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Abstract

This work contributes to clarifying several relationships between certain higher categorical structures
and the homotopy type of their classifying spaces. Bicategories (in particular monoidal categories) have
well-understood simple geometric realizations, and we here deal with homotopy types represented by lax
diagrams of bicategories, that is, lax functors to the tricategory of bicategories. In this paper, it is proven that,
when a certain bicategorical Grothendieck construction is performed on a lax diagram of bicategories, then
the classifying space of the resulting bicategory can be thought of as the homotopy colimit of the classifying
spaces of the bicategories that arise from the initial input data given by the lax diagram. This result is applied
to produce bicategories whose classifying space has a double loop space with the same homotopy type,
up to group completion, as the underlying category of any given (non-necessarily strict) braided monoidal
category. Specifically, it is proven that these double delooping spaces, for categories enriched with a braided
monoidal structure, can be explicitly realized by means of certain genuine simplicial sets characteristically
associated to any braided monoidal categories, which we refer to as their (Street’s) geometric nerves.
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1. Introduction and summary

Higher-dimensional categories provide a suitable setting for the treatment of an extensive list
of subjects with recognized mathematical interest. The construction of nerves and classifying
spaces of higher categorical structures reveals ways to transport categorical coherence to ho-
motopical 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 geo-
metric structures on low-dimensional manifolds. In particular, braided monoidal categories [24]
have been playing a key role in recent developments in quantum theory and its related topics,
mainly thanks to the following result, which was the starting point for this paper:

“The group completion of the classifying space of a braided monoidal category is a double
loop space”

as was noticed by J.D. Stasheff in [34], but originally proven by Z. Fiedorowicz in [13, Theo-
rem 2] (some other proofs can be found in [4, Theorem 1.2] or in [2, Theorem 2.2], for example).
More precisely, given any braided monoidal category

M, ®,¢)=M,®,L,a,l,r,c),

Stasheff-Fiedorowicz’s theorem implies the existence of a path-connected, simply connected
space, uniquely defined up to homotopy equivalence, B(M, ®, ¢), and a homotopy-natural
map BM — 22B(M, ®,¢), where BM is the classifying space of the underlying cate-
gory M, which is, up to group completion, a homotopy equivalence. Hereafter, we shall refer
to B(M, ®, ¢) both as the classifying space of the braided monoidal category and as the double
delooping of BM, induced by the braided monoidal structure given on M.

However, there is a problem with the space B(M, ®, ¢) since its existence is proven as an ap-
plication of May’s theory of E»-operads [29] and, therefore, its various known constructions are
based on some complicated and irritating processes of rectifying homotopy coherent diagrams.
In fact, the double delooping construction is provided by May’s bar-construction that only takes
place after replacing (M, ®, ¢) by an equivalent strict braided monoidal category (M’, ®’, ¢/),
and then by carrying out a substitution of BAM’ by a homotopy equivalent space upon which
the little square operad of Boardman—Vogt acts [5], which depends on an explicit equivalence of
operads between the braided operad used and the little 2-cube one. The resulting CW-complex
thus obtained has many cells with little apparent intuitive connection with the data of the original
monoidal category, and this leads one to search for any simplicial set, say “nerve of the braided
monoidal category”, realizing the space B(M, ®, ¢) and whose cells give a logical geometric
meaning to the data of the braided monoidal category.

A natural response for that nerve was postulated in the nineties by J. Dolan and R. Street
(probably among others) and it is as follows: since a braided monoidal category can be regarded
as a one-object, one-arrow tricategory [17, Corollary 8.7] and each category as a tricategory
whose 2-cells and 3-cells are all identities, one can consider strictly unitary lax functors from the
categories [p] = {0 < 1 < --- < p} to the tricategory £2~2M that the braided monoidal category
(M, ®, ¢) defines. Then, its geometric nerve is the simplicial set

Z3(M,®,¢): [pl— NorLaxFunc([p], .Q_z/\/l),
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whose p-simplices are all strictly unitary lax functors [p] — £272M (also called 3-cocycles
with coefficients in the braided monoidal category [11]). This geometric nerve of the braided
monoidal category is a 4-coskeletal simplicial set whose simplices have a pleasing interpretation:
there is only one 0-simplex, there is only one 1-simplex, the 2-simplexes x are the objects of M,
the 3-simplexes ¢ with 2-faces (in order) xg, x1, X2, X3 are morphisms ¢ : xo ® x2 — x3 ® X,
and so on. The most striking instance is for (M, ®, ¢) = (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, 73 (A,+,0) = K(A, 3), the minimal
Eilenberg—Mac Lane complex. Geometric nerves of braided categorical groups [24, §3] were
studied in [8], where it was proven that the mapping (M, ®, ¢) — |Z3 (M, ®, ¢)| induces an
equivalence between the homotopy category of braided categorical groups and the homotopy
category of pointed 1-connected 3-types (a fact due to A. Joyal and M. Tierney [25], see also [4,
Theorem 3.3]).

A main goal of this article is to prove the following result for which, as far as we know, no
proof has yet appeared in the literature:

“For any braided monoidal category (M, ®,c), there is a homotopy equivalence
B(M,®,¢) = |Z* (M. ®,0)|."

Our proof for this theorem requires a long preliminary discussion on the notion of realization
or classifying space for lax diagrams of bicategories 7/°°? — Bicat, where I is any small category.
This requirement is due to the fact that, in a first approach, we show that the space B(M, ®, ¢)
can be realized by means of the pseudo-simplicial bicategory

NM, ®,¢): A® — Bicat, [p]— 2 'MP,

defined (thanks to the braiding) by the familiar bar construction; here £2~' M denotes the one-
object bicategory delooping of the underlying monoidal category (M, ®), that is, that obtained
forgetting the braiding. Then, the proof we give of the claimed above result reduces to show
the existence of a homotopy equivalence between the realization of the simplicial set geometric
nerve Z3(M, ®, ¢) (viewed as a simplicial discrete bicategory) and the realization of the pseudo-
simplicial bicategory N(M, ®, ¢).

Hence, much of our work here is dedicated to establishing and proving the most basic re-
sults needed concerning the homotopy theory of lax diagrams of bicategories, paralleling cor-
responding facts for lax diagrams of categories as stated and proven by G.B. Segal [33] and
R.W. Thomason [37], following the methods of A. Grothendieck. The resulting theory is in itself
of independent interest and yields, as an added benefit, the foundation for other future develop-
ments, for example in the homotopy theory of monoidal bicategories or arbitrary tricategories.
Although this subject will not be treated here, let us say that the classifying space of any monoidal
bicategory (B3, ®) is precisely the realization, in the sense studied here, of the pseudo-simplicial
bicategory N(B, ®) : A°? — Bicat, [p] — BP?, which it defines by the reduced bar construction.

After this introductory Section 1, the paper is organized in six sections. Section 2 is an at-
tempt to make the paper as self-contained as possible; hence, at the same time as we fix notations
and terminology, we review in it some necessary aspects from the background of bicategories by
briefly describing Bicat, the tricategory of bicategories, homomorphisms, pseudo natural trans-
formations, and modifications. This material is quite standard, so the expert reader may skip
most of it, but note that some notations may be idiosyncratic. Also, we describe the kind of lax
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diagrams of bicategories we are going to treat in this paper: lax morphisms of tricategories in the
sense of [17], F : I°P — Bicat, where [ is any small category, all of whose coherence 3-cells
are invertible. For any given category I, the lax diagrams of bicategories are the objects of a
tricategory, denoted by Bicat! * . The following two sections, 3 and 4, are very technical, but
crucial to our discussions. Section 3 is mainly dedicated to study a bicategorical Grothendieck
construction [19,37]. More precisely, the aim there is to prove the following:

“There is a Grothendieck construction on lax diagrams of bicategories defining a trihomo-
morphism of tricategories

f, : Bicat!” — Bicat

which, moreover, is left triadjoint to the diagonal trihomomorphism Bicat — Bicat’ o

Hence, the function on objects of the Grothendieck construction assembles any lax diagram
F : I°P — Bicat into a large bicategory [, F, which is a lax colimit of the bicategories F;,
i € Ob/, and, as we shall detail later, it can be thought as its homotopy colimit. Section 4 is
dedicated to proving, following Giraud and Street’s methods [15,35], that

“There exists a rectifying trihomomorphism ()" : Bicat! * _ Bicat!””

through which any lax diagram of bicategories F : /°? — Bicat has naturally associated a gen-
uine /-diagram of bicategories, that is, a functor F" : I1°? — Bicat that, as we will show later,
represents the same homotopy type as the original F.

Heavily dependent on the results in [9], where nerves and classifying spaces of bicategories
are studied, in Section 5 we introduce and study realizations for lax diagrams of bicategories. The
classifying space of the lax diagram of bicategories F : 1°° — Bicat, denoted by BF, is defined
to be B ;F the classifying space of the bicategory obtained by the Grothendieck construction
on F, and the more basic and relevant properties of this construction F — BJF are stated and
proven throughout the section. Namely, we prove the following two results:

“If F:F — G is a lax I-homomorphism between lax I-diagrams F,G : [°°P — Bicat, such
that the induced maps BF; : BF; — BG; are homotopy equivalences, for all objects i of I,
then the induced map BF : BF — BG is a homotopy equivalence.”

“Let F : I°P — Bicat be a lax diagram of bicategories such that the induced map
Ba*:BJF; — BF;j, for each morphism a : j — i in I, is a homotopy equivalence. Then,
for every object i of 1, there is a homotopy fibre sequence BF; — BF — BI.”

In Section 6, the facts demonstrated on realizations for lax diagrams of bicategories are
mainly applied to state and prove several facts concerning the classifying space construc-
tion (M, ®, ¢) — B(M, ®, ¢), for braided monoidal categories. Specifically, we give here a
new proof of the above-mentioned Stasheff-Fiedorowicz theorem that, as an added value, in-
cludes the following more explicit fact:

“For any braided monoidal category, the double loop space of the realization of its geometric
nerve is a group completion of the classifying space of the underlying category.”
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And finally, Section 7 simply collects the expression of various coherence conditions con-
cerning definitions in Section 2 and used throughout the paper.

1.1. Some frequently used notations

To help the reader we list below the following notations used along the paper, with indication
of their meaning and first appearance.

Bicat tricategory of bicategories 3)
Hom category of bicategories and homomorphisms )
Bicat’” tricategory of lax 7-diagrams of bicategories 1D
/ F Grothendieck construction on a lax /-diagram of bicategories (13)
Fr rectification construction on a lax /-diagram of bicategories  (30)
NC pseudo-simplicial nerve of a bicategory (36)
BC classifying space of a bicategory (3%
A"C unitary geometric nerve of a bicategory (40)
AC geometric nerve of a bicategory 41
BF classifying space of a lax /-diagram of bicategories Definition 5.4
M delooping bicategory of a monoidal category (48)
NM, ®) pseudo-simplicial nerve of a monoidal category (49)
B(M, ®) classifying space of a monoidal category (50)
272M double delooping tricategory of a braided monoidal category (52)
NM, ®,¢) pseudo-simplicial nerve of a braided monoidal category (53)
BM, ®, ) classifying space of a braided monoidal category (54)
Z*(M, ®) geometric nerve of a monoidal category (56)
Zczat(./\/l, ®) categorical geometric nerve of a monoidal category 57
Z3(M, ®,¢) geometric nerve of a braided monoidal category (61)

Zgicat (M, ®, ¢) bicategorical geometric nerve of a braided monoidal category (62)
2. Bicategorical preliminaries: lax diagrams of bicategories

We shall begin by reviewing some necessary facts concerning the tricategory of bicategories.
Also, we will describe the kind of lax diagrams of bicategories we are going to treat in this paper.

2.1. The tricategory of bicategories

We refer to [3,17,20] and [36] for background on bicategories and tricategories. For definite-
ness or emphasis, we state the following:

In any small bicategory A, its set of objects (or O-cells) is denoted by Ob.A and, for each
ordered pair of objects (v, x), A(y, x) is the category whose objects u : y — x are the 1-cells
(or morphisms) of .4 with source y and target x, and whose arrows « : u = u’ are the 2-cells
(or deformations) of .A. The composition of deformations in each category A(y, x), that is, the
vertical composition of 2-cells, is denoted by S - «, while the symbol o is used to denote the
horizontal composition functors o : A(y, x) x A(z, y) = A(z, x). The identity of an object is
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written as 1, : x — x, and we shall use the letters a, r, and I to denote the associativity, right
unit, and left unit constraints of the bicategory, respectively.

A lax functor is usually written as a pair F = (F, F ) A — - BB since we will generically
denote its structure constraints by Fu v:FuoFv= F(uov)and F : 1px = Fly, or merely by
F:FuoFv=F (uov)and F:1 Fx = F1, since the source and target of this constraint make
it clear what kind of constraint deformation it is. The lax functor is termed a pseudo-functor or
homomorphism whenever all the structure constraints F are invertible. If the unit constraints F
are all 1dent1t1es/,\then the lax functor is qualified as (strictly) unitary or normal and if, moreover,
the constraints F, , are also identities, then F is called a 2-functor.

We will use pasting diagrams of 2-cells inside bicategories. A diagram of the form

uo X] — +++ — Xp .

A N
X o Yy (1)

A

Vo V] == o+ == YV Um

will represent a deformation ¢ whose source (resp. target) is obtained by horizontal composition
of the morphisms in the string uq, ..., u, (resp. vo, ..., v, ) following a particular given associ-
ation. By the bicategorical coherence theorem, such a deformation uniquely determines another
when any other particular bracketing is used for computing the source and the target morphism
from the given strings of morphisms. Therefore, diagram (1) is not ambiguous once a choice of
association has been made for the source and target of the deformation. When F : A — B is a
homomorphism and diagram (1) is given in A, then we will denote by

Fuy Fxi — -+ — Fx, Fu,
7
Fx YFy Fy 2)
N 7
Fug Fyl s e Fym Foy

the diagram in B in which the deformation is obtained by appropriately composing the original
F ¢ with constraints F of F. That diagram (2) is well defined from diagram (1) is a consequence
of the coherence theorem for homomorphisms of bicategories [17, Theorem 1.6]. A diagram such
as (2), with the symbol = inside instead of || F¢, means that the deformation is obtained only by
composition of the structure constraints of the homomorphism F and the bicategories involved.

If F, F’ : A — B are lax functors, then we follow the convention of [17] in what is meant
by a lax transformation o = (o, @) : F = F’. Thus, a consists of morphisms ax : Fx — F'x,
x € Ob A, and of deformations @, : «y o Fu = F'uoax that are natural on morphisms u : x — y,
subject to the usual two axioms. When the deformations @, are all invertible, we say that « is a
pseudo transformation. In accordance with the orientation of the naturality deformations chosen,
if a,a’: F = F’ are two lax transformations, then a modification ¢ : « = o« will consist of
deformations ¢x : ax = o’x, x € Ob A, subject to the commutativity condition (1 g, opx) -0, =
a, - (py o 1p,), for each morphism u : x — y of A.

Next, we shall briefly describe the most striking example of tricategory: the tricategory of
bicategories, homomorphisms, pseudo-natural transformations and modifications, which is de-
noted by

Bicat. 3)

‘We refer the reader to [17, §5] and [20, §6.3] for more details.
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For bicategories A, B, Bicat(.A, B) denotes the bicategory whose objects are the homomor-
phisms F : A — B, 1-cells the pseudo-transformations « : F = F’, and 2-cells the modifications
@ :a = o. Let us briefly recall that a modification ¢ : « = o’ composes vertically with a mod-
ification ¢’ : @’ = «” yielding the modification ¢’ - ¢ : & = «”, such that (¢’ - @)x = ¢'x - ¢x,
x € Ob A. The horizontal composition of 1-cells in Bicat(A, B) is given by the “vertical compo-
sition” of pseudo-transformations: for« : F = F’ and o’ : F' = F”, where F, F', F": A — B,
the composite o’ oo : F = F” is defined by putting (o’ o a)x = a’x o ax for any object x of A,
the component of &’ o & at a morphism u : x — y being the deformation obtained by pasting the
diagram

ax a'x
Fx F'x F'"x
Ful % Fq;u % \LF”u
F F’ F'y.
y ay y o'y y

The horizontal composition of a modification ¥ : @ = B : F = F’ with a modification ¢’ : o’ =
B’ : F' = F” is the modification ¥’ o : @’ oo = B’ 0 B such that (' oyr)x = ¥'x o x, for each
object x of A. The structure constraints in Bicat(.A, 3) are canonically derived, in a pointwise
way, from those of B; thus, for example, the associativity modifications a : o” o (¢’ 0 @) =
(" oa’) o are given by ax = ayry o/x x> ¥ € ObA.

The composition of lax functors F : A — B and G : B — C will be denoted by juxtaposition,
that is, GF : A — C. And recall that its constraints are obtained from those of F and G by the
rules (/}77,“) = Gf”\u,v . ’G\FL,,FU and 677)( = Gfx . GFX. This composition of lax functors is asso-
ciative and unitary, so that the category of bicategories and lax functors is defined. Following [17,
Notation 4.9], the category of bicategories with homomorphisms between them will be denoted
by

Hom. “4)

The composition of homomorphisms gives the function on objects of a homomorphism of
bicategories

Bicat(3,C) x Bicat(A, B) — Bicat(A, C), (5)
F G

whichon A @ B @ C ,is given by Ba = BF' o Ga, where the pseudo-transformations
F' G’

Ga:GF = GF' and BF': GF' = G'F’ are those whose respective components at an object x
of A are the morphisms Gax and BF’x, and at a morphism u are (/}Eu =Gay and BF', = Ep/u.
Similarly, the composition ¢ : Ba = B’a’, of modifications ¢ : @ = o' and ¥ : B = 8/, is
given by the formula ¢ = ¥ F’ o Gy, that is, the modification whose component at an object

x € Ais (Y)x = ¥ F'x o Gpx. Moreover, given homomorphisms A £ B g C and pseudo
transformations F = F' = F”: A— Band G £> G’ é G" : B — C, the structure constraints
of the homomorphism (5) at them are provided by the invertible modifications
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lgr = 1glp, ﬂ’a’oﬁ(xé(ﬂ'oﬁ)(a/oa), (6)

whose respective components at an object x € Ob A are given by pasting the diagrams

F'x
'x —= G'F'x

Glp, - GFx GF
% / N\ /’ e T o KF\\G
Igre = =
GFx = GF.X, GFx — F//x - G/F//x N G//F//
lGrx G(ot xoax) ﬂF” ﬂ’F”

where, for any horizontally composable pseudo transformations « and g as above, the invertible
modification

BF' oGa = G'aopF, (7)

at an object x of A, is B\a +» the component of § at the morphism x.

The composition of homomorphisms is associative and unitary as we have remarked before.
Besides, the unit constraints for the compositions (5) are the pseudo-natural equivalences I and r,
whose components at any homomorphism F : A — I3 are both the identity transformations on it,
and at a pseudo transformation « : F = F’ are the modifications

T:lpoliza=aolpy, F:lpoal, Saolp, (8)

canonically obtained from the modifications 11,0 = « and a1 , = «, respectively defined by
the 2-cells of B, x € Ob A,

1 loF~! r
lpyoax = ax, axoFly = axolp, = ax.

Also, for any homomorphisms .4 £ B g C L D, the associativity pseudo-natural equivalence
a: H(GF)= (HG)F is the identity on the composite homomorphism H G F, and its compo-
nent at a morphism (y, 8,a) : (H, G, F) = (H', G’, F’) is the modification

a:lggpoy(Ba)= (yBaolugr, )

canonically obtained from the invertible modification y (Ba) = (yf)« associating to each ob-
ject x of A the 2-cell of D given by the composition

OAfl
yG'F'x o H(BF'x 0 Gax) ' yG'F'x o (HBF'x o HGax)
% (yG'F'x o HBF'x) o HGax.

In Bicat, the structure invertible modifications 7 and u, as in the definition of a tricate-

gory [17], at any homomorphisms A Llcipk g,
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a

K(H(GF)) (KH)(GF)  G(1gF) ———= (Glp)F

1K“ﬂ NK,%G.F ﬂa \MC F/ (10)
alp

K((HG)F) = (K(HG))F — ((KH)G)F,

are respectively given by the unique coherence 2-cells, x € Ob A,

1 1 1 1
KHGFx —>= KHGFx —> KHGFx GFx > GFx > GFx

1 o~
\ ll - lGlFx
Glpy

1 )
KHGFx%KHGFxHKHGFxKTGT KHGFx, GFx — GFx.
Fx

12

J/Klﬂcm

The structure modifications A and p can be defined in a similar fashion.
2.2. The tricategory of lax diagrams of bicategories

Throughout the paper, a lax diagram of bicategories, with the shape of a small category I,
means a lax functor of tricategories [17, Definition 3.1]

=(F, x,t,w,y,8): I°° — Bicat,
from 7°P, regarded as a tricategory in which the 2-cells and 3-cells are all identities, to the tri-
category Bicat of small bicategories, all of whose coherence 3-cells are invertible and such that
each homomorphism 1(j,i) — Bicat(F;, F;) is normal (cf. [14], where they are called lax ho-

momorphisms). The homomorphism Fa attached at an arrow a : j — i of [ is usually written
as

a*: Fi — Fj,

so that the remaining data of the lax diagram F provide us with pseudo transformations

b*a* Lr;
_— T T\
Fi  Ax=xapr  Fi, Fi A= F,
~_ @ ~_ =
(ab)* 1*

1

respectively associated to pairs of composible arrows k — j % iand objects i of I, and invert-
ible modifications

*x
crb*at ——> C*(Clb)* a* a*lj‘
§=04
XG*U w:g.b,c HX La*H \ 3 HX

(bc)*a* :X> (abC)*, lja* — a*’
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respectively associated to triplets of composible arrows £ Sk 4 j % i and arrows Jj 4 i of the
category I, subject to the two coherence axioms (CC1) and (CC2), as stated in Section 7.

The lax diagram is termed normal or unitary whenever the following conditions hold: i) for
each object i of I, 1;" =1z andy; = llf,' ; 11) for each arrowa: j — i of I, Xa,1; = Lo = X1;,a
and the modifications y, and §, are the unique coherence isomorphisms.

Note that a lax functor F : I°P — Bicat consists of the same data as above, for a lax diagram,
but with the difference that the modifications w, y, and § are no longer required to be invertible.
However, we need lax diagrams of bicategories as above in order for the Grothendieck construc-
tion on them, as shown in the next Section 3, to give rise to bicategories.

A diagram of bicategories is a functor F : I°°P — Hom C Bicat to the category Hom of bi-
categories and homomorphisms, that is, a lax diagram where each of the pseudo transformations
x and ¢ are identities and the modifications w, y, and § are given by the unique coherence iso-
morphisms.

A pseudo-diagram of bicategories is a trihomomorphism, or pseudo functor, F : 1°P — Bicat,
that is, a lax diagram whose data x and ¢ are pseudo natural equivalences.

A lax diagram of categories, that is, a lax functor F : I°? — Cat to the 2-category Cat of
small categories, is the same thing as a lax diagram of bicategories in which every bicategory F;,
i € Obl, is a category (i.e., a bicategory where all the 2-cells are identities) since this condition
forces all the modifications w, §, and y to be identities.

For any given category I, the lax diagrams of bicategories F : °P — Bicat are the objects of
a tricategory, denoted as

Bicat’”, (11)

whose 1-cells, called here lax I-homomorphisms, are lax transformations all of whose coherence
3-cells are invertible, whose 2-cells, called pseudo I-transformations, are trimodifications, and
whose 3-cells, called I-modifications, are perturbations, in the sense of [17, 3.3]. Then, the data
for a lax 7-homomorphism

F=(F197H7F):]:_)]:/

are comprised of: for i an object of /, a homomorphism F; : 7; — F/, fora : j — i amorphism
of I, a pseudo transformation

F;
Fi - F

1

a*J, 6= \L“*
F—— F,
J F,- J

fork — j 5 i two composable arrows and j any object of 7, the respective invertible modifica-
tions
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k ok FkX k
Fi.b*a* —> Fi(ab) )

Fj
0a* H:317n.b (ab)*F,, Flt 3 tFJ
/7 F=Fj

'F:
b*F]a* ﬁb*a*Fi XFl Fjlj — 17F,
b*6 0

and these are subject to the two coherence axioms (CC3) and (CC4), as stated in Section 7.
When the pseudo-transformations 6 : Fja* = a*F; are pseudo-natural equivalences, for all
arrows a : j —> i, then F : F — F' is termed a pseudo I-homomorphism.
Given lax /-homomorphisms F, F' : F — F’, a pseudo I-transformation between them,

m=@m,M): F=F'

is merely a trimodification, so it consists of pseudo transformations

i € Ob I, and invertible modifications

®
Fja* % F‘]/a*

QH M;M,, He,

/
a*F'l- — a*Fi ,
a*m

one for each arrow a : j — i of I, subject to the two coherence conditions (CCS5) and (CC6),
as stated in Section 7. And, finally, say that if m,m’ : F = F' : F — F’ are pseudo I-
transformations, then an I-modification o : m = m’ is a family of modifications

oimi=>m;: F;= F :F — F|,

one for each object i of I, subject to the coherence condition (CC7).

For lax I-diagrams of bicategories F and G, compositions in Bicat!” (F, G) are as follows:
2-cells 0 :m = m’ and ¢’ : m' = m”, where m,m’,m" : F = F', F,F' : F — G, are ver-
tically composed yielding the 7-modification o’ - o : m = m” such that, for any object i of I,
(0'-0); =0} -0; :m; = m. The horizontal composition m’ om : F = F" of 1-cells F =2 F 2;
F": F — @ is given by writing (m" o m); = m} o m; for each i € Ob I, while its component at
an arrow a : j — i is the modification obtained by pasting the diagram
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* 7%
Fja* 2 Flar 2 Frar

9“ M g/ﬂ W ﬂm

a*F; ——= a*F ——= a*F!".
a*m a*m’

Two I-modificationso :m = n: F = F ando’ :m’' = n’ : F/ = F” compose horizontally giv-
ing the I-modification ¢’ oo :m’ om = n’ on such that, for any object i of I, (¢’ 0 0); =
o/o0;: m; om; = n; o n;. All the structure constraints in the bicategory Bicat!” (F,Q) are
provided by using the corresponding structure constraints of the tricategory Bicat in a pointwise
fashion. Thus, for example, for pseudo I-transformations F = F’ LYY R R g, the
I-modification a : m” o (m’ o m) = (m” o m’) o m is that defined by the family of associativity
modifications a : m o (m; om;) = (m] om}) om; of Bicat(F;,G;),i € OblI.
For lax 7-diagrams of bicategories F, G, and H, the composition homomorphism

Bicat'” (G, H) x Bicat!” (F, G) — Bicat!” (F, H) (12)

carries lax 7-homomorphisms F £ g g ‘H to the lax I-homomorphism G F : F — H, whose
component at an object i of I is the composite homomorphism G; F; : F; — 'H;, its component

. .. . Gjb 0F;
at an arrow a : j — i is the composed pseudo transformation G Fja* N Gja*F;, = a*G; F;,

its component at a pair of composable arrows k 2 j and j % i is the modification obtained,
from those of F and G, by pasting the diagram

*

GiOa* 0Fja
Gy Fib*a* —= Gyb*Fja* ———— b*G,Fja*

Gib*6 <)

G Frx Gyl = b*G ;6
QH*F,' * *

G Fi(ab)* Gib*a*F;, ———>b Gja F;
ub*é)Fi

GrxFi )
b*a*GiFi

Gib

\U/XGiFi

Gi(ab)* F; — (ab)* G, F;

and, finally, its component I" at an object j of I is the modification obtained from those of F
and G, by pasting the diagram
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Gj
G./Fjljf _ Gjlij

{UGJ'F

rF; |

GF; HG]'FJ"

Ifm:F=F :F—>Gandn:G= G :G— H are pseudo [-transformations, then their
composition is nm : GF = G'F' : F — H, whose component at an object i is n;m; : G; F; =
G!F!: F; — H;, and whose component at an arrow a : j — i is the modification obtained by
pasting the diagram

. Gjmja* . jFja* o
GjFja :>G1Fja Gija
Gjo GiM GHQ’ M G0

And the composition of /-modifications 0 :m =m' : F = F' : F - G and 7 : n =
n":G=G":G—-Hisot:nm= n'm', with (61); = 0;7; : n;m; = n;m] for every i € Ob1.
Moreover, given lax /-homomorphisms F £ g g H and pseudo I-transformations F = F' =
F':F—>Gand G= G = G":G — 'H, the structure constraints of the composition homo-
morphism (12), 1gr = 1glF and ”’m’ o nm = (n’ o n)(m’ o m), are provided by the family of
modifications (6), 1,5, = lg, lF, and n)m} onym; = (n; on;)(m; om;), i € Ob I, respectively.

The associativity and unit pseudo natural equivalences

Bicat!” (H, T) x Bicat'” (G, H) x Bicat'” (F, G) — Bicat'” (G, T) x Bicat!” (F, G)
b a= b

Bicat’” (H, T) x Bicat!” (F, H) Bicat!” (F, 7),

o JOP . JOP lgx1 . JOP Ixdz 1P . O
Bicat’ " (G, G) x Bicat'  (F,G) = Bicat’' (F,G) — Bicat' (F,G) x Bicat' " (F, F)

Bicat!” (F, )



432 P. Carrasco et al. / Advances in Mathematics 226 (2011) 419—483

are as follows: For any lax /-homomorphisms F £ g g H LS K, HGF) =N (HG)F is the
pseudo [ -equivalence whose component at any object i of / is the identity on the homomorphism
H; G; F;, and whose component at an arrow a : j — i is the modification obtained by pasting

1 H;G,8
HjGija* c— HjGija* — HjGja*Fi

=H,
H,-(@F,-CN MH,'GE

Hja*GiFi

1
MGG,-F,-

H;a*G;F; ——> a*H;G;F; ——> a*H;G; F;.
/ 0G; F; a*1

i

H;(0F;0G ;0)

12

12

Besides, for any pseudo I -transformations (m,n,t): (H, G, F) = (H', G’, F"), the correspond-
ing I-modification @ : ay g pr o m(nt) = (mn)t o ap G r is given by the family of modifi-
cations (9), @ : 1 o m;(n;jt;) = (m;n;)t; o 1, i € ObI. For any I-homomorphism F : F — G,
l:1gF = F and r : F1r = F are the pseudo /-equivalences whose components at any object
i € Ob[ are both the identity on the homomorphism F; and, at an arrow a : j — i, are the canon-
ical isomorphism a*15, 00, =6, 01 Fja*- Besides, for m : F = F’ any pseudo /-transformation,
the corresponding /-modifications 1: lprolygm = molp and T:rpo mli > morg
are respectively given by the family of modifications (8), T:1 F© 1 g,Mi = m;j o 1f, and
T 1Fl/ Omillj:’. = miolp.

In Bicat! Op, the structure invertible /-modifications 7 and &, as in the definition of a tricate-
. F ., G H . K
gory, for any lax /-homomorphisms F -G —->H—> K — T,
g
(@ax.H.GlFoak HG F)olkan G r = akH.G FoaK H.GF,
"
rglroagig.r= lclr,
are given by the family of modifications (10), 7k, u, G, F; and uG, r,,i € OblI.

Finally, note that considering lax /-diagrams of categories, that is, lax functors F : I°P — Cat
to the 2-category Cat of small categories, then

op . op
Cat’ C Bicat’

is a full subtricategory of Bicat’ . But note that Cat!” is actually a 2-category, since all its
3-cells are identities.

3. The bicategorical Grothendieck construction
3.1. The Grothendieck construction on lax diagrams of bicategories

Let I be a small category. The well-known Grothendieck construction on a lax diagram of
categories 1°P — Cat [19,16,23,37] admits an extension to a lax diagram of bicategories
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F=(F. x,t,0,y,8) : I°? > Bicat,

assembling it into a large bicategory

e (13)

which is a lax colimit of the bicategories F;, i € Ob/, and, as we shall detail later, it can be
thought as its homotopy colimit. This bicategory is defined as follows (cf. [1,9]):

The objects of |’ ;F are pairs (x, i), where i is an object of I and x one of the bicategory F;,
so that

Ob[,F= | | obF.
ieOb/

The hom-categories are

[F (s Dy ) = | Fi(y. a*x),
j5i

where the disjoint union is over all arrows a : j — i in I. Then, a morphism (u, a) : (y, j) —
(x,i) in j}]—' is a pair of morphisms where a : j — i is in / and u : y — a*x is in F;; and
given two morphisms (u, a), (u’,a’) : (y, j) — (x,i), the existence of a 2-cell (u,a) = (u’,a’)

(u,a)

— A,
requires that @ = @/, and then, such a 2-cell (y,j) l(@a (x,i) consists of a 2-cell
u ~_
P ',a)

y Yo a*x in.7-"j.
\_//

u'

The horizontal composition functor

L 7i(v.a*x) x || Filz.0*y) = | Felz. ).
J5i

k2 j kS

for each triplet of objects (z, k), (v, j), and (x, i) of [, F, maps the component at two morphisms
a:j—iandb:k— jof I intothe component at the composite ab : k — i via the composition

b*x1
Fi(y,a*x) x Fi(z,b*y) —— F(b*y, b*a*x) x Fi(z, b*y)

lo

Fi(z, b*a*x)

Fi(z, (ab)*x),
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where x = xq.px : b*a*x — (ab)*x, that is,

(v,b) (u,a) (xo(b*uov),ab)
P T
@k YBbn 0, ) e xi) —= (k) Yl ob aoprab) (x,i).
~_ 7 ~_ 7 .

',b) W',a)

(xo(b*u'ov’),ab)

The structure associativity isomorphism

(u,a)o ((v, b) o (w, c)) = ((u,a) o (v, b)) o (w,c),

, b
for any three composable morphisms (z, £) (w—>c) (z,k) (v—>)

. ) “9 (x,i) in /;C. is provided
by pasting, in the bicategory Fy, the diagram

(be)*uo(xo(c*vow))

(boy*u—> (bc)*a*x

c*b*a*x 2 (abc)*x.
- k /

c*(xo(b*uov))ow

The identity morphism, for each object (x,i) in [ ;F, is provided by the pseudo-transfor-
mation ¢: 1 5 = 1} by

Ly = (x, 1)) 1 (x,0) = (x,0).

The left and right identity constraints

Liriyo (u,a) = (x o (a*tx ou),a) = (u,a),
(u,a)oly, jy= (X o (1j‘u o Ly), a) (u

12

,a),

for each morphism (u, a) : (v, j) — (x, i), are respectively given by pasting the diagrams

* J * ok
1jy ljax

u
~
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The coherence pentagon for associativity in || ;F holds thanks to the coherence condition
(CC1) in Section 7, and the coherence triangles for unit constraints in f ;F follows from (CC2).
Hence || ;F is actually a bicategory.

3.2. The Grothendieck construction trihomomorphism
The assignment
F [|F
is the function on objects of a trihomomorphism of tricategories
/, : Bicat!” — Bicat, (14)

described below.
The homomorphism of bicategories

[ : Bicat!” (F, G) — Bicat( [, F, [;9), (5)

for any two lax [-diagrams F,G : I°P — Bicat, carries a lax /-homomorphism F = (F, 0,
I, I') : F — G to the homomorphism

[iF: [, F— [, (16)

defined on objects by fIF(x, i) = (Fix, i), and, for each pair of objects (y, j) and (x, ) of f1,7-",
the functor

[;F: |_| Fi(y,a*x) — I_l Gj(Fjy.a*Fix)

.a . La .
J—1 Vid)

is defined on the components at each morphism j L by the composition of functors
F; 04
Fi(y,a*x) = G;j(F;y, Fja*x) = G;(F;y,a*F;x), where 0 =0,x : Fja*x — a* F;x.

If (z, k) (v—>) o, j) (u—a>) (x, 1) are any two composible morphisms of f ;F, then the invertible
structure 2-cell

[;Fw,a)o [;F(v,b) = [,F((u,a)o (v,b))

is provided by pasting the diagram in Fy
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b*(BoF;u)o(BoFv)

~

b*F;y § b*a*Fix
N )
Frv
Fuz —> Eib*y ~ b*Fja*x ~ (ab)* Fix
Oa*
— 7
Fib*a*x Fr(ab)*x

~

Fi(xo(b*uov))
where IT = I1, ,x. And, for each object (x, i) of f ;F, the isomorphism

lfIF(x,i) = le(l(x’,'))

is provided by the invertible deformation ;.

Since the commutativity coherence conditions follow from (CC3) and (CC4), f JF f 1 F—
/, ;G is actually a homomorphism of bicategories. This describes the function on objects of (15),
which acts as follows on the hom-categories: Any pseudo /-transformation,m : F = G : F — G,
gives rise to a pseudo-transformation

Jim: [}F= [,G: [}F— [;9. (17)
whose component at an object (x, i) of [ 1 Fis
Sym(x,i)=(Gix omix, 1;) : (Fix,i) > (Gix, i),
and whose component at a morphism (u, a) : (y, j) — (x,1)

ﬁc(um cfim(x,i)o [{Fu,a)= [,G(u,a)o [m(y, j)

is given by pasting

Fju " 0
Fjy ———— Fja*x ———— a*F;x
m ’i“ * M a*m

i
Gijy Gju— Gja*x

60— a*Gijx —a*1Gi—> a*l?‘Gix

\ 8G;
- xGi

wa*Gi 1

bR

lejy —1%Gju> leja*x — 130> ljfa*G,-x — a*Gix.
xGi

Q

[1:

~
~
-

. P
(G (Gja

12

15(00G ju)
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So defined, f ;m is indeed a pseudo transformation thanks to the coherence conditions (CC5)
and (CC6).

If m,m: F= G:F — G are two pseudo I-transformations, it follows from the commuta-
tivity of the squares in (CC7) that every I-modification o : m = m’ defines a modification

f[“ :flm = flm/’

by writing flo(x, i)=,g;x00ix,1;): (Gix om;x, 1;) = (1G;x om;x, 1;).

For I-modifications o : m = m’ and ¢’ : m’ = m”, where m,m’,m"” : F = G, the equal-
ity [,(0’ o 0) = [;0" o [;0 is easily verified. Moreover, for the horizontal composition
nom:F = H of pseudo [-transformations F AG3H:F— G, the invertible structure
modification

finofim= [,(nom): [}F= [{H (18)

is given by pasting

IT(LH;OH,‘)
;kn,- ; ,'LHi
1;"G,~x —_— lj.“H,'x —_— lfl;kH,'x

*

(Giom; ITI \ =5
i i Gy (;) LH; 1\ xH;
Fix Gix H;x 17H;x.
mi nj (H;

If m: F= G:F — G is any pseudo /-transformation, then f, Iy = lf ,, and, for any lax
I

I-homomorphism F : F — G, the invertible structure constraint
1= ilr (19)

is provided by the canonical isomorphisms r : tF; o 1, = ¢F;, i € Ob[.
The pseudo-natural equivalence

f]XfI

Bicat!” (G, H) x Bicat!” (F, G) Bicat(/,G. [,H) x Bicat([,F, [,G)

| w |

Bicat!” (F, H) Bicat([, F, [, H),

for any three lax /-diagrams F, G and H, is that whose component at any pair of lax /-

. F G . .
homomorphisms, F — G — 'H, is the pseudo natural equivalence

X =%r:[,G[;F= [,GF, (20)
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which is the identity on objects, that is,

2(x, i) =1GFx.i) =G Fix,1;) : (G Fix,i) = (G Fix, i),
and its component at a morphism (u, a) : (y, j) — (x, i) is the 2-cell
Zwa LGy © ;G [ Fw,a) = [;GF u,a) 0 1(G,Fx.j)-
canonically obtained from the 2-cell [,G [, F(u,a) = [,GF(u,a) given by the composition
in'H;

10G7!

~

~

a
OaFix 0 Gj(Oux o Fju) 0aFix 0 (GjOux oG Fju)=(0,Fixo0Gi0,x)oGFju.
For (n,m) : (G, F) = (G’, F'), the component of X at (n,m) is the invertible modifica-
tion X/ pr o [ynf;m = [;nm o X¢ p, canonically obtained from the modification [n [,m =
J;nm, which assigns to each object (x, i) of [, F the 2-cell of [,’H provided by pasting in H;

it by i
Gi(tF/om;) I'F! 1¥(tG} F/on; F))
~ 1¥n; F/
= [ At ~
v =

1¥G)F/x —1:GF/— 1¥1¥G}F!x

) sz\F; o~ 1 ;\6 J/XGEF{

Bl
’ GIF‘lx ’ !’
nF! (G F;

GiLFl-/ LG,'F[-,

12

1*G/ F/x.

G,' Fi’x

The pseudo-natural equivalence

):f:f,1f:>1f1f, 1)

for any lax /-diagram F : I°P — Bicat, is the identity on objects and its component at any 1-cell,
(u,a):(y, j)— (x,i) of fl}", is the 2-cell

l(x,i) o fl 1r(u,a) = (u,a)o l(y,j)

obtained by pasting

. gxyou,a) .

o, 7 ?‘ (x,1)
(y,a)

1 l \\(u,a)/ \L 1

O, Jj) —— (x,1).
(u,a)
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The structure invertible modifications w, § and y, as in the definition of a trihomomorphism,
for |,
1 9

HG /[, F Yra 2. F
yfl fl\x LFfE =25 [ Flr [1gf,F == [j1gF
X
LiH[, G F ~ JI(HG)F, fir = [1
\ / gl !
1¥ 74
JiH [,GF > [;H(GF) JiF. JiF.
(22)

for any lax I-homomorphisms F £ g 9 H 2 , are, respectively, the unique coherence 2-
cells, (x,i) €Ob [, F,

(H;GiFix.i) — (H:G;Fix,i) —= (H;G; Fix. i)

f[”f]Gl(Fi/

(H;G;Fix,i)

fIHl(GiFiX\

1 1
(H;G;Fix,i) = (H;GF;x,i) — (H;G; Fix,1),

(r.13)

1

r,1
>~

(i H;GiFixoly;G;Fix,1i)

and

(10| (i Fixolpyx,1)

(Fix. i) 1

(Fix,i).

3.3. The bicategorical Grothendieck construction as a tricolimit

In [18, §8], Gray proven that the functor |, IE Cat!” — Cat carries any lax /-diagram of
categories to its lax colimit (or 2-colimit) in the 2-category of small categories. Next we shall
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prove the parallel fact for lax diagrams of bicategories. To do that, fix I any small category and
let

ct : Bicat — Bicat!”

denote the diagonal trihomomorphism mapping any bicategory B3 to the constant lax /-diagram
ct(B) : I°? — Bicat that B canonically defines. Then, we have the following theorem, whose
proof this subsection is dedicated to.

Theorem 3.1. The trihomomorphism |, ' Bicat’” — Bicat is left triadjoint to the trihomomor-
phism ct : Bicat — Bicat!” .

Proof. Remark first that a trihomomorphism L : 7 — 7, where 7 and 7" are tricategories, is
called a left triadjoint for a trihomomorphism R : 7’ — 7T, and R is called a right triadjoint for L,
if there is a biequivalence [17, Definition 3.5] 7'(L(—), —) = 7 (—, R(—)) in the tricategory
of trihomomorphisms with domain 7° x 7" and codomain Bicat, Tricat(7°? x 7’, Bicat),
whose 1-cells are tritransformations, whose 2-cells are trimodifications, and whose 3-cells are

perturbations [17, 3.3].
Hence, we must prove that there is a tritransformation

Bicat( [,(-). —) = Bicat’oP(—, ct(—))

such that, for any lax diagram of bicategories F : [°P — Bicat and bicategory B, the associated
homomorphism

Bicat( [, F, B) — Bicat'" (F, ct(B))

is a biequivalence of bicategories. In more elementary terms, we shall prove the existence of
tritransformations (the unit and counit)

n: g g = ctf), €: [;ct= IBjcat,

and equivalences (the triangulators)

fl”

[; —— [ictf; ct :>77Ct ctfct
T s
< e NS 23)

f]’ ct,

that is, trimodifications T and S as above, such that, for any JF : I°P — Bicat, the pseudo trans-
formation

Tf:ef,ff,r;félflf
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is a pseudo equivalence, and, for any bicategory B, the corresponding

SB: 1eypy = ct(eB)nct(B)
is a pseudo /-equivalence.

The proof is then divided into three parts.

Part 1. Here we exhibit the unit tritransformation 7 : 1 o0 = ct ;.

At any lax I-diagram of bicategories F : I°P — Bicat, the lax /-homomorphism

n=nF:F—ct( [,F)
by

works as follows: For any objecti of I, n; : F; — || ;F is the embedding homomorphism defined

(tixou,1;)
u
/\
N\ ni .
y U x = (i) 0019
~— 7
u/

(x, 1),

\_/

(24)
(tjxou’,1;)

where, for the horizontal composition of 1-cells z 5 y S xin Fi, the invertible structure 2-cell
n;i (u) o n; (v) = n; (u o v) is provided by pasting in F; the diagram

15 (tou)
* ! * ! * 1%
Iy — 1'x —— 1717x

7]

(25)

|
—
1R
—
I /
12>
-
=

1?)6’
and, for any object x in F;, the structure isomorphism 1, = n;(1) is the one given by the

canonical isomorphisms ¢;x = (;x o 1. If a: j — i is any morphism in 7, then the component at
an object x € F; of the attached pseudo transformation

0:nja*=n:Fi— [,F
is the morphism

0x = (lg#x, a) : (a*x, j) = (x,i),

and, for each morphism u : y — x in F;, the invertible 2-cell

@:onnja*u%muoéy
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is that obtained by pasting the diagram

1% (la*r)

1 gty T l*a*x
wa* -~ X
Loty - =
a*x a*x Lo a*x. (26)
a*u ~ a*u AN §
= ~ d*t\ ~
B *_* x
a*y a*y a ljx
Lyxy a*(tou)

Fork — j L, two composable morphisms of 7, and any object i, the invertible modifications

Nk X
nib*a* — nk(ab)*

N

nja* — i nil¥ —

are respectively provided, at each object x of F;, by pasting the diagrams
b*1 % X
b*a*x —= b*a*x — (ab)*x X
\
x 2= 1iab)*x,

1

1 g% =

1=

by —= (ab)'x — 1j(aby'x K
X t(ab)*

If F: F — G is any lax /-homomorphism, then the attached pseudo 7-equivalence

n="nr:ct( [, F)nF = nGF,

is, at any object i of I, the identity on objects pseudo equivalence
i [iFni=niFi: Fi— [;,G

that is, with 7;x = 1(f,x,i), and whose component at a morphism u : y — x of the bicategory F;
is canonically obtained from pasting

Filix
F; (Loy
R (28)

Fiu
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and, for a : j — i, the corresponding invertible modification

* ja* *
[;Fnja* —= n;Fja

%

fIFe x> nja*F;

oF;
JiFni — ni Fi

is, at any object x of F;, that canonically obtained from pasting in G;

Fi1%

(29)

*a*Fx.

* *a*
aﬂx%—lja FﬂC%—ll

la*F,' lj(lﬂ*[:ix)

The tritransformation 7 takes any pseudo I -transformation m : F = F’ : F — G to the invert-
ible 7-modification

ct( fym)nF ofp Z0p o nGm,

whose component at an object x of F;, for any i of I, is the canonical isomorphism
Ly,x 0 ni(mix) = n;(m;x) o 1, of the bicategory [,G.

F G . . .
If 7 - G — 'H are any two composable lax /-homomorphisms, then the structure invertible
I-modification for the tritransformation 7

at(f[,G)i
ct(f;G)et(f, F)n =——= ct([,G)nF
ct(Z)n i~ #F
et(f,(GF))y =———— 3GF
is, for any objects i of I and x of F;, the canonical isomorphism in the bicategory | H

1GiFx.iy © [;G(L(Fix.iy) Z (G Fix.iy © LG Fix.i)-

And, finally, say that for any lax 7/-diagram of bicategories F, the equality

t(ZpnF =iy ot( [;17)nF =nF
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holds, and the corresponding /-modification of n attached to F between them is the identity one.
This makes complete the description of the tritransformation 7.

Part II. Here we shall describe the counit tritransformation € : f 7€t = 1Bjcat, Which is easier
to describe than the unit, since the composite || ;Ct can be identified with the trihomomorphism
(—) x I : Bicat — Bicat, and then € with the projection on the first factor. More precisely, for
any bicategory B,

e=eB: [;ct(B) > B
is the normal homomorphism

(u,a) "

) — T\ ) e _—
>, ) Yo &) =Y o X,
- S~ 7
' ,a) u

whose structure constraints for horizontal compositions of 1-cells are given by the left identity
constraints of the bicategory B. For any two bicategories B and C, the diagram

Bicat(B, C) Jie Bicat(/,ct(B), [,ct(C))

Bicat([,ct(B),C) )

commutes, and the corresponding pseudo natural equivalence

€refct=€”

is the identity.

. F ,G . . e
For any two homomorphism B — C — D, the invertible modification

?flct(F)
€ [,ct(G) [;ct(F) =——=> Ge [,ct(F)

ezﬂ = HG?

ef,ct(GF) ————— GFe

is, at any object x of B, the canonical isomorphism G1lpy o lgry = lgFyx o lgFyx in D, and, for
any B, we have e BXB) = €1, and the corresponding invertible modification for € at B is the
identity.

Part ITI. We conclude here the proof by showing the triangulators 7 and S in (23).

The component of 7 at any lax /-diagram F : I°°P — Bicat, is the pseudo equivalence
TF: eflfflnf = lf,f with TF(x,i) = 1(x ;) for any object (x,7) of fl}", and whose com-

ponent at a morphism (u, a) : (x,i) — (y, j) is canonically provided by the 2-cell in F; pasted
of
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* wa* 1*a*
a*x ———= iCl.X

1 \m*z \L]?‘(la*x)
l =y O\

a* X <=— 1?(1*)6 .
X
For any lax /-homomorphism F : F — G, the structure invertible modification

ef,6/7:
e[\ Get(f, P [nF —= s e [,GnG ), F
?Ffmfﬂ HTgsz

JiFel, F[inF [ rrF IiF

12

is, at any object (x, i) of fI}", the canonical isomorphism lf Fd) = fIF(l(x)i)).
l i

And when it comes to S, say that, for any bicategory B, the component of SB: 1) =
ct(eB)nct(B) at an object i of I is the pseudo equivalence which is the identity on objects of 15,
and whose component at a morphism u : y — x is the canonical isomorphism 1, o (1, o u) =
u o 1. For any homomorphism F : B — C, the structure invertible modification

Ct(F)SB
ct(F) ct(F)ct(eB)nct(B)
SCct(F)U = Mct(’e}g)nct(B)

ct(eC)net(C)ct(F) ? ct(eC)et(f,ct(F))net(B),
ct(eC)Mey(F)

at any i € Ob/ and x € ObJ5, is the canonical 2-cell 15, o F(1y) = 1f, o 1f, in the bicate-
gory C. O

4. Rectification

Following Giraud [15], Street [35], Thomason [37], and May [30], we shall show here how
any lax /-diagram of bicategories F = (F, x,t, w, v, d) : [°P — Bicat has, naturally associated
to it, a genuine /-diagram of bicategories, that is, a functor

F': I°°P — Hom C Bicat (30)

that, as we will prove later, represents the same homotopy type as F. This /-diagram of bicate-
gories F" is built as follows. For each object i of 7, leti /I be the comma category whose objects
are the arrows in [ of the form b : i — k and whose morphisms are the appropriate commuta-

tive triangles. By composing F with the obvious forgetful functor i /1 iy , we obtain the lax
(i/I)-diagram
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Frm;: (i/1)°° — Bicat,

and then, by the Grothendieck construction, a new bicategory

Fi= fi/lf”i’

whose set of objects is |_| L Ob F and hom-categories
11—

Fi(oi S0, i B 0) = || Fi(y.dx)

1%
dc=b

An arrow a : j — i in I induces a functor a* : i/l — j/I with w;a* = 7; and hence a strict
2-functor a* : F — f-;,

(u,d) (u,d)
— " —_— T
a
biSn e il S %) bed B,
— —
W'.d) ()

For i any object of I, we have 17 =1 Fr and for k 4 j 5, any two composible arrows of 7,
the equality b*a* = (ab)* : ] — F holds. Therefore, we have defined a genuine /-diagram of
bicategories and strict functors Fr: I °P — Hom C Bicat, which we refer to as the rectification
of F.

Proposition 4.1. The assignment F +— F' is the function on objects of a triendomorphism
()" : Bicat’” — Bicat!”™, which we call rectification.

Proof. If F : F — G is any given lax /-homomorphism between lax I-diagrams F,G : [P —
Bicat, then, for each object i of 1, the composite Fr; : Frr; — G is alax (i /I)-homomorphism
inducing a homomorphism

Fi= [, Fri:F > G.

The assignment i > F; completely determines an /-homomorphism F* : F* — G', that is, a lax
I-homomorphism such that, for any arrow a : j — i in I, the equality F /r.a* =a" F} holds, the
pseudo-transformations 6 for F' are identities, and the invertible modifications I7 and I" are
given by the unit constraints. Call F" the rectification of F.

Similarly, for m : F = G : F — G a pseudo [-transformation, we define its rectification
m': F'= G": F* — G" to be the I-transformation given by writing

T . T
m} :fl./,mn,- 1 Fl = G,

for each object i of /. For any arrow a : j — i in I, the equality a*m] = m".a* holds, so that m" is
a genuine [/ -transformation in the sense that the corresponding invertible modification M is that
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given by the unit constraints. And finally, for o : m = n an I-modification, we take 6" : m" = n'
to be the 7-modification defined at any object i of I by

r__ L. r T
o] _fl./lom tmj = nj.

The rectification constructions above actually lead to a triendomorphism of the tricategory of
. . . . . O] . .
lax [-diagrams, simply thanks to the Grothendieck construction | IE Bicat’” — Bicat being a
trihomomorphism. Thus, the structure isomorphisms of the rectification homomorphism

()" : Bicat'” (F, G) — Bicat!” (F7, G")

are as follows: for any pseudo I-transformations F = G = H : F — G, the structure invertible
I-modification n" o m" = (n om)" at an object i of [ is

(18)
nfomf:fi/lnniofi/lmm = fi/](nom)rr, (nom)j,

while the invertible /-modification 17r = 1% at an object i is

19
Ari=1p = Jipgtemi = (1),

. . G .
Furthermore, for any pair of lax 7-homomorphisms F £ G — 'H, the components, at an object
i € Ob [, of the pseudo-natural /-equivalences Z‘é’ p G F'= (GF) and X% : I’z = 1z are,
respectively,

20
'Fi=[,Gnif, Fri S [,,GFmi=(GF)..
@D

(1%), = fiilFn = lfi/lj:m = (170,

that is, (ZJG )i = XGn; Fr; and (ZJ}.), = X rg,. For any morphism a : j — i, the equalities
Z‘ra* = a*ZJr hold, and the components M, both for X, G.r and X', are the canonical modifi-
catlons given by the identity constraints.

. . F G H . . . .
Given lax I-homomorphisms F — G — H — K, the structure invertible /-modifications o',
8" and y* for ()", as in the definition of a trihomomorphism,

Zri X

1¢.F
(HG)'F* Fr1% ILFT =25 (1gF)

oS

T

H'GF" 2 (HG)F)",

12N /ar

H'(GF)' — (H(GF))"
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are, respectively, given by the families of modifications (22), wyx, Gr;, Fr;» OFx; and Vg,
ieObl. O

Every lax diagram of bicategories is related to its rectification by a canonical lax homomor-
phism, which we describe as follows:

Lemma 4.2. Given F = (F, x,t,w,y,8) : I°° — Bicat, any lax I-diagram of bicategories,
there is a lax I-homomorphism

J=J,6,0,I:F—F,

whose component at an object i of 1 is the homomorphism J; : F; — F| acting by

(tjxou,1;)
e, o
y\ugx = (v, 1) o1 (x, 1;). (31)
B v

(tixou',1;)

u

For the horizontal composition of 1-cells z = y 2 x in F, the structure invertible 2-cell
Ji(u) o Ji(v) = J;(u o v) is provided by pasting the diagram (25) in F; and, for any object
x in F;, the structure isomorphism 1., = J;(1y) is that given by the canonical isomorphisms
tix =tixol,.
If F=(F,0,II,I") : F — G is any lax I-homomorphism, then there is a pseudo I-
equivalence
F
F——>g
Ji KLY ij (32)
Fr—>g".
Fr

Proof. Given a morphism a : j — i in the category I, the component of the pseudo-
transformation

6:Jja* =a*Jj, (33)

at an object x € Ob F;, is the morphism, in f;, 0x = (lg#x,a) : (@*x,1;) = (x,a). Moreover,
for each morphism u : y — x in F;, the invertible 2-cell

0, t0xoJja*u=a*Jiuo0y

is that obtained by pasting the diagram (26).

b . Lo . . .
Fork — j L, two composable morphisms of 7/, and any object i, the invertible modifica-
tions
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* % Jix *
Jib*a* ——= Ji(ab)

| = / A\
oa* n (ab)* J;,
/7

b*Jja* —— b*a*J; Jil? — 17J;
b*6

1~

are respectively provided, at each object x of F;, by pasting the diagrams (27).

Given F : F — @, a lax I-homomorphism, for each object i of I, the pseudo-natural equiv-
alence (32) at i, m; : F{J; = J; F; : F; — G, is the identity on objects, that is, m;x = 1(fx,1,),
while its component at a 1-cell # : y — x of the bicategory F; is canonically obtained from
pasting (28).

Finally, for a : j — i a morphism of /, the corresponding invertible modification

. " mja* .
Fija —— JjFja

1)

a*FirJ,‘ = a*J; F;
a*m;

=

is that obtained from (29). O

We should comment that the data in the previous lemma describes the components at ob-
jects and morphisms for a tritransformation J : 1. ;o0 = ()", whose full description is left
to the reader. Furthermore, although for any given lax diagram F, the lax /-homomorphism
J :F — F" does not have any right biadjoint (in the tricategory Bicat’ "), we have the follow-
ing:

Lemma 4.3. Let F = (F, x,t,w,y,38) : I°° — Bicat be a lax I-diagram of bicategories. For
any object i of the category I, the homomorphism in (31), J; : F; — F, has a right biadjoint.

Proof. The right biadjoint to J; is the homomorphism R; : 77 — F; such that

(u,d) xob*u
itk Led (iS5 by Uuote etk
\J \_/
w',d) xob*u’

, . .d . . .
If (z,i 5 1) (v—e>) (v, 4 k) (u—>) (x,1i 5 J) are any two composible 1-cells of 77, then the
structure invertible 2-cell R;(u,d) o R;(v,e) = R;((u,d) o (v, e)) is provided by pasting the
diagram in F;
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c*(xo(e*uov))
¥ ——————— *(de)*x

c*vl TC*X

c*e*y — > ¥

T

b*y b*d*x
u

12

e
=

*

I
%
|

1z

Sy
%

and, for each object (x,i 5 Jj), the identity structure constraint 1g,(xqa) = Ri(1(x,q)) is
Sa:xoa*t= 1y

The unit of the biadjunction is the pseudo-transformation 1 : 17 = R;J;, with nx =
X :x — 1;*x, for each object x of F;, and whose component at a 1-cell u : y — x is the in-
vertible 2-cell obtained by pasting

y X Iix
B ti j/
- X
IFy IFl¥x,
i 1* (tou) t

and the counit of the biadjunction is the pseudo-transformation € : J;R; = 1 FTs with
e(x,i Y J) = (lgxx,a) : (a*x,1;) = (x,a), and whose component at a morphism (u, ¢) :

(v,i —b> k) > (x,i 5 Jj) in F} is the invertible deformation provided from pasting in the bi-
category F;

b*u X a*

* ok
b*y b*c*x a*x I7a*x
1 =~ 1% wa* 1?(1,,*,{)
%%
b*y b*c*x a*x 17a*x.
b*u X X

The invertible modification triangulators 1z, = R;e onR; and €J; o Jin = 1, are, at objects
(x,i > J) of F} and x of F;, respectively obtained from pasting the diagrams below in F;.

*
wa*

a * ok i
a*x4>1iax X l?x

I 1fx

\ = = = X
1 Lot l 17(1) IJ/ / J/ 1E(1yx,) m|
L =N ¢ ~ l

* %
a*x -%X ll.a X, I;kx - ll*l;kx
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For any lax diagram of bicategories F : I°P — Bicat, the lax /-homomorphism J : F — F*
induces a corresponding homomorphism on the Grothendieck constructions [,J : [, F — [, F"
Up to a pseudo-natural equivalence, this homomorphism | ;J can easier be described in terms of
the following normal homomorphism

i F= LT

(u,a) ((u,a),a)

— T\ i — T
0. ) deo @0 - ((31),)  leoo  ((x,1),0), (34)
~_ 7 -

(' ,a) (' ,a),a)

whose structure constraints for horizontal compositions of 1-cells are given by the left identity
constraints of the bicategories F;.

Lemma 4.4. There is a pseudo-natural equivalence | I = /, 1 F— /, 1 Fr

Proof. The claimed pseudo-natural equivalence is the identity transformation on objects and, at
each 1-cell (#,a) : (y, j) = (x,i) of the bicategory f ;J, its component is the composite 2-cell

a,a),a) r!

I ((,
1(()(’11.),,') o fIJ(u, a)= fIJ(u, a) —— Jw,a) = j(u,a)o 1((y,lj),j)»
where the invertible 2-cell « is that obtained by pasting the diagram in F;

1% (l *y)

Proposition 4.5. For any lax diagram of bicategories F : I°P — Bicat, the homomorphism
i [;F — [,F" has aleft biadjoint.

Proof. The left biadjoint to j is the normal homomorphism p : [; F" — [, F defined by

((u,b),a) (u,b)

(. j 50, ) V@ro (xiSk,i = 0D deb  (xk),
_ ~ =

(('.b),a) (u',b)

whose structure constraints for horizontal compositions of 1-cells are given by the left identity
constraints of the bicategories F;.
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The unit of the biadjunction is the pseudo-transformation n : 1 = jp, with
r;((x, i k), i) = ((ka, 1%), c) : ((x,i 5 k), i) — ((x,k &) k), k),
for each object ((x, i S k),i) of f,f‘, and whose component
7 ((ex, 1%), ¢) o ((u, b), a) = ((u, b), b) o ((uy, 1), d),

at a 1-cell ((u,b),a):((y,j —d> D), j)— ((x,i 5 k), i), is provided by the 2-cell obtained by
pasting in the bicategory F;

One easily sees the equalities pj = lf = nj = 1j, and pn = 1,, showing that p - j is a biadjunc-
1
tion. O

5. Classifying spaces

For the general background on simplicial sets, we mainly refer to [16]. The simplicial category
is denoted by A, and its objects, that is, the ordered sets [n] = {0, 1, ..., n}, are usually consid-
ered as categories with only one morphism j — i when 0 <i < 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.
Recall that the category A is generated by the injections d':[n— 11— [n] (cofaces), 0 <i <n,
which omit the ith element and the surjections st n+ 11— [n] (codegeneracies), 0 < i < n,
which repeat the ith element, subject to the well-known cosimplicial identities: d’d' = d'd/~!
if i < j, etc.

Given a bicategory C, let

BC (35)
denote its classifying space. We shall briefly recall from [9] that BC can be defined through
several, but always homotopy-equivalent, constructions. For instance, BC may be thought of as

the realization of the normal pseudo-simplicial category, called the pseudo-simplicial nerve of
the bicategory,

NC = (NC, x, 1) : A°? — Cat, (36)

whose category of p-simplices is
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N,C = || Clx1,x0) X C(x2, x1) X +++ x C(xp, xp1),
(x0,...,xp)€0bCPH!

where a typical arrow is a string of 2-cells in C

uy uz up
X0 Yoy X1 Yoo X2 oo Xp—i Yo,  Xp,
~N~— N
Gt v2 Up

and NCp = ObC_, as a discrete category. The face and degeneracy functors are defined in the
standard way by using the horizontal composition of adjacent cells and the identity morphisms
of the bicategory:

(a2, ...,0p) ifi =0,
di(ay,...,0p) = (@1,...,0;0041,...,ap) if0<i<p,
(@1,...,0p1) ifi =p,
si(ar, .. ap)=(o1, ..., 0, Ly, aig1, ..., ap). 37

If a : [q] — [p] is any non-identity map in A, then we write @ in the (unique) form (see [28],
for example) a =dit...dissh ... gt where 0 <i5 <+ <i] < p,0<ji<---<j <qgand
g +s = p +t, and the induced functor a* : N,C — N,C is defined by a* =sj, - - -5, d;, -+ - d;,.
Note that djd; = d;d;jy1 fori < j,unlessi = jand 1 <i < p —2,in which case the associativity
constraint of C gives a canonical natural isomorphism

X
did; = did; 1. (38)

Similarly, all the equalities doso =1, dp_HSp =1, d,'s.; = S.,'_ld,' if i < j and d,'Sj = dei—l if
i > j+ 1, hold, and the unit constraints of C give canonical isomorphisms

X X
disi =1, dit15 = 1. 39)

Then it is a fact that this family of natural isomorphisms (38) and (39), uniquely determines a
whole system of natural isomorphisms x, 5 : b*a* = (ab)*, one for each pair of composible maps

in A, [n] —b> [q] 5 [p], such that the assignments a = a*, 1, — lNcp’ together with these
isomorphisms b*a* = (ab)*, give the data for the pseudo-simplicial category (36), NC : AP —
Cat. This fact can be easily proven by using Jardine’s supercoherence theorem [23, Corollary 1.6]
since the commutativity of the seventeen diagrams of supercoherence, (1.4.1)—(1.4.17) in [23],
easily follows from the pentagon and triangle coherence diagrams in the bicategory C.

When a category C is considered as a discrete bicategory, that is, where the deformations are
all identities, then NC is the usual Grothendieck’s nerve of the category.

Since the horizontal composition involved is in general neither strictly associative nor unitary,
NC is not a simplicial category (with a well-understood simple geometric realization), which
forces one to deal with defining the geometric realization of what is not simplicial but only
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‘simplicial up to (coherent) isomorphisms’. Indeed, this has been done by Segal, Street, and
Thomason using methods of Grothendieck, so that the classifying space of the bicategory is

B [, NC,

the ordinary classifying space of the category obtained as the Grothendieck construction on the
pseudo-simplicial nerve of the bicategory NC.

A second possibility is to recall that the unitary geometric nerve of a bicategory C [36,12,21,
9] is the simplicial set

A"C: A — Set, [p] NorLaxFunc([p],C), (40)

whose p-simplices are the normal lax functors & : [p] — C.If a : [¢q] — [p] is any map in A, that
is, a functor, the induced a* : A"C, — A"C, carries & : [p] — C to the composite £a : [q] — C,
of & with a. This nerve A"C is a simplicial set which is coskeletal in dimensions greater than
3, whose vertices are the objects &y of C, the 1-simplices are the 1-cells & 1 : §&1 — &y and, for
p =2, a p-simplex of A"C is geometrically represented by a diagram in C with the shape of the
2-skeleton of an orientated standard p-simplex, whose faces are triangles

J.k
AN

r‘Ek%i

l»

with objects &; placed on the vertices, 0 <i < p, 1-cells & ; : §; — & on the edges, 0 <i <
J < p,and 2-cells & jr:& jo&jr =&, for 0<i < j <k < p. These data are required to
satisfy the condition that, for 0 < i < j < k <[ < p, each tetrahedron is commutative in the
sense that

& —=§&; § —§&
i i)
& — & & —§j.

The geometric nerve of a bicategory C is the simplicial set

AC: A — Set, [p]+> LaxFunc([p],C), (41)

that is, the simplicial set whose p-simplices are all lax functors & : [p] — C. Hence, the unitary
geometric nerve A"C becomes a simplicial subset of AC. The p-simplices of the geometric
nerve AC are described similarly to those of the normalized one, but now they include 2-cells
& 1g = &1, 0 <i < p, with the requirement that the diagrams below commute.
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10£; ijolg r gol I o 8ij 1
Ei’josj,j :>$i,j Ei’iogl"j :51,]

i,j,J Si,i,j
We shall list below a number of required results from [9]:

Fact 5.1. (See [9, Theorem 6.1].) For any bicategory C, there are natural homotopy equivalences
BC =~ |A"C| ~ |AC|. (42)

Fact 5.2. (See [9, (30) and Theorem 7.1].) (i) Any homomorphism between bicategories
F:B — C induces a continuous cellular map BF : BB — BC. Thus, the classifying space con-
struction, C — BC, defines a functor from the category of bicategories and homomorphisms to
CW-complexes.

(i) 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 classify-
ing spaces, BF ~BF’: BB — BC.

(iii) If a homomorphism of bicategories has a left or right biadjoint, the map induced on
classifying spaces is a homotopy equivalence. In particular, any biequivalence of bicategories
induces a homotopy equivalence on classifying spaces.

Fact 5.3. (See [9, Theorem 7.3].) Suppose a category [ is given. For every functor F : I°P —
Hom C Bicat, there exists a natural weak homotopy equivalence of simplicial sets

hocolim; AF = A, F,

where hocolim; AF is the homotopy colimit construction by Bousfield and Kan [6, §XII] of the
diagram of simplicial sets AF : 1°P — Simpl.Set, obtained by composing F with the geometric
nerve functor A : Hom — Simpl.Set, and |’ ;F is the bicategory obtained by the Grothendieck
construction on F.

In [32], Segal extended Milnor’s geometric realization process, S +— |S], to simplicial (com-
pactly generated topological) spaces, which provides, for instance, the notion of classifying
spaces for simplicial bicategories F : A°° — Hom. By replacing each bicategory F,, p > 0, by
its classifying space BF),, one obtains a simplicial space, [p] — BJF,, whose Segal realization
is, by definition, the classifying space of the simplicial bicategory. But note, as a consequence of
Fact 5.1 and [31, Lemma, p. 86], that there are homotopy equivalences

|[pl+> BF,| = |(pl— |AF,|| ~ |diag AF], (43)

where diag AF is the simplicial set diagonal of the bisimplicial set obtained by composing the
geometric nerve functor A : Hom — Simpl.Set with F, that is,

AF : ([p].[q]) ~ LaxFunc([g]. Fp).
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The above construction, for simplicial bicategories, leads to the more general notion of classi-
fying space for diagrams of bicategories: If F : I°P — Hom is a functor, where I is any category,
then one applies the so-called Borel construction, obtaining the simplicial bicategory

E;F:A° - Hom, [p]— |_| Fgo,

(p1 21

where the disjoint union is over all functors S : [p] — I (i.e., the p-simplices of the nerve
NI = AI). The induced homomorphism by a map a : [g] — [p], in A, applies the bicategory
component at 8 : [p] — I into the component at the composite Sa : [q] — I, just by the homo-
morphism of bicategories

B5.a0 : Fp0 = Fpao

attached in diagram F : /°°P — Hom at the morphism Bp 40 : a0 — B0 of I. Then, the classi-
fying space of the diagram of bicategories F : I°P — Hom is the classifying space, in the above
sense, of the simplicial bicategory E;F. But note that

diag AE;F = hocolim;AF,
that is, the simplicial set

[pl— |_| LaxFunc([p],fﬁo),
B
lpl=1

and therefore, by (43), the classifying space of F is homotopy equivalent to
|hocolim; A F]|,

the geometric realization of the homotopy colimit [6] of the simplicial set diagram AF : [P —
Simpl.Set, obtained by composing F with the geometric nerve functor A : Hom — Simpl.Set.
Since, for any simplicial bicategory F, we have a natural weak homotopy equivalence of simpli-
cial sets [6, XII, 4.3] hocolima AF = diag AF, it follows that both constructions above for the
classifying space of a simplicial bicategory F : A°? — Hom coincide up to a natural homotopy
equivalence.

Furthermore, the classifying space of any diagram F : /°°P — Hom is homotopy equivalent
to the one of the bicategory obtained by the Grothendieck construction on it, || ;F thanks to the
existence of the natural homotopy equivalences

lhocolim; AF| ~ |A [, F|~B[,F, (44)

by Facts 5.3 and 5.1 respectively. This suggests the following general definition for lax diagrams
of bicategories:

Definition 5.4. The classifying space of a lax I-diagram F : [°P — Bicat, denoted by BF, is
defined to be the classifying space of the bicategory obtained by the Grothendieck construction
on F.
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So defined, the assignment F +— BJF has the following basic properties:

Proposition 5.5.

@) If F,G : I°° — Bicat are lax I-diagrams, then each lax I-homomorphism F : F — G
induces a continuous map BF : BF — BG.
(ii) Any pseudo I-transformation, F = G : F — G induces a homotopy BF ~ BG.
(iii) For any lax I-diagram F, there is a homotopy Bl r >~ 1g r. For any pair of composible lax

I-homomorphisms F £ g 9 'H, there is a homotopy

BGBF ~B(GF).

Proof. (i) As in (16), the lax /-homomorphism F : F — G defines the homomorphism of
bicategories [, F : [, — [,G which, by Fact 5.2(i), determines the claimed cellular map
BF :BF — BG.

(i1) Asin (17), any pseudo /-transformation m : F = G gives rise to a pseudo-transformation
[ym: [,F = [,G, which, by Fact 5.2(ii), determines a homotopy BF ~ BG.

(iii) The announced homotopies are respectively induced, from Fact 5.2(i), (ii), by the pseudo-
natural equivalences (21) and (20). O

We have seen that for a diagram, that is, a functor, F : I°° — Hom, both Borel and
Grothendieck constructions lead to the same space BF, up to a natural homotopy equivalence.
Next, we show that the classifying space construction for lax diagrams of bicategories is consis-
tent with the so-called rectification process, F — F*, developed in Section 4. Recall that this pro-
cess associates to any lax diagram F : 1°P — Bicat a genuine diagram F" : /°°> — Hom C Bicat.

Proposition 5.6. Given F : I°° — Bicat any lax [-diagram of bicategories, the lax I-
homomorphism J : F — F" in Lemma 4.2 induces a homotopy equivalence

BJ :BF —s BF".

If F : F — G is any lax I-homomorphism between lax I-diagrams, then the induced diagram
below is homotopy commutative.

BJ
BF ——= BF"

or | |

= T
BQT'BQ

Proof. By Lemma 4.4 and Fact 5.2(ii), the map BJ is homotopic to the induced map Bj : BF —
BF" by the homomorphism (34), j : [,F — [, F", which, by Proposition 4.5, has a left biadjoint
and therefore induces a homotopy equivalence on classifying spaces, by Fact 5.2(iii). Hence,
BJ is a homotopy equivalence.
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For the square in the proposition, note that, by Proposition 5.5(iii), there are homotopies
BF'BJ ~B(F'J) and BJ BF >~ B(J F). Since the pseudo I-equivalence (32), m: F'J = JF,
induces a homotopy B(F"J) >~ B(J F), by Proposition 5.5(ii), the result follows. O

The following main theorem extends to lax diagrams of bicategories a well-known result by
Thomason [37, Corollary 3.3.1] for lax diagrams of categories:

Theorem 5.7. If F : F — G is a lax I-homomorphism between lax I-diagrams F,G : [P —
Bicat, such that the induced maps B F; : BF; — BG; are homotopy equivalences, for all objects i
of 1, then the induced map BF : BF — BG is a homotopy equivalence.

Proof. By Proposition 5.6 above, it suffices to prove that the induced map after rectifica-
tion BF': BF" — BG" is a homotopy equivalence. Let us recall from Section 4 that both F*
and G" are genuine diagrams of bicategories, that is, functors /°? — Hom, and F": F©' — G'
is merely a natural transformation. Then, by the natural homotopy equivalences (44), it will be
enough to prove that the natural transformation A F" between the functors AF", AG": I°P —
Simpl.Set induces a weak homotopy equivalence on the corresponding homotopy colimits

hocolim; A F" : hocolim; AF" = hocolim; AG".

For, let us observe that, for each object i of the category I, the square

BJ;

BF; J/: lBFi‘

Bg,- é— Bglr
BJ;

is homotopy commutative because of the pseudo-natural equivalence (32) at i, m; : Fl.rJ,- =
JiFi : Fi — Gj (see Fact 5.2(i), (ii)). Moreover, both maps B J; in the square are homotopy equiv-
alences, since all the homomorphisms J; have a right biadjoint by Lemma 4.3 (see Fact 5.2(iii)).
Since, by hypothesis, the map B F; : BF; — BG; is also a homotopy equivalence, it follows that
the remaining map in the square has the same property, that is, the map BF} : BF; — BG is a
homotopy equivalence. By taking into account Fact 5.1, the above means that, for every object i
of I, the induced simplicial map on geometric nerves AF; : AF; — AG; is a weak homotopy
equivalence, whence, by the Homotopy Lemma [6, XII, 4-2], the result follows, that is, the sim-
plicial map hocolim; A F" is a weak homotopy equivalence. O

For any lax diagram F : [°P — Bicat, the bicategory |’ ;F assembles all bicategories J; in the
following sense: There is a projection 2-functor q : || F =1,

(u,a)
LT S 4. oa
(y7,]) ll(a,a) (xal)HJ - i7
S~
(W'.a)
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and, for each object i of I, there is a commutative square

Fi —=[0]

ni l l i (45)

q
[ F—1
where n; : F; — || ;F is the embedding homomorphism described in (24).

Theorem 5.8. Suppose that F : I°°P — Bicat is a lax I-diagram of bicategories such that the
induced map Ba* : BF; — BF;, for each morphism a : j — i in I, is a homotopy equivalence.
Then, for every object i of I, the square induced by (45)

BF, —— x

L)

BF —= BI

is homotopy cartesian. Therefore, for each object x € F;, there is an induced long exact sequence
on homotopy groups relative to the base points x of BF;, (x,i) of BF, and i of BI,

-+ —> 7y Bl - m,BF; - 7,BF - 7,BI — ---.

Proof. The square (45) is the composite of the squares

o S
n,-fl (@) nf” ) li
f17:4J>f1Fq4>1

where, in (a), both horizontal homomorphisms J; (31) and j (34) induce homotopy equivalences
on classifying spaces, by Lemma 4.3, Proposition 4.5, and Fact 5.2(iii). Therefore, the induced
square (46) is homotopy cartesian if and only if the one induced by (b) is as well. But, recall that
the rectification 7" : I°°P — Hom C Bicat is a diagram, that is, a functor, and we have the natural
homotopy equivalences (44). Therefore, it will be enough to prove that the induced pullback
square of spaces

B}—;H—*

|

BE;F' — BI

is homotopy cartesian, which is a consequence of Quillen’s Lemma [31, p. 90] (see also [16, §IV,
Lemma 5.7]). To verify the hypothesis, simply note that, for each arrow a : j — i in I, the square
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BJ;
BF — = BFT

Ba* \L i Ba*

BJj
B]:j —_— B]:jr.

is homotopy commutative thanks to the pseudo-transformation (33) and Fact 5.2(ii). Since the
horizontal induced maps BJ; and BJ; are both homotopy equivalences by Lemma 4.3 and
Fact 5.2(iii), as well as the map Ba* : BF; — BF;, by hypothesis, we conclude that the map
Ba*:BF] — BF ]r is also a homotopy equivalence. O

6. Classifying spaces of braided monoidal categories

Lax diagrams of bicategories form the foundation for the classifying spaces theory of
(small) tricategories: any tricategory 7 = (7, ®,1,a,l,r, 7, 1, A, p), as in [17], has associated
a pseudo-simplicial bicategory, called its nerve,

N7 = (N7, x,t,w,v,8) : A — Bicat, 47)

and the classifying space of the tricategory is the classifying space of its bicategorical pseudo-
simplicial nerve. Briefly, say that the bicategory of p-simplices of N7 is

NpT: I_l T(XI’XO)XT(vaxl)X'--XT(xp,xp,l),
(x0,...,Xp)EOb T PF1

whose face and degeneracy homomorphisms are induced, following the formulas (37), by

the composition 7 (y, x) x 7 (z, y) 3 T (z,x) and unit I, : 1 — 7 (x, x) homomorphisms, re-
spectively. If a : [q] — [p] is any map in A, then one writes a = d'! ---d’sJ1 ... s/, where
0<ig<--<i1 <p,0<j; <-- < jr <¢q, and the induced homomorphism is a* =
sj, -+ 8jdi, -+ -di, :NT, — NT,. The pseudo equivalences x and ¢ arise from the associativity
and unit constraints of 7, while the invertible modifications w, ¥ and § come from the struc-
ture modifications 7, u, A and p. However, to prove that N7 is actually a pseudo-simplicial
diagram of bicategories is far from obvious and beyond the scope of this paper since a ‘superco-
herence theorem’ is needed. Instead, it will be the subject of an upcoming separate publication
specially dedicated to the study of classifying spaces of tricategories and monoidal bicategories.
Hence, we shall only treat here an interesting particular instance: the case of braided monoidal
categories [24], which can be regarded as one-object, one-arrow tricategories [17, Corollary 8.7].
We shall start by reviewing the notion of classifying space for a monoidal category.
A monoidal (tensor) category (M, ®) = (M, ®,1,a,l,r) [27] can be viewed as a bicategory

7'M (48)

with only one object, say *, the objects u of M as 1-cells u : * — * and the morphisms of M
as 2-cells. Thus, 2~ ' M, *) = M, and it is the horizontal composition of morphisms and
deformations given by the tensor functor ® : M x M — M. The identity at the objectis 1, =1,
the unit object of the monoidal category, and the associativity, left unit and right unit constraints
for 21 M are precisely those of the monoidal category, that is, a, I and r, respectively.
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The pseudo-simplicial nerve (36) of the bicategory £2~! M, hereafter denoted by

NM, ®): A® — Cat, [p]+—> MP, (49)

is exactly the pseudo-simplicial category that the monoidal category defines by the reduced bar
construction [23, Corollary 1.7], whose category of p-simplices is the p-fold power of the
underlying category M, and whose face and degeneracy functors are induced by the tensor

Mx M3 Mandunit1: 1 - M functors, respectively, following the familiar formulas (37)
in analogy with those of the nerve of a monoid. N(M, ®) is called the pseudo-simplicial nerve
of the monoidal category and its classifying space BN(M, ®) is the classifying space of the
monoidal category (see [23, §3], [22, Appendix], [7] or [2], for example), hereafter denoted by

B(M, ®). (50)

Hence, the classifying space of a monoidal category (M, ®) is the same as the classifying
space of £27! M, the one-object bicategory it defines. The observation, due to Benabou [3], that
monoidal categories are essentially the same as bicategories with just one object is known as the
delooping principle, and the bicategory 2~ M is called the delooping of the category induced
by its monoidal structure [26, 2.10]. This term arises from the existence of a natural map

BM — 2B(M, ®), (S

where BM is the classifying space of the underlying category and £2B(M, ®) the loop space
based at the O-cell of B(M, ®), which is up to group completion a homotopy equivalence
(see [23, Propositions 3.5 and 3.8] or [7, Corollary 4], for example).

A monoidal functor F : (M, ®) — (M’,®) amounts precisely to a homomorphism
Q71F: 27'M — 271 M’ between the corresponding delooping bicategories and therefore,
by Fact 5.2(i), it induces a cellular map

B(F.®):B(M,®) - B(M', ®).

More precisely, B(F, ®) is the induced on classifying spaces by the pseudo-simplicial functor
N2~ ! F, hereafter denoted by

N(F,®) :N(M,®) > N(M',®), [pl+—> FP: MP - M'P,

whose structure natural isomorphisms s; Fy = F,s; and d; Fy = F,d; are those canonically
obtained from the invertible structure constraints of the monoidal functor, F:I1= FI and
F:F (i) @ F(ati+1) = F (o @ @0j+1) (the commutativity of the needed six coherence diagrams
in [23] is clear).

Thus, the classifying space construction, (M, ®) — B(M, ®), defines a functor from
monoidal categories to CW-complexes.

We now consider the braided case. Recall from [17, Corollary 8.7] that a braided monoidal
category (M, ®,¢) = (M, ®,1,a,l,r,c) [24, Definition 2.1] defines a one-object, one-arrow
tricategory. More precisely, following [4, 2.5], [26, 4.2] and the categorical delooping principle,
let
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Q72M (52)

denote the tricategory with only one object, say *, only one arrow * = 1, : % — , the objects u
of M as 2-cells u : * — * and the morphisms of M as 3-cells. Thus, Q72 M(x, %) = 27 M,
the delooping bicategory associated to the underlying monoidal category (48), the composition
is also (as the horizontal one in £2~!M) given by the tensor functor ® : M x M — M and
the interchange 3-cell between the two different composites of 2-cells is given by the braiding
cC:u®@uv—>vQu.

Call this tricategory £2~2M the double delooping of the underlying category M associated
to the given braided monoidal structure on it, and call its corresponding bicategorical pseudo-
simplicial nerve (47) the pseudo-simplicial nerve of the braided monoidal category, hereafter
denoted by N(M, ®, ¢). Thus, it is given by

N(M, ®,¢): A® — Bicat, [pl> (27'M)”, (53)

and next we see that N(M, ®, ¢) is actually a pseudo-simplicial bicategory.

Because of the braiding, the pseudo-simplicial nerve of the monoidal category,
N(M, ®):[p]l — MP, is actually the underlying pseudo-simplicial category of the pseudo-
simplicial monoidal category,

[Pl (MP,®) = (M, ®)".

Indeed, this follows because the functors a* : (MY, ®) — (M?P, ®) and the structure natural
isomorphisms x : b*a* = (ab)* are monoidal (it suffices to observe the monoidal structure for
the face and degeneracy functors (37) and also for the natural isomorphisms (38) and (39), which
can be respectively deduced from Propositions 5.2 and 5.1 in [24]).

Then we have that N(M, ®, ¢) is just the pseudo-simplicial bicategory obtained as the com-
posite

(N(M,®),®) o1 .
A°P MonCat — Bicat,
[p] 1 (MP,®) ——= 2" I MP.

Hence, N(M, ®, ¢) is actually a pseudo-simplicial diagram of one-object bicategories (with
the structure modifications w, y, and § all being identities) and, following the general Defini-
tion 5.4, we give the following:

Definition 6.1. The classifying space of the braided monoidal category, denoted by

B(M, ®,¢), (54)
is defined to be the classifying space of its pseudo-simplicial nerve (53).
Remark 6.2. By replacing each delooping bicategory £27'MP by its pseudo simplicial

nerve (36), that is, by the nerve (49) of the monoidal category (M7, ®), the pseudo-simplicial
nerve of the braided monoidal category (53) determines a pseudo bisimplicial category
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AP x A°P — Cat, ([p], [q]) — MP9, which (for (M, ®) strict) is taken in [2] to construct
the double delooping space of BM.

The basic properties of the classifying space construction for braided monoidal categories can
be stated as follows:

Proposition 6.3.

(i) Any braided monoidal functor between braided monoidal categories, F : (M, ®,¢c) —
(M, ®, ¢), induces a continuous map between the corresponding classifying spaces,

B(F,®,¢) :B(M,®,¢) > B(M',®,¢).

Therefore, the classifying space construction, (M, ®, ¢) — B(M, ®, ¢), defines a functor
from the category of braided monoidal categories to CW-complexes.

(i1) If two braided monoidal functors F,F : (M,®,¢) — (M',®,¢) are related by a
monoidal transformation F = F', then the induced maps on classifying spaces, B(F, ®, ¢)
and B(F', ®, ¢), are homotopic.

@Gii) If F: (M, ®,¢) S (M, ®, ¢) is a braided monoidal equivalence, then the induced map
on classifying spaces B(F, ®, ¢) : B(M, ®, ¢) = B(M', ®, ¢) is a homotopy equivalence.

@v) If F: (M, ®,¢) — (M, ®, ¢) is a braided monoidal functor such that the underlying func-
tor induces a homotopy equivalence BF : BM = BM/, then the induced map B(F,®,c¢):
B(M, ®,c) = B(M', ®, ¢) is a homotopy equivalence (as is also the induced map be-
tween the classifying spaces of the underlying monoidal categories, B(F, ®) :B(M, ®) =
B(M’, ®)).

Proof. (i) If F: (M, ®,¢) - (M’,®,¢) is any braided monoidal functor, then the pseudo-
simplicial functor N(F, ®) : N(M, ®) — N(M’, ®) underlies a pseudo-simplicial monoidal
functor

N(F.,®) : (N(M, ®),®) > (N(M, ®), ®);

that is, every functor F? : (M?, ®) — (M’'?, ®) is monoidal and, moreover, every natural iso-
morphism FPa* = a*F4, for any a : [q] — [p] in A, is monoidal (it suffices to prove this for
the natural isomorphisms s; F? = F Ptlg and d; FP = FP~14;, which it is straightforward).

Hence, we have a pseudo-simplicial homomorphism of pseudo-simplicial bicategories
27 IN(F, ®) (with the structure modifications IT and I" all being identities), hereafter denoted
by

N(F,®,¢) :N(M, ®,¢) > N(M', ®, ¢),
which, by Proposition 5.5(i), gives the claimed cellular map
B(F,®,¢):B(M,®,¢) > B(M',®,¢).

Following now the proof of part (iii) in Proposition 5.5, we see that the classifying space
construction defines a functor from the category of braided monoidal categories to the category
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of spaces: for (M, ®, ¢) £ M, ®,¢) g (M”,®, ¢), any two composable braided monoidal
functors, the equality

[ N(G,®,¢) [\N(F,®,¢)= [\N(GF,®,¢)

holds (and the corresponding pseudo-natural equivalence (20) is an identity), whence the equal-
ity B(G, ®, ¢)B(F,®,¢) = B(GF, ®, ¢) follows from Fact 5.2(i). Analogously, the equality
Bl m,@,¢c) = IB(M,®,¢) holds since the pseudo-natural equivalence (21) at any N(M, ®, ¢) is
an identity.

(i) Any monoidal transformation, m : F = F’, between monoidal functors F, F' : (M, ®) —
(M, ®), gives rise to a pseudo-simplicial transformation

N(m, ®) : N(F,®) = N(F', ®) : N(M, ®) - N(M, ®),
where
N,(m, @) =mP:FP = F'?: MV - M'P

(see [23, p. 125]). When both F and F’ are braided between braided monoidal categories
(M, ®,¢) and (M, ®,¢), then every mP : FP = F'P : (MP,®) — (M'P,®) is monoidal
and N(m, ®) becomes a pseudo-simplicial monoidal transformation giving rise to a pseudo-
transformation of pseudo-simplicial homomorphisms of bicategories

27'N(m, ®) :N(F,®,¢) = N(F',®, ¢) :N(M, ®,¢) > N(M', ®, ¢),

whence the result follows from part (ii) of Proposition 5.5.

(iii) It is a consequence of parts (i) and (ii) (and also of part (iv)).

(iv) Since, for any p > 0, the induced map BF? : BM?” — BM’? is a homotopy equiv-
alence, Thomason’s Theorem [37, Corollary 3.3.1] means that the pseudo-simplicial functor
N(F,®) : N(IM, ®) — N(M’,®) induces a homotopy equivalence on classifying spaces,
B(F,®):B(M,®) — B(M',®). Then, each map B(F”,®):B(M”, ®) — B(M'?,®) is
also a homotopy equivalence whence, by Theorem 5.7, the pseudo-simplicial homomor-
phism of bicategories N(F, ®, ¢) induces a homotopy equivalence B(F, ®, ¢) : B(M, ®, ¢) =
B(M’,®,¢), as claimed. O

Returning to the monoidal case, if (M, ®) is any given monoidal category, then the delooping
bicategory £27!'M has a corresponding unitary geometric nerve (40), A2~ M. But, here-
after, we shall follow the terminology of [11, §4] and [10, Definition 4.1], where a 2-cocycle
of a (small) category I in the monoidal category (M, ®) is defined as a normal lax functor
I — 27" M. Therefore, such a 2-cocycle is a system of data

E:]l > (M,®)

consisting of an object & € M for each arrow o : j — i in [ and of a morphism
Es.1 1 &5 @ & — &4 for each pair of composible arrows in /, k 5 j A , such that, for any

three composable arrows in 1, [ LkS j 5 i, the diagram in M
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a

§c ®(5: ®6)) 6 ®E)R®E,
1®&:,y l \L&m@l
Err,ry éar,y
& ®&ry oty Exr ®E)

is commutative, £ = 1,1, =1: 1 Q@& —> &,and &1 =r: & Q1 — &;.
These 2-cocycles of [ in (M, ®) form the set, denoted by

Z*(1, M, ®)),

and they are the objects of a category

z2 (I, M, ®)), (55)

where a morphism f : & — &' consists of a family of morphisms f, : &, — &, in M, one for

each arrow o : j — i in I, such that f; = 1y and for any two arrows k 5 j 2 i the following
square commutes:

0,1
b6 ®Er —— &5¢

f0®ffl lfdf
s/

5 @& ——= &)
We should note that the category Zgat(l , (M, ®)) is a subbicategory of the bicategory
Lax(/, 2~ M), defined in [36, p. 569]. Namely, that subbicategory given by the normal lax
functors and those lax transformations and modifications whose components at any objects are
identities.

The geometric nerve of the monoidal category (M, ®) [7] is then the simplicial set

(ZA'Q7IM)
Z2(M,®): AP — Set, [pl— Z*(Ip], (M, ®)). (56)

And this is the simplicial set of objects of the categorical geometric nerve of the monoidal cate-
gory, that is, the simplicial category

Z2w(M, ®): A% — Cat, [p]— Z2,([p], (M, ®)). (57)
This geometric nerve Z2(./\/l, ®) is a 3-coskeletal reduced (1-vertex) simplicial set whose

simplices have the following simplified interpretation: the 1-simplices are the objects & 1 of M
and, for p > 2, the p-simplices are families of morphisms

Eijk & j®&k—> &k,

0<i < j <k < p, making commutative the diagrams
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i, ®&jr) ®&k -+ & i ®Ej k&)
& jk®1 J/ J/ @8k
ikl §ijl
Eik ®&k &l & &

forO0<i<j<k<I<p.
There is a pseudo-simplicial functor [7, p. 325]

(O :N(M, ®) — Z2, (M, ®), (58)

taking an object X = (X1, ..., X)) € N,(M, ®) = MP? to the 2-cocycle

X [pl - M, ®), (59
with X?,i+1 = X;+1 and, inductively, XﬁHl = Xﬁj ® X j+1. The morphisms Xl.e,j’j+1 : Xij ®
X;,j+1 — X?,j+1 are all identities, and the remaining morphisms Xie,j,k+1 : Xie’j ® X;,k+1 —

X7 141 are inductively determined by the associativity constraints of M, through the commuta-
tive diagrams

X¢ . ol
e e e ij.k e €
(X5 ®@X; 0@ X jp) ———— X7 ® Xp 4y

a\L
X°.
e e i,j,k+1 e
Xii®Xjrt Xi k1

Further, the functor ( )¢ on a morphism F = (Fi,..., F,) : X — Y in MP is the 2-cocycle
morphism F°¢: X® — Y¢, inductively given by

. Fini it =i,
iLj+1— Fiej X Fj+1 lfj > .

For any map a : [¢q] — [p] in the simplicial category, the natural isomorphisms (a*X)¢ = a*(X°®)
are canonically induced by the associativity and unit constraints a, I, and r of the monoidal
category.

The main purpose in [7] (cf. Fact 5.1) was to prove the following:

Fact 6.4. For any monoidal category (M, ®), both ( )¢ : N(M, ®) — Z2,.(M,®) and the

cat

inclusion Z2(M, ®) — Zczat(./\/l, ®) induce homotopy equivalences on classifying spaces. In

particular, there is a homotopy equivalence

B(M, ®) ~ |Z*(M, ®)|.

Going further towards the braided case, we shall start with the following observation:
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Lemma 6.5. Let (M, ®, ¢) be a braided monoidal category.

(1) For any small category I, the category of 2-cocycles Zczat(l, (M, ®)), (55), has a natural
monoidal structure. The tensor product &' ® & of 2-cocycles is given by putting (§' ® §)s =

& @&y, and (§' @ &)y, is the composite dotted arrow in the diagram

E ®E)®E ®E) (680 .
%l Ts&,@&,f
(£ ®E QL)) ®E (£ RE)® (& &)
(lm o~
& ® (£l ®8,)) ® &

where the arrows labeled with = are (iterated) isomorphisms of associativity. The tensor
product of morphisms ' and f is ' ® f, where (f' ® f)o = f1 ® f5. The unit object is
the trivial 2-cocycle, denoted by 1o, which is defined by the equalities (Ip)s =1 and (Ip)o,r =
I =r :1Q1 — L The associativity and identity constraints of (M, ®) yield associativity and
identity constraints in Zczat(l , (M, ®)).

(i1) The categorical geometric nerve of the underlying monoidal category (57) underlies the
simplicial monoidal category

(Z2((M, ®),®) : A® — MonCat, [pl+ (Z2,(Ip], (M, ®)), ®).

(iii) The pseudo-simplicial functor (58), is actually a pseudo-simplicial monoidal functor

O°: (NM, ®), ®) = (22,(M, ®), ®).

IfY =1,...,Y)y) and X = (X1, ..., X)) are in MP, then the structure isomorphism
D:Y*QR X®— (Y ®X)®isas follows: ®;jy1=1:Yit1 ® Xit1 — Yit1 ® Xi41 and, for
0<i < j<p, D jy1isinductively defined as the composite dotted arrow

D j+1

(Y5 ®Yjr) @ (X7, @ Xjt1) > Y QX),; @Y1 ®Xj11)

:l TQJ@I

(Yle’/ ® (Yj—H ® Xle’])) & Xj+1 (Yf/ 02y Xij) X (Yj—H (2 Xj—H)

mmkx =

(Y7, ® (X ; ®Yj41) ® Xj41.

The structure isomorphism (1, ...,1)® — Iy is given by the canonical isomorphism in M,
(- (@)D I=L
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(iv) There is an induced pseudo-simplicial homomorphism
2710 NM, ®, ¢) > 27122 (M, ®). (60)
Next, again following [11, §4], where a 3-cocycle of a category I in a braided monoidal
category (M, ®, ¢) is defined to be a normal lax functor / — £272M [17, Definition 3.1] we

establish the following:

Definition 6.6. Let (M, ®, ¢) be a braided monoidal category. For any given small category I,
a 3-cocycle

AMl— (M,®,c¢)
is a system of data consisting of:

— for each two composible arrows in I, k 5 j % , an object Ay r € M,

— for each triplet of composible arrows in 1, [ LkS Jj Sia morphism in M

Aoty

)\r,y ® )»a,ry

)\a,r ® )Lar,y ,

such that, for any four composible arrows in 1, m — [ LS Jj 5 i, the following diagram in
M commutes

a(1®)hrr,r,y5)a_l

(Ay,s @ Ar,y8) ® Ao rys (Ays Ao ) ®Aor,ys
Ar,y.s®1 c®1

A,y @ Ary,s) @ Aorys (Aot @ Ly s) ® Ao,rys

(1®%s,ry,5)a (I®As1,y.5)a

a ' (ho,ry®Da
)"r,y & ()\a,ry ® )"O"[}/,ﬁ) )"O’,‘[ ® ()"U‘[,)/ ® )"O"[}/,ﬁ)

and, moreover, the following equalities hold: A1 s = I = 451, Al,0,t = €1 3y,» Ao,1,c = 1 and
)\'O’,'[,l =Chpr,I-

The 3-cocycles of I in the braided monoidal category (M, ®, ¢) form the set, denoted by
(1, (M, ®,0)),

which is the set of objects of a bicategory

Zgicat(l’ (M’ ®, C)),
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whose 1-cells & : L — A/ consist of pairs of maps assigning

— toeach arrow o : j — i in I, an object &, € M,
— to each pair of composible arrows in I, k 5 J 5ia morphism in M

&o.t

(EU ®‘§r) ®)¥a,r —— A’i)"‘[ ® éf(rra

such that, for any three composible arrows in 1, [ S kS j 5 i, the diagram below (where we
have omitted the associativity constraints) is commutative

1®&; ,®1 )
Ea ®Er ® SV ® )"r,y ® )\'O’,‘[}/ —_— EG ® )‘f,y ®£J_ry ®)¥o,ry
1®)ta,r,y c®1
/
s s T, s
S(r®$r®§y®®)\ar®)\ary A V®§O®§T}/®)"ﬂty
1®c®1 1®55,ry
SO' ®ET ® )\'O',‘L' ®E}/ ®)"UT,)/ )"{[’y ® )"/g"fy ®$0"L’)/
%_rr,r@l )”:7,7,1/®1
/ 1®8or.y / /
)‘40-’1- ®§o’r & %_y & )‘40"[,)/ )‘4(7’-[ ®)‘ar,y ®§O‘Tyv

moreover, &1, = I and, for every arrow 7 : k — [, the squares below commute.

gl,‘( é§_t,l
IRE)® 1 I®& ERN®I
l®ll ll lr®1
g1 — £ L s®l1

A2-cell f:&§=¢& for& & 1 — A 1-cells, consists of a family of morphisms f, : &, — &,
in M, one for each arrow o : j — i in I, such that f; = 1 and for any two arrows k 5 Jj %
the following square commutes:

E(T,‘L'
(%_0 02y %-r) ®)\o,r —— )‘27,7; ®§O’T

(fo'®f'[)®1l \L1®fﬂ'f

/

gU.T
(5«4 ® é;) ®)‘-0’,‘[ - )\';,‘( ®€:/7t'
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The vertical composition of 2-cells in Zgicat(l , (M, ®, ¢)) is defined by pointwise composi-
tion in M.

The horizontal composition of 1-cells £ : L — A" and & : 2’ — V" is &' ® & : A — A", where
(E'®E) =&y ®E; and (8’ ® &), is the composite dotted arrow in the diagram

E®or )
((E/n ®$¢r)®($/r ®Er))®)\a,r > )\’U’f ®(‘§gr ®§ar)
(s ®E ®E))®E)® Aoy Ay ®E,) ®&sr
1®c®1®1 £,.®l1
(6, ® (¢, ®&:)) ®E) ® Aot (E, ®ED® ;) ®&sr
1®S0’.f

¢, ®E) ® (o ® &) ®Ao,r)

(65 ®E) ® (A ; ®Eor),

and the horizontal composition of 2-cells f’ and f is f' ® f where (f' ® f)¢ = f2 ® fo, for
each arrow o in /.

The identity 1-cell of a 3-cocycleis 1 : A — A, where 1, =1 forall o in /, and each morphism
14,7 is determined by the commutativity of the square

10,1
ID®@As: —— 26,: Q1

r@ll | l

I® Aoy ——> Ao z-

The associativity and identity constraints in Zgicat(l , (M, ®,c)) are directly obtained from
associativity and identity constraints of the braided monoidal category.

The bicategory Zgicat(l , (M, ®, ¢)) is pointed by the trivial 3-cocycle, denoted by I, which
is defined by the equalities (Ip)s,; =1 and (Ip)g,z,y =1: 1T —>1Q L

We should note that, for any given category I and braided monoidal category (M, ®, ¢), there
is a tricategory Lax (1, £272M) whose objects are lax functors, whose 1-cells are lax transforma-
tions, whose 2-cells are lax modifications and whose 3-cells are perturbations. Similarly as the
category of 2-cocycles Zgat(l , (M, ®)) is a subbicategory of Lax(/, 27! M), our bicategory
Zgicat(l , (M, ®, ¢)) introduced above is precisely the subtricategory of Lax(/, 2~2M) given
by the normal lax functors and those lax transformations, lax modifications and perturbations
whose components at any objects are identities.

Both constructions Z3(I, (M, ®, ¢)) and Zgicat(l, (M, ®, ¢)) are functorial on I, and they
lead to the following definition of geometric nerves for braided monoidal categories:

Definition 6.7. The geometric nerve of a braided monoidal category (M, ®, ¢) is the simplicial
set
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Z3(M,®,¢): A% — Set, [pl Z3([pl, (M, ®, ¢)). (61)
This is the simplicial set of objects of the simplicial bicategory
Z3eM, ®,¢) : A® — Hom C Bicat, [plr Z ., ([p]l, (M, ®,0)), (62)
which is called the bicategorical geometric nerve of the braided monoidal category.
Remark 6.8. The geometric nerve Z3(M, ®, ¢) is a 4-coskeletal 1-reduced (one vertex, one

1-simplex) simplicial set whose 2-simplices are the objects A.12 of M and, for p > 3, the
p-simplices are families of morphisms

Aijdd i Akl QA ji—> Aijk @Mk,

0<i < j<k<I< p,making commutative, for 0 <i < j <k <l <m < p, the diagrams

a(l®hi j g m)a”!

Aetom @ Ajk,m) @ Aijum Ae,tm @ Aijk) @ Aik,m
Aj ki m®]1 c®1
Akt ®Xjim) ®Aijm Ai,jk @ Ak im) ® A jm
(1%, j1.m)a (1@ k,1,m)a

a 'O jri®ha
Ajked @ (Mi 1 @ Aigm) Ai ke @ ikt @ Aijim)-

If * is any object of a bicategory C, then C(x, *) becomes a monoidal category and there is a
bicategorical embedding £2~!C(x, *) <> C. Since, for any braided monoidal category (M, ®, ¢)
and category I, there is a quite an obvious monoidal isomorphism

(22 (I, M, ®)), ®) = Z o (1, M, ®, ©)) (To, o),
we have a natural (‘suspension’) homomorphism of bicategories
S:27122.(1, M, ®) = Zi (I, (M, ®,0)),
that is defined as the composite
Q7128 (1. (M. ®)) Z 27 Z (1. (M. ®.0) (0. 10) = Zijeyy (1. (M. ®, ).
Hence, we have a simplicial homomorphism of simplicial bicategories
§: 27122, (M, ®) = Z} (M, ®,¢),

whose composition with (60) defines the pseudo-simplicial homomorphism
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E:NM,®,¢) = Z3 . (M, ®,¢), (63)

which, at each label p > 0, is so given by the commutative square

Q- Mmp z3..((pl, M, ®,¢))

Qfl()t: j\

27172,(pl, (M, ®)) . 27173 . (pl, M, ®, ) To, Io).

Next Theorem 6.9 below states that this pseudo-simplicial homomorphism (63) induces a
homotopy equivalence on classifying spaces so that the simplicial bicategory Zgicat(/\/l, ®,c),
the bicategorical geometric nerve, models the homotopy type of the braided monoidal category
and it can be thought of as a ‘rectification’ of the pseudo-simplicial nerve N(M, ®, ¢).

Theorem 6.9. For any braided monoidal category (M, ®,c), the pseudo-simplicial homo-
morphism E : N(M, ®, ¢) — Zgicat(M’ ®, ¢) induces a homotopy equivalence on classifying
spaces. Thus,

B(M, ®, ¢) ~BZj, (M, ®,¢).

Proof. In view of Theorem 5.7, it is sufficient to prove that every homomorphism of bicategories
E,: 27 'M" > Zgicat([n], (M, ®, ¢)) induces a homotopy equivalence on classifying spaces.
The result is clear for n = 0, since Eq is merely the obvious isomorphism between the two
unit (i.e., with only one 2-cell) bicategories. For n = 1, since the trivial 3-cocycle Iy is the unique
object of the bicategory Zgicat([l], (M, ®, c)), itis easy to see that E is actually an isomorphism
of bicategories with an inverse isomorphism

Pr: Z o (11, M, ®, 0)) — 27'M, (64)
defined by
3 0.1
£ VR
P:Tp Jr Iop = % Ifoax =
~N—— N~
& &0

Now, for n > 2, our discussion uses the so-called Segal projections (see [33, Definition 1.2])
that, on our simplicial bicategory Zgicat(/\/l, ®, ¢), give the homomorphisms

Py Z(In]. (M. ®,0) - 27" M"

defined by the commutative triangles
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ZEieu (1], (M, ®, ¢))

2~ 'M
[Ti=1 do-+di— 2@&\ / (65)
Py

bicat([l]’ (M’ ®, C))n.

n

That is,

£ (60,15++6n—1,n)

VR
Po:x Ur NV x ot faetin) *
~_ \_/

g (s(;l """ é:1;—1,n)
For any n > 2, we have the equality P, E,, = 1 and, moreover, there is an oplax transformation,

Wil= E Py Zi (1], (M, ®, 0)) = Zii([n], (M, ®, 0)),

whose component at a 3-cocycle A : [n] - (M, ®,¢) is the 3-cocycle morphism WA =
¥ 1 A — Ip, where the objects y; ; of M, for i < j, are inductively determined by the equal-

ities
I ifi = j,

] tie)
T Vij ®Aijj+1 ifi <j,

and the morphisms v¥; jx: (Vi j @ V1) ® A jx = 1 ® Wiy, fori < j <k, are also inductively
defined as follows: each morphism ; ; 41 is the canonical isomorphism making commutative
the triangle

Vi jj+l

Wij®D®Aijj+1 I (Yij ®Aijj+1)

Vi j @ Aij,j+1

and each morphism v; j x+1 is obtained from the morphism ; ; « as the composite dotted arrow

Vi jk+1

Wi @ Wjk @Ak i+1)) @ Aijk+1 >1Q® (Vik ®Aikkt1)
Wi @Vik) ® Njkk+1 ®Aijk+1) AR Vi) @ Aj g k+1

LA, j k. k+1 l T Vi jk

Wi ®Vjk) ® i jk ® Aikkr1) —= (Wi, ; @ Vjk) @i jk) ® ik ke 1-
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The component of ¥ at a 3-cocycle morphism & : A — A’ is the 2-cell in the bicategory
Ziyeu([n]. (M, ®, ©))

where 1 = ll’)»,i[// =¥\, X=P,E=(0.1,.--,En—1.n), and X€ is given as in (59), defined by
the morphisms ¥ ; : X7 ; ® i, j — wi”j ® §&; j inductively obtained as follows: each morphism

¥; i+1 is the canonical isomorphism making commutative the triangle

ii+1

Eiit1 ®1 — > I®&ii
T

&iit

and each morphism lI/;l j+1 is obtained from the morphism ll/;, j as the composite dotted arrow in
the diagram below.

Z8m
(X5 ®Ejj+1) ® (Wi j @ hij j+1) ! = (W ;@A 1) ®&ij+1
(X7, @ Gjj+1 ®¥ij) ®Aijjt1 Vi ® M i ®&ij+1)
(1®c)®1 1®&; j.j+1
(X7 ® (Vi ®&j,j+1) @ Aijj+1 Vi ® (i ®&jj+1) ® hij,j+1)
@ ;0D®1

(X7 ; ®@Yij) @8 j+1) ®Aijjy1 ————— (Y] ; ®&ij) @&, j+1) ® Aiij j+1
Hence, by Fact 5.2(ii), every induced map
BE, :BM,®)" — BZ} ., (In], (M, ®,¢))

is a homotopy equivalence (with BP, : BZgicat([n], (M, ®,¢)) > B(M,®)" as a homotopy-
inverse) and therefore the induced map BE : B(M, ®, ¢) — BZ,ii cat(M, ®, €) is also a homo-
topy equivalence by Theorem 5.7. O
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As we show below, Theorem 6.9 implies a new proof of a relevant fact: The classifying space
of the underlying category of a braided monoidal category is, up to group completion, a double-
loop space [34,13,2,4]. Recall that the loop space of the classifying space of a monoidal category
2B(M, ®) is a group completion of BM, the classifying space of the underlying category; that
is, there is a homotopy natural map (51), BM — £2B(M, ®), which is, up to group completion,
a homotopy equivalence.

Theorem 6.10. For any braided monoidal category (M, ®, ¢) there is a natural homotopy equiv-
alence

BWM, ®) ~ 2B(M, ®,c).

Therefore, the double-loop space §2*B(M, ®, ¢) is homotopy equivalent to the group completion
of BM.

Proof. By Theorem 6.9, B(M, ®, ¢) is homotopy equivalent to Bzgicat(/\/l, ®, ¢), the classi-
fying space of the simplicial bicategory [n] Zgi cat (1], (M, ®, ¢)), which, by the homotopy
equivalences (44), is itself homotopy equivalent to the realization |X| of the simplicial space
X :[n]— BZ3 (], M, ®, ¢)).

Now, observe that: 1) the space X is a one-point set; 2) the Segal projection maps p, =
HZ:] do---dy—odiy1---d, : X, = (X1)" are all homotopy equivalences (since every map
BP,: Bzgica[([n], (M, ®,¢c)) > B(M, ®)" is a homotopy equivalence, as we observed in the
proof of Theorem 6.9 above, and the triangles (65) commute); 3) X| = B(M, ®) (by the isomor-
phism (64)); and 4) wo(X1) = 0, the trivial group (since, by Fact 6.4, the classifying space of the
underlying monoidal category, B(M, ®), is homotopy equivalent to the geometric realization of
the simplicial set with only one vertex Z2(M, ®)).

Thus, we see that the simplicial space X : [n] — BZgicat([n], (M, ®, ¢)) satisfies the hypoth-
esis of Segal’s Proposition 1.5 in [33] (see also the previous Note to the proposition). Therefore,
the canonical map X; — £2|X| is a homotopy equivalence, whence the homotopy equivalence
B(M, ®) ~ 2B(M, ®,c) follows. O

Going finally towards our last main result in the paper, let us recall from Definition 6.7 that the
geometric nerve of a braided monoidal category Z3(M, ®, ¢) is the simplicial set of objects of
the simplicial bicategory Zgicat (M, ®, ¢), so that we have an evident simplicial homomorphism
of inclusion Z3(M, ®, ¢) — Zgicm(/\/l, ®, ¢), where Z3(M, ®, ¢) is regarded as a simplicial
discrete bicategory.

Theorem 6.11. For any braided monoidal category (M, ®, ¢), there is a homotopy equivalence
B(M, ®,¢) =2} (M, ®,0)].
Proof. By taking into account Theorem 6.9, it is sufficient to prove that the inclusion simplicial

homomorphism Z3(M, ®, ¢) — Zgicat(M’ ®, ¢) induces a homotopy equivalence on classify-
ing spaces. To do so, let

A Zgieq (M. ®, €) : AP x A% — Set,
([P 191) &> A} Ziey (1], (M. ®, €)
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be the bisimplicial set obtained from the simplicial bicategory
Zgicat(M’ ®, c) : A°° - Hom C Bicat

by composing with the unitary geometric nerve functor (40).

Since a (p, g)-simplex of A“Zﬁicat(/\/l, ®, ¢) is then a normal lax functor

£:1p] = Ziieu(la], M, ®, 0)),
that consists of 3-cocycles £“ : [¢q] = (M, ®,¢), 0 <u < p, 1-cells
g £
0<u < v< pand 2-cells
EUVW . gV @ gV _y g0

0<u <v<w< p, in the bicategory Zgicat([q], (M, ®, ¢)), satisfying the various conditions,
we see that & can be described as a list of data

— u u u,v u,v u,v,w
£ = (Ei,j,k’gi,j,k,l’gi,j véi,j,kvfi,j ) 0<»t<§v< <p (66)
xJ

where
ikt k1 ®& 1~ 8k @&k
are the morphisms in M that describe the 3-cocycles £,
g (G ) O > & ®F
are the morphisms in M describing the 1-cells €%V, and

u,0,W , U,V v,w u,w
%_,'J 'é:,',j ®'§>:i,j _>§i,j
are those morphisms in M that describe the 2-cells £*-V-*.
Below, we shall interpret the p- (resp. g-)direction as the horizontal (resp. vertical) one, so that
the horizontal face and degeneracy operators in A"Z, gicat (M, ®, c¢) are those of the simplicial sets

A“Z&Cm([q], (M, ®, ¢)), that is, dﬁls = (Sfﬁ%, ...), etc., whereas the vertical ones are induced
by those of Zgicat(/\/l, ®,c), thatis, d} & = (S;,,,i’d,,,j’dmk, ...), etc.

Since Z3(M, ®, ¢) is a simplicial discrete bicategory (i.e., all 1-cells and 2-cells are identi-
ties), A"Z 3 (M, ®, ¢) is a bisimplicial set that is constant in the horizontal direction. The induced
bisimplicial inclusion AYZ3 (M, ®,¢) — Auzgicat(/\/l, ®, ¢) is then, at each horizontal level
p > 0, the composite simplicial map

Sh Sh
Z2M.®.€) = A Ziieq(M. ®.€) = A Zjiy (M. ®.0) = -

h
Ry

S AL ZE (M. B 0). (67)



P. Carrasco et al. / Advances in Mathematics 226 (2011) 419—483 477

Taking into account now (42) and that the classifying space of any diagram of bicategories F
is homotopy equivalent to |hocolim; AF]|, to prove that

|Z3(M, ®, ¢)| = BZ}, .y (M, ®, ¢)

is a homotopy equivalence we shall prove that the induced simplicial map on diagonals
Z3(M, ®, ¢) — diag A"Z blcat(/\/l ®, ¢) is a weak equivalence. To do so, as every pointwise
weak homotopy equivalence bisimplicial map is a diagonal weak homotopy equivalence [16,
IV, Proposition 1.7], it suffices to prove that every one of these simplicial maps (67) is a weak
homotopy equivalence. In fact, we will prove more: Every simplicial map

h LAl 3 u 3
Spopt Ap_lzbicat(/\/l, ®,¢) = AL Zpiw (M, ®, ¢)
embeds the simplicial set A‘;,
mation retract.

To do so, since dzs[’;_ | = 1, it is enough to exhibit a simplicial homotopy

blcat(M ®, ¢) into A} Z, blcat(./\/l ®, ¢) as a simplicial defor-
H:1= sZ—ldIhJ : A;Zgicat(M’ ®, C) — AlIIJZE)ic.alt('/\/l’ ®, C)’
which, for each p > 1, is given by the maps h,,, 0 < m < g, as in the diagram

dy
A Z3 (g 4+ 11 (M. ®, 0)) ; AY Z3 o (q]. (M, ®,0)) - -

sh h
1 p ldP

AL ZR (g + 11, (M, ®, ¢) ; AY 73 g, (M, ®,€)) -+

which take a (p, g)-simplex (66) of A“Zﬁicat(./\/l, ®, ¢) to the (p, g + 1)-simplex
hms = ((hm%‘)?lka (hmg)?’j’k’]’ (hmg)ﬁjva (hmé)ﬁ]lik’ (hmg)?’]vw) ouvswsp

0<i S Sh<Isg+1

defined as follows:
e The objects (hmé)}f j i are given by the formula

u
s, s™ sk

(hmé}-):'{j,kz E,]k ifu=pandk <m,

ifu<porm<j,

& 1p®$l/k , fu=pandj<m<k.
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e The morphisms

()Y 1= hn) g ® ()L sy = ()Y ® )y
are

S;‘,,,l. o sm, sl ifu<porm< j,

hm&)7 j 1 =
m8)i j k.l fzjkl ifu=pandl <m

while, for u = p and j < m < k, the corresponding (hmé)lp ikl is defined as the composite dotted
morphism

hm P
@€, ) T e, ) 0k
E]k 1,1—1 E Eljl 1 i,j,k—1 i,k—1,1—1

;l T;

1,
& ®E T el g eEl o8l )

el l T Q! 111

p—Lp 14 P p—Lp 14 p
G T®E ) ®E &, ®E 11 ®8 )

11

and for k < m < as the composite dotted morphism

M) 4
1, b7k, 1,
ET el DR E T TR ) ~E L ®E T )
1,

(€ @, o e, €5k @8 O

c®1 5,pjklp

-1, ] 1
&l el e, (& et @8 D8,

®fz,kl 1

& E I @€ O ) = G el N e € @& )

o The objects (1,,& )'l.d’jv are defined by

u,v
sMi s j

&7 =\ upei
Ei’j

ifv<porm<j,

ifv=pand j<m
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e The morphisms

) () @ hin) ') @ hin)Y s = )Y 1 ® ()1
are

u,v . .
fs'"i,x'"j,s"lk ifv<porm<j,

(hmg)ﬁ!]lik = {gu,pl

ik ifv=pandk <m
and if v = p and j < m < k, then the morphism (hmé)?fk is the composite

u,p

Gl et N @ eE ) T e @Ehy
:l e
(%'lujp 1®(«§ 1®$P 1p))®§]k 1 (“Ezujp‘g’éj k—1)®$il,)j,k—1
(180! J/ & enel

G e T R @ L — (T RET I RE D RE, .
e The morphisms

&) 2 (&) ® ()} — (hw);}"
are given by

u,v,w if .
ES,,,M,,,J. ifw<porm<j,

(hm&)i7"" = {éu,v,pl

;i ifw=pand j<m

So defined, a straightforward (though quite tedious) verification shows that H : 1 = SZ—ldz
is actually a simplicial homotopy, and this completes the proof. O

7. Appendix: coherence conditions

(CC1): form 4 Iy 2 J L, any four composible arrows of I, the following equation
on modifications holds



P. Carrasco et al. / Advances in Mathematics 226 (2011) 419—483

480
xb*a* d*c*b*a* d*c*x Xb;; d*c*b*a* d*c*x
~
(cd)*b*a* d*c*(ab)* (cd)*b*a* Q} d*c*(ab)*
S G s =
wa w cd)*x % % x(a
xa* = ﬂ = d*x xa* (cdytab) da*x
o dbOyat g = = ) =
(bed)*a* % d*(abc)* (bed)*a* d*(abc)*

X" (abcd)* X (abed).¥ %

(CC2): for any two composible arrows k 4 Jj Siofl,

b*a*
1pyxa* b* N b*1 4% Ipxa* b*1 %
a
= 3
Sa* 1
bra*
bra¥ —————————s pF*

b*a* <: b*l*a* :> b*a*

N \/

(ab)*

(CC3): for any three composible arrows £ Sk Y j—iofl

Fec*b*a*

Fgc*b* *
F@H/a
0(ab)*

c*Fib*a* :> c*Fr(ab)* <— Fgc*(ab)*

—~
~
-~

12

c* Fb*a* Fe(be)*a* F@‘“ Foc*(ab)*
* | o | ]
c*ﬂa* 173“ Og* Frx c*0a* "317 le g ﬁx
c*b*Fja* — (be)*Fja* Fe(abc)* = c*b*Fja* c*(ab)* F; Fy(abc)*
X F a*
< a x'Fi
c*b*0 = (bc)*6 = 0 b0 EA'F m ’ 0

c*b*a*F; == (bc)*a™F; —=> (abc)* F; c*b*a*F; == (bc)*a*F; = (abc)* F;
X/a*Fi X/Fi X/M*Fi X/Fi
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(CC4): fora : j — i any arrow in I,

1%6

j 1*0
Oa* J Oa* j
F,'lja* E lija* - lja*F,' Fjl’;a* E— lija* e l’]‘fa*F,-

x'F; / x'F;
nm /

= y'F;
Fja* \ m
1a*1vi\
F]a*:l>F]a*:>a*E Fja*:>Fja*:>d*Fl,
Jjta*
1% * * "
Ma*f‘
a*!'F; x'Fi
8/—1Fi
(7/\.1) \Ia*ﬁi
- a*F;.
N Fi.b*a* . Fiyb*a*
b*Fja* Mg* Flb*a* b*Fja* F/b*a*
m b*Fla* 0'a*
J
b b*M b
= Fix
b*p’
x % I, g F — * %k n (7) F’
b*a* F; % = X b*a*F; R D X
b*a*F'i/
X Fz X F,'
2 ., Feaby
X Fi/ / \
(ab)* F; F|(ab)* (ab)*F; ~ X . F|(ab)*

(ab)*m (ab)*Fi/ 0’ (ab)*m (ab)*Fl/ 0’
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(CCe): for any object i of 1,

i :> F/ Fi :m> F'l./
g F;
ml* ,
Fl* :> F 1* F /F/ = Fl-l;.k g (7:) /F]
TF == IIF 1P F == 17F.

(CC7): for any arrow a : j — i of the category I, the square below commutes.

M
a*m; 06, == 0, om;a*

a*a;olm MIOUja*
4

M ’
a*m} o6, == 6, om’;a*
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