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Prodlogo

Esta memoria de tesis doctoral es presentada por D. Benjamin Alarcén Heredia para
optar al titulo de Doctor en Matematicas por la Universidad de Granada, dentro del
programa oficial de Doctorado en Fisica y Matematicas (FisyMat). Se realiza por
tanto de acuerdo con las normas que regulan las ensefianzas oficiales de Doctorado
y del Titulo de Doctor en la Universidad de Granada, aprobadas por Consejo de
Gobierno de la Universidad en su sesion de 2 de Mayo de 2012, donde se especifica
que “la tesis doctoral consistird en un trabajo original de investigacion elaborado por
el candidato en cualquier campo del conocimiento que se enmarcard en alguna de las
lineas del programa de doctorado en el que esta matriculado. Para garantizar, con
anterioridad a su presentacion formal, la calidad del trabajo desarrollado se aportard,
al menos, una publicacion aceptada o publicada en un medio de impacto en el ambito
de conocimiento de la tesis doctoral firmada por el doctorando, que incluya parte de
los resultados de la tesis. La tesis podra ser desarrollada y, en su caso, defendida, en
los idiomas habituales para la comunicacion cientifica en su campo de conocimiento.
Si la redaccion de la tesis se realiza en otro idioma, deberd incluir un resumen en
espanol.”.

La presente memoria ha sido redactada en base a cuatro articulos de investigacién,
todos ellos publicados entre los anos 2012-2015 [38, 45-47], que se han seleccionado
tenido en cuenta sobre todo su coherencia tematica, pero también su extension en
orden a que la tesis tenga un tamano razonable. Todas estas publicaciones han apare-
cido en revistas de relevancia internacional en los a&mbitos de la Teoria de Categorias,
la Topologia Algebraica y la Teoria de Homotopia y estructuras algebraicas asociadas,
referenciadas todas ellas en el Journal of Citations Reports e incluidas en las bases de
datos MathSciNet (American Mathematical Society) y Zentralblatt fiir Mathematik
(European Mathematical Society).

Para optar a la mencion internacional en el titulo de doctor, la mayor parte de la
memoria estd escrita en inglés, idioma que actualmente es de mayoritario uso en la
comunicacion cientifica en el ambito de las matematicas, respetando asi el idioma en
que los articulos de investigacién recopilados han sido publicados. Al redactarse en
una lengua no oficial, sin embargo, incluimos un resumen también en espanol.

Los resultados novedosos presentados en la memoria han sido obtenidos a lo largo
de los ultimos anos bajo la supervisién del Dr. Antonio Martinez Cegarra en el Depar-
tamento de Algebra de la Universidad de Granada. En este tiempo, el doctorando ha
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iv Prélogo

sido alumno del Programa Oficial de Doctorado en Fisica y Mateméticas (FisyMat);
desde Septiembre de 2011 ha disfrutado de una Beca de Formacién de Profesorado
Universitario (FPU: AP2010-3521), financiada por el Ministerio de Educacién, Cul-
tura y Deportes espaifiol, y ha realizado sus investigaciones en el marco del Grupo
de Investigacion FQM-1668, financiado por la Junta de Andalucia, y del Proyecto de
Investigacién MTM2011-22554, financiado por la Direccién General de Investigacion
del gobierno de Espafia. Durante los meses de Julio, Agosto y Septiembre de 2013,
el doctorando realizé una estancia de investigacién en el Centre of Australian Cate-
gory Theory, en la Macquarie University (Sidney, Australia), y durante los meses de
Septiembre, Octubre y Noviembre de 2014, realizé una otra estancia en la School of
Mathematics and Statistics, University of Sheffield (Reino Unido).
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Abstract

After the seminal paper by Quillen [109] in 1973, the homotopy theory of categorical
structures has become a relevant part of the machinery of algebraic topology and al-
gebraic K-theory, and this work contributes to clarifying several relationships between
certain higher categories, the homotopy types of their classifying spaces (or geometric
realizations) and some classical homotopical constructions applied to these homotopy
types.

Higher categorical structures provide a powerful tool for the study of several areas
of mathematics. See the recent book Toward Higher Categories [8], which provides
a useful background for this subject. They also find applications in areas such as
theoretical physics and computer science, since they appear in the study of topological
quantum field theories (see for example [6]), or more recently, they serve as a starting
point for the Univalent Foundations program in the study of homotopy type theory
[122].

This thesis consists of four main chapters presenting the results obtained, and a
conclusion chapter in Spanish. All chapters can be read independently, although most
of the terminology and some technical arguments are shared between them. Apart
from a few minor notational changes that have been made to unify our presentation,
and that the full bibliography has been collected at the end of the thesis, Chapter 1 has
appeared as [46] in the journal Applied Categorical Structures (2012), Chapter 2 as [45]
in Algebraic and Geometric Topology (2014), Chapter 3 as [38] in Journal of Homotopy
and Related Structures (2014), and Chapter 4 as [47] in Theory and Applications of
Categories (2015).

In Chapter 1, we deal with certain double categories which model homotopy 2-
types. A small double category (defined by Ehresmann around 1963 [62, 63]) can be
interpreted as a set of ‘squares’, whose vertices are objects and whose edges are two
different kinds of morphisms —vertical and horizontal—, with two category compositions
—the vertical and horizontal ones—, together with compatible category compositions
of the morphisms, obeying several conditions. Any (small) double category admits a
double nerve construction, which in a very standard way can be made into a simplicial
set, and therefore into a topological space, its geometric realization or classifying space.
The simplicial set obtained this way is not a Kan complex, and to some extent it is
hard to work with it. Nevertheless, a necessary and sufficient condition on a double
category to obtain a Kan complex through its double nerve is actually very simple to



2 Abstract

formulate: it must be a double groupoid satisfying the filling condition. This condition
says that any pair of arrows, one vertical and the other horizontal, with a common
vertex occurs in the boundary of a square of the double groupoid. This fact can be
seen as a higher version of the well-known fact that the nerve of a category is a Kan
complex if and only if the category is a groupoid.

Any such double groupoid with filling condition characteristically has associated to
it homotopy groups, which are defined using only its algebraic structure. Thus arises
the notion of weak equivalence between such double groupoids, and a corresponding
homotopy category is defined. A main result here states that the geometric realization
functor induces an equivalence between the homotopy category of double groupoids
with filling condition and the category of homotopy 2-types (that is, the homotopy
category of all topological spaces with the property that the n*® homotopy group at
any base point vanishes for n > 3). A quasi-inverse functor is explicitly given by
means of a new homotopy double groupoid construction for topological spaces.

Chapter 2 deals with small tricategories, as introduced by Gordon, Power, and
Street in their 1995 AMS Memoir paper [69]. They were aware that strict 3-groupoids
do not model homotopy 3-types, and thus the aim of their work was to create an
explicit definition of a weak 3-category, which would not be equivalent (in the ap-
propriate three-dimensional sense) to that of a strict 3-category. Our results here
contribute to the study of classifying spaces for (small) tricategories, with applica-
tions to the homotopy theory of monoidal categories, bicategories, braided monoidal
categories, and monoidal bicategories. Any tricategory has associated various sim-
plicial or pseudo-simplicial objects, and we explore the relationship between three of
them: the pseudo-simplicial bicategory so-called Grothendieck nerve of the tricategory,
the simplicial bicategory termed its Segal nerve, and the simplicial set called its Street
geometric nerve. We prove the fact that the geometric realizations of all of these
‘nerves of the tricategory’ are homotopy equivalent. Any one of these realizations
could therefore be taken as the classifying space of the tricategory. Nevertheless, each
of them clarifies different aspects of the theory. These nerves have been used recently
by Buckley, Garner, Lack and Street in their work on skew-monoidal categories [34].

The Grothendieck nerve construction serves as a generalization for the triple nerve
of a strict 3-category. The Segal nerve allows us to prove that, under natural require-
ments, the classifying space of a monoidal bicategory is, in a precise way, a loop space.
With the use of Street geometric nerves, we obtain simplicial sets whose simplices have
a pleasing geometrical description in terms of the cells of the tricategory, and we can
make precise the form in which the classifying space construction transports tricate-
gorical coherence to homotopy coherence. We also prove that, via this construction,
bicategorical groups are a convenient algebraic model for path-connected homotopy
3-types, that is, spaces whose n'® homotopy groups vanish for n > 4.

In the next Chapters 3 and 4, we change from modeling homotopy types to use our
algebraic models in some homotopy constructions usually applied to them. More pre-
cisely, we are interested in homotopy pullbacks. General limits and colimits associated
with a diagram, which include the notion of pullback, are a powerful tool in category



theory, with uncountable applications. Sadly, they behave poorly in homotopy theory.
That is, if we replace our original diagram by a weak homotopy equivalent diagram,
the corresponding limits, or colimits, are not necessarily weak homotopy equivalent.
That is why homotopy limits and colimits are studied.

Theorems A and B (due to Quillen [109]) are the starting point for Quillen’s
homotopy-theoretic description of higher algebraic K-theory, and they are now two of
the most important theorems in the foundations of homotopy theory. Chapter 3 of the
thesis focuses on generalizations of these theorems to lax functors between bicategories
(defined by Bénabou around 1967 [15]), which cover both (lax) monoidal functors be-
tween monoidal categories and (lax) functors between 2-categories. In our theorems,
we use a construction of homotopy-fiber bicategories of a lax functor between bicat-
egories, a naive bicategorical emulation of the topological construction of homotopy
fibers of continuous maps, which is, however, subtle. In fact, we prove that, under nat-
ural necessary conditions, the classifying space of each homotopy-fiber bicategory is
actually homotopy equivalent to the homotopy-fiber of the induced continuous map on
classifying spaces by the lax functor (Theorem B). In particular, when all homotopy-
fiber bicategories have contractible classifying spaces, the continuous map induced by
the lax functor is a homotopy equivalence (Theorem A).

We should stress that the process of taking homotopy-fiber bicategories of lax
functors is more complicated than for categories and ordinary functors, since we are
forced to deal with lax bidiagrams of bicategories with the shape of a given bicategory,
which are a type of trihomomorphism from the shape bicategory into the tricategory of
bicategories. A higher Grothendieck construction on such bidiagrams leads us to state
and prove a higher version of Quillen’s Homotopy Lemma [109] that, as it happens
for the ordinary case of functors between categories, is a key result here.

Going further, in Chapter 4 we deal with general homotopy pullbacks. For any
cospan of bicategories in which one leg is a lax functor, and the other one an oplax
functor, we construct a homotopy-fiber product bicategory and prove that, under rea-
sonable necessary conditions, the classifying space of this homotopy-fiber product
bicategory is naturally homotopy equivalent to the ordinary homotopy-fiber product
space of the induced cospan of spaces obtained by taking classifying spaces. Our main
theorem here generalizes the bicategorical Quillen’s Theorem B of Chapter 3, and ex-
tends recent similar results for spans of categories by Cisinski (2006) [55] and Barwick
and Kan (2011) [13]. We should mention that the category of (strict) 2-categories and
2-functors has a Thomason model structure, as was first announced by Worytkiewicz,
Hess, Parent and Tonks (2007) [125] and fully proved by Ara and Maltsiniotis (2014)
[2], such that the classifying space functor induces an equivalence of homotopy theo-
ries between 2-categories and topological spaces. Hence, our results when restricted
to 2-categories find a natural interpretation in terms of homotopy pullbacks relative
to its Thomason model structuture. Similarly, thanks to the equivalence between the
category of crossed modules (over groupoids) and the category of 2-groupoids, they
find an application in this setting in terms of the model structure of crossed com-
plexes by Brown and Golasinski (1989) [26]. Also, since any monoidal category can be



4 Abstract

regarded as a bicategory with only one 0-cell, our results are applicable to monoidal
categories and we dedicate a part of the chapter to do this.

Chapter 4 also includes some new results concerning classifying spaces of bicate-
gories, which are needed here to obtain the aforementioned results about homotopy-
fiber products. The development of the work above is a great example of how useful
it is to establish the relationship between the different nerves of bicategories, in order
to be able to work both with lax and oplax functors at the same time. The Street
geometric nerve of a bicategory is usually the simplest one to work with, but it is only
functorial with respect to lax functors. There is however an op-geometric nerve, which
is functorial with respect to oplax functors. Then, in the Appendix of Chapter 4, we
complete the work by Carrasco, Cegarra and Garzén [41] by proving new naturality
results for the comparisons of nerves of bicategories. The results here are obtained
following ideas used in Chapter 2 for the study of nerves of tricategories.



Chapter 1

Double groupoids and homotopy
2-types

1.1 Introduction and summary.

Higher-dimensional categories provide a suitable setting for the treatment of an exten-
sive list of subjects of recognized mathematical interest. The construction of nerves
and classifying spaces of higher categorical structures discovers ways to transport
categorical coherence to homotopic coherence, and it has shown its relevance as a
tool in algebraic topology, algebraic geometry, algebraic K-theory, string field theory,
conformal field theory, and in the study of geometric structures on low-dimensional
manifolds.

Double groupoids, that is, groupoid objects in the category of groupoids, were
introduced by Ehresmann [62, 63]) in the late fifties and later studied by several
people because of their connection with several areas of mathematics. Roughly, a
double groupoid consists of objects, horizontal and vertical morphisms, and squares.
Each square, say «, has objects as vertices and morphisms as edges, as in

lot

<

together with two groupoid compositions -the vertical and horizontal compositions-
of squares, and compatible groupoid compositions of the edges, obeying several condi-
tions (see Section 1.3 for details). Any double groupoid G has a geometric realization
(or classifying space) BG, which is the topological space defined by first taking the
double nerve N(QQ , which is a bisimplicial set, and then realizing the diagonal to obtain
a space: BG = \diagN(Qg]. In this chapter, we address the homotopy types obtained
in this way from double groupoids satisfying a natural filling condition: Any filling

5



6 Chapter 1. Double groupoids and homotopy 2-types

problem
- .
i
<

finds a solution in the double groupoid. This filling condition on double groupoids is
often assumed in the case of double groupoids arising in different areas of mathematics,
such as in differential geometry or in weak Hopf algebra theory (see the papers by
Mackenzie [102] and Andruskiewitsch and Natale [1], for example), and it is satisfied
for those double groupoids that have emerged with an interest in algebraic topology,
mainly thanks to the work of Brown, Higgins, Spencer, et al., where the connection
of double groupoids with crossed modules and a higher Seifert-van Kampen Theory
has been established (see, for instance, the survey paper [24] and references therein).
Thus, the filling condition is easily proven for edge symmetric double groupoids (also
called special double groupoids) with connections (see, for example [27, 31] or [25, 30,
32], for more recent instances), for double groupoid objects in the category of groups
(also termed cat?-groups, [37, 98, 107]), or, for example, for 2-groupoids (regarded as
double groupoids where one of the side groupoids of morphisms is discrete [106],[79]).

When a double groupoid G satisfies the filling condition, then there are character-
istically associated to it ‘homotopy groups’, m;(G, a), which we define using only the
algebraic structure of G, and which are trivial for integers ¢ > 3. A first major result
states that:

If G is a double groupoid with filling condition, then, for each object a,
there are natural isomorphisms m;(G,a) = m;(BG,Ba), i > 0.

The proof of this result requires a prior recognition of the significance of the filling
condition on double groupoids in the homotopy theory of simplicial sets; namely, we
prove that

A double category C is a double groupoid with filling condition if and only if
the simplicial set diagonal of its double nerve, diagN<2C, is a Kan complex.

This fact can be seen as a higher version of the well-known fact that the nerve of
a category is a Kan complex if and only if the category is a groupoid (see [85], for
example).

Once we have defined the homotopy category of double groupoids satisfying the
filling condition Ho(DG¢.), to be the localization of the category of these double
groupoids, with respect to the class of weak equivalences or double functors F' : G — G’
inducing isomorphisms m; F : 7;(G,a) = 7;(G’, Fa) on the homotopy groups, we then
obtain an induced functor

B : Ho(DGy¢.) — Ho(Top), G +— BG,
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where Ho(Top) is the localization of the category of topological spaces with respect to
the class of weak equivalences. Furthermore, we show a new functorial construction of
a homotopy double groupoid H(2X, for any topological space X, that induces a functor

Ho(Top) — Ho(DGy.), X — II"X.

A main goal in this chapter is to prove the following result, whose proof is somewhat
indirect since it is given through an explicit description of a left adjoint functor,
P 4 N(Q, to the double nerve functor G — N(QQ’:

The functors G — BG and X — X induce mutually quasi-inverse equiv-
alences
Ho(DGy.) ~ Ho(2-types),

where Ho(2-types) is the full subcategory of the homotopy category of topological
spaces given by those spaces X with m;(X,a) = 0 for any integer i > 2 and any base
point a. From the point of view of this fact, the use of double groupoids and their
classifying spaces in homotopy theory goes back to Whitehead [124] and Mac Lane-
Whitehead [101] since double groupoids where one of the side groupoids of morphisms
is discrete with only one object (= strict 2-groups, in the terminology of Baez [7])
are the same as crossed modules (this observation is attributed to Verdier in [31]).
In this context, we should mention the work by Brown-Higgins [27] and Moerdijk-
Svensson [106] since crossed modules over groupoids are essentially the same thing
as 2-groupoids and double groupoids where one of the side groupoids of morphisms
is discrete. Along the same line, our result is also a natural 2-dimensional version
of the well-known equivalence between the homotopy category of groupoids and the
homotopy category of 1-types (for a useful survey of groupoids in topology, see [23]).

The plan of this chapter is, briefly, as follows. After this introductory Section 1.1,
the chapter is organized in six sections. Section 1.2 aims to make this chapter as self-
contained as possible; hence, at the same time as fixing notations and terminology, we
also review necessary aspects and results from the background of (bi)simplicial sets
and their geometric realizations that will be used throughout the thesis. However, the
material in Section 1.2 is quite standard, so the expert reader may skip most of it.
The most original part is in Subsection 1.2.2, related to the extension condition on
bisimplicial sets. In Section 1.3, after recalling the notion of a double groupoid and
fixing notations, we mainly introduce the homotopy groups m;(G, a), at any object a of
a double groupoid with filling condition G. Section 1.4 is dedicated to showing in detail
the construction of the homotopy double groupoid n°x , characteristically associated
to any topological space X. Here, we prove that a continuous map X — Y is a weak
homotopy 2-equivalence (i.e., it induces bijections on the homotopy groups m; for
i < 2) if and only if the induced double functor %X — %Y is a weak equivalence.
Next, in Section 1.5, we give a manageable description for the bisimplices in N(2g,
the double nerve of a double groupoid, and then we determine the homotopy type of
the geometric realization BG of a double groupoid with filling condition. Specifically,
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we prove that the homotopy groups of BG are the same as those of G. Our goal in
Section 1.6 is to prove that the double nerve functor, G — N<2g , embeds, as a reflexive
subcategory, the category of double groupoids satisfying the filling condition into a
certain category of bisimplicial sets. The reflector functor K +— P®K works as a
bisimplicial version of Brown’s construction in [25, Theorem 2.1]. Furthermore, as we
will prove, the resulting double groupoid PCK always represents the homotopy 2-type
of the input bisimplicial set K, in the sense that there is a natural weak 2-equivalence
|K| — BP“K. This result becomes crucial in the final Section 1.7 where, bringing into
play all the previous work, the equivalence of categories Ho(DGg.) ~ Ho(2-types) is
achieved.

1.2 Some preliminaries on bisimplicial sets.

This section aims to make this chapter as self-contained as possible; therefore, while
fixing notations and terminology, we also review necessary aspects and results from
the background of (bi)simplicial sets and their geometric realizations used throughout
the thesis. However, the material in this section is quite standard and, in general, we
employ the standard symbolism and nomenclature to be found in texts on simplicial
homotopy theory, mainly in [68] and [104], so the expert reader may skip most of it.
The most original part is in Subsection 1.2.2, related to the extension condition and
the bihomotopy relation on bisimplicial sets.

1.2.1 Kan complexes: Fundamental groupoids and homotopy
groups.

We start by fixing some notations. In the simplicial category! A, the generating
coface and codegeneracy maps are denoted by d': [n — 1] — [n] and s': [n + 1] — [n]
respectively. However, for L : A°® — Set any simplicial set, we write d; = L(d") :
L, — L,_1 and s; = L(si) : L, — Lp4q for its corresponding face and degeneracy
maps.

The standard n-simplez is Aln] = A(—,[n]) and, as is usual, we identify any
simplicial map x: A[n] — L with the simplex x(1y,)) € Ly, the image by x of the
basic simplex 1,,) =id: [n] — [n] of Aln]. Thus, for example, the it"-face of Aln]
is d' = A(—,d') : A[n — 1] — Aln], the simplicial map with d'(1j,1)) = di(1[)-
Similarly, s*=A(—,s"): A[n + 1] — A[n] is the simplicial map that we identify with
the degenerated simplex s;(1p,)) of A[n].

The boundary 0A[n] C Aln] is the smallest simplicial subset containing all the
faces d : Aln — 1] — A[n], 0 < i < n, of A[n]. Similarly, for any given k with

!Throughout this chapter we use the convention that there is a morphism j — i for every i < j in
[n]. This convention is different in the others chapter of the thesis and it only amounts to changing
certain subindices. We decided to maintain it as in the original published paper to avoid introducing
potential errors in the formulas.
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0 < k < n, the k"-horn, A*[n] C Aln], is the smallest simplicial subset containing all
the faces d': Aln — 1] — Aln] for 0< i< n and i # k. For a more geometric (and
useful) description of these simplicial sets, recall that there are coequalizers

|| An-21= || Aln-1]— dAn), (1.1)
0<i<j<n 0<i<n
and
|| Ar-21= || AR-1— An], (1.2)
0<i<j<n 0<i<n
it k#j itk

given by the relations d/d’ = d'd?~! if i <j.
A simplicial set L is a Kan complex if it satisfies the so-called extension condition.
Namely, for any simplicial diagram

A [n] — L
Aln]

there is a map A[n] — L (the dotted arrow) making the diagram commute.

In a Kan complex L, two simplices =, 2’ : A[n] — L are said to be homotopic
whenever they have the same faces and there is a homotopy from z to 2/, that is, a
simplex y: A[n + 1] — L making this diagram commutative

(mdosn—l’ ’mdn—lsn—l’ z, (E/)

O0A[n + 1] L.

| y

Aln +1]

Being homotopic establishes an equivalence relation on the simplices of L, and we
write

[z] (1.3)

for the homotopy class of a simplex x. A useful result is the following;:

Fact 1.1 Lety,y :Aln+1] — L be two simplices such that [yd'] = [y'd"] for all i # k;
then [yd¥] = [y'd¥].
The fundamental groupoid of L, denoted by
PL, (1.4)

also called its Poincaré groupoid, has objects the vertices a: A[0] — L, and a morphism
[z]: @ — b is the homotopy class of a simplex x: A[1] — L with 2d° = a and xd' = b.
The composition in PL is defined by

[2] o [+'] = [yd"),



10 Chapter 1. Double groupoids and homotopy 2-types

where y : A[2] — L is any simplex with yd?> = z and yd® = 2/, and the identities are
1 = [as"].

The set of path components of L, denoted by moL, is the set of connected compo-
nents of PL, so it consists of all homotopy classes of the 0-simplices of L. For any
given vertex of the Kan complex a:A[0] — L, mo(L,a) is the set 7oL, pointed by [a],
the component of a. The group of automorphisms of @ in the fundamental groupoid
of L is m(L,a), the fundamental group of L at a. Furthermore, denoting every com-
posite map A[m] — A[0] % L by a as well, the n'® homotopy group m,(L,a) of L at
a consists of homotopy classes of simplices z: A[n] — L for all simplices = with faces
xd' = a, for 0< i< n. The multiplication in the (abelian, for n> 2) group 7, (L, a) is
given by

[2] o [2] = [yd"],

where y:A[n + 1] — L is a (any) solution to the extension problem

L.

] (a,a,2",—, )
_—

AN'n+1

Aln +1]
The following fact is used several times throughout the chapter:

Fact 1.2 Let L be a Kan complex and n an integer such that the homotopy groups
(L, a) vanish for all base vertices a. Then, every extension problem

OA[n+1]——=1L

Aln +1]
has a solution. In particular, any two n-simplices with the same faces are homotopic.

We shall end this preliminary subsection by recalling that two simplicial maps
f,9:L — L' are homotopic whenever there is a map L x A[l] — L’ which is f on
L x0 and g on L x 1. The resulting homotopy relation becomes a congruence on
the category KC of Kan complexes, and the corresponding quotient category is the
homotopy category of Kan complezes, Ho(KC). A map between Kan complexes is a
homotopy equivalence if it induces an isomorphism in the homotopy category. The
following result is known as Whitehead’s theorem for Kan complexes:

Fact 1.3 A simplicial map between Kan complexes, L — L', is a homotopy equiva-
lence if and only if it induces an isomorphism m;(L,a) = m;(L', fa) for all base vertex
a of L and any integer i > 0.
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1.2.2 Bisimplicial sets: The extension condition and the
bihomotopy relation.

It is often convenient to view a bisimplicial set K : A°P x A°? — Set as a (horizontal)
simplicial object in the category of (vertical) simplicial sets. For this case, we write
dt=K(d',1):Kp, — Kp-1,4 and s =K(s!,1) : K, , — Kpi1,4 for the horizontal face
and degeneracy maps, and, similarly d = K(1, d’) and sy = K(1, s7) for the vertical
ones.

For simplicial sets X and Y, let XxY be the bisimplicial set with (XxY),, =
X, xY,. The standard (p, q)-bisimplez is

Alp, q] := AxA(—, ([p], [a])) = Alp]xAlqg],

the bisimplicial set represented by the object ([p],[q]), and usually we identify any
bisimplicial map z : Alp,q] — K with the (p, q)-bisimplex z(1j,,1j,;) € K. The
functor ([p], [q]) — A[p, ¢] is then a co-bisimplicial bisimplicial set, whose cofaces and
codegeneracy operators are denoted by dﬁ, d?, and so on, as in the diagram

di =dix1 d=1Xd
Alp, q|

st=s'x1 sh=1xs7

Alp —1,q] Alp,q—1] .

The (k,1)""-horn A®![p, q], for any integers 0< k< p and 0< [ < ¢, is the bisimpli-
di
cial subset of A[p, q] generated by the horizontal and vertical faces Alp—1, q] = Alp, g
& : , . :
and Alp,q — 1] = Alp,q] for all i # k and j # [. There is a natural pushout diagram

N [p]x Alg)—— A[p] x A'[q]

| /

N [p]x Alg] = N*'[p, q],

which, taking into account the coequalizers (1.2), states that the system of data to
define a bisimplicial map z : A*![p, ] — K consists of a list of bisimplices

L / / /
T = (T0y - Th1y = Thd Ly -+ oy Tpi Ty e v oy Ty 1, = Tpyqs -+ Tg)s

where z; : A[p—1,q] — K and :15( : Alp,q — 1] = K, such that the following compati-
bility conditions hold:

- aydi = xd] ", forall 0 < i< j <pwithi#k# 7,
- wldi = 2idl ™! forall 0 <i < j<qwithi#l#j,

J

- aldi = xdh, forall 0<i<p, 0<j<qwithi£k, j#L
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Definition 1.1 A bisimplicial set K satisfies the extension condition if all simplicial
sets Kp« and K, 4 are Kan complexes, that is, if any of the extension problems

Ap]xAg) —= K  N[p|xAlg] —= K

7 7

Alp, q| Alp, q]

has a solution, and, moreover, if there is also a solution for any extension problem of
the form
Nllp,q] —= K
7

Alp,q].

When a bisimplicial set K satisfies the extension condition, then every bisimplex
x : Alp,q] — K, which can be regarded both as a simplex of the vertical Kan complex
K, . and as a simplex of the horizontal Kan complex K, 4, defines both a vertical
homotopy class and a horizontal homotopy class, denoted respectively by

[z]v, [z]n- (1.5)

The following lemma is needed.

Lemma 1.1 Let x,2’ : Alp,q] — K be bisimplices of bisimplicial set K, which satis-
fies the extension condition. The following conditions are equivalent:

i) There exists y : Alp,q] — K such that [z], = [y]n and [y]y = [2]y,

ii) There exists z : Alp,q] — K such that [z]y = [2]y and [2]n = [2/]h.

Proof: We only prove that i) implies i) since the proof for the other implication is
similar. Let o : A[p+1,q] — K be a horizontal homotopy (i.e., a homotopy in the Kan
complex K, ;) from z to y, and let 8 : Alp, g+1] — K be a vertical homotopy from y to
a’. Since K satisfies the extension condition, a bisimplicial map I" : A[p+1,¢+1] = K
can be found such that the diagram below commutes.

1 1 p-1 -1 —1.qg-1
(BdYst ™ e, Bl sb ™, =, By adIst o adtT T o, )

APt 41,q + 1] K
f /

Alp+1,q+1]

Then, by taking o/ = T'd%™ : A[p+1,¢q — K, 8 = I'dy : Alp,g+1] — K, and
z=dd =f qitt Alp,q] — K, one sees that o/ becomes a horizontal homotopy
(i.e., a homotopy in K, 4) from z to 2’ and 3’ becomes a vertical homotopy from x to
z. Therefore, [z]y = [z]v and [z]y, = [2]n, as required. O

The two simplices x,2’ : Alp,q] — K in the above Lemma 1.1 are said to be
bihomotopic if the equivalent conditions i) and ii) hold.
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Lemma 1.2 If K is a bisimplicial set satisfying the extension condition, then ‘to be
bihomotopic’ is an equivalence relation on the bisimplices of bidegree (p,q) of K, for
any p,q 2 0.

Proof: The relation is obviously reflexive, and it is symmetric thanks to Lemma 1.1.
For transitivity, suppose z,2’,2” : A[p,q] — K such that 2 and 2’ are bihomotopic

as well as 2’ and z” are. Then, for some y,y : Alp,q] = K, we have [z], = [y]n,
lvly = [@)v, [@']n = [V]n, and [¢]y = [2"]y. Also, again by Lemma 1.1, there is
z: Alp,q] — K such that [y], = [z]n and [z]y = [¢/]v. It follows that [z], = [2], and
[z]v = [2"]v, whence x and 2" are bihomotopic. O

We will write

[[] (1.6)

for the bihomotopic class of a bisimplex z : Ap, ¢] — K.

Lemma 1.3 Let K be any bisimplicial set satisfying the extension condition. There
are four well-defined mappings such that [[z]] = [zdi]y, [[z]] = [2d]n, [2]n — [[2s],
and [x]y + [[zs!]] respectively, for any z: Alp,q] - K, 0<i<p and 0<j <q.

Proof: Suppose that [[z]] = [[2/]]. Then, [z], = [yn and [y]y = [2']y, for some
y: Alp,q] — K. It follows that zdi = ydi and there is a vertical homotopy, say z :
Alp,q+1] = K, from y to 2’. As zd! : Al[p—1,q+1] — K is then a vertical homotopy
from ydi to z'd}, we conclude that [zd} ], = [2'd}],. The proof that [zd}], = [z/d}]y is
similar. For the third mapping, note that any horizontal homotopy y : A[p+1,q] = K
from x to 2’ yields the horizontal homotopy ys¥ : Alp + 1,q + 1] — K from xs} to
2's]. Therefore, [zs?]y = [2's)]n, whence [[zs]]] = [[2s?]], as required. Similarly, we
see that [z]y = [2]y implies [[zs!]] = [[2/s}]]. O

We shall end this subsection by remarking that any bisimplicial set K, satisfying
the extension condition, has associated horizontal fundamental groupoids PK, 4, one
for each integer ¢ > 0, whose objects are the bisimplices = : A0, q] — K and mor-
phisms [y], : ' — x horizontal homotopy classes of bisimplices y : A[l,q] = K with
yd?1 =1’ and yal}l1 = x. The composition in these groupoids PK, , is written using the
symbol oy, so the composite of [y]y with [y], : 2" — 2/ is

[k on [¥']n = [vdh]n,

where v : A[2,q] — K is a (any) bisimplex with vd? = y and vd? = y'. The
identities are denoted by 11, that is, 1% = [2sV],. Similarly, K also has associated
vertical fundamental groupoids PK,, ., whose morphisms [z]y : zd — zd} are vertical
homotopy classes of bisimplices z : A[p,1] — K. For these, we use the symbol o, for
denoting the composition and 1Y for identities.
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1.2.3 Weak homotopy types: Some related constructions.

Let Top denote the category of spaces and continuous maps. A map X — X’ in
Top is a weak equivalence if it induces an isomorphism m;(X, a) = m;(X’, fa) for all
base points a of X and ¢ > 0. The category of weak homotopy types is defined as the
localization of the category of spaces with respect to the class of weak equivalences
[82, 108] and, for any given integer n, the category of homotopy n-types is its full
subcategory given by those spaces X with m;(X,a) = 0 for any integer i > n and any
base point a.

There are various constructions on (bi)simplicial sets that traditionally aid in the
algebraic study of homotopy n-types. Below is a brief review of the constructions used
in this work.

Segal’s geometric realization functor [111], for simplicial spaces K : A°? — Top, is
denoted by K — |K|. Recall that it is defined as the left adjoint to the functor that
associates to a space X the simplicial space [n] — X*7, where

A, = {(to,... tn) ER"™ |21, =1, 0<t; <1}

denotes the affine simplex having [n] as its set of vertices and X“» is the the function
space of continuous maps from A, to X, given the compact-open topology. The
underlying simplicial set is the singular complex of X, denoted by

SX. (1.7)

For instance, by regarding a set as a discrete space, the (Milnor’s) geometric
realization of a simplicial set L : A°? — Set is

L], (1.8)

which is a CW-complex whose n-cells are in one-to-one correspondence with the n-
simplices of L which are nondegenerate. The following six facts are well-known:

Facts 1.4 1. For any space X, SX is a Kan complex.

2. For any Kan complex L, there are natural isomorphisms m;(L,a) = m;(|L|, |al),
for all base vertices a : A[0] — L and n > 0.

3. A simplicial map between Kan complexes L — L' is a homotopy equivalence if
and only if the induced map on realizations |L| — |L'| is a homotopy equivalence.

4. For any Kan complex L, the unit of the adjunction L — S|L| is a homotopy
equivalence.

5. A continuous map X — Y is a weak homotopy equivalence if and only if the
induced SX — SY is a homotopy equivalence.

6. For any space X, the counit |SX| — X is a weak homotopy equivalence.
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When a bisimplicial set K : A° x A°? — Set is regarded as a simplicial object in
the simplicial set category and one takes geometric realizations, then one obtains a
simplicial space A°? — Top, [p] — |Kp .|, whose Segal realization is taken to be |K],
the geometric realization of K. As there are natural homeomorphisms [109, Lemma
on page 86]

6] > Kl 2 [diagK| 2 |[g] = K gll,

where diagK is the simplicial set obtained by composing K with the diagonal functor
A — A XA, [n]— ([n],[n]), one usually takes

K| = |diagK]. (1.9)

Composing with the ordinal sum functor or : A x A — A, ([p], [¢]) — [p+1+4],
gives Illusie’s total Dec functor, L — DecL, from simplicial to bisimplicial sets [85,
VI, 1.5]. More specifically, for any simplicial set L, DecL is the bisimplicial set whose
bisimplices of bidegree (p,q) are the (p+1+gq)-simplices of L, = : Alp+1+q] — L,
and whose simplicial operators are given by xdfl = xd’, msi = xst, for 0 < i < p, and

xdy = dPHII | 25l = xsPH1HI for 0 < j < ¢. The functor Dec has a right adjoint [59]
Dec 4 W, (1.10)

often called the codiagonal functor, whose description is as follows [3, III]: for any
bisimplicial set K, an n-simplex of WK is a bisimplicial map

n

Ll Alp,n—p]
p=0

($O,~~~7xn)

K

1 . .
such that z,d% = a:p+1dﬁ+ , for 0 < p < n, whose faces and degeneracies are given by
- , ) . ,
(:130, e ,:En)dz = (SL‘(]di,, ces ,l‘ifldv, :E¢+1d%, ceey IL‘ndfl),
- , 0 . 4
(20, ..., Tn)s" = (@0SY, ..., TSy, TiS}, ..., Tns}) .

The unit and the counit of the adjunction, u : L — W DecL and v : DecWK — K,
are respectively defined by

u(y) = (ys°, ..., ys") (y:Aln] = L) o
V(Z0y s Tpritq) = Tpr1d (o, .-y Tpyi+q): Alp, q] = DecW X).

The following facts are used in our development below:

Facts 1.5 1. For each n > 0, there is a natural Alexander-Whitney type diagonal
approximation

¢ : DecA[n] — Aln,n], B
(Ap+1+g 5 AR — (A 5" A, Alg
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such that, for any bisimplicial set K, the induced simplicial map ¢* :diagK — WK
determines a homotopy equivalence

|diagK| ~ | WK]|
on the corresponding geometric realizations [49, Theorem 1.1].

2. For any simplicial map f: L — L', the induced |f]:|L| — |L'| is a homotopy
equivalence if and only if the induced |Decf|: |DecL| — |DecL’| is a homotopy
equivalence [49, Corollary 7.2].

3. For any simplicial set L and any bisimplicial set K, both induced maps |u|:|L| —
|WDecL| and |v|:|DecW K| — |K| are homotopy equivalences [49, Proposition
7.1 and discussion below].

4. If K is any bisimplicial set satisfying the extension condition, then WK is a
Kan complex [51, Proposition 2].

5. If L is a Kan complex, then DecL satisfies the extension condition (the proof is
a straightforward application of [104, Lemma 7.4]) or [51, Lemma 1]) .

1.3 Double groupoids satisfying the filling condition:
Homotopy groups.

A (small) double groupoid [31, 62, 63, 92] is a groupoid object in the category of
small groupoids. In general, we employ the standard nomenclature concerning double
categories but, for the sake of clarity, we shall fix some terminology and notations
below.

A (small) category can be described as a system (M, O,s,t,1,0), where M is the
set of morphisms, O is the set of objects, s,t : M — O are the source and target
maps, respectively, 1: O — M is the identities map, and o : M¢x¢y M — M is the
composition map, subject to the usual associativity and identity axioms. Therefore,
a double category provides us with the following data: a set O of objects, a set H
of horizontal morphisms, a set V of vertical morphisms, and a set C' of squares, to-
gether with four category structures, namely, the category of horizontal morphisms
(H,0,s",th, 1" o), the category of vertical morphisms (V,0,s",t7,1%,0,), the hor-
izontal category of squares (C,V,sh,th,lh,oh), and the wvertical category of squares
(C,H,s",t",1V, 0y). These are subject to the following three axioms:

(i) shs" =g"sh, thty = tVth, sht¥ = tvsh| &'th = thg,
Axiom 1 (ii) sh1v = 1vsh, th1v = 1Vth, 1P = 1hgv, tV1h = 10,
(iii) 1h1Y = 1v1h.



1.3. Double groupoids satisfying the filling condition: Homotopy groups. 17

Equalities in Axiom 1 allow a square o € C' to be depicted in the form

d<b (1.11)
wj\ a ﬁu
c=<-a
where sha = u, tha = w, s'a = f and t'a = g, and the four vertices of the square

representing « are sPs'a = a, t"t'a = d, sPta = b and s'tPa = ¢. Moreover, if we
represent identity morphisms by the symbol = | then, for any horizontal morphism
f, any vertical morphism u, and any object a, the associated identity squares 1%, 12

and 1,:= 11112 = 17, are respectively given in the form
f
M h
| 1| wf 1, fu | 1o |
f
The equalities in Axiom 2 below show the squares are compatible with the bound-

aries, whereas Axiom 3 establishes the necessary coherence between the two vertical
and horizontal compositions of squares.

(i) s(aopfB) =s8'aops'f, t'(aopf)=t'aoyt s,

Axiom 2 (ii) sM(ao, B) =stao,s"3, th(ao, B) = tha o, thp,
(iil) T}, o= fon I, 15, 0 = 1oy 1h,.

Axiom 3 In the situation

the interchange law holds, that is, (o oy B) oy (yon ) = (awoy y) op (B oy 6).

A double groupoid is a double category such that all the four component categories
are groupoids. We shall use the following notation for inverses in a double groupoid:
f™ denotes the inverse of a horizontal morphism f, and u™ denotes the inverse of a
vertical morphism u. For any square « as in (1.11), the first one of

1 -1
b<L g el a oL e (1.12)
UT a_lh w w’lv T O[_lv Tu’lv u-lv T 0[1 w’lv
a<—c, d<—120, b<—d,
f—lh g g—lh

is the inverse of « in the horizontal groupoid of squares, the second one denotes
the inverse of « in the vertical groupoid of squares, and the third one is the square
(a!n) & = (a7¥)n which is denoted simply by o'
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The double groupoids we are interested in satisfy the condition below.

Filling condition : Any filling problem

has a solution; that is, for any horizontal morphism g and any vertical morphism
u such that s"g = tVu, there is a square o with sPa = v and t'a = g.

As we recalled in the introduction, this filling condition on double groupoids is
often satisfied for those double groupoids arising in algebraic topology. However,
we should stress the existence of double groupoids which do not satisfy the filling
condition (see [50, Example] for instances). Later in Sections 1.4 and 1.6, we show two
new homotopical double groupoid constructions: one, nx , for topological spaces X,
and the other, P°K , for bisimplicial sets K, both yielding double groupoids satisfying
the filling condition.

The remainder of this section is devoted to defining homotopy groups, m;(G, a), for
double groupoids G satisfying the filling condition. The useful observation below is a
direct consequence of [1, Lemma 1.12].

Lemma 1.4 A double groupoid G satisfies the filling condition if and only if any filling
problem such as the one below has a solution.

. < . . < . ..i.
wﬁa?Aa AH?M, wﬁa?A:
. U -

f !

Hereafter, we assume G is a double groupoid satisfying the filling condition.

1.3.1 The pointed sets (G, a).

We state that two objects a, b of G are connected whenever there is a pair of morphisms
(g,u) in G of the form

fu
a

that is, where g is a horizontal morphism and u a vertical morphism such that shg =

tVu, thg = b, and sVu = a. Because of the filling condition, this is equivalent to saying

that there is a square in G of the form
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and it is also equivalent to saying that there is a pair of matching morphisms (w, f)
as

b
wT ;
- <—aq.

If @ and b are recognized as being connected by means of the pair of morphisms
(g,u) as above, then the pair (u™'v, g"'*) shows that b is connected to a. Hence, being
connected is a symmetric relation on the set of objects of G. This relation is clearly
reflexive thanks to the identity morphisms (1%,,1V,), and it is also transitive. Suppose
a is connected with b, which itself is connected with another object c¢. Then, we have
morphisms u, f, v, g as in the diagram

where 3 is any square with t"8 = v and sV3 = f, and the dotted ¢’ and «’ are the
other sides of 3. Consequently, on considering the pair of composites (g oy, ¢, u’ oy u),
we see that a and c¢ are connected.

Therefore, being connected establishes an equivalence relation on the objects of
the double groupoid and, associated to G, we take

m0G = the set of connected classes of objects of G,

and we write mo(G, a) for the set moG pointed with the class [a] of an object a of G.
1.3.2 The groups (G, a)

Let a be any given object of G, and let

be the set of all pairs of morphisms (g, u), where g is a horizontal morphism and u a
vertical morphism in G such that t"¢g = a = s¥u and s"g = tVu.

Define a relation ~ on G(a) by the rule (g,u) ~ (¢',u’) if and only if there are two
squares o and o/ in G of the form

/

g g
a-<—- a<—-
wh a fuwh o fu
c<—Q <—qQ
f f
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that is, such that tha = the/, sVa =sv¢/, sPa=u, sPa/ =u/, t'a =g, and tVo/ = ¢'.

Lemma 1.5 The relation ~ is an equivalence.

Proof: Since G satisfies the filling condition, the relation is clearly reflexive, and it
is obviously symmetric. To prove transitivity, suppose (g,u) ~ (¢’,u') ~ (¢",u"), so
that there are squares «, o/, 3 and 3 as below.

! / 1!

a <— a<— .
whate wh o tw o wrh B e B
< Q =<—qQ -=<—qQ =<—qQ
f f f/ f/

Then, we have the horizontally composable squares

g g g
a : a :
wlq\ /8 7\ O/-lh q\ o ’Tu
I = ek
whose composition Boya/ 'hoya and B’ show that (g,u) ~ (¢”,u"). O

We write [g,u] for the ~-equivalence class of (g,u) € G(a). Now we define a
product on

1 (ga a) = g(a)/’\'

as follows: given [g1,u1], [g2,u2] € m1(G,a), by the filling condition on G, we can
choose a square v with sV = g5 and t"y = u; so that we have a configuration in G of
the form

where g = tVy and u = s"y. Then we define

[91,u1] o [g92,u2] = [g1 on g, u oy us)]

Lemma 1.6 The product is well defined.

Proof: Let [g1,u1] = [g7,u)], [g2,u2] = [g5,ub] be elements of m1(G,a). Then, there
are squares

/ /

g1 91 g2 93
a<—- a<—- a<—- a<—-
wi} a fu wih of puy wah B fu wa} B huy
<—qQ c=<—aQ <—qQ c<—qQ
fi f f2 f2
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and choosing squares v and 7/ as in

g g
wh v fuwt o
a<—- a<—
g2 gé
we have [g1, u1] o [g2, u2] = [g1 on g, u oy u2] and [g], u}] o [g5, ub] = [g] on ¢, u oy uf)].

Now, letting 6 be any square with tV6 = f; and s"0 = w,, we have squares as in

whose corresponding composites (a oy, ) oy (A oy 8) and (o oy v') oy (6 o, 3) show that
[91 on g, u oy ug] = [g] on ¢, u’ oy uh], as required. O

Lemma 1.7 The given multiplication turns 71(G,a) into a group.

Proof: To see the associativity, let [g1,u1], [g92,u2], [g3,us] € m1(G,a), and choose 7, '
and " any three squares as in the diagram (1.13) below. Then we have

(lg1,u1] o [g2, uz]) © [g3,u3] = [g1 on g on ¢, w oy u’ oy uz] = [g1,u1] o ([g2, u2] © [g3, us]).

/

P I (1.13)
wl VA fu
Q=<— =<—-
9,3‘2? ,)/// ﬁu’
a<—-
g3 ’T\US
a

The identity of 71(G, a) is [1?,1Y]. In effect, if [g,u] € 71(G, a), then the diagrams

a’ —~a

g
a<—=
o
a

-
| &= |

x
fu
a
H

a

show that

[g,u] o [12,1¥] = [gon 12, u oy 1¥,] = [g,u] = 12 0p g, 1, oy u] = [12,1¥] o [g, u].

a’ —a
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Finally, to see the existence of inverses, let [g,u] € m1(G,a). By choosing any
square o with t"a = w!v and sV = ¢g7!», that is, of the form

f
a<-
wref o fo
=<—qQ
gth

we find [f,v]:= [t"a,s"a] € 711(G, a). Since the diagrams

g g'n f
a<—- -<—aq aq<—- -<—aq

UT a'lvT,U—lv UT Oé-lth’LL_lv
a<— -
f g
e f
a a

show that [g,u] o [f,v] = [12,1Y] = [£,v] o [g, u], we have [g,u] = [f,v]. O

1.3.3 The abelian groups 7;(G,a), i > 2.

These are easier to define than the previous ones. For i = 2, as in [31, Section 2],

we take
=aq
a |
—aq

the set of all squares @ € G whose boundary edges are s
tYa =10

By the general Eckman-Hilton argument, it is a consequence of the interchange
law that, on m2(G, a), operations oy, and o, coincide and are commutative. In effect,

for a, B € m2(G, a),
aop B = (aoyly)on (1g0v B) = (aop 1g) oy (1g on B)
= OZOVB
= (laon @) oy (Bon 1) = (laoy B) on (oy 14)
= fBopa.

(G, a) = { \

ho = tha = 1Y and sVa =

Therefore, m2(G, a) is an abelian group with product

OéOhﬁZOéOVﬂ,

identity 1, = 17, and inverses a'lh = lv,
The higher homotopy groups of the double groupoid are defined to be trivial, that
is,

mi(G,a) =0 if 4> 3.
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1.3.4 Weak equivalences.

A double functor F : G — G’ between double categories takes objects, horizontal and
vertical morphisms, and squares in G to objects, horizontal and vertical morphisms,
and squares in G’, respectively, in such a way that all the structure categories are
preserved.

Clearly, each double functor F': G — G’, between double groupoids satisfying the
filling condition, induces maps (group homomorphisms if i > 0)

mF (G, a) = mi (G, Fa)

for > 0 and a any object of G. Call such a double functor a weak equivalence if it
induces isomorphisms 7; F' for all integers ¢ > 0.

1.4 A homotopy double groupoid for topological spaces.

Our aim here is to provide a new construction of a double groupoid for a topological
space that, as we will see later, captures the homotopy 2-type of the space. For any
given space X, the construction of this homotopy double groupoid, denoted by H(QX,
is as follows:

The objects in I1°X are the pathsin X, that is, the continuous maps u: [ =10,1] — X.

The groupoid of horizontal morphisms in I1°X is the category with a unique mor-
phism between each pair (u’,u) of paths in X such that /(1) = u(1), and, similarly,
the groupoid of vertical morphisms in X is the category having a unique morphism
between each pair (v,u) of paths in X such that v(0) = u(0).

A square in m“x , [a], with a boundary as in

e

/
/

ET (1.14)

S

is the equivalence class, [a], of a map a:1? — X whose effect on the boundary 9(I?) is
such that a(x,0) = u(z), a(0,y) =v(y), a(1,1 —y) =u/(y), and a(1 —z,1) = ' (x),
for x,y € I. We call such an application a “square in X” and draw it as

Observe that the arrows representing the paths «’ and v' above are reversed from
those that might be expected, namely, their corresponding inverses y — «(1,y) =
w'(1—y) =4"y) and 2 = a(x,1) = v'(1 — x) = v'~(z), respectively. The reason
for that is precisely to avoid the use of inverse paths, which could be confusing in our
context (where a path is a vertex).
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Two such mappings a, o’ are equivalent, and then represent the same square in
mx , whenever they are related by a homotopy relative to the sides of the square,
that is, if there exists a continuous map H : I? x I — X such that H(z,y,0) =
a(z,y), H(z,y,1) =o' (z,y), H(x,0,t) =u(z), H(0,y,t) =v(y), H(xz,1,t) =2'(1—

xz)and H(l,y,t) =4/(1 —vy), for x,y,t € I.
Given the squares in n°x

w <=—w
NN
U” - ,U/ -
o1 1 1o |
U//%ul%u
the corresponding composite squares
v v ow w
[ @onfad] T (Blovlal]
u” u u
are defined to be those represented by the squares in X
A LY
o, tB Y
v . , u w . ’U/
a \“ y a

obtained, respectively, by pasting o with «, and 8 with «, along their common pair

of sides. That is,
(@] op [a] = [ oy, @,

where

a2z, z + y)
alx +y,2y)
o(r+y—1,2y—1)
o2x—l,z+y—1)

(o' op a)(w,y) =

al2r—1,1—z+y)

_ Q($—y, Qy)
(ﬁov O‘)(livy)_ ,8(1+m—y,2y—1)
B(2x7y_w)

if =<y,
it x>y,
it x<y,
it x>y,

[B] ov [a] = [B oy o],

r+y <1,
r+y<1,
z+y>1,
r+y>1,

if z >y,
if x>y,
it z<y,
itz <y,

r+y=>1,
r+y <1,
x+y=>1,
r+y< 1.

(1.15)

It is not hard to see that both the horizontal and vertical compositions of squares
in TI°X are well defined. For example, to prove that [a] = [aa] and [/] = [o)] imply
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[ op a] = [o) o cu], let H,H' : I? x I — X be homotopies (rel 9(I1?)) from a to oy
and from o’ to o} respectively. Then, a homotopy F : I? x I — X is defined by

H(2z,x + y,t) if <y, x+y<l1,
H(z+y,2y,t) it >y, v+y<1,
Hax+y—1,2y—1,t) if z<y, z+y>1,
H@Qx—1lz4+y—1,t) if z>y, z+y>1,

F(z,y,t) =

showing that o/ oy o and o o, ap represent the same square in m°x.
The horizontal identity square on a vertical morphism (v, u) is

v
= T &)
u:

L——c

where
eh :eh(v7u) = UT/\LU

h July—=z) if z<y,
e(x’y)_{u(:v—y) if z>vy,

is defined by

whereas, for any horizontal morphism (u/, w), its corresponding vertical identity square
is

where
ety = o\ |

v _ Julr+y) if z+y<1,

is defined by

Theorem 1.1 T°X is a double groupoid satisfying the filling condition.
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Proof: The horizontal composition of squares in I1°X is associative since, for any
three composable squares, say

a relative homotopy

—
NN

(a”oha/)OhOl alloh(aloha)

is given by the formula

H(z,y,t) =
o, ey if a<y, (2—t)(1—y)>(2+t)z,
o(Btztztiy Ay if 2>y, 2-H(1-2)>@+t)y,

O/(t(1+xfy)+2(:1:+y71),x+3y72+t(1+$*y)) if <y, (2—t)(1—y)<(24+t)z, (1+t)x<(3—t)(1—y),

o/ (Bety—2+t(1—z4y) t(1—z+y)+2(a+y—1))  if 2>y, (2—)(1—2)<(2+t)y, (1+t)y<(3—t)(1—2),

1o x+3y—3+t(l+x—y) t—3+4 .
a( Hilto-y) =5y it w<y, (1+)a>(1-y)(3-1),
1(t—34+4x 3r+y—3+t(l—z+y ;
o (= Hl-oty)) if  @>y, (14+)y>(G—t)(1—2).

And, similarly, we prove the associativity for the vertical composition of squares
in II”X. For identities, let [a] be any square in I°X as in (1.14). Then, a relative
homotopy

v v
< -
N al, H

v u — 1% o’
el N
T> : uz~ )

between a one? and « is given by the formula

U(y x) if z<y, xﬁ%(l—t)(l-l—:c—y),

u(z ) if 2>y, gcgé(lft)(lJr:tfy)7

H(x, Y, t) = (a:—I—y 1+t(14z—y) 2y+t— 1) if

1+t BN 1

(Zztt=l zhy- 1+i(1— fc+y)) if
1+t 1+t

e

5 (1-t)(1+a—y)<z<y,

«

1(1-t)(1-a—y)<y<a.
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Therefore, [a] oy, l?v w = [a]; and similarly we prove the remaining needed equali-
ties:
] = 1" oy [a] = [a] oy 1Y = 1" oy [a].

. . . 2 . .
Let us now describe inverse squares in 11°X. For any given square [o] as in (1.14),
its respective horizontal and vertical inverses

o]t T ™ |

are represented by the squares in X, a'», a!v : I? — X, defined respectively by the
formulas

a_lh(xay) = Oé(l -9y 1- $), a-lv(xvy) = a(yvx)'

The equality [a7h] oy [a] = 1?v,u) holds, thanks to the homotopy

e Y
'Ul ‘1h H
« R
UT /Lu vT eh lu
“ N
o . . T .
defined by
Oé(Z:z? 1—t),(1— 2t):1:+y) if  z<y, z+y<1,
Oé(er 1-2t)y,2y(1— t)) if 2>y, a+y<i,
H(z,y,t)= _
a(2(ty—t—y+1),2(ty—t+1)—az—y) if  a<y, a4y>1,
CK( 20 —2)t+2—x—y,(2e—2)t+2— 23:) if 2>y, a+y>1.

And, similarly, one sees the remaining equalities:
[a] on [a] ' = 1%, [a] oy [a] ¥ = 1¥, [a]™ oy [a] = 17.
By construction of II'°X, conditions (i) and (ii) in Axiom 1 are clearly satisfied.

For (iii) in Axiom 1, we need to prove that, for any path u : I — X, the equality
= 1‘(’u u) holds. This follows from the relative homotopy

ik =\

h(u u) eV (u,u)
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defined by
u(y—z) if 2<y, 1-t)(1-y)>(1+t)z,
u(2y—1+t(+a—y)) i <y, z+y<1, Q-)(1-y)<A+t)z,
u(z—y) if 2>y, 1-t)(1—2)>1+t)y,

H(zoy.1) u(2z—1+t(1—a+y)) if 2>y, 2+y<1, 1—t)(1—2)<(1+t)y,

u(1—2a+t(14a—y)) if  2<y, a4y>1, (1+1)(1—-y)>(1—t)z,
u(y—=) if  a<y, a+y>1, (1+)(1-y)<(1-t)z,
uw(1=2y+t(1—z4y)) if 2>y, 2+y>1, (1+8)(1—2)>(1—t)y,
u(z—y) if 2>y, 14+ (1—2)<(1—t)y.

\

The given definition of how squares in X compose makes the conditions (i) and
(ii) in Axiom 2 clear, and the remaining condition (iii) holds since, for any three

paths u, v/, u”

: I — X with u(1)

— /(1)
u]\u‘l‘ Lu//
eV (u” u)ope¥ (u',u)

= u”(1), there is a relative homotopy

eV (u" u) ’

defined by
u(y—a+) it a<y, 14+6)(1-y)>B-t)z,
U (2-3z—y+t(14+z—y)) if  2<y, z+y<1, (14+t)(1—y)<B—t)z,
u(z—y+2) if >y, (14)(1-2)>(3-1)y,
H(o.y.t) = u/(?—x—3y+t(l—x+y)) ?f o>y, a+y<l, (14+t)(1-2)<(3—t)y,
u (z43y—2+t(1+a—y)) if  2<y, 24y>1, B-1)(1-y)>(1+1)a,
u (y—a+22) if  2<y, B-t)(1-y)<(1+t)z,
U (Boty—2+t(1—z+y)) if 2>y, a+y>1, 3—t)(1—2)>(1+t)y,
u (z—y+24=2) if 2>y, (3-t)(1—2)<(1+t)y.

Whence 1( 7.4y Oh 1(u W= l(u,,m. Similarly, for any three paths in X, u,v,w: I — X
with u(0) = U(O) = w(0), one proves the equality l?ww) oy 11(11) W = 1}(1w )"
Then, it only remains to prove the interchange law in Axiom 3. To do so, let

/" /

[9]

s> —F8
g —<c —8

EE)
L—s>c——>8

7]

/

~



1.4. A homotopy double groupoid for topological spaces. 29

be squares in m°x. Then, the required equality follows from the existence of the
relative homotopy

w w
’ 17
NU 7.1// w/ 5 U/
v’ I 17
w /3 Yo — " w . o
Y Yy
. ul
v, o &/ y «
u u
(donB)ov(vyona) (dovy)on(Bovar)
defined by the map H : I? x I — X such that
H(z,y,t) =
o a(z+y—2ty,dy) if 1—z+2ty>5y, z—3y>2ty,
2z—y) 2(z—t 3t .
o f (f+ty), (@ 5 i:“f’; y)) if 24t—12—6a+dAta+2y>8ty, (3+20)y>z>y,
t2+t(42—3)>2(z4+y—1)
1224420 —2y+4ty 3t2—t(1+4x)+2(x+y . = ’
o o 1_2t+2t% L (2_4t+)4t2( )) if 2—22+6y>t(dz+8y—3),
t2+6x+t(8y—dax—1)>2(1+y),
. a(t—Q(aH-y) 2t(x+3y—1)—8y) if 127+, x—1>(2t-5)y,
t—2 12—1—2 20—t —6y>t(3—4x—8y),
o v/ (3—t—4x) if o>y, 1>z+y, 2(@+y—1)>t2+t(40—3),
® Y(4z—3,x+y—1-2t(z—1)) if sety—5>2t(x—1),2t(x—1)+3z>y+2,
. (6+t2—8x+t(61+2y—7) 2(z+y—1)) if x+y>1, 54+2t(z—1)>bx+y,
v 7—1—2 R 9t+6a>A+t2+8tw+2y+4ty,

t4+-t242(x+y—1)>4ty,
t24+2(1+2—3y) >t(8x—y—3),
4412 —6z+2y>t(9—8x—4y),

t+t2 —dty+2(z+y—1) 1+t2+4t(z—1)—22+2y\ -
e 2—At+AL2 J T—2t+2¢2 ) if

N (t2—2(:r:+y—1)+t(3—6x+2y) 1+t—2z+2y) if Stax+6y—4ty>2+3t+t2+2z,
v 2—1—2 I a>y, 24+y>2t(x—1)+3z,
o v/ (4y—1—t) if 2>y, a4y>1, 2+4ty>t+2 42242y,
[ B(4z,x+y—2t$) if 14-2tx>y+-5x, y>3z+2tx,
o B(2t(y+3171)78x t72(m+y)) if  2et, y+(5—2t)z>1,
12—t—2 L) 2y+t(3—4y—8z)—6x>t2,

t2+t(4y—3)>2(z+y—1),

o /8(394(212?22;(%?;)7 tkziggt/ﬁtxjm) i 244(3- 4y 8z) 16252y,

2 +6y—2(1+a) >t(1+4y—8z),
. 6(2(1”;1:_‘”53“), 2(13’;””)) if 24t+aty+20>12+6y+8ta, (3+2t)1>y>a,
o v/ (3—t—1y) if y>z, 1>a+y, 2(+y—1)>2+¢(3—4y),
o §(2t(1—y)+x+y—1,4y—3) if sy+a>5+2t(y—1), 2t(y—1)+3y>x+2,

x+y>1, 9t+6y—8ty—2x—4te>44t2,
5+2t(y—1)>5by+z,

o 5(2(x+y71) 6+t278y+t(6y+2x77))

2-t 2_t—2 if
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t+t2—4ta>2(1—z—y),

2 _1)— 2_ — .
.5(1+t +4t(y—1)—2y+2z t+t*—4tz+2(z+y 1)) if 1249(1+y—32) >t(8y—4z—3),

1—2t+2¢2 ) 2—4t+4t2
+ + 4+12 —6y+22>t(9—8y—4dx),
.6(1+t72y+2x t2—2(ac+y—1)+t(3—6y+2w)) if 8ty+6x—4tx>2+3t+12 42y,
IR t2—2—1 y>z,2—-3y+x>2t(y—1),
o v/ (4y—1—t) if y>z, a4+y>1, 24+ 4ta>t+124-2y+2z.

Finally, we observe that I1°X satisfies the filling condition. Suppose a configura-

tion of morphisms in méx

U/-e

S—=c

is given. This means we have paths u,v,v" : I — X with u(0) = v(0) and v(1) = v'(1).
Since the inclusion I < [ is a cofibration, the map f : ({0} x [)U (I x 9I) — X with
£(0,t) = v(t), f(t,0) = u(t) and f(¢,1) =2'(1 —¢) for 0 <t < 1, has an extension to
amap «: I x I — X, which precisely represents a square in I°X of the form

/

S =

<~
o] |
'
where o/ : I — X is the path u/(t) = a(1,1 — t). Hence, II"X verifies the filling
condition. O
In the previous Section 1.3 we introduced homotopy groups for double groupoids
satisfying the filling condition. The next proposition provides greater specifics on
the relationship between the homotopy groups of the associated homotopy double
groupoid X to a topological space X and the corresponding for X.

Theorem 1.2 For any space X, any path u : I — X, and 0 < ¢ < 2, there is an
isomorphism
(117X, u) = (X, u(0)).

Proof: For any two points z,y € X, the constant paths ¢, and ¢, are in the same

connected component of X if and only if there is a pair of morphisms in X of
the form
Cy <1

!

Cx

or, equivalently, if and only if there is a path u : I — X in X such that u(1) = y and
u(0) = x. Then, we have an injective map

moX — TFOH(QXa [z] = [ez],

which is also surjective since, for any path u in X, we have a vertical morphism
. 2 .. . 2
U 4= Cy(0) I ' X; whence the announced bijection mgX =2 7'(‘0H( X.
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Next, we prove that there is an isomorphism (H(2X yu) = m(X,u(0)) for any
given path u : I — X. To do so, we shall use the fundamental groupoid IIX of the
space X; that is, the groupoid whose objects are the points of X and whose morphisms
are the (relative to 9I) homotopy classes [v] of paths v : I — X. Simply by checking
the construction, we see that an element [(u,v), (v,u)] € m (H(QX, u) is determined by
a path v : I — X, with v(0) = u(0) and v(1) = u(1). Moreover, for any other such
v+ T — X, it holds that [(u,v), (v,u)] = [(u,?v), (v/,u)] in ’R'I(H(QX, u) if and only if
there are squares in I°X of the form

~

fiaf  fi]

or, equivalently, if and only if there are squares in X, o, o’ : I? — X with boundaries
as in

u
<

u
-

v?‘ o ¢w v/T o \Lw
- —_ .

Since this last condition simply means that, in the fundamental groupoid I1.X, the
equality [v] = [v'] holds, we conclude with bijections

m (X, w)= Homrrx (u(0), v(1)) 2 711 (X, u(0))

[(u, ), (v, u)] [o] [u] o [v]

To see that the composite bijection ¢ : [(u,v), (v,u)] + [u]'o [v] is actually an
isomorphism, let vi,v9 : I — X be paths in X, both from w(0) to u(1). Then,
[(u,v1), (v1,u)] o [(u,v2), (v2,u)] = [(u,v), (v,u)], where v occurs in a configuration
such as

U=<—V] <=0

+

U <—"72

!

u

for some (any) square v : I — X in X with boundary as below.

It follows that, in IIX, [v] = [v1] o [u]™! o [vs] and therefore
Sl(u, v1), (vi,u)] 0 @[(u, v2), (v2,u)] = [u] ™" 0 [v1] o [u] ! 0 [va] = [u] o [v]

= @b([(u’ Ul)a (1)1, u)] ° [(u’ 1)2), (v27 u)])
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Finally, we consider the case i = 2. Let u : I — X be any path with «(0)

xz. Then, the mapping [a] — 1}(1%@) oy [a] oy 1}(1%61), which carries a square [a] €

71'2(H<2X, u), to the composite of

{ e |
| lehne) |

establishes an isomorphism 7T2(H(2X yu) = 772(H<2X, ¢z). Now, it is clear that both
7r2(H<2X ,cz) and mo(X,z) are the same abelian group of relative to dI? homotopy
classes of maps 1> — X which are constant z along the four sides of the square. [

The construction of the double groupoid I°X from a space X is easily seen to
be functorial and, moreover, the isomorphisms in Theorem 1.2 above become natural.
Then, we have the next corollary.

Corollary 1.1 A continuous map f : X — Y is a weak homotopy 2-equivalence if
and only if the induced double functor H(Qf %X - 0% is a weak equivalence.

1.5 The geometric realization of a double groupoid.

If A and B are categories, then let Ax B denote the double category whose objects are
pairs (a,b), where a is an object of A and b is an object of B; horizontal morphisms
are pairs (f,b) : (a,b) — (¢,b), with f : @ — ¢ a morphism in A; vertical morphisms
are pairs (a,u) : (a,b) — (a,d) with u : b — d in B; and a square in AxB is given by
each morphism (f,u) : (a,b) — (¢,d) in the product category A x B, by stating its
boundary as in

e.d) LY (a.a)

ol (G @

() 175 (@D
Compositions in AXB are defined in the evident way.

Hereafter, we shall regard each ordered set [n] as the category with exactly one
arrow j — ¢ when 0 < ¢ < j < n. Then, a non-decreasing map [n] — [m] is the same
as a functor.

The geometric realization, or classifying space, of a category C, [109], is BC:=|NC]|,
the geometric realization of its nerve [73]

NC: A°? — Set, [n]— Func([n],C),
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that is, the simplicial set whose n-simplices are the functors F' : [n] — C, or tuples of
arrows in C

F. .
= (F’L - Fj)ogisj'gn
such that Fj jo Fjr = F;  and F;; = 1p,. If G is a double category, then its geometric
realization, B@G, is
(2
BG := NG|,

the geometric realization of its double nerve

NG : AP x A% — Set, ([p], [q]) — DFunc([p]X[q], G),

that is, the bisimplicial set whose (p, ¢)-bisimplices are the double functors F' : [p]x[q] —
G or configurations of squares in G of the form

T

2¥)
FZ.T - F]T

iR

FS<— Fs
i ps T
Z?]

)

0<i<j<p
0<r<s<gq

r,S s __ T,S sS S,t _ T,t r,Ss __ h rr o __ v
such that Fi’j op Fng =F F.j oy Fi,j =F > F =1 and Fi’j = lFZ‘j'

; T,8
ik 1, 4,50 1, F®

Note that the double category [p]x[q] is free on the bigraph

(j_lvT_l) =~ (j,’!’—l)

CTT,

(j_l’T) =~ (j,T‘) 0

and therefore, giving a double functor F : [p|x[q] — G as above is equivalent to
specifying the p x ¢ configuration of squares in G

1
r—1 " JLI e
iy <=—F;
r—1,r r—1,r r—1,r
Fo T i) TEj 4
1<j<p
Fro o< Er 1<r<gq-
VA
J1.j

Thus, each vertical simplicial set N(Qgp,* is the nerve of the “vertical” category
having as objects strings of p-composable horizontal morphisms ag <— a1 < --- < ay,
whose arrows consist of p horizontally composable squares as in

bg<—b; <—- -<—1bp

R

apg<—a1 <—- -eap
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And, similarly, each horizontal simplicial set N(ZQ*,Q is the nerve of the “horizontal”
category whose objects are the length g sequences of composable vertical morphisms
of G, with length ¢ sequences of vertically composable squares as morphisms between
them.

For instance, if A and B are categories, then N(Q(.AQB) = NAXNZB. In particular,

N ([plxla]) = Alp]x Alg] = Alp, g,

is the standard (p, ¢)-bisimplex.

It is a well-known fact that the nerve NC of a category C satisfies the Kan exten-
sion condition if and only if C is a groupoid, and, in such a case, every (k,n)-horn
A¥[n] — NC, for n > 2, has a unique extension to an n-simplex of NC

AF[n] *:NC
| s
Aln]

(see [85, Propositions 2.6.1], for example). For double categories G, we have the
following:

Theorem 1.3 Let G be a double category. The following statements are equivalent:
(i) G is a double groupoid satisfying the filling condition.
(ii) The bisimplicial set NG satisfies the extension condition.

(iii) The simplicial set diagN(Qg is a Kan complex.

Proof: (i)= (ii) Since G is a double groupoid, all simplicial sets N(Qgp,* and NQQW
are nerves of groupoids. Therefore, every extension problem of the form

Al XA g — NG  AFp]xA[q] — N“g

J 7 \L“ 7
o or
Al A

Alp, q] Alp, q|

has a solution and it is unique. Suppose then an extension problem of the form

N, q] —N"G (1.17)

Alp, q|

If p > 2, then the restricted map A*[p]xAlq] — A¥![p,q] — N“G has a unique exten-
sion to a bisimplex Alp, ¢] — NG, which is a solution to (1.17) (which in fact has a
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unique solution if p > 2 or ¢ > 2). Hence, we reduce the proof to the case in which
p = 1 = ¢, with the four possibilities k = 0,1 and [ = 0,1. But any such extension
problem has a solution thanks to Lemma 1.4. For example, let us discuss the case

k = 0 = I: A bisimplicial map A%°[1,1] (Zwimg)

maps w : A[0,1] — NG and g : A[L,0] — N“G, such that wd} = gd}. That is, a
vertical morphism w of G and a horizontal morphism g of G, such that both have the
same target. By Lemma 1.4, there is a square « in G of the form

N(2g consists of two bisimplicial

g
- .

wq‘ « A
- <
which defines a bisimplicial map F : A[l,1] — NG such that ng = «. Then
Fd,ll = w, Fd} = g, and the diagram below commutes, as required.
(—wi—.g

AO[1, 1] 'NCg

A[1,1]

(ii) = (i) The simplicial sets N(QQQ*, N(QQ*VO, N(QQL*, and N(QQ*J are respectively
the nerves of the four component categories of the double category G. Since all these
simplicial sets satisfy the Kan extension condition, it follows that the four category
structures involved are groupoids; that is, G is a double groupoid. Furthermore, for
any given filling problem in G,

we can solve the extension problem
Ao, 1) Y NG
T

AL, 1] o

and the square Fg’ 11 has u as horizontal source and g as vertical target. Thus G satisfies
the filling condition.

(i) = (iii) The higher dimensional part of the proof is in the following lemma, that
we establish for future reference.

Lemma 1.8 If G is any double groupoid and n is any integer such that n > 3, then
every extension problem

AF[n] —= diagN“g
7

Aln
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has a solution and it is unique.

Proof: Let F = (F/}) : [n]x[n] — G denote the double functor we are looking for
solving the given extension problem. Recall that to give such an F' is equivalent to

specifying the n x n configuration of squares

r—1

r—1 _JLJ e
. -~ .

F J1 FJ

r—1,r r—1,r r—1,r
Fiy T Fia TFj .
1<j<n

r 1<r<n -

.
e Fj
J1.j

We claim that F' exists and, moreover, that it is completely determined by any three
of its (known) faces [n—1]x [n—1] g [n] X [n] 6. m # k; therefore, by the input
data A¥[n] — diagN"“G. In effect, since each m'h-face consists of all squares F[f such
that m ¢ {i, j,r, s}, once we have selected any three integers m, p, ¢ with m < p < ¢

and k ¢ {m,p,q}, we know explicitly all squares FZ’; except those in which m, p and

q appear in the labels, that is: F":", F"29, FJP2 and so on. In the case where k > 3,
if we take {m,p,q} = {0, 1,2} then we have given all squares F:’js, except those with
F;;fll, except four of them, namely,

F; ’31, Fﬂ ’21, F0112 , and F0213 , which, however, are uniquely determined by the equations

{0,1,2} C {r,s,i,7}. In particular, we have all

0,1 1,2 02 123 23 23 0,1 01 01 11,2 2,3 13
Fyyov Fy's = Fy5, Iy on Fiy = Fply, Fiyon Fys = Fiy, Fyy oy Fyy = Fyy,

that is, F20 31 = F20 32 oy (F21 ’32)‘1V, and so on. The other possibilities for k are discussed in

a similar way: If k = 2, then we select {m, p, ¢} = {0,1,n} and determine F' completely

by taking into account the two equations FT?j 1, Oy Fij L, = Fgﬁ o Fort ™oy I =
nil n b b b b b

F072 R

If k =1, then we take {m,p,q} = {0, 2,3} and find the unknown squares F02”13 and

0,1 . 1,2 23 _ 1,3 0,1 0,1 _ 10,1 .
Fy5 by the equations Fjy oy Fyy' = Fjy and Fy )y on Fy3 = Fy's, respectively.

Finally, in the case where k = 0, we take {m,p,q} = {n—2,n—1,n} and we find
the non-given four squares of the family (F'7."'), that is, ng}ﬁfl Frbn g2

2,0+1 »tn—2,n-1"" n—1,n

n—1,n . n—3,n—2 n—-3,n2 _ pn—-3,n—2 n—3,n—1
and an3,n72 by means of the four equations Fn—3,n—1 on anl’n = an37n , Fn{.w%2 oy

n—-1ln _ rn3n n—3,n—2 n—2,n—-1 __ rpn-3,n-1 n—1,n n—-l,n _ pn-1n
Fn73,n72 - Fn73,nf27 anl,n Ov anl,n - anl,n ’ and Fn73,nf2 Sh an2,nfl - an?),nfl‘
This completes the proof of the lemma. O

We now return to the proof of (i) = (iii) in Theorem 1.3. Following on from
Lemma 1.8 above, it remains to prove that every extension problem

Af2] — diagN"’c

7
T

Al2]



1.5. The geometric realization of a double groupoid. 37

for k = 0,1,2, has a solution. In the case where k = 0, the data for a simplicial map
(—,7,0):A[2] — diagN""G consists of a couple of squares in G of the form

T

and an extension solution A[2] > diagN(Qg amounts to a diagram of squares as in

such that (o o ) oy (y o, z) = 7. To see that such squares z, y, and z exist, we first
select squares v and /3 such that tha = sPo™!, sVa = tV7, sPB = thr, and tV8 = sVo L.
The filling condition in G assures that these a and § can be found. The squares o,
oo, ol a, B, v, g and 7 fit together in the configuration (actually, a
3-simplex of diagN(zg)

Q<+ <— +<— -

T o To-']-hTa'lv A

and then, we take z = o™h o ™, y = oV oy B and 2 = (07 oy @) oy (B oy 7).

The case in which k = 2 is dual of the case kK = 0 above, and the case when k = 1
is easier: A simplicial map (o, —,7) : A}[2] — diagN(Qg amounts to a couple of squares
in G of the form

RAREREE

and an extension solution A[2] > diagN@Q is given by any configuration of squares
in G of the form

Since G satisfies the filling condition (recall Lemma 1.4), it is clear that filling squares
z and y as above exist, and therefore the required extension map exists.
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(iii) = (i) By [b1, Theorem 8|, all simplicial sets N(2Qp,* and N(2Q*7q satisfy the
Kan extension condition. In particular, the nerves of the four component categories of
the double category G, that is, the simplicial sets N(ng,*, N(QQ*,O,N(QQL*, and N(QQ*J
are all Kan complexes. By [85, Propositions 2.6.1], it follows that the four category
structures involved are groupoids, and so G is a double groupoid.

To see that G satisfies the filling condition, suppose that a filling problem

g
<

A 37 fu
.

(th7_71Vg)
_—

is given. Since the simplicial map A![2] diagN(QC has an extension to a 2-

simplex A[2] > diagN(zg , we conclude the existence of a diagram of squares in G
of the form

g
<<

5]
A‘T e—
o 1 o
s
and then, particularly, the existence of a square « as is required. Il
We now state our main result in this section.

Theorem 1.4 Let G be a double groupoid satisfying the filling condition. Then, for
each object a of G, there are natural isomorphisms

m(g,a) = Wi(BQ,Ba), 1 > 0. (1.18)

Proof: By taking into account Fact 1.4 (2), we shall identify the homotopy groups of
BG with those of the Kan complex (by Theorem 1.3) diagN(Qg , which are defined, as
we noted in the preliminary Section 1.2, using only its simplicial structure.

To compare the 7 sets, observe that the 0-simplices a € diagN(zgg = N(QQQD are
precisely the objects of G. Furthermore, two 0-simplices a, b are in the same connected
component of diagN(Qg if and only if there is a square (i.e., a 1-simplex) of the form

b<
A 39 A
- < a,

that is, since G satisfies the filling condition, if and only if @ and b are connected in G
(see Subsection 1.3.1). Thus, moBG = moG.

We now compare the 7 groups. An element [o] € m1(BG, Ba) is the equivalence
class of a square « in G of the form

a <—
P at
—a
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and [a] = [o/] if and only if there is a configuration of squares in G of the form

such that (« oy z) oy y = o/. By recalling now the definition of the homotopy group
71(G,a), we observe that, if [a] = [@/] in 71 (BG,Ba), then, by the existence of the
squares o and « o x, we have [g,u] = [g oy ¢/,u/] in m1(G,a); that is,[tVa,s"a] =
[t/ sPa’]. Tt follows that there is a well-defined map

¢ :m(BG,Ba) — mi(G,a),

[a] +— g, u]=[t"a,s"

al
which is actually a group homomorphism. To see that, let

g1 g2

a <— a <—
forfu f oot
<~ a <—a

be squares representing elements [a], [ag] € 7m1(BG,Ba). Then, its product in the
homotopy group m1(BG, Ba) is [a1] o [aa] = [(a1 on B) oy (77 on a2)], where 8 and v are
any squares in G defining a configuration of the form (i.e., a 2-simplex of diagN(Qg)

a .o
fai} Bt

c=<—QqQ =<

£ fas e

.e.ea

Hence,

®([an] o [aa]) = [g1 on g, u 0y u2] = [g1,u1] © [g2, u2] = P([a1]) o P([az]),

and therefore ® is a homomorphism.

From the filling condition on G, it follows that ® is a surjective map. To prove
that it is also injective, suppose ®[a1] = P[], where [a1], [a2] € m1(BG,Ba) are as
above. This means that there are squares in G, say x; and x2, of the form

g1 g2
a<—- a<—-
w’T 1 ¢‘U1 w?‘ ] ¢U2
<—Q c<—Q

f I
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with which we can form the following three 2-simplices of diagN(Zg

T 1 T 1 T T T2 T 1 T T T T:cilhohsz

fairovar] L | fayevee| 1. | ] Y| L]

L .

The first one shows that [z1] = [ay] in the group m1(BG, Ba), the second that [x2] =
[ag], and the third that [z1] = [x2]. Whence [a1] = [a2], as required.

Finally, we show the isomorphisms m;(BG,Ba) = 7;(G,a), for i > 2. For i >
3, it follows from Lemma 1.8 that m;(BG,a) = 0, and the result becomes obvious.
For the case ¢ = 2, it is also a consequence of the afore-mentioned Lemma 1.8 that
the homotopy relation between 2-simplices in diagN(Qg is trivial. Then, the group

m2(BG, Ba) consists of all 2-simplices in diagN<2(] of the form

117 |
=
for 0 € m2(G, a), whence the isomorphism becomes clear. O

Corollary 1.2 A double functor F:G — G’ is a weak equivalence if and only if the
induced cellular map on realizations BF :BG — BG' is a homotopy equivalence.

1.6 A left adjoint to the double nerve functor.

Recall from Theorem 1.3 (ii) that the double nerve N(Q(] , of any double groupoid satis-
fying the filling condition, is a bisimplicial set which satisfies the extension condition.
Moreover, since both simplicial sets N<2g*70 and NQQO,* are nerves of groupoids, all
homotopy groups 7T2N(2g*70 and 7T2N(2g07* vanish. Our main goal in this section is to
prove that any bisimplicial set K that satisfies the extension condition and such that
the homotopy groups moK, ¢ and myKo . vanish, has functorially associated a dou-
ble groupoid with filling condition, denoted by P®K and called its homotopy double
groupoid, such that: (i) PUK always represents the same homotopy 2-type as K does,
(i) If K = N(Qg, for a double groupoid G, then P°K =g. (see Theorems 1.6 and 1.7,
for details).

Let K be any given bisimplicial set K, under the assumption that it satisfies the
extension condition of Definition 1.1 and both the Kan complexes K, o and K . have
trivial groups mo. The construction of its homotopy double groupoid

P°K,
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which works as a bisimplicial version of Brown’s construction in [25, Theorem 2.1], is
as follows:

The objects of P”K are the vertices a : A0,0] - K of K.

The groupoid of horizontal morphisms is the horizontal fundamental groupoid
PK, o, and the groupoid of vertical morphisms is the vertical fundamental groupoid
P Ky « (see the last part of Subsection 1.2.2). Thus, a horizontal morphism [f], : a — b
is the horizontal homotopy class of a bisimplex f : A[1,0] — K with fd) = a and

falll1 = b, whereas a vertical morphism in PCK , [u]ly : @ — b, is the vertical homotopy
class of a bisimplex u : A[0,1] — K with ud = a and ud’ = b.

A square of P®K is the bihomotopy class [[x]] of a bisimplex z : A[l,1] — K, with
boundary
wafe]  fledd)e
ST

which is well defined thanks to Lemma 1.3.

The horizontal composition of squares in P®K is the only one making the corre-
spondence

(xd?l [ﬂgl xdi) M ([xdg]v Hﬂ] [:rd}ll}v)
a surjective fibration of groupoids from the horizontal fundamental groupoid PK, ; to

the horizontal groupoid of squares in P®K. To define this composition, we shall need
the following:

Lemma 1.9 Let z,y : A[l,1] — K be bisimplices such that [xd)]y = [ydi]y. Then,
there is a bisimplex x': A[1,1] — K such that:

(a) [2']y = [z]v,
(b) 2'd) = yd}.
For any such bisimplex x' satisfying (a) and (b), the following equalities hold:
(d) [[="]] = [[=]],
(e) 2'd) = xd’, 2'd. = zdl.

Proof: Once any vertical homotopy from zd to yd}. is selected, say a : A[0,2] — K,
let 5 : A[l,2] — K be any bisimplex solving the extension problem

(o, —;2d0s9, x,—)
_

AL2[1,2]

A[L,2]

K.
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Note that such a simplex S exists since it is assumed that the bisimplicial set K
satisfies the extension condition in Definition 1.1. Then, we take 2’ = 8d2 : A[1,1] —

K. Since 8 becomes a vertical homotopy from z to 2/, we have [z], = [2'], and
then the equalities [[2']] = [[z]], 2/d? = 2d?, and z'dl = zd!, follow. Moreover,
2'd) = Bd3d) = Bd0d% = ad? = yd, as required. O

Now define the horizontal composition of squares in PCK by
=] on [[y] = [[&']n on [yla]  if [2]y = [2']v and 2'd}) = yd, (1.19)

where [z/], oy [y]n is the composite in the fundamental groupoid PK, ;, that is,

(1] on [[y)] = [[vdx]]

for v : A[2,1] — K any bisimplex with vd? = 2’ and vd = y.

In view of Lemma 1.9, our product is given for all squares [[z]] and [[y]] with
sP[[x]] = t"[[y]]. We also have the lemma below, where it is crucial in our argument
the hypothesis of m2(Ko «,a) being trivial.

Lemma 1.10 The horizontal composition of squares in PPK is well defined.

Proof: We first prove that the square in (1.19) does not depend on the choice of '
To do so, suppose " : A[1,1] — K is another bisimplex such that [z], = [z], and
2"d) = yd}, and let 8, 8" : A[1,2] — K be vertical homotopies from z to 2’ and from z
to z respectively. Then, both bisimplices 8d : A[0,2] — K and #'d) : A0,2] - K
have the same vertical faces. Since the 24 homotopy groups of the Kan complex
Ky, vanish, it follows that ﬁdg and (3’ d(ﬁ are vertically homotopic (Fact 1.2). Choose
w : A[0,3] — K any vertical homotopy from Bd} to #'d), and then let I' : A[1,3] — K
be a solution to the extension problem

vVEvVEVY

(w7_;md08081 1'5\1/7:87_)

AL, 3]

A3

K.

Then, the bisimplex E =T'd? : A[1,2] — K has vertical faces

Bd® =TdB3d® = Td0d2 = 2d0sOs1d2 = 2d0sY,

Bdl =Td3dl =Tdld? = zsld? = z,
Bd% =Td3d? = Td2d? = Bd? = o/,

so that B is another vertical homotopy from z to z’, and moreover

Bdy, = Td3dj, = Td)d3 = wdi = B'dy,
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that is, B and /' have both the same horizontal 0-face, say a. Now let ® : A[1,3] = K
and 6 : A[2,2] — K be solutions to the following extension problems

1’7; dg 3 \1/7~7 ,77 \1/»77¢d37 dg 9/7 T
AL3[1, 3] (asy,—5zdysys B'B;K AL2[2, 2] (ys g S’Y;K
A[1,3] Af2,2]

where v : A[2,1] — K is any bisimplex such that vd? = 2’ and vd? = y. Then, 0 is
actually a vertical homotopy from 7 to 7/ = 0d?, and this bisimplex 7/ satisfies that

N2 = 0d2d2 = 0d2d? = Bd3d2 = dd2d2 = f'd? = 1,
Yy = 0didy = 0dydy = ysydy = y.

Hence, [2']n on [yln = [ydi]n whereas [2”]y on [yln = [Y'di]n. Since the bisimplex
0d} : A[1,2] — K is a vertical homotopy from vd] to +/dl, we conclude that [[ydl]] =
[[v'd]], that is, [[2/]n on [y]n] = [[2"]n on [y]n], as required.

Suppose now zg,z1,y : A[l,1] — K bisimplices with [[zo]] = [[z1]] and [zod)], =
[ydily. Then, for some z : A[l,1] — K, we have [zo]y = [z]y and [z]y, = [z1]n.
Let zf, : A[l,1] — K be any bisimplex with [z{], = [z}, and 2{d) = ydl. Since
[zg]v = [zo]v, we have

[[zo]] on [[y]] = [[=5]n © [y]n]. (1.20)

Letting /5 : A[1,2] — K be any vertical homotopy from z to xj, and § : A[2,1] - K
be any horizontal homotopy from x; to x, we can choose 6 : A[2,2] — K, a bisimplex
making commutative the diagram

A172[2’ 2] (’Bd?)‘g?w_v 5;6d\0,89,,5,—)

L

Af2,2]
Then, 81 = 0d} : A[1,2] — K is a vertical homotopy from z; to zj:= £1d2, and since
ahdy = prdidy = prdyds = Odydpdy = Odydyds = Bdpdy = pdidy = xpdy = ydy,

we have
[[z1]] on [[y]] = [[#1]n on [yln]- (1.21)

As 0d% : A[2,1] — K is a horizontal homotopy from ' to z{, we have [z{]y = [2}]p.
Therefore, comparing (1.20) with (1.21), we obtain the desired conclusion, that is,

[[zo]] en [[y]] = [[z1]] on [[y]]-
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Finally, suppose z, 4o, y1 : A[L,1] — K with [[go]] = 1] and [}y = [yodi].
Then, [yolv = [ylv, [y]ln = [y1]n, for some y : A[1,1] — K. Let 2/ : A[l,1] — K be
such that [z], = [2/]y and 2/d) = ydl. Since 2'd) = y1d}., we have

[[]] on [[y1]] = [[2'In on [y1]n] = [['ln on [yls] = [lvdi]], (1.22)

for v : A[2,1] — K any bisimplex with vd? = 2’ and vyd{ = y. Now, as [yo]v = [y]v,
we can select a vertical homotopy 6 : A[1,2] — K from y to yp, and then a bisimplex
Bo : A[1,2] — K making commutative the diagram

(6d1 77;xld9597 Il77)
AM2[1,2] —

[ /

A[L,2]

This bisimplex By becomes a vertical homotopy from z’ to xj:= Bpd2, and this
verifies that x{d> = yod.. Hence,

[[=]] on [[yo]] = [[z6]n on [yo]u]-
But, by taking 6 : A[2,2] — K any bisimplex solving the extension problem

57_7 ) dg 977
Al’2[272] ( Bosvdy sy, )K7

[

A[2,2]

we obtain a bisimplex yp:= 6d? : A[2,1] — K satisfying that vod) = yo and yod2 = z{,
whence

[1]] on [yol] = [[odall- (1.23)

As the bisimplex 0d] : A[1,2] — K is easily recognized to be a vertical homotopy

from vd}, to Yodi, we conclude [[vdi]] = [[yodi]]. Consequently, the required equality
(2]} on [[yo]] = [[=]] on [[y:]]

follows by comparing (1.22) with (1.23). O

Simply by exchanging the horizontal and vertical directions in the foregoing dis-
cussion, we also have a well-defined vertical composition of squares [[z]] and [[y]] in

PK, whenever [2d%)y, = [ydl]y, which is given by
[2)) ov [[W]] = [[2')v ov [ylv] if  [z]n = [2']n and 2'd) = ydy,
where [2/]y oy [y]v is the composite in the fundamental groupoid PK] ., that is,

(1] ov [[y]] = [[vdy]]

for v : A[1,2] — K any bisimplex with vd2 = 2’ and vd2 = y.
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Theorem 1.5 PUK is a double groupoid satisfying the filling condition.

Proof: We first observe that, with both defined horizontal and vertical compositions,
the squares in P®K form groupoids. The associativity for the horizontal composition
of squares in P®K follows from the associativity of the composition of morphisms in
the fundamental groupoid PK, ;. In effect, let [[z]], [[y]] and [[2]] be three horizontally

composable squares in PK. By changing representatives if necessary, we can assume
that azdﬁ = yal]}1 and yd?1 = zd%l. Then,

[[z]] on ([l en [[]]) = [[z]] on

The horizontal identity square on the vertical morphism represented by a bisimplex
u:A[0,1] - K is
h
15y, = [[usp]]

(recall Lemma 1.3), as can be easily deduced from the fact that [us]]}, is the identity
morphism on wu in the groupoid PK, ;. Thus, for example, for any = : A[1,1] — K,

[[2]] on 1,0, = [[]n on [zdisiln] = [[#]n] = [[=]].

The horizontal inverse in P°K of a square [[#]] is [[z]]'* = [[z];}], where [z];! is

the inverse of [z]p in PK, 1, as is easy to verify:
[[2]] on [[]i] = [[#]n on [2]y/] = [[wdisi]] = 1y, -

Similarly, we see that the associativity for the vertical composition of squares in
P®K follows from the associativity of the composition in the fundamental groupoid
PK; «, that the vertical identity square on the horizontal morphism represented by a

bisimplex f : A[1,0] — K is 1y, = [[sY]], and that the vertical inverse in P°K of a
square [[x]] is [[«];!], where [z];! denotes the inverse of [z]y in PK] ..

We are now ready to prove that P°K is actually a double groupoid. Axiom 1 is
easily verified. Thus, for example, given any = : A[1,1] — K,

B3V [] = ol = 20 = 2 = ¥zl = 5 [[o],
or, given any f: A[l,0] — K,

s'1, = SIS = Vbl = [Fdhslly = g = Ligp,»

and so on. Also, for any a : A[0,0] — K,

1y =100, = lasOsd]) = [lashs0) = 1,01 = 1}y
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For Axiom 2 (i), let [[z]] and [[y]] be two horizontally composable squares in P°K.
We can assume that xd) = yd;, and then [[z]] oy, [[y]] = [[vd}]], for any v : A[2,1] - K
with fydﬁ =z and ’ydg = y. Hence,

s'([[z]] on [[W)]) = [ydiddn = [yd9dh] = [ydddZ], on [yd9dp]n

= [ ddn on [ydydd] = [zddn on [ydd)n = s¥[[x]] on sV[[y]],
t'([[2)] on [[¥]]) = [ydidiln = [ydidiln = [ydidiln on [ydydin

= [vdidy]n on [vdpdyln = [zdy]n on [ydy]n = tY[[]] on t¥{[y]].

Axiom 2 (ii) is proved analogously, and for (iii), let f, f’: A[1,0] — K be maps
with fd) = f'dl. Then, [f]n on [f']n = [ydi]n, for v: A[2,0] — K any bisimplex with
vd? = f and vd? = f’, and we have the equalities:

Uouts = Lo, = [0kl = [rs0ab]] = [ys0a3)] on [[12]) = 1y, o 1,

And similarly one sees that 1}
ud? = u'dl.

To verify Axiom 3, that is, to prove that the interchange law holds in P°K , let

1][ﬂu]v Ov 1}[2% for any u, v/ : A[0,1] — K with

[ulvov[ulv

Il e |

[ P |

be squares in P°K. By an iterated use of Lemmas 1.9 and 1.10 (and their cor-
responding versions for vertical direction), we can assume that ;1cd?1 =7 d%l, xd) =
ydi, 2/dd = y/dt and yd) = y'd}. Let o : A2,1] - K and B : A[1,2] — K be
bisimplicial maps such that ad? = y, ad) = v/, Bd> = 2’ and Bd% = y/; there-
fore, [[y]] on [¥']] = [[ad}]] and [[2]] oy [[¥']] = [[Bdl]]. Now we select bisimplices
v:A[l,2] = K and § : A[2,1] — K as respective solutions to the following extension
problems:

A11[1,2] dy, =3y, )K AlJ[Zl}(w;)K
AlL2 A[2,1]
Then [[z]]oy[[y]] = [[’ydl]] [[]]on[[2]] = [[6d111H and, moreover, we can find a bisimplex

[
0 : A[2,2] — K making the triangle below commutative.

-7 1_75
A1’1[2,2] (B,— )K

A[2,2]
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Letting ¢ = 0d]. : A[1,2] — K and ¢ = d} : A[2,1] — K, we have the equalities:
682 = 02l = 5y, 9a? = 0 — ad),
Ydi = 0dpdy = ydy, yd) = 0dydy = By,
whence,
([[=]) on [[2"]]) ov ([[y]] on [[¥']]) = [[0d}]] ov [[ad}]] = [[¢d3]],
(=) ov [[91]) on ([[="]] on [[y'1) = [[vdi]] on [[Bdi]] = [[wdy]].
Since ¢d. = 9d111d\1, = Halidll1 = ¢d111, the interchange law follows.

Thus, P®K is a double groupoid and, moreover, it satisfies the filling condition:
given morphisms

[9]n

-~

Hlulv

represented by bisimplices u : A[0,1] — K and g : A[1,0] — K with gd¥ = ud}, if
x : A[l,1] — K is any solution to the extension problem

AL, 1) ) g

A[L,1]

then the bihomotopy class of x is a square in P°K

as required. O
The construction of the double groupoid PK is clearly functorial on K, and we
have the following:

Theorem 1.6 The double nerve construction, G > N(2g, embeds, as a reflexive sub-
category, the category of double groupoids satisfying the filling condition into the cat-
egory of those bistmplicial sets K that satisfy the extension condition and such that
mo(Ky0,a) = 0 = ma(Kox, a) for all vertices a € Koo. The reflector functor for such
bisimplicial sets is given by the above described homotopy double groupoid construction

K — PUK.
Thus, P(QN(QQ =G, and there are natural bisimplicial maps
(2. (2

¢(K): K —-NPK, (1.24)

such that P<2e =id and eN<2 = id.
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Proof: From Theorem 1.3(ii), if G is any double groupoid satisfying the filling
condition, then its double nerve N<QQ satisfies the extension condition and, since
both simplicial sets N(Qg*p and NQQO,* are nerves of groupoids, all homotopy groups
ﬂQ(N(QQ*p,a) and TFQ(N(ZQ(L*,CL) vanish. Moreover, since the bihomotopy relation is
trivial on the bisimplices Alp, q] — N(Qg, for p > 1 or ¢ > 1, it is easy to see that
P"N“G = ¢.

For any bisimplicial set K in the hypothesis of the theorem, there is a natural
bisimplicial map

e =¢(K): K - N"PK,
that takes a bisimplex z : A[p, q] — K, of K, to the bisimplex ez : [p]x[q] — PK, of
N“PK , defined by the p x ¢ configuration of squares in PUK

' % '
r,S
6:75x GZ ] T T€7}S$
’ JJo<i<j<p
eEr<—csx 0<r<s<gqg’
L
17]
where
TS _ D j+1 55—1 i+1 gi—1 0 19 s+1 35—1 r+1 gr—1 0
€T = deh"'dh dh "'dh dh s dddl A5t "'dv]]v
r,s j+1 75—1 1s—1 1r—1
€ r = [xdﬁ"'d{l d{l --~dﬂd3-~-df,+ ds—t..drtiar ~~-d9]v,
r _ /4 j+1 55—1 i+1 7i—1 0 79 r+1 gr—1 0
T = [xdh'”dh dh “'dh dh coedVdd - drTT ...dv]}”
r _ 14 i+1 7i—1 0 79 r+1 gr—1 0
6gEr = xdh---dh dh coedypdy e dTdT - d

Since a straightforward verification shows that P<26(K ) is the identity map on
PeK , for any K, and e(N(Qg) is the identity map on N“g , for any double groupoid G,
it follows that N is right adjoint to P(z, with e and the identity being the unit and
the counit of the adjunction respectively. O

With the next theorem we show that the double groupoid PCK represents the
same homotopy 2-type as the bisimplicial set K.

Theorem 1.7 Let K be any bisimplicial set satisfying the extension condition and
such that, for all base vertices a, ma(Kox,a) = 0 and ma(Kyp,a) = 0 . Then, the

induced map by unit of the adjunction le| : |K| — |N<2P(2K] = BP"K is a weak
homotopy 2-equivalence.

Proof: By Facts 1.5 (1) and (3) and Theorem 1.3, the map |e| : |K| — |N(2P(2K| is,
up to natural homotopyiequivale&es, induced by the simplicial map We : WK —
WNP“K , where both W K and WNP®K are Kan-complexes.
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At dimension 0, we have the equalities WK, = Koo = WN(ZP(QKO, and the map
We is the identity on O-simplices. At dimension 1, the map

We: (zo1,21,0) = ([zo,1]v, [#1,0]n),
is clearly surjective, whence we conclude that the induced

o o 2. (118) @
moWe: WK — mgWN P K & 1P K

is a bijection and also that, for any vertex a € Ky, that induced on the m-groups

o o e (1.18) @
mWe:m(WK,a) - m(WN P K,a) =2 m(P K,a)

is surjective. To see that 7 We is actually an isomorphism, suppose that (x0,1,210) €
W Ky, with $071d3, =a= xLodﬁ, represents an element in the kernel of mWe. This
implies the existence of a bisimplex = : A[l,1] — K whose bihomotopy class is a

square in P®K with boundary as in

[asgh;

a

[as?]v

a
[xo,ﬂvT

=

[l‘l,o]ha
Using Lemma 1.9 twice (one in each direction), we can find a bisimplex x1 1 : A[1, 1] —
K, such that [[z11]] = [[2]], z11d} = as?, and z;1d? = as). Moreover, since
(2110 = [710)n and [z11d}]y = [z0a]v, there are bisimplices 20 : A[2,0] — K
and xo2 : A[0,2] — K, with faces as in the picture

as? asd
Zo,2

20} ’T Z1,1 Tasg

<—q

x2.0
0
10N Tash

a

This amounts to saying that the triplet (zg2, 71 1,720) is a 2-simplex of WK which
is a homotopy from (zo1,21,0) to (as?,as)). Then, (zo1,71,0) represents the identity
element of the group 71 (W K, a). This proves that w1 We is an isomorphism.

Let us now analyze the homomorphism

o L e (1.18) @
moWe : my(WK,a) - me(WN P K,a) = m(P K, a).

An element of o (P(QK ,a) is a square in P“K of the form

b
S,

a a
las9]y } [[2]] }last)
a a

0
h

a

n

!

as

h
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and the homomorphism mWe is induced by the mapping

— [[z1,1]]-

That maWe is surjective is proven using a parallel argument to that given previously
for proving that m We is injective (given [[z]], using Lemma 1.9 twice, we can find
z11 : A[l,1] — K, etc.). To prove that myWe is also injective, suppose (zg2, 71,1, 72,0)
as above, representing an element of mo(W K, a) into the kernel of moWe, that is,
such that [[z11]] = [[as)sY]]. Then, there is a bisimplex y : A[1,1] — K such that
[z11]v = [y]v and [y]n = [as)s0]n, whence we can find bisimplices o : A[1,2] — K
and ' : A[2,1] — K such that

_ r 31 /132 /30 __ 0.0 gl 0.0 /132 __
d ydv v, ody =y, odi =1z, Bdy=asysy, Bd,=asysy, B'di=1y.

Let us now choose 6 : A[2,2] — K and 6" : A[1,3] — K as respective solutions to the
following extension problems

(asgs?,se, asgsgsg,—; —,B'dLs, 8"

~ 0d2d0s0,0d2,— o'
£2%(2,2) A N i
Al2,2] Al1,3]°

Then, for a = §'d? : A[1,2] - K and 3 = 0d° : A[2,1] — K, we have the equalities

add = Bd2, adl =as?sd, ad?=u1x1,1, Bdd=asds?, pBdl=as)sd. (1.25)
By Lemma 1.2, as the 2"d homotopy groups of K.« vanish and both bisimplices ozdg
and as? have the same vertical faces, there is a vertical homotopy w : A[0,3] — K
from as2s? to ado And similarly, since 3dl and x2,0 have the same horizontal faces
and the 2nd homotopy groups of K, o are all trivial, there is a horizontal homotopy,
say w' : A[3,0] — K, from Bd. to z20. Now, let I': A[1,3] - K and I : A[3,1] - K
be bisimplices solving, respectively, the extension problems

w,—j adyoy, asysysy, - 0,00 0 , By ——, W’
A1,2[1;3] ( adys s sh )§K AS,O[?)7 1] (as9s2sD as0s0s?, B )sK

and take z15 = I'd2 : A[1,2] - K and 297 = I'd} : A[2,1] — K. Then, the
same equalities as in (1.25) hold for z instead of o and z2; instead of 3, and
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moreover (IZLng = as%sY and a:271d\1, = 9. Finally, by taking xo3:A[0,3] - K any
bisimplex with x073d9, = xlvgdllj, x073d3, = asgsg, x073d\2, = asgsg and I‘o’gdg = 20,2, and
73,0:A[3,0] — K any horizontal homotopy from as)s? to z21d? (which exist thanks
to Lemma 1.2), we have the 3-simplex (z¢3,21,2,221,230) of WK, which is easily

recognized as a homotopy from (as?s%, as?s%, asVs) to (zo2,21,1,22,0). Consequently,
(x0,2,21,1,2,0) represents the identity of the group mo(W K, a). Therefore, mWe is
an isomorphism, and the proof is complete. [l

1.7 The equivalence of homotopy categories.

Recall that the category of weak homotopy types is defined to be the localization
of the category of topological spaces with respect to the class of weak equivalences,
and the category of homotopy 2-types, hereafter denoted by Ho(2-types), is its full
subcategory given by those spaces X with 7;(X,a) = 0 for any integer i > 2 and any
base point a.

We now define the homotopy category of double groupoids satisfying the filling
condition, denoted by Ho(DGy.), to be the localization of the category DGy, of
these double groupoids, with respect to the class of weak equivalences, as defined in
Subsection 1.3.4.

By Corollaries 1.2 and 1.1, both the geometric realization functor G — BG and
the homotopy double groupoid funtor X X induce equally denoted functors

B : Ho(DG¢.) — Ho(2-types), (1.26)
11 : Ho(2-types) — Ho(DGy.). (1.27)
One of the main goals in this section is to prove the following:

Theorem 1.8 The induced functors (1.26) and (1.27) are mutually quasi-inverse,
establishing an equivalence of categories

Ho(DGy¢.) ~ Ho(2-types).

The proof of this Theorem 1.8 is somewhat indirect. Previously, we shall establish
the following result, where KC is the category of Kan complexes and

Ho(L e KC | mL =0,1i> 2)

is the full subcategory of the homotopy category of Kan complexes given by those L
such that m;(L,a) = 0 for all 7 > 2 and base vertex a € Lg:

Theorem 1.9 There are adjoint functors, WN" DG, — KC, the right adjoint,
and P“Dec : KC — DGy, the left adjoint, that induce an equivalence of categories

Ho(DGy.) ¥ Ho(L € KC | mL =0, 1 > 2).
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Proof: The pair of adjoint functors P“Dec + WN is obtained by composition of
the pair of adjoint functors Dec - W, recalled in (1.10), with the pair of adjoint
functors P N(Q, stated in Theorem 1.6. For any double groupoid G € DGy, its
double nerve NG satisfies the extension condition, by Theorem 1.3, and therefore,
by Fact 1.5 (4), the simplicial set WNUG is a Kan complex. Conversely, if L is any
Kan complex, then the bisimplicial set DecL satisfies the extension condition by Fact
1.5 (5) and, moreover, ma(DecL,o,a) = 0 = ma(DecLg «,a) for all vertices a, since

both augmented simplicial sets DecL, o d# Lo and DecLy ﬂ Ly have simplicial
contractions, given respectively by the families of degeneracies (sp: L, = Lpt1)p>0
and (so:Lq = Lgt1)g>0. Therefore, in accordance with Theorem 1.6, the composite
functor L — P“DecL is well defined on Kan complexes.

By Fact 1.4 (3), the homotopy equivalences in Fact 1.5 (1), and Corollary 1.2, it
follows that a double functor F' : G — G, in DGy, is a weak equivalence if and only
if the induced simplicial map WNUF : WNYG — WN"G is a homotopy equivalence.

By Facts 1.4 (3) and 1.5 (2), Theorem 1.7, and Corollary 1.2, if f : L — L is
any simplicial map between Kan complexes L, L’ such that m;(L,a)=0=m;(L’,a’) for
all 7 > 3 and base vertices a € Lo, a’ € L, then f is a homotopy equivalence if and
only if the induced P“Dec f: P®DecL — P®Decl’ is a weak equivalence of double
groupoids.

If L is any Kan complex such that m;(L,a) = 0 for all ¢ > 3 and all base vertices
a € Lo, then the unit of the adjunction L — WN “PDecL is a homotopy equivalence
since it is the composition of the simplicial maps

e(DecL)
_

__ W _
L - WDecL WN“P“Dec L,

where u is a homotopy equivalence by Fact 1.5(3) and Fact 1.4 (3), and then We(DecL)
is also a homotopy equivalence by Theorem 1.7 and Fact 1.4 (3).

Finally, the counit P%(N“’g) : P(QDeCWN(QQ — P<2N(2Q = G, at any double
groupoid G, is a weak equivalence, thanks to Fact 1.5(3), Theorem 1.7, and Corollary
1.2. This makes the proof complete. [l

Since, by Facts 1.4, the adjoint pair of functors | | 4 S : Top = KC induces
mutually quasi-inverse equivalences of categories

Ho(2-types) ~ Ho(L € KC | m;L =0, i > 2),
the following follows from Theorem 1.9 above, and Fact 1.5 (1):

Theorem 1.10 The induced functor (1.26), B : Ho(DGy¢.) — Ho(2-types), is an
equivalence of categories with a quasi-inverse induced by the functor X — P“DecSX.

Theorem 1.10 gives half of Theorem 1.8. The remaining part, that is, that the
induced functor (1.27) is a quasi-inverse equivalence of (1.26), follows from the propo-
sition below.
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Theorem 1.11 The two induced functors 11, PDec : Ho(2-types) — Ho(DGy.)
are naturally equivalent.

Proof: The proof consists in displaying a natural double functor
n: P“DecSX — MM°X,

which is a weak equivalence for any topological space X. This is as follows:

On objects of P“DecSX , the double functor 7 carries a continuous map v : A; — X
to the path n, : I — X given by

() = u(l — z,x),
that is, the obtained from u through the homeomorphism
IZ2A: oz (1—2x2).
On horizontal morphisms of P“DecSX , 1 acts by

(gdo @} gdl) 'ﬂ> (77ng - ngdl)a

for any continuous map g : Ay — X. That is, n carries the horizontal homotopy class

of g in DecSX to the unique horizontal morphism in II”X from the path 7440 to the
path 7y41. This correspondence is well defined since

77ng(1) - ng(O, 1) - 9(07 0, 1) - gdl <07 1) - Ugd1(1)7

and, moreover, if [g]y = [¢]n in DecSX, then gd' = ¢'d’ for i = 0, 1.
Similarly, on vertical morphisms, 7 is given by

(gd" 25 gd?) B (e — nyae)-

On squares in P“DecSX , 1 is defined through the embedding I x I < Ag

(07 07 1\;0) dld2
(O’ 1) - (1’ 1) - | ke (1’ O, 07 O)
(0,0) —(1,0) (0,0,0,1)
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given by: (z,y) = (zy, (1 —z)(1—y), (1 —z)y,z(1 —y)). That is, for any continuous
map « : Az — X, n is defined by

[d3]y,
< Nadld? = Nad’d?

[adl]‘,T ([a]] T[ado]v A T [Ma) T
’ Tﬂ : Nadld! = Tad%?
where 1, : I x I — X is the square in X given by the formula

Na(z,y) = a(zy, (1 —z)(1—y), (1 —z)y,z(1 —y)).

To see that 7 is well defined on squares in PDecSX, suppose [[a1]] = [[ev2]]- This
means that [aq]y = [a]y and [az2]y = [@]y, for some « : Ag — X, in the bisimplicial set
DecSX. Then, there are maps 5,7 : Ay — X such that the following equalities hold:

Bd’ = a1d’s?, Bd' = ay, Bd? = a =vd>, vd* = ag, yd® = aud?s?;

whence the equalities of squares in IT"X, May] = [Ma) = [May], follow from the relative
homotopies F : g, — Mo and Fy : 0o — Na,, respectively given by the formulas

Fi(z,y,t) = B(zy, t(1 —2)(1—y), 1= t)(1 —2)(1 —y), (1 — 2)y, (1 —y)),
Fy(a,y,t) = y(zy, (1 —2)(1 —y), (1 — 2)y, tx(1 —y), (1 — t)z(1 —y)).

Most of the details to confirm 7 is actually a double functor are routine and easily
verifiable. We leave them to the reader since the only ones with any difficulty are
those a)- d) proven below.

a) For w: Ay — X, [Nun] = [Nuaz] o0 [Neao],

b) For w: Ay — X, N3] = [Mat] ov [Meaz]s

c) For g: Ag — X, [ng] = 1‘(Inqd1,nqdo)
d) For g: Ay — X, [ng0] = 11(ln9d2,ngd1)

To prove a), let H : I? x I — X be the continuous map defined by

(W

1-t)zy,2tx(z+y),(1-z) (1-y) +tz(22-2+y),
y(1-z)+tx(1-22-y),x(1-y) +tz(1-22- y))
1-t)zy,2ty(z+y),(1-z) (1-y)+ty(2y-2+x),

( if z+4y<i,z<y,
(c
y(1-2)+ty(1-2-2y) 2 (1-y) +ty(1--2y) )
(
(

w .
if z+y<i,z>y,

I

H t) =
(.9.t) W wy+t(1-y) (1-z-2y),2t (1-y) (2-z-y),(1-t) (1-z) (1-y), i otyol e
y(1-2)-4(1-y) (2-2-2y), (1-y) (a-t(2--2y) ) sy
W zy+t(1-x)(1-22-y),2t(1-z) (2-2-y),(1-t) (1-z) (1-y), T ery>l, ey
z(1- ) -

(1-z) y)-t(l-z

—~

y-+(2-22-y)), (2-22-))
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When ¢ = 0, then

H<$7y70) = w(my,O, (1 - l‘)(l - y)7 (1 - x)y,x(l - y)) = Nl (xay)a
while, if £ = 1, then

H(z,y,1) =
o w((0,22(a+y),(1-) (1y) +a(22-24y) y(1-2) +o(1-20-y) @ (l-y) +te(1-22-y) ) if a4y<1,a<y,
o w((02y(a+y),(1-0)(1-y) +y(2y-2+2) y (1-0) +ty(1-a-2y) e (l-y)+y(1-a-2y))  if a4y<1 a>y,
© w(zy+(1-y) (1-2-2y),2(1-y) (2-2-) 0,y (1-0)-(1-y) (2-2-29), (1-y) (- (2-2-2) ) if a4y>1,2<y,
o w(zy+(1-0)(1-20-y) 2(1-2) (2-2-),0,(1-2) (y-(2-20-y)) o (1-9)-(1-2) (2-22-y) ) if aty>1,2>y.

1.15
(11> (Nt ©Oh N0 ) (T, Y).

Hence, since the following equalities hold:
H(z,0,t) = w(0,0,1 —2,0,2) = wd'd’d* (1 — x,2) = n g4 (),

(
H(0,y,t) = w(0,0,1 —y,,0) = wd'd’d?(1 — y,9) = Ngrgoaz (y),
H(z,1,t) = w(2,0,0,1 — 2,0) = wd'd'd*(z,1 — x) = n g (1l — ),
t) =w(y

H(1,y, ,0,0,0,1 —y) = wd'd'd (y,1 — y) = nupaar (1 — y),

we conclude that H is actually a relative homotopy

] Medl l *>H ]\.77“@2
N0d0
—_— . .%‘Nd \-

between 7,1 and 7,42 oy 1,0, as required for proving a). The proof of b) is completely
similar.

Now we attend to the case c). For, let H : I? x I — X be the continuous map
defined by

1-t)zy,(1-z) (1-y) —tzy,z+y+2zy(t-1 if o4y < 1,
H(Lyj):{g(( oy, (1-0) (1-y)—tay+y+ 22y (1)) y
When ¢t = 0, then
H(z,y,0) =g(zy, 1 —2)(1 —y),z +y — 2zy)
= 982('Ty’ (1 - l’)(l - y)v (1 - SC)y,LE(]. - y)) = 77952(9379),
while, if ¢ = 1, then

9 (zy+t(aty-1-ey),(1-0) (1-2) (1-y) @ +y-2ey+2t(1-2) (1y)) i a4y > 1.

Hr.y 1) 9(0,1 -z —y,z+y) if z+y<I,
x,y, =
Y glr+y—1,0,2—x—y) if xz+y>1.
B gd’(1 —z —y,z +y) if z+4+y<1,
gd'(z+y—1,2—2—y) it z4+y>1.

1.16
0L ovigdl, gd®) (2, ).
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Moreover,
H(z,0,t) =g(0,1 — ,x)—gdo(l—x :1:)—77910( x),
H(0,y,t) = g(0,1 —y,y) = gd°(1 — y,y) = 1g (y),
H(a:,l,t)zg(w,o,l x)—gdl(x,l—x)—ngjl(l—x)
H(1,y,t) = g(y,0,1 —y) = gd' (y, 1 = y) = ngn (1 — ),

gd! gd!
S -
d0 gcl1 £> 0 v 1
g Ngs2 gd € gd
. . .
ng ng ’

between 742 and e¥(gd', gd®). This proves c), and the proof of d) is parallel.

Hence, 71 : P®DecSX — T1°X is a double functor, which is clearly natural on the
topological space X. Moreover, for any X, it is actually a weak equivalence since, for
any l-simplex u : A; — X and integer ¢ > 0, the induced map m;n : m(P(QDecSX, u) —

2 . . . .
m;(IT" X, 1) occurs in this commutative diagram

7:(P“DecS X, u) 22 7, (BP“DecS X, u) 24T 7, (|DecSX|, u)
|

= Fact1.5(1)

v
ey 7;(|WDecSX]|, u)

= Fact1.5(3)

)
(X, ) — 222 (% u(1,0)) 2222 (19X (1, 0))

in which all other maps are bijections (group isomorphisms for 7 > 1) by the references
in the labels. ]



Chapter 2

Comparing geometric
realizations of tricategories

2.1 Introduction and summary

As we mention in Chapter 1, the process of taking classifying spaces of categorical
structures has shown its relevance as a tool in algebraic topology and algebraic K-
theory, and one of the main reasons is that the classifying space constructions transport
categorical coherence to homotopic coherence. We can easily stress the historical
relevance of the construction of classifying spaces by recalling that Quillen [109]
defines a higher algebraic K-theory by taking homotopy groups of the classifying
spaces of certain categories. Joyal and Tierney [89] have shown that Gray-groupoids
are a suitable framework for studying homotopy 3-types. Monoidal categories were
shown by Stasheff [114] to be algebraic models for loop spaces, and work by May
[105] and Segal [112] showed that classifying spaces of symmetric monoidal categories
provide the most noteworthy examples of spaces with the extra structure required to
define an 2-spectrum, a fact exploited with great success in algebraic K-theory.

This chapter contributes to the study of classifying spaces for (small) tricategories,
introduced by Gordon, Power and Street in [69]. The homotopy theory of higher
categorical structures has demonstrated relevance as a tool for the treatment of an
extensive list of subjects of recognized mathematical interest in several mathematical
contexts beyond homotopy theory, such as algebraic geometry, geometric structures
on low-dimensional manifolds, string theory, or topological quantum field theory and
conformal field theory.

We explore the relationship amongst three different ‘nerves’ that might reasonably
be associated to any tricategory 7. These are the pseudo-simplicial bicategory called
the Grothendieck nerve NT: A°P — Bicat, the simplicial bicategory termed the Se-
gal nerve ST: A°? — Hom, and the simplicial set called the geometric nerve of the
tricategory A7T: AP — Set. Since, as we prove, these three nerve constructions lead
to homotopy equivalent spaces, any one of these spaces could therefore be taken as
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58 Chapter 2. Comparing geometric realizations of tricategories

the classifying space B,T of the tricategory!. Many properties of the classifying space
construction for tricategories, 7 — B,7, may be easier to establish depending on the
nerve used for realizations. Here, both for historical reasons and for theoretical inter-
est, it is appropriate to start with the Grothendieck nerve construction to introduce
B,7. Let us briefly recall that it was Grothendieck who first associated a simplicial
set NC to a small category C, calling it its nerve, whose p-simplices are composable
p-tuples g — --- — x, of morphisms in C. Geometric realization of its nerve is the
classifying space of the category, BC = [NC|. A first result in this chapter shows how
the Grothendieck nerve construction for categories rises to tricategories. Thus, we
prove

Theorem 2.1 Any tricategory T defines a pseudo-simplicial bicategory,
that is, a trihomomorphism NT = (NT, x,w): A’ — Bicat, whose bi-
category of p-simplices

NT, = |_| T (wp-1,2p) X T (Tp_2,Tp—1) X -+ x T (w0, 1)
(0,-+,p) EOLTPF1

consists of p-tuples of horizontally composable cells.

Then, heavily dependent on the results by Carrasco, Cegarra and Garzén in [42],
where an analysis of classifying spaces is performed for lax diagrams of bicategories
following the way Segal [112] and Thomason [120] analyzed lax diagrams of categories,
we introduce the classifying space B,T, of a tricategory 7, to be the classifying space of
its Grothendieck nerve N7. Briefly, say that the so-called Grothendieck construction
[42, §3.1] on the pseudo-simplicial bicategory N7 produces a bicategory [\NT. Again,
the Grothendieck nerve construction on this bicategory fANT now gives rise to a
normal pseudo-simplicial category N([\N7): A’ — Cat, on which once more the
Grothendieck construction leads to a category, fAN( fANT), whose classifying space is,
by definition, the classifying space of the tricategory, that is:

B,7 = IN(/;N(\NT))|

or, in other words, B,7 =B, [\NT =B [\N([\NT) , where B,B denotes the classi-

fying space of any bicategory B as defined by Carrasco, Cegarra and Garzon [41,
Definition 3.1]. The behavior of this classifying space construction, 7 +— B,T, can be
summarized as follows (see Propositions 2.1 and 2.4 and Corollary 2.3):

- Any trihomomorphism F: T — T' induces a continuous map B, F: B,T —
B,T".

!Throughout this chapter we indicate the different classifying spaces of categories, bicategories
and tricategories by B, B, and B, respectively to avoid confusion. In the rest of the thesis we will
omit the index since it will be clear in each case by context.
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- For any composable trihomomorphisms F: T — T’ and F': T' — T",
there is a homotopy B,F'B,F ~ B,(F'F): B,T — B,7” and, for any
tricategory T, there is a homotopy B,17 ~ lg,T-

-IfF,.G: T — T are two trihomomorphisms, then any tritransformation,
F = G, canonically defines a homotopy B, F ~ B,G: B,T — B,T" between
the induced maps on classifying spaces.

- Any triequivalence of tricategories T — T’ induces a homotopy equiva-
lence on classifying spaces B,T ~ B,T".

For instance, for every tricategory 7T there is a Gray-category G(7) with a triequiv-
alence T — G(T), thanks to the coherence theorem for tricategories by Gordon, Power
and Street [69, Theorem 8.1]. Then, it is a consequence of the properties above that

- There is an induced homotopy equivalence B,T ~ B,G(T).

To deal with the delooping properties of certain classifying spaces, for any tri-
category T, we introduce its Segal nerve ST. This is a simplicial bicategory whose
bicategory of p-simplices, ST, is the bicategory of unitary trihomomorphisms of the
ordinal category [p] into 7. Each ST is a special simplicial bicategory, in the sense
that the Segal projection homomorphisms on it are biequivalences of bicategories, and
thus it is a weak 3-category from the standpoint of Tamsamani [119] and Simpson
[113]. When 7 is a reduced tricategory (i.e., with only one object), then the simplicial
space B,S7: A°? — Top, obtained by replacing the bicategories S7, by their classify-
ing spaces B,(S7,), is a special simplicial space. Therefore, according to Segal [112,
Proposition 1.5], under favorable circumstances, 2|B,S7| is homotopy equivalent to
B,(ST1). In our development here, the relevant result is

Theorem 2.2 For any tricategory T, there is a homotopy equivalence

B,T ~ |B,ST].

Any monoidal bicategory (B,®) gives rise to a one-object tricategory X (B, ®),
its ‘suspension’ tricategory following Street’s terminology [117, §9, Example 2] (or
‘delooping’ in the terminology of Kapranov-Voevodsky [90] or Berger [17]). Defining
the classifying space of a monoidal bicategory (B, ®) to be the classifying space of its
suspension tricategory, that is, B,(B, ®) = B,X(B, ®), we prove the following extension
to bicategories of the aforementioned fact by Stasheff on monoidal categories.

Theorem 2.3 Let (B,®) be a monoidal bicategory such that, for any
object x € B, the homomorphism x ® —: B — B induces a homotopy auto-
equivalence on the classifying space B,B of B. Then, there is a homotopy
equivalence

B,B ~ OB,(B,®),

between the classifying space of the underlying bicategory and the loop
space of the classifying space of the monoidal bicategory.
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If (C,®, c) is any braided monoidal category, then, thanks to the braiding, the
suspension of the underlying monoidal category (C, ®), which is actually a bicategory,
has a structure of monoidal bicategory. Hence, the double suspension tricategory
¥2(C,®, ¢) is defined. According to Jardine [86, Setion 3], the classifying space of the
monoidal category B,(C,®) is the classifying space of its suspension bicategory, and,
following Carrasco, Cegarra and Garzén [42, Definition 6.1], the classifying space
of the braided monoidal category B,(C,®, c) is the classifying space of its double
suspension tricategory. Hence, from the above result we get the following.

Corollary 2.2 (i) For any braided monoidal category (C,®, ¢) there is
a homotopy equivalence

B,(C,®) ~ QB,(C,®, c).

(73) Let (C,®, ¢) be a braided monoidal category such that, for any object
x € C, the functor x ® —: C — C induces a homotopy auto-equivalence on
the classifying space of C. Then, there is a homotopy equivalence

BC ~ O*B,(C, ®, ¢).

Thus, under natural hypothesis, the double suspension tricategory ¥2(C,®, ¢) is
a categorical model for the double deelooping space of the classifying space of the
underlying category C, a fact already proved in [42, Theorem 6.10] (cf. Berger [17,
Proposition 2.11] and Balteanu, Fiedorowicz, Schwénzl and Vogt [12, Theorem 2.2]).

The process followed for defining the classifying space of a tricategory 7, by means
of its Grothendieck nerve N7, is quite indirect and the CW-complex B,T thus ob-
tained has little apparent intuitive connection with the cells of the original tricategory.
However, when T is a (strict) 3-category, then the space |diagNNNT], the geometric
realization of the simplicial set diagonal of the 3-simplicial set 3-fold nerve of T, has
usually been taken as the ‘correct’ classifying space of the 3-category. In Example 2.4,
we state that, for a 3-category 7, there is homotopy equivalence

B,7 ~ |diagNNNT].

The construction of the simplicial set diagNNNT for 3-categories does not work in the
non-strict case since the compositions in arbitrary tricategories are not associative and
not unitary, which is crucial for the 3-simplicial structure of the triple nerve NNNT |
but only up to coherent equivalences or isomorphisms. There is, however, another
convincing way of associating a simplicial set to a 3-category 7 through its geometric
nerve AT, thanks to Street [116]. He extends each ordinal [p] = {0 <1< --- < p}
to a p-category O,, the p'-oriental, such that the p-simplices of AT are just the
p-functors O, — T. Thus, AT is a simplicial set whose O-simplices are the objects
(0-cells) FO of T, whose 1-simplices are the 1-cells Fj1: F0 — F'1, whose 2-simplices

FO
Fi Fi

0,
F1 F2,

o
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consist of two composable 1-cells and a 2-cell Fp12: F12 ® Fy1 = Fp2, and so on.
In fact, the geometric nerve construction A7 even works for arbitrary tricategories
T, as Duskin [58] and Street [118] pointed out, and we discuss here in detail. The
geometric nerve A7 is defined to be the simplicial set whose p-simplices are unitary
lax functors of the ordinal category [p] in the tricategory 7. This is a simplicial set
which completely encodes all the structure of the tricategory and, furthermore, the
cells of its geometric realization |AT| have a pleasing geometrical description in terms
of the cells of 7. As a main result in the chapter, we state and prove that

Theorem 2.4 For any tricategory T, there is a homotopy equivalence

B, T ~ |AT].

If (B,®) is any monoidal bicategory, then its geometric nerve, A(B, ®), is defined
to be the geometric nerve of its suspension tricategory 3(B,®). Then, in Example
2.10, we obtain that there is a homotopy equivalence

B,(B,®) ~ |A(B, ®)|.

For instance, since the geometric nerve of a braided monoidal category (C,®, ¢
is the geometric nerve of its double suspension tricategory, that is, A(C,®,¢) =
AY?(C,®, ¢), the existence of a homotopy equivalence B,(C,®, ¢) ~ |A(C,®, ¢)| fol-
lows, a fact proved by Carrasco, Cegarra and Garzén [42, Theorem 6.9].

The geometric nerve A(B,®), of any given monoidal bicategory (B,®), is a Kan
complex if and only if (B,®) is a bicategorical group, that is, a monoidal bicategory
whose 2-cells are isomorphisms, whose 1-cells are equivalences, and each object x has
a quasi-inverse with respect to the tensor product. In other words, a bicategorical
group is a monoidal bicategory whose suspension tricategory (B, ®) is a trigroupoid
(or Azumaya tricategory in the terminology of Gordon, Power and Street [69]). The
geometric nerve of any bicategorical group (B, ®) is then a Kan complex, whose clas-
sifying space B,(B, ®) is a path-connected homotopy 3-type. In fact, every connected
homotopy 3-type can be realized in this way from a bicategorical group, as suggested
by the unpublished but widely publicized result of Joyal and Tierney [89] that Gray-
groups (called semistrict 3-groups by Baez and Neuchl [9]) model connected homotopy
3-types (see also Berger [17], Lack [94], or Leroy [97]). Recall that, by the coher-
ence theorem for tricategories, every bicategorical group is monoidal biequivalent to
a Gray-group. In the last Subsection 2.5.1, we outline in some detail the proof of the
following statement.

Proposition 2.5 For any path-connected pointed CW-complex X,
there is a bicategorical group (B(X),®) with a homotopy equivalence
B,(B(X),®) ~ X, if and only if ;X =0 for i > 4.

The bicategorical group (B(X),®) we build, associated to any space X as above,
might be recognized as a skeleton of Gurski’s monoidal fundamental bigroupoid of the
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loop space of X, (II2(Q2X),®), [75, Theorem 1.4]. In the particular case when, in
addition, m3X = 0, then the resulting bicategorical group (B(X),®) has all its 2-cells
identities, so it is actually a categorical group in the sense of Joyal and Street [88,
Definition 3.1]. While in the particular case where m X = 0, the bicategorical group
(B(X),®) has only one object, so that it is the suspension of a braided categorical
group, see Cheng and Gurski [53, §2]. Hence, our proof implicitly covers two relevant
particular cases, already well-known from Joyal and Tierney [89] (see also Carrasco
and Cegarra [39, Theorems 2.6 and 2.10]), one stating that categorical groups are
a convenient algebraic model for connected homotopy 2-types, and the other that
braided categorical groups are algebraic models for connected, simply-connected ho-
motopy 3-types.

2.1.1 The organization of the chapter

The plan of this chapter is, briefly, as follows. After this introductory Section 2.1,
the chapter is organized in five sections. Section 2.2 is quite technical, but crucial
to our discussions. It is dedicated to establishing some needed results concerning the
notion of lax functor from a category into a tricategory, which is at the heart of the
several constructions of nerves for tricategories used in the chapter. In Section 2.3,
we mainly include the construction of the Grothendieck nerve N7: A°°? — Bicat, for
any tricategory 7, and the study of the basic properties concerning the behavior of
the Grothendieck nerve construction, 7 — N7, with respect to trihomomorphisms
of tricategories. Section 2.4 contains the definition of classifying space B,T, for any
tricategory 7. The main facts concerning the classifying space construction 7
B,T are established here. In this section we also study the relationship between
B,7 and the space realization of the Segal nerve of a tricategory, ST: A°® — Hom,
which, for instance, we apply to show how the classifying space of any monoidal
bicategory realizes a delooping space. Section 2.5 is mainly dedicated to describing
the geometric nerve AT: A — Set, of any tricategory 7, and to proving the
existence of homotopy equivalences B,7 ~ |A7|. Also, by means of the geometric
nerve construction for monoidal bicategories, we show here that bicategorical groups
are a convenient algebraic model for connected homotopy 3-types. And finally, Section
2.6 collects the expression of various coherence conditions used throughout the chapter
and the proofs of lemmas in the preparatory Section 2.2.

2.1.2 Notations

We refer the reader to the papers by Bénabou [15], Street [117], Gordon-Power-Street
[69], Gurski [77], and Leinster [96], for the background on bicategories. The bicat-
egorical conventions and the notations that we use along the thesis are the same
as in [42, §2.1] and [41, §2.4]. Thus, given any bicategory B, the composition in
each hom-category B(z,y), that is, the vertical composition of 2-cells, is denoted
by B - «, while the symbol o is used to denote the horizontal composition functors
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B(y,z) x B(z,y) = B(x,z). Identities are denoted as 1, : a = a, for any 1-cell
a:x —y,and 1, : x — x, for any object € ObB. The associativity, right unit, and
left unit constraints of the bicategory are respectively denoted by the letters a, r, and
l.

A lax functor F : A — B will have structure constraints
FaoFb= F(aob), lp,= Fl,.

The lax functor is termed a pseudo functor or homomorphism whenever all these
structure constraints are invertible. If the unit constraints are all identities, then the
lax functor is qualified as (strictly) unitary or normal and if, moreover, the composition
constraints are also identities, then F' is called a 2-functor.

If FFG : A — B are lax functors, then we follow the convention of [69] in
what is meant by a laz transformation o : F = G. Thus, a consists of morphisms
ax: Fx — Gz, r € ObA, and of 2-cells a4 : ay o Fla = Ga o ax, subject to the usual
axioms. When all the 2-cells o, are invertible, we say that o : F' = G is a pseudo
transformation.

In accordance with the orientation of the naturality 2-cells chosen, if a, 5 : F = G
are two lax transformations, then a modification o : a = [ will consist of 2-cells
ox : ax = PBx, x € ObA, subject to the commutativity condition, for any morphism
a:x—yof A

Bx Bz

Fx Gz Fz Gz
N o~ 8
ax =
Fa a Ga = Fa 3 Ga
= ﬂ« Y
(o
Fy oy Gy Fy oy Gy.

Bicat denotes the tricategory of of bicategories, homomorphisms, pseudo trans-
formations, and modifications, while Hom will denote the category of bicategories
and homomorphisms. Thus we follow the notations by Gordon, Power and Street
[69, Notation 4.9 and §5] and Gurski [77, §5.1]. In the structure of Bicat we use, the
composition of pseudo transformations is taken to be

G F GF

(BU3C) (AT B) = (Abac),
~_7
G’ o G'F’

where o = BF' o Ga : (GF oo g L qrp ), but note the existence of the
useful invertible modification

oL g
G’aﬂ, ? ﬂG’a (2.1)
ar 2L crp
whose component at an object x of A, is Ssz, the component of 5 at the morphism
ax. The following fact will be also very useful.
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Fact 2.1 Let a: F = F': A — B be a lax transformation between homomorphisms of
bicategories. Then, for any 2-cell in A

ay L1 > —>Tp an
x Ju x,
7
the following equality holds:
Fag Foy -+ — Fxy, Fa, Fug Fxl»m»Fann
/ /
Fx py, VFu b, F1’ Fx Fx'
O ’ ’ 7
F'/’Ul - - Fl‘m ‘Uaao levay,
ox az’ = ax ax’
o, Yoy, Flgy>---=F'xg,

/ /o0 T , SN
F'x F'x F'ax Flao VF'u Flan F'x'.
N - ~ -

F'bo F'ay =+« > F'a] F'om F'bo F'lay = -+« F'al F'om

In this thesis we use the notion of tricategory 7 = (T, a,l,r,m, u, A, p) as it was
introduced by Gordon, Power and Street in [69], but with a minor alteration: we
require that the homomorphisms of bicategories picking out units are normalized, and
then written simply as 1; € T(¢,t). This restriction is not substantive, see Gurski
[77, Theorem 7.24], but it does slightly reduce the amount of coherence data we have
to deal with. For any object ¢ of the tricategory 7, the arrow r1;: 1; — 1; ® 1; is an
equivalence in the hom-bicategory 7 (¢,t), with the arrow I1;: 1, ® 1; — 1; an adjoint
quasi-inverse, see [77, Lemma 7.7]. Hereafter, we suppose the adjoint quasi-inverse
of r, 7* - r, has been chosen such that r*1; = l1;, with the isomorphism r*1, = [1,
being an identity. We will extensively use the coherence results in [77, Corollaries
10.6 and 10.15], particulary the following facts, easily deduced from them.

Fact 2.2 Any two pasting diagrams in a tricategory T with the same source and target
constructed only out of constraints 2-cells and 3-cells of T are equal’.

Fact 2.3 Given a trihomomorphism H: T — T, any two pasting diagrams in T with

the same source and target constructed only out of comstraints 2-cells and 3-cells of
T, T, and H, are equal.

For the general background on simplicial sets, we mainly refer to the book by
Goerss and Jardine [68]. The simplicial category® is denoted by A, and its objects,

2Actually, as stated these facts aren’t exactly true. To be more precise, we should ask that the
diagrams appear as diagrams in a free tricategory. This condition is easy to check for all the diagrams
in which these facts have being applied.

3Notice that here we change the directions for the arrows of [n] with respect to Chapter 1, we will
keep this convention for the rest of the thesis.
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that is, the ordered sets [n] = {0, 1,...,n}, are usually considered as categories with
only one morphism (i,7): ¢ — 7 when 0 < ¢ < j < n. Then, a non-decreasing map
[n] — [m] is the same as a functor, so that we see A, the simplicial category of finite
ordinal numbers, as a full subcategory of Cat, the category (actually the 2-category)
of small categories. Throughout the chapter, Segal’s geometric realization [111] of
a simplicial (compactly generated topological) space X: A — Top is denoted by
|X|. By regarding a set as a discrete space, the (Milnor) geometric realization of a
simplicial set X: A — Set is | X|. Following Quillen [109], the classifying space of a
category C is denoted by BC.

2.2 Lax functors from categories into tricategories

As we will show in this chapter, the classifying space of any tricategory can be realized
up to homotopy by a simplicial set AT, whose p-simplices A[p] — AT are lax functors
[p] = T, where [p] is regarded as a tricategory in which the 2-cells and 3-cells are all
identities, satisfying various requirements of normality. To be more precise, we recall
the following.

A lax functor F: T — T, of a category Z in a tricategory 7T, is a system of data
consisting of

e for each object 7 in Z, an object F'i € ObT,

e for each arrow a: ¢ — j in Z, a 1-cell Fa: Fi — Fj,

e for each pair of composable arrows 4 LA j 5 kinZ, a 2-cell Fop: Fa® Fb =
F(ab),
e for each object i € ObZ, a 2-cell F;: 1p; = F'1;,

e for any three composable arrows i — j k% i Z, a 3-cell

(Fa® Fb)® Fc =——"—=—= Fa®(Fb@Fc)
Fa,b®1\H/ Faéb’c \H/1®Fb,c

F(ab)@Fc}Tbj F(abe) ﬁcFa(X)F(bc),

e for any arrow i — j in the index category Z, two 3-cells

1Fj®Fa Fa®lg
Figl 7 \U 1®/ \
/5\
F1]®FQF:>FCL’ F(I@FL:FCL
1,a

These data are required to satisfy the coherence conditions (CR1), (CR2), and
(CR3) as stated in the Appendix, §2.6.1.

Notice that we use a weaker notion of lax functor from that by Garner and Gurski
in [65], where it is required for the structure 3-cells to be invertible. Furthermore,
here the hom-functors Z(i,j) — T (F'i, Fj) are normal.
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The set of lax functors from a small category Z to a small tricategory 7 is denoted
by
Lax(Z,T).

A lax functor F: T — 7T is termed unitary or normal whenever the following
conditions hold: for each object ¢ of Z, F'1; = 1p; and F; = 1y,,; for each arrow
a:t—jofZ, Fopq1, =% Fa®1l = Fa, Flwa =1: 1® Fa = Fa, and the 3-cells F .,
Foie, Fapa, ﬁa, and ﬁ are the unique coherence isomorphisms. Furthermore, a lax
functor F: Z — T whose structure 2-cells F;, , are all equivalences (in the correspondmg
hom-bicategories of 7 where they lie) and whose structure 3-cells F; p ., Fa, and Fa, are
all invertible is called homomorphic (or, trihomomorphism). The subsets of Lax(Z, T)
whose elements are the unitary, homomorphic, and unitary homomorphic lax functors,
are denoted respectively by

Laxy(Z, T), Laxy(Z,T), Laxun(Z, T). (2.2)

Example 2.1 Let A be an abelian group, and let X2 A denote the tricategory (actually
a 3-groupoid) having only one i-cell for 0 < ¢ < 2 and whose 3-cells are the elements
of A, with all the compositions given by addition in A. Then, for any small category
T (e.g., a group G or a monoid M), a unitary lax functor F: Z — ¥24 is the same as
a function F: N7Z3 — A satisfying the equations

F(b,c,d) + F(a,be,d) + F(a,b,c) = F(ab,c,d) + F(a,b, cd),

and such that F'(a,b,c) = 0 whenever any of the arrows a, b, or ¢ is an identity. Thus
Lax,(Z,%2A4) = Z3(I, A), the set of normalized 3-cocycles of (the nerve NZ of) the
category Z with coefficients in the abelian group A.

2.2.1 The bicategories Lax(Z,7T), Lax,(Z,7T), Laxy(Z,7T), Laxu(Z,T)

For any category Z and any tricategory 7T, the set Lax(Z,T) of lax functors from Z
into T is the set of objects of a bicategory whose 1-cells are a kind of degenerated
lax transformations between lax functors that agree on objects, called oplaz icons by
Garner and Gurski in [65]. When 7 = B is a bicategory, that is, when the 3-cells
are all identities, these transformations have been considered by Bullejos and Cegarra
in [35] under the name of relative to objects lax transformations, whereas they are
termed icons by Lack in [93]. This bicategory, denoted by Lax(Z,T), is as follows:

o The cells of Lax(Z,T). As we said above, lax functors F: Z — T are the 0-cells
of this bicategory. For any two lax functors F,G: Z — T, a 1-cell ®: F' = G may
exists only if F' and G agree on objects, and is then given by specifying

o for every arrow a: ¢ — j in Z, a 2-cell ®a: Fa = Ga of T,
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e for each pair of composable arrows i LA j 5 kin Z, a 3-cell

Fa
Fa® Fb=2 F(ab)

@a@@bﬂ ‘I’gb ﬁ D (ab) (2.3)
Ga® Gb=> G(ab),
a,b

e for each object ¢ of the category Z, a 3-cell

1Fz Gi

/ \ (2.4)

Fl; ——G1,,

This data are subject to the axioms (CR4) and (CRS5) as stated in the Appendix,
§2.6.1.

A 2-cell M: @ = U, for ,¥: F' = G two 1-cells in Lax(Z,T), is an icon modifica-
tion in the sense of [65], so it consists of a family of 3-cells in 7, Ma: ®a = Va, one
for each arrow a: i — j in Z, subject to the coherence condition (CRG).

e Compositions in Lax(Z,T). The vertical composition of a 2-cell M: & = ¥
with a 2-cell N: ¥ = T, for &, ¥, I F = G, yields the 2-cell N - M: & = I' which
is defined using pointwise vertical composition in the hom-bicategories of 7 that is,
foreacha:i — jinZ, (N - M)a = (Na) - (Ma): ®a = TI'a: Fa = Ga. The horizontal
composition of 1-cells ®: ' = G and V: G = H, for F,G, H: T — T lax functors, is
Uo®d: F = H, where (Vo ®)a = Vao Pa: Fa = Ha, for each arrow a: i — j in 7.
Its component

(Wo®@)qp: Hopo(VoP)a® (Vod)b)= (¥(ab)o ®(ab)) o Fup,

attached at a pair of composable arrows i LA j = k of the category Z, is given by
pasting in the bicategory T (F'i, Fk) the diagram

F,
Fa® Fh—— 2 — F(ab)
a® a,b a
\ = GaYb \
(Vao®a)®(Wbodb) o Ga ® Gb G(ab)
\I’a,b
%b = T (ab)
Ha® Fb — H(ab),
a,b

and its component (Vo ®);: H; = (Yo ®)1;0 F;, attached at any object ¢ of Z, is given
by pasting in 7 (F'i, F'i) the diagram

lpi—gi=mi

A
i

o1, v,

F1;
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The horizontal composition of 2-cells M: ® = V: F = Gand N: I'= 60: G= H
in Lax(Z,T) is NoM: T o® = © o V¥, which, at each a: i — j in Z, is given by the
formula (N o M)a = Nao Ma.

e Identities in Lax(Z,T). The identity 1-cell of a lax functor F: Z — T is 1p: F =
F, where (1p)a = 1p,, the identity of Fa in the bicategory T (F'i, F'i), for each a: i — j
in Z. Tts structure 3-cell (1r)ap: Fup © (1Fa @ 1Fa) = 1pap) ® Fup, attached at each

pair of composable arrows % LA j 5 k, is the canonical one obtained from the identity
constraints of the bicategory T (Fk, Fi) by pasting the diagram

Fa
Fa® Fb==-s F(ab)

S

Fa®FbF:>F(ab),
a,b

and its component attached at any object ¢ of Z is obtained from the left unit con-
straints of the bicategory T (F4, Fi) at Fi: 1, = F1;, that is, (1p); = I~ F, ~
1p1, o F;. The identity 2-cell 15, of a 1-cell ®: F' = G, is defined at any arrow a: i — j
of I by the simple formula (1g)a = lg,: Pa = Pa.

o The structure constraints in Lax(Z,T). For any three composable 1-cells F' 2

GEXHE K Lax(Z,T), the component of the structure associativity isomorphism
(OoW)od =2 Oo (¥od), at any arrow i — j of the category Z, is provided by
the associativity constraint (Ga o Wa) o ®a = Oa o (Va o ®a) of the hom-bicategory
T (Fi, Fj). And similarly, the components of structure left and right identity isomor-
phisms 1go® = & and $Polp = P, at any arrow a: i — j as above, are provided by the
identity constraints 1g, 0 ®a = ®a, and Pa o 1p, = Pa, of the bicategory T (Fi, Fj),
respectively.

The bicategory Lax(Z,T), contains three sub-bicategories that are of interest in
our development: The bicategory of unitary lax functors, denoted by

Laxy(Z, T), (2.5)

whose 1-cells are those ®: F' = G in Lax(Z,T) that are unitary, in the sense that
®1; = 1y,,, the 3-cells &1 ,, P, in (2.3), and ®; in (2.4) are those given by the
constraints of the tricategory, and it is full on 2-cells between such normalized 1-cells.

The bicategory of homomorphic laz functors (i.e., of trihomomorphisms), denoted
by

]Laxh (I, T),

whose 1-cells are those ®: F' = G in Lax(Z,7) such that the structure 3-cells @
and ®; are all invertible, and it is full on 2-cells M: ® = ¥ between such 1-cells.

The bicategory of unitary homomorphic lax functors, denoted by Lax.n(Z,T),
which is defined to be the intersection of the above two, that is,

Laxun(Z,T) = Laxy(Z,T) N Laxy(Z, 7). (2.6)
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Example 2.2 Let Y24 be the strict tricategory defined by an abelian group A as
in Example 2.1 and let Z be any category. Then, the bicategory Lax,(Z,%2A) is
actually a 2-groupoid whose objects are normalized 3-cocycles of Z with coefficients in
A. If F,G: NI3 — A are two such 3-cocycles, then a 1-cell ®: F = (G is a normalized
2-cochain ®: N7y — A satisfying

G(a,b,c) + ®(b,c) + ®(a,bc) = F(a,b,c) + ®(ab, c) + ®(a,b),

that is, G = F+0®. And for any two 1-cells ®, ¥: F' = (G as above, a 2-cell M: & = ¥
consists of a normalized 1-cochain M: NZ; — A such that ¥ = & + M, that is, such
that ¥(a,b) + M(a) + M (b) = M(ab) + ®(a,b).

2.2.2 Functorial properties of Lax(Z, —)

For any given tricategory 7T, any functor o: Z — J induces a strict functor
o Lax(J,T) — Lax(Z,T)

given on cells in the following way: For any F: J — T, o*F: T — T is the lax functor
acting both on objects and arrows as the composite F'a;, and whose structure cells are
simply given by the rules

(Q*F)a,b = Faa,abv (04/*51)1 - F/\“Oﬂﬁ - »
(Q*F)a,b,c = Faa,ab,acv (O‘*F)a = Foa, (a*F)a = I'aa-

Notice that o*F is slightly different from the composite lax functor Fa, which will
give structure 2-cells (Fa)ap = 1p(qaab) © Faa,ab-

For ®: F' = G a 1-cell of Lax(J,T), a*®: o*F = o*G is the 1-cell of Lax(Z,T)
with

(" P)a = P(aa), (" P)gp = Pagap, ("P); = Py
Similarly, for any 2-cell M: ® = V¥ in Lax(J,7T), o*M: o*® = o*V is the 2-cell of
Lax(Z,T) with (a*M)a = M («aa).

Using the definition above, the construction Z — Lax(Z,7) is functorial on the
category Z. For a trihomomorphism of tricategories H = (H, x, t,w,v,0): T — T, as
defined by Gordon, Power and Street in [69, Definition 3.1], we have the following
result.

Lemma 2.1 Let Z be any given small category.
(i) Every trihomomorphism H: T — T’ gives rise to a homomorphism

H,:Lax(Z,T) — Lax(Z, T"),
which is natural on I, that is, for any functor a: T — 7,

H.o* = a*H,: Lax(J,T) — Lax(Z, T").
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(i) If H: T — T' and H: T' — T" are any two composable trihomomorphisms,
then there is a pseudo-equivalence m: H,H, = (H'H),, such that, for any functor
a T — T, the equality ma™ = o®m holds.

(iii) For any tricategory T, there is a pseudo-equivalence m: (17)« = 1, such that,
for any functor c: T — J, the equality ma™ = o*m holds.

Proof: This is given in the Appendix, §2.6.2. U

2.2.3 Lax functors from free categories

Let us now replace the category Z above by a (directed) graph G. For any tricategory
T, there is a bicategory
Lax(G,T),

where a O-cell f: G — T consists of a pair of maps that assigns an object fi to each
vertex ¢ € G and a 1-cell fa: fi — fj to each edge a: i — j in G, respectively. A
1-cell ¢: f = g may exist only if f and g agree on vertices, that is, fi = gi for all
1 € G; and then it consists of a map that assigns to each edge a: ¢ — j in the graph a
2-cell ¢a: fa = ga of T. And a 2-cell m: ¢ = o, for ¢, 9. f = g two 1-cells as above,
consists of a family of 3-cells in T, ma: ¢a = a, one for each arrow a: i — 7 in 1.
Compositions in Lax(G, T) are defined in the natural way by the same rules as those
stated above for the bicategory of lax functors from a category into a tricategory.

Suppose now that Z(G) is the free category generated by the graph G. Then,
restriction to the basic graph gives a strict functor

R: Lax(Z(G),T) — Lax(G,T),
and we shall state the following auxiliary statement to be used later.

Lemma 2.2 Let Z = Z(G) be the free category generated by a graph G. Then, for any
tricategory T, there is a homomorphism

L: Lax(G,T) — Lax(Z,T),

and a laz transformation v: LR = 1pax(z,7), such that the following facts hold:
(a) RL = 1Lax(g77—), vL = 1L; Rv = 1R'
(b) The image of L is contained in the sub-bicategory Laxy,(Z,T) C Lax(Z,T).
(¢) The restricted homomorphisms of L and R establish biadjoint biequivalences

Lax(G, T) % Laxy(Z,T) | (2.7)
]Lax(g, T) ﬁ; Lath(I> T) 3 (28)

whose respective unit is the identity 1: 1 = RL, the counit is given by the corresponding
restriction of v: LR = 1, and whose triangulators are the canonical modifications
1=21lol=vLoLl and RvolR=10121, respectively.
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Proof: This is given in the Appendix, §2.6.3. O

2.3 The Grothendieck nerve of a tricategory

Let us briefly recall that it was Grothendieck who first associated a simplicial set
NC: A°? — Set (2.9)
to a small category C, calling it its nerve. The set of p-simplices

NC, = |_| Clep—1,¢p) X Clep—2,¢p—1) X -+ x C(co, c1)

(007"'7017)

consists of length p sequences of composable morphisms in C. Geometric realization
of its nerve is the classifying space of the category, BC. The main result here shows
how the Grothendieck nerve construction for categories rises to tricategories.

When a tricategory T is strict, that is, a 3-category, then the nerve construction
(2.9) actually works by giving a simplicial 2-category (see Example 2.4). However,
for an arbitrary tricategory, the device is more complicated since the compositions of
cells in a tricategory is in general not associative and not unitary (which is crucial
for the simplicial structure in the construction of N7 as above), but it is only so up
to coherent isomorphisms. This ‘defect’ has the effect of forcing one to deal with
the classifying space of a nerve of 7 in which the simplicial identities are replaced by
coherent isomorphisms, that is, a pseudo-simplicial bicategory as stated in the theorem
below. Pseudo-simplicial bicategories, and the tricategory they form (whose 1-cells
are pseudo-simplicial homomorphisms, 2-cells pseudo-simplicial transformations, and
3-cells pseudo-simplicial modifications) were studied by Carrasco, Cegarra and Garzén
in [42], to which we refer the reader?.

Theorem 2.1 Any tricategory T defines a normal pseudo-simplicial bicategory, that
s, a unitary trihomomorphism from the simplicial category A°P into the tricategory
of bicategories,

NT = (NT, x,w): A’ — Bicat, (2.10)

called the nerve of the tricategory, whose bicategory of p-simplices, for p > 1, is

N7;7 = |_| T(tp—17tp) X T(tp_Q,tp_l) X o+ X T(to,tl)’
(to,...tp)e ObTr+1

4See also Subsection 3.2.1 and Example 3.1 in Chapter 3.
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and NTg = ObT, as a discrete bicategory. The face and degeneracy homomorphisms
are defined on 0-cells, 1-cells and 2-cells of NT,, by the ordinary formulas

(xp,...,T2) if 1=0,

di(zp, ... 21) = { (Tp, -+, Tit1 @ Ty ..., 71) Z:f 0 <1 <p, (2.11)
(Tp-1,---,21) if i=np,

Si(l'p, Ce. ,33‘1) = ({L‘p, cee s Ti41, 1,ZE¢, .. .,:L‘l).

Indeed, if a: [q] — [p] is any map in the simplicial category A, then the associated
homomorphism

NT.: NT, - NT,
is induced by the composition T(t',t) x T(t",t') S T(#",t) and unit 1: 1 — T(t,t)

homomorphisms. The structure pseudo-equivalences

NT; NT,

X\

N7, Xt NT,, (2.12)

S~
NTab

for each pair of composable maps [n] LA [q] % [p] in A, and the invertible modifications

chb

NT: NT; N7, =" NT; NTop
Xb,cN,]:l\H/ wa,b,cé H/Xab,c (213)

NToe NTo === NTabc,

respectively associated to triplets of composable arrows [m)] < [n] LA lq] % [p], canon-
ically arise all from the structure pseudo equivalences and modifications data of the
tricategory.

We shall prove Theorem 2.1 simultaneously with the Proposition 2.1 below, which
states the basic properties concerning the behavior of the Grothendieck nerve con-
struction, 7 — NT, with respect to trihomomorphisms of tricategories.

Proposition 2.1 (i) Any trihomomorphism between tricategories H: T — T’ induces
a normal pseudo-simplicial homomorphism

NH = (NH,0,1I): NT — N7,

which, at any integer p > 0, is the evident homomorphism NH,: NT, — N’7;’ defined
on any cell (xp,...,x1) of NT, by

NH,(zp,...,x1) = (Hzp,...,Hzxy).
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The structure pseudo-equivalence
NH,
N7, —>NT,
N’Ti/ b= |NT (2.14)
!
N7, ~& N7,

for each map a: [q] — [p] in A, and the invertible modifications

NH», x

NH, NT; NT, NH, NT.,

GNTaﬂ o= ﬂe (2.15)
N7Z NHq N7, WN%I N7;/ NHPWN alb NHp,

respectively associated to pairs of composable arrows [n] LA [q] % [p], canonically arise
all from the structure pseudo equivalences and modifications data of the trihomomor-
phism and the involved tricategories.

(ii) For any pair of composable trihomomorphisms H: T — T’ and H: T' — T",
there is a pseudo-simplictal pseudo-equivalence

NH' NH = N(H'H). (2.16)
(iii) For any tricategory T, there is a pseudo-simplicial pseudo-equivalence

N1y = InT. (2.17)

Proof:[Proof of Theorem 2.1 and Proposition 2.1.] Let us note that, for any p > 0,
the category [p| is free on the graph G, = (0 - 1 — --- — p), and that N7, =
Lax(G,, T). Hence, the existence of a biadjoint biequivalence

L, 4 Ry: NT, 2 Laxy([p], T)

follows from Lemma 2.2, where R, is the strict functor defined by restricting to the
basic graph G, of the category [p], such that R,L, = 1, whose unity is the identity, and
whose counit v,: L, R, = 1 is a pseudo-equivalence satisfying the equalities v, L, =1
and R,v, = 1. Then, if a: [q] — [p] is any map in the simplicial category, the associated
homomorphism N7,: N7, — N7, is defined to be the composite

NT, T -NT

) i

*

Laxy,([p], T) —— Laxy([q], T).
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Observe that, thus defined, the homomorphism N7, maps the component bicategory
of N7, at (tp,...,to) into the component at (4, - - -,%q(0)) of N7, and it acts on 0-
cells, 1-cells, and 2-cells of N7, by the formula N7, (zp,...,21) = (yq,--.,y1), where,
for 0 < k < g, (see (2.43) for the definition of &)

or

®(xa(k+1)a - ,xa(k)H) if a(k) < a(k + 1),
1 if a(k)=a(k+1).

Yk+1 =

Thus we get, in particular, the formulas for the face and degeneracy homomorphisms.
The pseudo natural equivalence (2.12) is

Xa,b=Rnb*vqa* Ly,

NT; N7, = Rnb*L,R,a*L,

Rnb*a*Lp = Rn(ab)*Lp = N7:1b>

and the invertible modification (2.13) is
Wabe = Rmc wya™® Ly,
where w{, is the canonical modification below.

. LnRnb*v, .
LynRpb* LR, Ly Ryb

wy: V’nb*LqRq\M/ (;) uvnb* (218)

Thus defined, N7 is actually a normal pseudo-simplicial bicategory. Both coher-
ence conditions for N7, that is, conditions (CC1) and (CC2) in [42], follow from the
equalities R,L, = 1, v,L, = 1, and R,v, = 1, and the coherence in the tricategory
Bicat. This proves Theorem 2.1.

And when it comes to Proposition 2.1, first, let us note that the homomorphisms
NHp: NT, — N7;’, p > 0, make commutative the diagrams

NH,

NT, NT;
L=L] l TR:RZ '

Laxy ([p], 7) —=> Laxa ([p], 7).

where H, is the induced homomorphism by the trihomomorphism H: T — 77, as
stated in Lemma 2.1 (7). Then, the pseudo-equivalence (2.14), 6,, is provided by the
pseudo-equivalences v: LR = 1 and their adjoint quasi-inverses v*: 1 = LR (which
we can choose such that Rv® = 1 and v*L = 1); that is, , = Ra*v*H,Lo RH,LRa*L,

RH.a*L = Ra*H,L

NH, NT, = RH.LRa*L - "> Ra*LRH,L = NT, NH,.
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And, for [n] LN [q] % [p], any two composable arrows of A, the structure invertible
modification (2.15), I, , is the modification obtained by pasting the diagram

RH.LRb*va*L

RH,LRbV*LRa*L RH,.RLb*a*L
(2.1)
RH,vb*LRa*L = RH,vb*a*L
Rb*Hyva*L
RH.b*LRa*L RH.b*a*L
Rb*v*H,LRa*L 21 Rb*v*H,a*L = o Rb*a*veH,L

Rbv*LRH,LRa*L Rb*a*H,L ——— Rb*a*LRH,L
Rb*a*v®H.L
RV*LRH.va*L . g’ Rb*va*LRH.L
Rb*LRH,a* L b7 LRarvt Ho L Rb*LRa*LRH,L

where the isomorphism labelled (A) is given by the adjunction invertible modification
vov® 2 1. The coherence conditions for NH: N7 — N7, that is, conditions (CC3)
and (CC4) in [42], are easily verified again from coherence in Bicat.

Suppose now that T B i T" are two composable trihomomorphisms. Then,
the pseudo-simplicial pseudo-equivalence (2.16), o NH' NH = N(H'H), is, at any
integer p > 0, given by a,, = RmL o RH,vH,L,

RH'H,L

RH;vy Yf

NH! NH, = RH/LRH.L " > R(H'H),L = N(H'H),,

where the pseudo-equivalence m: H,H, = (H'H).: Laxy([p],T) — Laxy([p],T") is
that given in Lemma 2.1 (i7). The naturality component of o at any map a: [q] — [p],

agNT,

NH, NH, NT, N(H'H), NT,

NH, eaﬂ > ﬂea

NH(/Z N7;/ NHp ﬁ N7;” NHII) NHp W NU’ N(H/H)p,
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is provided by the invertible modification obtained by pasting in

H!vLRa*
H!LRH,LRa* H!H,LRa* =2LE% (H'H),LRa*
I (2.1) (2.1)
H!LRH.va* = H.H.va* = (H'H)«va*
H’L;?yH a* HivH-o” ma’=a'm

H!H,q* =2<="" (H'H),a*
, H!vH.a*
H LRa V H* (A)

H’LRCL*LRH ———— H.LRa*H,
H’LRa vH

a*v*H, H, ve(H'H).
(2.1) H o H
H'va*LRH, = x @V

(2.1)
=

H.a*LRH, ﬁ *LRH’LRH :>a*LRH’H :>a*LR(H’ )ss

where the isomorphism (A) is given by the adjunction invertible modification vov® 2 1

Finally, the pseudo-simplicial pseudo-equivalence (2.17), 8: N1y = 1ny, is defined
by the family of pseudo-equivalences

=RmL
N(17)p = R(17).L 2= RE = 17,

where m: (17). = 1: Laxy([p], T) — Laxy([p], T) is the pseudo-equivalence in Lemma
2.1 (éi7). The naturality invertible modification attached at any map a: [q] — [p]

BpNTq
N(17), NT, == NT,
1
a’

GQ\H/ E4 H/
N7, N(IT)q NTL5, N7,

is that obtained by pasting the diagram

R(17).LRa*L AmLRa’L . RIRa*L = Ra*L

(2.1) y
R(lT)*Va*Lﬂ, =
R(17).a*L 2295 Ror L,

(2.1)
Ra*v‘(lT)*LH/ =

1=Ra*v°L
Ra*LR(17),L

———— Ra"LRL = Ra"L.

The conditions (CC5) and (CC6) in [42], for both a and 3, are plainly verified. O
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2.4 The classifying space of a tricategory

2.4.1 Preliminaries on classifying spaces of bicategories

When a bicategory B is regarded as a tricategory all of whose 3-cells are identities,
the nerve construction on it actually produces a normal pseudo-simplicial category
NB = (NB, x): A — Cat, which is called by Carrasco, Cegarra and Garzén [41, §3]
the pseudo-simplicial nerve of the bicategory. The classifying space of the bicategory,
denoted here by B, B, is then defined to be the ordinary classifying space of the cate-
gory obtained by the Grothendieck construction [73] on the nerve of the bicategory,
that is,
B,B=B[NB.

The following facts are proved in [41].

Fact 2.4 FEach homomorphism between bicategories F: B — C induces a continuous
(cellular) map B, F: B,B — B,C. Thus, the classifying space construction, B +— B,B,
defines a functor from the category Hom of bicategories to CW-complexes.

Fact 2.5 If F,F": B — C are two homomorphisms between bicategories, then any
lax (or oplax) transformation, F = F', canonically defines a homotopy between the
induced maps on classifying spaces, B,F ~ B,F": B,B — B,C.

Fact 2.6 If a homomorphism of bicategories has a left or right biadjoint, the map in-
duced on classifying spaces is a homotopy equivalence. In particular, any biequivalence
of bicategories induces a homotopy equivalence on classifying spaces.

Furthermore, we should recall that the classifying space of any pseudo-simplicial
bicategory F: A" — Bicat is defined by Carrasco, Cegarra and Garzén in [42,
Definition 5.4] to be the classifying space of its bicategory of simplices fA}" , also called
the Grothendieck construction on F [42, §3.1]5. That is, the bicategory whose objects
are the pairs (x,p), where p > 0 is an integer and z is an object of the bicategory 7,
and whose hom-categories are

LF (), (x,p) = U Fely,a*z),
lq]% 7]

where the disjoint union is over all arrows a: [¢g] — [p] in the simplicial category A;
compositions, identities, and structure constraints are defined in the natural way. We
refer the reader to [42, §3] for details about the bicategorical Grothendieck construc-
tion trihomomorphism

Ja— Bicat®” — Bicat,

from the tricategory of pseudo-simplicial bicategories to the tricategory of bicategories.
The following facts are proved in [42].

5See also Section 3.3.
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Fact 2.7 (i) If F,G: A°? — Bicat are pseudo-simplicial bicategories, then each
pseudo-simplicial homomorphism F: F — G induces a continuous map

BzfAF: BzfA]: - Bzng‘
(ii) For any pseudo-simplicial bicategory F: A” — Bicat, there is a homotopy
B, [\1F ~ 1B2fAf: B, [\ F = B, [\ F.

(iii) For any pair of composable pseudo-simplicial homomorphisms F: F — G,
G: G — H, there is a homotopy

BzfAG BQ.[AF = BQfA(GF): BQIA]: - BQIAH'
Fact 2.8 Any pseudo-simplicial transformation F = G: F — G induces a homotopy
B2fAF ~ B2fAG: BzfAF — BQng.

Fact 2.9 If F: F — G is a pseudo simplicial homomorphism, between pseudo simpli-
cial bicategories F,G: A — Bicat, such that the induced map B, F,: B,F, — B,G, is
a homotopy equivalence for all p > 0, then the induced map B, [\ F: B, [\ F — B, [\G
18 a homotopy equivalence.

Fact 2.10 If F: A" — Hom C Bicat is a simplicial bicategory, then there is a
natural homotopy equivalence

BzfA]: = ‘Bzf’ = Hp] = Bz}—P‘a

where the latter is the geometric realization of the simplicial space B,F: A" — Top,
obtained by composing F with the classifying space functor B,: Hom — Top.

2.4.2 The classifying space construction for tricategories

We are now ready to make the following definition, which recovers the more tradi-
tional way through which a classifying space is assigned in the literature to certain
specific kinds of tricategories, such as 3-categories, bicategories, monoidal categories,
or braided monoidal categories (see Examples 2.4, 2.5, and 2.6 below).

Definition 2.1 The classifying space B,T, of a tricategory T, is the classifying space
of its bicategorical pseudo-simplicial Grothendieck nerve, NT: A°’? — Bicat, that is,

B,7 = B, [NT .
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Let us remark that the classifying space of a tricategory 7 is then realized as the
classifying space of a category canonically associated to it, namely, as

B,T = BfAN(fANT) = |N( fAN(fANT)) B

Example 2.3 (Classifying spaces of categories and bicategories) When a bi-
category B is viewed as a tricategory whose 3-cells are all identities, then its classifying
space is homotopy equivalent to the classifying space of the bicategory B, B as defined
by Carrasco, Cegarra and Garzén in [41, Definition 3.1], that is

B,B~ B,B.

To see that, let us recall that, for any simplicial set X: A°? — Set, there is a natural
homotopy equivalence B fAX ~ | X, between the classifying space of its category of
simplices and its geometric realization (see Illusie [85, Theorem 3.3]). As, for any
bicategory B, N( fANB) is actually a simplicial set, we have a homotopy equivalence

B,B =B [\N([\NB)| ~ |N([\NB)| =B [\NB = B,B.

Similarly, for C any category regarded as a tricategory whose 2- and 3-cells are all
identities, we have homotopy equivalences

BL ~BC = BfANC ~ INC| = BC,
since, in this case, NC is a simplicial set.

The next proposition deals with some properties concerning the homotopy behavior
of the classifying space construction, 7 — B, 7T, with respect to trihomomorphisms of
tricategories.

Proposition 2.2 (i) Any trihomomorphism between tricategories H: T — T’ induces
a continuous (cellular) map B,H: B,T — B,T".

(ii) For any pair of composable trihomomorphisms H: T — T’ and H: T' — T",
there is a homotopy

B,H' B,H ~B,H'H): B,T — B,T".
(ii) For any tricategory T, there is a homotopy B,17 ~ 1p 7t B,T — B,T.
Proof: (i) By Proposition 2.1 (i), any trihomomorphism H: 7 — T’ gives rise to a
pseudo-simplicial homomorphism on the corresponding Grothendieck nerves NH: N7 —

N7, which, by Fact 2.7 (i), produces the claimed continuous map B,H = B, fANH: B, 7 —
B, T".
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(#4) Suppose that T B B are trihomomorphisms. By Proposition 2.1 (i7),
there is a pseudo-simplicial pseudo-equivalence NH' NH = N(H'H), which, by Fact
2.8, induces a homotopy

B, [\(NH'NH) ~ B, [\N(H'H) = B,(H'H).
Then, the result follows since, by Fact 2.7 (iii), there is a homotopy

B, [\(NH'NH) ~ B, [(NH’' B, [(NH = B,H'B,H.

(7i1) By Proposition 2.1 (7i7), there is a pseudo-simplicial pseudo-equivalence
N1y = 1In7,

which, by Fact 2.8, induces a homotopy B,17 = B, [\N17 ~ B, [\ Ix7. Since, by Fact
2.7 (i), there is a homotopy B, [\In7 ~ B, 1; n7 = 1B,7, the result follows. O

Example 2.4 (Classifying spaces of 3-categories) In [111], Segal observed that,
if C is a topological category, then its Grothendieck nerve (2.9) is, in a natural way, a
simplicial space, that is, NC: A" — Top. Then, he defines the classifying space of a
topological category C to be [NC|, the geometric realization of this simplicial space.
This notion given by Segal provides, for instance, the usual definition of classifying
spaces of strict bicategories, or 2-categories, and strict tricategories, or 3-categories.
Thus, the classifying space of a 2-category B is, by definition, the classifying space
of the topological category whose space of objects is the discrete space of objects of
B, and whose hom spaces are obtained by replacing the hom categories B(b,b’) by
their classifying spaces. In other words, the classifying space of the 2-category is the
geometric realization of the simplicial space obtained by composing NB: A°? — Cat
with the classifying space functor B: Cat — Top, that is, the space

|[p] = B(NBy)| = [[p] = [N(NBp)|| = |[p] = [[g] = N(NB,)4|| = |diagNNB]|

where diagNNJB is the diagonal simplicial set of the bisimplicial set NNB double nerve
of B, ([pl,[q]) — N(NB,),, and the last homeomorphism above is a consequence of
Quillen’s Lemma [109, page 86]. Similarly, as a 3-category T is just a category
enriched in the category of 2-categories and 2-functors, that is, a category 7T endowed
with 2-categorical hom-sets T (t,t), in such a way that the compositions T (¢',t) x
T, t') — T(t",t) are 2-functors, by replacing the hom 2-categories T (#,t) by their
classifying spaces as above, we obtain a topological category, whose classifying space
is the classifying space of the 3-category T. That is, the space

|[p] = |diagNN(NTp)|| = [[p] = [[q] = N(N(NT})q)q| = [diagNNNT].
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For B any 2-category, Thomason’s Homotopy Colimit Theorem [120, Theorem
1.2] and a result by Bousfield and Kan [20, XII, 4.3] give the existence of natural
homotopy equivalences

B,B =B [\NB =~ |hocolimpNNB| ~ |diagNNB|.

For T any 3-category, by Fact 2.10, there is a homotopy equivalence B,7 =
B, [A\NT =~ |[[p] = B,(NT,)|, and therefore we have an induced homotopy equiva-
lence

B,T ~ |[p] — |diagNN(NT,)|| = |diagNNNT]|.

2.4.3 The Segal nerve of a tricategory

Several theoretical interests suggest dealing with the so-called Segal nerve construc-
tion for tricategories. This associates to any tricategory 7 a simplicial bicategory,
denoted by ST, which can be thought of as a ‘rectification’ of the pseudo-simplicial
Grothendieck nerve of the tricategory N7, since both are biequivalent in the tricate-
gory of pseudo-simplicial bicategories and therefore model the same homotopy type.
Furthermore, ST is a weak 3-category under the point of view of Tamsamani [119]
and Simpson [113] (see Proposition 2.3 below), in the sense that it is a special simpli-
cial bicategory, that is, a simplicial bicategory S: A — Hom satisfying the following
two conditions:

(i) So is discrete (i.e., all its 1- and 2-cells are identities).

(ii) for n > 2, the Segal projection homomorphisms below are biequivalences.

n

Pn = H dp - dpp1dp—2 - - do: Sp — S14,XdoS1d:Xdy = * * d1 X doO1- (2.19)
k=1

For a given tricategory 7T, the construction of the bicategory of unitary homomor-
phic lax functors from any small category I in the tricategory T, I — Laxun(I,T),
given in (2.6), is functorial on the category I, and this leads to the definition below.

Definition 2.2 The Segal nerve of a tricategory T is the simplicial bicategory
ST: A" — Hom C Bicat, [p] — ST, = Laxu([p],T). (2.20)

We should remark that, when 7 = B is a bicategory, that is, when its 3-cells are all
identities, then the Segal nerve SB was introduced by Carrasco, Cegarra and Garzon
in [41, Definition 5.2], although it was first studied by Lack and Paoli in [95] under
the name of ‘2-nerve of B’.

Proposition 2.3 Let T be a tricategory. Then, the following statements hold:
(i) There is a normal pseudo-simplicial homomorphism

L: NT — ST, (2.21)
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such that, for any p > 0, the homomorphism Ly: NT, — ST, is a biequivalence.
(ii) The simplicial bicategory ST is special.

Proof: We keep the notations established in the construction of N7 = (N7, x, w)
given in the proof of Theorem 2.1, and recall from Lemma 2.2 (¢) that we have a
biadjoint biequivalence

L, 4 Ry NT, = ST,.

The normal pseudo-simplicial homomorphism L = (L,0,II): NT — ST is then
defined by the homomorphisms L,: N7, — S7,, p > 0. For any a: [q] — [p], the
structure pseudo-equivalence

L
N7, —=ST,
)y |
N7, — STy

q

is provided by the counit pseudo-equivalence vy Ly Ry = 1s7, ; that is,
Ou=vqa*Lyp
L, N7, = LyRya* L, ——= a* L.

For [n] LN [q] % [p], any two composable arrows of A, the structure invertible modifi-

cation

L,NT,NT. Lnx L, NTy,

QN%\H H%b H/a

b*Lq N’E ﬁ b*a*Lp = (ab)*Lp

is directly provided by the canonical modification (2.18), I, = wya*Ly.

The coherence conditions for L (i.e., conditions (CC3) and (CC4) in [42], with
the modifications I" the coherence isomorphisms 101 22 1), are easily verified by using
Fact 2.1. This complete the proof of part (7).

And when it comes to part (i7), that is, that ST is a special simplicial bicategory,
we have the following isomorphisms between bicategories:

STo = Laxn([0], 7) 22 ObT = N7, (2.22)

which identifies a normal trihomomorphism F: [0] — 7 with the object FO0,

S’Tl = Lath([l],T) = |_| T(to,tl) = Nﬂ, (2.23)

(to,t1)

which carries a normal trihomomorphism F: [1] — T to the 1-cell Fyi: FO — F1,
and, for any integer p > 2,
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S7—1d1 Xdo Cttdy XdQS,]-l

= U Tlp-1tp) x I Tlp-2,tp-1) x---x [ JT(to,t1)
(tp—1:tp) (tp—2,tp—1) (tost1)
= |_| T(tp—latp) X T(tp—Zatp—l) X X T(tOvtl) = NE'

(t()v"'vtp)

Through these isomorphisms we see that, for any integer p > 2, the Segal projection
homomorphism (2.19) is precisely the biequivalence R,: ST, — N7, which, recall, is
defined by restricting it to the basic graph of the category [p]. Whence the simplicial
bicategory ST is special. O

The following theorem states that the classifying space of a tricategory 7 can be
realized, up to homotopy equivalence, by its Segal nerve ST . This fact will be relevant
for our later discussions on loop spaces. Let

B,ST: A°? — Top, [p] — B,(S7,),

be the simplicial space obtained by composing ST: A" — Hom C Bicat with the
classifying functor B,: Hom — Top (recall Fact 2.4).

Theorem 2.2 For any tricategory T, there is a homotopy equivalence
BT ~ |B,ST]|.

Proof: Let us consider the pseudo-simplicial homomorphism (2.21), L: NT — ST.
Since, for every integer p > 0, the homomorphism L,: N7, — ST, is a biequivalence,
it follows from Fact 2.6 that the induced cellular map B,L,: B,(N7,) — B,(S7,) is
a homotopy equivalence. Then, by Fact 2.9, the induced map B, fAL: B, fANT —
B, fAST is a homotopy equivalence. Since, by definition, B,7 = B, fANT, whereas, by
Fact 2.10, there is a homotopy equivalence B, fAS’T ~ |B,ST|, the claimed homotopy
equivalence follows. O

Example 2.5 ( Classifying spaces of monoidal bicategories) Any monoidal bi-
category (B,®) = (B,®,1,a,l, 7,7, u, A, p) can be viewed as a tricategory

%(B,®) (2.24)

with only one object, say *, whose hom-bicategory is the underlying bicategory. Thus,
Y(B,®)(*,*) = B, and its composition given by the tensor functor ®: B x B — B and
the identity at the object is 1, = I, the unit object of the monoidal bicategory. The
structure pseudo-equivalences and modifications a, I, r, 7, p, A, and p for (B, ®)
are just those of the monoidal bicategory, respectively (see the paper by Cheng and
Gurski [53, §3] for details). Call this tricategory the suspension, or delooping, tri-
category of the bicategory B induced by the monoidal structure given on it, and call
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its corresponding Grothendieck nerve the nerve of the monoidal bicategory, hereafter
denoted by N(B,®). Thus,

N(B,2)=NX(B,®): A°? — Bicat, [p|— B?,

is a normal pseudo-simplicial bicategory, whose bicategory of p-simplices is the p-fold
power of the underlying bicategory B, with face and degeneracy homomorphisms in-
duced by the tensor homomorphism ®: B x B — B and unit object I, following the
familiar formulas (2.11), in analogy with those of the reduced bar construction on a
topological monoid, and with structure pseudo-equivalences and modifications canon-
ically arising from the data of the monoidal structure on B. The general Definition
2.1 for classifying spaces of tricategories leads to the following.

Definition 2.3 The classifying space of the monoidal bicategory, denoted by B,(B, ®),
is defined to be the classifying space of its delooping tricategory X(B,®). Thus,

B3(B7 ®) = BSZ(Bv ®) = B2fAN(Bv ®) .

The next theorem extends a well-known result by Mac Lane and Stasheff on
monoidal categories to monoidal bicategories.

Theorem 2.3 Let (B, ®) be a monoidal bicategory such that, for any object x € B, the
homomorphism x @ — B — B induces a homotopy auto-equivalence on the classifying
space of B, B(x ® —): B,B ~ B,B. Then, there is a homotopy equivalence

B,B ~ OB,(B,®),

between the classifying space of the underlying bicategory and the loop space of the
classifying space of the monoidal bicategory.

Proof: By Theorem 2.2, B,(B,®) is homotopy equivalent to |X,|, the geometric
realization of the the simplicial space X, = B,SY(B,®): A" — Top obtained by
taking classifying spaces on the simplicial bicategory S¥ (B, ®), the Segal nerve of the
suspension tricategory of the monoidal bicategory. By Proposition 2.3, SX(B,®) is a
special simplicial bicategory. Furthermore, since the tricategory ¥ (5, ®) has only one
object, the simplicial bicategory SX(B, ®) is reduced (see (2.22)), that is, SX(B, ®)¢ =
* the one-object discrete bicategory. Hence, the simplicial space B,S¥(B, ®) satisfies
hypothesis (i) and (i) of Segal’s Proposition 1.5 in [112]: Xy = B,(SX(B,®)o) is
contractible, and the Segal projections maps

(2.23)
B,pn: X, = B,(S¥(B,®),) - X' =B,(S¥(B,®)}) = B,B"
are homotopy equivalences. Since the H-space structure on X; = B, B is just induced
by tensor homomorphism ®: B x B — B, we have, by hypothesis, that X; has ho-
motopy inverses. Therefore, from [112, Proposition 1.5 (b)], we can conclude that

the canonical map X; — Q|X,| is a homotopy equivalence, whence the homotopy
equivalence B,B ~ QB,(B, ®) follows. O
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Example 2.6 (Classifying spaces of braided monoidal categories) If (C,®) is
a monoidal category , then (C,®) is the bicategory called by Kapranov and Voevod-
sky in [90, 2.10] the delooping bicategory of the category induced by its monoidal
structure. The nerve of ¥(C,®) then becomes the pseudo-simplicial category used by
Jardine in [86, §3] to define the classifying space of the monoidal category just as
above: B,(C,®) = B[\N(C,®) (see also Bullejos and Cegarra [36], or Balteanu et
al. [12]). Thus,

B,(C,®) =B,X(C,®). (2.25)

Now, let (C, ®, ¢) be a braided monoidal category as defined by Joyal and Street in
[88, Definition 3.1]. Thanks to the braidings ¢: t®y — y®z, the given tensor product
on C defines in a natural way a tensor product homomorphism on the suspension
bicategory of the underlying monoidal category, ®: 3(C, ®)xX(C,®) — X(C,®). Thus
(X(C,®),®) is a monoidal bicategory. The corresponding suspension tricategory,

Y2(C,®,c) =2(2(C,0),)

is called the double suspension, or double delooping, of the underlying category C asso-
ciated to the given braided monoidal structure on it (see Berger [17, 4,2.5], Kapranov
and Voevodsky [90, 4.2] or Gordon, Power and Street [69, 7.9]). We refer the reader
to Cheng and Gurski [53, §2] for the (nontrivial details) of this construction and,
briefly, recall that this is a tricategory with only one object, say *, only one arrow
x = 1,: * — %, the objects of C are the 2-cells, and the morphisms of C are the 3-cells.
The hom-bicategory is ¥2(C,®, ¢)(*, *) = %(C,®), the suspension bicategory of the
underlying monoidal category (C,®), the composition is also (as the horizontal one in
¥(C,®)) given by the tensor functor ®: C x C — C and the interchange 3-cell between
the two different composites of 2-cells is given by the braiding.

The most striking instance is for (C,®, ¢) = (A, +,0), the strict braided monoidal
category with only one object defined by an abelian group A, where both composition
and tensor product are given by the addition + in A; in this case, the double suspension
tricategory Y2 A is precisely the 3-category treated in Examples 2.1 and 2.2.

For any braided monoidal category (C,®, ¢), the Grothendieck nerve of the dou-
ble suspension tricategory ¥?(C, ®, ¢) coincides with the pseudo-simplicial bicategory
called by Carrasco, Cegarra and Garzén in [42] the nerve of the braided monoidal
category, and denoted by N(C,®, ¢). Thus,

N(C,®, c)=NX2(C,®, c): A" — Bicat, [p]— (X(C,®))? = 2(CP,®),

is a normal pseudo-simplicial one-object bicategory whose bicategory of p-simplicies
is the suspension bicategory of the monoidal category p-fold power of (C,®). Since
the classifying space of the braided monoidal category [42, Definition 6.1], B,(C, ®, ¢),
is just given by

B,(C,®,¢) = B2fAN(C, ®, ¢),

we have the following.
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Corollary 2.1 The classifying space of a braided monoidal category is the classifying
space of its double suspension tricategory, that is, B,(C,®,c) = B.X?(C,®,¢) .

It is known that the group completion of the classifying space BC of a braided
monoidal category (C,®, ¢) is a double loop space. This fact was first noticed by J.
D. Stasheff in [114], but originally proven by Z. Fiedorowicz in [64] (other proofs
can be found in Balteanu et al. [12] or Berger [17]). We shall show below that under
favorable circumstances B, (C, ®, ¢) is a model for such a double delooping of BC.

Corollary 2.2 (i) For any braided monoidal category (C,®, ¢) there is a homotopy
equivalence
B,(C,®) ~ OB, ®, ¢).

(i) Let (C,®,c) be a braided monoidal category such that, for any object x € C,
the functor x @ —: C — C induces a homotopy auto-equivalence on the classifying space
of C, B(x ® —): BC ~ BC. Then, there is a homotopy equivalence

BC ~ O’B,(C, ®, ¢),

between the classifying space of the underlying category and the double loop space of
the classifying space of the underlying category.

Proof: (i) By Corollary 2.1, the classifying space of any braided monoidal category
(C,®, c) is the same as the classifying space of the monoidal bicategory ¥(3(C, ®), ®).
Therefore, QOB,(C,®,¢) = OB,X(2(C,®),®). Since X(C,®) has only one object,
it is obvious that its monoid of connected components mX(C,®) = 1, the triv-
ial group. Then, by Theorem 2.3, there is a homotopy equivalence B,¥X(C,®) ~
OB, 3(3(C, ®),®). Since, by (2.25), B,(C,®) = B,X(C,®), the result follows.

(7i) From the discussion in Example 2.3, we have homotopy equivalences BC ~ B,C
and B,(C,®) ~ B,(C,®). Then, by Theorem 2.3, there is a homotopy equivalence
BC ~ OB,(C,®). By the already proved in (i), there is a homotopy equivalence
0B, (C,®) ~ O%B,(C,®, ¢), whence the result. O

2.5 The geometric nerve of a tricategory

With the notion of the classifying space of a tricategory 7 given above, the resulting
CW-complex B,7 thus obtained has many cells with little apparent intuitive con-
nection with the cells of the original tricategory, and they do not enjoy any proper
geometric meaning. This leads one to search for any simplicial set realizing the space
B,7 and whose cells give a logical geometric meaning to the data of the tricategory.
With the definition below, we give a natural candidate for such a simplicial set, which,
up to minor changes affecting the direction conventions on 2- and 3-cells, is essentially
due to Street [116, 118].
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For any given tricategory 7, the construction Z +— Laxy(Z,7) given in (2.2),
which carries each category Z to the set of unitary lax functors from Z into 7, is
clearly functorial on the small category Z, whence we have the following simplicial
set.

Definition 2.4 The geometric nerve of a tricategory T is the simplicial set
AT: A°® — Set, [p]— Laxy([p],T).

The simplicial set A7 encodes the entire tricategorical structure of 7 and, as we
will prove below, represents the classifying space of the tricategory T, up to homotopy.
We shall stress here that the simplices of the geometric nerve AT have the follow-
ing pleasing geometric description, where we have taken into account the coherence
theorem for tricategories in order to interpret correctly the pasting diagrams (i.e., by
thinking of 7 as a Gray-category). The vertices of AT are points labelled with the
objects F'0 of 7. The 1-simplices are paths labelled with the 1-cells

Fox: FO — F1. (2.26)

The 2-simplices are oriented triangles

Fo,1 F0 Fo2
PLIDIN (2.27)
F1 F2,

o

with objects F'i placed on the vertices, 1-cells F; ;: F'i — F'j on the edges, and labelling
the interior as a 2-cell Fy19: F1o ® Fo1 = Fpo. For p > 3, a p-simplex of AT is
geometrically represented by a diagram in 7 with the shape of the 3-skeleton of an
oriented standard p-simplex whose 3-faces are oriented tetrahedrons
Fi
4|\
Fj > Fl, (2.28)

NV o7
Fk

one for each 0 < i < j < k <[ < p, whose faces

Fj Fi Fi F;

F; F; F; F; Fi F; F,; ' _F
VTN ’“/F:,;N ! VGO ! VETON (2.29)
Fk Fl Fj Fl j

FEk o Fli, ol ) J F , Iy Fir FEk,
are geometric 2-simplices as above, and
Fi Fi
/:>\ F; ka1 / \
Fj Fl = Fj = |t Fl (2.30)

N NS
Fk Fk
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is a 3-cell of the tricategory that labels the interior of the tetrahedron. For p > 4,
these data are required to satisfy the coherence condition (CR1), as stated in the
Appendix, §2.6.1; that is, for each 0 < i < j < k <l < m < p, the following diagram
commutes:

Fi
/ \ PN
Fj=/ 1t Fm

Fk — Fl Fk— Fl
(Street’s fourth oriental, [116])

Fijik,m

Fjk,m Fi ki,m
/ \ Fzglm . \ Fyf]’C
\ﬂ Fm \ F EFJ:> ﬂFm
\ \
Fk— Fl Fk— Fl Fk»Fl

The simplicial set AT is coskeletal in dimensions greater than 4. More precisely,
for p > 4, a p-simplex F: A[p] — T of AT is determined uniquely by its boundary
OF = (Fd°, ... FdP)

dA[p] 2= AT,

b

and, for p > 5, every possible boundary of a p-simplex, dA[p] — AT, is actually the
boundary OF of a geometric p-simplex F' of the tricategory T .

Example 2.7 (Geometric nerves of bicategories) When a bicategory B is re-
garded as a tricategory, all of whose 3-cells are identities, then the simplicial set
AB is precisely the unitary geometric nerve of the bicategory, as it is called by Car-
rasco, Cegarra and Garzén in [41] (but denoted by A'B). The construction of the
geometric nerve for a bicategory was first given in the late eighties by J. Duskin and
R. Street (see [117, pag. 573]). In [58], Duskin gave a characterization of the unitary
geometric nerve of a bicategory B in terms of its simplicial structure. The result states
that a simplicial set is isomorphic to the geometric nerve of a bicategory if and only
if it satisfies the coskeletal conditions above as well as supporting appropriate sets
of ‘abstractly invertible’ 1- and 2-simplices (see Gurski [74], for an interesting new
approach to this subject). In [41, Theorem 6.1], the following fact is proved.

Fact 2.11 For any bicategory B, there is a homotopy equivalence B,B ~ |AB].
We now state a main result of this chapter.

Theorem 2.4 For any tricategory T, there is a homotopy equivalence B,T ~ |AT].
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Proof: Let us consider, for any given tricategory 7, the simplicial bicategory
AT: A°® —» Hom C Bicat, [q] — Laxy([q],T),

whose bicategories of g-simplices are the bicategories of unitary lax functors (2.5) of
[q] into 7. In this simplicial bicategory, the homomorphism induced by any map
a: [q] = [p], a*: AT, — ATy, is actually a strict functor. Hence, the bisimplicial set

AAT: A" x A" — Set, ([p],[q]) = A(AT,), = Laxy([p], Laxy([q], T)),

is well defined, since the geometric nerve construction A is functorial on unitary
homomorphisms between bicategories. The plan is to prove the existence of homotopy
equivalences

B,T ~ |diagAAT], (2.31)
|AT| ~ |diagAAT], (2.32)

whence the theorem follows.

e The homotopy equivalence (2.31): The Segal nerve of the tricategory (2.20)
is a simplicial sub-bicategory of A7. Let L: NT — AT be the pseudo-simplicial
homomorphism obtained by composing the pseudo simplicial homomorphism (2.21),
equally denoted by L: N7 — ST, with the simplicial inclusion ST C A7. At any
degree p > 0, the homomorphism L,: N7, — AT, is precisely the homomorphism
in Lemma 2.2, Lax(G,, T) — Laxy([p], T), corresponding with the basic graph of the
category [p]. Then, we have a homomorphism R,: AT, — N7, such that R,L, = In7,,
and a lax transformation v;,: Ly R, = 1a7,. It follows from Fact 2.5 that every induced
map B,L,: B,(N7,) = B,(A7,) is a homotopy equivalence. Then, by Fact 2.9, the
induced map B, [, L: B, [\N7T — B, [\AT is a homotopy equivalence. Let

B,AT: A” — Top, [p] = B,(AT;),

be the simplicial space obtained by composing AT with the classifying space functor
B,: Hom — Top (see Fact 2.4). Since, by definition, B,7 = B2fAN7', whereas, by
Fact 2.10, there is a homotopy equivalence B, fAéT ~ |B,AT|, we have a homo-
topy equivalence B,7 ~ |B,AT|. Furthermore, by Fact 2.11, we have a homotopy
equivalence

B,AT[=llg] = B,(ATy)[ ~ [lg] = [A(ATy)[|=|diagAAT],

where for the last homeomorphism we refer to Quillen’s Lemma in [109, page 86].
Thus, BT ~ |diagAAT], as claimed.

e The homotopy equivalence (2.32): Note that the geometric nerve A7 is the
simplicial set of objects of the simplicial bicategory AT, that is, AT = A(AT)o.
Therefore, if we regard AT as a simplicial discrete bicategory (i.e., all 1-cells and
2-cells are identities), then AAT becomes a bisimplicial set that is constant in the
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horizontal direction, and there is a natural bisimplicial map AA7T < AAT, which is,
at each horizontal level p > 1, the composite simplicial map

sh
o 1

AT = A(AT)o % AAT); < -3 A(AT )1 25 A(AT),. (2.33)

Next, we prove that the simplicial map AT — diagAAT, induced on diagonals, is
a weak homotopy equivalence, whence the announced homotopy equivalence in (2.32).
It suffices to prove that every one of the simplicial maps in (2.33) is a weak homotopy
equivalence and, in fact, we will prove more: Every simplicial map sp 1, 0> 1, embeds
the simplicial set A(A’T)p 1 into A(AT), as a simplicial deformatzon retract. Since
dh h _, =1, it is enough to exhibit a simplicial homotopy h: 1 = s 1dh A(AT), —

AAT )p-

To do so, we shall use the following notation for the bisimplices in AA7T. Since
such a bisimplex of bidegree (p, q), say F' € A(A7,)p, is a unitary lax functor of the
category [p] in the bicategory of unitary lax functors Laxy([g], T), it consists of

e unitary lax functors F*“: [q] — T for 0 < u < p,

o l-cells F“%: F¥ = FV for 0 <u < v < p,

o 2-cells F»V" FOWo PV = FWW for ) <u < v < w < p,
such that the diagrams

(Fwit o Fow) o Fuv ==t Wit o (FUW o V)

Fowito 1m me»v»w

Fu,v,t Fu,w, t
Fv,t o Fuv Fu,t Fwit o pu,w

commute for u < v < w < t. Hence, such a (p, ¢)-simplex is described by a list of cells
of the tricategory T

F = (Fi, Yy, Fy o By B3 B B, (2.34)

with 0 <7 < j <k <l <q, where

e [i (= F°i) is an object of T,

Fi': Fi — Fj are 1-cells in T,

B FY @ BY = Yy are 2-cells in T,

FZ%U: Fl = F; are 2-cells in T,
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o FU

U, UV, W .
e Fi’j’k and F; ;7" are 3-cells in T of the form

(F @ F) @ == F{,®(F4, ® F%)

Fu ®1ﬂ F ko ﬂl@F“
Jik,l ’3’ ’ i,4,k
F*YQF" FY FYQFY,
7,0 i,] Fiifj,l 1,1 Fil,Lk,l k,l i,k
Y. b
u u v u u
Fip@ b =T} .
F'«MU Fu,v Fu,'w
: , g,k , irj o, i.j
FJ”fJ@F&“ﬂ o ﬂm R
=
v v v v w
F],k®Fz,] Y. . Fz,k? Fz,] FUw FzJa
4,7, i,j

satisfying the various conditions.

The horizontal faces and degeneracies of such a bisimplex (2.34) are given by the
simple rules d F = (Fi,Fg;m, ...)and sBF = (Fz,Ff;n“, ...), whereas the vertical
ones are given by dy, F' = (F'd™1, Fin; gm;, - - . ) and sy, F' = (F's™i, Foy amjy - .. ).

We have the following simplicial homotopy h: 1 = sg_ldg: A(AT), — A(AT)p.
For each 0 < m < ¢, the map hy,: A(ATy)p = A(ATg+1), takes a (p, g)-simplex F' as
in (2.34) of AAT to the (p, g + 1)-simplex h,, F' consisting of:

¢ The lax functors h, F* = (s™)*F": [¢+1] = T for 0 < u < p.
¢ The lax functors h,, FP: [¢ + 1] — T, with
o (hypF)Pi=Fs™ifor 0 <i<gqg+1,

p—1 op -
o (P, = 4 Femiamg LTS,
m L] . .
" Fho i ifm <y,
p—1 .
Fsmi,smj,smk if k =m,
1QFP-1P FP.
o(h, F)Y. = P p—1 i P p iik-1 p e
o) Fip1®F;; == I} ®F;; Fipoy g <m <k,
D . .
Fsmz‘,j—1,k_1 if m <y,
p—1 .
Fsmz‘,smj,smk,sml if 1 <m,

()P the 3-cell given by the pasting diagram (2.35) if k <m </,
[} m .. =
Lok the 3-cell given by the pasting diagram (2.36) if j <m < k,

Fp

smij—1,k—1,1—1 if m <j.
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92
P p—1 p—1 & D p—1 p—1
) (Fg 1 ®F) )®F) = F /@ (F)  ®F ) )
(1®F]P_§"’)@/1 | %F;’J K
P P p—1 A@FeF Y 1 P p—1
(FF, | @FP )@ FF; wrPir FP @FP
k-1 K ij ” .y ik k1—194 K
1Q(F), "PRFF;7)
FPo1®1 & (F£7171®Fp )®Fp :>Flfl 1®(F£,€®Ff ) 1QFP P
: %, s
P D P Ep P D
1 ®F; Finaa®l A Fy 1 ®F;,
\ FP . B %1

1QFP-h P
i3 D 7 I D

£ E———— !

Fiio1 ® Fi Flaa

(2.35)

1 —1
FY 2 ®F )F, ==F || ®(F,_|®F)

Q1
Jk—1i—1 p—1,p p—1,p
/ ﬂ(@l)@Fi,j ﬂl@(l@Fm )

1
F L @F) = (Fp 1®F£k—1)®ﬁfj:G>F£—1,1—1®(F£k—1®F£j)

1%

p—1,p FP & FP 1QFF
IQFF > L k—1,0—1 i,j,k—1,1—1 L
y M T ot
i ©F; Fiy F 1171®sz 1
(2.36)
o The 1-cells hy, F*? = (s™)*F"": hpp F* = hyp, FV for 0 < u < v < p.
o The 1-cells h,, F*P: hy, F* = h,, FP with
Far 1,1 if j <m,
o (hF)P = S0 J
’ FS,,’%-J»_1 if j > m,

p—1 .

Fgs gmj smi if k<m,
o (hnF);P k= the 3-cell given by the pasting diagram (2.37) if j <m <k,
u’p . .
Fsmi,jfl,k—l if m <y,
,j,k 1
ij;gy
’U,p 7Z)
1 u,p—1, fo— ®F Fiu,.p _ a,
Fr (®F Fi,]; po P 2kt 4P (2.37)

N »
® ¥ F,j,k 1

P P
Fi o (QF, ———= FZ 1

o The 2-cells (hpy, F)""" = (s™)*F*"" for w < p.
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o The 2-cells (h,, F)“"? are given by (h,, F);"/"* =

u,v,p—1 e s
Fonigm; it j<m,
1/7.7

Faniy ifm <.
So defined, to show that h: 1 = sg_ldg is actually a simplicial homotopy, is a
straightforward (though quite tedious) verification. O
As an application of the theorem above, we shall prove that tritransformations

produce homotopies. To do so, the following lemma is the key.

Lemma 2.3 Suppose 8 = (0,11, M): F = G: T — T’ is a tritransformation. There
is a trihomomorphism H: T x [1] — T’ making the diagram commutative

Tx[0] =T

IXJIl’ \
H

T x [1]

o] /

Tx[0=T

T (2.38)

Proof: For any objects x,y of T, H: (T x[1])((z,0),(y,1)) — T'(Fz,Gy) is the
homomorphism composite of

o) <00} = Tla.g) S TG, G) T2

T'(Fx,Gy).
For objects z,y, z of T, the pseudo-equivalence

HxH

(Tx[AD((y, 1), (2, 1)) x (T x[1]))((,0), (y, 1)) T'(Gy, Gz) x T'(Fz,Gy)

N B

(T x[1])((z,0), (z,1)) Ll T'(Fz,Gz)

is obtained by pasting the diagram

T(q,r) <T@, y) -2~ T/(Gy, G2) x T (G, Gy) “ LGy, G2) x T (Fz, Gy)
®i U l@ o i@
T (z, 2) & T (Gz,G=z) T T (Fz,Gz),

and the pseudo-equivalence

HxH

(Tx[1)((5,0), (2,1)) x (T x[1])((=,0), (y,0)) T'(Fy,Gz) x T'(Fz, Fy)

J e |e

(T x[1])((,0), (2,1)) A T'(Fz,Gz)
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by pasting in

GxF T (6y,1)x1

T(y, 2)xT(z,y)

T (Gy,Gz)xT'(Fx, Fy)

T'(Fy,Gz)xT'(Fx, Fy)

\ 1o° x1 /
FxF T'(1,02)x1
T'(Fy, Fz)xT'(Fa, Fy)
® U le S ®
T'(Fz,Fz) /
/ 4o %
T(z,2) G T'(Gz, G2) G T/(Fz,G>).

For z,y,z,t any objects of T, the components of the invertible modification w

at the triples of composable 1-cells of T x [1]

(CL,(O,l)) (b711) (0711)

(,0) (v, 1) (2,1) (t,1),
(@.0) S22 (5.0 222 1) 2 (1,1),
(:1:‘7 0) (a’710)) (y7 0) (b,l())) (27 0) (07(071))(t7 1)’

are canonically provided by the 3-cells (2.39), (2.40) and (2.41) below.

G
((Ge@Gb)®Ga) @0 SSEREZ (G(c@b)®Ga) @0
ﬂ x¢®1
a®l wGé®1 G((c®b)®a)®0x
Ga®l
G G \U/
(Ge® (GhaGa))@0e S22 (Gen (Gboa))@bs =22 G(ew (boa)) @ 0z.
(2.39)

G
(Ge®@Gh) @ (Oy® Fa) =2 G(c®b) @ (0y® Fa)
1®9ﬂ S ﬂl@@ (2.40)
G
(Ge®Gh)®(Ga®iz) E2 G(c®b) @ (Ga®0z)

Gew (020 Fb)© Fa) ~222Y. Gew (Ghooy) @ Fa) —2%s Gew (Gh® (0y® Fa))
1®aﬂ ﬂ1®(1®0)
Ge® (022 (Fbe Fa)) P Ge®(Gbe(Ga®bx))
1®(1®XF)H . u1®a'

Ge® (020 F (b®a)) &0 Ge® (G(b®c)@bx) <m:®1)Gc®((Gb®Ga)®0x)
(2.41)
To finish the description of the homomorphism H, say that the component of the
invertible modification 87 at any morphism (a, (0,1)): (x,0) — (y,1) is canonically
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obtained from the 3-cells 1 ® M and 6 ® 1 below, while the component of v is
provided by 3-cell v¢ ® 1.

LF
Ga®lr — 2" Ga® (fro1) =2 Gaw (9r0 F1)

1@M
1® l‘ﬂ P ﬂ1®9

G
Gao (1 ® ) ——2ZEY Ga(Gl@0y),
rel (LC®1)®1
Ga®blr ———= (Gz®1)®0, (18Ga)Rlr ——= (G1®Ga)®bx
Gr®1ﬂ 5;‘81 ﬂ(l@ﬁ)@l l®1ﬂ ‘*2@ ﬂxc"@l
G(a®1)@br == (Ga®G1)®0, Ga®br —— G(1®a)®0z.
X~ ®1 Gl

O

Proposition 2.4 If F,G: T — T’ are two trihomomorphisms between tricategories,
then any tritransformation, F = G, defines a homotopy between the induced maps on
classifying spaces

B,F ~B,G: B,T — B,T".

Proof: Taking geometric nerves in the diagram (2.38), we obtain a commutative dia-
gram of simplicial maps

AT x Al0] = AT

1X61\L K
AH

AT x A[l] AT,

18
XOT AG

AT x A[0] 2 AT

Since |A[1l]| = [0, 1], the unity interval, the result follows by Theorem 2.4. O
As a consequence for triequivalences between tricategories, we have the following.

Corollary 2.3 (i) If F: T — T’ is any trihomomorphism such that there is a triho-
momorphism G: T' — T and tritransformations FG = 17+ and 17+ = GF, then the
induced map B, F: B,T — BT’ is a homotopy equivalence.

(13) Any triequivalence of tricategories induces a homotopy equivalence on classi-

fying spaces.

Proof: (i) Given any trihomomorphism F: 7 — 7" in the hypothesis, by Proposition
2.2 (7i), there is a homotopy B, F B,G ~ B,(FG). By Proposition 2.4, the existence
of a homotopy By(FG) ~ B,17 follows. Since, by Proposition 2.2 (iii), there is a
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homotopy B,17 >~ 1p_77, we conclude the existence of a homotopy B, F' B,G ~ Ig,71.
Analogously, we can prove that lg, 7 ~ B,G B, F, which completes the proof of this
part. Part (i7) clearly follows from part (i). O

Example 2.8 (Geometric nerves of 3-categories) In [116], Street gave a precise
notion of nerve for n-categories. He extended each graph G, = (0 =1 — --- = p) to
a “free” w-category O, (called the p-oriental) such that, for any n-category X, the
p-simplices of its nerve, are just n-functors O, — X, from the underlying n-category
of the p*'-oriental to X. In the case when n = 3, Street’s nerve construction on a
3-category T just produces, up to some directional changes, its geometric nerve AT,
as stated in Definition 2.4. After the discussion in Example 2.4, from Theorem 2.4 we
get, for any 3-category 7, homotopy equivalences

|diagNNNT| ~ B, T ~ |AT].

Example 2.9 (Geometric nerves of braided monoidal categories) If A is any
abelian group, then the braided monoidal category with only one object it defines,
(A, +,0), has as double suspension the tricategory ¥2A4, treated in Examples 2.1 and
2.2. For any integer p > 0, we have

Laxy([p], ¥24) = Z°(p], A) = Z*(A[p], A) = K(A,3),,

whence AY?A = K(A,3), the minimal Eilenberg-Mac Lane complex. Hence, from
Theorem 2.4 and Corollary 2.1, it follows that B,(A,+,0) = |K (A4, 3)|.

If (C,®,c) is any braided monoidal category, then a unitary lax functor of a
category Z in the double suspension tricategory, Z — %%(C, ®, ¢), is what was called by
Carrasco, Cegarra and Garzén in [42, Definition 6.6] and by Cegarra and Khmaladze
in [48, §4] a (normal) 3-cocycle of T with coefficients in the braided monoidal category.
Therefore, the geometric nerve AY?(C,®, ¢) coincides with the simplicial set [42,
Definition 6.7]

Z3(C,®,c): A" — Set, [p]— Z3([p],(C,®,¢c)),

whose p-simplices are the 3-cocycles of [p] in the braided monoidal category. The
geometric nerve Z3(C, ®, ¢) is then a 4-coskeletal 1-reduced (one vertex, one 1-simplex)
simplicial set, whose 2-simplices are the objects Fp 12 of C, and whose p-simplices, for
p > 3, are families of morphisms of the form

Fijrp Fiji@Fjpg — Firi@F ;L 0<i<j<k<l<p,
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making commutative, for 0 <1i < j < k <l <m < p, the diagrams

a(F; jgm®l)a~l

Fijm @ (Fjkm @ Frim) Fikm ® (Fijr ® Frim)
1®Fj,k,l,ml il@c
Fjm @ (Fjim ® Fjki) Fkym @ (Flotm ® Fi j k)

(Fi,j,l,m®1)a71l

(Figm ® Fij1) @ Fjkg

l/(Fi,k,l,m®1)a71

a " (1QF; j 1,1)a
(Figm @ Fig1) @ F i

From Theorem 2.4 and Corollary 2.1, we obtain the following known result.

Corollary 2.4 ([42, Theorem 6.11]) For any braided monoidal category (C,®, c),
there is a homotopy equivalence B4(C,®, ¢) ~ | Z3(C, ®, c)|.

Example 2.10 (Geometric nerves of monoidal bicategories) If (B,®) is any
monoidal bicategory, then we define its geometric nerve, denoted by A(B,®), as the
geometric nerve of its suspension 3-category (B, ®), (2.24). That is,

A(B,®): A°? — Simpl.Set, [p] — Laxy([p], 2(B, ®)).

Then, Theorem 2.4 specializes to monoidal bicategories giving a homotopy equiv-
alence
By(B,®) ~ [A(B, ®)|.

2.5.1 Bicategorical groups and homotopy 3-types

Recall that a bigroupoid is a bicategory B in which every 2-cell is invertible, that is, all
the hom-categories B(x,y) are groupoids, and every 1-cell u: x — y is an equivalence,
that is, there exist a morphism s y — x and 2-cells uo v’ = 1, and 1, = v/ ou. By
a bicategorical group we shall mean a monoidal bigroupoid (B, ®) in which for every
object = there is an object x’ with 1-cells 1 — z ® 2’ and 2’ ® + — 1. Bicategorical
groups correspond to those Picard 2-categories, in the sense of Gurski [76, §6], whose
underlying bicategory is a bigroupoid.

In any bicategorical group (B,®), the homomorphisms z ® — B — B and — ®
x: B — B are biequivalences, for any object x € B. Hence, by Theorem 2.3, there is a

homotopy equivalence
B,B ~ OB,(B,®),

between the classifying space of the underlying bigroupoid and the loop space of the
classifying space of the bicategorical group.

If (B,®) is any monoidal bicategory, then its geometric nerve A(B,®) is a 4-
coskeletal reduced (one vertex) simplicial set, which satisfies the Kan extension condi-
tion if and only if (B, ®) is a bicategorical group. In such a case, the homotopy groups
of its geometric realization

WiBS(B, ®) = ﬂiA(B, ®) =~ m_1AB
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are plainly recognized to be
- mBy(B,®) =0, ifi#1,2,3.

- mBy(B,®) = ObB/ ~, the group of equivalence classes of objects in B where
multiplication is induced by the tensor product.

- mBy(B,®) = Autg(1)/ =, the group of isomorphism classes of autoequivalences
of the unit object where the operation is induced by the horizontal composition
in B.

- m3By(B, ®) = Autg(1l;), the group of automorphisms of the identity 1-cell of the
unit object where the operation is vertical composition in B.

Thus, bicategorical groups arise as algebraic path-connected homotopy 3-types, a
fact that supports the Homotopy Hypothesis of Baez [5]. Indeed, every path-connected
homotopy 3-type can be realized in this way from a bicategorical group, as we show
below (cf. Berger [17], Joyal and Tierney [89], Lack [94], or Leroy [97], for alternative
approaches to this issue).

Proposition 2.5 For any path-connected pointed CW-complex X for which m;X =0
fori >4, there is a bicategorical group (B(X), ®) whose classifying space B, (B(X), ®)
1s homotopy equivalent to X .

Proof: Given X as above, let M(X) C S(X) be a minimal subcomplex that is a
deformation retract of the total singular complex of X, so that |M(X)| ~ X. Taking
into account the Postnikov k-invariants, this minimal complex M can be described
(see Goerss and Jardine [68, VI. Corollary 5.13]), up to isomorphism,

M(X) = K(B,3)x:(K(A,2) <, K (G, 1)), (2.42)

by means of the group G = m X, the G-modules A = m X and B = 73X, and two
maps,

h G3 = A, t AS x G* — B,

defining normalized cocycles h € Z3(G, A) and t € Z*(K(A,2)x, K(G, 1), B). That
is, M(X) is the 4'" coskeleton of the truncated simplicial set

tryM(X) = B4><Aﬁ><G4 g B><A3><G3 : A GQSG

d4 3

whose face and degeneracy operators are given by (0; € G, z; € A, u, € B)
g9 1= 0,
di(azl,al,ag): 0102 iZl,
01 1= 2.
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1 i

(71 x3,02,03) =0,

di(Ul,lEl,l’Q,l’:{,O’l,O—Q,O’S) = (l‘2 + 3, 7102 03) Z - 17
(z1 + 12,01, 0203) i =2,

(.%1—}1(0'1,0'2,0'3)701,0'2) 1= 3.

di(u1, ug, ug, us, 1, 2, T3, T4, L5, T6, 01,02, 03,04) =

(U;1U4,U;11‘4,U;1£L'5,U;1,Iﬁ,0'2,0'3,0’4) 1= 0,
(ug + ug, x2 + T4, 3 + T5,T6,0102,03,04) @ =1,
(ug + us, x1 + x9,x3, x5 + X6, 01,0203,04) @ = 2,
(ur +ug, 1,2 + 23,24 + 5,01,02,0304) =3
(@1,%1, %2, T3,01,02,03) i=4,

where u; = u; — t(:(}l,.%'g,.%'g, T4,%5,T6,01,02, 0'3,04), 1 = 11 — h(Ul,Ug, 0304) +
h(Jl, 02, 03), Tog = xg—h(Uldg, o3, J4)+U;1h(02, 03, 04), and T3 = 1’4—0; h(os, 03, 04).
Then, a bicategorical group (B(X), ®) with a simplicial isomorphism A(B(X), ®) =
M(X) is defined as follows:
o A O-cell of B = B(X) is an element 0 € G. If 0 # 7 are different elements of G, then
B(o,7) = (0, that is, there is no 1-cell between them, whereas if ¢ = 7, then a 1-cell
r: 0 — o is an element x € A. Similarly, there is no 2-cell in B between two 1-cells
x,y: 0 — o if x # y, whereas, when x = y, a 2-cell w: x = x is an element u € B.

e The vertical composition of 2-cells is given by addition in B, that is,

e The horizontal composition of 1-cells and 2-cells is given by addition in A and B
respectively, that is,

T Y z+y
=\ /= — X\
(0 bu o)o(oc W o) = (0 _lutv 0).

~__ 7 ~___ 7
T y Tty

o la o, a=1t(z,y,2,0,0,0,0,1,1,1),

z+(y+2)

and the 0 of A gives the (strict) unit on each o, that is, 1, =0: 0 — 0.
e The (strictly unitary) tensor homomorphism ®: B x B — B is given on cells of B by

x Y z+%

— — =
(0 W o) (t W 1) = (67 butv oT).

~_ 7 ~—~7 ~—

T Yy z+"y
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/ !
e The structure interchange isomorphism, for any 1-cells ¢ = o — o and 7 Y T,

(z+7y)+(='+Y')
—
oT 4 oT,
~NN~

(z+a")+(y+y')

is that obtained by pasting in the bigroupoid B the diagram

X = _t(oa 07 07 Jyv Jy,) O) g,T, ]-a ]-)7

c= t(ov x, 07 07 Jyv 07 o,T, ]-7 1) - t(ov 0, x, va 07 O, g,T, 17 1) - t(ﬂ?, Ov 0’ 07 07 va ag, 1’ T, 1)7

x = —t(0,z,2',0,0,0,0,7,1,1)+¢(x,0,2’,0,0,0,0,1,7,1)—¢(z,2',0,0,0,0,0,1,1, 7).
e The associativity pseudo-equivalence (—® —)® — = —® (—® —): B> — B is defined
by the 1-cells

h(o,7,7): (oT)y = o(77).

The naturality component of a, at any 1-cells ¢ — o, T Y 7 and v 5,
h=h(o,7,7)
(o7)y ———o(m7)
<z+ay>+f"zi = izw(wz)

(o) a(my)

h(o,7y)

is given by pasting in B the diagram

0'7' ’)/4>O' 7"7

//7

0'7"}/4> 0'7"7

® =1¢(0,h,0,0,72,0,0,77,1,1) — t(h,0,0,0,0,772, 0, 7,7, 1)
—t(0,0,h,772,0,0,0,77,1, 1),

¥ =t(h,0,0,9%,0,0,0,7,1,7) — t(h,0,0,0,%,0,0,7,7,1)
+t(0, h,0,0,%,0,0,7v,1,1) — (0,0, h,%,0,0,0,77,1,1),
—t(x,h,0,0,0,0,0,1,7,7) + t(h,2,0,0,0,0,0,7,1,7)
—t(h,0,2,0,0,0,0,7,7,1) + t(x,0,h,0,0,0,0,1, 77, 1)

+t(0,h,x,0,0,0,0,7v,1,1) — t(0, 2, h,0,0,0,0,77,1,1),
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e The structure modification 7, at any objects o, 7,7,d € G, is

hi1=h(oT1,7,0)

((o7)7)8 = (07)(79)
h4h(a,7’,'y)l T, lh3h(a,7’,75)
ho=h(o,T ,5) h :Uh(Tv 76)

(0(m7))6 =" 5 ((14)8) ———1%% o(r(48)),

7w = t(hs, h1 — ho, 0, ho,0,0,0,7,7,0) — t(ha, h4,0,0,0,0,0,77,1,0)
+t(h2, 0,h4,0,0,0,0,77, 0, 1) t(hg, 0,h1 — ho,0, hg, 0,0, 7,79, 1)
+t(0, hs, h1 — ho, 0, hg, 0,0, 776, 1, 1) — t(O, 0, ho + hyg, ho,0,0,0, 776, 1, 1)
—t(0, ha, h4,0,0,0,0,779,1,1).
This completes the description of the bicategorical group (B,®) = (B(X),®),
whose geometric nerve is recognized to be isomorphic to the minimal complex M (X)
in (2.42) by means of the simplicial map ¢: A(B,®) — M which, in dimensions < 4,

A(B, ®)4 A(B,®); —=Z A(B,®)s == A(B,®)1 == 1,

R N

BixASx G =TI Bx AP x GP T Z Ax GP ——= G ——=1,

carries (keeping the notations in (2.26) — (2.30))

e a unitary lax functor F: [1] — X(B,®) to ¢(F) = Fo 1,

e a unitary lax functor F: [2] — X(B,®) to ¢(F) = (—Fy1,2, Fo1, F12),
e a unitary lax functor F: [3] — X(B,®) to

p(F) =

R 2 j2
(—Fo1,23, — “'F123+Fo23—Fo1,3, “'F123—Fo23,— “Fi23,F01,F12,F23),
e a F: [4] — X(B,®) to
©(F) = (u1,ug, us, u4, 1, 2, 3, T4, T, L6, Fo1, F1,2, Fo.3, F3.4),

where

J2 2 2
up = "9 934 —Fo124+ Fo134—F0234, w2 ="0U194—"0F1 34+ Fp34—F024,

us = Fyoga—Fo134—""Fi 2324, xg = F01Fy 34— Fy 3.4,

ug = 01 53 41— Fy 234, xy = F0afy 5, —F0afy o —F02F 54,
Uy = —F°*1F1,2,3,4, x5 = F02Fy 3 4 —F01F) 54,

x1 =Fyoa—T0F) 54— Fy 14, xg = —L02Fy 5 4.

O

Remark 2.1 The fundamental bigroupoid I1a(X) of a space X was independently
described by Hardie, Kamps and Kieboom in [80] and by Stevenson in [115]. The
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objects of TIa(X) are the points z € X, the 1-cells f: z — y are paths f: [ =[0,1] —
X with f(0) = x and f(1) = y, and the 2-cells [a]: f = ¢ are relative homotopy
classes of homotopies between paths a: I x I — X with a|rxo = f and a|rx1 =
g. In [75, Theorem 1.4], Gurski proves that when the space X is endowed with a
structure of algebra for the little cubes operad Cy, then II5(X) has the structure of a
monoidal bicategory, say (Il2(X), ®). In this way, any given pointed topological space
X has associated a bicategorical group (IlI2(2X),®), Gurski’s monoidal bicategory
of the loop space 2X. Although we will not give details here, we want to point
out that, for X a path-connected pointed space X for which m; X = 0 for i > 4, the
bicategorical group (B(X), ®) in Proposition 2.5 is a skeleton of the bicategorical group
(I12(Q2X), ®). That is, there is a monoidal biequivalence (B(X),®) ~ (II2(QX), ®),
and the bigroupoid B(X) is skeletal, in the sense that any two isomorphic 1-cells are
equal and any two equivalent objects are equal.

To finish, we shall remark on two particular relevant cases of the demonstrated
relationship between monoidal bicategories and path-connected homotopy 3-types.
Since categorical groups, in the sense of Joyal and Street [88, §3], are the same thing
as bicategorical groups in which all 2-cells are identities, then categorical groups are
algebraic models for path-connected homotopy 2-types, see Carrasco and Cegarra [39,
§2.1] and Cegarra and Garzén [44, §5]. This fact goes back to Whitehead (1949) [124]
and Mac Lane and Whitehead (1950) [101] since every categorical group is equiva-
lent to a strict one, and strict categorical groups are the same as crossed modules.
On the other hand, if (C,®, ¢) is any braided categorical group [88], then its classi-
fying space B,(C,®, ¢) is the classifying space of its suspension bicategorical group
(2(C,®),®) (see Examples 2.6 and 2.9), which is precisely a one-object bicategorical
group. Therefore, we conclude from the above discussion that braided categorical
groups are algebraic models for path-connected simply connected homotopy 3-types,
a fact due to Joyal and Tierney [89], but also proved by Carrasco and Cegarra in [39,
§2.2] (cf. [40, Theorem 3.8]) and, implicitly, by Joyal and Street in [88, Theorem
3.3].
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2.6 Appendix

2.6.1 Coherence conditions

(CR1): for any four composable arrows in Z, 4 LS iS5k LA AN m, the equation
A = A’ on 3-cells in T holds, where:

(Fa®@ Fb)@ Fe)®@ Fd == (Fa® Fb)® (Fc® Fd) == Fa®(Fb®(Fc® Fd))

a®1 i3 1®a
(Fa,b®1)®1 1®(1®Fc,ti)
(Fa®(Fb Fc))@Fd=—"= Fa®((Fbx Fc)® Fd)
A_ (1®Z‘;“b,c)®1
" (F(ab)®@Fc)®@Fd Fav’g@l = 1@2’*6@ Fa®(Fbe F(cd))
1®(Fb{;®1)
Fap.o®1 (Fa® F(bc))® Fd =——=%—=—= Fa®(F (bc)® Fd) 18 F} o
/Fz,bc‘?g/l Fa,be,d %Fbc d
Fabc d = Fa bed
F(abc)® Fd - F(abcd) ’ Fa®F(bcd)

(Fa®@Fb)®Fc)@Fd ="= (Fa®@Fb)@(Fc® Fd) == Fa®(Fbx (Fc® Fd))

= N
S Foo(B)  (1OD@F.. 3
2 S

Far@USH - plab)@(FewFd) = (Fa®Fb)@F(cd) |1

= 1®% %a,b@l ~0

A'= (F(ab)o Fe)oFd F(ab)@F(cd) Fa®(Fb® F(cd))
Fa ,Cy Fa, ,C
we S
Fab,c®1 Fab,cd 1®Fb,cd
Fape Fabe
F(abe)® Fd s F(abed) o Fa®F (bed)

(CR2): for any two composable arrows i LN j % k in Z, the equations B = B’,
C =C', and D = D', on 3-cells in T hold, where:

1QF;)®1
(Fa@lpj)®Fb(:J)> (Fa®F1;)®Fb
% 7 Fa1®1
a®1
B= Fa®(1p®Fb) L o = Fa®Fb
% v Fus

F,
Fa®Fb——""— F(ab)
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(Fa®1p)©Fb—-2% . (Pa@F1;)®Fb
a o~ Fa 1®1
/1®(Fj®1) / Fai1p \
B'= Fa®(lp®@Fb) =———= Fa®(F1;QFDb) /s Fa®Fb
1QFq
% < /®Fl‘b b Fob
Fa®Fb ’ F(ab)
1 F Fb
a/(ﬂc@ a)® %1)@»1
19®(Fa®Fb) (F1,®Fa)®Fb
Fa®1
C— 1®Fa,b F1 ,®1
1@ F (ab) Fa®Fb
l T,
\ F(ab) B
1 F Fb
4%(FMXJ a)® wl)@
15:®(Fa®Fb) = (F1,®Fa)®Fb
% =
F1;®(Fa® Fb)
C/ = 1®Fa,b = \U/]-®Fa,b Fl,a,b Fl,a®1
yFlk@)F(ab) &
1 ®F(ab) Fab “Fl,ab Fa®Fb
= F(ab) %
— (Fa®Fb)®1Fl\b®g
Fa®(Fb®15) ) ab) @1
D= 1®r‘“ _ = . Fop Hl@Fi
r a
&=
Fa®Fb

abl
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(Fa@Fb)@le Fa,b®1

<a/ ]-@)FL\

Fa®(Fb@1g) F(ab)®1p
1R(1QF; = =
W ) (Fa® Fb)® F1,
D = 1Qr* 1®<EF!» % 1®F;
Fa®(FbF1;)
z% Faéb,l Fop®1
Fa®Fb 1% F(ab)®F1;
Fab F(ab) Fap,1
(CR3): for any object i € Z,the following equation holds:
1pi @ 1p; 1pi @ 1py
A NS
F1;, ® 1p; 1p; = Fl,®1p; = 1F1®F1 =~ 1p;
1®Fiﬂ F\ ﬂFi 1®Fﬂ % | \ ﬂ
=
iy Fy,

(CRA4): for any triplet of composable morphisms of Z, i 5 LAY AN [, the equation
E = E’ on 3-cells in T holds, where:

10F,
(Fa®Fb)® Fe —%— Fa® (Fb® Fc) ——“— Fa® F(bc)
(¢a®¢b)®écﬂ, Fa,b®1 Fg c ﬁFa be
E= (Ga®Gb)®@Ge “b®1 F(ab ®FC:W>F(GI)C)
(I)a,b,c abe
| % = oo
G(ab)®Ge G(abc),
a 1®Fb c
(Fa®Fb)@ Fc =———= Fa®(FbRFc) Fa®F(bc)
Pa®P(
(@a@@b)@@cﬂ ~ @a@(%b@@c) 1@;&6 V ﬂ a,be
E' = (Ga®Gb)®Gc=—"=—= Ga®(GbxGc) =5 Ga®G (bc) “ be F(abe)
b,c
Ga,b®1ﬂ Gap.c \ ﬂfb(abc
Gab . (1. be
G(ab)®Gc ’ G(abe).

(CRS5): for any morphism of Z, i % 5, the following two pasting equalities hold:
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1® Fa 1® Fa
@% | \ 1% \
1®Ga¢®lF1®Fa©Fa 1® Ga
G; ®1ﬂ /@c/ ‘I’lva ﬂcba G}v@lﬂ Ga ! ﬂcba
=
Gl ® Ga Ga G1®GaG:>Ga,
1,a 1,a
Fa®1 Fa®1
V I @% \
U
Ga®11‘g§1FCL®F = Fa Ga®1
18G;|| @ 180G Ga K o
Jl /® H H N H '
Ga ® G1 Ga Ga®G1G:>Ga,
a,l

(CR6): for any object i and each two composable arrows i LA j 5 k of T, the

diagrams of 3-cells below commute.

M1;01

@,
Gapo(Pa@®b) == d(ab)oFy,
1o(Ma®Mb)M MM (ab)®1
G bo(\I/a®\I/b) = U(ab)oFy,

®1,0 F, == V1,0 F,

N, A

2.6.2 Proof of Lemma 2.1

(i) The homomorphism H, is defined as follows: It carries a lax functor F: Z — T to
the lax functor H,F: Z — T, which is defined on objects i of Z by (H,F)i = HF'i, and
on arrows a: i — j by (HyF)a = HFa: HFi — HFj. The 2-cell (H.F)qp: (HiF)a ®

(H.F)b = (H
HF, oL

position HFa ® HFb = H(Fa ® Fb) =" HF(ab). For each object 4, the 2-cell

(HoF)i: 1(g, pyi = (HoF)1; is the composite of 1 — Hlp; 25 HF1;. The struc-

F)(ab), for each pair of composable arrows i LN j % k, is the com-

ture 3-cell of H,F: T — T associated to any three composable arrows i — j LAY l,
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is that obtained by pasting the diagram

(HFa® HFb)® HF c =*= HFa® (HFb® HF c)
=&

x®1
H(Fa® Fb)®@ HF ¢ \ 2 . HFa@ H Fb® Fc)
HFa,b®1H H((Fa® Fb)® Fc) =22 H(Fa®(Fb® Fc)) Hmm,c
HF (ab)@ HFc (1) ) Hdmy HFa @ HF (be)
= 4 e Y X
H(F(ab)®F'c) H(Fa®F(bc))
/

HEab,c HF (abc) HFave

whereas the structure 3-cells of the lax functor H,F attached to an arrow a: ¢ — j of
the category Z, are respectively those obtained by pasting the diagrams below.

Hlp;® HFa ek lyp; ® HFa
= 1
HF;®1 - H(le®Fa) = .
GEIEL X
= HFy
HF1;® HFa=> H(F1; ® Fa) : HFa,
1®¢
HFa® Hlp; HFa® 1gp;
$ 1
1®HF; ~ H(Fa® 1Fz> 63 .
- = = Hr® r
H(1®F§ HFq
= = HF.
HFa® HF1; = H(Fa ® F1;) : HFa.

If &: F = G is any 1l-cell in the bicategory Lax(Z,T), then H,®: H.F = H,.G
is the 1-cell in Lax(Z,7’) whose component at an arrow a: i — j of Z is the 2-cell
of 7' defined by (H.®)a = H®a: HFa = HGa. For any pair of composable arrows

il § % k and any object i of Z, the corresponding structure 3-cells (2.3) and (2.4),
(Hy®)qp and (H,®);, are respectively given by pasting in

HF,
HFa® HFb=s> H(Fa ® Fb) —= HF(ab) lHFi—HG
H(Pa@®b) {e
H®a® HPb =~ Ao H®(ab) Hlp;
Iy H®,; &GZ
=
HGa® HGh == H(Ga® Gb) z=> HG(ab),  HF1, —— > HG1,.

And a 2-cell M: ® = VU of Lax(Z, T) is applied by the homomorphism H, to the 2-cell
H.M: H,® = H,V of Lax(Z,T"), such that (H,M)a = HMa: H®a = HWa for any
arrow a: ¢ — j of the category Z.
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Finally, if ®: F' = G and ¥: G = H are any two composable 1-cells in Lax(Z,T),
and F: Z — T is any lax functor, then the constraints (H,V) o (H.®) = H,(V o ®)
and lg,r = H,lp are, at any arrow a: ¢ — j of Z, the structure isomorphisms
HYao HPa = H(Vao®a) and 1gp, = Hlp, of the homomorphism H: T (Fi, Fj) —
T'(HFi, HFj), respectively.

If : Z — J is a functor then, recalling the definition of a* given at the beginning
of Subsection 2.2.2, one easily checks the equality H.a* = o* H,.

(74) For any lax functor F: Z — T, the 2-cell attached by

m=mpg: H,(H,F) = (H H).F

at any arrow a: i — j of Z is the identity, that is, ma = 1y gp,. For any pair of

composable arrows i LA j 5 k and any object ¢ of Z, the corresponding invertible
structure 3-cells (2.3) and (2.4),

M p: (HL(HF))ap o (ma @ mb) = m(ab) o (H'H)+F)qp,
my: mli ] (H;(H*F))Z = ((H/H)*F)Z,

are, respectively, given by pasting in the diagrams below.

/ , X y H/(HFa,boX) ,
H'HFa® H HFb === H'(HFa @ HFb) H'HF (ab)

H'x H'HF,,
101 1 N 1

H’HFa@H'HFb%H'(HFa@HFb) H:,>H'H(Fa®Fb) ﬁH’HF(ab),
X a,b

1R
IR

1R

H'(HF;oL)

Ly ap ——= H'lgp; H'HF1;

H'. H'HF;
L 1 = = = 1

HllHFi Tﬂlﬂlpi ﬁH/HFli.

IR

If &: F = G any 1-cell in Lax(Z, T), then the invertible naturality 2-cell mg: mgo
(H/(H.®)) = (H'H).Pomp, at any arrow a: i — j of Z, is the canonical isomorphism
lo HH®a =~ H'H®ao 1 in the bicategory T"(H'HFi, H HFj).

For a functor az: Z — 7, it is easy to see that ma™* = a*m.

(7i7) For any lax functor F: Z — T, the 2-cell attached by

m=mpg: (17)F = F

at any arrow a: ¢ — j of Z is the identity, that is, ma = 1p,. For any pair of

composable arrows i LA 7 % k and any object i of Z, the corresponding invertible
structure 3-cells (2.3) and (2.4),

Map: Fyp o (ma ®mb) = m(ab) o (17)«F)ap, mi ml;jo (7). F); = F,
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are, respectively, the canonical isomorphisms in the diagrams below.

Fa
Fa® Fb—= Fa ® Fb—=> F(ab)

42 b XN

a,b

Fa® Fb ’ Flab), lrmi—=F1, = F1,

If &: F = G any 1-cell in Lax(Z, 7)), then the invertible naturality 2-cell mg: mgo
((17)«®)) = ® o mp, at any arrow a: i — j of I, is provided by the canonical
isomorphism 10 ®a = ®ao 1 in T (Fi, Fj).

Again, for a: T — J a functor, it is straightforward to check that the equality
ma* = a®m holds. ]

2.6.3 Proof of Lemma 2.2

To describe the homomorphism L, we shall use the following useful construction: For
any list (fo,...,tp) of objects in the tricategory T, let

or

X T(tp 1,1 ) X T( p—2,bp— 1) X oo X T(to,tl) — T(to,tp) (2.43)
denote the homomorphism recursively defined as the composite

—1 1><®

T(tpflatp) H T(tz lvtz) - T(tp 1vtp) X T(tOvtp 1) 2 T(thtp)

That is, ® is the homomorphism obtained by iterating composition in the tricategory,
which acts on 0O-cells, 1-cells and 2-cells of the product bicategory [[t_; T (ti—1,¢) by
the recursive formula

or( ) xl lf p:17
S(Tp,...,21) = or .
P Tp @ (@ (wp—1,...,21)) if p>2.

o The definition of L on 0-cells . The homomorphism L takes a lax functor of the
graph in the tricategory, say f: G — T, to the unitary homomorphic lax functor from
the free category

Lfy=FZ7Z—T,

such that F'i = fi, for any vertex i of G (= objects of 7), and associates to strings
a: a(0) & ... = a(p) in G the l-cells Fa = &(fap,..., fa1): fa(0) — fa(p). The
structure 2-cells Fy,p: Fa ® Fb = F(ab), for any pair of strings in the graph, a =
ap---ay as above and b = by - - - by with b(q) = a(0), are canonically obtained from the
associativity constraint in the tricategory: first by taking Fy, p = 1p(4,p) and then,
recursively for p > 1, defining F,,;, as the composite

1QF,
Fop Fa® Fb=% Fa,® (Fd ® Fb) —== F(ab),
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where o’ = ap—1---a1 (whence Fa = Fa, ® Fa'). And the structure 3-cells Fyup., for
any three strings in the graph a, b and ¢ as above with a(0) = b(g) and b(0) = ¢(r), are
the unique isomorphisms constructed from the tricategory coherence 3-cells 7. For a
particular construction of these isomorphisms, we can first take each F,, ;. to be the
canonical isomorphism

(Fa; ® Fb) ® Fe = Fa; ® (Fb® Fe)

Fal,b,c: 1®1\M]

1QF, .
Fla1h) ® Fe =2 Fa; @ (Fb® F¢) =% F(a1be) <=~ Fa, ® F(bc),

IR

1®Fb,c

and then, recursively for p > 1, take F,; . to be the 3-cell canonically obtained from
Fo, a1 pe by pasting the diagram bellow, where, as above, we write a’ for a,—; - - - a;.

(Fa®@Fb)®Fc
% \
(Fap®(Fa'®Fb))®l*;c Y Fa®(FbFc)
— / 1®Fp ¢
Fa,®((Fa ®Fb)®Fc
Fope: (I®F, ,)®1
ﬂ s Fap® (Fa'®(Fb@ Fe) F(be)
1R(F,r ,®1) 1® .
F(ab)@Fc \U 1®F,bc \b ) /
=
Fa,®(F(a'b)®Fc) Fa,®(F
T N F(abe) /1®Fa/,bc

The conditions (CR1), (CR2), and (CR3), are verified thanks to Fact 2.2,
since we are only using constraints 2-cells and 3-cells. Note that, since all structure
2-cells F,,;, are equivalences in the corresponding hom-bicategories of 7 in which they
lie, as well as all the structure 3-cells F, ;. are invertible, the so defined unitary lax
functor F: Z — T is actually a homomorphic one; that is, L(f) = F € Laxu,(Z,T) C
Lax(Z,T).

e The definition of L on 1-cells . Any 1-cell ¢: f = g of Lax(G,T), is taken by L
to the 1-cell in Laxun(Z,T)
L(¢) = ®: F = G,

consisting of the 2-cells in the tricategory ®a = (%(gbap, ..., 0a1): Fa = Ga , attached
to the strings of adjacent edges in the graph a = a,---a;. The structure (actually
invertible) 3-cells ®,, for any pair of strings in the graph, a and b with b(q) = a(0)
as above, are defined by induction on the length of a as follows: each ®,, ; is the
canonical isomorphism

Fa, ®Fbl:>F(alb)

Dyip: <1>a1®<1>bﬂ/ =~ Hfb(alb):@al@@b
Gay ® Gb == G(a1b),
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and, for p > 1, each @, is obtained from ®, ;, where ¢’ = ap_1 - - - a1, by pasting

1QF,,
Fa® Fb=%> Fa, ® (Fd ® Fb) —= F(ab)

|
D,y @a@@bﬂ = Da,(Pa/@Db) P Talb
il \U/ 3

ﬂ@(ab):@a;,@(@a’@@b)

Ga ® Gb== Ga, ® (Gd' ® Gb)ﬁ G(ab).
a\b
Again, Fact 2.2 ensures that conditions (CR4) and (CRS5) are satisfied. Note

that, since all structure 3-cells ®,; are invertible, the thus defined unitary 1-cell
L(¢) = @ of Lax,(Z,T) is actually a 1-cell of Lax,,(Z,T).

e The definition of L on 2-cells . For ¢, ¢: f = g, any two 1-cells in Lax(G,T),
the homomorphism L on a 2-cell m: ¢ = 1 gives the 2-cell of Lax,(Z,T)

L(im)=M:d= T,

consisting of the 3-cells in the tricategory Ma = ®(may, ..., ma1): Pa = Va , for the
strings a = a,, - - - a1 of adjacent edges in the graph G.

e The structure constraints of L. If ¢: f = g and ¢: g = h are 1-cells in Lax(G,T),
then the structure isomorphism in Laxy (I, 7T)

Lyg: L(1) o L(¢) = L(3 0 ¢),

at each string a = a,---a;1 as above, is recursively defined as the identity 3-cell on
Yay o gay if p = 1, while, for p > 1, Ly g a: L(y))a o L(¢)a = L(v) o ¢)a is obtained
from Ly 4 a’, where @’ = ap—1--- a1, as the composite

L(y)ao L(¢)a = (Ya, ® L(h)d’) o (¢ap @ L(¢)a’)
= (vap o ¢ap) @ (L(¥)a’ o L(¢)a’)
1® Ly, pa’

=  (Yayoday) @ L(Yo p)a’ = L(¢ o ¢)a.

Similarly, the structure isomorphism Ly: 175 = L(1ly) consists of the 3-cells
Lya: 115 = L(15)a, where Lya; = 1: 174, = 1yq, and, for p > 1, Lya is recursively
obtained from Lya/, ' = a,_1--- a1, as the composite

1®Lfa’
1n(f)a = Lfapor(fa = Lta, ® 1w =  1lpa, ® L(1p)a" = L(1y)a.

This completes the description of the homomorphism L.

e The definition of the lax transformation v. The component of this lax transfor-
mation at a lax functor F: I — T, v = v(F): LR(F) = F, is defined on identities
by

vl;, = Fl 1lp; = Fli,
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for any vertex i of G, and it associates to each string of adjacent edges in the graph
a=ap---ay the 2-cell

& (Fayp,...,Fa)) = Fa, (2.44)
which is given by taking va; = 1p,, if p = 1, and then, recursively for p > 1, by
taking va as the composite va: & (Fayp,...,Fay) Lova Fa,® Fd :> Fa , where
a=ap_1---ai.

The structure 3-cell
Vab: Fapo (va®vb) = v(ab) o LR(F)qp, (2.45)

for any pair of composable morphisms in Z, is defined as follows: whena =1 0r b =1;
are identities, then vy, and v, 1, are respectively given by pasting the diagrams

1p; ® LR(F)b =———= LR(F)b LR(F)a ® 1y; =———— LR(F)a
Vi Fev g 1p; ® Fb vb Vg1, : Va®F; ~ Fa®lp; . |ve
.7
/ Fb \ / Fa \
F1j®FbF:>Fb, Fa®F1; :>Fa
lj,b

and, for strings a and b in the graph with b(q) = a(0), v, is defined by induction on
the length of a by taking v,,; to be the canonical isomorphism

Fay ® LR(F)b == LR(F)(ayb)

Vaib ¢ 1®Vb\“* = \H]v(alb):Fal’bo(l(@vb)

Fa, ®FbF:>F(alb),
ay,b

and then, for p > 1, v, is obtained from v, where @’ = a1 - - - a1, by pasting

a 1QLR(F) 1
LR(F)a ® LR(F)b —%— Fa,®(LR(F)a'® LR(F)b) ————=% LR(F)(ab)
/ - l 10V ,
(1®va )®vb\M >~ 1®(Vf{ly®Vb) = b ﬂl@v(a b)
Vab i (Fa,®Fa')®Fb=——t——=> Fa,®(Fad' @ Fb) ———— Fa, ® F(a'b)
a’,b
F Fap,alq F
ap,a ®1\H/ Fa ) = b \H/ ap,a’b
Fa® Fb ’ F(ab).
And the structure 3-cell
vii vl 0o LR(F); = Fj, (2.46)

for any vertex ¢ of the graph, is the canonical isomorphism F; o 1 2 F;. Conditions
(CR4) and (CRS5) are verified by using conditions (CR1), (CR2), and (CR3)
for F', and Facts 2.2, 2.3, and 2.1.
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The naturality component of v at a 1-cell ®: F' = G in Lax,(Z,T),
ve: V(G) o LR(®) = ® o v(F), (2.47)

is given on identities by

1F2:>F1

s N e

1 = G1;,

and it is recursively defined at each string in the graph a = a,---a1, by the 3-cells
vea, where
Faq :1> Fay
Vpaq CDaI\H/ =3 \M@al

1
Ga1 — GCLl,

and then, when p > 1, vga is obtained from vga’, where o’ = a,_1 - - - a1, by pasting

, 1®V(F)a/ ’ Fap,a/
Fa, ® LR(F)d/ ——= Fa, ® Fd/’ ——= Fa
vpa' L S
Vo : <I>ap®LR(<I>)a’H/ 1®§’ @apé‘wa’ EY da
, 1@v(G)d’ , Gapa
Gap ® LR(G)d ——= Ga, ® Gd —= Ga.

Condition (CR6) for this 2-cell is verified using conditions (CR4) and (CR5)
for the 1-cell ®, together with Facts 2.2, 2.3, and 2.1.

We are now ready to complete the proof. That the equalities RL = 1, vL = 1,
and Rv = 1 hold only requires a straightforward verification, and then (a) follows.
Moreover, (b) has already been shown by construction of the homomorphism L.

e The proof of (c). Suppose that F: Z — T is any homomorphic lax functor.
This means that all structure 2-cells Fj,;, and F; are equivalences, and 3-cells F, .,
Fa, and Fa are isomorphisms in the hom-bicategories of T in which they lie. Then,
directly from the construction given, it easily follows that all the 2-cells v(F')a in
(2.44) are equivalences in the corresponding hom-bicategories, and that all the 3-cells
V(EF)qp in (2.45), and v; in (2.46) are invertible. Hence, each v(F): LR(F) = F,
for F: Z — 7T any homomorphic lax functor, is an equivalence in the bicategory
Laxy(Z,T). Moreover, if &: F = G is any 1-cell in Laxy,(Z,7), so that every 3-cell
®,p and ®; is an isomorphism, then we see that the component (2.47) of v at ®
consists only of invertible 3-cells vga, whence vg is invertible itself. Therefore, when
v is restricted to Laxy(Z,7), it actually gives a pseudo-equivalence between LR and
1, the identity homomorphism on the bicategory Laxy(Z, 7). The claimed biadjoint
biequivalence (2.7) is now an easy consequence of all the already parts proved. Finally,
it is clear that the biadjoint biequivalence (2.7) gives by restriction the biadjoint
biequivalence (2.8). O






Chapter 3

Bicategorical homotopy fiber
sequences

3.1 Introduction and summary

The process of taking classifying spaces of bicategories reveals a way to transport cat-
egorical coherence to homotopical coherence since the construction B — BB preserves
products, any lax or oplax functor between bicategories, I’ : A — B, induces a con-
tinuous map on classifying spaces BF' : BA — BB, any lax or oplax transformation
between these, a : F' = F’, induces a homotopy between the corresponding induced
maps Ba : BF = BF’, and any modification between these, ¢ : « = 3, a homotopy
By : Ba = Bf between them. Thus, if A and B are biequivalent bicategories or if
a homomorphism A — B has a biadjoint, then their associated classifying spaces are
homotopy equivalent.

In this chapter we show the subtlety of this theory by analyzing the homotopy
fibers of the map BF' : BA — BB, which is induced by a lax functor between small
bicategories F' : A — B, such as Quillen did in [109] where he stated his celebrated
Theorems A and B for the classifying spaces of small categories. Every object b €
ObB has an associated homotopy fiber bicategory F| ;, whose objects are the 1-cells
f:Fa— bin B, with a an object of A; the 1-cells consist of all triangles

Fa4>Fa

N

with u:a — a’ al-cellin A and 8 : f = f o Fu a 2-cell in B, and the 2-cells of this
bicategory are commutative diagrams of 2-cells in B of the form

Vi oFu:>f’oFu

115
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with a : u = u’ a 2-cell in A. Compositions, identities, and the structure associativity
and unit constraints in F; are canonically provided by those of the involved bicate-
gories and the structure 2-cells of the lax functor (see Section 3.5 for details). For the
case F' = 1, we have the comma bicategory BJp. Then, we prove (see Theorem 3.2):

“For every object b of the bicategory B, the induced square

B(Flp) —B(Bls)

|,

BA— B . BB

is homotopy cartesian if and only if all the maps Bp : B(Flp) — B(Fly),
induced by the 1-cells p : b — b of B, are homotopy equivalences.”

Since the spaces B(Bl ) are contractible (Lemma 3.7), the result above tells us
that, under the minimum necessary conditions, the classifying space of the homotopy
fiber bicategory F'|; is homotopy equivalent to the homotopy fiber of BF : BA — BB
at its O-cell Bb € BB. Thus, the name ‘homotopy fiber bicategory’ is well chosen.
Furthermore, as a corollary, we obtain (see Theorem 3.3):

“If all the spaces B(Fly) are contractible, then the map BF : BA — BB
is a homotopy equivalence.”

When the bicategories A and B involved in the results above are actually categories,
then they are reduced to the well-known Theorems A and B by Quillen [109]. Indeed,
the methods used in the proof of Theorem 3.2 we give follow similar lines to those
used by Quillen in his proof of Theorem B. However, the situation with bicategories is
more complicated than with categories. Let us stress the two main differences between
both situations: On one hand, every 2-cell ¢ : p = ¢ : b — V' in B gives rise to a
homotopy

Bo:Bp~Bq:B(Fly) = B(Fly)

that must be taken into account. On the other hand, for p : b — b and p’ : b/ — V"
any two composable 1-cells in B, we have a homotopy

Bp o Bp ~ B(p/ op) : B(Fly) — B(Fly),

rather than the identity Bp' o Bp = B(p' o p), as it happens in the category case. This
unfortunate behavior is due to the fact that neither is the horizontal composition of
1-cells in the bicategories involved (strictly) associative nor does the lax functor pre-
serve (strictly) that composition. Therefore, in the process of taking homotopy fiber
bicategories, F: b — F|, we are forced to deal with lax bidiagrams of bicategories

§:B — Bicat, b+— s,
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which are a type of lax functors in the sense of Gordon, Power and Street [69] from the
bicategory B to the tricategory of small bicategories, rather than ordinary diagrams
of small categories, that is, functors § : B — Cat, as it happens when both A and B
are categories.

After this introductory Section 3.1, the chapter is organized in four sections. Sec-
tion 3.2 is an attempt to make the chapter as self-contained as possible; hence, at
the same time as we set notations and terminology, we define and describe in detail
the kind of lax functors § : B — Bicat we are going to work with. Section 3.3 is
very technical but crucial to our discussions. It is mainly dedicated to describing in
detail a bicategorical Grothendieck construction, which assembles any lax bidiagram
of bicategories § : B — Bicat into a bicategory fB §. This is similar to what the
ordinary construction, due to Grothendieck [72, 73], Giraud [66, 67], and Thomason
[120] on lax diagrams of categories with the shape of any given category. By means of
this higher Grothendieck construction, in Section 3.4 we establish the third relevant
result of the chapter, namely (see Theorem 3.1):

9f§ : B — Bicat is a lax bidiagram of bicategories such that each 1-cell
p:b— b in the bicategory B induces a homotopy equivalence BF;, ~ By,
then, for every object b € ObB, there is an induced homotopy cartesian
square

B, — B33

|,

pt—20 - BB

That is, the classifying space BFy is homotopy equivalent to the homotopy
fiber of the map induced on classifying spaces by the projection homomor-
phism fBS — B at the 0-cell corresponding to the object b.”

Thanks to Thomason’s Homotopy Colimit Theorem [120], when B is a small cat-
egory and § take values in Cat, the result above is equivalent to the relevant lemma
used by Quillen in his proof of Theorem B. Similarly here, the proof of the bicat-
egorical Theorem B, given in the last Section 3.5, essentially consists of two steps:
First, to apply that key result above to the lax bidiagram of homotopy fiber bicat-
egories, I'|: B — Bicat, of a lax functor F' : A — B. Second, to prove that there
is a homomorphism fB F| — A inducing a homotopy equivalence B( fB F|l) ~ BA,
so that the bicategory fB F'| may be thought of as the “total bicategory” of the lax
functor F. Section 5 also includes some applications to classifying spaces of monoidal
categories. For instance, we find a new proof of the well-known result by Mac Lane
[99] and Stasheff [114]:

“Let ( M,®) = (M,®,1,a,l,7) be a monoidal category. If multiplication
for each object x € ObM, y — y ® x, induces a homotopy autoequivalence
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on BM, then there is a homotopy equivalence
BM ~ OB(M, ®),

between the classifying space of the underlying category and the loop space
of the classifying space of the monoidal category.”

3.2 Bicategorical preliminaries: Lax bidiagrams of
bicategories

In this chapter we shall work with small bicategories following the notations in Sub-
section 2.1.2, with some minor changes. Namely, for a lax functor F': A — B we will
name its constraint 2-cells by

~ ~

ngf:FgOFij(gof)a Fo:lp, = F1,.

while for a lax transformation o : F' — G we will use ay : abo F'f = G f o aa for the
constraint 2-cell at a 1-cell f:a — b in A.
We will use the fact that the commutative triangles

(Log)of===1o(gof) (gof)ol="=go(fol)

N N A 6.

gof gof
and the equality
lellilOlgl (32)

are consequences of the other axioms (this is not obvious, but a proof can be done
paralleling the one given, for monoidal categories, by Kelly in [91] or Joyal and Street
in [88, Proposition 1.1]).

3.2.1 Lax bidiagrams of bicategories

The next concept of fibered bicategory in bicategories is the basis of most of our
subsequent discussions. Let B be a bicategory. Regarding B as a tricategory in which
the 3-cells are all identities, we define a laz bidiagram of bicategories

to be a contravariant! lax functor of tricategories from B to Bicat, all of whose
coherence modifications are invertible, they are called lax homomorphisms by Garner

1B°P means that we are inverting the direction of the 1-cells but not of the 2-cells, that is
B°%(a,b) = B(b,a).
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and Gurski in [65]. More explicitly, a lax bidiagram of bicategories § as above consists

of the following data:
(D1) for each object b in B, a bicategory Fp;
(D2) for each 1-cell f:a — b of B, a homomorphism f*: §, = §q;

f
(D3) for each 2-cell a@ b of B, a pseudo transformation o : f* = g*;
g
f*
—\
Sb Jo* Fq
—
g

(D4) for each two composable 1-cells a N b-% ¢ in the bicategory B, a pseudo
transformation x, , : f*g* = (go f)*;

Se
g*/ :X;\(g of)*

gb?Sa

(D5) for each object b of B, a pseudo transformation x, : 1z, = 1};

15,
X\
Sv xS
~—~=7
1
f
(D6) for any two vertically composable 2-cells a @ b and a @ b in B, an
g h

invertible modification §, . : 8 oa* = (8- a)";

/ \f“

g* — h*

(D7) for each 1-cell f:a — b of B, an invertible modification &, : 1« = 1%;

Jl‘*
()
f*
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f g
(D8) for every two horizontally composable 2-cells a Vo b 46 c , an invertible
o

modification x,, : (Boa)ox, , = x,, o (a"B%);

xﬂéﬂx

(92 )" == (ko hy

(D9) for every three composable 1-cells a Ly S%eqgmsB , an invertible mod-
ification w, . 1 @0 (X000 © [ Xig) = Xpgos © Xy 15

xXh*

frg*h* (go f)n*

f*xﬂ = HX
f*(hog)y == ((hog)o f)* == (ho(go /)"
(D10) for any 1-cell f : a — b of B, two invertible modifications

Vrilpo(xy, 0 f X)) = ey bp im0 (X, X ST) 2 1pe.

D o XIT ke
f]‘b f 1af

Y )

(Ipo ) = 1" == (fola)"

These data must satisfy the following coherence conditions:

(C1) for any three composable 2-cells f = g :ﬂ> h :C> k :a — b in B, the equation
on modifications below holds;

g* 2 a* f* g* 2 a* ko

£ 3
B*“ ia/ “(Cﬂa)* = B*H Xﬁi “(Cﬂ'a)*
" <

(C2) for any 2-cell f=>g:a—b of B,

1px * g
% ’N =Ta*, é N = loz*;
7‘ = * =
[
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Notation 3.1 Thanks to conditions (C1) and (C2), for each objects a,b € ObB, we
have a homomorphism B(a, b) — Bicat(F,§4) such that

f fr
X\ T
a ba b — S'b Ja* gaa
\g/f ~_ >
g*

and whose structure constraints are the deformations § in (D6) and (D7). Then,
whenever it is given a commutative diagram in the category B(a,b) of the form

F2 g =y, (3.4)

aoﬂ ﬂﬂn

fisth = [ 2 g,

we will denote by

R N R G (3.5)

aéﬂ & ﬂﬁ:&
af ar

fi b= g
the invertible modification obtained by an (any) appropriate composition of the mod-
ifications ¢ and their inverses ¢!, once any particular bracketing in the strings
ay,...,an and B3,..., B has been chosen. That diagram (3.5) is well defined from
diagram (3.4) is a consequence of the coherence theorem for homomorphisms of bi-

categories [69, Theorem 1.6].
g

Furthermore, for any diagram a L b @ cd in B, we shall denote by

/

g
Xa,f : (ao 1f)* OXg,f 3 Xg’,f S f*a*a Xh,a : <1h o a)* OX}—hg 3 Xh,g’ OOé*h*,
* ok fra” * /% * 1% a*h* Ik 1%

[ ——=1r" g —=9"h
N
(gof)==2(g'of)" (hog)*=—==(hog)"

(aoly) (1noa)

the modifications obtained, respectively, by pasting the diagrams in Bicat below.

Far .
P ;11:@* o ey oh :fglh* g
X Lo’ X X a1 X

i 2

(gOf)*(aO:W>(g’Of)* (hog)*W(hog’)*
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f g
AN AN
(C3) for every diagram of 2-cells a — f/U—> b— gl& ¢ in B,
DN
f g"
(go f) f* " (go f) ———=F"g"
: )
(Bow) ,3' B)* (Boa) € ((8"B)o(a’-c))* (a/-a)*(B"-B)*
(g0 f')" <= fg" “ 1 = o) X
% CMI*OCV )(B/*OB
oal ) E4 Bloal)*
(B ) l*ﬂ/* )
(g// 1o f//) = f//* /% (g 1o f//)* < = f//*g//*

(C4) for every pair of composable 1-cells a EAYNLp

(QOf)*<X:f*g*

f* *
X . ~ ST\ P
1(gOf) > gof 3 >1f1g = 1(gof)'< = 1f*1 < >1 1

(gof)* <= f*g* )= frg*
ERNN
(C5) for every 2-cells a da b 48 ¢ U d, the equation A = A’ holds, where
7 ~—F ~~—7
f/ g/ hl

(hog)o f)* <= f*(hog)* <L prg*h*

@ «@B‘LW 2 a*<<Hoﬁ>* = <N“(°‘*ﬁ*><*
(B ¢\
: J I

A= (ho(gof)) ((h/Og/)of’)*<:Xf’*(h’Og) P

f/*
a* g
(Co(Boa))* Xh'*

(W o (g o ) (g 0 /)1
“ -~

((hog)
A/ _ (]’L O g O h* Xé* f/* /*h/*
X (Boa)*¢*
(¢o(Boa))* xh'

(o (g o f)* <= (g o f')*I*

e
X




3.2. Bicategorical preliminaries: Lax bidiagrams of bicategories 123

(C6) for every four composable 1-cells a =N b e gtoe , the equation B =
B’ holds, where

/f* *h*k*\
gl X(koh)* (gof)" 7( (9o)"x (g0 f) bk
f xﬂ ﬂxk*
f*((koh)og) s X = (ho(gof))*k*
((koh)og)o )" = ((koh)o(gof))" “* (ko(ho(go f))"
3
k ) (ixoa)
((ko(hog))of) = (ko((hog)of))
f 9" x ﬂ xh* k™
o k*
frg* (koh)* *(hog)* (9o f)*h*k*
f*xﬂ / \ ﬂxk*
F*((koh)og)® L2 f*(ko(hog))* ((hog)o f) k" <L (ho(go f)*k
{ . X I
(((koh)og)of)* = x x S (ko(ho(gof)))*
k %
((ko(hog))o f)* - (ko((hog)of))*

a

(C7) for every 2-cell f=>g:a — b, the following two equations on modifications
hold:

/ / /ﬂ wﬂ*
Za* = [0
(foly)* T—f* =  (foly)* X Ligr<=g*

* ¢ a* * X J
(aol) ﬂ N * ﬂ i (arol) ﬂ / > %

(go 1a)* %g* (go 1(1)* %g*
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I . I i .
f 1 <:f f 1b <:f
X v e * X G ] o
/3 ﬂa / ﬂa*lg 2 ﬂa
U * * = * w IX
(Lyof) =—=1f" = g (Lof)* 2 gl <=y
oa)* 3 a* oa)* X Y
(loa) \H ] ﬂ 1, (loav) ﬂ / = %
(]_bog) =g (1bog) :}g*

(C8) for every pair of composable 1-cells aLbic, the following equation
holds:

- f*xg" - ok k f"xg" *
g - fg g9 g
f*xﬂ X b Hlf*g* . U g |1
. . .y gt I™x = S g2 || Lr*g
f(goly) (Iyof)*g™ == f*yg .

w ks
-k = Floew) I
X o(1po 3
g ’ f 1g0l)* X é HX
/ 3 \
((go1)of) ——== (gof):  (golp)of)" — o= (9°f)"

A lax bidiagram of bicategories § : B°? — Bicat is called a pseudo bidiagram
of bicategories whenever each of the pseudo transformations y, in (D4) and (D5),
is a pseudo equivalence; that is, regarding B as a tricategory whose 3-cells are all
identities, a trihomomorphism § : B — Bicat in the sense of Gordon-Power-Street
[69, Definition 3.1].

Example 3.1 If C is any small category viewed as a bicategory, then a lax bidiagram
of bicategories over C, as above, in which the deformations ¢ in (D6) and (D7),
and x in (D8), are all identities is the same thing as a lax diagram of bicategories
§ : C°P — Bicat as in [42, §2.2].

For instance, let X be any topological space and let C(X) denote its poset of open
subsets, regarded as a category. Then a fibered bicategory in bigroupoids above X is a
lax diagram of bicategories

§: C(X)°? — Bicat,

such that all the bicategories §y are bigroupoids, that is, bicategories whose 1-cells are
invertible up to a 2-cell, and whose 2-cells are strictly invertible. In particular, when
all the bigroupoids §i; are strict, that is, 2-categories, and all the homomorphisms
f*: 8uv — Sv associated to the inclusions of open sets f : V — U are 2-functors, we
have the notion of fibered 2-category in 2-groupoids above the space X. Thus, 2-stacks
and 2-gerbes on spaces are relevant examples of lax diagrams of bicategories (see e.g.
Breen [22, Definitions 6.1, 6.2, and 6.3]).
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For another example, if 7 is any small tricategory, then its Grothendieck nerve
(2.10)
NT : A°? — Bicat,

gives a striking example of a pseudo diagram of bicategories.

Example 3.2 For any bicategory B, a laz bidiagram of categories over B, that is, a lax
bidiagram § : B°? — Bicat in which every bicategory §,, a € ObB, is a category (i.e.,
a bicategory where all the 2-cells are identities) is the same thing as a contravariant
lax functor § : B°? — Cat to the 2-category Cat of small categories, functors, and
natural transformations, since the condition of all §, being categories forces all the
modifications in (D6) — (D10) to be identities.

For example, any object b of a bicategory B defines a pseudo bidiagram of categories
[117, Example 10]

B(—,b) : B°* — Cat,

which carries an object x € ObB to the hom-category B(z,b), a 1-cell g : x — y to
the functor ¢* : B(y,b) — B(z,b) defined by

f fog
TN g* TN
Y \Uﬁ// b= \w_lg/f b,
f flog

and a 2-cell a : g = ¢ is carried to the natural transformation a* : ¢g* = ¢* that
assigns to each 1-cell f:y — bin B the 2-cell o : fog= fog. Forxgygz
any two composable 1-cells of B, the structure natural equivalence x : g*h* = (hog)*,
at any f : z — b, is provided by the associativity constraint @ : (foh)og = fo(hog),
whereas for any z € ObB, the structure natural equivalence x : 1p(, ) = 13, at any
f :x — b, is the right unit isomorphism r=!: f = f o 1,.

3.3 The Grothendieck construction on lax bidiagrams of
bicategories

The well-known ‘Grothendieck construction’, due to Grothendieck [72, 73] and Giraud
[66, 67], on pseudo diagrams (g, x) : B°? — Cat of small categories with the shape
of any given small category, was implicitly used in the proof given by Quillen of
his famous Theorems A and B for the classifying spaces of small categories [109].
Subsequently, since Thomason established his celebrate Homotopy Colimit Theorem
[120], the Grothendieck construction has become an essential tool in homotopy theory
of classifying spaces.

In this section, our work is dedicated to extending the Grothendieck construc-
tion to lax bidiagrams of bicategories § = (F, x, &, w,7,d) : B°® — Bicat, where B
is any bicategory, since its use is a key for proving our main results in this chap-
ter. But we are not claiming here much originality, since extensions of the ubiquitous
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Grothendieck construction have been developed in many general frameworks. In par-
ticular, we should mention here three recent approaches to our construction: In [42],
Carrasco, Cegarra, and Garzén study the bicategorical Grothendieck construction
on lax diagrams of bicategories, as in Example 3.1. In [10, 11], Bakovi¢ performs
the Grothendieck construction on normal pseudo bidiagrams of bicategories, that is,
lax bidiagrams § whose modifications x; in (D5) and &; in (D7) are identities, and
whose pseudo transformations x, ¢ in (D4) are pseudo equivalences. Buckley, in [33],
presents the more general case of pseudo bidiagrams, that is, when all the pseudo
transformations x, s and x; in (D4) and (ID5) are pseudo equivalences.

The Grothendieck construction on a laz bidiagram of bicategories § : B°P? — Bicat,
as in (3.3), assembles it into a bicategory, denoted by

f53>

which is defined as follows:

The objects are pairs (z,a), where a € ObB and z € Obg,.

The 1-cells are pairs (u, f) : (z,a) — (y,b), where f : a — b is a 1-cell in B and
u:x — f*yis a l-cell in §,.

(u.f) f
— L
The 2-cells are pairs (z,a) H(¢.0) (y,b), consisting of a 2-cell a do b of B to-
A ~
(v,9) g
gether with a 2-cell ¢ : a*you = v in §q,
A
a’y
PATIN
T 9V
(u,f) (v.9)
The vertical composition of 2-cellsin [, §, (z,a) W) (y,b) and (x,a) 4.8) (y,b) ,
(v,9) (w,h)
is the 2-cell
(u.f)
— X
(z,a) Hpoe,8a) (y,b),
~N N @@
(w,h)

where (- «v is the vertical composition of 5 with ain B, and v ©® ¢ : (B a)you = w
is the 2-cell of §, obtained by pasting the diagram below.

YOG




3.3. The Grothendieck construction on lax bidiagrams of bicategories 127

The vertical composition of 2-cells so defined is associative and unitary thanks to
the coherence conditions (C1) and (C2). The identity 2-cell, for each 1-cell (u, f) :
(z,a) = (y,b), is

Loy = Qg 1p) = (u, f) = (u, f).

" & lol l
1(u7f) = ( 1fyou:>1f*you:>u)

Hence, we have defined the hom-category fBS((:c, a), (y, b)), for any two objects
(z,a) and (y,b) of |, 53 Before continuing the description of this bicategory, we shall
do the following useful observation:

Lemma 3.1 A 2-cell (¢,a) : (u, f) = (v,9) in [5T((x,a),(y,b)) is an isomorphism
if and only if both o : f = g, in B(a,b), and ¢ : a*you = v, in Fa(z,g"y), are
isomorphisms.

Proof: 1t is quite straightforward, and we leave it to the reader. O
We return now to the description of the bicategory |, B
(u.f)

The horizontal composition of two 1-cells (z,a) —=

(', f")
(yv b) -

(W, f)o(u,f) =W @u, fof):(,a) — (2,0,

where f'o f :a — cis the composite in B of the 1-cells f and f’, while

(z,¢) is the 1-cell

w©u=yxzo(f'uou):x— (fof)z

is the composite in §, of = —> f*y gf*f’*z X (f'of)=z.

The horizontal composition of 2-cells is defined by

(u,f) (', f") (w'@u,f'of)

— A\, — T\, ° /\
(z,a) L) (y,b) W) (2,¢) = (z,a) U@opa’oa) (z,c),
-~ -~ ~_

(v,9) (v'.g") (v'@v,g’og)

where o o « is the horizontal composition in B of o/ with a, and ¢’ © ¢ is the 2-cell
in §, canonically obtained by pasting the diagram below.

Fry—T e e (o f)

¢ ©é: / N«s’ i e
X

x o |avy f*g™= = (ao)* 2

<
IS
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Owing to the coherence conditions (C3) and (C4), the horizontal composition so
defined truly gives, for any three objects (z,a), (y,b), (z,¢) of fBS, a functor

JsS((y, b x [58((z.a), (y. b)) —= [58((x,a), (2,0)).

The structure associativity isomorphism, for any three composable morphisms

(@,a) “E (4,0) Y% (2,0) Y (1, ),

(a,a): ((w@v) u,(hog)of) o (w@(v@u),ho (gof))7
is provided by the associativity constraint a : (hog)o f = ho(go f) of the bicategory
B, together with the isomorphism in the bicategory §,

a:a'to((wev)eu) 2w (veu),

canonically obtained from the 2-cell pasted of the diagram
f(hog)yt—"=((hog)o f)t
frxt

ot pry =L gt L gt

fH(wev)

1%

IRE,
Q
*
<

VU R XZ\L ; lxh*t
(9o f)z oo )t —:(ho(go f))t

By Lemma 3.1, these associativity 2-cells are actually isomorphisms in |, gS - Fur-

thermore, they are natural thanks to the coherence condition (C5), while the pentagon
axiom for them holds because of condition (C6).

The identity 1-cell, for each object (z,a) in [, 53 » is provided by the pseudo trans-

formation x, : 13, = 15, by
1(x,a) = (Xl" ]-a) : (J,‘,CL) - ($7 a)'
The left and right unit constraints, for each morphism (u, f) : (z,a) — (y,b) in
flgg7

(A1) o(u, f) = (u, f), (7)) (u,f)olga = (u,f),
are respectively glven by the 2-cells l : 10 f = fand r: fol, = f of B, together
with the 2-cells in §, obtained by pasting the diagrams below.

* f * 1 % * a’M * * *
Fy—2 ey —4 (1,0 f)*y Tir — 15 fry —% (f o 1,)*y

&~oO0

8
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These unit constraints in fBS are isomorphisms by Lemma 3.1, natural due to
coherence condition (C7), and the coherence triangle for them follows from condition
(C8). Hence, [, is actually a bicategory.

As a consequence of the above construction we obtain the following equalities on
lax bidiagram of bicategories, which is used many times along the chapter for several
proofs:

Lemma 3.2 Let § = (F,x,&,w,7,9) : B°® — Bicat be a lax bidiagram of bicate-
gories. The equations on modifications below hold.
(1) For any object a of B,

X X
I} —=————=175, I e————=15,
2.1
N /
x1a

= 1M1 —=—=17 = |x

Xﬂ%\

I=r]

(ii) for every pair of composable 1-cells a N b2 c in B,

f* e fre o rete—ttae— g
X (2.1)
[~ X f* *
* \M/ \ g f) \M, f*X 3'7 f 19* N
fr(Leog)” (gof) 1 =="(go f)* .
E ﬂx 1 = ['(leog) == ["¢g" = (g0f)"
(g f)*
* eo(gof)" (oo l) X X X Ligoy*
/ 9 \ -
= * *
((1cog)of TR (gof)* ((Leog)of) :>(lolf)* (9of)
* % xf*g” * % * Lk % g * %
15 f*g f*g 1% f*g _. f*g
59
Xﬂ \ - Hlf*g* 15x @D X g
Li(gof)* (foly)'g" == f*g* ( f):
* x\go * %
= ﬂx . = 1i(gof) === (gof)" = f7g
X 1,))* = |x
. gotfele) x 5 1N\_ |
/ 3 WT)

((gof)ola)* = (gof)*  ((gof)ola)” - (gof)*
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Proof: (i) follows from the equality (3.2) in the bicategory [, that is, Tlw = Uiy
for any = € §,. Similarly, (i7) is consequence of the commutativity of triangles (3.1)
in |, 53, for any pair of composable 1-cells of the form

. % (L,f) " (1,9)
(f*g*x, a) == (g*z,b) — 2> (z,¢) ,

for any x € Obg.. O

3.3.1 A cartesian square

Let § = (F,x, & w,7,0) : B°? — Bicat be any given lax bidiagram of bicategories.
For any bicategory A and any lax functor F' : A — B, we shall denote by

§F = (§F, xr,&r,wr,vr,0F) : A" — Bicat (3.6)
the lax bidiagram of bicategories obtained by composing, in the natural sense, § with
F’; that is, the lax bidiagram consisting of the following data:

(D1) for each object a in A, the bicategory Frq;
(D2) for each 1-cell f:a — b of A, the homomorphism (Ff)*: §pp — Fra;

f
(D3) for each 2-cell a@ b of A, the pseudo transformation (Fa)* : (Ff)* =
g
(Fg)*
(D4) for each two composable 1-cells a N b-% ¢ in the bicategory A, the pseudo
transformation XF, (Ff)*(Fg)* = F(go f)* obtained by pasting

3Fc
Fq)* F(gof)*
(% (}sm
X B
SFb SFa;
(Ff)>

(D5) for each object a of A, the pseudo transformation
XF * Fy *
X5, = (1gp, = Lo = F(1a)");

(D6) for any two vertically composable 2-cells f =g Zhoin A, the invertible
modification {p, =&, 0, F(B) 0 F(a)" = F(B- o)

(D7) for each 1-cell f : a — b of A, the invertible modification Er, = &y
Lr(py = Lrys
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f g

(D8) for every two horizontally composable 2-cells a/u? b /ll; cin A
0w

Xr,,  F(Boa)oxr, ; = xr., © (F(a) F(8))
is the invertible modification obtained by pasting the diagram below;
F(a)*F(8)*
F(f) Fg) "L by (k) =2 (Fk o FR)*

X
3

(FBoFa)* ¢ P
=Y

(FgoFf)*?F(gOf)*WF(koh)*

(D9) for every three composable 1-cells abb bl i A, the invertible
modification

WF g5 F(a) o (XF;wg,f © F(f)*XFh,g) = XFp gor © XFg,fF(h)*

is obtained from the modification pasted of the diagram below;

B F

(0 F)* L (Rg o Py Py 2% Pg o 1) P(h)"
F(f)* xﬂ ; X X X
Fg)y =% ((Fho Fg) o Ff)* = (Fho (Fgo Ff))" = (Fho F(go f))"

IR>

(ﬁol)*ﬂ 5 ﬂﬁ

*(Fh
) E(hog) === (F(hog)oFf)* === F((hog)o )" ===>F(ho(g0[))
(D10) for any 1-cell f: a — b of A, the invertible modifications

vr,  F(lp) o (xp, , o F(f)*xr,) = 1r(p)~
or, : F(rg)* o (xp,, oxr, F(f)") = L)«

are, respectively, canonically obtained from the modification pasted of the diagrams
below.

F(F) F(1y) < p(pyrag, <2 pp)e

VF : (FlbOFf)*ﬁ lppo Ff)*
l*

F(1y0 f)* E(f)”

—~
~
-

*

IR =<
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F(L)F(f) =201y, p(ry 22D ppye

X
"ﬂ = ﬂ" :
Op (FfoF1a)*<ﬁ(Ffo1Fa)* B 1
F 1.)* F(H)*
(fola) = (/)
There is an induced lax funtor
F:ngF%fgg (3.7)
given on cells by
(u,f) (u,F'f)
— X\ F —
(z,a) o) (y,b) = (2, Fa)s.Fa)(y, Fb),
~~— 7 ~—
(v,9) (v,Fg)

and whose structure constraints are canonically given by those of F', namely: For

every two composable 1-cells (z,a) Lud) (y,b) fog) (z,¢) in fA SF, the corresponding

structure 2-cell of F' for their composition is
(@', F): F(v,9) 0 F(u, f) = F((v,9) o (u, f)),
where F' = ﬁgjf :Fgo Ff = F(go f) is the structure 2-cell of F', and

a™t: Fypo (Xpgm2 0 (F(f)(v) 0w) = (Fy 0 Xpy pp2) © (F(f)"(v) 0 )

is the associativity isomorphism in the bicategory §Fp,. For (z,a) any object of the
bicategory [ 4 SF, the corresponding structure 2-cell of F for its identity is

(LF): 1pge = Flia),

where I = ﬁa : 1pq = F(1,) is the structure 2-cell of F', and 1 is the is the identity
2-cell of the 1-cell F\;x o XFaZ : & — F(14)*x in the bicategory Frq-

Then, although the category of bicategories and lax functors has no pullbacks in
general, if, for any lax bidiagram of bicategories § : B°? — Bicat as above, we denote

by

P:[,5—B (3.8)
the canonical projection 2-functor, which is defined by
(uw.f) ¥
(@.0) o) (5.8) 5 Jin
(v.9)

the following fact holds:
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Lemma 3.3 Let § : B°® — Bicat be a lax bidiagram of bicategories. For any laz
functor F : A — B, the induced square

Ju3F L [55
o
A B

1s cartesian in the category of bicategories and lax functors.

Proof: Any pair of lax functors, say L : C - A and M : C — fB §, such that
FL = PM determines a unique lax functor N : C — [ ASE

such that PN = L and FN = M, which is defined as follows: Observe that the
lax functor M carries any object a € ObC to an object of fBS which is necessarily
written in the form Ma = (Da, F La) for some object Da of the bicategory §rrq-
Similarly, for any 1-cell f : a — b in C, we have M f = (Df, FLf), for some 1-cell
Df : Da — FL(f)*Db in §pra, and, for any 2-cell « : f = g € C(a,b), we have
Ma = (Da, FLa), for Da : FL(a)*Dbo Df = Dg a 2-cell in §pr,. Also, for any

pair of composable 1-cells a i) b % ¢ and any object a in C, the structure 2-cells of
M can be respectively written in a similar form as

—

My ;= (Dyys,FL,,oF, ,.):(Dg,FLg)o(Df,FLf)= (D(go f),FL(go f))

Lg,Lf
M, = (Dq, F(Ly) © Fra) : L(parra) = (Dla, FL1,),

for some 2-cells ﬁgdc and ﬁa of the bicategory §rrq. Then, the claimed N : C — fA §F
is the lax functor which acts on cells by

; (Df.Lf)
— T
abo b & (Da,La) 4(Da.La) (Db, Lb)
5 —
(Dg,Lg)

and whose respective structure 2-cells, for any pair of composable 1-cells a i> b5 e
and any object a in C, are

~ ~ ~

Ngy=(Dgy,L,,): (Dg,Lg)o (Df,Lf) = (D(go f),L(go f)),
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Ny = (Da, La) : 1(pa,ray = (D14, L1,).

Remark 3.1 There exist different other ‘dual’ notions of bidiagrams of bicategories,
depending on the covariant or contravariant choices for (D2) and (D3), and the
direction of the pseudo transformations x in (D4) and (D5), but the results we present
about lax bidiagrams are similarly proved for the different cases. For example, in a
covariant oplax bidiagram of bicategories § : B — Bicat the data in (D2) are specified
with homomorphisms f, : §, — §p for the 1-cells f : a — b of B, while in (D4), the
pseudo transformations are of the form x4 ¢ : (9 0 f)x = g«fs. The corresponding
data in (D5),(D8),(D9) and (D10) change in a natural way. The Grothendieck
construction on such a bidiagram, has now 1-cells (u, f) : (z,a) — (y,b) given by
fra—balcellin Band u: fiz — ya l-cellin §. The 2-cells (¢, a) : (u, f) = (v, 9)
are now given by a 2-cell a« : f = ¢ in B and a 2-cell ¢ : u = voa,x. The compositions
and constraints of this bicategory are defined in the same way as in the contravariant
lax case.

3.4 The homotopy cartesian square induced by a lax
bidiagram

For the general background on simplicial sets we mainly refer to the book by Goerss
and Jardine [68]. In particular, we will use the following result, which can be easily
proved from the discussion made in [68, IV, 5.1] and Quillen’s Lemma [109, Lemma
in page 14] (or [68, IV, Lemma 5.7])2:

Lemma 3.4 Let p : E — B be an arbitrary simplicial map. For any n-simplex
x € By, let p~(x) be the simplicial set defined by the pullback diagram

E
Ajfn] bz Bli)

S
i
&

where A[n] = A(—,[n]) is the standard simplicial n-simplex, whose m-simplices are
the maps [m] — [n] in the simplicial category A, and Az : Aln] — B denotes the
simplicial map such that Ax(1y,)) = =.

2This is also a consequence of Lemma, 4.1.
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Suppose that, for every n-simplex x € By, and for any map o : [m] — [n] in the
simplicial category, the induced simplicial map p~(c*z) — p~'(x)

gives a homotopy equivalence on geometric realizations |p~'(c*x)| ~ |p~(x)|. Then,
for each vertex v € By, the induced square of spaces

P~ (v)| — | E]

l . luo

pt |B|

is homotopy cartesian, that is, |p~1(v)| is homotopy equivalent to the homotopy fiber
of the map |p| : |E| — |B| over the 0-cell |v| of |B|.

Like categories, bicategories are closely related to spaces through the classifying
space construction. We shall recall briefly from [41, Theorem 6.1] that the classifying
space of a (small) bicategory®can be defined by means of several, but always homotopy
equivalent, simplicial and pseudo simplicial objects that have been characteristically
associated to it. For instance, the classifying space BB of the bicategory B may be
thought of as

BB = |AB],

the geometric realization of its (non-unitary) geometric nerve [41, Definition 4.3]; that
is, the simplicial set

AB: A" = Set, |[n]+ Lax([n],B),

whose n-simplices are all lax functors z: [n] — B. Here, the ordered sets [n| =
{0,...,n} are considered as categories with only one morphism (i,j) : ¢ — j when
0 < i < j < n, so that a non-decreasing map [m| — [n] is the same as a functor.
Hence, a geometric n-simplex of B is a list of cells of the bicategory

z = (2, Zij, Bi j k> Zi)

3See also Section 2.4 in Chapter 2 or Appendix 4.6.
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which is geometrically represented by a diagram in B with the shape of the 2-skeleton
of an oriented standard n-simplex, whose faces are triangles

N

'%Zk

with objects z; placed on the vertices, 1-cells z; j : z; — z; on the edges, and 2-cells
Zijk : Zjk O Zij = Zi in the inner, together with 2-cells z; : 1,, = z;;. These data
are required to satisfy the condition that, for 0 <1 < j < k <1 < n, each tetrahedron
is commutative in the sense that

Zi Z;,1
Zi —> 2 Zi —> 2]
it Zh
Zi’jl xzk TZk’l = zi!jl ijl/ ]Zk,l
Z z
ZzZ, —17 Z;, —17
I 2z k Tz k

and, moreover,

Zj
Z 2% Z
% \ =Tzig K \ =g ;-
Z'Lz z]]

If o : [m] — [n] is any map in A, that is, a functor, the induced ¢* : AB,, = AB,,
carries any z : [n] — B to 0¥z = zo : [m| — B, the composite lax functor of z with o.

On a small category C, viewed as a bicategory in which all 2-cells are identities, the
geometric nerve construction AC gives the usual Grothendieck nerve of the category
[72], since, for any integer n > 0, we have Lax([n|,C) = Func([n]|,C). Hence, the
space BC = |AC| of a category C, is the usual classifying space of the category, as
considered by Quillen in [109]. In particular, the geometric nerve of the category [n]
is precisely A[n], the standard simplicial n-simplex, so the notation is not confusing.
Furthermore, for any bicategory B, the simplicial map Az : A[n] — AB defined by
a n-simplex z € AB,, that is, such that Az(l[n]) = z, is precisely the simplicial
map obtained by taking geometric nerves on the lax functor z : [n] — B. Thus, if
o :[m] — [n] is any map in A, then

A(c*z) = A(zo) = AzAo : Alm| — AB.

The following fact*, which is proved in [41, Proposition 7.1], will be used repeatedly
in our subsequent discussions:

Tt also appears as Fact 2.5 in Chapter 2
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Lemma 3.5 If F,G : A — B are two lax functors between bicategories, then any lax
or oplax transformation, € : F' = G, canonically defines a homotopy Be : BF ~ BG
between the induced maps on classifying spaces BF,BG : BA — BB.

Suppose that § : B°? — Cat is a functor, where B is any small category, such
that for every morphism f : b — ¢ of B the induced map Bf* : BF. — BgF is
a homotopy equivalence. Then, by Quillen’s Lemma [109, Lemma in page 14], the
induced commutative square of spaces

BS+s —— hocolimgpB§
pt BB

is homotopy cartesian. By Thomason’s Homotopy Colimit Theorem [120], there is a
natural homotopy equivalence hocolimpBF ~ B |, 58 Therefore, there is a homotopy
cartesian square

Bfa HBI{;%
pt BB.

We are now ready to state and prove the following important result in this chapter,
which generalizes the result above, as well as the results in [41, Theorem 7.4] and [43,
Theorem 4.3]:

Theorem 3.1 Let § = (§,x,&,w,7,9d) : B® — Bicat be any given lazx bidiagram of
bicategories. For any object a € ObB, there is a commutative square in Bicat

Fo—1> [

i |r (3.9)

0] ——B

where P is the projection 2-functor (3.8), a denotes the normal lax functor carrying 0
to a, and J is the natural embedding homomorphism (3.11) described below, such that,
whenever each 1-cell f : b — ¢ in B induces a homotopy equivalence Bf*: B§. ~ Bgy,
then the square of spaces induced on classifying spaces below is homotopy cartesian.

B3, ~/~B[, 3
i lBP (3.10)

pt —2% . BB
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Proof: This is divided into four parts.
Part 1. Here we exhibit the embedding homomorphism in the square (3.9)

J=J(§,a): Sa%fBS. (3.11)

It is defined on cells of §, by

u (xyou,la)
Wy A (@) w60 W)
z 9y 7,0) 4o (y:a
v (xyov,la)

where yy o u is the 1-cell of §, composite of x —>1y Xof 'y, 1 = 1;,, the identity

2-cell in B of the identity 1-cell of a, and ¢ is the 2-cell given by the pasting in the
diagram below.

Loy
XY
¢: x Yoy = | =1y
v
Xy
Loy

For z % y-% 2, two composable 1-cells in §,, the corresponding constraint 2-cell for

their composition is (j,l) :JvoJu = J(wow), where l =1y, : 1,01, = 1,, while
J = Jyu is the 2-cell of §, given by pasting the diagram

1* o
Ty XY Xy a(xzov) X1z Xz(laola)*z

:/j;(z 0

. = % 17v
JU u vou v = ].ZZ 1*z
= - )
z 172,

~

and, for any object x of §,, the structure isomorphism for its identity is (j 1) 01y,
J(1;), where 1 =14,, and J = J, is provided by pasting the diagram in §, below.
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So defined, it is straightforward to verify that J is functorial on vertical composi-
tion of 2-cells in §,. The naturality of the structure 2-cells Jv o Ju = J(v o u) follows
from the coherence conditions in (C1) and (C2), whereas the hexagon coherence con-
dition for them is verified thanks to conditions (C1), (C2), and (C7), and the result
in Lemma 3.2(i7) relating v with w. As for the other two coherence conditions, one
amounts to the equality in Lemma 3.2(7), and the other is easily checked.

Part 2. Let z : [n] — B be any given geometric n-simplex of the bicategory, n > 0.
Then, as in (3.6), we have a composite lax bidiagram of bicategories §z : [n] — Bicat.
In this part of the proof, we show that the homomorphism

J=J(52,0): Fu—= [, 2
induces a homotopy equivalence on classifying spaces:
BJ: Bf,, ~ Bf[n] Sz. (3.12)
This is a direct consequence of the following general observation:

Lemma 3.6 Suppose C is a small category with an initial object 0, and let us regard
C as a bicategory whose 2-cells are all identities. Then, for any lax bidiagram of
bicategories £ : C°P — Bicat, the homomorphism J=J(£,0) : £y — fCS induces a
homotopy equivalence on classifying spaces, BJ: BLy ~ ch L.

Proof: For any object a € ObC, let 0, : 0 — a denote the unique morphism in C from
the initial object to a. There is a homomorphism

K =K(£,0): [, £ £,

which carries any object (z,a) to K(x,a) = 0}z, the image of x by the homomorphism
0 : L4 — Lo, a l-cell (u, f): (z,a) = (y,b) to

OZU’ * Lk X > ay * *
K(u, f) = (0pz —= 03 f*y —""= (f 0 0a)"y = O}y ),
)
and a 2-cell (z,a) (1) (y,b) to the 2-cell K(¢,1) : K(u, f) = K(v, f) obtained by
(v.f)

07, 0x
pasting the diagram below, where (A) = ( 1oz f+y == 0517+, 2t 0513y ).

0af"y

Kon: e\

Oz boze ||t L 0y
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For each object (z,a) of fc £, the structure isomorphism K: 1 (z,0) = Klzq) 18

0*xx
* a k1 3k
0y ——— 0,1 %

=)

while the constraint K : K (v, g) o K(u, f) = K((v,g) o (u, f)), for each pair of com-

posable 1-cells (z, a)(ﬂ)(y, b) (g)(z, ¢) of [, £, is given by pasting in £¢ the diagram

below.
0*
0% fry =L 0y —— > 05 g*2 X
% 1862
= Xy 2 xXg9*z
K T = T " /
a a Ozf*U a c
- sz
Oau 0% (xzo(f*vou)) Oaxz
= 0(g o f)*z

0rx
There are also two pseudo transformations
S:JK:>1ICS, n:le, = KJ,
which are defined as follows: The component of ¢ at an object (z,a) of [, £ is
e(x,a) = (loza, 04) : (052,0) = (z,a),
and its naturality component at a morphism (u, f) : (z,a) — (y,b) is
(1) : 2(9,b) 0 TK (u, f) = (u, f) o e(w, ),
where ¢ is the 2-cell of £y pasted of the diagram below.
« 151gx,

* 0
0%z —% 02 fry s 0y 2L 1208 RS TTIE

R
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The pseudo transformation 7 : 1 = KJ assigns to each object x of the bicategory £¢

the 1-cell nx = xx : * — 1§z, while its naturality isomorphism at any 1-cell u : z — y,
ninyou = KJ(u)onz,

is obtained by pasting the diagram below.

u

T

Xz XY
Loy
/ g\ &
&
e ——— 151%y — T 1y

1§ (xyou)

Hence, by Lemma 3.5, there are induced homotopies Be : BJBK = B(JK) ~
Bl ¢ = 1pj, ¢ and By : 1pe, = Blg, ~ B(KJ) = BK BJ, and it follows that both
maps BJ and BK are actually homotopy equivalences. [l

Part 3. Let o : [m] — [n] be a map in the simplicial category. By Lemma 3.3, for any
geometric n-simplex z : [n] — B of the bicategory B, we have the square

Jim 820 = [ 32

Pl ip

[m] ———[n]

which is cartesian in the category of bicategories and lax functors. This part has the
goal of proving that the lax functor ¢ induces a homotopy equivalence on classifying
spaces:

Bo: Bf[m} Szo ~ Bf[n] Jz. (3.13)
To do that, let us consider the square of lax functors

J=J(Fz0,0)
Say O [ a0

Za,aoi \LU
J=J(32,0)

Fap —— [y 52,

where z§ , is the homomorphism attached by the lax diagram § : B°° — Bicat to the
1-cell zg 40 : 2o — 2z of B, and the homomorphisms .J are defined as in (3.11). This
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square is not commutative, but there is a pseudo transformation 0 : Jz; .o = 7/,
whose component at any object x of §,,0 is the 1-cell of f[n] 5z

Ox = (1z3,00x, (0,00)) : (2 ,507,0) = (z,00),
and whose naturality isomorphism, at any 1-cell u : x — y in §,50, is

Ou = (0,12 ,0) : Oy 0 Jz sou = 7 Ju o Oz,

where 6 is given by pasting in Sz, the diagram below.

20,50t X220, 50Y 7,01
* ? * ’ * * ’ * *
2oo0r — ~Zoo0Y " 20,0%0,00Y T = %0,0%20,00Y
I
&~ XzY
XzY
0 *
=~ Z0,00Y
z
1;07002”
XzY
XzY *
Zy,50Y

Hence, by Lemma 3.5, the induced square on classifying spaces

B3z, — =B [, 820

Bza,aoi lBU

BSo — B [, 52

is homotopy commutative. Moreover, both maps BJ in the square are homotopy
equivalences, as we showed in the proof of Lemma 3.6 above. Since, by hypoth-
esis, the map Bz, : B§z,, = BFz, is also a homotopy equivalence, it follows
that the remaining map in the square have the same property, that is, the map
Bo: B f[m] Szo — B f[n] $z is a homotopy equivalence.

Part 4. Finally, we are ready to complete here the proof of the theorem as follows:
Let us consider the induced simplicial map on geometric nerves AP : A [ gS — AB.
This verifies the hypothesis in Lemma 3.4. In effect, thanks to Lemma 3.3, for any
geometric n-simplex of B, z : [n] — B, the square

f[n] gZL)fBg

pl ip

[n] ——B
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is a pullback in the category of bicategories and lax functors, whence the square
induced by taking geometric nerves

A [ 5225 A [5 5

Apl lAP

Aln] —2% > AB

is a pullback in the category of simplicial sets. Thus, AP~!(Az) = A f[n] 3z .

Furthermore, for any map o : [m| — [n] in the simplicial category, since the
diagram of lax functors

is commutative, the induced diagram of simplicial maps

A f[m] Szo

A
ar AfySz 5= A s

Azo

A[m] A(zo) AP AP

\
mA[@ AB

is also commutative. Then, as 0*z = zo, the induced simplicial map AP~!(o*z) —
AP~1(z) is precisely the map As : A f[m] Fzo — A f[n] $z, whose induced map on ge-

ometric realizations is the homotopy equivalence (3.13), Ba: B f[m] Szo ~ B f[n} 5z .
Hence, by Lemma 3.4, for each object a € ObB, the square

AP~ Y(a)| —=|A f33] By Ba—"=B[;F

i . iAPI = l pr

pt |AB| BA[0] —2% - BB
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is homotopy cartesian. Furthermore, since the diagram of lax functors

Fa

J(Fa,0

J(3,a)
)
f[O]Sa a I8

commutes, it follows that the square (3.10) is homotopy cartesian square (3.10) as it
is the composite of the squares

[0] P

BJ(3a,0 a
B3. —(>)Bf[0} Fa—"" - B[, F

] K

pt pt Ba BB

where the map BJ(Fa,0): BF, ~ Bf[o} Sa in the left square is one of the homotopy
equivalences (3.12), while the square on the right is homotopy cartesian. O

3.5 The homotopy cartesian square induced by a lax
functor

In this section we prove the main theorem of this chapter, that is, a generalization
to lax functors (monoidal functors, for instance) of the well-known Quillen’s Theorem
B [109]. We shall first extend Gray’s construction [71, Section 3.1] of homotopy
fiber 2-categories to homotopy fiber bicategories of an arbitrary lax functor between
bicategories, so we can state the corresponding ‘Theorem B’ in terms of them.

Let F': A — B be any given lax functor between bicategories. As in Example 3.2,
each object b of B gives rise to a pseudo bidiagram of categories

B(—,b) : B°® — Cat,

which carries an object x € ObB to the hom-category B(x,b), and then also to the
lax bidiagram of categories

B(—,b)F: A — Cat, (3.14)

obtained, as in (3.6), by composing B(—, b) with F'. The Grothendieck construction on
these lax bidiagrams leads to the notions of homotopy fiber and comma bicategories:
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Definition 3.1 The homotopy fiber, F'| , of a lax functor between bicategories
F . A — B over an object b € ObB, is the bicategory obtained as the Grothendieck
construction on the lax bidiagram (3.14), that is,

Fly= [4B(=b)F.
In particular, when F = 1 is the identity functor on B,
Bly = [5B(=b)
is the comma bicategory of objects over b of the bicategory B.

It will be useful to develop here the Grothendieck construction, exposed in Section
3.3, in this particular case. Its objects are pairs

(f: Fa — b,a) (3.15)

with a a 0-cell of A and f a 1-cell of B whose source is F'a and target the fixed object
b. The 1-cells

(B,u) : (f.a) = (f',a) (3.16)
consist of a 1-cell u : a — d in A, together with a 2-cell 8: f = f' o Fu in the
bicategory B,

F
Fa—">Fd

N,

(B5u)

— X\

(f,a) &/(f’, a') (3.17)

(B )
isa 2-cell @ : u = v’ in A, such that the equation below holds in the category B(Fa,b).

A 2-cell in Fly,

Fu' Fu/
Fa v Fa' Fa v

e~
Fu B
— =
INE /7 f r
b b
Compositions, identities, and the structure associativity and unit constraints in

F| are as follows: For any given objects (f,a) and (f’,a’) as in (3.15), the vertical
composition of 2-cells

Fd (3.18)

0 (8.
(f, CL) —(B' )= (f/7 a') — (f, CL) Jo/-a (f,, CL,)

(6//’,“//)
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is given by the vertical composition o/ - o of 2-cells in A. The horizontal composition
of two 1-cells in Fy,

(Byu)

(Fra) 2L (g 0ty L (g7

is the 1-cell
(7,v) 0 (B,u) = (y© B,vou): (f,a) = (f',d"),

where the second component is the horizontal composition v o w in A, while the first
one is the 2-cell in B obtained by pasting the diagram below.

F(vou)

Fa—>Fa —>Fa

(3.19)
\f,/

The horizontal composition of 2-cells is simply given by the horizontal composition of
2-cells in B,

(Byu) (v:v) (v©B,vou)
P —x .
(f7a) UCY (f/7a//) UCV/ (f//’a//) — (f’a) »U«O/OCM (f//’a///) ,
— —_— = S
(B ) (') (v ©B v ou’)

and the identity 1-cell of each O-cell (f : Fa — b,a) is

1(f,a):(i( ) (fa ) (fa )7
i(f,a):(f:>f01Fa:>f0F(1a))

Finally, the associativity, left and right unit constraints are obtained from those
of A by the formulas

Ay, (B w) (Bar) = Ol s T(Ba) = Tus  L(g) = lu-

We shall prove below that, under reasonable necessary conditions, the classifying
spaces of the homotopy fiber bicategories B(F'| ), of a lax functor F' : A — B,
realize the homotopy fibers of the induced map on classifying spaces, BF : BA — BB.
This fact will justify the name of ‘homotopy fiber bicategories’ for them. As a first
step to do it, we state the following particular case, when F' = 1z is the identity
homomorphism:

Lemma 3.7 For any object b of a bicategory B, the classifying space of the comma
bicategory Bl is contractible, that is, B(Bly) ~ pt
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Proof: Let [0] — Bl denote the normal lax functor that carries 0 to the object (15, b),
and let Ct : Bl — Bl be the composite of Bl — [0] — Blp. Then, the induced
map on classifying spaces

B(Bly) L B(BLy) = B(Bly) — B[0] = pt — B(BLs)

is a constant map. Now, let us observe that there is a canonical oplax transformation
1g;, = Ct, whose component at any object (f : a — b,a) is the 1-cell (l;l,f) :
(f,a) = (1,0), and whose naturality component at a 1-cell (8,u) : (f,a) — (f’,d’) is

(f.0) 2 1,0)

(m)l e l(rl,lb)
" a') —— (13, b).
(1) g, (0:1)
This oplax transformation gives, thanks to Lemma 3.5, a homotopy between B(15),) =
1p(sy,) and the constant map BCt, and so we obtain the result. U

Example 3.3 Let B be a bicategory, and suppose b € ObB is an object such that the
induced maps Bp* : BB(y,b) — BB(x,b) are homotopy equivalences for the different
morphisms p : z — y in B (for instance, any object of a bigroupoid). By Theorem
3.1, we have the fiber sequence

BB(b,b) — BBL, — BB

in which the space BB j is contractible by Lemma 3.7. Hence, we conclude the
existence of a homotopy equivalence

Q(BB, Bb) ~ B(B(b, b)) (3.20)

between the loop space of the classifying space of the bicategory with base point Bb
and the classifying space of the category of endomorphisms of b in B.

The homotopy equivalence above is already known when the bicategory is strict,
that is, when B is a 2-category. It appears as a main result in the paper by del Hoyo
[84, Theorem 8.5], and it was also stated at the same time by Cegarra in [43, Example
4.4]. Indeed, that homotopy equivalence (3.20), for the case when B is a 2-category,
can be deduced from a result by Tillmann about simplicial categories in [121, Lemma
3.3].

Returning to an arbitrary lax functor F' : A — B, we shall now pay attention to
two constructions with fiber homotopy bicategories. First, we have that any 1-cell
p:b— b in B determines a 2-functor

pi: Fly — Fly (3.21)
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whose function on objects is defined by
p«(Fa EN b,a) = (Fa ol v, a).
A 1-cell (B,u): (f,a) = (f',d") of Bly, as in (3.16) , is carried to the 1-cell of Bl
p«(Bu) = (p@B,u): (po fa) = (po [, d),
pes=(pofZEpo(foFu)2 (po f')oFu)
while, for a: (8,u) = (B',u') any 2-cell in Bl as in (3.17),
po(@)=a:(pefu)= (po s, u).

Secondly, by Lemma 3.3, we have a pullback square in the category of bicategories
and lax functors for any b € ObB

Fly—">Bly [y B(—b)F L [3B(~.b)
Pl ip - Pl LP (3.22)
A—L—>B A r B

where, recall, the 2-functors P are the canonical projections (3.8), and F is the induced
lax functor (3.7), which acts on cells by

(67’“) (ﬁ,FU/)
— F —_—
(f,a) Yo (fd) = (f,Fa) R (f,Fd’),
—_ = — >
(/Blvu/) (ﬁ',Fu’)

and whose structure constraints are canonically given by those of F.

We are now ready to state and prove the following theorem, which is just the
well-known Quillen’s Theorem B [109] when the lax functor F' in the hypothesis is an
ordinary functor between categories. The result therein also generalizes a similar result
by Cegarra [43, Theorem 3.2, which was stated for the case when F' is a 2-functor
between 2-categories, but the extension to arbitrary lax functors between bicategories
is highly nontrivial and the proof we give here uses different tools.

Theorem 3.2 Let F : A — B be a lax functor between bicategories. The following
statements are equivalent:

(i) For every 1-cellp : b — b in B, the induced map Bp, : B(Flp) — B(Fly) is a
homotopy equivalence.

(ii) For every object b of B, the induced square by (3.22) on classifying spaces

B(F|y) 25~ B(Bs)
Bpl pr (3.23)
BA— BT . BB
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18 homotopy cartesian.
Therefore, in such a case, for each object a € ObA such that Fa = b, there is a
homotopy fiber sequence
B(Fl,) - BA — BB,

relative to the base 0-cells Ba of BA, Bb of BB and B(1p,a) of B(Fly), that induces
a long exact sequence on homotopy groups

o = Tpy1BB — 1, B(Flp) - mBA — 1, BB — - .

Proof: (ii) = (i) Suppose that p: b — V' is any 1-cell of B. Then, taking z : [1] — B
the normal lax functor such that zp; = p, we have the path Bz : B[l]=1 — BB,
whose origen is the point Ba and whose end is Bb (actually, BB is a CW-complex and
Bz is one of its 1-cells). Since the homotopy fibers of a continuous map whose over
points are connected by a path are homotopy equivalent, the result follows.

(7) = (¢9) This is divided into three parts.

Part 1. We begin here by noting that the bicategorical homotopy fiber construction
is actually the function on objects of a covariant oplax bidiagram of bicategories

F| = (Fl,x.£w,7,9) : B — Bicat

consisting of the following data:
(D1) for each object b in B, the homotopy fiber bicategory F|p;
(D2) for each 1-cell p: b — ¥ of B, the 2-functor p,: Fl, — Fly in (3.21);

P
(D3) for each 2-cell b Vo b of B, the pseudo transformation o, : p. = pl,, whose
~—

/

P
component at an object (f,a) of Fly, is the 1-cell

o«(f,a) =(0c® f,1a) : (po f,a) = (f’Of,a),
o f= (pOf%lp’Ofg(p’of)o1Fa1%(p’of)oF1a)

and whose naturality component at any 1-cell (58,u) : (f,a) — (f',d’), as in (3.16), is
the canonical isomorphism 7~ -1: 1y 0u = uo l,;

(c0f,1q)
(pof,a)—>(p’of,a)
(mﬁ,u)l ral i (P ©B.u)

(pof’,a’)m(p’of’,a/)

(D4) for each two composable 1-cells b Ly 29 in the bicategory B, the pseudo
transformation x, (p' o p)« = P.p« has component, at an object (f,a) of Fly, the
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1-cell

(ra,15) : ((p' op)o f,a) = (p' o (po f),a),

ra=((pop)of=2po(pof)i=(popof) ol opof)oFl,)

and whose naturality component at a 1-cell (5,u) : (f,a) = (f',d’), is

(ra,1)
((p'op)o f,a) ————= (' o(pof),a)
((p’op)©5)7u)l Tl i(p’®(p@6),U)

((pop)ofa) o (p'o(po f),ad);

(D5) for each object b of B, x, : 1p, = 1p|, is the pseudo transformation whose
component at any object (f,a) is the 1-cell

(1-1,1.): (Lpo f.a) — (f.a),

Tl=(lof=tfis folp, 2L foFl,)

and whose naturality component, at a 1-cell (8,u) : (f,a) — (f’,d’), is

o

(1p0 fa) —~ (f,0)

<1b@ﬁ,u>l Tl i(m)
(Iyo f,a") ———(f',d');

(L1)

(D6) for any two vertically composable 2-cells p=>p’ = p” in B, the invertible
modification &, : 700, = (7-0)s has component, at any object (f,a), the canonical
isomorphism 1 : 1,01, = 1,

(po f,a)
-

PN GRS

(v © f.0) — 5> @' f.)

(D7) for each 1-cellp : b — V' of B, (1,), = 1,,,, and &, is the identity modification;

/

p

(D8) for every two horizontally composable 2-cells b @qc b @/T b" in B, the equal-
q

ity (704)o Xp'p = Xg',q © (T 0 0)s holds and the modification x, , is the identity;
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(D9) for every three composable 1-cells b—> b —> " Y= " in B, the invertible
modification w, ., at any object (f,a), is the canonical isomorphism r : (1,0 1,) o
1o = 14014,

(" 0 p) op) o f,a) (@o] 1) (" o (o op)) o f,a)

(ra,la)i ; l(ra,la)

(0" 0p) o (po £),a) ZL (7 o (5 0 (po 1)), af <2l o (¢ 0 p) © £), )

(D10) for any 1-cell p: b — V' of B, the invertible modifications ~, and dy, at any
object (f,a) are given by the canonical isomorphism 1,0 (1, 01,) = 1,,

(1-1,14) (po(1-1),14)
(ly o (po f),a) —%(po f,a) (po(lyo f),a) —"F(po f,a)
(ra,la)T r J{(i}yla) (ra,la)T LN \L(ivla)
((1b’ OP) Ofva’) M(pof’a) ((po 1b') of,a)m(pof,a).

Observe that all the 2-cells given above are well defined since all the data is ob-
tained from the constraints of the bicategories involved and the lax functor F. Then
the coherence conditions of these give us the equality (3.18) in each case. For the
same reason the axioms (C1) — (C8) hold.

Part 2. In this part, we consider the Grothendieck construction on the oplax
bidiagram of homotopy fibers F|: B — Bicat, and we shall prove the following:

Lemma 3.8 There is a homomorphism
Q: fBF¢ — A, (3.24)

inducing a homotopy equivalence on classifying spaces, BQ : BfBF¢ ~ BA.

Before starting the proof of the lemma, we shall briefly describe the bicategory
JgF L. It has objects the triplets (f,a,b), with a € ObA, b€ ObB, and f: Fa — b a
1-cell of B. Its 1-cells

(57u7p) : (fv a, b) — (flva,)b/)7
consist of a 1-cell p: b — b in B, together with a 1-cell (8,u) : p«(f,a) = (po f,a) —
(f',a’) in Fly, that is, a 1-cell u:a — @’ in A and a 2-cell B:po f = f'o Fuin B

F
Fa—% Fd

ioa |

p

b———=1V.
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A 2-cell in [,F|,
(Bu,p)

— X

(f’ CL, b) U(a’g) (flv CLI, b/) 9
~ 7
(B p")
consists of a 2-cell o : p = p’ in B, together with a 2-cell a: (8,u) = (f',u) 0o (f,a)
in Fly, that is, (after some work using coherence equations) a 2-cell a: u = u' o1,
in A, such that the equation below holds.

Fa—Y s po/ Fa—Y s Fo/
; e
=N Fu
f =1 I
P’ B
o N / /
b4p>b b4p>b

We shall look carefully at the vertical composition of 2-cells and the horizontal
composition of 1-cells in fBFi since we will use them later: Given two vertically
composable 2-cells, say (a,0) as above and (¢/,0') : (8,4/,p) = (8”,4",p"), their
vertical composition is given by the formula

(o 0') (o) = (7,0 o) : (B,u,p) = (B",u",p").

Given two composable 1-cells, say (3, u,p) as above and (8',4/,p") : (f',d,V) —
(f",a”,b"), their horizontal composition is

(B, p") o (B,u,p) = (Fr=t- (8 @ (Ly 0 8)), (u'ou)ola,pop) : (fra,0) = (f",a",b"),
where 5/ ® (1,7 0 §) is as in (3.19), thus
F((u'ou)oly)

ﬂF'ril-ﬁ )
Fa-1% po £ por

F -1 ! 1, . !
T (6 @( P 06)) fl :ﬁ; f/l g lf//
A )
The identity 1-cell at an object (f,a,b) is

1(f,a,b) = (i(f,a) ’ l7 1(17 16) : (f,(l,b) — (f7 a, b)

) - 1s0F
fpay U= (Lo f 2= folr ™ foF(l) )
Proof of Lemma 3.8. The homomorphism @ in (3.24) is defined on cells by

(B,u;p) "
= PN
(fa a, b) Wa,0) (f/, a,, b/) '9} a |ra a/,
~ = \_/)7
(B/7u/’p/) u

r-a:(u%u’ola:gu’)
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This homomorphism () is strictly unitary, and its structure isomorphism at any two
composable 1-cells, say (5, u,p) as above and (8, v/, p) : (f',d',0) — (f",ad", V"), is

Q = Twou : QUB W, p') 0 (B,u,p)) = QB ', p) 0 Q(B,u, ).

To prove that this homomorphism () induces a homotopy equivalence on classifying
spaces, let us observe that there is also a lax functor L : A — fBF J, such that
QL = 14. This is defined on cells of A by

u (A~ Yru,Fu)
X\ L _
a_lYa a = (1Fa,a, Fa) Wbr~taFa) (1pq, a, Fa,)v
~— 7 _ =
/
w (A=Y Fu')

-1
rl.a= (u%u’rﬁ u’ola)
where the first component of (I - 7, u, Fu) is the canonical isomorphism Fu o 15, 2

1pg © Fu. Tts structure 2-cells, at any pair of composable 1-cells a — o’ = a” and at
any object a of A, are respectively defined by

The equality QL = 14 is easily checked. Furthermore, there is an oplax transfor-
mation ¢ : LQ) = 1st¢ assigning to each object (f,a,b) of the bicategory fBFi the
1-cell

u(f,a,b) = (1 0 Fay1a, f) : (1pa, a, Fa) — (f,a,b),

and whose naturality component at any 1-cell (8,u,p) : (f,a,b) — (f',d,t) is the
2-cell

A~ Lru,Fu)

(1pq,a, Fa) (1pgr,ad', Fa')

T=((1"to1)o ~
(1foﬁa,1a,f)l e=(7g1)o1,5) l(lf/oFa/,la/,f')

" al ).
(f7 a/’ b) (5,u,p) (f ’a’ )

Therefore, by taking classifying spaces, we have BQ BL = 1p4 and, by Lemma
3.5, BLBQ ~ 13 [sFL> whence B(@ is actually a homotopy equivalence. O

Part 3. We complete here the proof of the theorem as follows: There is a canonical
homomorphism

F:fgFl— [.B] (3.25)
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making commutative, for any object b € ObB, the diagrams

(A): P (B):
P e 2y P,

F :F’ LF Jl J{J lb
V —
Bly—> [;Bl =B JgFL-C~f3BL LB
\_/ \_/

P P

in which @ : fBF¢—> A is the homomorphism in (3.24) and Q@ : fB Bl— B is the
corresponding one for F' = 1p, all the 2-functors P are the canonical projections (3.8),
and the embedding homomorphisms J are the corresponding ones defined as in (3.11).
This homomorphism (3.25) is defined on cells by

(Byu,p) (B,Fu,p)
= I o
(fa a, b) Hevwo) (flv a/7 b/) = (f7 FCL, b) u(ril'Fr'FO"U) (f,’ Falv b/)
~_ = -
(B ' p") (B, Fu'p")

r~ . Fr.Fa= (FugF(u’ola)%Fu’gFu’olpa)

Its composition constraint at a pair of composable 1-cells, say (3, u,p) as above and
(B, p): (f,d b)) — (f",a",b"), is the 2-cell

(F\Lyep) : F(B', 0, p/) o F(B,u,p) = F((8',/,p') o (B,u,p)),

r~1o
glF((u' ou)oly)olp, )

F= ((Fu’oFu)olpa%F(u’ou)olFa
while its unit constraint at an object (f,a,b) is

(F.11,) : 1p(rapy) = F(Lirap)-
F=(1p ™ 1paolp 24 F(10) 015, )

Let us now observe that (the covariant and oplax version of) Theorem 3.1 applies
both to the bidiagram of homotopy fibers F'|, by hypothesis, and to the bidiagram
of comma bicategories B, since the spaces BB/ ; are contractible by Lemma 3.7
and therefore any 1-cell p : b — ¥ in B obviously induces a homotopy equivalence
Bp. : BB, >~ BBl . Hence, the squares

Fly—"= [gFL  Bly—"= [4B]

YT e

b b

0] ———B 0] ———B
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induce homotopy cartesian squares on classifying spaces

BFl, LB [,Fl  BBL,—%B[,B]

l |or l |or

pt Bb BB, pt B BB.

By [68, II, Lemma 8.22 (2)(b)], it follows from the commutativity of diagram (B)
above that the induced square

BFly BBl
BJl iBJ
B fB F¢*>B fB B}

is homotopy cartesian. Then, by [68, II, Lemma 8.22 (1), (2)(a)], the theorem follows
from the commutativity of diagram (A), since, by Lemma 3.8, in the induced square

B J, £l B

BQi iBQ

BA— B . BB

both maps BQ are homotopy equivalences and therefore it is homotopy cartesian. [

The following corollary generalizes Quillen’s Theorem A in [109]:

Theorem 3.3 Let F : A — B be a lax functor between bicategories. The induced
map on classifying spaces BF : BA — BB is a homotopy equivalence whenever the
classifying spaces of the homotopy fiber bicategories BF | y are contractible for all
objects b of B.

Particular cases of the result above have been also stated in [35, Theorem 1.2],
for the case when F' : A — B is any 2-functor between 2-categories, and in [84,
Theorem 6.4], for the case when F' is a lax functor from a category A to a 2-category
B. In [54, Théoreme 6.5], it is stated a relative Theorem A for lax functors between
2-categories, which also implies the particular case of Theorem 3.3 when F' is any lax
functor between 2-categories.

Example 3.4 Let (M,®) = (M,®,I,a,l,r)be amonoidal category (see e.g. [100]),
and let (M, ®) denote its suspension or delooping bicategory. That is, (M, ®) is
the bicategory with only one object, say x, whose hom-category is M, and whose
horizontal composition is given by the tensor functor ® : M x M — M. The identity
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1-cell on the object is the unit object I of the monoidal category, and the constraints
a, l, and r for ¥(M, ®) are just those of the monoidal category. By [35, Theorem 1],

B(M,®) =BX(M, ®),

that is, the classifying space of the monoidal category is the classifying space of its
suspension bicategory. Then, Theorem 3.2 is applicable to monoidal functors between
monoidal categories. However, we should stress that the homotopy fiber bicategory
of the homomorphism between the suspension bicategories that a monoidal functor
F:(M,®) - (M, ®) defines, LF : ¥(M,®) — X(M’,®), at the unique object of
Y (M, ®), is not a monoidal category but a genuine bicategory: The O-cells of X F|,
are the objects 2’ € M, its 1-cells (v/,z) : ' — ¢ are pairs with x an object in M
and v’ : 2’ — ¢ ® F(x) a morphism in M’ and its 2-cells

(V')

are those morphisms u : £ — y in M making commutative the triangle

x J>y’ ® Fx
ly’@F’u
Yy ® Fy.

The vertical composition of 2-cells is given by the composition of arrows in M. The

(u/ 7x) / (U/ 7y)
—y —

horizontal composition of two 1-cells 2’ z' is the 1-cell (W @',y @ x) :

' — 2,
vVeu = (a:’#y’@Fx@(z’@)Fy)@Fx %z’®(Fy®Fm)%z'®F(y®$)>

and the horizontal composition of 2-cells is given by tensor product of arrows in M.
The identity 1-cell of any O-cell z is (1, 1) : @ — x, where 1, = (2/ & 2/®I' = 2/QFI).
The associativity, left and right constraints are obtained from those of (M, ®) by the
formulas

Aw',2), (0 ), (' w) = Bz T(wa) = Tar b a) = lo-

Following the terminology of [36, page 228], we shall call this bicategory X F'|, the
homotopy fiber bicategory of the monoidal functor F : (M,®) — (M’ ®), and write
it by K. This bicategories have been studied by Vitale in [123] for the case of a
monoidal functor between categorical groups, where he calls them the cokernel of the
functor®. Every object 2’ of M’ determines a 2-endofunctor 2’ ® — : Kp — Kp, which

5We would like to thank Niles Johnson for pointing this out.
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is defined on cells by

(v ,x) (' ou’,z)
—/—\ —_—
Ay y/ = e W Z® y/7
~ —_
(") (#'ev',y)

Z'Qu’

where 2/ © u' = ( e W eFr) 2Zey)® Fx), and from Theorems
3.2 and 3.3, we get the following:

Theorem 3.4 For any monoidal functor F : (M, ®) — (M',®), the following state-
ments hold: (i) There is an induced homotopy fiber sequence

BKr — B(M, ®) 25 B(M, @),

whenever the induced maps B(z' @ —) : BKp — BKp are homotopy autoequivalences,
for all 2/ € ObM’. (ii) The induced map BF : B(M,®) — B(M',®) is a homotopy
equivalence if the space BICp is contractible.

For any monoidal category (M, ®), pseudo bidiagrams of categories over its suspension
bicategory,
N =(N,x): Z(M,®)°® — Cat,

are interesting to consider, since they can be regarded as a category N (the one
associated to the unique object of the suspension bicategory) endowed with a coherente
right pseudo action of the monoidal category (M, ®) (see e.g. [86, §1]). Namely, by
the functor ® : N' x M — N, which is defined on objects by a ® x = x*a and on
morphism by

(a i) b @ (xSy) = (x*aw—*j;x*bu—”;y*b) = (x*au—*%y*a Lf>y"‘b),

together with the coherent natural isomorphisms

Xz,y@

(a®z)@y=yra—>(zQy)a=a® (x®y)

Q%I*a:a@)f

For each such (M, ®)-category N, the cells of the bicategory fz(/vl,@)N has the
following easy description: Its objects are the same as the objects of the category N.
A 1-cell (f,z):a — b is a pair with x an object of M and f: a — b ® x a morphism
in NV, and a 2-cell

(fz)

X\
a W b
~—~=
(9,v)
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is a morphism w : x — y in M such that the triangle

N
b®x—>b®u b®y.

is commutative. Many of the homotopy theoretical properties of the classifying space
of the monoidal category, B(M,®), can actually be more easily reviewed by using
Grothendieck bicategories fz (M2) N, instead of the Borel pseudo simplicial categories

E(M7®)N AP — Cat, [p] — N x MP

as, for example, Jardine did in [86] for (M, ®)-categories N. Thus, one sees, for
example, that if the action is such that multiplication by each object z of M, that is,
the endofunctor — ® z : N' — N, induces a homotopy equivalence BN/ ~ BN/, then,
by Theorem 3.1, one has an induced homotopy fiber sequence (cf. [86, Proposition
3.5])

BP

BN—>BfE(M7®)N — B(M,®).

In particular, the right action of (M, ®) on the underlying category M leads to the
bicategory

fz(M,®) M =X (M, @)« ,

the comma bicategory of the suspension bicategory over its unique object, whose
classifying space is contractible by Lemma 3.7 (cf. [86, Proposition 3.8]). Then, it
follows the well-known result by Mac Lane [99] and Stasheff [114] that there is a
homotopy equivalence

BM ~ QB(M, ®),

between the classifying space of the underlying category and the loop space of the
classifying space of the monoidal category, whenever multiplication by each object
x € ObM, y — y®@z, induces a homotopy autoequivalence on BM (cf. Example 3.3).



Chapter 4

Bicategorical homotopy
pullbacks

4.1 Introduction and summary

A% B i A’ are continuous maps between topological spaces, its homotopy-fiber
product A x";, A’ is the subspace of the product A x Blx A’, where I = [0,1] and B’ is
taken with the compact-open topology, whose points are triples (a,~,a’) with a € A,
a € A, and v : pa — ¢'a’ a path in B joining ¢a and ¢'a’, that is v : I — B is a
path starting at 70 = ¢a and ending at v1 = ¢’a’. In particular, the homotopy-fiber
of a continuous map ¢ : A — B over a base point b € B is Fib(¢,b) = A x5 {b},
the homotopy-fiber product of ¢ and the constant inclusion map {b} <— B. That is,
Fib(¢,b) is the space of pairs (a,7), where a € A, and v : ¢a — b is a path in B
joining ¢a with the base point b.

it AL B & A are now functors between (small) categories, its homotopy-
fiber product category is the comma category F' | F' consisting of triples (a, f,a’)
with f : Fa — F’d’ a morphism in B, in which a morphism from (ay, fo,ap) to
(a1, f1,a}) is a pair of morphisms u : a9 — a1 in A and v’ : aj — a} in A’ such
that F'u’ o fo = f1 o Fu. In particular, the homotopy-fiber category F' | b of a functor
F : A — B, relative to an object b € ObB, is the homotopy-fiber product category
of F' and the constant functor {b} — B. These naive categorical emulations of the
topological constructions are, however, subtle. Let B : Cat — Top be the classifying
space functor. The homotopy-fiber product category F | F’ comes with a canonical
map from its classifying space to the homotopy-fiber product space of the induced
maps BF : BA — BB and BF' : BA" — BB, and Barwick and Kan [13, Theorem
3.5] [14, Theorem 8.2] have proven that this canonical map B(F | F') — BA x5 BA'
is a homotopy equivalence whenever the maps B(F | by) — B(F | b1), induced by the
different morphisms by — b1 of B, are homotopy equivalences. This result extends
the well-known Quillen’s Theorem B, which asserts that under such an hypothesis,
the canonical maps B(F [ b) — Fib(BF,Bb) are homotopy equivalences. Actually, the

159
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result by Barwick and Kan is a consequence of a Theorem B by Cisinski [55, Théorem
6.4.15]'. Let us stress again that Theorem B and its consequent Theorem A have been
fundamental for higher algebraic K-theory since the early 1970s, when Quillen [109]
published his seminal paper, and they are now two of the most important theorems
in the foundation of homotopy theory.

Similar categorical lax limit constructions have been used to describe homotopy
pullbacks in many settings of enriched categories, where a homotopy theory has been
established (see Grandis [70], for instance). Here, we focus on the bicategorical case.
Recall again that like categories, small Bénabou bicategories [15] and, in particular,
2-categories and Mac Lane’s monoidal categories, are closely related to topological
spaces through the classifying space construction, as shown by Carrasco, Cegarra,
and Garzon in [41]. This assigns to each bicategory B a CW-complex BB, whose cells
give a natural geometric meaning to the cells of the bicategory. Further, we should
mention that the category of (strict) 2-categories and 2-functors has a Thomason-
type Quillen model structure, as was first announced by Worytkiewicz, Hess, Parent
and Tonks in [125, Theorem 4.5.1] and fully proved by Ara and Maltsiniotis in [2,
Théoréme 6.27], such that the classifying space functor B — BB is an equivalence of
homotopy theories between 2-categories and topological spaces.

In the preparatory Section 4.2 of this chapter, for any diagram A t.oB L A
where A, B, and A’ are bicategories, F' is a lax functor, and F” is an oplax functor (for
instance, if F' and F’ are both homomorphisms), we present a homotopy-fiber product
bicategory F | F', whose O-cells, or objects, are triples (a, f,a’) with f : Fa — F'a’ a
1-cell in B as in the case when F' and F’ are functors between categories. But now, a
1-cell from (ag, fo, ap) to (a1, fi,a}) is a triple (u, 8, u’) consisting of 1-cells u : ag — a4
in A and v’ : af, — o} in A, together with a 2-cell 5: F'u/ o fo = fi1 0 Fu in B. And
F | F’ has 2-cells (o, o) : (u, 8,u') = (v,~,v"), which are given by 2-cells a: u = v in
Aand o : v/ = o' in A" such that (15, o Fa) -3 = (yo F'a’) o 14,. In particular, for
any object b € B, we have the homotopy-fiber bicategories’ F' | b and b F’, in terms
of which we state and prove our main results of the chapter. These are exposed in
Section 4.3, and they can be summarized as follows (see Theorem 4.1 and Corollary
4.2):

e For any diagram of bicategories AL B iA' , where F' is a lax functor and
F' is an oplax functor, there is a canonical map B(F | F') — BA x}y5 BA', from
the classifying space of the homotopy-fiber product bicategory to the homotopy-fiber
product space of the induced maps BF : BA — BB and BF' : BA' — BB.

e For a given lax functor F : A — B, the following properties are equivalent:
- For any oplaz functor F' : A" — B, the map B(F | F') — BA x};3 BA' is a
homotopy equivalence.

1We thank the referee for pointing out this fact.
2These bicategories are isomorphic to the bicategories F|; of Chapter 3, but they are defined in
a slightly different way
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- For any 1-cell by — by of B, the map B(F | by) — B(F ] b1) is a homotopy
equivalence.

- For any 0-cell b of B, the map B(F | b) — Fib(BF,Bb) is a homotopy equiva-
lence.

e For a given oplax functor F' : A" — B, the following properties are equivalent:

-For any laz functor F : A — B, the map B(F | F') — BAx};BA" is a homotopy
equivalence.

- For any 1-cell by — b1 of B, the map B(by | F') — B(bo | F) is a homotopy
equivalence.

- For any 0-cell b of B, the map B(b] F') — Fib(BF’,Bb) is a homotopy equiva-
lence.

Let us remark that, if the map B(F | F") — BAx} sBA’ is a homotopy equivalence,
then, by Dyer and Roitberg [61], there are Mayer-Vietoris type long exact sequences
on homotopy groups

oo = T BB—m,B(FlF') —m,BA x m,BA —m,BB — --- .

The above results include the aforementioned results by Barwick and Kan, but
also the extension of Quillen’s Theorems A and B to lax functors between bicategories
stated in Chapter 3.

We also study conditions on a bicategory B in order to ensure that the space
B(F | F') is always homotopy equivalent to the homotopy-fiber product of the induced
maps BF : BA — BB and BF' : BA" — BB. Thus, in Theorem 4.2, we prove

e For a bicategory B, the following properties are equivalent:

- For any diagram AL\BJA' , where F is a lax functor and F' is an oplax
functor, the map B(F | F') — BA x},s BA" is a homotopy equivalence

- For any object b and 1-cell by — by in B, the induced map BB(b,by) — BB(b, 1)
18 a homotopy equivalence.

- For any object b and 1-cell by — by in B, the induced map BB(b1,b) — BB(bg,b)
18 a homotopy equivalence.

- For any two objects b,b’ € B, the canonical map

BB(b,b') = {v: I — BB | ~(0) = Bb,v(1) = BV} C BB!

18 a homotopy equivalence.

For a bicategory B satisfying the conditions above®, we conclude the existence of
a canonical homotopy equivalence

BB(b, b) ~ Q(BB, Bb)

between the loop space of the classifying space of the bicategory with base point Bb
and the classifying space of the category of endomorphisms of b in B (see Corollary

3See also Example 3.3.
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4.4). This result for B a 2-category should be attributed to Tillmann [121, Lemma
3.3], but it has been independently proven by both Cegarra [43, Example 4.4] and by
del Hoyo [84, Theorem 8.5].

Since any monoidal category can be regarded as a bicategory with only one 0-
cell, our results are applicable to them. Thus, any diagram of monoidal functors

and monoidal categories, (N, ®) LN (M, ®) vl (N, ®), gives rise to a homotopy-

fiber product bicategory F i F’, whose 0O-cells are the objects m € M, whose 1-cells
(n, f,n’) : myg — my consist of objects n € N and n’ € N’, and a morphism f :
F'n'’ @ mg — my ® Fn in M, and whose 2-cells (u,u') : (n, f,n') = (7, f,7’) are
given by a pair of morphisms, v : n — 7 in A and v/ : n’ — 7/ in N/, such that
(1® Fu) - f = f-(F'v'/ ®1). In particular, for any monoidal functor F as above,
we have the homotopy-fiber bicategory FQjI, where I : ([0],®) — (M, ®) denotes the
monoidal functor from the trivial (one-arrow) monoidal category [0] to M that carries
its unique object 0 to the unit object I of the monoidal category M. Then, our main

conclusions concerning monoidal categories, which are presented throughout Section
4.4, are summarized as follows (see Theorems 4.4, 4.5, and 4.6).

e The following properties on a monoidal functor F : (N, ®) = (M, ®) are equiv-
alent:
- For any monoidal functor F' : (N',®) — (M, ®), the canonical map

B(FLF') = BOV, ) X0 BV, )

1s a homotopy equivalence.

- For any object m € M, the homomorphism m ® — : F ?I — FTI mnduces a
homotopy autoequivalence on B(Fil).

- The canonical map B(Fj;il) — Fib(BF, BI) is a homotopy equivalence.

e The following properties on a monoidal category (M, ®) are equivalent:

- For any diagram of monoidal functors (N, ®) > (M, ®) eF/(N’/, ®) , the canon-

ical map B(FTF’) — BV, ®) XBM,o) B(N',®) is a homotopy equivalence.

- For any object m € M, the functor m ® — : M — M induces a homotopy
autoequivalence on the classifying space BM.

- For any object m € M, the functor — @ m : M — M induces a homotopy
autoequivalence on the classifying space BM.

- The canonical map from the classifying space of the underlying category into the
loop space of the classifying space of the monoidal category is a homotopy equivalence,

BM ~ OB(M, ®).

The equivalence between the two last statements in the first result above might
be considered as a version of Quillen’s Theorem B for monoidal functors. A monoidal
version of Theorem A follows: If the homotopy-fiber bicategory of a monoidal functor
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F:(N,®) = (M,®) is contractible, that is, B(Fil) ~ pt, then the induced map
BF : BWNV,®) — B(M,®) is a homotopy equivalence. The equivalence of the three
last statements in the second one are essentially due to Stasheff [114].

Thanks to the equivalence between the category of crossed modules and the cate-
gory of 2-groupoids, by Brown and Higgins [28, Theorem 4.1], our results on bicate-
gories also find application in the setting of crossed modules, what we do in Section 4.5.

Briefly, for any diagram of crossed modules (G, P, d) (ﬂ) (H, Q,0) (f/’—F/) (G',P,0),
we construct its homotopy-fiber product crossed module (¢, F') | (¢, F'), and we prove
as the main result here (see Theorem 4.7) the following:

e There is a canonical homotopy equivalence

B((‘Pv F)i(gO,,F/)) = B(g7737 8) X%(H,Q,G) B(glapla 8)

between the classifying space of the homotopy-fiber product crossed module and the
homotopy-fiber product space of the induced maps B(p, F') : B(G,P,0) — B(H, Q,0)
and B(¢', F') : B(G¢',P’,0) — B(H, Q,0).
(Here, (G, P,0) — B(G, P, 0) denotes the classifying space of crossed modules functor
by Brown and Higgins [29].) Recalling that the category of crossed complexes has a
closed model structure, as shown by Brown and Golasinki in [26], we also prove that
the constructed homotopy-fiber product crossed module (p, F') | (¢', F') is compatible
with the construction of homotopy pullbacks in this model category. More precisely,
in Theorem 4.8, we prove that

e If one of the morphisms (¢, F) or (¢, F') is a fibration, then the canonical
morphism

(Q,P,@) X (H,0,8) (g/,Pl,a) - (SD) F)i(SO/aF/)v

from the pullback crossed module to the homotopy-fiber product crossed module induces
a homotopy equivalence on classifying spaces.

The chapter also includes some new results concerning classifying spaces of bicate-
gories, which are needed here to obtain the aforementioned results on homotopy-fiber
products. On the one hand, although in [41, §4] it was proven that the classifying
space construction is a functor from the category of bicategories and homomorphisms
to the category Top of spaces, in this chapter we need to extend that fact as given
below (see Lemma 4.3).

o The assignment B +— BB is the function on objects of two functors

Lax —>» Top L2 opLax,

where Lax is the category of bicategories and lax functors, and opLax the category
of bicategories and oplax functors.

On the other hand, we also need to work with Duskin and Street’s geometric nerves of
bicategories [58, 117]. That is, with the simplicial sets A*B, AB, V,,8, and VB, whose

respective p-simplices are the normal lax, lax, normal oplax, and oplax functors from
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the category [p] = {0 < .-+ < p} into the bicategory B. Although in [41, Theorem
6.1] the existence of homotopy equivalences

|A"B| ~ |AB| ~ BB ~ |VB| ~ |V,B]

was proved, their natural behaviour is not studied. Then, in Lemma 4.4 we state the
following;:

e For any bicategory B, the homotopy equivalence |A'B| ~ |AB| is natural on
normal laz functors, the homotopy equivalence |AB| ~ BB is homotopy natural on
lax functors, the homotopy equivalence BB =~ |VB| is homotopy natural on oplax
functors, and the homotopy equivalence |VB| ~ |VyB| is natural on normal oplax
functors.

The proofs of these results are quite long and technical. Therefore, to avoid ham-
pering the flow of the chapter, we have put most of them into an appendix, comprising
Section 4.6.

4.2 Preparation: The constructions involved

This section aims to make this chapter as self-contained as possible; therefore, at the
same time as fixing notations and terminology, we also review some necessary aspects
and results about homotopy pullbacks of topological spaces, comma bicategories, and
classifying spaces of small bicategories that are used throughout the chapter. However,
some results, mainly those in Lemmas 4.1, 4.3, and 4.4, are actually new. For a detailed
study of the definition of homotopy pullback of continuous maps we refer the reader to
Mather’s original paper [103] and to the more recent approach by Doeraene [57]. For
a general background on simplicial sets and homotopy pullbacks in model categories,
we recommend again the books by Goerss and Jardine [68] and Hirschhorn [81]. For
a complete description of bicategories, lax functors, and lax transformations, we refer
the reader to the papers by Bénabou [15, 16] and Street [117].

4.2.1 Homotopy pullbacks.

Throughout this chapter, all topological spaces have the homotopy type of CW-complex-
es, so that a continuous map is a homotopy equivalence if and only if it is a weak
homotopy equivalence.

If X i> B &Y are continuous maps, recall that its homotopy-fiber product is the
space

X x%Y =X xpB'xpY

consisting of triples (z,7,y) with x a point of X, y a point of Y, and v: I — B a
path of B joining f(z) and ¢g(y). This space occurs in the so-called standard homotopy
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pullback of f and g, that is, the homotopy commutative square

Xxhy Loy
F
s
x—1.p

where f' and ¢ are the evident projection maps, and F : (X x%Y) x I — B is
the homotopy from fg' to gf’ given by F(x,~,y,t) = v(t). In particular, for any
continuous map ¢g : Y — B and any point b € B, we have the standard homotopy
pullback

Fib(g,b) —= Y
| = )
pt—>— B,

where Fib(g,b) = pt x5 Y is the homotopy-fiber of g over b. (We use pt to denote a
one-point space.) For any y € g~ (), one has the exact homotopy sequence

C = 7Tn+1(B7b> — Wn(Flb(ga b)v (Ctb)y)) — 7"-n(Yva y) — Wn(Bvb) o,

from which ¢ is a homotopy equivalence if and only if all its homotopy fibers are
contractible.

More generally, following Mather’s definition in [103], a homotopy commutative
square

f/

AN Y

lg (4.1)

|3

where H : fg¢' = gf' is a homotopy, is called a homotopy pullback whenever the
induced whisker map below is a homotopy equivalence.

%Ug

w:Z = XxBY, z— (d'(2), H|.x1, f'(2)) (4.2)

Throughout this thesis, we use only basic well-known properties of homotopy pull-
backs. For instance, the homotopy-fiber characterization of homotopy pullback squares:
The homotopy commutative square (4.1) is a homotopy pullback if and only if, for
any point x € X, the composite square

!

Fib(¢,2) — 7 —=Y

ey

pt a X B

~
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is a homotopy pullback. That is, if and only if the induced whisker maps on homotopy
fibers are homotopy equivalences, w : Fib(¢’, ) = Fib(g, f(z)); or the two out of three
property of homotopy pullbacks: Let

o ———>0 ——> 0

| -] -]

X — X —>o

be a diagram of homotopy commutative squares. If the right square is a homotopy
pullback, then the left square is a homotopy pullback if and only if the composite
square is as well. If mpX’ — moX is onto and the left and composite squares are
homotopy pullbacks, then the right-hand square is a homotopy pullback.

Many other properties are easily deduced from the above ones. For example, the
square (4.1) is a homotopy pullback whenever both maps g and ¢’ are homotopy equiv-
alences. If the square is a homotopy pullback and the map g is a homotopy equivalence,
then so is ¢’. If the square is a homotopy pullback, ¢’ is a homotopy equivalence, and
the map my X — moB is surjective, then g is also a homotopy equivalence.

Hereafter, any (strictly) commutative square of spaces

f/

4 ——=Y
4 w (4.3)
x 1. B,

will be considered equipped with the static homotopy Z x I — B, (z,t) — fg¢'(z) =
9f'(2).

Remark 4.1 A commutative square of spaces, as above, is a homotopy pullback if
and only if it is a homotopy pullback in terms of the ordinary Quillen model structure
for spaces. To see that, simply observe that, given the commutative square (4.3), the
whisker map (4.2) is the composite Z — X xp Y = X x% Y, where Z — X xp Y is
the canonical map z — (¢/(z), f'(z)) into the topological fiber product. If f or g is a
Serre fibration, the map X xpY — X x', Y is a homotopy equivalence, and therefore
Z — X x%5Y is a homotopy equivalence if and only if Z — X xp Y is.

In [52, Proposition 5.4 and Corollary 5.5], Chachdlski, Pitsch, and Scherer char-
acterize continuous maps that always produce homotopy pullback squares when one
pulls back with them. Along similar lines, we prove the needed lemma below for maps
induced on geometric realizations by simplicial maps. More precisely, we characterize
those simplicial maps g : Y — B such that, for any simplicial map f : X — B, the
pullback square of simplicial sets

X xpY 1oy
gw % (4.4)
x—! .p
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induces, by taking geometric realizations, a homotopy pullback square of spaces. To
do so, recall the canonical homotopy colimit decomposition of a simplicial map, which
allows the source of the map to be written as the homotopy colimit of its fibers over the
simplices of the target: for a simplicial set B, we can consider its category of simplices
A ] B whose objects are the simplicial maps A[n] — B and whose morphisms are the
obvious commutative triangles. For a simplicial map g : Y — B, we can then associate
a functor from A | B to the category of spaces by mapping a simplex z : Aln] — B to
the geometric realization |g~!(z)| of the simplicial set g~'(z) defined by the pullback
square

g Hz) —Y

|k

Aln] == B.

By [68, Lemma IV.5.2], in the induced commutative diagram of spaces,

hocolim |¢~(z)| == |V
ngc[g]g%!g (z)] Y]
J{g

i (a)

hocolim|A[n]| —— | B|
z:Aln]—B

the horizontal maps are both homotopy equivalences.

Lemma 4.1 For any given simplicial map g : Y — B, the following statements are
equivalent:

(i) For any simplex of B, x : A[ln] — B, and for any simplicial map o : Alm] —
Aln], the induced map |g~(zo)| — |g~ ()| is a homotopy equivalence.

(13) For any simplex x : A[n] — B, the induced pullback square of spaces

97 (@) — Y|

1s a homotopy pullback.
(ii1) For any simplicial map f : X — B, the pullback square of spaces

/']
(X xpY|—1Y|

g’l llgl

7]
X B,

induced by (4.4), is a homotopy pullback.
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Proof: (i) = (ii): Let x : A[n] — B be any simplex of B. We have the diagram

g~z )Iﬂhocohmlg Yz)| —=1Y|
z:A[n]—B
(b) l (a) lm
|

|A[n]| ——— hocolim |A[n]| —— |B)|
z:Aln]—B

2 (c) lz

pt ———=> hocolim pt,
z:A[n]—B

where hocolim pt = B(A | B) is the classifying space of the simplex category. Since, by

z:A[n]—B
Quillen’s Lemma [109, page 14], the composite square (b)+(c) is a homotopy pullback,
it follows that (b) is a homotopy pullback. Therefore, the composite (b) + (a) is as
well.
(#7) = (i): For any simplicial map o : A[m] — A[n] and any simplex = : A[n] — B,
the right side and the large square in the diagram of spaces

g~ @wo)| —= g~ (@) —= V]

T

|Afm])| —Z s |An)| 2+ | B)

are both homotopy pullback, and therefore so is the left-hand one. As |A[m]| and
|A[n]| are both contractible, the map |o| is a homotopy equivalence, and therefore the
map |g~(zo)| — |g~(z)] is a homotopy equivalence.

(7) = (7i7): Suppose we have the pullback square of simplicial sets (4.4). Then, for
any simplex z : A[n] — X of X, we have a natural isomorphism of fibers ¢~ (z) =
g !(fr), and it follows that the map ¢’ also satisfies the same condition (i) as g
does. Then, by the already proven part (i) < (ii), we know that, for any vertex

x : A[0] = X, both the left side and the composite square in the diagram

7
= [A[0]]

are homotopy pullbacks. Therefore, from the diagram on whisker maps

9"~ () Hfa)l —= X xp Y] —=Y]

g’ \l i\gl

X | Bl

||

]

9"~ (@)| —==Fib(lg'|. «])

| lw

g~ (f2)] —=Fib(|g|, | =),
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we conclude that the map Fib(|¢'|,|z|) — Fib(|g|,|fz|) is a homotopy equivalence.
Since the homotopy fibers of any map over points connected by a path are homo-
topy equivalent, and any point of | X| is path-connected with a 0-cell |z| defined by
some O-simplex z : A[0] — X as above, the result follows from the homotopy fiber
characterization.

(731) = (¢4): This is obvious. O

4.2.2 Some bicategorical conventions.

We use the same notations of the previous chapters for bicategories, see Subsection
2.1.2 for reference.

Again, a lax functor is written as a pair F' = (F, ﬁ) : B — C, and we will denote
its structure constraints by

~

Fpop : FfaoFfi = F(fao f1), Fy:lpy= Fly,

for each pair of composable 1-cells, and each object of B. Recall that the struc-
ture 2-cells ﬁf%fl are natural in (fo, fi) € B(b1,b2) x B(bo,b1) and they satisfy
the usual coherence conditions. Replacing the constraint 2-cells above by l?f% ot
F(fao f1) = Ffyo Ff1 and ﬁb : (1) = 1pp, we have the notion of oplax functor
F = (F, ﬁ) : B — C. Recall that, any lax or oplax functor F' is termed a pseudo-
functor or homomorphism whenever all the structure constraints ﬁf% # and F, are
invertible. When these 2-cells are all identities, then F' is called a 2-functor. If all the
unit constraints ﬁb are identities, then the lax or oplax functor is qualified as (strictly)
unitary or normal.

We also recall that a laz transformation consists of morphisms ab: Fb — F'b,
b € ObB, and 2-cells

Fby -~ Fb,
abol §:f \Labl

F,b() ?’fF/bl

which are natural on the 1-cells f : by — by of B, subject to the usual coherence axioms.
Replacing the structure deformation above by ay : F'f o aby = ab; o F'f, we have
the notion of oplaz transformation o : F = F’. Any lax or oplax transformation « is
termed a pseudo-transformation whenever all the naturality 2-cells ay are invertible.
Similarly, we have the notions of lax, oplax, and pseudo transformation between oplax
functors.

4.2.3 Homotopy-fiber product bicategories.

We present a bicategorical comma construction in some detail, since it is fundamental
for the results of this chapter. However, we are not claiming much originality since
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variations of the quite ubiquitous ‘comma category’ construction have been consid-
ered (just to define “homotopy pullbacks”) in many general frameworks of enriched
categories (where a homotopy theory has been established); see for instance Grandis
[70].

Let A-B<Z A bea diagram where A, B, and A’ are bicategories, F is a
lax functor, and F” is an oplax functor. The “homotopy-fiber product bicategory”

FLF (4.5)

is defined as follows:

e The 0-cells of F | F' are triples (a, f,a’) with a a 0-cell of A, a’ a 0-cell of A’,
and f: Fa — F'a’ a 1-cell in B.

o A 1-cell (u,B,u') : (ao, fo,ai) — (a1, f1,a}) of F ] F' consists of a 1-cell u : ag —
a; in A, a 1-cell ' : afy — a} in A, and 2-cell 3 : F'u/ o fy = f1 0 Fuin B,

F
Fag—% Fa,;

foi 4 lf1

F//
F'aly —% F'd}.

(u,8,u’)

—
o A 2-cellin FLF', (ag, fo,ah) Wee!) (a1, f1,a}), is given by a 2-cell @ : u = @
—
(ﬂ7B’ﬁl)
in A and a 2-cell o : v/ = @' in A’ such that the diagram below commutes.

F'a/ol -
F/’U,/Of()%F/UIOfO

i &

fl o Fu lo Fo fl o Fii

e The vertical composition of 2-cellsin F' | F’ is induced by the vertical composition
laws in A and A’, thus (&, &) - (a, ') = (@-«, @ -a’). The identity at a 1-cell is given
by l(u,/ﬁ,u’) = <1m lu’)'

e The horizontal composition of two 1-cellsin F | F’,

(u1,B1,u})

(u2,B2,u5)
(a07f07a‘{))4>(a17f1aa/1) :

(a21 f27al2) ) (46)

is the 1-cell (ug, B2, uf) o (u1, f1,u)) = (ug o ug, B2 ® By, ul o u)), where B2 ® 31 is the
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2-cell pasted of the diagram in B

that is

o lo
B ® 1= ((F'luyoui) o fo 25 (Fluyo F'ui) o fo = Flutyo (F'uj o fo) 22

a1

F'uyo(fioFu)) = (F'ubo f1) o Fuy 62:0; (f2 0 Fug) o Fu; ==

fao(Fugo Fuy) ngOF(Ugoul)).

e The horizontal composition of 2-cells in F' | F' is given by composing horizontally
the 2-cells in A and A, thus (ag,a}) o (a1, ) = (a2 0 ag,ab 0 af).
e The identity 1-cell in F | F’', at an object (a, f,d’), is (14, i(a7f7a,), 1,4/), where

o

L(a,f,a’) 18 the 2-cell in B obtained by pasting the diagram

F1,

1 Fa
Faq—%¢ Fa

o —1.
lagay = 1 l rat if
Fld Fld

1p ~
W
F'la/

.9 ’ Flol l r! 1oF
that 18, 1(a,f,a’) = (F 1a’ Of — ]-F’a’ Of — f — fo 1Fa — fOF1a>-

e The associativity, right and left unit constraints of the bicategory F | F’ are
provided by those of A and A’ by the formulas

Qs By ), (uz By (ur B ) = (Quguzsuns Gty iy )s Yupury = (Lus bwr)s P gy = (T T ).
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The main square.

There is a (non-commutative!) square, which is of fundamental interest for the dis-
cussions below:
FLE P g
Pi l F (4.8)
A—L-pB

where P and P’ are projection 2-functors, which act on cells of F'| F’ by
(u7ﬁ7ul) /
u — s u

/0 / =\
ao\iLLal i{ (ao,fo,a6) Y(a,a) (al,fl,a’l) I£> a{]&a’l. (4.9)

~_— = —/

u U

(@,8,a)

Two pullback squares.
We consider here three particular cases of the construction (4.5):

- For any lax functor F' : A — B, the bicategory F' | B := F|13.

- For any oplax functor F’ : A" — B, the bicategory B F' := 15| F".
- For any bicategory B, the bicategory Bl B := 15l 15.

There are commutative squares

FIFF I BF PP n

v | 7l | (4.10)

A—t . BB

where the first one is in the category of bicategories and lax functors, and the second
one in the category of oplax functors. The lax functor F : I F’ — B F’ in the first
square is given on cells by applying F' to the first components

(U,B,U/) (FuﬂB’u/)
— — —
(a0>f07a6) Ye,a’) (alaflvall) 'i (Fa07f07a6) HFa,a) (Falaflaall)7
— T
(a7ﬁ7al) (F’H/MB?/ELI)

while the oplax functor £/ : F | F' — F | B in the second one acts on cells through
the application of F’ to the last components

— = B —_
(CLO,fO,CLé}) U(a’a/) (alaflaa/1> — (a07f07F/a6) U(O‘?Flal) (a/laflaF/a’g_)'
- = —_ >

(E)B7ﬂ/) (E’B’F/ﬂ/)
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At any pair of composable 1-cells in F' | F" as in (4.6), their respective structure
constraints for the composition are the 2-cells

(Fupuns Lo ) = Fug, Bo,ub) o F(uy, Bi,u)) = F ((ug, B2, ub) o (uy, Br,u})),

2771

(1u20u17 ﬁ;é,ull) : F/((u% 527 uIQ) o (ulv 617 ull)) = F/(u% 527 uIQ) © Fl(ula /817 u/1)7
and, at any object (a, f,a’) of F'|F’, their respective constraints for the identity are
(Fas11,) Loy = Flaay, (s Fo) : Flla oy = 1,

Although neither the category of bicategories and lax functors nor the category of
bicategories and oplax functors have pullbacks in general, the following fact holds.

Lemma 4.2 (i) The first square in (4.10) is a pullback in the category of bicategories
and lax functors.

(ii) The second square in (4.10) is a pullback in the category of bicategories and
oplaz functors.

Proof: (i) Any pair of lax functors L : D — A and M : D — B | F’ such that
FL = PM determines a unique oplax functor N : D — F [ F’

such that PN = L and FN = M, which is defined as follows: The lax functor M
carries any object d € ObD to an object of B| F' which is necessarily written in the
form M(d) = (FL(d), f(d),d’(d)), with a’(d) an object of A" and f(d) : FL(d) —
F'd/(d) a 1-cell in B. Similarly, for any 1-cell h : dy — dy in D, we have M (h) =
(FL(h),B(h),u'(h)) for some 1-cell u'(h) : a'(dy) — a’(dy) in A" and some 2-cell

FL(do) "L Pr(ay)

f(do)i Bl lf(dl)

/1 /1
Fla (do) F4>’u’(h)F a (dl),

in B, and for any 2-cell v : hg = hy in D, we have M(vy) = (FL(v),d(v)), for some
2-cell &/ () : v/ (ho) = u/(hy) in A’. Also, for any object d and any pair of composable
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1-cells hq : dg — dq and ho : di — do in D, the attached structure 2-cells of M can be
respectively written in a similar form as

— ~

Md = (F(Ld) . F\L(d)a azl) : 1M(d) = M(ld),
Mpyhy = (F(Lng,hy) - FL(ha),L(hy)s Ohy py) + M (h2) 0 M(h1) = M(h o ha),

for some 2-cells @}, ,, and @) in A". Then, the claimed N : D — F'| F" is the lax
functor which acts on cells by

(L(h),B(h),u’ (h))

h
X\ N IA ,
do\ujdl = (L(do), f(do),a'(do)) WL(.«'() (L(d1), f(d1),ad (d1))
— \—/
h (L(R),B(R). ()

and its respective structure 2-cells, for any object d and any pair of composable 1-cells
h1:d0—>d1 anth:d1—>d2 inD, are

Ni = (La, @) : Ing) = N(la),
Nhahy = (Lig,hys @y py) 2 N(h2) 0 N(h1) = N(hg o hy).

The proof of (ii) is parallel to that given above for part (i), and it is left to the
reader. O

4.2.4 The homotopy-fiber bicategories.

For any 0O-cell b € B, we also denote by b : [0] — B the normal homomorphism such
that b(0) = b, and whose structure isomorphism is I : 1, ® 1 = 1. Then, we have the
bicategories?

- F b, for any lax functor ' : A — B.
- bl F’, for any oplax functor F’ : A’ — B.

-blB:=0b|1p,and Blb:=15lb.
Given F and F' as above, any 1-cell p : by — by in B determines 2-functors
ps i Flbg — Flby, p*:blF — byl F, (4.11)

respectively given on cells by

(u,B) (u,pOB)
(ao, fo) Yo (a1, f1) 2> (ag,pofo) Ya (a1,po f1),
(@,8) (u,pOB)

1As we mentioned before these bicategories are isomorphic to the bicategories F| ; defined in
Chapter 3
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(Bu') (BOp,u’)
(fo,ap) Vo' (f1,a,) F= (foop,a)) Ua' (f1op,a)),
(B.u) (Bop, ')

where, for any (u,3) : (ag, fo) — (a1, f1) in F by and (B,u') : (fo,ay) — (f1,4a}) in
by L F’, the 2-cells p ® 8 and 3 @ p are respectively obtained by pasting the diagrams

Fag —% Fa; by ——= by
NN
pOB: by—by Bop: by —=b
Db T e
by ——= b Flaj — P F'a}

that is,

lol—1

8= (10 (pofo) = po fo = po (1o fo) =2 po(fio Fu) & (po fi) o Fu),

Bop= (Fu'o(fyop) & (F'o fo)op 22 (fio1)op 2 frop = (fiop)ol).

4.2.5 Classifying spaces of bicategories.

Briefly, let us recall® from [41, Definition 3.1] that the classifying space BB of a
(small) bicategory B is defined as the geometric realization of the Grothendieck nerve
or pseudo-simplicial nerve of the bicategory, that is, the pseudo-functor from A to
the 2-category Cat of small categories

NB: AP — Cat, [p]— | | B(bp-1,bp) x B(bp—2,bp1) x -+ x B(bo,b1), (4.12)
(bO’ 7bp)

whose face and degeneracy functors are defined in the standard way by using the
horizontal composition and identity morphisms of the bicategory, and the natural iso-
morphisms d;d; = d;_1d;, etc., being given from the associativity and unit constraints
of the bicategory (see Theorem 4.9 in the Appendix, for more details). Thus,

BB =B [\NB

is the classifying space of the category [ ANB obtained by the Grothendieck construc-
tion® [73] on the pseudofunctor NB. In other words, BB = [N [, NB| is the geometric
realization of the simplicial set nerve of the category [\NB. When B is a 2-category,
then BB is homotopy equivalent to Segal’s classifying space [111] of the topological

5Also see Chapter 2.
5See Section 3.3 in Chapter 3.
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category obtained from B by replacing the hom-categories B(z,y) by their classifying
spaces BB(x,y), see [41, Remark 3.2].

In [41, §4], it is proven that the classifying space construction, B — BB, is a
functor B : Hom — Top, from the category of bicategories and homomorphisms to
the category Top of spaces (actually of CW-complexes). In this chapter, we need the
extension of this fact stated in part (i) of the lemma below.

Lemma 4.3 (i) The assignment B — BB is the function on objects of two functors
into the category of spaces

B

Lax Top B opLax ,
where Lax (resp. opLax) is the category of bicategories with lax (resp. oplaz) functors
between them as morphisms.

(1) If F\G : B — C are two lax or oplax functors between bicategories, then
any lax or oplax transformation between them « : F = G determines a homotopy,
Ba : BF = BG : BB — BC, between the induced maps on classifying spaces.

Proof: 1t is given in the Appendix, Corollaries 4.5 and 4.7. O

Other possibilities for defining BB come from the geometric nerves of the bicate-
gory, first defined by Street [117] and studied, among others, by Duskin [58], Gurski
[74] and Carrasco, Cegarra, and Garzén [41]; that is, the simplicial sets

A'B: A? — Set, [p] — NorLax([p], B),
AB: A’ — Set, [p] — Lax([p], B), (4.13)
VuBB 1 A? — Set, [p] = NorOpLax([p], B), .

]

VB :A? — Set, [p] — OpLax([p], B),

whose respective p-simplices are the normal lax, lax, normal oplax, and oplax functors
from the category [p| into the bicategory B. In the Homotopy Invariance Theorem
[41, Theorem 6.1] the existence of homotopy equivalences

IA'B| ~ |AB| ~ BB ~ |VB| ~ |V.B], (4.14)

it is proven, but their natural behaviour is not studied. Since, to establish the results in
this chapter, we need to know that all the homotopy equivalences above are homotopy
natural, we state the following

Lemma 4.4 For any bicategory B, the first homotopy equivalence in (4.14) is natural
on normal lax functors, the second one is homotopy natural on lax functors, the third
one is homotopy natural on oplax functors, and the fourth one is natural on normal
oplaz functors.
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Proof: By [41, Theorem 6.2], the homotopy equivalence |A"B| ~ |AB]| is induced on
geometric realizations by the inclusion map A"B < AB. Therefore, it is clearly natural
on normal lax functors between bicategories. Similarly, the homotopy equivalence
|VuB| =~ |VB]| is natural on normal oplax functors. The proof for the other two is
more complicated and is given in the Appendix, Corollary 4.6. Il

4.3 Inducing homotopy pullbacks on classifying spaces

Quillen’s Theorem B [109] provides a sufficient condition on a functor between small
categories F' : A — B for the classifying space B(F' | b) to be a homotopy-fiber over
the 0-cell Bb € BB of the induced map BF' : BA — BB, for each object b € ObB.
The condition is that the maps Bp, : B(F'[b) — B(F V') are homotopy equivalences
for every morphism p : b — b’ in the category B. That condition was referred to by
Dwyer, Kan, and Smith in [60, §6] by saying that “the functor F' has the property
B” (see also Barwick, and Kan in [13, 14]), and by Cisinski in [55, 6.4.1] by saying
that “the functor F' is locally constant”. To state our theorem below, we shall adapt
that terminology to the bicategorical setting, and we will say that

(B;) a laz functor between bicategories F' : A — B has the property By if, for any
1-cell p : by — by in B, the 2-functor p, : F by — F | by in (4.11) induces a
homotopy equivalence on classifying spaces, B(F'] by) ~ B(F |b;).

(Bo) an oplaz functor between bicategories F' : A" — B has the property B, if, for
any l-cell p : by — by in B, the 2-functor p* : by L F' — by} F’ in (4.11) induces
a homotopy equivalence on classifying spaces, B(b1} F') ~ B(bg] F’).

The main result in this chapter can be summarized as follows:

Theorem 4.1 Let A-~B< A" be a diagram of bicategories, where F' is a lax
functor and F' is an oplax functor (for instance, if F and F' are any two homomor-
phisms).

(i) There is a homotopy BF BP = BF'BP’, so that the square below, which is
induced by (4.8) on classifying spaces, is homotopy commutative.

B(FLF) B By
BP\L = \LBF/ (415)
BA—2E - BB

(i4) Suppose that F has the property B; or F' has the property B,. Then, the
square (4.15) is a homotopy pullback.

Therefore, by Dyer and Roitberg [61], for each a € ObA and o' € ObA" such that
Fa = F'a' there is an induced Mayer-Vietoris type long exact sequence on homotopy
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groups based at the 0-cells Ba of BA, BFa of BB, Ba' of BA', and B(a,1,d’) of
B(FLF'),

<+ = 1 BB— 71, B(FlF')—7m,BA X 1,BA — n,BB — - --

- > mB(FLF') —mBAx mBA — mBB — myB(F|F') — mo(BA x BA).

(tit) If the square (4.15) is a homotopy pullback for every F' = b : [0] — B,
b € ObB, then F has the property B;. Similarly, if the square (4.15) is a homotopy
pullback for any F =0b:[0] — B, b € ObB, then F' has the property B,.

The remainder of this section is devoted to the proof of this theorem. We shall
start by recalling Lemma 3.7 from Chapter 3:

Lemma 4.5 For any object b of a bicategory B, the classifying spaces of the comma
bicategories BLb and bl B are contractible, that is, B(B|b) ~ pt ~ B(b] B).

We also need the auxiliary result below. To state it, we use that, for any given
diagram F' : A — B+ A’ : F', with F a lax functor and F’ an oplax functor, and for
each objects a of A and a’ of A’, there are normal homomorphisms

FalF 2o p| <L FlFW, (4.16)
where J acts on cells by
Bu) (Lant(Byu'),u’)
—_— J , e ,
(f07a6) Yo’ (flaall) — (CL, f07a0) $(La%) (a7 f17a1)7
\_J v
(B:ﬂ/) (lavz(ﬂﬂﬁ/)v’a/)

where, for any 1-cell (8,v) : (fo,a() — (f1,4a}) in Fal F', the 2-cell (8, u’) is defined
as the composite

z(ﬁ,u’) = (FI’U,/OfO :ﬂ> flolpa gg floFla),

51#1) (527%)

and whose constraints, at pairs of 1-cells (fo,a() —= (f1,a}) —=(f2,ab) in FalF',

are the 2-cells of F'| F’
(llm 1u’20u/1) : (1a © 1&7Z(525u/2) © Z(ﬁlaull)a ul2 ° ull) = (1a72(/82 © B, u,2 © u/1)>ul2 o ull)

Similarly, J’ acts by

(u,ﬁ) (uﬂ'/(u’ﬂ))la’)
— g , — ,
(a07f0) Yo (alafl) — (a’vaO:a) $e1) (a'laflaa)a

(@,5) (@,2(@,8),1,1)



4.3. Inducing homotopy pullbacks on classifying spaces 179

where, for any 1-cell (u, 8) : (ao, fo) — (a1, f1) in F ] F4a, the 2-cell /(u, 3) is defined
as the composites

Z/(U,,B) = (F,]-a’ o fo g 1F’a’ o fO :/8> f1 e} FU),
(u1,81) (u2,82)

and whose constraints, at pairs of 1-cells (ag, fo) —= (a1, f1) —= (a2, f2) in F [ Fd’,
are the 2-cells of F'| F’

(1uQOu17l1a/) : (UQ o ulazl(uQaﬁQ) © Z/(ulaﬁl)v 1a’ o la/) = (u2 ou, Z/(UQ o ulvﬁ? © 61)7 1a’)~

Lemma 4.6 Let ALBJA’ be any diagram of bicategories, where F' is a lax
functor and F' is an oplax functor.

(i) If A is a category with an initial object o, then the homomorphism J in (4.16)
induces a homotopy equivalence on classifying spaces, B(Fol F') ~ B(F [ F").

(13) If A’ is a category with a terminal object 1, then the homomorphism J' in
(4.16) induces a homotopy equivalence on classifying spaces, B(F | F1) ~ B(F | F").

Proof: We only prove (i) since the proof of (i7) is parallel. Let (a) : 0 — a be the unique
morphism in A from the initial object to a. There is a 2-functor L : F | F' — Fol F’
given on cells by

(u,B,u’) (L(u,B,u"),u’)
s —

(ag, fo,apy) 1) (a1, f1,a}) K (foo Flao),ap) 4o’ (fioF(a1),a),
— T—
(u,8,2) (L(u,B,a’),a")

where, for any 1-cell (u, 3,v) : (ao, fo,ay) — (a1, fi,a}) of F' L F’, {(u,,u') is the
2-cell of B obtained by pasting the diagram

Fo _1 . Fo
F<ao>i r_:sl'F iﬂal)

Uu, B,y :  Fag—"% Fay
foi g iﬁ

that is,
s B, ) = ('l o (fy 0 Flao)) &= (F'u' o fo) o Flao) 22 (f1 o Pu) o Flag) =2
fio (Fuo Flag)) 25 fi o Fuo (ap)) = fy o Flar) %= (f1 0 Fla)) o 1).
In addition, there are two pseudo-transformations

1F0¢F/:>LJ, JL:>1F¢F/.
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The first one has as a component, at any object (f,a’) of FolF’, the 1-cell

(n(f,d"), 1) : (f,d') = (f o Flp,a'),

n(fd) = (Flyo fo lpgof = 25 folp ™ fo Fly ™ (fo Fly) o 1)

while its naturality component, at any 1-cell (8,u’) : (fo,a() — (f1,a}) of Fol F’, is
given by the canonical isomorphism ™' -7 : 4/ o Ly =1y 0,

(Bu)
(an CL(])

(le l

Fl,.d!
(foro Flo, a0) —g G

(fla all)
r l(nvl)
/) (floFl()?a{l_)'

IR

As for the pseudo-transformation JL = 1g v, it associates to an object (a, f,a)
in F'[F’ the 1-cell

(@) e(a. f.a"). 1) : (0. f o Fla),a) = (a, f. )
ea, f,a') = (F'ly o (fo F(a)Z2 1pig o (f o Fla)) = f o Fla))

while its naturality component, at a 1l-cell (u,S,u') : (ao, fo,ay) — (a1, f1,a}) of
FLF is

(10 7l(€(uvﬁvul) 7ul) 7u,)

(07fOOF<CL0>,(16) (0,f10F<(11>,(L,1)
((a()},e,l)l (Lt l«al),@l)

(a07f07a6) (alvflﬂall)'

(U,B,ul)

Therefore, owing to Lemma 4.3, there are homotopies BJBL = lpp p) and
1B(royrry = BL BJ making BJ a homotopy equivalence. O
As we will see below, the following result is the key for proving Theorem 4.1.

Lemma 4.7 (i) If an oplax functor F' : A" — B has the property B,, then, for any
lax functor F : A — B, the commutative square

B(FLF') BL BBLF)
BPi l/BP (417)
BA—>F . BB,

induced by the first square in (4.10) on classifying spaces, is a homotopy pullback.
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(i) If a lax functor F' : A — B has the property By, then, for any oplax functor
F': A — B, the commutative square

B(F|F) B2 A
BF/\L iBF’ (4.18)
B(F|B) 22 BB,

induced by the second square in (4.10) on classifying spaces, is a homotopy pullback.

Proof: Suppose that F’ : A" — B is any given oplax functor having the property B,.
We will prove that the simplicial map AP : A(B| F’) — AB, induced on geometric
nerves by the projection 2-functor P : BLF’ — B in (4.9), satisfies the condition (i)
of Lemma 4.1. To do so, let x : [n] — B be any geometric n-simplex of B. Thanks to
Lemma 4.2 (i), the square

x|F X~ B|F
Pl ip
[n]| —— B

is a pullback in the category of bicategories and lax functors, whence the square
induced by taking geometric nerves

A(x|F) 25 A(BLF')

ar| |ar

Aln] —2* ~ AB

is a pullback in the category of simplicial sets. Therefore, AP71(Ax) = A(x|F').
Furthermore, for any map o : [m| — [n] in the simplicial category, the diagram of lax
functors

xo | F' o
P S a——

ez |
ag
) —=>5
is commutative, whence the induced diagram of simplicial maps

A(xo [ F")

‘/ N
AP

Ax[F) — = ABLF)

AP

\
m A[@ AB

Alm] ___A(xo) lAP
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is also commutative. Consequently, the diagram below commutes.

AP Y AxAc) —= AP }(Ax)

~l i~

A(xo [ F') —27 ~ A(x|F")

Therefore, it suffices to prove that the lax functor  : xo | F/ — x| F’ induces a
homotopy equivalence on classifying spaces, B(xo | F') ~ B(x ] F’). But note that we
have the diagram

xo0F' —L = xo | F'
x(O,aO)*i 4 ia
X0 F' —L = x| F'

where the homomorphisms J are given as in (4.16), and @ is the pseudo-transformation
that assigns to every object (f,a’) of xa0| F’ the 1-cell of x| F’

((0,00),0(f,a’),14) : (0, f 0x(0,00),a’) = (50, f,d’),

where the 2-cell of B
x(0,00)
x0 ————>x00

fox(o,oml 6(£) lf

Fla/ Fla/
F'1,

is the composite

0(f,a") = (F'ly o (f ox(0,00)) Ho 1prar o (f 0x(0,00)) L7 0x(0,00)),
and its naturality component at any 1-cell (8,4') : (fo,ay) = (f1,a})

((0,0),2(Bex(0,00),u’),u’)

(OafO OX(0,0‘O),CLE)) (07f1 OX(O,O’O),(Z’I)
((0700),9(fo,a6),1a6)i (1) l((o,cro»oul,aa),la/l)

(007 fO)aE)) (O-Oaflaall)

((60,00),2(B,u"),u’)

is given by the canonical isomorphism I=! -7 : v/ o ly =140 u’ in A’. Therefore, by
Lemma 4.3, the induced square on classifying spaces

B(xc0] F') 2~ B(xo | F)
BX(OJO)*\L ]zg lBa

B(x0|F') 2L~ B(x| F")
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is homotopy commutative. Moreover, by Lemma 4.6(7), both maps BJ in the square
are homotopy equivalences and, since the oplax functor F’ has the property B,, the
map Bx(0,00)* : B(xc0 | F') — B(x0 | F’) is also a homotopy equivalence. It
follows that the remaining map in the square has the same property, that is, the map
Bg : B(xo | F') ~ B(x] F’) is a homotopy equivalence, as required.

Suppose now that F': A — B is any lax functor. Again, by Lemma 4.2(i), the first
square in (4.10) is a pullback in the category of bicategories and lax functors, whence
the square induced by taking geometric nerves

A(FLF) AL ABLF)
APi iAP (4.19)
AA—2E L AB

is a pullback in the category of simplicial sets. By what has been already proven
above, it follows from Lemma 4.1 (i7i) that the commutative square

aFLF) 2L AL B(FLF) -BE-B(BLF)
(4.14)
IPIl ar lIPI ~ BPJ( J{BP

IAA |AB] BA—2L . BB

is a homotopy pullback. This completes the proof of part (i) of the lemma.

The proof of part (iz) follows similar lines, but using the geometric nerve functor
V instead of A as above. Thus, for example, given any lax functor F': A — B having
the property B;, we start by proving that the simplicial map VP’ : V(F | B) — VB
satisfies the condition (7) in Lemma 4.1, which we do by first getting natural simplicial
isomorphisms VP'~1(Vx') = V(F | x'), for the different oplax functors x’ : [n] — B
(i.e., the simplices of VB), and then by proving that any simplicial map o : [m] — [n]
induces a homotopy equivalence B(F | x'c) ~ B(F | x). Here, we need to use the
homomorphisms J' : F|x'n — F | x’ in (4.16), which induce homotopy equivalences
on classifying spaces by Lemma 4.6 (ii), and the existence of a pseudo-transformation
0 :5J = J x'(om,n)., which assigns to every object (a, f) of F'|x'om the 1-cell
(1a,8'(a, f), (om,n)) : (a, f,om) = (a,x'(cm,n) o f,n), where

¢'(a, f) = (x'(om,n)o f L (x'(om,n) o f)olp, g (x'(om,n)o f)o Fl,).

Using Lemma 4.2 (ii) therefore, we deduce that, for any lax functor F’ : A" — B, the
square

V(FLF) X v
vﬁ'l VF!
V(FIB) Y- VB,
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is a pullback in the category of simplicial sets which, by Lemma 4.1, induces a homo-
topy pullback square on geometric realizations. It follows that (4.18) is a homotopy
pullback. 0

With the corollary below we will be ready to complete the proof of Theorem 4.1.

Corollary 4.1 (i) For any lax functor F : A — B, the projection 2-functor P :
F|B — A induces a homotopy equivalence on classifying spaces, B(F | B) ~ BA.

(i1) For any oplax functor F' : A" — B, the projection 2-functor P’ : BLF' — A’
induces a homotopy equivalence on classifying spaces, B(BLF') ~ BA’.

Proof: Once again we limit ourselves to proving (7). Let F': A — B be a lax functor.

The identity homomorphism 15z : B — B has the property B, since, for any object
b € ObB, the classifying space of the comma bicategory b] B is contractible, by Lemma
4.5. Therefore, Lemma 4.7 (i) applies to the case when F’ = 15, and tells us that the
induced commutative square

B(FLB) -2 B(BLB)

b |

BA— B BB

is a homotopy pullback. So, it is enough to prove that the map BP : B(B|B) — BB
is a homotopy equivalence. To do so, let b be any object of B, and let us particularize
the square above to the case where F' = b : [0] — B. Then, we find the commutative
homotopy pullback square

B(b)B) 22~ B(B|B)

BPJ/ |

pt Bb BB,

where, by Lemma 4.5, the left vertical map is a homotopy equivalence. This tells us
that the different homotopy fibers of the map BP : B(B]B) — BB over the 0-cells of
BB are all contractible, and consequently BP is actually a homotopy equivalence. [

We can now complete the proof of Theorem 4.1:

For any diagram AL gy , where F is a lax functor and F’ is an oplax
functor, the square (4.15) occurs as the outside region in both of the following two
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diagrams:
BP/
B(FLF) B BB F) B~ A/ B(FLF) 2~ BA/
Bpi (4.17) Bpl By lBF/ Bpli (4.18) iBF,

BA—2F BB—5 . BB BP :B(FUS’)%BB = |BF

\i/ BPi By’ lBlB

BF

BA BB

BF
(4.20)
where the inner squares with the homotopies labelled Bw and Bw’ are the particular
cases of the squares (4.15) obtained when F' = 1 and when F’ = 1p, respectively.
The homotopies are respectively induced, by Lemma 4.3, by the oplax transformations

T

BIF 2o x FiBY -

! B
Pl = lF’ Pi U:J; ils
B—5 .5 AT .nB

which are defined as follows: The oplax transformation w associates to any object
(b, f,a') of BLF’' the 1-cell f : b — F'd’, and its naturality component at any 1-cell
(p, B,u') = (bo, fo,ap) — (b1, f1,a}) is the 2-cell B : F'u' o fo = f1 o p. Similarly, o’
associates to any object (a, f,b) of F'| B the 1-cell f : Fa — b, and its naturality
component at any 1l-cell (u,,p) : (ao, fo,bo) — (a1, f1,b1) is B : po fo = f1 o Fu.
Since, by Corollary 4.1, both maps BP’ : B(BL{F’') — BA" and BP : B(F | B) — BA
are homotopy equivalences, both squares are homotopy pullbacks. The other inner
squares are those referred to therein.

The above implies the part (i) of Theorem 4.1 and, furthermore, it follows that
the square (4.15) is a homotopy pullback whenever one of the inner squares (4.17) or
(4.18) is a homotopy pullback. Therefore, Lemma 4.7 implies part (ii).

For proving part (iii), suppose a lax functor F' : A — B is given such that the
square (4.15) is a homotopy pullback for any F' = b : [0] — B, b € ObB. It follows
from the diagram on the left in (4.20) that the inner square (4.17)

B(F1b) -2 B(B1b)

or| |

BA— BT . BB
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is a homotopy pullback for any object b € B. Then, if p : by — by is any 1-cell of B,
since we have the commutative diagram

BF

B(F ] bo) - B(B1bo) -
\ _ BP .

BP B(F b)) -2 B(B1by)
BA‘A BF BBA

we deduce that the square

B(F Lby) 2"~ B(B L)
Bp*l Bp«

B(FLby) 22~ B(B b))

is also a homotopy pullback. Therefore, as B(B | by) ~ pt ~ B(B | b;), by Lemma

4.5, we conclude that the induced map Bp, : B(F | by) ~ B(F' | b1) is a homotopy

equivalence. That is, the lax functor F' has the property B;. O
As a corollary, we obtain again Theorems 3.2 and 3.3:

Corollary 4.2 (i) If a lax functor F : A — B has the property By then, for every
object b € B, there is an induced homotopy fiber sequence

B(F|b) 2 BA-BE BB.

(i3) If an oplax functor F' : A" — B has the property B, then, for every object
b € B, there is an induced homotopy fiber sequence

B(b|F') 2L A BEL BB,

Proof: Tt follows from Theorem 4.1, by taking F’ = b: [0] — B to obtain part (i) and
F =b:[0] — B for part (7). O

Corollary 4.3 (i) Let F : A — B be a lax functor such that the classifying spaces of
its homotopy-fiber categories are contractible, that is, B(F | b) ~ pt for every object
b € B. Then, the induced map on classifying spaces BF : BA — BB is a homotopy
equivalence.

(1) Let F' : A" — B be an oplaz functor such that the classifying spaces of its
homotopy-fiber categories are contractible, that is, B(b | F') ~ pt for every object
b € B. Then, the induced map on classifying spaces BF' : BA' — BB is a homotopy
equivalence.
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Next we study conditions on a bicategory B in order for the square (4.15) to always
be a homotopy pullback. We use that, for any two objects b, V' of a bicategory B,
there is a diagram
B(b,b') —[0]
l X ib’ (4.21)
0] ——B,
in which « is the lax transformation defined by ~f = f, for any 1-cell f: b — ' in B,

and whose naturality component at a 2-cell 3 : fo = f1, for any fo, f1 : b — U, is the
—1

l r
composite 2-cell 7g = (lb/ o fo = fo :B> fi & fro 1b).

Theorem 4.2 The following properties of a bicategory B are equivalent:

(i) For any diagram of bicategories A Ly , where F' is a lax functor and
F' is an oplaz functor, the induced square (4.15)

B(FLF) B2 o
BPi = BF'

BA—BY . BB

is a homotopy pullback.
(13) Any lax functor F : A — B has the property B.
(i4i) Any oplax functor F' : A" — B has the property B,.

(iv) For any object b and 1-cell p : by — by in B, the functor p, : B
induces a homotopy equivalence on classifying spaces, BB(b, by

—~

b, by) — B(b,b1)
~ BB(b, by).

~—

(v) For any object b and 1-cell p : by — by in B, the functor p* : B
induces a homotopy equivalence on classifying spaces, BB(b1,b

—~

bl,b) — B(bo,b)

~—

(vi) For any two objects b,b' € B, the homotopy commutative square

BB(b, V') — pt

| |

pt Bb BB,

induced by (4.21), is a homotopy pullback. That is, the whisker map
BB(b,b') = {v: I — BB | ~(0) = Bb,v(1) = BV} C BB!

s a homotopy equivalence.
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Proof: The implications (i) < (ii) < (iii) are all direct consequences of Theorem
4.1. For the remaining implications, let us take into account that, for any objects
b,V € B there is quite an obvious isomorphism of categories b b’ = B(b, V). With this
identification in mind, we see that the homomorphism b : [0] — B has the property
By (resp. B,) if and only if, for any 1-cell p : by — by in B, the functor p, : B(b,by) —
B(b,b1) (resp. p* : B(b1,b) — B(bg, b)) induces a homotopy equivalence on classifying
spaces. Therefore, the implications (i) = (iv) and (i73) = (v) are clear.
Furthermore, we see that the square in (vi) identifies the square

B(b1b') BE BJo]

BP\L = iBb’
Bb
B[O] ——= BB.

Then, for b fixed, it follows from Theorem 4.1 that the square in (vi) is a homotopy
pullback for any b’ if and only if b : [0] — B has the property By, that is, the equivalence
of statements (vi) < (iv) holds.

Finally, to complete the proof, we are going to prove that (iv) = (7i7) and we shall
leave it to the reader the proof that (v) = (ii) since it is parallel. By hypothesis,
for any object b € ObB, the normal homomorphism b : [0] — B has the property B;.
Then, by Theorem 4.1 (i7), for any oplax functor F’ : A" — B the square

B(b) F') B B

BP\L = BF'
Bj0] —22~ BB

is a homotopy pullback for any object b € B. Therefore, by Theorem 4.1 (4ii), F’ has
the property B,. O
We can state that

(B) a bicategory B has the property B if it has the properties in Theorem 4.2.

For example, bigroupoids, that is, bicategories whose 1-cells are invertible up to
a 2-cell, and whose 2-cells are strictly invertible, have the property B: If B is any
bigroupoid, for any object b and 1-cell p : by — by in B, the functor p* : B(by,b) —
B(bg,b) is actually an equivalence of categories and, therefore, induces a homotopy
equivalence on classifying spaces Bp* : BB(b1,b) ~ BB(bg,b). Recall that, by the
correspondence B — BB, bigroupoids correspond to homotopy 2-types, that is, CW-
complexes whose n*® homotopy groups at any base point vanish for n > 3 (see Duskin
[58, Theorem 8.6]).
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Corollary 4.4 7 If a bicategory B has the property B, then, for any object b € B,
there is a homotopy equivalence

(BB, Bb) ~ BB(b, b) (4.22)

between the loop space of the classifying space of the bicategory with base point Bb and
the classifying space of the category of endomorphisms of b in B.

The above homotopy equivalence is already known when the bicategory is strict,
that is, when B is a 2-category. It appears as a main result in the paper by Del Hoyo
[84, Theorem 8.5], and it was also stated at the same time Cegarra in [43, Example
4.4]. Indeed, that homotopy equivalence (4.22), for the case when B is a 2-category,
can be deduced from a result by Tillmann about simplicial categories in [121, Lemma
3.3].

4.3.1 Homotopy pullbacks of 2-categories.

As we recalled in the introduction, the category 2-Cat of (strict) 2-categories and 2-
functors has a Thomason-type Quillen model structure [2, Théoreme 6.27], such that
the classifying space functor is equivalence of homotopy theories between 2-categories
and topological spaces [2, Corollaire 6.31]. Thus, in this model category, a 2-functor
F: A — Bis a weak equivalence if and only if the induced map on classifying spaces
BF : BA — BB is a homotopy equivalence, and a commutative square in 2-Cat

!/

C A
GJ/ lF’ (4.23)

AL .p

G/

P

is a homotopy pullback if and only if the induced on classifying spaces

BC -BCL BA/
Bcl lBF/ (4.24)
BA -2, BB

is a homotopy pullback of spaces (see Remark 4.1). This is, for example, the case
when F' or F’ in (4.23) is a fibration, C = A xg A’ is the pullback 2-category, and G
and and G’ are the respective projection 2-functors.

Our result in Theorem 4.1 has a natural interpretation in this setting as below. Ob-
serve that, when F and F’ are 2-functors between 2-categories as above, the homotopy-
fiber product bicategory F | F’ as well as the homotopy-fiber bicategories F | b are
actually 2-categories.

"This is also Example 3.3.
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Proposition 4.1 Let (4.23) be a commutative square in 2-Cat. Suppose the 2-
functor F' has property B;. Then the square is a homotopy pullback in the model
category 2-Cat (with the ‘Thomason’ model structure) if and only if the canonical
2-functor

V.C FLF
. (Gh,1,G'h)
— T
¢ ta ¢ e (Ge,1,G'c) WGa,G'a) (G, 1,G'd),
\_/j \_/
h (GH 1,G'H)

is a weak equivalence of 2-categories.

Proof: The square (4.24) is the composite of the induced squares

BC 2V B(r ) B2 B/
BGi Bpl = lBF’ (4.25)

BA———BA 2% . BB,

where the right square is (4.15). In effect, one easily verifies that PV = G and P'V =
G’'. Further, the homotopy BFBP = BF’ BP' is induced by the oplax transformation
w: FP = F'P' with w(a, f,d’) = f : Fa — Fd/, and whose naturality component at
any 1-cell (u, 8,vu) : (ao, fo,ah) — (a1, f1,a}) is the 2-cell 8 : F'u’o fy = f10Fu. The
composite wV : FPV = FG = F'G'V = F'G’ is then the identity transformation,
whence BwBYV is the static homotopy on FG = F'G’.

Suppose now that F' has property By, so that the right square in (4.25) is a homo-
topy pullback of spaces, by Theorem 4.1. It follows that the composite square (4.24)
is a homotopy pullback if and only if the left square in (4.25) is as well. As the later
is a homotopy pullback if and only if the map BV is a homotopy equivalence, the
proposition follows. O

4.3.2 The case when both functors are lax.

For a diagram ALpfc , where both F' and G are lax functors, the comma
bicategory F'| G is not defined (unless G is a homomorphism). However, we can obtain
a bicategorical model for the homotopy pullback of the maps induced on classifying

spaces BA BE BB <BYBC as follows: Let

Fl,G:=F|P

be the comma bicategory defined as in (4.5) by the diagram .4 LN e 1 B,
where P’ is the projection 2-functor (4.9) (the notation is taken from Dwyer, Kan,
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and Smith in [60] and Barwick and Kan in [13, 14]). Thus, F'|, G has 0-cells tuples
(a, f,b, g, ¢), where Fa 2 b & Ge are 1-cells of B. A 1-cell

(u7l87p7 Blav) : (a()aanbOagOaCO) — (abfl:blaglacl)

in F'], G consists of 1-cells u : ap — a1, p: by — b1, and v : ¢ — ¢1, in A, B, and C,
respectively, together with 2-cells 3 and ' of B as in the diagram

FaongiGCO

Ful g pi g J{Gv

FGl?leGCl,

and a 2-cell

(u7ﬁ7p76/’v)
/’\.

(a0, fo,b0, 90, c0) Habp) (a1, f1,b1,91,c1),
\/
(@,8,p,3',v)
is given by 2-cells o : u = uin A, § : p= pin B, and p : v = ¥ in C, such that the
diagrams below commute.

dol _ dol _
po fo=—="=—=po fo pogy=—=—>pogp

I T

° lo _
floFu%floFﬁ glon:p>glon

There is a (non-commutative) square

Fl,a-%-c
q lG (4.26)
A—L B

where P and () are projection 2-functors, which act on cells of F'|, G by

(uMB’pMB/’v)

u — T v
ao\uj.[ﬂal < (a[)afo’bo)go’co) Hab,p) (al’fl’bl’gl’cl) = CO\U_p;/CI,
7 V v
(a,8,p,8' 0)

and we have the result given below.
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Theorem 4.3 Let A-2~B<%C bea diagram where F' and G are lax functors.
(i) There is a homotopy BF BP = BG BQ so that the square below, which is
induced by (4.26) on classifying spaces, is homotopy commutative.

B(Fl,G) 2% BC

| = |ao

BA—2C . BB

(ii) The square above is a homotopy pullback whenever F or G has property B;.

Proof: The part (i) follows from Theorem 4.1 (i) and the definition of F'|, G. For the
part (i1), since F'|, G =2 G|, F, it is enough, by symmetry, to prove the theorem when
F' has the property B;. In this case, we have the homotopy commutative diagram

BQ

B(F|,G) B B(G BB~ BC
Bpl (4.15) Bp/l (4.15) lBG
BA—2X BB~ BB

~_ =

BF

where, by Theorem 4.1, the inner squares (4.15) are both homotopy pullback. Then,
the outside square is also a homotopy pullback, as claimed. Il

4.4 Homotopy pullbacks of monoidal categories.

Recall [100, 110] that a monoidal category (M,®) = (M,®,1,a,l,r) consists of a
category M equipped with a tensor product ® : M x M — M, a unit object I, and
natural and coherent isomorphisms a : (m3®ma)®@mi = m3®@(mo®@my), L : Iom = m,
and r: m®I=m. Any monoidal category (M, ®) can be viewed as a bicategory
3M with only one object, say *, the objects m of M as 1-cells m : x — %, and the
morphisms of M as 2-cells. Thus, XM (x,*) = M, and the horizontal composition of
cells is given by the tensor functor. The identity at the object is 1, = I, the unit object
of the monoidal category, and the associativity, left unit and right unit constraints for
3M are precisely those of the monoidal category, that is, a, I, and r, respectively.
Furthermore, a monoidal functor F' = (F, F ): (N, ®) = (M, ®) amounts precisely to
a homomorphism LF : YN — M.

For any monoidal category (M, ®), the Grothendieck nerve (4.12) of the bicate-
gory XM is exactly the pseudo-simplicial category that the monoidal category defines
by the reduced bar construction (see Jardine [86, Corollary 1.7]), whose category of
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p-simplices is MP, the p-fold power of the underlying category M. Therefore, the clas-
sifying space of the monoidal category B(M,®) [86, §3] is the same as the classifying
space BEM of the one-object bicategory it defines [36], and thus the bicategorical re-
sults obtained above are applicable to monoidal functors between monoidal categories.
This, briefly, can be done as follows:

Given any diagram (N, ®) —> (M, ®) £ (M, ®) , where F and F” are monoidal
functors between monoidal categories, the “homotopy- fiber product bicategory’

FLF (4.27)

®
(the notation | is to avoid confusion with the comma category F'| F’ of the underlying

®
functors) has as 0-cells the objects m € M. A 1-cell (n, f,n’) : my — my of F | F’
consists of objects n € N and n’ € N/, and a morphism f : F'n’ ® mg — m; ® Fn in

®
B. A 2-cell in F | F’,

(n,fn')
RN
mo 'U(uzul) mq 3
V
(n,fn')

is given by a pair of morphisms, u:n — 7 in A and v/ : n — 7’ in A, such that the
diagram below commutes.

Fu®1

F'n' @ mg F'n' @ mo
q |7
m1 ® Fn Lok my o Fn

The vertical composition of 2-cells is given by the composition of morphisms in N

and N’. The horizontal composition of the 1-cells mq (o f1m) mq (2, f2.m3) mo is

the 1-cell

(n2 ® ny, fo ® f1,n5 @ nl) : my — ma,

F\'_1®1 a
f0fi=(Fmyen)ome = (FnheFni)@m= e (F'nj ©mo) %

—1
a

=

F'nl, ® (m ® Fny) (F’n'2®m1)®Fn1hﬁ}(m2®Fn2)®Fn1§
1

QF
me ® (FnaoFny) & me® F(na ® nl))7

and the horizontal composition of 2-cells is given by the tensor product of morphisms
in N and N’. The identity 1-cell, at any 0-cell m, is (I, L, I) : m — m, where

Fr-1g1 l 1 1QF

ln=(FTem = Iem=m = mel 2 me FI).
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®
The associativity, right, and left unit constraints of the bicategory F'| F’ are provided
by those of N' and N’ by the formulas

a(n31f31né)7(n27f27n/2)7(n11f11n/1) = (a’n37n27n1 ’ ané,né,n’l )7
l(n,f,n/) = (ln, ln’), T(n,f,n’) = (’I"n, ’I‘n/).
®
Remark 4.2 Let us stress that F | F’ is not a monoidal category but a genuine

bicategory, since it generally has more than one object.

In particular, for any monoidal functor F : (NM,®) — (M,®), we have the
homotopy-fiber bicategories (cf. [35])

Fl1 IF (4.28)

where we denote by I: ([0],®) — (M, ®) the monoidal functor that carries 0 to the
unit object I, and whose structure isomorphism is Iy = r1 : I® I 2 I. Every object
m € M determines 2-endofunctors

® ® ® ®
m@—:FlI1—>FlI, —@m:1|F—1]F

respectively given on cells by

(n7f) (n7m®f) (gﬂ'?/) (g@m,n’)

N\ me— — X\ N —m —
mog du m; = mmgy bu mRmy, mo Y mp = me@m ' MR m,

~ ~— ~—_ 7 —

(7, ) (#,mOf) (g.n") (gom,n’)

® ®
where, for any (n, f) : mg — mq in F [T and (g,n) : mg — my in I} F,

l 1171 -1
m@fz(l@(m@mo)’ém@mo = m®(I®mo)ﬁm®(m1®Fn) >~ (m®m1) ® Fn),

a ! r®1L rt

g@mz(Fn@(m()@m) = (Fn®m0)®m£®1> (mel)em = mem= (m @m)eIl).

We state that
(B;) the monoidal functor F has the property By if, for any object m € M, the
induced map B(m ® —) : B(Fil) — B(Fil) is a homotopy autoequivalence.
(By) the monoidal functor F has the property B, if, for any object m € M, the
induced map B(— ®@ m) : B(IiF) — B(IiF) is a homotopy autoequivalence.
Our main result here is a direct consequence of Theorem 4.1, after taking into
account the identifications B(M,®) = BXM, BF = BXF, F i ' = YF | XF,

® ®
FlI=%XF|x* and [ | F = x| XF, and the fact that a monoidal functor has the
property B; or B, if and only if the homomorphism X F' has that property. This result
is as given below.
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Theorem 4.4 (i) Suppose (N,®) L(M,®)<—F’(N’,®) are monoidal functors
between monoidal categories, such that F has the property B; or F' has the property
B,. Then, there is an induced homotopy pullback square

B @ - BP /
(FLF') ——=BWN' ®)
BPi = lBF’ (4.29)

BW,®) 2L B(M,®).

Therefore, there is an induced Mayer-Vietoris type long exact sequence on homotopy

groups, based at the 0-cells Bx of B(M,®), B(N,®), and B(N’,®) respectively, and
®

the 0-cell Bl € B(F | F'),

S T BM, @) —= 1 B(F | F') — BN, ®) x 1B\, @) — mnB(M, @) —

e — WlB(FiF/) 4>7T1B(N, ®) X 7T1B(N/,®) 4>7T1B(M,®) 4>7T0B(Fj)iF/) — 0.

(it) Given a monoidal functor F : (N,®) — (M,®), if the square (4.29) is a
homotopy pullback for every monoidal functor F' : (N',®) — (M, ®), then F has the
property By. Similarly, if F' is a monoidal functor such that the square (4.29) is a
homotopy pullback for any monoidal functor I, as above, then F' has the property B,.

Similarly, from Corollaries 4.2 and 4.3, we get the following extensions of Quillen’s
Theorems A and B to monoidal functors:

Theorem 4.5 Let F: (N,®) = (M, ®) be any monoidal functor.
(i) If F' has the property By, then there is an induced homotopy fiber sequence

B(F | 1) — BN, ®) — B(M, @).

(13) If F' has the property B,, then there is an induced homotopy fiber sequence

B(I| F) — B(N,®) — B(M, ®).

(#i2) If the classifying space of any of the two homotopy-fiber bicategories of F is

® ®
contractible, that is, if B(F | 1) ~ pt or B | F) ~ pt, then the induced map on
classifying spaces BF : BIN,®) ~ B(M, ®) is a homotopy equivalence.

For the last statement in the following theorem, let us note that there is a diagram
of bicategories
M —=[0]

~

2 (4.30)
0] — S M
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in which v is the lax transformation defined by ym = m : x — %, for any object

m € M, and whose naturality component at a morphism f : mg — mq, is the
l r1
composite 2-cell 7; = (I Q@ mo = mg = m; = myo I). Then, we have an induced

homotopy commutative square on classifying spaces

and a corresponding whisker map
BM — Q(B(M,®), ). (4.31)

Theorem 4.2 particularizes by giving
Theorem 4.6 The following properties of a monoidal category (M, ®) are equivalent:

(i) For any diagram of monoidal functors (N, ®) —> (M, ®) S (N, ®) , the in-
duced square (4.29)

B(F | F) 2L B, @)
BPJ/ = lBF’
BV, ®) I~ B(M, ).
is a homotopy pullback.
(it) Any monoidal functor F : (N,®) — (M, ®) has property B;.
(i13) Any monoidal functor F : (N, ®) — (M, ®) has property B,.

(iv) For any object m € M, the functor m @ — : M — M induces a homotopy
autoequivalence on the classifying space BM.

(v) For any object m € M, the functor — @ m : M — M induces a homotopy
autoequivalence on the classifying space BM.

(vi) The whisker map (4.31) is a homotopy equivalence
BM = Q(B(M, ®), %)

between the classifying space of the underlying category and the loop space of the
classifying space of the monoidal category.
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The implications (iv) = (vi) and (v) = (vi) in the above theorem are essentially
due to Stasheff [114], but several other proofs can be found in the literature (see
Jardine [86, Propositions 3.5 and 3.8], for example). When the equivalent properties
in Theorem 4.6 hold, we say that the monoidal category is homotopy regular. For
example, regular monoidal categories (as termed by Saavedra [110, Chap. I, (0.1.3)]),
that is, monoidal categories (M, ®) where, for every object m € M, the functor
m® — : M — M is an autoequivalence of the underlying category M, and, in
particular, categorical groups (so named by Joyal and Street in [88, Definition 3.1]
and also termed Gr-categories by Breen in [21, §2, 2.1]), that is, monoidal categories
whose objects are invertible up to an isomorphism, and whose morphisms are all
invertible, are homotopy regular.

4.5 Homotopy pullbacks of crossed modules

Thanks to the equivalence between the category of crossed modules and the category
of 2-groupoids, the results in Section 4.3 can be applied to crossed modules. To do so
in some detail, we shall start by briefly reviewing crossed modules and their classifying
spaces.

Recall that, if P is any (small) groupoid, then the category of (left) P-groups has
objects the functors P — Gp, from P into the category of groups, and its morphisms,
called P-group homomorphisms, are natural transformations. If G is a P-group, then,
for any arrow p : @ — b in P, we write the associated group homomorphism G(a) —
G(b) by g — Pg, so that the equalities 'g = g ,(®°P)g = 9(Pg), and P(g - ¢') = Pg - P¢’
hold whenever they make sense. Here, the symbol o denotes composition in the
groupoid P, whereas - denotes multiplication in G. For instance, the assignment to
each object of P its isotropy group, a — Autp(a), is the function on objects of a
P-group Autp : P — Gp such that Pq = pogop~!, for any p: a — b in P and
q € Autp(a). Then, a crossed module (of groupoids) is a triplet

(G,P,0)

consisting of a groupoid P, a P-group G, and a P-group homomorphism 0 : G — Autp,
called the boundary map, such that the Pfeiffer identity %9¢' = g - ¢’ - g~ holds, for
any g,9' € G(a), a € ObP.

When a group P is regarded as a groupoid P with exactly one object, the above
definition by Brown and Higgins [27] recovers the more classic notion of crossed
module (G, P,0) due to Whitehead and Mac Lane [101, 124], now called crossed
modules of groups. In fact, if (G, P,d) is any crossed module, then, for any object a
of P, the triplet (G(a), Autp(a), d,) is precisely a crossed module of groups.

Composition with any given functor F': P — Q defines a functor from the category
of Q-groups to the category of P-groups: (p : G — H) — (¢F : GF — HF). For
the particular case of the Q-group of automorphisms Autg, we have the P-group
homomorphism F' : Autp — Autg F', which, at any a € P, is given by the map
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Autp(a) — Autg(Fa), ¢ — Fgq, defined by the functor F'. Then, a morphism of
crossed modules

(0, F): (G, P,0) = (H,Q,0)

consists of a functor F': P — Q together with a P-group homomorphism ¢ : G — HF
such that the square below commutes.

g 9 Autp

| |7

HF -2 AutgF.

The category of crossed modules, where compositions and identities are defined in
the natural way, is denoted by Xmod. Let us now recall from Brown and Higgins [28,
Theorem 4.1] that there is an equivalence between the category of crossed modules
and the category of 2-groupoids

£ : Xmod = 2-Gpd, (4.32)

which is as follows: Given any crossed module (G, P, d), P is the underlying groupoid
of the 2-groupoid 3(G, P, d), whose 2-cells

p
X\

ay Vg aq
~——+7

P

are those elements g € G(ag) such that po dg = p. The vertical and horizontal
composition of 2-cells are, respectively, given by

p P
P1 P2 P20p1
m . SN —\ o 7 X
ag —>p—=>a1 +— ag Vg9 a1, ap Vg1 a1 Vg2 a2 — ag_|P1gyq G2
~ Y5 _~ ~_ 7 ~—7  — ~_
B b P p2 P20p1

A morphism of crossed modules (¢, F') : (G,P,0) — (H,Q,0) is carried by the
equivalence to the 2-functor B(¢, F') : 5(G,P,0) — B(H, Q,0) acting on cells by

P Fp
X\ — =
ag Vg a1 — Fag Veg Fa.
\:% ~——
7 Fp

Example 4.1 An example of crossed module is II(X, 4, S) = (m2(X, A),7(A, S), ),
which comes associated to any triple (X, A4,S), where X is any topological space,
A C X asubspace, and S C A a set of (base) points. Here, w(A,.S) is the fundamental
groupoid of homotopy classes of paths in A between points in S, m2(X, A) : 7(A,S) —
Gp is the functor associating to each a € S the relative homotopy group 72 (X, A, a),
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and, at any a € S, the boundary map 9 : ma(X, A,a) — m1(A, a) is the usual boundary
homomorphism in the exact sequence of homotopy groups based at a of the pair (X, A):

Furthermore, m(A,S) is the underlying groupoid of the Whitehead 2-groupoid
W (X, A,S) presented by Moerdijk and Svensson [106], whose 2-cells

e

a
I

a

b
[
b

—_—
g Cv] = [w]ra—0,

—_—

w

are equivalence classes of maps g : I x I — X, from the square I x I into X, which
are constant along the vertical edges with values in S, and map the horizontal edges
into A; two such maps are equivalent if they are homotopic by a homotopy that is
constant along the vertical edges and deforms the horizontal edges within A.

Both constructions II(X, A, S) and W (X, A, S) correspond to each other by the
equivalence of categories (4.32). More precisely, there is a natural isomorphism

BII(X, A, S)=W(X,A,S), (4.33)

which is the identity on 0- and 1-cells, and carries a 2-cell [¢] : [v] = [w] of SII(X, A, S)
to the 2-cell 1(, o [g] : [v] = [w] of W (X, A, S):

u w
a-%a a—a—=b
| s | 2 RI= Tl | = ozs) ||wn | | 0] = [w]

For a simplicial set K, its fundamental, or homotopy, crossed module 1I(K) is
defined as the crossed module

(K) = (| K|, |[KW|, | K©)) (4.34)

constructed in Example 4.1 (here, K (") denotes the n-skeleton, as usual). The con-
struction K — II(K) gives rise to a functor IT : SimpSet — Xmod, from the category
of simplicial sets to the category of crossed modules. To go in the other direction, we
have the notion of nerve of a crossed module, which is actually a special case of the
definition of nerve for crossed complexes by Brown and Higgins [29]. Thus, the nerve
N(G,P,0) of a crossed module (G, P, 0) is the simplicial set

N(G,P,0): A” — Set, [n] — Xmod(II(A[n]), (G, P,d)), (4.35)

whose n-simplices are all morphisms of crossed modules II(A[n]) — (G, P, 9).
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The classifying space B(G,P,0) of a crossed module (G,P,0) is the geometric
realization of its nerve, that is,

B(G,P,0) = |N(G,P,0)|. (4.36)

By [29, Proposition 2.6], B(G, P, d) is a CW-complex whose 0-cells identify with the
objects of the groupoid P and whose homotopy groups, at any a € ObP, can be
algebraically computed as

the set of connected components of P, if ¢ = 0,
Coker 0 : G(a) — Autp(a), ifi =1,

Ker 0:G(a) — Autp(a), if i =2,

0, if ¢ > 3.

mi(B(G,P,9),a) = (4.37)

Therefore, classifying spaces of crossed modules are homotopy 2-types. Furthermore,
it is a consequence of [29, Theorem 4.1] that, for any CW-complex X with m;(X,a) =0
for all 7 > 2 and base 0-cell a, there is a homotopy equivalence X ~ BII(X, X, X(O)).
Therefore, crossed modules are algebraic models for homotopy 2-types.

Lemma 4.8 For any crossed module (G, P,0), there is a homotopy natural homotopy
equivalence

B(G,P,d) ~ BA(G, P, ). (4.38)

Proof: By [29, Theorem 2.4], the functor II : SimpSet — Xmod is left adjoint
to the nerve functor N : Xmod — SimpSet. Furthermore, in [106, Theorem 2.3]
Moerdijk and Svensson show that the Whitehead 2-groupoid functor W : SimpSet —
2-Gpd, K — W(K) = W(|K], |K(1)|,|K(O)|) (see Example 4.1) is left adjoint to
the unitary geometric nerve functor A" : 2-Gpd — SimpSet. Since, owing to the
isomorphisms (4.33), there is a natural isomorphism BII = W, we conclude that

A" = N. Therefore, for (G,P,0) any crossed module, B(G,P,0) = |[N(G,P,0)| =
4.14
av(g.7.0) 2" Ba(G.P.0). .

Remark 4.3 For any crossed module (G, P, ), the n-simplices of A"S(G, P, d), that
is, the normal lax functors [n] — (G, P, 0), are precisely systems of data

(g’ p’ a) = (gi7j7k7p7;,j7 aZ)OS’LS]SkSn

consisting of objects a; of P, arrows p;; : a; — a; of P, with p;; = 1, and elements
gijk € G(a;), with g;;; = g;j; = 1, such that the following conditions hold:

gijk) = p;,i © Pjk © Pi,j fori <j <k,
71 . .
g{,ﬁk ' gi_,/cl,z “Gijl T gige =1 fori<j<k<lI

Thus, the unitary geometric nerve A"5(G, P, 0) coincides with the simplicial set called
by Dakin [56, Chapter 5, §3| the nerve of the crossed module (G, P,0) (cf. [29, page
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99] and [4, Chapter 1, §11]). From the above explicit description, it is easily proven
that the nerve of a crossed module is a Kan complex whose homotopy groups are given
as in (4.37).

Thanks to Lemma 4.8, the bicategorical results obtained in Section 4.3 are trans-
ferable to the setting of crossed modules. To do so, if

(p,F) (¢, F")

(G,P,0) (H,Q,9) (G", P, 0)

is any diagram in Xmod, then its “homotopy-fiber product crossed module”

(907 F)i (80,7 F/) = (gw,Fw/,F’ s Poprot i s 6) (4.39)

is constructed as follows:

- The groupoid P, has objects the triples (a, ¢,a’), with a € ObP, a’ € ObP’,
and ¢ : Fa — F'a’ a morphism in @. A morphism (p, h,p’) : (ao, g0, ay) — (a1,q1,a})
consists of a morphism p : ag — a1 in P, a morphism p’ : a; — a} in P/, and an
element h € H(Fap), which measures the lack of commutativity of the square

9
Fay— Flay

Fpl \LF’p’

q1
Fa; — F'a}

1

in the sense that the following equation holds: dh = Fp~" o qfl o F'p' o qp. The com-

.. . (plvhl,p/l) (pz,hg,pé) . .
position of two morphisms (ao, o, ay) — (a1, q1, @) —— (a2, q2, ab) is given

by the formula

—1
(p2, ha, ph) o (1, h1,1}) = (p2 0 p1, Pt ha - hy,phop)).

For every object (a,q,a’), its identity is Laga) = (las 1, 14), and the inverse of any
morphism (p, h,p’) as above is (p, h,p') "' = (p~1, FPh=1 p/~1).

- The functor Gy r e Poriorrr — GP is defined on objects by
gw,FW’ﬂF/ ((I, q, a,) = g(a) X g/(a,)v

and, for any morphism (p, h,p’) : (ao, g, ay) — (a1, q1,a}), the associated homomor-
phism is given by P"2)(g,¢') = (Pg,7’).

- The boundary map 0 : Gupipr — Autp%Fw,’F,, at any object (a,q,a’) of the
groupoid P, ry, s, is given by the formula

9(g,9) = (09,09 -7 g, 09).
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For any crossed module (H, Q, ), we identify any object b € Q with the morphism
from the trivial crossed module b : (1,1,1) — (H, Q,0) such that b(1) = b, so that,
for any morphism of crossed modules (p, F') : (G, P,0) — (H, Q,0), we have defined
the “homotopy-fiber crossed module”

(¢, F)Lb.

Next, we summarize our results in this setting of crossed modules. The crossed
module (4.39) comes with a (non-commutative) square

(7', P")
_—

(0, F) L (', F) (G',P',0)

(mp)i l@pf,p/) (4.40)
6.P,0) — 2 (#,0,0),
where
(a0 B ar) < (a0, 90, ap) P2 (a1, g1, ap)) 2 (ay B af)

g<~"4(g,¢") g

Theorem 4.7 The following statements hold:

(i) For any morphisms of crossed modules (G, P,d) iy (H,Q,0) M)(g’, P, 0),

there is a homotopy B(p, F) B(w, P) = B(¢/, F') B(n', P') making the homotopy com-
mutative square

B(«',P")

B((¢, F) (¢, F')) B(G',P', )
B(W,P)l = J{B(@QF’) (4.41)
B(G,P,0) — ) B3, 0,0),

induced by (4.40) on classifying spaces, a homotopy pullback square.

(73) For any morphism of crossed modules (¢, F') : (G, P,0) — (H,Q,0) and every
object b € Q, there is an induced homotopy fiber sequence

B((o, F)1b) 2L B(G, P, 0) 2P By, 0, 0).

(791) A morphism of crossed modules (¢, F) : (G,P,0) — (H,Q,0) induces a
homotopy equivalence on classifying spaces, B(p, F) : B(G,P,0) ~ B(H, Q,0), if and
only if, for every object b € Q, the space B((p, F')]b) is contractible.

(iv) For any crossed module (G,P,0) and object a € P, there is a homotopy
equivalence

B((G,P,0)(a)) ~ UB(G,P,d),a),
where (G, P,0)(a) is the groupoid whose objects are the automorphisms p : a — a in
P, and whose arrows g : p — q are those elements g € G(a) such that p = q o dg.
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Proof: (i) Let us apply the equivalence of categories (4.32) to the square of crossed
modules (4.40). Then, by direct comparison, we see that the equation between squares
of 2-groupoids

B0 F) Lo, PN L g o) (Bl F)LA(, F)) 2 B(G', P, 0)
B(W,P)i iﬁ(a@’,F’) = Pl lﬁ(cp’,F’)
B, F) B(p,F)
B(g’ P’ 8) /B(H’ Q7 a) /B(g? ,P’ a) 6(H7 Q? 8)

holds, where the square on the right is (4.8) for the 2-functors S(p, F) and B(¢’, F').
As any 2-groupoid has property (iv) in Theorem 4.2 (see the comment before Corollary
4.4), that theorem gives a homotopy B (¢, F') B4(w, P) = BS(¢', F') BA(x', P') such
that the induced square

BB ((o, F) L (¢, F1)) 2L g P 0)
BB(W,P)J( = iBB(eo’aF/)
BA(G, P,0) — "1 B, 0,0)

is a homotopy pullback. It follows that the square (4.41) is also a homotopy pullback
since, by Lemma 4.8, it is homotopy equivalent to the square above.
The implications (i) = (i7) = (iii) are clear, and (iv) follows from Corollary 4.4,
as (G,P,0)(a) = B(G,P,0)(a,a) and B(G,P,0) ~BB(G,P,0). O
We can easily show how the construction (¢, F') ] (¢’, F') works on basic examples
(see below).

Example 4.2 (i) Let P R Q P be homomorphisms of groups. These induce

homomorphisms of crossed modules of groups (1, P, 1) ALF) (1,Q,1) B (1, P 1),

whose homotopy-fiber product is (1, F) | (1, F’) = (1,F | F’,1), where F | F’ is the
groupoid having as objects the elements ¢ € @ and as morphisms (p,p’) : g0 = @1
those pairs (p,p’) € P x P’ such that ¢1 - Fp = F'p’ - qo. Thus, (4.41) particularizes
by giving a homotopy pullback square

B(F|F')—= K(P',1)

b

K(P,1)— K(Q,1).

(13) Let A A BL A be homomorphisms of abelian groups. These induce ho-

71 /71
momorphisms of crossed modules of groups (A4,1,1) tol) (B,1,1) D] (A')1,1),

whose homotopy-fiber product is the abelian crossed module of groups (¢, 1) (', 1) =
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(Ax A’, B, 9), where the coboundary map is given by d(a,a’) = ¢'a’—¢pa. Thus, (4.41)
particularizes by giving a homotopy pullback square

B(A x A, B,d) —= K(A',2)

Lo

K(A,2) K(B,2).

Let us stress that, as Example 4.2(i) shows, the homotopy-fiber product crossed
module (¢, F) | (¢, F') may be a genuine crossed module of groupoids even in the
case when both (¢, F) and (¢', F') are morphisms between crossed modules of groups.
The reader can find in this fact a good reason to be interested in the study of general
crossed modules over groupoids.

To finish, recall that the category of crossed complexes has a closed model structure
as described by Brown and Golasinski [26]. In this homotopy structure, a morphism
of crossed modules (¢, F) : (G,P,0) = (H,Q,0) is a weak equivalence if the induced
map on classifying spaces B(¢, F') is a homotopy equivalence, and it is a fibration (see
Howie [83]) whenever the following conditions hold: (i) F': P — Q is a fibration of
groupoids, that is, for every object a € P and every morphism ¢ : F'a — b in Q, there
is a morphism p : a — ' in P such that Fp = ¢, and (ii) for any object a € P, the
homomorphism ¢ : G(a) — H(Fa) is surjective. Then, it is natural to ask whether
the constructed homotopy-fiber product crossed module (¢, F') | (¢, F') is compatible
with the homotopy pullback in the model category of crossed complexes. The answer
is positive as a consequence of the theorem below, and this fact implies that the
classifying space functor (G, P, d) — B(G, P, d) preserves homotopy pullbacks.

Theorem 4.8 Let (G,P,0) — e (7—[ Q, 8) (g’ P’,0) be a diagram of mor-

phisms of crossed modules. If one of them is a fibration, then the canonical morphism
(G,P,0) x(3,00) (G, P,0) = (¢, F)L(¢', F')
induces a homotopy equivalence
B((G,P,9) X(3,00) (G, P',0)) ~B((¢, F)L(¢', F")).

Proof:
Let us observe that the pullback crossed module of (¢, F) and (¢', F') is

(g)Pva) ’HQ{) (g P a) (g XHFg/7PXQP/78)7

where P x o P’ is the pullback groupoid of F': P — Q and F’ : P’ — Q. The functor
G x,.G : P xg P — Gp is defined on objects by

(G xurG')(a,a’) = G(a) Xy(ra) G'(d') = {(g,9") € G(a) x G'(d') | ¢alg) = P (9)},
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and the homomorphism associated to any morphism (p,p’) : (a,a’) = (b,b') in PxoP’
is given by ®P)(g,¢') = (Pg,”¢'). The boundary map 9 : G xyrG — Autpy p, at
any object of the groupoid P x g P’, is given by the formula d(g,¢") = (dg,9q’).

The canonical morphism

(.]7 J) : (g X’}-[Fg/, P x Q Pla 8) — (ggp,FW’,F’ s PP,FW/,F' s 8) (4.42)

is as follows: The functor J: Pxg P’ — P, rim sends a morphism (p,p’): (a,d’) —
(b, V') to the morphism (p, 1y (pqy, P') : (@, 1Fa,a’) — (b, 1, V'), and the P x g P’-group
homomorphism 7 : G Xy pG' — P, pmJ is given at any object (a,a’) € P xgo P’ by
the inclusion map G(a) Xy (rq) G'(a') = G(a) x G'(d’).

Next, we assume that (¢, F') is a fibration. Then, we verify that the canonical
morphism (4.42) induces isomorphisms between the corresponding homotopy groups.
Recall from (4.37) how to compute the homotopy groups of the classifying space of a
crossed module.

e The map my(y,J) is a bijection.

Injectivity: Suppose objects (a,a’), (b,b') € P xg P’, such that there is a mor-
phism (p, h,p') : (a,1pq,a") — (b,1pp, ') in P,rier. Then, as ¢ : G(a) — H(Fa) is
surjective, there is g € G(a) such that p(g) = h, whence (po dg,p’) : (a,a’) — (b, V')
is a morphism in P xgo P’

Surjectivity: Let (a,q,a’) be an object of P,ppr. As F: P — Q is a fibration of
groupoids, there is a morphism p : a — b in P such that Fp = ¢. Then, (b,d’) is an
object of the groupoid P x g P’ with J(b,a’) = (b, 1z, a’) in the same connected com-
ponent of (a, g, a’), since we have the morphism (p, 13 (pp), 1o’) : (a,q,a") = (b, 1y, d’).
e The homomorphisms w1 (3, J) are isomorphisms. Let (a,a’) be any object of P x g P’.

Injectivity: Let [(p,p’)] be an element in the kernel of the homomorphism 71 (3, J)
at (a,a’), that is, such that [(p, 1y(ra), P')] = [(1a, 13(Fa)> 1ar)]. This means that there
s (g,9") € G(a) x G'(a’) with 9g = p, d(¢’) = p’ and p(g)~! - ¢'(¢') = 1. The last
equation says that (g,¢') is an element of G(a) X3;(rq) G'(a) which, by the first two,
satisfies that 9(g,¢') = (p,p’). Hence, [(p,p')] = [(14, 1a7)]-

Surjectivity: Let (p,h,p’) : (a,1pq,a’) — (a,1pe,a’) be an automorphism of
Porioe- As ¢ 2 G(a) — H(Fa) is surjective, there is a g € G(a) such that ¢(g) = h.
Then, we have

(p, h,p) o J(podg,p') = (p,h,p) " o (podg, 1yyra),7)
=(p! Opo@g,h Lptop)
= (89, 0(9) " Ly(ray> Lar) = 0(9, 1gr(ary)

and therefore [(p, h,p’)] = [J(p o 9g,p")].

e The homomorphisms m2(y,J) are isomorphisms. At any object (a,a’) € P xg P/,
the homomorphism 79(y, J) is the restriction to the kernels of the boundary maps
of the inclusion G(a) X3y (pq) G'(a') — G(a) x G'(a’). Then, it is clearly injective.
To see the surjectivity, let (g,9") € G(a) x G'(a’) with 9(g,9") = (L4, lay(ra)> La)-
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Then, we have dg = 14, 0’ = 1y and @(g)~' - ¢'(¢') = ly(re. That is, that
(gag,) € g(a) XH(Fa) g,(a/) and (89789,) = (10,7 1a’)' U

4.6 Appendix: Proofs of Lemmas 4.3 and 4.4

We shall only address lax functors below, but the discussions are easily dualized in
order to obtain the corresponding results for oplax functors.

Our first goal is to accurately determine the functorial behaviour of the Grothen-
dieck nerve construction B — NB (4.12) on lax functors between bicategories by
means of the theorem below. The result in the first part of it is just the bicategorical
version of Theorem 2.1. See also [41, §3, (21)], where a proof is given using Jardine’s
Supercoherence Theorem in [86]. The second part is a lax version of Proposition 2.1
for bicategories. The ideas in the proof are pretty similar to those used in Chapter 2.

Theorem 4.9 (i) Any bicategory B defines a normal pseudo-simplicial category, that
s, a unitary pseudo-functor from the simplicial category A°P into the 2-category of
small categories,

NB = (NB,NB) : A — Cat,

which is called the Grothendieck or pseudo-simplicial nerve of the bicategory, whose
category of p-simplices, for p > 0, is

NB, := |_| B(xp—1,xp) X B(xp—2,xp—1) X -+ X B(xo, 21).

(p;-..,x0) EObBPH1

(i1) Any lax functor between bicategories F : B — B' induces a lax transformation
(i.e., a lax simplicial functor)

NF = (NF,NF) : NB — NB'.

For any pair of composable lax functors F: B — B' and F' : B' — B, the equality
NF'NF = N(F'F) holds, and, for any bicategory B, N1 = 1Inp.

Before starting with the proof, we shall describe some needed constructions and a
few auxiliary facts. Given a category Z and a bicategory B, we denote by

Lax(Z, B)

the category® whose objects are lax functors F : T — B, and whose morphisms are
relative to object lax transformations, as termed by Bullejos and Cegarra in [35], but
also called icons by Lack in [93]. That is, for any two lax functors F,G : Z — B, a

8This is the bicategorical version of the bicategories Lax(Z,7) defined in Subsection 2.2.1 of
Chapter 2.
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morphism ® : F' = G may exist only if /' and GG agree on objects, and it is then given
by 2-cells in B, ®a : Fa = Ga, for every arrow a : ¢ — j in Z, such that the diagrams

F,
FaoFb:’b>F(ab) 1Fi:Gi
F G;
@ao@bﬂ ﬂ (ab) /
aa, b cI)lz
Ga o Gb =2 G(ab), Fl; ——— G1;,

commute for each pair of composable arrows i LA 7 % k and each object i. The
composition of morphisms ® : FF = G and ¥ : G = H, for F;G,H : T — B lax
functors, is ¥ - ® : F = H, where (¥ - ®)a = Ya - ®a : Fa = Ha, for each arrow
a:1— jin Z. The identity morphism of a lax functor F': 7 — Bis lp : F = F,
where (1p)a = 1p,, the identity of Fa in the category B(F'i, F'j), for each a : i — j
in Z.

Let us now replace the category Z above by a (directed) graph G. For any bicate-
gory B, there is a category

Lax(G, B),

where an object f : G — B consists of a pair of maps that assign an object fi to each
vertex ¢ € G and a 1-cell fa : fi — fj to each edge a : i — j in G, respectively. A
morphism ¢ : f = ¢ may exist only if f and g agree on vertices, that is, fi = gi for all
i € G; and then it consists of a map that assigns to each edge a : ¢ — j in the graph
a 2-cell ¢a : fa = ga of B. Compositions in Lax(G, B) are defined in the natural way
by the same rules as those stated above for the category Lax(Z, B).

Lemma 4.9 Let T = Z(G) be the free category generated by a graph G, let B be a
bicategory, and let

R : Lax(Z(G),B) — Lax(G, B)
be the functor defined by restriction to the basic graph. Then, there is a functor

J : Lax(G, B) — Lax(Z, B),
and a natural transformation
v:JR = IILax(I,B)a (443)

such that RJ = lyax,B), vJ =1y, Rv=1g. Thus, the functor R is right adjoint to
the functor J.

Proof: To describe the functor J, we use the following useful construction: For any
list (zo,...,zp) of objects in the bicategory B, let

6 B(xp_1,p) X B(ap_2,2p-1) X+ x B(xg,21) — B(z0,2p)
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denote the functor obtained by iterating horizontal composition in the bicategory,
which acts on objects and arrows of the product category by the recursive formula

or( ) ul lf p: 17
o u ’...’ul = or .
b upo (S (up—1,...,u1)) if p>2.

Then, the homomorphism J takes a graph map, say f : G — B, to the unitary
pseudo-functor from the free category

J(f)y=F:T =B,

such that F'i = fi, for any vertex i of G (= objects of Z), and associates to strings
a:al0) B o & g(p) in G the l-cells Fa = S(fap,...,fa1) : fa(0) = fa(p).
The structure 2-cells ﬁa,b : Fa o Fb = F(ab), for any pair of strings in the graph,
a=ap,---aj as above and b = by - - - by with b(¢q) = a(0), are canonically obtained from
the associativity constraints in the bicategory: first by taking ﬁal,b = 1p(ap) when
p = 1 and then, recursively for p > 1, defining ﬁa,b as the composite

~ 10ﬁa/
Fop: FaoFb:a>Fapo(Fa/oFb):’b>F(ab),

where o/ = ap_1 - a1 (whence Fa = Fa, o Fa'). The coherence conditions for F' are
easily verified by using the coherence and naturality of the associativity constraint a
of the bicategory.

Any morphism ¢ : f = ¢ in Lax(G, B) is taken by J to the morphism J(¢) : F' = G
of Lax(Z, B), consisting of the 2-cells in the bicategory ©(¢ay,...,da1) : Fa = Ga,
attached to the strings of adjacent edges in the graph a = a,---a1. The coherence
conditions of J(¢) are consequence of the naturality of the associativity constraint
a of the bicategory. If ¢ : f = g and ¥ : g = h are 1l-cells in Lax(G,B), then
J() - J(p) = J(¢ - ¢) follows from the functoriality of the composition o, and so J is
a functor.

The lax transformation v is defined as follows: The component of this lax trans-
formation at a lax functor F' : Z — B, v : JR(F) = F, is defined on identities by
vl; = E 1 1p; = F'1;, for any vertex i of G, and it associates to each string of adjacent
edges in the graph a = a, - - - a1 the 2-cell va : 5(Fay, ..., Fay) = Fa, which is given
by taking va; = 1p,, if p = 1, and then, recursively for p > 1, by taking va as the
composite

lova/

F, !
va= (¢ (Fay,...,Fa;) =% Fa, o Fd == Fa),

where @’ = ap_1---a;. The naturality condition ﬁmb o (vaovb) = v(ab) o JE(?)M,
for any pair of composable morphisms in Z, can be checked as follows: when a = 1;
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or b = 1; are identities, then it is a consequence of the commutativity of the diagrams

1p; 0 JR(F)b——= JR(F)b  JR(F)aolp; ——— JR(F)a
lovb vaol
N (B) (B)
ﬁiovb éA)l 1Fi o F'b . vb vaoﬁj 1(A}/;' Fao 1Fj va
== (©) XX () N
F1; o Fb =——————— FY, Fao Flj =—————= Fa,
Fli,b Fon.:

1t

where the regions labelled with (A) commute by the functoriality of o, those with
(B) by the naturality of I and 7, and those with (C') by the coherence of F. Now,
for arbitrary strings a and b in the graph with b(¢) = a(0), we study the coherence
recursively on the length of a. The case when p = 1 is the obvious commutative
diagram

Fay o JR(F)b== JR(F)(aib)
1ovbﬂ ﬂv(alb):ﬁ%b-(lovb)

Fay oFbA:>F(a1b),
ay,b

and then, for p > 1, the result is a consequence of the diagram

—

1oJR(F)
JR(F)a o JR(F)b =—2%=s Fa,o(JR(F)a'o.JR(F)b) DIy 1 R(F) (ab)

(1ova’)ovbﬂ/ (A4) lo(v{z‘;ovb) (B) H]lov(a’b)
Fa,oFa)oFb——2—— Fa,o(Fa o Fb) =—— Fa, o F(da'b
p p oF P
=N (0] a/,b -
Fap,a’olﬂ . (C) \H/Fap,a/b
F,
Fao Fb - F(ab)

where (A) commutes by the naturality of a, (B) by induction, and (C) by the coher-
ence of F.
To verify the equalities RJ =1, vJ = 1, and Rv = 1 is straightforward. Il
Let Z = Z(G) again be the free category generated by a graph G, as in Lemma 4.9
above, and suppose now that F': B — B’ is a lax functor. Then, the square
Lax(Z, B) —%~ Lax(G, B)
| e (4.44)

Lax(Z,B") i Lax(g,B')
commutes and, since RJ = 1, we have the equalities

R'F.JR=F,RJIR=F.R=RF,. (4.45)
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Furthermore, the naturality of v: JR = 1 and v/ : J'R’ = 1 means that the square

JRFEJREIE L p IR

J’R’F*vﬂ/ ﬂF*v
v'F.

J'R'F, ————=F,

commutes. As Rv = 1 and then J'R'Fyv = JJF,Rv = J'F,1r = 1y rf,, we have
the equality
FowovF,JR=v'F,. (4.46)

4.6.1 Proof of Theorem 4.9.
(7): Let us note that, for any integer p > 0, the category [p] is free on the graph

Gp=0—=1---—p).
Then, for any given bicategory B, the existence of an adjunction
Jp 4 Ry, : NB,, = Lax(G,, B) = Lax([p], B) (4.47)

follows from Lemma 4.9, where R, is the functor defined by restricting to the basic
graph G, of the category [p], where R,J, = 1, whose unity is the identity, and whose
counit v, : JpR, = 1 satisfies the equalities v,.J, = 1 and R,v, = 1.

If a : [q] — [p] is any map in the simplicial category, then the associated functor
NB, : NB, — NB, is the composite

NB, o> NB,

o B

Lax([p], B) —“ Lax([], B).

Thus, NB, maps the component category of NB,, at (xp,...,x) into the component
at (:L‘a(q), e ,a:a(o)) of NB,, and it acts both on objects and morphisms of NB,, by the
formula NBj(up,...,u1) = (vg,...,v1), where, for 0 <k < g,

B { S (Ua(hr1)s-- - Uaryr1) if a(k) <a(k+1),
Vi1 =

if a(k)=a(k+1),
whence, in particular, the usual formulas below for the face and degeneracy functors.

(Up, ..., u2) if =0,
di(up,...,ul): (up,...,ui+1oui,...,u1) if 0<i<np,
(Up—1,...,u1) if ¢=p,

si(up, ..., u1) = (Up, ..., Uig1, L, U, ..., Up).
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The structure natural transformation

NB, NB,
—
NB, 4NB,, NB,, (4.48)
~_ 7
NBap

for each pair of composable maps [n] LN [q] % [p] in A, is

NB, y=Rnb*vqa*Jp
NBy NB, = R,b*J,Rqa* J, Ryb*a*J, = Ry(ab)*J, = NBgy.

Let us stress that, in spite of the natural transformation v in (4.43) not being
invertible, the natural transformation NBa,b in (4.48) is invertible since, for any x €
NB,, the lax functor a*J,x is actually a homomorphism and therefore v,a*.J,x is an
isomorphism. Consequently, we only need to prove that these constraints 1/\\18(17;) verify
the coherence conditions for lax functors:

If a = 1, then NByy = Ryb*vyJ, = Ryb*l;, = Ing,. Similarly, NB,; = 1ng,.

Furthermore, for every triplet of composable arrows [m] < [n] LN [q] = [p], the

diagram

NB.NB, ;
NB. NB, NB, =———=—= NB. NB,,

NB[,’C NBGH, HNBab,c

NBa,bc
NBbC NBCL > NBabca

is commutative since it is obtained by applying the functors R,,c* on the left, and
a*J, on the right, to the diagram

JnRpb*vq
JnRub*J,R, Jn R

vnb*JqRqﬂ ﬂvnb* (4.49)

by Ry ="

which commutes by the naturality of v,,.
(i1): Suppose now that F': B — B’ is a lax functor. Then, at any integer p > 0,
the functor NF, : NB, — NB, is the composite

NF,
NB, Yo NBy,

o

Lax([p], B) LN Lax([p], B'),
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which is explicitly given both on objects and arrows by the simple formula NF,(uy, ..., u1) =
(Fup, ..., Fuy). The structure natural transformation

NB, ~Pe NB,

NF,,\L NFa iNFq
/ /
NBp W NBq,

at each map a : [¢] = [p] in A, is

NB NF, = Rla"J R Fo, STy by g ey 099 prp g g e
a NEp = g Jp Lty Ly dp @ L'xdp = plsa”Jp = R lyJglga™ Jp

— NF,NB,.
This family of natural transformations ﬁFa verifies the coherence conditions for
lax transformations: If a = 1y, then NFy = R v, F.J, = 1p Fidp = 1NFP‘ Suppose
that b : [n] — [g] is any other map of A, then the coherence diagram

;S

NB, NF, N .,
NB| NB, NF, =——="> NB| NF, NB, =2 N, NB, NB,
NB;J) NFP\H/ ﬂNFn 1/\\IBa,b
/ 1/\\IF‘ab
NB!,NF, NF, NBy,

commutes, since

(NF, NB, ) o (NF,NB,) o (NB, NF,)
= (R, FuJnRpb*vea™ Jp) o (R, D'V, FiJgRea™ Jy) o (R, b*J, Roa* v, F..Jp)

T (B Povga® Ty) o (BLDV,Eudy Ry Ty) o (BT Ry EoJy)

(Rt Pdy) o (R Ty Rya vy Fuy)

(4.49) (R, b*a*v, F,.Jp) o (Rb*via* J) R F..J,) = NFy o0 (NB;,b NE}).

To finish, let F' : B — B’ and F’ : B’ — B” be lax functors. Then, NF'NF =
N(F'F) and N1g = 1np since, at any [p] and a : [¢q] — [p] in A, we have

(4.45)

NF) NF, = R'F.J,R,F.J, =" RJF.F.J, = R)(F'F).J, = N(F'F),,
NF'NF, = NF,NF, o NF,NF, = (R!F.J.R,a*V,F..J,) o (R!a*V/F..J' R, F. J,)

U (RIa*FINV FLg,) o (RIa! LR, B gy) 20 RYa ! FL BT, = N(F'F),,
N1, = RylJ, “2Y R,J, = 1ns,,

N1, = Rya*v,l.J, = Rya*v,J, = Rya*ly, = 1 v, = Ing,.-
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This completes the proof of Theorem 4.9 and lets us prepare to prove the first part
of Lemma 4.3.

Corollary 4.5 The assignment B — BB is the function on objects of a functor

B : Lax — Top.

Proof: By Theorem 4.9, any lax functor F' : B — B’ gives rise to a lax simplicial functor
NF : NB — NB', hence to a functor fA NF : fA NB — fA NB’ and then to a cellular
map BF : BB — BB'. For F' = 1z, we have [\ Nlg = [, Ing = 1y np, whence
Blg = 1pp. For any other lax functor F’ : B — B”, the equality NF' NF = N(F'F)
gives that [, N(F'F) = [\ NF'NF = [, NF' [, NF, whence B(F'F) = BF'BF. O

In [41, Definition 5.2], Carrasco, Cegarra, and Garzén defined the categorical
geometric nerve of a bicategory B as the simplicial category

AB: A — Cat, [p] — Lax([p], B),
whose category of p-simplices is the category of lax functors x : [p] — B, with relative

to objects lax transformations (i.e., icons) between them as arrows. The proposition
below shows how AB relates with the Grothendieck nerve NB.

Proposition 4.2 For any bicategory B, there is a lax simplicial functor
R=(R,R): AB— NB (4.50)
inducing a homotopy equivalence
B[\R: Bf[,AB——B/[,NB = BB, (4.51)

which is natural in B on lax functors. That is, for any lax functor F : B — B', the
square of spaces below commutes.

B R
B[, AB Ja BB
BIAAF\L iBF (4.52)
B[, AB Blalt BB

Proof: At any object [p] of the simplicial category, R is given by the functor in (4.47)

R, : AB, = Lax([p], B) — Lax(J,, B) = NB,,
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and, at any map a : [¢] — [p], the natural transformation
AB, s AB,
mlo & m

NBp W NBq,

—R a*
a=Rqa*vp

R
is defined by NB.R, = Rya*JpR, ——
Rpvp = 1g, and, for any b : [n] — [g], the commutativity coherence condition

Rya* . When a = 1[p}, clearly ﬁl[p] =

NB, NB, R, ——2f . NB, R, a*

ﬁsa,bRpﬂ Méba*
Eab

NBqgy Ry =——=— R,b*a* = Ry, (ab)*,

holds since, by (4.49), R,b*a*v, o Ryb*vea* J,Ry, = Rpb*vea* o R,b* J Rqa*vy,.

By [109, Corollary 1], every functor R, : AB, — NB, induces a homotopy equiv-
alence on classifying spaces BR,, : BAB, = BNB,, since it has the functor J, in (4.47)
as a left adjoint. Then, the induced map in (4.51) is actually a homotopy equivalence
by [120, Corollary 3.3.1].

Now let F': B — B’ be any lax functor. Then, the square

AB - NB

o e

AB o NB
commutes since, for any integer p > 0 and a : [q] — [p], we have

NF, R, = R,F.J,R, "2 R F, = R, AF,,

NFR, = NF,R, o NF,R, = R, F.J,R,a*v, o R,a*V) F.J,R,,

D) R 6t Favy o BLa*v) Fudy Ry 20

R.a*V)F. = R,F. = R'AF,.
Hence, the commutativity of the square (4.52) follows:

BF Bf,R =B[,NF B[,R=B(/,NF [\R) =B [\(NFR)
=B [\(R'AF) = B([,R' [\ AF) = B[, R B[, AF.

We are now ready to complete the proof of Lemmas 4.3 and 4.4.
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Corollary 4.6 For any bicategory B, there is a homotopy equivalence
k: |AB| = BB, (4.53)

which is homotopy natural on lax functors. That is, for any lax functor F : B — B,
there is a homotopy k' |AF| = BF &,

|AB| —*—= BB (4.54)
|AFJ/ = BF
|AB| —~ BB

Proof: Let NAB : A°? — SimplSet be the bisimplicial set obtained from the simplicial
category AB : A’ — Cat with the nerve of categories functor N : Cat — SimplSet.

As AB is the simplicial set of objects of the simplicial category AB, if we regard
AB as a discrete simplicial category (i.e., with only identities as arrows), we have a
simplicial category inclusion map AB < AB, whence a bisimplicial inclusion map
NAB — NAB, where NAB is the bisimplicial set that is constant the simplicial set
AB in the vertical direction. Then, we have an induced simplicial set map on diagonals
i: AB — diag NAB. This map is clearly natural in B on lax functors and, by [41, The-
orem 6.2], it induces a homotopy equivalence on geometric realizations. Furthermore,
a result by Bousfield and Kan [20, Chap. XII, 4.3] and Thomason’s Homotopy Colimit
Theorem [120] give us the existence of simplicial maps p : hocolim NAB — diag NAB
and 7 : hocolimNAB — N f AAB, which are natural on lax functors and both induce
homotopy equivalences on geometric realizations.

We then have a chain of homotopy equivalences between spaces
I4]

B[ R
i [hocolim NAB| % B fAéB L BB,

|AB| |diag NAB|

where the last one on the right is the homotopy equivalence (4.50), all of them natural
on lax functors F' : B — B’. Therefore, taking |u|® : |diag NAB| — |hocolim NAB| to
be any homotopy inverse map of |u|, we have a homotopy equivalence

k=B[ R-n|-|pl* i : |AB] —— BB,
which is homotopy natural on lax functors, as required. U

Corollary 4.7 If F,F' : B — B’ are two lax functors between bicategories, then
any lax or oplax transformation between them « : F = F' determines a homotopy,
Ba : BF = BF' : BB — BB/, between the induced maps on classifying spaces.

Proof: In the proof of [41, Proposition 7.1 (ii)] it is proven that any a : F = G
gives rise to a homotopy H(«) : |AF| = |AF'| : |AB| — |AB'|. Then, a homotopy
Ba : BF = BF’ is obtained as the composite of the homotopies

( 4.54)

BF — BFrr® &2 K'|AF|k® W st K'|AF'|k® L) BF/kk® — BF',
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where £°® is a homotopy inverse of the homotopy equivalence « : |[AB| — BB in (4.53).
O



Resumen

Tras el reconocido articulo de Quillen [109] de 1973, la teoria de homotopia de estruc-
turas categoricas se ha convertido en una parte importante de la maquinaria para el
desarrollo de la topologia algebraica y la K-teoria algebraica. Esta tesis contribuye
al estudio de las relaciones existentes entre ciertas categorias superiores, los tipos de
homotopia de sus espacios clasificadores (también llamados realizaciones geométricas)
y algunas construcciones homotépicas clasicas aplicadas a dichos tipos de homotopia.

Las estructuras categéricas de dimensién superior son una herramienta poderosa
para el estudio de diversas areas de las matematicas. Véase por ejemplo el libro
recientemente publicado Toward Higher Categories [8], que sitia adecuadamente el
area en contexto. Ademads, dichas estructuras son aplicadas en otras areas, tales como
la fisica tedrica o las ciencias de la computacion, ya que aparecen en el estudio de las
teorias de campos cudnticos topolégicos (o TQFT por sus siglas en inglés, véase por
ejemplo [6]), o mds recientemente, sirven como punto de partida para el programa
Univalent Foundations y su estudio de la teorfa homotépica de tipos [122].

Esta tesis estd formada por cuatro capitulos principales en los que se presentan los
resultados obtenidos. Se ha intentado que los capitulos puedan ser leidos independi-
ente, aunque comparten gran parte de la nomenclatura utilizada. Quitando algunos
cambios en la notacién, realizados con el objetivo de unificar la presentacién de la
tesis, el Capitulo 1 ha sido publicado en la revista Applied Categorical Structures
(2012) como [46], el Capitulo 2 en la revista Algebraic and Geometric Topology (2014)
como [45], el Capitulo 3 en la revista Journal of Homotopy and Related Structures
(2014) como [38] y el Capitulo 4 en la revista Theory and Applications of Categories
(2015) como [47].

En el Capitulo 1, nos concentramos en ciertas categorias dobles que modelan los
2-tipos de homotopia. Una categoria doble (definida por Ehresmann alrededor de
1963 [62, 63]) se puede interpretar como un conjunto de ‘cuadrados’ cuyos vértices
son objetos, y cuyos lados son dos tipos de morfismos diferentes —uno vertical y otro
horizontal— de la forma

et

junto con dos composiciones como en una categoria —una vertical y la otra horizontal—
obedeciendo ciertas condiciones. Cualquier categoria doble (pequena) G admite una

217
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construccién conocida como su doble nervio N(2g , que puede ser transformada en un
conjunto simplicial y por lo tanto, en un espacio topolégico. Dicho espacio es llamado
su realizacion geométrica o espacio clasificador y denotado por BG. El conjunto
simplicial asi obtenido no es un complejo de Kan, y por ello es complicado trabajar
con él. A pesar de esto, una condicidn necesaria y suficiente para que una categoria
doble produzca de esta forma un complejo de Kan es muy sencilla de formular: tiene
que ser un grupoide doble que satisfaga una condicion de relleno. Esta condicién viene
a decir que dados un par de morfismos, uno vertical y el otro horizontal, que tengan
un vértice en comun, podemos encontrar un cuadrado que tenga dichos morfismos en
el borde:

-

K

<
Este resultado puede verse como una version bidimensional del conocido hecho de
que el nervio de una categoria es un complejo de Kan si y sélo si la categoria es un
grupoide.

Un grupoide doble verificando la condicién de relleno G tiene asociados una serie
de grupos de homotopia m;(G,a), que pueden ser definidos utilizando solamente su
estructura algebraica y que son triviales cuando ¢ > 3. Un primer resultado importante
es el siguiente:

Para todo grupoide doble que verifica la condicion de relleno G, y para todo
objeto a en él, existen isomorfismos naturales 7;(G, a) = m;(BG,Ba),i > 0.

Asi podemos hablar de la clase de equivalencias débiles entre tales grupoides dobles,
es decir funtores dobles F' : G — G’ que inducen isomorfismos en los grupos de ho-
motopia m; F : m;(G,a) = m;(G', Fa), y correspondientemente podemos definir su cate-
goria de homotopia Ho(DGy¢.) como la localizacién de la categoria de dichos grupoides
dobles con respecto a esta clase. Obtenemos de esta forma un funtor inducido

B : Ho(DGy¢.) — Ho(Top), G~ BG,

donde Ho(Top) es la localizacién de la categoria de espacios topolégicos con respecto a
la clase de equivalencias homotépicas débiles. Ademads, describimos una construccién
funtorial nueva para cualquier espacio topoldgico X, llamada su grupoide doble de
homotopia m°x que induce un funtor

Ho(Top) — Ho(DGy), X s II°X.
El principal resultado de este capitulo establece lo siguiente

2 . . .
Los funtores G — BG y X — X inducen equivalencias mutuamente
cuasi-1nuversas

Ho(DG¢.) ~ Ho(2-types),
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donde Ho(2-types) es la subcategoria plena a la categoria de homotopia de los espacios
topoldgicos, dada por aquellos espacios X cuyos grupos de homotopia m;(X,a) son
triviales para ¢ > 2, para todo punto a.

El Capitulo 2 se centra en el estudio de las tricategorias pequenas, introduci-
das por Gordon, Power y Street en su articulo en AMS Memoir de 1995 [69]. En
dicho articulo eran conscientes de que 3-grupoides estrictos no modelan 3-tipos de
homotopia, y el objetivo de su trabajo era dar una definicién explicita de una 3-
categoria débil que no fuera equivalente (en el sentido tridimensional adecuado) a
una 3-categoria estricta. Los resultados presentados en este capitulo se centran en
el estudio de espacios clasificadores de tricategorias (pequenas), con aplicaciones en
la teoria de homotopia de categorias monoidales, bicategorias, categorias monoidales
trenzadas y bicategorias monoidales. Cualquier tricategoria T tiene asociada varios
objetos simpliciales o pseudo-simpliciales, y exploramos la relacién entre tres de ellos:
la bicategoria pseudo-simplicial llamada nervio de Grothendieck NT: A°® — Bicat,
la bicategoria simplicial nervio de Segal ST: A°® — Hom, y el conjunto simplicial
llamado nervio geométrico de Street AT: A°® — Set. El principal resultado del
capitulo se resume en que la realizaciéon geométrica de todos estos ‘nervios de la tri-
categoria’ son homotdpicamente equivalentes, y por lo tanto podemos usar cualquiera
de ellos como el espacio clasificador de la tricategoria BT . Estos nervios han sido us-
ados recientemente por Buckley, Garner, Lack y Street en su trabajo sobre categorias
skew-monoidales [34].

El nervio de Grothendieck N7 sirve como una generalizacién del triple nervio
asociado a una 3-categoria estricta ya que asocia a cada ntimero p la bicategoria

N7, = |_| T(@p-1,2p) X T(2p—2,7p-1) X -+ X T (20, 21).

(z0,...,wp) EOLTPHL

Entonces, utilizando los resultados de Carrasco, Cegarra y Garzén en [42] introduci-
mos el espacio clasificador de la tricategoria BT de la siguiente manera: aplicamos la
construccién de Grothendieck a la bicategoria pseudo-simplicial N7 para obtener un
bicategoria [ A NT, usando de nuevo el nervio de Grothendieck obtenemos una cat-
egorl’a simplicial N( A NT) cuya construccién de Grothendieck nos da una categorfa
AN A (J ANT) y finalmente tomamos el espacio clasificador de la tricategoria como el
espacio clasificador de esta categoria:

= ’N(fAN(fANT))

El comportamiento de esta construccién del espacio clasificador 7 +— BT se puede
resumir con los siguientes resultados:

- Cualquier trihomomorfismo F: T — T’ induce una aplicacién continua
BF: BT — BT".

- Para cualquier pareja de trihomomorfismos componibles F: T — T’ y
F': T' — T", existe una homotopia BF'BF ~ B(F'F): BT — BT", y
para cualquier tricategoria T, existe una homotopia Bly ~ 1.
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-Si F,G: T — T’ son dos trihomomorfismos, entonces cualquier tritrans-
formacion F = G induce una homotopia BF ~ BG: BT — BT’ entre las
aplicaciones continuas inducidas en espacios clasificadores.

- Cualquier triequivalencia de tricategorias T — T’ induce una equivalen-
cia homotdpica entre los espacios clasificadores BT ~ BT,

Cuando 7 es una 3-categoria estricta, el espacio |diagNNN7T| obtenido como la
realizaciéon geométrica de su triple nervio es normalmente considerado como el es-
pacio clasificador de la misma. Nosotros demostramos que existe una equivalencia
homotodpica

BT ~ |diagNNNT].

El nervio de Segal ST asociada a cada ntimero p la bicategoria S7,, de trihomomor-
fismos unitarios desde la categoria [p] a 7. Esta bicategoria simplicial es especial en
el sentido de que las proyecciones de Segal son biequivalencias de bicategorias. Este
hecho, viendo toda bicategoria monoidal (B, ®) como una tricategoria con un tnico
objeto, nos permite demostrar lo siguiente:

Dada cualquier bicategoria monoidal (B, x) tal que para todo objeto x € B,
el homomorfismo x @ — B — B induce una auto-equivalencia homotdpica
en el espacio clasificador BB de la bicategoria, entonces existe una equiv-
alencia homotdpica

BB ~ OB(B, ®),

entre el espacio clasificador de la bicategoria subyacente y el espacio de
lazos del espacio clasificador de la bicategoria monoidal, vista como una
tricategoria con un sélo objeto.

De la misma forma, viendo una categoria monoidal trenzada (C,®, ¢) como una
tricategoria con un tnico objeto y una tinica 1-celda obtenemos el siguiente resultado
conocido:

(i) Para cualquier categoria monoidal trenzada (C,®, ¢), eziste una equiv-
alencia homotopica
B(C’ ®) = QB(Cv ®, C)

(ii) Si ademds para todo objeto = € C, el funtor x @ — C — C induce
una auto-equivalencia homotopica en el espacio clasificador de C, entonces
existe una equivalencia homotdpica

BC ~ O*B(C, ®, ¢)

El espacio clasificador BT obtenido a través del nervio de Grothendieck es un
CW-complejo cuyas celdas no tienen una conexién intuitiva con las celdas de la tri-
categoria. Para solucionar este problema, podemos usar el nervio geométrico de Street
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AT . Dicho nervio es un conjunto simplicial, que tiene como p-simplices los funtores
unitarios laxos desde la categoria [p| a la tricategoria 7. Asi pues, los 0-simplices no
son mas que los objetos de la tricategoria, los 1-simplices son las 1-celdas, mientras
que los 2-simplices estan dados por 2-celdas en la tricategoria de la forma

FO
Fi Fi
F1 F2,

o

y asi sucesivamente. Las celdas de la realizacién geométrica de este nervio |AT| tienen
asi una descripcién en términos de las celdas de la tricategoria, y podemos demostrar:

Para cualquier tricategoria T existe una equivalencia homotépica

BT ~ |AT].

Para finalizar el capitulo, damos una descripcién de los 3-tipos de homotopia en
funcién de los trigrupoides (también conocidos como tricategorias de Azumaya). Més
concretamente, nos centramos en 3-tipos conexos por arcos y grupos bicategoricos, es
decir, trigrupoides con un tnico objeto, y demostramos lo siguiente:

Para cualquier CW-complejo conexo por arcos X, existe un grupo bi-
categdrico (B(X),®) y una equivalencia homotdpica B(B(X),®) ~ X siy
solo st m;X =0 para i > 3.

En los Capitulos 3 y 4 pasamos de modelar tipos de homotopia a utilizar estos
modelos algebraicos en construcciones homotoépicas que se suelen realizar con dichos
tipos. Concretamente nos centraremos en cuadrados homotépicamente cartesianos.
Los limites y colimites categéricos, incluyendo los cuadrados cartesianos, son una
herramienta muy poderosa en teoria de categorias, con innumerables aplicaciones.
Desgraciadamente, se comportan muy mal en términos de la teoria de homotopia, esto
es, si reemplazamos nuestro diagrama original por uno homotépicamente equivalente a
él, los limites (o colimites) correspondientes no son necesariamente homotépicamente
equivalentes. Ese es el motivo por el que se estudian limites y colimites homotodpicos.

Los Teoremas A y B (probados por Quillen [109]) son el punto de partida con los
que Quillen dio una descripcién homotopico-tedrica de la K-teoria algebraica superior,
y ahora son dos de los teoremas méas importantes en los fundamentos de la teoria de
homotopia. El Capitulo 3 de la tesis se centra en la generalizaciéon de dichos teoremas
a funtores laxos entre bicategorias (definidas por Bénabou alrededor de 1967 [15]),
que incluyen tanto a categorias monoidales como a 2-categorias. Dado un funtor laxo
F: A — B, y un objeto b € B podemos asociarles una bicategoria fibra homotdpica
F| p cuyos objetos son las 1-celdas f: Fa — b en B. En particular para F = 1p
tenemos las bicategorias coma B, entonces demostramos el Teorema B:
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Dado cualquier objeto b de B, el cuadrado inducido

B(Fly) —= B(Bls)

|,

BA—B3Y . BB

es homotopicamente cartesiano si y solo si todas las aplicaciones continuas
Bp: B(Fl ) — B(Fl ) inducidas por una I1-celda p: b — b en B son
equivalencias homotopicas.

Dado que los espacios B(B] ;) son contractiles, el resultado anterior nos dice que
el espacio clasificador de la bicategoria F'| ; es homotépicamente equivalente a la
fibra homotodpica de la aplicacion BF: BA — BB en el punto Bb. Ademads, como
consecuencia obtenemos el Teorema A:

Si todos los espacios B(F ) son contrdctiles, la aplicacion BF: BA — BB
es una equivalencia homotopica.

Es importante resaltar que el proceso de tomar bicategorias fibras homotépicas
de un funtor laxo F'|: b — F' | es méas complicado que para funtores ordinarios
entre categorias, ya que nos vemos obligados a trabajar con bidiagramas laxos de
bicategorias

3 B — Bicat, b 5,

que son un tipo de trihomomorfismo desde la bicategoria B a la tricategoria de bi-
categorias. Una construccion de Grothendieck superior para tales bidiagramas fBS
nos lleva a enunciar y demostrar una version bicategérica del Lema Homotdpico de
Quillen [109] que, al igual que ocurre con funtores entre categorias, es un resultado
clave en la demostracion de los Teoremas A y B:

Si §: B — Bicat es un bidiagrama laxo de bicategorias tal que cada 1-celda
p: b — b en B induce una equivalencia homotdpica BF, ~ By, entonces
para cada objeto b de B, existe un cuadrado homotdpicamente cartesiano

B, — B33

|,

pt—20 - BB.

Es decir, el espacio clasificador BF, es homotdopicamente equivalente a la
fibra homotépica de la aplicacion inducida en espacios clasificadores por la
proyeccion fBS — B.
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Yendo un paso maés alld, en el Capitulo 4 tratamos cuadrados homotdpicamente
cartesianos en general. Dados un funtor laxo y un funtor oplaxo entre bicategorias
con el mismo codominio

ALBiA’,

construimos una bicategoria producto homotdpicamente fibrado F | F' y obtenemos los
siguientes resultados:

— Para cualquier diagrama de bicategorias A LB eF,A/ con F un fun-
tor laxo y F' uno oplazo, existe una aplicacion inducida B(F | F') —
BA x%B BA’ desde el espacio clasificador de la bicategoria producto ho-
motdpicamente fibrado en el espacio producto homotdpicamente fibrado
mducido por las aplicaciones BF y BF'.

— Dado un funtor laxo F: A — B, las siguientes propiedades son equiva-
lentes:

e Para cualquier funtor oplazo F': A" — B, la aplicacion B(F | F') —
BA ng BA’ es una equivalencia homotdpica.

e Para cualquier 1-celda b — b’ de B, la aplicacion B(F ) — B(F ly)
es una equivalencia homotopica

e Para cualquier objeto b de B, la aplicacion B(F |,) — Fib(BF,Bb) a
la fibra homotopica de BF en Bb es una equivalencia homotopica.

asi como un resultado dual para funtores oplaxos F”: A" — B.

Este resultado generaliza el Teorema B del Capitulo 3 y extiende de forma simi-
lar resultados recientes sobre diagramas de categorias debidos a Cisinski (2006) [55],
y Barwick y Kan (2011) [13]. Ademas, la categoria de 2-categorias (estrictas) y 2-
funtores tiene una estructura de modelos de tipo Thomason, tal y como anunciaron
Worytkiewicz, Hess, Parent y Tonks (2007) en [125] y demostraron Ara y Maltsin-
iotis (2014) en [2], tal que el funtor espacio clasificador induce una equivalencia en
las teorias de homotopia entre 2-categorias y espacios topoldgicos. Asi, al restringir
nuestros resultados a 2-categorias, encontramos una interpretacion natural de nuestra
construccién como un cuadrado homotdpicamente cartesiano en la estructura de mod-
elos de Thomason. De la misma forma, gracias a la equivalencia entre la categoria de
médulos cruzados (sobre grupoides) y la categoria de 2-grupoides, podemos aplicarlos
también en términos de la estructura de modelos para complejos cruzados definida por
Brown y Golasinski (1989) [26]. Y también, dado que una categoria monoidal puede
ser vista como una bicategoria con un Unico objeto, nuestros resultados se aplican
también a categorias monoidales.

El Capitulo 4 también incluye algunos resultados nuevos relativos a espacios clasifi-
cadores de bicategorias, que son necesarios en este estudio para obtener los resultados
principales del capitulo. El desarrollo del mismo es un gran ejemplo de cudn 1til
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resulta establecer la relacién entre los diferentes nervios, en este caso para bicate-
gorias, para poder trabajar al mismo tiempo con funtores laxos y oplaxos. El nervio
geométrico de Street de una bicategoria AB es normalmente el méas sencillo para tra-
bajar, pero solamente es funtorial respecto a funtores laxos. También hay un nervio
op-geométrico VB, que es funtorial respecto a funtores oplaxos. En el Apéndice del
Capitulo 4 completamos el trabajo de Carrasco, Cegarra y Garzén [41] demostrando
nuevos resultados de naturalidad para la comparacién entre los nervios de bicategorias

|AB| ~ BB ~ |VB]
demostrando

Para cualquier bicategoria B, la equivalencia homotdpica |AB| ~ BB es
homotdpicamente natural con respecto a funtores laxos y la equivalencia
BB ~ |VB| es homotépicamente natural con respecto a funtores oplazos.

Estos resultados siguen ideas similares a las usadas en el Capitulo 2 para el estudio
de los nervios de tricategorias.

Posibles investigaciones futuras

El programa de hallar modelos para tipos de homotopia a través estructuras alge-
braicas esta aun en pleno desarrollo. Algunos articulos recientemente publicados so-
bre el tema son [19, 78, 87]. En relacién con los temas estudiados en esta tesis se
encuentran los siguientes problemas abiertos:

e La conjetura de Brown: los grupoides dobles modelan 2-tipos de homotopia. Es
decir, jes posible prescindir de la condicién de relleno? Para ello habria que de-
mostrar que todo grupoide doble es homotépicamente equivalente a un grupoide
doble satisfaciendo la condicién de relleno. Atun mejor seria la descripcion de
una estructura de modelos de Quillen en la categoria de grupoides dobles, en la
que los objetos fibrados sean los que satisfacen dicha condicién.

e Extension de estos resultados a multigrupoides generales. En particular, ;qué
condicién de relleno hay que exigir a un multigrupoide para que su nervio se
convierta en un complejo de Kan?

e La construccién de espacios topoldgicos de bicategorias y tricategorias permite
transformar coherencia categdérica en coherencia homotépica. Es decir, las trans-
formaciones entre ellas se transforman en homotopias entre sus espacios clasifi-
cadores. Esto apunta a la existencia de funtores

Bicat — oo-Top

Tricat — oco-Top

cuyo codominio es la oo-categoria de espacios topoldgicos. Una descripcién de
dichos funtores serfa sin duda interesante.
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e El estudio de cuadrados homotépicamente cartesianos entre tricategorias podria
seguir los mismos derroteros llevados a cabo en el estudio del caso bicategorico.
De la misma forma, usando métodos para el estudio de colimites homotdpicos
categéricos [120] se podria hacer un estudio de cuadrados homotépicamente
cocartesianos entre tricategorias.

e Para ciertas definiciones de m-categorias débiles, existen diversas nociones no
simpliciales de nervio [18]. Una comparacién homotépica de dichos nervios
podria ser util para el estudio de la relacién entre las diferentes definiciones
de n-categorias débiles.
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