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BICATEGORICAL HOMOTOPY PULLBACKS

AM. CEGARRA, B.A. HEREDIA, J.REMEDIOS

ABSTRACT. The homotopy theory of higher categorical structures has become a rele-
vant part of the machinery of algebraic topology and algebraic K-theory, and this paper
contains contributions to the study of the relationship between Bénabou’s bicategories
and the homotopy types of their classifying spaces. Mainly, we state and prove an ex-
tension of Quillen’s Theorem B by showing, under reasonable necessary conditions, a
bicategory-theoretical interpretation of the homotopy-fibre product of the continuous
maps induced on classifying spaces by a diagram of bicategories A — B < A’. Ap-
plications are given for the study of homotopy pullbacks of monoidal categories and of
crossed modules.

1. Introduction and summary

tA%B ﬁ/ A’ are continuous maps between topological spaces, its homotopy-fibre
product A x% A’ is the subspace of the product A x B’ x A’, where I = [0,1] and B’
is taken with the compact-open topology, whose points are triples (a,~,a’) with a € A,
a € A, and v : ¢pa — ¢'a’ a path in B joining ¢a and ¢'a’, that is v : [ — B is a
path starting at 70 = ¢a and ending at v1 = ¢’a’. In particular, the homotopy-fibre
of a continuous map ¢ : A — B over a base point b € B is Fib(¢,b) = A x% {b}, the
homotopy-fibre product of ¢ and the constant inclusion map {b} < B. That is, Fib(¢, b)
is the space of pairs (a,7), where a € A, and 7 : ¢a — b is a path in B joining ¢a with
the base point b.

it A5 B & A are now functors between (small) categories, its homotopy-fibre
product category is the comma category F' | F” consisting of triples (a, f,a’) with f :
Fa — F'a’ a morphism in B, in which a morphism from (ao, fo, aj) to (a1, f1,a}) is a pair
of morphisms u : a9 — a; in A and «' : aj — a} in A’ such that F'v' o fy = f; 0 Fu. In
particular, the homotopy-fibre category F' b of a functor F' : A — B, relative to an object
b € ObB, is the homotopy-fibre product category of F' and the constant functor {b} — B.
These naive categorical emulations of the topological constructions are, however, subtle.
Let B : Cat — Top be the classifying space functor. The homotopy-fibre product
category I'| I’ comes with a canonical map from its classifying space to the homotopy-
fibre product space of the induced maps BF' : BA — BB and BF’ : BA" — BB, and
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Barwick and Kan [3, Theorem 3.5] [4, Theorem 8.2] have proven that this canonical map
B(F | F') — BA xp5 BA" is a homotopy equivalence whenever the maps B(F | by) —
B(F' ] by), induced by the different morphisms by — by of B, are homotopy equivalences.
This result extends the well-known Quillen’s Theorem B, which asserts that under such
an hypothesis, the canonical maps B(F | b) — Fib(BF,Bb) are homotopy equivalences.
Actually, the result by Barwick and Kan is a consequence of a Theorem B by Cisinski
22, Théorem 6.4.15]'. Let us stress that Theorem B and its consequent Theorem A have
been fundamental for higher algebraic K-theory since the early 1970s, when Quillen [42]
published his seminal paper, and they are now two of the most important theorems in
the foundation of homotopy theory.

Similar categorical lax limit constructions have been used to describe homotopy pull-
backs in many settings of enriched categories, where a homotopy theory has been estab-
lished (see Grandis [30], for instance). Here, we focus on bicategories. Like categories,
small Bénabou bicategories [5] and, in particular, 2-categories and Mac Lane’s monoidal
categories, are closely related to topological spaces through the classifying space construc-
tion, as shown by Carrasco, Cegarra, and Garzén in [16]. This assigns to each bicategory
B a CW-complex BB, whose cells give a natural geometric meaning to the cells of the bi-
category. By this assignment, for example, bigroupoids correspond to homotopy 2-types,
that is, to CW-complexes whose n'" homotopy groups at any base point vanish for n > 3
(see Duskin [26, Theorem 8.6]), and homotopy regular monoidal categories to delooping
spaces of the classifying spaces of the underlying categories (see Jardine [35, Proposi-
tions 3.5 and 3.8]). Further, we should mention that the category of (strict) 2-categories
and 2-functors has a Thomason-type Quillen model structure, as was first announced by
Worytkiewicz, Hess, Parent and Tonks in [50, Theorem 4.5.1] and fully proved by Ara
and Maltsiniotis in [1, Théoreme 6.27], such that the classifying space functor B — BB
is a equivalence of homotopy theories between 2-categories and topological spaces.

In the preparatory Section 2 of this paper, for any diagram A 2> B A where
A, B, and A" are bicategories, F' is a lax functor, and F” is an oplax functor (for instance,
if I and F’ are both homomorphisms), we present a homotopy-fibre product bicategory
F | F’, whose 0-cells, or objects, are triples (a, f,a’) with f : Fa — F'a’ a 1-cell in B
as in the case when F' and F’ are functors between categories. But now, a 1-cell from
(ag, fo,ag) to (a1, f1,a)) is a triple (u, 3, ') consisting of 1-cells u : ap — a; in A and
u' :aj = a) in A, together with a 2-cell § : F'u'o fo = fi o Fuin B. And F | F'
has 2-cells (a, &) : (u, B,u') = (v,7,v"), which are given by 2-cells a : © = v in A and
o ru' = v in A" such that (15, o Fa) -3 = (yo F'a/) o 14,. In particular, for any object
b € B, we have the homotopy-fibre bicategories F'|.b and b F’, in terms of which we state
and prove our main results of the paper. These are exposed in Section 3, and they can
be summarized as follows (see Theorem 3.1 and Corollary 3.6):

e For any diagram of bicategories AL BLE N , where F' is a lax functor and F' is
an oplazx functor, there is a canonical map B(F | F') — BA xkz BA', from the classifying

"'We thank the referee for pointing out this fact.
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space of the homotopy-fibre product bicategory to the homotopy-fibre product space of the
induced maps BF : BA — BB and BF' : BA" — BB.

e For a given lax functor F : A — B, the following properties are equivalent:

- For any oplax functor F' : A" — B, the map B(F [ F') = BAX}zBA’ is a homotopy
equivalence.

- For any 1-cell by — by of B, the map B(F ] by) — B(F | b1) is a homotopy equivalence.

- For any 0-cell b of B, the map B(F |b) — Fib(BF,Bb) is a homotopy equivalence.

e For a given oplax functor F' : A" — B, the following properties are equivalent:

-For any lax functor F : A — B, the map B(F | F') — BA x}5 BA' is a homotopy
equivalence.

- For any 1-cell by — by of B, the map B(by | F') — B(by | F) is a homotopy
equivalence.

- For any 0-cell b of B, the map B(b) F') — Fib(BF’,Bb) is a homotopy equivalence.

Let us remark that, if the map B(F | F’) — BA x&; BA’ is a homotopy equivalence,
then, by Dyer and Roitberg [28], there are Mayer-Vietoris type long exact sequences on
homotopy groups

oo = T BB—m,B(FlF')—m,BAx 1,BA —m,BB — ---.

The above results include the aforementioned results by Barwick and Kan, but also
the extension of Quillen’s Theorems A and B to lax functors between bicategories stated
by Calvo, Cegarra, and Heredia in [15, Theorem 5.4], as well as the generalized Theorem
A for lax functors from categories into 2-categories by del Hoyo in [24, Theorem 6.4]
(see Corollaries 3.6 and 3.7). Related to this, an interesting relative Theorem A for lax
functors between 2-categories has recently been proven by Chiche in [21, Théoreme 4.1].

We also study conditions on a bicategory B in order to ensure that the space B(F'|
F’) is always homotopy equivalent to the homotopy-fibre product of the induced maps
BF : BA — BB and BF' : BA" — BB. Thus, in Theorem 3.8, we prove

e For a bicategory B, the following properties are equivalent:

- For any diagram A-~B SEAy , where F' is a lax functor and F' is an oplax functor,
the map B(F [ F') — BA x},3 BA" is a homotopy equivalence

- For any object b and 1-cell by — by in B, the induced map BB(b,by) — BB(b, by) is
a homotopy equivalence.

- For any object b and 1-cell by — by in B, the induced map BB(by,b) — BB(by,b) is
a homotopy equivalence.

- For any two objects b, b’ € B, the canonical map

BB(b,b') — {v:I — BB |~(0) = Bb,v(1) = By'} C BB!
15 a homotopy equivalence.

For a bicategory B satisfying the conditions above, we conclude the existence of a
canonical homotopy equivalence

BB(b,b) ~ Q(BB, Bb)
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between the loop space of the classifying space of the bicategory with base point Bb and
the classifying space of the category of endomorphisms of b in B (see Corollary 3.9). This
result for B a 2-category should be attributed to Tillmann [48, Lemma 3.3], but it has
been independently proven by both the first author [18, Example 4.4] and by Del Hoyo
[24, Theorem 8.5].

Since any monoidal category can be regarded as a bicategory with only one 0-cell, our
results are applicable to them. Thus, any diagram of monoidal functors and monoidal

categories, (N, ®) EN (M, ®) & (N, ®), gives rise to a homotopy-fibre product bicategory

FiF’, whose 0-cells are the objects m € M, whose 1-cells (n, f,n’) : mg — my consist
of objects n € N and n’ € N/, and a morphism f : F'n’ ® mg — m; ® F'n in M, and
whose 2-cells (u,u’) : (n, f,n') = (7, f,7) are given by a pair of morphisms, u : n — i
in A and v’ : ' — 7’ in N7, such that (1 ® Fu)-f = f-(F'v’ ®1). In particular,
for any monoidal functor F' as above, we have the homotopy-fibre bicategory F il, where
I:(]0],®) = (M, ®) denotes the monoidal functor from the trivial (one-arrow) monoidal
category [0] to M that carries its unique object 0 to the unit object I of the monoidal
category M. Then, our main conclusions concerning monoidal categories, which are

presented throughout Section 4, are summarized as follows (see Theorems 4.2, 4.3, and
4.4).

e The following properties on a monoidal functor F : (N, ®) — (M, ®) are equivalent:
- For any monoidal functor F': (N",®) — (M, ®), the canonical map

B(FLF') = BV, ®) X}y .0y BV, ®)

15 a homotopy equivalence.

- For any object m € M, the homomorphism m® — : Fil — Fil induces a homotopy
autoequivalence on B(Fjl).

- The canonical map B(FTI) — Fib(BF, BI) is a homotopy equivalence.

e The following properties on a monoidal category (M, ®) are equivalent:

- For any diagram of monoidal functors (N, ®) 2= (M, ®) <X (N",®) , the canonical

map B(FiF’) — BV, ®) X§ 10 BW',®) is a homotopy equivalence.

- For any object m € M, the functor m @ — : M — M induces a homotopy autoe-
quivalence on the classifying space BM.

- For any object m € M, the functor — @ m : M — M induces a homotopy autoe-
quivalence on the classifying space BM.

- The canonical map from the classifying space of the underlying category into the
loop space of the classifying space of the monoidal category is a homotopy equivalence,

BM ~ OB(M, ®).

The equivalence between the two last statements in the first result above might be
considered as a version of Quillen’s Theorem B for monoidal functors. A monoidal
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version of Theorem A follows: If the homotopy-fibre bicategory of a monoidal functor

F: (N,®) = (M,®) is contractible, that is, B(F i I) ~ pt, then the induced map
BF : B(NV,®) = B(M,®) is a homotopy equivalence. The equivalence of the three last
statements in the second one are essentially due to Stasheff [45].

Thanks to the equivalence between the category of crossed modules and the category
of 2-groupoids, by Brown and Higgins [10, Theorem 4.1], our results on bicategories also
find application in the setting of crossed modules, what we do in Section 5. Briefly, for

any diagram of crossed modules (G, P, d) S (H, Q,0) (1) (G',P',0), we construct its
homotopy-fibre product crossed module (p, F) ] (¢', F'), and we prove as the main result
here (see Theorem 5.4) the following:

e There is a canonical homotopy equivalence

B(((pa F)\L(()O/,F/» = B(g77)7a) XE(H,Q,@) B<g/77)/78>

between the classifying space of the homotopy-fibre product crossed module and the homo-
topy-fibre product space of the induced maps B(p, F) : B(G,P,0) — B(H,Q,0) and
B(¢, F') : B(G',P',0) — B(H, Q,0).
(Here, (G,P,0) — B(G,P,0) denotes the classifying space of crossed modules functor
by Brown and Higgins [12].) Recalling that the category of crossed complexes has a
closed model structure, as shown by Brown and Golasinki in [9], we also prove that
the constructed homotopy-fibre product crossed module (¢, F)) | (¢', F') is compatible
with the construction of homotopy pullbacks in this model category. More precisely, in
Theorem 5.6, we prove that

e If one of the morphisms (p, F') or (¢', F') is a fibration, then the canonical morphism

(Q,P,a) X(H,0,0) (g,77)/78) - (90>F)¢(90/aF/)a

from the pullback crossed module to the homotopy-fibre product crossed module induces a
homotopy equivalence on classifying spaces.

The paper also includes some new results concerning classifying spaces of bicategories,
which are needed here to obtain the aforementioned results on homotopy-fibre products.
On the one hand, although in [16, §4] it was proven that the classifying space construction
is a functor from the category of bicategories and homomorphisms to the category Top
of spaces, in this paper we need to extend that fact as given below (see Lemma 2.9).

e The assignment B — BB is the function on objects of two functors

Lax — Top £ opLax,

where Lax is the category of bicategories and lax functors, and opLax the category of
bicategories and oplax functors.

On the other hand, we also need to work with Duskin and Street’s geometric nerves of
bicategories [26, 46]. That is, with the simplicial sets A", AB, V,B, and VB, whose
respective p-simplices are the normal lax, lax, normal oplax, and oplax functors from the
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category [p] = {0 < --- < p} into the bicategory B. Although in [16, Theorem 6.1] the
existence of homotopy equivalences

|A"B| ~ |AB| ~ BB ~ |VB| ~ |V,B|

was proved, their natural behaviour is not studied. Then, in Lemma 2.10 we state the
following;:

e For any bicategory B, the homotopy equivalence |A'B| ~ |AB| is natural on normal
lax functors, the homotopy equivalence |AB| ~ BB is homotopy natural on lax functors,
the homotopy equivalence BB ~ |VB| is homotopy natural on oplax functors, and the
homotopy equivalence |VB| ~ |V, B| is natural on normal oplaz functors.

The proofs of these results are quite long and technical. Therefore, to avoid hampering
the flow of the paper, we have put most of them into an appendix, comprising Section 6.

2. Preparation: The constructions involved

This section aims to make this paper as self-contained as possible; therefore, at the same
time as fixing notations and terminology, we also review some necessary aspects and re-
sults about homotopy pullbacks of topological spaces, comma bicategories, and classifying
spaces of small bicategories that are used throughout the paper. However, some results,
mainly those in Lemmas 2.3, 2.9, and 2.10, are actually new. For a detailed study of
the definition of homotopy pullback of continuous maps we refer the reader to Mather’s
original paper [40] and to the more recent approach by Doeraene [25]. For a general
background on simplicial sets and homotopy pullbacks in model categories, we recommend
the books by Goerss and Jardine [29] and Hirschhorn [33]. For a complete description
of bicategories, lax functors, and lax transformations, we refer the reader to the papers
by Bénabou [5, 6] and Street [46].

2.1. HomoToPY PULLBACKS. Throughout this paper, all topological spaces have the
homotopy type of CW-complexes, so that a continuous map is a homotopy equivalence if
and only if it is a weak homotopy equivalence.

f X & B <& Y are continuous maps, recall that its homotopy-fibre product is the
space
X x5Y =X xgB'xpY

consisting of triples (z,,y) with x a point of X, y a point of Y, and v : [ — B a path of
B joining f(z) and g(y). This space occurs in the so-called standard homotopy pullback
of f and g, that is, the homotopy commutative square

Xxhy Loy

s b
/




BICATEGORICAL HOMOTOPY PULLBACKS 153

where f’ and ¢’ are the evident projection maps, and F : (X x%Y) x I — B is the
homotopy from fg¢’ to gf’ given by F(x,v,y,t) = v(t). In particular, for any continuous
map ¢ : Y — B and any point b € B, we have the standard homotopy pullback

Fib(g,b) —Y
| = )
pt —>— B,

where Fib(g,b) = pt x'% Y is the homotopy-fibre of g over b. (We use pt to denote a
one-point space.) For any y € g71(b), one has the exact homotopy sequence

R 7Tn+1(B7b) — 7Tn<F1b(gvb)7 (Ctbuy>> — 7T-71(}/7 y) — Wn(Bvb) o,

from which ¢ is a homotopy equivalence if and only if all its homotopy fibres are con-
tractible.
More generally, following Mather’s definition in [40], a homotopy commutative square

A
g’l
X

where H : f¢' = ¢f’ is a homotopy, is called a homotopy pullback whenever the induced
whisker map below is a homotopy equivalence.

f/

oy
g (1)

)

%Um

w:Z = XXBY, 2= (¢(2), H|xa, [1(2)) (2)

Throughout the paper, we use only basic well-known properties of homotopy pull-
backs. For instance, the homotopy-fibre characterization of homotopy pullback squares:
The homotopy commutative square (1) is a homotopy pullback if and only if, for any
point z € X, the composite square

pt———= X B

is a homotopy pullback. That is, if and only if the induced whisker maps on homotopy
fibres are homotopy equivalences, w : Fib(¢',z) = Fib(g, f(z)); or the two out of three
property of homotopy pullbacks: Let

o —0 —>0

|- 1~

X — X —=o
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be a diagram of homotopy commutative squares. If the right square is a homotopy
pullback, then the left square is a homotopy pullback if and only if the composite square
is as well. If mp X' — mpX is onto and the left and composite squares are homotopy
pullbacks, then the right-hand square is a homotopy pullback.

Many other properties are easily deduced from the above ones. For example, the square
(1) is a homotopy pullback whenever both maps g and ¢’ are homotopy equivalences. If
the square is a homotopy pullback and the map ¢ is a homotopy equivalence, then so
is ¢’. If the square is a homotopy pullback, ¢’ is a homotopy equivalence, and the map
moX — moB is surjective, then g is also a homotopy equivalence.

Hereafter, any (strictly) commutative square of spaces
r

.y
lg (3)

)

A
g’l ;

will be considered equipped with the static homotopy ZxI — B, (z,t) — f¢'(z) = gf'(2).

2.2. REMARK. A commutative square of spaces, as above, is a homotopy pullback if and
only if it is a homotopy pullback in terms of the ordinary Quillen model structure for
spaces. To see that, simply observe that, given the commutative square (3), the whisker
map (2) is the composite Z — X xpY 5 X x'5Y, where Z — X xpY is the canonical
map z — (¢'(2), f’(z)) into the topological fibre product. If f or g is a Serre fibration,
the map X xpY — X x% Y is a homotopy equivalence, and therefore Z7 — X x% Y is a
homotopy equivalence if and only if Z — X xg VY is.

In [20, Proposition 5.4 and Corollary 5.5], Chachdlski, Pitsch, and Scherer characterize
continuous maps that always produce homotopy pullback squares when one pulls back
with them. Along similar lines, we prove the needed lemma below for maps induced on
geometric realizations by simplicial maps. More precisely, we characterize those simplicial
maps g : Y — B such that, for any simplicial map f : X — B, the pullback square of
simplicial sets

XxpY Loy
g’l lg (4)

induces, by taking geometric realizations, a homotopy pullback square of spaces. To do so,
recall the canonical homotopy colimit decomposition of a simplicial map, which allows the
source of the map to be written as the homotopy colimit of its fibres over the simplices
of the target: for a simplicial set B, we can consider its category of simplices A | B
whose objects are the simplicial maps An] — B and whose morphisms are the obvious
commutative triangles. For a simplicial map ¢ : Y — B, we can then associate a functor
from A ] B to the category of spaces by mapping a simplex z : A[n] — B to the geometric

f
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realization |g~!(z)| of the simplicial set g~*(x) defined by the pullback square
g (@) —Y
Lk
Aln] - B.
By [29, Lemma IV.5.2], in the induced commutative diagram of spaces,

hocolim|g— ()| === |V’
wgﬁggw ()] Y]
ngl

l (a)

hocolim|A[n]| —= | B|
z:A[n]—B

the horizontal maps are both homotopy equivalences.

2.3. LEMMA. For any given simplicial map g : Y — B, the following statements are
equivalent:

(1) For any simplex of B, x : Aln] — B, and for any simplicial map o : Alm| — Aln],
the induced map |g~(zo)| — |¢g71(x)| is a homotopy equivalence.

(17) For any simplex x : Aln] — B, the induced pullback square of spaces

glf) —>st
gl
|Aln)| —2~ |B]

1s a homotopy pullback.
(1ii) For any simplicial map f: X — B, the pullback square of spaces

f/
X xp Y] Lh v
|

lgl

|BI,

lg
|f]
| X| ——
induced by (4), is a homotopy pullback.

PROOF. (i) = (ii): Let « : A[n] — B be any simplex of B. We have the diagram
~1(z)| —= hocolim|g~! (z)| <= |

97" (#)| —= hocolim|g™" (z)| — ¥

(0) (a) llgl

A[n]] —2 hocolim|A[n]| — | B|
z:A[n|—B

) (c) lz

t ——>hocolim pt
P z:A[n]—B P
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where hocolimpt = B(A | B) is the classifying space of the simplex category. Since, by

z:An]—B
Quillen’s Lemma [42, page 14], the composite square (b) + (¢) is a homotopy pullback, it
follows that (b) is a homotopy pullback. Therefore, the composite (b) + (a) is as well.
(i4) = (i): For any simplicial map o : A[m] — A[n] and any simplex z : A[n] — B,
the right side and the large square in the diagram of spaces

g7 (@o)| —= g7 (z)] —= Y|

lgl
|o]

|Afm]] ——

|z

|An]| —|B|

are both homotopy pullback, and therefore so is the left-hand one. As |A[m]| and |A[n]]
are both contractible, the map |o| is a homotopy equivalence, and therefore the map
lg (zo)| — |g~!(x)] is a homotopy equivalence.

(i) = (i17): Suppose we have the pullback square of simplicial sets (4). Then, for any
simplex z : A[n] — X of X, we have a natural isomorphism of fibres ¢"!(z) = g~ (fz),
and it follows that the map ¢’ also satisfies the same condition (i) as g does. Then, by
the already proven part (i) < (ii), we know that, for any vertex x : A[0] — X, both the
left side and the composite square in the diagram

g @) = g~ (fo)]| — X xp Y] —1Y|

l| Ig’ll l\g\

ja Il
Afo]| X | B

pt =
are homotopy pullbacks. Therefore, from the diagram on whisker maps

9" ()| —==Fib(|¢|, |z])

| Lw

g™ (fa)| —=Fib(|g], | fx]),

we conclude that the map Fib(|¢'|, |z|) — Fib(|g|, | fz|) is a homotopy equivalence. Since
the homotopy fibres of any map over points connected by a path are homotopy equivalent,
and any point of |X| is path-connected with a 0-cell |z| defined by some 0-simplex x :
A[0] — X as above, the result follows from the homotopy fibre characterization.

(73i) = (4i): This is obvious. "

2.4. SOME BICATEGORICAL CONVENTIONS. For bicategories, we use the same conven-
tions and notations as Carrasco, Cegarra, and Garzén in [16, §2.4] and [17, §2.1]. Given
any bicategory B, its set of objects or 0-cells is denoted by ObB. For each ordered pair
of objects (bo, b1) of B, B(by,b;) denotes its hom-category whose objects f : by — by are
called the 1-cells in B with source by and target by, and whose morphisms §: f = ¢ are
called 2-cells of B. The composition in each hom-category B(b, by), that is, the vertical
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7 7

composition of 2-cells, is denoted by the symbol “ -7, while the symbol “o” is used to

denote the horizontal composition functors:

f

f foof
/Jﬁ\ ) = /JL /fQﬂ o /2\1
bo ——g—> b1 — bo Jv-B8 bl, bo 81 b1 82 bg — b(] 82061 b2.
\ﬂu ~__ ~  ~— ~_ -
o h 91 g2 g204g1

Identities are denoted as 1y : f = f, for any 1-cell f, and 1, : b — b, for any O-cell b. The
associativity constraints of the bicategory are denoted by

Qfs fo,fr * (f3 sz) Ofl = f3 © (f20f1)7

which are natural in (f3, fa, f1) € B(be, b3) x B(by1,bs) x B(bg, b1). The left and right unity
constraints are denoted by Iy : 1, o f = f and 7y : f o1, = f. These are natural in
f € B(bg,b1). These constraint 2-cells must satisfy the well-known pentagon and triangle
coherence conditions.

A bicategory in which all the constraints are identities is a 2-category. It is the same
as a category enriched in the category Cat of small categories. As each category B can be
considered as a 2-category in which all deformations are identities, that is, in which each
category B(bg, b1) is discrete, several times throughout the paper, categories are considered
as special bicategories. R

A lax functor is written as a pair F' = (F, F) : B — C, since we will generally denote
its structure constraints by

ﬁfz,fl cFfyo Ffi = F(fao fi1), Fy:lp, = F1,

for each pair of composable 1-cells, and each object of B. Recall that the structure 2-cells
Fy, ¢, are natural in (fo, fi) € B(b1,b2) X B(bg, b1) and they satisfy the usual coherence
conditions. Replacing the constraint 2-cells above by ﬁf% fnF(fao fi) = FfyoFf; and
F, : F(1,) = 1gp, we have the notion of oplax functor F = (F, ﬁ) : B — C. Any lax or
oplax functor F'is termed a pseudo-functor or homomorphism whenever all the structure
constraints FYy, r and Fj are invertible. When these 2-cells are all identities, then F' is
called a 2-functor. If all the unit constraints F\b are identities, then the lax or oplax functor
is qualified as (strictly) wnitary or normal.

If F,F' : B — C are lax functors, then a laz transformation a = (a, @) : F' = F'
consists of morphisms ab : Fb — F'b, b € ObB, and 2-cells

Fby L o,
abol/ if labl
/ /

F bo F_’f> F bl

which are natural on the 1-cells f : by — b; of B, subject to the usual coherence axioms.
Replacing the structure deformation above by ay : ab; o F'f = F'f o aby, we have the
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notion of oplax transformation o : F = F’. Any lax or oplax transformation « is termed
a pseudo-transformation whenever all the naturality 2-cells o are invertible. Similarly,
we have the notions of lax, oplax, and pseudo transformation between oplax functors.

2.5. HOMOTOPY-FIBER PRODUCT BICATEGORIES. We present a bicategorical comma
construction in some detail, since it is fundamental for the results of this paper. However,
we are not claiming much originality since variations of the quite ubiquitous ‘comma
category’ construction have been considered (just to define “homotopy pullbacks”) in
many general frameworks of enriched categories (where a homotopy theory has been
established); see for instance Grandis [30].

Let AB<E A bea diagram where A, B, and A’ are bicategories, F' is a lax
functor, and F” is an oplax functor. The “homotopy-fiber product bicategory’

FLF (5)

is defined as follows:

e The 0-cells of F'| F' are triples (a, f,a’) with a a 0-cell of A, a’ a 0-cell of A’, and
f:Fa— F'a al-cell in B.

o A 1-cell (u,B,v) : (ao, fo,ay) — (a1, f1,a}) of FLF’ consists of a 1-cell u : ay — ay
in A, a l-cell v : ay — a} in A, and 2-cell 8 : F'u' o fo = f1 0 Fu in B,

F(lo &- Fa1
fol - lfl

Fll
Flal —% F'a}.

(u,B,u")

o A2-cellin FLF', (ap, fo,ay) W) (ay, f1,a}), is given by a 2-cell @ : v = @ in A
—
(a,B,")
and a 2-cell o : v/ = @' in A’ such that the diagram below commutes.

F//1 _
F'i' o fo == F'i o f,

i E

fio Fu=2£2~ f o Fu

e The vertical composition of 2-cells in F'| F' is induced by the vertical composition
laws in A and A’, thus (&,&') - (o, ') = (& - a, @ - &’). The identity at a 1-cell is given
by 1(u’/g,u/) = (1u, 1u/).

e The horizontal composition of two 1-cells in F | F”,

(u1,B1,u7)

( 767 /)
<a07 f07a6) - <a17 fha’,l) i

(az, fa,a) , (6)
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is the 1-cell (ug, B2, ub) o (uy, B1,u)) = (ug 0 uy, P ® [y, uhouy), where By ® f; is the 2-cell
pasted of the diagram in B

F(ugouy)
m
FCLO Fua F(ll Fuz
B B
P2 ® [ = fol = flt = jf2 (7)
Py Pl % Py,

fnld

W

F (uhout)

that is, B ® B = (F'(uh o uh) o fo £ (Fuyo F'u) o fo <2 Fluyo (F'uj o fo) 22
Flidyo (fi o Fuy) 2= (Fludyo f1) o Fur 22 (fy 0 Fuy) o Fuy =2

fao (Fugo Fuy) L8 fo o F(us ou1)>.
e The horizontal composition of 2-cells in F'| F’ is given by composing horizontally
the 2-cells in A and A’, thus (as, af) o (a1,a)) = (az 0 ay,ady 0 o)).
e The identity 1-cellin F' | F', at an object (a, f,d), is (14, i(a7f7a/), 14/), where i(a,f@/)
is the 2-cell in B obtained by pasting the diagram

Fl,
m

lra
Fa—= Fa
o 71-l
La,fa) = fj "= Lf
Fla! Fla/,
1pr ~
Y
F'1,

° E'o r1 oF
that is, (e = (an, o fE o f = FIm folp 22 fo F1a>.
e The associativity, right and left unit constraints of the bicategory F'| F” are provided
by those of A and A’ by the formulas

A (us,B3,ub),(uz,B2,ub),(u1,B1,u)) = (G'U3,u2,m ) auf37u'2,u’1)7 l(uﬁfu’) = (lua lu/)? T(wpw)= (Tua TU’)'

2.5.1. THE MAIN SQUARE. There is a (non-commutative!) square, which is of funda-
mental interest for the discussions below:

FLF -2
W e ®)
A—L-B
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where P and P’ are projection 2-functors, which act on cells of F'| F’ by

u (u7ﬁvul) u/
N / —\
a0 s ar £ (ao, fo,ap) v (ar, fiaf) H5 af Saal, (9)
: ) Yaa) | :
’ (a,B,a") '

2.5.2. TWO PULLBACK SQUARES. We consider here three particular cases of the con-
struction (5):

- For any lax functor F' : A — B, the bicategory F | B := F|15.
- For any oplax functor F’ : A" — B, the bicategory Bl F’' := 15 F".

- For any bicategory B, the bicategory Bl B := 135} 15.
There are commutative squares

FLF L BLF FLF -2 n
Ak, o
A—L B rIBE.B,

where the first one is in the category of bicategories and lax functors, and the second one
in the category of oplax functors. The lax functor F': F [ F'" — B| F’ in the first square
is given on cells by applying F' to the first components

(u’/37u/) (FU7IB7u/)
F
(a0af07a6) Ya,) (ahflaa/l) = (Fa0af07a6) Y(Faa’) (Falaflaall)7
(E7B7ﬂ,) (Fﬂ757ﬂ,)

while the oplax functor F’ : F | F' — F | B in the second one acts on cells through the
application of I to the last components

— =, —
(a07f07a6) Ha,a) (alaflyall) IE) (ao,fo,F/Cl6) Ha, Fa’) (alvflaF/all)'
— —

At any pair of composable 1-cells in F'} F” as in (6), their respective structure constraints
for the composition are the 2-cells

(ﬁUQUJ? uhou) ) (UQ,ﬁQ,Ué)OF<U1,Bl,Ull) :>F((“%ﬁ?a“é)O(ulaﬁlaull))a

(Lugour F/ ) F/((U%BQ;UQ) o (u1, B, uh)) = F'(ug, Ba, uy) o F'(uy, Br,uy),
and, at any obJect (a, f,a’) of F'|F’, their respective constraints for the identity are
(Fay 11a/) : 1F(a,f,a’) = Fl(a,f,a’)v (11a7F ) Fll(afa) = 1F’(afa)

Although neither the category of bicategories and lax functors nor the category of
bicategories and oplax functors have pullbacks in general, the following fact holds.
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2.6. LEMMA. (i) The first square in (10) is a pullback in the category of bicategories and
lax functors.

(17) The second square in (10) is a pullback in the category of bicategories and oplax
functors.

PROOF. (i) Any pair of lax functors L : D — Aand M : D — B| F’ such that FL = PM
determines a unique oplax functor N : D — F' | F’

such that PN = L and FN = M, which is defined as follows: The lax functor M carries
any object d € ObD to an object of B | F' which is necessarily written in the form
M(d) = (FL(d), f(d),d (d)), with a’(d) an object of A" and f(d) : FL(d) — F'd’(d) a 1-
cell in B. Similarly, for any 1-cell h : dy — d; in D, we have M (h) = (FL(h), 8(h), v (h))
for some 1-cell w'(h) : a'(dy) — @/(dy) in A" and some 2-cell

FL(h)

FL(dy) —— FL(dy)
f(d@j BLp) Lf(dl)
F/ /(do) FI /(dl)

F//

in B, and for any 2-cell v : hy = h; in D, we have M(vy) = (FL(v),d'(y)), for some
2-cell &/(y) : u'(ho) = u/(hy) in A’. Also, for any object d and any pair of composable
1-cells hy : dg — di and hy : di — dy in D, the attached structure 2-cells of M can be
respectively written in a similar form as

]/\Zd = (F(Ed) . F\L(d),@&) : 1M(d) = M(1d>,

My = (F(Lngy) * Frina) pn)s Gpy ) © M (ha) 0 M(hi) = M(hg o hy),
for some 2-cells a7, ;,, and @ in A". Then, the claimed N : D — F'| F" is the lax functor
which acts on cells by

(L(h),B(h),u’ (h))

h .

do ¥ dy & (L(do), f(do),a'(dp)) wLtne'() (L(dr), f(dr),a'(dy))
\_ﬂ -
h

(L(h),B(h),u’ (h))

and its respective structure 2-cells, for any object d and any pair of composable 1-cells
h13d0—>d1 andhg:d1—>dginD, are

Na= (La,d) : vy = N(La): Nigis = Ly Gy ) = N(ha) 0 N(hy) = N(hg o Iy).
The proof of (i7) is parallel to that given above for part (), and it is left to the reader.m
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2.7. THE HOMOTOPY-FIBRE BICATEGORIES. For any O-cell b € B, we also denote by b :
[0] — B the normal homomorphism such that b(0) = b, and whose structure isomorphism
isl:1,® 1, = 1,. Then, we have the bicategories

- Flb, for any lax functor F': A — B.

- bl F’, for any oplax functor F’: A" — B.

-blB:=bl1lg,and Blb:=15]0.
Given F' and F” as above, any 1-cell p : by — by in B determines 2-functors
ps: Flby— Flby, p":bilF —bolF', (11)

respectively given on cells by

(a07f0)\uo‘/7(a17f1) H (at)’POfo)\Ua/?(ahpofl)’
(a,5) (2.p05)
(forah) Vo' (fr,a)) = (foop,ay) v’ (fiop,al),

Wherea for any (uaﬂ) : (a[)?fO) - (a17 f1> n F\l/bo and (ﬂau/) : (f07 alﬂ) - (fl;a&) in bl \I/Fla
the 2-cells p ® 8 and S ® p are respectively obtained by pasting the diagrams

Fay - Fa, by —— by
fol g jfl L l
pOB: by——=by BoOp: bj——=b
L - l fOL £ lfl
by —— b F’a()%F’a’l

that is,

pos=(1omofo) = pofo s po(lofy) 22 po(fioFu) &= (po fi) o Fu),

Bop= (F'u’o(foop)g—;;(F/U/Ofo)opg(f101)opr:ﬂ>flop1—j>(flop)01)'



BICATEGORICAL HOMOTOPY PULLBACKS 163

2.8. CLASSIFYING SPACES OF BICATEGORIES. Briefly, let us recall from [16, Definition
3.1] that the classifying space BB of a (small) bicategory B is defined as the geometric
realization of the Grothendieck nerve or pseudo-simplicial nerve of the bicategory, that is,
the pseudo-functor from A to the 2-category Cat of small categories

NB:A” — Cat, [p]— | | B(by-1,b,) x B(by—2,bp-1) X -+ x B(bo, by), (12)

(bov"'vbp)

whose face and degeneracy functors are defined in the standard way by using the horizon-
tal composition and identity morphisms of the bicategory, and the natural isomorphisms
d;d; = d;_1d;, etc., being given from the associativity and unit constraints of the bicate-
gory (see Theorem 6.1 in the Appendix, for more details). Thus,

BB =B [,NB

is the classifying space of the category [ ANB obtained by the Grothendieck construction
[31] on the pseudofunctor NB. In other words, BB = [N [, NB| is the geometric realization
of the simplicial set nerve of the category [ ANB. When B is a 2-category, then BB is
homotopy equivalent to Segal’s classifying space [44] of the topological category obtained
from B by replacing the hom-categories B(z,y) by their classifying spaces BB(x,y), see
[16, Remark 3.2].

In [16, §4], it is proven that the classifying space construction, B — BB, is a functor
B : Hom — Top, from the category of bicategories and homomorphisms to the category
Top of spaces (actually of CW-complexes). In this paper, we need the extension of this
fact stated in part (i) of the lemma below.

2.9. LEMMA. (i) The assignment B +— BB is the function on objects of two functors into

the category of spaces

B B

Lax Top opLax ,

where Lax (resp. opLax) is the category of bicategories with lax (resp. oplax) functors
between them as morphisms.

(19) If F,G : B — C are two laz or oplax functors between bicategories, then any lax
or oplax transformation between them « : F = G determines a homotopy, Ba : BF =
BG : BB — BC, between the induced maps on classifying spaces.

PRrROOF. It is given in the Appendix, Corollaries 6.4 and 6.7. [

Other possibilities for defining BB come from the geometric nerves of the bicategory,
first defined by Street [46] and studied, among others, by Duskin [26], Gurski [32] and
Carrasco, Cegarra, and Garzon [16]; that is, the simplicial sets

A'B: A — Set, [p| — NorLax([p], B),
AB: A? — Set, [p] — Lax([p], B), (13)
VuB : A — Set,  [p| — NorOpLax([p], B),

]

VB :A” — Set, [p] — OpLax([p], B),
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whose respective p-simplices are the normal lax, lax, normal oplax, and oplax functors
from the category [p] into the bicategory B. In the Homotopy Invariance Theorem |16,
Theorem 6.1] the existence of homotopy equivalences

|A'"B| ~ |AB| ~ BB ~ |VB| ~ |[V,B|, (14)

it is proven, but their natural behaviour is not studied. Since, to establish the results
in this paper, we need to know that all the homotopy equivalences above are homotopy
natural, we state the following

2.10. LEMMA. For any bicategory B, the first homotopy equivalence in (14) is natural on
normal lax functors, the second one is homotopy natural on lax functors, the third one
is homotopy natural on oplax functors, and the fourth one is natural on normal oplax
functors.

PRrROOF. By [16, Theorem 6.2], the homotopy equivalence |A'B| ~ |AB| is induced
on geometric realizations by the inclusion map A'B — AB. Therefore, it is clearly
natural on normal lax functors between bicategories. Similarly, the homotopy equivalence
|VuB| ~ |VB]| is natural on normal oplax functors. The proof for the other two is more
complicated and is given in the Appendix, Corollary 6.6. m

3. Inducing homotopy pullbacks on classifying spaces

Quillen’s Theorem B [42] provides a sufficient condition on a functor between small
categories F' : A — B for the classifying space B(F | b) to be a homotopy-fibre over the
O-cell |b] € BB of the induced map BF : BA — BB, for each object b € ObB. The
condition is that the maps Bp. : B(F' | b) — B(F | V') are homotopy equivalences for
every morphism p : b — b in the category B. That condition was referred to by Dwyer,
Kan, and Smith in [27, §6] by saying that “the functor F' has the property B” (see also
Barwick, and Kan in [3, 4]), and by Cisinski in [22, 6.4.1] by saying that “the functor F
is locally constant”. To state our theorem below, we shall adapt that terminology to the
bicategorical setting, and we will say that

(By) a laz functor between bicategories F' : A — B has the property B, if, for any 1-cell
p : bp — by in B, the 2-functor p, : F' [ by — F ] by in (11) induces a homotopy
equivalence on classifying spaces, B(F'|by) ~ B(F'|b;).

(B,) an oplax functor between bicategories ' : A" — B has the property B, if, for any
1-cell p : by — by in B, the 2-functor p* : by | F' — byl F’ in (11) induces a homotopy
equivalence on classifying spaces, B(by L F') ~ B(by| F”).

The main result in this paper can be summarized as follows:
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3.1. THEOREM. Let A—>B<E A" bea diagram of bicategories, where F is a lax func-
tor and F' is an oplaz functor (for instance, if F' and F'" are any two homomorphisms).

(1) There is a homotopy BF BP = BF'BP’, so that the square below, which is induced
by (8) on classifying spaces, is homotopy commutative.

B(F|F') 22 BA
BPl = jBF’ (15)
BA—2F - BB

(17) Suppose that F' has the property B; or F' has the property B,. Then, the square
(15) is a homotopy pullback.

Therefore, by Dyer and Roitberg [28], for each a € ObA and o' € ObA’ such that
Fa = F'd there is an induced Mayer-Vietoris type long exact sequence on homotopy groups

based at the 0-cells Ba of BA, BFa of BB, Ba' of BA', and B(a,1,d’) of B(F | F’),

oo > 1 BB—m,B(FlF') —-7n,BAx m,BA"—m,BB — - -

e — WlB(Fi/F,) —>’/TlBA X 7T1BA/—>7T1BB—>7TOB(F\LF/) —>7T0(B./4 X BA/>

(i73) If the square (15) is a homotopy pullback for every F' =b: [0] — B, b € ObB,
then F has the property B;. Similarly, if the square (15) is a homotopy pullback for any
F=10:[0] - B, b€ ObB, then F' has the property B,.

The remainder of this section is devoted to the proof of this theorem. We shall start
by recalling from [15, Lemma 5.2] the following lemma.

3.2. LEMMA. For any object b of a bicategory B, the classifying spaces of the comma
bicategories BLb and bl B are contractible, that is, B(Blb) ~ pt ~ B(b]. B).

We also need the auxiliary result below. To state it, we use that, for any given diagram
F:A— B+ A :F' with I alax functor and F” an oplax functor, and for each objects
a of A and a’ of A’, there are normal homomorphisms

FalF' 2P| <L F|FW, (16)
where J acts on cells by
(Bo') (Laa(Ba) ')
(fora) b (frod) v (@ foah)  s0e) (afr.ah),
Gy (Lo )3

where, for any 1-cell (5,u') : (fo,ay) — (f1,a}) in Fal F’, the 2-cell «(8,v) is defined as
the composite

Z(B,u,) = (F/ulofo :ﬁ> flolFa gg fl OFla),
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ﬁ22

and whose constraints, at pairs of 1-cells ( fo, ao) (Bred) (f1,ad))—=(f2,d}) in FalF’ are

the 2-cells of F'| F’

(llav 1u/20u ) (1 o 1&7 (627 ul2) © 2(517 u/1>7u/2 o u/1> = <1a7 Z(/BQ © /817u/2 © u/1>7u/2 o u/1>
Similarly, J’ acts by

(u,B) (u,(w,B),1,/)
— g , — ,
(CLO?fO) Yo (a’hfl) — (a’07f07a> $e1) (a17f17a>7
(ﬁ,E) (ﬁuz/(ﬂ’g)’la’)

where, for any 1-cell (u, ) : (aq, fo) — (a1, f1) in F L F@, the 2-cell «(u, §) is defined as
the composites

Z,(U,B) = (F’la/ Ofo FZIO; 1F’a’ Ofo :ﬂ> fl OFU),

and whose constraints, at pairs of 1-cells (aq, fo) — (w50) (al, fi)— (u2.02) (ag, f2) in FLFd, are
the 2-cells of F'| F’

(Lugour> b)) 1 (ug 0wy, (ug, Ba) @ 1un, B1), 1ar 0 Lar) = (ug 0 ug, t(ug 0 ug, B2 © Br), 1ar).

3.3. LEMMA. Let A--B<2 A be any diagram of bicategories, where F is a lax func-
tor and F’ is an oplax functor.

(i) If A is a category with an initial object o, then the homomorphism J in (16) induces
a homotopy equivalence on classifying spaces, B(Fol F') ~ B(F | F").

(13) If A" is a category with a terminal object 1, then the homomorphism J' in (16)
induces a homotopy equivalence on classifying spaces, B(F' | Fh) ~ B(F | F").

PRrROOF. We only prove (i) since the proof of (ii) is parallel. Let (a) : 0 — a be the unique
morphism in A from the initial object to a. There is a 2-functor L : F' | F' — Fol F’
given on cells by

(u,B,u’) (e(u,B,u’),u’)
(ag, fo,ap) Wie) (a1, fr,a)) = (foo Flag),ay) o' (fio Fla),a}),
— —_—
(u7/67ﬂ,) (e(u7ﬁ7ﬂ/)7a,)

where, for any 1-cell (u, B,v) : (ao, fo,ay) — (a1, f1,a}) of FLF', l(u,B,v) is the 2-cell
of B obtained by pasting the diagram
Fo——~Fo
F<a0>l e jF<a1>
O(u, B, u') Fag 2% Fa,

fol g jﬁ

Flaf —— F'a}

OF//
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l(u, B,u') = (F’u/o(fooF<a0>) g (F'u' o fy) o F{ap) LIS (f1 0 Fu) o F{ag) ==

fro (Puo Flag) 22 f0 F(uo () = fio Flan) 2= (fr o F(m)) o 1).

In addition, there are two pseudo-transformations

1FO¢F/:>LJ, JL:>1F¢F/.
The first one has as a component, at any object (f,a’) of Fol F’, the 1-cell

N (77(f7 a/)71a') : (f7 a,) — (foF10>a,)>
n(f,a) = (F'lao [ lpwo f=5 fI= folp,

10F

foFlog(foFlo)olpo)
while its naturality component, at any 1-cell (5,u') : (fo, ap) — (f1,a}) of Fol F’, is given
by the canonical isomorphism I™! -7 : 4/ o Loy & 1y 0t

(Bu)
(fo,a{)) (fba?l)
(nvl)l rar L(ml)
(fo o F107 CL6)

/
(6(1077»(,8,’&/)77_/)7”/) (fl o F].o, CL1>

As for the pseudo-transformation JL = 1p p, it associates to an object (a, f,a’) in
F | F' the 1-cell

(<a>> 6(@7 [y CL,), 1a/) :

: (oA,foF(a>,a’) — (a, f,d’)
e(a, f.a') = (F'la o (f o Fla))=

= 1w o (f 0 Fla) = f o F(a))
while its naturality component, at a 1-cell (u, 5,u’) : (ao, fo, ap) — (a1, f1,a}) of FLF’, is
(Lo, (€(u,B.u’)u")u’)
(07fOOF<CL0>,(l/0) . (07f10F<a1>7a/1)
<<ao>,e,1>l (LE ) l<<a1>,e,1>
(a(]v f07 CL6)

(w,B,4) (abfla&/l)'

Therefore, by Lemma 2.9, there are homotopies BJ BL = 1gpyp) and 1gpoyry =
BL BJ making BJ a homotopy equivalence.
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As we will see below, the following result is the key for proving Theorem 3.1.

3.4. LEMMA. (i) If an oplax functor F' : A" — B has the property B,, then, for any lax
functor F : A — B, the commutative square
B(FLF') 2L B(BLF)
BPl lBP (17)
BA—2C - BB,

induced by the first square in (10) on classifying spaces, is a homotopy pullback.
(73) If a lax functor F : A — B has the property By, then, for any oplax functor
F': A" — B, the commutative square

B(F|F') 22 BA’
BF’l LBF’ (18)
B(F|B) 22~ BB,

induced by the second square in (10) on classifying spaces, is a homotopy pullback.

PROOF. Suppose that F' : A" — B is any given oplax functor having the property B,. We
will prove that the simplicial map AP : A(BJ] F') — AB, induced on geometric nerves
by the projection 2-functor P : B F’ — B in (9), satisfies the condition (i) of Lemma
2.3. To do so, let x : [n] — B be any geometric n-simplex of B. Thanks to Lemma 2.6
(1), the square

x| F'—>~B|F
Pl lp
[n] ——8B

is a pullback in the category of bicategories and lax functors, whence the square induced
by taking geometric nerves

A(x]F) 2% A(BLF")

ar| |ar

Aln] —2*—~ AB

is a pullback in the category of simplicial sets. Therefore, AP71(Ax) = A(x|F’) . Fur-
thermore, for any map o : [m] — [n] in the simplicial category, the diagram of lax functors

xo | F’ o
p‘ 7 UXLF —=BLF
P

] —

[m] P

B
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is commutative, whence the induced diagram of simplicial maps

A(xo | F") e
AxF) —=ABLF)
A[m] %IAP AP

mA[@ AB

is also commutative. Consequently, the diagram below commutes.

AP Y(AxAc) —= AP }(Ax)

gt lg

Alxo | F') —27 ~ A(x | F")

Therefore, it suffices to prove that the lax functor ¢ : xo | F/ — x | F’ induces a
homotopy equivalence on classifying spaces, B(xo | F') ~ B(x | F’). But note that we
have the diagram

xo0 | F' —L~xo | F’
x(O,aO)*l 4 lff
x0LF' —L x| F'

where the homomorphisms J are given as in (16), and 6 is the pseudo-transformation that
assigns to every object (f,a’) of xa0| F’ the 1-cell of x| F’

((0,00),6(f,a"),1x) : (0, f 0x(0,00),d') = (00, f,d’),

where the 2-cell of B
x(0,00)
x0) ——>x00

fox(O,UO)l 0(£a) lf
F/ F!

F'1,,

a

is the composite 0(f,a’) = (F'1q0(fox(0,00)) e Lprr o (f0x(0,00)) == fox(0, 00)),
and its naturality component at any 1-cell (5,u') : (fo,ay) — (f1,4a))

(O, fo o X(O, 00), %) ((0,0),2(8@x(0,00),u’),u’) (07 fl o X(O, UO), all)

((0100)70(f07a6)71a’0)l (17l;1-1‘) l((o’a—o):e(flvall))la’l)
(O-07f07a6) (007 fl?all)

((00,00),2(B,u"),u’)



170 A.M. CEGARRA, B.A. HEREDIA, J.REMEDIOS

is given by the canonical isomorphism I™' -7 : u/ o ly & 1y 0w in A'. Therefore, by
Lemma 2.9, the induced square on classifying spaces

B(xo0| F') 2L B(xo | F)
Bx(O,aO)*L ]zg jB&
B(x0| F") 2L~ B(x| F)

is homotopy commutative. Moreover, by Lemma 3.3(7), both maps B.J in the square are
homotopy equivalences and, since the oplax functor F’ has the property B,, the map
Bx(0,00)* : B(xc0J) F') — B(x0J F’) is also a homotopy equivalence. It follows that the
remaining map in the square has the same property, that is, the map Bo : B(xo | F”’) ~
B(x| F") is a homotopy equivalence, as required.

Suppose now that F' : A — B is any lax functor. Again, by Lemma 2.6(¢), the first
square in (10) is a pullback in the category of bicategories and lax functors, whence the
square induced by taking geometric nerves

A(FLF) 25 ABLF)
Apl lAP (19)
AA—2E S AB

is a pullback in the category of simplicial sets. By what has been already proven above,
it follows from Lemma 2.3 (i4i) that the commutative square

AFLE) 2L ABLE) BFLF) BB
(14)
|P|L |AF‘ L|P| ~ BPj . lBP
|AA] |AB| BA BB

is a homotopy pullback. This completes the proof of part (i) of the lemma.

The proof of part (i7) follows similar lines, but using the geometric nerve functor V
instead of A as above. Thus, for example, given any lax functor F' : A — B having
the property B;, we start by proving that the simplicial map VP’ : V(F | B) — VB
satisfies the condition (i) in Lemma 2.3, which we do by first getting natural simplicial
isomorphisms VP'~1(Vx') = V(F | x), for the different oplax functors x' : [n] — B
(i.e., the simplices of VB), and then by proving that any simplicial map o : [m] — [n]
induces a homotopy equivalence B(F' | x'o) ~ B(F | x’). Here, we need to use the
homomorphisms J' : F' | x'n — F | x" in (16), which induce homotopy equivalences
on classifying spaces by Lemma 3.3 (i7), and the existence of a pseudo-transformation
0 :aJ = Jx'(om,n),, which assigns to every object (a, f) of F' | x’om the 1-cell
(10, 0'(a, f), (om,n)) : (a, f,om) = (a,x'(om,n) o f,n), where

0'(a, f) = (x'(om,n) o f . (x'(om,n)o f)olr, LoF) (X'(om,n)o f)o Fl,).
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Using Lemma 2.6 (i7) therefore, we deduce that, for any lax functor F’ : A" — B, the
square

V(FLF) Y2 v
Vﬁ’l VF’
V(F|B) Y~ VB,

is a pullback in the category of simplicial sets which, by Lemma 2.3, induces a homotopy
pullback square on geometric realizations. It follows that (18) is a homotopy pullback. m

With the corollary below we will be ready to complete the proof of Theorem 3.1.

3.5. COROLLARY. (i) For any lazx functor F' : A — B, the projection 2-functor P : F']
B — A induces a homotopy equivalence on classifying spaces, B(F | B) ~ BA.

(1i) For any oplaz functor F' : A" — B, the projection 2-functor P' : B F' — A’
induces a homotopy equivalence on classifying spaces, B(B] F') ~ BA’.

PROOF. Once again we limit ourselves to proving (7). Let F' : A — B be a lax functor.

The identity homomorphism 1z : B — B has the property B, since, for any object
b € ObB, the classifying space of the comma bicategory b B is contractible, by Lemma
3.2. Therefore, Lemma 3.4 (i) applies to the case when F’ = 15, and tells us that the
induced commutative square

B(F|B)-2L-B(BB)

b |pr

BA—2E . BB,

is a homotopy pullback. So, it is enough to prove that the map BP : B(B ] B) — BB
is a homotopy equivalence. To do so, let b be any object of B, and let us particularize
the square above to the case where F' = b : [0] — B. Then, we find the commutative
homotopy pullback square

B(b|B) -2~ B(B.B)

Bpl |7

pt B . BB,

where, by Lemma 3.2, the left vertical map is a homotopy equivalence. This tells us that
the different homotopy fibres of the map BP : B(B{B) — BB over the 0-cells of BB are
all contractible, and consequently BP is actually a homotopy equivalence. [

We can now complete the proof of Theorem 3.1:
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For any diagram A—> B < A" where F is a lax functor and F” is an oplax functor,
the square (15) occurs as the outside region in both of the following two diagrams:

BP'
B(FF) -2 B(BLF) 2~ BA B(F | F)% ~ BA
BPl 17) BPl By BF BF’l (18) BF
BF Blg (20)

BP( “B(FLB) B2 ~BB = |pr

BA BB BB
\B—F/ Bpl Bw’ lBlB

=

BA

BF

where the inner squares with the homotopies labelled Bw and Bw’ are the particular
cases of the squares (15) obtained when F' = 1z and when F' = 1p, respectively. The
homotopies are respectively induced, by Lemma 2.9, by the lax transformations

BLF Jallly .y

pl < lF Pl g llg

B—5 .8 A—L B

which are defined as follows: The lax transformation w associates to any object (b, f,a’)
of B| F’ the 1-cell f: b — F'd’, and its naturality component at any 1-cell (p, 8,v) :
(bo, fo,an) — (b1, f1,a}) is the 2-cell 5 : F'u' o fo = f1 o p. Similarly, w’ associates to any
object (a, f,b) of F'|B the 1-cell f: Fa — b, and its naturality component at any 1-cell
(u, B,p) : (ag, fo,b0) — (a1, f1,b1) is B : po fo = fi1 o Fu. Since, by Corollary 3.5, both
maps BP' : B(B|F’') — BA" and BP : B(F'] B) — BA are homotopy equivalences, both
squares are homotopy pullbacks. The other inner squares are those referred to therein.

The above implies the part (i) of Theorem 3.1 and, furthermore, it follows that the
square (15) is a homotopy pullback whenever one of the inner squares (17) or (18) is a
homotopy pullback. Therefore, Lemma 3.4 implies part (i7).

For proving part (iii), suppose a lax functor ' : A — B is given such that the square
(15) is a homotopy pullback for any F’' = b : [0] — B, b € ObB. It follows from the
diagram on the left in (20) that the inner square (17)

B(F |b) -2 B(Blb)

Bpj ij

BA—B" . BB
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is a homotopy pullback for any object b € B. Then, if p : by — by is any 1-cell of B, since
we have the commutative diagram

B(F L bo) ——= B(B1b)
\p* i BP D

BP B(F b)) 5 B(Blb)
BAA BE BBA

we deduce that the square

B(F Lbo) - B(Bby)
Bp.« Bp.

B(F b)) 5~ B(BLby)

is also a homotopy pullback. Therefore, as B(B{by) ~ pt ~ B(B]b;), by Lemma 3.2, we
conclude that the induced map Bp, : B(F | by) ~ B(F ] b;) is a homotopy equivalence.
That is, the lax functor F' has the property B;. [

As a corollary, we obtain the following theorem, which is just the well-known Quillen’s
Theorem B [42] when the lax or oplax functor F' in the hypothesis is an ordinary functor
between small categories. The generalization of Theorem B to lax functors between
bicategories was originally stated and proven by Calvo, Cegarra, and Heredia in [15,
Theorem 5.4], and it also generalizes a similar result by the first author in [18, Theorem
3.2] for the case when F' is a 2-functor between 2-categories.

3.6. COROLLARY. (i) If a laz functor F' : A — B has the property B, then, for every
object b € B, there is an induced homotopy fibre sequence

B(F b) 22~ BA 25 BB,

(13) If an oplax functor F' : A" — B has the property B, then, for every object b € B,
there is an induced homotopy fibre sequence

B(b| F') 22 B BE. BB

PROOF. It follows from Theorem 3.1, by taking F’ = b : [0] — B to obtain part (i) and
F =b:[0] — B for part (7). n
By the above result in [15, 18], the bicategories F'Lb and b F" are called homotopy-

fibre bicategories. The following consequence was proven in [15, Theorem 5.6, and it
shows a generalization of Quillen’s Theorem A [42].
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3.7. COROLLARY. (i) Let F': A — B be a lax functor such that the classifying spaces of
its homotopy-fibre categories are contractible, that is, B(F' ] b) ~ pt for every object b € B.
Then, the induced map on classifying spaces BF : BA — BB is a homotopy equivalence.

(17) Let F' : A — B be an oplazx functor such that the classifying spaces of its
homotopy-fibre categories are contractible, that is, B(bl F") ~ pt for every object b € B.
Then, the induced map on classifying spaces BF' : BA" — BB is a homotopy equivalence.

Particular cases of the above results have also been stated by Bullejos and Cegarra in
[13, Theorem 1.2], for the case when F' : A — B is any 2-functor between 2-categories,
and by del Hoyo in [24, Theorem 6.4], for the case when F' is a lax functor from a category
A to a 2-category B. In [21, Théoreme 6.5, Chiche proved a relative Theorem A for
lax functors between 2-categories, which also specializes by giving the particular case of
Corollary 3.7 when F'is any lax functor between 2-categories.

Next we study conditions on a bicategory B in order for the square (15) to always be
a homotopy pullback. We use that, for any two objects b, b" of a bicategory B, there is a
diagram

B(b, ') — [0]
l 3 &/ (21)
0] ——B,

in which ~y is the lax transformation defined by +vf = f, for any 1-cell f : b — b in B,
and whose naturality component at a 2-cell 8 : fy = fi, for any fo, f1 : b — ¥V, is the

l r1
composite 2-cell 75 = (1b, o fo = fo :6> fi & fio 1,,).

3.8. THEOREM. The following properties of a bicategory B are equivalent:

(1) For any diagram of bicategories AL B , where F' is a lax functor and F'
is an oplaz functor, the induced square (15)

B(F|F') 22 BA
BPl = BE'
BA—2E - BB

1s a homotopy pullback.
(1) Any lax functor F': A — B has the property By.
(17i) Any oplax functor F': A" — B has the property B,.

(tv) For any object b and 1-cell p : by — by in B, the functor p, : B(b,by) — B(b,b;)
induces a homotopy equivalence on classifying spaces, BB(b, by) ~ BB(b, by).

(v) For any object b and 1-cell p : by — by in B, the functor p* : B(by,b) — B(by,b)
induces a homotopy equivalence on classifying spaces, BB(by,b) ~ BB(by, b).
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(vi) For any two objects b,/ € B, the homotopy commutative square

BB(b, b)) —= pt

l By lgb/

pt 2 BB ,

induced by (21), is a homotopy pullback. That is, the whisker map
BB(b,b') — {v: 1 — BB |~(0) = Bb,y(1) = By'} C BB’
18 a homotopy equivalence.

PROOF. The implications (i) < (i) < (iii) are all direct consequences of Theorem 3.1.
For the remaining implications, let us take into account that, for any objects b, b’ € B there
is quite an obvious isomorphism of categories b b = B(b,b'). With this identification
in mind, we see that the homomorphism b : [0] — B has the property B, (resp. B,) if
and only if, for any 1-cell p : by — by in B, the functor p, : B(b,by) — B(b,b1) (resp.
p* : B(by,b) — B(bo, b)) induces a homotopy equivalence on classifying spaces. Therefore,
the implications (i7) = (iv) and (éi7) = (v) are clear.
Furthermore, we see that the square in (vi) identifies the square

B(bb) 22 B[0]

BPl = le/

B[0] —2~ BB.

Then, for b fixed, it follows from Theorem 3.1 that the square in (vi) is a homotopy
pullback for any b if and only if b : [0] — B has the property B, that is, the equivalence
of statements (vi) < (iv) holds.

Finally, to complete the proof, we are going to prove that (iv) = (iii) and we shall
leave it to the reader the proof that (v) = (i7) since it is parallel. By hypothesis, for any
object b € ObB, the normal homomorphism b : [0] — B has the property B;. Then, by
Theorem 3.1 (i7), for any oplax functor F’ : A" — B the square

B(b) F') B2 BA/
BPl = BE’
B[0] —2~ BB

is a homotopy pullback for any object b € B. Therefore, by Theorem 3.1 (iii), F’ has the
property B,. [



176 A.M. CEGARRA, B.A. HEREDIA, J. REMEDIOS
We can state that

(B) a bicategory B has the property B if it has the properties in Theorem 3.8.

For example, bigroupoids, that is, bicategories whose 1-cells are invertible up to a 2-
cell, and whose 2-cells are strictly invertible, have the property B: If B is any bigroupoid,
for any object b and 1-cell p : by — by in B, the functor p* : B(by,b) — B(bo, b) is actually
an equivalence of categories and, therefore, induces a homotopy equivalence on classifying
spaces Bp* : BB(by,b) ~ BB(by,b). Recall that, by the correspondence B +— BB, bi-
groupoids correspond to homotopy 2-types, that is, CW-complexes whose n'* homotopy
groups at any base point vanish for n > 3 (see Duskin [26, Theorem 8.6]).

3.9. COROLLARY. If a bicategory B has the property B, then, for any object b € B, there

15 a homotopy equivalence
Q(BB,Bb) ~ BB(b,b) (22)

between the loop space of the classifying space of the bicategory with base point Bb and the
classifying space of the category of endomorphisms of b in B.

The above homotopy equivalence is already known when the bicategory is strict, that
is, when B is a 2-category. It appears as a main result in the paper by Del Hoyo [24,
Theorem 8.5], and it was also stated at the same time by the first author in [18, Example
4.4]. Indeed, that homotopy equivalence (22), for the case when B is a 2-category, can be
deduced from a result by Tillmann about simplicial categories in [48, Lemma 3.3].

3.10. HOMOTOPY PULLBACKS OF 2-CATEGORIES. As we recalled in the introduction, the
category 2-Cat of (strict) 2-categories and 2-functors has a Thomason-type Quillen model
structure [1, Théoreme 6.27], such that the classifying space functor is an equivalence
of homotopy theories between 2-categories and topological spaces [1, Corollaire 6.31].
Thus, in this model category, a 2-functor F' : A — B is a weak equivalence if and only if
the induced map on classifying spaces BF' : BA — BB is a homotopy equivalence, and a
commutative square in 2-Cat

c—9 N

A
o |r (23)
A—L~B
is a homotopy pullback if and only if the induced on classifying spaces
BC 2% BA’
o |or (24)
BA—25-BB

is a homotopy pullback of spaces (see Remark 2.2). This is, for example, the case when
F or F'"in (23) is a fibration, C = A x5 A’ is the pullback 2-category, and G and and G’
are the respective projection 2-functors.
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Our result in Theorem 3.1 has a natural interpretation in this setting as below. Observe
that, when F and F’ are 2-functors between 2-categories as above, the homotopy-fibre
product bicategory F' | F’ as well as the homotopy-fibre bicategories F' | b are actually
2-categories.

3.11. PROPOSITION. Let (23) be a commutative square in 2-Cat. Suppose the 2-functor
F has property B;. Then the square is a homotopy pullback in the model category 2-Cat
(with the ‘Thomason’ model structure) if and only if the canonical 2-functor

V:C—FlF
, (Gh,1,G"h)
—
¢ o (Ge,1,G'e) WGaGa) (G, 1,G'd),
\/j -
h (G ,1,G'h)

s a weak equivalence of 2-categories.

PROOF. The square (24) is the composite of the induced squares

BC 2L B(F L F) B BAY
BG[ BPl = LBF/ (25)
BA———BA—2C - BB,

where the right square is (15). In effect, one easily verifies that PV = G and P'V =
G'. Further, the homotopy BF BP = BF’'BP’ is induced by the lax transformation
w: FP = F'P with w(a, f,d') = f : Fa — Fd, and whose naturality component
at any l-cell (u,,u’) : (ag, fo,ay) — (a1, f1,a)) is the 2-cell 5 : F'u' o fo = f1 o Fu.
The composite wV : FPV = FG = F'G'V = F'G’ is then the identity transformation,
whence BwBV is the static homotopy on FG = F'G’.

Suppose now that F' has property B;, so that the right square in (25) is a homotopy
pullback of spaces, by Theorem 3.1. It follows that the composite square (24) is a homo-
topy pullback if and only if the left square in (25) is as well. As the later is a homotopy
pullback if and only if the map BV is a homotopy equivalence, the proposition follows. m

3.12. THE CASE WHEN BOTH FUNCTORS ARE LAX. For a diagram A-2>B L,
where both F' and G are lax functors, the comma bicategory F'| G is not defined (unless
G is a homomorphism). However, we can obtain a bicategorical model for the homotopy

pullback of the induced maps B.A BE BB<EYBC as follows: Let

Fl,G:=F|P

be the comma bicategory defined as in (5) by the diagram A Ny WLe 1 B, where
P’ is the projection 2-functor (9) (the notation is taken from Dwyer, Kan, and Smith in
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[27] and Barwick and Kan in [3, 4]). Thus, F'|, G has 0-cells tuples (a, f,b, g, c), where
Fa % b < Ge are 1-cells of B. A 1-cell

(u7ﬁ7pa Blvv) : (a07f0ab07g[))00) — (ahfl?bhghcl)

in F'|, G consists of 1-cells u : ag = a1, p: bg = by, and v : ¢g — ¢1, in A, B, and C,
respectively, together with 2-cells 5 and ' of B as in the diagram

FCLOLb()(iGCO

Fuj <18: pl 18:> LGU

F&lTblTGcl,

and a 2-cell
(u75»pvﬁl>v)
— T
((10, f07 bO: 9o, CO) Ha,6,p) (ala fla b17 g1, Cl)v
- =
(a,8,p,8' 0)

is given by 2-cells a : u = uin A, 0 : p = pin B, and p : v = v in C, such that the
diagrams below commute.

dol _ dol _
po fo=——=2po fo PO go=——="D0 go
lo Gp

floFu%floFﬂ groGv——=y¢,0Gv

There is a (non-commutative) square

Fl,G-2%-c
/| [G (26)
A—L B

where P and @ are projection 2-functors, which act on cells of F'|, G by

(u767p75/77))

U . v
— P Q X\
ag _Yo_ay < (ao, fo, bo, go; co) Wedp) (a1, f1,b1,91,¢1) = co Yo _c,
a — i
(@,8,p,8' 0)

and we have the result given below.
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3.13. THEOREM. Let A—>B<%C bea diagram where F' and G are laz functors.
(1) There is a homotopy BF BP = BG BQ so that the square below, which is induced
by (26) on classifying spaces, is homotopy commutative.

B(Fl,G) 2% BC
BPl = BG
BA—2C . BB

(13) The square above is a homotopy pullback whenever F or G has property B;.

PRrROOF. The part (i) follows from Theorem 3.1 (i) and the definition of F'|, G. For the
part (ii), since F'|,G = G|, F, it is enough, by symmetry, to prove the theorem when F’
has the property B;. In this case, we have the homotopy commutative diagram

BQ

B(Fl,G) 22 B(G LB~ BC
BPL (15) Bp/l (15) lBG
BA—DBF . -5, pp

~_ =

BF

where, by Theorem 3.1, the inner squares (15) are both homotopy pullback. Then, the
outside square is also a homotopy pullback, as claimed. [

4. Homotopy pullbacks of monoidal categories.

Recall [43, 38| that a monoidal category (M, ®) = (M, ®,1,a,l,r) consists of a category
M equipped with a tensor product ® : M x M — M, a unit object I, and natural and
coherent isomorphisms a : (m3 ® me) ® m; = m3 ® (me @ my), L : T® m = m, and
r:m® 1= m. Any monoidal category (M, ®) can be viewed as a bicategory M with
only one object, say *, the objects m of M as 1-cells m : x — %, and the morphisms
of M as 2-cells. Thus, Y M (%,*%) = M, and the horizontal composition of cells is given
by the tensor functor. The identity at the object is 1, = I, the unit object of the
monoidal category, and the associativity, left unit and right unit constraints for XM are
precisely those of the monoidal category, that is, a, I, and r, respectively. Furthermore, a
monoidal functor F' = (F, F') : (N, ®) — (M, ®) amounts precisely to a homomorphism
YF: XN — M.

For any monoidal category (M, ®), the Grothendieck nerve (12) of the bicategory
Y M is exactly the pseudo-simplicial category that the monoidal category defines by the
reduced bar construction (see Jardine [35, Corollary 1.7]), whose category of p-simplices
is MP_ the p-fold power of the underlying category M. Therefore, the classifying space of
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the monoidal category B(M,®) [35, §3] is the same as the classifying space BXM of the
one-object bicategory it defines [14], and thus the bicategorical results obtained above
are applicable to monoidal functors between monoidal categories. This, briefly, can be
done as follows:

Given any diagram (N, ®) > (M, ®) <= (N, ®) , where F and F’ are monoidal
functors between monoidal categories, the “homotopy- fibre product bicategory”

FLF (27)

®
(the notation | is to avoid confusion with the comma category F' | F’ of the underlying

®
functors) has as 0-cells the objects m € M. A 1-cell (n, f,n') : mg — my of F'| F’ consists
of objects n € N and n’ € N, and a morphism f : F'n’ ® mg — m; ® Fn in B. A 2-cell
®
in FlF',
(n,fn')
R
mo  Yuu') myq,
\j/
(n,f,n')
is given by a pair of morphisms, v : n — 7 in N and v’ : n/ — 7’ in N, such that the
diagram below commutes.

Fu'®1 _
F'n’ @ mg F'n' @ my

] |7

1@ Fu _
m; ® F'n my o F'n

The vertical composition of 2-cells is given by the composition of morphisms in A/ and

N’. The horizontal composition of the 1-cells my (m,f1m1) my (2. f2.72) meo is the 1-cell

No ni, J2 1,y ny) Mo ma,
(ne @i, f2© fi,my @n) : mg —

Fr-1g1 a
fo0 fi=(F(nhen)@my = (Fnh®Fn})®my= Fn,® (F'nf ®m) el

—1

Il e

F'nl, ® (mq ® Fny) (F’n’2®m1)®Fn1fQ;®;(m2®Fn2)®Fn1
1

®F
me @ (Fngo Fny) = me® F(ny ® nl)),

and the horizontal composition of 2-cells is given by the tensor product of morphisms in

N and AV’. The identity 1-cell, at any O-cell m, is (I, 1,,,1) : m — m, where

o , Fr-1e1 l r—1 1®
L,=(Fleom = Iegm=m=mel =

®
The associativity, right, and left unit constraints of the bicategory F'| F’ are provided by
those of N/ and N’ by the formulas

a’(ns’fs7”8):("27]027”/2)7(”1 »fl 7”’1) = (an3vn27n17 an/37nl29n€l )7 l(nvan/) = (ln7 ln/)7 r(nvan/) = (TTL’ ’]"n,)‘
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®
4.1. REMARK. Let us stress that F'| F” is not a monoidal category but a genuine bicat-
egory, since it generally has more than one object.

In particular, for any monoidal functor F : (N, ®) — (M, ®), we have the homotopy-
fibre bicategories (cf. [13])

FlL 1JF (28)

where we denote by I: ([0], ®) — (M, ®) the monoidal functor that carries 0 to the unit
object I, and whose structure isomorphism is I; = r; : I® I 2 1. Every object m € M
determines 2-endofunctors

® ® ® ®
m®—:Fl1—>FlI, —@m:1F >1|F,

respectively given on cells by

(nmf) (n7m®f) (g,n/) (g@m,n’)
7N\ m— — 7 N\ —®m —
my du m;y — mRmgy du MR My, Mg W My — Mme&®m W MR m,
~ — ~— 7 —
(n,1) (R,mOf) (g.7") (gom,n’)

® ®
where, for any (n, f) : mg — my in FlT and (g,n) : mg — my in I F,
l 111 a!
mo f=(10(memy) Ememy = m® (Iam) ﬁm@(mlééFn) >~ (m®my) @ Fn),

a”! r®l p1
Y

gom = (Fn®(me®@m) = (Fn@mo)@mZS (meh)eom = meom = (my ®@m)®1).
We state that
(B;) the monoidal functor F has the property By if, for any object m € M, the induced
map B(m ® —) : B(Fil) — B(Fil) is a homotopy autoequivalence.
(B,) the monoidal functor F has the property B, if, for any object m € M, the induced
map B(—®m) : B(IiF) — B(IiF) is a homotopy autoequivalence.

Our main result here is a direct consequence of Theorem 3.1, after taking into account
the identifications B(M,®) = BEM, BF = BEF, F | F' = SF|SF, F 11 = SF | %,
and IiF = x| X F, and the fact that a monoidal functor has the property B; or B, if and
only if the homomorphism Y F has that property. This result is as given below.

4.2. THEOREM. (i) Suppose (N, ®) L= (M,®) <= (N, ®) are monoidal functors be-
tween monoidal categories, such that F has the property B, or F' has the property B,.
Then, there is an induced homotopy pullback square
B(F | F) 22X BN, @)
BPl = lBF’ (29)
BW,®) —~B(M,®).
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Therefore, there is an induced Mayer-Vietoris type long exact sequence on homotopy
groups, based at the 0-cells Bx of B(M,®), B(N,®), and B(N',®) respectively, and

the 0-cell BI € B(F | F'),
o o T BM, @) — 1 B(F L F') — m,BN, @) x 1B\, ®) — m,B(M, ®) —

o 5 mB(FLF) —mBW, ®) x mBWN", ®) — 1 B(M, ®) — mB(F | F') — 0.

(it) Given a monoidal functor F : (N,®) — (M, ®), if the square (29) is a homotopy
pullback for every monoidal functor F' : (N',®) — (M, ®), then F has the property B;.
Similarly, if F' is a monoidal functor such that the square (29) is a homotopy pullback
for any monoidal functor F', as above, then F' has the property B,.

Similarly, from Corollaries 3.6 and 3.7, we get the following extensions of Quillen’s
Theorems A and B to monoidal functors:

4.3. THEOREM. Let F': (N, ®) = (M, ®) be any monoidal functor.
(1) If F has the property By, then there is an induced homotopy fibre sequence

B(F 1) — B\, @) — B(M, @).

(ii) If F' has the property B,, then there is an induced homotopy fibre sequence

B(I] F) — BV, ®) — B(M, ®).

(1it) If the classifying space of any of the two homotopy-fibre bicategories of F' is con-

® ®
tractible, that is, if B(F | 1) ~ pt or B(I| F) ~ pt, then the induced map on classifying
spaces BE : B(N,®) ~ B(M,®) is a homotopy equivalence.

For the last statement in the following theorem, let us note that there is a diagram of
bicategories
M —=[0]
Ll (30)
(0] = XM

in which v is the lax transformation defined by ym = m : x — %, for any object m € M,

and whose naturality component at a morphism f : mg — my, is the composite 2-cell
—1

V= (I ® mg é mo =f> my "~ ™y o I). Then, we have an induced homotopy commutative
square on classifying spaces
BM ——pt
l B |

pt —=B(M, ®)
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and a corresponding whisker map
BM — Q(B(M,®), *). (31)

Theorem 3.8 particularizes by giving

4.4. THEOREM. The following properties of a monoidal category (M, ®) are equivalent:

(i) For any diagram of monoidal functors (N, ®) —> (M, ®) <= (N, ®) , the induced
square (29)
® BP'
B(F|F) B2 BNV, @)
BP = BF'
B\, ®) =% B(M, ®).
1s a homotopy pullback.

(it) Any monoidal functor F : (N, ®) — (M, ®) has property B;.
(i17) Any monoidal functor F : (N, ®) — (M, ®) has property B,.

(iv) For any object m € M, the functor m ® — : M — M induces a homotopy autoe-
quivalence on the classifying space BM.

(v) For any object m € M, the functor — @ m : M — M induces a homotopy autoe-
quivalence on the classifying space BM.

(vi) The whisker map (31) is a homotopy equivalence
BM ~ Q(B(M, ), %)

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

The implications (iv) = (vi) and (v) = (vi) in the above theorem are essentially
due to Stasheff [45], but several other proofs can be found in the literature (see Jardine
[35, Propositions 3.5 and 3.8], for example). When the equivalent properties in Theorem
4.4 hold, we say that the monoidal category is homotopy reqular. For example, reqular
monoidal categories (as termed by Saavedra [43, Chap. I, (0.1.3)]), that is, monoidal
categories (M, ®) where, for every object m € M, the functor m ® — : M — M is
an autoequivalence of the underlying category M, and, in particular, categorical groups
(so named by Joyal and Street in [36, Definition 3.1] and also termed Gr-categories by
Breen in [8, §2, 2.1]), that is, monoidal categories whose objects are invertible up to an
isomorphism, and whose morphisms are all invertible, are homotopy regular.
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5. Homotopy pullbacks of crossed modules

Thanks to the equivalence between the category of crossed modules and the category of
2-groupoids, the results in Section 3 can be applied to crossed modules. To do so in some
detail, we shall start by briefly reviewing crossed modules and their classifying spaces.

Recall that, if P is any (small) groupoid, then the category of (left) P-groups has
objects the functors P — Gp, from P into the category of groups, and its morphisms,
called P-group homomorphisms, are natural transformations. If G is a P-group, then, for
any arrow p : a — b in P, we write the associated group homomorphism G(a) — G(b) by
g +— Pg, so that the equalities 'g = ¢ ,(#°P)g = 9(Pg), and P(g - ¢') = Pg - ¢’ hold whenever
they make sense. Here, the symbol o denotes composition in the groupoid P, whereas -
denotes multiplication in G. For instance, the assignment to each object of P its isotropy
group, a — Autp(a), is the function on objects of a P-group Autp : P — Gp such that
Pg=pogop ! forany p:a — bin P and ¢ € Autp(a). Then, a crossed module (of
groupoids) is a triplet

(G, P,d)

consisting of a groupoid P, a P-group G, and a P-group homomorphism 0 : G — Autp,
called the boundary map, such that the Peiffer identity %9¢' = g - ¢’ - ¢! holds, for any
9,9 € G(a), a € ObP.

When a group P is regarded as a groupoid P with exactly one object, the above
definition by Brown and Higgins [11] recovers the more classic notion of crossed mod-
ule (G, P,0) due to Whitehead and Mac Lane [49, 39], now called crossed modules of
groups. In fact, if (G, P, ) is any crossed module, then, for any object a of P, the triplet
(G(a), Autp(a),d,) is precisely a crossed module of groups.

Composition with any given functor F': P — Q defines a functor from the category of
Q-groups to the category of P-groups: (¢ : G — H) — (@F : GF — HF). For the partic-
ular case of the Q-group of automorphisms Autg, we have the P-group homomorphism
F : Autp — Autg F', which, at any a € P, is given by the map Autp(a) — Autg(Fa),
q — Fq, defined by the functor F. Then, a morphism of crossed modules

(p, F):(G,P,0) = (H,Q,0)

consists of a functor F' : P — Q together with a P-group homomorphism ¢ : G — HF
such that the square below commutes.

G—9 - Autp
@l/ l/F
HF 25 AutoF.

The category of crossed modules, where compositions and identities are defined in
the natural way, is denoted by Xmod. Let us now recall from Brown and Higgins [10,
Theorem 4.1] that there is an equivalence between the category of crossed modules and
the category of 2-groupoids

B : Xmod — 2-Gpd, (32)
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which is as follows: Given any crossed module (G, P, d), P is the underlying groupoid of
the 2-groupoid (G, P, d), whose 2-cells

p
X\

ag Vg ap
—

p

are those elements g € G(ap) such that podg = p. The vertical and horizontal composition
of 2-cells are, respectively, given by

p P

p1 P2 Pp20op1
m . 7N =\ — X\ o, (T\
ag——>P—>=a1 — ao Y39 a1, apg_ Yg_ay Vg2 ax — Qo _YP1gyq1 Q2.
\ilg/7 ~_ 7 — T ~—
b P p b2 P20P1

A morphism of crossed modules (¢, F) : (G, P,0) — (H, Q, ) is carried by the equiv-
alence to the 2-functor B(p, F') : (G, P,0) — B(H, Q,0) acting on cells by

p Fp

/L —
ap Y9 a; — Fag Ve Fay.

~— —

D Fp

5.1. EXAMPLE. A striking example of crossed module is II( X, A, S) = (m(X, A), (A, S),0),
which comes associated to any triple (X, A, S), where X is any topological space, A C X a
subspace, and S C A a set of (base) points. Here, w(A, S) is the fundamental groupoid of
homotopy classes of paths in A between points in S, (X, A) : w(A,S) — Gp is the func-
tor associating to each a € S the relative homotopy group m (X, A4, a), and, at any a € S,
the boundary map 0 : m(X, A,a) — m (A, a) is the usual boundary homomorphism in
the exact sequence of homotopy groups based at a of the pair (X, A):

|

Furthermore, m(A, S) is the underlying groupoid of the Whitehead 2-groupoid W (X, A, S)
presented by Moerdijk and Svensson [41], whose 2-cells

al o [u]
| |— a—a.

a

a=¢
==

a—>b
[ o II|:[v]=[w]:a—b,
a —

w
are equivalence classes of maps g : [ x I — X, from the square I x I into X, which are
constant along the vertical edges with values in S, and map the horizontal edges into A;
two such maps are equivalent if they are homotopic by a homotopy that is constant along
the vertical edges and deforms the horizontal edges within A.
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Both constructions II(X, A, ) and W (X, A, S) correspond to each other by the equiv-
alence of categories (32). More precisely, there is a natural isomorphism

BII(X,A,S) 2 W(X,A,S), (33)

which is the identity on 0- and 1-cells, and carries a 2-cell [¢] : [v] = [w] of SII(X, A, S)
to the 2-cell 1, o [g] : [v] = [w] of W(X, A, S):

a—a a—>a—>b
|| s |+ = [w]] — o) fween || | o] = [w]
a==a a=—a—7>b

For a simplicial set K, its fundamental, or homotopy, crossed module II(K) is defined
as the crossed module
M(K) = T(|K], [KD, [ K©)) (34)

constructed in Example 5.1 (here, K™ denotes the n-skeleton, as usual). The construction
K — TI(K) gives rise to a functor II : SimpSet — Xmod, from the category of simplicial
sets to the category of crossed modules. To go in the other direction, we have the notion
of nerve of a crossed module, which is actually a special case of the definition of nerve for
crossed complexes by Brown and Higgins [12]. Thus, the nerve N(G, P, 0) of a crossed
module (G, P, 0) is the simplicial set

N(G,P,0) : A” — Set, [n] =~ Xmod(II(A[n]), (G, P,0)), (35)

whose n-simplices are all morphisms of crossed modules II(A[n]) — (G, P, 0).
The classifying space B(G, P, d) of a crossed module (G, P, 0) is the geometric realiza-
tion of its nerve, that is,

B(G,P,0) = |N(G,P,d)|. (36)

By [12, Proposition 2.6], B(G, P, 0) is a CW-complex whose 0-cells identify with the ob-
jects of the groupoid P and whose homotopy groups, at any a € ObP, can be algebraically
computed as

the set of connected components of P, if i =0,
Coker 0 : G(a) — Autp(a), if i =1

Ker 0: G(a) — Autp(a), if i = 2,

0, if i > 3.

m(B(G,P,0),a) = (37)

Therefore, classifying spaces of crossed modules are homotopy 2-types. Furthermore, it
is a consequence of [12, Theorem 4.1] that, for any CW-complex X with m;(X,a) = 0
for all 4 > 2 and base O-cell a, there is a homotopy equivalence X ~ BII(X, X1 X)),
Therefore, crossed modules are algebraic models for homotopy 2-types.

5.2. LEMMA. For any crossed module (G, P,0), there is a homotopy natural homotopy
equivalence

B(G,P,0) ~BB(G,P,0). (38)
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PROOF. By [12, Theorem 2.4], the functor IT : SimpSet — Xmod is left adjoint to
the nerve functor N : Xmod — SimpSet. Furthermore, in [41, Theorem 2.3] Moerdijk
and Svensson show that the Whitehead 2-groupoid functor W . SimpSet — 2-Gpd,
K — W(K) = W(IK[,|JKD|,|KY)|) (see Example 5.1) is left adjoint to the unitary
geometric nerve functor A" : 2-Gpd — SimpSet. Since, owing to the isomorphisms
(33), there is a natural isomorphism 11 = W, we conclude that A"S = N. Therefore, for

(G, P, d) any crossed module, B(G, P, d) = |N(G, P, d)| = |A8(G, P, d)| '~ BB(G, P, ).

5.3. REMARK. For any crossed module (G, P, 9), the n-simplices of A"5(G, P, d), that is,
the normal lax functors [n] — (G, P, d), are precisely systems of data

consisting of objects a; of P, arrows p;; : a; — a; of P, with p;; = 1, and elements
Gijk € G(a;), with g;;; = ¢, j; = 1, such that the following conditions hold:

O(Gijk) = Pig © Pik © Pij for i < j <k,
71 . .
gi_,]%k : gi_,kl,l “Gigi gy =1 fori < g <k <L

Thus, the unitary geometric nerve A"5(G, P, 0) coincides with the simplicial set called by
Dakin [23, Chapter 5, §3] the nerve of the crossed module (G, P,0) (cf. [12, page 99]
and [2, Chapter 1, §11]). ;From the above explicit description, it is easily proven that
the nerve of a crossed module is a Kan complex whose homotopy groups are given as in
(37).

Thanks to Lemma 5.2, the bicategorical results obtained in Section 3 are transferable
to the setting of crossed modules. To do so, if

(g’ 73’ a) (¢, F) (H, Q, a) M (g/7 PI, a)

is any diagram in Xmod, then its “homotopy-fiber product crossed module”

(o, F) (¢ F') = (gw,Fw’,F’, %Fw’,F’,a) (39)

is constructed as follows:

- The groupoid P,r.r has objects the triples (a,q,a’), with a € ObP, o’ € ObP’,
and ¢ : Fa — F'a’ a morphism in Q. A morphism (p, h,p") : (ao, qo,a;) — (a1, q1,a})
consists of a morphism p : ayp — a; in P, a morphism p’ : aj — o} in P’, and an element
h € H(Fay), which measures the lack of commutativity of the square

%
Fay— F'a
ij F'p’

@
Fa) — F'a)
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in the sense that the following equation holds: Oh = Fp~tog; o F'oqy. The composition

(p1,h1,p%) (p2,h2,ph)

of two morphisms (a'07 4o, aO) - (ala q1, al)

(as, g2, ay) is given by the formula

-1
(P2, ha, Pb) © (p1, h, py) = (p2 0 p1, " g - ha, ply 0 ).

For every object (a,q,a’), its identity is 1 4ay = (la,1,1a), and the inverse of any
morphism (p, b, p') as above is (p, h,p')~t = (p~1, FPR~=1 p'71).

- The functor Gerpr : Porrer — Gp is defined on objects by

g%FWCF’(a’ q, CL/) = g(a) X g/<a/)7

and, for any morphism (p, h,p’) : (ao, g0, aj) — (a1, q1, a}), the associated homomorphism
is given by ®")(g, g') = (Pg,7').

- The boundary map O : G, pipr — Autp%Fw,,F,, at any object (a, g, a’) of the groupoid
P, k0.6, 18 given by the formula

8(g,9") = (Dg, 097" -7 ¢'g',g).

For any crossed module (#H, Q,0), we identify any object b € Q with the morphism
from the trivial crossed module b : (1,1,1) — (H, Q,0) such that b(1) = b, so that, for
any morphism of crossed modules (p, F) : (G,P,0) — (H,Q,0), we have defined the

“homotopy-fibre crossed module”
(. F) Lb.

Next, we summarize our results in this setting of crossed modules. The crossed module
(39) comes with a (non-commutative) square

(0, )L (o, F) 220 (g P 0)
(mP)l LW’F/) (40)
G, P,0) — 2 (4.0,0),

where
P (p,h,p")

(a0 2 ar1) <= ((a0, qo, ap) =% (ar, g1, d)) o (ahy & df)
g=—(9.9)—=¢
5.4. THEOREM. The following statements hold:

(i) For any morphisms of crossed modules (G, P,0) ——= (’H Q,0)<——(G',P',0),
there is a homotopy B(p, F') B(w, P) = B(¢', F') B(n', P') making the homotopy commu-
tative square

(wF

B((¢, F) L, ')~ B(g', P, )
B(mP)l = lB(w’,Fv (41)
B(G,P,0) —"  B(#,0Q,0),
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induced by (40) on classifying spaces, a homotopy pullback square.

(17) For any morphism of crossed modules (¢, F) : (G,P,0) — (H,Q,0) and every
object b € Q, there is an induced homotopy fibre sequence

B(Tr P)

B((, F) 1) - B(G, P,0) “ L B(#, Q).

(1ii) A morphism of crossed modules (¢, F') : (G, P,0) — (H, Q, D) induces a homotopy
equivalence on classifying spaces, B(p, F) : B(G,P,0) ~ B(H, Q,0), if and only if, for
every object b € Q, the space B((p, F')]b) is contractible.

(1v) For any crossed module (G, P, 0) and object a € P, there is a homotopy equivalence

B((G,P,9)(a)) ~ Q(B(G,P,0),a),

where (G, P,0)(a) is the groupoid whose objects are the automorphisms p : a — a in P,
and whose arrows g : p — q are those elements g € G(a) such that p = q o 0g.

PROOF. (i) Let us apply the equivalence of categories (32) to the square of crossed modules
(40). Then, by direct comparison, we see that the equation between squares of 2-groupoids

B((e, F)L(¢ )L ggr o) (Ble, F) LB, F)) —2— (G, P, D)
5(W7P)l o lw,F') = Pl o lﬂ(wﬁF’)
B8(6,P,0) —221 . 33, 0,0) 3G, P.0) — 1 5w, 0,0)

holds, where the square on the right is (8) for the 2-functors (p, F)) and B(¢, F'). As
any 2-groupoid has property (iv) in Theorem 3.8 (see the comment before Corollary 3.9),
that theorem gives a homotopy BS(¢, F') BA(w, P) = BA(¢', F') BA(#', P') such that the
induced square

BA((¢, F) L (¢, F")) Z2L (g P, o)
BA(r, P)l = lBB(w’,F’)
BB(G,P,0) — =21 BR(H, Q,0)

is a homotopy pullback. It follows that the square (41) is also a homotopy pullback since,
by Lemma 5.2, it is homotopy equivalent to the square above.

The implications (i) = (i) = (ii7) are clear, and (iv) follows from Corollary 3.9, as
(G,P,0)(a) = B(G,P,0)(a,a) and B(G,P,9) ~ BB(G, P, d). -

We can easily show how the construction (¢, )| (¢', F’) works on basic examples (see
below).

5.5. EXAMPLE. (i) Let PLQ<£P’ be homomorphisms of groups. These induce ho-

(1,Q,1) =——

1F) (lF)

momorphisms of crossed modules of groups (1, P, 1) — (1, P, 1), whose
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homotopy-fibre product is (1, F) | (1,F') = (1, F | F',1), where F | F' is the groupoid
having as objects the elements ¢ € @ and as morphisms (p,p’) : q — q those pairs
(p,p)) € P x P such that ¢ - Fp = F'p' - qo. Thus, (41) particularizes by giving a
homotopy pullback square

B(F{F')—= K(FP',1)

b

K(P1)—= K(Q,1).

(i1) Let A—> B <~ A’ be homomorphisms of abelian groups. These induce homomor-

phisms of crossed modules of groups (A,1,1) —* () (B,1,1)<— ) (A’,1,1), whose homo-
topy-fibre product is the abelian crossed module of groups (p,1)](¢',1) = (A x A, B,0),
where the coboundary map is given by d(a,a’) = ¢'a’ — pa. Thus, (41) particularizes by
giing a homotopy pullback square

B(A x A", B,9) —= K(A',2)

Looe

K(A,2) K(B,?2).

Let us stress that, as Example 5.5(¢) shows, the homotopy-fiber product crossed mod-
ule (¢, F) | (¢, F') may be a genuine crossed module of groupoids even in the case when
both (¢, F') and (¢, F’) are morphisms between crossed modules of groups. The reader
can find in this fact a good reason to be interested in the study of general crossed modules
over groupoids.

To finish, recall that the category of crossed complexes has a closed model structure
as described by Brown and Golasinski [9]. In this homotopy structure, a morphism
of crossed modules (¢, F) : (G,P,0) = (H, Q,0) is a weak equivalence if the induced
map on classifying spaces B(y, F) is a homotopy equivalence, and it is a fibration (see
Howie [34]) whenever the following conditions hold: (i) F' : P — Q is a fibration of
groupoids, that is, for every object a € P and every morphism ¢ : Fa — b in Q, there
is a morphism p : @ — a' in P such that Fp = ¢, and (i7) for any object a € P, the
homomorphism ¢ : G(a) — H(Fa) is surjective. Then, it is natural to ask whether the
constructed homotopy-fiber product crossed module (p, F) | (¢', F') is compatible with
the homotopy pullback in the model category of crossed complexes. The answer is positive
as a consequence of the theorem below, and this fact implies that the classifying space
functor (G,P,0) — B(G, P, ) preserves homotopy pullbacks.

5.6. THEOREM. Let (G, P, 8) (7—[ Q,0)<—— el (G',P',0) be morphisms of crossed
modules. If one of them is a fibration, then the canonical morphism

(977)78) X(H,Q,a) (glvp,aa) - (Spa F)\L(Qplv F/)
induces a homotopy equivalence B((G, P, 0) X x,00) (G, P',0)) =~ B((¢, F) (¢, F")).
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PROOF. Let us observe that the pullback crossed module of (¢, F) and (¢', F”) is
(ga 7)7 8) X(H,Q,a) (g/7 P,7 8) = (g X'HFg/a P X9 73/7 8)a

where P x o P’ is the pullback groupoid of F': P — Q and F’ : P’ — Q. The functor
G x,.G P xg P — Gp is defined on objects by

(G xurG')(a,a") = G(a) Xyra) G'(a') = {(g9,9") € Gla) x G'(d) | pa(g) = ¢u (g},

and the homomorphism associated to any morphism (p,p’) : (a,a’) — (b,V/) in P xo P’
is given by ") (g, ¢') = (g,”¢’). The boundary map 0 : G xy4rG' — Autp, ,pr, at any
object of the groupoid P xg P’, is given by the formula 9(g, ¢') = (9g, 0q’).

The canonical morphism

(]: J) : (g XYF g/a P x Q Pla 8) — (gw,FW’,F’ s Poriptrr 8) (42)

is as follows: The functor J: Pxg P — P,ryr sends a morphism (p,p): (a,d’) —
(b,0') to the morphism (p, ly(ra),0') : (a,1pq,;a’) = (b, 1p,b"), and the P xg P’-group
homomorphism j : G XyrpG' — PoryeJ is given at any object (a,a’) € P xg P’ by the
inclusion map G(a) Xy (ra) G'(a") = G(a) x G'(a’).

Next, we assume that (¢, F') is a fibration. Then, we verify that the canonical mor-
phism (42) induces isomorphisms between the corresponding homotopy groups. Recall
from (37) how to compute the homotopy groups of the classifying space of a crossed
module.

e The map my(y,J) is a bijection.

Injectivity: Suppose objects (a,d’), (b,b") € P xg P’, such that there is a morphism
(p,h,p') = (a,1pq,a’) — (b, 1y, 0') in Porerer. Then, as ¢ @ G(a) — H(Fa) is surjective,
there is g € G(a) such that ¢(g) = h, whence (po dg,p’) : (a,a’) — (b,1') is a morphism
in P X9 P

Surjectivity: Let (a,q,a’) be an object of P,rie. As F : P — Q is a fibration of
groupoids, there is a morphism p : @ — b in P such that F)p = q. Then, (b,a’) is an object
of the groupoid P xg P’ with J(b,a’) = (b, 1, a’) in the same connected component of
(a,q,a’), since we have the morphism (p, 1y ry), lor) : (a,q,a") = (b, 1pp, a’).

e The homomorphisms (), J) are isomorphisms. Let (a,a’) be any object of P x g P’.

Injectivity: Let [(p,p")] be an element in the kernel of the homomorphism (3, J)
at (a,a’), that is, such that [(p, 1y (ra),?')] = [(la, 1a(Fa); lar)]. This means that there is
(9,9") € G(a) x G'(a’) with Og = p, (¢') = p’ and p(g)~* - ¢'(¢’) = 1. The last equation
says that (g,¢') is an element of G(a) Xy(ray G'(a) which, by the first two, satisfies that
9(g,9') = (p.p). Hence, [(p,p')] = [(1a, 1ar)].

Surjectivity: Let (p,h,p') : (a, 1pa,a’) = (@, 1pq,a’) be an automorphism of P, p e .
As ¢ : G(a) — H(Fa) is surjective, there is a ¢ € G(a) such that ¢(g) = h. Then, we
have

(p,h,p') "' o J(podg,p') = (p,h,p') " o (podg, lyra), D)
=(p lopodg,ht,p oy
= (89, 0(9)"" * Ly(ray, La) = 9(9, Lgr(ar))
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and therefore [(p, h, p')] = [J(p o 0g,p')].

e The homomorphisms my(y,J) are isomorphisms. At any object (a,a’) € P xgo P/,
the homomorphism m5(y, J) is the restriction to the kernels of the boundary maps of the
inclusion G(a) X3(ra) G'(a') = G(a) x G'(a’). Then, it is clearly injective. To see the
surjectivity, let (g,¢") € G(a) x G'(a') with 0(g9,9') = (la, l3(Fa), lr). Then, we have
09 =14, 0’ = 1o and p(g) " - ¢'(¢') = lyra).- That is, that (g,¢') € G(a) Xy ra) §'(d)
and (9g,0q") = (14, o). =

6. Appendix: Proofs of Lemmas 2.9 and 2.10

We shall only address lax functors below, but the discussions are easily dualized in order
to obtain the corresponding results for oplax functors.

Our first goal is to accurately determine the functorial behaviour of the Grothendieck
nerve construction B — NB (12) on lax functors between bicategories by means of the
theorem below. The result in the first part of it is already known: see [16, §3, (21)],
where a proof is given using Jardine’s Supercoherence Theorem in [35], or [19, Theorem
3.1], where it has been extended to tricategories. However, for the second part, we need
a new proof of the existence of the pseudo-simplicial category NB, with a more explicit
and detailed construction of it.

6.1. THEOREM. (i) Any bicategory B defines a normal pseudo-simplicial category, that
18, a unitary pseudo-functor from the simplicial category AP into the 2-category of small

categories, N
NB = (NB,NB) : A* — Cat,

which is called the Grothendieck or pseudo-simplicial nerve of the bicategory, whose cat-

egory of p-simplices, for p >0, is

NB, := |_| B(zp—1,xp) X B(zp_g, xp_1) X -+ X B(xg, 21).

(zp,...,20) EObBPF1

(17) Any lax functor between bicategories F : B — B' induces a lax transformation (i.e.,
a lax simplicial functor)

NF = (NF,NF) : NB — NB.

For any pair of composable lax functors F' : B — B’ and F' : B — B”, the equality
NF'NF = N(F'F) holds, and, for any bicategory B, N1g = 1ngz.

Before starting with the proof, we shall describe some needed constructions and a few
auxiliary facts. Given a category Z and a bicategory B, we denote by

Lax(Z, B)

the category whose objects are lax functors F' : Z — B, and whose morphisms are relative
to object lax transformations, as termed by Bullejos and Cegarra in [13], but also called
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icons by Lack in [37]. That is, for any two lax functors F,G : Z — B, a morphism
® . F' = (G may exist only if F and G agree on objects, and it is then given by 2-cells in
B, ®a : Fa = Ga, for every arrow a : ¢ — j in Z, such that the diagrams

Fao Fb=% F(ab) o
F G
Paodb D (ab)
ﬂ/ aa, b ﬂ /‘bli\
Ga o Gb==G(ab), Fli=———=Gl;,

commute for each pair of composable arrows ¢ LA j % k and each object i. The compo-
sition of morphisms ® : F' = G and ¥ : G = H, for F,G,H : T — B lax functors, is
V.d: F= H, where (V- ®)a = Va- da: Fa = Ha, for each arrow a : i — j in Z. The
identity morphism of a lax functor F' : Z — Bis 1p : F = F, where (1g)a = 1p,, the
identity of Fla in the category B(F'i, F'j), for each a : i — j in Z.

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

Graph(G, B),

where an object f : G — B consists of a pair of maps that assign an object fi to each
vertex ¢ € G and a l-cell fa : fi — fj to each edge a : i — j in G, respectively. A
morphism ¢ : f = g may exist only if f and g agree on vertices, that is, fi = gi for all
1 € G; and then it consists of a map that assigns to each edge a : © — j in the graph a
2-cell pa : fa = ga of B. Compositions in Graph(G, B) are defined in the natural way by
the same rules as those stated above for the category Lax(Z, B).

6.2. LEMMA. Let T = Z(G) be the free category generated by a graph G, let B be a
bicategory, and let
R : Lax(Z(G), B) — Graph(G, B)

be the functor defined by restriction to the basic graph. Then, there is a functor
J : Graph(G, B) — Lax(Z, B),

and a natural transformation
v:JR= 1]]_,3)((1,3), (43)

such that RJ = lgraphg,B), VJ = 15, Rv = 1g. Thus, the functor R is right adjoint to
the functor J.

PROOF. To describe the functor J, we use the following useful construction: For any list
(%o, ..., xp) of objects in the bicategory B, let

6 B(xy_1,2p) X B(xp_g,xp-1) X -+ X B(xg,21) — B(xo, 7))
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denote the functor obtained by iterating horizontal composition in the bicategory, which
acts on objects and arrows of the product category by the recursive formula

Or( ) Uy if p:]-7
o(Uy, ..., u) = o _
P upo(o(up_l,...,ul)) if p>2.

Then, the homomorphism J takes a graph map, say f : ¢ — B, to the unitary
pseudo-functor from the free category

J(f)=F:T — B,

such that Fi = fi, for any vertex ¢ of G (= objects of Z), and associates to strings
a:a(0) 3 - B a(p)in G the l-cells Fa = 8(fay,..., fai) : fa(0) = fa(p). The
structure 2-cells ﬁa,b : Fao Fb = F(ab), for any pair of strings in the graph, a =
a,---ap as above and b = b, ---b; with b(q) = a(0), are canonically obtained from the
associativity constraints in the bicategory: first by taking ﬁahb = 1p(ap) when p =1 and
then, recursively for p > 1, defining ﬁa,b as the composite

1Oﬁa’,b

]3@71]: Fao Fb=% Fa,o (Fa' o Fb) === F(ab),

where @’ = a,_1---a; (whence Fa = Fa, o Fa'). The coherence conditions for F are
easily verified by using the coherence and naturality of the associativity constraint a of
the bicategory.

Any morphism ¢ : f = ¢ in Graph(G, B) is taken by J to the morphism J(¢) : F = G
of Lax(Z,B), consisting of the 2-cells in the bicategory ©(¢ay,...,¢a1) : Fa = Ga,
attached to the strings of adjacent edges in the graph @ = a,---a;. The coherence
conditions of J(¢) are consequence of the naturality of the associativity constraint a of
the bicategory. If ¢ : f = g and ¢ : g = h are 1-cells in Graph(G, B), then J(¢) - J(¢) =
J(¢ - ¢) follows from the functoriality of the composition o, and so J is a functor.

The lax transformation v is defined as follows: The component of this lax trans-
formation at a lax functor F' : T — B, v : JR(F) = F, is defined on identities by
vl = ﬁ’, . 1p; = F'1;, for any vertex ¢ of G, and it associates to each string of adjacent
edges in the graph a = a, - -+ a; the 2-cell va : 5(Fa,,...,Fa;) = Fa, which is given by
taking va; = 1p,, if p =1, and then, recursively for p > 1, by taking va as the composite

lova’

F,
va = (Oor(Fap,...,Faﬁ:FapoFa’éFa),

where @’ = a,_1 ---a;. The naturality condition F\a,b o (vaovb) = v(ab) o JT%(?)M, for
any pair of composable morphisms in Z, can be checked as follows: when a =1, or b = 1;
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are identities, then it is a consequence of the commutativity of the diagrams

1FiOJR(F)b=JR Flaolpj=——= JR(F)a
lovb wl (B)
Eovb“ A 10 Fb M vaoF, 4 Fao 1r; va
F;ol 1oFj r
/ ©) N
Fa71.

K3

where the regions labelled with (A) commute by the functoriality of o, those with (B) by
the naturality of I and 7, and those with (C') by the coherence of F'. Now, for arbitrary
strings a and b in the graph with b(q) = a(0), we study the coherence recursively on the
length of a. The case when p = 1 is the obvious commutative diagram

Fay o JR(F)b== JR(F)(a,b)

1ovbﬂ ﬂv(mb):ﬁal’b-(lovb)
Fa;o FbA=F(a1b),

ay,b

and then, for p > 1, the result is a consequence of the diagram

a 10ﬁ)a/
JR(F)a o JR(F)b—2— Fa,o(JR(F)a'0J R(F)b) —2t 1 R(F)(ab)
! ”’ov ov(a’
(lova )ovbﬁ (A) lo(w*zy b) (B) ﬂl (a’d)
(Fay,oFa')oFb < Fayo(Fad oFb)?FapoF(ab)
ﬁﬂ.pvﬂlolﬂ N ) " Hﬁap»a’b
Fao Fb Tt F(ab)

where (A) commutes by the naturality of a, (B) by induction, and (C') by the coherence
of F.
To verify the equalities RJ = 1, vJ = 1, and Rv = 1 is straightforward. [

Let Z = Z(G) again be the free category generated by a graph G, as in Lemma 6.2
above, and suppose now that F': B — B’ is a lax functor. Then, the square

Lax(Z, B) —%> Graph(G, B)
Fl jF* (44)
Lax(Z, B') —% Graph(G, B')

commutes and, since RJ = 1, we have the equalities

RF.JR=F.RIR=F.R=RF. (45)
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Furthermore, the naturality of v: JR = 1 and v’ : J'R’ = 1 means that the square

v'FyJR

J'R'F.JR F.JR

J’R’F*vﬂ HF*V
v/ Fy

J/R/F*=F*

commutes. As Rv = 1 and then J'R'F,v = J'F,Rv = J'F,1p = 1y r,, we have the
equality
FvovF.JR=vVF,. (46)

6.3. PROOF OF THEOREM 6.1. (i): Let us note that, for any integer p > 0, the category
[p] is free on the graph
Go=0—1---—p).

Then, for any given bicategory B, the existence of an adjunction
J, 4 R, : NB, = Graph(G,, B) = Lax([p|, B) (47)

follows from Lemma 6.2, where R, is the functor defined by restricting to the basic graph
G, of the category [p], where R,J, = 1, whose unity is the identity, and whose counit
v, @ JpRR, = 1 satisfies the equalities v,J, =1 and R,v, = 1.

If a: [q] — [p] is any map in the simplicial category, then the associated functor
NB, : NB, — NB, is the composite

ng ,,,,,,,,,,, NBa .. >NBq

in TRq

Lax([p], B) — Lax([q], B).

Thus, NB, maps the component category of NB, at (z,,...,%o) into the component at
(xa(q), ..., Tqq0)) of NB;, and it acts both on objects and morphisms of NB, by the formula
NB,(up, . ..,u1) = (vg,...,v1), where, for 0 < k < g,

v . c())r(ua(chrl)a s aua(k)+1) Zf a(k) < CL(I’C + 1)7
k+1
i a(k) = alk+ 1),

whence, in particular, the usual formulas below for the face and degeneracy functors.

(Up, - -, U2) it =0,
di(up, ..., u1) = 4 (up, .. ulHoul,...,ul) if 0<i<np,
(Up—1,- .., u1) if i=p,

Si(Up, .o ur) = (Upy .oy Uiy, l,ui, cee, ).
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The structure natural transformation

NB, NB,
~— ™\
NB, 185,, NB,, (48)
~— 7
MBab

for each pair of composable maps [n] 2 [q] = [p] in A, is

NB, y=Rnb*vea*Jp

NB, NB, = R,b*J,R,a*J, Ryb*a*J, = Ry(ab)*.J, = NBy,

Let us stress that, in spite of the natural transformation v in (43) not being invertible,
the natural transformation NB,; in (48) is invertible since, for any x € NB,, the lax
functor a*J,x is actually a homomorphism and therefore v,a*J,x is an isomorphism.

Consequently, we only need to prove that these constraints ﬁl’)’mb verify the coherence
conditions for lax functors: R
If @ = 1y, then NBy, = R,b*v,J, = R,b"1; = lnp,. Similarly, NB,; = Ixg,.

Furthermore, for every triplet of composable arrows [m] < [n] LA [q] = [p], the diagram

NB. NB, NB, =2 NB, NBy

NBy.. Nsaﬂ “Nrsab,c

is commutative since it is obtained by applying the functors R,,c* on the left, and a*J,
on the right, to the diagram

JuRab* J Ry 22220 R b

an*JqRqﬂ ﬂvnb* (49)
b J, Ry —————s "

o
b*vq

which commutes by the naturality of v,,.

(73): Suppose now that F': B — B’ is a lax functor. Then, at any integer p > 0, the
functor NF;, : NB, — NBj, is the composite

NF,

NBp »»»»»»»»»»»» IR > NB;

Jpl TR;,

F,

Lax([p], B) — Lax([p], B'),
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which is explicitly given both on objects and arrows by the simple formula NF,(u,, ..., u) =
(F'up, ..., Fuy). The structure natural transformation

NB, =~ NB,

at each map a : [q] — [p] in A, is
NF.=Rja*Vv},F.Jp (45

NB,NF, = Rja*J R F.J, —————= R,a"F.J, = R, F.a"J, £ R, F.JRa*J,
= NF,NB,.
This family of natural transforn/l\ations ﬁFa verifies the coherence conditions for lax
transformations: If a = 1, then NFy = R v F.J, = lp FuJy = 1ﬁFp- Suppose that
b: [n] — [q] is any other map of A, then the coherence diagram

NB; NB, NF, =~ NB; NF, NB, =22 NF, NB, N5,
Ng, NFPH “NFn NB,
EF ab
NB/,NF, NF, NB,,

commutes, since

(NF,NB,;) o (NF,NB,) o (NB; NF,)
= (R, F.J,R,b*v,a* J,) o (RLb*V. F.J,Rya* J,) o (RLb*J. R a*V! F,.J,)

(R Favga™J,) o (RO FuJyRya™J,) o (LY J/RLa™v! F..J,)

&

WO (R F. ) o (R, JRLa™V, FuJ,)
O (RLb v, FL) o (RLbV,a* JUR,F.T,) = NFyy o (NB,, NF,).

To finish, let F': B — B and F’ : B' — B” be lax functors. Then, NF' NF = N(F'F)
and N1g = 1yp since, at any [p] and a : [¢] — [p] in A, we have

NF! NF, = R'FLJ R F.J, "2 R'F/F.J, = RI/(F'F),J, = N(F'F),,
NF'NF, = NF/NF, o NFNF, = (R/FLJ,R,a*V, F.J,) o (Ria*V!FLJ R F, J,)
O (R'a*FIV FoJ,) o (Rla™"FL R F.J,) " Rl FIF,J, = N(F'F),,

N1, = R,1.J, @ R,J, = 1xs,,
N1, = Rya*v,1.J, = Rya*v,J, = Rya*1;, = 1g 4oy, = Ins,.

This completes the proof of Theorem 6.1 and lets us prepare to prove the first part of
Lemma 2.9.
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6.4. COROLLARY. The assignment B +— BB is the function on objects of a functor
B : Lax — Top.

PROOF. By Theorem 6.1, any lax functor F' : B — B’ gives rise to a lax simplicial functor
NF : NB — NB', hence to a functor [, NF': [\ NB — [, NB’ and then to a cellular map
BF : BB — BB'. For F = 1, we have [, Nl = [, Ixs = 1; np, whence Bls = lpp.
For any other lax functor F’ : B' — B”, the equality NF'NF = N(F'F) gives that
[\N(F'F) = [(NF'NF = [, NF' [\ NF , whence B(F'F) = BF' BF. .

In [16, Definition 5.2], Carrasco, Cegarra, and Garzon defined the categorical geometric
nerve of a bicategory B as the simplicial category

AB: A — Cat, [p] — Lax([p], B),

whose category of p-simplices is the category of lax functors x : [p| — B, with relative to
objects lax transformations (i.e., icons) between them as arrows. The proposition below
shows how AB relates with the Grothendieck nerve NB.

6.5. PROPOSITION. For any bicategory B, there is a lax simplicial functor
R=(R,R): AB— NB (50)
imducing a homotopy equivalence

B R: Bf,AB—~B[,NB = BB, (51)

which is natural in B on lax functors. That is, for any lax functor F : B — B', the square
of spaces below commutes.

Bf,AB— R pp
BfAAFl BF (52)
BfAB T pp

PROOF. At any object [p| of the simplicial category, R is given by the functor in (47)
Ry s AB, = Lax([p], B) — Graph(g,, B) — N5,

and, at any map a : [¢] — [p], the natural transformation

AB, - AB,

W B |

NB, NB. NB,,
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a=Rqa*vy

is defined by NB,R, = R,a*J,R, ——rtt 2.
1, and, for any b : [n] — [g], the commutativity coherence condition

NBb j%a

NB,NB, R, —=—" . NB, R, a*

NBa,bRpﬂ “ﬁzba*
R

NBgy Ry =2 R, b*a* = R,(ab)*,

holds since, by (49), R,b*a*v, o R,b*v,a*J,R, = R,b*v,a* o R,b* J,R,a*v,,.

R,a* . When a = 1p,), clearly él[p] = Ryv, =

By [42, Corollary 1], every functor R, : AB, — NB, induces a homotopy equivalence
on classifying spaces BR, : BAB, = BNB, since it has the functor J, in (47) as a left

adjoint. Then, the induced map in (51) is actually a homotopy equivalence by

Corollary 3.3.1].
Now let F': B — B’ be any lax functor. Then, the square

AB— . NB

ar| |xr

AB’LMB'

commutes since, for any integer p > 0 and a : [q] — [p], we have

45)

NF, R, = R F.J,R, "= R\F, = R, AF,,
NFR, = NF,R, o NF,R, = R.F,J,R,a"v, o R.a*V,F..J,R,

(45) R;a*F*Vp o R;a*V;F*JpRp 2 R;a*V;F* = R.F. = R/,é\F“'

Hence, the commutativity of the square (52) follows:
BF Bf,R = B[,NF Bf,R = B([,NF [\R) =B [,(NFR)
= BfA(R'éF) = B(IAR’fAéF) = BfAR’ BIAAF.

We are now ready to complete the proof of Lemmas 2.9 and 2.10.

6.6. COROLLARY. For any bicategory B, there is a homotopy equivalence
k1 |AB| == BB,

47,

(53)

which is homotopy natural on lax functors. That is, for any lax functor F : B — B, there

is a homotopy k' |AF| = BF &,
|AB| —*~ BB

ar| jBF

|IAB|—~BB'.

(54)
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PRrROOF. Let NAB : A? — SimplSet be the bisimplicial set obtained from the simplicial
category AB : A’ — Cat with the nerve of categories functor N : Cat — SimplSet.

As AB is the simplicial set of objects of the simplicial category AB, if we regard AB
as a discrete simplicial category (i.e., with only identities as arrows), we have a simplicial
category inclusion map AB — AB, whence a bisimplicial inclusion map NAB — NAB,
where NAB is the bisimplicial set that is constant the simplicial set AB in the vertical
direction. Then, we have an induced simplicial set map on diagonals i : AB — diag NAB.
This map is clearly natural in B on lax functors and, by [16, Theorem 6.2], it induces
a homotopy equivalence on geometric realizations. Furthermore, a result by Bousfield
and Kan [7, Chap. XII, 4.3] and Thomason’s Homotopy Colimit Theorem [47] give us
the existence of simplicial maps p : hocolim NAB — diag NAB and 7 : hocolim NAB —
N/ AAB, which are natural on lax functors and both induce homotopy equivalences on
geometric realizations.

We then have a chain of homotopy equivalences between spaces

lil B[R

IAB] diag NAB| < |hocolim NAB| —"~ B [, AB BB,

where the last one on the right is the homotopy equivalence (50), all of them natural on
lax functors F': B — B'. Therefore, taking |u|® : |diag NAB| — |hocolim NAB| to be any
homotopy inverse map of |u|, we have a homotopy equivalence

k=B R-Inl-|ul*- il : |]AB| — BB,

which is homotopy natural on lax functors, as required. [

6.7. COROLLARY. If F, F' : B — B’ are two lax functors between bicategories, then any
lax or oplaz transformation between them o : F' = F' determines a homotopy, Ba : BF =
BF': BB — BB, between the induced maps on classifying spaces.

PROOF. In the proof of [16, Proposition 7.1 (ii)] it is proven that any « : F' = G gives rise
to a homotopy H(«) : |AF| = |AF’| : |AB| — |AB'|. Then, a homotopy Ba : BF = BF’
is obtained as the composite of the homotopies

BF = BFr® 22 /| AF|k* "2 | AF |k* 2L BF ikt = BF,

where £°® is a homotopy inverse of the homotopy equivalence k : |[AB| — BB in (53). =
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