1 given by the diagram

1
A —A>
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where ¢'m,(t,a) =v(a), a € A, ', (z) =z, x € X.

The functor E and the natural transformation T exhibit COF as a subcat-
egory of principal models in TOP°™!. It is clear from the mapping cylinder
construction that each F, is a model and each T, : Ev — v is a weak homo-
topy equivalence in TOP°™!. By (3.10) a weak homotopy equivalence between
models is a homotopy equivalence. The conditions (iv) and (v) will normally be
automatic in our cases. For (iv), suppose that v : A — X and 7: B — Y are
objects in TOP*~! and ¢,0 : v — 7 are homotopic morphisms in TOP°~!, with
the homotopy being exhibited by the commutative diagram

IxA -2, 1xB

11><VJ/ 11><7'J/

IxXx I, Ixy.
The functor E takes this diagram to the commutative diagram

IxA -, IxB

11><Eul 1IXETl

IxEX - IxEY

where Gg = Hy and G is the map on quotients induced by the map I x I x ALl
IxX > IxIxBUIXY, (ts,a)— (tHo(s,a)), a € A, (t,x) — Hi(t, z),
x € X. G exhibits a homotopy between E¢ and E6.

The above argument also shows that, given an object A in TOP, COF\ A is
a subcategory of principal models in TOP\ A.

Another classic example of a category with principal models is as follows.
Take as starting point the category top, and apply the simplicial apparatus of
Chapter 2. There are functors

()Y

top —~— SETA’

ol

— TOP,

where for any space A denote by AV the simplicial set {AY("} where the topol-
ogy on AV(" is replaced by the discrete topology. We thus have the composite
functor

E : top — top

which sends A into |AY|. Moreover one has a natural transformation 7 : E — 1
where given a space A then

Ty:|AY| — A

sends each o XA (to, -+ ,ty) into o(tg, - - -, t,). The principal models in this case
are the CW-complexes; the weak homotopy equivalences are those maps in top
which are always called the weak homotopy equivalences of top. There results,
then, an example of what we have called a category with principal models. See
Spanier [2.12] or Whitehead [1.6] for full treatment, perhaps in a different format.
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Categories with Coprincipal Models

As for categories with principal models, let C' be a category with a homotopy
relation, associated homotopy category mC, and subcategories HE and WHE.
Let M be a subcategory of C, whose objects are called models. The objects
of M are called coprincipal models or coprincipal objects if there is a functor
E’ : C — C and a natural transformation T : 1 — E’ which satisfy the following:

(i) For each object X of C, the object E'X is a model.

(ii) Each Tx : X — E'X, X an object of C, is a weak homotopy
equivalence.

(iii) If X and Y are models and ¢ : X — Y is a weak homotopy equiv-
alence, then ¢ is a homotopy equivalence.

(iv) If ¢,0 : X — Y are homotopic morphisms then E'¢, E'6 : E'X —
E'Y are homotopic.

(v) If the morphism ¢ : X — Y is a weak homotopy equivalence, then
E'¢: E'X — E'Y is a weak homotopy equivalence (and hence a ho-
motopy equivalence).

Theorem 3.13 Let C' be a category with coprincipal models as above. If
AL XLy

is a diagram in C' where A is a model and p is a weak homotopy equivalence,
then there is a unique homotopy class of morphisms 6 :' Y — A with ¢ ~ Ou.
In particular, given an object X of C, there is a model A and a weak homotopy
equivalence X — A unique up to a homotopy equivalence.

The proof is an exercise.

Fibrations as Coprincipal Models in TOP"~!

Given an object g : Y — B in TOP’™!, by (3.3;vi) there is an associated
fibration E'g : E'Y — B. Given a commutative diagram

X " .y
AR
A% . B
in TOP, there is a commutative diagram

Bx —% ., gy

E'fl E'gl

A . B

where 0y(z,0) = (¢o(x),$10), x € X, 0 € B!, and 6; = ¢1. This gives a functor
E': TOP'~! — TOP®~! by g — E'g, ¢ — 6. There is a natural transformation
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T :1— E’ given by the commutative diagram

y -, gy

QJV Eng,
B 2. B

where ¢o(y) = (4, 04(y)), ¥ € Y, and o4y is the constant path at g(y).

The functor E’ and the natural transformation T exhibit FIB as a subcategory
of coprincipal models in TOP*~!. Condition (iii) follows from (3.11), and the
other conditions follow routinely as for cofibrations. FIB/B is a subcategory of
coprincipal models for TOP/B.
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CHAPTER IV

A Basic Model for Equivariant General Topology

The equivariant general topology of actions of small categories emerged as an es-
tablished topic around 1970. Topological presentations were given by Boardman-
Vogt [4.1], May [2.8], and Segal [4.4], and a semi-simplicial presentation was given
by Bousfield-Kan [2.1]. Among other topics aimed at applications, each gave a
supporting model for the equivariant general topology that was needed for the
applications. Among new features were the consideration of equivariant topology
as a subject encompassing actions of small categories, the presentation of homo-
topy colimits and homotopy limits as primary invariants of a G-space, and the
more thorough incorporation of homotopy into the core of equivariant topology.

It is our goal in these first four chapters to give a beginning model for the sup-
porting equivariant general topology, drawn from the above work of Boardman-
Vogt, May, and Segal. In this chapter, we provide a beginning account of the
homotopy colimits and the homotopy limits of G-spaces in TOP, where G is
any small category. One needs a chosen way of producing for each G-space X
in TOP standard models for these homotopy limits and homotopy colimits. We
chose the most standard model for homotopy colimits in Chapter 2, the functor

Ba(o) : TOPY — TOP, X — BgX.

In this chapter, we have to explain the context in a meaningful way, i.e. the
special role of the principal G-spaces and their duals, the coprincipal G-spaces.
We want to end up for each small category G with a category of principal models
and a category of coprincipal models as was done in a simpler setting in Chapter
3; the terminology “principal” used there was motivated by the examples of this
chapter.

The material of this chapter is one of two approaches to the subject, that in
which general operator domains acting on spaces are taken as given and spaces
are used as invariants of the actions. In the other approach, spaces are taken as
given and one seeks an equivariant framework to understand the spaces better;
one seeks constructions which assign operator domains to a space. We wait until
later chapters to introduce this aspect of the subject, in which Stasheff has been
the leader. See his overview [4.5] for background on both sides.

79
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The Subcategory Id G of G and Extension TOP!¢¢ — TOP®

There is the subcategory Id G of G whose morphisms are all the identity
morphisms of G, and an Id G-space is precisely a collection A = {A(p)|p €
Ob G} of spaces. Thus the category TOP'?“ has as objects the collections A
of compactly generated spaces, and as morphisms ¢ : A — A’ all collections
¢ ={dp: A(p) — A’'(p)} of maps.

If i : Id G — G denotes the inclusion functor, there is the extension functor

Ty TOP!4 ¢ - Top®

of Chapter 1. Given a collection A = {A(p)} of compactly generated spaces,
then the G-space ixA has

(ixA)p) = [ G.9) x A,

q€0b G

and the action of G assigns to p’ <~ p and (¢/,z) € G(p,q) x A(q) the element
9(¢',x) = (9¢',z). Thus we can denote the G-space ixA by G xop ¢ A. Clearly
if each A(p) is in TOP, then each (ixA)(p) is in TOP, and we have the functor

iy : TOP'4C — TOPC.

Note that we could equivalently consider TOP'¢ ¢ as the category TOP/Ob G
of spaces over the discrete space Ob G.

These G-spaces ixA will be fundamental building blocks for nice G-spaces.
To see why, it is instructive to look first at the untopologized setting.

Free G-Sets

A G-set is a functor X : G — SET. It thus assigns to each p € Ob G a set
X (p) and to each g : p — ¢ a function g. : X (p) — X (q) sending = € X (p) into
g+ = gz € X(q), satisfying g.g, = (g99')« and 1. = 1. A G-set X is said to be
free if there exists a collection A = {A(p)|p € Ob G}, where each A(p) is a subset
of X(p), such that given g and x € X(q) there is a unique p € Ob G, a € A(p)
and g : p — ¢ such that ga = x. In the semi-simplicial presentation of our topic,
the free G-sets are a basic notion. See Dror Farjun [4.2] for an exposition of the
use made of this concept. In a topological presentation such as this one, the
most basic G-spaces will be free as G-sets but the choice of generating set A has
to be tightly connected to the topology. We will soon introduce these G-spaces
precisely, and call them the principal G-spaces. They have been presented as
we present them in the monoid case by Steenrod [4.6], and in the general case
by Boardman-Vogt [4.1], although neither bothered to name them. The concept
of principal G-space used here differs somewhat from that used classically for
compact Lie groups, but we argue later in the chapter that it is the proper
concept, since it gives the appropriate class of principal G-spaces for the case in
which G is the category 0 — 1.

Consider the full subcategory SETY of TOPY whose objects are the dis-
crete G-spaces, i.e. the G-sets. Consider also the full subcategory SETZ? € of
TOP!? ¢ whose objects are the collections A of discrete Id G-spaces, i.e. the
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full subcategory whose objects A have each A(p) a set, and whose morphisms
¢ : A(p) — A'(p) have each ¢, a function from A(p) to A’(p). Then it is easy to
present the free G-sets in terms of the extension functor. There is the extension
functor iy : SET? ¢ — SET® sending an Id G-set A into the G-set

i#AZ G XObgA,

and X is a free G-set if and only if X is isomorphic in SETY to some iuA =
G X0obG A.

Principal G-Spaces

As above, the category TOP'® ¢ has as objects all collections A = {A(p)|p €
Ob G} of compactly generated spaces, and as morphisms ¢ : B — A all collec-
tions ¢ = {¢p} of maps ¢, : B(p) — A(p). If each B(p) is a closed subset of
A(p), then we speak of (4, B) as a closed pair in TOP “. If each (A(p), B(p)) is
a cofibered pair in TOP, then we say that (4, B) is a cofibered pair in TOP?? @,

There is the above functor

iy : TOP'4E — TOPY
sending an Id G-space A into the G-space
igA=GCGxomaA={ [ G9 x A}
q€0b G

A G-space X is said to be a principal G-space if there exists a filtration X =
Unso Xn of X in TOPY such that:

(i) Xo is homeomorphic in TOP¢ to ixAo = G X 14 Ao for some Id G-
space Ag;

(ii) for each n > 0 there is a closed cofibered pair (A, B,) in TOP¢ ¢
and a relative homeomorphism

(G xoba An, G X0b G Bn) = (X0, Xn—1)

of G-spaces. Equivalently, there is a G-map G xXop ¢ Br, — X,—1 and
a pushout diagram

GXObGBn —_— Xn—l

! l

G XObgAn EE— Xn.

(4.1) For every Y in TOPS the G-space EgY of Chapter 2 is a principal G-
space. Similarly the G x G°-space EG of Chapter 2 is a principal G x G°-space.

PROOF. We must first produce a filtration of E¢Y as a G-space. From (2.8),
each of its constituent spaces (EqY)(p) is filtered in TOP as (EgY)(p) =
U(G(p,¢) Q¢ Y)n. From the fact that (G(p, o) @ Y)n consists of all

(907917"' 7gn7y) XA (t07"' 7tn)
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it is clear that any g : p — p’ in G maps (G(p,©) Q@ Y )n into (G(p',0) Qe Y )n-
That is, E¢Y is naturally filtered as a G-space, say as EgY = |J(EgY )x.
Clearly (EgY ) is identified with all (go,y) in G Xop ¢ Y, thus (EgY)o is of
the desired form. More precisely, (EgY ) is G xop g i7Y.
Let n > 0. We must use the existing relative homeomorphism from (2.8)

(G xobc (G% G29) X0y ¢ YV) XA (V(n),0V(n)) = (EcY)n, (EGY )n-1)

in TOP®, where G4¢9 denotes all (g1, ,gn) € G2 such that some g; is an
identity morphism. We can write the left hand side as

G xopa [((GE,G%¥9) xopa Y) xa (V(n),0V(n))]

which is of the desired form.
To see that EG is a principal G x G°-space one proceeds in an analogous way,
arriving finally at the building blocks

G Xopa [(GE, Gﬂ’deg) XA (V(n),aV(n)))] xoba G. O

Thus we have the functor Eg (o) : TOP® — TOP® together with the natural
transformation T : Eg(¢) — 1, and each E¢Y is a principal G-space. We denote
by PRINCC the full subcategory of TOPY whose objects are the principal G-
spaces.

(4.2) If X is a principal G-space, then its colimit X/G is a compactly generated
space. Thus we have the colimit functor

colim : PRINC® — TOP.

PRrROOF. Inductively one shows the filtration X/G = |J X,,/G in Top has each
X, /G compactly generated, from which it follows from (1.18) that X/G is com-
pactly generated. To establish the induction, one needs that X,,/G is a pushout
of

An «— Bn — Xn_l/G

in TOP, after which one uses (1.20). O

Homotopy Properties of Principal G-Spaces

We have adapted the following key theorem from Boardman-Vogt [4.1]. It is
the remaining nontrivial need in showing that TOPC is a category with prin-
cipal objects in the sense of Chapter 3. A G-map ¢ : X — Y is said to be a
weak homotopy equivalence in TOPY if each ¢, : X(p) — Y (p) is a homotopy
equivalence in TOP.

Theorem 4.3 If X and Y are principal G-spaces and if ¢ : X — Y is a weak
homotopy equivalence in TOP®, then ¢ s a homotopy equivalence in TOPES.
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PROOF. Suppose X and Y are principal G-spaces, and that ¢ : X — Y is
a weak homotopy equivalence in TOPY. Let Y = UY, be a filtration for YV
satisfying the properties for a principal G-space. Take n > 0 and make the
following inductive assumption: there exists a G-map 6,1 : Y,,_1 — X and a
G-homotopy Hy,_1:I xY,_1 — Y such that H,_1 joins ¢8,,_1 to the inclusion
it :Y,—1 — Y. The induction hypothesis will be established when we have
extended 6,_1 to 0, : Y, —» X and H,_1 to H, : I xY, — Y so that the
induction hypotheses hold at this next level.

Let (A, B) be a cofibered pair in TOP % and let f : (GxobcA,GxopaB) —
(Y, Y1) be a relative homeomorphism in TOPY. Note that for each pin Ob G
there is a natural inclusion of A(p) in G Xop ¢ 4; simply identify y € Y (p) with
(1p,y) € GxopaY. Let f': A(p) — Yn(p) and f” : B(p) — Yi,—1(p) denote the
restriction of f to these subspaces. We then get a diagram of maps in TOP

f//

On—1)p
B(p) —— Yu_1(p) Lnle,

X(p)

Ji kl %l
Ap) —L— v —— Y

for each p € Ob G.
Associated with the shortened diagram

On1)pf”
B(p) ——— X(p)

i| o
Ap) —L vp)

we also have a homotopy H| : I x B(p) — Y (p) joining ¢,(0rn—1)pf" to if'7,
obtained as the composition

IxBM) "2 1wy, 1 (p) 225 v(p).

Thus we can apply (3.9) to obtain
©': A(p) — X(p)
for all p € Ob G with ©'j = (6,_1),f" as well as a homotopy
H': Ix A(p) — Y(p)
for all p extending Hj, and joining ¢,0’ to if’.
We now have a Id G-map ©' : A — X and a Id G-homotopy H' : I x A =Y
joining ¢©’ to if’. The Id G-map ©' : A — X has a unique extension to a

G-map © : G xppg A — X and the Id G-homotopy H' : I x A — Y has a
unique extension to a G-homotopy H : I X (G Xop g A) — Y.
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We then have a commutative diagram

G xopgB —— Yo

[

GXObgAL) X

in TOPY, and hence a pushout G-map 6, : ¥,, — X.
Similarly there is a commutative diagram

IX(GXObgB) E— IXYn_l

! !

IX(GXObgA)—> Y

in TOP® and a pushout G-map H,, : I x Y,, — Y. The inductive assumption
can now be checked at the next level, and it can also be checked at the first level
as well.

Assuming the induction as having been established, there is a G-map 0 : Y —
X and a G-homotopy H : I XY — Y joining ¢6 to 1. Hence 8 is a right homo-
topy inverse for ¢ in TOP®. Since X is also principal, 6 in the same way has a
right homotopy inverse ¢ in TOP®. Thus 6 has both a right homotopy inverse
1 and a left homotopy inverse ¢ and is thus a homotopy equivalence in TOPC.
Hence ¢ is a homotopy equivalance in TOP®. O

Corollary 4.4 Consider the category TOPS, together with the notion of homo-
topy in TOP® and weak homotopy equivalence in TOP®. Take also the functor

Eg(o) : TOPY — TOP®

given in Chapter 2, together with the natural transformation T : Eg(¢) — 1. Let
the full subcategory of principal objects of TOPY be the full subcategory PRINCY
of principal G-spaces. With this given structure, T' OP% is a category with prin-
cipal objects in the sense of Chapter 3.

The proof is an exercise.

A Homotopy Colimit BX of a G-Space X

Given a G-space X, a principalization of X is a pair (EX,[¢]) consisting of
a principal G-space EX and a homotopy class of G-maps ¢ : EX — X each of
which is a weak homotopy equivalence in TOP®. The standard principalization
of X is E¢X together with the homotopy class of its natural G-map FgX — X.
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(4.5) Given two principalizations represented by ¢o : Eg X — X and ¢1 : E1 X —
X, there exists a unique homotopy class of G-maps 0 : Fg X — E1 X such that

EX —% - EXx
¢0l ¢1l
X X

is homotopy commutative in TOP®, and each 0 is a homotopy equivalence in
TOPC.

This follows immediately from (3.12) and (4.4).

Let X be a G-space. A homotopy colimit BX of X is then a compactly
generated space BX together with a given homotopy class of maps BX — BgX,
each of which is a homotopy equivalence in TOP. The standard homotopy colimit
B X of X is the space defined in Chapter 2 and used above; in this case the given
homotopy class BgX — BgX is the class of maps homotopic to the identity.

Given two homotopy colimits ByoX and B1 X of X, we get a uniquely defined
homotopy class of maps By X — B1X in TOP, those for which the diagram

B()X — BlX

! !

BeX ——— BeX

is homotopy commutative.

Every principalization (EX,[¢]) of a G-space X gives a homotopy colimit
BX = EX/G of X. This follows immediately from (4.5).

Consider for a moment where we are in categorical terms. We have a base
category 7TOP®, the homotopy category of TOPY. We have another category
7PRINCC, the homotopy category of principal G-spaces, a full subcategory of
7TOP® with an inclusion functor S : 7PRINCY — #TOPY. In the language of
MacLane [1.2,p.58], given an object X of 7TOPC, a universal arrow for S at X
is a principal G-space E and a homotopy class of G-maps [¢] : E — X such that
if £’ is any principal G-space and [0] : E’ — X is any homotopy class of G-maps
then there exists a unique homotopy class [v] : B/ — E with [0] = [¢][v]. It can
readily be seen that if (E,[¢4]) is a universal arrow for S at X, then ¢ is a weak
homotopy equivalence in TOPY. Thus the universal arrows are identical with
the principalizations.

The Category TOP® [WHE '] in which WHE’s Are Inverted

Note that we have a model for TOP® [WHE_l] up to equivalence of categories.
The composed functor

TOP¢ £, PRINCE — 7PRINCE
takes every weak homotopy equivalence into an isomorphism. Hence it induces
a functor
TOPY [WHE™!] — nPRINC®.
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On the other hand there is composition
7PRINCY — 7TOPY ~ TOP® [HE™!] — TOP® [WHE!].

By adjointness arguments (see Gabriel-Zisman [2.4]), these set up an equivalence
of categories.

Theorem 4.6 There is the above equivalence of categories
TOP® [WHE™'] ~ mPRINCF.

Alternatively we can take for a precise model for TOP® [WHE ™| the category
whose objects are the G-spaces and whose morphisms X — Y are the homotopy
classes in TOPY of G-maps EgX — EgY.

From this point of view one can consider the standard homotopy colimit as
the composition

TOPS [WHE '] — 7PRINCE %™, 2 TOP.

Note that it follows from (3.12) and (4.4) that in TOP® [WHE™!] the mor-
phisms X — Y are in one-to-one correspondence with the homotopy classes of
G-maps EgX — Y.

Principal G-Spaces for the Category 0 — 1

When we wish to test the meaning of some proposed construct, we first ex-
amine its meaning when G is the category 0 — 1. Here the G-spaces X are the
maps v : Xg — X;. We seek a characterization of the principal G-spaces.

In this example, an Id G-space A is a pair [A(0), A(1)] of compactly generated
spaces, and G Xop ¢ A is the inclusion A(0) — A(0) U A(1). These are the
building blocks. If X = (J X, is a principal G-space, then the G-space X, must
be G-homeomorphic to some

AQ(O) — AQ(O) L Ao(l)

Given a cofibered pair (Y,C) in TOP, we wish to show that the cofibration
C — Y is a principal G-space X = |JX,,. As a first stage, we take for X, the
identity map C' — C, which is of the proper form.

The next stage X7 is obtained as the pushout in TOPY of a diagram

GXObgAH’GXObGB—)XO.

For each p € Ob G, this gives a rectangular pushout diagram. For 0 — 1, the
total diagram specifying X; is therefore a cubical diagram. The proper choice
for our present purpose is to take A; = [, Y] and for B the pair [0, C], so that
we obtain the G-space X7 as the vertical map X;(0) — X;(1) in the diagram
below.
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By (0) =0 X,(0)=C
\Al(m =0 ‘ \Xl(()) =C
|
Bi(0)[[Bi(1) = C Xo(1) =C
\Al(()A)]_[Al(l) -y \Xl(l) —y

Clearly X is then just the given cofibration C' — Y, thus we have the fol-
lowing.

(4.7) Every cofibration v : C — 'Y is a principal G-space, where G is the cate-
gory 0 — 1.

We will prove the converse. In order to do so, we take any principal G-space
X =J X, where X is of the form A(0) — Ap(0)UAg(1) and where inductively
X, is read off the diagram below, it being assumed inductively that X, 1 is a
cofibration.

B, (0) X,_1(0)
\ 4,(0) ‘ \ X,.(0)
|
Bn(O)HB& Xn_l(l\ Vn
An(0) T An(1) X, (1)

The properties of the diagram are as follows.

(i) The top and bottom faces are pushout diagrams.
(ii) All maps in the right vertical face except possibly v, are cofibrations.
(iii) The left vertical face is a pullback diagram of cofibered inclusions.

In order to prove v, a cofibration, we use the following lemma.

(4.8) Assume the following commutative diagram in TOP.
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7 i - X J
o,
K/ , l V’
B 7 - X
\ o’ \
A Y’

Assume also the following:

(i) the top face and the bottom face are pushout diagrams;
(i) the left vertical face is a pullback diagram of cofibrations;
(i) all maps in the right vertical face except possibly V' are cofibrations.

Then V' is a cofibration.

PRrROOF. We may as well suppose in the left vertical face that all the cofibrations
are inclusion maps of cofibered pairs. The pullback property is then that ANB’ =
B.

For any space Z in TOP, there is the fibration 7 : Z! — Z which assigns to
a path f in Z its first point f(0). It is necessary and sufficient for v/ : ¥ — Y’
to be a cofibration that every commutative diagram

y % 71

AR
vy % ., 7z
have a lifting o : Y/ — Z71.
Since v is a cofibration, and since 7w is both a fibration and a homotopy
equivalence, one can apply (3.7) to

XM—j>ZI

1

x 2,z

obtaining A : X’ — Z! with 7\ = p/j’ and \v = pj.
The map \¢' : B’ — ZT then has

'ﬂ')\¢l — /,lz/j/¢l — /,Lleli/.
Consider the maps

N B — 71, pud: A— 771
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It is seen that

%

B=AnNnB —— A
SR
B g
commutes, since
Ak = Mg = pjo = pbi.

That is, we get a well defined map B’ U A — Z! which we denote by \¢’ U u6.
We use without proof Lillig’s theorem; see Lillig [3.6] or James [3.5]. Lillig’s
theorem asserts that if X is a compactly generated space and if A and B are
closed subsets such that A, B and AN B are cofibered subsets of X, then AU B
is a cofibered subset of X.
By Lillig’s Theorem, (A’, B'U A) is a cofibered pair. Hence the commutative
diagram

BlUA 2 g
PN

has a lifting p : A’ — Z! with
mp=p'0, pi' =\, pk' = pb.

The commutative diagram

A P 7T

gives, by the pushout property of the bottom face, a unique map o : Y’/ — Z!
such that

ot =p, oj’ =\
One then checks that o is a lifting of the original diagram. O

Corollary 4.9 For G the category 0 — 1, a G-space X of the form Xy = X
is a principal G-space if and only if the map v is a cofibration in TOP.
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Relationship Between the Reduced Product and Mapping Bifunctors
We come back to the mapping bifunctor of Chapter 1

TOPY x (Top®*#")° — TOPH,

where given X in TOP® and Y in Top®*#” we get (X Y)TopG in Top” defined
by

(X ) pope (@) = (XY D)o

That is, (XY)TOpc (g) is the space of all G-maps Y (¢, ¢) — X. Here (XY(O"I))TOpc
is a closed subset of [[, X (p)Y 9, which inherits the property of being com-

pactly generated from X (p), thus is in TOP¥ as asserted.
We risk confusion by using XY in place of (X Y)TopG’ and depend on the
reader to supply the context.

Theorem 4.10 Let X be in TOPY, let Y be in TopGXHO, and let Z be in
Top™ X" . We then have Y x i Z in Top®**" | and from TOP% x (Top®*¥")o —
TOPKX get

xYxnZ

in TOPX. Alternatively, from TOP® x (TopS*H" Yo — TOP? we get XY in
TOPH | whence from TOP? x (TopHXKO)" — TOPX we get

(x1)?
in TOPX. There is a natural homeomorphism of K-spaces

XYXHZ ~ (XY)Z

PROOF. We assume the following about the basic mapping bifunctor TOP x
(Top)® — TOP.

(i) If M is closed in X, the natural map MY — XY is an inclusion map
onto a closed subset.

(ii) From (1.15), if 7 : Y — Z is a quotient map, then 7# : X% — XV
is an inclusion map onto a closed subset.

(i) x1liea Y@ o XY@,

(iv) (Ipep X@)" =Il,ep X(»)"-

) Tl X (0, )Y 2 ~ T (1T, X (0, )Y »?) ~ [[,(IT, X (p, ) PD).

(vi) XYXZ ~ (XY)2,

Assuming these, the proof transforms the spaces XY *#Z(r) and [(XY)Z](r)
into closed subsets of the compactly generated space

H X(p)Y(nq)XZ(q,T)_

p,q
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From the quotient map

[TY® ) x Z(g,r) = (Y xu Z)(p,7)

and from (ii), (iii), (v) we get an inclusion map onto a closed subset
XYxuZ(py H HX(p)Y(pyq)XZ(q,r) ~ HX(p)Y(p"I)XZ(W).
P q P.g

From (i), (iv), (v), and (vi) we get a closed inclusion

[(XY)Z](T’) < H(XY(o,q))Z(q,r) AN H(H X(p)Y(P#]))Z(q,T)

~ H H X(p)Y(nq)xZ(q,r) ~ H X(p, q)Y(p,q)xz(qﬂﬂ)'
qa p .
It is seen that both of the images in

H X (p)Y P xZ(ar)
P,

consist of all
bpq Y (0,q) x Z(q,7) — X(p)
such that if
Y <p, yeYpaq), z€Zgr)
then ¢, 4(9y, 2) = 9¢p,¢(y, 2), and if

yeY(p.q), d<q z€Z(qr)
then ¢ q(yh, 2) = ¢p,q (y, hz). The theorem follows. [

The Standard Homotopy Limit

Corollary 4.11 Let X and Y be in TOPY, and consider the mapping bifunctor
TOPY x (Top®)° — TOP. There is a homeomorphism XPeY ~ (ECX)Y in
TOP.

PROOF. From (2.15), we can take EgY = EG xgY, while E€Y is defined to be
XEG  using the mapping bifunctor TOP® x (Top®*%°)> — TOP®. From (4.10)
we get

We now use the fact that TOP® and TOP®" have terminal objects. For
example, TOP® has as terminal object any G-space Z for which each Z(p) is a
singleton. The most natural such G-space Z has Z(p) = {p}, i.e. is Z = Ob G.
So we use Ob G to denote either a terminal G-space or a terminal G°-space as
well as the set of objects of G. If W is any G-space, its colimit can be taken to
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be (Ob G) xg W where Ob G denotes the terminal G°-space, and its limit can
be taken to be (W %)pypa, where Ob G denotes the terminal G-space. For
any G°-space W, similarly its colimit can be taken to be W x¢g (Ob G).

The standard universal G-space Eqg is EqZ where Z = Ob G is the terminal
G-space. Up to natural isomorphism, it is given by Eg¢ = EG x¢g (Ob G).
Similarly, we take Ego to be the G°-space (Ob G) xg EG. It is seen that Eg
can be taken to consist of all

(907917'“ 7gn) XA (t()v"' 7tn)7

with g((gf)?gla' o 7gn) XA (t07' o 7tn)) = (9907917" : 7gn) XA (t07" : 7tn)7 while
FEgo can be taken to consist of all

(917"' 7gn7gn+1) XA (to,"- 7tn)'

Denote by Bg the colimit of Eg and by Bgo the colimit of Ego. From the
associativity (1.21) of the reduced product, we have

BG ~ (Ob G) Xa (EG Xaq (Ob G)) ~ ((Ob G) Xa EG) Xaq (Ob G) ~ BGO.
In fact, we take for Bg = Bgo the space |[N(G)|, thus the space whose points
are of the form
(gla"' 7gn) XA (tOy"' 7tn)

The compactly generated space Bg = Bgo is called the standard classifying
space of G or G°.
We also summarize as follows.

(4.12) For any small category G, we can take the standard classifying space Bg
to be the Milnor realization |NG| of the nerve of G. If p is an object of G, then
Eg is given by taking Eg(p) to be the classifying space Bgp.o) of the category

G(p,©) whose objects are the morphisms p L q of G, and with the morphisms
g — g of G(p, o) being all commutative diagrams

7
g
ros q

g9

@
«—
—

i

p
n G.
For any G-space Y, the standard homotopy colimit BgY of Y can be taken
by (2.14) to be the colimit of E¢Y’, thus
Bgy ~ (Ob G) Xaq Egy ~ (Ob G) Xaq (EG Xa Y) ~ EGD Xaq Y,

and we have the standard model Eqgo xg Y for BgY.
For any G-space X, define the standard homotopy limit BX of X to be the
limit of the G-space E¢X. Thus

BGX _ (EGX)OI)G ~ (XEG)OI)G ~ XEGXG(OI) G) ~ XEG.
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Thus the standard homotopy limit B X can be taken to be the space of G-maps
EG — X.

The Functor TOP?¢ — TOP®, A — A¢

The mapping bifunctor TOP?? ¢ x (Topd? @*E")e _, TOPY will be used.
Recall that an object A in TOP'? is a collection A = {A(p)} of compactly
generated spaces. As a fixed TOPY? 9 *XG” _gpace, take {G(p,q)} where G acts
on the right. The resulting G-space is then

(A poprac(@) = [ A@“®,
peOb G

together with its natural action of G. We denote this G-space by (AG)TOpc, or
by greater abuse of notation, by AY. We then have the functor

o% . TOP!4 ¢ — TOPC, A AC.

Consider (4.10) applied to A in TOP?% G in TOPY4E*E" and Y in
TOPY. Then
AGXGY ~ (AG)Y'
In the notation used above, G Xg Y results from the reduced product bifunctor

(Id G°)x Id G

Top ¢ x TopG — Top

and in fact the above G x¢ Y is seen to be i#Y where i denotes the inclusion
Id G — G. Thus the (Id G)-maps i#Y — A are naturally identified with the
G-maps Y — A%,

A morphism ¢ : A — A’ in TOPI? Y is called a fibration in TOP' ¢ if each
b, = A(p) — A'(p) is a fibration in TOP. If C is in TOP!® ¢ and if (4, B) is a
closed cofibered pair in TOPY? ¢ then the natural map C* — CP is a fibration
in TOP'® <.

Consideration of (X,Y) — XY for X Fixed

Theorem 4.13 Let Y : H® — TopGXGO be a functor, also interpreted as an H°-
diagram in TopGXGO. Let colim Y denote the G x G°-space which is a colimit in
TopGXGD of the Ho-diagram Y. For X fized in TOP®, there is the contravariant
functor

Top®*C" — TOP®, W w— XW.

Thus we obtain the covariant functor XY : H — TOP®, which we interpret as
an H-diagram in TOPY. Then there is a natural homeomorphism

Xcolim Y ~ lim XY
in TOP®.
PROOF. From (4.10) we get

xeolimY o xYxu(ObH) o (XYY H i XY, [
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GxG°

Thus for example if Y is the colimit in Top of a diagram

Yo=Y — - — Y, — e,
then XY is the limit in TOP® of the dual diagram
XY xYi ... XY ...,

As aspecial case, it follows from (4.1) that EG is a filtered colimit EG = |J(EG),,
in Top®*¢’, from which it follows that E¢X = XFC is the limit in TOP® of
the diagram
XEGo ... x(EG. ..

We must understand the inductive relationship between X (FGn-1 and X (EG)n
as well as the nature of X (F&)o,

In order to do so, we recall first from (4.1) that there is a space Ay in
TOP!4 (%G with

(EG)Q =G Xob G Ao Xob G G.
Then
X (EG)o ~ (XGXOb GAO)G ~ ((i#X)AO)G.

If we let Cy denote the I'd G-space (i#X)4°, then we have X (F%o of the above
form (Cy)€ for some Cy in TOPT4 ¢,

It also follows from (4.1) that there is in TOP? (6%G%) 4 closed cofibered pair
(A, By,) such that (EG),, is the pushout in TOP*%’ of a diagram

G xoba An Xoba G — G Xoba Bn Xoba G — (EG)p—1.
Hence X (P& is the pullback of the diagram
((# X)) = ((#20)P) o XEOs,

If we let C,, = (i#X)% and D, = (i#X)B~ in TOP'*“ then we have that
X (EG)n is the pullback of a diagram

(C)¢ % (D,)C — (BG),_,

in TOP®. Moreover 7, : Cp, — D,, is a fibration in TOP?? G, being the dual of
a cofibration B,, — A,,.

Coprincipal G-Spaces

Given X in TOPY, then X is a coprincipal G-space if X is the limit in TOPY
of a diagram in TOPY

Un

v 12 VUn+1
Xo & X, & ... & nt

Xn<—...7

and

PIdG

(i) there exists a space Cp in TO such that X, is homeomorphic

in TOPY to (Cp)“,
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(ii) for each n > 0 there exists a fibration 7, : C,, — D, in TOP!4 ¢
and a G-map X,,_1 — (D,)® such that the diagram

Tn G
(C)® T (D)8 = Xs
in TOP® has pullback X,,.

(4.14) For each G-space X in TOP, the G-space E¢ X is a coprincipal G-space.

The proof was given above.

Theorem 4.15 If ¢ : X — Y is a weak homotopy equivalence in TOP® , where
X andY are coprincipal G-spaces, then ¢ is a homotopy equivalence in TOPS.

PROOF. Since X is coprincipal, we assume it the limit of a diagram

v 1Z VUn+1
XO<_1"'<—an<L"'

in TOP® such that

(i) Xy is G-homeomorphic to (Cp)% for some C in TOP!® ¢
(ii) for n > 0 there is a fibration 7, : C,, — D, in TOP! € and a
pullback diagram in TOP®

X, . (C)C

o]
Xoor —L— (Dy)C.

As in (4.3), one proceeds inductively. We assume a G-map 6,1 : Y — X,,_1
together with a G-homotopy H,_1 : I x X — X,,_1 which joins 6,,_1¢ to the
G-map pin—1 : X — X;,—1 which comes with the limit structure of X.

In the inductive step, one uses the diagram

X(p) — Xu(p) —L— (C)C) —E— Culp)

N

Y(p) 2= Xooa(p) —L— (Dn)S(

in its shortened form

Y(p) 2% D).

The homotopy H,,—1 : I X X (p) — X,,—1(p) furnishes a homotopy commutativity
for the diagram as the map Hy =¥ fH,_;.

Since ¢, is a homotopy equivalence and m,, is a fibration, we can apply (3.8).
Thus there exists a map 6’ : Y (p) — C,(p) and a homotopy H' : I x X(p) —
C.,(p) such that
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(i) H' joins 66, to ¢/ f'p,
(ii) 7,0 =¥ fO,_1,
(iii) 7, H' extends Hy.
Thus we have an Id G-map 6’ : Y — C,, and an Id G-map H' : I x X — C,,.
There are the associated unique G-maps 6 : Y — (C,,)% and H : Ix X — (C,,)¢.
The commutative diagram

Y . (Cn)G

o] ]
Xp1 —1— (Dy)C

gives 0, : Y — X, by the pullback property. Similarly one gets the homotopy
H, : I x X — X,. The induction is established, and the theorem follows read-
ily. O

Corollary 4.16 Consider the category TOPS, together with the notion of ho-
motopy in TOP® and of weak homotopy equivalence in TOP® given in Chapter
3. Take also the functor

E%(o): TOP® — TOP®

given in Chapter 2, together with the natural transformation T' : 1 — EC(o).
Let the full subcategory of coprincipal objects be the full subcategory COPRINC®
of coprincipal G-spaces. With this given structure, TOPS is a category with co-
principal objects in the sense of Chapter 3.

The Homotopy Limits B’X of a G-Space X

A coprincipalization of a G-space X in TOP is a pair consisting of a coprincipal
G-space E'X and a homotopy class of G-maps ¢ : X — E’X each representative
of which is a weak homotopy equivalence in TOP®. Given two coprincipalizations
[¢o] : X — E(X and [¢1] : X — E}X, there exists a unique homotopy class of
G-maps 0 : EgX — E{X such that

X:X

¢0J/ ¢1J/
EX —2 EX

is homotopy commutative in TOPY, and each 6 is a homotopy equivalence in
TOPY. This follows from (3.13).

For any G-space X, the above G-space E¢X is called the standard coprinci-
palization of X.

A homotopy limit B'X = holimX of a G-space X in TOP is the pair (E'X, ¢)
consisting of a compactly generated space B’X and a homotopy equivalence
¢:B'X — B¢X in TOP.
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Given a coprincipalization (E’'X, ¢) of the G-space X, then the limit B'X of
the G-space E’X is a homotopy colimit of X.

Define a (not necessarily standard) universal G-space E to be a principal G-
space FE such that each E(p) is contractible. By (4.4), any two such are joined by
a unique homotopy class of homotopy equivalences in TOP®. In particular, F
is joined to E¢g by a unique homotopy class of homotopy equivalences in TOPY.
Thus the colimit E/G is naturally homotopy equivalent to Bg. We will call
B = E/G a (nonstandard) classifying space of G.

(4.17) Let X be a G-space in TOP and let E' be a universal G°-space. Then
E' xg X is a homotopy colimit of X. Let E be a universal G-space. Then the
space (XF) TOpS 8 a homotopy limit of X.

The proof is clear.

Coprincipal G-Spaces for the Category 0 — 1

For G the category 0 — 1, then Id G can be considered as the set {0, 1}
with two objects, hence an object C' of TOP’® ¢ is an ordered pair C(0),C(1)
of compactly generated spaces. Interpreting the objects of TOPY as maps 7 :
X — Y, one must first interpret C. It is checked to be the projection map
C(0) x C(1) — C(1).

Let X be a coprincipal G-space, thus the limit in TOP® of a diagram

v 1Z VUn+1
XO<_1"'<—an<L"'

such that

(i) Xp is of the form (Cp)¢ for Cy in TOP?4 €,
(ii) for n > 0, X,, is determined by a pullback diagram

Xn —— (Cn)G

ol ]

Xn—l - (Dn)G

in TOP for some fibration 7t Cp — D, in TOP4C,

Inductively, if X,,_1(0) — X,—_1(1) is known, then X, (0) — X, (1) comes
from the diagram below.
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Xn(O)\ Cr(0) x O&‘

Xn-1(0) l D, (0) x D,(1)
Xn(l)\ On(l)\

Xp1(1) D,(1)

The top and bottom faces are pullback diagrams, the vertical maps of the right
face are projections, and the horizontal maps of the right face are fibrations.

If #: E — B is a fibration in TOP, one can build a coprincipal G-space X
which, when interpreted as simply a map, gives w. For example, take X, to be
the identity map B — B, and let X; be given by the choices represented in the
diagram below.

E X7, pyB ‘1
& K , |P7“5§r\A
p —diag Bx B
l proj
B — B

/1,
/

B

Thus every fibration in TOP can be regarded as a coprincipal G-space for G
the category 0 — 1.

The converse is also true.

Theorem 4.18 For G the category 0 — 1, a G-space of the formm: X — Y is
a coprincipal G-space if and only if w is a fibration in TOP.

We do not bother to write out the details. The proof is based on an induction,
as we would do it not precisely dual to that given for (4.8). The interested reader
should be able to construct the inductive proof from the diagram.
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X,_1(0) J Dy (0) X Dy (1) —» Dy (0)
Ix A—X,(1) — | — Cu(1)
X1(1)) D,(1)

We regard this work as having up to this stage concentrated on giving a very
basic model for equivariant general topology, that for arbitrary actions of any
untopologized small category on compactly generated spaces, where the actions
are assumed to be associative and have identities in the strictest sense. The
major emphasis of this model is on homotopy colimits and homotopy limits.
Topologists have used to advantage various models: relax somewhat the strict
requirements on associativity and identities of the action, put topology on G,
etc. We save any remarks on these until later chapters.
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CHAPTER V

The Construction of Principal G-Spaces

The basic tool of this chapter assigns to each functor 8 : H — G the extension
functor 04 : Top! — Top® which generalizes the construction of Chapter 1.
This functor carries principal H-spaces into principal G-spaces.

For most small categories G the only principal G-spaces X that we thus far
noted are the standard principal G-spaces EqX of Chapters 2 and 4, one for
each X in TOPY. Thus the only model we have noted for the homotopy colimit
of a G-space X is the standard model BgX. We cannot explore the richness
of our subject with this handicap. In later chapters, nonstandard principal G-
spaces will have to be developed for some of the small categories G at the core
of topology. Some general principles for such constructions are available, and
in this chapter we collect some of the theory that we will use as a guide in
constructing nonstandard models case by case. This is collected from work of
Steenrod, as given by Cooke-Finney [5.2], Cartan [5.1], Grothendieck [5.4], Gray
[5.3], and Quillen [5.5].

Before doing so, we develop the capability for the systematic use of cell com-
plexes so that we will not be confined as we are at this point to those complexes
whose open cells and face relations are always modeled on open simplices. For
this we need Steenrod’s regular complexes with identifications, and in a cate-
gorical form. Steenrod has done most of the work for us, so we have only to
reformulate it. There will then be at hand what we call the cellular categories
V. Every such ¥ has Ey a regular cell complex and there is a family F' of
identifications on Fy with Ey/F = By through the natural quotient map

7T:Eq,—>B\1;.

Then By is a regular cell complex with identifications in the sense of Steenrod,
with an open cell D(p) for each object p of ¥ and with D(q) a face of D(p) for
each morphism ¢ — p of U. For such categories, the homotopy colimit of any
We-space X is already well presented in its form as X Xy Ey and there is rarely
genuine need for nonstandard models for them.

We next translate certain constructions of Cartan, as they occur in his 1954-
1955 Cartan Notes [5.1], into topological terms. In topological terms, the goal
is a codified presentation of particularly interesting principal G-spaces for the

101
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important small categories G. One gets for each cellular category ¥ and each
functor 6 : ¥ — G the principal G-space 04 FEg, where

Oy : Top¥ — Top®

denotes the extension functor generated by 6. As a rule of thumb, many geomet-
rically interesting principal G-spaces can be presented in the form 64 FEy where
¥ is a cellular category, Ey is the standard universal U-space, and 6 : ¥ — G is
some functor. Here we have followed similar constructions of Quillen [5.5].

One can describe the above as a variant of constructions of Gray [5.3]. Namely,
given a small category G there is the category CAT/G of small categories over
G. We then construct a functor

CAT/G — PRINCC,

made out of a functor

CAT/G — CAT¢

of Grothendieck [5.4] and Gray [5.3].

As another rule of thumb, for each G one can present geometrically interesting
nonstandard universal G-spaces E in the form E = 64 Fy. This is a topological
form of Cartan’s acyclic constructions, and is closely related to Quillen’s Theorem
A [5.5]. We call a topological resolution of the small category G a pair consisting
of a cellular category ¥ and a functor § : ¥ — G such that 64 Fy is a universal
G-space. Every 64 Ey is automatically a principal G-space and one here confines
attention to those for which in addition (fxFEw)(p) is a contractible space for
each object p of G. It is then automatically the case that 8, : By — Bg is a
homotopy equivalence. In fact, for every G-space X, it is then the case that
0# X xy Ey is a nonstandard model for the homotopy colimit of the G-space
X. For those G which are not cellular, we can seek cellular categories ¥ and
functors ¥ — G such that 64 Fy is a topological resolution of G, and thus can
be used as a replacement for the often difficult standard model F¢.

The only nontrivial topological resolution of a small category that we compute
in this chapter is one for A, taken from Segal [4.4]. Let i : Mono A — A denote
the inclusion of the subcategory Mono A of monos into A. Then we show that
i: Mono A — A is a topological resolution of A. Thus in particular ix Enrono A
is a (nonstandard) universal space for A, and we obtain Segal’s form

(Z#X) X Mono A \Y

for the homotopy colimit of any A°-space X in TOP. We take some care in
exhibiting it clearly, since in the next chapter we have to thoroughly understand
its properties. Our treatment requires joins of categories, and classifying spaces
of such joins.

We are endebted to C.H. Giffin for much help in our efforts to understand
this material.
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Cellular Categories: the Poset Conditions

A small category ¥ will be called a cellular category if it satisfies three con-
ditions, which we develop slowly.

Condition 1 Given an object p of ¥ there are only a finite number of morphisms
of U of the form ¢ : q — p.

It follows immediately from Condition 1 that for each object p there are only
a finite number of diagrams of the form
v’ @

r—q—p.
Recall that we denote by ¥(p, o) the category whose objects are the morphisms

q N p of U, with the morphisms ¢ — ' in ¥(p,¢) being all commutative
diagrams
w//

qQ — T

oLl

p p

in U. Thus it follows from Condition 1 that each category ¥(p,<) has only a
finite number of objects and morphisms.

Recall from (4.12) that Ey is determined by Ey(p) = By(p,.) for each object
p of . We seek in the next two conditions increasingly to restrict each category
¥(p,<), and thereby each Ey(p) and Ey.

We need a prototype example. For this we pick Mono A, the category whose
objects are the nonnegative integers and whose morphisms 6 : m — n are the
order preserving monos

6:{0717'“7m}_){0717"'7n}'

Here the category (Mono A)(n,o) can be equated with the category whose
objects are the finite nonempty subsets of {0, - - ,n} and whose morphisms are
inclusions. In particular, the objects of (Mono A)(n,o) are naturally partially
ordered, with the structure of the category that given by the partial ordering.
This is the direction we go in Condition 2.

Condition 2 The small category ¥ satisfies the following:

(i) given morphisms p *, q and q LN pinV, thenp=gq and = =
1p;
(i) given a diagram q *, P & rin W, then there exists at most one

morphism " : ¢ — r in ¥ such that

w//

qQq — T

oLl

p p
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commutes.

Now for each object p of ¥, consider the set
{p € Mor ¥ |¢:0— p}

and on this set define ¢ < ¢’ if and only if there exists a morphism " in ¥ such
that ¢» = ¢’¢”. Then the reader should check that Condition 2 is equivalent to
the condition that < is a partial ordering on the above set for each object p of
U, together with the condition that ¥ (p, ¢) is the category associated with this
poset. Note that our prototype Mono A satisfies Condition 2.

Thus far we have required that each ¥(p, <) be the category associated with
a finite poset. We now examine the benefits of this requirement. In order to do
so, we need the concept of a simplicial complex.

Let V be a given set. Denote by R(V) the real vector space generated by V;
i.e. the vector space of all functions ¢ : V' — R such that t(v) # 0 for only a
finite number of v € V. Give R(V') the topology induced by its finite dimensional
subspaces. The simplex V(V') is then all ¢ € R(V) with t(v) > 0 for all v and

with
> tv)=1.
veV
A finite dimensional subsimplex is then a subset V{vg,v1, - ,v,} for some

nonempty finite subset {vo, - - - , v, } of V, consisting of all ¢t € V(V') with ¢(v) # 0
implying v = v; for some i. A standard simplicial complez is a subspace of some
V (V) consisting of a union of finite dimensional subsimplices of it; its simplices
are all V{vg, -+ ,v,} contained in it. A simplicial complex is a space A together
with a homeomorphism A of some standard simplicial complex B onto A. The
simplices of A are all images under h of simplices of B.

(5.1) If G is a small category derived from a partial ordering on Ob G, then Bg
is naturally a simplicial complex, with an n-simplex for every

Sog>81 > > Sy
in Ob G, equivalently for every diagram in G of the form

g1 g2 9gn

Sg— 81 «— - — 8
where no g; is an identity morphism. The simplex consists of all
(917' o 7gn) XA (t07t17“ : 7tn)7

where (to, - ,tn) € V(n).
PROOF. One has to first examine the nerve X = NG in SET®’. The nerve has
a nondegenerate element for each diagram

91 92 In
Sg— 81 «— - — 8,
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for which each g; is a nonidentity morphism. Note that the s; then determine the
g;. Each face of a nondegenerate element is therefore a nondegenerate element.
In |[NG|, we therefore get the points

(917927 e 7gn) XA (t07t17 e 7tn)
Now take V(Ob @) and in it take the standard simplicial complex B which is
the union of all V{sg,---,s,} for all

Sog>81 >+ > Sp.

Let h : B — Bg map a function ¢ : V(Ob G) — R in A{sg, -, s, } with

t(s;) >0, t(s)#0 for s # s, Zt(sl) =1
into
(glv e 7gn) XA (t(So), e 7t(5n))
The remark follows. [

We return now to a small category ¥ which satisfies Conditions 1 and 2. Fix
an object p of ¥ and consider the category ¥(p,¢). Then Ey(p) = By(pe) is a
finite simplicial complex which has an n-simplex consisting of all

(¢07¢17"‘ 7¢n) XA (t07t17"' 7tn)

for each diagram
Yo Y1 Pn

Pe—Poc— " <—Dn

in ¥ with no v; an identity morphism for ¢ > 0. Denote this n-simplex in Ey(p)
by
[w07w17 e 7wn]

Given a morphism ¢ : ¢ — p in ¥, there is the induced map . : Fy(¢) — Ew(p)
and v, maps each n-simplex

[¢07w17 e 7¢n]
homeomorphically onto the n-simplex
[1/)1/)07 1/)17 e 71/)11]

of E\y (p)

One can now check from Condition 2 that each ¢ : ¢ — p is a monomorphism
in ¥. That having been done, one can next check that each ¥, : Ey(q) — Ey(p)
is an inclusion map onto a subcomplex of the finite simplicial complex Eg(p).

For each p, let Efll,eg (p) denote the union of the images of all the
¥« : Ew(q) = Eu(p)
corresponding to ¢ : ¢ — p with ¢ # p. Then E&l,eg (p) consists of all simplices
[0, Y1, ]
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for which all 9; including 1o are not identities. Given such a simplex, one can
form the (n + 1)-simplex

[1p7w07 e 7wn]

in Eg (p) and thus check that Eg (p) is naturally the simplicial cone over Eo (p).
Continue to assume that ¥ is a small category satisfying Conditions 1 and 2.

We next consider for a given diagram g 2, P & 1 in U the intersection

¥u(Bw(q)) V(B (r)).

Let x = Y.y = ¢,z where y € Ey(q) and z € Eg(r). There is the unique
representation

Yy = (¢07¢17"‘ 7wm) XA(t07"' 7tm)7

where no v; is an identity morphism for ¢ > 0 and where ¢; > 0 for all . There
is the unique representation

Rz = (d)é)vd)/h 7’¢);1) XA (u07"' ,Un),

where no @[J; is an identity for j > 0 and where u; > 0 for all 5. Then

T = (¢1/)071/)17“. 77/)m) XA (t();"' 7tm)7
T = (W@[Jé,@[}i, : 7¢:’L) XA (Uo,-~ : 7un)~

It follows from uniqueness that m = n, ¢; = ¢} for ¢ > 0, t; = u; for all i, and

that ¢¥1pg = ¢'4p(. Thus Y. (Ew(q)) N, (Ew(r)) is the union of all the simplices

W@/Jo,@/fl,“' 7¢n] = [¢I¢67¢17"' 7¢n]

over all the commutative diagrams

Yo

S —m (

wgl %
w/
r — p

Thus either . (Ey(q)) N 4L (Ey(r)) = 0, or else for any

z € Yu(By(q) NYL(Ey(r))

and y € Fy(q), z € Eg(r) with ¥y = z = ¢}z, there exist a commutative
diagram
%o

s — (¢

w)| v|

’
r——p

and w € Ey(s) such that t.w =y and ¥, w = z.
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Cellular Categories: the Combinatorial Condition

Conditions 1 and 2 are weaker than the final condition 3, which we first check
in our prototype example and then state. This condition requires the language of
combinatorial topology, for which our reference is the Tata Lectures of Stallings
[5.6].

So return to the special case ¥ = Mono A for a moment. We observed that
(Mono A)(n,o) can be taken to be all nonempty subsets of

{0,1,-- ,n}

under inclusion, but we didn’t compute the resulting finite simplicial complex,
which has a vertex for each such subset S and a k-simplex for each strictly
decreasing sequence

So D81 D---D S,

of such subsets. One may as well take as a model for such a finite simplicial
complex the barycentric subdivision Sd V(n) of the standard n-simplex. Thus

we take Enfono a(n) = Sd V(n) and Ef\ljgm A(n) the barycentric subdivision of
OV (n). This is the route we go in Condition 3.

{2}

/1N

{0,2} {1,2}

{0} ——— {0,1} ~— {1}

EMonoA(2) = BMO"OA(Z,O) ~ Sd V(Z)

Condition 3 For each object p of U, the finite simplicial complex Eg(p) is com-
binatorially equivalent to a combinatorial cell C' of some dimension d(p), in such
a way that the subcomplex Eféeg (p) corresponds to the boundary sphere OC of C.

If Conditions 1-3 are satisfied, we say that ¥ is a cellular category.
In our example Mono A, note that if i : Mono A — A is inclusion, then sim-

plicially we have Enjono A = Sd i#V and ignoring simplicial structure Eprono A =~
.# v
17 V.
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The Standard Classifying Space of a Cellular Category
We first summarize the topological structure of Fy.

(5.2) Let U be a cellular category. Denote by Ey the disjoint union

Eq;: H Eq;(p)

peOb ¥

For each ¢ : q — p, let

C(¥) = (B (g) — Ey?(9) C Eu(p) C Pu.

Then the C(v)) are pairwise disjoint and cover Ey. There is the natural filtration
Ey = E,, where E,, is the union of all C(v)) where ¢ : ¢ — p and d(q) < n.
Then Ey is a CW-complex, with the above filtration, such that for each cell C
there is an attaching map

f:(V(n),0V(n)) — (C,C -C)

with f : V(n) — C a homeomorphism. With the simplicial structure taken into
account, f can be taken to be a combinatorial equivalence.

The proof is an exercise.
Let m : Ey — By denote the natural quotient map, and ~ the equivalence
relation on Fy for which By = Ey/ ~.

(5.3) Let U be a cellular category. If x € Ey(q) and y € Ey(r), then x ~ y if
and only if there exists a diagram

w UJ,
q—Ss—r
and an element z € Ey(s) with x = wyz and y = w, 2.
PRrROOF. Let ~' be the relation described above. We must show that ~' is an
equivalence relation. Suppose = € Fyg(p), ' € Fg(p'), and ’/ € Eg(p”) have
z ~' x' and 2’ ~' z”. There exist p & q LN p and y € Ey(q) with ¢y =z

’

. Moreover, there exist p’ NN p"” and z € Eg(r) with

and YLy = .
Yoxz = o’ and ¢),z = . Since ¢ ¥, p’ & has Py = x’ = 1«2z, there exist
a commutative diagram

w
S —— 4q

oLl

Yo ,
r — D

and w € Ey(s) with w,w = y and wp.w = z. One then has p Hu g Yoo, p”

with

Yrww =, Pow = ",
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hence z ~' x”. Thus ~' is an equivalence relation. It is then easy to see that
!/
~N=nv, D

(5.4) Let U be a cellular category. For each object p of U, define D(p) C By by
D(p) =7(C(1,)) where

C(1y) = Ew(p) - By (p)-

Then the D(p) are pairwise disjoint and fill up By. Let By = |J B,, where B,
is the union of all D(p) for which d(p) < n. This is a filtration of By, and
7 : Ey — By is a homeomorphism of each C (1)) onto D(1,) for each v : ¢ — p.
Thus By is a CW-complex and m : Ey — By is a CW-map which maps open
cells homeomorphically onto open cells.

The proof is an exercise.

We should reexamine our prototype Mono A. Note that as an example of
(5.2), Enrono A is a CW-complex whose cells are the various faces of the various
simplices V(n). The barycentric subdivision is implicit only. The standard
classifying space Bajono A is given by

Batono & = ([[V(n))/ ~,
where ~ is the least equivalence relation such that
(t()’... Jtii1,0, 801, 7tn) ~ (t()’... St 1, tia1, e 7tn)-
Thus Bpsono A is the infinite dimensional dunce hat D of Zeeman, with points
[t07t17 o ,tn]

where (to, - ,tn) € V(n) for some n and where any t; = 0 can be deleted. As
an example of (5.4), then D = Bjjono A has exactly one open cell D(n) in each
dimension, the set of

[t07t17 e ,tn]

for which all ¢; > 0. The space D is contractible, as one can see by computing
its fundamental group and its homology groups.

In summary, if ¥ is a cellular category then By is a CW-complex with an open
cell D(p) of dimension d(p) for each object p of ¥, and D(q) is a face of D(p)
for each morphism v : ¢ — p. This is really a matter of regular cell complexes
with identification, as we now see.

Steenrod’s Regular Complexes with Identifications

Steenrod in his lectures on cell complexes [5.2] defined a regular complex to
be a CW-complex K = |J K, such that for each open cell C there exists a
homeomorphism f : V(n) — C mapping 0V (n) onto C — C. Thus (5.2) asserts
that Fyg is a regular complex.

Steenrod goes on to define a family F' of identifications. Here F' is a cate-
gory whose objects are the cells of K and whose morphisms f : C — C’ are
homeomorphisms f : C' ~ C’" mapping C — C onto C’ — C’, and such that
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(i) compositions in F' are compositions of maps, and identities in F are
identity maps,

(ii) if f is in the family then so is f~1,

(iii) if f: C — C is in the family then f is the identity, and

(iv) if f: C — C"isin F and if D is a cell of K with D C C, then the
restriction f|D: D — fDisin F.

Then he defined a reqular complex with identifications to be an ordered pair
(K, F), where K is a regular complex and F is a family of identifications on K.
Given (K, F), he defined a space K/F which is the space of the regular complex
with identifications.

He also showed that if K is a regular complex, then there is a naturally induced
regular complex Sd K, which is a simplicial complex, and a homeomorphism
Sd K ~ K.

We now change slightly Steenrod’s regular complexes and hereafter assume
this change made. Given a cell C of K, we add that there must be a homeomor-
phism f : V(n) — C which is a combinatorial equivalence when the simplicial
subdivision is taken into account.

We can now state precisely the way in which we have translated Steenrod.

Theorem 5.5 Let ¥ be a cellular category. Then K = Ey as given by (5.2) is

a regular cell complex. For each diagram p & r 2 q inV, let

9:C[¥) = CY)

be defined by g(vpx) = Y'x. Then the family F of all such g is a family of
identifications, and K/F ~ By.

Conversely, suppose (K, F) is a reqular complex with identifications. We first
define a category W. An object p of ¥ is an equivalence class of cells of K under
the action of F, and we write p = [C] if C is a representative of p. Consider the
set of all ordered pairs (C, D) of cells such that C D D, and on this set define
~ to be the equivalence relation such that if we have (C,D) and an element
g:C — C'"=gC of F then

(C,D) ~ (9C,gD).

Define a morphism of U to be an equivalence class of such pairs. If (C,D)
represents a morphism, write the morphism as

Ye,p : [D] — [C],

and define composition by Yo, p¥p,E = Yo, whenever C>Dand D D E.
Then VU is a cellular category.

PROOF. We consider the second part, thus fix the regular complex (K, F') with
identifications. Suppose the category ¥ has been defined as above. Fix an object
[C] of ¥, and consider the category ¥([C],¢). The objects of ¥([C], o) are all
the 9¢ p for which C D D. This is seen to be a one-to-one correspondence, so
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we can take the objects of ¥([C],¢) to be the subcells of C. We next assume a
commutative diagram

2] —— D]

wJ, WJ,

[C] == [C]
in ¥. We may as well then pick D to be a subcell of C' and 9’ to be )¢, p. Then
we may as well pick E to be a subcell of D, and ¢" = ¢¥g p. Then ¢ = ¢ g.

In short, ¥([C],©) is the poset of all subcells of C' under inclusion. Steenrod in
his lectures worked out By ((c),0) in all but name; he shows

B\I/([C],o) ~ Sd 6

We have assumed Sd C to be a combinatorial cell. Thus ¥ is cellular. [

Cellular Functors Joining Cellular Categories

For a cellular category ¥, both Ey and By are naturally CW-complexes. In
passing, we denote here the nature of those functors ¢ : ¥ — ¥’ which give
CW-maps

Bq; — B\Iﬂ.

Given cellular categories ¥ and ¥, define a functor ¢ : ¥ — ¥’ to be cellular
if given an object s of ¥ and a morphism ¢’ : ¢ — ¢(s) in ¥’ then there exists
a morphism 9 : © — s in ¥ with ¢(¢) = ¢’'. The functor ¢ is strictly cellular if
the morphism v above is always unique.

It is seen that if ¢ is cellular and r is a given object of ¥, then for each diagram

Y Y] ¥y,
P(r) <= qo — < an
of U’ there is a diagram
wO wl wn
T po e e Py,

of ¥ which maps into it. In particular the map

¢« 1 Ew(p) — Ev(9(p))

is then an epi. It follows that the induced map ¢, : By — By is a CW-map.

If in the above ¢ is strictly cellular, then ¢, : Fg(p) — Eg (é(p)) is a home-
omorphism and the map ¢, : By — By maps each open cell D(p) from (5.4)
homeomorphically onto the open cell D(¢(p)). The definitions of cellular and
strictly cellular used above are meaningful even if the categories are not cellular.
Thus we can speak of cellular functors and strictly cellular functors 0 : H — G
generally.



112 V. THE CONSTRUCTION OF PRINCIPAL G-SPACES

Generalizations of the Restriction and Extension Functors

We need now to put the restriction and extension functors of Chapter 1 in
their proper form. Suppose given a functor § : H — G joining small categories.
The restriction functor 8# : Top® — Top™ is very easy to describe. Given a
G-space X, then the H-space 7% X has (67 X)(s) = X(6(s)) and the action is
given by

H(s',s) x X(0(s)) — X(0(s")), (h,z)— (6(h))z.

It is clear that we have 8% : TOP® — TOPE.
We now describe the extension functor 64 : Top — Top®. First, the functor

1x0:Gx H°— GxG°

induces
(1 x 6)# : Top&*F* — Top&*H".

There is the natural element G of Top®*¢”

space

and thus one receives the (G x H°)-

Co = (1 x )*G.
The extension functor 64 : Topt — TopG then sends an H-space Y into the
G-space

9#Y = 09 XH K

using the bifunctor TopGXH Y Top? — TopG.

The G x H°-set Cy can be written out as follows:
(i) for each object r of G and s of H, take Cy(r, s) to be the set G(r,0(s))

of all morphisms r <~ 6(s) in G; when we need a topology on Cp, we
take the discrete topology;
(ii) the left action of G on Cy is given by

G(r',r) x Co(r,s) = Co(r',s),  (d',9) = g'g;
the right action of H on Cp is given by
Co(r,s) x H(s,s') — Cy(r,s'), (g,h) — gO(h).
As a G-space, the (G x H°)-set Cp is free in the sense of Chapter 2. Its

generating set is just the set of all 1, for all objects r of H.

(5.6) Suppose given a diagram G Ry A e of small categories and functors.
Consider the G x H°-set Cy and the H x K°-set Cy. For each triple of objects
r, s, t of G, H, K respectively there is the function

Cy(r,8) x Cy(s,t) — Cog(r,t)

taking a pair consisting of r <~ 0(s) in G and s A @(t) in H into the composition
9(0(n)) of

s <L 0(s) o8 0(r).
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GxH° HxK®° GxK°

Using the functor x g : Top x Top — Top

mn TopGXHD, we thus have from above a (G x K°)-map

Co xu Cg — Cog, (g,h) = g(8(h)).

to obtain Cp x g Cy

PROOF. Let g € Cy(r,s), let s & be a morphism of H, and let A’ € Cy(s',t).
The elements (gh,h’) = (g8(h),h’') and (g,hh’) map into the same element
gO(h)O(R") of Cyg(r,t), thus giving a well defined map Cy Xy Cp — Coy. O

(5.7) In the above diagram of small categories and functors G L K,

suppose that either 8 or ¢ is an inclusion functor of a subcategory. Then

C@ XH C¢ ~ C@¢.

PROOF. If ¢ is an inclusion functor, then given r < 4(t) in Cpy(r,t) since
#(t) = t we have r <= 0(t) in Cy(r,t) and g x g 1; in Cy x i Cg maps onto the
element g of Cypy. Thus the function is onto and one checks that it is one-to-one.
Similarly if 8 is an inclusion functor. [

Given a functor 0 : H — G joining small categories, one can take the functor
6# : Top®” — Top®” to be given by 6#X = X x ¢ Cy, which the reader should
check.

If X is a G°-space and Y is an H-space, then it follows from (1.21) that

0" X xg Y ~ (X xgCo) xg Y ~ X xq (Co xuY) ~ X x¢ 04Y,
and hence the generalized form of (1.22) holds.
One can use (5.6) with extension functors in the following way. Consider a

diagram G & H & K of small categories and functors, and let Y be a K-space.
Then
9#¢#Y ~ (09 XH C¢) XK Y

and there is from (5.6) a (G x K°)-map
9#¢#Y - Cg¢ XgY = (9¢)#Y

Theorem 5.8 Let 6 : H — G be a functor joining small categories, and consider
the extension functor
Oy : Top™ — Top©.

If X s a principal H-space in TOP, then 04X 1is a principal G-space in TOP.

PrOOF. Denote by Id H the subcategory of H consisting of all the identity
morphisms, and let ¢ : Id H — H denote the inclusion functor. We first check
the assertion for those principal H-spaces of the form X =i4A. If X is such a
principal H-space, we must show that 64 X is a principal G-space of the building
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block type. For each collection A = {A,} of compactly generated spaces indexed
by the objects of H, so that A is an (Id H)-space, consider

X =0C; Xram A, X(p) = H H(p,q) x A(q).
qeOb H

Then we have
9#X= Ce XH (Cl XIdHA)-
From (1.21) and (5.7) we get

04X ~ (Co xpg C;) Xram A~ Co Xram A

We can then also factor the composed functor #i as
dH S 146G,
thus using (5.7) again rewrite as
04X ~Cj xraa (Co Xram A)

and check that 64X is a principal G-space in TOP of the form j4Y.
One can pass to the general case by a typical adjointness argument. There
are natural transformations

Tx : X — 0%04X, 0,07Y -V

for each H-space X in Top and each G-space Y in Top. The reader should write
these down. From this one gets a standard adjointness fact that 64 preserves
colimits of diagrams. Suppose we have a diagram of H-spaces X, and H-maps
¢y p- Let Z denote the colimit of the diagram in Top™. Then we have the
diagram 64 X, and its colimit ¥ in Top®. Thus we have structure maps 64X, —
Y. Thus we obtain the diagram

X, — 0%04(X,) — 6%Y

and the composition X, — %Y. Thus we have a natural H-map Z — %Y.
Hence we get the G-maps

047 — 0407Y — Y.

One then argues that 047 is in fact a colimit of 64 .X,.

Hence one gets that 64 takes principal H-spaces of the form 74 A into princi-
pal G-spaces of the form ju B, it takes pushouts in Top™ into pushouts in Top?,
and filtered spaces in Top’ into filtered spaces in Top®. One then checks that
04 takes principal H-spaces in TOP into principal G-spaces in TOP. [
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Categorical Description of 04 Fy for a Functor 0 : H — G

If 9 : H — G is a functor joining small categories, we can present the
principal G-space 04 Epf quite explicitly. We first present it in a categori-
cal form. Construct Cy in SET®*H’ as above. Recall from Chapter 1 that
SETE*H’° ~ (SETH")C. Then from the functors

sETH” 2o, car Y ropA” L TOP

of Chapter 2 we get

(SETH )@ Q07 cppe N (popaye M pope,

Thus we get from the element Cy of SET®*H” first an element of CAT® and

from this an element of TOP®. Given 6 : H — G then denote the above element

of CAT® by Cp : G — CAT. For each object r of G we have the category Cy(r),

and for each morphism g : 7 — 7’ of G we have a functor g. : Co(r) — Co(r’).
The functor Cy : G — CAT can be readily displayed.

(i) The objects of Cy(r) are all the ordered pairs (g,s) where s is an

object of H and where 7 <~ 4(s) is a morphism of G.

(ii) For each morphism h : s’ — s in H and each object (g, s) in Cy(r)
we get a morphism h : (g0(h),s’) — (g, s) in Co(r).

(iii) For each morphism ¢ : » — ¢/ in G we get a functor g, : Co(r) —
Co(r") which sends an object (¢,s) into the object (g9¢’,s) and we
get a morphism h : (¢'8(h),s’) — (¢,s) of Cy(r) into the morphism
h:(99'0(h),s") — (99';s) of Co(r").

The point of defining Cy is that

(0%Em)(r) =~ Be,(r)-

Moreover for any morphism g : # — 7’ in G we have the induced functor Cy(r) —
Co(r'), and the induced map

Bey(r) = Bey ()
agrees with
g« + (04 En)(r) — (0xEm)(r").
Thus 04 Ey is readily exhibited from Cy, and we thus call Cy the categorical form

of G#EH.
In the following, we use the fact that every functor n — Cy(r) is of the form

(9(0(h1)) - - - (0(hn)), 5n)

(g, 50) <2 (gO(hy), 51) &2 - L

for some diagram
hi B
Sg — - 8y,

in H. Now fix an object r of G and consider the right H-space C(r,¢) . We get
(04Ep)(r) ~ C(r,0) xg Eg
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by the definition of 4. But the above computation of all functors n — Co(r)
shows that
C(T’, <>) XH EH ~ BCQ(T)'

Hence we have the following.

(5.9) Let 6 : H — G be a functor joining small categories. Consider the cate-
gorical form Cyp : G — CAT of 6. Then we have

(0%Em)(r) = Be,(r)-

Note also from the above that we can present (04 FEy)(r) more directly in
terms of standard homotopy colimits as

(04 Ew)(r) = Byo(Cyg(r,)).

In the style of Gray [5.3], denote by CAT/G the category of small categories
over G. That is, an object of CAT/G is a functor 6§ : H — G and a morphism is
a commutative diagram of functors

Hy LN H,
ol el
G G.

Then we have constructed the functor CAT/G — CATY and an associated
functor

CAT/G — PRINCC.

Topological Resolutions of a Small Category G

A topological resolution of a small category G is a pair consisting of a cellular
category ¥ and a functor € : ¥ — G such that for each object p of G, the space
(04 Ew)(p) is contractible; alternatively, such that in the categorical form Cg,
each space Bg, () is contractible.

(5.10) Let 0 : U — G be a topological resolution of G. Then the induced map
By = Bg

is a homotopy equivalence in TOP.

ProOF. On one hand, the colimit of the principal G-space 04 Fy is given by

On the other hand, the principal G-space 04 FEy is a universal G-space in the
sense of (4.17) and its colimit is naturally homotopy equivalent to Bg. [

(5.11) Let 6 : ¥ — G be a topological resolution of the small category G. Then
04 Ey is a universal G-space in TOP with 04 Ey a regular cell complex and with
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each (04 Ew)(p) a subcomplex of 04Ew. Moreover the colimit B of the G-space
04 Ey is a regular cell complex with identifications. In particular, these spaces
are all CW-complexes and the maps

g« (0 Ew)(p) — (04 Ew)(q)
corresponding to morphisms g : p — q as well as the natural map
H#E\p — (H#EQ)/G >~ B\p

are all CW-maps which map open cells homeomorphically onto open cells.

We note two trivial examples of topological resolutions.

g2p0|  gePi2  |9192P0 / \ P11 Po
P1,2 D2 91D1,2 / \

D2 01,2
7o P11 gID0 \ /
P11 Do
P12
E=04Ey 0.0 -7 x7 By = Bzxz

Consider the group Z x Z where Z is the infinite cyclic group. Call its
generators g; and ga, and write the group multiplicatively. Take the plane as a
regular complex acted upon by Z x Z where

gi(z,y) =(z+1,y),  galw,y) = (z,y+1).

Denote by po the origin and take as 0O-cells all its translates. Denote by pi;
the segment from (0,0) to (1,0), and by p;,2 the segment from (0,0) to (0,1).
The 1-cells are all translates of p; ; and p; 2. Denote by ps the unit square with
vertices (0,0), (1,0), (0,1) and (1,1). The 2-cells are all translates of ps. Denote
an arbitrary choice among the cells pg, p1,1, P1,2, P2 by po. These are the objects
of U. There is a morphism p,, « p,- for each p, D gp., and composition is
given by

(Pw D 9(Pwr))(Pur D g (purr)) = (P D 99 (Purr))-

These choices are as indicated in the latter part of (5.5). The functor 6 : ¥ — Z x
Z then sends each p,, D g(p.) into g. This translation of geometric information
into categorical language is illustrated above, obtaining the torus as nonstandard
classifying space for Z x Z.

As a second easy example of this kind of translation of geometric examples
into categorical terms, let G denote the category whose free generators are

go g1 gn—1 gn
o0& 1 & ... L,
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The standard universal space can here be presented. Let V(oo) denote the
infinite dimensional standard simplex whose vertices are {v;|0 < i < oo}. Let
V™(c0) denote the infinite dimensional subsimplex spanned by all v; with n < i.
Then the standard universal G-space E¢ can be checked to be

V(00) «> V(00) ¢= -+ = V™(00) = -+ .

Nevertheless, a classic easy presentation of homotopy colimits is Milnor’s map-
ping telescope which amounts to computing homotopy colimits of G°-spaces
using a topological resolution of G. We present the nonstandard universal space
and codify it in our style.

The nonstandard universal G-space E is the inverse system

M

E(0) & B1) & ... I Bn) & -

where F(n) C R? is all (z,n) with z > n and where g,(z,n + 1) = (z,n). The
generating 0-cells are pg , = (n,n) and the generating 1-cells are the intervals
P1,n consisting of all (z,n) with n <z < n + 1. The nonidentity morphisms of
U are the inclusions

P1,n D Po,n, Pi,n O gnPon+1-

Then we can present this in the form 6 : ¥ — G pictorially.

E(Q) o~ Po,2 ——
DPo,2
g1
5
1
E(l) r——o— Po,1 ——P1,1
Po,1 g1Do,2
go
go
E0) e Pio o 90P11 poo—1>p1 0 e PLO o Pu1
Po,o goPo,0  9ogiPo,0 D0,0 P01 Do.2
E=04FEy 0:V— G By ~ Bg

One should know the homotopy colimits generated by the above universal
G-space E. A G°-space X is a direct system

X0£X1£>-~-—>f"71 th

A nonstandard homotopy colimit of X is then the space X xg E which can be
reinterpreted as
X xg B~ (][] X x[nn+1))/~,
n>0
where ~ is the least equivalence relation with

(:L‘,TL + 1) ~ (fn(x)vn + 1)

for all x € X,. The homotopy colimit is then a bunch of mapping cylinders
strung together along a line, i.e. is Milnor’s mapping telescope.
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The Cone cG over a Small Category G

We will eventually show that the inclusion functor i : Mono A — A is a
topological resolution of A, following Segal [4.4]. We need to know about joins
in order to state the form of {4 Enrono A most clearly. One can make joins out of
cones and products, so we first need to know about cones. Given a topological
category G, define the cone c¢G over G to be the topological category given by:

(i) Ob ¢cG = Ob G U {—1}, where —1 has been picked arbitrarily as an
object disjoint from the objects of G;

(ii) Mor ¢G = Mor GUOb GU{—1}; there are then three subspaces of
arrows; first, the already existing arrows of G; second, for each object
p of G an arrow from —1 to p which is denoted by (p, —1), the space
of all such being topologized as Ob G} finally, the singleton identity
morphism 1_; of —1;

(iii) for any morphism p’ <~ p of G, commutativity holds in

-1 -1

e

/ g
p «~——— p.

There are also the standard cones over spaces. If A is a space, then the cone
cA over A is given by

cA=(Ix A)/ ~,

where ~ is the least equivalence relation on I x A such that (0,a) ~ (0,a’) for
any a,a’ € A. One checks that if A is compactly generated then cA is compactly
generated. For cA is a pushout of

IxAe0xA—pt

(5.12) The standard classifying space B.c = |N(cG)| is naturally homeomorphic
to the compactly generated space cBg which is the cone in the sense of spaces
over the space Bg.

The proof is as an exercise for the reader.

The Join * in TOPCAT

Given topological categories Gy and G1, we now consider the product category
cGy x cG1. Its object space is the disjoint union

Ob Gy xObGLUObGy x {—1}U{-1} x Ob G; U{—1} x {-1}.
Let G * G denote the full subcategory of cGg x c¢G;1 whose object space is
Ob (GQ *Gl) =0bGyg x ObG1 LUOb Gy x {—1} [ {—1} x Ob Gy.

We call the topological category Gg * G1 the join of Gy and G;.
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(5.13) There is a natural isomorphism ¢(Go*G1) =~ ¢Go X ¢cG1 for all topological
categories Gy and G.

PRrooOF. Consider ¢(Gy * G1), whose objects are those of Gy * G together with
the object —1. Map the objects of Go*G1 into objects of ¢Gg X ¢G1 by inclusion.
Map the singleton —1 into the objects of ¢Ggy x ¢G; by sending —1 to (—1,—1).
Then finish by checking out morphisms. [

One defines an (n + 1)-fold join
Go* Gy %% Gy

as the full subcategory of ¢Gg x - -+ X ¢G,, whose objects are all (rg,r1,- -+ ,75)
such that each r; is either an object of G; or else r; = —1, and such that for at
least one ¢ we have r; an object of G;. Secondly, one defines the morphisms

h = (h07h17"' 7hn) : (7’0,"' ,7"”) - (507"' 7sn)
in Gg * -+ %G, by
(i) h; is a morphism of G; if both r; and s; are objects of Gj,
(11) hl = 1_1 if r, = 8; = —1,
(

iii) if 7, = —1 and s; € Ob G; then h; = (s;,—1), and
(iv) requiring that it cannot happen that r; € Ob G; and s; = —1.

The reader should check associativity up to natural isomorphism. Finally, one
should check that the join is commutative up to natural isomorphism.
Thus in summary we have the bifunctor

* : TOPCAT x TOPCAT — TOPCAT.

This bifunctor is associative up to natural isomorphism, and also commutative
up to natural isomorphism. The empty category serves as neutral element of
the multiplication. Oddly enough, there are other ways of defining joins. The
computations which justify our choice are those of (5.16).

Joins of Compactly Generated Spaces

First there is the cone cA over a space A. By analogy with categories, given
compactly generated spaces A and B we can form the spaces cA x B and A x ¢B,
which we suppose intersect only in their common closed subset A x B. We can
then take for the join A x B the union cA x B U A x ¢B. For spaces, there are
many ways to write joins but they are all naturally homeomorphic.

For example, write cA as the pushout, through a change of parameter, of

[1/2,1]] x A—1x A — pt,
so that cA x B is then the pushout of
[1/2,1]x Ax B« 1x Ax B 2% B
Similarly, regard c¢B as the pushout of
[0,1/2] x B« 0 x B — pt,
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so that A x ¢B is then the pushout of

0,1/2] x Ax B 0x Ax B 2% 4.
Regard A x B as 1/2 x A x B in each of these. Then A x B is exhibited as a
pushout of

IxAxB—{01yxAxBL AUB

where f(0,a,b) = a and f(1,a,b) = b. This is a second form.
Let U denote the category whose objects are the nonempty subsets of the
doubleton {0,1} and whose morphisms are inclusions. Then a diagram

Al ctp
is a W°-space; call it X. Then the standard homotopy colimit
B\poX =X X\ E\y

is called the standard homotopy pushout of the diagram. One can take Fy to be
the diagram
0—1T1—1.

Thus the homotopy pushout is
[AUTI x CUB|/ ~,

where ~ is the least equivalence relation with (0,¢) ~ f(c¢) and (1,¢) ~ g(c).
That is, the homotopy pushout is the two-sided mapping cylinder AUy I xCUyB.
Thus the standard homotopy pushout of the diagram

A«— Ax B — B,

in which the maps are projections, is homeomorphic to the join A x B. We take
any one of the above as the join A % B.

The Classifying Space of the Join G x H

Theorem 5.14 Let G and H be topological categories, and for any topological
category K let B = |[NK|. Then

BG*H ~ BG *BH.

ProOF. Consider the topological category G x H, which is a certain full subcat-
egory of ¢G x cH. Included in it are the full subcategories ¢cG x H and G x cH,
and every object of G* H is in ¢G x H or in G x cH. Moreover G x H is a full
subcategory of both of them, and is their intersection.

Let symbols r;, s; denote objects of cG,cH respectively. Let symbols p;, g;
denote objects of G, H respectively. Then ¢G x H has objects (r;,q;) while
G x cH has objects (p;,s;). Suppose we have a diagram

kn

k k
(TO,SO) (_1 (rlasl) (_2 IR (rnysn)
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in G H. If some object (r;,s;) is in ¢G x H but not in G x H then we must
have r; = —1. It must then be the case that r; = —1 for all j > 4. Hence in
particular we have r,, = —1.

If also some (r;, s;) is in G X ¢H but not in G x H, then by similar reasoning
we have s, = —1. If both were the case, then we would have (r,, s,,) = (-1, —1),
which is not in G * H. Hence the above diagram is either entirely contained in
cG x H or else is entirely contained in G X cH. From this it follows that Bg.pg
is the union of B.gx g and Bgx.m. Next one has to make the straight-forward
check that

Begxa N Bgxen = Baxh-
Finally, one uses (5.12) and (2.9) to obtain that

Bgsg ~ (CBg) X By U Bg X (CBH)
and thus Bgxg ~ Bg * Byg. O
We assume without proof the straight-forward fact that the join of compactly

generated spaces is associative up to natural homeomorphism. It then follows
that

BGo*---*Gn ~ BGO EIRICEE 3 BG .

n

The Topological Resolution i : Mono A — A

The cone cA over A is called the augmented simplicial category. One can take
as a model for it the category whose objects are the integers n > —1, and whose
morphisms 7 : m — n are the order preserving functions

7:{0,1,--- ,m} — {0,1,--- ;n}.

Here the object —1 is interpreted as the empty set.
We need the associative bifunctor

@ :cA x cA — cA

corresponding to disjoint union. Given objects p and ¢q of cA, denote by

D Qp,q p+q+1 Bp.q q

the unique diagram of monos in cA where «,;, ; maps onto an initial segment and
Bp.q maps onto a terminal segment. Given morphisms 7:p' — p and v:¢ — ¢
in cA, there is then a unique morphism 7@~y :p'+¢' +1 — p+qg+1 in cA with
commutativity in

p/ Ayt gl p/ + q/ + 1 ﬂp’,q’ q/

| o | 1|

p =S pyg4l 2y

Then & is given on objects by p & q = p+ ¢ + 1, and as above on morphisms.
This bifunctor restricts to an associative bifunctor on A.
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(5.15) Given a morphism 6 : m — n in cA and given objects p and q of cA with
n =p+q+ 1, then there exist unique morphisms 7:p’ — p and v : ¢ — q with

O=Tdn.
Moreover, T ® ~y is a mono if and only if T and v are both monos.

This is an exercise for the reader.

Theorem 5.16 Consider the cellular category Mono A, and the inclusion func-
tori=60:Mono A — A. Let Cy denote the categorical form of 6. Then

Cy(0) ~ Mono A, Co(m) * Co(n) =~ Co(m +n+1).

Since Bprono A 98 contractible, then every Be,(n) 18 contractible. Hence 0 is a
topological resolution of A, and 04 Enono a 15 a universal space for A. If X is
any A°-space in TOP, then

X XA G#EMono A= (Z#X) X Mono A EMono A= (Z#X) X Mono A \Y%
is a homotopy colimit for the A°-space X .

PROOF. The category Cg(m) has as objects all morphisms é : » — m of A, and
as morphisms « : § — 6’ all commutative diagrams

in A for which « is a mono.

For m = 0, then the objects of Cy(0) are in one-to-one correspondence with the
objects r > 0 of Mono A. Moreover, the morphisms of Cy(0) are clearly in one-
to-one correspondence with the morphisms of Mono A, thus Cy(0) ~ Mono A.

Suppose m,n > 0, where we must write down an isomorphism

¢ : Co(m) x Co(n) =~ Co(m +n +1).
The objects of Co(m) * Cy(n) can be taken to be the ordered pairs (61, 62) where
bp:p—>m, b3:q—mn, p>0o0rqg>0.
We can regard all this as in c¢A, and define
#(61,62) = 61 @ b2,

which is a morphism in A from p+ g+ 1 to m +n+ 1. It follows from (5.15)
that this is an isomorphism of object sets.
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Consider next the morphisms of Cy(m) * Cg(n). These are in one-to-one cor-
respondence with the pairs of commutative diagrams in cA,

o / B /
p ——mPDp q — (¢
of el
m —,—m n n

for which both o and 3 are monos, and where either both p,p’ > 0 or both
q,q > 0. Then define
P, B) =adf

and check that ¢ is an isomorphism of morphism sets using (5.15). Thus Co(m) *
Co(n) = Co(m+n+1).

Since Bpsono A has been previously checked as contractible, and since the join
of contractible spaces is contractible, it follows from (5.14) that every Be, () is
contractible. Hence i : Mono A — A is a topological resolution of A. O
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CHAPTER VI

Homotopy Colimits of Simplicial Spaces

We are here again, as in Chapter 2, in the inner core of our subject. The simplicial
category A has objects the non-negative integers and morphisms 6 : m — n the
order preserving functions

6:{0,1,--- ,m} —{0,1,--- ,n}.

The most primitive reason that TOPA’ is at the inner core is because of the
functors

TOPCAT — TOP2"2TOP

of Chapter 2. We will continue to stress the interplay between TOP and these
two fattened versions of TOP which are useful in its study.

We have first to understand for which simplicial spaces X the Milnor realiza-
tion | X| is a (non-standard) homotopy colimit. One needs a judiciously chosen
non-standard universal A-space E and an equivariant map ¢ : E — V such that
one can analyze when the induced map

XxaE— X xaV=|X]

is a homotopy equivalence. Here we use ixEnrono A, set up in Chapter 5 for
this purpose. Thus for any A°-space X, one has the homotopy colimit BX =
X X pono a V of X. It then turns out that | X| is a homotopy colimit of X if for
each epiy : n — n—1 the pair (X (n),y*X(n—1)) is a cofibered pair in TOP; our
treatment has been adapted from Segal [4.4]. This is vital to our development
of the subject, since it is one of the justifications for basing the entire study of
homotopy colimits on the realization. In order to prove this, we have to continue
the study of homotopy equivalences that was started in Chapter 3.

In Chapter 4 we developed the basic theory of homotopy colimits only for
TOP® with G a discretely topologized small category. We next develop the
theory for TOP® where G is a topological category, having finally enough infor-
mation on homotopy colimits in TOP?” to do it properly. For any topological
category, one has as in Chapter 2 the diagram of functors

ToP?¢ 2, TopCcAT & TOPA’.

125
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For topological categories, one takes as the standard model Bg(¢) for the homo-
topy colimit the composition

TOPS 2, ropcAT & TOPA” B, TOP

assigning to the G-space X the space Bg(X) = NM1(X) Xmonoa V. If G
satisfies a suitable cofibration condition, then the natural map Bg(X) — Bg(X)
is a homotopy equivalence and one can think of Bg(X) as a small model for
Be(X). If G does not satisfy the cofibration condition, then one uses only B (X).
One then uses as standard classifying space Bg the space NG X prono A V.

We next consider a topological monoid, i.e. a topological category whose space
of objects is a singleton. For a topological monoid G, one thus has a continuous
and associative multiplication G x G — G with a unit element 1 € G. There is
then readily defined what it means for a topological monoid to have homotopy
inverses. We then prove a classic theorem that if G is a topological monoid with
homotopy inverses, then there is a natural homotopy equivalence of the space G
with the loop space QBg. The purpose of this is to open up for later chapters
the problem of exhibiting models for loop spaces.

By way of specific models, we exhibit in this chapter only the James model
for the loop space 25 A of the reduced suspension SA of a compactly generated
space A with given base point, where A is further constrained by

(i) A is path connected,
(ii) the base point is cofibered in A, and
(iii) A is of the homotopy type of a CW-complex.

The theorem of James [6.4,1955] then asserts that QSA is of the homotopy
type of the free topological monoid JA whose generators are the points of A,
with the base point being the unit element. As a special case, the loop space of
S™ for n > 1 is then up to homotopy the free topological monoid generated by
sn-t,

One proves it by a homotopy colimit computation, i.e. by showing that if A
is a compactly generated space with cofibered base point then Bjs ~ SA and
then applying the theorem on topological monoids with homotopy inverses. In
the conclusion of this chapter, JA is itself interpreted as a homotopy colimit.
Thus a major intent of the chapter is to treat the most classical homotopy
colimit problems connected with actions of small categories, those connected
with A°-spaces and the Milnor realization, with topological monoids which have
homotopy inverses, and with the free topological monoids J A generated by spaces
A with base point.

We assume in the course of the exposition some theorems of the 1960’s about
fibrations due to the German homotopy theorists. For proofs of these background
facts, we refer either to Dold [3.2] or to tom Dieck, Kamps and Puppe [3.1]. We
also assume without proof a theorem of Hastings [6.3] on fibrations.

The Universal A-Space ixEpono A

In Chapter 5, we showed that if Mono A denotes the subcategory of A con-
sisting of all monos in A and if i : Mono A — A denotes the inclusion functor,
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then i Fpono A is a universal A-space. Moreover, we can take
EMono A = H V(TL)
n>0

with Mono A acting as the face operators (although this is not the simplicial
structure on Epsonon used there). We restate (5.16) as Segal’s form [4.4] of a
homotopy colimit BX for any simplicial space.

Theorem 6.1 Let X be any simplicial space in TOP. Then we can take for a
homotopy colimit BX of X the compactly generated space

BX = X xa i Eurono & = i* X Xpono a V= ([[X(n) x V(n))/ ~,

where ~ is the least equivalence relation such that if « : n — 1 — n is the mono
in A whose image does not contain the verter v; ,, then

($7 (t07"' 7ti—1707ti+17"' 7tn)) ~ (xa, (t07"' 7ti—l7ti+17"' 7tn))
for all x € X (n).

Every point of BX has representatives = X prono A (to, - - ,tn) for various n,
where z € X(n). Moreover, any t; = 0 can be deleted, replacing z by z«
for the appropriate mono «. Hence every point of BX has a representation as
T X Mono A (to, -+ ,tn) where t; > 0 for all 7. We leave it to the reader to show
as in (2.7) that each point of BX has a unique representation in this form.

There is the following easier version of (2.8), whose proof we leave to the
reader.

(6.2) Let X be any simplicial space in TOP, and let
7 [[X(n) x V(n) - BX

denote the natural quotient map onto the above homotopy colimit of X. Then
BX is filtered in TOP as BX = |J(BX), where (BX),, = 7(X(n) x V(n)), and
there is the relative homeomorphism

7 X (n) % (V(n), 0V (1)) = (BX)n, (BX)n_1).

A Description of the Map 4 Erono o — V
Let E = ixFEnono A abbreviate the universal A- space given by
E(n) = A(n,0) X Mono A V;
for each n there is the map
On : A(N,0) X Mono A V = A(n,0) xa V = V(n).
There results a A-map ¢ : E — V. For every A°-space X we get the map
1xpad:BX =X XA E— X xaV=|X]|
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In order to understand this map, we need another form of the join of spaces.
Given compactly generated spaces Xg, X1, -, X, the iterated join can be
exhibited as

XO*...*Xn:(v(n)XXOX"'XXTL)/N

where ~ is the equivalence relation such that
((to, -+~ tn) o, -+ ) ~ ((to, 1 tn) Y0, Un)
if and only if x; = y; whenever ¢; # 0. Denote by
7:V(n) x XoX -+ x X, — Xg*---x X,

the natural quotient map.
The two-fold join Xy * X7 then becomes Xo+ X7 = (I X Xgx X7)/ ~, where ~
is the equivalence relation given above. This is a form of the homotopy pushout

of the diagram
XoﬂXoxle()j)Xl,

i.e. is the two-sided mapping cylinder of this diagram. Hence the two-fold join
as used here coincides up to homeomorphism with that of Chapter 5.
Let 6 : m — n be a morphism of A, i.e. an order preserving function

§:40,---,m} — {0, ,n}.

Then for each 0 < ¢ < n there is the face of V(m), possibly empty, spanned by
the vertices vj,, for which §(j) = i. Denote this face by V(m; — 1), where m;
is the number of elements in §7* (i), with V(—1) the empty set. Then there is a
homeomorphism

f:V(img—1)*---%xV(m, —1) ~ V(m).
One simply defines

fﬂ-((t07 e 7tn)7 (UO,Oa ) um0—1,0)7 Y (U/O,TH Tty umn—l,n)) =

(touo,0, " s t0Umo—1,05" " s tnUo,ms "+ tnllm,—1,n),

and checks that f is a homeomorphism. If some §71(i) is empty, the appro-
priate u,; terms will simply not appear. Out of it, one gets for fixed n,m a
homeomorphism

F:A(n,m) x V(m) ~ H (V(mog —1) % -+ % V(m, —1)).

mo+-+mp=m+1

Recall that following (5.4) we exhibited the infinite dimensional dunce hat

D = Byronoa = (H V(m))/ ~
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as all points [ug, - - , U] where (ug, -+, up,) is a point of V(m) and where any
u; = 0 can be deleted. Let p: [[V(m) — D denote the natural quotient map.
There is then the diagram

[TAM,m) x V(m) —"— e im et (V(mo = 1) 5 -+ % V(m,, — 1))

Tl p*...*pl

E(n) Dx---xD

and hence an induced map E(n) — D x --- * D which makes the diagram com-
mutative. It is tedious but not difficult to see that this is a homeomorphism of
E(n) onto the (n + 1)-fold iterated join

DY = Dw D% D.

There is a natural map D"t%* — D. On one hand, it can be taken as the
map E(n) — E(0) induced by the unique morphism n — 0 in A. On the other
hand, it can be exhibited as

7T((t(h e 7tn)7 [u0,07 e 7um0—1,0]7 Tty [Uo,m o 7umn—1,n]) =
[t00,0, -+ » t0Ume—1,00 """ s tnUo,my * 5 tnlm, —1,n)-

(6.3) The above universal A-space E = [[E(n) can be exhibited explicitly as
follows. Take each E(n) to be the (n + 1)-fold iterated join D"*1* of the dunce
hat D. Given a morphism 6 : m — n in A, let m; denote the number of points
in 6=1(i), consider the above maps

D™ — D ... D™ — D
and form the iterated join map
DML — DMo* g g D™ Dk ook D = DPEL*,

This is the action map 6, : D™tY* — D"tL* The A-map ¢ : E — V is for
each n > 0 the join of maps D — pt as given by

En)=Dx%---xD — pt*---xpt =V(n).

Relations Between Homotopy Equivalences and Posets

We need now an effective overview of the elementary relations between cofi-
brations and homotopy equivalences. These interconnections can be regarded in
two ways. The first is as follows.

Let ¥ be a poset. Then ¥ satisfies the finiteness condition if for each object
p of ¥ the set {q|¢ < p} is finite. Define a cofibered ¥-filtered space X in TOP
to be a compactly generated space together with closed subsets X (p) for each
object p such that:

(i) X =U,cy X(p) and A C X is closed in X if and only if each ANX (p)
is closed;
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(i) if ¢ < p then X(q) is contained in X(p) and (X(p),X(q)) is a
cofibered pair;

(iii) if we have ¢ <p and r < p and = € X(¢) N X (r), then there exists
s with s < g and s < r such that x € X(s).

We also regard the poset as a category, with a single morphism ¢ — p whenever
q < p and no morphisms otherwise. This is the second way to look upon the
interconnections. The two ways are related as follows.

Theorem 6.4 Let VU be a poset which satisfies the finiteness condition, and let
X be a cofibered V-filtered space in TOP. If U also denotes the category associ-
ated with the poset ¥, then there is the W-space which associates to each p the
space X (p) and to the morphism v : ¢ — p corresponding to q < p the inclusion
X(q) — X(p). This is a principal V-space and the total space X is its colimit.

PRrROOF. For each object p of U, let d(p) be the maximal non-negative integer n
such that there exists a diagram

po<pr<--<pp=p.

Check that d(p) is well-defined, and that d(p) is of the form 1+ d(q) where d(q)
is the maximum of the d(q’) with ¢’ < p, whenever this set is non-empty. Let
X, be the W-space with X,,(p) all € X (p) for which there exists ¢ < p with
d(¢) <nand z € X(q). Let A,, be defined by

) X(p), ford(p)=n
Anlp) = {@, for d(p) # n.

For each object p let X99(p) be the union of all the X (q) with ¢ < p. Note by
(ii) and extended use of Lillig’s Theorem that each X%¢9(p) C X (p) is a cofibered
inclusion. Then define B,, by

B Xde9(p), for d(p) =n
Bulp) = {(ZJ, for d(p) # n.

The reader will then show, using (iii) and Lillig’s Theorem, that (A, (p), Bn(p))
is a cofibered pair, that there is a relative homeomorphism

(\II XOob v Anylll XOob v Bn) - (Xn7 Xn—l)7

and that X = |J X, is therefore a principal ¥-space. It can be checked that the
total space is its colimit. O

Let ¥ be a poset satisfying the finiteness condition, and let X and Y be
cofibered, W-filtered spaces in TOP. Then a W-filtered map f : X — Y is a
collection of maps f, : X(p) — Y (p) such that whenever ¢ < p commutativity



RELATIONS BETWEEN HOMOTOPY EQUIVALENCES AND POSETS 131

holds in

X(g) —I— v(q)

| 1|

[
X(p) —— Y(p)
There is then an induced map X — Y in TOP which on X (p) agrees with f,,
and this map we also denote by f. This map f is the colimit of the collection

{fp}-

Theorem 6.5 Let U be a poset satisfying the finiteness condition. Let X and
Y be cofibered, V-filtered spaces in TOP, and suppose we have a V-filtered map
f:X —Y such that each f, : X(p) — Y (p) is a homotopy equivalence in TOP.
Then the induced map f: X — Y is a homotopy equivalence in TOP.

This is an immediate corollary of (6.4) and (4.3).
Example 1. Let ¥ be the poset with elements {0,1,2} and partial order 1 >
0 < 2. Then a cofibered P-filtered space X in TOP is a compactly generated
space X together with two closed subsets X; and X3 such that X = X; U X,
and such that Xy = X7 N X5 is cofibered in both X7 and X5. Let Y be another
cofibered, W-filtered space; i.e. we have closed subsets Y; and Y5 of Y with
Y = Y1 UY; and with Y7 NYs cofibered in both Y; and Y. Suppose we have
maps

fi:Xi—-Y1, fo:Xo—-Y

such that if x € X7 N X5 then fl(lL‘) = fQ(ZL‘) Let f() : Xi1NXs — Y1 NY; denote
the map defined by fo(z) = f1(z) = fa(x). Then if fo, f1 and fo are homotopy
equivalences in TOP, so is the induced map f: X — Y a homotopy equivalence
in TOP.
Example 2. Let ¥ be the poset

I<l<---<n<---.

Then a cofibered, W-filtered space in TOP is a compactly generated space X
together with a cofibered filtration X = (J,,~q X in TOP. Given two such, a
U-filtered map f : X — Y is a collection of maps f, : X,, — Y, such that each
fn is an extension of f,,_1. There is then the induced map f: X — Y in TOP.
If each f, is a homotopy equivalence in TOP, then so is f : X — Y a homotopy
equivalence in TOP.
Example 3. Let ¥ be the poset of proper subsets w = {ig,- - , i} of {0,1,--- ;n},
under inclusion. Then a cofibered, Y-filtered space in TOP is a space X in TOP
together with closed subsets X (w) such that:

() X = UX()

(ii) if w’ C w then X (w’) is a cofibered subset of X (w);

(i) X(w)NX(w') = X(wNw'); we will assume in addition that X () =

0.

Given two such, a U-filtered map is a collection of maps f, : X(w) — Y (w)
satisfying the consistency condition. These induce a single map f : X — Y of
the total spaces. If each f,, is a homotopy equivalence, then so is f.
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We need one more fact about homotopy equivalences.

(6.6) Consider the commutative diagram in TOP

X " 4 92 .y

S
X a Ly
in which (X,A) and (X', A") are cofibered pairs and hg,h1,ha are homotopy
equivalences. Then the induced map X Uy Y — X' Uy Y’ is a homotopy equiva-
lence.

ProoF. Each row in the above diagram has a homotopy pushout, and these
homotopy pushouts are two-sided mapping cylinders. Denote them by

XU IxAU,Y, X'Up Ix AUy Y’

respectively. We have an induced map F of homotopy colimits and by (4.3) this
induced map will itself be a homotopy equivalence in TOP. The added step
needed is that each pushout is naturally homotopy equivalent to the homotopy
pushout. Look at the first row. There is the commutative diagram

1xA=A —— A

l d

XUyIxA— X

which by (3.1) represents a homotopy equivalence in TOP\ A. Hence the pushouts
of the diagrams

XE ALy  XuIxAd ALy

are naturally homotopy equivalent. The pushout of the second of these is the
homotopy pushout of the first. [

The Cofibration Condition for Simplicial Spaces

In order to use effectively the cofibration results above, one considers simplicial
spaces X which satisfy a cofibration condition. Call a morphism ¢ of A an
elementary degeneracy if 6 is an epi of the form § : n — n — 1 for some n > 0.
As in Chapter 2, 6* : X(n—1) — X (n) is an inclusion map onto a closed subset
6*X(n — 1) of X(n) for every elementary degeneracy. Say that X satisfies the
cofibration condition for simplicial spaces if (X (n),6*X(n — 1)) is a cofibered
pair for every elementary degeneracy.

Fix a simplicial space X which satisfies the cofibration condition. The reader
can show that every epi in A is a composition of elementary degeneracies, and
consequently that if § : n — m is an epi in A then (X (n),§*X (m)) is a cofibered
pair. Hence for every n > 0, the pair (X (n), X9¢9(n)) is cofibered, using Lillig’s
Theorem.
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We finally have more than one cosimplicial space that concerns us, having
both V and E = 4 Fyono A to consider. We need a temporary name for a
cosimplicial space Y which satisfies the conditions of (2.3) as well as having
that if « : n — m is a mono in A, then the pair (Y (m), a.Y (n)) is a cofibered
pair. We call such a cosimplicial space in TOP nicely cofibered. Thus for such a
cosimplicial space Y, we have:

(i) if @ : n — m is a mono, then a, maps Y (n) homeomorphically onto a
closed subset @, Y (n) of Y (m) and (Y (m), a,.Y (n)) is a cofibered pair;

(ii) given y € Y(m), there exists a unique triple consisting of n < m, a
mono « : n — m, and a non-degenerate u € Y (n) with y = au;

(iii) if the diagram n; —% m <2 ny of monos has no pullback in
Mono A, then

al*Y(nl) n OZQ*Y(’H,Q) = @7
(iv) if the above diagram of monos has a pullback diagram of monos

P1
r — N

P2JV alJ/
o % . om
and if a;p1 = agps = G, then
1Y (n1) Nag.Y (n2) = .Y (r)

(v) if vy : m — n is an epi and if y € Y(m) is non-degenerate, then
vy € Y (n) is nondegenerate.

The set Y9°9(m) of degenerate elements of a nicely cofibered cosimplicial
space is the union of all the closed, cofibered subsets a.Y (n) over all monos
a:n — m with n < m. It follows from Lillig’s Theorem that (Y (m), Y %9(m))
is a cofibered pair.

(6.7) Let X be a simplicial space in TOP which satisfies the cofibration condition
for simplicial spaces, and let Y be a nicely cofibered cosimplicial space in TOP.
Let ~ denote the equivalence relation on [ X (n) x Y (n) such that

XxaY =([X(n)xY(n)/~.
Then the analogues of (2.7) and (2.8) hold.

In fact, their proofs as given used only the above conditions. We have that
X xaA Y is filtered as

X xaY =X xaY)n,
where if 7: [[ X(n) X Y(n) — X xa Y denotes the natural quotient map, then
(X XA Y), =7(X(n) xY(n)).
Moreover, there is the relative homeomorphism

7 (X(n), X% (n)) x (Y(n), Y% (n)) = (X xaY)n, (X XA Y)p_1).
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The space X XA Y is then a cofibered filtered space.

Theorem 6.8 Let X be a simplicial space in TOP which satisfies the cofibration
condition for simplicial spaces, let Y and Z be nicely cofibered cosimplicial spaces,

and let ¢ :' Y — Z be a A-map which is also a weak homotopy equivalence in
TOP®. Then the induced map

IXad: X XAY > X XA Z

18 a homotopy equivalence in TOP.

PrROOF. The proof is an extended exercise in the paragraphs above on the
relationship between cofibrations and homotopy equivalences. Let f denote the
map 1 XA ¢ and let

fn : (X XA Y)n—> (X XA Z)n

denote the restricted maps. By Example 2, it suffices to show each f,, a homotopy
equivalence in TOP. This will be by induction on n.

We have first to look at ¢, : Y(n) — Z(n), to note that this restricts to a map
6 : Y49(n) — Z9¢9(n), and we have to prove that 6 is a homotopy equivalence
in TOP. This follows from Example 3 above.

We next have to consider the commutative diagram

X(n) xY(n) «—— X%®(n) xY(n)UX(n) x Y49 (n) —— (X xaY)n_1

l ! l

X(n) x Z(n) «—— X%®9(n) x Z(n) U X(n) x Z%9(n) ——— (X XA Z)n_1,

and to check that the vertical maps are homotopy equivalences. One then uses
(6.6) to establish the induction. O

Corollary 6.9 The cosimplicial spaces E = i4Epono A and V are both nicely
cofibered cosimplicial spaces Y such that each Y (n) is a contractible space. The
A-map ¢ : E — V defined earlier is automatically a weak homotopy equivalence
in TOP>. Hence for each simplicial space X satisfying the cofibration condition,
the map

1xa¢:BX =X xaE— XxaV=|X|

is a homotopy equivalence in TOP. Hence for such X, |X| is a homotopy colimit
of X.

Easy Examples of | X| as a Homotopy Colimit

Note as a first corollary that all the simplicial sets X satisfy the cofibration
condition for simplicial spaces, where a simplicial set X = [[ X(n) is considered
as a simplicial space by giving each X (n) the discrete topology. Every subset of
a discrete space is clearly both closed and cofibered. Hence for simplicial sets X,
the realization |X| is a homotopy colimit.
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As a second corollary, fix a small category G and consider the functors

TOP® x TOP® 2, TOPCAT & TOPA’

of Chapter 2. Fix a G°-space X in TOP and a G-space Y in TOP. Then
NM(X,Y) is the simplicial space Z = [[ Z(n) where

Z(n) =X xoba G* Xopa Y.

Then Z(n) breaks up into open and closed subsets Z(g1,--- ,gn), one for each
diagram
g1 gn
Po < ey

in the small category G. Here

Z(glv'“ 7gn) = {($7gl7"' 7gn7y)}
with (z,y) € X(po) X Y(pn). There are two cases:
(i

) some g; is an identity morphism and so Z(g1,- - ,gn) is contained in
799 (n);

(ii) no g; is an identity morphism and so no points of Z(g,--- ,gn) are
degenerate.

Thus Z(n) then breaks up into a disjoint union of open and closed subsets,
and we consider 6* Z(n — 1) where § : n — n — 1 is an elementary degeneracy. It
is seen that 6*Z(n — 1) consists of all

Z(g17 5 Gi—1, 1;D7gi+17 e 7gn)

so that 6* N(n—1) is a disjoint union of some of the open and closed subsets into
which Z(n) is broken. Thus (Z(n),6*Z(n — 1)) is a cofibered pair in TOP and
Z satisfies the cofibration condition for simplicial spaces. It then follows from
(6.9) that [NM(X,Y)]| is a homotopy colimit of NM (X,Y). Thus the constructs
BgX, EqgX, EG, and X QY of Chapter 2 all are included in the case in which
the simplicial space used in the construction satisfies the cofibration condition,
so that the realization in all these cases is a homotopy colimit of the simplicial
space.

The Classifying Spaces Bg of a Topological Category

We can now treat topological categories properly. Start with the question of
how one makes classifying spaces of a topological category G. We continue to
take the nerve functor

N : TOPCAT — TOP?’

as a given start. The question is how to follow it with a functor
F:TOPA" — TOP.

An answer is with something taking the nerve NG of the given topological cat-
egory into a homotopy colimit of the simplicial space NG. Any two choices will
then automatically be naturally homotopy equivalent.

Having given above a specific homotopy colimit functor

B : TOP?" — TOP
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for all simplicial spaces, one can then take as classifying space functor B, :
TOPCAT — TOP the composition

TOPCAT & TOP2” £, TOP.

Thus one has an answer for all G. How does it compare with the standard
B¢ that we have used for small categories? For G a small category, the nerve
NG = ] G, satisfies the cofibration condition for simplicial spaces, thus there
is the homotopy equivalence B — Bg. Which topological categories G have
the simplicial space NG satisfying the cofibration condition, so that we can then
use | NG| as a classifying space?

Topological Categories Satisfying a Cofibration Condition

Before answering this, we have to generalize the notion of cofibration. We
have to consider the meaning of cofibration in the category TOP /P of compactly
generated spaces over a compactly generated space P.

Take an object v : X — P of TOP/P. Then I x X denotes the object of
TOP/P whose structural map is given by v/(t,z) = v(z). Projection of I x X
onto X is a map in TOP/P. So are the maps X =1 x X which send z into (0, z)
and (1, z) respectively. Thus there is the homotopy category of TOP/P, already
considered in Chapter 3.

Closed pairs in TOP/P are easy. Given X in TOP/P, and any closed subset
A of X, then A inherits the structure of a space over P from X and (X, A)
becomes a closed pair in TOP/P.

Thus one has the cofibered closed pairs (X, A) in TOP/P, where given a map
¢ : X — Y in TOP/P and a homotopy Hy : I x A — Y in TOP/P with
Hy(0,a) = ¢(a) for all a € A, then there exists a homotopy H : I x X — Y in
TOP/P which extends Hy and has H(0,z) = ¢(z) for all z € X.

Consider now a topological category G. Then Mor G and Ob G are compactly
generated spaces, and among the structural maps of G is the map

Mor G —O0bG x ObG, (p< q)— (p,q).

There is contained in Mor G the closed subset Id G of all identity morphisms
of G.

Say that the topological category G satisfies the cofibration condition if the
above closed pair (Mor G, Id G), considered as a closed pair in TOP/(Ob G x
Ob G), is a cofibered pair in TOP/(Ob G x Ob G).

Suppose for example that G is a topological monoid, so that Ob G is a sin-
gleton, and we can identify G with the space of morphisms Mor G. Then G
satisfies the cofibration condition if and only if (G,{1}) is a cofibered pair in
TOP.

Theorem 6.10 Let G be a topological category which satisfies the cofibration
condition for topological categories. Then the simplicial space NG satisfies the
cofibration condition for simplicial spaces. Hence the realization |NG| is natu-
rally homotopy equivalent to the homotopy colimit of NG and thus to Bg.
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TOP/(P x Q) and the Proof of the Preceding Theorem

Consider TOP/(P x Q) where P and Q are compactly generated spaces.
Regard the structural maps of a space over P x ) as the diagram

J iy QLN

in TOP, and a morphism X — Y as a commutative diagram

P2 X 2, Q

el

P-4 vy Q.

If G is a topological category, then as above we have

!
Va

ObG & Mor G 2 0b G,

where v; and v take a morphism into its target and source respectively. Denote
this space over Ob G x Ob G simply by G. As above, we have the closed pair
(G,Id G) in TOP/(0Ob G x Ob G).

If P, @, and R are compactly generated spaces, there is a bifunctor
xg : TOP/(P x Q) x TOP/(Q x R) — TOP/(P x R).
Namely, given X in TOP/(P x Q) with structural maps
P& x

and given Y in TOP/(Q x R) with structural maps
Q Ay 2, R,

there are the maps X x Y=Q taking (z,y) into vo(z) and v{(y) respectively.
Denote by X x¢q Y the closed subset of X x Y consisting of all (z,y) with
vo(z) = Vi(y). Then X XY is closed in X x Y, and hence is compactly
generated. Moreover, there are the structural maps

P XxoY 2R,

where v{(z,y) = v1(z) and VY (z,y) = v4(y). One completes the functor by
assigning to f: X - Y in TOP/(P x Q) and f': X' - Y’ in TOP/(Q X R) an
induced map
Fxof tXxoY — X' xoY'.
This functor is easily extended to multifunctors such as
TOP/(P x Q) x TOP/(Q x R) x TOP/(R x S§) — TOP/(P x S).

Thus we regard the above multifunctor as associative.
If (X,A) is a closed pair in TOP/(P x Q) and (Y, B) is a closed pair in
TOP/(Q x R), one receives a closed pair

(X,A) XQ (Y,B)Z(X xQY, AxqYUX XQB)
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in TOP/(P x R). We need the following fact. If (X, A) is a closed cofibered pair
in TOP/(P x Q) and (Y, B) is a closed cofibered pair in TOP/(Q x R), then
(X, A) xq (Y, B) is a closed cofibered pair in TOP /(P x R). The reader will have
to check that relevant portions of a simpler case at the beginning of Chapter 3
extend without change.

Consider finally a topological category G satisfying the cofibration condition.
There is the simplicial space NG, and

(NG)(n) =G xopa - Xova G

is the n-fold reduced product Moreover, if 6 : n — n — 1 is an elementary
degeneracy then 6* NG(n — 1) is a reduced product

Gxovg - XobaGxobaldG xobaG Xovag - Xoba G
and (NG(n),6* NG(n — 1)) can be expressed as
Gxova--Gxopa (G, IdG) xoba G Xoba - Xova G.

By multiple use of the preceding paragraph, this is cofibered in TOP/(Ob G x
Ob @) and thus in TOP. The theorem follows.

TOP¢ and TOPY’ for G a Topological Category

Out of the bifunctor x¢g : TOP/(P x Q) x TOP/(Q x R) — TOP/(P x R),
we can take P = pt or R = pt or both and get special cases such as

xq : TOP/(P x Q) x TOP/Q — TOP/P.

We assume these special cases, but leave details to the reader.
If G is a topological category, a G-space X in TOP consists of

(i) a space X in TOP/Ob G with structure map v : X — Ob G}
(ii) a morphism G xpp ¢ X — X in TOP/Ob G, (g, ) — gz; this is the
action map;
(iii) for each (g,¢’,2) € G Xob ¢ G X0b ¢ X, it is required that g(¢'z) =
(99");
(iv) it is required for each (1,,z) € Id G xop ¢ X that 1,2 = .
Given G-spaces X and X’ in TOP, a G-map ¢ : X — X' is a map in
TOP/Ob G such that commutativity holds in the diagram of maps in TOP/Ob G

t
GXObe L)

1xop G¢J/ ¢J/

G Yol Xel X' G—Ct> X'.
We thus have the category TOPY whose objects are the G-spaces in TOP,
and whose morphisms are the G-maps.
There is similarly the category TOPS" of right G-spaces and G-maps.
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If G and H are topological categories, the G x H?-spaces X in TOP merit
special attention. First, X is a space over Ob G x Ob H and as such has structure
maps

ObG & X 2,00 H.
Second, we take the action map as a map

GxovgX xooar H—X (g,2,9')— (92)9' = g(zg') = gzg’

in TOP/(Ob G x Ob H), with the appropriate extra conditions. As in Chapter
2, there is the functor

M : TOPS*H’ » TOPH*K” _, TOPCAT,

where Ob M(X,Y) = X xopug Y, and Mor M(X,Y) = X xop g H Xopn Y.
There are natural maps

ObM(X,Y) > ObG xO0bK,Mor M(X,Y) — ObG x Ob K,
which amount to a continuous functor
M(X,)Y) - ObGxO0ObK

into the topological category whose morphisms are all identity morphisms.
The functor N : TOPCAT — TOP? then sends M(X,Y) into an NM(X,Y’)
for which there is for each n a map

(NM(X,Y))(n) — Ob G x Ob K

commuting with the action maps coming from morphisms ¢ : m — n of A. In
short, the composition

TOPS*H’ 5 TOPH*K” 2L ropCAT & TOPA’
maps each (X,Y) into (TOP/Ob G x Ob K)°. The realization | ¢| can then be
seen to provide a commutative diagram

Kl

(TOP/(0b G x Ob K))A" ——— TOP/(0b G x Ob K)

l |

TOPA’ id TOP.

(6.11) If G is a topological category which satisfies the cofibration condition,

then there is the functor
TOP® — TOP™

sending X into the simplicial space NM(G,X). This is a simplicial space sat-
isfying the cofibration condition for simplicial spaces. Thus |[INM(G,X)| is a
homotopy colimit for NM (G, X). Define EgX = |[NM(G,X)|. Then EgX is
in TOP/Ob G and also in TOPG, there is a natural G-map T : E¢X — X, and
T is a homotopy equivalence in TOP/Ob G.
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PROOF. Let 6 : n — n—1 be an elementary degeneracy, and abbreviate the com-
pactly generated space Ob G by P. Then (NM(G, X))(n),6*(NM (G, X))(n —
1)) is of the form

GXP"' XPGXP(G,IdG) XPGXP-'- XPGXPX
and is thus a cofibered pair in TOP/P, where the structure map is given by

(907917 e 7gn7$) = target go-

It is then clear that NM (G, X) satisfies the cofibration condition for simplicial
spaces.

We must next see that [NM(G, X)| is in TOP/P. This follows from the
remarks above.

One next has to see that [NM(G, X)|, together with [NM (G, X)| — P, its
structure map given above, is in TOP®. The action function is clear, it is just a
matter of seeing that it is an action map in TOP/P. We only give the outline.
One needs besides NM (G, X) also NM (G x pG, X), both in (TOP/P)»°. There
is a natural morphism in (TOP/P)2’ from NM (G'x pG, X) to NM (G, X) which
follows from the morphism in TOP/(P x P)

GxpG—G,  (9.9)—g9"
This natural morphism induces a morphism
INM(G xp G, X)| = |INM(G, X)|
in TOP/P. Finally,
INM(G xpG,X)|~G xp|NM(G, X)|.

Thus, |[NM(G, X)| can be considered a G-space.

The final part of the proof consists in generalizing (2.11) and (2.13). The
generalization of (2.11) takes the following form. Let P denote a compactly gen-
erated space, and let also P denote the topological category whose object space
is P, and whose morphisms are all identity morphisms. Denote by TOPCAT/P
the category whose objects are pairs consisting of a topological category G and a
continuous functor G — P, and whose morphisms are all commutative diagrams

G — @&
Lo
P P.

Then (2.11) takes the following form. Suppose G and H are in TOPCAT/P
and that ¢,0 : G — H are morphisms of TOPCAT/P such that there exists a
continuous natural transformation T': ¢ — 6. Then the maps

¢l,160] : ING| — [NH|

in TOP/P are homotopic in TOP/P.
Then the proof of (2.13) is repeated verbatim for the rest of the theorem. O
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Principal G-Spaces for a Topological Category

The main arena of this tract is with actions of small categories. Nevertheless,
we want to leave enough traces for the case of a topological category so that
the interested reader can reconstruct this extended case. Besides, it gives good
experience in the myriad possible extensions of the earlier chapters. We are ready
now to outline the categories with principal models in the case of a topological
category.

Fix a topological category G. There is then a functor TOP/(Ob G) —
TOP/(Ob G) sending A into Gx op ¢ A. Moreover there is a map in TOP/(0b G),

G xobaGxobgA— Gxopa 4,

which sends (g, ¢’, a) into (gg’,a). Thus G xop ¢ A is a G-space and we have the
functor

iy : TOP/(ObG) — TOPY, A G xopg A.

A principal G-space X in TOP is a G-space for which there exists a filtration
X =,;50 Xn in TOPY such that
(i) there exists a space Ag in TOP/(Ob G) such that

XQ’ZGXO[,G,AO

in TOP®, and
(ii) for each n > 0 there exists a closed cofibered pair (A, B,,) in TOP/(0b G)
and a pushout diagram

G xobg Bn —— Xp_1

l !

GxopgAp — X,

in TOP®.

If G is a topological category satisfying the cofibration condition, then each
EgX is a principal G-space; i.e. the generalization of (4.1) then holds. Recall
also from (6.11) that EgX — X is then a G-map and a homotopy equivalence
in TOP/(Ob G). For the case of a topological category G, these will be defined
to be the weak homotopy equivalences in TOPY; i.e. they are the G-maps which
are also homotopy equivalences in TOP/(Ob G).

The reader who checks all details of these paragraphs will have to start with
a burdensome extension of (3.9) from TOP to TOP/P, where P is a compactly
generated space. Namely, consider the diagram

A% Ly
L
x - . B

in TOP/P where v is a cofibration in TOP/P and where g is a homotopy equiv-
alence in TOP/P. Suppose we are given a homotopy Hy : I x A — B in TOP/P
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joining g¢o to ¢1v. Then there exist a map 6 : X — Y in TOP/P and a homo-
topy H : I x X — B in TOP/P joining g6 to ¢; and with H(1; x v) = Hy. The
appropriate supporting lemmas and proof will work as before.

With this extended form of (3.9). the reader can check that the proof of (4.3)
continues to hold; i.e. if G is a topological category and if ¢ : X — Y is a weak
homotopy equivalence in TOP® joining the principal G-space X to the principal
G-space Y, then ¢ is a homotopy equivalence in TOP®.

Theorem 6.12 Let G be a topological category satisfying the cofibration con-
dition. Consider the category TOP®, together with the notion of homotopy in
TOP® and of weak homotopy equivalence in TOP®. Take also the functor

Eg(o) : TOPY — TOP®

of (6.9), together with the natural transformation T : Eg(¢) — 1. Continue to
denote by PRINCE the full subcategory of principal G-spaces. With this struc-
ture, TOP® is a category with principal objects in the sense of Chapter 3.

The point of the above is that it is a direct extension of (4.4). How does
one handle the case in which the topological category G does not satisfy the
cofibration condition? The answer is that one can then substitute a functor
Ea(o) : TOPY — TOPY for the above, based on the homotopy colimit functor
B : TOP?" — TOP. Namely, take NM(G, X) in TOP?’ and follow with the
functor B.

Theorem 6.13 Let G be a topological category. Assume the structures of (6.12)
except replace Eg(0) by Ea(0) and a corresponding natural transformation

T : Eq(e) — 1.

With this given structure, TOP® is a category with principal objects in the sense
of Chapter 3.

Homotopy Pullback Diagrams

We have found occasion to use already the standard homotopy pushout of a
diagram

X, L x, 22y,
in TOP, namely the two-sided mapping cylinder
C:X1UfIXX0 U¢0Yb'

A commutative diagram
Xo L Y,
ol

XlL}yl
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in TOP is said to be a homotopy pushout diagram, or to be homotopy cocartesian,
if the natural map
X1Uf I x X U¢OYQ—>}/1

is a homotopy equivalence in TOP.
We need now the dual notion. Let ¥ denote the small category

0—2—1,

and consider the W-space
X,y Ly,
The standard homotopy limit, or standard homotopy pullback, of this W-space is
the compactly generated space
L =X xy, V1)’ xy; Yo,
consisting of triples

r € X4, o:1—Y, yEYQ

such that 0(0) = ¢1(x) and o(1) = g(y).
A commutative diagram

in TOP is said to be a homotopy pullback diagram, or to be homotopy cartesian,
if the natural map

Xo— L =X x4 (V1) x, Y
is a homotopy equivalence in TOP. We come back to such diagrams after setting
up a circumstance in which they are needed.

Specializing the Topological Category to a Topological Monoid

A topological monoid is a topological category G for which the space Ob G is a
singleton. Thus it is a compactly generated space G together with an associative
multiplication

GxG—G, (91,92) = 9192,
for which there is a two-sided identity 1 € G. A homomorphism [ : G — G’
joining topological monoids is a map with

f(g192) = f(91)f(g2), f(1)=1

Denote by TOP MON the category of topological monoids and homomorphisms.
The topological monoid G is said to have homotopy inverses if there exists a
map 0 : G — G such that the map

G—G, g—g9)

is homotopic to the constant map sending each g into 1. Technically this requires
only a right homotopy inverse, but it follows that the right homotopy inverse is
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also a left homotopy inverse. Let 1(g) = (0(g))g. Then the map g — (11(9))(u(g))
is homotopic to g — w(g). Operating with 6(u(g)) on the right we get that p is
homotopic to the constant map.

Return now to the problem at hand; i.e. properties of the classifying space
of a topological monoid. Consider first the case in which the base point {1} is
cofibered in G. We can then take the standard universal G-space Eg and the
standard classifying space Bg to be

Eg = |NM(G)|, Bg = N(G)|

as in Chapter 2. Since (Bg)o = Ob G is a singleton, then Bg has a natural
cofibered base point by. Since Ob G is a singleton, also E¢ is a single compactly
generated space upon which the monoid acts continuously. Moreover Bg is the
space of orbits and there is the natural quotient map 7 : Egq — Bg. It is readily
checked that 7=1(bg) ~ G. There is then the natural commutative diagram

ﬂ_l(bo) ~G —— Eg

I d!
bo — Bg.

We assume for the moment the following theorem, whose proof will occupy
us for the rest of the chapter. Such theorems go back to Dold-Lashof [6.1] with
weak homotopy equivalences replacing homotopy equivalences. In the present
generality, the theorem is due to M. Fuchs [6.2]. Segal [4.4] has generalized such
theorems; we use the language and methods of Segal and of V. Puppe [6.5].

Theorem 6.14 Let G be a topological monoid with homotopy inverses, such that
the base point 1 € G is cofibered in G. Then the above commutative diagram

G —— Eg
Ll
bp —— Bg

is a homotopy pullback diagram in TOP.

If the base point is not cofibered in G, then we must use (6.13) instead of
(6.12). We then have the G-space &g instead of E¢g, and the compactly generated
space B¢ instead of Bg, where

BG:NG X Mono A V.

Theorem 6.15 Let G be a topological monoid with homotopy inverses. Then
the commutative diagram
G — &a

Lo

bo —>BG
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is a homotopy pullback diagram in TOP.

We will begin shortly the proof of (6.15), but will first restate the theorems
in terms of the natural maps

G — QBg, G — QBG

Corollary 6.16 Let G be a topological monoid with homotopy inverses. Then
the natural map
G — QBg,

which takes g € G into the loop t — g Xponoa (1 — t,t) of Bg, is a homo-
topy equivalence in TOP. If also the base point 1 € G is cofibered in G, then
G — QB¢ is a homotopy equivalence in TOP.

ProOOF. Since &g is contractible, the unique map £¢ — by is a homotopy
equivalence. We have the commutative diagram

G pr— G

! !

bO XBa (BG)I XBa gG I b() XBa (BG)I XBa bo ~ QBG

The left hand map and the bottom map are homotopy equivalences, hence the
righthand map is a homotopy equivalence. [

We have taken the following from Fuchs [6.2].

Theorem 6.17 Let G be a topological monoid. Denote by moG the monoid of
path components of G, with base point the path component containing 1 € G. If
moG is a group and if G is of the homotopy type of a CW-complex, then G has
homotopy inverses.

PROOF. The proof rests on consideration of the commutative diagram

GxGe — . axa

/| /|

where f(g1,92) = g1 and 6(g1,92) = (91,9192). Now f is a fibration, and the
fibers are the ordered pairs with fixed first coordinate. Then § maps each fiber
into itself. Since myG is a group, then § maps each fiber into itself by a homotopy
equivalence. If the base space G is of the homotopy type of a CW-complex, it
then follows from a remarkable theorem of Dold [3.2] that 6 is a fiber homotopy
equivalence in the category of spaces over G. See also tom Dieck, Kamps and
Puppe [3.1] for a proof. Now let ¢ : G x G — G X G be a fiber homotopy inverse.
Since 6¢ is homotopy equivalent to the identity in spaces over G, it is checked
that g1 — &(g1,1) is a right homotopy inverse. [J
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The James Model for QSA

We continue to motivate the later work involving homotopy pullback dia-
grams with examples from their history, and thus now give an account of early,
influential constructions of James [6.4]; see also tom Dieck, Kamps and Puppe
[3.1].

Let A be a compactly generated space with cofibered base point ag. We need
the free topological monoid J A generated by the points of A, where the base point
ag becomes the identity element of JA. As with the rest of this example, this
is due to James. Define JA = (][, A™)/ ~, where ~ is the least equivalence
relation such that

(al7"' 7an) N(a17"' sy Qi—1,Q0,Agy " * 7a/n)

and where A° is ag. There is the natural quotient map 7 : [[A® — JA. Let
(JA),, = mA™, and show that JA = |J(JA), is a cofibered filtered space in TOP
whose term (JA)p is the singleton 1 = 7(ag). For each positive n, there is the
relative homeomorphism

T (A" ATT) — (T A, (JA)n-1),

where A™9¢9 consists of all (a1, -- ,a,) with at least one a; = ag.
The natural homeomorphisms A™ x A" ~ A™™ give a well defined map

[(TT4a™)/ ~ < 1(QTA™/ ~ — (TAD/ ~,

thus we have the natural map JA x JA — JA, which makes JA a topological
monoid. It is also the case that since ag is cofibered in A, then 1 is cofibered
in JA. The monoid JA is filtered in the sense that the multiplication sends
(JA)m x (JA), into (JA)m+tn. Moreover (JA); can be taken to be A. Thus we
have the free topological monoid generated by A.

The following construction of James is then the prototype for numerous vari-
ations later. Denote by C' A the reduced cone over A; that is,

CA=IxA/0x AUI x ay.

Identify A as a closed subspace of C'A by identifying A with its copy 1 x A. Thus
we have

A= (JA), CCA,  JAxACJAxCA.

We then have also the composition
JAXxA=JAx (JA) — JA

where the last map is multiplication. Thus we have the diagram
JAXxCA— JAXxA— JA.

Denote the pushout of this diagram by FE.
We see next that E is naturally filtered as E =[], En. For n = 0 take Ey
as the natural base point, alternatively the pushout of

De—=0—1
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and for n > 0 as the pushout of
(JA)p1 x CA— (JA)p—1 x A — (JA),.
It is next checked that for n > 1 there is a relative homeomorphism
(JA)n-1,(JA)n—2) x (CA,€) = (En, En1),

where e is the base point of CA. Thus (E,, E,_1) is a cofibered pair. Since e is
a strong deformation retract of C'A, then E, _; is a strong deformation retract
of E,. It then follows that the base point Fj is a strong deformation retract of
E. In particular, the space E is contractible.

One next proceeds to the commutative diagram

JAXCA " JAxA - JA

I

CA — A — pt,

where p and p; are projection maps. The pushout of the top line is the con-
tractible space E, the pushout of the bottom line is the reduced suspension
SA = CA/A, and we have a map q : E — SA of pushouts. Thus we have a

commutative diagram
JA —— FE

Lo

pt —— SA.

Whenever this diagram is a homotopy pullback diagram, then we will have a
natural homotopy equivalence JA — QSA.
We will later prove the following theorem about homotopy pullbacks.

Theorem 6.18 Suppose given the commutative diagram

[ 0o

Xo Yo Zo
X, 2y, B 7,

where ¢g and ¢y are cofibrations and where both rectangles are homotopy pullback
diagrams. Then both rectangles of the commutative diagram

Xo —— XoUgy Zo «—— Zp

X1 —_— X1U91 Z1 A — Zl

are homotopy pullback diagrams, where v"" is the induced map of pushouts.

For the moment we assume the theorem in order to obtain from it the following
classic theorem of James [6.4].
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Theorem 6.19 Let A be a path connected space with cofibered base point ag, and
suppose A is of the homotopy type of a CW-complex. Then there is the homotopy
pullback diagram

JA —— FE

L
pt —— SA

and hence we have a homotopy equivalence JA ~ QS A.

PRrROOF. The theorem will follow from (6.18) if we can show that each rectangle
of

JAXCA " JAxA - JA

I

CA 7 A — pt

is a homotopy pullback diagram.

The first rectangle is a pullback diagram of fibrations, hence is a homotopy
pullback diagram.

The second rectangle is a homotopy pullback diagram if and only if the map

prJAXA— JAXA, (w,a) — (wa,a)

is a homotopy equivalence. This map JA x A — JA X A can be regarded as a
map of spaces over A, and the proof of (6.17) can be applied. For each fixed a, p
is a homotopy equivalence of the fiber over a, since A and therefore JA are path
connected. Since A has been assumed of the homotopy type of a CW-complex,
then g is a homotopy equivalence as in (6.17) by Dold’s Theorem. [J

The Category PULL of Homotopy Pullback Diagrams

Denote by MAP the category whose objects X are all maps
v=rx:Xg— X1
in TOP, and whose morphisms ¢ : X — Y are the commutative diagrams

XOLYO

XlL}yl

in TOP. This is the category we have previously denoted by TOP’~!. Recall
that we denote by WHE the subcategory consisting of all ¢ : X — Y such
that both ¢y and ¢; are homotopy equivalences in TOP. Recall also that the
coprincipal objects of MAP are those X for which v : Xo — X; is a fibration.
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Denote by PULL the subcategory whose morphisms are all homotopy pullback
diagrams. Then for each ¢ : X — Y in PULL, we have the homotopy equivalence

Xo ~ L(¢) = X1 xy, (V1) xy, Yo.
For each object Y in MAP, there is the functorial factorization
Yo o E'Yy 24 v,
of the map v/ : Yy — Y7, as in (3.3;vi). Here E'Yy = (Y1)! xy, Yo. Then the

homotopy pullback of the original diagram can be checked to be the pullback of
the diagram

X, 2y 2L gy,
Thus we have the pullback diagram

SHEY, — E'Yo

I

X1 L, Yy,

and ¢ is in PULL if and only if the natural map Xy — ¢ E’Y} is a homotopy
equivalence in TOP. Equivalently, ¢ is in PULL if and only if the natural map

E'Xy — ¢*E'Y,

is a homotopy equivalence. It then follows from (3.4) that F' Xy — ¢7E'Yy is a
fiber homotopy equivalence in TOP/X;.

Ifp: X >Y and 0:Y — Z are in PULL, then 0¢ : X — Z is in PULL
For since 6 is in PULL, then the map

E'Yy — 07E'Zy
is a fiber homotopy equivalence as spaces over Y;. It then follows that
¢ E'Yy — ¢1071E' Zo
is a fiber homotopy equivalence as spaces over X;. Since ¢ is in PULL, then
E'Xo - $iE'Y,

is a homotopy equivalence. The remark follows by combining these.
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WHE is Contained in PULL

For consider the commutative diagram

X() —_— (z)IEIYO — X1

o] Y

Yo ——— EY, —— Yi.

We at this time assume without proof a standard theorem of fibrations: namely,
since the above map ¢; is a homotopy equivalence, then the above map f :

TE'Yy — E'Y) is a homotopy equivalence. For a proof, see tom Dieck, Kamps
and Puppe [3.1,p.137]. Since ¢y, ¢ and f are homotopy equivalences, then

Xo— ¢1E'Y)

is a homotopy equivalence.
Note the special case that all identity morphisms of MAP are in PULL.

If ¢ is in PULL and one of ¢, 6 is in WHE, then the other is in
PULL

Suppose for example that ¢ is in WHE, and that 6¢ is in PULL. Using again
the above cited theorem concerning fibrations induced by homotopy equivalences,
we get the diagram

E'Xy —— ¢1E'Yy —— ¢161E'Zp
| |
EY, —— 0iFE'Z,.
It follows readily from the hypotheses that
P1EYo — ¢101E'Zy
is a homotopy equivalence, from which it follows that
E'Yy — 01E'Zy

is a homotopy equivalence.
The following is taken from tom Dieck, Kamps and Puppe [3.1].

Theorem 6.20 Assume the commutative diagram in TOP,
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where the four designated maps are homotopy equivalences in TOP. Then the
back face is a homotopy pullback diagram if and only if the front face is a homo-
topy pullback diagram.

The proof is left as an exercise; use the preceding proposition.

The above are superficial properties of the category PULL. There are less
superficial properties, taken from Segal[4.4] and V. Puppe [6.5], which do things
like prove (6.18). We proceed slowly with these, and start by trying to under-
stand better fiber homotopy equivalences.

A Characterization of Fiber Homotopy Equivalences

Given a compactly generated space B, denote by TOP/B the category whose
objects are the maps v : E — B and whose morphisms are the commutative
diagrams

ELE’
B ——— B.

A Dold fibration v : E — B is an object of TOP/B which is homotopy equivalent
in TOP/B to a fibration v’ : E' — B.

We assume basic properties of Dold fibrations; see Dold [3.2] or tom Dieck,
Kamps and Puppe [3.1]. Among these is the local characterization: if v: E — B
is a map in TOP such that there exists a numerable covering {V;|j € J} of B
with each v; : v™1V; — V; a Dold fibration, then v is a Dold fibration [3.1,p.157].

DEFINITION. Consider the class of fibrations v : £ — B for B fixed. Define
the fibrations vy : Ey — B and vy : 1 — B to be equivalent if there exists a
Dold fibration 7 : E — I x B and for € > 0 sufficiently small pullback diagrams

O,e] x By —— E «——— [1—¢1]xEy

1><1/0J/ Wl lxull

0, x B —— IxB «—2— [1—¢1] x B.

Write vy ~ v if this condition is satisfied.

The relation ~ is an equivalence relation. Transitivity follows readily from
the local characterization of Dold fibrations.

If vg and v are equivalent as above, then they are fiber homotopy equivalent.
This is again a version of a standard theorem of fibrations. See tom Dieck,
Kamps and Puppe [3.1,p.132].

In fact, it follows from methods of Dold that fibrations vy and v are equivalent
as above if and only if they are fiber homotopy equivalent. We proceed to set
up the machinery needed, assuming fibrations vy and v; and a fiber homotopy
equivalence ¢ : £y — Ej.

Assume first the following straight-forward special case of a theorem of Hast-
ings [6.3]: the map

p: (El)I — Fq XBBI X g F
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sending a path o into the triple (o(0),v10,0(1)) is a fibration.
Next consider the inclusion map

i:El XBE1‘—>E1 XBBIXBEl

sending the pair (e, e’) with v1(e) = v1(€’) into the triple (e, o,€’) where o is the
constant path at v4(e). Take the pullback fibration

q: Z*(El)I — E1 XB E1
whose total space consists of all triples
e € F, o:1— FEn, 6/€E1

such that 14 (e) = v1(¢’) and v10 is a constant path in B; i.e. such that the path
o lies in a fiber of .

Next factor into the above the fiber homotopy equivalence ¢. Specifically,
take the homotopy equivalence

¢X31:E0 XBE1—>E1 XBE1
and pull back the fibration g, obtaining the pullback diagram
W(p) —— i*(Er)

/| 1|
EO XBEl EE— El XB El-

Since q is a fibration, then v/ is a fibration.

It is readily checked that projection Eg X F1 — FEj is a fibration, hence the
composition

W(¢) = Eg xp E1 — E;
gives a fibration v : W(¢) — E; due to Dold [3.2]. Here W(¢) consists of all
triples
GQEE(), UZI—>E1, e1 € B

with o contained in a single fiber of 11 and with ¢(eg) = o(0) and o(1) = e;.
Moreover v maps (eg, 0, e1) into e;.

There is the natural inclusion of Ey in W (¢), sending ey into the triple
(eo, 0, d(eg)) where o is the constant path at ¢(eg). This is clearly a homotopy
equivalence. Thus we have Dold’s factorization of the fiber homotopy equivalence

o,
Ey —— W(¢) —— E;

Vol l,”l Vll
B B B,

where v, 19,1, are fibrations, all the top maps are homotopy equivalences,
and where " maps (e, 0, e1) into vpeg = vieg.

Theorem 6.21 Let B be a compactly generated space, and let vy and v be fi-
brations over B. Then vy ~ v1 in the above sense if and only if vy and v1 are
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fiber homotopically equivalent.

PROOF. Suppose vy and v, are fiber homotopically equivalent, via ¢ : Eg — Ej.
We have to prove in the above construction that vy ~ " and v ~ vy.
In order to prove vy ~ v"', we need that

0,1/2] x Eo Ug, [1/2,1] x W(¢) — I x B

is a Dold fibration. We leave it as an exercise for the reader that it is fiber
homotopy equivalent to the fibration 1 x vy : I X Ey — I x B.

The heart of the matter is proving that v” ~ v;. Since v : W(¢) — Ej is both
a fibration and a homotopy equivalence, we can use (3.8) on the commutative
diagram

=
S
=
S

By —— E;

to obtain a map s : E; — W(¢) with vs =1 and a homotopy D : I x W(¢) —
W (¢) joining 1 to sv such that for each w € W (¢) all the D(¢,w) lie in a single
fiber of v. This having been noted, we leave it as an exercise to show that

[0,1/2] x W(¢p) Ug, [1/2,1] x E; — I X B
is fiber homotopically equivalent to 1 x vy : I x E; — I x B. It follows that

vV~ O

Corollary 6.22 Consider the fibrations vy : Egy — B and vy : E1 — B, and let
¢ : Eg — Ej be a fiber homotopy equivalence in FIB/B. Then vy ~ v1 by means
of the Dold fibration 7 : E(¢) — I x B where

E(¢) =[0,1/3] x Eo Uw(g) [1/3,2/3] x W(9) Ug, [2/3,1] x Ex,
with the map 7 the natural map.

We also interpret the above as follows. Suppose we are given the fiber homo-

topy equivalence Ej 2, E; of fibrations over B. Replace it by the commutative
diagram

Ey — W(®) Ey Ey

S I
B B B B.

Denote by Ty the mapping telescope of the top line, and by 77 the mapping
telescope 71 = I x B of the bottom line. Then the induced map p: Ty — I x B
is a Dold fibration.
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Extension of the Above Methods to PULL

Consider now a commutative diagram

XOLYE)

X1 LN Yy,

in TOP, where v and v/ are fibrations. We wish to characterize when ¢ is a
homotopy pullback diagram in terms of Dold fibrations.
Suppose first that ¢ is in PULL. There is then the fiber homotopy equivalence

X1

hence there is the Dold fibration 7 : E(¢{) — I x X1 of (6.22).
There is also a fibration

i EI(¢) — [1,3/2] x X1 Ug, [3/2,2] X Yy
at hand. Namely there is the natural map
[1,3/2] x X1 Ug, [3/2,2] xY: —- Y1

and one can pull back the fibration /.
There is in both E(¢{) and E’(¢) the subset 1 x ¢1Y; so that we can form
the union

D(¢) = E(¢71) Uixerv, E'(9)
and obtain a union map

7:D(¢) — [0,3/2] x X1 Uy, [3/2,2] x Y1

which is checked to be a Dold fibration. The base space of 7 is a variation of the
mapping cylinder of ¢;; denote it by M (¢1) so that we have the Dold fibration

7: D(¢) — M(¢1).
There is the similar variation M (¢o) = [0,3/2] x Xo Ug, [3/2,2] x Yo of the
mapping cylinder of ¢y, and a natural homotopy equivalence

D(¢) ~ M(o).

Thus from the homotopy pullback diagram we have obtained a commutative
diagram
D(¢) —"— M(¢o)

| |
M(¢1) == M(¢),

where 7 is a Dold fibration and p is a homotopy equivalence.




EXTENSION OF THE ABOVE METHODS TO PULL 155

We restate the construction. We have considered the diagram

Xo w »1Yo Yy Yo
X1 X1 X1 Yl Yl

and have taken the mapping telescopes Ty and T3 of top and bottom, as well as
the induced map 7 : Ty — Ti. This has turned out to be a Dold fibration, and
To =~ D(¢).

For simple linear diagrams in PULL, one can fit together the various D(¢).
Consider first a commutative diagram

[ 0o

Yo Xo Zo
Vi 2 xy 2 7
in PULL. One then has the commutative diagram
D(¢) Xo D(®)
M(¢1) X1 M (61)

and thus can form the union
TUx, 7 D(¢) Ux, D(0) — M(¢1) Ux, M(61).

Denote the domain by D, and denote the range by M(1). There is a similar
M(0) = M(¢o) Ux, M (o) and a commutative diagram

D ——— M(0)

A

M(1) M(1)

where 7" is a Dold fibration.
The payoff then comes as follows. We have a commutative diagram

Yo — D — 2%
Y —— MQ) ——— 73

which is a diagram of Dold fibrations and pullback diagrams. That is, this
diagram is a diagram in PULL. It then follows from (6.20) that

Yo —— M(0) ——— Z,

l ! l

Yi —— MQ) ——— 73
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is a diagram in PULL. But M (0) is just a form of the homotopy pushout of
Yo 2 x4y 22 7,

M (1) is the corresponding form of the homotopy pushout of the base maps, and
the connecting map is that induced on homotopy pushouts.
We have proved a basic theorem of V. Puppe [6.5].

Theorem 6.23 Suppose given the diagram

®o 0o

Yo Xo Zo
Y, 1 X, 01 7z

of homotopy pullback diagrams. Let My and My denote the standard homotopy
pushouts of the top row and bottom row respectively, and let v : My — M,
denote the induced map. Then the rectangles of

Yo My Zy
Lo l
Y1 M,y A

are homotopy pullback diagrams.

Theorem 6.18 follows as a corollary from (6.23), using (6.20) as an aid.

We leave the entirely similar following proposition to the reader. One must
first prove it in terms of mapping telescopes, and then convert to cofibered filtered
spaces with (6.20).

Theorem 6.24 Suppose X = |JX,, and Y =Y, are cofibered filtered spaces,
and that we have the following diagram of maps

Xo X1 Xo
fol fll le
Yo Yi Ys

where each rectangle is a homotopy pullback diagram. Let f : X — Y be the
induced map of total spaces. Then

Xo — X
fOJ, fJ,
Y() — Y

18 a homotopy pullback diagram.
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Final Remarks on PULL

Let ¥ be a poset satisfying the finiteness condition as in (6.5). Let X and Y be
U-filtered spaces and suppose we have a U-filtered map f : X — Y, inducing the
restriction maps f, : X (p) — Y (p). Suppose in addition one has a commutative
diagram

X go

AR
vy 2w
such that for each p the composed diagram
X(p) — 2
T
Y(p) — W

is a homotopy pullback diagram. We may as well assume h a fibration, and we
do so. We then prove that the diagram

X go

A
y -2 . w

is a homotopy pullback diagram.

Let E be the pullback g7 Z, so that we have the fibration A’ : E — Y. Then
the natural map X (p) — h'~'Y (p) is a homotopy equivalence for each p. Since
Y (p) is a cofibered subset of Y, then &' ~'Y(p) is cofibered in E by a result of
Strom [3.8]. Thus E is the total space of a U-filtered space. We can then apply
(6.5) to obtain that the natural map X — E is a homotopy equivalence. Thus
the result follows.

Proof of (6.15)

Let G be a topological monoid with homotopy inverses. Let X denote the
simplicial space with X (n) = G"*1, for which

Ec =X Xpronoa V =1 X]|-

Similarly let Y = NG denote the simplicial space with Y (n) = G", for which
Be =Y Xponoa V=1Y]|

There is the A®-map f: X — Y given by

f(g(hglv'“ 7gn) = (917“‘ 79n);

which induces the natural map &g — Bg.
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The spaces || X|| and ||Y|| are filtered as || X || = || X||» and ||Y]] = U [V ]|n,
and there are relative homeomorphisms

G" x (V(n),0V(n)) = (I[Y[ln, [[Y[ln-1)

and similarly for X. At the first stage we have || X||o = G and ||Y||o = pt. To
prove (6.15), it suffices to prove that each diagram

IX[ln—1 —— [IX]]a

| !

Yl —— [IYlIn

is a homotopy pullback diagram. This will follow from (6.18) if we can prove
that each rectangle of

G x V(n) «—— G""t xoV(n) —— || X||n_1

l ! |

G"xV(n) «—— G"x9V(n) —— ||Y]|n-1

is a homotopy pullback diagram.
The only difficulty is with the right hand rectangle above. Thus we confine
our attention to
G x OV(n) —— || X||n-1

! !

G" x 9V(n) —— ||Y]|n=1-
Let ¥ be the poset of non-empty, proper subsets of n. Then for each w in ¥ we
have subsets A(w) of G"*! x OV (n) and B(w) of G™ x OV(n); that is, the two
spaces are U-filtered and we have the W-filtered map f: A — B.
For each w, there is a unique mono ¢ in A with range n, such that the image
of § : m — n is precisely w. If we let V(w) denote the image of 6 : V(m) — V(n)
then we get a commutative diagram

G x V(w) —— G™FT1 x V(m)

! l

G"xV(w) —— G™xV(m).

Here a fundamental computation enters, which we leave to the reader. Namely,
for any w this is a homotopy pullback diagram. The various V(w) and V(m) do
not effect this outcome, and for starters one can delete them all. The horizontal
maps such as Gt — G™*1 are then the induced maps 6* : X (n) — X (m) and
one proceeds.

With an inductive hypothesis, one can then take the composition of

G" X V(w) = G x V(m) = [|Xlm — [|X[ln-1
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and similarly with G x V(w) to obtain a homotopy pushout diagram

G x V(W) —— [IX|ln-

! !

G"xV(w) —— ||Y]|p-1-
One then has to take the above remarks on W-filtered spaces to obtain that

G x 0V(n) —— [|X]ln—1

! |

G"x0V(n) —— |[Y]ln

is homotopy pullback. This establishes the induction and (6.15).
Turn finally to the proof of (6.14). There is the commutative diagram

~

G Ea Ec
| | |
pt Ba = Bg.

By (6.15), the left hand diagram is in PULL. The right hand diagram is in WHE
and therefore in PULL. Hence the composite diagram is in PULL.

A Categorical Interpretation of the Theorem of James

In this work on homotopy colimits, it is appropriate to point out that the
James space JA is the colimit of a certain G-space A*°, that if the base point is
cofibered then JA is also a homotopy colimit of A, and that the theorem (6.19)
of James thus yields another homotopy colimit QSA for A>° when A satisfies
the conditions of (6.19).

We first replace the augmented simplicial category c¢A by an isomorphic copy
A . In this version of ¢A, the objects of A, are the non-negative integers and
the morphisms 6 : m — n are the order preserving functions

§:{1,--,m}— {1, ,n}.

The bifunctor & : Ay x Ay — A, corresponding to disjoint union then has
m@n = m+n. Denote by Mono A, the subcategory whose morphisms are the
order preserving monos.

Denote by TOP, the category whose objects are compactly generated spaces
A with base point ag, and whose morphisms are base point preserving maps.
There is a functor

0% : TOP, — TOPMomo &+ A A= = [T A",
n>0

where if § : m — n then
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with b; = as-1(j) whenever §~!(j) is non-empty, and b; = ag whenever 6~1(j) is
empty.

If A is a compactly generated space with cofibered base point, it is readily
checked that A% is a principal Mono A -space. For as free generators one can
take all (a1, - ,ay) for n > 0 with each a; # ag, and the empty set for n = 0.

The James space JA is precisely the colimit of A*°. If the base point is
cofibered, so that A is principal, then JA is also a homotopy colimit of A°°.

Thus one can restate (6.19) as the computation of a homotopy colimit.

Theorem 6.25 Let A be a compactly generated space with cofibered base point,
and let A =[] A™ be the Mono A -space above. If A is path connected and of
the homotopy type of a CW-complex, then QLS A is a homotopy colimit of A>.

PrOOF. It follows from (6.19) that for such an A we have a natural homotopy
class of homotopy equivalences JA — QSA. Since JA is a homotopy colimit of
A then so is QSA. O
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CHAPTER VII

The Gabriel-Zisman Category !A and the Construction of
Topological Categories

In this chapter we review colimit constructions of small categories and homotopy
colimit constructions of topological categories. We start by outlining the addi-
tional structure required of the small category G and the G°-space X in order
that colimits and homotopy colimits have the needed extra structure.

A strictly monoidal small category G is a small category G for which one has
given a bifunctor & : Gx G — G, with functional values denoted by (p, ¢) — p®q
and (g, h) — g ® h, such that associativity holds and such that there is a given
object 0 such that p® 0 = p and 0@ p = p for all objects p, as well as gB1lp =g
and 1g & g = ¢ for all morphisms g. Thus both Ob G and Mor G are then
monoids.

Let G be a strictly monoidal small category, and let X be a G°- space. The
functor ® : G x G — G then induces ®# : TOPS" — TOP® %%, We obtain
the G° x G°-space &7 X, given by

(@7 X)(p,q) = X(p®q)

with its natural right action of G x G. There is also the G° x G°-space X x X,
given by
(X x X)(p,q) = X(p) x X(q)

with its natural action.
We say that a G°-space X is comultiplicative if there is given a G° X G°-map
0:®#X — X x X, ie. an equivariant collection of maps

X(p®q) — X(p) x X(g),

such that associativity holds, and for each object p the compositions

X(p) = X(p®0) — X(p) x X(0) £ X(p),
X(p) = X (0@ p) — X(0) x X(p) == X(p)

are both the identity map of X (p).

161
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In the above, we can project X (p) x X (0) and X (0) x X(p) onto X(0), and
thus assign to each € X (p) two elements of X (0), which we call the source and
target of x.

If X is a comultiplicative G°-space, for each pair (p, ¢) of objects we thus have
the map

Op.q: X(p® q) — X(p) xx(0) X(q)-
The comultiplicative G-space X is said to be strictly comultiplicative if each of
these maps 0, 4 is a homeomorphism.

Denote by COMULT TOP®” the category whose objects are the comultiplica-
tive G°-spaces X, and whose morphisms X — X’ are the G°-maps p: X — X’
which preserve the comultiplicative structures. Denote by STR COMULT TOPY’
the full subcategory of COMULT TOP®” whose objects are the strictly comul-
tiplicative G°-spaces.

If G is a strictly monoidal small category whose neutral object 0 is a terminal
object, then there is a functor

STR COMULT TOP®’ — CAT

which assigns to each strictly multiplicative G°-space X a small category whose
set of objects is X (0) and whose set of morphisms is the colimit of the G°-space
X. Here the topology on the colimit is ignored because it may not be weakly
Hausdorft.

To obtain a reliable topology, one needs to use homotopy colimits. If G is
a strictly monoidal small category whose neutral object 0 is a terminal object,
then there is a functor

W : STR COMULT TOP¢’ — TOPCAT

which assigns to each strictly comultiplicative G°-space X a topological category
whose space of objects is X(0), and whose space of morphisms is the standard
homotopy colimit Bgo.X.

We next present two basic strictly monoidal small categories A and !A which
are closely related to A. First of all, for each A°-space X we need the Eilenberg-
Moore maps on X [7.2,p.218], a family of maps

Om,n : X(Mm+n) — X(m) x X(n)

which sends an element z € X (m + n) into the pair (¢, ") where 2’ is the front
m-face of z and x” is the back n-face.

This makes full sense categorically only when one restricts the structural cat-
egory from A° to A°, where A is a certain subcategory of A. The objects of
A are the non-negative integers and the morphisms A : m — n are the order
preserving functions

)\Zm:{o’:[,...7m}—)ﬂ:{0’17...7n}

for which A(0) = 0 and A(m) = n. By identifying the last point of m with the
first point of n, we obtain a bifunctor & : A x A — A, which on objects has
mobn=m-+n.
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Then A is strictly monoidal with 0 a terminal object, thus one can consider
comultiplicative A°-spaces and can put in a natural setting the properties of the
Eilenberg-Moore maps on each simplicial space X. There is the functor

TOPA” — COMULT TOPY', X — i#X,

which sends X into the result i# X of restricting the structural category, and
from using the Eilenberg-Moore maps X (m 4+ n) — X(m) x X(n). This is an
equivalence of categories.

If G is a topological category, one then has the simplicial space NG. The re-
sulting A°-space is strictly comultiplicative, and this characterizes the topological
categories up to natural isomorphism in TOP?’. Thus one gets a composition

TOPCAT — STR COMULT TOP®’ — TOPCAT.

We conjecture that this functor is the Boardman-Vogt functor [4.1] W : TOPCAT
— TOPCAT which assigns to each topological category G an exploded topolog-
ical category WG using the Boardman-Vogt trees.

We now enlarge A to a category 1A, which we call the Gabriel-Zisman category.

An object of A is a subset A of some m = {0,1,---,m} such that 0 € A and
m € A. Given such subsets A of m and B of n, there is a morphism A : A — B
in A for each morphism A : m — n in A for which A\(A) D B. The objects can
also be considered as ordered partitions (mq, - -+ ,my) of m into positive integers,
where the partition yields the subset

A= {O,ml,ml +ma, -, My +-~-+mk}.
The category A is strictly monoidal with a natural functor & given on objects
by
(mla"' 7mj) S¥ (n17"' ,TLk) = (mla"' 7mj7n17"' ,TLk).

Moreover, the neutral object of !A is also a terminal object.
The point of (A is that there is a functor

TOP2” — STR COMULT TOP)”

which assigns to the A°-space X a strictly comultiplicative (A)°-space 1X which
has

X)(ma, -+ ,mp) = X(ma) Xx(0) -+ X x(0) X (%)
and whose action is natural. This functor is an equivalence of categories.
By composing functors, we get a functor

TOP2” — STR COMULT TOP™)’ —, CAT

which we call the Gabriel-Zisman construction [2.4], since it gives their functor
SETA” — CAT which is adjoint to the nerve functor. The composition

TOP — TOP?" — CAT

yields the fundamental groupoid functor.
We also get a composition

W : TOP?" — STR COMULT TOP™)’ — TOPCAT
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which can be regarded as either an extended Gabriel-Zisman construction [2.4],
or an extended Boardman-Vogt construction [4.1].
The functor W : TOP?” — TOPCAT completes the diagram of basic functors
to
TOPCATSTOPA’ = TOP.

We can then use the methods of Segal to compute up to homotopy the space
of morphisms of W X, at least for an appropriate generalization of Segal’s special
A°-spaces X [4.4]. Roughly speaking, we call a A°-space X special if each X (n)
is suitably determined up to homotopy by X (0) and X (1). More precisely, call
the A°-space X special if each of the Eilenberg-Moore maps

X(m+n) — X(m) xx() X(n)

is a homotopy equivalence in TOP/X (0) x X (0).

We then prove a theorem of the Segal type [4.4]. Namely, for a special A°-
space X, the homotopy colimit of ¢ X is X (1), up to homotopy in TOP/X (0) x
X (0). Thus for some purposes a special A°-space X can be replaced by the
topological category WX which has X (0) as space of objects and has space of
morphisms X (1) up to homotopy equivalence.

In the last part of the chapter, in the fashion of Stasheff [7.6] we show that 1A
is related to cubes as A is related to simplices. Thus we can also regard (A as the
cubical category. Here one can obtain small models WX for WX, generalizing
a construction of Vogt [4.7].

Simplicial Spaces as Comultiplicative A°-Spaces

For each A°-space X we have the Eilenberg-Moore maps on X [7.2,p.218], a
family of maps
Om,n s X(Mm+n) = X(m) x X(n)

which send an element z € X (m + n) into the pair (z/, ") where ' is the front
m-face of x and 2’ is the back n-face.

As in the introduction, this makes full sense categorically only when one
restricts the structural category from A° to A°, where A is the subcategory of
A whose objects are the non-negative integers and whose morphisms A : m — n
are the order preserving functions

>\:{0717"'7m}_){0717"'7n}

for which A(0) = 0 and A\(m) = n.
There is an associated bifunctor & : A X A — A which on objects has m®n =
m+n;if A\:m—m'and N :n — n' then A\@ XN : m+n — m’ +n’' is defined by

A7), for0<i<m
m' + XN —m), form<i<m+n.

Ae X)) = {

Then A is a strictly monoidal category.

Other properties of A include the fact that 0 is a terminal object, that the
only morphism with source 0 is the identity morphism of 0, and that given a
morphism A : m +n — 7 then there exist unique morphisms X : m — p and
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AN i n — g for which A = X @ )\’. There is the initial object 1 of A. If one
denotes by €, the unique morphism 1 — n then every morphism A : m — n
except 1g has a unique representation as

A=¢€p, @ Den,

where nq + - - - +n,, = n. That is, the morphisms of A constitute a free monoid,
as do the objects.

Because A is strictly monoidal, one has the comultiplicative A°-spaces and can
put in a natural setting the properties of the Eilenberg-Moore maps on simplicial
spaces.

Theorem 7.1 There is the functor
TOP*" — COMULT TOPY', X v i*X,

which sends X into the result i# X of restricting the structural category, and
from using the Eilenberg-Moore maps X (m +n) — X(m) x X(n). This is an
equivalence of categories.

PRrROOF. We take the first sentence as clear. Suppose X'’ is any comultiplicative
A°-space; we must define a corresponding A°-space X. Take X (n) = X'(n). We
must then use the comultiplication on X’ to extend the action of the structural
category from A° to A°. Every morphism 6 : m — n of A can be uniquely
factored as a morphism A : m — ¢ of A, followed by a mono a : ¢ — n of A
whose image is a full subinterval of {0,---,n}. The question is then how to
define
a.: X'(n) — X'(q).

Here one can write n = p + g + r for appropriate p,r and take the composition

X'(p+q+7) — X'(p) x X'(q) x X'(r) 2L X'(g). O

Thus we have a first reformulation of A°-spaces as the comultiplicative A°-
spaces.

The small category A has another form, related to the other strictly monoidal
category associated with the simplicial category A, namely the augmented sim-
plicial category A, of Chapter 6, whose objects are the non-negative integers,
and whose morphisms 6§ : m — n are the order preserving functions

§: {1, ,m}—{1,---,n},

where the object 0 corresponds to the empty set. Then A, is a strictly monoidal
category whose neutral element 0 is an initial object, and the only morphism into
0 is the identity morphism 1¢. Thus A, is a natural strictly monoidal category
which contains a copy of A as a full subcategory.

(7.2) The categories Ay and A are related by an isomorphism

(A4)° ~ A.
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The isomorphism interprets the ordered set {0,1,--- ,n} as the set of initial in-
tervals of {1,--- ,n}. If 6 : m — n is a morphism in A, then the isomorphism
assigns to it the morphism 6~ : n — m of A which assigns to an initial interval
J its inverse 6 1J.

We have completed the interpretation of simplicial spaces as comultiplicative
A°-spaces. Thus one can rewrite a simplicial space by restricting the structural
category to A° ~ A, and incorporating the Eilenberg-Moore maps.

The category COMULT TOP"" can only be an interim setting for us. Because
A has an initial object 1, then A° has a terminal object. Hence a A°-space X has
X (1) as colimit and (non-standard) homotopy colimit. We need a larger category
for which colimits and homotopy colimits are more non-trivial. The clues are in
the Gabriel-Zisman construction [2.4] of a functor SETA” — CAT adjoint to the
nerve functor. We thus call the resulting category the Gabriel-Zisman category.

The Gabriel-Zisman Category (A

From one point of view, !A has as objects all the ordered partitions w =
(ma,- -+ ,my) of a positive integer m into positive integers, together with the
single partition of m = 0 that we denote by w = ().

In this notation, every w = (my,- - ,my) determines a unique object even if
we only assume m; > 0. One simply deletes all m; = 0 and takes the object
which results.

From another point of view, an object of {A is a subset A of some n =
{0,1,---,m} such that 0 € A and m € A. Given w = (my,--- ,my) then we can
take

Az{O,ml,m1+m2,-~- ,m1+-~-+mk}.

If the object A of A is presented as a subset of m with 0,m € A, and if the
object B is presented as a subset of n with 0,n € B, then there is a morphism
A: A — Bin A for each morphism A : m — n in A for which A\(A) D B. The
identity morphism 1,4 is obtained by taking A = 1,, and A = B. Compositions
are obtained using the composition in A.

One can also regard the objects of !A as the monos w of A, with a morphism
w — W' for each commutative diagram

k K j
A
m —2>— n n

in A, all of whose morphisms except possibly A are monos in A.

There is a natural inclusion functor j : A — A, namely as the full subcategory
whose objects are the empty partition and the singleton partitions. There is also
a natural functor p : }A — A sending (mq,- -+ ,my) into mq +- - -+my and A into
A. In terms of objects A, A is the full subcategory of :A whose objects are all
subsets {0, m} of m for all m > 0, and there is the retracting functor p : }A — A.
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The category A is strictly monoidal, with a bifunctor & such that on objects
(mla"' 7mj) S¥ (n17"' ,TLk) = (mla"' 7mj7n17"' ,TLk).

The object @ is both a neutral object and a terminal object of !A. The value
of @& on morphisms of A is readily written out in terms of the value of & on
morphisms of A.

If one wishes, one can write out A as a Grothendieck construction in the
fashion of Thomason [7.7]. Here one displays a functor F' : A — CAT for which
the Grothendieck construction A F' is the Gabriel-Zisman category. Let F(m)
be the category whose objects A are all {0,m} C A C m and which has a
morphism A — B whenever A D B. For each A : m — n in A, take the functor
A« 1 F(m) — F(n) given on objects by A\.(A) = A(A).

(7.3) One can specify generators for the morphisms of 1A as follows.

(i) For singleton objects (m) and (n) with m,n > 0, and each morphism
A :m — nin A, one gets a morphism (m) — (n) of 1A for each
A:m —n of A.

(i) For each n > 0, there is a unique morphism (n) — 0 corresponding
to the unique morphism n — 0 of A.

(iii) For each doubleton w = (m,n) with m,n > 0, there is a morphism
(m,n) — (m+n) corresponding to the morphism 1,4y : m+n — m+n.

(iv) One gets the morphisms obtained as p1 @ - - - ® pr where each term
is one of the above and where & is the bifunctor for IA.

Every morphism of 1\ is a composition of such.

No doubt if one is persistent enough, one can write down an explicit proof in
terms of the list of morphisms given above. A little such effort will convince one
that the proposition is clear.

Theorem 7.4 Consider a comultiplicative A°-space X. Consider the inclusion
j: A=A noted above. The composition

j#

STR COMULT TOPYW’ — Top™°’ 22, 7oph°

maps STR COMULT TOP™) into COMULT TOP and provides an equiva-
lence of categories

STR COMULT TOP™’ ~ COMULT TOP"’.
Alternatively, there is a functor
COMULT TOP"" — STR COMULT TOPM’

which assigns to the comultiplicative A°-space X the unique strictly comultiplica-
tive (WN)°-space 1 X which has

QX)(ma,--- ,my) = X(m1) Xx(0) -+ Xx(0) X (M)

and whose action on the generators of (7.8) are the natural actions, using the
comultiplication for generators of type (iii).
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PrROOF. We outline the first assertion of the theorem. Suppose that Y is a
strictly comultiplicative (1A)°-space. Then the A°-space X = j#Y constructed
above has X(0) = Y(0) and X(n) = Y((n)) for n > 0. For m,n > 0 the
generator (m,n) — (m +n) of type (iii) in (7.3) and the strict comultiplication
gives a composition

X(m+n)=Y((m+n)) —Y((m,n)) =Y((m)& (n))

R

Y((m)) x Y((n))
X(m) x X(n);

one has to consider also the cases m = 0 and n = 0, and convince oneself that
the result is a comultiplication on X.
We also merely outline the existence of the functor

) : COMULT TOP?’ — STR COMULT TOP®”’

which has (X)) (ma1,--- ,me) = X(m1) X x(0)" - - X x(0) X (mx). Take as model for
A the category with objects A and morphisms A\ : A — B as described above.
Let H denote the subcategory of }A whose morphisms are all A : A — B = A(A).
Then the generators of type (i), (ii) and (iv) generate H and one can convince
oneself that H° acts because no generators of type (iii) are included.

Let K denote the subcategory of !A whose morphisms consist of all morphisms
A — B where

{O,n}CBCACnH

and where the given morphism of A is 1,, : n — n. The associativity of the
comultiplication then gives an action of K°.

Finally, every morphism of {A can be written as a morphism of H followed by
a morphism of K. Since each of H° and K° acts, one gets a candidate for an
action of ((A)°. One has to convince oneself that it is an action. [

Corollary 7.5 There is a functor
1: TOP®" — STR COMULT TOP™’
which assigns to a A°-space X the (MA)°-space 1X which has
X)(ma, - ,mE) = X(m1) Xx0) -+ Xx(0) X (M),

and whose action is naturally given on the generators of (7.3) using the Filenberg-
Moore comultiplication for generators of type (iii). This functor is an equivalence
of categories.

The Gabriel-Zisman Construction

We can easily construct small categories from strictly comultiplicative G°-
spaces.

(7.6) Let G be a strictly monoidal small category whose neutral object 0 is also
a terminal object of G. There is a functor

STR COMULT TOP%" — CAT
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which assigns to a strictly comultiplicative G-space X the small category whose
set of objects is X (0), whose set of morphisms is the colimit of the G°-space X,
whose identity morphisms are given as the composition

X(0) = X(p) — X — colim X,

and whose composition is induced by the comultiplication. Here we have not
bothered with the topology on the small category because colim X may not be
compactly generated.

PROOF. The comultiplication yields the maps X (p) — X (0) x X (0) which assign
a source and target to each z € X (p). These maps are natural, and thus induce

colim X — X(0) x X(0),

and source and target functions for the category. The unique morphisms p — 0
in G yield compositions

X(0) — X(p) — X — colim X,

which gives the identity morphisms of the category. The strict comultiplication
yields natural homeomorphisms

X(p) xx(0) X(q)  X(p+q),
which gives a well defined
colim X X x gy colim X — colim X

and composition in the category. [

The following is a form of the Gabriel-Zisman construction.

Corollary 7.7 The composition

SET®” < TOPA" 5 STR COMULT TOPY™’ — CAT

is the Gabriel-Zisman functor SETA" — CAT adjoint to the merve functor
N : CAT — SET™".

It is worth while to write the above construction out explicitly. Fix a A°-
space X. There is then the small category whose objects are all z € X(0), i.e.
all vertices of X. The morphisms can be described as follows. Take all k-tuples
(21, ,2r) where each z; is in some X (m;) and where the last vertex of x;_;
coincides with the first vertex of x;. Put an equivalence relation on this set as
follows:

(i) any z; € X(0) can be deleted if k > 0;

(ii) if A : n; — m; and if ;A = y;, then x; can be replaced by y;;

(iii) if m; = m 4 n then z; can be replaced by z},z; where z} is the
front m-face and z is the back n- face of z;.
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The result is the category defined as the image of X under the composition
TOP?” — STR COMULT TOP™’ — CAT.

One gets then as did Gabriel-Zisman that the composition of

TOP 25 TOP2 — CAT

is the fundamental groupoid functor, assigning to the space A the category whose
objects are the points of A and whose morphisms from x; to xg are the path
homotopy classes of paths in A from xg to .

The Extended Gabriel-Zisman Construction and the Extended
Boardman-Vogt Construction

Let G be a strictly monoidal small category. Say that a G-space Y is mul-
tiplicative if one is given a G x G-map ¢ : Y x Y — @#Y, ie. equivariant
maps

oY) xY(@) = Y(®q), Wy)—uyy,
such that

(i) associativity holds, so that there are uniquely defined maps
Gpar  YP) XY () xY(r) = Y(pDgdr),

(ii) and there exists an element € in Y (0) such that ye = y and ey = y
for all y.

The G-space Y is strictly multiplicative if it is multiplicative, if Y'(0) is the
singleton €, and if each ¢, , : Y(p) x Y(¢) — Y (p @ ¢) is a homeomorphism.

(7.8) For a strictly monoidal category G, there is a natural multiplicative G-
space, namely the standard universal G-space Eg with multiplication

©x« : Eg(p) X Ec(q) — Ec(p© q).

The bifunctor & : G x G — provides the multiplication
EG X EG ~ EGXG — Eg.
Theorem 7.9 Consider a strictly monoidal small category G whose neutral ob-
ject 0 is a terminal object. Then from each strictly comultiplicative G°-space X

we get a topological category whose space of objects is X (0) and whose space of
morphisms is the homotopy colimit

BGOX =X Xa EG.
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PROOF. Since 0 was required to be a final object, for each p the unique morphism
p — 0 gives a uniquely defined map X (0) — X (p). Thus for each object p we
have the natural diagram

X(0) — X(p) — X(0) x X(0)

whose composition sends x into (zg,zo).

We now examine X X E¢g for the structure required of a space of morphisms.
In the first place, for every z xg e in X Xg F¢g, the element x has a source and
a target in X (0) and these are independent of the representation. There is also
a natural copy of X(0) in the homotopy colimit. For each zy € X(0), there is
the element x¢p Xg € in X Xg Eg. We have finally to check that compositions
are defined in X xg Eq. Let

xxge, T xgé

be elements for which the source of x equals the target of 2’. Then we have that
(z,2") € X(p) xx(0) X(¢g) and we can take the element

' =6, (7)) € X(p®q)
and define the composition

(x xge)(z xge)= (0 )(z,2") xgee. O

p,q

As an application, recall that we get from a topological category G its nerve
and then from
i : TOPA” — TOP
we get a strictly comultiplicative NG in STR COMULT TOP*". We can then
apply the above functor

STR COMULT TOP”" — TOPCAT,

thus obtaining from NG the topological category WG, whose space of objects
is Ob G and whose space of morphisms is

NG XAEA.

Note that there is a natural functor WG — G which is the identity on objects
and which sends a morphism (g1, -+ , gn) X € of WG into the morphism g - - - g,
of G. We call this construction the Boardman-Vogt construction [4.1], although
we have not checked that it coincides precisely with their construction. Such a
homotopy colimit form of a Boardman-Vogt construction has been given by Shea
[7.5].

We get an extended form of this construction.

Corollary 7.10 Given a A°-space X there is the topological category W X whose
space of objects is X (0) and whose space of morphisms is the homotopy colimit

B(IA)O(zX) =X x;a B
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of the strictly comultiplicative (1N)°-space 1X. This gives a functor
W : TOP®" — TOPCAT.

We can regard this construction as an extended Gabriel-Zisman construction
[2.4], or an extended Boardman-Vogt construction [4.1].

For later purposes, we state the following mild generalization of (7.9), whose
proof is precisely that of (7.9).

(7.11) Let G be a strictly monoidal small category whose neutral object 0 is also
a terminal object. Given a strictly comultiplicative G°-space X and a multiplica-
tive G-space Y, we get a small category whose set of objects is X (0) and whose
set of morphisms is X xgY . If X XgY is weakly Hausdorff, this is a topological
category.

Special A°-Spaces of the Type of Segal

Generalizing slightly Segal’s definition [4.4], a A°-space X is special if each of
the Eilenberg-Moore maps

Om,n : X(m+n) — X(m) X x(0) X(n)

is a homotopy equivalence in TOP/X(0) x X (0). Then for any m > 0 we have
the homotopy equivalence

X (m) ~ X(1) Xx(0) - Xx(0) X(1)

in TOP/X(0) x X(0), thus we regard the special A°-spaces as those A°-spaces
in which X (0) and X (1) determine each X (m) up to homotopy. If X is special,
we also say that the A°-space i# X is strictly comultiplicative up to homotopy.
The simple A°-spaces that we use here are all special. For starters, the
A°-gspaces in the image of TOPCAT — TOP2" have the above maps natu-
ral homeomorphisms and are thus special. Next, the A°-spaces in the image of
oV : TOP — TOPA" all have X (m) = AV(™ naturally homotopy equivalent to
A and thus are very special in the sense that X (0) determines each X (m) up to
homotopy. There is next Segal’s variant of oV, presented as a functor

TOP, — TOP2’

where TOP, is the category of compactly generated spaces A with base point
ag. Here Vo(m) denotes the subset of V(m) consisting of all vertices, and for
each m we take all maps of pairs

o:(V(m),Vo(m)) — (A4, ag).

Thus one considers singular simplices of A all of whose vertices are at ag. For
the (m+n)-simplex V(m+n), the union of the front m-face and the back n-face
is a strong deformation retract containing all vertices. Hence this construction
yields special A°-spaces.
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We now have a homotopy colimit theorem, generalizing a theorem of Segal
[4.4].

Theorem 7.12 For any A°-space X, there is a compactly generated space Y in
TOP/X(0) x X(0) and a natural diagram of maps
X(1) LY L hocolim 1 X

in TOP/X(0)x X (0), with ¢ a homotopy equivalence in TOP/X (0)x X (0). If X
is a special A°-space, then 0 is also a homotopy equivalence in TOP/X (0)x X (0).
Thus if X is a special A°-space, then X (1) is a homotopy colimit of 1X in
(TOP/X(0) x X (0))t)°,

PRrOOF. Consider any A°-space X and the (2A)°-space X . The natural functors
WAL A,

where p(my, -+ ,mg) =my + - - - + my, give restriction functors

TOP2° %, Topr” L, moptd)”.

We thus have for each X the (A)°-space 1X with
(X)(ma,--- ,me) = X(m1) Xx() -+ Xx(0) X (M)
and the (2A)°-space u#i” X given by
(Wi X)(my, - my) = X(my + -+ my).

Moreover, there is the (MA)°-map p#i# X — X given by the Eilenberg-Moore
maps. Hence we get the map

0 :Y = hocolim p*i# X — hocolim 1 X

of the theorem.

For the special A°-spaces this is a weak homotopy equivalence in (TOP/X (0) x
X(0))M” and thus induces a homotopy equivalence of homotopy colimits in
TOP/X(0) x X(0). Here we have assumed that the basic results on homotopy
colimits in TOP® extend to (TOP/Q)® for any compactly generated space Q.

We next have to compute the homotopy colimit of x#i# X. In order to do so,
we compute the categorical form of the A-space px E)a as in Chapter 5, in terms
of the small categories C, for each non-negative integer r. Here the objects of
C, are the ordered pairs (A, (mq,---,mg)) where A : mq +--- +my — 7 is a
morphism of A. If we consider the singleton object (r) of 1A, then the objects of
C, are also precisely the morphisms

(m17 e 7mk) - (1”)
of !A. Thus we obtain by the methods of Chapter 5 that

(ng Ean) (1) = Eya((r)),
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hence that this space is contractible, hence that puxE,s is a universal A-space.
Hence

hocolim u#i#X = u#i#X Xa B >~ i*X XA pp I ~ hocolim i*X.
Finally we note that A° has 1 as terminal object, thus that i#X has homotopy
colimit X (1). Thus we get the homotopy equivalence X (1) &Y of the theorem
as the composition

hocolim p#i# X — hocolim i* X — X (1)

of homotopy equivalences. Here we have also assumed that the treatment of ho-
motopy colimits of Chapters 4 and 5 extends routinely from TOP to (TOP/Q)%
for any compactly generated space Q. [

Among the consequences is the following corollary yielding for each compactly
generated space A with base point a¢ a very large topological monoid of the
homotopy type of the loop space QA.

Corollary 7.13 Denote by TOP,. the category of compactly generated spaces
with base point, and by
TOP, — TOP*

the functor assigning to A the simplicial space of all singular simplices in A all
of whose vertices are ag. Then the composition

TOP* — TOPAD — TOP(ZA)D M TOP
assigns to (A, ag) a topological monoid of the homotopy type of NA.

We need a little more than (7.12) and (7.13); we need the relationship between
a special A°-space X and the A°-space NW(X). We turn to this now.

A Special A°-Space X Is Isomorphic to NW (X) in TOP>' [WHE ]

It is convenient to denote by TopCat the category analogous to TOPCAT
except that there is only a k-space topology required on spaces of morphisms. If
G is a strictly monoidal category whose neutral object is also a terminal object,
we can then write (7.11) as a functor

STR COMULT TOP’ x MULT TOP® — TopCat, (X,Y)— X x¢g V.

(7.14) Let G be a strictly monoidal category. Consider the categories G™ for
each non-negative integer n, where G° is the category with one object 0 and one
morphism. Given a comultiplicative G°-space X, let X,, for n > 0 denote the
G™-space given by

Xn(pl;"' 7pn) :X(pl @@pn);

with its natural action, and let Xo denote the space X (0). Given a multiplicative
G-space Y, let Y™ for n > 0 denote the G™-space given by

Y™ (p1,- ,on) =Y (p1) X - X Y(pn),
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and let YV denote the singleton e. Then there is a functor
COMULT TOPY’ x MULT TOP® — Top™", (X,Y)— {X, xg» Y"|n > 0},

where the action map is given in the proof.
If 0 is a terminal object of G and if X is strictly comultiplicative, this A°-
space coincides with the nerve of the object of TopCat given by (7.11).

PROOF. Let 6 : m — n be a morphism of A. There is generated a functor
6* : G™ — G™ given on morphisms by

6" (g1, 9n) = (98(0)+1 D - B s(1)s 1 Is(m—1)+1 B D Gs(m) )5

and similarly on objects. If §(i — 1) = 6(4), then the ith-coordinate is taken as
1p in the morphism case, or as 0 in the object case. If m = 0, the functor is
unique anyway; if n = 0, the object maps into (0, --,0) and the morphism into
(Lo, 1o).

Fix a morphism é§ : m — n of A, an object (p1, - ,pn) of G" and the
image object (pf,---,p,) as given above. We then get 6* : Y™ (p1, - ,pn) —
Y™ (py,-- - P) by

6 (y1,  yyn) = (96(0)-',-1 S Ysa)yt HYs(m—1)+1 " "y&(m))'

The cases n = 0 and m = 0 also give well-defined maps.
One also gets a well defined map

6* : Xn(ph e 7pn) - Xm(p/17 e 7p;n)
This requires a map
X(p1 @ ®pn) = X(Ps0)+1® - D Ps(m))s

which follows from the comultiplication. The cases m = 0 and n = 0 are also
covered.
Thus for each § : m — n one gets a map

Xn Xagn Yn—’Xm Xagm Ym, aXani—MS*(a) Xagm 6*(b)

This can be checked to be well defined and an action. The last sentence can also
be checked, using

X(p1® - ®pn) = X(P1) Xx(0) Xx(0) X(pn). O

Theorem 7.15 Let X be a A°-space. Then X is special if and only if there
exists a diagram

of A°-spaces such that

(i) Y(0) = X(0) and ¢ and 0 are the identity on vertices,
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(i) the maps ¢ : Y(n) — X(n) and 6 : Y(n) — (NW(X))(n) are
homotopy equivalences in TOP/X (0) x X (0).
PROOF. It is easy to see that if X satisfies (i) and (ii) then X is special. For
NW(X) is special, and the conditions then imply X special.
Suppose now that X is special. We must make changes in the proof of (7.12).
Most importantly, we must define the A°-space Y. From (7.14), we have the

functor
COMULT TOP?*" x MULT TOP* — Top®’.

We have the comultiplicative A°-space i# X. From the multiplicative space E
we have constructed in (7.12) the A-space pxEyn, and one checks that it is
multiplicative. Thus one applies (7.14) to obtain a A°-space

Y = {(i* X)n x(a)yn (ngEn)"}.

The spaces involved are compactly generated, thus Y is in TOPA’. With this
start, one can proceed to prove the theorem in the style of (7.12). O

One can now obtain from (6.14) and (6.17) the following theorem of Segal
[4.4]. In it, one considers a special A°-space X which has X (0) = pt. Then one
has in each X (n) a natural base point, hence one can consider the simplicial set
{mo(X(n)}. From the homotopy equivalence X (m+n) — X (m) x x (o) X (n) one
then gets

mo(X(m+n)) =~ m(X(m)) X m(X (n)),
hence the simplicial set is the nerve of a monoid up to natural isomorphism.
Thus (X (1)) is then naturally a monoid.

Corollary 7.16 Let X be a special A°-space which also has
(i) X(0) is a singleton,
(i) each X (n) is of the homotopy type of a CW-complez, and
(i) the monoid mo(X (1)) is a group.

Let B : TOP®" — TOP be the homotopy colimit functor used in Chapter 6.
Then the natural inclusion X (1) — QBX is a homotopy equivalence. Alterna-
tively, if X also satisfies the cofibration condition for simplicial sets, then the
natural inclusion X (1) — Q|X| is a homotopy equivalence.

The Stasheff Realization of ((A)°-Spaces

For A°-spaces X which satisfy the cofibration condition, there is a smaller
model for the homotopy colimit of X which is constructed in a fashion similar
to the Milnor realization, i.e. by fixing a {A-space [0 which is much smaller
than E,y and considering !X x,p O rather than !X x,x E)n. We call this the
Stasheff realization of X, since our definition of [0 grows out of constructions
of Stasheff [7.6], who was the first to use cubes categorically.

We first relate cubes to A in what at first sight will appear ad hoc. Put a
monoid structure on I, say by choosing the multiplication

sxt =max(s,t).
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Then 0 is the unit element, and there is the useful element 1 with 1x¢ =1 for
all t. In any case, we then have the A-space O, where

O(n)  I"TY, O(n) = {(to,t1,- - ,tn) € I"TLtg = 1,¢, = 1}.
The action map assigns to A : m — n the map
As :0O(m) — O(n)
given by
Ai(to, s tm) = (max{t;|A(@) = 0}, - ,mazx{t;|\(0) = j}, - , max{t;|\(i) = n}).

Thus to check that [ is a multiplicative A-space requires appropriate maps
O(m) x O(n) — O(m + n), which are given by

¢m,n((17t17 o 7tm—17 1)7 (17u17 crt, Un—1, 1) = (17t17 e 7tm—17 17u17 crt, Un—1, 1)

We can obtain from the strictly multiplicative A-space [ a strictly multiplica-
tive {A-space, which we also denote by .

(7.17) There is the natural {A-space O given by
O(A) = {(to, - ,tn) € I"t; =1 foric A}.
Here if A and B are objects of I\ as above and if A : A — B then
)\*(to,... 7tm) = (u’Ov“' 7un)

where u; is the maz of all t; for which (i) = j, or is zero if \™1(j) is empty.
We then have the natural homeomorphism

0(4) xO(B) ~O(A @ B),

(L, t1, s tm—1,1), (L u1, -+ yun—1,1)) — (1, t1, -+ ytm-1, L, 01, ,Up—1,1).
The (\-space O is strictly multiplicative.
We can now define the second of the realizations of A°- spaces as the functor
|o|a : TOPA” — TOP
defined by | X|;a =X x4 O0. Having set the historic pattern for realizations in

our earlier consideration of the Milnor realization, we have only to note that the
pattern continues to hold.
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Properties of the Stasheff Realization

The reader should first check that A has a unique splitting of its morphisms
into epimorphisms followed by monomorphisms.

For {0,m} c A C {0,1,---,m} and {0,n} € B C {0,1,---,n}, define a
morphism A : A — B in (A to be a mono in A if A is a mono in A. Similarly,
define a morphism A : A — B in A to be an epi in (A if A is an epi in A and if
B =\A).

(7.18) The category 1A satisfies the conclusions of (2.1). The subcategory Epi 1A
has pushouts. The subcategory Mono U A has the restricted pullback condition.

We can now define what it means for a !A-space to be nicely cofibered, sim-
ply by repeating the definition preceding (6.7) with the name of the category
changed. If Y is a !A-space, then an element y € Y (A) is degenerate if there
exists a mono X : B — A in A which is not the identity and a ' € Y(B) such
that Ay’ = y.

7.19 The WA-spaces Eyp and O are both nicely cofibered. For any nicely cofibered
WA-space Y, we have that each (Y (A),Y9(A)) is a cofibered pair in TOP.

PROOF. A point of E)j can be written uniquely in the form
€= (T07T17“ : 77-77«) XA (t()?" : 7t’n)7

where the 7; are morphisms of {A such that the composition exists and for ¢ > 0
no 7; is the identity, and where ¢; > 0 and tg + --- + ¢, = 1. The action of A is
given by

T((T07T17“' 7Tn) XA (t07“' 7tn)) = (TT07T17“' 7Tn) XA (t07“' 7tn)

That E,, is nicely cofibered is readily checked. Similarly for 0. O

Let now X be a A°-space, and consider the associated (1A)°-space (X. Then
we can say that x € QX)(A) is degenerate if there exists an epi p: A — B in A
which is not an identity morphism, and a y € (X)(B) with = yu. Otherwise,
x is nondegenerate.

We will say that the simplicial space X satisfies the strong cofibration con-
dition if for each epi p : m — n in A the pair (X (m), u*X(n)) is cofibered in
TOP/X(0) x X(0). If X99(m) denotes the union of all x* X (n) for all proper
epis u, then the pair (X (m), X%9(m)) is cofibered in TOP/X (0) x X (0).

(7.20) Let X be in TOP®" and consider the associated (1A)°-space 1X. Let Y
be a nicely cofibered {A-space. Then

(1) the analogue of (2.5) holds for 1 X,
(2) if ~ denotes the equivalence relation on [ QX )(A) x Y (A) for which

X Y = ([T0X)(A) x Y(4))/ ~,
then the analogues of (2.7) and (2.8) hold, and
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(3) considering Ob Y A as being a poset with B < A the least relation
such that B < A if either there is a mono B — A in A or else there
is an epi A — B in A, then !X XA Y is a filtered Ob  A-space

XxnwY = |J (X xuY)a
A€Ob A

and there is a relative homeomorphism in TOP/X (0) x X (0)

((X)(A), @X)?*9(A)) x (Y (A),Y49(A))
= (X x4 Y)a,Upca(X X0 Y)).
Note in the above that if (p1,--- ,pg) is an object of 1A, then it is greater than
any object either obtained from (p1,--- ,px) by reducing the size of some p;, or
eliminating some p;, or by replacing some singleton term p; by a doubleton p, g

where p + g = p;. If X satisfies the cofibration condition for simplicial spaces,
then (X x5 Y is a cofibered, (A-filtered space in the sense preceding (6.4).

|X|;a is a Homotopy Colimit When X Satisfies the Strong
Cofibration Condition

We now need to understand Epsono 4. First of all, there is an action of :A on
FErrono 1a given by the following general proposition.

Theorem 7.21 Suppose that G is a small category with subcategories H and K
such that

ObH=0bK=0bG

and such that every morphism g of G has a unique factorization g = hk where
h is a morphism of H and k is a morphism of K. Then G acts on Eyg by

g((h()vhlv"' 7h'n) XA (t();"' 7tn)) = ( 67 3_7 7h':@) X Ao (t()v"' 7tn)7
where
gho = hiko, kohy = hiky, -+ kn—1hy = hipn
as in the commutative diagram

ho h1 hn

p Po T Pn
Y g
ho h hy
q do T dn-

We also get from (7.21) a natural G-map Eg — Epy. Namely, send

(907917"‘ 7gn) XA (t();"' 7tn)
into
(h07h17.'. 7hn) XA (t07'.' 7tn)
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where the h; are from the commutative diagram

g0 g1 gn

p Do te Pn
I al
ho ha B

q qo s Qn.

As a particular case, we get a natural {A-map Eyjx — Eirfono 1A-
We now compute Epfonoa- Let

{O,n} CACn

be an object of }A. Then (Mono 1A)(A,¢) is naturally the poset whose elements
are all

{O,n} cAcCBcCCCun;
if we denote this object by (B, C) then there is a morphism
(B,C) — (B',C")
whenever
AcB'cBcCccC.

This is just a poset P4, and its classifying space can be computed to be the
subcube of I"*! consisting of all (1,1, ,t,_1,1) such that ¢; = 1 whenever
i € A. Each (B, C) contributes to this cube the face which has t; = 0 whenever
i ¢ C and t; = 1 whenever i € B.

{07273} C {07273} _>{07273} - {07 17273}<_{07 17273} C {07 17273}

{0,3} c {0,2,3} — {0,3} c {0,1,2,3} «—{0,1,3} c {0,1,2,3}

{0,3} ¢ {0,3} — {0,3} c {0,1,3} =— {0,1,3} c {0,1,3}

The Cube Errono ZA({O7 3})

The left action of A on Ejfone 1a, Which is assured by (7.21), can be written
out explicitly in poset terms. The above poset can thus be checked to have
classifying space Bp, the subcube of I"*! consisting of all (1,¢y,--- ,t,_1,1) for
which t; = 1 whenever i € A, and the boundary of the cube is just the set of
degenerate elements. That is, Mono ! A is a cellular category.
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(7.22) Suppose one takes Enfono a together with its action by 1A given by (7.19).
This is precisely the 1A-space O and we then have from (7.19) the natural (A-
map Eyn — O. It then follows, using (7.19) and a variant of (6.8), that for any
A°-space X satisfying the strong cofibration condition the induced map

WX xn By — X xad

is a homotopy equivalence in TOP/X(0) x X(0). Hence |X|;a is a homotopy
colimit for 1 X as a (1\)°-space in TOP/X(0) x X(0).

The Topological Category WX = | X |, for X a A°-Space
The following theorem gives an extended Vogt construction [4.7].

(7.23) For every A°-space X there is the topological category WX whose space
of objects is X (0) and whose space of morphisms is

Mor WX =1X xn [
The generators of the morphisms are all
T XA (17t17 e 7tn—17 1)

for x € X(n) and (1,t1,--+ ,t,—1,1) € I""1. Every generator can be written
uniquely as a finite composition of those for which x is non-degenerate and 0 <
t; < 1 for all i. The relations are generated by the following. If t; = 0, this
element is equal to the element obtained by deleting t; and replacing x by its face
opposite the ith vertex. If t; = 1, this element is equal to the composition

(.’E/ XA (17t17' o 7ti—17 1))(xll XA (17ti+17" : 7tn—171))

where ©' is the front i-face of x and x'' is the back (n—1)-face. If x is a degenerate
element so that x = y6 for some epi 6 and some nondegenerate y, then the above
element is equal to y Xz 6x(1,t1, -+ ,tn—1,1).

If X satisfies the strong cofibration condition, then the continuous functor
WX — WX given by (7.19) is the identity on objects and a homotopy equiva-
lence on morphisms, where the homotopy equivalence can be taken in TOP/X (0)x
X(0).

Thus if X satisfies the strong cofibration condition, then WX can be used to
give a homotopy model for W .X. This assumes its simplest form for simplicial
sets X. In particular, if A is any space with base point ag, then one can apply
the above to the simplicial set X = (A4, ag)(V'V0) where topology is ignored. The
above category WX may well be a topological form of the cobar construction
of Adams [7.1], and |X|;a is then a topological monoid which should be weakly
homotopy equivalent to the loop space (2A, although we have not checked in this
non-topologized form.
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CHAPTER VIII

Loop Space Models for the Homotopy Category of Based,
Connected CW-Complexes

Consider the category D whose objects (A,ag) are path connected spaces A
with base point ag, where A has a CW-structure in which aq is a vertex, and
whose morphisms are maps of pairs. This category has the homotopy relation
of maps of pairs, and one thus has the homotopy category D [HE™!]. In this
chapter we present a little of a substantial body of work which presents categories
equivalent to D [HE_l], constructed in one way or another from the loop spaces
of (A4, ap) and from operations on the loop spaces. There is an extensive historical
background not covered in the body of this chapter.

In 1956, Milnor [8.1,8.2] introduced the category C whose objects are the
CW-groups, and whose morphisms are the homomorphisms. There is on this
category the weak homotopy equivalences, which are the homomorphisms of
CW-groups which are also homotopy equivalences of spaces. The basic result is
that C [WHE™!] is equivalent to D [HE™!]. His account required countability
assumptions on both the complexes and the CW-groups, but these can be elim-
inated using later work on k-space topologies. Milnor’s methods are simplicial,
and use the natural piecewise linear paths on a simplicial complex. We leave it
to the reader to consult his papers.

If one thinks of the objects of C as spaces made out of loop spaces together
with their H-space operations, the subject thus starts with this tightest of H-
space structures, that of a group.

Later there was Stasheff’s work [7.6] which sought the loosest of structure; this
structure of his on a space A with base point ag has come to be called a strongly
homotopy associative H-space structure on (A, ag). Later work of Boardman-
Vogt [4.1] and May [2.8] gave in passing alternate presentations, similarly with
loose structure. See for example Thomason [7.8] as well as the work of Stasheff
and May already cited.

One may as well take for D the full subcategory of the category TOP, of
spaces with base point whose objects are the pairs (A, ag) which are homotopy
equivalent in TOP, to path connected CW-complexes modulo a vertex; for this
category is equivalent to the model used above.

183
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We only give an account of Segal’s treatment [4.4] of this subject, which works
in terms of even looser structure. One can take as a starting point the functor

R:D — TOP?’

which assigns to (4, ag) the A°-space X whose n-simplices are the singular n-
simplices in A all of whose vertices are at ag. At first sight, X might appear to
have a far more complicated structure than the loop space 2A. But on closer
examination, one has
(i) X(0) = pt,
(ii) X(1) = QA, and
(iii) for each m > 1 one has the fibration and homotopy equivalence
X (n) — (QA)™ which assigns to a singular n-simplex o its sequence of
n edges from vertex to successive vertex. In particular, X is a special
A°-space in the sense of Chapter 7, and moreover X (0) = pt.

One begins then by examining the special A°-spaces X which have X (0) = pt.
Each X (n) then has a natural base point, and thus m(X(n)) is well defined as
a set with base point. In fact, [[7(X(n)) then becomes a simplicial set, and
the fact that X is special implies that []mo(X (n)) is strictly comultiplicative.
Thus 7o(X (1)) receives in a natural way a monoid structure. In the above
construction, mo(X (1)) = mp(A) is a group. Thus we add this condition as
well. Finally, we let C denote the full subcategory of TOP2’ whose objects X
are such that

(i) X(0)=pt,

(if) X is a special A°-space,

(iii) the monoid (X (1)) is a group, and

(iv) each X (n) is of the homotopy type of a CW-complex.

Then we prove Segal’s theorem that C [WHE ™' is equivalent to D [HE™].

We give one example of a corollary. Consider the category TOP MON of
topological monoids and homomorphisms. Let WHE denote the subcategory
whose morphisms are the homomorphisms f : G — G’ which are also homotopy
equivalences of spaces. There is the full subcategory C’ of TOP MON whose
objects G are such that

(i) G is of the homotopy type of a CW-complex, and
(ii) the monoid mo(G) is a group.
Then the category C' [WHE '] is equivalent to D [HE™!].

The Functors TOP2’ < TOP

We look for structures of the following type. Choose as the starting point
a category D of topological objects, endowed with a natural homotopy relation
and a subcategory HE of homotopy equivalences. One seeks a category C whose
objects and morphisms have an appropriate equivariant interpretation, endowed
both with homotopy and with weak homotopy equivalences. Along with D one
seeks a functor R : D — C, with the goal of interpreting D[HE '] by use of R.
As an auxiliary, one seeks a functor L : C — D so that one has a diagram

CSD.
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Also R should take homotopy equivalences into weak homotopy equivalences and
L should take weak homotopy equivalences into homotopy equivalences. There
should be a natural transformation S : 1 — RL and a natural isomorphism
T : LR — 1 for which the derived diagram

C WHE™!]SD [HE™]

is an adjoint diagram. It will then be the case that the homotopy category
D [HE '] is equivalent to the full subcategory of C [WHE '] whose objects are all
the RA’s. If one can get this far, then one will have a good start on a redescription
of D [HE™']. Such a structure we call informally a partial model for D [HE™'],
where partial refers to the fact that we may not have an independent description
in terms of C alone of the full subcategory whose objects are isomorphic in
C [WHE™'] to some RA. A full model for D [HE™'] will have been attained if
one is in addition able to describe gracefully the full subcategory C’ of C whose
objects are isomorphic to some RA in C [WHE™!]. In this event, one has an
equivalence
C' [WHE™!| ~ D [HE™].

As an example for starting purposes, let D be the category TOP. Choose C to
be the category TOPA’ with its standard choice of weak homotopy equivalences.
Let E =[] E(n) be the universal A-space used in Chapters 5 and 6. There is the
functor R : D — C defined by RA = A¥ = [[ AP and the functor L :C — D
defined by LX = X xa E. These provide an adjoint diagram

C=D.

There is in A the terminal A-space Ob A and the weak homotopy equivalence
E — Ob A of A-spaces. There is thus a weak homotopy equivalence A9 2 — AF
of A°-spaces and an induced homotopy equivalence A%* 2 xx E — AF x A E of
spaces. But A9? 2 is the constant A°-space which assigns to each non-negative
integer the space A and to each morphism of A the identity map. We then have
that

ACP A Sy N E ~ A X Byonoa ~ A,

where Bjrono A is the contractible infinite dimensional dunce hat D. Thus each
T : LR(A) — A is a homotopy equivalence.

We can now exhibit the full subcategory C’ as the full subcategory of TOPA’
whose objects X are such that for each § : » — m in A the map 6* : X(m) —
X (n) is a homotopy equivalence in TOP. Suppose X is an object of C’. One
can then consider X’ in TOP®” where for each n, X’(n) C X(n) is the image
6*(X(0)) for the unique morphism ¢ : n — 0. Inclusion X’ — X is then a weak
homotopy equivalence in TOPAO, hence we have a weak homotopy equivalence
RL(X') — RL(X) in TOP2’. But the natural transformation S : X’ — RL(X")
is readily checked to be a weak homotopy equivalence in TOPA, and we have
checked all the conditions for this model.

Theorem 8.1 There is the adjoint diagram
TOP~"S TOP
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where L(X) = X xaA E and R(A) = AE. Let C' be the full subcategory of TOP™
whose objects X are such that 6* : X (m) — X (n) is a homotopy equivalence in
TOP for each 6 : n — m in A. Then we have the equivalence of categories

C' [WHE '] ~ TOP [HE™ ).

In this full model for TOP [HE '], one can equally well use R(A) = AV, or
even let R(A) be the A°-space X which assigns to each n the space A and to
each 6 : m — n the identity map of A.

Note that the above C’ can be thought of as the full subcategory of TOPA’
consisting of all simplicial spaces X for which all X (n) are determined up to
homotopy by X (0).

The Functors R : TOP?’ <= PAIR TOP

One generalize R above by constructing a simplicial space X = R(A, Ap) from
each closed pair (A, Ag) of compactly generated spaces such that Ay intersects
every path component of A. Denote the category with these as objects and maps
of pairs as morphisms by PAIR TOP. Let us proceed with an attempt to use
this as D, subject to alterations.

There is functorial choice for a functor R : PAIR TOP — TOP?’ and a
slightly less functorial model, amounting to the same in the end. If one chooses
the slightly less functorial A-space V, then one replaces each V(n) by the closed
pair (V(n), Vo(n)), where Vo(n) is the 0-skeleton of V(n). Then take

X = R(4, Ao) = (4, Ag) V¥ = T (A, 49) V(- Vo),

If one considers only pairs (A, A), then one retrieves the case of the preceding
paragraphs.

We usually will make the more functorial choice of F rather than V. Then the
A-space E can be replaced by the pair (F, Ep) of A-spaces, where Eg = [[ Eo(n)
and Ey(n) is the union of all §,E(0) over the morphisms 6 : 0 — n in A. Then
one defines the more functorial

R : PAIR TOP — TOP?’

so that
RA = (A, Ag)F-Fo) = H(A’ Ag) (). Eo(n))

The natural map (E, Ey) — (V, V) shows the two choices for R to be naturally
isomorphic in TOPA” [WHE™!].

A choice for L : TOP?" — PAIR TOP is readily at hand. Namely, one can
take

LX = (X xa E, X xa Ep).

It is checked that X xa Ey is precisely the space X (0) x E(0) where E(0) = D
is the infinite dimensional dunce hat. Since D is contractible, this is homotopy
equivalent to X (0).

Theorem 8.2 Let PAIR TOP denote the category whose objects are the closed
pairs (A, Ao) of compactly generated spaces such that Ay intersects every path
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component of A, and whose morphisms are the maps of pairs. There are then
adjoint functors
TOP>" S PAIR TOP,

defined by
LX = (X xa E, X xa Epy), R(A,A) = (A4, AO)(E’EO).
Up to weak homotopy equivalence in TOPAO, one can use

R(A, Ay) = (A4, Ag) VY0,

The Map LR(A, Ao) — (4, Ao)
For a pair (A, Ag) in PATRTOP, we need to understand better the above map
LR(A, Ag) — (A, Ag).

We use the slightly less functorial choice (V,Vg). Let X denote the simplicial
space (A, Ag)(V:V0); then we must analyze the pair

(X XA E,X XA EO) = (X ><MonoAV7*X— X Mono A vO)

The subspace X xa Ejy is trivial to analyze; since X (0) ~ Ay, it is precisely the
space Ag x E(0) and since E(0) is contractible the projection map is a homotopy
equivalence onto A. Thus we have only to understand X xa FE.

We need a companion A°-space Y. Let Y (n) be the space of all maps p :
I x V(n) — A such that

p(0 x V(n)) = const, p(1x Vo(n)) C Ap.

For each 6 : m — n in A, define the action map by

(6% p)(t,u) = p(t, 6% (u)).

There is a variant presentation Y’ of Y, which follows by collapsing 0 x V(n)
to a point, thus obtaining V(n + 1) and a natural map I x V(n) — V(n + 1).
In this variant, Y/(n) becomes all maps p' : (V(n +1),Vo+(n+ 1)) — (4, Ao)
where Vo 1 (n + 1) denotes the union of all vertices of V(n + 1) except the first
one. We leave it to the reader to supply the action of A on Y’. There is then
the natural map Y — Y in TOPAO, a homotopy equivalence in TOPA”.

There is a natural A°-map p: Y — X. For each n, send p into the restriction
of pto 1xV(n). Alternatively, there is the natural A°>-map Y’ — X. It is readily
checked that this latter is a weak homotopy equivalence in TOPAO, hence so also
is Y — X. Thus the natural map

YXAEHXXAE

is a homotopy equivalence. Thus we can understand X xa E up to homotopy
equivalence by understanding Y xa F.

There is a natural map 7 : Y xa E — A which maps each point p X e into
p(0x V(n)). Our next problem is to present an extensive array of cases in which
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7 is a homotopy equivalence of spaces. As a first assumption, it is helpful to
have 7 onto, and in order to achieve this we assume that Ay intersects each path
component of A. To obtain that 7 is a homotopy equivalence of spaces, we need
also that (4, Ag) is a CW-pair.

Theorem 8.3 Let (A, Ag) be a CW-pair such that Ao intersects each path com-
ponent of A. Then the natural map

(A, Ag) FFo) x A E — A

of (8.2) is a homotopy equivalence of spaces.

PROOF. The proof rests on the map 7 : Y xa E — A given above.
We prove first that 7 is a Dold fibration. Given a path 7y of A from a to b, there
is a map 7, : 7 1(b) — 7 1(a). Denote by Y, all p such that p(0 x V(n)) = b,
so that we have
7 () =Y, xa E.

We then have the A°-map v« : Yy, — Y, sending p into v * p where

~v(2t), for0<t<1/2

(v *p)(t,u) = {p(zt —Lu), for1/2<t<1.

We then get an induced map
Yo :m D) =Yy xa E — Y, xa E =7"(a).
Suppose we are given a path homotopy {v|0 <t < 1} of paths from a to b.
The A°-maps
Yo, Vi 1 Yy — Yg
are readily seen to be homotopic as A°-maps and hence

You;Y1s i T (D) = 7 (a)

are homotopic.
If we denote by Al x4 Y all (v, p) with y(1) = p(0 x V(n)), then we can
regard the above as giving a A°-map

Al % 4aY =Y
and hence a commutative diagram of maps

Al x4 (Y xaE) —— Y xa E

! |

Al N A,

where p(y) = v(0). That is, continuity of the action is readily checked.

Let now U be an open set of the CW-complex A which has some ug € U as
strong deformation retract. We then have for each u € U a natural path ~, from
u to ug determined by the deformation. We also have the map

Ux1 Hup) — 7 HU), (u,z) — Yuu()
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which is seen to be a homotopy equivalence of maps over U. Hence 7 is a Dold
fibration over U. Since A is a CW-complex, it then follows from results of Dold
[3.2] that 7 is a Dold fibration, since the open sets U which strongly contract
onto a point then cover A.

We have now to prove that each fiber 7=!(a) is contractible. It suffices to
prove this for each ag € Ap. This requires an argument about simplicial path
spaces, implying that each fiber of 7 : 771(Ag) — Ao is contractible. Thus with
this theorem we will have the diagram of homotopy equivalences

ALYXAEHXXAE

and the theorem will follow.
Given the above simplicial space X, denote by PX the simplicial space with
(PX)(n) = X(n+1). An n-simplex of PX is then a map

o:(V(n+1),Vo(n+1)) — (4, Ap).

Given 6 : m — n in A, there is the morphism m+1 — n+1in A given by 0 — 0
and i — 6(i— 1) +1 for ¢ > 0. Denote this morphism by 1o®é: m+1 — n+1.
There results the action of A° on PX.

The above space 7~ !(4p) can then be taken to be

7T_1(A0) =PX X Mono A v;

and we designate a point of it as op+1 X Mono At Where o471 : (V(n+1), Vo(n+
1)) — (A, Ag) and where ¢t € V(n). The map 7 : 7~ 1(Ag) — Ap can be taken as

W(Jn—i-l X Mono A t) = J(UO,n+l)~

For each n > 0, there is the morphism p, 11 :n+2 — n+ 1 in A given by

Prt1(0) = pn+1(1) =0,  ppy1(i) =i—1
for2<i<mn+1. If § : m — n in any morphism in A, there is the commutative

diagram

m+2 LN n+2

Pm+1J/ Pn+1J/

m+1 BELIN n+ 1.

One can write down in an elementary fashion a homotopy

H:Tx7n YAy) — n 1 (A)

which is a strong deformation retraction of 7=1(Ap) onto a closed set intersecting
each fiber in a point, and which takes a fiber into itself at every stage of the
homotopy. One simply defines

H(U70n+1 X Mono A t) = On41Pn+1 X Mono A (u7 (1 - u)t) O
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A Partial Model for PAIR CW

We now pass from the above to a precise model. Think of PAIR TOP as the
full subcategory of TOP°~! whose objects are the closed inclusions Ay < Aj,
for convenience adding the condition that Ag intersects each path component of
A. Take for homotopy in this category that of TOP°~!. Thus fo, f1 : (4, Ag) —
(B, By) are homotopic if there is an appropriate H : (I x A, I X Ag) — (B, Bp).

Denote by PAIR CW the full subcategory of PAIR TOP whose objects are
those which are homotopy equivalent to some (C, Cy) where C is a CW-complex
and Cj is a subcomplex intersecting every path component of C.

It is readily seen that if f : (4, Ag) — (B, Bp) is a morphism in PATR, CW
such that f and fy are homotopy equivalences in

AOL’BO

a i|
A - . B

then f is a homotopy equivalence in PAIR CW. This category has been defined
so that homotopy equivalence and weak homotopy equivalence coincide. The
equivariant categories C that we consider will have both homotopy and weak
homotopy, while the categories D of topological objects and morphisms that we
consider will have only homotopy. Thus we have passed to a category PAIR CW
for which the possible notion of weak homotopy coincides with homotopy.

There is the usual functor ¢ : TOP — TOP which assigns to each A a CW-
complex. Namely let cA = AV xa V where AV is given the discrete topology.
If f: A— Bis amap, then c¢f : cA — cB is a CW-map.

There is then the induced functor

c: PAIR CW — PAIR CW, (A, Ag) — (cA, cAg)

and a natural homotopy equivalence c¢(4, 4g) — (A, Ap).

Denote by CW2’ the full subcategory of TOP2’ whose objects are the simpli-
cial spaces X such that each X has the homotopy type of a CW-complex. Then
CWA" inherits homotopy and weak homotopy from TOPA’. Given a simplicial
space X, there is the simplicial space c¢X, defined as the composition

A° X TOP & TOP.

Clearly cX is always in CWA’. If X is also in CWAO, then the natural A°-map
cX — X is a weak homotopy equivalence in CW2", and in CW2° [WHE '] we
have that ¢X and X are naturally isomorphic.

Now c¢X is a very nice model for a simplicial space. Each (cX)(n) has a
standard structure as a CW-complex, the maps 6* : (cX)(n) — (cX)(m) are
cellular, hence the subsets (cX)%9(n) C (cX)(n) are CW-subcomplexes, hence
|cX| is a CW-complex. Moreover, cX automatically has the cofibration property
so that ¢X xa E is homotopy equivalent to |c¢X|, thus has the homotopy type of
a CW-complex. The following theorem then summarizes where we are, in terms
of having constructed a partial model for PAIR CW [HE™].
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Theorem 8.4 We have adjoint functors
CWA" S PAIR OW,

where
R: PAIR CW — CW™", (A, Ao) — (A, Ag) B0,

and where
L:CWA" — PAIR CW, X — (X xa E,X xa Ep).

The natural transformation LR — 1 is always a homotopy equivalence in PAIR CW.
Thus we have a partial model for PAIR CW [HE™'].

It is entirely possible that one could turn this into a full model for PAIR CW,
but it is easier to handle Segal’s case in which one presents a full model for
D' [HE™!] where D’ is the full subcategory of PAIR TOP whose objects are
homotopy equivalent in PAIR TOP to (C,Cy) where C is a path connected
CW-complex and Cj is a contractible subcomplex.

Segal’s Full Model for the Case Ay Contractible

Thus we now pass to the full subcategory D’ of PAIR, CW whose objects are
of the form (A, Ag) where A is path connected and where Ag is contractible.
There is the equivalent category D whose objects are all (A4, ag) in PAIR, CW for
which A is path connected. We use these interchangeably, since they amount to
the same in the end. Because it is slightly more convenient, we start with the
case Ay contractible.

There is the functor

R:D — CW2", (4, Ay) — (A, Ay)V:Vo)

obtained by restricting the functor used earlier.

We have to make a selection of a full subcategory C of CW2’ in order to
obtain a full model for P’ [HE™!]. At a minimum we need to work within the
full subcategory of all X in TOP?’ for which X (0) is contractible. We may as
well cut down further at the start by using whatever properties have already
been noted for all R(A, Ag) as (A, Ag) ranges over D’. Here we have first the
fact that each R(A, Ap) is a special A°-space.

There is a further reduction that is natural. For every A°-space X with X (0)
contractible, there is a copy of X (0) in each X (n) and hence for each n, the set of
path components of X (n) has a natural base point; i.e. we can consider mo(X (n))
as a set with base point. Hence we can consider [[ mo(X (n)) as a simplicial set.
However, the fact that X has comultiplication strict up to homotopy implies that
[T 70 (X (n)) is strictly comultiplicative, which implies that 7o(X (1)) is naturally
a monoid. The fact then is that each R(A, Ap) for Ay contractible can be checked
to have this associated monoid a group.

Theorem 8.5 Let D’ denote the full subcategory of PAIR CW consisting of all
(A, Ap) with A path connected and Agy contractible; as in the introduction, let D
denote the full subcategory of PAIR CW whose objects are all (A, ag) where A
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is path connected. Let C be the full subcategory of TOP®" whose objects are the
A°-spaces X such that

(i) each X (n) is of the homotopy type of a CW-complez,
(i) X(0) is contractible,

(ii) X is a special A°-space, and

() mo(X (1)) is a group in its natural monoid structure.

Then we have the equivalences of categories
C [WHE '] ~ D' [HE '] ~ D[HE™].

On the left hand side of this equivalence, one can use instead of condition (i)
the condition that X (0) is a singleton.

Suppose we use in the above the condition that X (0) is a singleton. Then we
can use Chapter 7 to give another full model for D [HE™!]. One has functors

Tor2” X, TOPCAT % TOPA”,
If one takes C as in (8.5) with the option X (0) = pt, then one has

¢ % top moN Y ¢
and one can use (7.12) and additional work to show the following.

Theorem 8.6 Suppose we let C' be the full subcategory of TOP MON whose
objects are all topological monoids G such that

(i) G is of the homotopy type of a CW-complex, and

(it) 7o(Q) is a group.

Define a weak homotopy equivalence ¢ : G — G’ in TOP MON to be a
homomorphism which is also a homotopy equivalence of spaces. Continue to
denote by D the full subcategory of PAIR CW whose objects are all (A, ag) where
A is path connected. Then we have an equivalence of categories

C' ([WHE Y~ D [HE™].
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CHAPTER IX

The Infinite Symmetric Product as a Source of Models of
Spectra

We have thus far confined ourselves to those classical small categories of topology
based in one way or another on order preserving functions from one finite ordered
set to another. We must finally take some cognizance of those for which it is no
longer required that they preserve order.

We interpret the beginning as being with the category Mono ¥ whose objects
are the non-negative integers, and whose morphisms o : m — n are all the monos

o:{l,--- ,m} —{1,--- ,n}.

Recall that TOP, denotes the category of compactly generated spaces A with
base point ag. There is the functor

TOP, — TOPM™ ¥ A A =] A",

where the action map assigns to the morphism o : m — n of Mono ¥ the map
os: A™ — A" given by

0*(a17"' 7am) = (alla"' 7a/n)

where @ = ag-1(;) if 07(j) # 0 and o = ag if 7' (j) = 0.
The composition

TOP, — TOpMeno® <olim,

then assigns to each compactly generated space A with base point ag a compactly
generated space due to Dold-Thom [9.2,1958], which they called the infinite
symmetric product of (A, ap) and denoted by SP>(A). Points of SP>(A) can
be written as [a1,- - ,an], where a; € A, where any a; = ag can be deleted, and
where the point is unchanged if any permutation of its coordinates is performed.
Then SP>(A) is an abelian monoid, with operation

[ala"' 7am][a{[7"' 70/11] = [ala"' 7am7a3_7"' 7a/n]'

193
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Thus we start with this Dold-Thom functor
SP* : TOP, — AB TOP MON.
If SA denotes the reduced suspension of A, then
SP>™(SA) ~ Bgpeo(a)-

Since SP>(S!) is of the homotopy type of S!, the Dold-Thom theorem follows,
that SP>(S™) is a K(Z,n) for n > 0.

A spectrum is a sequence {4, fn|n > 0} where each A, is a compactly gen-
erated space with base point and where f,, is a base point preserving map

fniAn — QAL

A spectrum is an Q-spectrum if each f,, is a homotopy equivalence of pairs. Thus
Dold-Thom constructed the spectrum {SP>°(S™)} with natural maps f,. It is
almost an -spectrum; all but fy are homotopy equivalences. It can also be
described without the infinite symmetric product language in classifying space
terms. If G is an abelian topological monoid, then so is Bg. Given any abelian
topological monoid G, one thus constructs a spectrum Bg whose Oth-term is the
given GG, and where thereafter a term is the classifying space of the preceding
term. Dold-Thom thus gave an explicit construction for the spectrum described
iteratively as starting with Z, the discrete abelian monoid of non-negative in-
tegers.

We next give McCord’s generalization [1.3] of the infinite symmetric product
construction to a functor

SP> : TOP, x AB TOP MON — AB TOP MON, (A,G) — SP®(4;G).

To define it, we introduce Segal’s category I' [4.4] whose objects are the non-
negative integers, and whose morphisms = : m — n are all functions

7:{0717"'7m}_){0717"'7n}

for which v(0) = 0. Note that one can interpret the category I' as having

objects certain finite sets with base point and as having morphisms all base point

preserving maps joining them. That is, one has a natural functor I' — TOP.,..
There is a functor

TOP, — TOP"™, Aw A~ =]]4",
where A™ is interpreted as all base point preserving maps
{0,1,---,n} — A,

so that there is a natural right action of I'. By abuse of notation, we have used ¢>°
as the name of a functor TOP, — TOPM°" % and a functor TOP, — TOP'”.
This is not as bad as it might be; at least they are interconnected by a natural
functor Mono ¥ — I'° which sends an object n into n, and which sends a
morphism ¢ : m — n of Mono X into the morphism v : n — m of I' given by
v(j) = i whenever o(i) = j and ~(j) = 0 whenever j = 0 or o~ 1(j) = 0.
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One also gets a functor
AB TOP MON — TOP", G []G",
where v : m — n induces v, : G™ — G™ given by

7*(917"' 7gm) = (917 79':7,)7
with
g/‘: gk1+"'+gkj7 f0r7_1(j):{k17"'7kj}
70, for y~1(j) = 0.

Then the reduced product bifunctor for I' yields the McCord functor
TOP, x AB TOP MON — TOP, (4,G)— SP*(4;G) = A> xr (H G").

It is again important that SP>(A; G) has more structure than that of a space,
it is in fact an abelian topological monoid, so that we have

SP* : TOP, x AB TOP MON — AB TOP MON.
We give McCord’s generalization of the Dold-Thom facts, namely that
SP>®(A; SP*(B;G)) ~ SP*(AA B;QG),
from which one gets
SP>®(S"1:G) ~ SP>®(S'; SP>®(S™; G)) ~ Bgpoo(sma)-

If G is a discrete abelian group, then SP*°(S8™; G) is a K(G,n). Thus one has a
functor
AB GP — Q — SPECTRA

assigning to each discrete abelian group an Q-spectrum {SP>(S5™; G)}, with its
alternative description as the spectrum of iterated classifying spaces which starts
with G.

In the notation of Chapter 7, every I'-space is comultiplicative. Every strictly
comultiplicative T'-space Y with Y (0) = pt is naturally homeomorphic to one
associated with an abelian topological monoid as above.

Segal observed that there were interesting I'-spaces Y in addition to those
derived from an abelian topological monoid, and that the interesting I'-spaces
Y are those for which Y'(0) = pt (or equivalently Y (0) contractible) and which
are also strictly comultiplicative up to homotopy, i.e. have each Y(m 4+ n) —
Y (m) x Y(n) a homotopy equivalence in TOP.

As an example, we consider the composition

I — TOP, — TQPMeno® hocolim map

thus obtaining a version of Segal’s most basic example of a I'-space. Explic-
itly, this I'-space assigns to n the homotopy colimit Y'(n) of the Mono X-space
{0,1,---,n}*°. We show that the space Y (1) is homotopy equivalent to [ [ By (),
where X(n) is the symmetric group on n letters. In the next chapter, we present
the small model for this I'-space and clarify its connections with stable homotopy.
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A third level of generality in the infinite symmetric product is due to Segal
[4.4]. Namely, TOP"" x TOP" — TOP yields a functor

TOP, x TOP" — TOP, (A,Y)— SP®(A;Y) = A xrY.

There is the natural question of whether the added generality of using any I'-
space Y instead of an abelian topological monoid leads to extraordinary homol-
ogy theories; this is Segal’s topic.

In order to carry the program out, Segal had to extend the infinite symmet-
ric product construction to a fourth level of generality, in order to display any
additional structure SP*°(A4;Y) would have in addition to being a space. We
follow Segal in constructing a functor

SP> : TOP, x TOP' — TOPY, (A4,Y)— SP>(4;Y)

such that when one fixes the object n = 1 of I one obtains SP>(A;Y"). Thus
the additional structure becomes the action of I" on this I'-space. Moreover, one
has

SP*(A;SP>*(B;Y)) ~ SP*(AAB;Y)

so that for any I'-space Y with Y (0) = pt one gets a spectrum {SP>°(5™;Y)} and
an extraordinary homology theory associated with it. Naturally special attention
is given to putting conditions on Y which make this an Q-spectrum. Having done
it for Y(0) = pt, one readily generalizes to the case Y (0) contractible.

In summary, we introduce in this chapter consideration of TOP°"* and
TOP! as of basic importance to topology, concentrating on TOP! as a source
of spectra by means of a bifunctor

TOP. x TOP" — TOP"
which generalizes the classic infinite symmetric product

TOP, x AB TOP MON — AB TOP MON.

There is an the extensive body of material associated with producing spectra
categorically, and analyzing the result in important special cases. We cover here
the merest introduction, and from only one point of view. May is a pioneer in
this field and one should see his works, for example [7.4]. A small sample of his
work is in the next chapter.

The Infinite Symmetric Products of Dold-Thom

Denote by ¥ the category whose objects are the non-negative integers, and
whose morphisms ¢ : m — n are all the functions

o:{1l,---,m}—>{1,--- ,n}.

Note that the augmented simplicial category A is a subcategory of 3. There is
also the subcategory I'so ¥ of all isomorphisms in 3. For each n > 0 the isomor-
phisms n — n constitute the symmetric group X(n), thus I'so ¥ =[], -, X(n)
where (0) denotes the category whose object is the empty set and which has
just one morphism.
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Any finite set of objects of ¥ has a coproduct. For an ordered pair m,n of
objects, choose a standard model m @ n for the coproduct by the diagram

where amn(i) = ¢ and B n(i) = m + 4. It is then readily checked that X
becomes naturally strictly monoidal. For given o1 : m; — ni and o2 : me — no,
the diagram

QAmy,moy Bmy,mo
m; ————— M]+ My «——— M2

| .|

QAny,ng Bry,ng
ny ———— N1+nNg «—— N2

gives a well-defined o7 ® 02 : m1 + ma — n1 + no.

It is clear that ¥ is somewhat trivial from the point of view of the colimit
and homotopy colimit of a ¥-space Y. Since 1 is a terminal object of 3, then
Y (1) is the colimit of Y. Then (ExY)(1) must be the homotopy colimit of Y.
But the weak homotopy equivalence ExY — Y in TOP* implies the homotopy
equivalence (ExY)(1) — Y(1), hence Y (1) is also a non-standard homotopy
colimit of Y.

It is different with the subcategory Mono X. Dold-Thom [9.2] pointed out
early the interest of colimits in this setting. Consider the category TOP, of
compactly generated spaces with base point, and define a functor

TOP, — TOPM" ¥ A A> =[] A",
n>0

assigning to each mono ¢ : m — n in X the action map o, : A™ — A" given by
U*(alv' o 7am) = (blv' o 7bn)

where

b — Qo1 for o) #0
J ao, for o=1(5) = 0.

The colimit of A they called the infinite symmetric product of A and denoted
by SP>A.

(9.1) Consider the functor
TOP, — TOPMomo A A®,

and denote by SP>A the colimit of A*. Then SP>A is compactly generated
and has a natural filtration SP*A =|J SPPA.

PROOF. We first filter A as A® = [JA°P in TOPM°"° >  Here A®P =
[T A™P where A™P C A™ consists of all (aq,--- ,a,) with a; # ag for at most p
values of i. Denote by 7 : A — SP> A the natural quotient map. Each AP
is readily seen to be a full inverse set. Since A*? is closed in A%, then 7(A>P)
is closed in SP*>A; let

SPPA =m AP,
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Clearly SP>*A = |JSPPA is then a filtration in Top.
One next uses (1.8) to show that AP — SPPA is a quotient map. Consider

the diagram
AP 11 A™P

SPPA ——— SPPA,
where 7’ is a quotient map. For each S C {1,--- ,n} having p points, let A°>°(S)
denote all (a1, --a,) such that a; = ag whenever ¢ ¢ S. If the points of S are
enumerated in order as
S = {ih'" 7ip}7
there is the map pg : A*(S) — AP sending (a1, - ,a,) into (a;,,--- ,a;,), and
one applies (1.8) to obtain the quotient map AP — SPPA.
We then have the map of pairs

7" (Ayag) x -+ x (A ag) — (SPPA,SPP™LA),

and this is a quotient map as well. We next have to consider the natural right
action of the symmetric group X(p) on AP.
The orbit space AP/Y(p) of this action is compactly generated. This follows
for any action of a finite group on a compactly generated space from (1.19).
Proceeding thusly, one gets shortly a relative homeomorphism

((A,a0) x -+~ x (A,a0))/%(p) — (SPPA,SPP1A)

from which it follows inductively that SPPA is weakly Hausdorff by (1.20), thus
SP> A is weakly Hausdorff by (1.18). O

Cofibration Properties of SP*A

(9.2) Suppose A is a compactly generated space with cofibered base point ag.
Then the pair

((A;a0) x -+ x (A, a0))/Z(p)
is a cofibered pair. Hence SP®A =|JSPPA is a cofibered filtered space.

PROOF. Since (A, ag) is cofibered, there exists a map u : A — I and a homotopy
H:Ix A— Asuch that

(i) u='(0) = {ao};

(ii) H(0,a) =a for all a € 4;

(i) H(t,a0) = ap for all t € I;

(iv) H(t,a) = ag whenever 1 >t > u(a).

One considers next the pair (AP, B) = (A, ag) X+ --x (A, ap). Definev : AP — [
by
v(ag, - ,ap) = min(u(ar), - ,ulap))

and define K : [ x AP — AP by

K(t7al7"' 7ap):
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(H(min(tv u(a2)7 T u(a‘p))v (11), T H(min(u(al)v e 7u(a10—1)7 t)? a‘p))'
One checks that (i)-(iv) hold for the pair (AP, B) and the maps v, K. Hence
(AP, B) is a cofibered pair. Next one observes that the action of ¥(p) on AP
relates well to v and K. For v takes the same value on an entire orbit, hence
induces a map w : A?/X(p) — I. Moreover K : I x AP — AP is equivariant,
hence induces a map

L:1x(AP/%(p)) — AP/%(p).

The resulting maps w and L satisfy (i)-(iv) for the pair (A4?/%(p), B/2(p)), and
the result follows. [

The Classifying Space of the Abelian Topological Monoid SP*A

The Mono X-spaces A™ are strictly comultiplicative in the terms of Chapter
7. That is, there are functorial homeomorphisms A™*+™ — A™ x A™. Since A" =
pt, it follows automatically that the colimit of A* is a monoid. The bifunctor
on Mono % derives from a coproduct on X, hence there is the isomorphism
o:m®n ~n®dm which identifies two different coproducts of the unordered
pair m,n. Hence SP*°(A) is abelian.

Thus SP* A is an abelian topological monoid. We stop a moment for a few
generalities about abelian topological monoids. Let G be such, where we assume
the identity element 1 of G cofibered in G, so that we can use the standard B¢ as
a classifying space. Considering G as a category with one object and composition
G x G — @, one sees that the abelian hypothesis makes composition G x G — G
a functor, so that we get

BG X BG ~ BGXG — Bg.

It is easy to check that this is an associative operation on Bg. Now (Bg)o is a
singleton, corresponding to the fact that G has a single object . This element
of Bg is seen to be an identity element for the operation on Bg, for the diagram

leads to the representation * = (1,---,1) xa (to, -+ ,tn), which is clearly the
identity element of the monoid Bg.

(9.3) If G is an abelian topological monoid with cofibered base point, then the
standard classifying space Bg has the same property. If G is an abelian topolog-
ical group with cofibered base point, so also is Bg.

PrOOF. We have left only to show that if G is a topological group, then so is
BG. Let

Tr = (glv"' 7gn) XA (to,"- 7tn)

be an element of Bg. Then

y:(g]__17 791:1) XA(t07"' 7tn)
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is seen to have zy = 1. O

Theorem 9.4 Let A be a compactly generated space with cofibered base point,
and let SA denote the reduced suspension of A. Then there is an isomorphism

BspooA >~ SPOO(SA)

of abelian topological monoids.

ProOOF. We need a map
f:SPCAN(I/OI) — SP*(SA),

where SA denotes the reduced suspension (I/0I) A A. We exhibit the map as a
collection of base point preserving maps

fi: SP®A — SP™(SA)

such that fy and f1 are constant maps into the base point, leaving it to the reader
to check continuity. Regard A as a subspace of SP*° A, and use the property
that every base point preserving map of A into an abelian topological monoid
G can be extended uniquely to a morphism SP*A — G of abelian topological
monoids. Then for each ¢ there is the map A — SP>°(SA) sending a € A into
tANa € SAC SP>®(SA), and denote by f; : SP®A — SP>*(SA) the unique
extension to a morphism of abelian topological monoids.

We next wish to write down a map F : Bgpeoyg — SP®(SA). First it
is convenient to shift models for V(n). Denote by V(n) the revised standard
simplex

V(n)={(u1, - ,up) €I"0<u; <--- <wy <1}
These coordinates are related to the standard coordinates (to,--- ,t,) by
up =to, uz=to+t1, ", Uy =10+ ln-1.

Thus points of Bgpw 4 are now written as
T = ($17"' 7$n) XA (uly"' ,’an)

where z; € SP*A and 0 <wu; <--- <, <1. Then define

F(($17"' 7xn) XA (ulﬂ"' 7“”)) = fm(ml)fun(xn)?

where the right hand side uses the product in the abelian monoid SP>(SA).
Given two elements x and y of Bgp~ 4, they can always be rewritten so as
to have the same w1, - - -, u, coordinates, from which it follows that F' preserves
the product.
We next need a base point preserving map h : SA — Bgpw 4. The 1-skeleton
of Bgpwy is S(SP*A), which contains SA. Take this inclusion as the map
h:SA — Bgpwa. There is then the unique extension to a morphism

H :SP*(SA) — Bspwa
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of abelian topological monoids. The maps F' and H are inverse to each other,
and the theorem follows. [

In order to apply (6.17), we point out the following.

(9.5) If A is a simplicial complex with ag a vertez, then SP> A is a simplicial
complex. If A has cofibered base point and is of the homotopy type of a CW-
complex, then SP>°A is of the homotopy type of a CW-complez.

PROOF. First let A be a simplicial complex, with ag a vertex. Let A™ first be
taken as a polyhedral cell complex whose cells are all the product cells, and then
replace this polyhedral cell complex by its second barycentric subdivision, so that
A™ is a simplicial complex. The symmetic group then operates simplicially on
each AP, and the orbit space AP/%(p) receives a simplicial subdivision in which
each 7’ : AP — AP /3 (p) is simplicial. Then inductively one receives a simplicial
decomposition of each SPPA in which SPP~!'A is a subcomplex. Then SP>A
is a simplicial complex.

Suppose next that A has cofibered base point, and is of the homotopy type of
a CW-complex. Take then the simplicial set AV of singular simplices in A, with
the topology of AV(™) ignored, and take the homotopy colimit

B = Av X Mono A V.

First of all, there is the natural map B — A and this map is a homotopy
equivalence. Next, there is a natural base point by for B and the homotopy
equivalence B — A gives by a cofibration fact a homotopy equivalence

(37 bO) - (Av (10)

of pairs. Hence SP>*A and SP> B are homotopy equivalent.

There is a choice to be made in the cellular structure on B, depending on
whether one uses V(n) or Sd V(n) or Sd?> V(n). For present purposes, the best
choice is Sd? V(n), for then B is a simplicial complex. Then SP>B is a simpli-
cial complex. The result follows. [

Corollary 9.6 Let A be a path connected, compactly generated space with cofibered
base point, with A of the homotopy type of a CW-complex. Then we have the
natural homotopy equivalence

SP*®A ~ QBgspooa
of (6.16), and using (9.4) we have the homotopy equivalence
SP®A ~ QSP>*(SA).

Corollary 9.7 We have that SP>*S° = Z,, where Z, denotes the abelian
monoid of non-negative integers, and for n > 0 we have that SP>®S™ is a
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K(Z,n).

PROOF. We have only to show that SP>S! is a K(Z,1), which will follow if it
is of the homotopy type of a circle. Since SP>S' ~ By, it suffices to demon-
strate a non-standard model for Bz, which is precisely S*. This is easy, using
the non-negative reals for a universal space with Z; operating by the transla-
tions through positive integers. O

The Homotopy Colimit of the Mono X-Space (5°)*> = [[(S°)"

It is natural to enquire about the homotopy colimits of the Mono X-space
A, We wait until the next chapter to consider this problem generally. Here
we consider a very special case, the example A = S° where S° consists of two
points, say with a as the only non-base point. The functor

M, : TOPMene 2 _, TOPCAT

of Chapter 2 then converts (5°)> into a small category C(1) and the homotopy
colimit of (59)*° is the classifying space Be(1). We need a precise model for C(1).

The objects of C(1) are just the points of the various (S°)P. Each such point
is characterized by specifying which of the p coordinates are a, thus we can take
the objects of C(1) to be all subsets

SC{1,~-~,p}

for all p > 0. We will have a morphism in C(1) with domain S for each choice of
amono o : p — ¢ in X. The target of the morphism is seen to be precisely o(S),
thus for each mono o : p — ¢ and each S C {1,--- ,p} we get a morphism

c:85—0(5)

in C(1).
Our problem is to compute B¢ (1) up to homotopy. In order to do so we exhibit
functors

¢:C(1) = IsoX, 6:IsoX — C(1)
for which ¢f = 1 and for which there is a natural transformation
T:00— 1.

It will then follow that Be(1) ~ Brsox = ]_[p>0 By(p).-

Recall that Mono A, is a subcategory of Mono ¥, where A, is the aug-
mented simplicial category of Chapters 6 and 7. Given an object S of C(1),
there is then a unique mono ég : k — p in Ay with

8s{1,-- k} = S.
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Define ¢(S) = k. Given a morphism o : S — o(5) in C(1), let ¢(o) be such that

k #(o) k

§SJ/ 5U(S)JV

g
bp—m™¢
commutes. Thus we have ¢.

There is the subcategory of C(1) whose objects are all the
S: {17 7p}7

and whose morphisms are in natural correspondence with Iso X. Let 6 be the
inclusion map onto this subcategory.

We have left only to define T : §¢p — 1. The morphisms és : k — p in
Mono A, perform this function, because of the commutative diagram

k=06(5) 220 k= 0¢(0)

6sl 5a<5>l

S )

for each morphism o : S — o(S) of C(1).
We have thus proved the following theorem.

Theorem 9.8 The Mono -space (S°)*° has as a non-standard homotopy col-
mit

Brsos = H BE(;D)~
p=>0

We should formalize a little better the strictly monoidal category Iso X, as
a subcategory of the strictly monoidal category Mono ¥. Its objects are the
non-negative integers; its morphisms are the isomorphisms of 3J; the bifunctor

®:Iso¥X xIso¥X — IsoX

is obtained by restricting the bifunctor of Mono 3.

Generalization to the Finite Sets {0,1,--- ,n} with Base Point 0

We now follow Segal through the generalization of (9.8) resulting from replac-
ing S° by any finite set with base point. It is just as well to restrict ourselves to
the finite sets {0,1,---,n} with base point 0. Let T denote the category whose
objects are the non-negative integers, and whose morphisms ~ : m — n are the
base point preserving functions

7:{0717'“7m}_){0717"'7n}'

Beware: Segal denoted this category by I'°.
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We then have the composite functor

T — TOP, — TQPMono = hocolim map

giving a I'-space which we want to compute up to homotopy. More precisely, we
want to find a I'-space which to equivalent to this one in TOP" [WHE™!]. This
will be our form of a basic I-space of Segal [4.4]. As above, for each n we let
C(n) denote the category resulting by applying

M, : TOPMene 2 _, TOPCAT

to the Mono X-space {0,1,--- ,n}*°. For each o : m — n in I, we also compute
the resulting functor

Y« : C(m) — C(n);

i.e., we have to start with the functor C which is the composition

I — TOPMone = M pOpCAT

from which one obtains the associated composite functor

r % TOPCAT 22 TOP,

ie. the I-space [[,~,Bc(n).- The following theorem of Segal then exhibits
homotopy models for Be ).

Theorem 9.9 Consider the I'-space Y =[], ~, Y (n) where Y (n) is the homo-
topy colimit of the Mono X-space {0,1,--- ,n}>. Then Y (0) is contractible and
Y (n) for n > 0 is naturally homotopy equivalent to the classifying space

BISOEX---XISOE = BIsoE X X BIso PR

where the products are n-fold products.

PRrOOF. We show first that Be(g) is contractible. It is readily seen that Y'(0) is
precisely Bpjono 5. Now the element 0 of Mono X is an initial object such that
the only morphism n — 0 is the identity morphism of 0. Hence in the language
of Chapter 5, Mono % is the cone over the full subcategory D whose objects
are the positive integers. By (5.12), Buono = is then the cone over Bp and is
therefore contractible.

Next take n > 0. We can then take for the objects of C(n) all of the disjoint
n-tuples of subsets

(5’17... 75’") C {17... ,m};
given another object
(Ty, -+, To) € {1, ,p},
we get a morphism
0—;(5’17... 75’") _’(le"‘ ,Tn)

for each mono o : m — p in ¥ for which o(S;) = T; for each i. As in (9.8), we
must present a small homotopy model for Be ).
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For each (S1,---,Sn), there are unique monos 8g, : k; — m in A} whose
image is S;. Thus for each object S = (S1,- -+, Spn), we get the induced morphism
of the coproduct,

és:kl@"'@kn—)mv

which is a mono in X. Thus as in (9.9) we have a functor
¢:1s0L x -+ x Iso X — C(n),
and precisely as in (9.8) one can show that
Gx : Brso nx--x1s0 2 — Be(n)

is a homotopy equivalence. [

Elementary Properties of I'-Spaces

It is unfair to make entry into I'-spaces only with the above complicated I'-
space, basic though it may turn out to be. Here we back off and point out that
I" arises for elementary purposes as well.

First of all, each abelian topological monoid G gives a I'-space. Think of G
as written additively and as having as its natural base point its neutral element
0, and think of G™ as the space of all functions

g:{0,1,--- .m} -G

which preserve base point, i.e. have g(0) = 0, and agree to write an element
either as a function or alternatively simply by writing ¢ = (g1, - , gm) Where
gi is the value of the function at . Then we get the I'-space NG = [],,~,G™,
where a morphism v : m — n induces the action map v, : G™ — G™ given by

7*(917"' 7gm) = (gI17 7941)

where

g = Zo’(i):j gi, fora=1(j) #0
’ 0, for o=1(5) = 0.

Thus we have a natural functor A : AB TOP MON — TOP', which is perhaps
the most elementary reason for paying attention to I'-spaces. This functor relates
well to the nerve functor N : TOP MON — TOPAO, as we will soon see.

In order to do so, we recall (7.2), which asserted that (A;)° is naturally
isomorphic to the subcategory A of A consisting of all order preserving functions

2:{0,1,--- ,m} —{0,1,--- ,n}

for which A(0) = 0 and A(m) = n. By dropping the element 0 of Ay, and
renaming objects, we get the following.

(9.10) The category A° can be taken to be the category whose objects are the
non-negative integers and whose morphisms p: m — n are all order preserving
functions

w:{0,1,--- m+1}—{0,1,--- ,n+1}
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for which p(0) = 0 and p(m + 1) = n+ 1. The A-space V = [[V(n) in this
model has V(n) the space of all order preserving functions
t:{0,1,--- ,n+1}—>1T
for which t(0) =0 and t(n+ 1) =1, i.e. V(n) consists of all
0=t0)<t(l)<---<t(n)<t(n+1)=1.

We can now define the natural functor
0:A°—=T

by identifying the two base points 0 and n + 1 of an object {0,1,--- ,n + 1} of
A° to obtain the single base point 0 of the object {0,1,--- ,n} of I". Clearly each
morphism g : m — n in A° then gives a well defined morphism 6(u) : m — n of
T.

There is also a natural functor

TOP, — TOP™",

where given a compactly generated space A with base point ag, we can interpret
A™ as all base point preserving functions

a:{0,1,---,n} — A

and thus obtain the I'>-space || A™ with its natural right action of I'. Of central
importance here is the I'>-space arising from the choice A = I /91, which can be
written as the I'°-space

St =[] u/on.

n>0

(9.11) The T°-space St = [[(I/0I)™ given above is related to the A°-space V
by
St~ 0,V = ([[V(m) x T(m,n))/ ~,

where ~ is the least equivalence relation such that if
tevVim), mE&m', mLm,
where p is in A° and v is in ', then

(tpyy) ~ (,0(1)7)-

PROOF. Denote the elements of the I'>-space 64V by t X a0 . There is a well

defined map
(04V)(n) — (I/01)"

assigning to (t1, -+ ,tm) X Aoy the point represented by (¢1, -+ ,tm)y in (I/0I)".
We need a I'°-map
S' = Vxaol.
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In order to get it, we must have a relationship between the V(m)’s and the
(I/8I)™’s. Given a point u of I"™/JI™, there is a unique pair consisting of a point

O<ti < <ty <1

of V(m) —dV(m) and an epi m <~ n in I so that (f1,--- , %)y represents u
in (I/0I)™. Given this uniqueness and given u € (I/0I)", one can map u into
(t1,-+ ,tm) Xae y. The remark follows. [

The Realization Functor | ¢ |p. : TOP" — TOP

The category I'' will not by itself lead to interesting homotopy limit or homo-
topy colimit problems. This is because 0 is both an initial and a terminal object
of T, so that if Y is a I'-space then Y (0) is a non-standard homotopy colimit
and a non-standard homotopy limit. To associate interesting homotopy colimit
problems with TOP! one has to have such a functor as 6 : A° — T, so that one
can use the composition

Top" 2L, TopA® fecdlim, pop

as an interesting alternative. Alternatively, one has the composition

Tor” 2% top2° L Top

to exploit. In the beginning stages, as with simplicial topology, the latter choice
is the more compelling geometrically, and we examine it first. It is best to express
this composition internally as a functor | o [p. : TOP" — TOP.

Let Y be a I'-space. We then have from the pairing

xr : TOPT x TOP' — Top,
and the choice S' € TOPFO, the functor
|o|r: TOPY — Top, Y - S!'xrY.
Having chosen now a direct model for A°, the associated bifunctor for it is now
written as
TOPA")’ x Ao TOP?" — Top,
and the realization | o | : TOP®" — TOP is now written as
|Z] =V xpe Z.
We now have the following theorem.
Theorem 9.12 The realization functor | o |r is a functor
|o|r: TOP" — TOP,
and is related to the simplicial realization by
Vir =S xr Y ~ 04V xp Y =~V xp0 07Y.
Thus |Y|r ~ |§7Y].
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If G is an abelian topological monoid with cofibered base point, we can now
relate the permutative nerve N'G to the simplicial nerve NG. Clearly §# NG ~
NG, so that from (9.12) we have

Thus for such a G we can now write the points of Bg as points of |[NG|r, i.e. in
the form
(tlv'“ 7tn) X1 (917"‘ ,gn)
where permutations as well as other identifications are allowed. It is this inter-
pretation which makes (9.3) more obvious at a glance.
Note that there are numerous properties of | ¢ |r which follow from Chapter
2 and (9.12). One example is a product theorem.

(9.13) If Y and Y’ are in TOP", let Y Xz, Y' denote the product T'-space
1Y (n) x Y/(n) with its diagonal action. The natural map

Y Xz, Y'|p = [Y]p x [Y'|p

s then a homeomorphism.

The Cofibration Condition for I'-Spaces

There are various useful choices of unique factorization pairs for the category
I". One of these assigns to each morphism 7 : m — p in I" the unique factorization
v = 6y; where 71 : m — p is an epi in ' and where

6:{0717“'7n}_){0717"'7p}

is an order preserving mono with §(0) = 0.
Define the cofibration condition for a I'-space Y to be the condition that each
order preserving mono

6:{0717“'7m}_){0717"'7n}

for which 6(0) = 0 induces an action map é, : Y (m) — Y (n) which is an inclusion
map onto a cofibered closed subset 6,Y (m) C Y (n). It is automatic that 6, is an
inclusion map onto a closed subset. Every mono v : m — n in I' can be written
as an isomorphism followed by a ¢, hence it then follows that if Y satisfies the
cofibration condition, then for every mono « : m — n we have v, Y (m) cofibered
in Y(n). The subset Y%9(n) of Y (n) can be defined to be either the union of
the images 6,Y (m) for all monos § satisfying the above condition and for which
m < n, or as the union of all v, Y (m) for all monos v: m — n in T for which
m < n. If Y satisfies the cofibration condition, then Y99(n) is cofibered in
Y(n).

We will assume the cofibration conditions on our I'-space Y whenever it seems
to make the work easier. It is no big deal to do so. Thus, for example, it
can be checked that every principal I'-space satisfies the cofibration condition
because of the above unique factorization. Thus every I'-space Y is isomorphic
in TOP" [WHE™] to a I'-space satisfying the cofibration condition.
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For a I'-space Y satisfying the cofibration condition, the composition

TOP" 2%, TOp2”

ol

— TOP

gives from (6.9) a non-standard homotopy colimit for the A°-space §#Y. Thus
there is no real restriction in confining ourselves to I'-spaces Y satisfying the
cofibration condition and to using |Y'|r as the closest thing we have to a homotopy
colimit for Y.

The Infinite Symmetric Product SP>(A4;Y) with Coefficients

One can now take take a second step in the evolution of the infinite symmetric
product.
First one needs that the functor

TOP, x TOP" — Top, (4,Y)— (J[A") xrY

actually maps into TOP. We leave full details to the reader. The bottom line is
that B = (][] A™) xr Y is naturally filtered as B = |J B,,. Given n > 0, consider
the pair (A", A™%¢9) where A™99 consists of all (ay,--- ,a,) where either for
some 7 we have a; = ag or else for some i # j we have a; = a;. Consider
also the pair (Y (n),Y99(n)) where Y9¢9(n) is the union of all the images of all
6+ : Y (m) — Y (n) as § ranges over all monos

6:{0717“'7m}_){0717"'7n}

which preserve order, have §(0) = 0, and have m < n. Then there is a relative
homeomorphism

(A", A™999) 5 (Y (n), Y9 (n)) — (Bn, Bn-1)

in the style of (2.8). The root fact is the unique factorization of morphisms of T’
into epimorphisms of I" followed by those monos

{0,1,"',"7’1}—){0,1,"',7’1}

which preserve order and map 0 into 0.
We thus leave to the reader the full details of the following.

(9.14) For each compactly generated space A and each T'-space Y, define the
infinite symmetric product SP>*(A;Y") by

SP>(4;Y) = (J[]A™) xr Y-
There results the functor
SP*: TOP, x TOP" — TOP.

The space SP>(A;Y) is naturally filtered as

SP®(4;Y) = JSPP(4;Y).
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If G is an abelian topological monoid, then we obtain SP>®(A; NG), which we
denote simply by SP>(A; G). Then SP>(A;G) is an abelian topological monoid
and we thus obtain the special case

SP> : TOP, x ABTOP MON — AB TOP MON.

PrOOF. We have left to observe only that given a compactly generated space A
with base point ag, and given an abelian topological monoid G, then SP*(4; G)
is an abelian topological monoid. The points of SP>(A;G) are of the form

s = (ala.'. 7am) Xr (917“' 7gm)
These are subject to the following relations.
(i) If a; = ag, then a; and g; can be deleted.
(ii) If g; = 0, then a; and g; can be deleted.
(iii) Both sides can be permuted by the same permutation of n letters.
(iv) If a; = a; for some i < j, then a; and g; can be deleted with g;
replaced by g; + g;.
These relations generate all the relations. That being the case, if

t:(a;_7"' 70’;1) XT (giv 7g:l)

is another element, we can define the sum to be

/ / / /
S+t:(a17"' y Am,y Ay 0 7a’n) XT (917"' y9my 91, 7gn)7

and SP*(A;G) is clearly an abelian topological monoid. Of course, this can be
presented in more abstract form, but we wait until it is essential to do so. O

For Y a I-space, the spaces SP>°(S%Y) and SP>(S';Y) deserve special
note. In fact, (9.12) has already pointed out that SP>(S';Y) is just the chosen
realization |Y|r, or for that matter the simplicial realization [§#Y|. We leave it
to the reader to show that SP>(S%Y) ~ Y (1).

McCord’s Theorem SP>*(A; SP>*(B;G)) ~ SP®(AA B;G)
We confine ourselves for the moment to the bifunctor
SP% : TOP, x AB TOP MON — AB TOP MON,

and are now able to put (9.4) in a more satisfactory form.

Fix the abelian topological monoid G, and fix the compactly generated space
A with base point ag. We must understand better the abelian topological monoid
SP>(A; @), and especially if H is another abelian topological monoid we must
understand how many morphisms SP*(A4;G) — H there are of abelian topo-
logical monoids.

Consider the filtration SP>*(4; G) = |JSPP(A; G), where SPP(A; G) consists
of all

s= (a1, ,ap) Xr (91, ", gp)-
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Then SP°(A; Q) is the base point, and SP!(A; Q) is the smashed product AAG.
The basic fact is then that for each base point preserving map

¢: ANG—H, ahg— ¢laNg)
such that p(a A g) + dlaAg') = d(aA(g+g')), we get a unique morphism
®: SP®(A;G) - H
which is given by ¢ on the 1-skeleton. For one can simply define
®((a1, -+ an) Xr (91, 9n)) = ¢lar A g1) + - + dlan A gn)

and check that the generating relations are all preserved.
We seek to use this by defining natural maps

¢: ANBAG — SP*(A; SP*(B;G)).

The right hand side has 1-skeleton A A (SP*°(B,G)) D AA B A G so that we
have only to take the natural map from A A BA G to SP>(A; SP*(B,G)), to
check the above condition of ¢, and thus get the morphism

®:SP®(ANAB;G) — SP>®(A,SP*(B;@)).

We also need natural maps © : SP*(4; SP>*(B;G)) — SP>*(A A B;QG).
Here we need for starters a map

0: AN (SP>®(B;Q)) — SP*(ANA B;G).
One checks that
0(a A ((br, - bn) Xr (91, ,9n)) = (@A by, --aAbn) Xr (91,7 gn)
suffices. Thus the reader can readily finish the check of the following theorem.

Theorem 9.15 For compactly generated spaces A and B with base point and for
G an abelian topological monoid, there is the natural isomorphism

SP®(A A B;G) ~ SP™(A; SP>(B; G))

of abelian topological monoids.

The following corollary then gives the extended form of (9.4).

Corollary 9.16 Let G be an abelian topological monoid with cofibered base point,
and let BY denote the sequence of abelian topological monoids with cofibered base
point which has BY = G and which has Bg"’l the classifying space of B. Then

Bg ~ SP*(S™;G)
for allm > 0.
PROOF. We have already expressed Bg as SP*°(S!;G). Hence its classifying

space BZ is
P> (5% SP(S; Q) ~ SP™(5%; G).
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One continues this use of (9.15) for all n > 0. The case n = 0 can be shown
directly. O

We can now put (9.6) in an extended form due to McCord [1.3].

(9.17) Let G be an abelian topological monoid which is of the homotopy type of
a CW -complex and has cofibered base point. Then for every n > 0 we get that
the natural inclusion
SP>®(S™G) C QSP>®(S"T @)
is a homotopy equivalence. If mo(G) is a group, then also
G C QSP>(58YG)

is a homotopy equivalence. Thus if G is a discrete abelian group, then SP*(S™; Q)
is the K(G,n)-spectrum, and is an Q-spectrum.

Outline of a Functor B : TOP' — TOP"

We have now completed McCord’s topological presentation of the spectrum
{K(m,n)} for each abelian group w. The bottom line is a functor

AB TOP MON — AB TOP MON, G — SP>=(S%; @),

or its equivalent formulation in terms of classifying spaces, so that starting with
G = 7 one can produce the spectrum iteratively.

As one can look at the above in two ways, one can look at Segal’s general-
izations in two ways. We first present his generalization of the above classifying
space approach. Since classifying spaces are special cases of Milnor realizations,
this generalization is based on the above remarks about realizations.

Here we need Segal’s functor

B:TOP" — TOP',
for which commutativity holds in

AB TOP MON —2°, AB TOP MON

! |

TOPF _B, TOPT.

We now outline his construction in its most minimal form, leaving some details
to be checked later when they are done in a more general form anyway.

We can readily define realizations | ¢ |pn : TOP™ — TOP. One simply uses
the product (I'™)°-space 8! x --- x S' = (§1)" and the functor

TOPI™)’ x TOP™ — Top

to produce
|Z|pn = (8')" xr» Z,
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for Z in TOP'". Then
|Zlpn = (8')" xrn Z = (04V)" xn Z
=04(V") Xn Z = V" xan 07 Z =V xp i 0% Z,

where 4 is the diagonal inclusion A — A™. It follows that |Z|r» is compactly
generated, thus we have the functor

| o |pn : TOPT" — TOP

and the various ways of presenting |Z|p». Thus |Z|p» is the I'-realization of
the I-space j#Z, where j is the diagonal inclusion I' < I'?, or is the Milnor
realization |i# 6% Z|. Writing it out in more detail,

1Z[en = TTUSM™ 5 x (S % Z(pr,- -+ ,pa))/ ~

= (s x 2w, o)/~ =]V x 2, ,p))/ ~ -

These observations are due to Segal.
Suppose now that we fix a I'-space Y. There is the functor

ST =T, (pr,,pa) =Pt + D, (Y, ) 2@ @ Y
This induces the functor
¥ : TOP" — TOP™",
and we get a sequence {Y,} where Y,, is the I"™-space Y;, = @#Y given by

Yn(pl; e 7pn) = Y(pl + +pn)

(9.18) Let Y be a T'-space, and let Y, be the IT'"™-space given by

Yo(p1,-son) =Y (p1+ -+ pn).

Then the sequence {|Yn|r~} is a T'-space, so that we get a functor
B: TOP" — TOP", Y  []|¥alrn.

This functor can also be described as follows. For each n >0, let Y,) denote the
I'-space given by

Y, (p) =Y(np) =Y (p+-+p)
where T acts diagonally on Y (p+ -+ + p). Then we get the T'- space

[T ¥ale = [TsP=(s*:v)
which is naturally homeomorphic to BY in TOP".

The equivalence of the two presentations is clear, up to presenting the action
of I'. The details of the action is buried in the more general arithmetic outline
which we now develop. This general arithmetic is in the fashion of May [7.4],
but is done in a special case.
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Small Categories with Based Choice Functions for Finite Coproducts

In order to prepare for the more extensive production of the I'-spaces Y which
play the role of coefficients in SP>°(A;Y"), we will use some categorical machinery
concerning permutations of the type that May has provided. It seems clearest if
done at an intermediate level of generality, and we choose to put it in terms of
small categories G with finite coproducts. In fact, we put the following conditions
on G.

(i) We require that G have associated with each ordered pair p,q of
objects a standard coproduct

Ap,q Bp.q
p——pDg—gq,

with the associativity condition that for each ordered triple p,q,r of
objects we have that (p@®q)®r = p®(¢Pr) as well as that the diagram

By,
g —— pégq

aq,rJ/ apEBq,TJ/

Bp,q@r
q @ r P,qD P EB q EB r
commutes. We then have a standard choice for a coproduct p; & --- &
pn for any ordered n-tuple (pi,---,p,) of objects. For each n-tuple
(p1,- -+ ,pn) of objects and each permutation o of n letters we get an
isomorphism

P1D- - DPn = Po-1(1) D" DPo-1(n)

coming from the uniqueness of the coproduct up to natural isomor-
phism.
(ii) We require that p & ¢ = ¢ ® p for every ordered pair of objects.
(iii) We require that G have a given object 0 which is both an initial
object and a final object. We also require that p 0 =p = 0 & p for
all objects p, and that

ap0;p—=p®0=p, Bop:p—0Bp=p

are both identity morphisms.

If these are satisfied, we say that G is a small category with a based choice
function for finite coproducts . Then I' is an example of a small category with a
based choice function for finite coproducts, as the reader should check. In fact,
I' is the only small category with a based choice function for finite coproducts
that we use, and the generality is only to provide clarity in the proofs.

If G has a based choice function for finite coproducts, then G is naturally a
strict monoidal category. We also use

®:GxG— G
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for the defining bifunctor for this structure. Here assign to each ordered pair
p,q of objects the object p ® ¢, and given g : p — p’ and h : ¢ — ¢, let
g@h:p®q— p ®q be the unique morphism such that

commutes.
If G is a small category with a based choice function for finite coproducts,
then for each ordered pair p, g of objects we have the diagram

Pp,q Hp,q
p——pDqg—¢g

where pp 4 = 1, ® ¢4 with €, the unique morphism ¢ — 0, and similarly for
p,q- These are functorial in p and ¢ in a way that the reader can supply. As a
consequence, for each (p1,--- ,pi, - ,Pn) We get a natural morphism

PLDOpi®---BOPp—P1D - BPi—1 OPit+1 D DD

Of course, using the unique morphisms v, : 0 — p; one also gets a natural
morphism

PLO®- - ®Pi1 BPir1 B DPp =1 D BPi D B Py

It is important to observe that all these natural morphisms come in pairs, with
source and target reversed. Similarly there are natural morphisms corresponding
to omitting any subcollection of the objects, or to inserting a collection of new
objects.

The problem is now to put the natural isomorphisms and the natural mor-
phisms above into a context that fits what we want to do. Perhaps it is best to
simply plunge into what we want to do, which is to define for any G, having a
based choice function for finite coproducts, a bifunctor

TOP® x TOP® — Top".

The Bifunctor TOP® x TOP® — Top"
Fix a G°-space X and a G-space Y. For each n > 0, let
@B, : G =G
denote the multifunctor given by

©alprs o) = @ v Balgr90) = P o

1<i<n 1<i<n
There are the functors

o¥ : TOP® — TOPY", @ : TOPY" — TOP(E")’,
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and we denote ©7 X by X,, and ®#Y by Y,,. These spaces then have
X1, 0n) = X1 @ ®pn), Yalpr, - ,0n) =Y (1D ©pn).

One can then form the space X,, Xgn Y.

We have next to provide a map v, : X, Xgm Yy, — X, Xgn Y, for each
morphism v : m — n in I'. First we need a functor F;, : G™ — G". We can
partition {1,---,m} into the subsets

Sj:ry_l(j)m{lvvm}v ]6{1,,7’7}}
Denote those S; which are non-empty by
Sj={j1 < <jr }-
Define the functor F, : G™ — G" by
F’Y(glv"' 7gm) = (95_7 7g:z)7

where

%7 10, for y~1(j) = 0.

The formula for Fy(p1,--- ,pm) is entirely similar. Let p,, = (p1,--- ,pm) be an
object of G™ and let

,:{gjle»--@gjkj, for 771(j) # 0

P = Py 5 D)
be its image under the functor F,. Denote by @& (p.,) the object
O(pw) =P @+ S P
of G. We then need maps

Xm(pw) - Xn(pw’)a Ym(pw) - Yn(pw’)7

equivalently maps

X(@(po)) = X (&), Y(®(po)) = YV(S(pwr))

which are equivariant with respect to the functor. Since X is a right G-space, a
morphism ¢’ : ®(p.) — ®(p,) in G serves to give a map

X(&(pw)) — X(&(pwr), = ag.
Since Y is a left G-space, a morphism g : ®(p,,) — P(p.) serves to give a map
Y(®(pw) = Y(@(pr)), y— gy
Hence our problem is to associate with v : m — n in I' two natural morphisms
Gy Pw = Doty G i DPw — Du

for each p, = (1, , Pm)-
We have
Pu’ = (ph D @plklv"' yPny B @pnkn)7
where zeroes are to be inserted wherever y~1(j) = (). There is then a natural
morphism g, : &(p.,) — ®(p.) as follows from the above discussion. Those p;
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for which «(¢) = 0 can be deleted and there results a natural morphism, zeros
can be inserted for those j for which v~1(j) = () and the identity morphism can
be used, and finally the natural isomorphism connected with a permutation can
be used.
Also, there is a natural morphism g’ : ®(p.r) — ®(p.). Here one uses the
permutation inverse to that used in g, and follows with a natural inclusion.
The natural morphisms give the action maps

(95)": X(@(pw)) = X(@®(Pur)s  (97)s 1 Y(®(pw)) = Y(B(pur))

that we need. These can also be displayed as well defined maps

Xin(pw) = X (por), @+ 20,

and similarly for Y.
We define the map

Yo : X Xgm Y — Xy Xgn Yy
by
V(T XGm y) = gl XGn gry-

The morphisms g, can be regarded as a natural transformation @©,, — @7,
similarly g’7 as a natural transformation @,y — @®,,, hence . is well defined.

Theorem 9.19 Let G be a small category with a based choice function for finite
coproducts. . Then there is the functor

TOP%" x TOP® — TopF

defined as above. Given a G°-space X and a G-space Y, form the (G™)°-spaces
X, and the G™-spaces Y,, for each n > 0. Then there is the natural action of T’
on [1,,50 Xn X an Yy, thus the functor takes (X,Y") into the I'-space [ [ X,y xgn Yy,

PRrROOF. The question is whether the array of maps . constitutes an action of
I'. Consider a diagram
pe—n—m
in I'; and the resulting functors
F(y'7):G™ =GP, F(y)F(y):G™ — GP.

When written out in coordinate form, then in each jth-coordinate the functors
differ only by a permutation. Hence the two functors are related by a natural
isomorphism

Ty F(Y'y) = F(Y)F(v).

One can next consider the compositions
®p m
G—Gl — @G
and get the natural isomorphism

Sp Ty iy + BpFyry — GpFy Fy.
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For each (p1, -+ ,pm), we can denote the resulting isomorphism of G by
hyry s ©pFyiy = @pFy Fy
and get
hy ' 9yiy = 979
959rhar ey = G-
We can now compute
Yeys(x Xam y) = gl,9% XGr gy gy (Y)
as
xg:v’vh;’fv XGr by iy Gy (Y),
which is equal to
(YY)l xgmy). O

The Extended Functor SP> : TOP, x TOP' — TOP"

We can now finish generalizing the infinite symmetric product by presenting
a bifunctor

SP> : TOP, x TOP' — TOP',

which is a form of a result of Segal [4.4]. If we fix A to be S!, then the I'-space
SP>(S%Y) will be precisely the I'-space []|Y,|r» exhibited in (9.18). The
general case will have completed the proof of (9.18).

Fix a compactly generated space A with base point ag, and fix a I'-space Y.
We then have the I'°-space [ AP, and first need to review its properties. We
have A% = pt, and the natural homeomorphism AP*9 ~ AP x A9, so that [] AP
is a strictly multiplicative I'°-space with the natural homeomorphisms

AP 1t EPm AP L APm

If we denote [ ] A? by A, then the spaces A,, of the preceding paragraphs are the
n-fold products
Ap =Ax - x A

Applying the bifunctor TOP' x TOP' — Top® to the I'°-space A = 1] AP
and the I'-space Y, we define

SP>(4;Y) =[] An xrn Ya

to be the resulting I'-space in Top. Note that each A,, X~ Y;, can be presented
as the image of a quotient map

m: [J AP P X Y(p1+ -+ Pm) — A X1 Yo,
by taking the equivalence relation ~ such that if

a€ Anttan g, Zp yeY(pit-pm)
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then
(a1 @ ®vm),y) ~ (a, (1@ D Vm)y)-

We denote the image of AP*T ' FPm x Y(p; + -+ + pm) in Ay Xpm Yy, by
SPrPm(A;Y), thus obtaining a generalized filtration.

(9.20) The bifunctor SP* is a bifunctor
SP>: TOP, x TOP" — TOP".
Each of the spaces Ay X1rm Yo, is filtered as
Jsprorm(4;y)
and there is a relative homeomorphism

(AP1, APLACT) 5o (AP APACT) s () (Y (P), Y 99(D))

— (SPPr P (A;Y), | SPTam(4;Y)),

where p =p1 + -+ - + pmand the union is over all (q1,- -+, qm) such that q¢; < p;
for all i and q; < p; for some i.

One should examine the elementary case SP>(S%Y) and show that YV ~
SP>(5%Y). Note also the relationship between SP>(A;Y) and SP>®(A;Y).
Namely, as a I'-space SP*°(A;Y) has a space assigned for each m > 0, and
SP>(A;Y) is the space assigned when m = 1.

If Y is the permutative nerve NG of an abelian topological monoid, it is
the case that SP*>°(A4; NG) is precisely the permutative nerve of the abelian
topological monoid SP*(A4;G). Thus the generalization coincides in this case
with the more classical construct.

The Associative Law SP>(A; SP>(B;Y)) ~ SP*(AAB;Y)

Following Segal, we can now put (9.15) in the above extended form. We will
need first of all a map

¢: SP®(A;SP*(B;Y)) —» SP*(AAB,Y).
This is obtained from the family of maps
Bpr v p 2 AT X (BPTTPR YV (py 4+ + p)) — SPP(AAB,Y)
given by
((ar, -+ am), (b1, 5 bpyggp ) y)

(@1 Ab1y-oe a1 Abpyy e @m Abpytotpy 41, Gm A bpytp,) XT Y.

We write this map as ¢, : A™ x (B¥ x Y(w)) — SP*(AA B,Y). The maps
¢, give a well defined map if for each morphism v : m — n in I, the two
compositions

v x1

A" x (BY xY(w)) —— A™ x (BY XY (w)) — SP*(AAB,Y)
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and
1 Xy«

A" x (BY x Y(w)) =25 A" x (BY x Y (w')) — SP®(AAB,Y)
coincide. We leave it to the reader to make this check. There results a well
defined map

¢: SP*(A,SP>*(B;Y)) — SP*(AAB,Y).
We need also a map
6:SP®(ANB,Y)— SP®(A;SP*(B;Y)).
This map will be given by a family of maps
Om : (AANB)" xY(m) — SP®(A;SP*(B;Y)),

((ax A1,y am Abm),y) = (a1 am) X ((br, -+, bm) Xpm ).

We also leave it to the reader to make the tedious check that this gives a well
defined map

0:SP®(AANB,Y)— SP®(A,SP>*(B;Y))
and that both compositions are the identity.

Theorem 9.21 Given compactly generated spaces A and B with base points,
and given a I'-space Y, we have the natural homeomorphism

¢: SP*(A,SP>*(B;Y)) - SP*(AAB;Y).

The Spectra Generated by I'-Spaces
The most general fact about producing spectra from I'-spaces is as follows.

Theorem 9.22 For each I'-space Y with Y (0) contractible, one gets a spectrum
as follows. In TOP" [WHE™ '], one may as well suppose that Y (0) = pt. Then
form the spectrum whose spaces are SP*(S™;Y) and whose maps are the natural
maps

SP>®(8™Y) — QSP>(S",Y) = QSP>®(S§; SP>(5™;Y).

PrOOF. We have noted previously that we can replace Y by a I' space satisfying
the cofibration condition, for example by replacing Y by a principal I'-space over
it. Suppose this has been done. The unique morphisms n — 0 and 0 — n give
a natural embedding of Y'(0) in each Y'(n) as a cofibered closed subspace. One
can then form Y'(n)/Y(0) for each n, thus the I'-space [[Y (n)/Y(0). There is

the I'-map
[Ty -y /Y ),

a weak homotopy equivalence in TOPY. Since now Y (0) = pt, we can then form
the spectrum as stated. O
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Note that every I'-space Y is comultiplicative, with the maps

Pp.ax X tpg« Y (0 +q) — Y (p) xY(q).

These maps are to be considered as maps

Y(p+4q) — Y(p) Xy Y(g)

Since we assume Y (0) = pt, we can drop the subscript. We then say that YV
is a special T'-space, or is strictly comultiplicative up to homotopy, if each map
Y(p+q) — Y(p) x Y(q) is a homotopy equivalence in TOP.

We can now obtain Segal’s generalizations of (9.17).

Theorem 9.23 Let Y be a I'-space which has Y (0) = pt, which satisfies the cofi-
bration condition, which has each Y (m) of the homotopy type of a CW -complez,
and which is strictly comultiplicative up to homotopy. Then the inclusion maps

fn: SP>(S™Y) — QSP=(S" 1Y)

are homotopy equivalences for n > 0. If in addition mo(Y (1)) with its natural
abelian monoid structure is a group, then the natural inclusion

Y(1) = SP>(S%Y) — SP>(S4Y)
s also a homotopy equivalence.

PRrROOF. Here we have only to mesh with earlier results. Consider the A°-space
X = 0#Y of (9.12). It has X (0) = pt, it satisfies the cofibration condition, it is
a special A°-space, and each X (n) is of the homotopy type of a CW-complex.
We also have X (1) = Y(1) and |[§#Y| = SP>(S';Y). Whenever we know that
7o (Y (1)), with its natural monoid structure, is a group it follows from (7.16)
that

Y (1) — QSP>(S%Y)

is a homotopy equivalence. All that remains is to prove that SP°°(S';Y) inherits
the above conditions from Y, noting also that since SP*°(S';Y") is automatically
path connected then 7o (SP>(S;Y)) is trivial. The spectrum SP>(S';Y) has
been displayed in (9.18) and the reader can check the conditions. [

Corollary 9.24 Let Y be a T'-space such that Y (0) is contractible, such that
Y s strictly comultiplicative up to homotopy and such that each Y (n) is of the
homotopy type of a CW-complex. Then one can replace it in TOPF[WHE_l]
by a T'-space satisfying all the hypotheses of (9.23) and thus obtain a spectrum
satisfying the conclusions of (9.23).
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CHAPTER X

Homotopy Colimit Problems Associated with the
Symmetric Groups

This chapter is devoted to two problems. In Chapter 9, we interpreted the
infinite symmetric product A — SP*A as a composition of functors

TOP, 2= TOpMene = <olim my

where A% = [ AP with its natural left action of Mono X. The first purpose of
this chapter is to review the corresponding homotopy colimit problem; i.e. the
analysis of the composition

TOP, 2=, TQpMone = hocolim pyp.

The goal here is to interpret work of J.P. May [2.8] as implying that there
exists a natural homotopy class of maps

hocolim A> = E(Mono )e X Mono & A® — QOOSOOA,

these maps being homotopy equivalences whenever A is path connected, is of
the homotopy type of a CW-complex, and has cofibered base point. That is, for
such A we use results of May to show that 2°°5°° A is a non-standard homotopy
colimit of the Mono X-space A*°. A quick outline of the reduction of this
problem to results of May is as follows.

In the style of Chapter 9, the functor ¢ : TOP, — TOPM°"* and the
reduced product bifunctor for Mono % give a functor

TOP(Mono )° x TOP, — TOP, (‘/7 A) — V X Mono s A%.

Choosing V' = E(pono x)o gives the the standard homotopy colimit of A°°;
we then follow the lead of May by investigating the freedom of choice in the
selection of V' such that V' X psono s A is a (possibly non-standard) homotopy
colimit of A°. Given any (Mono X)%-space V, one gets by restriction a right
action of X(p) on each V (p), and thus an element V (p) of TOP®®)” for each p.
We show that a homotopy colimit of A* results for any choice of V' for which
each V(p) is homotopy equivalent in TOP®®)” to a universal (X(p))°-space.

223
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One can then follow Boardman-Vogt [4.1] by producing appropriate models
for V. The first candidate V has V(p) the space of distinct p-tuples (z1,--- , xp)
in R*°, where if 0 : ¢ — p is a mono of X, then

(@1, 2p)0 = (To(1), "+ To(q))-

We then give the classic result that each V (p) is a universal (X(p))°-space, thus
V is admissible. Note that each V(p) is naturally filtered as |JV,,(p), where
V. (p) is the space of distinct p-tuples in R™.

The final Boardman-Vogt model uses the space V,,(p) of p-tuples (Ji,- -+, Jp)
of little n-cubes in I™ = [—1,1]", where the interiors of the little cubes are
required to be disjoint and where each little n-cube is a product of closed subin-
tervals of [—1,1]. This gives a (Mono X)°-space V,, for which there is a natural
map

V! X Mono s A% — Q"S™A.
Passing to the colimit of the natural inclusions

! !
Vis o oV .

induced by sending an n-cube J into the (n + 1)-cube J x [—1, 1], one receives
a (Mono X)°-space V' for which V'(p) consists of p-tuples (Ji,--- ,Jp) of little
oo-cubes with disjoint interiors, with an action as above. One has the natural
(Mono X)°-map V' — V induced by the maps V,!(p) — V,,(p) which send each
cube into its centroid. We refer to May for the straight-forward check that each
V'(p) — V(p) is a homotopy equivalence in TOP®®)’: thus V' is an admissible
model.

For A in TOP,, there is the compactly generated space 2°°5° A, obtained as
the colimit of the inclusions

A—QSA— ... Q"S"A — .
Passing to the colimit from the maps

V! X Mono s A™ — Q"S" A,
one gets a natural map

V' X Mono s A% — QX8> A.

We then simply quote the classic theorem of May, in our form that this map is a
homotopy equivalence whenever A is path connected, has cofibered base point,
and is of the homotopy type of a CW-complex. He proves it by proving that
each V! X prono 5 A% is homotopy equivalent to 2™S™A; the interested reader
will consult May [2.8,Th. 6.1].

In the course of this review, we are plunged a little way into the body of work
which presents universal and classifying spaces for the symmetric groups. The
second purpose of this chapter is to plunge a little further by presenting some of
the work of Japanese topologists on this topic. In particular, we interpret work
of Nakamura [10.2], and the related work of Fox-Neuwirth [10.1], as presenting
definitive models for the universal and classifying spaces of the symmetric groups.
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The Bifunctor TOP™>)° . TOP, — TOP

Recall that ¥ is the category whose objects are the non-negative integers and
whose morphisms ¢ : m — n are the functions

o:{l,--- ,m} —{1,--- ,n}.

Thus Mono X is the subcategory of all such one-to-one functions.

The subcategory Mono Ay denotes all o : p — g which are not only one-to-
one but also order preserving. Iso ¥ denotes the subcategory of all isomorphisms,
ie. all o : p — p which are one-to-one and onto. Thus Iso ¥ =[] -, X(p) where
3(p) denotes the symmetric group.

The subcategories Mono Ay, Iso ¥ provide a unique factorization pair for
Mono ¥. That is, every morphism o of ¥ can be written uniquely as o = 6p
where 6 is in Mono A, and p is in Iso X.

Let X be a (Mono X)°-space. For each compactly generated space A with
base point ag, we then get the space

X X Mono ¥ A> = (HX(p) X Ap)/ ~ -

(10.1) The equivalence relation ~ on [[ X (p) x AP has the following proper-
ties. Call an element (a1,--- ,a,) € AP nondegenerate if no a; is the base point.
Every equivalence class in [[ X (p) x AP admits a representative of the form
(z,a) € X(q) x A? where a is nondegenerate. If (z',a’) € X(r) x A” is another
representative with a’' nondegenerate, then r = q and for some p € X(q) we have
' = xp and a = pa’. For any other representative (z",a") € X (s) x A® of the
equivalence class we have s > q.

PROOF. We assume that given a € AP there exists a unique @’ € A? and
morphism 6 : ¢ — p in Mono A, with a = éa’. We can define an explicit map

o [[X(@) x 47 = [[X(0) x 4°

sending (z,a) € X(p) x AP into a well-defined (z/,a") € X(q) x A? with o
nondegenerate. Namely, take the unique nondegenerate a’ € A% and § : ¢ — p
in Mono A, for which a = da’ and define

®(z,a) = (x6,a’).

Note that if a is nondegenerate, then ®(x,a) = (z,a). Note also that (z,a) ~
D(z,a).

Among the things we must see is that ¢ is constant on each equivalence class.
Next we must interpret X (q)x A? as a space upon which X(g) acts; this is evident.
Having done so, we must check that as the (x,a) vary over an equivalence class
of ~, then the ®(x, a) vary over a single orbit of the action of ¥(gq) on X (q) x A%.

In order to show these, one notes first that ®(zd’,a) = ®(z, 6'a) for any

reX(p'), §:p—pinMonoAy, ac AP
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This is trivial. Only slightly less trivial is showing that if
z € X(p), peX(p), acAl

then ®(zp,a) and ®(x, pa) have the same g-value and lie in the same orbit of
Y(q) on X(q) x A?. The remark follows readily. O

It follows from the above that X X prono x A™ is nicely filtered, say as
X X Mono & A® = U(X X Mono & Aoo)p’
where (X X pono s A%), is all

T XMono ¥ (ala e 7ap)

for which z € X (p). Let AP%9 C AP be all (ay,--- ,a,) € AP such that some a;
is the base point. One then gets readily the following remark.

(10.2) For each (Mono X)°-space X and each A in TOP,, the space X X pono
A is filtered as

X X Mono & A% = U(X X Mono & Aoo)p’
where (X X aono 5 A™), is the pushout of a diagram
X(p) XE(p) AP — X(p) XE(;D) Ap,deg - (X X Mono Aoo)p—l~

Since X(p) is a finite group, the first two spaces of this pushout diagram can be
checked to be weakly Hausdorff, hence by induction so is X X prono s A®. Thus
we have the functor

TOPMone %) o TOpP, —s TOP.

If A has cofibered base point, it follows from an argument of the type of (9.2)
that the filtration is cofibered.

We can now return to the question of when X X pron0 » A% yields a homotopy
colimit of A

Theorem 10.3 Consider the class C of all (Mono X)°- spaces X such that
each (X(p))°-space X (p), obtained by restricting the action of (Mono X)°, is
homotopy equivalent in TOPE®)’ 14 E(s(p))o- Then
(1) E(Mono x)e is in the class C,
(i3) if X is in the class C, then there exists a natural homotopy class of
(Mono %)°- maps f : E(arono zyo — X, and
(i) if f: X — X' is a (Mono X)°-map, if X and X' are in the class
C, and if A has cofibered base point, then

. oo / e’}
foonoEl-XxMonoEA — X ><MonoEAA

is a homotopy equivalence of spaces.
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Thus if X isin the class C and A has cofibered base point, then X X prono 5 A
is a homotopy colimit for A®°.

PRrOOF. To show (i), we must consider the space E(p) = E(arono 5)o () together
with its action of X(p). It will suffice to see that E(p) is a principal (X(p))°-space,
for being contractible it will then be a (non-standard) universal (X(p))°-space.
This in turn will be true for all p if E is a principal (Iso X)°-space. But this
follows from the fact that if B = ]_[p>0 B(p) is a Z,-space, then

B xz, (Mono %) = (B xz, (MonoAy)) xz, (IsoX),

for this implies that the restriction of a principal (Mono X)°- space to (I'so X)°
is principal.

Property (ii) follows from generalities. Given X in the class C, consider the
(Mono X)°-space

EX = Erono 5o X.

Each X (p) is contractible, thus each (EX)(p) is contractible. Hence EX is a uni-
versal (Mono ¥)°-space. Hence there is a unique homotopy class of (Mono X)°-
maps E(yrono xye — EX, and composing with the map EX — X, we get a well
defined homotopy class of maps E(yrono 50 — X.

Of course the major proposition is (iii). Let X and X’ be in C, and let
f:X — X' be a (Mono X)°-map. For each p, we get the commutative diagram

X(p) X5y AF ——— X(p) X5 AP ——— X Xpono s A%
f'l f“J, r
X'(p) x5y AP ——— X'(p) Xx(p) AP ——— X' Xpronoz A™.
The maps f, : X(p) — X'(p), being homotopy equivalences in TOPE®)” in

duce homotopy equivalences f’ and f”. It follows inductively that the f’ are
homotopy equivalences for all p. Hence the conclusion follows. [

The Space V(p) of Distinct p-Tuples in R

At the heart of model-making involving the symmetric group X(p) is the right
action of 3(p) on (R*)P, and on (R"™)P, by

(@1, @p)p = (Tp(1), " Tp(p))-

We start in a very elementary way with this important action.
Allow p to be any non-negative integer, with (R>)? interpreted as a singleton,
the empty set.

(10.4) We can consider (R*®)? as a simplicial complez in such a way that the
action of X(p) is simplicial. If V is a simplex of (R®)P, and if p € X(p) has
p*(V) C V or p*(V) DV, then p is the identity on V.

PRrROOF. First make each (R°)? into a regular cell complex. Choose a represen-
tation of the real numbers as a regular cell complex in which 0 is a vertex. To
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be explicit, let the 1-cells be the closed intervals [¢,4 + 1]. Then R™ is a product
of regular cell complexes, and as such is a regular cell complex. The inclusion
R™ — R™*! obtained by setting the last coordinate equal to 0 establishes R™ as
a regular cell subcomplex of R**!. Hence R™ is a regular cell complex. Then
each (R*)? is also naturally a regular cell complex. Moreover, the cells of all
these regular cell complexes are bounded Euclidean cells. Hence each cell has a
well defined barycenter.

We can then make each (R*°)? into a simplicial complex by taking its barycen-
tric subdivision. This is the simplicial complex which is associated with the poset
whose objects C are the open cells of the regular cell complex (R*)P, and which
has C < D iff C c D.

Thus one sees that the vertices of (R*)? are all (v1,---,vp) where v; is a
vertex of the simplicial complex R*°. Moreover,

(Ulf" 7?}17) < (wla"' 7wp)

iff v; < w; for 1 <7 < pand v; < w; for some i. One can then proceed to check
the assertion. []

(10.5) Let X denote the subspace of (R>)? consisting of all (z1,--- ,xp) such
that z; = x; for some i # j. Then X is the total space of the simplicial subcom-
plex of (R>®)P which consists of all simplices V of (R*®)P which are pointwise
fized by some p € X(p) other than the identity.

This is left as an exercise. For the finite dimensional case (R™)P, we denote
the corresponding subset by X,,.

We now counsider the open subset V(p) = (R>®)P — X of (R*°)P, equivalently,
we consider the space of one-to-one functions

z:{1,---,p} - R™.

If K denotes the simplicial complex (R*)P and if L denotes the subcomplex of
(10.5), then
V(p) = |K| - |L],

where |K| denotes the union of the simplices of K. We outline a classical con-
struction which then exhibits V(p) = |K| — |L| as a simplicial complex.

(10.6) Let K be a simplicial complex, and let L be a subcomplex such that if V
is a simplex of K with VN |L| # 0, then VN |L| is a face of V. Then |K|— |L|
is naturally a simplicial complex. Moreover, if (K, L) is any simplicial pair then
(Sd K, Sd L) satisfies the above condition, thus |K|—|L| is naturally a simplicial
complez.

PRrROOF. One utilizes a subdivision Sd, K of the simplicial complex K, one
which subdivides simplices of K which intersect |L| and which leaves all the rest
undivided.

The simplices of K are of the form

(i) asimplex V' of |[K|—|L|, or
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(ii) a simplex V" of |L|, or
(iii) a join V% V" where V' is a simplex of |K|—|L| and V" is a simplex
of |L|.

To obtain Sd, K, one subdivides each simplex V of K, proceeding inductively
on the dimension of the simplex. Suppose the subdivision has been defined for
all dimensions < k, and that we now have a k-simplex V. If V = V’ as above,
let Sd, V = V. If either V= V" or V = V'« V" as above, then let Sd, V
be the simplicial cone from the barycenter of V over Sd, (0V). Thus Sd. K is
defined.

Denote by K — L the subcomplex of K whose simplices V have VN |L| = 0.
Denote by Sd L the standard barycentric subdivision of L. Then K —L and Sd L
are simplicial subcomplexes of Sd. K. Since we now have the pair (Sd, K,Sd L),
we can iterate the construction on this pair to obtain a subdivision Sd? K of
Sd, K, which has Sd, K — Sd L and Sd?> L as subcomplexes. Continuing
inductively, we get (Sd? K, Sd™ L) and we get a diagram of simplicial inclusions

K-L—8d,K—-SdL — Sd®> K — Sd>L — .
We thus get a simplicial complex
M= J(Sd! K — Sd" L).

We leave it to the reader to check that |M| = |K|—|L|. O

Theorem 10.7 The space V(p) = (R*®)P — X with its right action of X(p) is a
(non-standard) universal right X(p)-space. The corresponding model for a non-
standard classifying space B(p) for ¥(p) is then the colimit B(p) = V (p)/2(p),
which can be regarded as the suitably topologized set of all finite subsets of R*
which have precisely p elements. The space B(p) is filtered as B(p) = |J Bn(p),
where B, (p) = (R™)? — X,,)/X(p) is called the configuration space of all subsets
of R™ with exactly p elements.

PROOF. We must first show V(p) to be principal. We may assume that V(p)
is a simplicial complex, that the action is simplicial, and that if V is a simplex
and p is a non-identity element of 3(p) then the interiors of V and p*(V) are
disjoint.

Let V*(p) denote the k-skeleton of V' (p). We can then pick one k-dimensional
simplex Vf from each orbit class of k- dimensional simplices, and thus obtain a
relative homeomorphism

[1(VE,0VF) x £(p) — (VF(p), VF~' ().

Hence V(p) = |JV*(p) is a principal right ¥(p)-space.
We must show that V(p) is contractible. Let V,,(p) C V(p) denote all one-to-
one functions

z:{1,---,p} — R"™
Then V(p) = JV,(p), and each V,,(p) is a subcomplex of V(p).
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One proves that V(p) is co-connected by proving that each V,,(p) is (n — 2)-
connected. Since V(p) is a CW-complex, it then follows that V(p) is con-
tractible. We leave it as an exercise to the reader to prove the classical assertion
that V,(p) is (n — 2)-connected. As a hint, the most elegant proof applies to
Vo(p) = (R™)P — X,,, where X,, is contained in the (np — n)-skeleton of (R™)P,
and then uses the fact that X, is disjoint from the (n — 1)-skeleton of the dual
cellular subdivision of the simplicial manifold (R™)?. O

We now combine (10.7) and (10.3) to exhibit a basic model for the homotopy
colimit of A> when A has cofibered base point.

Corollary 10.8 Consider the (Mono X)°-space [[,5,V(p), where if a point
z = (x1,---,2q) € V(q) and o : p — q is one-to-one, then xo € V(p) is the
composition zo of one-to-one functions. Then V Xpronos A is a homotopy
colimit for A°.

Boardman-Vogt Spaces of Little Cubes and Their Use by May

We need now a variant of the above space V(p) of all z = (x1,--- ,zp) in R®
with x; # x; for i # j.

There is a slight convenience here in considering the basic closed interval of
real numbers as I = [—1,1]. Thus in this section, the suspension SA of a space
with base point is (I/0I) A A and the loop space QA is the space of based maps
I1/01 — A, all with I =[-1,1].

A little interval J is a nondegenerate subinterval [a, b] of the interval I. There
is a space D(1) of little intervals, where the topology is that of the space

D(1) ={(a,b) € R*: -1 <a<b< 1}.
Regard the space D(1) as having the base point I = [-1,1].
A little n-cube J is a product
[(11, bl] X oo X [an,bn]

of little intervals, and is a subset of the n-cube I"™. There is then the space D(n)
of little n-cubes, topologized as a product. By the interior of J we will mean the
product
(al,bl) X oo X (an,bn)

of the open intervals.

There is the natural map D(n) — R™ which assigns to a little n-cube its
centroid.

There is a closed inclusion D(n) — D(n + 1) given by

[a1,b1] X -+ X [@n, by — [a1,b1] X -+ X [an, by] x [—1,1].
From the closed inclusions
D(l) — e _)D(n) — e

we can form the colimit, the space D(oc0) of little co-cubes J. We can regard
D(o0o) = UD(n) as a filtered space. There is the natural map D(c0) — R™
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induced by the maps D(n) — R™. In fact, we have chosen I = [—1, 1] so that its
centroid is 0, so that this map is well defined.

The Boardman-Vogt space V. (p) of disjoint little n-cubes is then the space
of all p-tuples (Jy,---,Jp) of little n-cubes such that the interiors are disjoint.
Considering the space V,(p) as all distinct p-tuples in R™, we get a natural map
V.!(p) — Vi (p) which assigns to each little n-cube its centroid.

Two little n-cubes have disjoint interiors iff the corresponding (n + 1)-cubes
have disjoint interiors. Thus it is meaningful to speak of two little co-cubes as
having disjoint interiors.

The Boardman-Vogt space V'(p) is then the space of p-tuples of little co-
cubes whose interiors are disjoint. This space is filtered as V'(p) = JV,.(p).
The elements of this space are the functions p — D(o0) whose images have
disjoint interiors. B

Theorem 10.9 Consider the (Mono X)°-space V! = [[V'(p) of p-tuples of little
oo-cubes with disjoint interiors. Then V' is in the class C of (10.3). Hence if A
has cofibered base point then V' X prono = A is a homotopy colimit of A, and
the map

!
v ><MonoEAOO -V X Mono A

is a homotopy equivalence of spaces.

That V' is in the class C' is written out in May [2.8,p. 34-36]. The proof is
elementary but detailed, and we simply refer the reader to it. The rest follows.

The Basic Theorem of May

We now come to the point of the little cubes, namely their relationship to
iterated loop spaces. Suppose we have a p-tuple (Ji,---,J,) of little n-cubes
with disjoint interiors, and also a p-tuple (fi,--- , fp) in the iterated loop space
Q™A. First consider each f; as a map of pairs (I",0I™) — (A, ag). By change
of scale, next consider each f; : (J;,0J;) — (4, ao). Then map the complement

"= (L U---UJ,)

into the base point. There results from the given data a single map f : (I",9I"™)
— (A, ap), thus a well defined point of Q™ A. In the following elementary propo-
sition, this is formalized into a map

U 2 Vi X dono s (QA)® — Q" A

which sends
(Jl7" : 7Jp) X Mono ¥ (f17" : 7fp)
into f.
Theorem 10.10 Let A be a compactly generated space with base point. Consider

the (Mono X)°-space V; = [[V,.(p). The nth-loop space Q™A is a compactly
generated space with base point, and there is a natural map

fin 2 V! X atomo w (QMA)® — Q" A,
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Replacing A by the nth-suspension S™A, we get a natural map
V! X Mono s (Q"S"A)™ — Q"S"A.
Using the natural map A — Q™"S™A, we get a natural map
Tn 2 V! X 0Mono s A — Q"S™A.
Letting n tend to infinity, we get a natural map

TV Xtono s AP — QX8 A.

We leave it to the reader either to invent the proofs, or to look them up in
May.

We come now to the basic theorem of May [2.8,p.52]. Here at the very heart
of the matter we have no new proof to offer, and simply refer the reader to May’s
Theorem 6.1 [2.8,p. 50].

Theorem 10.11 Let A be a path connected space, of the homotopy type of a
CW-complex, and with cofibered base point. Then the natural maps

V! X Monoss A% — Q"S" A, V' Xpfono s AP — QS A

are homotopy equivalences of spaces. Hence QS A is a homotopy colimit of
A,

Basono s(A°) Interpreted in Terms of I'-Spaces

Recall that we have interpreted Segal’s basic I'-space Y as follows. For p > 0,
let C(p) denote the category whose objects are all the disjoint p-tuples of subsets

S=(S,-,58)c{l,- - ,m}
Given another object
T:(le“'7Tp)C{1;"‘7n}

then we get a morphism o : S — T in C(p) for each morphism o : m — n in
Mono ¥ with o(S;) = T; for all i. For each morphism v : p — ¢ in I one
writes down a functor v : C(p) — C(q) and checks that there results a functor
F:T'— CAT. Using the classifying space functor, one gets the composition

r £ CAT — TOP,

and thus the special I'-space Y. If F’ : I' — CAT denotes the functor related
to F by F'(n) = F(n)° then we can also regard Segal’s basic I'-space as the
composition

r 25 CAT — TOP.

Theorem 10.12 The homotopy colimit Brono ss(A™) is naturally homeomor-
phic to the infinite symmetric product SP*(A;Y) of Chapter 9, where Y is
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Segal’s special T'- space.

PRrROOF. There is a natural inclusion functor ¢ : (Mono £)° - T. If 0 : p — ¢
is a morphism of Mono 3, then one assigns to it the morphism v:q — pin T’
where v(j) = o7 1(j) if 071(j) # 0 and v(j) = 0 if 071(j) = 0. The category
(Mono X)° is then identified with the subcategory IT of ' whose morphisms
« : q — p are the functions

{0717"‘7(]}_’{0717"'719}

which send 0 into 0 and which map a=!{1,--- ,p} one-to-one onto {1,---,p}.

The induced functor iy : Top's — Top' has ix(En) ~ Y. For let D(p)
denote the category whose objects are all morphisms « : ¢ — p in II, and whose
morphisms are all the commutative diagrams

"

12 [e3

¢ —— q
[l

p p

in II, so that En(p) = Bp(p). From (5.9), we can present (ixEm)(r) as Bei(r)
where C’(r) has objects all v : © — r in ' and morphisms all commutative
diagrams

/ [e3%
qg — ¢
A
r T.

It is then checked that C’(r) ~ (C(r))°. The theorem follows. O

We can now put May’s results in terms of the infinite symmetric product
SP>(A;Y), where Y is Segal’s special I'-space.

Theorem 10.13 Consider the categories C(p) for which B¢,y =Y (p). We have
natural bifunctors

C(p) xC(q) = C(p+q)
which make the T'-space Y a multiplicative T'-space. It then follows from (7.9)
that SP*(A;Y) is a topological monoid. If A is path connected, has the homo-
topy type of a CW-complex, and has cofibered base point, then SP>®(A;Y) is
naturally homotopy equivalent to Q>S5 A.

An Equivariant Partitioning of (R™)? into Convex Sets

We now review partitions of (R™)? of the type of Nakamura [10.2] and Fox-
Neuwirth [10.1].

Fix the positive number p and consider simultaneously all the spaces (R™)P.
A point z of (R™)? can be considered as a function

z:p={1,---,p} = R™.
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Here we regard x as a function from the linearly ordered set p to the linearly

ordered set R™, where R™ has the lexicographic order. There is a unique mono-

epi factorization of such maps z; i.e. given x there is a unique positive integer

Pm, & Unique epi o : p — p.,, and a unique order preserving mono T, : P, — R™

with 2 = ,,,0. Moreover, if  is order preserving, then ¢ is order preserving.
Let mpm_1 : R™ — R™ ! denote the order preserving map

Tm—1(t1, ytm) = (b1, tm—1)-
We then have the order preserving map
Tm—1Tm : Pm — R™ L.

Applying the unique mono-epi factorization, we get a positive integer p,,—_1,
an order preserving epi 6;,—1 : Pm — Pm-1, and an order preserving mono
Trm—1 : Pm—-1 — R™ 1 with Tpm_1Zm = Zm—16m—1. We can continue the process
to obtain from z a unique commutative diagram

61 ém—l o

Py Pm-1 Pm P
mlJ, Em—lJ/ mmJ/ H
Rl RS oo pm—-1 Tm-!  pm z P,

where each §; is an order preserving epi, where o is an epi, and where each z;
is an order preserving mono. The top line of this diagram will be denoted by w,
and we let C(w) C (R™)P denote the set of all z € (R™)P which yield the above
diagram with top line w.

The subset C'(w) can be checked to be a finite intersection of closed halfspaces
and open halfspaces in the Euclidean space (R™)P. As w ranges over the set Cp,
of all

51 ém—l o
ppe— """ Pm—P

with each §; an order preserving epi and o an epi, we thus have the partition
of (R™)P into non-empty disjoint subsets C(w), with each C(w) a finite inter-
section of open and closed halfspaces. For z € (R™)P, p; counts the number of
distinct first coordinates of the various functional values z(j), p2 the maximum
number of distinct second coordinates of the various z € C(w), etc. Thus C'(w)
is homeomorphic to an open disk of dimension p; + - - - 4+ p,,. The action of X(p)
permutes the C'(w) by

0(617 o 76m—17 U)T = 0(617 e 76m—170-7—)'

(10.14) Fiz an element w of Cy, as the diagram

51 6m71 [eg
L= = Pm1 " Pm P
where each 6; is an order preserving epi and where o is an epi. Then the closure
of C(w) is the disjoint union of all C(w'), where w' is
s S ’

1 m—1 o
qr < <~ fdm-1 < 4m P,
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for which there exists a commutative diagram

61 éin—l o
p 2% Prm-1 Pm p
| SO
51 1 o’
Q e Gm-1 Im P

where T is an order preserving epi and where T; for i > 1 is an ept which is order
preserving on each 6;_ 11 (pt). For each W', there is at most one such commutative
diagram and the diagram is completely determined by Tp,.

If we regard C,, as a category whose objects are the w and whose morphisms
are the T : w — W' in the above proposition, then C,, is then a poset with a unique
morphism 7 : C(w) — C(w') whenever C(w) D C(w').

PRrOOF. In this outline, we leave the following to the reader. The closure C'(w)
consists of all z : p — R™ for which there exists a commutative diagram

51 6m71 (o8
p1 = Pm-1 Pm P
mlJ/ mm—ll mml H
Rl Ty . Rm_l Tm—1 Rm x D,

where x; is order preserving and for ¢ > 0 each z; is order preserving on any
6; ' (pt). Assuming this, we outline the theorem. Fix x in the closure, and
consider the above commutative diagram. Consider the diagram

21(p1) I 21 (Pm1) Jm-t T (Pim) =z p.

Note that the functions are epis, and use commutativity to show that all except
the last of the functions are order preserving. Each z;(p;) is a finite set which
is also linearly ordered by lexicographic order. Hence there is a unique ¢; and
order preserving isomorphism of z;(p;) with g;. Thus we have a commutative
diagram o o

61 ém—l o
L o P Pm p
| Lol
81 1 o’
@ % U1 m P
Y ol
Rl RS oo pm—-1 Tm-!  pm z P,

where 7; is an epi, where 7; is an order preserving epi, and where 7;7; = x;. The
theorem follows. [J



236 X. HOMOTOPY COLIMIT PROBLEMS

Cellular Categories Related to the Symmetric Groups

The following piecewise linear theorem is a variant of that found in Stallings
[5.6], but we will assume that it follows similarly.

(10.15) Let U be an open subset of R™ for which we have a finite, disjoint
partition C into nonempty sets C' € C, where

(i) each C € C is a finite intersection of open and closed halfspaces, and
(i1) the closure of each C € C in U is a union of C' € C.

Consider C as a category which has a morphism C — C' whenever the closure
of C contains C'. Choose a point (C) € C for each C, and consider the union
X of all the simplices

<£L‘(Co), T 7$(Ck)>

for all sequences such that C; is contained in the boundary of Ciy1. Then X is
a deformation retract of U. Note that X is naturally homeomorphic to Be. For
each C € C, fix Cy = C and take the union of all the

<‘T(C)7 $(01)7 Tt $(Ck)>
as above. Then we get a combinatorial (n — k)-cell where k is the dimension of

C. Thus C 1is then a cellular category in the sense of Chapter 5.

We can now apply the above in several slightly different ways.
Example 1. Consider U = (R™)P with the partition {C(w)} of (10.14). The
associated category we have denoted by C,,, in (10.14). It has objects

51 6711—1 o
PLe— = Pl Pm D,

where each §; is an order preserving epi and where o is an epi. Moreover, it has
morphisms all 7 : w — w’ corresponding to commutative diagrams

51 61’%*1 [eg

i)
[
i)
3
i
bS]
3
p—

where 7 is an order preserving epi and where 7; for ¢ > 1 is an epi which is order
preserving on each &, (pt). Pick the points z(w) € C(w) for all w for which o is
order preserving, and then pick the others equivariantly with respect to the X(p)-
action. There is a natural right action of X(p) on both X and B¢,, and they are
equivariantly homeomorphic. Moreover, X is an equivariant deformation retract
of (R™)P. No doubt one can make the choices so that X lies in the m(p — 1)-
dimensional subspace of (R™)? which is orthogonal to the diagonal, and take X
to be a closed equivariant neighborhood of the origin in the subspace.
Example 2. Let U = (R™)? — X,,,, where X,, denotes all z : p — R™ which
are not one-to-one. Consider the category D,, whose objects are all
61 Om—1

WipL et Pt ——p < p
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for which each ¢; is an order preserving epi and for which o € X(p), with a
morphism 7 : w — ' for each commutative diagram

51 6m71 (e
& N DPm—1 B B
"] U T B
5; & 1 o’
q_l o dm—1 B b,

where 7y is an order preserving epi and where 7; for ¢ > 0 is an epi and also is
order preserving on each 8; %, (pt). Then Bp, can be considered as an equivariant
deformation retract of the space (R™)? — X,,, and thus its orbit space Bp,, /2(p)
is a homotopy model for the configuration space of all subsets of R with exactly
p elements.
Example 3. If one wishes to go directly to orbit spaces, then consider the
category &,, which has an object for each
61 bm—1

WipLé— =Pl P
with each ¢; an order preserving epi, and a morphism 7 : w — w’ for each
commutative diagram

61 ém—l
49 Pm—-1 < P
nl Tm,ll Tml
51 1
q1 qm—-1 <~ P

for which the 7; have the above properties. Note that there is a functor
0: &, — X(p)

which sends a morphism 7 into 7, € ¥(p). It can be seen that &, is a cellular
category, since D,,, is. Moreover, Bg,, is homotopy equivalent to the configura-
tion space of subsets of R™ with exactly p elements.

Example 4. One has natural inclusions of &,, into £,,+1 as full subcategories.
Thus one can take the colimit of

£ == E =,

giving a category £ which has objects all diagrams

61 bk

for which each 6 is an order preserving epi and for which for all k£ large each
pr = p. The morphisms 7 : w — w’ are all commutative diagrams

61 Ok—1 5k-
p_l .o pk

" "
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which have 7 an order preserving epi and for ¢ > 1 have 7; an epi and also order
preserving on each 6;_ 11 (pt). Moreover, & is cellular since each &,, is. There is
the functor 6 : £ — X(p) which takes a morphism 7 : w — w’ into the common
value of the 7 for k large. This is a topological resolution of 3(p) in the sense
of Chapter 5. Hence Be ~ Byy;), and we have a CW-model for By, with a cell
of dimension Y (p — px) for each object w.
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cofibered 59, 63, 66, 136

PAIR CW 190, 191, 192
PAIR CW [HE™1] 191
PAIR TOP 186, 190
poset 129
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SP>(0;0) 196, 218
SP>(§%;Y) 218, 221
space
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natural 49
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