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Abstract

For 2-categories 2C we define a notion of associated charted 2C-bundles and
2K -theories. For the 2-category of 2-vector spaces in the sense of M.M.
Kapranov and V.A. Voevodsky this gives the 2K -theory of N.A. Baas, B.I.
Dundas and J. Rognes. When the 2-category is good, we prove that its
2-nerve is a classifying space for the associated charted 2C-bundles. In the
process of proving this result we develop a lot of powerful machinery which
may be useful in further studies of 2-categorical topology. As a corollary
we get a new proof of the classification of principal bundles. As another
corollary it follows that if we take the 2-category to be the 2-vector spaces
introduced by J.C. Baez and A.S. Crans, then the associated 2K-theory is
just two copies of ordinary K-theory.

1 Introduction.

This paper is concerned with theoretical results on topological 2-categories,
and applications of theory this theory to 2-vector bundles.

The bulk of the paper discusses the theory of bundles corresponding to
a topological 2-category. The intuition behind this is as follows. Transition
functors of a bundle on a space X should be given by transition data on a
covering of X. Since we are interested in topological 2-categories, we insist
that these data are given by continuous functions. A refinement of the given
covering should give rise to data on the refinement, and the resulting 2-
bundle should be considered equivalent to the original one. Finally, we want
concordant 2-bundle data to give equivalent 2-bundles. We formalize this in
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section 2 as the concept of charted 2C-bundles. For each 2-category 2C and
each space X we obtain a set of concordance classes of charted 2C-bundles.
This set is functorial in both 2C and in X in the usual way.

A discrete 2-category has a 2-nerve (or geometric nerve), which is a sim-
plicial set, [Dus02|. There are obvious generalizations of these nerves to topo-
logical 2-categories, which produce simplicial spaces. A charted 2-bundle is
the same as a simplicial map from the simplicial space given by a covering
to the geometric nerve of the 2-category.

We want to show that homotopy classes of maps from X to the realization
of this topological space corresponds bijectively to concordance classes of
charted 2-bundles. That is, we want to show that the realization of the
topological nerve is a classifying space for the charted 2-bundles. In the
classical 1-category situation, this is true for instance for the special case of
topological groupoids. In analogy, we would like to have that the nerve is
a classifying space at least for topological 2-groupoids, whatever that term
would mean.

In section 3 we discuss the concept of a classifying space. We emphasize
that in order to name something a classifying space, one should know what
this space classifies. We show that the nerve of a good topological 2-category
is indeed a classifying space for charted 2-bundles.

The theory of the first three sections is used in section 4 to study the
2-vector spaces defined by J.C. Baez and A.S. Crans in [BC04]. This corre-
sponds to the concordance classes of charted bundles for a nice topological
2-groupoid, so it is determined by the realization of its nerve. We show
that this nerve is homotopy equivalent to the product of two copies of the
classifying space of ordinary K-theory, so the concordance classes of these
2-vector bundles are the same as pairs of concordance classes of ordinary
vector bundles.

This can be seen as a negative result, in the sense that these 2-vector
bundles are not related to elliptic cohomology. Clearly there may be other in-
teresting 2-categories to consider together with their associated 2K-theories
in the above sense. Therefore we think that the general setting developed
here may be useful in such studies. In particular, there might exist a 2-
groupoid giving a 2K-theory of chromatic filtration 2.

We point out that N.A. Baas, B.I. Dundas and J. Rognes have intro-
duced an alternative concept of 2-vector bundles [BDRO04|, based on M.M.
Kapranov and V.A. Voevodsky’s notion of 2-vector space [KV94|. The asso-
ciated 2K-theory is represented by the infinite loop space K (ku), which is
of essential chromatic filtration 2, as is elliptic cohmology.

The last five sections are more technical. They deal with facts which
are used in the proofs of the statements of section 3. In section 5 we study
the following problem. Suppose that Z, is a simplicial space. By applying
the simplicial functor degreewise, we get a bisimplicial set. Let us diago-
nalize this bisimplicial set. What are the reasonable conditions on Z, that



ensure that this diagonal simplicial set has the Kan property? The answer
to this question (theorem 5.3) is then used to study the geometric nerve of
a topological 2-groupoid.

In section 6 we provide criteria for what we think a good and sufficiently
fibrant topological 2-groupoid should be. The main criteria for sufficiently
fibrant are that the source and target maps should be Serre fibrations for
both 1-morphism and 2-morphisms, and that all structure used to define the
2-groupoid structure (including the equivalence of category structure) should
be given by continuous maps.

In section 7 we generalize the concept of concordance classes by replac-
ing the geometric nerve of a topological category with an arbitrary simpli-
cial space. We give some general properties (homotopy invariance, exact
sequence, gluing) for such generalized concordance classes.

In section 8 we assume that Z, is a simplicial space that satisfies the
relevant Kan condition. In theorem 8.1 we show that for such simplicial
spaces, concordance classes of maps from the topological space X into Z,
are classified by homotopy classes of maps from X to the realization |Z,|.

In section 9 we finish the proof of theorem 8.1. In particullar we use
Quillen’s small object argument to eliminate the assumption that Z, has to
satisfy the topological Kan condition.

By a 2-category we mean what is sometimes called a bicategory [Bén67],
or a weak 2-category, i.e. where the associativity conditions of the composi-
tion is relaxed. We specify strict 2-categories when we need them.

2 Charted 2C-bundles

In this section we formulate equivalent ways to define a charted 2C-bundle.
Here 2C will be a topological 2-category. Also the objects are allowed to
form topological spaces. This includes discrete (or ordinary) 2-categories as
a special case, i.e. when the spaces of objects, 1- and 2-morphisms have the
discrete topology.

We start with an explicit definition which specializes to the charted 2-
vector bundles of [BDRO04| for a suitably chosen 2C. An ordered open cover
(U,T) of a topological space X, as defined in [BDRO04|, is a cover U of X
indexed by a partially ordered set Z that restricts to a total ordering on
each finite subset {ap,..., o} of T whenever Uyg.a, = Uqno N -+ N Uy,
is nonempty. A cover U is good if each finite intersection Uy,...q, is either
empty or contractible.

Definition 2.1 Let X be a topological space, and let 2C be a topological 2-
category. A charted 2C-bundle £ over X consists of an ordered open cover
(U,T) together with

(1) for each o in T a continuous map V* : U, — Obj(2C), and



(2) for each o < B a continuous family of 1-morphisms in 2C
EP . ye VP
and
3) for each a < B <~ a continuous family of 2-morphisms in 2C
8
¢*P7 B = EPY x B
such that

(4) the diagram

E0 x (EPY x EB) -z (B0 x EPY) x BB
PPVO41 1*¢a57ﬂ
ﬂ ¢a65 ¢a'y5
EP « BB Ee E x B

commutes over Uagys, for each chain o < 8 < v < ¢ inI. The 2-
morphism « s the natural associativity isomorphism of the 2-category

2C.

As we shall see in the following examples, it is often possible to interpret
Ve, E*® and ¢*%7 as bundles of objects, 1-morphisms, and 2-morphisms
respectively.

Example 2.2 Recall from [MS00, section 3.1] the notion of a local bundle
gerbe. This fits into our framework as follows. Let 2G be the topological 2-
category with Obj(2G) = *, 1 Mor(2G) = CP*°, and interpreting s,t € CP>
as complex lines in C*°, a 2-morphism ¢ : s = t is the same as a linear

isomorphism between these lines. Given lines | = [z1,22,23,...] and I! =
[21, 2h, 2%, . ..] their tensor product is defined as the collection of all products
zizy, e 1@U = [212, 202, 2125, 2123, 2029, 2321, .. .. This gives a map

CP*>* x CP* — CP*°, and we use this as the composition of 1-morphisms in
2G. Recall that CP* classifies complex line bundles. Hence our E*P’s are
complex line bundles over Uyg. Moreover, each ¢*P7 is a bundle isomorphism
between E®Y and EPY @ E*B. These correspond to the trivializations Oasy
in [MS00).

Example 2.3 Based on the 2-vector spaces of [KV9/4] we define a topolog-
ical 2-category 2KV p(n) as follows: Set Obj(2KVp(n)) = *, and let the
1-morphisms be the space of n X n-matrices of complex Grassmanians

H ( Gr(aij))zg':l



where the disjoint union runs over all invertible n x n-matrices (a;;) consist-
ing of non-negative integers. Thus a map E“P : U, op — 1 Mor(2KVpe(n )) 1S
an n X n-matriz (E a»ﬁ) of complex vector bundles such that det(dlmE )

+1. The 2- morphzsms are defined as matrices of linear zsomorphzsms and
the composition, *, of 1-morphisms is defined as reverse matriz multiplica-
tion using the exterior ® of Grassmanians as product between matrix entries,
and @ as sum. This recovers the definition of charted 2-vector bundles given
in [BDRO4J. Their composition - is dual to our %, and our ¢*P7 is the inverse

of theirs.

Example 2.4 (String bundles) Let 2S be Tillmann’s 2-category of closed
strings, oriented cobordisms and their diffeomorphisms. It is easy to show
that Con(X,A2S) = Con(X, No%2), where € is Madsen and Weiss’ topo-
logical oriented cobordism category. Moreover, they show that |Ne%a| =~
Q°~LCP>,. Hence, this space classifies string bundles.

To an ordered cover (U,Z) of X we associate the Cech complex C,, the
ordered Cech complex U, and Segal’s topological category X;;. These are
defined as follows: C, and U, are 1-coskeletal simplicial spaces (and thus
determined by their 0- and 1-simplices, see [Bek04, proposition 3.1]). We

define Cy and C; to be
H U, and H Uap
« (y,ﬂ

respectively. U, is the sub-simplicial space of C\ having the same 0-simplices,
but the 1-simplices being the disjoint union of all U,g’s with o < 3. The
space of objects of Xj; is the disjoint union of all Ug where S is a finite set
of indices. The space of morphisms is the disjoint union of Ug over all pairs
R C S, with S as above. The source map forgets R, and the target map is
induced from the inclusions Ug C Ug.

From [DI04, theorem 2.1, proposition 2.6 and proposition 2.7| we have
that the spaces |Cs|, |Us| and | Ny Xy| all are weakly equivalent to X via the
natural maps. The bars | — | denote geometric realization.

Recall from [Str87], [BCO3], or [Dus02], the notion of the geometric nerve
A2C of 2C. It is well-defined for discrete 2-categories. A2C has 0-simplices
the objects zg of 2C. The 1-simplices are the 1-morphisms zg — z; of 2C,
and the 2-simplices are triangles

i) —> )

where zg12 is a 2-morphism xzgy = x12 * xg1. For n > 3 the n-simplices
are built from 2-simplices, such that for each subtetrahedron the obvious



coherence condition for 2-morphisms is satisfied. The geometric nerve is 3-
coskeletal. The definition extends to the cases where 2C is topological or
simplicial, and then A2C becomes a simplicial space or a bisimplicial set
respectively.

Definition 2.5 To an ordered cover (U,T) of X we can also associate a
topological 2-category 2Xy. Let the space of objects be the disjoint union
[1Ua, and we denote an object by z, where x € Uy. We define a space of
generators for the 1-morphisms to be the disjoint union ]_[a<5 Uag, and we
denote such generating 1-morphisms by

2P 1, — g

Let 2/)\(7,{ be the smallest topological 2-category having objects as above, and
containing the space of generators inside its 1-morphisms, and such that
continuous strict 2-functors from 2Xy into an arbitrary topological 2-category
2C are in one-to-one correspondence with commutative diagrams

[U. —— Obj2C

SO’U/I”C@T T source

]—[Oé<ﬂ U()éﬁ = ] MOI‘ QC

targetl ltarget

[[U. —— Obj2C

In 2/)\(1/,{ the 1-morphisms are parenthesized words of generators, whereas the
2-morphisms consist only of the associators switching the parenthesizing. For
example if o < 8 < v < 0 < € and v € Uygyse, then all the following
expressions are different 1-morphisms:

B o 2P kB, (JJ'V‘S * wm) 5« 228,

270 % (3337 * J:O"g), (.CE(;E * 1:75) * (9:67 * xaﬁ)

Y

Observe that any 1-morphism f : Toy — Ta, i 2/)\(7,1 has an associated chain
apg<ay <---<apinZ,ie fisa parenthesizing of TR—1% x ... % p@192 x
0 for some x € Uqg...qy, -

Now define 2Xy, to be the topological 2-category with the same objects
and 1-morphisms as 2Xy, but having additional 2-morphisms. Suppose we
have two 1-morphisms f : Toy — To, and g : yg, — yg,. Define the space of
2-morphisms f = g in 2Xy to be empty unless

r=yimnX,

ag = By and oy, = B, and



the chain ag < a1 < --- < ag s a refinement of By < B1 < -+ < .

In that case 2Mor(f, g) is a single point. We denote the unique 2-morphism
% = 287 %28 by 2B Observe that any 2-morphism in 2Xy can be built,

using vertical and horizontal composition, from associators and forgetting the
middle element 2-morphisms, z®°7.

Theorem 2.6 Let (U,Z) be an ordered open cover over X. Then there are
one-to-one correspondences between

charted 2C-bundles over X subordinate to the given ordered open cover,
continuous strict 2-functors 2Xy — 2C, and

simplicial maps Ug — A2C.

Proof: The proof is to inspect the definitions. Assume that a < <y < §
in Z. From a strict 2-functor F' we recover V, E*% and ¢ of the charted
2C-bundle at a point z in Uy, Uyg, or Uygy by restricting I to the object, 1-
morphism, or 2-morphism z, z*%, and *?7 respectively. To get the cocycle
condition at a point x in U,gys consider how F transforms the top diagram
of 2-morphisms in 2X;; into the bottom diagram of 2-morphisms in 2C:

270 5 (2P % 2P = (270 % 287) % 208
1xx P 0 ¢
/ : : m
270 % 2 § 2

N
/
2
3
=4 NS
Q
>
\m
@
=]

EPS
¢aﬁ5
(z)a'yé
0

From a charted 2C-bundle one can construct F' by first defining it on
objects, 1-morphisms, and 2-morphisms of the form z,, z*%, and z*?7. We
know that 2Xj, is generated by these 1- and 2-morphisms, and the associa-
tors. Thus the strict functor F' is uniquely determined by the data above.

5 ! !
; S z 5
§ , ) !,
Fs é 0 \5 F
4 E7 x (EPY x E*P) %: (B 5 E5Y) x BP
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A map U, — A2C is uniquely determined by the maps of k-simplices for
k < 3. For the correspondence to charted 2C-bundles the map on O-simplices,
1-simplices, and 2-simplices give the V’s, the E*%’s, and the ¢*?7’s respec-
tively. The coherence condition on tetrahedrons in A2C corresponds to the
cocycle condition of the charted 2C-bundle. U

Lemma 2.7 Let (U,Z) be an ordered open cover of X, then U, sits as a
simplicial deformation retract of A2Xy.

One could probably prove this by identifying U, as the nerve of a category
biequivalent to 2X;, as 2-categories, see [Str96, section 10|. However, a direct
argument is not difficult.

Proof: Observe that A2X;, actually is 2-cosimplicial, and we can write
any n-simplex as a flag

Tag for  fo2 foz - fon
Toy J12 f13 - fin

Tay fo3 0 fon
as ’

Tag  fan

xan

where ap < a1 < ... < ap, € Uyy..car,, and fij 1 oy — T, are 1-morphisms
in 2.X3, such that for every i < j < k there exists a 2-morphism f;, = fjr* fi;.
Define Uy — A2X}, by sending the n-simplex € Uyyq,---a, to the n-simplex
in A2Xy, given by f;; = %% . Observe that this gives an inclusion, and for
the rest of the proof we view U, as a sub-simplicial space of A2Xy,.

Now we define a simplicial deformation retraction A from A2X;, down

to Us by

:L'ao xoé()oék_l $Oé()06k xaoak xaoak+1 e xaoan

xak ) $ak—lak} xak—lak xak—lak+1 .. xak—lan
(676} A

hlfir) = Tay  le, AR o goken

kA7 = f f

Loy, kk+1 kn

xak+1 e fk—i—ln
Ty,

These maps hi @ (A2Xy)n — (A2Xy)nt1, for 0 < k < n, verify the usual
identities for a simplicial deformation retraction. O




Given a charted 2C-bundle £ over X and a subspace A of X it is clear that
we may restrict £ to A. We denote the restriction by &£|4. More generally,
there is a pullback f*€ over Y, for every continuous map f:Y — X.

We define equivalence of charted 2C-bundles by concordance:

Definition 2.8 Two charted 2C-bundles & and & over X are equivalent
(or concordant) if there exists a charted 2C-bundle £ over X x I such that
Elxxpiy =&, i=0,1.

3 Classifying spaces

M. Weiss, [Wei05], has asked the question: What does the classifying space
of a category classify? Here the classifying space of a connected discrete
category, C, is defined as the geometric realization of the nerve. However,
only when C is a groupoid do we known that BC classifies principal G-
bundles, where G is the automorphism group of an object in C.

When working with a 2-category 2C we have on one hand the geometric
nerve A2C and its geometric realization, while on the other hand we have
charted 2C-bundles. Hence, it is natural to ask: When does the geometric
nerve of a topological 2-category 2C classify charted 2C-bundles? In this
section we will describe sufficient conditions.

We will assume that our base space spaces have the homotopy type of a
CW-complex.

Unlike what is customary amongst some author, we will not call anything
a classifying space unless we know what it classifies. Therefore we define:

Definition 3.1 If there exists a space B such that for all X having the ho-
motopy type of a CW-complex, there is a natural one-to-one correspondence
between concordance classes of charted 2C-bundles over X and homotopy
classes of maps X — B, then we say that B is a classifying space for charted
2C-bundles. We denote such classifying spaces by B2C.

Remark 3.2 The set of charted 2C-bundles over X can be made into a
sheaf by placing the indexing set T in a poset universe. Using techniques of
I. Madsen and M. Weiss [MW04, proposition 2.4.3] there exists a classifying
space as defined above.

In order to prove our main theorem, we need conditions on 2C. We define:

Definition 3.3 We call 2C good if its geometric nerve A2C is a good simpli-
cial space. We say that 2C is sufficiently fibrant if its geometric nerve A2C
satisfies the topological Kan condition, (see definition 5.1 below).



In section 6 we will provide explicit criteria to ensure that 2C is good,
theorem 6.4, and sufficiently fibrant, theorem 6.7.

The following is our main theorem. Its proof is long and technical, so
that will be postponed to the last four sections.

Theorem 3.4 The geometric nerve of a good topological 2-category 2C is a
classifying space for charted 2C-bundles.

The correspondence sends a charted 2C-bundle over X, given as a sim-
plicial map U, — A2C, to the homotopy class of maps X — |A2C| specified
by Dugger and Isaksen’s weak equivalence X < |U,|, see [DI04], and the
induced map under geometric realization, |Us| — |A2C|.

Similarly, if we represent a charted 2C-bundle by a strict 2-functor F :
2Xy — 2C, then applying the geometric nerve and taking the geometric
realization yields a map

IA2Xy,| — |A2C]

where the source is naturally homotopy equivalent to X.

Let us consider a topological group G as the 1-morphisms of a topological
2-category with a single object and only trivial 2-morphisms. G is called
well-pointed if the inclusion of its unit is a closed cofibration. In this case
the geometric nerve, AG coincides with the ordinary nerve NoG, and well-
pointed implies that the nerve of G is good. Hence we get the following well
known result as a corollary:

Corollary 3.5 If G is well-pointed, then principal G-bundles are classified
by BG = |[N.G| = |AG].

Notice that our proof does not mention the universal bundle over the
classifying space.
In the case where 2C is discrete we get the following corollary:

Corollary 3.6 The geometric nerve of a discrete 2-category 2C is a classi-
fying space for charted 2C-bundles.

In this case it is possible to give a more elementary proof using the
following facts: We may assume that X is a CW-complex. Every ordered
open cover of X has a good refinement. Let U be a good ordered open
cover. Collapsing each connected component of the ordered Cech complex
U, to a point yields a simplicial set Y, and there are natural homotopy
equivalences X <= |U,| => |Ya|, see [DI04, theorem 2.1, proposition 2.6 and
corollary A.6]. The geometric nerve A2C of a 2-groupoid is a Kan complex,
see [Dus02, theorem 8.6].

When 2C is a strict and discrete 2-category, the hom-sets are categories
2C(x,y). Take nerves of these to get a simplicial category N¢2C. Taking

10



the nerve again we get a bisimplicial set NgNo2C. Bullejos and Cegarra has
shown that for any strict and discrete 2-category there is a natural homotopy
equivalence

INJN.2C| = |A2C]

see [BCO03, theorem 1.1]. Moreover, they have a generalization of Quillen’s
Theorem A to this setting:

Theorem 3.7 ([BC03, Theorem 1.2]) Let F : 2C — 2C’ be a 2-functor.
If the double nerve NgNo(y' J F) is contractible for every object y' € 2C', then
the induced map NeNe2C — N¢No2C' is a homotopy equivalence.

Here ¢/ /F is Gray’s homotopy fiber 2-category, or lax comma category,
see |Gra80, section 3.1].

Remark 3.8 When calculating [X,|A2C|], we can replace the topological 2-
category 2C with a simplicial 2-category. The standard way of doing this is
to apply the functor Sing, to objects, 1- and 2-morphisms. Recall that for a
topological space’Y the simplicial set Sing,(Y') has q-simplices the set of maps
A? — Y. Together with geometric realization this functor is an adjunction
between topological spaces and simplicial sets. Moreover, the derived functors
induce an equivalence between the associated homotopy categories, see for ex-
ample [GJ99, theorem 1.11.4]. In particular, the natural map Y — | Sing, Y|
s a weak equivalence. Since we are assuming that X has the homotopy type of
a CW-complex and that 2C is good, it follows that there is a natural bijection

X, |A2C]] == [X, A Sing, 2]

4 Calculations

In this section we will investigate possible definitions of 2-vector bundles
based on J. C. Baez and A. S. Crans’ 2-vector spaces, see |[BC04, section 3].
The topological K-theory of these 2-vector bundles splits as two copies of
the K-theory of ordinary vector bundles. The main reason for this behavior
is that Baez and Crans’ 2-category of 2-vector spaces, which can be defined
as 2-term chain complexes, admits a 2-retraction into the direct sum of two
general linear groups. This is given by taking the homology of the chain
complex. Moreover, the 2-morphisms in Baez and Crans’ 2-vector spaces,
i.e. the chain homotopies, between fixed 1-morphisms form affine spaces.

Suppose that 2C is a topological 2-category. The calculation we are going
to do relies on a list of assumptions. These are:

A1l. 2C is a strict 2-category.

A2. 2C is a good topological 2-groupoid, i.e. every 1-morphism is an equiv-
alence and every 2-morphism is an isomorphism. Good means that
A2C is a good simplicial space.

11



A3. 2C is continuously connected, i.e. the source-target map from the total
space of 1-morphisms in 2C to the product of two copies of the space
of objects of 2C,

1 Mor(2¢) %, Obj2c x Obj2c |

is a surjective Serre fibration.

A4. For every pair of 1-morphisms f,g : x9 — x1 sharing source and tar-
get, the space of 2-morphisms 2 Mor(2C)(f, g) is either contractible or
empty.

A5. There exists a well-pointed topological group G together with contin-

wous 2-functors G - 2¢ 2L G such that Hi is the identity on GG. Here
1 can even be a lax 2-functor.

A6. H detects 2-morphisms, i.e. if f,g : xg — x1 are l-morphisms in 2C
sharing source and target, then H(f) = H(g) implies the existence of
a 2-morphism ¢ : f = g.

The aim is to calculate the geometric nerve of 2C. By remark 3.8, we
lose nothing by studying the simplicial 2-category Sing, 2C instead. Notice
also that Sing, commutes with geometric nerve, double nerve and ordinary
nerve constructions.

To our topological 2-category we assign a homotopy category, Ho(2C).
Under assumption A2, this topological category has a simple description.
Its space of objects equals the objects of 2C. The space of morphisms
Mor(Ho(2C)) is the quotient space of 1 Mor(2C) where we identify two 1-
morphisms f and g if there exists a 2-morphism F' : f = g. Since every 2-
morphism in 2C is an isomorphism, this is an equivalence relation. Let [f] in
Mor(Ho(2C)) denote the equivalence class corresponding to f in 1 Mor(2C).
Observe that Ho(2C) is a groupoid under assumption A2. The quotient map
induces a continuous strict 2-functor

~v:2C — Ho(2C)

Lemma 4.1 Under the assumptions A1, A2, and A4, there is a natural
chain of weak equivalences

|A2C| ~ -+ =~ | Ny Ho(2C))|

Proof: We are in the strict case, so it is enough to consider the double
nerve. Up to weak equivalence we lose nothing by considering simplicial
instead of topological 2-categories. Thus we inspect the induced map

Ne¢N, Sing, 2C — N4 N, Sing, Ho(2C)

12



Since pointwise weak equivalences of bisimplicial sets induce a weak equiv-
alence on the geometric realization, we can drop the outer nerve and show
that

N, Sing, 2C(x,y) — N Sing, Ho(2C)(z, y)

is a weak equivalence for every pair of objects x,y in 2C. This would imply
the statement of the lemma. Here 2C(x,y) is the topological category with
objects 1-morphisms x — y and morphisms the corresponding 2-morphisms.
Similarly Ho(2C)(z, y) is a topological space, viewed as a topological category
with only identity morphisms. Again, it is enough to show that we have a
weak equivalence before taking the nerve. Thus we consider

Sing, 2 Mor(2C)(f,g) — 2Mor(Ho(2C))([f], [g])

where f and g are 1-morphisms in 2C sharing source and target. If there
exists a 2-morphism F' : f = g, then 2Mor(2C)(f, g) is contractible by as-
sumption A4, whereas 2Mor(Ho(2C))([f], [g]) consists of a single element,
namely id[y) = idf,. Otherwise, both spaces are empty. Hence the map
above is a weak equivalence. O

Lemma 4.2 Under the assumptions A2, A3, A5 and A6, the 2-functor
H : 2C — G induces a weak equivalence

|Ne Ho(2C)| = |NJG]

Proof: Again we may pass to the simplicial setting by applying Sing,. It
is enough to show that we have weak equivalences

N, Sing, Ho(2C) — N, Sing, G

for fixed simplicial degree q. At the level of the homotopy category assump-
tion A5 induces functors

G L Ho20) L G
with Hi = idg. Taking singular g-simplices we get
Sing, G - Sing, Ho(2€) % Sing, G

Again Hi = id. We are done if we can find a natural transformation from
iH to the identity on Sing, Ho(2C).

An object x of Sing, Ho(2C) is a map z : A? — Obj2C. For every such
x, assumption A3 assures that we may choose a lift f;c in the diagram

1 Mor(2C)
i (s:)

A1 81520 x objac
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The class [f,] is a morphism iH(z) — z in Sing,, Ho(2C).
Let us now modify f, into a map f, : iH(z) — x with H(f,) : A — G
constantly equal to 1 € G. This is simply done by setting

fx = fmZ(H(fx)_l)

We now claim that the collection of all [f,] is a natural transformation
from iH to the identity on Sing, Ho(2C). To see this we need to verify
that the following diagram in Sing, Ho(2C) commutes for every morphism

[fl:x—y:

if(x) s i (y)
1] [
(7]

Zz —— y

Commutativity may be checked pointwise for t € A9, and at t we consider
the above diagram lifted to 2C:

iH(z(t)) YD i)
0| |0
«6) L )

Applying H we get a commutative diagram in G:

Hxz(t)) 2 my(t))
1=H(fz(t))l lH(fy(t))=1
H(xz(t)) 2 my(h))

Since H detects 2-morphisms, assumption A6, the diagram in 2C commutes
up to a 2-morphism. Thus the first diagram commutes in the homotopy
category. Hence, we have a natural transformation as claimed. This finishes
the proof. O

Thus we have proved:

Theorem 4.3 Under the assumptions A1, A2, A3, A4, A5 and A6 above
the classifying space of 2C is weakly equivalent to BG.

It is also possible, but less enlightening, to prove this directly, using
Bullejos and Cegarra’s version of Quillen’s Theorem A, see theorem 3.7, and
arguing using the homotopy fiber categories of i : G — 2C.

Let us now discuss choices of 2C based on Baez and Crans’ 2-vector
spaces. The numerous variations depend on how strictly the 1-morphisms
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should be equivalences, how much structure the 2-morphisms should contain,
and how to choose the objects from 2-vector spaces within the same weak
equivalence class. Let n, by and b; be positive integers and let Cy be a
2-term chain complex of vector spaces.

Let 2Bgrict(Cx) be the 2-category with a single object C, the 1-
morphisms are the chain isomorphisms f : C, — C,, and the 2-
morphisms f — g are chain homotopies ¢ from f to g.

Let 2Byeak (Cy) be the 2-category with a single object Cy, the 1-morphisms
are the chain equivalences f : C, — C, and the 2-morphisms f — ¢
are chain homotopies ¢ from f to g.

Let 2B.q(Cy) be the 2-category with a single object C., the 1-morphisms
are tuples (f, f, tf,€r), where f and f are chain maps C, — C,, and
gt 1l — ff and €f : ff — 1 are chain homotopies, and the 2-
morphisms (f, f,cf,€7) — (9,3, tg,€4) are pairs of chain homotopies
¢:f—gand ¢: f — g such that the following identities hold:

g—tf=fo+¢g and e —eg=fo+ g

Let 2B,q(C%) be the 2-category with a single object Cy, the 1-morphisms
are tuples (f, f,tr,€s), where f and f are chain maps C, — C\, and
tp:l— ff and €f - ff — 1 are chain homotopies such that the zigzag
identities

fep+upf=0 and 6ff+ fEf =0

hold, and the 2-morphisms (f, f,¢f,€f) — (g, G, tg, €5) are pairs of chain
homotopies ¢ : f — ¢g and ¢ : f — g such that the following identities
hold:

Lg—Lf:fé—i-(zﬁg and ef—eg:f$+¢§

Let 2Bgeak(bo, b1) be the 2-category with objects all 2-term chain com-
plexes C, with Betti-numbers by, b1, the 1-morphisms are the chain
equivalences f : Cy — C., and the 2-morphisms f — g are chain

homotopies ¢ from f to g.

Let 2B£(b0, b1) be the 2-category with objects all 2-term chain com-
plexes C, with Betti-numbers bg, by, the 1-morphisms are tuples (f, f, Lf,€Ef),
where f : C, — C. and f : C. — C, are chain maps, and ¢ Fo

1 — ff and € = ff — 1 are chain homotopies, and the 2-morphisms

(f, f, L, €r) — (9,9, Ly, €g) are pairs of chain homotopies ¢ : f — g and

¢ : f — g such that the following identities hold:

tg—tf=fo+¢g and e —eg=fo+ g
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Let 2BH (b, b1) be the 2-category with objects all 2-term chain com-
plexes C, with Betti-numbers b, by, the 1-morphisms are tuples (f, f, Ly, €f),
where f: Cy — C) and f : C, — C, are chain maps, and ¢y : 1 — ff

and ey : ff — 1 are chain homotopies such that the zigzag identities

fep+uvpf =0 and 6ff+ fEf =0

hold, and the 2-morphisms (f, fitper) = (9,3, g, €g) are pairs of chain

homotopies ¢ : f — g and ¢ : f — g such that the following identities
hold:

Lg_Lf:fQ_s‘i‘d)g and €f_€g:f$+¢g

Let 2B be one of the topological 2-categories above. Observe that in all
cases there is an inclusion 2-functor

GL(bl) X GL(bo) — 2B

There is a retraction to this inclusion given as the homology of the 2-term
chain complex C,. Furthermore, this retraction satisfies the assumptions.
In particular, A4 holds because 2 Mor(2B)(f, g) are affine spaces, while A6
relies on:

Lemma 4.4 ( [Spa91, exercise 4.A.3] ) Let C. and C, be chain com-
plexes of complex vector spaces. If f,g : Cx — C. are chain maps which
induce the same homomorphism of homology groups, then there exists a chain

homotopy ¢ : f ~ g.

Proof: Notice that the homology groups are vector spaces. Let B, be the
image of Jy41 in Cy. By is contained in the kernel of J,, and we choose a
splitting ker 9, = B, ® H,. We identify H, with the ¢’th homology vector
space of C. Furthermore, we may split C;; as ker d, ® B,—1. Hence we have
chosen for each ¢ an isomorphism

Cq = Bq@Hq @Bq—l

With this splitting 0, maps the summand B,_; of C; isomorphically onto
By_1 of C4_1, whereas 9, sends the other summands to 0. Since f and g
induce the same map in homology, f(z)—g(z) is a boundary for all z € ker 0.
Hence there exists a map ¢, : H, — Cy11 such that 821“&(1 = (fq — 9¢)|H,-
Assume that ¢ € C; corresponds to (b, h,V') € By & Hy & By—1. Define the
chain homotopy ¢ : f >~ g by

¢q<c) = fq+10 — gg+1b + éqh

After this detour, let us consider the case 2Byeak (Cy) in more detail:

16



Example 4.5 As in the lemma above, we write the 2-term chain complex

C, as
0 idp
0 0

0—-—H &B———B®Hy—0 |,

where Hy and Hy are vector spaces of dimension by and by respectively. Fur-
thermore, H1 and Hy are identified with the homology groups of Cy. This de-
fines the 2-functor H, and lemma 4.4 gives us A6. The inclusion 2-functor i
is given by sending a pair of invertible matrices (My, My) in GL(b1)®GL(by)

to the chain map f with fi = (Agl 8) and fo = (8 ]\Sf ’
0

In general we have:

Corollary 4.6 Let X have the homotopy type of a CW-complex and 2B
be one of the topological 2-categories above. There is a bijection between
concordance classes of 2B-bundles over X and a pair of concordance classes
of ordinary vector bundles over X of fiber dimension by and by respectively.
Consequently the 2-K -theory associated to Baez and Crans’ 2-vector spaces
splits as two copies of ordinary K-theory.

Thus we may write
2KBpey ~ K X K

where K is ordinary topological K-theory of vector bundles.
However, based on Kapranov and Voevodsky’s 2-vector spaces we could
define 2C to be one of the following:

Let 2KCVp¢(n) be the topological 2-category of example 2.3.

Let 2KV (n) be the topological 2-category with n-tuples V- = (V1, Va,..., V,)
of complex vector spaces as objects, the 1-morphisms V — V' are
n X n-matrices F = (E;;) with detdimF = +1 and E-V =V’ and
the 2-morphisms E — E’ are n X n-matrices ¢ = (¢;;) of isomorphisms

... .. %’ /
¢ij - By = ;.

In this case the 2-category is not a 2-groupoid, so theorem 4.3 does not
apply. Furthermore, Baas, Dundas and Rognes has calculated the associated
2K-theory in [BDRO04| and shown that this generalized cohomology theory is
Kaig(ku), and essentially of chromatic filtration 2, thus resembling something
elliptic. We have:

2KBDR ~ Kalg(ku)

If V = FinSet (the category of finite sets and maps) and 2C =V —mod, then
the representing spectrum is K(S) = A(x), relating this to Waldhausen’s
A-theory (as pointed out by John Rognes).
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5 The topological Kan condition

We consider a simplicial space Z, with a topological Kan property. To be
precise, in the notation of J. W. Duskin, we define the space of k-horns in
dimension n to be

An(Za) =
{(205” <3y Rk—1y 7y Rk+1s - - - 7Zn) | dl('zj) = jfl(Zi)ai < ]57’ 7é k #]}
C Ly X L1 X" X Ly

n factors

For our purposes, it seems more natural to associate this horn to the
complementary set I(k) = {0,1,...,k — 1,k +1,...n}. So we think of a
k-horn as an I(k)-cohorn. If I C [n] = {0,1,...,n}, we define the space of
I-cohorns to be

CAL(Z,) =

{(zi)er | di(zj) = dj-1(zi),i < j,i € I 5 j}
C Ly A X Lyl X "X Ly

-~

|I| factors

Note that A = CAL™ There is a canonical map C,Il(k), : Zp — A (Z,) =
CATIL(]C)(Z.), and more generally, for any I C [n] we have a canonical map
ch: Z, — CAL(Z,).

Definition 5.1 We say that Z, satisfies the discrete Kan condition in di-
mension n if ¢, 1s surjective for all 0 < k < n. We say that Z, satisfies the
topological Kan condition in dimension n if the maps ¢ are surjective Serre
fibrations for all 0 < k < n.

Lemma 5.2 If the simplicial space Zo satisfies the topological Kan condition
both in dimension n and in n — 1, then for every non-empty I C [n] the map

c! is a surjective Serre fibration.

Proof: 1If |[I| =n —1, then I = I(k) for some 0 < k < n, and the lemma
follows directly from the definitions. Suppose inductively that the lemma is
true for all J C [n] with n — |J| < n —|I| = m > 1. Assume that k & I
and J = I U{k}, so that by the induction hypothesis ¢, is a surjective Serre
fibration. Consider the canonical map which forgets zg

ri: CAN(Z)) — CAL(Z,).
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Then ¢, = ¢ o r{,. So by the induction assumption, it is enough to show
that the map r}] is a surjective Serre fibration.

Recall that 0y : [n — 1] — [n] is the injective map which omits k, so that
the face map dp: Z, — Z,_1 is the map induced by §;. Let the sequence
2z = (2i)ies be a point in CA!(Z,). We can apply the face map dj, to each
entry. We obtain a sequence of points in Z,,_1, namely (dg(z;))icr. Let
I' C [n — 1] be the subset determined by that I = 9x(I"). There is such a
subset, since k ¢ I.Moreover

17| = |1]
and the map
op: I — 1T

is a bijection. We define elements

L dk*l(zék(i)) = dkfl(zi) ifi € I/, and 7 < k.
" drlzs, ) = dielzisn) ifiel and k < i.

We claim that the sequence (y;);cpr forms an I’-cohorn in Z,_1, which we
can fill by induction. This can be seen either by meditating on the geometry
of the simplex, or more computationally in the following way (for i,5 € I’
and i < j):

didk_l(zj‘) = dk_gdi(Zj) 1<) < k
diyj =  didi(zj41) = dp—1di(zj41) i<k <j
didk(szrl) = dkdi+1(Zj+1) k<i< ]

and also (using that z is in the k" I-cohorn):

dj-1di—1(2;) = dg—2dj—1(2i) = dp2diz; i <j<k
dj—1yi = { dj1dp—1(2;) = dp—1dj(2) = dp_1dizjp1 i<k <j
dj_1di(zip1) = dpdj(ziy1) = div1zj41 k<i<j

The association
2= (zi)ier = P"*(2) = (yi)ier
defines a continuous map of horns P'"*: CAL(Z,) — CAL [(Z,). Since
k € J there is also a continuous map p”: CA}(Zy) — Z,, defined by picking
out the appropriate component: p*((z;)ics) = 2.
These maps fit into a diagram of spaces

I

CAJ(Z.) — 1 CAL(Z,)

pk PI,k
I’

Zn = CAL_\(Z)
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This is actually a pullback diagram. The bottom map is a surjective Serre
fibration by assumption, so it follows that the top map is also a surjective
Serre fibration. O

We can now prove our main theorem.

Theorem 5.3 Let Zy be a simplicial space.

o Assume that Z, satisfies the topological Kan condition in dimensions
n and n — 1. Then the diagonal simplicial space Te = 0¢(Sing,(Z))
satisfies the Kan condition in dimension n.

o Assume that the three boundary maps d;: Zo — Z1 are Serre fibrations,
and assume that Z, satisfies the discrete Kan extension condition in
dimension 2. Then the diagonal simplicial space To = do(Sing4(2))
satisfies the Kan condition in dimension 2.

Proof: We need to show that any horn in 7, can be filled. The Kan con-
dition is always satisfied for n = 1, since a 1-horn is filled by the degeneracy
map Sg: Zg — Z1. So we assume without restriction that n > 2. A k-horn
in dimension n in T, consists of a sequence of continuous maps

zit Ap—1 — Zp—1  defined for 0 <i¢ <n—1,i # k,

with the property that if z; and z; are defined and 7 < j then the following
two continuous maps agree:

o; Zj d;
An—? —- An—l E Zn—l — Zn—2

01 2 dj_1
Ap o —— Ap1 = Zna —— Zn—2

Here, and in the rest of the proof, we abuse notation by not distinguishing
between a map [m] — [n] and its affine extension to a continuous map
A, — A,. The way to visualize this, is to consider the topological horn

AF = Ui6i(An1) C A,

The map z; can be identified with a map from the subset 6;(A,_1) of AE.
The maps corresponding to z; and z; do not necessarily agree on the inter-
section 6;(An—1)Nd;j(An—1) of these subsets, but satisfy a more complicated
compatibility condition.

Main step. We define a continuous map

y: Ak — 7,
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such that for every ¢ # k we have that z; = d; o y 0o ;. We define this
map inductively. The induction is done over a sequence of subspaces of
the skeletons of A*, which we define now. Let W, be the union of all r-
dimensional subsimplices of A,, which contain the vertex k. Then

{(FY=WocWiC.. W,_1=AF

Start of induction: Wy is included in every subspace 9;(A,,), so we obtain
a sequence of elements a; = 2;0;(k) € Z,. These elements satisfy that if
1 <j,1# k+# j, then

diaj = dlz](é?](k)) = j_1Zi(aj(k)) = dj—10;

By assumption the map ¢ is surjective, so we can find an element b € Z,, 11
such that d;(b) = a;. We define y on Wy = {k} by y(k) =b € Z,11.

Induction step: Assume that we have defined y: W,_1 — Z, 11 such that
for each 7 # k we have a commutative diagram:

We_1n az(Anfl)C—> W1 Zn
-
Anfl “ anl

We want to extend y to a map from W, with the same property. To define
this extension, it is sufficient to define it on each r-simplex in W,.. Such a
simplex is determined by a subset I C [n] with the two properties k € T
and |I| = r. There is a unique order preserving injection with image I.
a:[r] = I C [n+1], and some £/, 0 < k' < r so that a(k’) = k. Using
«, we can translate the problem of extending the map y to the simplex
determined by I into a problem of constructing a map vy': A, — Z, with
certain properties. In order to construct the extension of y to W,., we have
to solve this transformed problem for all injective a: [r] — [n] such that
the image I = «([r]) contains k. We have to be careful about what the
transformed problem is.

First, note that a(A,) N W,_1 = a(A¥), so 9/ is already defined on A"

There are two cases for the maps z;. If ¢ € I, then z; is defined on a
subspace a(AF), and by induction, there it agrees with d;y. So these maps
do not give extra conditions on 7', beyond that it has to be an extension of
the already defined map 3': A¥. On the other hand, if i € I, say i = ('), we
do get an extra condition. First note that we have a canonical factorization

/
(e
i/

[r—1] ————[n—1]

b

[r] ————[n]
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where
ol () = a(j)) if j/ <4/,
‘ a(j’+1)—1 if j/ >4,
For i = (i) and i # k we define

/

il Zi
ot Ay — Ap1 = Zp

We claim that these maps fit together to a map z4: A, — CAL(Z,). To see
this, assume that 0 < i’ < j' <r,i=«a(i),j = a(j’) and i # k # j. There
is a commutative diagram (whose diagonal composite is a:: [r] — [n]).

Taking this diagram into account, we compute:

/
5/

diza,j = dz‘ZjOé]

= ],1zz5j,1ozi’j
and

/
dj,lzm = djfl ZiOyr

I
= dj-12i0j-10

End of argument for n > 3.
So the maps z,,; collectively define a map

zo: AT — CAL(Z,)

The extension problem we have to solve is the following:

AZ 2 Znpt1
7z
A, —2 > CAZ,

However, this is solvable, since the map cy is a Serre fibration by lemma 5.2.
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The case n = 2. Let 0 < k < 2, and consider a k-horn in §;(Sing,(Z,).
Use the Kan extension property at the vertex k to obtain a point in Zs.
Then use that d;: Z9 — Z7 is a Serre fibration to obtain a continuous map
y: A5 — Z5. Finally extend this to the 2-simplex.

In this case, we do not need lemma 5.2. U

6 Good and sufficiently fibrant 2-groupoids

In this section we will give criteria on a topological 2-category 2C to ensure
that its geometric nerve A2C is good, and in the case 2C is a topological
2-groupoid, we will give criteria that ensure that A2C is sufficiently fibrant.

We will use the notion of a locally equiconnected (abbr. LEC) space X, i.e.
the diagonal map X — X x X is a closed cofibration. All CW-complexes are
LEC spaces by E. Dyer and S. Eilenberg’s adjunction theorem, see [DE72].
Also by their results, we have:

Theorem 6.1 (Dyer, Eilenberg) Assume that X is a LEC space, and
A C X admits a retractionr : X — A. Then i1 : A — X 1is a closed
cofibration, and A is a LEC space.

Proof: By [DE72, theorem I1.7] it is enough to show that A is a halo retract
of X, i.e. A is a retract and there exists a continuous function ¢ : X — [
with A = 1~1(0). We claim that every retract of a LEC space has a halo.
From LEC data for X, we get a function k : X x X — I with k~1(0) equal
to the diagonal. Now define v by

P(x) = k(x,ir(x))

It is easy to see that this is a halo of A. U

Corollary 6.2 A simplicial space Zo where all Z,; are LEC spaces is a good
stmplicial space.

Proof: Any degeneracy s; : Z, — Z,41 has a retract, namely d;. Hence, s;
is a closed cofibration. O

Our basic tool to prove that a space is LEC is:

Theorem 6.3 ([Hea86]) Assume that X, B and E are LEC spaces. Then

the pullback of X LB2E 1s a LEC space provided that p is a Hurewicz
fibration.
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Let us now list the criteria on a topological 2-category 2C that imply that
2C is good:

G1. The map (—)~!: 2Mor — 2Mor sending a 2-morphism to its inverse
exists and is continuous.

G2. The total space of 2-morphisms, 2 Mor, is LEC.

G3. The source map s1 : 1 Mor — Obj from 1-morphisms to objects is a
Hurewicz fibration.

G4. The target map to : 2Mor — 1 Mor from 2-morphisms to 1-morphisms
is a Hurewicz fibration.

Theorem 6.4 Let 2C be a topological 2-category. If 2C satisfies the as-
sumptions G1, G2, G383, and G4, then the geometric nerve A2C is a good
simplicial space.

Before giving the proof, we will characterize n-simplices when 2C satis-
fies G1. We have the following:

Lemma 6.5 Let 2C be a topological 2-category. Assume that the map taking
a 2-morphism to its inverse exists and is continuous, then the space of n-
simplezes (A2C)y, is homeomorphic to the space of flags

Zo fOl ¢012 d)Old ¢014 ¢015 . d)Oln
x f12 ¢123 ¢124 ¢125 .. ¢12n
To f23 ¢234 ¢235 . ¢23n
x3  faa PP - @M
Ty fas e MM
x5 .. ¢56n
In
where xg, 1, . .., Ty are objects of 2C, the fi;41 : x5 — w41 are 1-morphisms,

and ¢'iH1I fij = fix15* fiiv1, 1 +1 < j, are 2-morphisms.

Proof: The 1-morphisms f;; with ¢ +1 < j are implicitly defined as the
source of the 2-morphism ¢! 17,

Given a flag of the form above, the only data of an n-simplex in A2C
missing are the ¢ with 0 <i < j < k <mn and j # i+ 1. We claim that
these may be reconstructed continuously from the flag and the coherence
condition of the geometric nerve.

Define the valence of the symbol ¢“* 0 < i < j < k < n, to be the
difference j — i. Observe that the flag contains all ¢*/* of valence 1. A
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subtetrahedron, of the n-simplex under consideration, is determined by in-
dices 0 < i < j < k <l < n. Rewrite the coherence condition for such a
subtetrahedron as the equation

¢ikl = (idsz * ¢ijk)_1 03 (Wkl * idfij) ¢iﬂ

Here (—)~! is the inverse 2-morphism map, and « is the natural associativ-
ity isomorphism. Observe that the valence of the 2-morphisms on the right
hand side is strictly less than the valence of ¢**!. Hence all 2-morphisms are
determined by those of valence 1. O

Let us prove the theorem:

Proof: It is enough to show that for all n the space of n-simplices, (A2C),,
is a LEC space.

2 Mor is LEC by assumption G1. Observe that both Obj and 1 Mor are
retracts of 2Mor, where the inclusions are provided by identity maps and
the retractions by source maps. Hence, Obj and 1 Mor are also LEC spaces.

Now proceed by induction on the simplicial degree n. (A2C)y = Obj and
(A2C) = 1 Mor are LEC by the observation. Assume that (A2C),_1 is LEC.
We can construct (A2C),, from the (n — 1)-simplices by iterated pullback,
i.e. we have a tower

(A2C), =P, — -+ - Py - Py = (A2C) 1
The steps of the tower corresponds to the entries in the last column of the
flag describing n-simplices. P; is the pullback of

Tn—1 . S1
Py —— Obj « 1 Mor
Here we adjoin the 1-morphism f,,_1, along x,,_1. The map s is a Hurewicz
fibration by assumption G3. Hence P; is LEC by theorem 6.3. The space
Py, k > 1, is the pullback of

Jc'n,flc«l»l7 n*fnfkt, n—14+1

t
1 Mor &9 Mor

Py
Here we adjoin the 2-morphisms ¢"‘k’”_k+1’” along fr—k41,n* fnek,n—1+1-
By assumption G4, to is a Hurewicz fibration. So Py is LEC by Heath’s
theorem. 0

Recall from [Dus02] that a 2-groupoid is a 2-category whose 2-morphisms
are isomorphisms, and whose 1-morphisms zg —2~ z; induce equivalences of
categories

B(xo1, z2)«: B(x1,22) — B(xo, 22)
B(mo,mlg)*i B(ajo,x1) — B(.T(),.TQ).
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We need to make the equivalence of categories continuous. We first remark
that an equivalence of categories is the same as a pair of adjoint equivalences.
For this and for detail about adjoint functors, see [ML98, chapter IV|. Our
approach is to assume that the four structure maps making up this adjoint
equivalence are continuos.

We arrive at the following reasonable set of fibrancy conditions:

SF1. 2C is a topological 2-groupoid.
SF2. The source and target maps for the 1-morphisms are Serre fibrations.

SF3. The maps from 2-cells to 1-cells given by the source and by the target
of 2-morphisms are both Serre fibrations.

SF4. The function sending a 2-morphism to its inverse is continuous.

SF5. The functors B(zg1,22)« and B(x, z12)« depend in a continuous way
on their arguments.

SF6. Moreover, these functors have adjoints, which also depend continuosly
on their respective arguments.

B(xo1,x2)": B(xg, x2) — B(x1,22)

B(.’Eo,.flg)*l B(l‘o,lg) — B(l’o,l’l).

SF7. Finally, as unit and co-unit of the adjoint equivalences we can choose
natural transformations depending continuously on their arguments:

6(33(]1,:6'2): : IB(.TJ(H, wg)* e} B(x()l,l'g)* — Id
oB

6($0,.’L‘12): : B(xo,l'lQ)* (
)

n(zo1, x2): :Id — B(wor, z2
n(xo,x12): : Id — B(zo, z12)« © B(xo, z12)".

x0, T12)x — 1d

« 0 B(zo1,22)"

Lemma 6.6 Let source(f) = source(h), target(f) = source(g) and target(g) =
target(h) = z The adjunctions defines a homeomorphism

X ={f9.h¢|d: h= B(f,2)«(9)} = {f, 9.0, | ¥: B(f,2)'h =g} =Y

Proof: The topology of the spaces are given as subsets of (1-cells)? x
(2-cells). The adjunctions define inverse bijections, so we only have to check
that they are continuous. But this follows from the continuity of the unit
and co-unit. For instance, we see that ¢ depends continuously on f, g, h, ¢
since

e(f:2)

B B(f,2)*B(f, 2 () ——L g

Y: B(f,z)*h
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We make the definition above because of the following theorem.

Theorem 6.7 Suppose that 2C is satisfies the conditions SF1, SF2, SF3,
SF4, SF5, SF6, and SF7. Then 2C is sufficiently fibrant, i.e. A2C satisfies

the topological Kan condition.

Proof: We have to show that all fill-horn-maps
cr : (A20), — AF(A20)

are surjective Serre fibrations. By [Dus02, theorem 8.6] all ¢;’s are surjective.
It remains to show that they are Serre fibrations. Since A2C is 3-coskeletal,
the ¢;’s are homeomorphisms in dimensions n > 3. For n = 1 the fill-horn-
maps ¢g and c¢; are the source and target maps 1 Mor — Obj, which are
Serre fibrations by condition SF2. For n = 3 the fill-horn-maps ask us to
solve the coherence equation

(¢123 % f01)¢013 — Q(fZS " ¢012)¢023

with respect to any one of the ¢’s given the three others. This can always
be done using the inverse of 2-morphisms and the adjoint equivalences of
condition SF7. The rest of the proof concerns the case n = 2:

Using condition SF4 it follows that the source and target maps of 2-
morphisms are surjective Serre fibrations, since they are pull-backs of a sur-
jective Serre fibration.

To finish the proof of the theorem we have to prove that the three maps

ri: 2 Funct(D,2C) — 2 Funct(H;,2C) fori=0,1,2,
str str

are surjective Serre fibrations.
Case r1: Let (f,g,h,¢) € 2 Functs,(D,2C) denote the diagram (with

obvious compatibilities)
[
Vi
®

h
We define Fi(f,g,®) = ¢. Similarly, if f, g are two 1-cells with source(g) =
target(f), so that they define (f, g) € 2 Functs,(Hi,2C) we define G (f, g) =

B(f, target(g))+g-
There is a pull back diagram

2 Functg, (D, 2C) n 2-cells

lrl isource

2 Functg(H1,2C) @ 1-cells.
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Since 71 is the pull back of a surjective Serre fibration, it is itself a
surjective Serre fibration.

Case r = 0.

We claim that we can construct a pull back diagram of spaces:

Fi
2 Functg, (D, 2C) 0 2-cells (1)

l 0 target

0

G
2 Functg,((H)1,2C) ——— 1-cells.

This suffices to prove the statement of the lemma, since the right hand
vertical map is the pull back of a surjective Serre fibration, so it is itself a
surjective Serre fibration.

The space 2 Functg, (D, 2C) can be described as triples of 1-morphism
(f,g,h) together with a 2-cell ¢ satisfying the compatibility conditions of
the space X in lemma 6.6. By this lemma, this space is homeomorphic to
the space Y. So we have to construct a pull back diagram of spaces

F/
{f,g,h,% | ¥: B(f,target(h))*h = g} 0 2_cells (2)
J/(f,g,h,w)H(f,h) ltarget
2 Funct, ()1, 2C) o 1-cells.

But this is not so hard. We define

Fé(f,g,h,@b) =9
Go(f,h) = B(f, target(h))"(h).

Case r = 0. This is similar to the case r = 0, using the pair of adjunc-
tions B(source(h), g)«, B(source(h), g)*. O

7 Concordance theory

Fix a simplicial space Z,. In this section we will define the notion of a Z,-
bundle over a topological space X, and study its homotopy properties up
to concordance. In the case Zo = A2C this recovers the notion of charted
2C-bundles.

Definition 7.1 A Z,-bundle & over X consists of an ordered open cover U

together with a simplicial map ¢ : Uy — Zo. Here U, is the ordered Cech
complex of U. We say that & and &1 over X are concordant if there exists
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a Ze-bundle € over X x I such that the restrictions to X x {0} and X x {1}
give & and &1 respectively. Concordance is an equivalence relation. Let
Con(X, Z,) be the set of all concordance classes of Ze-bundles over X. The
class in Con(X, Z,) corresponding to € will be written as [£].

Let A be a subspace of X and fix some Z,-bundle £4 over A. We say
that £ over X is relative to A if the restriction £|4 equals £4. Now let Y
be the quotient of X x I where we collapse fibers over points in A. Now, if
&y and & over A are relative to A, then they are concordant relative to A
it there exists an & = (U, ¢') over Y relative to A restricting to & and &;
on X x {0} and X x {1}. We denote the set of such relative concordance
classes by Con(X, Zg)rel 4-

Lemma 7.2 Assume that A is a subspace of X. Fix E4 over A. Then the
inclusion ig : X x {0} =Y = X x I/ ~ induces a bijection

COH(Y7 Zo)rel A i COH(X; Zo)rel A

Proof: By the projection Y — X we have that Con(X, Z,)el 4 is a retract
of Con(Y, Zs)re1 4. Hence iy is surjective. Now assume that the Z,-bundles
& and & over Y restrict to same the element in Con(X, Ze)e1 4. Gluing
together &, &1 and the concordance over X relative to A, we get a Zo-bundle
over
(X xIx{0}UX xIx{1}JUXx{0} xI)/~ |,

where ~ means that we identify points over A. Pulling back using a retrac-
tion (X x I x 1)/ ~— (X x I x {0}UX xIx{1}UX x {0} xI)/~, we
get a concordance in Con(Y, Z)rel 4 between & and &. O

Corollary 7.3 Con(X, Zs)re A is a homotopy functor of X relative to A.

Lemma 7.4 Let A % B ‘25 X be closed cofibrations. Fiz Eg over B,
and let E4 = i%Ep. If € over X 1is relative to A and has restriction i€
concordant to £g relative to A, then there exists a Zo-bundle £ concordant
to € relative to A such that i5E = Ep.

Proof: Choose a concordance £y /.. relative to A between i€ and Ep.
Gluing £ and Egy 1/~ we get a Ze-bundle £ over X Ug B x I/ ~. By the
homotopy extension lifting property (HELP), there exists a map j : X —
X Up B x I/ ~ such that in the following diagram

BHXUBX{O}B X I/~
N
] B lretraction of Bx I/~

Xe———x
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the upper triangle commutes and the lower diagram commutes up to ho-
motopy relative to B. Let & = j*€. Clearly iE" = Ep. Moreover, j is
homotopic to the inclusion ix : X — X Up B x I/ ~ relative to A. Hence,

€] = [57¢] = [ix€] = [€]
in Con(X, Z¢)rel A- O

Corollary 7.5 Con(—, Z,) is half exact in the following sense: Let A &
B — X be closed cofibrations, and fix some Zo-bundle Eg over B. Let
Ea = 14Ep. Then the following is an exact sequence of sets

COI](X, Zo)rel B — COH(X7 Zo)rel A — COH(B, Zo)rel A
Proposition 7.6 If (X, A) is a relative CW-pair, then

o)

Con(X, Zu)yet 4 — lim Con(X*, Z4) e 4

is a bijection. Here X* is the k-skeleton of X.

Proof: It is enough to prove surjectivity. Fix some €4 over A, and consider

Con(X, Z¢)rel 4 — 111?1 Con(Xk, Ze)rel A

An element of the limit is represented by a sequence of [£}] € Con(X¥, Zg)1e1 A
such that the restriction of [£;] to X*~1 equals the class [Ex_1]. We will now
construct a sequence & over X k such that the restriction of & to X k=1 g
exactly equal to £, and [£]] = [£]. This is done by induction, we start by
taking &) = &, and lemma 7.4 provides the induction step. To conclude we
see that colimy &, is a Z,-bundle over X mapping to the original sequence
of [E]’s. O

Proposition 7.7 (Gluing) Given B gl X, where i is a closed cofi-
bration. Define Y to be the pushout. Fix a Ze-bundle Eg over B, and let E4
be f*Ep. Then the natural map induces a bijection

COH(Y7 ZO)rel B i COH(X, Zo)'/'el A

Proof: If we assume that also f is a closed cofibration the result is obvious
— one can then glue and restrict the Zo,-bundles. For arbitrary f, let M be
the mapping cylinder of f and let H be the pushout of M «— A — X. Ob-
serve that the pair (H, M) is homotopy equivalent to (Y, B). By homotopy
invariance of Con(—, Z,) the general case follows. O

To handle technicalities later, we need the following:
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Definition 7.8 Let A be a subspace of X. Let £ be a Zo-bundle consisting
of the ordered open cover U and the simplicial map ¢e : Us — Zo. Let J be
the indices o such that Uy intersects A. We say that £ is collared if there
exists an open neighborhood V' of A such that o € J whenever Uy, intersects
the closure of V', and there also exists a retraction v : J,c 7 Ua — A such
that r(Uy) = Uy N A and for every chain ag < ay < -+ < ay, the following
diagram commutes:

Ungar-ay, r Uapar-ap, N A
Pk
(o7

Zy,

Lemma 7.9 If A — X is a closed cofibration, then every Zeo-bundle is con-
cordant relative to A to a collared Zo-bundle.

Proof: We are given some £ over X subordinate to the ordered open
cover U. Let £4 be the restriction to A. Using cofibrancy we can take a
map f: X — X Uyyqoy A X I homotopic to the inclusion of X such that
f(a) = (a,1) for all @ € A. Now define a new open cover U’ over X U A x I
having the following open sets:

e for each U, € U the set U, U (Ua NAXx [0, %)) lies in U’, and

e for each U, € U such that U, N A is non-empty the set U, N A X (%, 1]

lies in U’.

This open cover can be ordered such that U] restricted to A x I has the
homotopy type of simplicial cross product of U, N A and the simplicial 1-
simplex AE. Now define a Z,-bundle & over X U A x I subordinate to the
cover U' by gluing £ and £4 x Al. The pullback f*&’ is concordant relative
to A to £, and furthermore f*£ is collared. The retraction r comes from the
projection A x (%, 1} — A, and V can be defined as f~! (A X (%, l]) O

Example 7.10 Wirth and Stasheff, [WS06], describe locally homotopy triv-
ial fibrations with fiber F. It seems plausible that we can define a simplicial
space with k-simplezes, Zy,, the space of all homotopy coherent functors from
[k] to the topological monoid of homotopy equivalences of F', H(F). In that
case a Zqo-bundle should be the same as a homotopy transition cocycle, as
given in [WS06, definition 2.5]. Moreover, if Zo is good, then our theo-
rem 8.1 shows that these fibrations are classified by |Ze|. Furthermore, |Z,|
should be weakly equivalent to BH(F') for reasonable F.
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8 Proof of theorem 3.4

In this section let Zo be any simplicial space. Through a series of lemmas
we will establish the following theorem:

Theorem 8.1 Assume that X has the homotopy type of a CW-complex, and

that Z, is good. Then geometric realization induces a bijection Con(X, Z,) —
(X, | Ze]].

Being careful with the definition of Z,-bundle, we get a sheaf of sets,
F. Thus it makes sense to compare the theorem above to [MWO04, proposi-
tion A.1.1]. We make stronger assumptions, but our classifying space |Z,| is
more accessible than their |F].

Of course we have the case Z, = A2C in mind, and when 2C is a good
topological 2-category, this condition is satisfied. Moreover, theorem 6.4
provide reasonable criteria for this. Thus we get a proof of the theorem 3.4.

In this section we shall prove the theorem above under the extra condition
that Z, satisfies the topological Kan condition. However, in the next section
we will use Quillen’s small object argument to generalize the theorem to its
stated form, see 9.10.

We are assuming that our base space X has the homotopy type of a CW-
complex. In the relative case we assume that A < X is a closed cofibration,
and that both A and X are homotopic to CW-complexes. As explained
above, results of [DI04] give a natural weak equivalence X « |U,| for any
ordered open cover U. Therefore, geometric realization gives a map

COD(X, Zo)rel A [Xv ‘Z‘Hrel A

We want to prove that this map is a bijection. The first step of the proof is
to reduce to the case where the base space X is a disk and A its boundary.

Lemma 8.2 If each Con(D", Z,) . gn-1 — [D",|Za]]
n >0, then Con(X, Z,) — [X,|Z.|] is a bijection.

rel gn—1 18 a surjection,

Proof:  Surjectivity for X x I relative to X x {0,1} yields injectivity
in the absolute case. Hence it is enough to show that Con(X, Ze)rel 4 —
(X, | Ze|] o1 4 1s surjective.

Since Con(—, Z,) and [—,|Z,|] both are homotopy functors, we can as-
sume that (X, A) is a relative CW-pair. By lemma 7.6 and the corresponding
result for [, |Z,]], it is enough to show surjectivity for each skeleton X* of
X.
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Now consider the diagram

Con(X¥, Za),g i1 —— [X*,|Z4]

l l

0
Con(XkaZo)relA — [Xka |Z0H

! !

Con(Xk_lyzo)relA L’ [Xk_17|ZoH

rel xXk-1
rel A

rel A

The columns are exact by corollary 7.5, and the corresponding result for ho-
motopy classes of maps. [ is surjective by induction hypothesis. Hence, U
is surjective, provided that we can show that [1 also is. By proposition 7.7,
this follows when Con(D¥, Z,),; gi-1 — [D¥,|Z[] ., gk-1 1s surjective. [

Let us introduce some notation in order to handle the technical diffi-
culties: Let D be the functor that assigns to the simplicial space Z, the
simplicial set with k-simplices the set of all maps o : AF — Z,. Thus
D(Z,) = 0 Sing, Zs. We also have a functor 7" which sends Z, to the simpi-
cial space whose space of k-simplices is Zop(A*, Z;). Notice that there are
natural simplicial maps

Ze — T(Zs) «— D(Z,)
In order to complete the proof of theorem 8.1, we look at the following
diagram:

n g n
COII(D 7T(Z°))rel gn—-1 ——— [‘D 7‘T(Z°)|]rel gn—1

DT TD
O
COH(Dn’ Z’)rel gn—1 EE— I:D’I’L’ ’Z°|]rel Sn—1

Our aim is to show that [0 is a surjection. Assume that Z, is good and
satisfies the topological Kan condition. Then lemma 8.3 below implies that [J
is a bijection. Lemma 8.7 below says that [J is surjective. At last theorem 9.9,
form the nest section, says that [0 also is surjective. Modulo showing these
lemmas, we have completed the proof.

Lemma 8.3 After taking geometric realization, we get that |Zs| is a strong
deformation retract of |T(Z,)|.

Proof: Given a point t = (¢g,...,t,) in the topological n-simplex A",
define the contraction at t to be the map ¢t : A™ x I — A" given by

ce(ug, ... un; s) = ((1 — s)ug + sto, (1 — s)ug + sty, ..., (1 — s)up + stp)
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Write ¢y s 1 A™ — A" when fixing some s € I. Suppose that ¢ : [m] — [n]
is an order preserving map. Let ¢, : A™ — A" be the induced map on
topological simplexes. Then the following diagram commutes:

AM % [ DX An T

4 e
A Y An

Let K be a topological space and define S(K ), to be the simplicial space hav-
ing n-simplices Zop(A™, K). Observe that the subspace of |S(K)e| spanned
by the constant maps o : A" — K is canonically identified with K. We
now claim that K is a strong deformation retraction of |S(K)|. To see this
define a map

H:|S(K)e| x I —|S(K)s|

as follows:
A point in |S(K).| is determined by a pair (o, t) where o : A™ — K and
t € A" Let
H(o,t;s) = (0cg,t)

Furthermore, if ¥ : [m] — [n] is order preserving, o : A" — K, and t € A™,
then (014, t) and (o, 1.t) are identified in the geometric realization |S(K ).
Computing in the geometric realization, we have

H(Uw*atS 5) = (U¢*Ct,s>t) = (Uczp*t,s@b*:t) = (Ucw*t,mw*t) = H(J, Pit; 3)

Hence, H is well-defined.

Now let K run through the spaces of k-simplices of Z,. By naturality
of H we get that |Z,| is a strong deformation retract of ||S(Zs)e||. On the
other side, the diagonal of the bisimplicial space S(Zs)e is T'(Z), and it is
well known that ||S(Ze)e|| is homeomorphic to |T'(Z,)|. Therefore, we see
that |Ze| is a strong deformation retract of |T'(Z,)|. O

Lemma 8.4 There is a natural map |D(Zs)| — | Z|, and this map is a weak
equivalence provided that Ze is good, i.e. all degeneracies are cofibrations.
Moreover, the diagram

ol

|Z] 1D(Z,
\ /
T(Z)]

commutes up to homotopy.
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Proof: The first part is well known, while the second part follows easily
from the proof of the previous lemma. O

Theorem 8.5 (Whitney) Every open subset of S"~1 is a CW-complex.

Proof: Every proper subset U of S~ embeds as an open subset of R? 1.
Consider meshes .#, in R"~! of cubes with side length 2%, such that ./
is a subdivision of .#;. Following [Whi34, section 8|, we can write U as a
union | J, K such that K consists of cubes in ., the interiors of the K’s
are mutually disjoint, and K, meets only K, 1 and K 1. This is a CW-
structure on U. O

In the lemma 8.6 below, we start out with a simplicial map Uy — T'(Z,)
and then attempt to improve it. Hence we need explicit descriptions of
such maps: Let U, be a simplicial space with free degeneracies. Then the
subspace Ny of Uy consisting of the non-degenerate simplexes is disjoint
from the degenerate simplexes. Moreover, N, forms a presimplicial space,
i.e. having all face maps, but without any degeneracy maps. Furthermore,
simplicial maps

Ue — T(Z)
are in one-to-one correspondence with presimplicial maps
Ne — T(Z,)

Recalling the definition of T'(Z,), we see that maps of the latter type can be
described by continuous maps ¢y, : Ni x A¥ — Z; such that the following
presimplicial coherence diagrams commute for all face maps d;:

Ok

NkXAk

N X Ak d;

w\

Ni_q X P = Z-1

Zy,

Lemma 8.6 Assume that Z, satisfies the topological Kan condition and U is
a good ordered open cover of S"~1. Then every simplicial map Uy — T(Z,)
is topologically homotopic to a map Us — D(Z,).
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Proof: Recall that the ordered Cech complex U, has free degeneracies.
The space of non-degenerate k-simplices is

Nk = H Uaon-ak 3

ap<---<og

and each Ni is a CW-complex by theorem 8.5. Moreover, each connected
component of N is contractible since U is a good cover. Hence, there exists
local contractions H* : N, x I — N, i.e. homotopies such that for z € Ny
we have H*(x,1) = x, whereas H*(x,0) is locally constant.

Let ¢y : Ny x A¥ — Z;. be a collection of maps that represents a simplicial
map Uy — T(Z,). By induction on k we will construct maps @, : N x I x
AF — Z, such that

Pp(r,1,t) = ¢p(z,t) for all x € N}, and t € A,

for t € AF fixed, the expression ®j(z,s,t) is locally constant as a

function Nj x [0, Tiz} — Z,, and
all presimplicial coherence diagrams for ¢, commute.

We begin by defining ®q. For € Ny, s € I and 1 € A® we define

¢o(H (7,25 — 1),1) if s >

Oy (z,s,1) = {qﬁo(HO(ac,O),l) ifs<

D= D=

Next, we construct ®; from ®;, i < k. This is done in four steps:
First step. In this step we will extend ¢y : Nj, x {1} x A¥ — Z; to a map

Py : (Nk X |:ki1,1:| X 8Ak) @] (Nk X {1} X Ak) — 2y,

We will do this by induction over the dimension of proper faces o of AF.
Given a face o, let I be the subset of [k] such that n € I if and only if
o is contained in the n’th (k — 1)-face of A¥. We can, by the induction
hypothesis, construct a diagram

ka<[%ﬂ,l]xaau{l}xa> —  Zy

| l

Nj, X [k—il,l} X o —— CAL(Z,)

where the lower map comes from the ®;, i < k. The vertical map on the
left side is a cellular inclusion between CW-complexes, and a homotopy
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equivalence. The topological Kan condition says that ci is a Serre fibration.

Hence, a lift exists, and we use this to define &, on Ny X [%ﬂ’ 1} X 0.
Second step. Let

1 k 1 k k
T |:k—|—1’1:| XA _>(|:k*_|_171:| X@A )U({l}XA )
be a retraction. For x € Ny, %—l—l <s<1,teAF, we define

Dy (x,s,t) = Pp(r(z,s,t))

where the ®; on the right side is defined by the previous step.
Third step. Recall that H* denoted a local contraction of Nj. Choose

a function f : [k%rz,k—il} — I such that f(k—b) =0 and f(%ﬂ) = 1. For

a:ENk,ﬁgsgl,teAk,Wenowdeﬁne

(I)k(l‘ s t) _ @k(x,s,t) if ﬁ < S,
O (H"(x, f(5)), %H,t) if %4*2 <s< %H

Again, the ®; on the right comes from the previous step. At this stage,
we should verify that the presimplicial coherence diagrams commute for s €

[k—_lﬂ, ﬁ} , i.e. we need to check the equality

d;®p(z,s,0;t) = Pp_1(d;z, s, t)

for all face maps d;, © € Nj, s as above and ¢t € A*~!. This is an easy
exercise using that equality holds for s = k%rl, and that when fixing t the

function ®_1(y, s, t) is locally constant on Ni_1 X [0, k%rl]

Final step. The steps above define ®; on Ng x [%ﬁ, 1} x A*. Now extend
the domain to all of Ny, x I x AF by

1

1
m,t) s fOI‘SSi.

(0] t) =
k(x787 ) k(xa k+2

This completes the construction of all ®;’s.

Since ®y(x,0,t) is locally constant for fixed t € AF, it follows that
®q(—,0,—) corresponds to a simplicial map U, — D(Z,). This completes
the proof of the lemma. O

Lemma 8.7 If Z, is good and satisfies the topological Kan condition, then
the map Con(D", T(Za)),y gn1 — (D", |T(Za)[],q gn-1 is surjective.
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Proof: Fix a T(Z,)-bundle £ over S"~! and let V denote the correspond-
ing ordered open cover. Since every point in D™ has an arbitrarily small
convex neighborhood, it is possible to find a good ordered open cover U of
D" such that the restriction of U to S"~! is a refinement of V. Let Uy
denote the restriction of & to S™~!. It is possible to construct an ordered
open cover V' over S"~! x I such that the restriction of V' to S~ x {0}
equals V, and the restriction of V' to S7~! x [%, 1] is the product of [%, 1] and
Up. Now extend & to a T'(Z,)-bundle gsn—lx[o,%} over §"~1 x [0, 1] subor-
dinate to the cover V. By lemma 8.6 we can assume that Egn-1 restricted
to S"~! x {1} is a D(Z,)-bundle represented by Uy and a simplicial map
¢ : (Us)e — D(Z).
Now consider the diagram

Ue. D(Z)ers ~ —— (D™ |D(Za)|]se g

o |5
Con(D"™, T(Za))gey sn-1t ——— [D™,|T(Za) [}, gn

Here [0 is given by gluing together an arbitrary map U, — Z, with the
T(Z,)-bundle Egn-1,; along the boundary. By theorem 5.3 D(Z,) is a Kan
complex. Since U, is good, it follows that 0 is a bijection. By lemma 8.4 it
follows that [ also is a bijection. Hence, O is surjective. O

9 Fibrant replacement

In this section we will show how to construct a fibrant replacement Z. for
any good simplicial space Z,. Moreover, the natural map Ze — Ze induces
a natural bijection Con(X, Z,) — Con(X, Z,).

An open cover U is finite and totally ordered if it comes with a finite
and totally ordered index set Z. Thus we may define Con™™*¢(X, Z,), and
correspondingly in the relative case. Over compact spaces there is no loss of
generality when using such covers:

Lemma 9.1 If X s compact and A a neighborhood deformation retract,
then the natural map Con/™ (X, Z4),e1 4 — Con(X, Za)rer 4 is a bijection
for all Z,.

Proof: It is sufficient to consider surjectivity when fixing a Z,-bundle €4
having a finite and totally ordered open cover. By compactness, any ordered
open cover of X has a finite refinement. Moreover, we may choose a total
ordering of the indexing set extending the already existing partial ordering.
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Corollary 9.2 Let Z, — W, be a map of simplicial spaces. If Conf™ (D™ Z4),e1 5 —
Con/™ (D™ W) o1 o is surjective for all n > 0, then Con(X, Ze)pei 4 —

Con(X, We) el 4 is a bijection for all pairs (X, A) of the homotopy type of a
CW-pair.

Lemma 9.3 Let W, be the pushout of A} «— Af’k — Zo. Then the natural
map Con(X, Z,) — Con(X, W,) is a bijection.

Proof: By the above corollary, it is enough to show surjevtivity in the
relative case

Con™(D™, Z), ¢ gm-1 — Con™(D™ Wy), gm—1

rel

Hence, we attempt to lift a We-bundle £ subordinate to a finite and totally
ordered open cover Y. We may assume that £ is collared. Let o denote the
(n — 1)-face of A7 which is missing in AD*. oy, is also an isolated point of
Wp—_1. Let N be the number of subsets S C 7 such that Ug = UaES U, maps
to a degenerate simplex over o;. Observe that IV is finite, and that £ lifts
to a Ze-bundle if N = 0. We will now give a construction of a concordant
We-bundle £ such that N decreases.

Let r be the largest integer such that there exists a increasing chain

ap < -+ < o, of indices such that Ug,...q,, maps to some degenerate simplex
over 0. This degenerate simplex is described by a surjective order preserving
map ¢ : {agp,...,a,} — [n — 1]. By the collaring of £ we may assume that

none of the U,,’s meet the boundary 0 = S™m=1 Define U, = Usgy--ap.- Let
Bo, - .-, Bs be all indices 3 such that Ug N U, is non-empty. Without loss of
generality, we may assume that the 3’s are ordered increasingly. Moreover,
if Ris {ag,...,q,, 3}, then Ur maps to a degenerate simplex over the non-
degenerate n-simplex ¢ € A — W,,. Thus we have a diagram

{avp< <oy} —— {aw< - <oy <fp< - <P <ajy1 < <oy}

ﬂ lé
[n—1] — ]
Here qAS must map each 3; to k, otherwise we would violate our assumption
on 7. Let us now define a new ordered open covering U’ by adding one
additional open set, namely U, = V with a; < v < . We can extend
the We-bundle to U’ by declaring that U should map to the simplex of A?
given by 0 : R — [n] where 0(y) = k and otherwise 6 agrees with ¢.
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Now take a partition of unity {4} subordinate to the original cover U.
We proceed to define a refinement U” of U’ = U U{U,}. For all § € ZTU{~}
not of the form a; we set U}, = U,. Let U/ be the set

{#] Yo (2) > % (Yao (@) + -+ + Vo, s () + Yoy (@) + -+ ¥, (2))

We check that this is a cover: Take a point x. If all ¥y, (z) = 0, then x
lies in some U/ = U, for a € T N~ {ap,...,ar}. If ¥o,(x) = 9o, (z) =
<o+ =g, (x) > 0, then z lies in U,. Otherwise, there exists an j such that
Yo, (1) > 1o, (x) for all i, and the inequality is strict at least for one i. This
implies that = € UZJ_. Moreover, the intersection (); Uc/x/i is empty. This can
be seen by taking the sum over all the inequalities. Thus we have a new
We-bundle with reduced integer N. O

Lemma 9.4 Let N, be the non-degenerate part of the Cech complex corre-
sponding to a finite and totally ordered open covering. The following proper-
ties are satisfied:

o There exists an integer K so that Ny =0 for k > K.

o Ifdi(x) =dj(y) € Ny, i < j there is an z € Nyqo such that y = di(z)
and v = dj11(2).

e The obvious map

d;
H Ni11 O, Uidi(Ng+1) € Ni
0<i<kt1

18 a quotient map.

Proof: Chose K to be the number of elements in the cover. The next
two statements are general properties of the non-degenerate part of a Cech
complex.

Addressing the last statement, we consider a subset V of Ny such that
all d; (V) are open in Ny, 1. We have to show that V N (Uidi(Ng, 1)) is
open. We can assume that V' is a subset of some Uy,...o,,. Notice that all
V' N Up are open for 3 # «;. The result follows since U;d;(Nf, ;) equals the
finite union {Jg,, (V N Up). O

The following lemma plays the role of “a homotopy extension property”

for the inclusion U;d;(Ngy1) < Ng. In a vague sense this is dual to Segal’s
defintion of a good simplicial space, [Seg74].

40



Lemma 9.5 Let U be a finite and totally ordered open cover, let Ny be the
non-denerate part of its ordered Cech complex, let Z be any space, and let
G : (Uidi(Nk11)) x I — Z be a homotopy which agrees with a map g :
N — Z for 0 € I. Then there exists a refinement U of U and a homotopy
G¢: Nfx 1 — Z such that G* agrees with G on (Ud;(Nf 1)) x I and with g
on N x {0}. Moreover, if t — G(x,t) is constant for some x € U;d;(Nf, ),
then t — G(z,t) is also constant.

Proof: Choose a partition of unity 1, subordinate to the finite and totally
ordered cover U. For € > 0 let U¢ be the collection of all open sets ¥, * (e, 1].
If € is small, € < ﬁ, where |Z] is the number of open sets in U, then U€ is
again a cover.

Now define a map ¢ : N, — I as follows: On the intersection Uy...q,
let ¢ be the sum Zﬂ;ﬁai 1g. Notice that the support of ¢ is contained in
Uidi(Nj41), and that ¢~ (€, 1] is Usd; (Nf_,).

Define a homotopy G NpyxI—Z by the formula:

g(x if x & U;d;i(Ng41),
G(z,t) = ¢ G(z,t) if © € U;d;(Ngs1) and ¢(x) > €, and
G(x, w(f) t) if z € U;d;(Ngy1) and ¢(z) < e.
Let G€ be the restriction of G€ to Ngx 1. O

Theorem 9.6 Let i : Zg — W, be a map of simplicial spaces with the
property that each iy, : Z, — Wy is the inclusion of a strong deformation
retract. Suppose that U, is the Cech complex of a finite and totally ordered
open cover. Let h: Uy — W, be a simplicial map. There exist a refinement
U of U together with simplicial maps g : U§ — Zo and F : U x I — W,
with the properties that F(x,1) = i(g(x)) and F(x,0) = h(z). Moreover, if
h takes x € Uf, to Zy, then t — F,(z,t) is constant.

Proof: It is enough to consider the non-degerenate part No of U,, i.e. we
can reformulate the question in the category of presimplicial spaces.

We construct these by downward induction on the simplicial degree. As-
sume that we have constructed a refinement U of U/ and a map in the
category of presimplicial spaces.

F" . Nvx T — W,

such that F"(x,0) = h(z) and F"(N;" x {1}) C Z;, for all k > n. To com-
plete the inductive step and define F™*~ 1, it suffices to construct a refinement
U1 of U and a map of presimplicial spaces G : No" ' x I — W, with
the following properties:
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o Gi(z,0) = FJ'(x,1).
o Gi(x,t) = F)(x,1)if k > n.
o Gu(z,1) € Z, CW,,.

Then we obtain F"~! by composing the homotopy F™ with the homotopy
G

For k > n, the conditions already define G;. We define G,, : N;» x I —
W, as follows: Let H : W,, x I — W, be the deformation retraction into Z,,
and let Gy, (z,t) = H(F(z,1),1).

Since Fyp1(Nyy x {1}) C Zpq1, for each 4, 0 <4 < n+ 1, we get a
commutative diagram

Nyny x I N x I

lanLl lGn
d; ;

Zn+1 - Zn i Wn

Thus G clearly satisfies the conditions, except for that we have not yet
defined Gy, for k& < n. The conditions these maps have to satisfy are that
the maps G, for 0 < k, define a presimplicial map, and the compatibility
condition that Gy(x,0) = F}*(x,1). Everything else is already taken care of.
We define G, by downward induction on k, using lemma 9.5.

To be precise, assume that we have descended to stage k + 1. We have
defined Gy41, and want to proceed to define Gi. At each stage we have
to shrink our cover. Thus Gy is defined on NZ’_”;_”{“ x I. Here Ng™**!
corresponds to a refinement Un-k+1 of Yk+2, The G we seek should be
compatible with F}’, and make the following diagram commute for each ¢,
0<i<k+1:

d;

Nk+1 x I Nk x I
I
le‘Fl | G
d; Y
Wit Wi

Because of the second statement of lemma 9.4, there is a well defined set
map G} : Uogigkﬂdi(N;j_”f“ x I) — W}, such that the following diagram
comimutes:

€n,k+1 d; €n,k+1
N X [ —% UOSiSk—i—ldi(NkJrl X I)

leH \Lék
d;

Wi,
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According to the last statement of lemma 9.4, the map G}, is a continuous
map. By lemma 9.5, we can find a refinement U+ of the cover U~++1 such
that an extension in the diagram

Uidi(N/z:tlf x {0})

|

NF x {0}

Uidi(N,z’jr”f x I)

exists. This completes the inductive step, and the proof of everything except
the last part. However, tracing the proof it is easily seen that all homotopies
fix points = € Uf, having h,(z) € Z,. O

Corollary 9.7 Assume thati: Ze — W is as above. Let A C X be a closed
cofibration, and assume that (X, A) has the homotopy type of a CW-complex.
Then

COH(X7 Zo)rel A COD(X; Wo)rel A

s a bijection.

Proof: By corollary 9.2 it is sufficient to consider surjectivity in the relative
case
Con™t(D™ 7)) 1 gm-1 — Con™ (D™ W) | gm-1

Here we have fixed a Z,-bundle £ over S™~ L. Let Uy be the cover of S~ !
corresponding to £y. Without loss of generality it is enough to lift a W,-
bundle £V collared with respect to i,Ey. The theorem above constructs a
lifting £2. However, £Z agrees with £ only on a refinement Us of Uy. This
is not a problem, since we can extend £4 by gluing onto it the collar of £. O

Corollary 9.8 Let A C X be a closed cofibration, and assume that (X, A)
has the homotopy type of a CW-complex. Then the functor Con(X, Ze)rel A
1s invariant under topological homotopy of Z,.

Proof: The map Z, ‘o, Ze x I is in each degree a strong deformation
retraction. 0

43



Theorem 9.9 Let A C X be a closed cofibration, and assume that (X, A)
has the homotopy type of a CW-complex. Consider f : Zoe — W,, a map
of simplicial spaces such that each f, is a homotopy equivalence. Then f
induces a bijection

J: COH(X, Zo)rel A COU(X7 W-)rel A

Proof:  Let M, be the degreewise mapping cylinder of f. There are
inclusions of degreewise strong deformation retracts i¥ : Zo, C M, and
i : W, C M,. Moreover, the map i o f is homotopic to i?. The theorem
holds for iy and iz by corollary 9.7. By corollary 9.8 i¢ and iV o f in-
duce the same map of concordance classes. Hence, we obtain a commutative
diagram, which proves the claim for f,.

COH(X, Mo)rel A

~ ~

(i%)+ W),

f*

COH()(7 Zo)rel A COH(X, Wo)rel A

O

Corollary 9.10 Let X be a topological space having the homotopy type of
a CW-complex, and let Zo be a good simplicial space, then there exists a
simplicial space Zo together with a simplicial map Ze — Ze such that the
induced maps Con(X, Zs) — Con(X, Zs) amd [X,|Zs|] — [X,|Z|] both are
bijections. Moreover, Zo satisfies the topological Kan condition.

Proof: Let F be the set of maps between simplicial spaces consisting of
the family
{AVF =AY}
and the family
{D™ x I x AMF U b {0} AT- D™ x Ay — D™ x I x A}

We may preform Quillen’s small object argument on the map Z, — * with
respect to this set F, see [DS95, proposition 7.17]. This produces a fibrant
replacement Z. of Z, together with a simplicial map Z, — Z.. Z. — % has
the right lifting property with respect to all maps in F. Hence Z satisfies the
topological Kan condition. The geometric realizations of Z, and Z, are obvi-
ously weakly equivalent. Moreover, the lemma 9.3 and theorem 9.6 ensures

that Con(—, Z,) and Con(—, Z,) are in natural one-to-one correspondence.
(]
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