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ABSTRACT

In this thesis, we study the homotopical relations of 2-categories, double categories,
and their oo-analogues. For this, we construct homotopy theories for the objects of
interest, and show that there are homotopically full embeddings of 2-categories into (oo, 2)-
categories, and of double categories into double (oo, 1)-categories, which are compatible
with the inclusions of 2-categories and (oo, 2)-categories into their double categorical
analogues.

In the strict setting, we first present two model structures on the category of dou-
ble categories and double functors, constructed in papers by the author, Sarazola, and
Verdugo. Unlike previously defined model structures for double categories, they recover
Lack’s model structure for 2-categories. More precisely, the horizontal embedding func-
tor from 2-categories to double categories is homotopically well-behaved, and embeds the
homotopy theory of 2-categories into that of double categories in a reflective way. While,
in the first model structure, all double categories are fibrant, the fibrant objects of the
second model structure are the weakly horizontally invariant double categories. We show
that both model structures are enriched over 2-categories, and that the model structure
for weakly horizontally invariant double categories is further monoidal with respect to the
Gray tensor product for double categories.

Going to the oo-world, we then consider oo-versions of these 2-dimensional categories.
Double (o0, 1)-categories are defined as double Segal objects in spaces which are complete
in the horizontal direction, and hence include (oo, 2)-categories in the form of Barwick’s
2-fold complete Segal spaces. We then construct a nerve from double categories to double
(00, 1)-categories, and show that it embeds the homotopy theory for weakly horizontally
invariant double categories into that of double (0o, 1)-categories in a reflective way. Fi-
nally, by restricting the nerve along the horizontal embedding, we obtain a nerve from
2-categories to 2-fold complete Segal spaces, which again embeds the homotopy theory of
2-categories into that of (oo, 2)-categories in a reflective way.

Keywords: 2-categories, double categories, (0o, 2)-categories, double (0o, 1)-categories,
nerve construction, homotopy theory.






RESUME

Dans cette these, on étudie les relations homotopiques des 2-catégories, doubles caté-
gories, et leurs oco-analogues. Pour cela, on munit les catégories d’objets d’intérét de
structures homotopiques, et on montre qu’il y a des plongements homotopiques pleins des
2-catégories dans les (oo, 2)-catégories, et des doubles catégories dans les doubles (oo, 1)-
catégories, qui sont compatibles avec les inclusions des 2-catégories et (oo, 2)-catégories
dans leurs analogues doubles catégoriques.

Dans le cadre strict, on présente tout d’abord deux structures de modeles sur la caté-
gorie des doubles catégories et doubles foncteurs, construites dans des articles par 'auteur,
Sarazola, et Verdugo. Contrairement aux structures de modeles existantes sur les doubles
catégories, ces nouvelles structures de modeéles recouvrent la structure de modeles de Lack
sur les 2-catégories. Plus précisément, le plongement horizontal des 2-catégories dans les
doubles catégories a un bon comportement homotopique, et donne un plongement réflexif
de la théorie d’homotopie des 2-catégories dans celle des doubles catégories. Tandis que,
dans la premiére structure de modeles, toutes les doubles catégories sont fibrantes, les ob-
jets fibrants de la seconde structure de modéles sont les doubles catégories faiblement et
horizontalement invariantes. On montre que les deux structures de modeles sont enrichies
sur les 2-catégories et que la structure de modeles pour les doubles catégories faiblement
et horizontalement invariantes est de plus monoidale par rapport au produit tensoriel de
Gray pour les doubles catégories.

En passant dans le cadre “infini”, on considére ensuite des oco-versions de ces caté-
gories 2-dimensionnelles. Les doubles (0o, 1)-catégories sont définies comme étant des
doubles objets de Segal dans les espaces qui sont complets dans la direction horizon-
tale, et contiennent ainsi les (0o, 2)-catégories sous la forme d’espaces de Segal complets
itérés introduits par Barwick. On construit ensuite un nerf depuis les doubles catégories
vers les doubles (oo, 1)-catégories et on montre qu’il donne un plongement réflexif de
la théorie d’homotopie des doubles catégories faiblement et horizontalement invariantes
dans celle des doubles (0o, 1)-catégories. Finalement, en restreignant le nerf le long du
plongement horizontal, on obtient un nerf depuis les 2-catégories vers les espaces de Segal
complets itérés, qui & nouveau donne un plongement réflexif de la théorie d’homotopie
des 2-catégories dans celle des (00, 2)-catégories.

Mots-clés: 2-catégories, doubles catégories, (oo, 2)-catégories, doubles (0o, 1)-catégories,
nerf, théorie d’homotopie.
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INTRODUCTION

We give here a general introduction about the main results appearing in this thesis.
We refer the reader to the beginning of each part for more specific introductions to the
content of each section.

THE SETTING

Higher category theory aims to study more structured objects than categories. While a
category consists of objects and morphisms between objects which compose associatively,
a higher category can be obtained by adding higher morphisms and by weakening the
associativity constraint. For example, a 2-category is obtained by also adding morphisms
between morphisms, called 2-morphisms, without changing the strictness of the associa-
tivity constraint of compositions. In particular, 2-categories are categories enriched in
categories, in the sense that their morphisms and 2-morphisms form a category of mor-
phisms between every pair of objects, rather than a set. Categories and 2-categories are
often too strict to accommodate many examples that appear in nature. In the perspective
of generalizing categories, an (0o, 1)-category is interpreted as a categorical structure that
admits morphisms in all dimensions, such that all k-morphisms are invertible for k& > 1,
where compositions are only defined, and associative up to higher invertible morphisms.
Such a higher structure should be thought of as a homotopical version of a category. Simi-
larly, we obtain the notion of an (0o, 2)-category by instead requiring that the k-morphisms
are invertible for k£ > 2, and this should again be interpreted as a weaker version of a
2-category. In particular, categories and 2-categories should give rise to (oo, 1)-categories
and (0o, 2)-categories whose higher invertible k-morphisms are all trivial.

While the strict versions can be defined by fully describing their structure, to make
sense of their oco-analogues, we need models. The machinery used here is often that
of model categories, which provide a good environment to do homotopy theory. Then,
the (00, 1)-categories and (oo, 2)-categories are defined as the fibrant objects of a given
model structure. In particular, model categories were introduced by Quillen in [Qui67]
to axiomatize the homotopy theory of spaces, which are equivalent to (oo, 0)-categories —
also called co-groupoids — by Grothendieck’s homotopy hypothesis. Hence spaces give a
model of co-groupoids, and furthermore, the usual nerve from categories to simplicial sets
restricts to a homotopically full embedding of groupoids into co-groupoids, in the form
of Kan complexes.

Several models of (oo, 1)-categories have been developed: among others, there are quasi-
categories, originally defined by Boardman and Vogt [BV73], and further developed by
Joyal [Joy02] and Lurie [Lur09], simplicial categories, defined by Quillen [Qui67] and
developed as a model for (0o, 1)-categories by Bergner [Ber07], and complete Segal spaces,
due to Rezk |[Rez01]. Furthermore, all the models of (oo, 1)-categories have been shown
to be equivalent, and (oo, 1)-category theory has been developed in a model-independent
way by Riehl and Verity [RV19]. Similarly to the case of co-groupoids, a category can be
interpreted via nerve constructions as an (oo, 1)-category. In the model of quasi-categories,
this construction is given by the usual nerve from categories to simplicial sets, while there
are adapted versions for the models of simplicial categories and complete Segal spaces.

Going one dimension up, different models of (0o, 2)-categories generalizing the models
of (00, 1)-categories mentioned above have also been introduced. As a generalization
of quasi-categories, we have the 2-quasi-categories, due to Ara [Arald4], while simplicial
categories can be generalized to categories enriched in quasi-categories or complete Segal
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spaces, for example. These latter models again interpret (oo, 2)-categories as categories
enriched in (00, 1)-categories, which gives the co-analogue of the fact that a 2-category is
an enriched category in categories. Finally, the model of complete Segal spaces admits two
generalizations: one given by Rezk’s Os-spaces [Rez10], and the other by Barwick’s 2-fold
complete Segal spaces [Bar05]. There are also other models of (00, 2)-categories that we
did not mention here, and all these models of (00, 2)-categories have also been shown to
be equivalent. Hence this gives several nice contexts in which one could study the theory
of (oco,2)-categories. Moreover, several nerves that fully embed the homotopy theory
of 2-categories into that of (0o, 2)-categories have already been constructed in different
models: into saturated 2-precomplicial sets by Ozornova and Rovelli in [OR19], into 2-
quasi-categories by Campbell in [Cam20], and into co-bicategories by Gagna, Harpaz, and
Lanari in [GHLI9].

Another type of 2-dimensional category, which are closely related to 2-categories but
are obtained by different methods, is that of a double category. While 2-categories are
extending the notion of a category by adding 2-morphisms between the morphisms and
hence can be seen as a globular version of a 2-dimensional category, double categories
have two directions and hence give a cubical version of a 2-dimensional category. More
precisely, a double category has two kinds of morphisms between the objects — called
horizontal and vertical morphisms — and its 2-morphisms are squares. In particular, there
is a horizontal embedding of 2-categories into double categories, which interprets a 2-
category as a horizontal double category with only trivial vertical morphisms. As in the
2-categorical case, there is an co-analogue of a double category modeled by Segal objects
in complete Segal spaces, due to Haugseng [Haul3].

In this double categorical context, the strict and oo-versions have not yet been com-
pared. A natural expectation is that there is an co-version of the horizontal embedding,
which embeds (oo, 2)-categories into double (oo, 1)-categories, and that 2-categories and
double categories embed into their more homotopical versions, in such a way that the
following diagram commutes.

{2-categories} ———  {(00, 2)-categories}

{double categories} ———— {double (00, 1)-categories}

The aim of this thesis is to make sense of this picture by constructing homotopy theories
for double categories, as well as a comparison nerve functor from double categories to
double (o0, 1)-categories which is homotopically well-behaved, and hence shows that the
double categorical co-setting extends the strict one. Furthermore, since (0o, 2)-categories
in the form of 2-fold complete Segal spaces are in particular double (oo, 1)-categories, we
interpret this inclusion as the co-analogue of the horizontal embedding. We then show
that the double categorical nerve functor restricts along the horizontal embedding of 2-
categories into double categories, and provide a new nerve construction for 2-categories
into the model of 2-fold complete Segal spaces.

WHY DOUBLE CATEGORIES?

The theory of (oo, 1)-categories has been the most studied until now. Since (oo, 1)-
categories should be thought of as a “weak” version of categories, it has been shown that
all the constructions and theorems of category theory are supported in an (0o, 1)-category,
but in a weaker way, i.e., everything should not work strictly anymore but up to coherent
homotopy. For example, the notion of limit has been constructed in each of the models
of (oo, 1)-categories presented above, and they correspond to each other when passing
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from a model to another. A well-known result in category theory characterizes a limit
of a functor as a terminal object in the category of cones over this functor. Using this
characterization, limits in an (oo, 1)-categories have then been constructed as terminal
objects in the corresponding (oo, 1)-category of cones (see [Joy02) [Lur09, Ras18|, [RVI9)
RV15, Rov19]).

Going one dimension up, we would also like to develop a useable theory of (oo, 2)-
categories, and in particular a notion of limit in an (oo, 2)-category. For this, we first
want to see if, in the strict setting, limits in a 2-category admit a similar characterization
to the one of a limit in a (1-)category in terms of terminal objects. Since 2-categories
are categories enriched in categories, a more accurate notion of limit in a 2-category
is that of a 2-limit, first introduced by Auderset [Aud74] and Borceux-Kelly [BK75],
and further developed by Street [Str76], Kelly [Kel82 [Kel89] and Lack [LaclO]. A 2-
limit is an enriched version of a limit, in the sense that its universal property is now
expressed in terms of an isomorphism between hom-categories, rather than hom-sets. As
an example, the category of algebras over a monad, also called Eilenberg-Moore category,
can be obtained as a special kind of 2-limit (called lazx limit). Hence having such a notion
of limit in the (oo, 2)-categorical context would allow us to study algebraic objects in a
more homotopical way. However, as clingman and the author show in [cM20], a 2-limit
cannot be characterized as a 2-terminal object in the corresponding 2-category of cones,
and we might therefore not be able to adapt the construction of limits in the (oo, 1)-
categorical setting given above to the (0o, 2)-categorical one.

This is where it becomes interesting to work with double categories. Indeed, by looking
at 2-categories as horizontally embedded in double categories, results by Grandis and Paré
[Gra20l, (GP99] show that a 2-limit of a 2-functor is equivalently a double terminal object
in the double category of cones over the corresponding horizontal double functor. Hence,
a passage from the 2-categorical setting to the double categorical one allows us to get the
desired characterization of 2-limits in terms of some kind of terminal objects, which we
might be able to import to the co-world.

While this issue arises in the strict context, we would like to see if it is still happening
in the more homotopical setting, which is sometimes better behaved. For this, we aim to
understand if the strict setting extends to the oo-setting, by showing that 2-categories and
double categories are special instances of (0o, 2)-categories and double (oo, 1)-categories
in such a way that these inclusions are compatible with the horizontal embeddings. As
mentioned above, this is the matter addressed in this thesis. Hence, the results proved
here imply that one could not define a limit in an (oo, 2)-category as a terminal object
in the corresponding (00, 2)-category of cones, but one would rather need to pass to the
double (oo, 1)-categorical setting and define a limit in an (oo, 2)-category as a terminal
object in the corresponding double (0o, 1)-category of cones. Another approach to limits
in an (0o, 2)-category has been taken by Gagna, Harpaz, and Lanari in [GHL20].

HoMOTOPY THEORY OF DOUBLE CATEGORIES

A first step towards showing that 2-dimensional categories are embedded in their oo-
analogues is to construct homotopy theories for 2-categories and double categories. As
mentioned above, the language of model categories provides a good framework to do
homotopy theory. A model structure is defined to be the data of three classes of morphisms
in a category — called weak equivalences, cofibrations, fibrations — satisfying some axioms
(see Definition , where the weak equivalences yield a weaker notion of invertibility
between the objects of the ambient category. In particular, a fibration which is also a
weak equivalence is called a trivial fibration, and a model structure is fully determined by
the data of its classes of weak equivalences and trivial fibrations, as well as by its classes
of trivial fibrations and fibrant objects, i.e., the objects such that the unique morphism
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to the terminal object is a fibration. We will therefore only specify such classes to give
the data of the model structures considered in this introduction.

Going back to our matter, we aim to endow the categories 2Cat of 2-categories and
2-functors and DblCat of double categories and double functors with model structures.
In the case of 2-categories, Lack constructs in [Lac02, [Lac04] a model structure on 2Cat
whose weak equivalences are the biequivalences, i.e., the 2-functors which admit a pseudo-
inverse up to pseudo-natural equivalence. Note that all 2-categories are fibrant in this
model structure. As for double categories, Fiore, Paoli, and Pronk construct several model
structures on DblCat in [FP10, [FPP08]. However, their model structures on DblCat do
not recover the Lack’s model structure on 2-categories through the horizontal embedding.

Therefore, in [MSV20al, the author, Sarazola, and Verdugo construct a new model
structure on DblCat, compatible with the horizontal embedding of 2-categories into dou-
ble categories. In particular, it is obtained as an induced model structure from two
copies of Lack’s model structure, and its weak equivalences, called suggestively double
biequivalences, give a double categorical analogue of biequivalences for 2-categories. Un-
der some assumption, they can indeed be characterized as the double functors which have
a pseudo-inverse up to horizontal pseudo-natural equivalence. The following result sum-
marizes the main features of this model structure and is a compilation of Theorem [7.1.3]

and Propositions [7.2.5] and [7.2.10

Theorem A. There is a model structure on DblCat, in which the weak equivalences
are the double biequivalences, and the trivial fibrations are the double functors which are
surjective on objects, full on horizontal morphisms, surjective on vertical morphisms, and
fully faithful on squares. Moreover, all double categories are fibrant.

By construction this model structure has the correct homotopical behavior with respect
to the horizontal embedding of 2-categories into double categories, which we denote by
H: 2Cat — DblCat. Indeed, this functor is both left and right Quillen, and homotopically
fully faithful from Lack’s model structure to the model structure for double categories
defined above. Furthermore, Lack’s model structure is also both left- and right-induced
along H from the model structure on DblCat, and this shows that the homotopy theory
of 2-categories is completely determined by this homotopy theory of double categories
through the horizontal embedding. This is the content of the next theorem, which appears

as Theorems [7.4.1], [7.4.4) [7.4.6] and [7.4.7] in this thesis.

Theorem B. The horizontal embedding functor H: 2Cat — DDblCat is both left and
right Quillen, and homotopically fully faithful, where 2Cat is endowed with Lack’s model
structure and DblCat is endowed with the model structure of Theorem[Al Moreover, Lack’s
model structure is both left- and right-induced along H from the model structure on DblCat

of Theorem [A]

While this model structure is as compatible as possible with the horizontal embedding,
it is unsurprisingly not well-behaved with respect to the vertical direction. For instance,
as described in Theorem [A] the trivial fibrations in this model structure are not symmetric
between the horizontal and vertical directions. Indeed, while they are full on horizontal
morphisms, they are only surjective on vertical morphisms. This will be an issue when try-
ing to apply the nerve functor from double categories to double (0o, 1)-categories. Indeed,
it will not have the correct homotopical behavior with respect to this model structure, as
for instance the model structure for double (0o, 1)-category does not carry this asymme-
try. Furthermore, as we will see below, the double categories whose nerve is fibrant, i.e.,
is a double (00, 1)-category, are precisely the weakly horizontally invariant ones, where
a weakly horizontally invariant double category, first introduced in [MSV20b], is defined
as a double category in which the vertical morphisms can be transferred along horizontal
equivalences. Hence, to remedy these shortcomings, we construct in [MSV20b] another




RELATIONS BETWEEN 2-DIMENSIONAL CATEGORIES AND THEIR co-ANALOGUES xi

model structure on DblCat, whose trivial fibrations behave symmetrically between the
horizontal and vertical directions, and whose fibrant double categories are the weakly hor-
izontally invariant ones. This results appears as Proposition [8.1.2] and Theorem [B.1.15]

Theorem C. There is a model structure on DblCat, in which the trivial fibrations are the
double functors which are surjective on objects, full on horizontal and vertical morphisms,
and fully faithful on squares, and the fibrant objects are the weakly horizontally invariant
double categories.

While we could not get an explicit description of the weak equivalences in general, we
show in Proposition that double biequivalences are in particular weak equivalences
in this second model structure, and in Proposition that weak equivalences between
weakly horizontally invariant double categories are precisely the double biequivalences.
As a consequence, the weak equivalences between fibrant objects are precisely the double
functors which have a pseudo-inverse up to horizontal pseudo-natural equivalence. Fur-
thermore, as described in the next result, the homotopy theory of weakly horizontally
invariant double categories is contained in that of double categories. This appears as

Theorem [R.4.1]

Theorem D. The identity functor id: DblCat — DblCat is right Quillen, and homo-
topically fully faithful, from the model structure on DblCat of Theorem [( for weakly
horizontally invariant double categories to the model structure on DblCat of Theorem [4]

While the horizontal embedding H: 2Cat — DblCat remains left Quillen and homo-
topically fully faithful from Lack’s model structure to this new model structure, it is not
right Quillen anymore. Indeed, the horizontal double category H.A associated to a 2-
category A is typically not weakly horizontally invariant; see Remark [8.4.5] We consider
instead a more homotopical version of H given by the functor H=: 2Cat — DblCat, which
sends a 2-category A to the double category H~.A which is defined as H.A on horizontal
data and whose vertical morphisms are now given by the adjoint equivalences in A. In
particular, the inclusion HA — H~A is a weak equivalence, which exhibits H=A as a fi-
brant replacement of H.A in the model structure for weakly horizontally invariant double

categories. These results are summarized in the following theorem, which is a compilation
of Theorems [8.4.7] [8.4.9 and [8.4.11]

Theorem E. The homotopical horizontal embedding H™ : 2Cat — DblCat is right Quillen,
and homotopically fully faithful, where 2Cat is endowed with Lack’s model structure and
DblCat is endowed with the model structure of Theorem [( for weakly horizontally invari-
ant double categories. Lack’s model structure is further right-induced along H= from the
model structure on DblCat of Theorem [C.

Moreover, the double category H=A provides a fibrant replacement of HA in the model
structure on DblCat of Theorem[C.

RELATIONS BETWEEN 2-DIMENSIONAL CATEGORIES AND THEIR 00-ANALOGUES

As mentioned above, the models of double (oo, 1)-categories and (o0, 2)-categories we
want to consider are given by Segal objects in complete Segal spaces and 2-fold complete
Segal spaces. In this thesis, since we want to see (0o, 2)-categories as horizontally embed-
ded in double (00, 1)-categories, we actually consider a transposed notion of Haugseng’s
Segal objects in complete Segal spaces mentioned above, where the completeness con-
dition is in the horizontal direction. We refer to them as horizontally complete double
(00, 1)-category. In particular, the horizontally complete double (oo, 1)-category and 2-
fold complete Segal spaces are given by the fibrant objects in two different model structures
on bisimplicial spaces, i.e., bisimplicial objects in the category sSet of simplicial sets and
simplicial maps. Moreover, the model structure on sSet®”" *2"" for 2-fold complete Segal



xii LYNE MOSER

spaces can be obtained as a localization of the model structure on sSet®” *2*" for hori-
zontally complete double (oo, 1)-categories, and hence the identity on sSet2 XA gives
a homotopically full embedding of (00, 2)-categories into double (oo, 1)-categories, which
we interpret as the co-version of the horizontal embedding.

In order to compare these oo-versions of 2-dimensional categories with their stricter
versions, we construct a nerve functor N: DblCat — sSet®”"*2*" from double categories
into bisimplicial spaces. By studying the fibrancy of the nerves in the model structure
for horizontally complete double (oo, 1)-categories, we can see that the nerve of a double
category is fibrant if and only if the double category we started with is weakly horizontally
invariant. This forces us to consider the model structure on DblCat for weakly horizontally
invariant double categories for the nerve to be right Quillen. As summarized below, we
show that the nerve has the right homotopical properties, embedding double categories
into their co-analogues. This appears as Theorems [11.3.1] [11.2.7|and [11.4.8]

Theorem F. The nerve functor N: DblCat — DblCatZo is right Quillen, and homotopi-
cally fully faithful, where DblCat is endowed with the model structure of Theorem [( for
weakly horizontally invariant double categories, and DblCatZo denotes the model structure
on sSetA” XA for horizontally complete double (00, 1)-categories. Moreover, the nerve
of a double category A is a horizontally complete double (0o, 1)-category if and only if the
double category A is weakly horizontally invariant.

Now, recall that the horizontal double category H.A associated to a 2-category A is in
general not weakly horizontally invariant, and hence, by the above result, the nerve NH.A
does not give a double (oo, 1)-category nor a 2-fold complete Segal space. In order to
restrict the nerve N to a nerve from two categories, we therefore need to consider instead
a horizontal homotopical embedding H~: 2Cat — DblCat. By pre-composing with this
embedding, we obtain a nerve functor NH~: 2Cat — sSet2”*A% - which embeds the
homotopy theory of 2-categories into that of 2-fold complete Segal spaces. Furthermore,
we construct a level-wise homotopy equivalence between the nerves NH~A and NH.A
of a 2-category A, showing that NH~A exhibits a fibrant replacement of NH.A. The
below theorem recapitulates these results, and appears as Theorems [12.1.1], [12.2.7], [12.1.3]
and [[2.3.51

Theorem G. The nerve functor NH~: 2Cat — 2CSS is right Quillen, and homotopically
fully faithful, where 2Cat is endowed with Lack’s model structure, and 2CSS denotes the
model structure on sSet™" *2"" for 2-fold complete Segal spaces. Lack’s model structure
on 2Cat is further right-induced from the model structure 2CSS for 2-fold complete Segal
spaces.

Moreover, the nerve NH™A provides a fibrant replacement of the nerve NHA in 2CSS
(and in DblCat”. ), for every 2-category A.

In particular, the results given in this thesis can be summarized by the following dia-
gram of right Quillen and homotopically fully faithful functors

9Cat — ", 90SS

|

DblCat A= id

]

DblCat —— DblCat,

filled with a natural transformation which is level-wise a weak equivalence. This gives the
expected compatibility of the different categorical objects present in this diagram.
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OUTLINE

The different parts of the thesis are organized as follows. In Part [[] we first introduce
2-categories and double categories. We then present in Part [[T] the main aspects of the
theory of model categories. The reader familiar with 2-dimensional categories and model
categories may wish to skip these two first parts, except maybe Section [3.6] which presents
notions of weak horizontal invertibility in a double category whose theory was developed
in [MSV20al, MSV20Db, Mos20]. Then, in Part we construct two model structures for
double categories, based on results of joint work [MSV20a, MSV20b] with Maru Sarazola
and Paula Verdugo. Then, in Part[[V] we introduce the co-analogues of 2-categories and
double categories and, finally, in Part [V] we give the nerve construction, defined in the
paper [Mos20] by the author, relating the strict notions with their co-versions. A more
detailed outline can be found at the beginning of each part and each section.
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PART 1.

2-DIMENSIONAL CATEGORIES

A category consists of objects and morphisms together with an associative and unital
composition on its morphisms. In particular, such a structure can be obtained by two
different categorical constructions from the category Set of sets and maps. The first
construction is given by “enrichment”: a category is a category enriched in Set, in the
sense that its morphisms between every pair of objects form a set. The second construction
is given by “internalization”: a category is an internal category to Set. In other words,
it is a diagram in Set which consists of a set of objects and a set of morphisms, as
well as maps representing source, target, identities, and compositions of morphisms. In
particular, categories form themselves a category Cat with functors as morphisms.

These “enrichment” and “internalization” constructions can be iterated, and we can
study the categories enriched over Cat, as well as the categories internal to Cat. While for
sets, the processes of enrichment and internalization give the same notion of categories,
in the case of Cat, they give rise to two different notions. A category enriched over Cat
is called a 2-category. As a category, it has objects, but rather than a set of morphisms,
it now has a category of morphisms between any pair of objects. The morphisms in
these hom-categories are called 2-morphisms, and are morphisms between morphisms. In
comparison, an internal category to Cat is called a double category, and it has two kinds
of morphisms between its objects — called the horizontal and vertical morphisms. Its 2-
morphisms sit in a square of two horizontal morphisms and two vertical morphisms, and
are therefore called squares. In particular, a 2-category can always be seen as a horizontal
double category with only trivial vertical morphisms. These 2-dimensional categories also
come with a notion of morphisms preserving their structure, called 2-functors and double
functors, respectively, and they form categories 2Cat and DblCat, respectively.

While 2-categories seem to be a more direct generalization of a category, many aspects
of 2-category theory benefit from a passage to double categories. For example, a good
notion of limit for 2-categories is that of a 2-limit, first introduced by Auderset [Aud74]
and Borceux-Kelly [BK75], and further developed by Street [Str76], Kelly [Kel82) Kel89]
and Lack [Lacl0]. As clingman and the author show in [cM20], a 2-limit cannot be
characterized as a 2-terminal object in the corresponding 2-category of cones, but a pas-
sage to double categories allows such a characterization by results of Grandis and Paré
[Gra20l, [GP99]. Indeed, they show that the 2-limit of a 2-functor is double terminal in
the double category of cones over the corresponding horizontal double functor.

In this first part, we introduce the theory of 2-categories and double categories and
study their relations. While the theory of 2-categories is more classical, we show that
it can be generalized in the context of double categories. In particular, we show that
both categories 2Cat and DblCat are cartesian closed, and that they both admit a closed
symmetric monoidal structure given by the Gray tensor product, introduced by Gray
[Gra74] for 2-categories and by Bohm [B6h19] for double categories. We also show that
they both have weak invertibility notions for their morphisms, by defining an equivalence
to be a morphism which has an inverse up to 2-isomorphism. In the case of double
categories, this also induces a notion of weak invertibility for its squares, which was
recently introduced independently by the author, Sarazola, and Verdugo in [MSV20al,
and by Grandis and Paré in [GP19]. In particular, using this terminology, we can define
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weakly horizontally invariant double categories, which correspond to the class of fibrant
objects of one of the model structures on DblCat, and which were first introduced by the
author, Sarazola, and Verdugo in [MSV20b].

In Section [I], we first give a brief introduction on enriched categories and locally pre-
sentable categories. We then introduce 2-categories in Section [2] and show that they have
the properties mentioned above. Finally, in Section [3| we show that this theory extends
to the context of double categories, and we compare the categories 2Cat and DblCat
through several adjunctions.

1. PRELUDE ON ENRICHED CATEGORIES AND LOCALLY PRESENTABLE CATEGORIES

In this first section, we introduce some terminology about enriched categories and lo-
cally presentable categories, which will be useful in the rest of the thesis. In Section
we first recall briefly the definition of a category enriched over a monoidal category. We
then introduce tensored and cotensored enriched categories, and show several technical re-
sults which follow from the universal properties in the definitions of tensors and cotensors.
In Section we introduce locally presentable categories, which gives a useful condition
of “smallness” on a category preventing us running into set-theoretic issues. In particular,
all categories considered in this thesis satisfy this condition and, as an example, we show
that the categories Set of sets and Cat of small categories are locally presentable.

1.1. Enriched categories. A category consists of a collection of objects together with a
hom-set of morphisms between every pair of objects, which have an associative and unital
composition. This concept can be generalized by requiring that the hom objects are
objects in a monoidal category rather than sets. In this section, we introduce briefly this
generalization of categories, called enriched categories, in order to fix some terminology
for the rest of the thesis.

First, recall that a monoidal category (T,®,I) is a category T endowed with a monoidal
product ®: T x T — 7T which is associative and unital with respect to the monoidal unit
I € T up to canonical isomorphisms. We say that it is symmetric monoidal if the monoidal
product is symmetric up to isomorphism. Furthermore, we say that it is closed if it admits
internal homs, defined as follows.

Definition 1.1.1. A monoidal category (7,®,1) is closed monoidal if, for every pair
of objects S,T € T, there is a internal hom object [S,T] € T and an isomorphism

T(R®S,T)=T(R,[S,T])
natural in R, S, and T

Remark 1.1.2. Using the universal property of the internal hom, one can show that it
induces a functor [—,—]: T°°? x T — T. In particular, given an object S € T, the
isomorphisms in the definition above imply that the functor [S, —]: 7 — T is right adjoint
to the functor —®.S: T — 7. As a consequence, we get that the tensor product preserves
colimits in the first variable. Furthermore, if the tensor product is symmetric, it preserves
colimits in both variables.

While the isomorphisms expressing the universal property of the internal hom in the
definition above are isomorphisms of sets, they can be upgraded to isomorphisms in the
ambient category.

Proposition 1.1.3. Let (T,®,1) be a closed monoidal category. For every tuple of objects
R, S, and T in T, there is an isomorphism in T

[R®S,T]=[R,[S,T]]
natural in R, S, and T.
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Proof. By the universal property of the internal hom [—, —] and the associativity of ®,
we have that

TQRISTN)=2TQ@R,[S,T) =T(Q@ R) S, T)
YT(Q®R(R®S),T)=T(Q,[R®S,T)),

for every object @ € T. Hence, by the Yoneda Lemma, we can conclude that there is an
isomorphism [R® S,T| = [R,[S,T]] in T, natural in R, S, and T O

An example of monoidal structure on a category is given by the product, which exists
under the assumption that the category considered is complete, i.e., it admits all small
limits.

Remark 1.1.4. If T is complete, then the product x: T x T — 7T defines a symmetric

monoidal product on 7, with monoidal unit the terminal object * € T. If T is closed
with respect to the product, we say that it is cartesian closed.

We now introduce the concept of categories enriched in a monoidal category.

Definition 1.1.5. Let (7,®,I) be a monoidal category. A T-enriched category .4
consists of
(i) objects A,C, E, ...,
(ii) a hom object A(A,C) € T, for every pair of objects A and C,
(iii) a composition morphism o: A(A,C) ® A(C,E) — A(A, E) in T, for every tuple
of objects A, C, and E,

(iv) an identity morphism id4: I — A(A, A), for every object A,
such that composition is associative and unital in 7. See |[Riel4, Definition 3.3.1] or
[Kel05, §1.2] for a complete definition.

Remark 1.1.6. In particular, a closed monoidal category (7, ®,I) is enriched over itself
with hom objects given by the internal homs [—, —].

Given two enriched categories, we can define a notion of morphisms between those as
follows.

Definition 1.1.7. Let (7,®,I) be a monoidal category, and let A and B be T-enriched
categories. A T-enriched functor F': A — B consists of

(i) an assignment on objects A € A— FA € B,

(ii) a morphism Fy ¢: A(A,C) — B(FA, FC) in T, for each pair of objects A,C € A,
such that it is compatible with compositions and identities of A and B. See [Riel4
Definition 3.5.1] or [Kel05, §1.2] for a complete definition.

Enriched categories and enriched functors assemble into a category.

Notation 1.1.8. Let (7, ®, I) be a monoidal category. We write T —Cat for the category
of T-enriched categories and T-enriched functors.

As mentioned in the introduction, the hom objects of a category are sets, and hence
they correspond to categories enriched over Set, the category of sets and maps.

Example 1.1.9. A Set-enriched category is a category and a Set-enriched functor is a
functor. Hence the category Cat of categories and functors correspond to the category
Set—Cat.

Every enriched category has an underlying category, which is given by applying the
functor 7(I,—): T — Set, where I is the monoidal unit, to its hom objects.

Definition 1.1.10. Let A be a T-enriched category. Its underlying category Ay is
the category with the same objects as A and with hom-sets Ag(A,C) = T (I, A(4,C)).
See [Riel4l Definition 3.4.5] or [Kel05, §1.3] for a complete definition.
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When the enriching category is closed monoidal, we can further define tensored and
cotensored enriched categories as follows

Definition 1.1.11. Let 7 be a closed monoidal category. A T-enriched category A is
said to be tensored over T if, for every object A € A and every object T' € T, there is
an object A®4 T € A and an isomorphism

A(A4T,C) = [T, A(A,C),
for every object C' € A, natural in A, C, and T. It is cotensored over T if, for every
object C' € A and every object T € T, there is an object CT € A and an isomorphism
[T, A(A, C)] = A(A,CT),
for every object A € A, natural in A, C, and T.

Remark 1.1.12. By applying the functor 7(I,—): 7 — Set to the above isomorphisms,
we obtain isomorphisms of sets

AO(A ®A T7 C) = T(Ta A(A’ C)) = AO(Aa CT)
natural in A, C, and T.

Remark 1.1.13. In particular, a closed symmetric monoidal category (7, ®, I) is tensored
and cotensored over itself, with tensors given by the monoidal products ® and cotensors
given by the internal homs [—, —].

Remark 1.1.14. Using the universal property of the tensor and the cotensor, one can
show that they induce functors — ®4 —: Ax T — A and (=)(7): TP x A - A. In
particular, given an object A € A, the functor A ®4 —: T — A is left adjoint to the
functor A(A,—): A — T and, for every object S € T, the functor — ®4 S: A — A is
right adjoint to the functor (—)°: A — A. As a consequence, the tensoring functor ® 4
preserves colimits in both variables.

The following results tell us that the tensors and cotensors of an enriched category
commute with the tensor of the enriching category.

Proposition 1.1.15. Let (T,®, 1) be a closed monoidal category, and let A be a tensored
and cotensored T -enriched category. Then, for every object A € A and every pair of
objects S,T € T, we have isomorphisms

(A4 8) AT =ZAR4(S®T) and ()T = 5T
natural in A, S, and T.
Proof. We prove that the first isomorphism holds. By Remark[I.1.12)and since 7 is closed
monoidal, we have that
Ao((A®48) @4T,C) = Ag(A®4 S,CT) = T(S,A(A,CT))
=TS, [T,AAC))=T(S®T,AA,C))
= A(A®a(SeT),0),
for every object C' € A. Hence, by the Yoneda lemma, we can conclude that there is an

isomorphism (A®4S) @4 T 2 A4 (S®T) in A, natural in A, S, and T. The other
isomorphism can be shown to hold similarly. O

Finally, we show that, if we are only given the isomorphisms of sets of Remark
we can upgrade them to isomorphisms in the monoidal category 7, and hence the set-
level isomorphisms are enough to determine when a T -enriched category is tensored and
cotensored.
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Corollary 1.1.16. Let (T,®,1) be a closed symmetric monoidal category, and let A be
a T-enriched category. If

(i) for every pair of objects A,C' € A and every object T € T, there are objects AR AT
and CT in A together with isomorphisms of sets

Ap(A@4T,C) = T(T,A(A,C)) = Ag(A, CT)

natural in A, C, and T,
(ii) for every object A € A and every pair of objects S, T € T, there is an isomorphism

(ARAT) QU AZ A4 (T®S)
in A natural in A, S, and T,

then A is tensored and cotensored over T .

Proof. By the above isomorphisms, and the commutativity of ®, we have that

T(S, A(A@AT,C)) = Ay(A®RAT) @45, C) = Ag(Ac4 (T® S),C)
= T(T® S, AAC) ZT(S®T, AA,C))
=T(S,[T, A4, O)]),

for every object S € T. Hence, by the Yoneda Lemma, we deduce that there is an
isomorphism A(A®4T,C) = [T, A(A,C)] in T, natural in A, C, and T'. Similarly, one
can show that there is an isomorphism [T, A(A,C)] = A(A,CT) in T, natural in A, C,
and T'. This shows that A is a tensored and cotensored T-enriched category. U

1.2. Locally presentable categories. In this section, we introduce conditions of “small-
ness” on a category, namely that of local presentability categories. In particular, all the
categories considered in this thesis satisfy this condition. We give a characterization of
these locally small categories in terms of limit-sketches, which will be useful to prove that
the categories considered in this thesis are locally presentable. In particular, we show
that the category Cat of small categories and functors is locally presentable using this
characterization. The definitions and results in this section are based on [AR94, §1].
We first define what it means for an object in a category to be small.

Definition 1.2.1. Let M be a category and A be a regular cardinal. An object A € M
is said to be A-small if, for every A-filtered colimit of a diagram {X,} in M, there is an
isomorphism colim, M(A, X,,) = M(A, colim, X,,)

A category is locally presentable when it is cocomplete, i.e., it admits all small
colimits, and it is generated by a set of small objects, as described below.

Definition 1.2.2. A category M is locally presentable if it is cocomplete, and there
is a regular cardinal A and a set G of A-small objects in M such that every object in M
is a A-filtered colimit of objects in G.

In particular, given a locally presentable category, the accessibly embedded, full, re-
flective subcategories of this category are also locally presentable. We first recall what a
full, reflective subcategory is before proving this result.

Definition 1.2.3. Let M be a category. A full, reflective subcategory N of M is
a subcategory of M such that the inclusion functor I: N' — M admits a left adjoint
L: M—N.

Remark 1.2.4. Equivalently, the inclusion I: N'— M as above is full if and only if the
counit €: LI = idys of the adjunction L - I is a natural isomorphism.



6 LYNE MOSER

Proposition 1.2.5. Let A be a regular cardinal, and M be a locally presentable category
with set G of A-small objects such that every object in M is a A-filtered colimit of objects
in G. Then, a full, reflective subcategory N of M such that the inclusion I: N — M
preserves A-filtered colimits is also locally presentable.

Proof. Let L: M — N denote the left adjoint of the inclusion I: N' — M. We first prove
that A is cocomplete. Let F': A — N be a diagram in N. By post-composing F with
the inclusion I, we get a diagram IF: A — M. Since M is cocomplete, this diagram
admits a colimit, denoted by colim 4 [ F, in M. By applying the left adjoint L, we get an
isomorphism in A/
L(colim4 IF) = colim 4 LIF == colim g F,

since L preserves colimits, and the counit e: LI = idy is a natural isomorphism. This
shows that L(colim4 I'F) is a colimit for F' and hence that A is cocomplete. Now, we
show that LG = {LG | G € G} is a set of A-small objects in N such that every object in
N is a Miltered colimit of objects in LG. First, note that every object LG is A-small, for
G € G. Indeed, we have

N(LG,colim, X,,) = M(G, I(colim, X)) = M(G, colim,, I X,,)
=~ colim, M(G, IX,) = colim, N (LG, X,,),

for every Afiltered colimit of a diagram {X,} in A/, where we used the facts that L - I
is an adjunction, that I preserves A-filtered colimits, and that G € G is A-small in M.
Finally, given an object X € N, the object IX € M is a Mfiltered colimit /X = colim, G},
of objects G,, € G. Hence, we have an isomorphism in N

X =2 LIX = L(colim, G,,) = colim, LG,

since the counit e: LI = idas is a natural isomorphism, and L preserves colimits. This
shows that A is locally presentable. O

By results of [AR94], any locally presentable category is equivalent to a category of
models for a limit-sketch. We introduce this terminology before stating this theorem,
which will not be proven here since it involves more technicalities.

Definition 1.2.6. A limit-sketch is a tuple £ = (A, D, o) consisting of
(i) a small category A,
(ii) a set D of diagrams in A,
(iii) a map o which assigns to each diagram D € D a compatible cone o(D) under D
in A.

A model of the limit-sketch £ is a functor F': A°? — Set such that F(o(D)) is the
limit of the diagram F(D) in Set. We denote by Mod(L) the full subcategory of the
category Set”” of functors A° — Set and natural transformations between them.

Theorem 1.2.7. A category is locally presentable if and only if it is equivalent to a
category of models for a limit-sketch.

Proof. This is [AR94], Corollary 1.52]. O

Using this description of locally presentable categories, it is straightforward to see that
any category of presheaves in Set is locally presentable.

Example 1.2.8. Given a small category A, the category SetA” of functors A°P — Set
and natural transformations is locally presentable. Indeed, it corresponds to the category
of models for the limit-sketch £ = (A, D, o) with D = (. In particular, all accessibly
embedded, full, reflective subcategories of SetA” are also locally presentable by Proposi-
tion Note that this also implies that the category Set itself is locally presentable.
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Furthermore, from this description of locally presentable categories using limit-sketches,
we can show that every locally presentable is also complete, i.e., it admits all small limits.

Proposition 1.2.9. A locally presentable category is complete.

Proof. We show that a category Mod(L) of models for a limit-sketch £ = (A, D, o) is
complete, which implies the result since every locally presentable is equivalent to such
a category by Theorem Let {F;}icz be a diagram in Mod(L), where Z is a small
category. Then it is also a diagram in SetA” and, since SetA™ is complete, the limit
lim;ez Fy in SetA” exists. We show that, for every diagram D € D, (lim;er F;)(o(D)) is
the limit of the diagram (lim;cz F;)(D). Since limits are computed point-wise in Set”™",
limits commute among each other, and F; € Mod(£) for all i € Z, we have that

(limsez F3)(0(D)) = limiez (Fi(0(D))) = limser (limp F5(D))
=~ limp (limyer (F3(D))) 2 limp (limer ) (D),

for every diagram D € D, which shows that lim;cz F; € Mod(£). This concludes the
proof that Mod(£) is complete. O

Finally, we use this limit-sketch characterization of locally presentable categories to
show that Cat is locally presentable. This proof can be adapted to the context of double
categories, as we will see in Proposition [3.1.6

Notation 1.2.10. For n > 0, we define the category [n] to be the category induced by
the poset {0 <1 < ... <n}. In other words, the category [n] is the category free on n
composable morphisms, i.e., the category generated by the following data

0 1 2 n—1—n.

In particular, the category [0] is the terminal category, and the category [1] is the category
free on a morphism.

Proposition 1.2.11. The category Cat of small categories and functors is locally pre-
sentable.

Proof. We construct a limit-sketch £ = (A, D, o) such that the category Mod (L) of models
for L is equivalent to Cat. Let A := Ag be the category generated by the following diagram

3
dt — 4

[0] "— [1] —ar— [2] =4 (3],

—_—
— d
N

where the functors d*: [n — 1] — [n] are induced by the order-preserving maps which
omit 4, and the functors s7: [n] — [n — 1] are induced by the order-preserving maps which
double j, forall 1 <n <3,0<i<nand 0 <j<n-—1. We define D to be the set
containing the following two diagrams in As.

Then we set 0(D1) = [2] and o(D3) = [3] together with the following cones.
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0] — [1] 1] - [2]
doJ Jdo dOJ Jdo
1] — [2) 2] — [3

Now, given a category C, we can associate to it a functor Cat(—,C): AS¥ — Set. In
particular, it is such that
Cat([2],C) = Cat([1],C) x Cat([1],C) and Cat([3],C) = Cat([2],C) x Cat([2],C)

Cat([0],C) Cat([1],€)
since [2] = [1]ip[l], [3] = [2]Upj[2], and Cat(—,C) sends colimits to limits. Hence
Cat(—,C) is in Mod(£). This extends in an obvious way on morphisms, and gives a
functor F': Cat — Mod(L).

Conversely, given a functor X : A5” — Set in Mod(L£), we can define a category GX
as follows. Since a category can equivalently be defined as an internal category to Set,
we describe the internal category to Set associated to GX. Its set of objects is given by
the set X[0] and its set of morphisms is given by the set X[1], where the source map is
X(d'): X[1] — X[0] and the target map is X (d"): X[0] — X[1]. The identity map is
given by X (s%): X[0] — X[1], and the composition map is given by

X (d!
X[1] % xq X[1] 2 x[2) 22

X[1].
Associativity of the composition follows from the fact that
X[3] = X[2] xxp) X[2] = X[1] x x10) X[1] X x[g) X[1]

and that the below left diagram commutes in Ag, while unitality of the composition
follows from the fact that the below right diagram commutes in As.

1] -5 (2] 1] -5 (2]
dzJ jds doj Jdo
2] — 13 0] — [1]

Given a natural transformation o: X = Y in Mod(L), we can associate to it a functor
Ga: GX — GY given by ag: X[0] — Y[0] on objects and «;: X[1] — Y[1]. This defines
a functor G: Mod(L) — Cat.

It is straightforward to see that GF = idga;. Moreover, there is a natural isomorphism
FG = idypeq(c) given, at an object X € Mod(£), by the isomorphism FGX = X induced
by the identities on X [0] and X[1], and by the comparison maps X[1] x xjo) X[1] = X[2]
and X[2] x xp) X[2] = X[3]. This gives an equivalence of categories between Cat and
Mod(L), and hence Cat is locally presentable by Theorem m O

2. 2-CATEGORIES

We now turn our attention to 2-categories, which can be seen as categories enriched in
Cat, the category of (small) categories and functors. In particular, a 2-category also has
morphisms between morphisms, called 2-morphisms, which are given by the morphisms
of the hom-categories. In Section [2.1], we first introduce the category 2Cat of 2-categories
and 2-functors, and show that it is locally presentable. Since every category can be seen as
a category enriched in Cat with discrete categories of morphisms, there is a full embedding
functor D: Cat — 2Cat, and we show that this functor has both adjoints.
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In Section we show that 2Cat is cartesian closed, by introducing the notions of
2-natural transformations and modifications, which correspond to the morphisms and 2-
morphisms of the internal hom 2-categories of 2Cat, respectively. In particular, a 2-natural
transformation is an enriched version of a natural transformation between functors, which
also satisfies the naturality conditions on the nose. However, since we also have a notion
of 2-morphism between morphisms in a 2-category, we can relax this naturality condition
by asking that it only holds up to 2-isomorphism. This gives rise to the notion of pseudo-
natural transformations. In Section we use this notion, as well as an adapted version
of a modification to this pseudo-setting, to construct another internal hom 2-category,
called the pseudo-hom. These pseudo-homs happen to be the internal homs of another
symmetric monoidal structure on 2Cat, given by the Gray tensor product, introduced by
Gray in [Gra74].

Finally, in Section we define a notion of equivalence in a 2-category, which cor-
responds to a pair of opposite morphisms such that their composites are related by a
2-isomorphism to the identities. This generalizes the usual notion of equivalences of cate-
gories. An equivalence in a 2-category is further said to be adjoint when its 2-isomorphism
components satisfy the triangle identities, analogous to the triangle identities of an ad-
junction. A classical 2-categorical result says that every equivalence can be promoted to
such an adjoint equivalence, which is very useful in practice, as we will see throughout
this thesis.

2.1. The category 2Cat. We recall that a category consists of a set of objects and
a set of morphisms between each pair of objects. By also adding morphisms between
morphisms, called 2-morphisms, we obtain the notion of a 2-category. In particular, a 2-
category is a Cat-enriched category, where Cat is the category of categories and functors.
In this section, we first introduce the category 2Cat of 2-categories and 2-functors. Since
categories can be seen as 2-categories with only trivial 2-morphisms, there is an inclusion
functor from Cat into 2Cat. We further introduce this functor, as well as its left and right
adjoints.
Let us first give the definition of a 2-category.

Definition 2.1.1. A 2-category A consists of

(i) objects A,C, E, ...,
(ii) morphisms a: A — C between objects A, C' with an identity id4: A — A at each
object A,
(iii) 2-morphisms a: a = ¢ of the form

between morphisms a: A — C and ¢: A — C with an identity 2-morphism
id,: @ = a at each morphism a: A — C,

(iv) an associative and unital (horizontal) composition law for morphisms, and for
2-morphisms along shared object boundaries

a a da

7 PR T
A Ja C oo E = A lo+a E,
¢ d e

(v) an associative and unital (vertical) composition law for 2-morphisms along shared
morphism boundaries
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m /E\
c—C = A |w C,
o e

e

A

such that the horizontal and vertical compositions for 2-morphisms satisfy the interchange
law.

Remark 2.1.2. Given a 2-category A, for every pair of objects A and C in A, we have
a category A(A,C) of morphisms from A to C' and 2-morphisms between them, with
composition given by the vertical composition of 2-morphisms. Hence, a 2-category is a
category enriched over Cat.

A morphism of 2-categories can then be defined as an assignment on objects, mor-
phisms, and 2-morphisms which preserve all the 2-categorical structure.

Definition 2.1.3. Let A and B be 2-categories. A 2-functor F': A — B sends
(i) each object A € A to an object FA € B,

(ii) each morphism a: A — C in A to a morphism Fa: FA — FC in B,
(iii) each 2-morphism a: a = ¢ in A to a 2-morphism Fa: Fa = Fc in B,

in such a way that F' preserves all compositions and identities.

Remark 2.1.4. A 2-functor F': A — B can equivalently be defined as an assignment on
objects together with, for every pair of objects A and C' in A, a functor

FA,C3 .A(A,C) — B(FA,FC).
Hence, a 2-functor is a Cat-enriched functor.
Then, 2-categories with this notion of morphisms form a category.

Notation 2.1.5. We write 2Cat for the category of 2-categories and 2-functors. By
Remarks[2.1.2]and [2.1.4] it is the same as the category Cat—Cat of Cat-enriched categories
and Cat-enriched functors.

In particular, the category 2Cat satisfies the condition of “smallness” introduced in
Definition Since 2Cat is a full, reflective subcategory of the category of double
categories, we do not prove here that 2Cat is locally presentable, but rather deduce it
from the analogous result for double categories proved in Proposition below.

Proposition 2.1.6. The category 2Cat is locally presentable and, in particular, it is both
complete and cocomplete.

Proof. As we will see in Proposition the category 2Cat is an accessibly embedded,
full, reflective subcategory of the category DblCat of double categories and double func-
tors, introduced in Section Indeed, the horizontal embedding H: 2Cat — DblCat,
introduced in Definition is full and admits both adjoints by Proposition [3.4.5
and hence H preserves in particular all colimits. As we show in Proposition that
DblCat is locally presentable, it follows from Proposition that 2Cat is also locally
presentable. The second part of the statement follows from the definition of a locally
presentable category and from Proposition [1.2.9 U

We describe below a set of objects which generate all 2-categories under colimits. For
this, we first need to introduce the following notations.

Notation 2.1.7. Recall the categories [n], for n > 0, introduced in Notation |1.2.10, We
also denote by [n] the corresponding locally discrete 2-category.
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Notation 2.1.8. Given a category C, we define the 2-category >C as the 2-category with
two objects 0 and 1, and hom-categories given by ¥£C(0,0) = [0] = £C(1,1), XC(0,1) =C,
and XC(1,0) = (. Tt is sometimes called the suspension of C, which explains the notation.
In particular, the 2-category X[1] is the 2-category free on a 2-morphism.

Remark 2.1.9. Every 2-category is a colimit of the following 2-categories: the terminal
2-category [0], the 2-category [1] free on a morphism, and the 2-category X[1] free on a
2-morphism.

As mentioned in the introduction, a category can be seen as a 2-category with only
trivial 2-morphisms. This gives a full embedding of Cat into 2Cat.

Definition 2.1.10. We define the discrete embedding functor D: Cat — 2Cat. It
sends a category C to the locally discrete 2-category DC with only trivial 2-morphisms,
and a functor F': C — D to the 2-functor DF': DC — DD which acts as F' does on the
corresponding data.

This functor admits both adjoints. Its right adjoint, introduced below, is given by
sending a 2-category to its underlying category.

Definition 2.1.11. We define the functor U: 2Cat — Cat. It sends a 2-category A to its
underlying category U.A with the same objects as A and morphisms the morphisms
of A, and a 2-functor F': A — B to the functor UF': UA — UB which acts as F' does on
the corresponding data.

The left adjoint of D: Cat — 2Cat is given by sending a 2-category to a category whose
hom-sets are given by taking the path components of each hom-category. In other words,
there is a functors mp: Cat — Set which sends a category to its set of objects, quotiented
by the following equivalence relation: two objects are in the same equivalence class if
and only if there is a zig-zag of morphisms between them. Then, the left adjoint of D is
obtained by applying this functor my locally.

Definition 2.1.12. We define the functor P: 2Cat — Cat. It sends a 2-category A to
the category P.A with the same objects as A and with hom-sets PA(A, C) = mpA(A, C),
for every pair of objects A,C' € A, where my: Cat — Set is the functor which sends a
category to its set of connected components. It sends a 2-functor F': A — B to the functor
PF: PA — PB which acts as F' on objects and, for every pair of objects A,C € A, is
given by moF': mpA(A, C) — mB(F A, FC) on hom-sets.

We now show that, as promised, the functors P and U are indeed the left and right
adjoints of D, respectively.

Proposition 2.1.13. The functors P, D, and U form adjunctions
P

RN

D—— 2Cat .
\i/

U

Moreover, the counit of the adjunction P 4 D and the unit of the adjunction D 4 U are
identities. In particular, the functor D: Cat — 2Cat is a full embedding.

Cat

Proof. We first show that, for every category C and every 2-category A, there is an
isomorphism

2Cat(A, DC) = Cat(PA,C)
natural in C and A. Since every 2-morphism in DC is trivial, a 2-functor F': A — DC sends
every 2-morphism of A to an identity 2-morphism. Hence it induces a functor £': PA — C
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acting as F' on objects and morphisms, since two morphisms in the same path component
must be sent to the same morphism of C by F'. Conversely, if G: PA — C is a functor, then
it induces a 2-functor G': A — DC which acts as G on objects and morphisms, and sends
every 2-morphism to the identity 2-morphism of the image under G of its boundaries,
which are in the same path component. These constructions are clearly inverse to each
other and natural in C and A. Hence P - D is an adjunction. Moreover, we have that
PDC = C for every category C, since the category DC has only trivial 2-morphisms, and
hence applying P does not identify morphisms in C. This shows that the counit of P 4 D
is an identity.

We now prove that, for every category C and every 2-category A, there is an isomor-
phism

2Cat(DC, A) = Cat(C,UA)

natural in C and A. Since every 2-morphism in DC is trivial, the image of a 2-functor
F': DC — Aisincluded in the underlying category of A and hence it restricts to a functor
F:C — UA. Conversely, every functor G: C — UA induces a 2-functor G: DC — A
which acts as G on objects and morphisms, and sends the trivial 2-morphisms of DC to
the corresponding trivial 2-morphisms of A. These constructions are clearly inverse to
each other and natural in C and A. Hence D 4 U is an adjunction. Moreover, we clearly
have that UDC = C, for every category C, and hence the unit of D 4 U is an identity. O

2.2. Cartesian closeness of 2Cat. As mentioned in Proposition[2.1.6] the category 2Cat
is complete. Then, by Remark it admits a symmetric monoidal structure given by
the product x: 2Cat x 2Cat — 2Cat. In this section, we show that 2Cat is cartesian
closed, by constructing its internal hom 2-category. In other words, given 2-categories A
and B, we need to define a 2-category whose objects are the 2-functors from A to B. The
morphisms in this 2-category are defined as follows.

Definition 2.2.1. Let F,G: A — B be 2-functors. A 2-natural transformation
@: F = G consists of a morphism ¢4: FA — GA in B, for each object A € A, such
that

(nl) for every 2-morphism a: a = ¢ in A, the following pasting equality holds.

Fa Ga
T e _ Pa T
FA |Fa FC—GC = FA—GA |Ga GC
~____~ ~____~
Fe Ge

Then, given two such 2-natural transformations, we can define a notion of morphisms
between these, which will be the 2-morphisms of the internal hom 2-category.

Definition 2.2.2. Let F,G: A — B be 2-functors, and let p,%: F = G be 2-natural
transformations. A modification p: ¢ = 1 consists of a 2-morphism p4: 4 = Y4
in B, for each object A € A, such that

(m1) for every morphism a: A — C in A, the following pasting equality holds.

[2¢} PA
Fa T - R Ga
FA— FC e GO = FA |m GA— GC
~_ ~_ 7
(] Ya

With these notions of morphisms and 2-morphisms between 2-functors, we can intro-
duce a 2-category of 2-functors.

Definition 2.2.3. Let A and B be 2-categories. The hom 2-category [A, B]s is the
2-category whose
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(i) objects are 2-functors from A to B,
(ii) morphisms are 2-natural transformations, and
(iii) 2-morphisms are modifications.

We show that this gives an internal hom in 2Cat with respect to the cartesian structure.

Proposition 2.2.4. The category 2Cat is cartesian closed with internal hom given by
[—, —]2, i.e., for every tuple of 2-categories A, B, and C, we have an isomorphism

2Cat(A, [B,C]s) = 2Cat(A x B,C)

natural in A, B, and C. Furthermore, this isomorphism extends to an isomorphism of
2-categories

[.A, [B,C]Q]Q = [.A X B,C]Q
natural in A, B, and C.

Proof. By taking A to be the 2-category [0] free on an object, [1] free on a morphism,
and X[1] free on a 2-morphism, a 2-functor A x B — C is precisely a 2-functor B — C,
a 2-natural transformation, and a modification, respectively. This shows that there is
a canonical isomorphism 2Cat(A, [B,C]2) = 2Cat(A x B,C) when A € {[0],[1],X[1]}.
Since every 2-category can be obtained as colimit of the 2-categories [0], [1], and X[1] by
Remark products in 2Cat commutes with colimits, and 2Cat(—, —) sends colimits
in the first variable to limits, the result for a general 2-category A follows. The second
statement follows from Proposition O

2.3. Gray tensor product for 2-categories. The notion of 2-natural transformations
can be weakened by requiring the naturality conditions to hold only up to 2-isomorphisms,
rather than strictly. This yields the notion of a pseudo-natural transformation, and mod-
ifications extend to this setting. Hence, we also have a 2-category of 2-functors, whose
morphisms are pseudo-natural transformations. This corresponds to the internal hom for
another symmetric monoidal structure on 2Cat, called the Gray tensor product. In this
section, we introduce these pseudo-homs and then show that there is a closed symmetric
monoidal structure on 2Cat with respect to these.
Let us first introduce the “pseudo” notion of transformation between 2-functors.

Definition 2.3.1. Let F,G: A — B be 2-functors. A pseudo-natural transformation
@: F' = G consists of
(i) a morphism ¢ 4: FFA — GA in B, for each object A € A,

(ii) a 2-isomorphism ¢, in B

FAZY gA

FaJ{ E/Sﬂa J{Ga

FC —> GC,

for each morphism a: A — C in A,
such that

(pnl) for every object A € A, we have piq, = id,,,
(pn2) for every pair of composable morphisms a: A — C and ¢: C — FE in A, the
following pasting equality holds,
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FAS GA

Fal g%a JG@ FA&GA
FC -2 GC = F(CG)J %)*/{oa,, JG(CG)

Fal %%c JG@ FEWGE
FE —> GE

(pn3) for every 2-morphism «a: a = ¢ in A, the following pasting equality holds.
FA—"5GA FA-5GA
Fe|l < |Fa %o Ga = Fc| _ , Ge|<=|Ga
o %C

FC W GC FC W GC

As in the case of 2-natural transformations, there is a notion of morphisms between
pseudo-natural transformations, defined as follows.

Definition 2.3.2. Let F,G: A — B be 2-functors, and let ¢,¥: FF = G be pseudo-
natural transformations. Then, a modification p: ¢ = 1 consists of a 2-morphism
Az pa = a4 in B, for each object A € A, such that

(mpl) for every morphism a: A — C in A, the following pasting equality holds.

pA
©a T
FA—5GA FA |riGA
~_
‘ g i ‘ ‘ . ‘
Fa ¢ |Ga = Fa| _ Ga
e 74
— 1%
FC  ueGC FC — GC
~_ Yo

(]

The 2-functors, pseudo-natural transformations, and modifications form a 2-category.

Definition 2.3.3. Let A and B be 2-categories. The pseudo-hom 2-category [A, B] ps
is the 2-category whose
(i) objects are double functors from A to B,
(ii) morphisms are pseudo-natural transformations, and
(iii) 2-morphisms are modifications.

Using these pseudo-homs, we introduce a closed symmetric monoidal structure on 2Cat,
called the Gray tensor product. A description of the Gray tensor product of two 2-
categories can be found in Description [6.3.2

Proposition 2.3.4. There is a closed symmetric monoidal product @2 on 2Cat, called
the Gray tensor product, such that, for every tuple of 2-categories A, B, and C, we
have an isomorphism

2Cat(A, [B,Cla.ps) = 2Cat(A @1 B,C)

natural in A, B, and C. Furthermore, this isomorphism extends to an isomorphism of
2-categories

[A, [B,Cla2,psl2,ps = [A®2 B,Cla,ps
natural in A, B, and C.
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Proof. The first part of the result follows from |Gra74]. The second statement follows
from Proposition [T.1.3] O

2.4. Equivalences in a 2-category. Finally, in this last section on 2-categories, we
introduce the notion of equivalences in a 2-category. This gives a weaker notion of in-
vertibility for morphisms. Indeed, while an isomorphism has an inverse such that their
composites are equal to the identity, an equivalence has an inverse such that their com-
posites are only related by a 2-isomorphism to the identity.

Definition 2.4.1. Let A be a 2-category. A morphism a: A — C'in A is an equivalence
if there is a tuple (a, ¢, n, €) with ¢: C'— A a morphism in A, and n: idg = ca, €: ac = id¢
two 2-isomorphisms in A.

We can further require that the 2-isomorphisms in the data of an equivalence satisfy
the triangle identities, which are a generalization of the triangle identities satisfied by an
adjunction between categories.

Definition 2.4.2. Let A be a 2-category. A morphism a: A — C in A is an adjoint
equivalence if it is an equivalence (a,c,n,€) and the 2-isomorphisms 7 and e further
satisfy the following triangle identities.

I A o= N
Y RN

Notation 2.4.3. We often write a: A = C to highlight the fact that a morphism a is
an (adjoint) equivalence.

This “adjoint” version of equivalence is very useful in practice to make computations.
Luckily, every equivalence can be promoted to an adjoint one, and hence we can always
assume that a morphism in a 2-category which is an equivalence comes with adjoint
equivalence data.

Proposition 2.4.4. Every equivalence (a,c,n,€) in a 2-category A can be promoted to
an adjoint equivalence (a,c,n,€').

Proof. See, for example, [RV19, Proposition 2.1.12]. O

Finally, we show that an equivalence in a pseudo-hom 2-category is precisely a pseudo-
natural transformation whose components are equivalences. We do not prove this result
here, since it is a direct consequence of the analogous result holding for double categories
(see Proposition |3.6.10)).

Proposition 2.4.5. Let F,G: A — B be 2-functors. A pseudo-natural transformation
p: F = G is an equivalence in [A,Blaps if and only if, for every object A € A, its
morphism component pa: FA — GA is an equivalence in B.

Proof. This can be obtained from Proposition [3.6.10] by considering ¢ as a horizontal
pseudo-natural transformation between the horizontal double functors HF and HG. In
particular, since all vertical morphisms in H.A are trivial, the square components of ¢ are

vertical identity squares, by (hnl) of Definition O
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Definition 2.4.6. Let I,G: A — B be 2-functors. A pseudo-natural transformation
¢: F' = G which satisfies the conditions of Proposition [2.4.5|is called a pseudo-natural
equivalence. We say that ¢ is a pseudo-natural adjoint equivalence if it is an
adjoint equivalence in the pseudo-hom 2-category [A, Blaps, or equivalently, if, for every
object A € A, its morphism component p4: FA — GA is an adjoint equivalence in B.

3. DOUBLE CATEGORIES

We now introduce the other kind of 2-dimensional categories of interest in this thesis.
While 2-categories have morphisms between the objects and 2-morphisms between the
morphisms, a double category has two kinds of morphisms between the objects, called
horizontal and vertical morphisms, and its 2-morphisms sit in a square with two horizontal
boundaries and two vertical boundaries, and are therefore called squares. In Section
we first introduce the category DblCat of double categories and double functors. We
also explain how double categories can equivalently be understood as internal categories
to Cat, which allows us to adapt the proof of local presentability for Cat to DblCat.
Furthermore, every 2-category can be seen as a horizontal double category with only
trivial vertical morphisms, and hence it corresponds to an internal category to Cat with
discrete category of objects. This point of view on 2-categories and double categories will
be useful to get oco-analogues of these notions.

In Section we show that DblCat is cartesian closed by constructing internal hom
double categories. The construction is analogous to the one for 2Cat, except that we
now have two kinds of natural transformations between double functors: horizontal and
vertical natural transformations. By relaxing the naturality conditions, as it was done in
the 2-categorical case, we obtain pseudo-versions of these horizontal and vertical natural
transformations, which allow us to construct a pseudo-hom double category. These cor-
respond to the internal homs for another symmetric monoidal structure on DblCat, also
called the Gray tensor product, introduced by Béhm in [Béh19].

As mentioned above, every 2-category A can be seen as a horizontal double category H.A
and this defines a full embedding functor H: 2Cat — DblCat. In Section we intro-
duce this horizontal embedding and show that it has both adjoints. In particular, its
right adjoint is given by extracting from a double category A its underlying horizontal
2-category HA with the same objects as A, morphisms the horizontal morphisms of A,
and 2-morphisms the squares in A with trivial vertical boundaries. Since this functor
forgets the whole vertical structure of A, we define another functor V: DblCat — 2Cat
which extracts from a double category A a 2-category VA, whose objects are the vertical
morphisms of A and whose morphisms are the squares of A. Put together, the two func-
tors H and V recover most of the structure of a double category (except for the vertical
composition of vertical morphisms), and they are used in Section |7| to construct the first
model structure on DblCat from Lack’s model structure on 2Cat. Note that there are
also dual versions of these functors given by interchanging the horizontal and vertical
directions. Finally, we also introduce a more homotopical version of the horizontal em-
bedding H, given by the functor H~: 2Cat — DblCat, which sends a 2-category A to
the double category H~A, whose underlying horizontal category is still A, and whose
vertical morphisms are now given by the adjoint equivalences in A. This functor will be
the functor considered when looking at the homotopical inclusion of 2Cat into DblCat.

Using the adjunction H 4 H, we induce in Section a 2Cat-enrichment on DblCat
from its monoidal structure given by the Gray tensor product. The hom 2-categories of
DblCat are defined to be the underlying horizontal 2-categories of the pseudo-hom double
categories, and this enrichment is tensored and cotensored with tensoring functor given
by restricting the Gray tensor product on DblCat in one variable along the horizontal
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embedding H: 2Cat — DblCat. This enrichment is used to show that the two model
structures on DblCat constructed in this thesis are enriched over 2Cat.

Finally, in Section we introduce notions of weak invertibility for horizontal mor-
phisms and squares. These are analogous to the notion of equivalences in a 2-category
and can actually be defined as follows. A horizontal morphism in a double category A is a
horizontal equivalence if it is an equivalence in the underlying horizontal 2-category HA,
and a square is weakly horizontally invertible if it is an equivalence in the 2-category VA
of vertical morphisms, squares, and 2-morphisms as given in Definition These no-
tions were recently introduced independently by the author, Sarazola, and Verdugo in
[MSV20al, and by Grandis and Paré in |[GP19], whose terminology for the weakly hori-
zontally squares is that of equivalence cells. With this terminology, we introduce weakly
horizontally invariant double categories, which are such that every vertical morphism in
this double category can be transferred along horizontal equivalences through a weakly
horizontally invertible square. This notion was first introduced in by the author, Sarazola,
and Verdugo in [MSV20b], and is a weaker version of the horizontally invariant double
categories defined by Grandis and Paré in [GP99, §2.4]. We also prove here some technical
results about weakly horizontally invertible squares, which will be useful in the rest of the
thesis. These results appear in the appendix of the paper [Mos20] by the author.

3.1. The category DblCat. As mentioned above, a double category has two kinds of
morphisms between objects — called horizontal and wvertical morphisms — and its 2-
morphisms are called squares. It corresponds to an internal category to Cat, the category
of categories and functors. It generalizes the concept of 2-categories, in the sense that
every 2-category can be seen as a horizontal double category, with only trivial vertical
morphisms. In this section, we introduce the category DblCat of double categories and
double functors, and we explain how this category corresponds to the category of internal
categories and internal functors to Cat. We also show that every 2-category gives rise to
a horizontal category, and hence corresponds to an internal category to Cat with discrete
category of objects.
Let us first introduce double categories.

Definition 3.1.1. A double category A consists of

(i) objects A, A", C,C",...,
(ii) horizontal morphisms a: A — C between objects A, C with a horizontal identity
morphism id4: A — A at each object A,

(iii) vertical morphisms u: A -» A’ between objects A, A’ with a vertical identity mor-

phism e4: A o> A at each object A,
(iv) squares a: (u ¢ w) of the form

between horizontal morphisms a: A — C and a’: A’ — C’ and vertical morphisms

u: A - A" and w: C -»» C' with a vertical identity square e,: (e4 % ec) for each
horizontal morphism a: A — C, and a horizontal identity square id,: (u ¢4, u) for

each vertical morphism u: A > A’, such that (04 = id., = ejq, for all objects A,
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A—s 0 A= 4 A—— A
N €q N ui id,, iu N Oa
A——C A== A A—— A

(v) an associative and unital horizontal composition law for horizontal morphisms,
and for squares along their vertical boundaries,

(vi) an associative and unital vertical composition law for vertical morphisms, and for
squares along their horizontal boundaries,

such that horizontal and vertical compositions for squares satisfy the interchange law.

Remark 3.1.2. A double category A can equivalently be defined as an internal category
to Cat, i.e., as a diagram in Cat of the form

S o
Ay —i— Ay —c— Aq X Ao Aq
t T

satisfying the relations of an internal category. Our convention is to look at the cate-
gory Ag as the category of objects and vertical morphisms, and at the category A as the
category of horizontal morphisms and squares.

Since a category is itself an internal category to Set, we can also consider a double
category as a diagram in Set of the form

A0,0 A1,0 3 Al,o X Ao0 AI,O

)

< .
Aot Xage Ao = A1t X4, A1g F——— Gridaxa(A1,1),

where A g is the set of objects, Ag 1 the set of vertical morphisms, A1 o the set of horizontal
morphisms, and A; ; the set of squares.

There is a notion of morphism between double categories which consists of assignments
on objects, horizontal morphisms, vertical morphisms, and squares that preserve all the
double categorical structure.

Definition 3.1.3. Let A and B be double categories. A double functor F: A — B
sends

(i) each object A € A to an object FA € B,
(ii) each horizontal morphism a: A — C'in A to a horizontal morphism Fa: FA — FC
in B,
(iii) each vertical morphism u: A -+ A" in A to a vertical morphism Fu: FA > FA’
in B,
(iv) each square a: (u % w) in A to a square Fa: (Fu £% Fw) in B,
in such a way that F' preserves horizontal and vertical compositions and identities.
Remark 3.1.4. A double functor F': A — B can equivalently be defined as an internal

functor to Cat, i.e., it consists of two functors Fy: Ag — By and Fy: Ay — B; making the
following diagram commute.
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S 0
Ag —i— Ay +—c— Ay Xy, Ay

t 1
F() Fl Fl XFy Fl
s o

BO —i— ]Bl —cCc— Bl X By Bl
t st

Double categories and double functors form a category.

Notation 3.1.5. We write DblCat for the category of double categories and double
functors. By Remarks and it is the same as the category Cat(Cat) of internal
categories and internal functors to Cat.

The category DblCat also satisfies the conditions of “smallness” introduced in Defini-
tion The proof works as in Proposition [1.2.11], where we proved that Cat is locally
presentable, with the changes mentioned below.

Proposition 3.1.6. The category DblCat is locally presentable and, in particular, it is
both complete and cocomplete.

Proof. Recall the category As from Proposition In the case of DblCat, we can
construct a limit-sketch £’ = (A’,D’,¢’), where A" = A3 x Az. The diagrams in D’ are
given by the diagrams D1 X [j], [i] X D1, D2 X [j], and [i] x Dq, for all 0 < i, j < 3, where D
and Dy are the diagrams in Ag as given in the proof of Proposition Similarly, the
assignment o’ is induced by the assignment o of Proposition Then the proof that
DblCat is equivalent to Mod(L') works as in Proposition using the characterization
of double categories presented in Remark The second part of the statement follows
from the definition of a locally presentable category and from Proposition [1.2.9 O

As mentioned in the introduction, every 2-category can be seen as a horizontal double
category. Dually, every 2-category also gives rise to a vertical double category with only
trivial horizontal morphisms. In particular, since every category is a locally discrete 2-
category, it can also be seen as a horizontal or vertical double category. As we explain
below, the horizontal embedding of Cat into DblCat is more natural since it corresponds
to the embedding of internal categories to Set into internal categories to Cat, induced by
the inclusion Set — Cat, which sends a set to the corresponding discrete category.

Definition 3.1.7. Let A be a 2-category. We define its associated horizontal double
category H.A to be the double category with the same objects as A, horizontal morphisms
the morphisms of A, only trivial vertical morphisms, and squares

A——B
b e
given by the 2-morphisms a: a = c¢ of A. Dually, its associated vertical double

category V.A has the same objects as A, only trivial horizontal morphisms, vertical
morphisms the morphisms of A, and squares

A=——=A
A/ A/

given by the 2-morphisms a: a = ¢ of A.
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Remark 3.1.8. In particular, by considering the double category H.A associated to a 2-
category A and by Remark[3.1.2] we can interpret the 2-category A as an internal category
to Cat of the form

S o
Ao —i— .,41 —C— ./41 X Ao .Al R
t Ut

where Ay is the discrete category of objects in A, and A; is the category of morphisms
and 2-morphisms in A. Our convention will be to look at a 2-category as a horizontal
double category.

Remark 3.1.9. Given a category C, the associated vertical double category VDC corre-
sponds to the internal category to Cat constant at C, while the associated horizontal
double category HDC corresponds to the internal category to Cat with discrete categories
of objects and of horizontal morphisms.

We finally describe a set of objects which generate all double categories under colimits.

Remark 3.1.10. In Proposition [3.1.6] we have seen that DblCat is locally presentable.
Recall from Notation the 2-categories [0] and [1]. We also denote by [0] = H][0] the
terminal double category. Then, every double category is a colimit of the following double
categories: the terminal double category [0], the double category HJ[1] free on a horizontal
morphism, the double category V[1] free on a vertical morphism, and the double category
H[1] x V[1] free on a square.

Note that the product H[1] x V[1] indeed gives a non-trivial square even if this square
is induced by two identity squares. If we denote by f: 0 — 1 the non-trivial horizontal

morphism in H[1] and by u: 0 -+ 1 the non-trivial vertical morphism in V[1], then the
identity squares ey at f and id, at u induce a non-trivial square

0,0) 2% (0,1)

(O,U)i (ef,idy) i(l, w)

1,0 1,1
(7)W(a)

in the product H[1] x V[1]. Indeed, it can not be trivial since none of its boundaries are
trivial.

3.2. Cartesian closeness of DblCat. As mentioned in Proposition the category
DblCat is complete. Hence, by Remark it admits a symmetric monoidal struc-
ture given by the product x: DblCat x DblCat — DblCat. In this section, we show
that DblCat is cartesian closed by constructing an internal hom double category, for ev-
ery pair of double categories A and B, whose objects are double functors from A to B.
The horizontal and vertical morphisms in this double category are called horizontal and
vertical natural transformations and generalize the concept of 2-natural transformations.
Similarly, the squares are generalization of the concept of modifications between 2-natural
transformations.
We first introduce the horizontal morphisms of the internal hom double category.

Definition 3.2.1. Let F,G: A — B be double functors. A horizontal natural trans-
formation ¢: F = G consists of

(i) a horizontal morphism ¢4: FA — GA in B, for each object A € A,
(ii) a square ¢, in B
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FA-S5 GA

Fui Pu iGu

FA 53 GA,

for each vertical morphism u: A e A’ in A,
such that
(hnl) for every object A € A, we have @, = ey, : (epa 54 eca),

(hn2) for every pair of composable vertical morphisms u: A e A’ and u': A" > A" in A,
the following pasting equality holds,

FAS GA
Fuf Pu iGu FA-Y GA
FA W GA = F(u’u)f Puru fG(u’u)
Fu/i O GU,/ FA// m GA//
FA" QTA?’ GA"

(hn3) for every square a: (u ¢ w) in A, the following pasting equality holds.

FALYS pe 25 Go FAS 6a 5% o
Fui Fa Fwi Pw iGw = Fu$ Pu iGu Gua wa
FA/ﬁFC/WGC/ FA/WGA/CTG,’GC/

The vertical morphisms of the internal hom double category can be obtained by trans-
posing all the notions above.

Definition 3.2.2. Let F, F': A — B be double functors. A vertical natural transfor-
mation v: F == F’ consists of

(i) a vertical morphism v4: F'A - F'A in B, for each object A € A,

(ii) a square v, in B

ra s pe

/ /
FAE;FC,

for each horizontal morphism a: A — C in A,
such that
(vnl) for every object A € A, we have viq, =id,,: (va igi;“A va),
(vn2) for every pair of composable horizontal morphisms a: A — C and ¢: C — E in A,
the following pasting equality holds,

F
ra s ro XS pp FA—S FE

VAi Vg V(jf Ve fI)E = VAi Vea fl/E

F'A—> F'C — F'E F'A-— F'E
Fla F'c ca
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(vn3) for every square a: (u & w) in A, the following pasting equality holds.

ra % po ra -t pe
Fui Fa iFw VAf Vg ffc
A por = A — pio

Fla

VA& 7% f/C’ F’uf Fla iF’w

F/A/ FTC:/ F/C/ F/Al FT(;/ F/cl
Finally, a square whose horizontal boundaries are horizontal natural transformations
and vertical boundaries are vertical natural transformations is called a modification, and
is defined as follows.

Definition 3.2.3. Let F,F',G,G': A — B be double functors, let ¢: FF = G and
¢ F' = G’ be horizontal natural transformations, and let v: F == F’ and &: G =G’
be vertical natural transformations. A modification p: (v Z’ €) in a square as below left

consists of a square p4: (v if‘ €4) in B as below right, for each object A € A,
A

F=%=g¢ FA- A
R
== ¢ F'A—F G'A
¥ YA
such that
(dm1) for every vertical morphism u: A -+ A’ in A, the following pasting equality holds,
FA-% GA FA-% GA
F% Pu iGu VA f HA %A
FA S g = FPA—G'A

PA
VA& HaAr JfA/ F’ui o, iG’u

F’A,T)G/A/ F,A,ﬁG/A,
Par Pa

(dm2) for every horizontal morphism a: A — C in A, the following pasting equality

holds.
FALYS oS qo FAS aaS% qo
V% Vg VCi He %C = W& HA %A &a i&c
F'A—> F'C—F G'C F'A—F G'A—> G'C
Fla oo o’y G'a

All together, they form a double category of double functors.

Definition 3.2.4. Let A and B be double categories. The hom double category [A, B]
is the double category whose

(i) objects are double functors from A to B,

(ii) horizontal morphisms are horizontal natural transformations,
(iii) vertical morphisms are vertical natural transformations, and
(iv) squares are modifications.
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This hom double category is the internal hom for the cartesian structure on DblCat,
which shows that DblCat is cartesian closed.

Proposition 3.2.5. The category DblCat is cartesian closed with internal hom given by
[—, —], i.e., for every tuple of double categories A, B, and C, we have an isomorphism

DblCat(A, [B, C]) = DblCat(A x B,C)

natural in A, B, and C. Furthermore, this isomorphism extends to an isomorphism of
double categories

(A, [B,C])  [A x B,C|
natural in A, B, and C.

Proof. By taking A to be the double category [0] free on an object, H[1] free on a hor-
izontal morphism, V[1] free on a vertical morphism, and HJ[1] x V[1] free on a square,
a double functor A x B — C is precisely a double functor B — C, a horizontal natural
transformation, a vertical natural transformation, and a modification, respectively. This
shows that there is a canonical isomorphism DblCat(A, [B, C]) = DblCat(A x B, C) when
A € {[0],H[1], V[1],H[1] x V[1]}. Since every double category can be obtained as a col-
imit of the double categories [0], H[1], V[1], and H][1] x V[1] by Remark products

in DblCat commutes with colimits, and DblCat(—, —) sends colimits in the first variable
to limits, the result for a general double category A follows. The second statement follows
from Proposition [1.1.3] U

3.3. Gray tensor product for double categories. In analogy to how we obtained a
pseudo-natural transformation from a 2-natural transformation, we can define notions of
horizontal and vertical pseudo-natural transformations between double functors. The no-
tion of modification also extends to this pseudo-setting and we obtain a double category
of double functors, horizontal and vertical pseudo-natural transformations, and modifica-
tions. Similarly to the case of 2Cat, this new double category of double functors is also
the internal hom for a symmetric monoidal structure on DblCat, also called the Gray
tensor product. In this section, we introduce the pseudo-hom double categories and show
that there is a closed symmetric monoidal structure on DblCat with respect to these.

Let us first introduce horizontal pseudo-natural transformations between double func-
tors.

Definition 3.3.1. Let F,G: A — B be double functors. A horizontal pseudo-natural
transformation ¢: F' = G consists of

(i) a horizontal morphism ¢4: FA — GA in B, for each object A € A,

(ii) a square ¢, : (Fu 4, Gu) in B, for each vertical morphism u: A -»» A" in A,

(iii) a vertically invertible square ¢, in B

FA % ga 9% go

S

FA —— FC —2 GO,

for each horizontal morphism a: A — C in A,

such that ¢ satisfies (hnl-2) of Definition and

(hpn3) for every object A € A, we have @i, = ey, (epa 54 €ca),

(hpn4) for every pair of composable horizontal morphisms a: A — C and ¢: C' — E in A,
the following pasting equality holds,
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FA- A 8% go S5 g

G
K Pa IR N eGe N FA A, GA ﬂ) GFE
FAWFCWGC?GE = N Pea IR N
H €Fa N we IR H FA }@)) FE o5 GFE

FAﬁFCﬁFEﬁGE

(hpn5) for every square a: (u ¢ w) in A, the following pasting equality holds.

FA- g4 Y% go FAY g4 % go

N Pa IR N Fui Pu iGu Ga wa
Fa (Ze}

FA— FC — GC FA’WGA"*GC’
Ga

!
Fui Fa Fwi Pw iGw H Pa’ IR H

FA’ﬁFC”WGC’ FA’ﬁFC”WGC'

Again, by transposing the above notions, we get the dual concept of vertical pseudo-
natural transformations.

Definition 3.3.2. Let F,F’: A — B be double functors. A vertical pseudo-natural
transformation v: F == F’ consists of

(i) a vertical morphism v4: FA - F'A in B, for each object A € A,
(ii) a square v,: (va &% ve) in B, for each horizontal morphism a: A — C in A,
(iii) a horizontally invertible square v, in B

FA=—FA

F'A , FA
S
FIA = F'A,

for every vertical morphism u: A > A’ in A,

such that v satisfies (vn1-2) of Definition and

id
iy VA);
(vpnd) for every pair of composable vertical morphisms u: A o> A" and v': A" o> A” in A,
the following pasting equality holds,

(vpn3) for every object A € A, we have v, =id,,: (va
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FA=—FA=—FA

va i Fui idpy iFu FA=—FA

F'A , FA =— FA va f fF(u’u)
F’ui iVA' iFu’ = F'A Vi FA”

FA—FA ,, FA" F() f iw
F'u/ i id pray iF’u’ var F'A"=F'A"

FIA" = F' AV = F' A"
(vpnd) for every square a: (u ¢ w) in A, the following pasting equality holds.

FA—FALY o rA % ro— Fc
VAi Fuf Fa wa VAi Vg ffc iFw
= Fa/ =~

F'A , FA—FC = FA—>FC, FC

Uy F/a Uy
F’ui VA’f Va/ iVC’ F’uf Fla fF’w iVC’
F/A/ j— F/A/ — F/O/ F/Al — F/cl j— F/C/
Fld Fd

Finally, modifications also generalize to this pseudo-setting as follows.

25

Definition 3.3.3. Let F,F',G,G': A — B be double functors, let ¢: FF = G and
¢+ F' = G’ be horizontal pseudo-natural transformations, and let v: F == F’ and
&: G =G be vertical pseudo-natural transformations. A modification p: (v i, €)

consists of a square p4: (v4 % £4) in B, for each object A € A, such that
quare /i o :

(dmp1) for every vertical morphism u: A > A’ in A, the following pasting equality holds,

FA=—FA-"%GA FA™ GA=—GA
VAi Fui Pu iGu VAi HA ifA iGu
F'A ,, FAS5GA = FA—GA ¢ GA
A ,
F’ui ’/Ai HA ifA' F/ui @l iG’u ifA’
F’A,:F/A,ﬁG/A/ F’A,ﬁG/A,:G/A/
Pa Par
(dmp2) for every horizontal morphism a: A — C in A, the following pasting equality
holds.
FA- qa 9% o FA- Ga 9% o
N Pa 2 N V% KA %A €a %C
Fa pc
FA— FC — GC = F’A?G’AE;G’C’
A
uAi Vo VC& Ue ffg H b R H
F'A— F'C — G'C F'A— F'C — G'C
Fla Yo Fla Co

All together, they form a double category whose objects are double functors between

fixed double categories.
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Definition 3.3.4. Let A and B be double categories. The pseudo-hom double cate-
gory [A,B],s is the double category whose

(i) objects are double functors from A to B,

(ii) horizontal morphisms are horizontal pseudo-natural transformations,
(iii) vertical morphisms are vertical pseudo-natural transformations, and
(iv) squares are modifications.

One can construct a symmetric monoidal product on DblCat, also called the Gray
tensor product, which is closed with respect to the above pseudo-homs. A description of
the Gray tensor product of two double categories can be found in Description [8.5.1]

Proposition 3.3.5. There is a closed symmetric monoidal product @ar on DblCat, called
the Gray tensor product, such that, for every tuple of double categories A, B, and C,
we have an isomorphism

DblCat (A, [B, Cl,s) = DblCat(A ®¢: B, C)

natural in A, B, and C. Furthermore, this isomorphism extends to an isomorphism of
double categories

[A, [IB%, (C]pS]ps = [A Qar B, (C]ps
natural in A, B, and C.

Proof. The first part of the result follows from [Boh19, §3]. The second statement follows
from Proposition [I.1.3 U

3.4. Relations between 2-categories and double categories. As we have seen in
Definition [3.1.7] every 2-category induces a horizontal and a vertical double category. We
extend these constructions to functors H: 2Cat — DblCat and V: 2Cat — DblCat and
show that these embeddings admit both adjoints. In particular, the right adjoints are
given by sending a double category A to its underlying horizontal 2-category HA and its
underlying vertical 2-category VA, respectively, which are constructed by forgetting the
vertical and horizontal structure of the double category, respectively. The functor H will
be used to construct one of the model structures on DblCat by inducing it from Lack’s
model structure on 2Cat. However, since it only remembers the horizontal structure
of a double category, we also need another functor, which we introduce now, sending
a double category A to the 2-category VA, whose objects are the vertical morphisms
of A and whose morphisms are the squares of A; the 2-morphisms are as described in
Definition We then use the pair of functors (H,V): DblCat — 2Cat x 2Cat to
construct one of the model structures on DblCat in Section [7} Finally, we also introduce
here another embedding H~: 2Cat — DblCat, which gives a more homotopical version
of the horizontal embedding. Indeed, it sends a 2-category A to a double category H~A
whose underlying horizontal 2-category is still A, but its vertical morphisms are now given
by the adjoint equivalences in A, instead of just the identities.
Let us first introduce the horizontal embedding of 2Cat into DblCat.

Definition 3.4.1. We define the horizontal embedding functor H: 2Cat — DblCat.
It sends a 2-category A to its associated horizontal double category H.A as given in
Definition [3.1.7] and a 2-functor F': A — B to the double functor HF': HA — HB which
acts as F' does on the corresponding data.

Remark 3.4.2. When restricted to the category Cat of categories and functors, the hori-
zontal embedding HU : Cat — DblCat corresponds to the functor Cat(Set) — Cat(Cat)
induced by the inclusion Set — Cat.

This horizontal embedding has both adjoints. Its right adjoint is given by taking the
underlying horizontal 2-category of a double category.
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Definition 3.4.3. We define the functor H: DblCat — 2Cat. It sends a double cat-
egory A to its underlying horizontal 2-category HA with the same objects as A,
morphisms the horizontal morphisms of A, and 2-morphisms «: a = ¢ given by the
squares in A of the form

a
—

A C
{ o
AﬁC.

It sends a double functor F: A — B to the 2-functor HF': HA — HB which acts as F'
does on the corresponding data.

The left adjoint of the horizontal embedding is constructed by identifying objects which
are related by a zig-zag of vertical morphisms. This is also an instance of applying the
path component functor my: Cat — Set to the category of objects and vertical morphisms,
and then adapting the extra structure to this identification.

Definition 3.4.4. We define the functor L: DblCat — 2Cat. It sends a double category A
to the 2-category LA whose objects are given by equivalence classes of objects of A
under the following relation: two objects are identified if and only if there is a zig-zag
of vertical morphisms between them. Morphisms and 2-morphisms in LA are generated
by the horizontal morphisms and squares of A, respectively. Then the functor L sends a
double functor F': A — B to the 2-functor LF': LA — LB which acts as F' does on the
corresponding data.

We now show that L and H are indeed the left and right adjoints of H, respectively.

Proposition 3.4.5. The functors L, H, and H form adjunctions
L

RN

H—— DblCat .
Nt

H

2Cat

Moreover, the counit of the adjunction L 4 H and the unit of the adjunction H 4 H are
identities. In particular, the functor H: 2Cat — DblCat is a full embedding.

Proof. We first show that, for every 2-category C and every double category A, there is
an isomorphism
DblCat(A,HC) = 2Cat(LA,C)

natural in C and A. Since every vertical morphism in HC is trivial, a double functor
F: A — HC sends every vertical morphism in A to a vertical identity. Hence it induces
a 2-functor F: LA — C acting as F' on the corresponding data, since two objects in
the same equivalence class must be sent to the same object of C by F. Conversely, if
G: LA — C is a 2-functor, then it induces a double functor G: A — HC which acts as G
on the corresponding data, and sends every vertical morphism to the vertical identity
of the image under G of its boundaries, which are in the same equivalence class. These
constructions are clearly inverse to each other and natural in C and A. Hence L 4 H is an
adjunction. Moreover, we have that LHC = C, for every 2-category C, since the double
category HC has only trivial vertical morphisms, and hence applying L does not identify
objects in C. This shows that the counit of L 4 H is an identity.

We now prove that, for every 2-category C and every double category A, there is an
isomorphism

DblCat(HC, A) = 2Cat(C, HA)
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natural in C and A. Since every vertical morphism in HC is trivial, the image of a double
functor F': HC — A is included in the underlying horizontal 2-category of A and hence
it restricts to a 2-functor F': C — HA. Conversely, every 2-functor G: C — HA induces
a double functor G: HC — A which acts as G on the corresponding data, and sends
the trivial vertical morphisms of HC to the corresponding trivial vertical morphisms of A.
These constructions are clearly inverse to each other and natural in C and A. Hence H 4 H
is an adjunction. Moreover, we clearly have that HHIC = C, for every 2-category C, and
hence the unit of H 4 H is an identity. O

Dually, we can define the vertical embedding functor.

Definition 3.4.6. We define the vertical embedding functor V: 2Cat — DblCat. It
sends a 2-category A to its associated vertical double category VA as given in Defini-
tion and a 2-functor F': A — B to the double functor VF: VA — VB which acts
as I does on the corresponding data.

This vertical embedding has both a left and a right adjoint, which are constructed as
above, by transposing the horizontal and vertical data.

Definition 3.4.7. We define the functor V: DblCat — 2Cat. It sends a double cate-
gory A to its underlying vertical 2-category VA with the same objects as A, mor-
phisms the vertical morphisms of A, and 2-morphisms «: v = w given by the squares
in A of the form

A=——A
f o fw
A== A"

It sends a double functor F': A — B to the 2-functor VF: VA — VB which acts as F’
does on the corresponding data.

Remark 3.4.8. By transposing the results in Proposition one can show that the
functor V is right adjoint to V, and that this latter also admits a left adjoint.

We now introduce a functor V: DblCat — 2Cat which extracts from a double category
a 2-category whose objects are the vertical morphisms and whose morphisms are the
squares. For this, recall that V[1] is the double category free on a vertical morphism.

Definition 3.4.9. We define the functor V: DblCat — 2Cat to be
V = H[V][1], —]: DblCat — 2Cat.

More explicitly, it sends a double category A to the 2-category VA whose objects are the
vertical morphisms of A, and whose morphisms are the squares of A. A 2-morphism in VA
between paralllel morphisms o (u ¢ w) and 7: (u % w) consists of squares og: (ea & ec)
and o1: (ear % ecr) satisfying the following pasting equality in A.

A——C A——C
A——=C = A—C
4o b e
Al —= Al —=

In particular, since V is a composite of two right adjoints, it is also a right adjoint.



RELATIONS BETWEEN 2-DIMENSIONAL CATEGORIES AND THEIR co-ANALOGUES 29

Proposition 3.4.10. The functor V: DblCat — 2Cat has a left adjoint given by the
functor L := H(—) x V[1]: 2Cat — DblCat, i.e., we have an adjunction

L

T~
DblCat L  2Cat .,
~_ 7
1%

Proof. Since V is given by the composite

[V(1], -] H
DblCat ——— DblCat ——— 2Cat ,

where the functor [V[1],—] is right adjoint to — x V[1] by Proposition and Re-
mark [[.1.2] and the functor H is right adjoint to H by Proposition [3.4.5] it follows that
V is right adjoint to the composite L := H(—) x V[1] of the two left adjoints. O

Finally, we introduce the homotopical version of the horizontal embedding.

Definition 3.4.11. We define the functor H™: 2Cat — DblCat. It sends a 2-category A
to the double category H~A with the same objects as A, horizontal morphisms the mor-
phisms of A, vertical morphisms the adjoint equivalences in 4, and squares

u= (u7 ul7 T s Eu)f aQ iw = (w>wl7 T Gw)
Al —— B

given by the 2-morphisms «: wa = cu in A, where (u,u’,ny,€,) and (w,w’,ny, €,) are
adjoint equivalences in A. Compositions of horizontal and vertical morphisms are induced
by the composition of morphisms and adjoint equivalences in A, and compositions of
squares are induced by the composition of 2-morphisms in A. Then the functor H~ sends
a 2-functor F': A — B to the double functor H=F': H=A — H~B which acts as F' does
on the corresponding data.

In particular, this functor admits a left adjoint, which we now define.

Definition 3.4.12. We define the functor L= : DblCat — 2Cat which sends a double
category A to the 2-category L~™A whose
(i) objects are the objects of A,
(ii) morphisms are generated by
e a morphism a: A — C, for each horizontal morphisms a: A — C in A,
e two morphisms u: A — A’ and uw’: A’ — A, for each vertical morphism
u: A A'in A,
(iii) 2-morphisms are generated by
e a 2-morphism «: wa = a'u for each square a: (u o w) in A,
e 2-isomorphisms 7z: idg = W and ez: uu’ = idy satisfying the triangle
identities, for each vertical morphism u: A s A" in A,
submitted to minimal relations making the inclusion A — H~L~A into a double functor.
The functor L™ sends a double functor F: A — B to the 2-functor L=F: LA — LB
which acts as F' does on the corresponding data. In particular, it sends an adjoint equiv-
alence (u,u,ng,ez) in LTA associated to a vertical morphism u in A to the adjoint
equivalence (Fu, ﬁ/, Nra €7n) in L™B associated to the vertical morphism Fu in B.

Remark 3.4.13. The relations on the morphisms in L=A expressed by the fact that the
inclusion A — H=L~A is a double functor can be interpreted as follows. Two copies
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of morphisms coming from horizontal morphisms compose as in A, and two copies of
adjoint equivalences coming from vertical morphisms compose as in A, while two copies
of morphisms with one coming from a horizontal morphism and one coming from a vertical
morphism compose freely.

Proposition 3.4.14. The functors H= and L= form an adjunction
L=

L
2Cat L  DblCat .
~_
H=

Proof. We show that, for every 2-category C and every double category A, there is an
isomorphism
DblCat(A, HC) = 2Cat(L~A,C)

natural in C and A. A double functor F': A — H=C induces a 2-functor £': L¥A — C
which acts as F' on objects and on the morphisms of L=A coming from horizontal mor-
phisms in A, sends an adjoint equivalence (u, @, ng, ez) in L=A associated to a vertical
morphism u in A to the adjoint equivalence in C corresponding to the vertical mor-
phism Fu in HYC, and sends a 2-morphism in L~A coming from a square « in A to the
2-morphism in C corresponding to the square Fa in H¥C. Conversely, if G: LA — C
is a 2-functor, it induces a double functor G: A — H=C which acts as G on objects and
horizontal morphisms, sends a vertical morphism « in A to the vertical morphism in H~A
corresponding to the adjoint equivalence (Gu, Gu', Gng, Gez) in C, and sends a square «
in A to the square in H=C corresponding to the 2-morphism Ga in C. These construc-
tions are clearly inverse to each other and natural in C and A. Hence L™ - H™ is an
adjunction. O

However, the functor H= does not have a right adjoint, since it does not preserve
colimits, as we now show.

Remark 3.4.15. The functor H™ does not have a right adjoint since it does not preserve
colimits. To see this, consider the following span of 2-categories B < A — C. We set A
to be the 2-category with two objects 0 and 1, and freely generated by two morphisms
f:0—=1and g: 1 — 0 and two 2-morphisms 7: idg = ¢gf and €: fg = id;. Then let B
be the category obtained from A by inverting the 2-morphism 7, and C be the category
obtained from A by inverting the 2-morphism e. Then the pushout B Li4 C contains
an equivalence (f,g,n,€) and hence the double category H~(B U4 C) contains a vertical
morphism induced by this equivalence (or the corresponding adjoint equivalence given
by Proposition [2.4.4). However, the double categories H=A, HB, and H=C do not have
non-trivial vertical morphisms, since there are no equivalences in A, I3, and C. This shows
that H™ does not preserve pushouts.

3.5. 2Cat-enrichment of DblCat. By considering the underlying horizontal 2-category
of the pseudo-hom double categories defined in Definition we obtain an enrichment
of DblCat over 2Cat endowed with the closed symmetric monoidal structure given by
the Gray tensor product ®9 (see Proposition [2.3.4). Furthermore, this enrichment is
tensored and cotensored, where the tensoring functor is given by restricting the Gray
tensor product along the horizontal embedding in one variable. We are considering this
enrichment here, since we will show that both model structures that we construct on
DblCat are 2Cat-enriched with respect to this enrichment. In this section, we first show
that this induces a tensored and cotensored enrichment of DblCat over 2Cat, and then
we compare the pseudo-hom 2-categories given by this enrichment with the pseudo-homs
of 2Cat. These technical results are useful in Section [7] when constructing one of the
model structures on DblCat.
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We first define tensors of double categories over 2Cat.

Definition 3.5.1. We define the tensoring functor ®: DblCat x 2Cat — DblCat to be
the composite

DblCat x 2Cat ““5 DblCat x DblCat —%" DbiCat ,

where @, is the Gray tensor product on DblCat as defined in Proposition [3.3.5]

We show that this gives a 2Cat-enrichment of DblCat with hom 2-categories given
by the underlying horizontal 2-categories of the pseudo-hom double category [—, —]ps
introduced in Definition [3.3.4

Proposition 3.5.2. The category DblCat is a tensored and cotensored 2Cat-enriched
category with
(1) hom 2-categories given by H[A, B, for every pair of double categories A and B,
(ii) tensors given by A @ C = A ®¢, HC, for every double category A and every 2-
category C,
(1) cotensors given by [HC,B]s, for every double category B and every 2-category C.

Proof. Let A and B be double categories and C be a 2-category. We have isomorphisms
DblCat(A ® C,B) = DblCat(A ®¢, HC, B) = DblCat(HC ®¢, A, B)
= DblCat(HC, [A, B]ps) = 2Cat(C, H[A, B),s)

natural in C, A, and B, by definition of the Gray tensor product ®¢, in Proposition [3.3.5
the fact that it is symmetric, and the adjunction H 4 H of Proposition|3.4.5| Furthermore,
we also have an isomorphism

DblCat(A ® C,B) = DblCat(A ®¢, HC, B) = DblCat(A, [HC, B],)

natural in C, A, and B, by Proposition [3.3.5] Then, by definition of ®, associativity
of ®ar, and Corollary [3.5.7 below, we have isomorphisms

ARC)®D=(ARcHC) @D =A®q (HC®D) =A@ H(C®: D)= A® (C QD)

natural in C, D, and A. Hence, it follows from Corollary [1.1.16| that DblCat is tensored
and cotensored over 2Cat. O

First, we note that the underlying horizontal 2-category of the pseudo-hom double
category out of a vertical double category is the same as the underlying horizontal 2-
category of the strict hom double category. Hence, this tells us that we could have
equivalently defined the functors V: DblCat — 2Cat of Definition [3.4.9] as the composite
of the pseudo-hom [V][1], =], out of the vertical morphism with H, instead of the strict
hom [V[1], —] with H.

Lemma 3.5.3. For every 2-category A and every double category B, the 2-categories
H[VA,B],s and H[VA,B] coincide.

Proof. Given a 2-category A and a double category B, we show that the underlying
horizontal 2-categories H[VA, B|,s and H[VA, B] coincide. First note that they have the
same objects by definition. Then, since every horizontal morphism in VA is trivial, it is
straightforward to see that a horizontal pseudo-natural transformation between double
functors VA — B is a strict one, as every vertically invertible square component associated
to a horizontal identity is trivial by (hpn3) of Definition It is then clear that the
2-morphisms — given by the adapted version of modifications — in both 2-categories are
the same by comparing Definitions [3.2.3] and [3-3:3] O

As a direct consequence, we can see that tensoring with a vertical double category is
equivalently given by taking the product with this vertical double category.
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Corollary 3.5.4. For every pair of 2-categories A and C, there is an isomorphism of
double categories VA ® C = VA x HC natural in A and C.

Proof. For every pair of 2-categories A and C, and every double category B, we have
isomorphisms

DblCat(VA ® C, B) = 2Cat(C, H[VA, B]ys) = 2Cat(C, H[V.A, B])
~ DblCat(HC, [V.A, B]) & DblCat(HC x VA, B)
=~ DblCat(VA x HC, B)

natural in A, C, and B, where the first isomorphism follows from Proposition the
second from Lemma, the third from the adjunction H - H of Proposition the
fourth from Proposition and the last one holds by symmetry of the product. By the
Yoneda Lemma, we get an isomorphism of double categories VA® C = VA x HC natural
in A and C, as desired. O

Remark 3.5.5. The above results implies that, for every 2-category A, we have an isomor-
phism of double categories LA = V[1] x HA = V[1] ® A natural in A, where L is the left
adjoint of the functor V: DblCat — 2Cat given by Proposition [3.4.10

We now compare the hom 2-categories of the 2Cat-enrichment of DblCat with the
pseudo-hom 2-categories of 2Cat. The following lemma tells us that the adjunction H 4 H
extends to an enriched adjunction between DblCat with the 2Cat-enrichment given by
H[—, —]ps and the 2Cat-enrichment given by the Gray tensor product on 2Cat.

Lemma 3.5.6. For every 2-category A and every double category B, there is an isomor-
phism of 2-categories HHA, B],s = [A, HB|2 s natural in A and B.

Proof. Given a 2-category A and a double category B, we want to show that there is
an isomorphism of 2-categories H[HA, B, = [A, HBJ; s natural in A and B. First
note that, by the adjunction H - H of Proposition there is an isomorphism be-
tween the underlying sets of objects DblCat(H.A, B) = 2Cat(.A, HB) natural in A and B.
Then, since H.A has no non trivial vertical morphisms, it is straightforward to see that
a horizontal pseudo-natural transformation of double functors H.A — B corresponds to a
pseudo-natural transformation of 2-functors A — HB as every square component associ-
ated to a trivial vertical morphism is trivial by (hnl) of Definition [3.2.1] The rest of the
data is the same and this can be seen by comparing Definitions [2.3.1] and Similarly,
one can check that modifications of double functors H.4 — B correspond to modifications
of 2-functors A — HB by comparing Definitions [2.3.2] and [3.3.3] O

As a direct consequence, we can see that tensoring with a horizontal double category
is given by the horizontal double category associated to the Gray tensor product of 2-
categories. In other words, the functor H: 2Cat — DblCat preserves the Gray tensor
products.

Corollary 3.5.7. For every pair of 2-categories A and C, there is an isomorphism of
double categories HA ® C = H(A ®2 C) natural in A and C.

Proof. For every pair of 2-categories A and C, and every double category B, we have
isomorphisms

DblCat(HA ® C,B) = 2Cat(C, H[HA, B,s) 2 2Cat(C, [A, HB]3 1)
= 2Cat(C ®2 A, HB) = 2Cat(A ®9 C, HB)
=~ DblCat(H(A ®2 C),B)

natural in A, C, and B, where the first isomorphism follows from Proposition the
second from Lemma the third from Proposition the fourth from the fact
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that ®9 is symmetric, and the last one from the adjunction H - H of Proposition [3.4.5
By the Yoneda Lemma, we get an isomorphism of double categories HA® C = H(A®2C)
natural in A and C, as desired. O

Finally, we show that the functor V of Definition also commutes with pseudo-hom
in the same way that H does.

Corollary 3.5.8. For every 2-category A and every double category B, there is an iso-
morphism of 2-categories V[HA, By = [A, VB|a s natural in A and B.

Proof. Given a 2-category A and a double category B, we have isomorphisms

{HA IB%]ps = H[V[l]a [HA B]pS] = H[ [ ] [HA B]pS]ps
[V[l] ®cr HLA, IB%]ps = H[H-A [ [ ] ]pS]pS
= [ , HIV[1], Blps]a,ps = [A, H[V[1], B]]2,ps = [A, VB]2ps

natural in 4 and B, where the equalities hold by definition of V (see Definition and
Lemma [3.5.3] and the first isomorphism follows from Proposition [3.3.5] the second from
the symmetry of the Gray tensor product and Proposition [3.3.5] and the last one from
Lemma O

3.6. Weak horizontal invertibility in a double category. In this last section on
double categories, we introduce notions of weak invertibility for horizontal morphisms
and squares in a double category A. Since these correspond to the morphisms of the
induced 2-categories HA and VA, respectively, we can define a horizontal equivalence and
a weakly horizontally invertible square to be an equivalence (see Definition in the
2-category HA and VA, respectively. We also introduce weakly horizontally invariant
double categories, which will be the fibrant objects of the model structure on DblCat
of Section We study more carefully the behavior of weakly horizontally invertible
squares. In particular, we show that weakly horizontally invertible squares in the double
categories HLA and H™ A correspond to 2-isomorphisms in the 2-category A. Finally, we
introduce horizontal pseudo-natural equivalences as the horizontal pseudo-natural trans-
formations whose square components are weakly horizontally invertible. In analogy to the
case of pseudo-natural equivalences of Proposition they correspond to the horizontal
equivalences in pseudo-hom double category.
Let us first define horizontal (adjoint) equivalences.

Definition 3.6.1. Let A be a double category. A horizontal morphism a: A — C
in A is a horizontal equivalence if it is an equivalence in the underlying horizontal
2-category HA. In other words, there is a tuple (a,c¢,n,€) with ¢: C' — A a horizontal
morphism in A and 7, € two vertically invertible squares in A of the form

A=————A C——A—">C
N n 1R N N € IR N
ATC?A, C —————(C,

Furthermore, the horizontal morphism a: A — B is a horizontal adjoint equivalence
if it is an adjoint equivalence in HA, i.e., if the vertically invertible squares 1 and € further
satisfy the following triangle identities.



34 LYNE MOSER

A A C
N R N o N A—>C
A——>C——A—C = N a N
N €a N € R N A—7—C
A—— C ————C
C—— A=————4
N ec N n R N C—5- A
C——A——C——A = H N
N € IR N e N C——4A
C C A

We often denote by a: A =» C a horizontal (adjoint) equivalence in A.

By considering equivalences in the 2-category VA, we can define weakly horizontally
invertible squares in A.

Definition 3.6.2. Let A be a double category. A square a: (u & w) in A is weakly
horizontally invertible if it is an equivalence in the 2-category VA. In other words,
if there is a square v: (w & u) in A together with vertically invertible squares (7, ¢) and
(1, €) satisfying the following pasting equalities.

A=————x Y A=————= Y
N n 1R K ui id,, iu
A—"=C——A = AN=————=N4
fede b
A,TC,TA/ A/TC/TA’
C——A—">C C——A—">C

R T SR I

C—C = A
c a

UJ£ idy, iw H e R H

C/ S — C/ C/ S — C/

Note that the horizontal boundaries of the square a are horizontal equivalences (a, ¢, 7, €)

and (a/,cd,n,€), called the horizontal equivalence data of . We call v a weak

inverse of a with respect to the horizontal equivalence data (a,c,n,¢) and (o', ¢, 7/, €).
We often write

A—=C
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to denote that the square « is weakly horizontally invertible in A.

Remark 3.6.3. Note that a square « is an adjoint equivalence in VA if and only if it is
weakly horizontally invertible and its horizontal equivalence data are horizontal adjoint
equivalences. In this case, we call them the horizontal adjoint equivalence data of «.

As a direct consequence of the 2-categorical result saying that any equivalence in a
2-category can be promoted to an adjoint equivalence (see Proposition, we get that
horizontal equivalences can be promoted to an adjoint one and, similarly, that a weakly
horizontally invertible square can be promoted to one whose horizontal equivalence data
is an adjoint one.

Lemma 3.6.4. Let A be a double category. Every horizontal equivalence in A can be pro-
moted to a horizontal adjoint equivalence. Moreover, every weakly horizontally invertible
square in A can be promoted to one with horizontal adjoint equivalence data.

Proof. Since horizontal equivalences and weakly horizontally invertible squares are equiv-
alences in the 2-categories HA and VA, respectively, this result is a direct consequence of
Proposition U

With this terminology, we can introduce a “weak” version of the horizontally invariant
double categories introduced by Grandis and Paré in [GP99, §2.4]. These weakly hori-
zontally invariant double categories will be the fibrant objects in the model structure on
DblCat constructed in Section [8) and were first introduced in [MSV20b].

Definition 3.6.5. A double category A is weakly horizontally invariant if, for every
pair of horizontal equivalences a: A = C and ¢’: A’ = C’ in A and every vertical
morphism w: C - C' in A, i.e., for every diagram in A as depicted below left, there is a

vertical morphism u: A > A’ in A together with a weakly horizontally invertible square «
in A as depicted below right.

A—=C A——=C

fw i . iw

A 2,’0/ A 2:;C/
a a

We now prove some technical results about weakly horizontally invertible squares The
first result says that, given a weakly horizontally invertible square « and horizontal adjoint
equivalence data for its horizontal boundaries, we can define a weak inverse to a with
respect to these horizontal adjoint equivalences, and that this weak inverse is unique.

Proposition 3.6.6. Let A be a double category, and let o be a weakly horizontally in-
vertible square in A of the form

A—>C
ui o =~ iw
A —— (.
a
Let (a,e,n,€) and (d’, ', 1/, €") be horizontal adjoint equivalence data in A for the horizontal

equivalences a and a'. Then there is a unique weak inverse

C—— A
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of a in A with respect to the horizontal adjoint equivalence data (a,c,n,¢€) and (a',c, 1/, €).

Proof. Since every weakly horizontally invertible square can be promoted to one with

b

horizontal adjoint equivalence data by Lemma |3.6.4} there is a weak inverse 3: (w p, u)
of o in A with respect to horizontal adjoint equivalence data (a, b, u, d) and (a’, b, i/, d").

We define v: (w & u) to be the square given by the following pasting.

c

C—n——°¢ A
N 5 LIR N €c N
C—LtosA—"s0—A
BEE

C—= A c—s A A

R

¢ — A C—— A A
BN
C'— A — O
H 7 10 HH
O ——=C A

We verify that v is a weak inverse of a with respect to the horizontal adjoint equivalence

data (a,c,n,€) and (d’, ¢, 0, €). We have that

A
n R
A—"  =—x(C—
€a N 5LIR N €c
A—— 4 Aot o—
N n 1R N €a N €p N nLIR
A2 o—S5 4 A—so Lt foo——

=

b/

ey H 7 IR
/

N e
=}

—_

3\

=

AN

~

o

——

;\“ e
—a—) —e— QO

/ A/ A/ a/ / b/ A/ a, Cl
€a/ 6/ 1 H €/
A/ - C/ C/ ;
a C

()~

A

SN

u

o —e—
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A A
n R
A 0 ——m—=0—5> 4
€a H 671\\2 K €c
A—7—>C 5 A——>C—— A
wotie N n~LR
A A A A=——A
= ui id,, iu idy, fu = 1& id, iu
Al A/ A/ A/ A/,
IR N n' IR
Y e Y e
Cq! H o IR N €
Al - Cl C/ - Al
a C
()R
A Al

where the first equality holds by definition of -, the second since ( is a weak inverse of «
with respect to the horizontal adjoint equivalence data (a,b, u,d) and (a’, ¥, 1/, ¢"), and
the last one by the triangle identities for (u,§) and (1', 6') and the fact that ! and (') ~*
are the vertical inverses of 17 and 7/, respectively. Similarly, we have that

C C e,
N 5LIR N e LR N
C C c—Ltosa—"soc—sa—"scC
N e1IR N N €y N LR N €q N
C—sa—"5C C—LtosA— s
wi ; i o fu - wi p i s i o« b

<

S
S

<

=
Q
S

Q ——10O
s
ﬂ’\\
Q
—
——0O) —e—O
L =
—
:\
—
g} Q

a c a
o IR H e IR

Q
Q
Q
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Il
S
—e—
w
e
—eo—
Q
—eo—
g
I
S
—e— QO
a
g
Q IS

C’/ 7 N A/ = s C/ C/ ! ,
H 6" IR H
C/ _ C/

where the first equality holds by definition of ~y, the second by the triangle identities for
(n,€) and (n',€'), and the last one since [ is a weak inverse of a with respect to the
horizontal adjoint equivalence data (a,b, u,d) and (a’,b’', 1, 6"). This shows that v is a
weak inverse of o with respect to the horizontal adjoint equivalence data (a,c,n,€) and
(d/,d,n,€), and hence the existence of a weak inverse for @ with respect to the horizontal
adjoint equivalence data (a,c,n,€) and (a/,c, 7/, €).

We now prove uniqueness. Suppose that 4': (w ¢ u) is another weak inverse of a with
respect to the horizontal adjoint equivalence data (a,c,n,¢€) and (a/,c,n',€). Then we
have that

C A A
N €c N IR N
Cc—— A C——A=——=A4A C——A—"0c—">4
wi ~' iu = wi ~' iu id,, iu = wi ~' ui o wi ol iu
C’ — Al C’ — A A ' / A / C’ - A
c c a c
“ e H (n")~He H
C’ A Al
C/
c C—— A
” 571”2 ” €c N
C——A—">C—">4 C=——=(C—>4 C—— A
= wi ~ ui « wi o' iu = wi idy, wi o' iu = wi y fL
C/ - A/ - C/ - A/ C/ C/ - >A/ C/ - >A/,
c a c c c
H ¢ H H
C’ o A’

where the second equality holds since 7 is a weak inverse of a with respect to the horizontal
adjoint equivalence data (a, c,n,€) and (a’,, 7', €'), the third one by the triangle identities
for (n,€) and (1/,€’), and the fourth one since 7' is a weak inverse of o with respect to
the horizontal adjoint equivalence data (a, ¢, n,€) and (a’, ¢/, 1/, €). This shows that v =~
and that the weak inverse of o with respect to the horizontal adjoint equivalence data
(a,c,m,€) and (a,d, 7', €) is unique. O
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We now show that a square with trivial vertical boundaries is weakly horizontally
invertible if and only if it is vertically invertible. In particular, since the horizontal
double category H.A associated to a 2-category A has only trivial vertical morphisms, its
weakly horizontally invertible squares correspond to the 2-isomorphisms in A.

Proposition 3.6.7. Consider a square o in a double category A of the form

A—>C

bt

A——C,
a

where a and a' are horizontal equivalences. Then the square o is weakly horizontally
tnvertible if and only if it is vertically invertible.

Proof. Suppose first that « is weakly horizontally invertible. Let (a, ¢, n,€) and (a/, ¢, 7/, €)
be horizontal adjoint equivalence data for a and @', and let v: (ec ¢ ea) be the unique
weak inverse of «, given by Proposition [3.6.6] with respect the horizontal adjoint equiva-
lence data (a,c,n,€) and (a’, ¢, 7, €'). We define 3 to be the following pasting.

A A C
n R N €a’
A2 A—so—sa-2C
BEDDE
A——C A C—r A C
€a ﬂ e 1R
A c C

We now verify that 3 is the vertical inverse of a by showing that both vertical composites
of a and f3 give the vertical identity square at a and a’, respectively. We have that

A A C
A—sC R N €q
N a N A0 —"—A">C
ALC = €q H Y N o
P D SV Ny p—
C a
A—7—C €q N e e
A C C
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A= A C

N n R N €a N A2 0
= A—"=(0C—A——C = N N

K N e IR N A——C,

A C ———(C

a

where the first equality holds by definition of 3, the second since v is the weak inverse
of o with respect to the horizontal adjoint equivalence data (a,c,n,¢) and (a/, ¢, 7/, €),
and the last one by the triangle identities for (7, €). Similarly, one can show that the other
vertical composite of  and « is ey, using the other relation saying that («,~) are weak
inverses with respect to the horizontal adjoint equivalence data (a,c,n, €) and (o', ¢, 7/, €),
and the triangle identities for (,€¢’). This shows that the square (3 is a vertical inverse
of o and hence that the square « is vertically invertible.

Now suppose that « is vertically invertible with vertical inverse a~!. Let (a,c,n,¢) be
horizontal equivalence data for a. Then the data (a/,¢,n’,€’) is a horizontal equivalence
data for o, where the vertically invertible squares 1’ and € are given by the following
pasting equalities.

A=—A

A=A N n 1R K
N ' IR N = A—"Cc—">4
ATCfA H azH €c H
A—>C—>A

C—>A*>C

c— A%, 0 N N a1 N
N ¢ R N = OC—FA—7C
C C N € IR N
= C

It is then straightforward to see that the vertical identity square e, is a weak inverse of «
with respect to the horizontal equivalence data (a,c,n,€) and (a’,¢,n’,€’). This shows
that « is weakly horizontally invertible. O

We now show that a square in the double category H™.A associated to a 2-category A
is weakly horizontally invertible if and only if it is induced by a 2-isomorphism in A.

Lemma 3.6.8. Let A be a 2-category and let « be a square in H™A of the form
A—>C
u = (u7 ul7 Ty 6u)£ (€7 iw = (w>wl7 Thw fw)

A —=
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where the horizontal morphisms a and o' are equivalences in A, and the vertical morphisms
u and w in H=A are induced by the adjoint equivalences (u,u',ny, €,) and (w,w', Ny, €y)
in A. Then « is weakly horizontally invertible if and only if its associated 2-morphism
a: wa = a'u is a 2-isomorphism.

Proof. First note that, by definition of H~A, the square a in H~A corresponds to a 2-
morphism «a: wa = a’u in A, which also gives rise to a square @ in H~A, defined as the
following pasting

A——=C—=( A=——A—"=C—=(

SRR T R

A—r A —= O A— A —— 0 == (",
a a

where the squares id, and id,, are induced by the identity 2-morphisms in A at u and w,
respectively. Note that the composites wa and a’u are horizontal equivalences in H™A.
We show that « is weakly horizontally invertible if and only if @ is weakly horizontally
invertible, and then conclude by applying Proposition

Let (a,c,m,¢€) and (a’,c, 7', €') be adjoint equivalence data in A for a and a’. Suppose
that a is weakly horizontally invertible, and let + be its weak inverse in H~.A, given by
Proposition |3.6.6

C—5- A

fwf

Cl ,>A/
C

with respect to the horizontal adjoint equivalence data (a,c,n,€) and (d’,c,n',€). We
define ¥ to be the following pasting of squares in H~.A

/

' L,) C _° . A ! w —— A

H v N = N €w wi iu T ”

C— A — A O ——C' > A — A,
c u c u

where the squares €, and 7, are induced by the 2-isomorphisms €, : ww’ = id¢ and
Ny idg = v'u of A. We show that 7 is a weak inverse for the square @ with respect to
the composite of the horizontal adjoint equivalence data of (a, ¢, n, €) with (w,w’, Ny, €y),
and of (u,u,ny, €,) with (a/,c/,n’,€'). We have that

A A
n R
A——C C—— A
€a “ Nw 1R N €c
A== C— O —= C—— A
a H bl
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A A A A
Ua N n R N Oa
A=—— A" (=——es(C " A=—— A
= Oy K €q K Tw 1R N ec H Ou
R B s Ry pu— |
idy, 1& « fwi H €w wi 0l ft My
A= A — (== =——=C — A — A
A A A A A A
N o N 70 H o K K i H
- A= C oy Ad=—— A = A C——— "4
P A
A= A —— 0 — A —— A A——C—— 0 —> C— A,

where the first equality holds by definition of @ and 7, the second by the triangle identities
for (nw, €w), and the third since ~ is the weak inverse of a with respect to the horizontal
adjoint equivalence data (a,c,n,¢€) and (a/,c,n',€') and by rearranging the square. The
other relation involving the counits can be shown similarly. Hence 7 is a weak inverse
of @, and this shows that @ is weakly horizontally invertible.

Now suppose that the square @ is weakly horizontally invertible, and let 7 be its weak
inverse in H~ A4, given by Proposition [3.6.6

oo - A

b

C/ /)A/ /)A
C u

with respect to the composite of the horizontal adjoint equivalence data (a,c,n,€) and
(w, W, My, €), and the composite of the horizontal adjoint equivalence data (u, v, 1y, €,)
and (a/,,n',€"). We define ~ to be the following pasting of squares in H~A

C=——C—— A
N N
C—— A C'——C—— A
SRR SRR
C/ﬁA/ C/%AI*}A

C'—— A== A,
C
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where the squares 7, and ¢, are induced by the 2-isomorphisms 7, : idc = w'w and
€u: uu' = idg of A. We show that v is a weak inverse for the square o with respect to
the horizontal adjoint equivalence data (a,c,n,¢€) and (a’, ¢, 7, €'). We have that

A A
n 1R
A=——o——=— A—"(C=—C=—=C— 4
N n IR N €aq N idy, wi Nw N €c
A—2C0—24 = A—C—C—>C——A
SRR R R
A O A A" 4 " o 4 A
N —— N — O — A —— A
. p
A A A— 4
N T R N ui id, iu
- A ——— N a = y——
ui id, H 7 IR H € iu H 7 IR H
A —— A — O — A —— A A — O — A

where the first equality holds by definition of v and by the relation between o and @,
the second since 7 is a weak inverse of @ with respect to the composites of the horizon-
tal adjoint equivalence data of (a,c,n,€) with (w,w’, Ny, €y), and of (u,u’,n,,€,) with
(a/,d,n',€), and the third by the triangle identities for (7y,e€,). The other relation in-
volving the counits can be shown similarly. Hence = is a weak inverse of «, and this shows
that « is weakly horizontally invertible.

We have seen that the square « is weakly horizontally invertible if and only if @ is
weakly horizontally invertible. By Proposition [3.6.7] since the vertical boundaries of @
are trivial, this holds if and only if @ is vertically invertible, which in turns holds if
and only if the corresponding 2-morphism «: wa = a’u is a 2-isomorphism in A. This
concludes the proof. O

As a consequence of this result, we can see that the weakly horizontally invertible
squares in a double category A induce 2-isomorphisms in the induced 2-category L~A,
where L~ is the left adjoint of the homotopical horizontal embedding H~ (see Defini-

tion |3.4.12{ and Proposition |3.4.14)).
Lemma 3.6.9. Let A be a double category.

(i) If a: A =, C is a horizontal equivalence in A, then the corresponding morphism
a: A= Cin L&A is an equivalence.

(i) If oz (u & w) is a weakly horizontally invertible square in A, then the correspond-
ing 2-morphism «: wa = a'u in L=A is a 2-isomorphism, where u and W are the
equivalences in L=A induced by the vertical morphisms u and w of A.
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Proof. We first prove (i). Let (a,c,n,€) be a horizontal equivalence in A. Then, by
construction of L=A, there are corresponding morphisms a and ¢, and corresponding 2-
isomorphisms 7: idg = ca and €: ac = id¢ in L~A. Hence this shows that (a,c,n,¢€) is
an equivalence in L=A.

Now suppose that we have a weakly horizontally invertible square « in A as in (ii). Its
horizontal boundaries a and a’ are horizontal equivalences in A, and hence they are also
equivalences in L=A by (i). Let (u, @, ng, ez) and (W, W', nw, e) be the adjoint equivalence
data in L= A induced by the vertical morphisms u and w of A. Then, the square « induces
a 2-morphism a: wa = a/u in L=A, which itself induces a square @ in H¥L=A of the
form

A—25 0
(H7 ﬂ/,ﬂg, Eu)i a = i(wv @’, w,fm)

A —

where a and @’ are equivalences in L=A. The relations expressing the fact that « is weakly
horizontally invertible in A translate to relations in H~L~A, which imply that the corre-
sponding square @ is weakly horizontally invertible in H~L~A. Hence, by Lemma [3.6.8
we get that the associated 2-morphism «: wa = a’u is a 2-isomorphism in L=A. U

Finally, we prove that a horizontal equivalence in the pseudo-hom double category
of Definition is precisely a horizontal pseudo-natural transformation whose square
components are weakly horizontally invertible squares.

Proposition 3.6.10. Let F,G: A — B be double functors. A horizontal pseudo-natural
transformation ¢: F = G is a horizontal equivalence in [A,B],s if and only if, for every

vertical morphism u: A - A" in A, its square component @, : (Fu i‘:, Gu) is a weakly
horizontally invertible square in B. In particular, for every object A € A, its horizontal
morphism component pa: FA — GA is a horizontal equivalence in B.

Proof. Suppose first that ¢: F' = G is a horizontal equivalence in [A,B],s. Then there
is a horizontal equivalence data (¢, 1, n,€) in [A,B],s for ¢. By evaluating this data at
an object A € A, we get a horizontal equivalence (p4,14,m4,€4) in B. Moreover, the
relations satisfied by the vertically invertible modifications 7 and ¢, as given in (dmpl) of
Definition [3.3.3 - or similarly by (dm1) of Definition since the vertical boundaries
of n and € are trivial —, tell us that the squares (py, 1) are weak inverses with respect to
the horizontal equivalence data (pa,%¥a,na,€4) and (@ ar, ¥ ar,nar, €a1), for every vertical

morphism u: A e A’ in A. This shows that ¢ is such that its square component ¢, is

weakly horizontally invertible in B, for every vertical morphism u: A o> A’ in A.
Now suppose that ¢: F' = G is such that its square component ¢, : (Fu 54, Gu) is

weakly horizontally invertible in B, for every vertical morphism u: A > A’ in A. Then,
its horizontal morphism component ¢ 4: FFA — G A is a horizontal equivalence in B, for
every object A € A, since it is the horizontal boundary of a weakly horizontally invertible
square. Let us fix horizontal adjoint equivalence data (p4,14,m4,€4) in B, for each object
A € A. We define a horizontal pseudo-natural transformation v: G = F and two modi-
fications 1 and € in [A, B, such that (,1,7,€) is a horizontal adjoint equivalence data
for ¢ in [A,B|ps. Given a vertical morphism u: A > A" in B, we define ,,: (Gu Zﬁ/ Fu)
to be the unique weak inverse of ¢, in B, given by Proposition with respect to the

horizontal adjoint equivalence data (¢ 4,1¥4,m4,€4) and (par, a7, nar, €as). 1t is straight-
forward to see that v satisfies (hn1-2) of Definition since ¢ satisfies these conditions



RELATIONS BETWEEN 2-DIMENSIONAL CATEGORIES AND THEIR co-ANALOGUES 45

and by the fact that the weak inverse of ¢, with respect to the horizontal adjoint equiv-
alence data (pa,%a,n4,€4) and (@ ar, ¥ ar,mar, €4r) is unique by Proposition Given
a horizontal morphism a: A — C in A, we define 1, to be the vertically invertible square
in B given by the following pasting.

GAA pA Lty o ——— P
Cypy ” €Fa ” nc 1R

oA pa E po GAﬂFATaFCﬂGCLCFC

“ Pa IR N = €4 N o tR N 20
Ga

GAWGC%’FC GAWFAWGAHGCWFC
€A R N €Ga H e

GA———GA—> GC — FC
a A

The fact that v satisfies (hpn3-4) of Definition follows from the triangles identities
for (na,ea), for all objects A € A, and the fact that ¢ satisfies these conditions. Finally,
(hpnb) of Definition for 1) follows from the fact that (¢, 1,,) are weak inverses with
respect to the horizontal adjoint equivalence data (va,14,14,€4) and (@ ar, Y ar,nar, €ar),

for all vertical morphisms u: A -e» A’, and the fact that ¢ satisfies this condition. More-
over, the squares 4 and €4, for all objects A € A, assemble into vertically invertible
modifications 1 and € in [A, B],, as desired. This shows that (¢,,n,€) is a horizontal
adjoint equivalence data for ¢ in [A, B, and this concludes the proof. O

Definition 3.6.11. Let F,G: A — B be double functors. A horizontal pseudo-natural
transformation ¢: F = G which satisfies the conditions of Proposition [3.6.10] is called
a horizontal pseudo-natural equivalence. We say that ¢ is a horizontal pseudo-
natural adjoint equivalence if it is a horizontal adjoint equivalence in the pseudo-
hom double category [A,B]ys, or equivalently, if, for every object A € A, its horizontal
morphism component ¢ 4: FFA — G A is a horizontal adjoint equivalence in B.






PART II.

BACKGROUND ON MODEL CATEGORIES

Model categories provide a good environment to do homotopy theory. While in a
category, two objects are considered to be “the same” if they are isomorphic, model
categories allow us to relax this notion of sameness. Indeed, in a model category, there is
a class of morphisms, called weak equivalences, which is used to compare two objects of the
ambient category. For example, a good notion of a weak equivalence between categories
is that of an equivalence of categories — defined as a functor which has an inverse up
to natural isomorphisms —, rather than that of an isomorphism of categories. A more
geometric example is given by that of topological spaces, where a continuous map is a
weak equivalence if it induces isomorphisms between homotopy groups in all dimensions.

In particular, from a model category, we can construct its homotopy category, which
is given by localizing at the class of weak equivalences. Hence, in this homotopy cate-
gory, two objects are isomorphic if and only if they are weakly equivalent in the model
category we started with. In particular, the homotopy category of a model category is
obtained by restricting to the cofibrant-fibrant objects, and by taking homotopy classes
of morphisms between these objects. We therefore often call a model category after its
class of (cofibrant-)fibrant objects. Furthermore, there is a notion of a Quillen equiva-
lence between model categories which allows us to interpret the homotopy theories of two
different model categories as being the same. In particular, a Quillen equivalence induces
an equivalence between homotopy categories, which motivates the fact that it gives a
homotopical version of an equivalence.

Model categories were actually introduced by Quillen [Qui67] to axiomatize the homo-
topy theory of topological spaces mentioned above. In particular, Quillen constructs a
model structure on the category of simplicial sets which models the homotopy theory of
spaces, in the sense that there is a Quillen equivalence between the model structure on
topological spaces and Quillen’s model structure on simplicial sets. Moreover, the fibrant
objects in this model structure on simplicial sets are the Kan complexes and, since the
homotopy category whose objects are Kan complexes is equivalent to that of topological
spaces, we often refer to the Kan complexes as “spaces”.

Model categories provide the language we use in this thesis to prove the desired the-
orems. In order to compare 2-categories, double categories, and their co-analogues, we
construct model categories in which each of these notions corresponds to the fibrant ob-
jects, and we compare the model categories using homotopical analogues of adjunctions
between categories.

In Section [4} we first recall the basic definition of the theory of model categories. We
also explain how to construct the homotopy category of a model category, and give the
homotopical version of adjunctions between model categories, called Quillen pairs. In
particular, a Quillen pair induces an adjunction between the homotopy categories, which
shows that it models the correct homotopical notion. We also introduce at the end of
Section ] enriched and monoidal categories, which are model structures on the underlying
category of a tensored, cotensored, and enriched (or closed monoidal) category satisfying
the pushout-product axiom. In particular, all model structures considered in this thesis
are enriched and/or monoidal.
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Then, in Section [5] we recall two constructions of model categories. The first one is
given by inducing a model structure on a category from another model category along
an adjunction. These are called left- and right-induced model structures, depending on
whether we induce the model structure along a left or a right adjoint, and the results
are based on work by Garner, Hess, Kedziorek, Riehl, and Shipley in [HKRS17, [GKR20].
The second one is given by localizing a model category at a set of morphisms, and is
called a left Bousfield localization. The results of this section are based on Hirschhorn’s
book [Hir03] and Werndli’s thesis [Werl6]. However, we restrict ourselves here to the
case of a model category enriched over the model structure on simplicial sets for Kan
complexes mentioned above, since we will only apply this theorem in such a context.
This construction is very useful to restrict the class of fibrant objects of a model structure
to a smaller class, and will be used in Part [[V] to build model structures whose fibrant
objects are the (0o, 2)-categories and the double (oo, 1)-categories, respectively.

4. MODEL CATEGORIES

A model category contains three classes of morphisms, called weak equivalences, cofi-
brations, and fibrations. A cofibration which is also a weak equivalence is then called a
trivial cofibration and, similarly, a fibration which is also a weak equivalence is a trivial
fibration. Cofibrations and trivial fibrations, as well as trivial cofibrations and fibrations,
form weak factorization systems. In Section [£.1] we first introduce model categories, using
this terminology. In particular, we prove some classical results about weak factorization
systems, which will be used throughout this thesis. We also introduce cofibrant and fibrant
objects which are such that the unique morphism from the initial object is a cofibration
and the unique morphism to the terminal object is a fibration, respectively.

Often, the weak factorization systems of a model category are cofibrantly generated, in
the sense that there is a set of cofibrations and a set of trivial cofibrations which generate
the whole class of such. In Section [£.2] we introduce this property, which can also be
defined for any weak factorization system. We then prove the small object argument,
which says that the weak factorization system generated by any set of morphisms in
a locally presentable category always exists, based on results by [Hir03]. Most of the
model structures considered in this thesis are cofibrantly generated, which is a very useful
condition in practice since we can often restrict our attention to the sets of generating
(trivial) cofibrations to prove a result for all (trivial) cofibrations.

Then, in Section [4.3] we construct the homotopy category of a model category. This
homotopy category is given by restricting to the cofibrant-fibrant objects, and taking
homotopy classes of morphisms between such objects. In particular, a Whitehead The-
orem for model categories tells us that the weak equivalences between cofibrant-fibrant
objects are precisely the homotopy equivalences, i.e., the morphisms which have an inverse
up to homotopy. This ensures that they correspond to the invertible morphisms in the
homotopy category.

After having introduced the main definitions about model categories, we define in Sec-
tion the notion of a Quillen pair, which gives a homotopical version of an adjunction.
Indeed, we show that a Quillen pair induces an adjunction between homotopy categories.
We also introduce Quillen reflections, co-reflections, and equivalences, and show that
they induce the corresponding 1-categorical notion between homotopy categories, which
justifies their definitions. In particular, a Quillen equivalence gives the right type of com-
parison to identify two homotopy theories. The results of Sections and [1.4] are based
on [DS95].

Finally, in Section we study enriched model categories. These are model structures
on the underlying category of an enriched, tensored, and cotensored category satisfying
an additional axiom, called the pushout-product axiom. In particular, when we have
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a model structure on a closed monoidal category which is enriched over itself, we say
that the model structure is monoidal. In Part [[] we have seen that the categories 2Cat
of 2-categories and DblCat double categories both admit a closed symmetric monoidal
structure given by the Gray tensor product, and that DblCat is also tensored, cotensored,
and enriched over 2Cat. In Part we will see that the model structure on 2Cat is
monoidal with respect to the Gray tensor product, and that both model structures on
DblCat are enriched over 2Cat. The second-constructed model structure on DblCat is
further monoidal with respect to the Gray tensor product for double categories.

4.1. Model categories via weak factorization systems. Traditionally, a model cate-
gory is defined to be a category equipped with three classes of morphisms — called cofibra-
tions, fibrations, and weak equivalences — which satisfy several axioms. In particular, the
class of cofibrations and the class of fibrations which are also weak equivalences — called
trivial fibrations — form a weak factorization system: every morphism of the ambient cat-
egory can be factored into a cofibration followed by a trivial fibration, and cofibrations
are precisely the morphisms which have the left lifting property with respect to trivial
fibrations, and dually. Similarly, the class of trivial cofibrations and the class of fibrations
also form a weak factorization system. Therefore, weak factorization systems allow us to
give a more concise definition of model categories and this is the approach that we are
taking here.
Let us first recall what we mean by a lifting property.

Definition 4.1.1. Let M be a category and let [: A — B and r: X — Y be morphisms
in M. If, in every commutative square in M of the form

ALX

B ¥,
there is a lift h: B — X with Al = f and rh = g, we say that [ has the left lifting
property with respect to r, or equivalently, that r has the right lifting property with
respect to [.
Given a class C of morphisms in M, we say that a morphism f in M has the left
(resp. right) lifting property with respect to C if f has the left (resp. right) lifting
property with respect to each morphism in C.

Notation 4.1.2. Let C be a class of morphisms in a category M. We denote by YC the
class of morphisms in M which have the left lifting property with respect to C, and by C¥
the class of morphisms in M which have the right lifting property with respect to C.

Using these notations, a weak factorization system on a category is defined as follows.

Definition 4.1.3. Let M be a category. A weak factorization system (£,R) on M
consists of two classes £ and R of morphisms in M satisfying the following conditions.

(wfsl) Every morphism f in M can be factored as f = rl with [ € £ and r € R.
(wfs2) We have that £ =YR and R = LP.

Since the left and right classes of a weak factorization system are defined by lifting
properties against each other, we can show that they satisfy the following properties.
Before stating these properties, we first recall the notion of a transfinite composition of
morphisms.

Definition 4.1.4. Let M be a category and A be an ordinal. A transfinite composition
of morphisms in M is a sequence of composable morphisms
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l l
Ly Ay AMLAMHH...;)AH;,...

l
Ay —— Ay :
for all ordinals p < A, such that, for every limit ordinal Kk < A, the unique morphism
colim,,A, — A, is an isomorphism. Let us denote by ¢,: A, — colim,-)A,, the leg of
the colimit cone, for ;< A. Then the morphism ¢o: Ag — colim,<yA, is the composite
of the transfinite composition.

Proposition 4.1.5. Let (L, R) be a weak factorization system on a category M. Then the
classes L and R contain isomorphisms, and are closed under compositions and retracts.
Furthermore,

(i) the left class L is closed under coproducts, pushouts, and transfinite compositions,
(ii) the right class R is closed under products and pullbacks.

Proof. We prove the results for the left class £, and those for the right class R can be
proven dually. In the proof, to show that a certain morphism is contained in £, we always
show that it has the left lifting property with respect to every morphism in R, i.e., that
it is in YR = L. N

We first prove that £ contains isomorphisms. Let [: A — B be an isomorphism in M
and write [~': B — A for its inverse. Let r: X — Y be a morphism in R and consider a
commutative square in M of the form

Then the composite fI=!': B — X is a lift in this diagram since we have fI~'l = f and
rfl= ! =gll=' = g. Hencel € L.

We now show that L is closed under compositions. Let [: A — B and k: B — C be
morphisms in £. Let r: X — Y be a morphism in R and consider a commutative diagram
in M of the form

Since [ has the left lifting property with respect to r, there is a lift A: B — X such that
hl = f and rh = gk. Then, since k has the left lifting property with respect to r, there is
a lift h': C — X such that A’k = h and rh/ = g. Then I’ is the desired lift for kl. Hence
kl e L.

We now show that L is closed under retracts. Let [: A — B be a morphism in £ and
suppose that k: C — D is a retract of [ through the following commutative diagram.



RELATIONS BETWEEN 2-DIMENSIONAL CATEGORIES AND THEIR co-ANALOGUES 51

~ S\

C 1 A S C

||

NS

=N

Let r: X — Y be a morphism in R and consider a commutative square in M as below
left. We compose it with the right-hand commutative square of the above diagram, as
depicted below right.

c—1sx A%CL}?X
AR IS J”
D——Y B%DTY

Since [ has the left lifting property with respect to r, there is a lift h: B — X in the above
right diagram such that hl = fs and rh = gt. Then, the composite hj: D — X is a lift
in the above left diagram, since hjk = hli = fsi = f and rhj = gtj = g. Hence k € L.

We now show that £ is closed under coproducts. Let {l;: A; — B; | i € I} be a
collection of morphisms in £ such that their coproduct | |;c;l;: | J;cr Ai = ;e Bi exists.
Let r: X — Y be a morphism in R and consider a commutative square in M as below
left. We compose it with the inclusion morphisms of A; and B; into the coproducts, for
every i € I, as depicted below right.

A
i
UzeIAZLX A,L;)'_lle[Azi)vX
Z B
Lier lii //h/ J’“ l{ hé/’:b_'/ie/l l; Jr
LUicr Bi —5Y B; %B Uicr B —5Y

Since, for every ¢ € I, the morphism [; is in £, there is a lift h;: B; — X in the above
right diagram such that h;l; = fbf and rh; = gbf . By the universal property of the
coproduct | |;c; B;, there is a unique morphism h: | |;c; B; — X such that hP = h;, for
all i € I. Then h(;c;li)ef = hPli = hil; = fif* and vl = rh; = guF and this gives
M U;er i) = f and rh = g by uniqueness of such morphisms. Hence h is a lift in the above
left diagram and | |;c;l; € L.

We now show that £ is closed under pushouts. Let [: A — B be a morphism in £ and
suppose that k: C — D is a pushout of [ through the following pushout diagram.

A5 ¢

—~

k

-
BT>D

Let r: X — Y be a morphism in R and consider a commutative square in M as below
left. We compose it with the above pushout square, as depicted below right.
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CLX ALCL;X
o« -
kl n J I J
// ////’_

Since [ has the left lifting property with respect to r, there is a lift h: B — X in the
above right diagram such that hl = fp and rh = gq. By the universal property of the
pushout, since hl = fp, there is a unique morphism h’: D — X such that A’k = f and
h'q = h. Then rh'k = rf = gk and rh’q = rh = gq and hence rh’ = g by uniqueness of
such a morphism. Hence I’ is a lift in the above left diagram and k € L.

We finally show that £ is closed under transfinite compositions. Let A be an ordinal
and suppose that we have a transfinite composition of morphisms

l l
Ly Ay AMLAM“Fl;).”;)ANH”'

Ay %5 4,

such that [,: A, — A, is in £, for all ordinals u < A. We show that the composite
to: Ag — colim, - A, is in L. Let r: X — Y be a morphism in R and consider a
commutative square of the form

f

Ag — X

We build a lift h: colim,<xA, — X in this diagram by transfinite induction. In other
words, we construct a morphism h,,: A, — X such that rh, = gi,, for each p < A. First,
we set hg = f: Ag — X and we indeed have rf = gig. Given p+ 1 < A a successor
ordinal, consider the following commutative square

h
Au—“>

X
h -
l/‘J{ TTL Jr
Y,

A —_—
T

which commutes since, by induction hypothesis, rh, = gt, = gtu41l,. Since I, is in L,
there is a lift h,41: A1 — X in the above diagram with h, 110, = h, and rh, 11 = gruq1.
Now given £ < A a limit ordinal, let us denote by ¢j;: A, — A, = colim, <A, the leg of
the colimit cone, for u < k. We set h,: A, — X to be the unique morphism such that
hyty, = hy, for all p < k. In particular, since rhyiy, = rhy, = gi, = gusty, for every p < s,
we have rh, = gt by uniqueness of such a morphism. Finally, we set h: colim,yA4, — X
to be the unique morphism such that hey, = hy, for all 4 < A. It is indeed a lift in the
first diagram as hig = hg = f and, since rhe, = rh, = gi,, for all p < A, then rh = g by
uniqueness of such a morphism. Hence ¢y € L. O

We now prove the following “retract argument”, which is very useful when trying to
prove that a certain morphism is contained in the left or right class of a weak factorization
system, since these are closed under retracts by the above result.

Proposition 4.1.6 (Retract argument). Let f: A — B be a morphism in a category M
which factors as
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A ! B.
C
(i) If f has the left lifting property with respect to p, then f is a retract of i of the
form
A=——A=—=A
f JL f
B—C—B.,

k p

(

(ii) If f has the right lifting property with respect to i, then f is a retract of p of the
form

)

A—>C—>A
| b b
= B=———1,

Proof. We prove the first statement. Since f has the left lifting property with respect
to p, there is a lift k: B — C in the following commutative square.

A—sc

This gives the desired retract since pk = idg, pi = f, and kf = i.
The second statement can be proven dually. O

We are now ready to give the definition of a model category in terms of its weak
factorization systems.

Definition 4.1.7. A model category is a complete and cocomplete category M together
with three classes of morphisms in M,
(i) a class C of cofibrations ( — ),
(ii) a class F of fibrations ( — ), and
(iii) a class W of weak equivalences ( = ),
satisfying the following conditions.

(mcl) The class W satisfies the 2-out-of-3 property, i.e., given two composable morphisms
f and g in M, if two out of the three morphisms f, g, and gf are in W, then so
is the third.

(mc2) The pairs (C, F N W) and (CNW, F) are weak factorization systems on M.

We say that (C,F,W) is a model structure on M. We denote by (M,C,F, W) or
simply by M the data of a model category.

Definition 4.1.8. Let (M,C, F, ) be a model category. A morphism in CNW is called
a trivial cofibration ( < ), and a morphism in F N W is called a trivial fibration

~

(=)
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In particular, the class of weak equivalences of a model category is closed under compo-
sitions by one instance of the 2-out-of-3 property, and it contains all isomorphisms since
CNW C W and CNW contains all isomorphisms by Proposition [.1.5] We can further
show that it is closed under retracts. The proof is taken from [Joy08, Proposition E.1.3].

Proposition 4.1.9. Let (M,C,F, W) be a model category. Then the class W of weak
equivalences is closed under retracts.

Proof. Let f: X =Y be a weak equivalence in M and suppose that g: A — B is a
retract of f through the following commutative diagram.

A D

A—— X —"—

A
r
Y B

[ S

g

~

B

|
|

(

Since (C N W, F) is a weak factorization system, we can factor the morphism g as
g
A B
W™
C

with j a trivial cofibration and p a fibration. We then consider the pushout P of j along
k and we obtain a commutative diagram

where h: P — C and f’: P — Y are the unique morphisms given by the universal property
of the pushout such that hk’ = id¢, hy' = jr, f'k' = Ip, and f'j’ = f. Note that j’ is a
trivial cofibration, since it is the pushout of a trivial cofibration and this class is closed
under pushouts by Proposition Moreover, note that the right-below square of the
above diagram commutes, since phj’ = pjr = gr = sf = sf'j’ and phk’ = p = slp = sf'k’
and hence ph = sh’ by uniqueness of such a morphism. By the 2-out-of-3 property, since
f and j’ are weak equivalences, then so is f’. Hence the pasting of the two bottom squares
tells us that the fibration p is a retract of the weak equivalence f’. As before, we can
factor [’ as

P ! y
Z
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with ¢ a trivial cofibration and ¢ a fibration. By the 2-out-of-3 property, we also have
that ¢ is a weak equivalence, and hence a trivial fibration. Since p is a fibration and ¢ is
a trivial cofibration, there is a lift t: Z — C in the following commutative diagram.

h
p——"——C

1[2 b7 lp

Z~=»Y——B

Since qik’ = f'k' = lp and tik’ = hk’ = id¢, the following diagram also commutes.

C'LZ%C

!

N~ S

This shows that p is a retract of ¢ and, since the class F N W of trivial fibrations is closed
under retracts by Proposition it follows that p is a trivial fibration. Finally, since
g = pj is a composite of weak equivalences, it is also a weak equivalence by the 2-out-of-3
property. U

~

q p

Since a model category is cocomplete and complete, it admits both an initial object and
a terminal object. There are then two classes of objects of interest in a model category,
given by requiring that the unique map from the initial object or to the terminal object
be a cofibration or a fibration, respectively.

Definition 4.1.10. Let M be a model category. An object X € M is said to be cofi-
brant if the unique morphism () — X from the initial object # of M is a cofibration. An
object X € M is said to be fibrant if the unique morphism X — * to the terminal object
x of M is a fibration.

4.2. Generating sets. Model categories are often cofibrantly generated, in the sense
that they admit sets of generating cofibrations and generating trivial cofibrations which
generate the whole classes of such under transfinite compositions, pushouts, and retracts.
In particular, if the ambient category is locally presentable, cofibrantly generated model
categories have nice factorizations into a cofibration (resp. trivial cofibration) followed by
a trivial fibration (resp. fibration). The construction of such factorizations is given by the
small object argument. Some of the results in this section are taken from [Hir03| §10].

In a more general framework, a weak factorization system is said to be cofibrantly
generated when its left class is generated by a set of morphisms.

Definition 4.2.1. Let M be a category. A weak factorization system (£,R) on M is
cofibrantly generated if there is a set Z of morphisms in M such that R = ZY. We
call Z a generating set of morphisms in £. In this case, note that £ = 9(Z9).

Remark 4.2.2. If (£, R) is a cofibrantly generated weak factorization system with gener-
ating set Z, then £ = ¥(Z¥) and therefore Z C L.

Notation 4.2.3. Given a set Z of morphisms in a category M, we write Z—inj := IY
and Z—cof = Y(Z—inj) = Y(Z¥). We call a morphism in Z—inj an Z-injective and a
morphism in Z—cof an Z-cofibration.
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By requiring both weak factorization systems of a model category to be cofibrantly
generated, we get the notion of a cofibrantly generated model category.

Definition 4.2.4. A model category (M,C, F, W) is cofibrantly generated if the weak
factorization systems (C, FNW) and (CNW, F) are cofibrantly generated, with generating
sets 7 and J, respectively. A morphism in Z C C is called a generating cofibration
and a morphism in J C CNW is called a generating trivial cofibration.

In particular, a combinatorial model category is defined as a locally presentable cat-
egory endowed with a model structure whose weak factorization systems are cofibrantly
generated.

Definition 4.2.5. A model category M is combinatorial if it is locally presentable and
cofibrantly generated.

Under these hypotheses, the weak factorization systems of a combinatorial model struc-
ture always come with a functorial factorization of its morphisms into a cofibration fol-
lowed by a trivial fibration, and into a trivial cofibration followed by a fibration. Let us
first make precise what we mean by a functorial factorization.

Definition 4.2.6. Let M be a category. A weak factorization system (£,R) on M is
functorial if there is a functor MY — M which sends a morphism f in M to a
factorization f = rl of f into morphisms [ € £ and r € R.

By the small object argument, given a set Z of morphisms in a locally presentable
category M, the weak factorization system generated by this set always exists and is
functorial. In particular, every morphism in the category splits as a relative Z-cell com-
plex, as defined below, followed by a morphism in Z—inj.

Definition 4.2.7. Let 7 be a set of morphisms in a category M. A morphism in M is
a relative Z-cell complex if it is a transfinite composition of pushouts of morphisms
in Z. We denote by Z—cell the class of relative Z-cell complexes in M.

Remark 4.2.8. Since the class Z—cof is closed under pushouts and transfinite compositions
by Proposition and it contains Z, there is an inclusion Z—cell C Z—cof.

Before proving the small object argument for locally presentable categories, we give
this lemma which tells us that coproducts of morphisms in Z can be seen as transfinite
compositions of pushouts of morphisms in Z. This appears as [Hir03, Proposition 10.2.7].

Lemma 4.2.9. Let T be a set of morphisms in a locally presentable category M and let
{is: As = Bs | s € S} be a family of morphisms in . Then the coproduct

]ie: || A= | ] B,

seS seS seS
is the composite of a transfinite composition of pushouts of the morphisms is.

Proof. Choose a well-ordering of the set S. Then there is a unique ordinal A with an
order-preserving isomorphism S = X. We write i,: A, — B, for 4 < XA+ 1, for the
morphism corresponding to is: As — Bg, for s € S, under the isomorphism S = A. We
define a transfinite composition of pushouts of the morphisms i, as follows.

l l Ly
Xo— X) — Xy —— o — Xy X1 — - — Xy — -

We set X, := (|_|#SC!<>\Jrl Aa) L <|_|a<# Ba) and [,: X, — X,41 to be the morphism in-
duced by ¢,,: A, — B, for every i < A+1. Note that the morphism [,,: X,, — X, 11 is the
pushout of i,,: A, — B, along the inclusion 4, — X, = (l—luﬁa<)\+1 Aa) L <|—|a<u Ba),
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for every p < A+ 1. Moreover, we have that the composite of the transfinite composition
Xo — colimy<x+1X, is the coproduct |, xyqiu: Uyerss Ap = Upy<ryr By This shows
the result. U

We are finally ready to state and prove the small object argument for locally presentable
categories. This appears as [Hir03, Proposition 10.5.16]

Proposition 4.2.10 (Small object argument). Let Z be a set of morphisms in a locally
presentable category M. There is a functorial weak factorization system (Z—cof,Z—inj).
In particular, every morphism in M factors as a morphism in Z—cell followed by a mor-
phism in I—inj.

Proof. Since M is locally presentable, we can choose an ordinal A such that all the domains
of morphisms in 7 are A-small. Let f: X — Y be a morphism in M. We define by
transfinite induction a factorization of f as

X%Y,
SN
CM

where j, is in Z—cell, for every u < A. For u = 0, we set Cyp = X, jo = idx and pg = f.
Let 0 < u+1 < X be a successor ordinal and let .4, be the collection of all commutative
squares in M of the form

g
— C,

A
ZJ Pu
B

— Y

with i: A — B a morphism in Z. We define C},;1 to be the following pushout.

By definition of A,,, the outside square commutes, and hence there is a unique morphism
Pu+1: Cus1 — Y such that p,117, = p, and pup1qu+1 = UA# h. We set j,41: X = Cyq
to be the composite j, 11 = 4,j,, which is in Z—cell since j, is in Z—cell by induction
hypothesis and i, is in Z—cell by Lemma Then pyy15u+1 = Put1ipiy = Puju = f
and this gives a factorization of f as desired. Now let x < A be a successor ordinal. We
set Cy; = colim,«,C,, and we denote by LZ: C, — Oy the leg of the colimit cone for p < &.
We set j, == 1f: X — C, where we recall that X = Cj. By the universal property of
the colimit, there is a unique morphism p,: Ci; — Y such that p,tj; = p, for all p < k.
Then, we have p,j. = pxtg = po = f and this gives a factorization of f as desired, since
Jr € I—cell as it is a transfinite composition of the morphisms i, € Z—cell for p < &.
Now let C' = colim,»C,, and let us denote by i,: C;, — C the leg of the colimit cone at
< A. We get a factorization of f as
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where j = 19g: X = Cyp — C and p: C — Y is the unique morphism given by the
universal property of the colimit such that pi, = p,. By construction, it is clear that the
morphism j is a relative Z-cell complex. We show that p is an Z-injective, i.e., that it has
the right lifting property with respect to every morphism in Z. Consider a commutative
square

g
—

A C
ZJ {/l Jp
B

4>hY

with i: A — B a morphism in Z. We want to find a lift [: B — C in this diagram.
Since the domain A of i is A-small and C' is a A-filtered colimit of {C}}, the morphism
g: A — C factors through C,, for some p < A, i.e., we have a commutative triangle as
below left. This gives a commutative square as below right since pt, = p,,.

g
A g C A—Cu
% % ZJ b
Cu B——Y

Note that this commutative square is in A, and therefore we can consider the inclusions
ka: A — UA# Aand kg: B — |—|-Au B at its components. We define [: B — C to be the
composite

kp qu+1 Lp+1
B—= s, B—Cu1 — C.

Then [ gives the desired lift since pl = pt,1+1qu+1kB = Put1qu+1kB = (I—lAu h)kp = h and

li = tys1qu+1kpi = Lu+1qu+1(|_|¢4u iVka = LHHiM(l_lAH 9ka = tyt1i,9 = 1§ = g. This
shows that p is in Z—inj. Moreover, it is clear by construction that this factorization is
functorial. O

As a direct consequence of this result, we get functorial factorizations in any combina-
torial model structure.

Corollary 4.2.11. Let (M,C,F, W) be a combinatorial model category. Then the weak
factorization systems (C,F N W) and (CNW,F) are functorial.

Proof. Since the model structure on M is cofibrantly generated, there are sets Z and J
of morphisms in M such that

(C,FNW) = (Z—cof,T—inj) and (CNW,F) = (J—cof, J—inj).
Since M is locally presentable, the result then follows from Proposition O

Finally, it follows from the factorization given by the small object argument and from
the retract argument, that every Z-cofibration is a retract of a relative Z-cell complex.
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Proposition 4.2.12. Let T be a set of morphisms in a locally presentable category M.
Then every morphism i: A — B in IT—cof is a retract of a morphism j: A — C in T—cell

of the form
A=——A=——=A
B B.

[
kCP

|

(

Proof. Let i: A — B be a morphism in Z—cof. By the small object argument (see
Proposition |4.2.10f), we can factor i as

S

with 7 € Z—cell and p € Z—inj. Since 7 has the left lifting property with respect to p, it
is a retract of j of the desired form by the retract argument (see Proposition |4.1.6). O

4.3. Whitehead Theorem and homotopy category. Weak equivalences in a model
category are interpreted as the morphisms which are “homotopically invertible”. Indeed,
a Whitehead Theorem for model categories characterizes the weak equivalences between
objects which are both fibrant and cofibrant as the morphisms which admit an inverse
up to homotopy. Such a notion of weak equivalence therefore gives a “weaker” version of
an isomorphism, which is often better to study the relations between objects in a cate-
gory. For example, an equivalence of categories is a more appropriate notion of invertible
morphism in the category Cat, than that of isomorphisms. Given a model category, we
can localize it at its class of weak equivalences and then study the objects in this new
category, where two objects are now isomorphic if and only if they are weakly equivalent
in the category we started with. Such a construction is called the homotopy category of a
model category. The aim of this section is to introduce the notions of (right) homotopies
in a model category and we construct its homotopy category based on results in [DS95,
§§4-6].

Let us fix a model category (M, C, F,W). We first introduce path objects in M, which
allow us to define right homotopies between morphisms of M.

Definition 4.3.1. Let X € M be an object. A path object for X is an object Path(X)
in M together with a factorization of the diagonal morphism A: X — X x X

X %5 Path(X) 2 X x X
into a weak equivalence w and a fibration p in M.

When an object X € M is fibrant, the projection from its path object to X are actually
trivial fibrations, as we see now.

Lemma 4.3.2. Let X be a fibrant object in M, and Path(X) be a path object for X.

Then the morphisms p;: Path(X) — X obtained by composing p: Path(X) —» X x X with
the projections m;: X x X — X are trivial fibrations, for i =0, 1.

Proof. First note that, since X is fibrant, the projections
To: X XX X x*x=X and m: X x X » s x X=X
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are fibrations since they are obtained as products of the fibrations idx and X —» *. There-
fore, the morphism p; is a fibration as a composite of the fibrations p and ;, for i = 0, 1.
Moreover, since the following diagram commutes

A

X —%5 Path(X) 2 X x X,

N

X

the morphism p; is a weak equivalence by 2-out-of-3, since idx and w are weak equiva-
lences, for ¢ =0, 1. O
Remark 4.3.3. In particular, if X is a fibrant object in M, then Path(X) is also fibrant,
since p;: Path(X) =» X is a fibration, for i =0, 1.

A right homotopy between two morphisms is then defined as a morphism to the path

object which retrieves each of the two morphisms when composing with one of the two
projections mentioned above.

Definition 4.3.4. Two morphisms f,g: A — X in M are said to be right homotopic
if there is a path object

X %5 Path(X) 2 X x X

for X in M together with a morphism h: A — Path(X) in M such that the following
diagram commutes.

(f,9)

A— X x X

N A

P
Path(X)
We call h a right homotopy from f to g, and we write f ~, g.

Remark 4.3.5. Let A and X be objects in M. If X is fibrant, the right homotopy relation
is an equivalence relation on the set M(A, X) of morphisms. We denote the set of right
homotopy classes by m,(A, X) = M(A, X)/ ~,. See [DS95, Lemma 4.14].

Pre-composition with a trivial cofibration induces an isomorphism between sets of right
homotopy classes.

Lemma 4.3.6. Let X be a fibrant object in M, and let j: A < B be a trivial cofibration
in M. Then j induces an isomorphism between sets of right homotopy classes

m(B, X) = m(A,X),  [flr = [filr

Proof. The map j*: 7.(B,X) — m(A,X) is well-defined. Indeed, if two morphisms

fig: B — X are such that f ~, g, there is a right homotopy h: B — Path(X) from f

to g, and then hj: A — Path(X) gives a right homotopy from fj to gj, so that fj ~, gj.
Given [g], € 7(A, X), consider the following commutative square.

ALX

3 /\"
J[Z f l

B — %
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Since j is a trivial cofibration and X is fibrant, there is a lift f: B — X in the above
diagram. We get that j*[f], = [fj]r = [g]r, which shows that j* is surjective. Now
given [fl, [f]» € m-(B, X) such that [fj], = [f']], there is a path object Path(X) for X
and a right homotopy h: B — Path(X) in M from fj to f’j. Consider the following
commutative square.

A " Path(X)

1
jjz n" lp

— X x X
Bl

Since j is a trivial cofibration and p is a fibration (by definition of path objects), there is
a lift h’: B — Path(X) in the above diagram, which gives a right homotopy from f to f’,
i.e., [f]r = [f]- This shows that j* is injective and finishes the proof. O

Remark 4.3.7. There is a dual notion of left homotopy defined through a cylinder object;
see [DS95, §4]. However, when A is a cofibrant object and X is a fibrant object in M,
two morphisms A — X are right homotopic if and only if they are left homotopic by
[DS95, Lemma 4.21]. When the left and right homotopy relations coincide, we then say
that the morphisms considered are homotopic. This gives an equivalence relation on the
set M(A, X), that we denote by ~, and we write 7(A, X) = M(A, X)/ ~ for the set of
homotopy classes.

A dual statement of Lemma [4:3.6] says that post-composing with a trivial fibration
induces an isomorphism between sets of left homotopy classes (see [DS95, Lemma 4.9]).
Therefore, as a consequence of the above remark, we get the following result.

Lemma 4.3.8. Let A be a cofibrant object and Y be a fibrant object in M.

(i) If j: A < B is a trivial cofibration in M, then j induces an isomorphism between
sets of homotopy classes

Jhm(BY) = w(AY),  [fl=[fi]-

(ii) If ¢: X =»'Y s a trivial fibration in M, then q induces an isomorphism between
sets of homotopy classes

g« : W(AvX) — 7‘—(‘47 Y)7 [f] = [qf]

Proof. The first statement follows directly from Lemma, and Remark note
that B is cofibrant as A is cofibrant and j is a cofibration. The second statement can be
proven dually. O

The homotopy relation respects weak equivalences in the sense that the morphisms in
the same homotopy class as a weak equivalence are also weak equivalences.

Lemma 4.3.9. Let A be a cofibrant object and X be a fibrant object in M. Suppose that

[+ AS X is a weak equivalence in M, and that g: A — X is a morphism in M such
that f ~ g. Then g is also a weak equivalence.

Proof. Let Path(X) be a path object for X and h: A — Path(X) be a homotopy from f

to g. Recall from Lemma 4.3.2| that, since X is fibrant, the morphism p;: Path(X) = X

obtained as the composite of p: Path(X) —» X x X with the projection 7;: X x X —» X
is a trivial fibration for ¢ = 0,1. Since f = pgh, by 2-out-of-3, we get that h is also a
weak equivalence. Therefore, by 2-out-of-3 applied to g = p1h, we conclude that g is also
a weak equivalence. O
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We now introduce homotopy equivalences which are given by the morphisms that have
an inverse up to homotopy.

Definition 4.3.10. Let A and X be cofibrant-fibrant objects in M. A morphism
f: A— X in M is a homotopy equivalence if there is a morphism ¢g: X — A in M
such that idg ~ gf and fg ~ idx. We say that ¢ is a homotopy inverse of f.

The following result, called Whitehead Theorem, characterizes the weak equivalences
between cofibrant-fibrant objects as the homotopy equivalences between these objects.
This motivates the fact that weak equivalences can be interpreted as a weaker notion of
invertibility between objects in a category.

Theorem 4.3.11 (Whitehead Theorem for model categories). Let M be a model category,
and let A and X be cofibrant-fibrant objects in M. Then a morphism f: A — X in M is
a weak equivalence if and only if it is a homotopy equivalence.

Proof. Let f: A = X be a weak equivalence in M. Since (C, FNW) is a weak factorization
system, there is a factorization of f as

A"t x

with ¢ a cofibration and ¢ a trivial fibration. Note that C is cofibrant since A is cofibrant
and ¢ is a cofibration, and C' is fibrant since X is fibrant and ¢ is a fibration. Furthermore,
by 2-out-of-3, since f and ¢ are weak equivalences, so is ¢. Since 7 is a trivial cofibration
and A is fibrant, there is a morphism s: C' — A in M such that si = id4, given by the
existence of a lift in the following commutative square.

Moreover, by Lemma we have that i*: 7(C,C) — w(A,C) is an isomorphism.
Therefore, since i*[is] = [isi] = [i] = i*[id¢], we get that [is] = [id¢], i.e., is ~ id¢. This
shows that s is a homotopy inverse of i. Dually, we can show that there is a morphism
k: X — C such that ¢k = idx and kq ~ idc. Therefore, the composite sk: X — A is
a homotopy inverse for f as skf = skqi ~ si = id4 and fsk = qisk ~ gk = idx. This
shows that f is a homotopy equivalence.

Now suppose that f: A — X is a homotopy equivalence, and let g: X — A be a
homotopy inverse of f. As above, there is factorization of f as

with 7 a cofibration and ¢ a trivial fibration. Again, we have that C is cofibrant-fibrant.
By 2-out-of-3, it is enough to show that i is a weak equivalence. Let Path(A) be a path
object for A and h: A — Path(A) be a homotopy from gf to id4. Consider the following
commutative square.
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Al Path(A)

| ¥

C—>

Since i is a cofibration and pg is a trivial fibration by Lemma as A is fibrant, there
is a lift h’': C — Path(A) in the above diagram. Write s = p;h’: C — A. Note that

gq ~ s. Furthermore, we have that si = p1h/i = p1h = ids. As q: C =» X is a weak
equivalence, we have that ¢ is a homotopy equivalence by the above arguments. Let
k: X — C be a homotopy of inverse of g. Since f = qi, we get that kf = kqi ~ i. Hence
is ~ igq ~ kfgq ~ kq ~ idc. By Lemma as id¢ is a weak equivalence, so is is.
Since 7 is a retract of is of the form

i

and since the class of weak equivalences is closed under retracts by Proposition we
get that ¢ is also a weak equivalence. This shows that f = ¢i is a weak equivalence, and
concludes the proof. O

)

]
|

C

~

1S

C——

)

The Whitehead Theorem suggests that the cofibrant-fibrant objects in a model category
are better behaved. In particular, starting from any object of M, we want to replace it
with another weakly equivalent object which is both fibrant and cofibrant. This can be
done using the following constructions.

Definition 4.3.12. Let X € M be an object. Since (C,F N W) is a weak factorization
system on M, the unique morphism () — X from the initial object can be factored as

w(—>ch4fi(»X7

where X € is a cofibrant object and ¢x is a trivial fibration in M. The data (X ¢x) is
called a cofibrant replacement of X. Dually, since (C N W, F) is a weak factorization
system on M, the unique morphism X — % to the terminal object can be factored as

X<JTX>Xf*»>k7

where X/ is a fibrant object and jy is a trivial cofibration in M. The data (X7, jx) is
called a fibrant replacement of X.

Remark 4.3.13. When X is cofibrant, a canonical choice of cofibrant replacement for X
is given by the identity idx: X — X. Dually, when X is fibrant, a canonical choice of
fibrant replacement for X is given by the identity idx: X — X.

In particular, a morphism between two objects induces a morphism between their
fibrant (resp. cofibrant) replacements, which happens to be unique up to right (resp. left)
homotopy.

Lemma 4.3.14. Let M be a model category, and let f: X — Y be a morphism in M.

(i) Given fibrant replacements (X7, jx) and (Y, jy) of X and Y, respectively, there
is a morphism ff: X — Y1 in M making the following square commute.
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f

X —Y

Jx \[2 ?\[jy

x/ ? v/
Moreover, such a morphism ¥ is unique up to right homotopy, and f! is a weak
equivalence if and only if f is so.
(ii) Dually, given cofibrant replacements (X¢ qx) and (Y, qy) of X and Y, respec-
tively, there is a morphism f¢: X¢ — Y¢ in M making the following square
commaute.

xe L ye

ax lz Zl qy

X T> Y
Moreover, such a morphism f¢ is unique up to left homotopy, and f€¢ is a weak
equivalence if and only if f is so.

Proof. We prove the first statement. Since jy: X < X/ is a trivial cofibration and Y/
is fibrant in M, there is a lift in the following diagram
f

X%YL%YJC

. Foo-
JX\[Z J/c/ l

X —

and we can choose ff to be this lift. Then, by Lemma the trivial cofibration jx
induces an isomorphism (jx)*: m.(X7,Y/) = 7,.(X,Y ) since Y7 is fibrant. Therefore,
if g: X/ — Y7 is another morphism such that gjx = jy f, then g ~, ff by injectivity of
(jx)*. By 2-out-of-3, it is clear that f7 is a weak equivalence if and only f is so.

The second statement can be proven dually. O

The following remark constructs a cofibrant-fibrant replacement for any object of M.

Remark 4.3.15. Given an object X in M, first take a fibrant replacement jx: X < X/
of X and then take a cofibrant replacement gys: (Xf)¢ % X/ of X/. Note that the
object (X7)¢ is cofibrant-fibrant; it is cofibrant by definition of a cofibrant replacement
and it is fibrant since X/ is fibrant and ¢y is a fibration. By applying Lemma
to a morphism f: X — Y in M, we get a morphism (f7)°: (Xf)¢ — (Y7)¢ which is
compatible with the fibrant and cofibrant replacements considered. This morphism (f7)¢
can be seen to be unique up to homotopy with this property, and, furthermore, it is a
weak equivalence if and only if f is so.

Using these cofibrant-fibrant replacements, we can define the homotopy category of M
as the category with the same objects as M and whose morphisms between two objects
are given by homotopy classes between their cofibrant-fibrant replacements.

Definition 4.3.16. Let M be a model category and let us fix for each object X € M a
cofibrant-fibrant replacement ((Xf), jx,qxs) of X. The homotopy category of M is
the category ho(M) whose objects are the objects of M and whose hom-sets are given by

ho(M)(X,Y) = m((X7)", (Y7)°),
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for all objects X and Y of M.

There is a well-defined functor from M to its homotopy category, which is the identity
on objects and sends a morphism to the homotopy class of its cofibrant-fibrant replace-
ment. This functor exhibits ho(M) as a localization of M at its class of weak equivalences.

Lemma 4.3.17. There is a functor v: M — ho(M) which is the identity on objects.

Proof. Given a morphism f: X — Y in M, we define v(f) = [(f/)9] € 7((XT)e, (Y/)).
This is a well-defined functor since the morphisms (f/)¢ are unique up to homotopy, when

cofibrant-fibrant replacements are fixed, by Remark ]

Theorem 4.3.18. The pair (ho(M),~) is a localization of M at the class of weak equiv-
alences W. In other words, for every functor F': M — &£ sending weak equivalences in M
to isomorphisms in £, there is a unique functor G: ho(M) — & such that Gy = F, i.e.,
such that the following diagram commutes.

1
VJ A6

ho(M)

Proof. Let F': M — & be a functor sending weak equivalences in M to isomorphisms in £.
We construct a functor G: ho(M) — & such that Gy = F. For an object X € ho(M),
i.e., an object X € M, we set GX = FX. Given objects A and X in M, and a morphism
[f] € ho(M)(A, X) = 7((AF)e, (X)¢), we set G[f] to be the following composite in £

. -1 1
FA -0 pan ™ pan £ pxne 229 poen U2 px

where ((AF)¢, 54, qar) and ((X1)¢, jx, qxs) are cofibrant-fibrant replacements of A and X,
respectively. To check that this is well-defined, it is enough to show that if [f] = [g] in
7((AF)e, (X71)%), then Ff = Fg. Let

(XF)e —2 Path((XF)e) 2 (XT)° x (XF)°

be a path object for (Xf)¢) and h: (A7)° — Path((X7)°) be a homotopy from f to g.
Since we have that wpy = id(xs)e = wp1, where pp and p; are as in Lemma then
(Fw)(Fpy) = F(wpg) = F(wp1) = (Fw)(Fp1). Hence, as w is a weak equivalence, its
image F'w is an isomorphism in &£, and we get that Fpg = Fp;. Therefore, we indeed
have
Ff = F(hpo) = (Fh)(Fpo) = (Fh)(Fp1) = F(hp1) = Fg.

The functoriality of G is straightforward. Furthermore, by construction, we have that
G~ = F and it is the unique functor with this property. O

The localization 7: M — ho(M) is saturated, which means that the isomorphisms in
ho(M) are precisely the images of the weak equivalences in M under ~.

Lemma 4.3.19. A morphism f: X — Y in M is a weak equivalence if and only if v(f)
is an isomorphism in ho(M).

Proof. By Lemma a morphism f: X — Y is a weak equivalence if and only if
(fHe: (XFH)e — (Y1)¢ is a weak equivalence. By Theorem since (X7)¢ and (Y7)°
are cofibrant-fibrant, the morphism (f7)¢: (X/)¢ — (Y/)¢ is a weak equivalence if and
only if it is a homotopy equivalence, which holds if and only if v(f) = [(ff)¢] is an
isomorphism in ho(M). O
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Finally, we give two useful lemmas. The first one characterizes the hom-sets with
cofibrant source and fibrant source in the homotopy category ho(M), and the second one
says that the weak equivalences in a model category satisfy the 2-out-of-6 property, which
is a stronger condition than that of 2-out-of-3.

Lemma 4.3.20. Let A be a cofibrant object and X be a fibrant object in M. Then there
is an isomorphism ho(M)(A, X) = n(A4, X).

Proof. Let ja: A< Al be a fibrant replacement of A and ¢x: X¢ =» X be a cofibrant
replacement of X. By Lemma the trivial cofibration j4 and the trivial fibration ¢x
induce isomorphisms

ho(M)(A4, X) = m(Af, X&) —— (A, X) —— m(A, X)),
(ja)* (gx)«

which gives the desired result. O

Lemma 4.3.21 (2-out-of-6 property). Let M be a model category and suppose that we
have a commutative diagram in M

x .y
f / h
Y — T

hg

such that gf and hg are weak equivalences. Then the morphisms f, g, and h are also
weak equivalences in M.

Proof. Note that isomorphisms satisfy the 2-out-of-6 property. The result then follows
from the fact that a morphism f is a weak equivalence in M if and only if v(f) is an
isomorphism in ho(M) by Lemma 4.3.19 O

4.4. Quillen pairs, reflections, co-reflections, and equivalences. Having intro-
duced model categories and their homotopy categories, we now turn our attention to
comparisons between two homotopy theories. As for categories, there are homotopical
versions of adjunctions and adjoint equivalences between model categories, which induce
adjunctions and adjoint equivalences at the level of homotopy categories. Most results of
this section are based on [DS95] §9].

Let us fix two model categories M and A and an adjunction

L
L~

M 1L N
~_
R

between them. We first give the homotopical version of an adjunction between model
categories, which is defined as an adjunction satisfying one of the following equivalent
conditions.

Proposition 4.4.1. The following conditions are equivalent for the adjunction L 4 R.
(i) The left adjoint L preserves cofibrations and trivial cofibrations.

(ii) The right adjoint R preserves fibrations and trivial fibrations.

Proof. We show that the left adjoint L preserves cofibrations if and only if the right
adjoint R preserves trivial fibrations. The proof that L preserves trivial cofibrations if
and only if R preserves fibrations works similarly.
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First note that, by the universal property of the adjunction L 4 R, the below left
commutative diagram in M has a lift if and only if the below right diagram in A has a

lift, for every cofibration i: A < B in N and every trivial fibration p: X = Y in M.

LA— X A— RX
1 -1

in zlp { JR})

LB ——Y B — RY

If L: N — M preserves cofibrations, for every cofibration i: A < B in A and every trivial

fibration p: X = Y in M, there is a lift in every commutative diagram in M as above left
since Li is a cofibration in M. Hence, there is also a lift in every diagram as above right,

which shows that Rp is a trivial fibration in AV, for every trivial fibration p: X = Y in M.
Conversely, if R: M — N preserves trivial fibrations, for every cofibrationi: A < Bin N/

and every trivial fibration p: X =» Y in M, there is a lift in every commutative diagram
in N as above right since Rp is a trivial fibration in /. Hence, there is also a lift in every
diagram as above left, which shows that Li is a cofibration in M, for every cofibration

i: A— Bin N. O

Definition 4.4.2. The adjunction L 4 R is a Quillen pair if it satisfies one of the
equivalent conditions of Proposition We call L a left Quillen functor, and R a
right Quillen functor.

Remark 4.4.3. Suppose that L 4 R is a Quillen pair. Since the left adjoint L preserves
initial objects and cofibrations, it sends cofibrant objects in N to cofibrant objects in M.
Dually, since the right adjoint R preserves terminal objects and fibrations, it sends fibrant
objects in M to fibrant objects in N

Remark 4.4.4. Suppose that the model structure on A is cofibrantly generated, with
generating sets Z and J of cofibrations and trivial cofibrations, respectively. To show that
the left adjoint L: N — M is left Quillen, it is then enough to check that L sends the
morphisms in Z to cofibrations in M and the morphisms in 7 to trivial cofibrations in M.
Indeed, recall that every cofibration (resp. trivial cofibration) in the cofibrantly generated
model category N is a retract of a relative Z-cell complex (resp. relative J-cell complex)
by Proposition where a relative Z-cell complex (resp. relative J-cell complex) is a
transfinite composition of pushouts of morphisms in Z (resp. 7). Hence, since L preserves
colimits and retracts, and the classes of cofibrations and trivial cofibrations of M are
closed under retracts, pushouts, and transfinite compositions by Proposition [.1.5] it
follows that L preserves all cofibrations and all trivial cofibrations.

The following lemma is a classical result in homotopy theory, and gives conditions
on a functor for it to send weak equivalences between fibrant or cofibrant objects to
weak equivalences. In particular, these results apply to right and left Quillen functors,
respectively.

Lemma 4.4.5 (Ken Brown’s Lemma). Let F': M — N be a functor.

(i) If F sends trivial fibrations between fibrant objects in M to weak equivalences
in N, then F sends all weak equivalences between fibrant objects in M to weak
equivalences in N .

(ii) Dually, if F sends trivial cofibrations between cofibrant objects in M to weak
equivalences in N, then F sends all weak equivalences between cofibrant objects
in M to weak equivalences in N .
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Proof. We prove the first statement. Let X and Y be fibrant objects in M, and let
f: X =Y be a weak equivalence in M. Consider the morphism (idx, f): X — X xY
and denote by mx: X XY — X and my: X x Y — Y the projections. Note that, since
the objects X and Y are fibrant, the projections mx and my are fibrations in M. We
factor the morphism (idy, f) as follows

iy,
X—>(1Xf) X xY

S, A

where j: X < (' is a trivial cofibration and ¢q: C' — X x Y is a fibration in M. Then the
composites mxq: C'— X and wyq: C — Y are fibrations in M, as they are composites
of two fibrations. Since mxqj = wx(idx, f) = idx and 7yqj = ny(idx, f) = f, by 2-
out-of-3, the composites mx ¢ and 7y ¢ are also weak equivalences in M, and hence trivial
fibrations in M. Since C is fibrant, as X x Y is so, and F sends trivial fibrations between
fibrant objects in M to weak equivalences in N/, we have that F(rxq): FC = FX and

F(nyq): FC = FY are weak equivalence in A. Now, the morphism Fj: FX = FC is
a weak equivalence in N, by 2-out-of-3, as F(mxq)F(j) = F(nxqj) = F(idx) = idpx.
Then F'f = F(nyqj) = F(nyq)F(j) is a composite of weak equivalences, and therefore
Ff: FX = FY is a weak equivalence in N.

The second statement can be proven dually. O

Y

Corollary 4.4.6. Suppose that the adjunction L 4 R is a Quillen pair.

(i) The right Quillen functor R preserves weak equivalences between fibrant objects.
(ii) The left Quillen functor L preserves weak equivalences between cofibrant objects.

Proof. We prove the first statement. Since R is right Quillen, it preserves all trivial fibra-
tions and sends fibrant objects in M to fibrant objects in A by Remark [£.4.3] Therefore,
by Ken Brown’s Lemma (see Lemma , the functor R preserves weak equivalences
between fibrant objects.

The second statement can be proven dually. U

Corollary 4.4.7. Suppose that the adjunction L 4 R is a Quillen pair.
(i) If all objects in M are fibrant, then the right Quillen functor R preserves all weak

equivalences.

(ii) If all objects in N are cofibrant, then the left Quillen functor L preserves all weak
equivalences.

Proof. Tt is a direct consequence of Corollary [£.4.6] O

The counit and unit of an adjunction might be natural isomorphisms, in which case
we talk of a reflection when the counit is invertible, a co-reflection when the unit is
invertible, and an equivalence when both are invertible. In particular, the right adjoint of
a reflection is fully faithful, and dually the left adjoint of a co-reflection is fully faithful.
We now present homotopical versions of these notions for model categories.

Definition 4.4.8. Let n: idyy = RL and e¢: LR = idy denote the unit and counit,
respectively, of the adjunction L 4 R. The adjunction L - R is

(i) a Quillen reflection if it is a Quillen pair and, for every fibrant object X € M,
the component of the derived counit

c L(qjl%fx) €x
L(RX)® =1 LRX <5 x
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is a weak equivalence in M, where ((RX), qﬁf ) denotes a cofibrant replacement
of RX in NV,

(ii) a Quillen co-reflection if it is a Quillen pair and, for every cofibrant object
A € N, the component of the derived unit

na R(z4) f
A= RLA —=5 R(LA)

is a weak equivalence in A, where ((LA)/, ) denotes a fibrant replacement
of LA in M,
(iii) a Quillen equivalence if it is both a Quillen reflection and a Quillen co-reflection.

In particular, when a Quillen pair is a Quillen reflection, the right adjoint R not only
preserves weak equivalences between fibrant objects but also reflects them. And similarly
for a Quillen co-reflection. This is summarized in the following proposition.

Proposition 4.4.9. Suppose that the adjunction L 4 R is a Quillen pair.

(i) If L 4 R is a Quillen reflection, then a morphism f between fibrant objects in M
is a weak equivalence in M if and only if Rf is a weak equivalence in N,
(ii) If L 4 R is a Quillen co-reflection, then a morphism g between cofibrant objects
in N is a weak equivalence in N if and only if Lg is a weak equivalence in M,
(i) If L 4 R is a Quillen equivalence, then R creates weak equivalences between fibrant
objects and L creates weak equivalences between cofibrant objects.

Proof. We prove the first statement. Suppose that L 4 R is a Quillen reflection. Let X
and Y be fibrant objects in M and f: X — Y be a morphism in M. By Corollary
since R is right Quillen, it preserves weak equivalences between fibrant objects. Therefore,
if f is a weak equivalence, then so is Rf. Conversely, suppose that Rf: RX = RY is a
weak equivalence in N. Then its cofibrant replacement (Rf)°: (RX )¢ = (RY)° is also a
weak equivalence in N' by Lemma By Corollary since L is left Quillen, it
preserves weak equivalences between cofibrant objects. Therefore, the morphism L(Rf)¢
is a weak equivalence making the following diagram commute in M.

c L(Qﬁfx) €x
L(RX)* 5 LRX — > X

L(Rf )c} JLR.f Jf

L(RY)* —— LRY ———Y

Llgpy)

Since the top and bottom composites are weak equivalences by assumption, it follows by
2-out-of-3 that f is also a weak equivalence.

The second statement can be proven dually, and the last one is a direct consequence
of the two other statements. O

Given a Quillen pair between model categories, we want to define induced functors
between their homotopy categories. The next result together with Theorem tells
us how to construct such functors.

Lemma 4.4.10. Suppose that the adjunction L 4 R is a Quillen pair.
(i) For each object X € M, fix a fibrant replacement X of X. Then the assignment

woR(—)): M= hoV), X = R(XT), [ w(R(f7))

defines a functor which sends weak equivalences in M to isomorphisms in ho(N).
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(ii) For each object A € N, fix a cofibrant replacement A of A. Then the assignment
Ymo L((=)): N = ho(M), A L(A%), g vm(L(g9))
defines a functor which sends weak equivalences in N to isomorphisms in ho(M).

Proof. We prove the first statement. Let f: X — Y and ¢g: Y — Z be morphisms
in M. By Lemma the morphisms (g o f)7 and ¢f o ff both fit in the com-
mutative diagram for g o f. Therefore, there is a path object Path(Zf) and a homo-
topy h: X/ — Path(Zf) from (g o f)f to ¢f o ff. Since Zf is fibrant, then Path(Z/)
is also fibrant by Remark [4.3.3] Since R preserves weak equivalences between fibrant
objects by Corollary n R(Path(Z/)) is a path object for R(Zf) in N and
Rh: R(XT) — R(Path(Z7)) is a homotopy from R((g o f)/) to R(gf) o R(ff). This
shows that Y (R((g © f)T)) = v (R(g7)) o w(R(f7)). Clearly, yar o R((—)7 also pre-
serves identities, and therefore it is a functor.

Now let f: X =Y be a weak equivalence in M. By Lemma the morphism
fr: XF = YT is also a weak equivalence in M. Since R preserves weak equivalences
between fibrant objects by Corollary m then R(f/): R(X') = R(Y/) is a weak equiv-
alence in V. By Lemma [4.3.19) it follows that vy (R(f/)) is an isomorphism in ho(N).

The second statement can be proven dually. ([

Definition 4.4.11. Let L 4 R be a Quillen pair.
(i) For each object X € M, fix a fibrant replacement X/ of X. The right derived
functor of R is defined to be the unique functor R: ho(M) — ho(N), given by
Theorem [£.3.18 and Lemma [£.4.10, making the following diagram commute.

Y
M w(B(=)') ho(\)

<

ho(M)

(ii) For each object A € N, fix a cofibrant replacement A¢ of A. The left derived
functor of L is defined to be the unique functor L: ho(N) — ho(M), given by
Theorem and Lemma making the following diagram commute.

I TMm(L(=)) ho(M)

| A

ho(N)

We now show that the derived functors induced from a Quillen pair between model
categories form an adjunction between their homotopy categories. Quillen pairs can
therefore be interpreted as the correct homotopical version of adjunctions.

Theorem 4.4.12. Suppose that the adjunction L 4 R is a Quillen pair. Then their
derived functors . and R form an adjunction

ho(M) 1 ho(WN)

between the homotopy categories of M and N .

Proof. Let n: idyy = RL and e€: LR = idyq denote the unit and counit, respectively,
of the adjunction L 4 R. Let A be a cofibrant object in A/ and X be a fibrant object
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in M. We first show that there is an isomorphism 7(LA, X) = m(A, RX). Note that LA
is cofibrant in M and RX is fibrant in A" by Remark [£.4.3] We define a map

P: W(LAvX) — W(AvRX)v [f] = [(Rf)nA]v

and check that it is well-defined. Given [f] = [g] in m(LA, X), let Path(X) be a path object
for X in M and h: A — Path(X) be a homotopy from f to g. Recall from Remark
that Path(X) is fibrant since X is so. As the right Quillen functor R preserves fibrations
and weak equivalences between fibrant objects by Corollary then RPath(X) is a
path object for RX in N. Then (Rh)ns: A — RPath(X) gives a homotopy from (Rf)na
to (Rg)na. This shows that [(Rf)na] = [(Rg)na] and that ® is well-defined. Dually, one
can show that the map

U: (A, RX) — 7(LA, X), [g] = [ex(Lg)],

is well-defined. By the triangle identities for (7, €), we directly get that ®¥ = id (4 gx)
and ¥® = id, (4 x). This gives the desired isomorphism. By Lemma @ it follows

that there is an induced isomorphism ®: ho(M)(LA, X) = ho(N)(A, RX) for every
cofibrant object A € N and every fibrant object X € M.

Now, let A be any object in N' and X be any object in M. Given a fibrant re-
placement (X7, %) of X in M and a cofibrant replacement (A, ¢%) of A in N, the
morphisms v (j41) and yr(¢YY) are isomorphisms in ho(M) and ho(N) respectively, by
Lemma Therefore, we have the following isomorphisms

ho(M)(LA, X) = ho(M)(L(A%), X) — ho(M)(L(A°), X)

| ’VM(jX )*
= i 2J5
ho(AV)(A, RX) = ho(N)(4, R(X')) — = ho(A)(A°, R(XY)),
wlgy)*
which shows that . 4 R is an adjunction. O

In particular, when a Quillen pair is a Quillen reflection, co-reflection, or equivalence,
the induced derived functors give a reflection, co-reflection, or equivalence between the
corresponding homotopy categories.

Theorem 4.4.13. Suppose that the adjunction L 4 R is a Quillen pair.

(i) If L 4 R is a Quillen reflection, the derived adjunction L 4 R is a reflection, i.e.,
the counit of the adjunction L 4R is a natural isomorphism.
(i) If L 4 R is a Quillen co-reflection, the derived adjunction . 4R is a co-reflection,
i.e., the unit of the adjunction IL 4R is a natural isomorphism.
(iii) If L 4 R is a Quillen equivalence, the derived adjunction L 4R is an equivalence
of categories between the homotopy categories ho(M) and ho(N).

Proof. Suppose that L 4 R is a Quillen pair, and let n: idpq = LR and e: RL = idys
denote the unit and counit, respectively, of the adjunction L - R.

We want to describe the unit 7: idpny) = RL and the counit €: LR = idy(a) of the
derived adjunction . 4 R. Let A € N be an object. Consider the following commutative
diagram obtained by taking X =LA in the diagram of the proof of Theorem

ho(M)(L4,LA4) = ho(M)(L(A?), L(AC)%@)EIO(M)(L(AC), (L(A%))7)
E

12

¥e) >3
ho(A)(4, RLA) = ho(A")(A, R((L(A)))) — ho(A)(A°, R((L(A)))

(g )*



72 LYNE MOSER

Then 774 = [O(idLa)] € ho(N)(A,RLA). Therefore, by evaluating the diagram at idp 4,
we get that [R(j%AC))nAc] = ﬁA[qﬁ[]. Similarly, for every object X € M, we get that

lexs L@ = iTex.

We prove the first statement. If L 4 R is a Quillen reflection, we need to show that
€: LR = idyo(r) is a natural isomorphism. Given an object X € M, by assumption,
the derived counit ey fL(qj}\{( Xf)) at the fibrant object X/ of M is a weak equivalence.

N
R(X/

[EXJ"L(Q‘I/%/’(Xf))] = [j¥ex, and, since j{! is a weak equivalence and hence [j}!] is an

Therefore [exsL(q ))] is an isomorphism in ho(M). By the above, we have that

isomorphism in ho(M), it follows that €x is an isomorphism in ho(M). This shows that
€ is a natural isomorphism, and hence that R is a reflection.

The second statement can be proven similarly. As a direct consequence, we get that,
if L 4 R is a Quillen equivalence, then both the counit € and the unit 77 of the adjunction
L 4 R are natural isomorphisms. This says that I 4 R is an equivalence of categories,
which proves the last statement. O

Remark 4.4.14. Since the right adjoint of a reflection is fully faithful, if an adjunction
L -4 R is a Quillen reflection, then the right derived functor R: ho(M) — ho(N) is fully
faithful. We therefore say that the right Quillen functor R is homotopically fully faithful.
Dually, if an adjunction L 4 R is a Quillen co-reflection, then the left Quillen functor L
is homotopically fully faithful.

4.5. Monoidal model categories and enriched model categories. Given a model
category M, if the category M is enriched, tensored, and cotensored over a closed
monoidal category 7 which itself admits a model structure, the model structure on M
is said to be enriched if it satisfies an additional axiom, sometimes called the pushout-
product axiom. In particular, if the model structure on the closed monoidal category T
also satisfies this additional axiom, we call 7 a monoidal model category. In this section,
we introduce enriched model categories and give several ways of expressing the pushout-
product axiom.

For this, let us fix a closed monoidal category (7,®,I) whose underlying category
admits a model structure. We use here the definitions and notations for enriched categories
introduced in Section Before introducing enrichment of a model structure, we recall
a construction which builds from two morphisms in a 7-enriched category a morphism
in T called the pullback corner morphism.

Definition 4.5.1. Let M be a T-enriched category. Let i: A — B and p: X — Y be two
morphisms in its underlying category M. We define the pullback corner morphism
of 7 and p to be the unique morphism (i*,p.): M(B, X) — M(A, X) X pga,y) M(B,Y)
in T given by the universal property of the pullback as in the following diagram.

Z'*

M(B, X) ~ (7, ps)
Ty

M(A,X) XM(A,Y) M(B,Y) — M(A,X)

| |

M(B,Y) ———— M(A,Y)

We are now ready to introduce the notion of enriched model categories.

Definition 4.5.2. A T-enriched category M is a T-enriched model category if
(emcl) its underlying category My admits a model structure (C, F, W),
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(emc2) the T-enriched category M is tensored and cotensored over T (see Definition|(1.1.11)),

(emc3) for every cofibration i: A — B in M and every fibration p: X — Y in My, the
pullback corner morphism

(%, p«): M(B, X) = M(A, X) X pea,y) M(B,Y)
is a fibration in 7, which is trivial if either i or p is trivial.

Remark 4.5.3. Note that, if () is an initial object in M and * is a terminal object in M,
then, for every object A € M, the hom objects M(), A) and M(A, *) are isomorphic to
the terminal object in 7. Hence, we can deduce from (emc3) of Definition that:

(i) if A is a cofibrant object in My and p: X — Y is a fibration in My, then the
induced morphism

Pt M(A, X) —» M(AY)
is a fibration in 7, which is trivial if p is so, and
(ii) if i: A — B is a cofibration in My and X is a fibrant object in My, then the
morphism
i*: M(B,X) » M(A, X)
is a fibration in 7, which is trivial if 7 is so.

In particular, if A is a cofibrant object in Mg and X is a fibrant object in My, then the
hom object M(A, X) is fibrant in 7.

Since a T-enriched model category is assumed to be both tensored and cotensored
over T, we can rephrase (emc3) by using tensors and cotensors instead of internal homs.
The condition using tensors is often convenient to check that a model structure is enriched.
We first introduce the construction given by the pushout-product morphism and pullback
corner morphism, defined using tensors and cotensors.

Definition 4.5.4. Let M be a tensored 7 -enriched category. Let i: A — B be a mor-
phism in Mg and k: S — T be a morphism in 7. The pushout-product of ¢ and k is
the unique morphism iUy k: A@m T ag, s B Om S = BOm T in My given by the
universal property of the pushout as in the following diagram.

@ S
Ay S —M2 Boy S

A®Mkl J{ B@Mk
r

ASMT — AOM T pg,s BOm S

iOMKk =%

Boum T
tQm T

Definition 4.5.5. Let M be a cotensored T-enriched category. Let p: X — Y be a
morphism in Mg and k: S — T be a morphism in 7. The pullback corner morphism
of k and p is the unique morphism p¥: X7 — X% xys Y7 in My given by the universal
property of the pullback as in the following diagram.
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Using the constructions defined above, we can reformulate (emc3) as follows.

Proposition 4.5.6. Let M be a T -enriched category which satisfies (emcl-2) of Defini-
tion . Then it satisfies (emc3) if and only if it satisfies one of the following equivalent
conditions.

(emc3’) For every cofibration i: A — B in Mg and every cofibration k: S — T in T, the
pushout-product morphism
iOmk: AmT || BomS—BouT
A®MS
s a cofibration in My, which is trivial if either ¢ or k is trivial.
(emc3”) For every fibration p: X —» Y in Mo and every cofibration k: S — T in T, the
pullback corner morphism
PP XT 5 X9 xys YT
s a fibration in Mg, which is trivial if either p or k is trivial.
Proof. Since M is tensored and cotensored over T by (emc2) of Definition for every
pair of objects A, B € M and every object S € T, we have isomorphisms
Mo(A @ S, B) = T(S, M(A, B)) = Mo(4, B%)

natural in A, B, and S, by Remark [I.1.12] Let i: A — B and p: X — Y be morphisms
in Mg and k: S — T be a morphism in 7. Then there is a lift in the diagram in 7 as
depicted below

§—— M(B,X)

///7
kl T i l(i*»p*)

-

T — M(AvX) XM(AY) M(B,Y)

if and only if there is a lift in one of the following diagrams in My, respectively.

AOmTUagps BOMS — X A———xT
- o
iDMI{ Jp { ka
BoyT ————Y B—— X% xys YT

By taking i to be a cofibration in My, p to be a fibration in My, and k to be a cofibration
in 7, with one of them being trivial for each case, we can see that (ecm3) is equivalent
to (ecm3’) and (ecm3”), respectively. O

Remark 4.5.7. Suppose that the model structure on 7 and M are cofibrantly gener-
ated. Then, in order to prove (ecm3’), it is enough to check that this condition holds for
generating cofibrations and generating trivial cofibrations. Indeed, recall that all cofibra-
tions and trivial cofibrations in a cofibrantly generated model category are retracts of a
transfinite composition of pushouts of morphisms in the generating sets. Hence, since the
tensoring functor ® 4 preserves colimits and retracts in both variables by Remark
then the pushout-product construction also preserves colimits in each variable as it is
constructed as a pushout of tensors. Hence, since the classes of cofibrations and trivial
cofibrations of My are closed under retracts, pushouts, and transfinite compositions by
Proposition [4.1.5] it follows that (emc3’) holds for all cofibrations and trivial cofibrations.

When the model structure on the closed monoidal category 7 is enriched over itself,
we say that it is monoidal. Note that the three constructions in (emc3), (emc3’), and
(emc3”) in this case all take morphisms in 7 and produce a morphism in 7.
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Definition 4.5.8. A closed monoidal category 7 whose underlying category admits a
model structure is a monoidal model category if it is an enriched model category over
itself.

Finally, we show that a weak equivalence in a T-enriched model category induces weak
equivalences between hom objects in 7 under correct cofibrancy and fibrancy conditions.
In order to prove this result, we first need the following factorization lemma, which holds
in any model category.

Lemma 4.5.9. Let M be a model category.

(i) Let f: X =Y be a morphism in M between fibrant objects X andY in M. Then
there is a factorization of f as

X—>Y

N A

where r: Z —»'Y s a fibration in M and j: X = Z is a weak equivalence which

is a section of a trivial fibration q: Z = X in M, i.e., we have qj = idx.
(i) Let f: A — B be a morphism in M between cofibrant objects A and B in M.
Then there is a factorization of f as

A ! B
C

where i: A < B is a cofibration in M and q: C = B is a weak equivalence which

is a retract of a trivial cofibration j: B < C in M, i.e., we have qj = idg.

Proof. We prove the first statement. Let f: X — Y be a morphism in M between fibrant
objects X and Y in M. Let us fix a path object for Y

Y —25 Path(Y) 2» ¥ x V|

We recall that p;: Path(Y) = Y denotes the composite of p: Path(Y) — Y x Y with the
projection 7;: Y x Y — Y, for i = 0,1, and that p; is a trivial fibration by Lemma
since Y is fibrant, for ¢ = 0,1. In particular, we have p;w = idy, for ¢ = 0,1. We define

g: Z =» X to be the pullback of pg along f, as depicted in the below diagram.

X \//x
fJ( j\\ﬂ q

L —=» X
Y
Wl
w
Path(Y) Y
Note that ¢ is a trivial fibration since pg is a trivial fibration and the class of trivial
fibrations is closed under pullbacks by Proposition Then, since powf = f, there
is a unique morphism j: X — Z, as depicted above, such that g7 = idx and f'j = wf.
Since g: Z =» X is a weak equivalence, by 2-out-of-3, we get that j: X = Z is also a
weak equivalence. Finally, we set r := p1f': Z — Y. With this definition of r, we have
that rj = p1f'j = pywf = f. Hence the morphisms r and j give a factorization of f. It
remains to show that r is a fibration. Consider the following commutative diagram.
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q

TN

Z-- s xxy o x

/ _
fi m/ foidy Jf

r| Path(Y) -»Y xY —— Y

/P 0

/
7/
P1 / ™
\LL

Y

Since the right-hand square is a pullback, there is a unique morphism ¢': 7 — X x Y
such that moq’ = ¢ and (f x idy)q’ = pf’. Since the outer rectangle is also a pullback,
the left-hand square is a pullback. Henc, since fibrations are closed under pullbacks and

p is a fibration, the morphism ¢': Z — X x Y is a fibration. Note that the projections

m: X XY —>»Y and m: Y XY —» Y are fibrations, as X and Y are fibrant objects.
Finally, we have r = p1 f' = mipf’ = m(f xidy )¢’ = m1¢’ is a composite of two fibrations,
and therefore is a fibration. This shows the desired result.

The second statement can be proven dually O

Proposition 4.5.10. Let M be a T -enriched model category.

(i) Let f: X =Y be a weak equivalence between fibrant objects X and Y in My.
Then, for every cofibrant object A € My, the induced morphism

is a weak equivalence in T .
(ii) Let f: A= B be a weak equivalence between cofibrant objects A and B in M.
Then, for every fibrant object X € My, the induced morphism
ffe M(B,X) > M(A,X)

is a weak equivalence in T .

Proof. We prove the first statement. Let f: X =Y be a weak equivalence between
fibrant objects X and Y in M. By Lemma [£.5.9] since X and Y are fibrant, there is a
factorization of f as

where r: Z —» Y is a fibration and j: X = Z is a weak equivalence which is a section of
a trivial fibration ¢: Z = X. By 2-out-of-3, since f and j are weak equivalences, we get
that r: Z = Y is a trivial fibration. Let A be a cofibrant object in M. By Remark
since ¢ and r are trivial fibrations, the induced morphisms

g M(A, Z) S M(A,X) and ro: M(A,Z) = M(A,Y)
are trivial fibrations in 7. Since j is a section of ¢, i.e., we have that qj = idx, then
¢xJs = (@)« = idagea,x) and ji: M(A, X) = M(A, Z) is a weak equivalence in T, by
2-out-of-3. Finally, since f = rj, then f, = r.j, and f.: M(A, X) = M(A,Y) is a weak

equivalence in T, as a composite of two weak equivalences.
The second statement can be proven dually. O
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5. CONSTRUCTIONS OF MODEL STRUCTURES

In this section, we introduce two different constructions, which build, from an existing
model category, another model category. These constructions are very useful in practice
as we will see in Section [ and Part [Vl

The first construction, presented in Section is given by inducing a model structure
along an adjunction. More precisely, given a right adjoint U: X — M, where M is a
model category, we can define, if it exists, a model structure on the category K, whose
fibrations and weak equivalences are precisely the morphisms in I whose image under U
is a fibration or a weak equivalence in M, respectively. Such a model structure is called
right-induced. Dually, given a left adjoint L: NV — M, we can construct the left-induced
model structure on NV, if it exists, by defining its cofibrations and weak equivalences to be
the morphisms in N whose image under L is a cofibration or a weak equivalence in M,
respectively. We state here a theorem by Hess, Kedziorek, Riehl, and Shipley, which gives
a criterion for the left- and right-induced model structure to exist, called the acyclicity
condition, when the categories considered are locally presentable. In particular, we use
these results in Section [7] to right-induce a model structure on DblCat along the functors
(H,V): DblCat — 2Cat x 2Cat introduced in Section The results of this section are
based on [HKRS17, [GKR20].

In Section we give another construction of model categories, that of left Bousfield
localizations. In this context, the ambient category does not change, and we only change
the model structure. The idea is that of a localization, where we add to the class of
weak equivalences new morphisms which we would like to be invertible. In particular,
this construction is very useful when one wants to restrict the class of fibrant objects
to a certain class of objects of interest. For example, in Part [V] we build models of
(00, 1)-categories, (00, 2)-categories, and double (oo, 1)-categories by localizing categories
of simplicial spaces and bisimplicial spaces, so that the fibrant objects are precisely the
objects of interest. To construct the left Bousfield localization of a model category, we
restrict ourselves to simplicial categories whose objects are all cofibrant, since this is the
setting in which we will apply the theorems. The theory holds however in a more general
setting and we refer the reader to [Hir03, Werl6] for the general theory of left Bousfield
localizations. As mentioned in the introduction, a simplicial model category is a model
category enriched over the model structure on simplicial sets for Kan complexes, and we
also recall here the main features of this model structure. The results of this section are
based on [Hir03, [Wer16].

5.1. Left- and right-induced model structures. We now turn our attention towards
model structures induced along adjunctions. This is a useful tool to define new model
structures on a category, when it is related by an interesting adjunction to another cat-
egory that already admits a model structure. The definitions and results here are based
on [HKRS17, §§2-3] and [GKR20, §2].

Let us fix a model category (M,C, F, W) and two adjunctions

F L
K\/—\
K L M 1L N,
~ T ~
U R

We define what it means to induce the model structure of M on the categories K and N’
along the right adjoint U and the left adjoint L, respectively.

Definition 5.1.1. Consider the adjunctions F' 4 U and L - R.
(i) The right-induced model structure on K, if it exists, is given by

BU Y Faw), U tF,U W),
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(ii) The left-induced model structure on N, if it exists, is given by
(L7C, (LY e nw)2, L=w).

Remark 5.1.2. Note that, since W satisfies the 2-out-of-3 property, then the classes U ~'W
and LW of weak equivalences in the right- and left-induced model structures, respec-
tively, also satisfy the 2-out-of-3 property.

In particular, when we consider the model structure on a category obtained as the right-
or left-induced model structure along an adjunction, this adjunction becomes a Quillen
pair.

Proposition 5.1.3. Consider the adjunctions FF 41U and L 4 R.

(i) If the right-induced model structure on KC exists, then F' 4 U is a Quillen pair.
(i) If the left-induced model structure on N exists, then L 4 R is a Quillen pair.

Proof. We prove the first statement. By definition, if f is a weak equivalence (resp. fi-
bration) in K, then U f is a weak equivalence (resp. fibration) in M. Therefore the right
adjoint U preserves fibrations and trivial fibrations. This shows that F 4 U is a Quillen
pair.

The second statement can be proven dually. O

The following is a useful criterion for the existence of the right- or left-induced model
structure along an adjunction. Under smallness conditions on the categories involved, it
is enough to check the acyclicity conditions. This is a result by Hess, Kedziorek, Riehl,
and Shipley, whose proof goes beyond the scope of this introduction to model categories
and is therefore not displayed here.

Proposition 5.1.4. Suppose that the model category (M,C, F, W) is combinatorial and
that the categories K and N are locally presentable.
(i) The right-induced model structure on K exists if and only if 2(U~'F) C U,
(ii) The left-induced model structure on N exists if and only if (L71C)? C L~1W.

Proof. This result is obtained by applying [HKRS17, Corollary 3.3.4] or [GKR20, Corol-
lary 2.7]. Note that, by [HKRS17, Corollary 3.1.7], every combinatorial model structure
is accessible. (|

The next result gives a useful criterion for proving the acyclicity condition correspond-
ing to a right-induced model structure. A dual statement for the acyclicity condition
corresponding to a left-induced model structure can be proven similarly, and is a straight-
forward consequence of [HKRS17, Theorem 2.2.1].

Corollary 5.1.5. Suppose that the model category (M,C,F, W) is combinatorial and
that the category K is locally presentable. Suppose that all objects in M are fibrant and
that, for each object X € K, there is a factorization of the diagonal morphism in KC

X —%5 Path(X) 2 X x X

such that Uw is a weak equivalence in M and Up is a fibration in M. Then the right-
induced model structure on IC exists.

Proof. By Proposition it suffices to show that 2(U~'F) C U 'W. Let j: A — B
be a morphism in ¥(U~F). Since every object in M is fibrant, the morphism A — * is
in U7'F. Therefore, there is a lift r: B — A in the following commutative square.

A A

§
e
N
J,T’J(
,
e
k

B

|
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As p: Path(B) — B x B is in ULF, there is also a lift h: B — Path(B) in the following
commutative diagram.
A Path(B)

-
By BxB

Note that the composites
Path(B) 25 Bx B ™% B and Path(B) X+ Bx B "% B

are in U~'W, by 2-out-of-3, since idg = mopw and idg = m1pw. Therefore, as idg = m1ph,
the morphism A is also in U~'W, by 2-out-of-3. We deduce that jr is in U~ W, by 2-
out-of-3, since jr = moph. By applying 2-out-of-6 (see Lemma [4.3.21]) to the following

diagram
A
1/

B

A

I

B,

we get that j is in U~'W. O

Finally, the following proposition gives us generating sets of cofibrations and trivial
cofibrations for a model structure which is right-induced from a cofibrantly generated
model structure.

Proposition 5.1.6. Suppose that the model category (M,C,F, W) is combinatorial with
generating sets I of cofibrations and J of trivial cofibrations, and that the category K
is locally presentable. Then the right-induced model structure on K along the adjunction
F 4 U is also cofibrantly generated with generating sets FZ of cofibrations and FJ of
trivial cofibrations.

Proof. To show that FZ and F'J are generating sets of cofibrations and trivial cofibra-
tions, respectively, for the right-induced model structure on K, it is enough to check
that U~'F = (FJ)? and that U"Y{(F N W) = (FZ)?. First note that, since the func-
tor F is left Quillen by Proposition then F preserves trivial cofibrations and hence
FJ CF(CNW)CBU-LF). It follows that U~'F = (B(U~LF))2 C (FJ)?. Now, let
p: X - Y in K be a morphism in (FJ)?. Then, for every morphism j: A < B in 7,
there is a lift in the below left commutative diagram.

FA— X A—UX
Kt K
Fji lp ][z JUp
FB—Y B—UY

By the universal property of the adjunction F' 4 U, the above left commutative square cor-

responds uniquely to a commutative square as above right, for every morphism j: A < B
in J. Since J is a generating set of trivial cofibrations in M, it follows that Up is a fibra-
tion in M. This shows that (F.7)? C U~!F. Hence we indeed have that U~1F = (F.J)¥.
Similarly, one can show that the other equality holds. O
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5.2. Left Bousfield localizations. In this section, we introduce left Bousfield localiza-
tions of model categories. These are given by localizing a model category at some set
of morphisms. In other words, we are requiring some specific morphisms to become in-
vertible in the homotopy category. This construction is very useful when one wants to
study a specific class of objects in a model category. Indeed, this allows one to restrict the
class of fibrant objects of a model category to be precisely the class of objects of study.
To simplify the approach, we only consider here left Bousfield localizations of simplicial
model categories at a set of cofibrations. We refer the reader to [Hir03l [Werl6] for the
theory in a more general setting.

Simplicial model categories are defined to be enriched model categories over the Kan-
Quillen model structure on the category of simplicial sets. We start by recalling the
definition of a simplicial set and the main features of the model structure for simplicial
sets. We first introduce the simplex category A.

Definition 5.2.1. We define the simplex category A to be the category whose objects
are the ordered sets [n] = {0 <1 < ... < n}, for n > 0, and whose morphisms are the
order-preserving maps. In particular, we denote by d': [n — 1] — [n] the ith face map
which skips i, for 0 < i < mn and n > 1, and by s7: [n + 1] — [n] the jth degeneracy
map which doubles j, for 0 < j < n and n > 0. These maps generate all the morphisms
in A under compositions.

A simplicial set is then defined to be a functor A°? — Set.

Definition 5.2.2. We define sSet := Set®” to be the category of simplicial sets and
simplicial maps.

Notation 5.2.3. Given a simplicial set X: A°® — Set, we denote by X,, = X([n])
its set of n-simplices, for all n > 0. We denote by d; = X(d'): X,, — X,,_1 and
sj = X(s): X, — Xp41 the images under X of the face and degeneracy maps, for all
0<i<nand0<j<n.

We now recall the basic constructions of boundary and horn inclusions of standard
n-simplices.

Definition 5.2.4. We define the standard n-simplex Aln] to be the representable
functor A(—,[n]): A — Set, for n > 0. By the Yoneda Lemma, the face maps d’
induce simplicial maps d': Aln — 1] — A[n], for all 0 < i < n and n > 1. We define the
boundary of A[n] to be

6A[n] = ) Im(d: Aln—1] - Af]),
0<i<n
for n > 1, and we set 6A[0] :== (. For n > 1 and 0 < t < n, we define the (n,t)-horn of
A[n] to be
Npl= J Im(d: A1) ApR]).
0<i<n, it

These simplicial sets come with inclusion maps ¢,,: A[n] — Aln], for all n > 0, and
Ui Alln] = Aln] foralln > 1and 0 <t <n.

Remark 5.2.5. Boundary inclusions generate all monomorphisms in sSet under transfinite
compositions of pushouts and retracts.

These boundary and horn inclusions form generating sets of cofibrations and trivial cofi-
brations, respectively, for the model structure on sSet described below in Theorem
The fibrations and fibrant objects are then defined by their lifting properties with respect
to horn inclusions.
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Definition 5.2.6. A simplicial map p: X — Y is a Kan fibration if it has the right
lifting property with respect to the horn inclusion £, ¢: A'[n] — An], for all n > 1 and
0 <t <n. A simplicial set X is a Kan complex if the unique map X — A[0] is a Kan
fibration.

We now state the existence of the Kan-Quillen model structure on sSet and describe its
relevant classes of maps. This model structure is enriched over itself through the cartesian
monoidal structure on sSet. We refer the reader to [JT99] for a proof.

Theorem 5.2.7. There is a combinatorial, simplicial model structure on sSet whose

(i) cofibrations are the monomorphisms; in particular, every object is cofibrant,
(ii) fibrations are the Kan fibrations; in particular, the fibrant objects are the Kan
complezxes,
(iii) weak equivalences are the simplicial maps f: X — Y such that the induced maps
(Y, K) — n(X,K) between homotopy classes is an isomorphism, for every
Kan complex K.

Generating sets of cofibrations and trivial cofibrations are given by the sets of monomor-
phisms

T ={1n:0A[n] = Aln] | n>0} and J = {lns: A'[n] = An] |n>1,0<t <n}.

Proof. The existence of the model structure is [JT99, Theorem 1.7.1]. The fact that it is
simplicial follows from [JT99, Theorem 1.5.2]. O

Remark 5.2.8. The category sSet is locally presentable. Moreover, every simplicial set
can be obtained as a colimit of the standard m-simplices. Using this description, we
can define a realization functor | — |: sSet — Top to the category of topological spaces
and continuous maps as follows. A simplicial set X = colimyex,, n>0 A[n] is sent to the
topological space | X| = colimyex,, n>0 A", where A" is the geometric n-simplex. A weak
equivalence in sSet can then be characterized through this geometric realization functor:
a simplicial map f: X — Y is a weak equivalence in sSet if and only if its realization
[f]: |X] — |Y| is a weak (homotopy) equivalence of topological spaces. This realization
functor further induces a Quillen equivalence between the Kan-Quillen model structure
on sSet and the Quillen model structure for topological spaces.

With this model structure on sSet, we can introduce simplicial model categories as the
simplicial categories which admit a model structure that is enriched over sSet.

Definition 5.2.9. A simplicial model category M is an sSet-enriched model category,
where sSet is endowed with the Kan-Quillen model structure of Theorem [5.2.7]

We are now ready to introduce left Bousfield localizations of simplicial model categories.
For simplicity and since it is the case for all the model structures in this paper to which we
will apply this construction, we suppose that all objects in the simplicial model categories
considered are cofibrant. If it is not the case, then one needs to work with cofibrant
replacements and left properness in order to make the theory work. We first introduce
what will be the fibrant objects and the weak equivalences in the left Bousfield localization.

Definition 5.2.10. Let M be a simplicial model category such that all objects in M are
cofibrant and let S be a set of cofibrations in M.

(i) An object X € M is S-local if it is fibrant in M and, for every cofibration
s: A— Bin S, the induced map

s M(B, X) = M(A, X)

is a trivial fibration in sSet.
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(ii) A morphism f: A — B in M is an S-local equivalence if, for every S-local object X
in M, the induced map
ff: M(B,X) - M(A, X)
is a weak equivalence in sSet.

We now describe the model structure given by localizing at a set of cofibrations.

Definition 5.2.11. Let M be a simplicial model category such that all objects in M are
cofibrant and let S be a set of cofibrations in M. The left Bousfield localization LsM
of M at S, if it exists, is the model structure on M whose

(i) cofibrations are precisely the cofibrations in M,

(ii) weak equivalences are the S-local equivalences.

The rest of the model structure is determined by lifting properties.

Remark 5.2.12. Note that every cofibration s: A < B in S is a trivial cofibration in
the left Bousfield localization LsM since it is both a cofibration and an S-local equiva-
lence. Furthermore, it follows from Remark m that a cofibration j: A < B is a trivial
cofibration in LgM if and only if the induced map

Jjr M(B, X) —» M(A, X)
is a trivial fibration in sSet, for every S-local object X € M.

Remark 5.2.13. By Remark every weak equivalence f: A = B in M induces a weak
equivalence

ffM(B,X) S M(AX)
in sSet, for every fibrant object X € M. Since S-local objects are in particular fibrant
in M, we get that every weak equivalence in M is in particular a weak equivalence
in LgM. As a consequence, every trivial cofibration in M is a trivial cofibration in LsM.

The following proposition implies that the homotopy category of the left Bousfield
localization LsM is embedded in that of M in a reflective way.

Proposition 5.2.14. Let M be a simplicial model category such that all objects in M
are cofibrant. Let S be a set of cofibrations in M such that the left Bousfield localization
LsM exists. Then the identity adjunction

id

T~
LsM 1 M
~_ 7
id

is a Quillen reflection.

Proof. First, note that the left adjoint idas: M — LgsM preserves all cofibrations, by
definition of LsM, and all weak equivalences, by Remark Hence it is left Quillen.
Furthermore, the component of the derived counit at a fibrant object X € LsM is
given by the cofibrant replacement morphism qf}{‘: X¢ — X in M. Since this is a weak
equivalence in M, it is also a weak equivalence in LsM by Remark [5.2.13] This shows
that the identity adjunction is a Quillen reflection. O

When the simplicial model category is combinatorial, the left Bousfield localization at
any set of cofibrations always exists. We do not prove this result here, as it goes beyond
the scope of this introduction to model categories.

Theorem 5.2.15. Let M be a combinatorial, simplicial model category such that all
objects in M are cofibrant. Let S be a set of cofibrations in M. Then the left Bousfield
localization LsM on M exists and it is combinatorial.
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Proof. This follows from [Werl6, Theorem 6.1]. Note that the model category M is left
proper since all objects in M are cofibrant. A proof in the case of cellular model categories
can also be found in [Hir03, Theorem 4.1.1]. O

Furthermore, we can show that the left Bousfield localization of a simplicial model
category is also simplicial.

Proposition 5.2.16. Let M be a simplicial model category such that all objects in M
are cofibrant. Let S be a set of cofibrations in M such that the left Bousfield localization
LsM exists. Then the model structure LsM of M is simplicial.

More precisely, if j: A — B is a cofibration in LsM and i: K — L is a cofibration
in sSet, then the pushout-product morphism jOi: A® L||yox B® K~ B ® L is a
cofibration in LsM, which is trivial if either j is a weak equivalence in LsM or i is a
weak equivalence in sSet, where ®

Proof. Since the model structure on M is simplicial, the pushout-product j[Ji is a cofi-
bration in M by (emc3’) of Proposition[4.5.6] and hence it is also a cofibration in LgM. It
remains to show that j[Ji is an S-local equivalence, whenever j or i is a weak equivalence.
Let X be an S-local object in M. We show that the map

(j0)*: M(BR®L,X)—» MAR®L | | B®K,X)
ARK

is a trivial fibration in sSet, whenever j or i is a weak equivalence. For n > 0, by the
universal property of the tensor ® and by Proposition [I.1.15] there is a lift in the below
left diagram in sSet if and only if there is a lift in the below right diagram in sSet.

SA[n] ———— M(B® L, X) 6A[n] X LUsapxx Aln] x K — M(B, X)
_ T o

J o e o] s

Afn] = M(A® Lok B® K, X) Afn] x L ——5 M(A, X)

Since the model structure on sSet is simplicial, the pushout-product map ¢, 7 is a
cofibration in sSet, which is trivial if 7 is so. Moreover, by Remark we have that j*
is a fibration. Furthermore, the fibration j* is trivial if j is an S-local equivalence. Hence,
if either j is an S-local equivalence in M or i is a weak equivalence in sSet, there is a
lift in the above right diagram. This shows that there is a lift in the above left diagram,
and hence that (j0¢)* is a trivial fibration in sSet. We conclude that j i is a trivial
cofibration in LsM, whenever j is a weak equivalence in LgM or i is a weak equivalence
in sSet. O

We now give a characterization of the S-local objects in terms of lifting properties.

Lemma 5.2.17. Let M be a combinatorial, simplicial model category such that all objects
in M are cofibrant. Let S be a set of cofibrations in M and let J denote a set of generating
trivial cofibrations for M. We define the set Js to be

jgsz{sDLn: A ® Aln] |_| B®dAn] > B A[n]|s: A— BeS,n>0},
A®SA[n]

where ® denotes the tensor of M over sSet. Then, an object X € M is S-local if and
only if the unique morphism X — * to the terminal object x in M is in Js—inj, i.e., it
has the right lifting property with respect to every morphism in Js, where ® denotes the
tensor of M over sSet.
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Proof. Let X be an object in M. First note that X is fibrant in M if and only if the

morphism X — * is in J—inj. Now, let s: A <> B be a cofibration in S and n > 0. Then,
by the universal property of the tensor ®, there is a lift in the below left diagram in M
if and only if there is a lift in the below right diagram in sSet.

A® Aln]Uagsap B ® 0A] — X §A[n] —— M(B, X)
sDLnl ////,/' J Ln\[ ////,// ls*
B® Aln)] ———— « Aln] —— M(A, X)

This says that the morphism X — * has the right lifting property with respect to s,
for every s € S and n > 0, if and only if the map s*: M(B, X) - M(A, X) is a trivial
fibration in sSet, for every s € §. Hence, this shows that an object X is S-local if and
only if X — x is in Js—inj. (]

Using this result, we can show that the fibrant objects in the left Bousfield localization
at a set S of cofibrations are S-local objects. The converse, i.e., that S-local objects
are fibrant in the left Bousfield localization, requires to find a set of generating trivial
cofibrations which is, in general, larger than the set Js introduced in Lemma [5.2.17] and
to prove that S-local objects also lift against the additional trivial cofibrations. Since
constructing this generating set of trivial cofibrations involves a lot of technicalities, we
do not prove it here.

Proposition 5.2.18. Let M be a combinatorial, simplicial model category such that all
objects in M are cofibrant and let S be a set of cofibrations in M. An object is fibrant
in LsM if and only if it is S-local.
Proof. Let X be a fibrant object in LgM. By Lemma it is enough to show that
the morphism X — %, which is a fibration in LsM by assumption, is in Js—inj. By
Remark and Proposition the set Js is contained in the class of trivial
cofibrations of LsM. Hence, since X — * has the right lifting property with respect to
all trivial cofibrations, it is in Js—inj.

For the converse, i.e., that an S-local object is fibrant in LsM, we refer the reader to
[Werl6, Proposition 5.3] or [Hir03, Theorem 4.1.1]. O

We now want to prove that a morphism between S-local objects is a weak equivalence
(resp. fibration) in LsM if and only if it is a weak equivalence (resp. fibration) in M.
For this, we first compute path objects for simplicial model categories.

Lemma 5.2.19. Let M be a simplicial model category and let X be a fibrant object in M.
Then the following diagram

X~ xal 2y X x X
gives a path object for X in M, where the morphisms w and p are induced by the maps
A[0] U AJ0] = 6A[1] -2 A[1] - A[0]
in sSet.

Proof. Since the map ¢19: A[0] < A[l] is a trivial cofibration in sSet, and the map

t1: AJ0] U A[0] = JA[1] < A[l] is a cofibration in sSet, if X is fibrant in M, then the
induced morphisms

xto. xAll & xAll ~ ¥ and p=X": YAL _yy xAOUAD] ~ x o X
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are fibrations in M such that the first morphism is trivial, by (emc3”) of Propositionm
Since 141 o = ida[o], then Xboy = XhoX' = idy and, by 2-out-of-3, we get that w is a
weak equivalence. This shows that X2[ is a path object for X. O

We are now ready to prove the desired result.

Proposition 5.2.20. Let M be a combinatorial, simplicial model category such that all
objects in M are cofibrant and let S be a set of cofibrations in M.

(i) A morphism between S-local objects is a weak equivalence in LsM if and only if
it is a weak equivalence in M.

(ii) A morphism between S-local objects is a fibration in LsM if and only if it is a
fibration in M.

Proof. We first prove (i). By Remark [5.2.13] we already know that weak equivalences

in M are weak equivalences in LsM. So let f: X = Y be a weak equivalence in LgM
between S-local objects. Since S-local objects are precisely the fibrant objects in LsM
by Proposition [5.2.18 and all objects in LsM are cofibrant, by the Whitehead Theorem

(see Theorem [4.3.11)), the morphism f: X — Y is a homotopy equivalence in LsM. To
make sense of the notion of homotopy in the simplicial model category LsM, we are using
the path objects X2 and Y2 given by Lemma . Then X2 and Y20 are also
path objects in M, as M is also simplicial and the simplicial enrichment of LsM and M
are the same. This implies that f is a homotopy equivalence in M. In particular, it is a
weak equivalence in M, by Theorem [.3.11]

We now prove (ii). Since idpys: LsM — M is right Quillen by Proposition a
fibration in LsM is in particular a fibration in M. So let p: X — Y be a fibration in M
between S-local objects. We factor p as

S, A

with j a trivial cofibration in LsM and r a fibration in LsM. Since Y is S-local and
p is a fibration in LsM, then Z is also S-local by Proposition By (i), the trivial
cofibration j between S-local objects is a weak equivalence in M. Hence j is a trivial
cofibration in M, as M and LsM have the same cofibrations. Since p has the left lifting
property with respect to j, it is a retract of the fibration r by the retract argument (see
Proposition and therefore it is also a fibration in Ls M. O

We finally want to prove that a left Quillen functor L: M — AN which sends all
cofibrations in S to weak equivalences in N induces a left Quillen functor L: LgM — N.
For this, we first need the following result. We do not give a full proof of this result since
it involves more knowledge about Reedy model categories, which has not been covered in
this introduction. We refer the reader to [Hir03] for a complete proof.

Lemma 5.2.21. Let M be a simplicial model category such that all objects in M are
cofibrant and let N be a model category. Suppose that

L
L~

N 1 M
~_ 7
R

18 a Quillen pair. Let f: A — B be a morphism in M. Then the morphism Lf: LA — LB
is a weak equivalence in N if and only if the induced map of simplicial sets

L(f @ A[-])*": N(L(B® A[-]),X) = N(L(A® A[-]), X)
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is a weak equivalence in sSet, for every fibrant object X € N.

Proof. Since M is simplicial, the cosimplicial objects
A® A[-],B® A[—]: A — Set

are cosimplicial resolutions of the cofibrant objects A and B in M by [Hir03, Proposition
16.1.3]. Then, since L is left Quillen, by [Hir03, Proposition 16.2.1], the cosimplicial
objects

L(A® A[-]), L(B @ A[—]): A — Set

are cosimplicial resolutions of the cofibrant objects LA and LB in N. Finally, by the
equivalence of (1) and (5) in [Hir03| Theorem 17.7.7], we get that Lf is a weak equivalence
if and only if the induced map

L(f @ A[=])": N(L(B ® A[-]), X) = N(L(A® A[-]), X)
is a weak equivalence in sSet, for every fibrant object X € N. O

Before proving the desired result, we first consider the right adjoint of the left Quillen
functor L: M — N that sends cofibrations in S to weak equivalences in N, and we prove
that it sends fibrant objects in N to S-local objects in M.

Lemma 5.2.22. Let M be a combinatorial, simplicial model category such that all objects
in M are cofibrant and let N be a model category. Suppose that

L
L~

N L M
~_
R

is a Quillen pair. Let S be a set of cofibrations in M such that Ls: LA = LB is a weak
equivalence in N, for all s € S. Then the right adjoint R: N’ — M sends fibrant objects
in N to S-local objects in M.

Proof. Let X be a fibrant object in . Since Ls: LA = LB is a weak equivalence in NV,
for all s € S, then the induced map

L(s® A[-])*: N(L(B® A[-]),X) = N(L(A® A[-]), X)
is a weak equivalence in sSet, by Lemmal5.2.21] for all s € S. Since L 4 R is an adjunction,
there is an isomorphism

N(L(A® Aln)), X) = Mo(A @ Aln], RX) = M(A, RX)»,

natural in A € M, X € N/, and n > 0. Hence this induces an isomorphism of simplicial
sets N(L(A ® A[—]), X) 2 M(A, RX), natural in A € M and X € N. Hence we have a
commutative square in sSet of the form

L(s @ A[-])*

~

N(L(B ® A[-]), X)

|

M(B, RX)

N(L(A® Al-]), X)

k

M(A,RX) ,

S*

for all s € S. By 2-out-of-3, we get that the bottom map s* is a weak equivalence in sSet,
for all s € §. This shows that RX is S-local. O

Theorem 5.2.23. Let M be a combinatorial, simplicial model category such that all
objects in M are cofibrant and let N be a model category. Suppose that
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L
T
N L M
\}_2/‘!

is a Quillen pair. Let S be a set of cofibrations in M such that Ls: LA = LB is a weak
equivalence in N, for all s € S. Then the adjunction L 4 R induces a Quillen pair

L
RS
N 1 LsM
~_
R

between N and the left Bousfield localization LsM of M at S.

Proof. Since L: M — N preserves cofibrations and the cofibrations in LsM are the
cofibrations in M, it follows that L: LsM — N preserves cofibrations. We show that it

also preserves trivial cofibrations. Let j7: A < B be a trivial cofibration in LgM. Since

L preserves cofibrations, then Lj: LA < LB is a cofibration in A. It remains to show
that Lj is a weak equivalence in A. Since j is an S-local equivalence in M, then the
induced map

i M(B,)Y) > M(A)Y)
is a weak equivalence in sSet, for every S-local object Y € M. By Lemma [5.2.22] the
image RX of a fibrant object X € A is S-local. Hence the induced map

j*: M(B,RX) = M(A,RX)
is a weak equivalence in sSet, for every fibrant object X € N. Since there is an isomor-
phism NV (L(A ® A[-]), X) & M(A, RX) in sSet natural in A € M and X € N and by
2-out-of-3, we get that the map
L(j @ A[=])*: N(L(B® A[-]), X) = N(L(A® A[-]), X)
is a weak equivalence in sSet, for every fibrant object X € A. Finally, by Lemma [5.2.21

this says that Lj: LA < LB is a weak equivalence in N. Hence L preserves trivial
cofibrations and this shows that L: LgM — N is left Quillen. O






PART III.

HOMOTOPY THEORY OF 2-DIMENSIONAL
CATEGORIES

In category theory as well as in homotopy theory, we strive to find the correct notion of
“sameness”. When working with categories themselves, we have already discussed the fact
that having an isomorphism between categories is much too strong a requirement, and
we would instead concur that the right condition to demand is that of an equivalence of
categories. At heart, this is due to the fact that the category Cat of categories and functors
can be extended to a 2-category with natural transformations as 2-morphisms and, as we
have seen in Definition there is a weaker version of an invertible morphism in that
context. In particular, an equivalence of categories is defined to be a functor which admits
an inverse up to natural isomorphisms, and can equivalently be characterized as a functor
which is surjective on objects up to isomorphism, and fully faithful on morphisms.

Since these equivalences seem to give a good notion of invertibility for functors between
categories, we expect them to model a certain homotopy theory of categories. It is indeed
the case since equivalences of categories form a class of weak equivalences in a model
structure on Cat, called the canonical model structure.

Going one dimension up and focusing on 2-categories, as we have seen in Defini-
tion the 2-functors themselves form a 2-category, with morphisms given by the
pseudo-natural transformations and 2-morphisms given by the modifications. We can
then define a higher version of an equivalence of categories, by saying that a 2-functor
is a biequivalence if it admits an inverse up to pseudo-natural equivalences (see Defini-
tion , which correspond to equivalences in the pseudo-hom 2-category. Note that,
in this case, the inverse functor might not be a 2-functor anymore, but rather a pseudo-
functor. By a Whitehead theorem for 2-categories, and in analogy with the 1-dimensional
case, these biequivalences can be characterized as the 2-functors which are surjective on
objects up to equivalence, full on morphisms up to 2-isomorphism, and fully faithful on
2-morphisms.

As is the case of equivalences of categories, biequivalences form a class of weak equiv-
alences for a model structure on the category 2Cat of 2-categories and 2-functors, con-
structed by Lack in [Lac02, [Lac04]. In particular, the inclusion of Cat into 2Cat gives
a homotopically full embedding from the canonical model structure on Cat into Lack’s
model structure on 2Cat.

By considering the relations between 2-categories and double categories, namely that
every 2-category can be seen as a horizontal double category with only trivial vertical
morphisms, we expect to find a homotopy theory of double categories containing that of
2-categories through this horizontal embedding. Constructing such a homotopy theory
for double categories is the aim of this part.

The idea of defining a model structure on the category DblCat of double categories
and double functors is scarcely a new one. In [FP10, [FPP08], Fiore, Paoli, and Pronk
construct several model structures on DblCat. However, the horizontal embedding of
2-categories does not induce a Quillen pair between Lack’s model structure on 2Cat
and any of these model structures on DblCat (see [MSV20a, §8]). Some intuition is
provided by the fact that their categorical model structures on DblCat are constructed
from the canonical model structure on Cat, and hence the weak equivalences in there
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induce equivalences of categories between the underlying horizontal (1-)categories, and
between the (1-)categories of vertical morphisms and squares. However, a biequivalence
of 2-categories does not in general induce an equivalence between underlying categories,
which explains partially why the horizontal embedding of 2Cat into DblCat does not
preserve weak equivalences with respect to their model structures.

In order to remedy this loss of higher data, we define new model structures on DblCat
in joint works with Maru Sarazola and Paula Verdugo [MSV20a, MSV20b], which are
compatible with the horizontal embedding of 2-categories into double categories. We
first construct in [MSV20a] a model structure on DblCat by upgrading the 1-categorical
definitions above to 2-categorical ones. For this, instead of considering the underlying
horizontal categories and the categories of vertical morphisms and squares, we consider
instead the following 2-categories: the underlying horizontal 2-category HA as given in
Definition and the 2-category VA as given in Definition of a double category A.
In particular, these 2-categories have the desired underlying categories, and hence extend
the definitions above.

We then define a weak equivalence in DblCat to be a double functor F' such that
the induced 2-functors HF' and VF are biequivalences; we call them suggestively double
biequivalences. They can be described analogously to the biequivalences; namely, a double
biequivalence is precisely a double functor which is surjective on objects up to horizontal
equivalence, full on horizontal morphisms up to vertically invertible square (with trivial
vertical boundaries), surjective on vertical morphisms up to weakly horizontally invertible
square, and fully faithful on squares. We then construct a model structure on DblCat
whose weak equivalences are precisely the double biequivalences. In particular, the hor-
izontal embedding of 2Cat into DblCat both preserves and reflects weak equivalences,
and this model structure is actually designed in such a way that it is as homotopically
compatible as possible with the horizontal embedding.

Unsurprisingly, this model structure is not well-behaved with respect to the vertical
direction, as it is constructed with a pronounced horizontal bias. In particular, it is
not compatible with the nerve construction from double categories to double (o0, 1)-
categories, as we will see in Section [TI] It is for instance due to the fact that all objects
of this first model structure on DblCat are fibrant, while the double categories whose
nerve is fibrant are precisely the weakly horizontally invariant double categories (see
Definition and Theorem . Hence the nerve does not preserve fibrant objects,
which should actually be the case. To remedy this issue, we construct in [MSV20b]
another model structure on DblCat in which the fibrant objects are precisely the weakly
horizontally invariant double categories and the weak equivalences are such that they
induce a double biequivalence between fibrant replacements. The existence of such a
model structure was also noticed at roughly the same time by Campbell. This new model
structure on DblCat is again compatible with the (homotopical) horizontal embedding of
2-categories into double categories, and further provides the right homotopical context to
apply the nerve construction.

In Section [6 we first recall the main features of Lack’s model structure on 2Cat. In
particular, we provide sets of generating (trivial) cofibrations, and show that it is monoidal
with respect to the Gray tensor product for 2-categories. Then, in Section [7], we construct
a model structure on DblCat by right-inducing it from two copies of Lack’s model structure
on 2Cat along the right adjoint (H,V): DblCat — 2Cat x 2Cat. We show that this model
structure on DblCat shares some features with Lack’s model structure. In particular, it
is cofibrantly generated and enriched over 2Cat with respect to the enrichment given in
Proposition Due to the asymmetry between the horizontal and vertical directions
of this model structure, it is not monoidal with respect to the Gray tensor product for
double categories. Finally, in Section[§] we construct the other model structure on DblCat
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for weakly horizontally invariant double categories. While we were not able to show that
there is a set of generating trivial cofibrations for this model structure, it should also be
cofibrantly generated, and this will be studied in forthcoming work. However, unlike the
other one, this model structure is monoidal with respect to the Gray tensor product for
double categories, and hence also enriched over 2Cat with respect to the enrichment given
in Proposition [3.5.2

6. LACK’S MODEL STRUCTURE FOR 2-CATEGORIES

In this section, we recall the main features of the canonical model structure on Cat
— the category of categories and functors — and Lack’s model structure on 2Cat — the
category of 2-categories and 2-functors. As already mentioned in the introduction, the
weak equivalences of these model structures are given by the equivalences of categories and
the biequivalences of 2-categories, respectively. The fibrations in Cat are the isofibrations,
and the fibrations in 2Cat are 2-categorical versions of these isofibrations. In particular,
all categories and all 2-categories in these model structures are fibrant.

In Section [6.1} we first introduce these model structures by describing their weak equiv-
alences and fibrations, and show that the discrete embedding D: Cat — 2Cat is homo-
topically full. We further show that the canonical model structure on Cat is right-induced
from Lack’s model structure on 2Cat along D. Then, in Section [6.2] we turn our atten-
tion to the cofibrations in Lack’s model structure on 2Cat. In particular, we show that
the cofibrant objects are precisely the 2-categories whose underlying category is free. We
further provide sets of generating (trivial) cofibrations for this model structure, by study-
ing the lifting properties of the (trivial) fibrations described in Section Finally, in
Section [6.3] we show that Lack’s model structure on 2Cat is not monoidal with respect
to the cartesian product, but that it is so with respect to the Gray tensor product for
2-categories.

The results here are based on [Lac02], Lac04].

6.1. Lack’s model structure. Before introducing the model structure for 2-categories
constructed by Lack in [Lac02, §3] and [Lac04) §2], we recall the canonical model struc-
ture on the category Cat of categories and functors. The weak equivalences in this model
structure are given by the equivalences of categories, which correspond to the equiva-
lences in the 2-category of categories, functors, and natural transformations. These can
equivalently be defined as follows (see e.g. [Rez00) Proposition 1.1]).

Definition 6.1.1. Let C and D be categories. A functor F': C — D is an equivalence
of categories if
(eql) for every object D € D, there is an object C' € C together with an isomorphism
D= FC in D,
(eq2) for every pair of objects C, E € C and every morphism d: FC' — FE in D, there
is a unique morphism c¢: C' — E in C such that d = Fe.

The fibrations in the canonical model structure are given by the isofibrations, which
are the functors such that every isomorphism to an object in the image can be lifted to
an isomorphism in the source category.

Definition 6.1.2. Let C and D be categories. A functor F': C — D is an isofibration if,
for every object E € C and every isomorphism d: D — FE in D, there is an isomorphism
c¢: C = E in C such that d = Fe.

These two classes of functors just defined determine a model structure on Cat, called
the canonical model structure.
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Theorem 6.1.3. There is a model structure on Cat in which the weak equivalences are
the equivalences of categories and the fibrations are the isofibrations.

Proof. A proof can be found in [JT91, Theorem 3.4] or [Rez00, Theorem 3.1]. O

Remark 6.1.4. Note that every category C is fibrant, since every functor C — [0] is trivially
an isofibration. Moreover, a trivial fibration in the canonical model structure on Cat is
precisely a functor which is surjective on objects and fully faithful on morphisms.

Remark 6.1.5. The functors which have the left lifting property with respect to functors
that are surjective on objects and fully faithful on morphisms are precisely the functors
which are injective on objects. This gives a characterization of the cofibrations in the
canonical model structure on Cat. Furthermore, every category C is cofibrant, since
() — C is trivially injective on objects.

A 2-categorical analogue of an equivalence of categories is given by the notion of biequiv-
alences. These are defined as the 2-functors which are surjective on objects up to equiva-
lence — the higher categorical version of invertibility for a morphism — and which induce
an equivalence between hom-categories.

Definition 6.1.6. Let A and B be 2-categories. A 2-functor F': A — B is a biequiva-
lence if
(bl) for every object B € B, there is an object A € A together with an equivalence
B = FAin B,
(b2) for every pair of objects A,C € A and every morphism b: FA — FC in B, there
is a morphism a: A — C in A together with a 2-isomorphism b = Fa in B,
(b3) for every pair of morphisms a,c: A — C in A and every 2-morphism 5: Fa = Fec
in B, there is a unique 2-morphism «: a = ¢ in A such that 8 = Fa.

Similarly, a 2-categorical version of an isofibration is a 2-functor which is such that
every equivalence to an object in the image can be lifted to an equivalence in the source
2-category, and which induces an isofibration on hom-categories.

Definition 6.1.7. Let A and B be 2-categories. A 2-functor F': A — B is a Lack
fibration if

(f1) for every object C' € A and every equivalence b: B = FC in B, there is an
equivalence a: A = C in A such that b = Fa,

(f2) for every morphism ¢: A — C in A and every 2-isomorphism : b = Fc in B,
there is a 2-isomorphism «: a = ¢ in A such that 8 = Fa.

These classes of 2-functors determine a model structure on 2Cat, constructed by Lack.

Theorem 6.1.8. There is a model structure on 2Cat in which the weak equivalences are
the biequivalences and the fibrations are the Lack fibrations.

Proof. This appears as [Lac02, Theorem 3.3] or [Lac04, Theorem 4]. O

Remark 6.1.9. Note that every 2-category A is fibrant in 2Cat, as every 2-functor A — [0]
trivially satisfies (f1-2).

We now show that the trivial fibrations in this model structure are also a 2-categorical
analogue of the trivial fibrations in the canonical model structure in Cat. Namely, we
show that they are precisely the 2-functors which are surjective on objects and which
induce a trivial fibration between hom-categories. For this, we need the following result
saying that a 2-functor which induces a trivial fibration between hom-categories reflects
equivalences and 2-isomorphisms.

Lemma 6.1.10. Let A and B be 2-categories, and let F: A — B be a 2-functor.
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(i) Suppose that F is fully faithful on 2-morphisms. Then, if a: a = c is a 2-
morphism in A such that Foa: Fa = Fc is a 2-isomorphism in B, then « is a
2-isomorphism in A.

(ii) Suppose that F is full on morphisms and fully faithful on 2-morphisms. Then, if
a: A — C is a morphism in A such that Fa: FA = FC is an equivalence in B,
then a is an equivalence in A.

Proof. We first prove (i). Since Fa: Fa = Fec is a 2-isomorphism, it has an inverse
(Fa)™!': Fc = Fa. By fully faithfulness of F on 2-morphisms, there is a unique 2-
morphism 7: ¢ = a in A such that (Fa)~! = Fr. Since we have that

F(vya) = (Fv)(Fa) = (Fa)_lF(oz) =idp, = F(id,),

by fully faithfulness on 2-morphisms, we get that ya = id,. Similarly, we can show that
a7y = id,, which shows that ~ is an inverse of «. Hence « is a 2-isomorphism in A.

We now prove (ii). Since Fa: FA =, FC is an equivalence in B, there is a morphism
b: FC — FA in B together with 2-isomorphisms 7: idpa = b(Fa) and €: (Fa)b = idpc.
By fullness of F' on morphisms, there is a morphism ¢: C — A in A such that b = Fe.
Then n: F(ida) = idpa = b(Fa) = (Fc)(Fa) = F(ca) and, by fully faithfulness of F
on 2-morphisms, there is a unique 2-morphism 77: id4 = ca in A such that n = F(7).
Moreover, 7] is a 2-isomorphism by (i), as 7 is so. Similarly, there is a unique 2-isomorphism
€: ac 2 id¢ such that e = Fé. This shows that a is an equivalence in A. O

Proposition 6.1.11. Let A and B be 2-categories. A 2-functor F': A — B is a trivial
fibration in the model structure on 2Cat of Theorem[6.1.8 if and only if it is surjective on
objects, full on morphisms, and fully faithful on 2-morphisms.

Proof. Suppose that F' is surjective on objects, full on morphisms, and fully faithful on 2-
morphisms. Then it satisfies trivially (b1-3) of Definition We show that F satisfies
(f1-2) of Definition Let b: B = FC be an equivalence in B. By surjectivity
of F' on objects, there is an object A € A such that B = FA. Then, by fullness of F
on morphisms, there is a morphism a: A — C such that b = Fa. Since F is full on
morphisms and fully faithful on 2-morphisms, it follows from Lemma (ii) that a
is an equivalence in A, which proves (f1). Now, let ¢: A — C be a morphism in A and
B: b= Fc be a 2-isomorphism in B. By fullness of F' on morphisms, there is a morphism
a: A — C such that b = Fa. Then 8: Fa = b = Fe, and by fully faithfulness of F
on 2-morphisms, there is a unique 2-morphism «: a = ¢ in A such that § = Fa. By
Lemma (i), we have that « is a 2-isomorphism, which proves (£2).

Now suppose that F' is a trivial fibration, i.e., it is both a biequivalence and a Lack
fibration. Let B € B be an object. By (bl), there is an object C' € A together with an
equivalence b: B = FC in B, and, by (f1), there is an equivalence a: A = C in A such
that b = Fa. In particular, we have B = F'A, so that F' is surjective on objects. Now, let
b: FA — FC be a morphism in B. By (b2), there is a morphism a: A — C in A together
with a 2-isomorphism £: b = Fec in B, and, by (f2), there is a 2-isomorphism a: a = ¢
in A such that f = Fa. In particular, we have b = Fa, so that F' is full on morphisms.
Fully faithfulness on 2-morphisms is precisely (b3). O

Finally, we show that there is a Quillen reflection (see Definition between the
canonical model structure on Cat and Lack’s model structure on 2Cat. This is given
by the adjunction P 4 D of Proposition 2.1.13] where we recall that D: Cat — 2Cat
is the functor which sends a category to its associated locally discrete 2-category, and
P: 2Cat — Cat is obtained by taking the path components of the hom-categories of a
2-category.
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Remark 6.1.12. Given a category C, note that an equivalence in the 2-category DC is
precisely an isomorphism in the category C, since DC has only trivial 2-morphisms.

Furthermore, given a 2-category A, the path component of an equivalence in A is an
isomorphism in PA. Indeed, given an equivalence a: A = C' in A, there is a morphism
c: C — A together with 2-isomorphisms ca = id4 and idg = ac. Therefore, in the
category PA, we get that [c|[a] = [ca] = [id4] = id4 and similarly that [a][c] = idp. This
shows that [a] is an isomorphism in PA.

Before showing the result, we show that the left adjoint P preserves weak equivalences.

Lemma 6.1.13. The functor P: 2Cat — Cat sends biequivalences to equivalences of
categories.

Proof. Let F': A — B be a biequivalence. We show that PF': PA — PB satisfies (eql-2)
of Definition Let B € PB be an object. By (bl) of Definition there is an
object A € A together with an equivalence b: B = FA in B. By Remark this
gives an object A € PA and an isomorphism [b]: B =, FA in PB, which shows (eql).
Now, let A and C be objects in PA and [b]: FA — FC be a morphism in PB. By (b2)
of Definition [6.1.6] there is a morphism a: A — C in A together with a 2-isomorphism
b= Fa in B. In particular, this says that the morphism [a]: A — C in PA is such that
[b] = Fla], which shows that PF is full on morphisms. Moreover, if ¢: A — C is another
morphism in A such that F[c] = [b] = Flal, then there is a 2-morphism (: Fa = Fcin B
by definition of PB. By (b3) of Definition , there is a unique 2-morphism a: a = ¢
in A such that Fa = . This shows that [a] = [¢] in P.A and hence proves (eq2). O

The following result, which appears as [Lac02, Theorem 8.2], implies that the homotopy
category of categories is embedded into that of 2-categories in a reflective way.

Theorem 6.1.14. The adjunction

P
/\

Cat 1 2Cat
~_

D

is a Quillen reflection, where Cat is endowed with the model structure of Theorem[6.1.3
and 2Cat is endowed with the model structure of Theorem[6.1.8.

Proof. We show that the right adjoint D: Cat — 2Cat preserves fibrations and trivial
fibrations. Let F': C — D be an isofibration. We show that the 2-functor DF': DC — DD
satisfies (f1-2) of Definition Let E be an object in DC and d: D — FE be an

equivalence in DD. By Remark [6.1.12] the equivalence d is an isomorphism d: D = FE

in D. Since F' is an isofibration, there is an isomorphism c: C =, E in C such that
d = Fc, which shows (f1). The 2-functor DF trivially satisfies (f2) since all 2-morphisms
in DD are trivial. Hence DF is a fibration in 2Cat. Now let F': C — D be a trivial
fibration in Cat, i.e., it is surjective on objects and fully faithful on morphisms. Then
DF: DC — DD is clearly surjective on objects and full on morphisms. It is further fully
faithful on 2-morphisms, since F' is fully faithful on morphisms and all 2-morphisms in
DC and DD are trivial. This shows that DF is a trivial fibration in 2Cat. Therefore, the
functor D: Cat — 2Cat is right Quillen.

It remains to show that the derived counit is level-wise an equivalence of categories.
Let C be a category. First note that PDC = C, so that the counit ¢¢ is given by the identity
at C. Now let gpc: (DC)¢ — DC denote a cofibrant replacement of DC in 2Cat. Since P
preserves weak equivalences by Lemmal6.1.13] we have that P(qpc): P(DC)¢ — PDC =C
is an equivalence of categories. But this is precisely the component of the derived counit
at C. This shows that P 4 D is a Quillen reflection. O
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Remark 6.1.15. The components of the derived counit of the adjunction P 4 D are not
biequivalences in general. To see this, let X[1] be the 2-category free on a 2-morphism
(see Notation [2.1.8). Then X[1] is cofibrant, since its underlying category is free (see
Corollary W). We have that DPX[1] = [1] is the 2-category free on a morphism.
Then the unit 75y : X[1] — DPY[1] = [1], which is also the derived counit as all objects
in Cat are fibrant, is not a biequivalence, as it identifies the two non trivial morphisms
of ¥[1] which are not related by a 2-isomorphism and therefore does not satisfy (b3) of
Definition [6.1.6l

Theorem 6.1.16. The model structure on Cat of Theorem |6.1.5 is right-induced along
the adjunction

P
/\
Cat 1 2Cat
~_

D

from the model structure on 2Cat of Theorem [6.1.8

Proof. We need to show that a functor F': C — D is an equivalence (resp. isofibration)
in Cat if and only if DF': DC — DD is a biequivalence (resp. Lack fibration) in 2Cat. Since
the functor D: Cat — 2Cat is right Quillen, it preserves fibrations and, since all objects
in Cat are fibrant, it also preserves weak equivalences by Corollary [£.4.7] This shows
that, if ' is an equivalence (resp. isofibration), then DF' is a biequivalence (resp. Lack
fibration).

Now suppose that DF' is a biequivalence. Since P: 2Cat — Cat sends biequivalences
to equivalences by Lemma [6.1.13] and PD = idcat, then PDF = F is an equivalence.

Finally, suppose that DF is a Lack fibration. We show that F' is an isofibration.

Let E € C be an object and d: D = FEbean isomorphism in D. Then the isomorphism
d: D = FF is in particular an equivalence in DD. By (f1) of Definition [6.1.7] for DF,
there is an equivalence ¢: C' = E in DC such that d = (DF)c. By Remark [6.1.12] this

corresponds to an isomorphism c: C' = Fin C such that d = F ¢, which shows that F' is
an isofibration. O

6.2. Cofibrations, cofibrant objects, and generating sets. While all categories are
cofibrant in the canonical model structure on Cat, not every 2-category is cofibrant.
However, cofibrations and cofibrant objects in Lack’s model structure on 2Cat can be
characterized in terms of their underlying functor and their underlying category, respec-
tively. The characterizations of this section come from [Lac02, §4], and the generating
sets of cofibrations and trivial cofibrations given in Notation from [Lac02, §3] and
[Lac04, §2].

Recall the functor U: 2Cat — Cat from Definition [2.1.11] which sends a 2-category A
to its underlying category U.A.

Remark 6.2.1. This functor U: 2Cat — Cat has a right adjoint R: Cat — 2Cat, which
sends a category C to the 2-category RC with the same objects and morphisms as C, and
with a unique 2-morphism between each pair of parallel morphisms. A functor F': C — D
is sent to the 2-functor RF': RC — RD which acts as F' on objects and morphisms, and
sends the unique 2-morphism !: f = g in RC to the unique 2-morphism !: Ff = Fg
in RD, for all morphisms f,g in C. Note that the functor RF is fully faithful on 2-
morphims, as there is a unique 2-morphism between each pair of parallel morphisms in
RC and in RD.

Theorem 6.2.2. Let A and B be 2-categories. A 2-functor F: A — B is a cofibration
in the model structure on 2Cat of Theorem if and only if its underlying functor
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UF:UA — UB has the left lifting property with respect to all surjective on objects and
full functors.

Proof. Suppose that F': A — B is a cofibration in 2Cat. Let G: C — D be a surjective on
objects and full functor in Cat. We need to show that there is a lift in every commutative
diagram as below left.

UA——C A— RC
UFJ JG FJ JRG
UB —— D B—— RD

By the adjunction U 4 R, such a lift exists if and only if there is a lift in the above right
commutative diagram. This is indeed the case since RG: RC — RD is a trivial fibration
in 2Cat: it is surjective on objects and full on morphisms since G is so, and fully faithful
on 2-morphisms by Remark see Proposition [6.1.11} This shows that UF has the
left lifting property with respect to every surjective on objects and full functor.

Now suppose that UF has such a lifting property. Let P: X — ) be a trivial fibration
in 2Cat. We need to show that there is a lift in every commutative diagram as below left.

A—X UA—UX
FJ L,// JP UFJUL// JUP
BTJ’ UBTde

By applying U to this diagram, we get a commutative diagram as above right in which
there is a lift UL: UB — UX, since UP: UX — UY is surjective on objects and full
on morphisms as P is so by Proposition [6.1.11] This defines the 2-functor L: B — X
on objects and morphisms. Given a 2-morphism 5: b = d in B, by fully faithfulness on
2-morphisms of P (see Proposition , there is a unique 2-morphism y: Lb = Ld
in X such that Q8 = Pyx: Qb = PLb = Qd = PLd. We set LS = x and this gives a
well-defined 2-functor making the diagram above left commute. Hence F' is a cofibration
in 2Cat. U

Corollary 6.2.3. Let A and B be 2-categories. A 2-functor F': A — B is a cofibration
in the model structure on 2Cat of Theorem if and only if
(i) it is injective on objects and faithful on morphisms,
(ii) the underlying category UB is a retract of a category obtained from the image
of UA under UF by freely adjoining objects and then morphisms between objects.

Proof. There is a cofibrantly generated weak factorization system (£, R) on Cat, where
the right class R contains all surjective on objects and full functors. A generating set of
morphisms is given by the set containing the unique functor ) — [0] and the inclusion
functor [0] U [0] — [1]. Then the left class £ contains all functors G: C — D which
are injective on objects and faithful on morphisms, and such that D is a retract of a
category obtained from the image of C under G by freely adjoining objects and then
morphisms between objects. Then the result follows from Theorem [6.2.2] and the above
characterization of functors in Cat which have the left lifting property with respect to the
surjective on objects and full functors. O

By applying this result to a 2-functor whose source is the initial object () in 2Cat, we
get the following characterization of cofibrant 2-categories.

Corollary 6.2.4. A 2-category A is cofibrant in the model structure on 2Cat of Theo-
rem if and only if its underlying category U.A is free.
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Proof. By Corollary the 2-functor ) — A is a cofibration if and only if the cate-
gory UA is a retract of a free category. However, a retract of a free category is itself
free. U

Finally, we give sets of generating cofibrations, and generating trivial cofibrations for
Lack’s model structure on 2Cat. For this, recall the construction ¥ from Notation [2.1.8

Notation 6.2.5. Let Zo denote the set containing the following 2-functors:
(i) the unique 2-functor i;: § — [0],

(ii) the inclusion 2-functor iz: [0] L [0] — [1],

(iii) the inclusion 2-functor i3: 0C' — C, where C' = X[1] is the free 2-category on a
2-morphism, and 6C' = X([0] L [0]) is its sub-2-category containing the boundary
of the 2-morphism, i.e., it is free on two parallel morphisms,

(iv) the 2-functor i4: Co — C sending the two non trivial 2-morphisms of Cy to the
non trivial 2-morphism of C, where Cy = ({0 = 1}) is the free 2-category on
two parallel 2-morphisms.

Let J5 denote the set containing the following 2-functors:
(i) the inclusion 2-functor j;: [0] — E,qj, where the 2-category E,qj is the “free-living
adjoint equivalence”,

(ii) the inclusion 2-functor jo: [1] — Ciny, where the 2-category Ciyy = X1 is the “free-
living 2-isomorphism”, where the category I = {0 = 1} denotes the “free-living
isomorphism”.

Theorem 6.2.6. The model structure on 2Cat of Theorem[6.1.8 is cofibrantly generated,
and sets of generating cofibrations and generating trivial cofibrations can be given by the
sets Iy and Jo, respectively.

Proof. Using the characterization of cofibrations of Corollary it is straightforward
to see that the 2-functors in Z, are cofibrations in 2Cat. A direct computation shows that
a 2-functor has the right lifting property with respect to each 2-functor in 7y precisely
when it is surjective on objects, full on morphisms, and fully faithful on 2-morphisms. By
Proposition [6.1.11} such a 2-functor is precisely a trivial fibration in 2Cat.

Similarly, one can check that the 2-functors in J5 are trivial cofibrations in 2Cat and
that a 2-functor has the right lifting property with respect to each 2-functor in J5 precisely
when it satisfies (f1-2) of Definition i.e., it is a Lack fibration. O

6.3. Monoidality. We now study the monoidality of Lack’s model structure on 2Cat,
following [Lac02, §7]. While it is not monoidal with respect to the cartesian product, it
is monoidal with respect to the Gray tensor product.

Remark 6.3.1. The model structure on 2Cat of Theorem [6.1.8]is not monoidal with respect
to the cartesian product. Indeed, given the generating cofibration is: [0] U [0] — [1], then
the pushout-product

ioOyio: (MU || (o) —[1])x[]
OEEEEEY

is not a cofibration. To see this, the domain of i3y io can be described as the 2-
category freely generated by four morphisms (f,0): (0,0) — (1,0), (f,1): (0,1) — (1,1),
(0,f): (0,0) — (0,1), and (1,f): (1,0) — (1,1), while the codomain of iy [y iz is
the 2-category containing the same four morphisms subject to the following relation:
(1, £)(f,0) = (f,1)(0, f). Therefore, the pushout-product iz Oy is is not faithful on mor-
phisms, as it sends the two distinct composites (1, f)(f,0) and (f,1)(0, f) to the same
morphism in [1] x [1]. This shows that iy [y i9 is not a cofibration in 2Cat by Corol-

lary
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To show that Lack’s model structure on 2Cat is monoidal with respect to the Gray
tensor product ®s, as defined in Proposition [2.3.4] we first describe the data of the Gray
tensor product of two 2-categories, in order to compare it with the cartesian product.

Description 6.3.2. Let A and X be 2-categories. Their Gray tensor product A ®o X is
the 2-category described by the following data:

(i) an object in A ®2 X is a pair (A, X) of an object A € A and an object X € X,
(ii) morphisms in A ®9 X are generated by the following morphisms:
e a morphism (a,X): (4, X) — (C,X), for each pair (a,X) of a morphism
a: A— Cin A and an object X € X, and
e a morphism (4,z): (4,X) — (A4, Z), for each pair (A, x) of an object A € A
and a morphism z: X — Z in X,
(iii) 2-morphisms in A ®9 X are generated by the following 2-morphisms:
e a 2-morphism («a, X): (a, X) = (¢, X), for each pair (o, X) of a 2-morphism
a:a= cin A and an object X € X,
e a 2-morphism (A, x): (A,x) = (A, z), for each pair (A, x) of an object A € A
and a 2-morphism y: x = z in X, and
e a 2-isomorphism (a,z): (C,z)(a,X) = (a, Z)(A, z), for each pair (a,z) of a
morphism a: A — C in A and a morphism z: X — Z in X,
subject to conditions which are equivalent to requiring that the below 2-functor
TAax: A®e X — A x X is fully faithful on 2-morphisms.

There is a 2-functor m4 x: A ®2 X = A x X, which is the identity on objects, sends the
generating morphisms (a, X') and (A4, z) of A®2 X to the morphisms (a,idx) and (id4, z)
in A x X, respectively, and sends the generating 2-morphisms («, X), (4, x), and (a, )
of A®3y & to the 2-morphisms (a,idiqy ), (idia,, x), and id(q 4y in A x X, respectively.

Lemma 6.3.3. Let A and X be 2-categories. Then the 2-functor mqgx: A@2 X — Ax X
is a trivial fibration in the model structure on 2Cat of Theorem[6.1.8

Proof. To show that m4 x is a trivial fibration, we use the characterization in Proposi-
tion [6.1.11} Since 74 x is the identity on objects, it is clearly surjective on objects. Given
a morphism (a,z): (4,X) = (C,Z) in A x X, the composite

A, x) Y c,x) Y, 2)

in A®y X is sent by m4 x to (a,x), which shows that 74 x is full on morphisms. Fully
faithfulness on 2-morphisms holds by Description [6.3.2] (iii). O

Using this result, we can prove the following lemma.

Lemma 6.3.4. Let A and B be 2-categories, and F: A — B be a biequivalence. Then,
for every 2-category X, the induced 2-functors

Fxidy: AxX -BxX and FRyidy: AQa X — BRy X
are also biequivalences.

Proof. Tt is straightforward to see that (b1-3) of Definition hold for the 2-functor
Fxidy: Ax X — B x X since they hold for F'. Therefore F' x idy is a biequivalence.

By Lemma [6.3.3} the 2-functors g x: A®@2 X - Ax X and 15 x: B@2 X — Bx X
are trivial fibrations, and hence they are in particular biequivalences. Since the following
diagram commutes
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F id.
A2y X2 o, x

TFA’XJ JWB,X

AXXWBXX,

and F' xidy is a biequivalence, it follows by 2-out-of-3 that F'®sidy is also a biequivalence.
O

We are now ready to prove that Lack’s model structure on 2Cat is monoidal with
respect to the Gray tensor product.

Theorem 6.3.5. The model structure on 2Cat of Theorem[6.1.8 is monoidal with respect
to the Gray tensor product ®a.

Proof. We first show that the pushout-product ¢ Og, j is a cofibration in 2Cat, whenever ¢
and j are cofibrations in 2Cat. By Remark[4.5.7] it is enough to show the result when 7 and
Jj are in the set of generating cofibrations Zy = {i1, 2, 3,44} described in Notation
Furthermore, note that i g, j = j Ug, ¢ since the Gray tensor product is symmetric, and
therefore it is enough to show the result for one of the two pushout-products.

Suppose that i = i1: ) — [0]. Since 0®2.4 = () and [0]®2.4 = A for every 2-category A,
then i1 Og, 7 = j and it is a cofibration, for every j € Zy. Now suppose that ¢ is one
of the generating cofibrations i3: 0C — C or iy: Co — C. Then ¢ is an isomorphism
on underlying categories. Since U preserves pushouts and the underlying category of the
Gray tensor product A ®2 B only depends on the underlying categories of A and B, for
every pair of 2-categories A and B, it follows that the functor

U(iOg, j): UD®2B) || U(C®2A) = U(C®;B)
U(D®2.A)

is an isomorphism of categories, where D is either §C or C3, and j: A — B is in
{i2,i3,44}. It follows from Corollary that iUg, j is a cofibration. It remains to
show that iy g, 72 is a cofibration, for the generating cofibration is: [0] LI [0] — [1].
The domain of iy g, io can be described as the 2-category freely generated on four
morphisms (f,0): (0,0) — (1,0), (f,1): (0,1) — (1,1), (0, f): (0,0) — (0,1), and
(1, f): (1,0) — (1,1). Then iy0g, io is the inclusion 2-functor of this 2-category into
the 2-category with the same underlying category, and an additional 2-isomorphism
(1, /)(f,0) = (f,1)(0, f) (compare with Remark [6.3.1). Hence the pushout-product
12 Og, 72 is an isomorphism on underlying categories, and therefore it is a cofibration
by Corollary This shows that i g, j is a cofibration in 2Cat whenever ¢ and j are
cofibrations in 2Cat.

We now show that the pushout-product i g, j is a trivial cofibration in 2Cat, whenever
i is a cofibration in 2Cat and j: A — B is a trivial cofibration in 2Cat. Again, it is enough
to show the result for ¢ € Z5. Note that all domains of the generating cofibrations in Z
are cofibrant by Corollary [6.2.4] since they have free underlying categories. Therefore, the
generating cofibration ¢ € Z5 is of the form i: D — F with D cofibrant. By Lemma
the 2-functors idp ®9 j and idg ®9 j are biequivalences, since j is a biequivalence. Fur-
thermore, since D is cofibrant, j is a cofibration, and idp ®2j = (0 — D) Og, 7, it follows
by the first part of the proof that idp ®2 j is a cofibration in 2Cat. Consider the following
diagram.
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idp ®2J

D ®y A = D ®2B
i®zidAJ J{
k r
E®@oA——F— P _
idp ®2j

Since trivial cofibrations are closed under pushouts and idp ®2 j is a trivial cofibration by
the above discussion, then k is also a trivial cofibration. Then 7 Og, j is a biequivalence by
2-out-of-3 applied to idg ®2j = (i Og, j)k. This shows that ¢ g, j is a trivial cofibration
in 2Cat whenever ¢ and j are cofibrations in 2Cat such that one of ¢ and j is trivial. This
concludes the proof. O

7. THE FIRST MODEL STRUCTURE FOR DOUBLE CATEGORIES

In this section, we construct a first model structure on DblCat — the category of double
categories and double functors —, in such a way that it is compatible with the horizontal
embedding functor H: 2Cat — DblCat, which sends a 2-category to its associated hori-
zontal double category. For this, we consider the functor (H,V): DblCat — 2Cat x 2Cat,
which extracts from a double category A its underlying horizontal 2-category HA (see
Definition and the 2-category VA = H[V][1], A] (see Definition whose objects
are the vertical morphisms of A and whose morphisms are the squares of A. We first
show in Section that the right-induced model structure on DblCat along the func-
tor (H,V): DblCat — 2Cat x 2Cat exists, where both copies of 2Cat are endowed with
Lack’s model structure.

In particular, the weak equivalences in this model structure can be characterized as the
double biequivalences, i.e., the double functors which are surjective on objects up to hor-
izontal equivalence, full on horizontal morphisms up to vertically invertible square (with
trivial vertical boundaries), surjective on vertical morphisms up to weakly horizontally
invertible square, and fully faithful on squares (see Definition . In Section we
show that this characterization of weak equivalences holds, and we further characterize
the fibrations and trivial fibrations in right-induced model structure on DblCat.

Then, in Section [7.3] we turn our attention to the cofibrations in this model structure
on DblCat. In particular, we show that they admit a similar characterization to the
one of the cofibrations in 2Cat given in Theorem [6.2.2] in the horizontal direction. As
a consequence, cofibrant double categories have a free underlying horizontal category.
However, their underlying vertical category is not free, but is instead a copy of disjoint
unions of the categories [0] and [1]. This gives an instance of the fact that this model
structure is not well-behaved with respect to the vertical direction.

In Section we show that the horizontal embedding H: 2Cat — DblCat is both a
left and a right Quillen functor and that it is homotopically fully faithful. Moreover, we
show that Lack’s model structure on 2Cat is both left- and right-induced from this model
structure on DblCat along H. In particular, this says that the horizontal embedding H
both preserves and reflects the whole homotopical structure, and hence that the homotopy
theory of 2-categories is completely determined by that of double categories under H.
With these very nice results, we more than achieved our goal of defining a model structure
for double categories compatible with the horizontal embedding.

Finally, in Section [7.5] we note that this model structure on DblCat is neither monoidal
for the cartesian product nor for the Gray tensor product for double categories. The fact
that it is not cartesian closed can be deduced by using a similar argument to the one for
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Lack’s model structure on 2Cat. But the fact that it is not monoidal for the Gray tensor
product for double categories is a consequence of the asymmetry between the horizontal
and vertical directions in the characterization of cofibrations. However, by restricting the
Gray tensor product in one variable along H, we remove this issue and this provides a
2Cat-enrichment of the model structure on DblCat.

All the results in this section are based on joint work [MSV20a] with Maru Sarazola
and Paula Verdugo.

7.1. The model structure. Recall the functors H: DblCat — 2Cat introduced in Def-
inition B.4.3 and V: DblCat — 2Cat introduced in Definition B.4.9. We aim to induce a
model structure on DblCat along the right adjoint (H,)): DblCat — 2Cat x 2Cat, where
each copy of 2Cat is endowed with Lack’s model structure. To prove the existence of such
a right-induced model structure, we apply Corollary which requires the existence
of a path object for DblCat. Recall that the 2-category E,q4; is the “free-living adjoint
equivalence”, and that [—, —]ps denote the pseudo-hom double categories introduced in

Definition B.341

Definition 7.1.1. Let A be a double category. We define a path object for A to be the
double category Path(A) = [HE.qj, Alps together with the following factorization of the
diagonal double functor A: A — A x A

A Path(A) 25 A x A,

where W: A = [[0],A]ps — Path(A) = [HE,qgj,Alps is induced by the unique double
functor HE,q; — [0], and P: Path(A) = [HE,qj, Alps — A x A = [[0] U [0], A] s is induced
by the inclusion double functor [0] U [0] — HE,q;.

We show that the image under (H,V): DblCat — 2Cat x 2Cat of the double functors W
and P is a weak equivalence and a fibration, respectively, in 2Cat x 2Cat.

Proposition 7.1.2. Let A be a double category. The path object
A Path(A) 25 A x A

of Definition is such that (H, V)W is a weak equivalence in 2Cat x 2Cat and (H, V)P
is a fibration in 2Cat x 2Cat, where each copy of 2Cat is endowed with the model structure

of Theorem [6.1.8.

Proof. We first prove that HW and VW are biequivalences. By Lemma [3.5.6]and Corol-
lary [3.5.8] we have commutative squares as depicted below,

~ ~

HI[[0], Alps — [[0], HAJ2,ps V([0], Alps — [[0], VA]2,ps
HW = H[!,A]psl l[!, HA]J s VW = V[!,A]p{ l[h VAl ps
H[HEadja A]ps ? [Eadja HA]Zps V[HEadja A]ps ? [Eadj7 VA]Z,pS
where [—, —]2 s denote the pseudo-hom 2-categories introduced in Definition Now

recall from Notation that ji: [0] — Ej,qj is a trivial cofibration in 2Cat and also that
every 2-category is fibrant. Therefore, by monoidality of the model structure on 2Cat
with respect to the Gray tensor product (see Proposition and Theorem [6.3.5)), the
2-functors

1, HAlz ps: [Eagj, HAJg ps — [[0], HAla ps, 71, VA2 ps: [Eadjs VA2 ps — [[0], VA]2,ps
are trivial fibrations in 2Cat. By pre-composing these 2-functors with [!, HA|s ,¢ and

[!, V]2,ps, respectively, we get the identity at HA and VA. Therefore, by 2-out-of-3, we get
that [!, HAJ5 ps and [!, V]2 ps are biequivalences. It follows from the commutativity of the
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above diagrams that HW and VW are also biequivalences. This shows that (H, V)W is
a weak equivalence in 2Cat x 2Cat.

We now prove that HP and VP are Lack fibrations. Again, by Lemma [3.5.6 and Corol-
lary [3:5.8] we have commutative squares as follows,

H[HEadj y A]ps i’ [Eadja HA]Q,ps V[HEadja A]ps i [Eadj7 VA]2,ps
HP = H[Hi,A]psl l[z HA}Q_VPS VP = V[Hi,A]pSJ l[z VA]gyps
HI[[0] U [0], Alps = [[0] U [0], HAJ2 b VI[0] L [0], Aps — [[0] L [0], VA]2,ps

where ¢: [0]U[0] = E,q; denotes the inclusion 2-functor. This 2-functor i is a cofibration in
2Cat, by Corollary[6.2.3] and since every 2-category is fibrant, we get by monoidality of the
model structure on 2Cat (see Theorem [6.3.5)) that the 2-functors [i, HA]s ps and [i, VAl i
are Lack fibrations. It follows by the commutativity of the above diagrams that HP
and VP are also Lack fibrations. This shows that (H, V)P is a fibration in 2Cat x2Cat. O

This allows us to prove the existence of the desired right-induced model structure.

Theorem 7.1.3. Consider the adjunction
HUL

m
DblCat 1 2Cat x 2Cat ,
~_
(H,V)

where each copy of 2Cat is endowed with the model structure of Theorem[6.1.8. Then the
right-induced model structure on DblCat exists.

Proof. First recall that the categories 2Cat and DblCat are locally presentable by Proposi-
tions and Then, by Theorem the model category 2Cat is combinatorial
and every 2-category is fibrant. Therefore, we can apply Corollary and Proposi-
tion verifies the required conditions for the path object Path(A) of Definition
for every double category A. This proves the existence of the right-induced model struc-
ture on DblCat. U

Remark 7.1.4. Note that every double category is fibrant in the model structure on DblCat
of Theorem Indeed, this follows from the facts that every 2-category is fibrant, and
that a double category A is fibrant in the right-induced model structure along (H,V) if
and only if the 2-categories HA and VA are fibrant.

7.2. Double biequivalences and double fibrations. In this section, we characterize
the weak equivalences, fibrations, and trivial fibrations in the model structure on DblCat
of Theorem [7.1.3] We show that these admit characterizations in terms of conditions
analogous to the ones that biequivalences, Lack fibrations, or trivial fibrations in 2Cat
satisfy. First, we show that the weak equivalences in DblCat are precisely the double
functors which are double biequivalences.

Definition 7.2.1. Let A and B be double categories. A double functor F: A — B is a
double biequivalence if
(dbl) for every object B € B, there is an object A € A together with a horizontal

equivalence B = FA in B,

(db2) for every pair of objects A,C' € A and every horizontal morphism b: FA — FC
in B, there is a horizontal morphism a: A — C together with a vertically invertible
square in B of the form
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FA-% ro

o

FAﬁFC,

(db3) for every vertical morphism v: B -e» B’ in B, there is a vertical morphism u: A -+ A’
in A together with a weakly horizontally invertible square in B of the form

B——FA

i . fF

B'— FA',

(db4) for every pair of horizontal morphisms a: A — C and a’: A" — C’ in A, every pair

of vertical morphisms u: A > A" and w: C e C’ in A, and every square 8 in B
as depicted below left, there is a unique square « in A as depicted below right
such that § = Fa.

FA-" po A"

Y

FA — FC' A ——
Fd a

We can see that conditions (db1-2) and (db4) are analogous to the ones that a biequiv-
alence of 2-categories satisfy. In particular, a biequivalence G in 2Cat induces a double
biequivalence HIG in DblCat. To see that a double functor F' is a double biequivalence
in DblCat if and only if the 2-functors HF' and VF are biequivalences in 2Cat, we study
what conditions (b1-3) of Definition applied to the 2-functors HF' and VF mean
for F.

Remark 7.2.2. Let F: A — B be a double functor. The 2-functor HF': HA — HB is a
biequivalence if and only if the double functor F' satisfies (db1-2) of Definition and
the following condition:

(hb3) for every pair of horizontal morphisms a,c: A — C in A, and every square /3 in B
as depicted below left, there is a unique square o in A as depicted below right
such that § = Fa.

FALS po A—2s ¢
FATFC AT>C
C

Remark 7.2.3. Let F': A — B be a double functor. The 2-functor VF: VA — VB is a
biequivalence if and only if the double functor F' satisfies (db3) of Definition and

the following conditions:

(vb2) for every pair of vertical morphisms u: A e+ A" and w: C > C' in A, and every
square B: (Fu ! Fw) in B, there is a square a: (u % w) in A together with
vertically invertible squares in B as in the following pasting equality,
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rA-%src  FaA-% FC

f o nt oot

FA— FC = FA’?FC’

Fu f Fa fF w N 1% N
FA'— FC'  FA — FC'
Fa Fa
(vb3) for every pair of squares a: (u ¢, w) and v: (u § w) in A, and every pair of squares

7o and 71 in B as in the below left pasting equality, there are unique squares og and
o1 in A as in the below right pasting equality such that 79 = Fog and 7 = Foy.

FAL% re FAES RO A—sc A—s ¢
Y T B
FAS5FC = FA — FC' A—=C = A —(
N N IR AR Y
FA’ﬁFC’ FA’ﬁFC’ A’TC’ A’7>C’

Note that (db4) is the only condition of Definition for F' that does not appear
in Remarks (7.2.2| and [7.2.3] We first show that (hb3) and (vb2-3) of the above remarks
actually imply (db4).

Lemma 7.2.4. Let F: A — B be a double functor satisfying (hb3) of Remark and
(vb2-3) of Remark[7.2.3. Then the double functor F satisfies (db4) of Definition|7.2.1]

Proof. Let a: A — C and a’: A’ — C’ be horizontal morphisms in A, and let u: A > A’

and w: C -e» C’ be vertical morphisms in A. Suppose we have a square 3 in B as depicted
below left.

FA-% po A—"sc

L

FA — FC' A ——
Fd a

We want to show that there is a unique square « in A as depicted above right such that
B = Fa. By (vb2) of Remark there is a square v: (u & w) in A together with
vertically invertible squares 7y and 71 in B as in the following pasting equality.

ratsrc  FA LY Fo

S

FALS PO = P/ = FC'

Ff " wa H o H

FA'— FC'  FA — FC'
Fc Fc

By (hb3) applied to the vertically invertible squares 79 and 71, there are unique squares
oo and o1 in A as depicted below such that 7o = Fog and 71 = Foy.
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A
A

By Lemma [6.1.10| (i) applied to HF', the squares oy and o; are vertically invertible, as
2-isomorphisms in HA and HB are precisely vertically invertible squares of this form. We
set a to be the following pasting composite

A C

N 00 1R N

A C

RSN
o

A= e

b

A
C

a
—

Q=—=0Q

—
C

|

J

<

ortie
A *> c’
which is such that = Fa. This proves existence.
Now suppose that we have two squares a and « in A as follows
A——=C A——C

R

A/ />C, A/ /)C/
a a

S

such that Fa = Fry. Take 19 = ep, and 71 = epy in (vb3) of Remark Then there
are unique squares og and o1 in A as in the following pasting equality

A—">C A—">C
A—=C = A—(
IR
A’TC’ A’TC’

such that ep, = Fog and ep,s = Fop. Since the vertical identity squares e, and e, satisfy
this condition, by unicity of such squares, we must have oy = e, and o1 = e,. By the

above pasting equality, we get that o = 7, which proves unicity. Therefore, the double
functor F' satisfies (db4) of Definition O

We are now ready to prove that the weak equivalences in the right-induced model
structure on DblCat are precisely the double biequivalences.

Proposition 7.2.5. Let A and B be double categories. A double functor F': A — B is a
weak equivalence in the model structure on DblCat of Theorem [7.1.3if and only if it is a
double biequivalence.
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Proof. Suppose that F': A — B is a weak equivalence in DblCat, i.e., the 2-functors HF
and VF are biequivalences. We show that F' satisfies (db1-4) of Definition By
Remark the double functor F' satisfies (db1-2) and, by Remark it satisfies
(db3). Finally, (db4) holds by Lemma This shows that F' is a double biequivalence.

Now suppose that F': A — B is a double biequivalence. To prove that HF and VF
are biequivalences, it suffices to show (hb3) of Remark and (vb2-3) of Remark
First, note that (hb3) is a special case of (db4), where the vertical morphisms are identities.
Therefore, the double functor F' satisfies (hb3). Now let u: A » A" and w: C e C’ be
vertical morphisms in A and let 8: (Fu }, Fw) be a square in B. By (db2), there are
horizontal morphisms a: A — C and a’: A" — C’ in A together with vertically invertible
squares 79 and 71 in B as follows.

A% Fo ra L per
N T0 IR N H T1 IR H
FA——> FC FA' — FC'

Let 0 in B be the square given by the following pasting composite.

FALY po
Nrolz N
Fa b
FA— FC FA— FC
Fuf ) iFw = Fuf 153 wa
FA — FC' FA — FC’
Fa b
H 1 IR H
/ !
FA HFC

Then, by (db4), there is a unique square a: (u % w) in A such that 6 = Fa. Then the
square « together with the vertically invertible squares 79 and 71 give the desired data of
(vb2), which shows that F satisfies this condition. Finally, let a: (u ¢ w) and v: (u & w)
be squares in A, and 7y and 7 be squares in B as in the following pasting equality.

ratsrc  FA LY po

N » bR e

FA— FC = FA’ﬁFC’

Fui Fry wa H T1 H
FA — FC' FA — FC'
Fec Ec
By (db4) applied to 7y and 71, there are unique squares og: (e4 ¢ ec) and o1: (ear ‘CI,/ ecr)

in A such that 79 = Foy and 71 = Fop. Moreover, by unicity in (db4), we get that the
following pasting equality holds
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A——=C A—"=C
bof 4o
A—"—C = A ——(
1o
A —= A —=

since applying F' to each vertical composite yields the same square in B. This shows
(vb3), and we conclude that F' is a weak equivalence in DblCat. O

We now turn our attention to the fibrations in DblCat and show that these are precisely
the double fibrations.

Definition 7.2.6. Let A and B be double categories. A double functor F': A — B is a
double fibration if

(df1) for every object C € A and every horizontal equivalence b: B = FC in B, there
is a horizontal equivalence a: A = C in A such that b = Fa.
(df2) for every horizontal morphism ¢: A — C' in A and every vertically invertible

square 8 in B as depicted below left, there is a vertically invertible square o in A
as depicted below right such that g = Fa,

FA-% FC A2

C
FA—— FC A——C
C

(df3) for every vertical morphism w: C' > C’ in A and every weakly horizontally invert-
ible square § in B as depicted below left, there is a weakly horizontally invertible
square « in A as depicted below right such that g = Fa.

B FC A—2sc

vi b~ iFw ui o~ iw

B' — FC' A —=
a

Again we can see that conditions (df1-2) are analogous to the ones that a Lack fibration
of 2-categories satisfy. In particular, a Lack fibration G in 2Cat induces a double fibra-
tion HG in DblCat. To see that a double functor F' is a double fibration in DblCat if and
only if the 2-functors HF and VF are Lack fibrations in 2Cat, we study what conditions
(f1-2) of Definition applied to the 2-functors HF and VF mean for F.

Remark 7.2.7. Let F: A — B be a double functor. The 2-functor HF': HA — HB is a
Lack fibration if and only if the double functor F' satisfies (df1-2) of Definition

Remark 7.2.8. Let F: A — B be a double functor. The 2-functor VF: VA — VB is a
Lack fibration if and only if the double functor F' satisfies (df3) of Definition and
the following condition:

(vf2) for every square 7: (u & w) in A and every square (3 in B together with vertically
invertible squares 79 and 71 in B as in the below left pasting equality, there is a
square « in A together with vertically invertible squares g and o7 in A as in the
below right pasting equality such that § = Fa, 79 = Fog, and 71 = Foj.
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FA-"FC  FA-" FC A—5C A—0

N 70 IR N Fui B iFw N 00 IR N ui o fw
FA=%FC = FA —» FC' A—5C = A—=C
Fui Fvy iFw N T1 IR N Uf Y iw N a1 1R N

FA 77 FC’ FA 7 FC’ A’ — c’ A — C’

We are now ready to prove the desired characterization.

Proposition 7.2.9. Let A and B be double categories. A double functor F': A — B is a
fibration in the model structure on DblCat of Theorem [7.1.5 if and only if it is a double
fibration.

Proof. Suppose that F': A — B is a fibration in DblCat, i.e., the 2-functors HF and VF
are Lack fibrations. By Remarks [7.2.7 and [7.2.8] we directly see that F satisfies (df1-3)
of Definition Hence F is a double fibration.

Now suppose that F': A — B is a double fibration. From Remark [7.2.7 we directly
have that HF is a Lack fibration. To prove that VF' is a Lack fibration, it suffices to show
(vf2) of Remark Let v: (u & w) be a square in A, 3 be a square in B, and 79 and 7
be vertically invertible squares 79 and 7 in B such that the following pasting equality
holds.

rA->rc  FA-YS FCO

N _ H me 5 fpw

FALS Pe = Fa —7 FC'

Fuf Fry iFw H 1R H

FA'— FC'  FA — FC'
Fc Fc

By (df2) of Definition there are vertically invertible squares op and o in A

A—"=C A= o
N 00 IR N H o1 R H
A——C A —=

such that 79 = Fog and m = F'o;. We set « to be the following pasting composite.

A——=C
H a0 IR N
A——>C A——C
ui . fw _ uf ; fw
A —— A —— '
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Then («,09,01) gives the desired data, which shows (vf2). We conclude that F is a
fibration in DblCat. O

Finally, by using these characterizations of fibrations and weak equivalences in DblCat,
we can see that trivial fibrations are precisely the double functors which are surjective on
objects, full on horizontal morphisms, surjective on vertical morphisms, and fully faithful
on squares. Again, these conditions resemble the conditions that a trivial fibration in 2Cat
satisfies.

Proposition 7.2.10. Let A and B be double categories. A double functor F': A — B is
a trivial fibration in the model structure on DblCat of Theorem if and only if it is
surjective on objects, full on horizontal morphisms, surjective on vertical morphisms, and
fully faithful on squares.

Proof. A double functor F': A — B is a trivial fibration in DblCat if and only if the
2-functors HF' and VF are trivial fibrations in 2Cat, which is the case if and only if the
2-functors HF and VF are surjective on objects, full on morphisms, and fully faithful on
2-morphisms by Proposition Another characterization says that F': A — B is a
trivial fibration in DblCat if and only if F' is both a weak equivalence and a fibration in
DblCat, which is the case if and only if F' is both a double biequivalence and a double
fibration by Propositions [7.2.5] and [7.2.9] To show the result, we use these two differ-
ent ways of characterizing trivial fibrations in DblCat depending on which one is more
accurate.

Suppose that F': A — B is a trivial fibration in DblCat. Surjectivity on objects and
fullness on morphisms of HF' give surjectivity on objects and fullness on horizontal mor-
phisms for F'. Surjectivity on objects of VF' gives surjectivity on vertical morphisms for F'.
Finally, fully faithfulness on squares follows from the fact that F' is in particular a double
biequivalence and hence satisfies (db4) of Definition

Now suppose that F': A — B is surjective on objects, full on horizontal morphisms,
surjective on vertical morphisms, and fully faithful on squares. We show that HF and VF
are surjective on objects, full on morphisms, and fully faithful on 2-morphisms. Surjec-
tivity on objects and fullness on morphisms for HF' is precisely surjectivity on objects
and fullness on horizontal morphisms of F. Fully faithfulness on 2-morphisms for HF
follows from the fully faithfulness on squares of F', since 2-morphisms in HA and HB
are squares in A and B with trivial vertical boundaries. Surjectivity on objects for VF' is
precisely surjectivity on vertical morphisms for F'. We show that VF' is full on horizontal

morphisms. Let u: A ++ A" and w: C > C’ be vertical morphisms in A. A morphism
B: Fu — Fw in VB is a square 8 in B of the form

FA-% FC

af o o

FA’?FC’.

By fullness on horizontal morphisms of F', there are horizontal morphisms a: A — C
and a’: A — C’ in A such that b = Fa and ¥/ = Fa'. Then, by fully faithfulness on
squares of F', there is a unique square a: (u % w) in A such that 8 = Fa. This gives a
morphism «: u — w in VA such that § = (VF)« as desired. Finally, fully faithfulness on
2-morphisms for VI follows directly from fully faithfulness on squares of F'. This shows
that F is a trivial fibration in DblCat. U

7.3. Cofibrations, cofibrant objects, and generating sets. By Theorem|6.2.6] Lack’s
model structure on 2Cat is cofibrantly generated. Therefore, by Proposition the
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right-induced model structure on DblCat is also cofibrantly generated. This proposition
actually gives us sets of generating cofibrations and generating trivial cofibrations for the
model structure on DblCat, which depends on sets of generating cofibrations and gener-
ating trivial cofibrations for the model structure on 2Cat; e.g. one can choose the sets 7o
and J9 of 2-functors described in Notation [6.2.5)

Proposition 7.3.1. The model structure on DblCat of Theorem[7.1.3 is cofibrantly gen-
erated with generating sets of cofibrations and trivial cofibrations given by

T = {Hi,Li = Hi x V[1] | i € T} and J' = {Hj,Lj =Hj x V[1] | j € T},

where Lo and Jo are generating sets of cofibrations and trivial cofibrations for the model

structure on 2Cat of Theorem [6.1.58.

Proof. By Theorem the model structure on 2Cat is cofibrantly generated. Let Z
and Jo be generating sets of cofibrations and trivial cofibrations in 2Cat, respectively.
By Proposition since the model structure on DblCat is right-induced along the
adjunction HUL 4 (H,V) from 2Cat x 2Cat, generating sets of cofibrations and trivial
cofibrations in DblCat are given by

(HUL)(Zy x Ip) = {Hi ULi' | i,4' € o}, (HUL)(J2 x Jo) = {HjULj" | 4,7 € J2}.

We show that Z’ is a set of generating cofibrations in DblCat. For 7 € 7y, the double
functors Hi¢ and IL¢ are cofibrations in DblCat, since H U L is left Quillen by Proposi-
tion and we have that (HUL)(7,idy) = Hi and (HUL)(idg, ) = L, where (7,idy)
and (idg, ) are cofibrations in 2Cat x 2Cat. This shows that Z’ is contained in the class
of cofibrations. Now, given 4,4’ € Ty, the cofibration Hi U Li" of (H U L)(Zy x Z3) can be
obtained as a coproduct of Hi and i’ in Z’. This shows that Z’ generates (HUL)(Zy x Z3),
and since this latter generates all cofibrations in DblCat, it follows that Z’ is a generating
set of cofibrations.

Similarly, one can show that J' is a generating set of trivial cofibrations. O

We now want to give smaller and more explicit sets of generating cofibrations and
generating trivial cofibrations. For this, we first aim to characterize cofibrations and
cofibrant objects in DblCat. In analogy with the characterization of cofibrations in 2Cat
in terms of their underlying functor, cofibrations in DblCat can be characterized in terms
of their underlying horizontal and vertical functors.

Remark 7.3.2. The functor UH: DblCat — Cat, which sends a double category to its
underlying horizontal category, has a right adjoint Ry : Cat — DblCat. It sends a cate-
gory C to the double category R;C with the same objects as C, horizontal morphisms the
morphisms of C, a unique vertical morphism between each pair of objects, and a unique
square !: (! g ) for each pair of morphisms f and g in C. A functor F': C — D is sent to the
double functor Ry F': RyC — Ry D which acts as F' on objects and horizontal morphisms,

sends the unique vertical morphism !: C' -+ C’ in R;,C to the unique vertical morphism
I: FC - FC' in R,D, for all objects C,C’ € C, and the unique square !: (! 5 ) in RyC
to the unique square !: (! gf; 1) in Ry D, for all morphisms f, g in C. Note that the double
functor Ry F' is fully faithful on vertical morphisms and squares.

Remark 7.3.3. The functor UV : DblCat — Cat, which sends a double category to its
underlying vertical category, has a right adjoint R, : Cat — DblCat. It sends a category C
to the double category R,C with the same objects as C, a unique horizontal morphism
between each pair of objects, vertical morphisms the morphisms of C, and a unique square
L (f : g) for each pair of morphisms f and g in C. A functor F': C — D is sent to the
double functor R,F': R,C — R,D which acts as F' on objects and vertical morphisms,
sends the unique horizontal morphism !: C' — D in R,C to the unique horizontal morphism
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I FC — FD in R,D, for all objects C, D € C, and the unique square !: (f : g) in R,C to
the unique square !: (F'f : Fg) in R,D, for all morphisms f, g in C. Note that the double
functor Ry F' is fully faithful on horizontal morphisms and squares.

Theorem 7.3.4. Let A and B be double categories. A double functor F: A — B is a
cofibration in the model structure on DblCat of Theorem[7.1.3 if and only if

(i) its underlying horizontal functor UHF: UHA — UHB has the left lifting property
with respect to all surjective on objects and full functors, and

(ii) its underlying vertical functor UVF: UVA — UVB has the left lifting property
with respect to all surjective on objects and surjective on morphisms functors.

Proof. Suppose that F': A — B is a cofibration in DblCat. Let G: C — D be a surjec-
tive on objects and full functor in Cat. We need to show that there is a lift in every
commutative diagram as below left.

UHA — C A — R,C
/7( /\(

UHFJ JG FJ J{RhG

UHB — D B— R,D

By the adjunction UH - Ry, such a lift exists if and only if there is a lift in the above
right commutative diagram. This is indeed the case since R,G: R,C — Ry D is a trivial
fibration in DblCat: it is surjective on objects and full on horizontal morphisms since GG
is surjective on objects and full on morphisms, and fully faithful on vertical morphisms
and squares by Remark see Proposition This shows (i).

Now, let G: C — D be a surjective on objects and surjective on morphisms functor.
As before, using the adjunction UV 4 R,, we can show that UVF: UVA — UHB has
the left lifting property with respect to G, since R,G is a trivial fibration in DblCat: it is
surjective on objects and surjective on vertical morphisms since G is surjective on objects
and surjective on morphisms, and fully faithful on horizontal morphisms and squares by
Remark see Proposition This shows (ii).

Now suppose that F' is such that (i) and (ii) hold. Let P: X — Y be a trivial fibration
in DblCat. We need to show that there is a lift in every commutative diagram as below
left.

A——X UVA — UVX UHA — UHX
K P P

FJ L. |p UVFJ Lo~ lUVP UHFJ Ly, -~ JUHP

BTY UVBMUVY UHBUF&QUHY

Since UVP: UVX — UVX is surjective on objects and morphisms as P is surjective on
objects and vertical morphisms by Proposition there is a lift L,: UVB — UVX
in the diagram above middle. Furthermore, since UHP: UHX — UHY is surjective
on objects and full on morphisms as P is surjective on objects and full on horizontal
morphisms by Proposition [7.2.10} there is a lift L,: UHB — UHX in the above right
diagram and we can choose this lift to be such that L, and L, coincide on objects,
by fullness of UHP. This defines the double functor L: B — X on objects, horizontal
morphisms, and vertical morphisms. Given a square 5: (u 2, v) in B, by fully faithfulness
of P on squares (see Proposition [7.2.10)), there is a unique square x: (Lu flg, Lv) in X
such that Q8 = Pyx. We set L3 = x and this gives a well-defined double functor making
the diagram above left commute. Hence F' is a cofibration in DblCat. U
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Corollary 7.3.5. Let A and B be double categories. A double functor F': A — B is a
cofibration in the model structure on DblCat of Theorem[7.1.3 if and only if

(i) it is injective on objects, and faithful on horizontal and vertical morphisms,

(ii) the underlying horizontal category UHB is a retract of a category obtained from
the image of UHA under UHF by freely adjoining objects and then morphisms
between objects, and

(iii) the underlying vertical category UVB is a retract of a category obtained from the
tmage of UVA under UVF by freely adjoining objects and morphisms.

Proof. By Theorem we have that F': A — B is a cofibration in DblCat if and only
if the functor UHF has the left lifting property with respect to surjective on objects and
full functors, and the functor UV F has the left lifting property with respect to surjective
on objects and surjective on morphisms functors. As in the proof of Corollary we
can see that UHF has the left lifting property with respect to surjective on objects and
full functors if and only if F' is injective on objects, faithful on horizontal morphisms, and
(ii) is satisfied. It remains to show that UVF has the left lifting property with respect
to surjective on objects and surjective on morphisms functors if and only if F' is injective
on objects, faithful on vertical morphisms, and (iii) is satisfied.

There is a cofibrantly generated weak factorization system (£,R) on Cat, where the
right class R contains all surjective on objects and surjective on morphisms functors. A
generating set of morphisms is given by the set containing the unique functor ) — [0] and
the unique functor ) — [1]. Then the left class £ contains all functors G: C — D which are
injective on objects and faithful on morphisms, and such that D is a retract of a category
obtained from the image of C under G by freely adjoining objects and morphisms. This
shows the desired result. O

By applying this result to a double functor whose source is the empty double category 0,
we get the following characterization of cofibrant double categories.

Theorem 7.3.6. A double category A is cofibrant in the model structure on DblCat of
Theorem [7.1.3 if and only if

(i) its underlying horizontal category UHA is free, and
(ii) its underlying vertical category UVA is a disjoint union of copies of [0] and [1].

Proof. By Corollary[7.3.5] the double functor ) — A is cofibrant if and only if the category
UHA is a retract of a free category and the category UV A is a retract of a category which
is a disjoint union of copies of [0] and [1]. However, a retract of a free category is itself
free, and a retract of a category which is a disjoint union of copies of [0] and [1] is itself
a disjoint union of copies of [0] and [1].

By looking at the characterizations of fibrations and trivial fibrations in DblCat given
in Propositions [7.2.9] and [7.2.10, we can describe new sets of generating cofibrations and
generating trivial cofibrations by studying the lifting properties. These can be described
as follows.

Notation 7.3.7. Let S = H[1] x V[1] be the double category free on a square, S be its
boundary, and So be the double category free on two squares with the same boundaries.

0——1 0——1 0——1
S = i a i ?682& i ; ngiao ali
Ol )1/ O/ )1/ Ol )1/

Let Z denote the set containing the following double functors:

(i) the unique double functor I1: ) — [0],
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(ii) the inclusion double functor I: [0] U [0] — HJ[1],

(iii) the inclusion double functor I3: ) — V[1],

(iv) the inclusion double functor Iy: 6S — S,

(v) the double functor I5: S; — S sending the two non trivial squares in Sy to the
non trivial square of S.

Let J denote the set containing the following double functors:

(i) the inclusion double functor J;: [0] — HE,q4;, where the 2-category E,q; is the
“free-living adjoint equivalence”,
(ii) the inclusion double functor Jo: H[1] — HC}yy, where the 2-category Ciyy is the
“free-living 2-isomorphism”,
(iii) the inclusion double functor J3: V[1] — HE,q; x V[1], where HE,q; x V[1] can be
described as the “free-living weakly horizontally invertible square with horizontal
adjoint equivalence data”.

Proposition 7.3.8. The model structure on DblCat of Theorem[7.1.3 is cofibrantly gen-
erated, and sets of generating cofibrations and generating trivial cofibrations can be given
by the sets T and J, respectively, of Notation[7.3.7

Proof. Using the characterization of cofibrations of Corollary [7.3.5] it is straightforward to
see that the double functors in Z are cofibrations in DblCat. A direct computation shows
that a double functor has the right lifting property with respect to each double functor
in 7 precisely when it is surjective on objects, full on horizontal morphisms, surjective on
vertical morphisms, and fully faithful on squares. By Proposition such a double
functor is precisely a trivial fibration in DblCat.

Similarly, one can check that the double functors in 7 are trivial cofibrations in DblCat
and that a double functor has the right lifting property with respect to each double functor
in J precisely when it satisfies (df1-3) of Definition By Proposition such a
double functor is precisely a fibration in DblCat. U

7.4. Quillen pairs between DblCat and 2Cat. In this section, we show that the hori-
zontal embedding H: 2Cat — DblCat is both left and right Quillen, and that it is homo-
topically fully faithful. This shows that the homotopy theory of 2-categories is embedded
into that of double categories in a reflective and co-reflective way. The relation is however
even stronger: the model structure on 2Cat is both left- and right-induced along H from
that on DblCat. This says that the functor H preserves and reflects the whole homotopi-
cal structure. Therefore, the model structure on DblCat is as compatible as possible with
respect to the horizontal embedding H.

Recall that H has both adjoints by Proposition We first show that the functor H
is a Quillen co-reflection (see Definition .

Theorem 7.4.1. The adjunction
H
T~
DblCat L  2Cat
~_ 7
H

is a Quillen co-reflection, where 2Cat is endowed with the model structure of Theo-
rem and DblCat is endowed with the model structure of Theorem [7.1.3

Proof. Since a double functor F is a weak equivalence (resp. fibration) in DblCat if and
only if the 2-functors HF and VF are biequivalences (resp. Lack fibrations) in 2Cat, it is
straightforward to see that H preserves weak equivalences and fibrations. Therefore, the
functor H is right Quillen. Now let A be a 2-category. Since HHA = A, the unit n4 is
given by the identity at .A. Since all objects are fibrant in DblCat, the components of the
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derived unit are given by the components of the unit at cofibrant 2-categories, which are
identities. This shows that H 4 H is a Quillen co-reflection. O

We do not expect the model structures on 2Cat and DblCat to be Quillen equivalent,
as the homotopy theory of double categories should be richer than that of 2-categories.
The following remark shows that this is indeed not the case.

Remark 7.4.2. The components of the derived counit of the adjunction H 4 H are not
double biequivalences in general. To see this, consider the double category V[1] free on a
vertical morphism. Then V(1] is fibrant, as every double category is fibrant, and we have
that HV[1] = [0] Ll [0]. Since [0] U [0] is cofibrant in 2Cat, the component of the derived
counit at V[1] is given by the inclusion double functor H([0]U[0]) = [0]u[0] — V[1], which
is not a double biequivalence, as it is does not satisfy (db3) of Definition

Remark 7.4.3. Similarly, the adjunction I. 4 V is also a Quillen pair between DblCat
and 2Cat, as shown in [MSV20al, Proposition 6.15]. However, it is neither a Quillen
co-reflection nor a Quillen reflection by [MSV20al, Remarks 6.16 and 6.17].

We now show that the horizontal embedding H is also a Quillen reflection.

Theorem 7.4.4. The adjunction
L

L~
2Cat L DblCat
~_
H

is a Quillen reflection, where 2Cat is endowed with the model structure of Theorem[6.1.
and DblCat is endowed with the model structure of Theorem[7.1.3

Proof. We show that H: 2Cat — DblCat preserves fibrations and trivial fibrations. Let
F: A — B be a Lack fibration in 2Cat. We show that HF': HA — HZB is a fibration
in DblCat by proving that it satisfies (df1-3) of Definition (see Proposition .
Since HHF' = F is a Lack fibration, then HF" satisfies (df1-2) by Remark It remains
to prove (df3). Let C' € A be an object and suppose we have a weakly horizontally
invertible square 8 in HB as follows.

B2 FO

o

B%FG

By Proposition [3.6.7] the weakly horizontally invertible square 3 in HB corresponds to a
2-isomorphism S: b = d. By (f1) of Definition there is an equivalence c¢: A = C
in A such that d = Fe. Then, by (f2) of Definition applied to the 2-isomorphism
B: b= Fe, there is a 2-isomorphism «: a = ¢ in A such that § = Fa. By Proposi-
tion this equivalently gives a weakly horizontally invertible square o in H.A

A—2—=C

o

~

A—-C

such that § = (HF')a, which proves (df3). This shows that HF' is a double fibration
in DblCat and that H preserves fibrations.
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Now, let F': A — B be a trivial fibration in 2Cat. By Proposition[6.1.11] it is surjective
on objects, full on morphisms, and fully faithful on 2-morphisms. Then the double functor
HF: HA — HB is surjective on objects, full on horizontal morphisms, and fully faithful
on squares, as these are given by the objects, morphisms, and 2-morphisms in A and B,
respectively. It is further surjective on vertical morphisms, as H.A and HB have only
trivial vertical morphisms, and F' is surjective on objects. By Proposition this
shows that HF' is a trivial fibration in DblCat. Therefore, the functor H is right Quillen.

Let A be a 2-category. Since the functor H is right Quillen and all 2-categories are
fibrant, it preserves weak equivalences by Corollary Moreover, by Theorem [7.4.1
the functor H is left Quillen and therefore preserves cofibrant objects. This shows that
a cofibrant replacement of H.A in DblCat can be given by H(q4): H(A®) — H.A, where
qga: A° — A is a cofibrant replacement of A in 2Cat. Furthermore, the counit €4 of the
adjunction L 4 H at any 2-category A is an isomorphism by Proposition[3.4.5] Therefore,
we have a commutative square in 2Cat

LH
LA 2, g

EACJN gJGA

A —— A

and, by 2-out-of-3, we conclude that the derived counit €4 o LH(q4) is a biequivalence.
This shows that L 4 H is a Quillen reflection. O

As before, the following remark shows that the adjunction L 4 H is not a Quillen
equivalence.

Remark 7.4.5. The components of the derived unit of the adjunction L 4 H are not
double biequivalences in general. To see this, consider the double category V1] free on a
vertical morphism. Then V[1] is cofibrant in DblCat by Theorem and we have that
HLV[1] = [0] since the functor L collapses the vertical direction (see Definition [3.4.4).
Since all objects are fibrant in 2Cat, the component of the derived unit at V[1] is given by
the unique double functor V[1] — [0]. This is not a double biequivalence, as it identifies

the two objects of V[1] which are not related by a horizontal equivalence and therefore
does not satisfy (db2) of Definition

Theorems and [7.4.4] imply that the functor H: 2Cat — DblCat preserves cofibra-
tions, fibrations, and weak equivalences (since every 2-category is fibrant). We now show
that H also reflects cofibrations, fibrations, and weak equivalences.

Theorem 7.4.6. The model structure on 2Cat of Theorem is right-induced along
the adjunction
L

S
2Cat L  DblCat
~_
H

from the model structure on DblCat of Theorem[7.1.5

Proof. We need to show that a 2-functor F' is a biequivalence (resp. Lack fibration) in 2Cat
if and only if the double functor HF' is a weak equivalence (resp. fibration) in DblCat.
Since the functor H is right Quillen by Theorem [7.4.4] it preserves fibrations and, since all
objects in 2Cat are fibrant, it preserves weak equivalences by Corollary [£.4.7] This shows
that, if F' is a biequivalence (resp. Lack fibration) in 2Cat, then HF is a weak equivalence
(resp. fibration) in DblCat. Conversely, if HF' is a weak equivalence (resp. fibration)
in DblCat, then HHF = F is a biequivalence (resp. Lack fibration) in 2Cat by definition
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of the weak equivalences (resp. fibrations) in the right-induced model structure on DblCat
of Theorem [7.1.3] Therefore, the model structure on 2Cat is right-induced along H from
that on DblCat. O

Theorem 7.4.7. The model structure on 2Cat of Theorem[6.1.8 is left-induced along the
adjunction

H

L
DblCat L  2Cat
~_ 7
H

from the model structure on DblCat of Theorem [7.1.3,

Proof. By Theorem [7.4.6] a 2-functor F' is a biequivalence in 2Cat if and only if the
double functor HF is a weak equivalence in DblCat. Therefore, it remains to show that a
2-functor F' is a cofibration in 2Cat if and only if the double functor HF is a cofibration
in DblCat. By Theorem the functor H is left Quillen, and therefore, if F' is a
cofibration in 2Cat, then HF' is a cofibration in DblCat. Now suppose that F': A — B
is a 2-functor such that HF': HLA — HB is a cofibration in DblCat. Let P: X — ) be
a trivial fibration in 2Cat. We need to show that there is a lift in every commutative
diagram as below left.

A— X =HHX HA — HX
1 /7\

FJ JP:HHP ]HIFJ J]HIP

B—— Y =HHY HB — HY

By the adjunction H -4 H, such a lift exists if and only if there is a lift in the above
right commutative diagram. Since H is right Quillen by Theorem [7.4.4] then HP is a
trivial fibration in DblCat. Therefore, there is a lift in the above right diagram as HF' is
a cofibration. This shows that F' is a cofibration in 2Cat. We conclude that the model
structure on 2Cat is left-induced along H from that on DblCat. O

We now turn our attention to the relation between the canonical model structure on Cat
and the model structure on DblCat. Recall the Quillen reflection P 4 D between Cat
and 2Cat (see Theorem . By composing with the Quillen reflection L 4 H between
2Cat and DblCat, we get the following result.

Corollary 7.4.8. The adjunction
PL
S
Cat L  DblCat
~_
HD

1s a Quillen reflection, where Cat is endowed with the model structure of Theorem [0.1.
and DblCat is endowed with the model structure of Theorem [7.1.3

Proof. This follows directly from Theorems [7.4.4] and [6.1.14] O

As the canonical model structure on Cat is right-induced along D from the model
structure on 2Cat and 2Cat is right-induced along H from the model structure on DblCat,
we get the following result.

Corollary 7.4.9. The model structure on Cat of Theorem [6.1.3 is right-induced along
the adjunction
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PL

DS
Cat 1 DblCat
~_ 7
HD

from the model structure on DblCat of Theorem [7.1.5,
Proof. This follows directly from Theorems [7.4.6| and [6.1.16] O

7.5. 2Cat-enrichment. In analogy with the model structure on 2Cat, the model struc-
ture on DblCat is not monoidal with respect to the cartesian product. However, it is not
monoidal with respect to the Gray tensor product ®g, of Proposition on DblCat
either. This is a consequence of the fact that the model structure on DblCat is not sym-
metric between the horizontal and vertical directions, while the Gray tensor product is.
To remedy this issue, we consider a less symmetric version of the Gray tensor product by
restricting along the horizontal embedding in one variable, i.e., we consider the tensoring
functor ®: DblCat x 2Cat — DblCat defined in Definition [3.5.1] We show that the model
structure on DblCat is 2Cat-enriched with respect to ®, where the 2Cat-enrichment is
given by the underlying horizontal 2-categories H[—, —|,s of the pseudo-hom double cat-
egories (see Definition .

We first show that the model structure on DblCat is not cartesian closed, by using a
similar argument than that of Remark [6.3.1]

Remark 7.5.1. The model structure on DblCat of Theorem [7.1.3] is not monoidal with
respect to the cartesian product. Given the generating cofibration I5: [0] U [0] — HJ1],
then the pushout-product

LOxL:HJUH] ||  H{1JuH[1] — H[1] x H[1]
[ojufo]u[o]u[0]

is not a cofibration in DblCat since it is not faithful on horizontal morphism (see Corol-
lary [7.3.5). Indeed, it sends the two horizontal composites (1, f)(f,0) and (f,1)(0, f) of
the domain to the same horizontal morphism (1, f)(f,0) = (f,1)(0, f) in the codomain.
See Remark for more details.

While the model structure on 2Cat is monoidal with respect to the Gray tensor prod-
uct ®2 (see Theorem , it is not the case that the model structure on DblCat is
monoidal with respect to the double categorical analogue ®g, of the Gray tensor prod-
uct, defined in Proposition [3.3.5

Remark 7.5.2. The model structure on DblCat of Theorem [Z.1.3] is not monoidal with
respect to the Gray tensor product ®g,. Given the generating cofibration I3: () — V[1],
the pushout-product

I3 D@Gr I5: 0 — V[l] Rar V[l]

is not a cofibration in DblCat. To see this, note that the underlying vertical category
V[1] ®qr V[1] is the free category on a non-commutative square of morphisms. However,
this is not a disjoint union of copies of [0] and [1], and therefore V[1] ®q, V[1] is not
cofibrant by Theorem [7.3.6]

The rest of the section is devoted to the proof of the 2Cat-enrichment of the model
structure on DblCat, as given in the following theorem.

Theorem 7.5.3. The model structure on DblCat of Theorem is 2Cat-enriched,
where the enrichment is given by H[—, —]ps.

We show this result by showing that the pushout-product IUg ¢ of a cofibration [
in DblCat with a cofibration ¢ in 2Cat is a cofibration in DblCat, which is trivial if one
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of I or ¢ is. By Remark [£.5.7] it is enough to show this result when I is a generating
cofibration or a generating trivial cofibration in DblCat. Recall the sets

T = {Hi,Li = Hi x V[1] | i € T} and J' = {Hj,Lj =Hj x V[1] | j € B},

of generating cofibrations and generating trivial cofibrations in DblCat given in Proposi-
tion [7.3.1] where Zy and J> denote sets of generating cofibrations and generating trivial
cofibrations in 2Cat. We first prove the following technical result, which allows us to
compute the pushout-product I Og 4 of a double functor I of the form Hi' or ILi’, for i’ a
2-functor, with a 2-functor .

Lemma 7.5.4. Leti: A — B and i': A" — B’ be 2-functors. Then
(i) there is an isomorphism Hi' Ogi = H(i'Og, i) in the category of morphisms
DblCat!!,
(ii) there is an isomorphism 1Li' Og i = H(i' Og, i) x V[1] = L(i' Og, i) in the category
of morphisms DblCat!!.

Proof. Since the functor H is a left adjoint, it preserves pushouts. Moreover, by Corol-
lary [3.5.7], we have isomorphisms HA®C =~ H(A®2C) natural in A and C, for every pair of
2-categories A and C. Therefore, we directly get the isomorphism Hi' Og ¢ = H(i' Og, 1),
which proves (i). Then (ii) follows from the following sequence of isomorphisms

Li' Ogi = (V[1] x Hi') Og i = (V[1] ® ") Og 4
= (V[1] ®¢: Hi") Og i = V[1] ®q, (Hi' Og 1)
>~ V(1] ®@ar H(i' Og, i) = V[1] @ (' Og, 1)
>~ V[1] x H(i' Og, 1) = L(i' Og, i),

which hold by definition of L = H(—) x V[1] & V[1] x H(-), by Remark which says
that there is an isomorphism C ® V[1] = HC x V[1] natural in C, for every 2-category C, by
associativity and symmetry of the Gray tensor product ®c;, by definition of the tensor ®,
and by point (i). O

Proof of Theorem [7.5.3. We need to show that the pushout-product I Og i of a generating
cofibration I € Z’ with a cofibration 7 in 2Cat is a cofibration in DblCat, which is trivial if
either I € J' is a generating trivial cofibration or i is a biequivalence, where Z' and J' are
the generating sets of cofibrations and trivial cofibrations of Proposition in DblCat.
Suppose first that I € Z’'. Then I is of the form Hi' or i’ for some generating cofibration ¢’
in 2Cat. By Lemma we have isomorphisms

Hi/ |:|® 7 = H(’L, D®2 Z) and ]L’L, D@ 1 = ]L(Z/ |:|®2 7,)

Since the model structure on 2Cat is monoidal with respect to ®2 by Theorem the
pushout-product i’ Og, i is a cofibration in 2Cat, which is trivial when 7 is a biequivalence.
By Theorem [7.4.T] and Remark [7.4.3] the functors H and L are left Quillen, and therefore
preserve cofibrations and trivial cofibrations. This shows that I g is a cofibration
in DblCat, which is trivial when ¢ is a biequivalence, for all I € Z’. Now suppose that
I € J'. Then I is of the form Hyj or Lj for some generating trivial cofibration j in 2Cat.
Similarly, we can show that HjOg i = H(jOg, i) and LjOgi = L(jOg, ¢) are trivial
cofibrations in DblCat. This shows that the model structure on DblCat is 2Cat-enriched.

O

8. THE SECOND MODEL STRUCTURE FOR DOUBLE CATEGORIES

The asymmetry between the horizontal and vertical direction in the first model struc-
ture on DblCat constructed above can be noticed using the fact that the inclusion
[0] U [0] — H[1] of the two end-points in the horizontal morphism is a cofibration, while
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the transposed inclusion [0] U [0] — V][1] is not. We therefore want to add this latter to
our class of cofibrations. Furthermore, as mentioned in the introduction, we aim to get
a model structure on DblCat in which the fibrant objects are precisely the weakly hori-
zontally invariant double categories. Hence, we construct a weakly horizontally invariant
replacement of double categories, and define a double functor to be a weak equivalence
if it induces a double biequivalence between weakly horizontally invariant replacements.
The new class of cofibrations, generated by the set Z of cofibrations of Notation [7.3.7]
and the additional inclusion [0] LI [0] — V[1], together with the class of weak equivalences
described above exists. Its proof is the content of Sections to

In Section [8.1] we first describe the cofibrations, trivial fibrations, and weak equiva-
lences of the desired model structure. In particular, the cofibrant objects are now the
double categories which have free underlying horizontal and vertical categories, which
shows that this model structure is more symmetric than the first one. We also show that
the class of double biequivalences is contained in the class of weak equivalences of this
model structure. Then, in Section [8.2] we introduce a set J,, of trivial cofibrations, which
is such that the trivial cofibrations and fibrations between weakly horizontally invariant
double categories are precisely the J,,-cofibrations and J,-injectives, respectively. This
result is useful in Section to prove that the classes of trivial cofibrations and fibrations
in the proposed model structure on DblCat form a weak factorization system. We fur-
ther show that the fibrant objects are precisely the weakly horizontally invariant double
categories, as desired.

Then, in Section [8.4] we compare this new model structure with the model structures
previously introduced in Sections [6] and [} We show that the identity on DblCat gives
a homotopically full embedding of the model structure for weakly horizontally invariant
double categories into the model structure for double categories constructed in Theo-
rem [7.1.3] The horizontal embedding H: 2Cat — DblCat is still left Quillen from Lack’s
model structure to the model structure for weakly horizontally invariant double categories,
however it is not right Quillen anymore. This is due for instance to the fact that the hor-
izontal double category associated to a 2-category is not weakly horizontally invariant in
general, and hence that H does not preserve fibrant objects. Instead, we consider the
homotopical version H~: 2Cat — DblCat of the horizontal embedding introduced in Def-
inition [3:4.11] and we show that it gives the desired homotopically full embedding of 2Cat
into DblCat. In particular, for every 2-category A, the double category H~.A provides
a fibrant replacement of the horizontal double category H.A. We also show that Lack’s
model structure on 2Cat is right-induced along H~ from the model structure on DblCat
for weakly horizontally invariant double categories.

Finally, in Section [8.5] we show that this model structure is monoidal with respect
to the Gray tensor product for double categories. In comparison with the first model
structure on DblCat constructed in Section [7} the cofibrations of this new model structure
can be characterized by a symmetric condition on their underlying horizontal and vertical
functors, and hence the arguments showing that the first model structure is not monoidal,
do not hold anymore. In particular, it is also 2Cat-enriched for the enrichment of DblCat
of Proposition [3.5.2

The results presented here are joint work with Maru Sarazola and Paula Verdugo, and
will appear in a forthcoming version of the paper [MSV20b].

8.1. Description of the model structure. We now want to define a model structure
on DblCat, whose fibrant objects are the weakly horizontally invariant double categories,
since these are the double categories whose nerve is fibrant. For this, we first determine
the class of cofibrations, to which we add the inclusion [0]U[0] — V[1] of the two end-points
into the vertical morphism. This yields the following set of generating cofibrations.
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Notation 8.1.1. Recall from Notation that S = HJ[1] x V[1] denotes the double
category free on a square, JS denotes its boundary, and Sy denotes the double category
free on two squares with the same boundaries. Let Z,, denote the set containing the
following double functors:

(i) the unique double functor I : () — [0],

(ii) the inclusion double functor I5: [0] U [0] — HI1],

(iii) the inclusion double functor I5: [0] L [0] — V[1],

(iv) the inclusion double functor Iy: 6S — S,

(v) the double functor I5: So — S sending the two non trivial squares in Sg to the
non trivial square of S.

Having this set of generating cofibrations in hands, we already know that the cofi-
brations in our model structure are going to be the Z,,-cofibrations, and that the trivial
fibrations are going to be the Z,,-injectives. Let us first give a description of these classes
of double functors.

Proposition 8.1.2. A double functor F': A — B is in Z,,—inj if and only if it is surjective
on objects, full on horizontal morphisms, full on vertical morphisms, and fully faithful on
squares.

Proof. A double functor F' has the right lifting property with respect to I: ) — [0] if
and only if it is surjective on objects; with respect to I: [0] U [0] — H][1] if and only if it
is full on horizontal morphisms; with respect to I5: [0] U [0] — V[1] if and only if it is full
on vertical morphisms; and with respect to I4: 6S — S and I5: So — S if and only if it is
full and faithful on squares, respectively. This shows the result. O

Remark 8.1.3. It is straightforward to see that every double functor in Z,,—inj trivially
satisfies (db1-4) of Definition using this description. Hence every double functor in
Z.,,—inj is a double biequivalence.

Theorem 8.1.4. A double functor F': A — B is in Z,,—cof if and only if its underlying
horizontal and vertical functors UHF: UHA — UHB and UVF: UVA — UVB have
the left lifting property with respect to surjective on objects and full functors.

Proof. The proof works as in Theorem [7.3.4] except that now a trivial fibration is full
on vertical morphism instead of surjective, and therefore the underlying vertical functor
UV F has the left lifting property with respect to surjective on objects and full functors
instead of surjective on objects and surjective on morphisms functors. U

Corollary 8.1.5. A double functor F: A — B is in T,,—cof if and only if

(i) it is injective on objects, and faithful on horizontal and vertical morphisms,

(ii) the underlying horizontal category UHB is a retract of a category obtained from
the image of UHA under UHF by freely adjoining objects and then morphisms
between objects, and

(#ii) the underlying vertical category UVB is a retract of a category obtained from
the image of UVA under UVE by freely adjoining objects and then morphisms
between objects.

Proof. The proof works as in Corollary with the modifications imposed by Theo-
rem R.1.4l O

As a direct consequence of this result, we get that the cofibrant objects are precisely
the double categories whose underlying horizontal and vertical categories are free. In
comparison with the cofibrant objects of the first model structure, characterized in Theo-
rem the underlying vertical category of a cofibrant double category can now contain
free composites of morphisms.
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Corollary 8.1.6. A double category A is cofibrant if and only if its underlying horizontal
and vertical categories UHA and UVA are free.

Proof. By Corollary the double functor ) — A is cofibrant if and only if the cate-
gories UHA and UV A are retracts of free categories. However, a retract of a free category
is itself free. U

It remains to introduce the class of weak equivalences in order to determine a model
structure on DblCat. We define a weak equivalence to be a double functor that induces
a double biequivalence between weakly horizontally invariant replacements. To construct
a weakly horizontally invariant double category from a double category A, we attach
H= F,q5-data freely to every horizontal adjoint equivalence in A. Let us first give a precise
description of the double category H~ E,g;.

Description 8.1.7. We first describe the double category H~ E,q;. It contains a horizon-
tal adjoint equivalence (f, g,7,¢€), where f: 0 — 1 and g: 1 — 0 are horizontal morphisms,
and 7 and ¢ are vertically invertible squares, as in Definition which represents the
unit and counit of the horizontal adjoint equivalence. It also contains two vertical mor-

phisms u: 0 > 1 and v: 1 -+ 0. The squares are generated by 1 and ¢, as well as the two
following weakly horizontally invertible squares.

1 0

1

0 0

0%1
ui QNN
l=—=1

Let us denote by o and ' their weak inverses, given by Proposition with re-
spect to the identity horizontal adjoint equivalence and the horizontal adjoint equivalence
(f,9,m,€). Then, we can form the following weakly horizontally invertible squares /5 and
d, and we also denote by 5’ and §’ their weak inverses, given by Proposition with re-
spect to the identity horizontal adjoint equivalence and the horizontal adjoint equivalence

(f,9:m,¢).

-}

12

0 0 1 1
0=———=0 N R N l]=—=1 N e~ LIR N
N62£U=0 L1250 NM%:l%O%I
0%1 ” ef N o = ff 1—5—0 N e N y = iv

0 ; 1 1 1 g 0=——=0

Moreover, the horizontal composite of 3 with « is the vertical identity square ey at f,
and the vertical composite of 5 with « is the horizontal identity square id,, at u. In other
words, this says that (f,u, «, ) is the data of an orthogonal companion pair; see |Gra20l,
§4.1.1]. On the other hand, the horizontal composite of o with 8’ is the vertical identity
square eg4 at g, and the vertical composite of 3’ with o is the horizontal identity square id,,
at u. In other words, this says that (g, u,a’, 8) is the data of an orthogonal adjoint pair;
see [Gra20,, §4.1.2]. Similarly, (g, v,, d) is the data of an orthogonal companion pair, and
(f,v,7/,9") is the data of an orthogonal adjoint pair.

The pair of vertical morphisms (u,v) further forms a vertical adjoint equivalence, i.e.,
an adjoint equivalence in the underlying vertical 2-category VH™ E,q;, with unit " given
by the vertical composite of 8 with 4/, and counit ¢ given by the vertical composite of ¢’
with a. In particular, all the squares in H™ F,q4; are also weakly vertically invertible — the
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transposed notion of weakly horizontally invertible — with vertical weak inverses given by
the obvious square.

Note that there is an inclusion Jy: HE,q; — H~ E,q; which sends the horizontal adjoint
equivalence in HE,q; to the horizontal adjoint equivalence (f, g,n,€) in H™E,g;.

Remark 8.1.8. Let A be a double category. Given a double functor G: H E,q; — A, its
data is completely determined by the image (G f, Gg, Gn, Ge) of the horizontal adjoint
equivalence (f,g,n,€) of H¥E,q;, and the images Ga and G7 of the squares a and v
in H=F,q;. This follows from the fact that the weak inverse of a weakly horizontally
invertible square with respect to fixed horizontal adjoint equivalence data is unique, by
Proposition and from the fact that, given a data (f,u,«) as above, a square
such that the data (f,u,a, ) is that of an orthogonal companion pair is also uniquely
determined. The latter can be easily proven by using the relations between « and S.

We are now ready to introduce weakly horizontally invariant replacements.

Construction 8.1.9. Let A be a double category and let HorEq(A) denote the class of
all horizontal adjoint equivalence data in A. Then each horizontal adjoint equivalence
(a,c,m, €) in A defines a double functor HE,4; — A and we define AN to be the pushout

LlHorEq(A) HEu; ———— A

I_IHorEq(A) J4J/ J]A
r

LlHorEq(A) HgEadj ——— AWh

Now let F': A — B be a double functor. Then F' induces double functors
Fo: || HE.qj— || HEaw (resp. Fi: || HYE.q;— || HE.g)
HorEq(A) HorEq(B) HorEq(A) HorEq(B)

by sending the copy of HE,q; (resp. H™E,g;) at a horizontal adjoint equivalence (a, ¢, 7, €)
in HorEq(A) to the copy of HE,q; (resp. H™E,qg;) at the horizontal adjoint equivalence
(Fa, Fc, Fn, Fe) in HorEq(B). Then there is a unique double functor F¥hi: Awhi _ gwhi
making the following diagram commute.

LlHorEq(A) HEadj A
I_IHorEq(A) J4‘/ LlHorEq(B) HEadj JA IB
i
= ; hi ) ;
LlHorEq(A) ad] UHorEq(]B) J4J/ AW ! ~o_ \Zi‘vihl B
Fy - Tl s r )
UHorEq(B) H™ Eadj Bwhi

This defines a functor (—)"M: DblCat — DblCat!! sending a double category A to the
double functor ja: A — A"M and a double functor F: A — B to the following commuta-
tive square in DblCat.

A—F B

W]

Awhi W Bwhi

This is functorial by construction.

Remark 8.1.10. Since the double functor js: A — A"M is a pushout of coproducts of the
double functor Jy: HE.q; — H™ E,g;, it is the identity on underlying horizontal categories
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and it is fully faithful on squares, for every double category A. Hence a double functor
F: A — B coincides with F*P: AWk 5 B¥hi on underlying horizontal categories.

Remark 8.1.11. The construction jz: A — A"M adds to each horizontal adjoint equiva-
lence (a,c,n,€) in A H~E,q;-data in AVM a5 detailed in Description extending the
given horizontal adjoint equivalence. In particular, by studying this H~ F,gj-data which
extends (a,c,m,€), we can see that two vertical morphisms u and v were freely added
in AWM together with weakly horizontally and vertically invertible squares as in Descrip-
tion [8:1.7] To refer to these freely added vertical morphisms u and v, we often say that
the morphisms u and v were added using the horizontal adjoint equivalence data (a,c,n, €)

n A.

In particular, we check that the double category A"M constructed this way is indeed
weakly horizontally invariant (see Definition [3.6.5)).

Proposition 8.1.12. For every double category A, the double category A™™ is weakly
horizontally invariant.

Proof. Let a: A = C and ¢/: A/ = C’ be horizontal equivalences in A and w: C -+ C’
be a vertical morphism in AYM. Let (a,c,n,¢) and (a’,c,7,€') be horizontal adjoint
equivalence data in A for ¢ and . By construction of A¥M  there are four vertical
morphisms in A"M that were added using the horizontal adjoint equivalences (a, ¢, 7, €) and

(a/,d,n',€) and, in particular, there are vertical morphisms u: A e C and v: O’ o> A’
in A"M together with weakly horizontally invertible squares a and 7/ in A" as depicted

below (see Description [8.1.7)).

A—2sc o=
i N 1 7= |
C——C A'%c’

Then the composite of vertical morphisms vwu: A -+ A’ together with the following past-
ing of weakly horizontally invertible squares

— C
C
C

ﬁ

*>Cl

<

{
pad
b

gives the required data, showing that A"M is weakly horizontally invariant. O

This construction allows us to define the class of weak equivalences in our model struc-
ture to be the class of double functors which induce a double biequivalence between weakly
horizontally invariant replacements.

Definition 8.1.13. We define W to be the class of double functors F': A — B such
that the induced double functor F"P: A™PM — BVhi is a double biequivalence (see Defini-

tion [7.2.1)).
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In particular, since double biequivalences are the weak equivalences in the model struc-
ture on DblCat of Theorem [7.1.3] they satisfy 2-out-of-3 and are closed under retracts.
As a direct consequence, we can prove that the class W also has these properties.

Proposition 8.1.14. The class W of Definition satisfies 2-out-of-3, and is closed
under retracts.

Proof. Recall that the class of double biequivalences is the class of weak equivalences in
the model structure on DblCat of Theorem Hence it satisfies 2-out-of-3, and it is
closed under retracts. Since the replacement (—)"" is functorial, the fact that the class W
of Definition [8.1.13| satisfies 2-out-of-3, and is closed under retracts follows directly from
the fact that double biequivalences satisfy these properties. O

By taking cofibrations to be Z,,-cofibrations and weak equivalences to be double func-
tors in W, we obtain the desired model structure on the category DblCat, as stated in the
theorem below. Since we need several additional technical results proven in Section [8.2]
in order to show that the classes of trivial cofibrations and fibrations form a weak fac-
torization system, the proof of this results is reported to Section [8:3] We also report to
Section [8:3| the characterization of fibrant objects as weakly horizontally invariant double
categories.

Theorem 8.1.15. There is a model structure (C, F,W) on DblCat such that

(i) the class C of cofibrations is given by C := T,,—cof, where Z,, is the set described
in Notation|[8.1.1
(ii) the class W of weak equivalences is the class W as described in Deﬁm’tion
(iii) the class F of fibrations is given by F = (CNW)2, and
(iv) the fibrant objects are the weakly horizontally invariant double categories.

Proof. By Proposition [8.1.14] we already know that the class W of weak equivalences
satisfy the 2-out-of-3 property. Furthermore, by Proposition [8.1.17] below, we have that
F NW = Z,,—inj, and hence the pair (C, F N W) = (Z,,—cof, Z,,—inj) is the weak factor-
ization system generated by the set Z,, of Notation[8.1.1] It remains to show that the pair
(CNW, F) forms a weak factorization system, which is the content of Theorem and
Corollary [8:3.6] The proof that the fibrant objects are precisely the weakly horizontally
invariant double categories is in Theorem [8:3.1] O

Remark 8.1.16. In particular, since C = Z,,—cof and W are closed under retracts (see
Proposition [8.1.14]), then the class C N W is also closed under retracts.

As a first check to see if this indeed defines a model structure, we verify that an Z,,-
injective is precisely a fibration which is also a weak equivalence.

Proposition 8.1.17. We have that F N W = Z,,—inj.

Proof. We first prove that Z,,—inj C F N W. Since C "W C C = Z,—cof, it follows that
Tp—inj = Z,—cof? C (CNW)¥ = F. Hence it remains to show that Z,,—inj C W. Let
@: A — B be a double functor in Z,,—inj. We show that the induced double functor
QWb AV 5 BWH s in 7,,—inj using Proposition By Remark this shows
that Q"™ is a double biequivalence and hence that Q € W.

By Remark the double functors @ and Q"™ coincide on underlying horizontal
categories and the double functors js: A — AYM and jg: B — BYM are fully faithful on
squares. It follows that Q"M is surjective on objects and full on horizontal morphisms
as @ is so, and it is fully faithful on squares since @, ja and jg are so and Q"Mj, = jrQ.
It remains to prove that Q"M is full on vertical morphisms. Let A, A’ be objects in A

and v: QA - QA’ be a vertical morphism in B¥M. If v € B, then there is a vertical
morphism u: A -+ A’ in A such that Qu = v since @ is full on vertical morphisms. Now
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suppose that v was freely added in B"M using a horizontal adjoint equivalence (b,d,n,¢€)
between the objects QA and QA’ in B. Since @ is full on horizontal morphisms, and
fully faithful on squares, there is a horizontal adjoint equivalence (a,c,n’,€’) between

the objects A and A’ in A whose image under Q is (b,d,n,¢). If u: A - A’ is the
vertical morphism in AWM which was freely added using the horizontal adjoint equivalence
(a,c,n’,€), then we have Q"M = v by definition of Q"M. Finally, since every vertical
morphism in B¥M is a composite of vertical morphisms in B and freely added vertical

morphisms as considered above, it follows that, for every vertical morphism v: QA > QA’
in B, there is a vertical morphism u: A - A’ in A"M such that Q"Mu = v. This vertical
morphism u is constructed by taking a lift as above for each part of the composite of v.
Hence Q"M is full on vertical morphisms. This shows that Z,,—inj C F N W.

We now prove that F "W C Z,,—inj. Let P: A — B be a double functor in F N W.
We factor P as

A P B

D

with [ € Z,,—cell and @ € Z,,—inj. Since ) € W by the above result, and P € W,
by assumption, we get that I € W by 2-out-of-3. Hence I € C N W. Therefore, since
P € F = (CNW)? has the right lifting property with respect to I, by the retract
argument (see Proposition , we have that P is a retract of Q € Z,,—inj. Finally,
since Z,,—inj is closed under retracts, we get that P € Z,,—inj. This concludes the proof
that F N W = Z,,—inj. O

We finally prove that the class of double biequivalences is included in W. The reversed
inclusion does not hold, but, as we will see later in Proposition a weak equiva-
lence whose source is a weakly horizontally invariant double category is always a double
biequivalence.

Proposition 8.1.18. Every double biequivalence is in V.

Proof. Let F': A — B be a double biequivalence. We need to show that the induced
double functor F"hi: AWM 5 BWhi 5 5 double biequivalence. We show that F™M satisfies
(db1-4) of Definition Since F and F"M coincide on underlying horizontal categories
by Remark and B is included in BYM, then "M satisfies (db1-2) since F' does so.
Moreover, since ja, jg, and F are fully faithful on squares and F™Pj, = Fjg, then F™hi
is also fully faithful on squares, i.e., it satisfies (db4).

It remains to show (db3). Let v: B - B’ be a vertical morphism in BYM, If v € B,

then, by (db3) for F', there is a vertical morphism u: A > A’ in A together with a weakly
horizontally invertible square 8 in B

FA-2+B

i 5~ fF

FA'%B'.

Since A and B are included in A¥M and B"M, this gives the desired data for v in B¥hi,
Now suppose that v is a composite of freely added vertical morphisms in BYM. Then,
there is a horizontal adjoint equivalence (f,g,7,€¢) in B between the objects B and B’
together with a weakly horizontally invertible square « in B¥™ of the form
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B%B’
Uf o H

B/ Bl

obtained by composing the corresponding weakly horizontally invertible squares for each
freely added vertical morphism appearing in the composite of v. We now show that,
given already fixed horizontal equivalences b: FA = B and b': FA' = B’ in B, there
is a vertical morphism u: A -+ A’ in A"M together with a weakly horizontally invertible
square 8 in B"M of the form

FA-2sB

FWhiui B~ iv

FA'%B'.

Solet b: FA = B and b': FA' = B’ be horizontal equivalences in B and let (¢, d’, 7/, €')
be horizontal adjoint equivalence data for o'. Since "M satisfies (db2) and (db4), there

is a horizontal equivalence a: A =» A’ in A together with a vertically invertible square
in BYM of the form

FA-p-—Lop L pa

N P IR H
= /

FA = FA

Let u: A -+ A’ be the freely added vertical morphism in A" using a horizontal adjoint
equivalence data for a. We define § to be given by the following pasting

FA—2s B B
ey N m 1R
FA-tsp-top— p 9.p
FA b, B e N ef H (Gl €g
FWhiuf ~ iv = FA—»B——B -5 r4 5B 5B
FA —= B % IR H ev ¢
FA — ra g2 p
P v SO RNt
FA FA - B'=—=U"F,

where @ is the weakly horizontally invertible square in A¥M which was freely added with u
(see Description, and 7 is the weak inverse of v in B¥M with respect to the horizontal
adjoint equivalence (f, g, n,€) and the identity horizontal adjoint equivalence. This gives
the desired weakly horizontally invertible square.

Note that every vertical morphism v in B¥™M can be decomposed as follows: it is the
composite of a sequence of composable vertical morphism v, : B, — B,41 such that, if
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v, € B, then v,_1 and v,41 are composites of freely added vertical morphisms as consid-
ered above, and if v, is a composite of freely added vertical morphisms as considered above,
then v,—1 and v,y are in B, for all . Using this decomposition of v, we can first fix a
weakly horizontally invertible square 3, relating v,, to a vertical morphism Fu,, where u,
is a vertical morphism in A, for each vertical morphism v, in B. Then, we can choose
a weakly horizontally invertible square (3, relating v, to a vertical morphism F' Whiuﬂ,
where u,, is a vertical morphism in AN in a such a way that the horizontal equivalence
which is the source of 3, corresponds to the horizontal equivalence which is the target of
Bu—1 and the horizontal equivalence which is the target of 3,, corresponds to the horizontal
equivalence which is the source of 3,1, where 3,1 and 3,1 were previously fixed since
v,—1 and v,41 are in B. Hence, the composite of the vertical morphisms wu,, is a vertical
morphism w in A¥M and the vertical composite of the squares By (which is well-defined
by construction) gives a weakly horizontally invertible square in B"™ relating v to F*iy,
This shows (db3) for F¥M and hence that F is in W. O

8.2. Jyw-cofibrations and J,-injectives. In order to prove Theorem [8.1.15 we need to
study more closely the trivial cofibrations and fibrations of the proposed model structure
on DblCat. While we were not able to find a nice description of these double functors
in general, we can prove that every trivial cofibration induces a J,,-cofibrations between
weakly horizontally invariant replacements, and that a fibration with weakly horizontally
invariant target is a J,-injective, where 7, is the following set of cofibrations.

Notation 8.2.1. Let W denote the “free-living weakly horizontally invertible square with
horizontal adjoint equivalence data”, and W~ be its double subcategory where we remove
one of the vertical morphisms.

0——1 0——1
0/T>1/ OITII

Let J,, denote the set containing the following double functors:

(i) the inclusion double functor Jy: [0] — HE,q;, where the 2-category F,qj is the
“free-living adjoint equivalence”,
(ii) the inclusion double functor Jo: H[1] — HC},y, where the 2-category Ci,y is the
“free-living 2-isomorphism”,
(iii) the inclusion double functor J5: W~ — W.

Remark 8.2.2. It is straightforward from the description of cofibrations in Z,,—cof in
Corollary that the double functors Ji, Jo, and J3 are in Z,,—cof.

By definition, a weakly horizontally invariant double category is precisely a double
category which has the right lifting property with respect to Ji: W= — W. This yields
the following result.

Proposition 8.2.3. A double category A is weakly horizontally invariant if and only if
the double functor A — [0] is in J,—inj.

Proof. First note that every double functor A — [0] trivially lifts against J;: [0] — HE,g;
and Jy: H[1] — HCyy. Then it lifts against J3: W= — W if and only if it is weakly
horizontally invariant by definition; see Definition [3.6.5 (]

By studying the lifting properties with respect to the double functors in J,,, we can
characterize the [J,-injectives as follows.
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Proposition 8.2.4. A double functor F: A — B is in J,—inj if and only if it satisfies
(df1-2) of Definition and the following condition:

(df3’) for every vertical morphism w: C - C' in A, every pair of horizontal equivalences
a: A Candd: A" S Cin A, and every weakly horizontally invertible square 3
in B as depicted below left, there is a weakly horizontally invertible square o in A
as depicted below right such that 8 = Fa.

FA-LS po A—L2sc

vi b~ iFw ui o~ iw

FA/i)FC/ A/i)C/
Fad a

Proof. As mentioned in Proposition[7.3.8] a double functor F has the right lifting property
with respect to the double functors Ji: [0] = HE,q; and Jo: H[1] — HCj,y if and only if
it satisfies (df1- 2) of Definition Furthermore, it has the right lifting property with
respect to J5: W~ — W if and only if it satisfies (df3’) above. O

In particular, the following useful result tells us that every J,-injective has the right
lifting property with respect to the double functor Jy: HE,q; — H E,qj.

Proposition 8.2.5. Let F: A — B be a double functor in Jy,—inj. Then F is in
{Ja}—inj, where Jy: HE,q; — H™ E,q; s the inclusion double functor introduced in De-

scription [8.1.77.

Proof. To show that F is in {Jy}—inj, it is enough to show that it has the right lifting
property with respect to Jy: HE,q; — H™Eaq;. Consider a commutative square in DblCat
of the form

HEadJ (CL, G, 1, 5) A

HZEadJ T> B s

where a: A =» C is a horizontal adjoint equivalence with data (a,c,n,€). We want to
find a lift L: H¥F,q; — A in this diagram. By Description the images under G
of the weakly horizontally invertible squares o and ~ in H~ E,q; are weakly horizontally
invertible squares in B as depicted below.

FALS po FC L5 pa
Gui Ga =~ N Gvi Gy ~ N
FC =— FC FA=—FA

By (df3’) of Proposition there are weakly horizontally invertible squares @ and 7
in A, as depicted below, such that Fa = Ga and F7 = G~.

A—2—>C C—— A
C——=C A=——A
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By Description the data (a,c,n,€) together with the squares @ and 7 generate
H= E,q;-data in A, i.e., they determine a double functor L: H¥E,q; — A which extends
(a,c,n,€). Furthermore, since the H™ E,qgj-data G: HY E,q; — B and FL: H"E,q; — B
coincide on the images of the horizontal adjoint equivalence and the squares o and
of H™ E,gj, they must be equal, by unicity of such data (see Remark , i.e., we have
FL = G. Hence L gives the desired lift, and this shows that F' € {J4}—inj. O

Remark 8.2.6. As a consequence of this result and Proposition [8:2.3] we have that, for
every weakly horizontally invariant double category A, the double functor A — [0] is in
{Ja}~inj.

Finally, we show that the class of J-injectives which are double biequivalences is
precisely the class of Z,-injectives, i.e., the class of trivial fibrations in our proposed
model structure on DblCat.

Proposition 8.2.7. A double functor F': A — B is a Jy-injective and a double biequiv-
alence if and only if it is an L -injective.

Proof. Since J,, C Z,,—cof by Remark then Z,,—inj = Z,,—cof?® C J¥2 = J,—inj.
Furthermore, by Remark [B.1.3] an Z,-injective is in particular a double biequivalence.
This proves that, if F'is an Z,-injective, then F is a [J,-injective and a double biequiva-
lence.

Now suppose that F'is a Jy,-injective and a double biequivalence. We prove that F'is an
Z,,-injective using Proposition Note that, since F' satisfies (db4) of Definition
it is fully faithful on squares. It remains to prove that F' is surjective on objects, and full
on horizontal and vertical morphisms.

We first show that [ is surjective on objects. Let B be an object in B. Since F’ satisfies
(db1) of Definition there is an object C' € A together with a horizontal equivalence
b: B = FC in B. By (dfl) of Definition it follows that there is a horizontal
equivalence a: A = C in A such that b = Fa. In particular, we have B = FA. We now
show that F' is full on horizontal morphisms. Let A, C' be objects in A and b: FA — FC
be a horizontal morphism in B. Since F satisfies (db2) of Definition there is a
horizontal morphism ¢: A — C in A together with a vertically invertible square 5 in B as
depicted below left.

a

rA-% ro A5

N B 1R N N a R N

FA— FC A——C
Fe ¢

By (df2) of Definition [7.2.6| there is a vertically invertible square a in A as above right
such that § = Fa. In particular, we have b = Fa. We finally prove that F' is full on

vertical morphisms. Let A, A’ be objects in A and v: F'A -« F'A’ be a vertical morphism

in B. Since F' satisfies (db3) of Definition there is a vertical morphism w: C -+ C’
in A together with a weakly horizontally invertible square 8 in B as depicted below left.

FA-2 FC AL

vi B~ wa ui o~ iw

FA' —> FC' A —— !
a

Since F' is full on horizontal morphisms and fully faithful on squares, there are horizontal
equivalences a: A = C and a’: A’ = C’ in A such that b = Fa and ¥ = Fa/. Then,
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by (df3’) of Proposition there is a weakly horizontally invertible square o in A as
depicted above right such that 8 = Fa. In particular, we have v = Fu. This shows
that I is an Z,-injective and concludes the proof. U

We now want to study more closely the [J,-cofibrations. We first show that they are
cofibrations, which satisfy the conditions of a double biequivalence except for the condition
(db3) on vertical morphisms.

Proposition 8.2.8. Let J: A — B be a double functor in Jy,—cell. Then J satisfies the
following conditions:

(i) it is injective on objects, and faithful on horizontal and vertical morphisms,
(ii) it satisfies (db1-2) and (db4) of Definition of double biequivalences.

Proof. Since J, C I,,—cof by Remark [8:2.2] then J,—cell C Z,,—cof and, by Corol-
lary we have that J is injective on objects, and faithful on horizontal and vertical
morphisms. This proves (i).

We now prove (ii). First note that J satisfies (db4) of Definition Indeed, since
taking pushouts along the double functors Ji, J2, and Js do not allow to add squares
between existing boundaries nor to identify two squares, and since J is a transfinite
composition of pushouts along these double functors, then J is fully faithful on squares.
In particular, since J is also injective on objects and faithful on horizontal and vertical
morphisms by (i), we have an isomorphism of double categories A = J(A), where J(A) is
the image of J. Let A be an ordinal and let X: A — DblCat be a transfinite composition
of pushouts of double functors in 7, such that J is the composite

J: A J(A) =Xy % colim, )X, = B.

We first prove that J satisfies (dbl) of Definition Let B be an object in B. We
prove that there is an object A € A and a horizontal equivalence b: JA =» B in B by
transfinite induction. If B € Xy = J(A), then there is an object A € A such that JA = B
and we can take b = id ;4. Now suppose that B € X, 1 for a successor ordinal pu+1 < A.
If B € X,,, then we are done by induction. Otherwise, since pushouts along J and J5 do
not modify the objects, the double category X, 1 was obtained as a pushout along J; of
the following form

0] —2— X,

|

HEadj T> X,w-f—l ,

where D is an object in X, and d: D =, B is a horizontal adjoint equivalence in B.
By induction, since D € X, there is an object A € A and a horizontal equivalence

f: JA S D in B. Then, the composite b := df: JA =» B gives the desired horizontal
equivalence in B. If B € X, for a limit ordinal x < A, since X, = colim, X, there is an
ordinal ¢ < & such that B € X,, and we are done by induction. This shows (dbl) for J.
We now prove that J satisfies (db2) of Definition Let A, C be objects in A
and b: JA — JC be a horizontal morphism in B. We prove that there is a horizontal
morphism a: A — C in A and a vertically invertible square § in B of the form

JA 2% g0

o

JATJC,
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by transfinite induction. If b € Xy = J(A), then there is a horizontal morphism a: A" — C’
in A such that Ja = b. Then JA = JA' and JC = JC' and, since J is injective on objects,
we have that A = A" and C' = C’. Hence a: A — C is such that Ja = b and we can take
B = ejq. Now suppose that b € X, ;1 for a successor ordinal p+1 < A. If b € X, then we
are done by induction. Otherwise, the double category X, ;1 was obtained as a pushout
along Jo as depicted below left,

H[1] LN X, 4,

B
J{ liu N 5 IR
r
B

Hcinv T> XIH— 1 T)

O ==

where d: B — D is a horizontal morphism in X, and ¢ is a vertically invertible square
in B as depicted above right. Then the horizontal morphism b € X, is a composite
of horizontal morphisms in X, and the freely added horizontal morphism f. By taking
instances of the vertically invertible square ¢ in order to replace the instances of f in the
composite of b by instances of d, we find that there is a horizontal morphism b: JA — JC
in X, and a vertically invertible square ¢ in B as depicted below left.

JA -2 o JA 2% 5o
N @ R N N 1/)||Z ”
JATJC JA?JC

Since b € X,,, by induction, there is a horizontal morphism a: A — C in A and a vertically
invertible square 1 as above left. By setting 8 to be the vertical composite of 1) with ¢,
we get the desired vertically invertible square in B. If b € X,; for a limit ordinal kK < A,
since X,; = colim,,X,,, there is an ordinal u < x such that b € X, and we are done by
induction. This shows (db2) for J and concludes the proof. O

Remark 8.2.9. Note that double functors in J,,—cof also satisfy the conditions of Propo-
sition [8.2.8| since they are retracts of double functors in J,,—cell. We do not prove this
result here since we do not need it.

When the source of a J,,-cofibration is a weakly horizontally invariant double category,
we can further show that (db3) of Definition is satisfied, and hence that every such
Jw-cofibration is a double biequivalence.

Proposition 8.2.10. Let J: A — B be a double functor in Jy,—cell such that A is weakly
horizontally invariant. Then J is a double biequivalence.

Proof. Let J: A — B be in J,—cell. By Proposition[8.2.8] we have that J satisfies (db1-2)
and (db4) of Definition It remains to show (db3) of Definition for J in order
to show that it is a double biequivalence. Let A be an ordinal and let X: A — DblCat be a
transfinite composition of pushouts of double functors in 7, such that J is the composite

J: A2 J(A) =Xo < colim,, X, = B.

Let v: B - B’ be a vertical morphism in B. We show that there is a vertical morphism
u: A -+ A" in A and a weakly horizontally invertible square 3 in B of the form
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JA—— B

J% 5o f

JA — B,

by transfinite induction. If v € Xy = J(A), then there is a vertical morphism u: A o> A’
in A such that Ju = v and we can take 8 = id,. Now suppose that v € X, for a
successor ordinal p+1 < A. If v € X, then we are done by induction. Otherwise, the
double category X1 was obtained as a pushout along Jj as depicted below left,

1 7d’ d’
W L)> X, D % Y
JéJ li,,, wi 6~ fu}
,_ ~
W T> X1 D’ ? Y’

where w: D - D' is a vertical morphism in X,,, d: D = Y and d’: D’ = Y" are horizon-
tal equivalences in X, and ¢ is a weakly horizontally invertible square in B as depicted
above right. Then the vertical morphism v € X411 is a composite of vertical morphisms
in X, and the freely added vertical morphism w. We prove that the result holds for a

composite of the form v = viwvy with vg: B «+ Y and vy: Y’ -« B’ two vertical mor-
phisms in X ;; the other cases where w appears several time in the decomposition of v can
be proven similarly. By induction, since vy, v1, and w are in X,,, there are vertical mor-

phisms ug: A e C, u;: C' e+ A, and t: X e X’ in A and weakly horizontally invertible
squares fBp, 51, and ¢ in B as depicted below.

b b
JA—B JC — Y’ Jx -1 p
JU(& Bo = 5’0 Jmi B1~ f)l th P~ iw
JC ——=Y JA —= B’ JX' = D/
b b} f

Let (df,g,n,¢) and (d'f’,¢',n',€') be horizontal adjoint equivalences in B for the com-
posites df: JX = Y and d'f’: JX' = Y'. Since J satisfies (db2) and (db4) of Defini-
tion there are horizontal equivalences a: C' = X and a’: C' = X’ in A together
with vertically invertible squares 1 and v’ in B as depicted below.

by g b1 g
JC—=Y — JX JCO' — Y — JX'
N Y IR N H P IR H
JC +> JX JC! J;a> JX'

Hence, since A is weakly horizontally invariant, the below left diagram in A can be filled

with a vertical morphism u: C' -+ C’ and a weakly horizontally invertible square a in A
as depicted below right.
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C—X C— X

I

Vol :/ b d ' 2/ X
a a

Finally, by setting u := uiuug: A > A’ and by considering the following pasting of squares
in B

bo
JA B B
J’U,Oi Bo =~ f”o idvg i’l}o
JC——Y e
b()
N ey, H IR K
JC——Y Jx Lap—tiy
m g
N 1/1 103 N ef N €q N
JC Ja x-Lp—i,y

gl

~

JC =5 Y s X o D

fl
” €by H e IR

JWeo——a—=" == 0o

JCo sy /
J’uli b1~ ivl idvl U1
JA B’ !
bl ’

we get a weakly horizontally invertible square of the desired form between the vertical
morphisms Ju = (Jup)(Ju)(Jug) and v = viwvg. Finally, if v € X,; for a limit ordinal
Kk < A, since X, = colim, <X, there is an ordinal u < x such that v € X, and we are done
by induction. This shows (db3) for J, and proves that J is a double biequivalence. U

Remark 8.2.11. If J: A — B is a double functor in J,,—cof such that A is weakly hor-
izontally invariant, then it is a retract of a double functor K: A — C in J,—cell by
Proposition [.2.12 whose source is also A. Hence, by Proposition [8.2.10} the double func-
tor K is a double biequivalence and, since double biequivalences are closed under retract,
this shows that J is also a double biequivalence.

We now want to show that the fibrations in our proposed model structure, whose target
is a weakly horizontally invariant double category, are precisely the [J,,-injectives. We first
show that the class of fibrations is included in J,,—inj.

Lemma 8.2.12. We have that F C J,—inj.

Proof. First note that every double functor in 7, satisfies (dbl-4) of Definition
Hence every double functor in 7, is a double biequivalence and then, by Proposition[8.1.18



134 LYNE MOSER

they are in particular in VW. With this observation and by Remark [8:2.2] we have that
Jw CCNW. It follows that F = (CNW)?2 C T8 = J,—inj. O

To prove that a J,-injective with weakly horizontally invariant target is a fibration,
we first study the weakly horizontally invariant replacement of a trivial cofibration in our
proposed model structure. We first show that it is a cofibration, and then show that it is
actually a [J,-cofibration. We then use the lifting property of our considered J,-injective
with respect to J,—cof to prove that it has the right lifting property with respect to
every trivial cofibration, and hence is a fibration.

We first show that the weakly horizontally invariant replacement of a cofibration which
is fully faithful on squares is a cofibration. This includes the class of trivial cofibrations,
since every weak equivalence in our model structure is fully faithful on squares.

Lemma 8.2.13. Let I: A — B be a double functor in C which is fully faithful on squares.
Then the induced double functor I'"Pi: AWM — BYh s in C = T,,—cof.

Proof. We first prove the result when I is a double functor in Z,,—cell which is fully
faithful on squares. We use Corollary to prove that "M is in Z,,—cell. Since I and
I'"M coincide on underlying horizontal categories by Remark then %M is injective
on objects and faithful on horizontal morphisms, as I is so. Furthermore, the underlying
horizontal category UHB"M = UHB is obtained from the image of UHAYM = UHA
by freely adding objects and then morphisms between objects. It remains to prove that
I"h g faithful on vertical morphisms and that the underlying vertical category UVBYM is
obtained from the image of UVAYM by freely adding objects and then morphisms between
objects. Since [ is in Z,,—cell, the underlying vertical category U VB is obtained from the
image of UVA by freely adding objects and then morphisms between objects. Then, by
construction, the categories UVA"M and UVB"M are obtained from the image of UVA
and UVB, respectively, by freely adding morphisms between objects. Now suppose that

v: B - B' in B"M is freely added to B using a horizontal adjoint equivalence (b, d, 7, €)
in B. If there is a horizontal adjoint equivalence (a, ¢, 7, €) in A such that its image under I
is (b,d,n, €), then (a,c,n’, €') is the unique such in A since [ is injective on objects, faithful
on horizontal morphisms, and fully faithful on squares. Hence the vertical morphism freely
added in A"M using this horizontal adjoint equivalence (a,c,/,€) is the unique vertical
morphism in A"M that is sent to v. This shows that %M is faithful on vertical morphisms.
If there is no horizontal adjoint equivalence in A whose image under I is (b, d,n,€), then
v is freely added in B"™ to the image of A"™M. Hence UVB™M is obtained from the image
of UVA"M by freely adding objects and then morphisms between objects. This shows
that I"M is in Z,,—cell.

Now suppose that I is a double functor in Z,,—cof which is fully faithful on squares.
We factor I as

A ! B
k %
C
with K € Z,,—cell and Q € Z,,—inj. Since both I and @ are fully faithful on squares,
then K is also fully faithful on squares. Since I has the left lifting property with respect
to @, by the retract argument (see Proposition [4.1.6)), we have that I is a retract of K.
Since the replacement (—)"M is functorial, then %" is also a retract of KV, By the first

part of the proof, we have that K"M is in Z,,—cell and hence this shows that I"M is in
Z.,—cof. This concludes the proof. O

We now use this result to prove that the weakly horizontally invariant replacement of
a trivial cofibration is a J,,-cofibration.
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Proposition 8.2.14. Let I: A — B be a double functor in CN'W. Then the induced
double functor whi. Awhi _y gwhi o i 7 —cof.

Proof. Since I € W, 'the induced double functor I"h: AWM — BWhi js 4 double biequiva-
lence. We factor I"M as

whi

Awhi ]4> Bwhi

A

with J € J,—cell and P € J,—inj. Since J: AVR 5 C is a relative Jy,-cell complex with
AV weakly horizontally invariant, then J is a double biequivalence by Proposition
Since both I'"M and .J are double biequivalences, then P is also a double biequivalence,
by 2-out-of-3. Hence P is both a [J,-injective and double biequivalence, and therefore P
is an Zy,-injective by Proposition Since "M, j, and jg are fully faithful on squares
and I"Mj, = jgI, then I is also fully faithful on squares. Hence, by Lemma the
double functor I"M is in Z,,—cof. It follows that "M has the left lifting property with
respect to P € Z,,—inj and, by the retract argument (see Proposition , we get that
I'"hi g a retract of J € J,—cell. This shows that "M is in 7, —cof. O

Finally, we prove that every J,-injective with weakly horizontally invariant target
lifts against every trivial cofibration, by using its lifting property against the weakly
horizontally invariant replacement of such a double functor.

Proposition 8.2.15. Let P: A — B be a double functor with B weakly horizontally
invariant. Then P is in F if and only if P is in Jy,—inj.

Proof. If P is in F, then P is in [J,—inj by Lemma Now suppose that P is in
Jw—inj. We show that P has the right lifting property with every double functor in CNW,
ie,itisin (CNW)¥ = F. Let I: C — D be a double functor in C N W and consider a
commutative square in DblCat of the form

We want to find a lift L: D — A in this diagram. Since B is weakly horizontally invariant,
the double functor B — [0] has the right lifting property with respect to coproducts of
Jy: HE,q; — H= E,q; by Remark Hence there is a lift in the below left diagram.

. LlHorEq(]D)) HEadj —D
LIHorEq(D) HEadj —D - = B UtorEq(p) J4l
- orEq

J]’D
uHorEq(D) J4l -7 r

- K LlHorEq(]D)) H:Eadj T Dwhi
I—lHorEq(]D)) H_Eadj

K

By the universal property of the pushout, there is a unique double functor G: DM 5 B
making the above right diagram commute. Now, since P € J,,—inj, by Proposition [8.2.5
it has the right lifting property with respect to coproducts of Jy: HE.q; — H™E,q;. Hence
there is a lift in the following commutative diagram



136 LYNE MOSER

F

LlHorEq((C) HE&dj C 7 A
I_lHorEq((C) J4J - - ’IE/’ - JP
LlHorEq((C) H:Eadj T1> I-lHorEq(]D) HZEadj — B

where I is the double functor induced from I as described in Construction By the
universal property of the pushout C¥M, there is a unique double functor F': CVM — A
making the following diagram commute.

UHorEq(C) HEadj —C

I_lHorEq((C) J4l J]C
r
I_lHorEq((C) HiE&dj T Ccwhi

Since I"Mje = jpI and I"Mre = Iy, we have GI'Mje = Gjpl = GI = PF = PFj¢
and GIWhiT(C = GTmfl = KI, = PK' = PFT(C. Since such a double functor is unique
by the universal property of the pushout C"™, we get that GIYM = PF and hence the
following diagram commutes.

F

N

(CACWMLA

. At
IJ IWhiJ P/ ’ JP

D — Dvhi — B

U

G

Since I € CNW, then I"M is in J,—cof by Proposition Since P € J,—inj, it
has the right lifting property with respect to "™ and there is a lift L:D"M — A in the
right-hand square of the above dlagram Then the composite L= L]]D) D — A gives the
desired lift since PL = PLjp = Gjp = G and LI = Ljpl = LI"Mjc = Fjc = F. This
shows that P € F and concludes the proof. O

8.3. Remaining of the proof of Theorem We now aim to give the remaining
of the proof of Theorem In other words, we need to show that the pair (CNW, F)
forms a weak factorization system and that the fibrant objects in DblCat are precisely the
weakly horizontally invariant double categories. This second result is a direct consequence
of Proposition [8.2.15

Theorem 8.3.1. A double category A is fibrant, i.e., it is such that the double functor
A — [0] is in F, if and only if it is weakly horizontally invariant.

Proof. We recall from Proposition that a double category A is weakly horizontally
invariant if and only if the double functor A — [0] is in J,,—inj. Then, since [0] is weakly
horizontally invariant, the result follows directly from Proposition [8.2.15 U
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We now show that the weakly horizontally invariant replacements given in Construc-
tion [8.1.9] are fibrant replacements in our model structure. As a consequence of Propo-
sitio since the weakly horizontally invariant replacements js: A — AWM are
Jw-cofibration, we first get the following result.

Proposition 8.3.2. Let A be a weakly horizontally invariant double category. Then the
double functor ja: A — AYM is a double biequivalence.

Proof. Note that, by construction, ju: A — A"M is a double functor in {.J4}—cof. Since
Jw—inj C {J4}—inj by Proposition then we have that

{J4}—cof =2{J,}—inj C BJ,—inj = Jy,—cof.

Hence j, is a Jy,-cofibration with weakly horizontally invariant source, and hence it is a
double biequivalence by Remark |8.2.11 (]

As a corollary of this result, we get that the weakly horizontally invariant replace-
ments ja: A — AP are trivial cofibrations, and hence are fibrant replacements in our
model structure, since the weakly horizontally invariant double categories are precisely
the fibrant double categories by Theorem [8.3.1

Corollary 8.3.3. Let A be a double category. Then the double functor ja: A — AV s
in CNW. In particular, this gives a fibrant replacement of A.

Proof. Note that, using Corollary one can check that Jy: HE,q — HTE.q; is
in Z,,—cof. Since j, is obtained as a pushout of coproducts of J4 and Z,,—cof is closed
under coproducts and pushouts, then jy € Z,,—cof = C. It remains to show that j, € W.
We want to show that (ju)"" is a double biequivalence. Since (j)"™ is defined using
the universal property of pushout, by uniqueness of such a double functor, we can see
that (j4)"™ = j,wni. Since A"M is weakly horizontally invariant, it follows from Propo-
sition [8.3.2] that jywni is a double biequivalence. Hence jy € C N W by definition of W.
Moreover, since ja is in W, and A¥M is fibrant, by Theorem this gives a fibrant
replacement of A. O

We can also prove, using Proposition that every weak equivalence with fibrant
source is in particular a double biequivalence, and this gives a characterization of the
weak equivalences between fibrant objects.

Proposition 8.3.4. Let F': A — B be a double functor with A weakly horizontally in-
variant. Then F is in W if and only if F' is a double biequivalence.

Proof. If F is a double biequivalence, then F is in W by Proposition Now suppose
that F is in W. By definition of W, the induced double functor FWh: AWk _ Bwhi jg 5
double biequivalence. We prove that F satisfies (db1-4) of Definition Since F' and
F¥hi coincide on underlying horizontal categories by Remark and jp is fully faithful
on squares, then F satisfies (db1-2) since F' does so. Moreover, since ja, jg, and FYhi are
fully faithful on squares and F¥Mj, = jgF, then F satisfies (db4).

It remains to prove (db3) for F'. By Proposition since A is weakly horizontally
invariant, the double functor js : A — A" is a double biequivalence. Hence the composite

F¥hije o A — BYM s a double biequivalence. Let v: B -»» B’ be a vertical morphism

in B. By (db3) for F*Mj,  there is a vertical morphism u: A «> A’ in A and a weakly
horizontally invertible square 8 in BYM as depicted below left.

FA-2sB FA—2+B
JBFu:FWhijAU$ B =~ fjlﬁ%v FUi B =~ f’
FA' —> B FA' —> B
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Since jpF = F"Mj, and jg is fully faithful on squares, this yields a weakly horizontally
invertible square 3’ in B as depicted above right. This shows (db3) for F' and hence shows
that F' is a double biequivalence. O

We are now ready to finish the proof of Theorem [8.1.15| by proving that the classes of
trivial cofibrations and fibrations form a weak factorization system. We first show that
every double functor can be factored as a trivial cofibration followed by a fibration.

Theorem 8.3.5. Let F': A — B be a double functor. Then there is a factorization of F

N A

C

with I e CNW and P € F.
Proof. Let F: A — B. We consider the induced double functor F¥hi: AW — BWhi and

we factor it as

b
Awhi L RWhi

Y A

with J € J,—cell and P € J,,—inj. Then, by Proposition the double functor P
is also in F since BYM is weakly horizontally invariant. In particular, note that C is also
weakly horizontally invariant, since B"™ is fibrant and P: C — B"M is a fibration, by
Theorem We define D to be the pullback of P along jg, as depicted below.

F

Al Kk
JAJ D = B

J
Awhi WJ Jj B

T ——— phi

Since P’ is a pullback of P € F, it is also in F.

We now show that 7: D — C is in W. For this, we construct a fibrant replacement
#: D¥M — C for 7 such that 7 = 7#jp and then show that # is a double biequivalence.
Since double biequivalences are contained in VW by Proposition and the double
functor jp: D — DYM is in W by Corollary this would imply that 7 is in W as
well. Consider the set HorEq(ID) of horizontal adjoint equivalences in D). Then, the image
under K of the set HorEq(A) of horizontal adjoint equivalences in A, which we denote by
S, is contained in HorEq(D). Let 7' = HorEq(D) \ S be the complement of S. Then, since
C is weakly horizontally invariant, by Remark the double functor C — [0] has the
right lifting property with respect to coproducts of Jy: HE.q; — H™E,q; and the identity
on H=FE,qj. Hence there is a lift in the following diagram.

~ . J
(Us H= Eagy) U(Lp HEaq5) — AYM || D iﬁ C

(U idsi~p0) LUy J“)l U

USUT:HorEq(]D)) H= Eadj
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Then, by the universal property of the pushout D"M, there is a unique double functor
#: DVM — C making the following diagram commute,

Utiorkq) HEadj ——— D

I_lHorEq(]D) J4J/ J]D
r
LlHorEq(lD)) HiEadj T Dwhi

L

where the outer square commutes by definition of L and since 71K = Jja. Then, since
K"hij, = jpK and K"Mry = mpKy, we have that #K"Mj, = #jpK = 7K = Jja and
KM, = 7K = LK, = J7a. Since such a double functor is unique by the universal
property of the pushout A"™M, we have the relation #K"M = J,

We now show that 7 satisfies (db1-4) of Definition of a double biequivalence.
First note that =« is fully faithful on squares, as it is a pullback of the double functor
jg: B — BYM which is fully faithful on squares, and double functors which are fully
faithful on squares are precisely the double functors with the right lifting property with
respect to I4: 0S — S and I5: So — S of Notation [8.1.1] Hence, since #jp = 7 and jp, 7
are fully faithful on squares, then so is #, i.e., it satisfies (db4). Then, since J: A"M — C
is in J,—cell and A"M is weakly horizontally invariant, then .J is a double biequivalence
by Proposition and (dbl-3) for 7 follow from the fact that J satisfies (dbl-3).
Indeed, if C is an object in C, then, by (dbl) for .J, there is an object A € A¥M together
with a horizontal equivalence ¢: C = JA = #K"M A in C, and this gives (dbl) for . We
can prove (db2-3) for 7 in a similar manner. This shows that 7 is a double biequivalence,
and hence that 7 is in W.

Finally, since J is a double biequivalence, it is in W by Proposition Moreover,
the double functor j: A — A"M is in W by Corollary Hence, since ja, J, and 7
are in W and 7K = Jjp, then K is also in W by 2-out-of-3. We factor K as

A K D
x %
E
with I € Z,,—cell C C and Q € Z,—inj. Then ) € W by Proposition and, by

2-out-of-3, we have that I € C N W. Since @ is also in F by Proposition and
F = P'K, this gives a factorization of F' as

A 4 B
. _Fa
E

with 7 € CN'W and P'Q € F, which concludes the proof. O

As a direct consequence of this result, we get that the trivial cofibrations are precisely
the double functors which have the left lifting property with respect to all fibrations.

Corollary 8.3.6. We have that CNW =YF.

Proof. By definition of F, we already know that CN W C U F. It remains to show that
WFEFCCNW. Let F: A — B be a double functor in 2F. By Theorem there is a
factorization of F' as
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A 4 B
S~

with 7 € CNW and P € F. Since F has the left lifting property with respect to P, by
the retract argument (see Proposition , we get that F'is a retract of I € CNW and,
since C N W is closed under retracts by Remark then F' € C N W. This concludes
the proof that CN'W =¥ F. O

Remark 8.3.7. This shows that J,,—cof C CNW. Indeed, we have that F C [J,—inj by
Lemma [8.2.12, and hence we get that J,—cof =97, —inj CYF =CNW.

8.4. Quillen pairs with 2Cat and the first model structure on DblCat. We now
turn our attention to the relation of this new model structure on DblCat with the first
model structure on DblCat constructed in Theorem [7.1.3]and with Lack’s model structure
on 2Cat. The identity functor on DblCat induces a Quillen pair between our two model
structures on DblCat, and further shows that the homotopy theory of weakly horizontally
invariant double categories is included into that of double categories. As for its relation
with Lack’s model structure on 2Cat, while the horizontal embedding H: 2Cat — DblCat
is still left Quillen, it is not right Quillen anymore. However, its more homotopical version
H~: 2Cat — DblCat (see Definition provides such a right Quillen functor. In
particular, the double category H~A associated to a 2-category A is weakly horizontally
invariant and provides a fibrant replacement of the horizontal double category H.A.

We first show that the identity adjunction is a Quillen reflection, embedding the ho-
motopy of weakly horizontally invariant double categories into that of double categories.

Theorem 8.4.1. The identity adjunction
id
T~
DblCatypi 1 DblCat
~_ 7
id
is a Quillen reflection, where DblCat is endowed with the model structure of Theorem[7.1.3

and DblCatyy; s endowed with the model structure of Theorem for weakly hori-
zontally invariant double categories.

Proof. We first show that the sets Z and J of generating cofibrations and trivial cofi-
brations of DblCat introduced in Notation are included in Z,,—cof and J,—cof,
respectively, where the sets Z,, and J,, are the sets given in Notations [8.1.1] and [8.2.1]
respectively. First note that the double functors Iy, Is, I4, and I5 of Z are also elements
of Z,,. Then the double functor I3: ) — V2 in Z can be decomposed as

0 =000 8 0w — 2 v,

where I LI} and I} are in Z,,—cof, since Z,,—cof is closed under coproducts and I, I} are
in Z,,, by definition. This shows that I3 € Z,,—cof, and hence that Z C Z,,—cof. On the
other hand, the double functors J; and Jy of J are also elements of 7,,. Then the double
functor J3: V[1] = W = HE,q; x V[1] in J can be obtained as a retract of J3: W~ — W
of J,, as follows,
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where the double functor I: V[1] — W~ sends the non trivial vertical morphism of V[1]
to the non trivial vertical morphism in W~ and the double functor R: W~ — V[1] sends
the non trivial vertical morphism of W~ to the non trivial vertical morphism in V[1] and
the two horizontal adjoint equivalences to identities. This shows that Js € J,—cof, and
hence that J C J,,—cof.

With these results, we can show that the left adjoint id: DblCat — DblCatyy; is left
Quillen. Indeed, it sends every generating cofibration in Z to a cofibration in DblCatyy;,
i.e., a double functor in C = Z,,—cof, and it sends every generating trivial cofibration in J
to a double functor in J,,—cof, which is included in the class C N W of trivial cofibrations
in DblCatyni, by Remark

It remains to show that the derived counit is level-wise a weak equivalence in DblCatyp;.
Let A be a fibrant double category in DblCatyp;. Then the component of the derived
counit at A is given by the cofibrant replacement g4 : A® — A in the first model structure
on DblCat. In particular, the double functor g, is a double biequivalence, and hence
a weak equivalence in DblCatyn; by Proposition [8.1.181 This shows that the identity
adjunction is a Quillen reflection. O

However, the identity adjunction does not induce a Quillen equivalence between the
two model structures on DblCat, as shown in the following remark.

Remark 8.4.2. The derived unit is not a level-wise double biequivalence. To see this, first
note that the component of the derived unit at a cofibrant double category A in the model
structure on DblCat of Theorem is given by a fibrant replacement ja: A — AS in
the model structure on DblCat of Theorem for weakly horizontally invariant double
categories. In particular, we can consider the weakly horizontally invariant replacement
ja: A — AR given in Construction by Corollary We need to show that this
weakly horizontally invariant replacement is not always a double biequivalence. To see
this, let A be the double category spanned by the following data,

Bl/

where a comes with horizontal adjoint equivalence data (a,c,n,€). Note that, by Theo-
rem the double category A is cofibrant in the model structure on DblCat of The-
orem The double category AVI! is obtained from A by adding H™FE,q;-data ex-
tending the horizontal adjoint equivalence (a,c,n,€). In particular, a vertical morphism
u: A’ - B’ gets freely added to A"™. Then the composite wuv: A -+ B” in A" does
not admit a lift as required by (db3) of Definition since there are no vertical mor-
phisms between the objects A and B” in A. Hence j4 is not a double biequivalence, which
proves the desired result.
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First, as a direct consequence of the Quillen pair between the two model structures
on DblCat and the fact that H 4 H is a Quillen pair between Lack’s model structure
on 2Cat and the first model structure on DblCat, we get that H 4 H is also a Quillen
pair between 2Cat and the model structure on DblCat for weakly horizontally invariant
double categories. Furthermore, it is a Quillen co-reflection.

Theorem 8.4.3. The adjunction
H

L
DblCat L  2Cat
~_ 7
H

is a Quillen co-reflection, where 2Cat is endowed with the model structure of Theo-

rem and DblCat is endowed with the model structure of Theorem [8.1.15]

Proof. The fact that it is a Quillen pair follows directly from Theorems [7.4.1] and [8.4.1]
We now show that the derived unit is level-wise a biequivalence. Let A be a cofibrant
2-category. Then the component of the derived unit at A is given by the underlying hori-
zontal 2-functor of a fibrant replacement Hjg 4: A = HHA — H(HA)/ of the horizontal
double category H.A in DblCat. In particular, if we consider the fibrant replacement given
by in Construction (see also Corollary , it does not change the underlying hor-
izontal 2-category of HA by Remark Hence, the 2-functor Hjp4 is an identity,
and in particular a biequivalence. This shows that H 4 H is a Quillen co-reflection. [

Remark 8.4.4. By the above theorem, we have that the functor H: 2Cat — DblCat pre-
serves cofibrations. Note that the functor H also reflects cofibrations. Indeed, given a
2-functor F: A — B, if HF: HA — HB is a cofibration in DblCat, then its underlying
horizontal functor UHHF has the left lifting property with respect to all surjective on
objects and full functors by Theorem [8.1.4] and, since UHHF = UF, this proves Theo-
rem for F'. Hence F is a cofibration in 2Cat.

While the functor H: 2Cat — DblCat is still left Quillen with respect to this new
model structure on DblCat, it is not right Quillen anymore, as not every double category
is fibrant.

Remark 8.4.5. The functor H: 2Cat — DblCat is not right Quillen with respect to the
model structure on 2Cat of Theorem and the model structure on DblCat of The-
orem To see this, consider the 2-category E,q; given by the “free-living adjoint
equivalence”. Then its associated horizontal double category HE,q; is not weakly horizon-
tally invariant. Indeed, there is no vertical morphism in HE,q; filling the below diagram,
since there are only trivial vertical morphisms in HE,g;.

1 1

Therefore H does not preserve fibrant objects, as every 2-category is fibrant, and the
fibrant double categories are the weakly horizontally invariant ones by Theorem [8.3.1]

We now show that the more homotopical version H~ of H is a right Quillen functor.
For this, we first show that the double category H~A associated to a 2-category A is
weakly horizontally invariant.

Proposition 8.4.6. Let A be a 2-category. Then the double category H™A is weakly
horizontally invariant.
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~

Proof. Let a: A = C and a’: A’ = C' be horizontal equivalences in H¥A, i.e., equiva-
lence in A, and let w: C' -e» C’ be a vertical morphism in H~A, i.e., an adjoint equivalence
w: C = " in A. Let us fix adjoint equivalence data (a,c,n,¢) and (a/,c,1/,€) in A for a
and a’. We set u: A > A’ to be the vertical morphism in H=A corresponding to the fol-
lowing composite of adjoint equivalences in A

Then, the 2-isomorphism « = 'wa: wa = a/cwa = a’u induced by the counit € yields a
weakly horizontally invertible square in H=A as depicted below by Lemma [3.6.8

A—2sC

qu a/é ziw

A=

This shows that H™A is weakly horizontally invariant. O

We now show that the double functor H™ is a Quillen reflection.

Theorem 8.4.7. The adjunction

T~
2Cat L  DblCat
~_ 7
HZ

@

1s a Quillen reflection, where 2Cat is endowed with the model structure of Theorem|6.1.5
and DblCat is endowed with the model structure of Theorem |8.1.15

Proof. We show that H~: 2Cat — DblCat preserves fibrations and trivial fibrations.
Let F: A — B be a Lack fibration in 2Cat. We show that H-F: H~A — H~B is a
fibration in DblCat. By Proposition [8.2.15] since H™B is weakly horizontally invariant
by Proposition then H™ F' is a fibration in DblCat if and only if it is a [J,-injective.
Hence, we need to prove that H™F satisfies (df1-2) of Definition and (df3’) of
Proposition [8.2.4l Since HH™F = F' is a Lack fibration in 2Cat, we have that H~F
satisfies (df1-2) by Remark It remains to prove (df3’). Let w: C -e» C' be a vertical
morphism in H¥A, i.e., an adjoint equivalence w: C = C’ in A, and let a: A = C and
a': A' = C' be horizontal equivalences in H™A, i.e., equivalences in A. Suppose that
we have a weakly horizontally invertible square 8 in H™B, i.e., a 2-isomorphism in B by
Lemma [3.6.8] as follows.

FA LS po

vJu 5/4 ZJFw

FA — FC'
Fa

Let (¢/,d’,n,€) be an adjoint equivalence data for a’, and let § be the 2-isomorphism in B
given by the below left pasting.
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rA-t% po A—25C
T 1o T
Fd =
FA — FC' u !
Fe)/ ,
FA A *,fC"
a

By (f2) of Definition for F' applied to ¢, we get a morphism u: A — A" in A and a
2-isomorphism @: dwa = u in A such that 6 = Fa. Note that u is an equivalence in A
since u is isomorphic to the equivalence ¢’wa. Therefore, it induces a vertical morphism

u: A > A" in H¥ A by choosing an adjoint equivalence data for u. We set a: wa = a’u to
be the above right pasting composite. Then, by the triangle identities for (n,€) and the
fact that 6 = F'a, we get that § = Fa. Hence a gives a weakly horizontally invertible
square in H=A such that § = (H™F)a«, as desired. This shows that H=F' is a fibration
in DblCat.

Now let F': A — B be a trivial fibration in 2Cat. By Proposition [6.1.11], we directly
get that H™ F' is surjective on objects, full on horizontal morphisms, and fully faithful
on squares, as these latter are just coming from 2-morphisms in A and 5. Fullness on
vertical morphisms follows from the fact that F' is full on morphisms and fully faithful
on squares, and therefore, by Lemma [6.1.10} a lift of an adjoint equivalence is an adjoint
equivalence. This shows that H™F' is a trivial fibration in DblCat by Proposition [8.1.2
and hence that H~ is right Quillen.

It remains to show that the derived counit is level-wise a biequivalence. Let A be a
2-category. Let qu=~4: (HTA)¢ — H™A denote the cofibrant replacement of H~A con-
structed as follows. The double category (H~.4)¢ has the same objects as .4; it has a copy
@ for each morphism a in A and horizontal morphisms in (H~.A)¢ are given by free com-
posites of @’s; it has a copy @ for each adjoint equivalence u in A and vertical morphisms
in (H=.A)¢ are given by free composites of @’s; and squares in (H~.A)¢ are given by squares
of H=.A whose boundaries are the actual composites in H~A of the representative of the
free composites. This double category is indeed cofibrant, as its underlying horizontal
and vertical categories are free, and the projection gg~4: (H¥A)¢ — H™A is a trivial
fibration in DblCat since it clearly satisfies the conditions of Proposition [8.1.2] Then, the
derived counit

L=qu~
LH(H~A)° — 25 g g —2 4

is a trivial fibration in 2Cat. Indeed, the 2-category L~(H~.A)¢ is obtained from A as
follows. It has the same objects as A; there is a copy @ for each morphism a in A and
a copy u for each adjoint equivalence u in A, and morphisms in L= (H~A)¢ are given by
free composites of @’s and u’s; and 2-morphisms in L= (H~.A)¢ are given by 2-morphisms
in A whose boundaries are the actual composites in A of the representatives of the free
composites. With this description, we can see that the derived counit at A is a trivial
fibration in 2Cat as it clearly satisfies the conditions of Proposition In particular,
it is a biequivalence. This shows that L™ 4 H™ is a Quillen reflection. U

Remark 8.4.8. The components of the derived unit of the adjunction L=~ - H~ are not
weak equivalences in DblCat in general. To see this, consider the double category V1]
free on a vertical morphism. Then V[1] is cofibrant in DblCat by Corollary and
we have that H¥L=V[1] = H~E,qg;. Since all objects are fibrant in 2Cat, the component
of the derived unit at V[1] is given by the inclusion nypj: V[1] — H~E,q; sending the
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non trivial vertical morphism of V[1] to the vertical morphism of H~ F,q; represented by

the adjoint equivalence 0 = 1 in FE,qj. Furthermore, since V[1] is weakly horizontally
invariant, it is enough to see that nyy: V[1] — H=E,q; is not a double biequivalence, to
show that it is not a weak equivalence in DblCat, by Proposition Since V[1] and
H= F,q; have the same objects 0 and 1, but H~ E,4; has non trivial horizontal morphisms
between 0 and 1, then 7y can not satisfy (db2) of Definition and therefore it is
not a double biequivalence.

We now prove that the functor H= provides a level-wise fibrant replacement of H in
the model structure on DblCat for weakly horizontally invariant double categories.

Theorem 8.4.9. Let A be a 2-category. The inclusion double functor J,: HA — H~A
is a double biequivalence. In particular, this exhibits H=A as a fibrant replacement of H.A
in the model structure on DblCat of Theorem [8.1.15

Proof. We show that the inclusion double functor J: HA — H~A satisfies (dbl-4) of
Definition Since HHA = A = HH™ A, the inclusion J 4 is the identity on underlying
horizontal 2-categories. Since H.A is completely determined by its underlying horizontal
2-category, it follows that J4 satisfies (db1-2) and (db4). It remains to show (db3). Let

u: A > A’ be a vertical morphism in H¥A, i.e., an adjoint equivalence u: A = A’ in A.
Then the following square

A=——A
g .

A— A

Ja(ea)

gives a weakly horizontally invertible square in H~A as required. This shows that J4 is a
double biequivalence and hence it is a weak equivalence in DblCat by Proposition [8.1.18
O

As a direct consequence of this result and the Quillen reflection between the two model
structures on DblCat, we get the following result.
Corollary 8.4.10. The adjunction
Lﬁ
S
2Cat L DblCat
~__ 7
H=

is a Quillen reflection, where 2Cat is endowed with the model structure of Theorem|[6.1.5
and DblCat is endowed with the model structure of Theorem [7.1.3

Proof. This follows directly from Theorems [8:4.1] and [8.4.7} O

While Theorem implies that H~: 2Cat — DblCat preserves weak equivalences
and fibrations, the following result implies that it further reflects weak equivalences and
fibrations. Hence the model structure on 2Cat is completely determined from the model

structure on DblCat for weakly horizontally invariant double categories through its image
under H~.

Theorem 8.4.11. The model structure on 2Cat of Theorem is right-induced along
the adjunction

L T~
2Cat L DblCat
N
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from the model structure on DblCat of Theorem [8.1.15

Proof. We need to show that a 2-functor F'is a biequivalence (resp. Lack fibration) in 2Cat
if and only if the double functor HF' is a weak equivalence (resp. fibration) in DblCat.
Since the functor H™ is right Quillen by Theorem [8.4.7] it preserves fibrations and, since
all objects in 2Cat are fibrant, it preserves weak equivalences by Corollary [£.4.7] This
shows that, if F' is a biequivalence (resp. Lack fibration) in 2Cat, then H~F is a weak
equivalence (resp. fibration) in DblCat. Conversely, if HTF' is a weak equivalence in
DblCat, then it is a double biequivalence by Proposition [8:3.4] since its source is weakly
horizontally invariant by Proposition Hence HH=F' = F is a biequivalence in 2Cat
by Proposition Finally, if H=F is a fibration in DblCat, then it is a J,-injective by
Proposition [8.2.15] since its target is weakly horizontally invariant by Proposition [8.4.6]
Hence HH~F = F'is a Lack fibration in 2Cat by Remark since F' satisfies (df1-2)
of Definition [7:2.6] by Proposition [8:2.:4] Therefore, the model structure on 2Cat is right-
induced along H~ from that on DblCat. O

Finally, by composing the Quillen reflection P 4 D between Cat and 2Cat with the
Quillen reflection L™ - H™ between 2Cat and DblCat, we get the following result.

Corollary 8.4.12. The adjunction
PL=

T~
Cat L  DblCat
~_
H=D
is a Quillen reflection, where Cat is endowed with the model structure of Theorem[6.1.
and DblCat is endowed with the model structure of Theorem|8.1.15
Proof. This follows directly from Theorems [8.4.7 and [6.1.14] O

As the canonical model structure on Cat is right-induced along D from Lack’s model
structure on 2Cat and this latter is right-induced along H™ from the model structure
on DblCat for weakly horizontally invariant double categories, we get the following result.

Corollary 8.4.13. The model structure on Cat of Theorem [0.1.5 is right-induced along
the adjunction

PL=
T~
Cat L  DblCat
~_
H~D
from the model structure on DblCat of Theorem [8.1.15.
Proof. This follows directly from Theorems [8.4.11] and [6.1.16] O

8.5. Monoidality. We now turn our attention to the monoidality of the model structure

on DblCat for weakly horizontally invariant double categories. By a similar argument to

the one in Remark [7.5.1] we can also show that this new model structure on DblCat is not

monoidal with respect to the cartesian product. However, by fixing the asymmetry be-

tween the horizontal and vertical directions, as we show in this section, it is monoidal with

respect to the Gray tensor product ®q, on DblCat, as introduced in Proposition [3.3.5)
We first give a description of the Gray tensor product of two double categories.

Description 8.5.1. Let A and X be double categories. Their Gray tensor product A®q, X
is the double category described by the following data:
(i) an object in A ®¢, X is a pair (A, X) of an object A € A and an object X € X
(ii) horizontal morphisms in A ®g; X are generated by the following horizontal mor-
phisms:
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e a horizontal morphism (a,X): (4,X) — (C,X), for each pair (a,X) of a
horizontal morphism a: A — C in A and an object X € X, and
e a horizontal morphism (A,z): (4, X) — (A4, Z), for each pair (4, z) of an
object A € A and a horizontal morphism z: X — Z in X
(iii) vertical morphisms in A ®¢; X are generated by the following vertical morphisms:
e a vertical morphism (u, X): (A, X) - (4’, X'), for each pair (u, X) of a ver-
tical morphism u: A -+ A’ in A and an object X € X, and
e a vertical morphism (A,t): (4, X) - (A, Z), for each pair (A,t) of an object
A € A and a vertical morphism ¢: X - Z in X
(iv) squares in A ®q; X are generated by the following squares:
e a square (o, X) as below left, for each pair (a, X) of a square a: (u & w)
in A and an object X € X, and a square (4, X) as below right, for each pair
(A, x) of an object A € A and a square x: (¢} v) in X,

(&, X) (4,2)

(A, X) =~ (C,X) (A, X) =5 (A, 2)
(uvxﬁ (o, X) i(m) <A,t>$ (4,%) i(Avv)
(A X) == (¢, X) (4, X7) =, (A, Z7)

(d, X) (4, 2")

e a square (a,t) as below left, for each pair (a,t) of a horizontal morphism
a: A — Cin A and a vertical morphism ¢: X -+ X’ in X, and a square (u, x)
as below right, for each pair (u,z) of a vertical morphism u: A - A" in A
and a horizontal morphism z: X — Z in X,

(¢, X) (4,2)

(A, X)— (C, X) (A, X)) — (A, 2)
(A,t)i (a,t) i(C,t) (u,X)i (u, ) i(u,Z)

A, X/ C, X' A A7

(AX) 2, (CX) (AX) o (4. 2)

e a vertically invertible square (a, ) as below, for each pair (a, ) of a horizontal
morphism a: A — C in A and a horizontal morphism z: X — Z in X

4,x) "%, x) %Y (¢, 2)
H (a,z) IR H
(A.X) 3 (4.2) — (€.2)

e a horizontally invertible square (u, t) as below, for each pair (u,t) of a vertical

morphism u: A s> A’ in A and a vertical morphism ¢: X - X’ in X.
(4, X) — (4, X)

(u,X)i i(A t)

(A4.) 5 (4. X))
(Alvt)i i(uv X')
(4, X') = (4, X)

subject to conditions which are equivalent to requiring that the below double
functor Iy x: A ®q, X — A x X is fully faithful on squares.
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There is a double functor Il x: A ®gr X — A x X, which is the identity on objects,
sends the generating horizontal morphisms (a, X) and (A4, x) of A ®q; X to the horizontal
morphisms (a,idx) and (id4,z) in A x X, respectively, sends the generating vertical
morphisms (u, X) and (A4,t) of A ®q, X to the vertical morphisms (u,ex) and (ea,t)
in A x X, respectively, and sends the generating squares (a, X), (4,x), (a,t), (u,z),
(a,z), and (u,t) of A®q, X to the squares (o, Ox), (O, x), (€q,ids), (idu, €x), (4,4, and
id(, ) in A X X, respectively.

As in Lemma dealing with the case of the tensor product for 2-categories, we can
show that this projection double functor Iy x: A ®q, X — A x X is a trivial fibration in
the model structure on DblCat for weakly horizontally invariant double categories.

Lemma 8.5.2. Let A and X be double categories. Then the projection double functor
My x: A®gr X — A x X is a trivial fibration in the model structure on DblCat of Theo-
rem 8. 1. 19l

Proof. To show that II, x is a trivial fibration, we use the characterization in Proposi-
tion [8.1.2} Since T x is the identity on objects, it is clearly surjective on objects. Given
a horizontal morphism (a,z): (4,X) — (C,Z) in A x X, the composite

A, %)Y e, x) %Y, 2)

of horizontal morphisms in A ®¢, X is sent by IIp x to (a,z), which shows that II4 x is
full on horizontal morphisms. Now, given a vertical morphism (u,t): (A, X) e (A’, X’)
in A x X, the composite

(u, X)

(A1)
(4, X) —o> (A, X) e

(A, X")

of vertical morphisms in A ®q, X is sent by II4 x to (u,t), which shows that Il x is full
on vertical morphisms. Fully faithfulness on squares holds by Description m (iv). O

As a consequence, we get the following lemma.

Lemma 8.5.3. Let A and B be double categories, and let F': A — B be a double biequiv-
alence. Then, for every double category X, the induced double functors

Fxidg: AXxX—=>BxX and FRqridx: AR X = BRa: X
are also double biequivalences.

Proof. Let X be a double category. It is straightforward to see that (dbl-4) of Defini-
tion hold for the double functor F' x idx: A x X — B x X since they hold for F.
Therefore F' x idx is a double biequivalence.

Then, the double functors IIp x: A ®c, X = A x X and [Igx: B ®q, X — B x X are
trivial fibrations, by Lemma and hence they are in particular double biequivalences
by Proposition Since the following diagram commutes

F &g, id
A®c X 20 B oL X

HA,}{ JHB,X

AXXWBXX

and F' x idx is a double biequivalence, it follows by 2-out-of-3 that F' ®g; idx is also a
double biequivalence. O
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Using this result, we can show that the same results holds for a general weak equivalence
in the model structure on DblCat for weakly horizontally invariant double categories. For
this we first need to show that A"M x XWh is a weakly horizontally invariant replacement
of the product of the double categories A and X.

Lemma 8.5.4. Let A and X be double categories. Then the double category AWM x XWhi
is weakly horizontally invariant and the double functor ja X jx: A x X — AWP x XWhi 4
a weak equivalence in the model structure on DblCat of Theorem where ju and
Jx are the double functors introduced in Construction [8.1.9. In particular, this gives a
fibrant replacement of A x X.

Proof. First note that, since A¥M and X%M are weakly horizontally invariant, they are
fibrant, and hence their product A" x X¥hi is also fibrant, i.e., it is weakly horizontally
invariant, by Theorem [8.3.1

By Construction [8.1.9] the projections ma: A x X — A and 7x: A x X — X induce
double functors 7 : (A x X)Whi — AWB and 7¥hi: (A x X)Whi — XWhi between the weakly
horizontally invarlant replacements. Hence thls yields a commutative triangle

AxX

]Ax/ \T Jx

(AXX Whl —>AWhl XXWhl.

( ﬂ.X}u 7T§’th’)

Since jaxx is a weak equivalence by Corollary [8:3.3] to show that jy x jx is a weak
equivalence, it is enough to show that (7} whi 7T§§Vh1) is a weak equivalence by 2-out-of-3.
For this, we show that (7'M, a¥h) is a tr1v1al fibration using Proposition First
note that (7P, 7¥hi) is the identity on underlying horizontal categories, and it is fully
faithful on squares since jaxx and ja x jx are so. Hence (7'M, 7¥M) is clearly surjective
on objects, full on horizontal morphisms, and fully faithful on squares. It remains to
show that it is full on vertical morphisms. However, by studying the weakly horizontally
invariant replacements, we can see that all the vertical morphisms that were freely added
to AP x XWhi from the image of A x X were also freely added to (A x X)¥! from the image
of A x X. Hence it is clear that (7} whi nghl) is full on vertical morphisms. In particular,

this shows that (7'M, 7¥h) is a Weak equivalence, and hence that so is ja X jx. O

Corollary 8.5.5. Let A and B be double categories, and let F': A — B be a weak equiv-
alence in the model structure on DblCat of Theorem [8.1.15. Then, for every double
category X, the induced double functors

Fxidg: AXxX—>BxX and F Qqridx: A Qcr X = B ®ar X
are also weak equivalences in DblCat.

Proof. Let F': A — B be a weak equivalence in DblCat. By definition, the weakly horizon-
tally invariant replacement F¥M: AWM 5 B¥hi i 5 double biequivalence. We show that
Fxidx: AxX — B xXis a weak equivalence by showing that it induces a double biequiv-
alence between the fibrant replacements of A x X and B x X constructed in Lemma [8.5.4]
In other words, we need to show that F™M x idywni : AWM x XWhi _y Bwhi o xwhi s 5 dou-
ble biequivalence, which is the case by Lemma since F"M is a double biequivalence.
This shows that F' x idx is a weak equivalence, by 2-out-of-3, since ja X jx, jB X jx, and
Fwhi idgxwni are weak equivalences. We can then deduce that F' ®¢, idx is also a weak
equivalence as in Lemma since the trivial fibrations II4 x and Ilp x are in particular
weak equivalences. O
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This allows us to prove that the model structure on DblCat for weakly horizontally
invariant double categories is monoidal with respect to the Gray tensor product, inspired
by the proof of Theorem [6.3.5]showing the monoidality of Lack’s model structure on 2Cat.

Theorem 8.5.6. The model structure on DblCat of Theorem is momnoidal with
respect to the Gray tensor product ®gy.

Proof. We first show that the pushout-product I Ug,, J is a cofibration in DblCat, when-
ever I and J are cofibrations in DblCat. By Remark [£.5.7] it is enough to show the result
when I and J are in the set of generating cofibrations Z,, = {I1, I, I5, I4, Is} described
in Notation [8.I.1} Furthermore, note that I Qg J = JOg,, I since the Gray tensor
product is symmetric, and therefore it is enough to show the result for one of the two
pushout-products.

Suppose that I = I;: 0 — [0]. Since 0 ®cr A = 0 and [0] ®a, A = A for every
double category A, then I; g, J = J and it is a cofibration, for every J € Z,,. Now
suppose that I is one of the generating cofibrations Iy: 6S — S or I5: So — S. Then [
is an isomorphism on underlying horizontal and vertical categories. Since UH and UV
preserve pushouts and the underlying horizontal and vertical categories of the Gray tensor
product A ®q,; B only depends on the underlying horizontal and vertical categories of A
and B, for every pair of double categories A and B, it follows that the functors

UH(IOgg, J): UHD ®c:B) ||  UH(S®c: A) — UH(S ®c: B),
UH(D®gA)

UV(IOge, J): UV(D®GB) || UV(S@a A) = UV(S & B)
UV (D2 A)

are isomorphisms of categories, where D is either S or So, and J: A — Bisin {Ia, I}, Iy, I5}.
It follows from Corollary that I Og,, J is a cofibration. It remains to show that
I0g., J is a cofibration for I,J € {I,I5}. The pushout-product IoOg, I is given
by the boundary inclusion 0(H[1] ®¢q, H[1]) — H[1] ®q, H[1], where 6(H[1] ®q, H[1]) is
the double subcategory of H[1] ®¢, H[1] where we removed the non trivial squares. Simi-
larly, the pushout-products I Og,, I5 and I3 Og,,, 14 are given by the boundary inclusions
d(H[1] ®q, V[1]) — H[1] ®¢, V[1] and §(V[1] ®@q; V[1]) — V[1] ®@q; V[1], respectively. Since
these three pushout-products induce isomorphisms on underlying horizontal and verti-
cal categories, they are cofibrations by Corollary This shows that [Og, J is a
cofibration in DblCat whenever I and J are cofibrations in DblCat.

We now show that the pushout-product I g, J is a trivial cofibration in DblCat,
whenever [ is a cofibration in DblCat and J: A — B is a trivial cofibration in DblCat.
Again, it is enough to show the result for I € Z,,. Note that all domains of the gener-
ating cofibrations in Z,, are cofibrant by Corollary since they have free underlying
horizontal and vertical categories. Therefore, the generating cofibration I € Z,, is of the
form I: D — E with D cofibrant. By Corollary the double functors idp ®¢, J and
idg ®q, J are weak equivalences, since J is a weak equivalence. Furthermore, since D is
cofibrant, J is a cofibration, and idp ®q, J = (0 = D) Og,,, J, it follows by the first part
of the proof that idp ®q, J is a cofibration in DblCat. Consider the following diagram.

idp ®ar J
%D@)Grﬁ

~

I ®Gr ldAJ J{
- I ®@¢, idp

K
(—>
E®ar A =~ P\\]\D%‘J

D@GrA

~

idg ®cr J
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Since trivial cofibrations are closed under pushouts and idp ®¢q, J is a trivial cofibration
by the above discussion, then K is also a trivial cofibration. Then I g, J is a weak
equivalence by 2-out-of-3 applied to idg ®qr J = (I Og, J)K. This shows that I Og,,, J
is a trivial cofibration in DblCat whenever I and J are cofibrations in DblCat such that
one of I and J is trivial. This concludes the proof. U

Remark 8.5.7. Recall that, by restricting the Gray tensor product ®q, in one variable
along H: 2Cat — DblCat, we get the tensoring functor ®: DblCat x 2Cat — DblCat
which gives an enrichment of DblCat over 2Cat as in Proposition Since the functor
H is left Quillen by Theorem [8.4.3] as a corollary of Theorem we get that the model
structure on DblCat of Theorem is 2Cat-enriched with respect to the enrichment
given by H[—, —]ps.






PART 1IV.

HOMOTOPY THEORY OF co-ANALOGUES OF
2-DIMENSIONAL CATEGORIES

Higher category theory aims to study more structured objects than categories. Recall
that a category consists of objects and a set morphisms between every pair of objects
such that these morphisms compose associatively. Higher structures on categories can
be obtained by adding higher morphisms, and by weakening the associativity constraint
of the different compositions. As we have seen in Part [[] 2-categories are obtained this
way by also including 2-morphisms between the morphisms, but without changing the
strictness of the associativity constraint for compositions. If this latter is relaxed to a 2-
isomorphism, we obtain a bicategory. Continuing this process up to n-morphisms between
(n — 1)-morphisms, we obtain notions of n-categories and weak n-categories, depending
on whether the compositions of k-morphisms are associative on the nose or up to higher
invertible morphisms, for £ < n. To encode full coherence, it is often convenient to
allow morphisms in all dimensions and, by requiring all k-morphisms to be invertible
for k > n, we obtain the notion of an (0o, n)-category. This latter should be thought of
as a homotopical version of a (weak) n-category.

Higher categories can be obtained using the categorical tools of enrichment and in-
ternalization. As introduced in Section an enriched category is a generalization of a
category where the sets of morphisms are replaced by more structured objects, e.g. cate-
gories, simplicial sets, or topological spaces. In particular, a 2-category is obtained this
way as a category enriched over categories. We can then iterate this process and define an
n-category as a category enriched in (n — 1)-categories. Accordingly, an (oo, n)-category
should be a category enriched in (0o,n — 1)-categories. On the other hand, we recall
that an internal category is a diagram in a category consisting of an object of objects
and an object of morphisms, together with a composition given internally to the ambient
category. In particular, as described in Remark a double category is obtained this
way as an internal category to categories. Moreover, in Remark we have seen that
a 2-category can also be seen as an internal category to categories with discrete category
of objects. Going up in dimensions, an n-category can also be seen as an internal cate-
gory to (n — 1)-categories whose (n — 1)-category of objects is discrete. In this sense, an
(00, n)-category should then correspond to an internal category to (oo, n — 1)-categories
whose (co,n — 1)-category of objects is discrete.

While n-categories are well-defined via these methods, to make sense of a notion of
(00, n)-categories, we need models. The machinery used here is often that of model
categories, presented in Part Model categories were first introduced by Quillen [Qui67]
to axiomatize the homotopy theory of spaces, which are equivalent to (oo, 0)-categories
— also called oco-groupoids — by Grothendieck’s homotopy hypothesis. In particular, the
Kan-Quillen model structure for simplicial sets given in Theorem gives a model
for oo-groupoids. As for (oo, 1)-categories, they were first modeled by quasi-categories,
originally defined by Boardman and Vogt [BV73], and further developed by Joyal [Joy02]
and Lurie [Lur09]. Following the idea that an (oo, 1)-category is an enriched category in
oo-groupoids, another model for (oo, 1)-categories is given by simplicial categories whose
simplicial homs are Kan complexes, as constructed by Bergner [Ber(O7]. In this thesis,
we adopt the other point of view, which sees an (0o, 1)-category as an internal category
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to oco-groupoids with “discrete” oo-groupoid of objects. This is given by the model of
complete Segal spaces, introduced by Rezk [Rez01], where the discreteness condition is
given by a completeness condition implying that the space of objects is weakly equivalent
to the underlying oo-groupoid of the (oo, 1)-category. There are also other models of
(00, 1)-categories and these were all shown to be equivalent.

Going one dimension up, we now want to describe co-analogues of the 2-dimensional
categories introduced in Part [[] For this, we adopt the point of view that a double cat-
egory is an internal category to categories and that a 2-category is also such a structure
with discrete category of objects. Hence, we define a double (oo, 1)-category as an internal
category to (0o, 1)-categories modeled by complete Segal spaces. In particular, this cor-
responds to the notion of Segal objects in complete Segal spaces introduced by Haugseng
in [Haul3| as a model for double (0o, 1)-categories. However, in this thesis, since we want
to consider (0o, 2)-categories as horizontally embedded in double (oo, 1)-categories, we
require the completeness condition to hold in the horizontal direction, rather than in the
vertical direction as in Haugseng’s definition. Then, an (oo, 2)-category can be defined as
a complete Segal object in complete Segal spaces whose complete Segal space of objects
is essentially constant. This model of (0o, 2)-categories was introduced by Barwick in
[Bar05] under the name of 2-fold complete Segal spaces. In particular, both models of
double (oo, 1)-categories and 2-fold complete Segal spaces are obtained as a left Bous-
field localization (see Section of the Reedy model structure on bisimplicial spaces.
Moreover, the (0o, 2)-categorical model is a localization of the double (oo, 1)-categorical
model, which gives us the desired “horizontal embedding” of (00, 2)-categories into double
(00, 1)-categories.

In Section[9} we first recall the main features of the Reedy model structure on simplicial
spaces, and then localize this model structure in order to obtain a model structure for
complete Segal spaces. Then, in Section [10] after introducing the Reedy model structure
on bisimplicial spaces, we localize it to obtain the two desired models of double (o0, 1)-
categories, and (00, 2)-categories in the form of 2-fold complete Segal spaces.

9. COMPLETE SEGAL SPACES AS A MODEL OF (00, 1)-CATEGORIES

We present in this section the model for (oo, 1)-categories given by Rezk’s complete
Segal spaces, introduced in [Rez01]. A Segal space is a simplicial space X : AP — sSet,
where X is thought of as the space of objects, X as the space of morphisms, and X5 as
the space of composable pairs of morphisms, given by a Segal condition which requires
that the spaces Xy and X; x x, Xi are the same up to weak equivalence. Going up in
dimensions, the space X, is also identified with the space of n composable morphisms,
for n > 3. Hence, in such a Segal space, there is a notion of homotopy equivalences,
which are defined as the vertices of X; which admit an inverse up to higher homotopies.
In particular, this yields two different underlying oo-groupoids for the Segal space X:
the space X of objects and the underlying space of X; consisting of the homotopy
equivalences. However, an (oo, 1)-category should have only one underlying oco-groupoid,
and therefore, instead of requiring the space Xy of objects to be discrete, we impose a
completeness condition, which identifies the two oco-groupoids mentioned above. A Segal
space satisfying this completeness condition is then called a complete Segal space and
models an (oo, 1)-category.

There is a model structure on the category of simplicial spaces whose fibrant objects
are precisely the complete Segal spaces. It is obtained as a left Bousfield localization of
the Reedy model structure on the category of simplicial spaces. In Section [9.1] we first
recall the main features of this Reedy model structure, which coincides with the injective
model structure. Then, in Section [9.2], we introduce complete Segal spaces, following the
paper [Rez01] by Rezk, and give the model structure for complete Segal spaces.
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9.1. Reedy and injective model structures on simplicial spaces. We first intro-
duce the Reedy and injective model structures on the category sSet™” of simplicial objects
in sSet, where sSet is the category of simplicial sets endowed with the Kan-Quillen model
structure (see Theorem . The Reedy and injective model structures are both con-
structed in such a way that their weak equivalences are level-wise. Furthermore, these
two model structures on sSet®”” actually coincide. This allows us to describe both the
(trivial) cofibrations as the level-wise (trivial) cofibrations by definition of the injective
model structure, and the fibrations as the Reedy fibrations, i.e., maps such that their
associated matching map is a fibration, by definition of the Reedy model structure.
Since the objects considered here are simplicial objects in sSet, they can also be seen
as bisimplicial sets A°P x A°P — Set. We now introduce notations for the representable
functors in each of the copy of A°P, as well as their boundary and horn inclusions.

Notation 9.1.1. Consider the category sSet®” = Set®” A% of bisimplicial sets. We
denote by A[n] the representable functor

Aln]: A% x A — Set, ([k], [p]) = A([p], [n])
constant in the first variable, for all n > 0, and by F'[k] the representable functor

F[k]: A% x A% — Set, ([1], [n]) = A([1], [K])
constant in the second variable, for all £ > 0. As in Definition we write 0A[n] and
§F'[k] for the boundaries of A[n] and F[k], for all n,k > 0, and A’[n] for the (n,t)-horn

of A[n], for all n > 1 and 0 < t < n. These come with inclusion maps 15 : 6A[n] — Aln],
uf : 6F[k] — F[k], and €5 ,: A'[n] — Aln].

Notation 9.1.2. Given a bisimplicial set X : A°? — sSet, we denote by X}, = X ([k]) its
kth simplicial set, and by X}, ,, := X;([n]) the set of n-simplices of Xy, for k,n > 0. Note
that, by the Yoneda Lemma, there is an isomorphism Xy, = sSet®™ (F[k] x A[n], X),
for all k,n > 0.

We refer to the direction given by the A[n|’s as the space direction, and the one given
by the F[k]’s as the categorical direction. This terminology comes from the fact that,
given a bisimplicial set X : A°? — sSet which is an “(co, 1)-category”, we think of X, as
the space of objects, X as the space of morphisms, X5 as the space of pair of composable
morphisms, etc. Hence Xy, = sSet™” (F[k] x A[n], X) can be thought of as the set of n-
simplices in the space of k composable morphisms, so that F'[k| represents the categorical
part of X and A[n] the topological part of X.

There is an inclusion of sSet into sSet®” which looks at a simplicial set as a bisim-
plicial set constant in the categorical direction. Since sSet models spaces, and hence
oo-groupoids, this inclusion mirrors the inclusion of sets into categories in the co-setting.

Notation 9.1.3. We define the inclusion functor ¢: sSet — sSet®””, which sends a sim-
plicial set K to the bisimplicial set ¢(K) constant at K in the categorical direction, i.e.,
we have that ¢(K); = K, for all & > 0, and a simplicial map f: K — L to the map
c(f): ¢(K) — ¢(L) constant at f in the categorical direction, i.e., we have that c¢(f)r = f,
for all kK > 0. This functor clearly preserves colimits.

Remark 9.1.4. Note that A[n] is actually c¢(A[n]), where Aln| is the standard n-simplex
in sSet.

With this inclusion functor, we define a simplicial enrichment on sSet®”, which is
both tensored and cotensored. In particular, we will see that the Reedy/injective model
structure on sSet®”" is simplicial with respect to this enrichment.

Proposition 9.1.5. The category sSet™”™ is a tensored and cotensored simplicial category
with
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(i) simplicial homs Map(X,Y') given by
Map(X,Y), = sSet®” (X x A[n],Y),
forallm >0 and X,Y € sSet™™
(ii) tensors given by X @ K = X x ¢(K), for all X € sSet®”” and K € sSet,
(iii) cotensors Y given by
(V) = Map(F[k] x ¢(K),Y),
forallk>0,Y € sSet®” | and K € sSet.
Proof. First note that, by the Yoneda Lemma, we have
sSet(A[n], Map(X,Y)) = Map(X,Y), = sSet>” (X x A[n],Y),
for all n > 0. Now, since every simplicial set K can be obtained as a colimit of A[n]’s of
the form K = colimyek, n>0 Aln], it follows that
sSet(K,Map(X,Y)) = sSet(colim,,, A[n], Map(X,Y)) = lim, ,, sSet(A[n], Map(X,Y))
= lim, , sSet®” (X x A[n],Y) 22 sSet>”" (colim,,, (X x A[n]),Y)
>~ 5Set™” (X x (colimy, Aln]),Y) 2 sSet®™ (X x ¢(K),Y),

where we used that the hom-functors send colimits in the first variable to limits, that
products commute with colimits in sSet®”, and that the isomorphism for Aln] holds by
the above argument. Now, again by the Yoneda Lemma, we can see that

sSet®” (F[k] x Aln], V&) = (YE),,, = sSet®" (F[k] x A[n] x ¢(K),Y),

for all k,n > 0, by definition of Y& and Map(—, —). Since every bisimplicial set X can
be obtained as a colimit of F[k] x A[n]’s of the form X = colimyex, , kn>0 F[k] X Aln],
using similar arguments to the ones above, we can show that

sSet™” (X, YE) 2 s8et®™ (X x ¢(K),Y).
Furthermore, since the inclusion functor ¢: sSet — sSet®” preserves products, we have
isomorphisms
(XOK)L=ZXxce(K)xce(L)ZX xe(KxL)Z2X® (K xL)

natural in X, K, and L, for all X € sSet®” and K,L € sSet. Hence, it follows from
Corollary [1.1.16| that sSet®” is tensored and cotensored over sSet. O

We now describe the Reedy/injective model structure on S

Theorem 9.1.6. Let sSet be the category of simplicial sets endowed with the Kan-Quillen
model structure of Theorem . The Reedy/injective model structure on sSet™”
exists and is such that
(i) the cofibrations are the monomorphisms; in particular, every object is cofibrant,
(ii) the weak equivalences are the level-wise weak equivalences,
(iii) the fibrations are the Reedy fibrations, i.e., the maps f: X — Y in sSet®” such
that the pullback corner map

((tk )", f): Map(F[k], X) — Map(3F[k], X) Map(F[k],Y)

X
Map(6F[k],Y)
is a Kan fibration in sSet, for all k > 0,
(iv) the fibrant objects are the Reedy fibrant ones, i.e., the objects X € sSet™”™ such
that the induced map
()" Xi = Map(F[k], X) — Map(6F [k], X)
is a Kan fibration in sSet, for all k > 0.
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Moreover, it is combinatorial, and simplicial for the enrichment of Proposition[9.1.5]

Proof. The existence of the injective model structure, although classical, can be seen as
a special instance of [HKRS17, Theorem 3.4.1], where it is constructed as a left-induced
model structure along the left Kan extension i : $SetOP(A™) s $Set®” of the inclusion
functor i: Ob(A°) — A°P where Ob(A°P) is the discrete category of objects of A°P.
A proof for the existence of the Reedy model structure can be found, for example, in
[Hir03, Theorem 15.3.4] or in [RV14] Theorem 4.18]. The fact that they coincide follows,
for example, from [BR13, Proposition 3.15 and Corollary 4.5].

A proof of the fact that the Reedy model structure is cofibrantly generated can be found
in [Hir03, Theorem 15.6.27] or [RV14} Proposition 7.7]. It also follows from Remark [0.1.7]
below, where we give sets of generating cofibrations and trivial cofibrations. Finally, it
is simplicial since the model structure on sSet is simplicial by Theorem and by the
fact that the (trivial) cofibrations, tensors, and colimits in sSet®” are defined level-wise.

Indeed, if i: A < B is a cofibration in sSet®” and j: K < L is a cofibration in sSet,
then their pushout-product

i0xe(y): Axe(L) |_| B x ¢(K) — B x¢(L)
Axe(K)

is given level-wise in sSet by i, [y j, where iy, and j are cofibrations in sSet, for all k£ > 0.
Hence it is a cofibration in sSet by (emc3’) of Proposition [4.5.6] since sSet is simplicial.
Moreover, if one of i or j is trivial, then so is i Oy j, for all £ > 0. This shows (emc3’)
for sSet®”". U

Remark 9.1.7. A set of generating cofibrations for the Reedy/injective model structure
on sSet®” is given by

(F O 2 6FK x Aln] || Flk] x 6A[0] — F[k] x Aln] | k,n > 0}.
SF[k]x8A[n]

Indeed, these maps generate all monomorphisms in sSet®”" under transfinite composi-
tions, pushouts, and retracts. Moreover, a set of generating trivial cofibrations is given
by

{tk Ok £3,: 6F[k] x Aln] || F[k] x A'[n] = F[k] x Aln] | k>0, n>1,0 <t < n}.
SF[k]x At[n]

Let f: X =Y be a Reedy fibration in sSet®””. Then there is a lift in every commutative
diagram in sSet®” of the form

OF (k] x A[n] Uspigxatp FIF] x Aln] —= X

Lfmxzﬁtjz f

F[k] x Aln] Y

if and only if there is a lift in the every commutative diagram in sSet of the form
Al[n] Map(F'[k], X)

o
Y |wpr.n

A[TL] ;) Map(dF[k], X) XMap(5F[k],Y)Map(F[k]7 Y)

)

forall k > 0, n > 1, and 0 <t < n. But, by definition, the map f is a Reedy fibration
if and only if there is a lift in the second diagrams, for all k > 0, n > 1, and 0 < ¢ < n.
Hence this holds if and only if there is a lift in the first diagrams, for all £ > 0, n > 1,
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and 0 < t < n. This shows that the maps Lf Ox Bﬁ’t form a set of generating trivial
cofibrations.

Remark 9.1.8. Since the Reedy model structure on sSet™” is simplicial and every object
is cofibrant, the map

idppy % loy = (0 — Fk])Ox €3

n,t :

FIk] x A[n] — F[k] x Aln]

is a trivial cofibration in sSet®”". Hence, if f: X —» Y is a Reedy fibration in sSet®”,
then it is level-wise a Kan fibration, i.e., the map fr: Xp — Y% is a Kan fibration in sSet,
for all £ > 0. To see this, note that there is a lift in the below left diagram in sSet if and
only if there is a lift in the below right diagram in sSet®"".

At[n] — X = Map(F'[k], X) F[k] x Al[n] — X
o 7

fﬁ,{? //// lfk idppy X fﬁ,{z 7 lf

Aln] — Y, = Map(F[k],Y) Flk] x Aln] —— Y

Since [ is a Reedy fibration and id g x Eﬁt is a trivial cofibration by the above argument,
there is a lift in the above right diagram, and this shows that f; is a Kan fibration, for
all £ > 0. As a direct consequence, we have that, if X € sSet™™ is Reedy fibrant, then
the simplicial set X} is a Kan complex, for all k£ > 0.

9.2. Complete Segal spaces. As mentioned above, an (0o, 1)-category can be modeled
by a bisimplicial set X : A°P — sSet, by looking at Xy as its space of objects, X; as its
space of morphisms, Xo as its space of pair of composable morphisms, etc. In particular,
to have that X5 models pair of composable morphisms, we need to require that a certain
map, called the Segal map, between X5 and the fibered product X; xx, X; is a weak
equivalence. This gives rise to the notion of a Segal space. These do not quite model
(00, 1)-categories since we have a space of objects rather than a set, and we need to
impose a further condition, called the completeness condition, which yields the notion of
a complete Segal space, introduced by Rezk in [Rez01]. In particular, we also recall Rezk’s
construction of a model structure on sSet®”" in which the fibrant objects are precisely the
complete Segal spaces, which is obtained as a localization of the Reedy/injective model
structure on sSet®” ¥4
Let us first introduce the Segal maps.

Notation 9.2.1. Let k > 1. We write G[k] :== F[1] Up - .. Upp) F'[1] for the colimit of

the following diagram in sSet™"

Flo

& ]\di
1] F

F[o Flo

) |
N
| R

where k copies of F[1] appear. We set G[0] := F[0]. In particular, the maps p;: [1] — [k]
of A with image {i — 1,4}, for all 1 <4 <k, induce an inclusion map

&
1

F

gt =piU.. . Upy: Gk] = F[k].

Definition 9.2.2. Let X: A°? — sSet be a bisimplicial set and £ > 0. Then the map
gt Glk] — F[k] induces a map

(95)*: X3 = Map(F[k], X) — Map(G[k], X) = X1 Xx, --- Xx, X1,

called the Segal map.
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A Segal space can then be defined by requiring that the Segal maps are weak equiv-
alences of simplicial sets. We further impose a Reedy fibrancy condition, since we want
these to be the fibrant objects of a localization of the Reedy model structure.

Definition 9.2.3. A bisimplicial set X : A°P? — sSet is a Segal space if

(i) it is Reedy fibrant,
(ii) the Segal map X — X Xx,...xx,X1 is a weak equivalence in sSet, for all & > 0.

Since (00, 1)-categories should be thought of as categories enriched in oo-groupoids —
modeled here by Kan complexes — there should be a Kan complex of morphisms between
any two vertices in Xy, i.e., O-simplices of the simplicial set Xy, for a Segal space X. We
now construct such enriched homs.

Remark 9.2.4. If X is Reedy fibrant, note that the map
(Y 2 (dy, dp): X1 = Map(F[1], X) = Map(dF[1], X) = Xy x Xo

is a Kan fibration in sSet.

Definition 9.2.5. Let X be a Segal space and let z,y € X be vertices. We define the
mapping space X (z,y) to be the following pullback in sSet.

X(.Z',y) — Xl

l l(dhdo)

A[O] P X() X XO
(z,y)

Since the map (dy,dp): X1 — X x Xp is a Kan fibration, its pullback X (z,y) —» AJ0] is
also a Kan fibration, and hence X(x,y) is a Kan complex.

In particular, in order to model an (oo, 1)-category, we want to define a composition
“up to homotopy” on the mapping spaces of a Segal space. This can be achieved as
follows.

Construction 9.2.6. Let X be a Segal space and z,y, z be vertices in Xy. Similarly,

we can define a Kan complex X (z,vy, z) as the fiber of the fibration Xo —» Xy x X x X
at (z,y,z). This yields the following diagram in sSet, where both squares are pullbacks.

X(.Z‘,y,Z) — X2

{ ZJ(dzdo)

X(z,y) x X(y,2) = X1 Xx, X1

l qL(dhdo)

A[O] —_— X() X XO X X()
(z,y)

Since all objects are Kan complexes in this diagram, i.e., they are all fibrant, the pullback

X(z,y,z) = X(x,y) x X(y, z) of the weak equivalence Xo = X X x, X1 is also a weak
equivalence in sSet. We then define a map d;: X(z,y,z) — X(z, z) to be the unique map
given by the universal property of pullbacks which makes the following diagram commute.
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X(x,%z) E— X2

\\\Cil \dl

X(z,z) — X

l l(dl’do)

A[O] — XO X XO

(z,2)
Then the diagram
X(2,y) x X(y,2) <= X (2,9, 2) —2 X(x, 2)

gives the desired composition up to homotopy, since the map going in the wrong direction
is a weak equivalence.

Using these constructions, we can define the homotopy category of a Segal space X, by
taking Xo o as its set of objects, and the sets of path components of the mapping spaces
as its hom-sets. Recall that, given a simplicial set K, its set of path components myK is
defined to be the following co-equalizer in Set

dy
Kl T) KQ — 7TOK .
0

Moreover, recall that a weak equivalence f: K — L in the model structure on sSet of

Theorem induces an isomorphism mq f: oK =N moL between the sets of path com-
ponents. Hence this gives the following.

Definition 9.2.7. Let X be a Segal space. We define its homotopy category ho(X)
to be the category whose
(i) objects are the vertices of Xj,
(ii) hom-sets are given by ho(X)(z,y) = mo X (z,y), for all z,y € X,
(iii) composition is given by

70X (z,y) x X (y, 2) = mX (2, y, 2) 2% 70X (2, 2),

for all x,y, z € Xo,
(iv) identities are given by [soz] € moX (x, x), for all z € Xj.

By looking at the maps that are invertible in the homotopy category, we get a notion of
homotopy equivalences in a Segal space, which correspond to the homotopically invertible
morphisms of the (oo, 1)-category.

Definition 9.2.8. Let X be a Segal space. A homotopy equivalence in X is a vertex
f € X such that its homotopy class [f] € ho(X) is an isomorphism.

By [Rez01, Lemma 5.8], if two vertices f, g € X; are in the same path component and
one of them is a homotopy equivalence, then so is the other. Hence we can define the
following.

Definition 9.2.9. Let X be a Segal space. We define its space of homotopy equiv-

alences X{l “l to be the subspace of X; consisting of those components of X; whose

vertices are homotopy equivalences. In particular, every degenerate simplex sgx is a ho-

motopy equivalence, for every vertex x € X, and the map sy: Xy — X; factors through
. heq

80 . XO — Xl .

Given a Segal space, we now have two oco-groupoids of objects; one given by the space X
of objects, and the other one given by the underlying co-groupoid X {1 “d_ as defined above.
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In order to model (o0, 1)-categories, we need to require that these two co-groupoids are
weakly equivalent.

Definition 9.2.10. A simplicial space X : A°? — sSet is a complete Segal space if
(i) it is Reedy fibrant,
(ii) the Segal map X — X X x,...Xx, X1 is a weak equivalence in sSet, for all k£ > 0,
(iii) the map s%: Xo = X% is a weak equivalence in sSet.

The space of homotopy equivalences can be modeled by the simplicial mapping space
out of the discrete nerve of the “free-living isomorphism”. We can then re-express the
last condition of a complete Segal space by requiring that some inclusion induces a weak
equivalence between simplicial homs, which is useful to describe the set of cofibrations at
which we want to localize.

Notation 9.2.11. We denote by N: Cat — Set®”"*2*" the discrete nerve constant in
the space direction. It is given by (NC)y,, = Cat([k],C), for every category C.

Example 9.2.12. We define the category I = {z = y} to be the “free-living isomor-
phism”. Its discrete nerve is given by (NI)i, = Cat([k], ). In particular, a functor
[k] — I can be described as a word of k letters in {z,y}. For example, when k = 0,
we have that (NI)o, = {z,y}; and, when k = 1, (NI)1, = {zz,zy,yz,yy} where zx
and yy are degenerate and represent the identities at x and y, and zy and yx represent
the two inverse morphisms between x and y. In particular, it comes with an inclusion
map e: F[0] = NI, where the unique O-simplex of F'[0] is sent to x.

Proposition 9.2.13. Let X be a Segal space. There is an isomorphism of simplicial sets
X{leq = Map(N1, X). Moreover, the map so: Xo — X]feq is a weak equivalence in sSet if
and only if the map

e*: X = Map(NI, X) — Map(F[0], X) = X
s a weak equivalence in sSet.

Proof. The first isomorphism follows from [Rez01, Theorem 6.2]. For the second one, note
that the composite F[0] — NI — F[0] is the identity, and hence the composite

Xo —% X9 > Map(NT, X) - Xo 2 Map(F[0], X)

is also the identity. We conclude, by 2-out-of-3, that sg is a weak equivalence if and only
if e* is. O

We are now ready to state the main theorem, which constructs the model structure for
complete Segal spaces as a localization of the Reedy/injective model structure.

Theorem 9.2.14. There is a model structure on sSet™" , denoted by CSS, such that

(i) the cofibrations in CSS are the monomorphisms; in particular, every object is
cofibrant,
(ii) the fibrant objects in CSS are the complete Segal spaces.

In particular, it is obtained as a localization of the Reedy/injective model structure on
sSet™” of Theorem at the set of monomorphisms

{gf": G[k] = F[k] | k> 0} U{e: F[0] - NI}.

Moreover, this model structure is combinatorial, and simplicial for the enrichment of
Proposition|9.1.5,
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Proof. Since the Reedy model structure on sSet®” is a combinatorial, simplicial model
structure such that all objects are cofibrant by Theorem its left Bousfield localiza-
tion CSS at the set of monomorphisms

S ={gi : G[k] = F[k] | k > 0} J{e: F[0] = NI}

exists and is again simplicial and combinatorial, by Theorem[5.2.15] Moreover, the cofibra-
tions in CSS are the monomorphisms, since they are the cofibrations of the Reedy model
structure. Finally, the fibrant objects are the S-local objects by Proposition [5.2.18] i.e.,
an object X € CSS is fibrant if and only if it is Reedy fibrant and the maps

(g,f)*:Xkl)Xl XX, - Xx, X1 and e*:X}leq%Xo

are weak equivalences in sSet, for all £ > 0. This shows that the fibrant objects are
precisely the complete Segal spaces, by Proposition [9.2.13 U

Finally, we show that every category gives rise to a complete Segal space.

Example 9.2.15. In [Rez01) §3.5], Rezk constructs a nerve Ny : Cat — sSet™” which
associates to a category C the bisimplicial set

NreatC: A% x A% = Set, ([k], [n]) — Cat([k] x I[n],C),

where I[n] is the category with object set {0,...,n} and a unique isomorphism between
any two objects. In particular, by [Rez01l, Proposition 6.1], the nerve Nge,C is a complete
Segal space, for every category C.

10. MODELS OF DOUBLE (00, 1)-CATEGORIES AND (00, 2)-CATEGORIES

Given the model of (0o, 1)-categories presented above, we want to use it to define oco-
analogues of double categories and 2-categories. For this, we consider bisimplicial spaces
X AP x A°P — gSet, where the additional copy of A°P allows us to have one more
dimension. In particular, a double (oo, 1)-category X : A°P x AP — sSet should be such
that X o forms its space of objects, X1 o its space of horizontal morphisms, Xy 1 its space
of vertical morphisms, and X ; its space of squares. The higher simplicial sets should
model horizontal and vertical composites of such. For this to be the case, we require that
a double (oo, 1)-category satisfies the Segal condition in both directions. We can further
impose a completeness condition in one direction, and our convention here is to put it in
the horizontal direction. Note that we cannot have the completeness condition in both
directions since this would imply that Xi%q ~ Xoo =~ X&iq and hence that two objects
in Xy are horizontally equivalent if and only if they are vertically equivalent. However,
even in a strict double category, it is not true that two objects are horizontally isomorphic
if and only they are vertically isomorphic, so this is not a desirable condition. By choosing
the completeness condition to be in the vertical direction instead, we recover the model of
double (o0, 1)-categories defined by Haugseng [Haul3]; this gives an equivalent model to
the horizontally complete one via a transpose functor which interchanges the horizontal
and vertical directions.

Using the fact that an (oo, 2)-category should be a horizontal double (oo, 1)-category,
we define an (0o, 2)-category as a double (0o, 1)-category X : A°P x A°P — sSet such that
its space of vertical morphisms X ; is discrete. For this, we identify all the spaces X j of
k composable vertical morphisms with the space of objects X ¢ up to weak equivalence.
In this case, there is no problem about also requiring the completeness condition in the
vertical direction, and this yields the notion of 2-fold complete Segal spaces introduced
by Barwick [Bar05].

As in the case of complete Segal spaces, there are model structures on the category
of bisimplicial spaces whose fibrant objects are the double (oo, 1)-categories and 2-fold
complete Segal spaces, respectively. They are obtained as left Bousfield localizations of



RELATIONS BETWEEN 2-DIMENSIONAL CATEGORIES AND THEIR co-ANALOGUES 163

the Reedy/injective model structure on the category of bisimplicial spaces, by similar
methods to the ones presented in Section [9] In Section [I0.I] we first recall the main
features of the Reedy/injective model structure for bisimplicial spaces, and then localize
it in Section to obtain a model structure for double (oo, 1)-categories. Finally, in
Section[10.3] we further localize the model structure for double (oo, 1)-categories to obtain
a model structure for 2-fold complete Segal spaces. In particular, the identity on bisim-
plicial spaces is a Quillen reflection embedding the homotopy theory of 2-fold complete
Segal spaces into that of double (oo, 1)-categories. This identity functor can therefore be
interpreted as the oo-analogue of the horizontal embedding of 2-categories into double
categories.

10.1. Reedy and injective model structures on bisimplicial spaces. We now con-
sider the category sSet2” XA of simplicial objects in sSet®” or bisimplicial objects
in sSet. Similarly to Section we describe the Reedy and injective model categories
on this category, where sSet is endowed with the Kan-Quillen model structure of The-
orem As it was the case of sSet®””, the Reedy and injective model structures on
sSet® XA coincide, and hence we can describe both the cofibrations and fibrations in
this model structure.

Since bisimplicial objects in sSet can equivalently be described as trisimplicial sets
(A°P)*3 — Set, there is one more simplicial direction. We first introduce our notations
for the representable in each simplicial direction and for their respective boundary and

horn inclusions.
Notation 10.1.1. Consider the category sSet®” X4 = Set(A™)*?
We denote by Aln] the representable functor

Aln]: A% > A% = Set, ([m], [K], [p]) = A([pl, [n])

of trisimplicial sets.

constant in the first two variables, for all n > 0, by F'[k] the representable functor

Flk]: A% < A% = Set, ([m], [I], [n]) = A([l], [K])

constant in the first and third variables, for all £ > 0, and by R[m] the representable
functor

R[m]: A% x A% — Set, ([q], [K], [n]) — A([q], [m])

constant in the last two variables, for all m > 0. As in Definition we write dA[n],
dF[k], and dR[m] for the boundaries of A[n], F[k], and R[m], for all n,k,m > 0, and
At[n] for the (n,t)-horn of A[n], for all n > 1 and 0 < t < n. These come with inclusion
maps (5: 6A[n] — Aln], «f : SF[k] — F[k], .ft: 6R[m] — R[m], and Eﬁt: At[n] — Aln).

Notation 10.1.2. Given a trisimplicial set X : A° x A° — sSet, we denote its (m, k)th
simplicial set by X, = X([m], [k]), and by Xy, 1 == Xy k([n]) the set of n-simplices
of X, x, for m,k,n > 0. Note that, by the Yoneda Lemma, there is an isomorphism
Xk = sSetAopXAop(R[m] x F[k] x A[n], X), for all m,k,n > 0. We also write

X~ = X([m],—): A" = sSet and X_ = X(—,[k]): A°? — sSet
for the induced bisimplicial sets, for m, k > 0.

We refer to the direction given by the A[n|’s as the space direction, the one given by
the F[k]’s as the vertical direction, and the one given by the R[m]’s as the horizontal
direction. The idea this time is that a double (oo, 1)-category can be modeled by a
trisimplicial set X : AP x A% — sSet, by looking at X as its space of object, X1 as
its space of horizontal morphisms, X7 o as its space of vertical morphisms, and X7 ; as its
space of squares. Since sSet™” *A™ (R[1], X) = X1 g9 and sSet>™ 2 (F[1], X) = Xo.1,0
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represent the sets of horizontal morphisms and vertical morphisms of the “double (o0, 1)-
category” X, respectively, which justifies the fact that R[m| represents the horizontal
direction of X, while F[k] represents the vertical one.

There is also an inclusion of sSet into sSet®”" 2" which looks at a simplicial set as a
constant trisimplicial set in the horizontal and vertical directions. This can be thought of
as the oco-version of the fact that any set can be seen as a discrete double category with
only trivial morphisms.

Notation 10.1.3. There is an inclusion functor ¢: sSet — sSet®” *2 which sends a

simplicial set K to the trisimplicial set ¢(K) constant in the horizontal and vertical direc-
tions, i.e., we have that ¢(K),, ; = K, for all m,k > 0, and a simplicial map f: K — L
to the map ¢(f): ¢(K) — ¢(L) constant at f in the horizontal and vertical directions, i.e.,
we have that ¢(f)m = f, for all m, k > 0. This functor clearly preserves colimits.

Remark 10.1.4. Note that A[n] is actually ¢(A[n]), where A[n] is the standard n-simplex

in sSet.
The category sSet™""*2" is also simplicially enriched, tensored, and cotensored, and
the Reedy/injective model structure is simplicial with respect to this enrichment, as we

will see below.

tAop x A°P

Proposition 10.1.5. The category sSe is a tensored and cotensored simplicial

category with
(i) simplicial homs Map(X,Y") given by
Map(X,Y), = sSet> 2" (X x A[n],Y),
for allm >0 and X,Y € sSet?>"" x4
(ii) tensors given by X @ K = X x ¢(K), for all X € sSet®" 2" and K € sSet,
(iii) cotensors Y given by
(YY), 1 = Map(R[m] x F[k] x ¢(K),Y),
for allm,k >0, Y € sSet®"*2"  and K € sSet.
Proof. The proof is similar to the one of Proposition [9.1.5 O
We introduce the following notation, which represents the boundary of the product
R[m| x F[k].
Notation 10.1.6. Let m,k > 0. We write
§(R[m] x F[k]) = 6R[m] x F[k] ||  R[m]xFIk].
SR[m] X6 F[k]
Hence the pushout-product 2 Oy ¢ is the inclusion §(R[m] x F[k]) — R[m] x F[k].

Using this notation, we now describe the Reedy/injective model structure on sSet ST XA,

Theorem 10.1.7. Let sSet be the category of simplicial sets endowed with the Kan-
Quillen model structure of Theorem m The Reedy/injective model structure on
sSet2 XA epists and is such that
(i) the cofibrations are the monomorphisms; in particular, every object is cofibrant,
(ii) the weak equivalence are the level-wise weak equivalences,
(iii) the fibrations are the Reedy fibrations, i.e., the maps f: X — Y in sSet>” <A
such that the pullback corner map induced by f and & Oy Lf
Map(R[m] x F[k], X) — Map(d(R[m] x F[k]), X) X Map(R[m] x F[k],Y)
Map(§(R[m]x F[k]),Y)
is a Kan fibration in sSet, for all m,k > 0,
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1) the fibrant objects are the Reed brant ones, i.c., the objects X € sSet®” such
(v) ] ] , ie. ]
that the induced map

B Ok b)) Xy = Map(R[m] x F[k], X) — Map(3(R[m] x F[k]), X)
is a Kan fibration in sSet, for all m,k > 0.
Moreover, it is combinatorial, and simplicial for the enrichment of Proposition[10.1.5.

Proof. The proof of this result is similar to the one of Theorem Sets of generating
cofibrations and trivial cofibrations are given just below in Remark [10.1.§ U

Remark 10.1.8. A set of generating cofibrations for the Reedy/injective model structure
on sSet™2”" ¥4 is given by

{(LQDX Lg) DX Lﬁ | makan > 0}7
where (1F Oy «f) Oy 15 is the inclusion

d(R[m] x F[k]) x A[n] |_| R[m] x F[k] x 0A[n] — R[m| x F[k] x A[n],
S(R[m]x F[k]) <8 A[n]
and a set of generating trivial cofibrations is given by

{(LanDXLf)DXKA’t|m,k‘20,n21,0§t§n},

n

where (.2 O, F) Oy ﬂﬁt is the inclusion

§(R[m] x F[k]) x A[n] | ] R[m] x F[k] x A'[n] = R[m] x F[k] x A[n].
S(R[m]x F[k])xAt[n]

One can check that these indeed give generating sets for the Reedy/injective model struc-
ture on sSet®"" A% using similar arguments to the ones presented in Remark

Remark 10.1.9. As in Remark one can show that, if f: X — Y is a Reedy fibration
in sSet®”" A% then it is level-wise a Kan fibration, i.e., the map fimk: Xmrk — Ymrisa
Kan fibration in sSet, for all m, k > 0. Hence, if X € sSet®”" 2" ig Reedy fibrant, then
the simplicial set X, j is a Kan complex, for all m, k > 0.

10.2. Double (o0, 1)-categories. In analogy to the strict case where a double category is
defined as an internal category to categories (see Remark, a double (o0, 1)-category
should be a “homotopical” internal category to (oo, 1)-categories. As we have seen in
Section [9.2] a complete Segal space is an example of a “homotopical” internal category
to oo-groupoids. By iterating this process, we could think of a double (0o, 1) category
as a double complete Segal space, i.e., as a trisimplicial set X : A% x A°P — gSet such
that all rows X_ ;: A°? — sSet and all columns X,, _: A°? — sSet are complete Segal
spaces. However, by setting this condition, we get that X il o~ X0~ X(}i 71, which says
that the space of horizontal homotopy equivalences is weakly equivalent to the space of
vertical homotopy equivalences. However, as mentioned in the introduction, this is not a
desirable condition, since, even in the strict case, two objects in a double category are not
horizontally isomorphic (or equivalent) if and only if they are vertically isomorphic (or
equivalent). Instead, we choose to put the completeness condition in only one direction
and, since we want to see an (0o, 2)-category as a horizontal double (oo, 1)-category, we
require the double (0o, 1)-categories to be horizontally complete.

Definition 10.2.1. A trisimplicial set X: A° x A°? — sSet is a horizontally com-
plete double (o0, 1)-category if
(i) it is Reedy fibrant,
(ii) the bisimplicial set X, —: A°P? — sSet is a Segal space, for all m > 0,
(iii) the bisimplicial set X_ j: A°? — sSet is a complete Segal space, for all £ > 0.
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We introduce the following inclusion maps, which induce the Segal maps in the hori-
zontal and vertical directions on simplicial homs.

Notation 10.2.2. As in Notation we define G[k] == F[1] Upg) - .. U] F[1] to be
the colimit of k copies of F[1] under F'[0], for £ > 1, and set G[0] := F[0]. It comes with
an inclusion map g} : G[k] — F[k]. Similarly, we define Q[m] == R[1]Ugq . . .Ugo) R[1] to
be the colimit of m copies of R[1] under R[0], for m > 1, and set Q[0] := R[0]. It comes
with an inclusion map ¢% : Q[m] — R[m).

To be able to express the completeness condition in both directions, we introduce the
following discrete nerves functors, as well as notations for the discrete nerves of the “free-
living isomorphism”.

Notation 10.2.3. We denote by N%: Cat — Set(A™)*? the discrete nerve constant in
the vertical and space directions. It is given by (NBC)y k. = Cat([m],C), for every
category C. Similarly, we denote by N¥': Cat — Set(A™)? the discrete nerve constant
in the horizontal and space directions. It is given by (N¥'C),, x.n = Cat([k],C), for every
category C.

Below, we consider the discrete nerves NI and NI of the “free-living isomorphism”,
which can be described as in Example [9.2.12] and these come with inclusions maps
ef': R[0] — NBTI and ef': F[0] — N¥T1.

We can now obtain the model structure for double (oo, 1)-categories by localizing the

Reedy /injective model structure on sSet2” XA at the monomorphisms introduced above.

Theorem 10.2.4. There is a model structure on SSetAOPXAop, denoted by DblCatZo, such
that
(i) the cofibrations in DblCatl  are the monomorphisms; in particular, every object
1s cofibrant,
(ii) the fibrant objects in DblCat” are the horizontally complete double (oo, 1)-cate-
gories.

In particular, it is obtained as a localization of the Reedy model structure on sSet AT XA

of Theorem at the set of monomorphisms
{idR[m}ngz R[m|xG[k] — R[m|x F'[k], qﬁxidp[k}: Q[m|x F[k] — R[m|xF[k] | m,k > 0}
{e® xidpp: F[k] = R[0] x F[k] = N®I x F[k] | k > 0}.

Moreover, this model structure is combinatorial, and simplicial for the enrichment of

Proposition [10-1.5.

Proof. Since the Reedy model structure on sSet®”*2” is a combinatorial, simplicial
model structure such that all objects are cofibrant, its left Bousfield localization DblCat/,
at the set S of monomorphisms

{idR[m}xg,f: R[m|xG[k] — R[m|x F[k], qﬁxidp[k}: Q[m|x F[k] = R[m|xF[k] | m,k > 0}
{e® xidpp: F[k] = R[0] x F[k] = N®I x F[k] | k > 0}.

exists and is again simplicial and combinatorial, by Theorem [5.2.15] Moreover, the cofi-

brations in DblCatZo are the monomorphisms, since they are the cofibrations of the Reedy

model structure on sSet®”*A*". Finally, the fibrant objects are the S-local objects by

Proposition [5.2.18] i.e., an object X € DblCatZO is fibrant if and only if it is Reedy fibrant
and the maps

(idR[m} X g]f)* Xm,k = Xm,l ><me0 c. XXm,O Xm,l = Map(R[m] X G[k],X),

(qﬁ X ldF[k])* Xm,k: = Xl,k: XXok +++ XXoxk Xl,k = Map(Q[m] X F[k],X),
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(e x idppy)™: X750 = Map(NPT x F[k], X) = Xo = Map(R[0] x F[k], X)

are weak equivalences in sSet, where we identified X, , = Map(R[m] x F[k], X), for all
m,k > 0. The first weak equivalences tell us that the bisimplicial set X,, _ is a Segal
space, for all m > 0, while the two other weak equivalences tell us that the bisimplicial
set X_ 1 is a complete Segal space, for all £ > 0. This shows that the fibrant objects are
precisely the horizontally complete double (0o, 1)-categories. O

While we chose the completeness in the horizontal direction, one could have chosen
to put it in the vertical direction instead. In this case, the double (oo, 1)-categories
correspond to Segal objects in complete Segal spaces, and hence correspond to the model of
double (00, 1)-categories introduced by Haugseng in [Haul3, Definition 2.2.2.1]. However,
as we show below, these two models are Quillen equivalent.

Remark 10.2.5. By requiring in the definition of a double (00, 1)-category that we instead
have X, _ a complete Segal space and X}, _ a Segal space, for all m, k > 0, we obtain the
transposed notion of vertically complete double (oo, 1)-categories. In particular,
we can also define a model structure DblCat?, on sSet®” A" whose fibrant objects are
the vertically complete double (0o, 1)-categories, by localizing the Reedy model structure
on sSet®”*A”" at the same monomorphisms inducing the Segal maps and the monomor-
phisms id gy, X €f: R[m] = R[m] x F[0] — R[m] x NI, for all m > 0, in place of the
monomorphisms e x id Flk]-

These two models of double (oo, 1)-categories are then Quillen equivalent. To see this,
consider the functor ¢t: A x A — A x A which switches the two copies of A, i.e., we
have t([m], [k]) = t([k],[m]), for all m,k > 0. Pre-composing with ¢ induces a functor
1 sSetDTXAT s gSetA XA which can be thought of as the “transpose” functor.
Since t ot = idaxa, we get an adjunction

t*
L~
DblCat" ~ 1  DblCaty,,
~_ 7

t*
which gives a Quillen equivalence between the two models of double (o0, 1)-categories.

10.3. 2-fold complete Segal spaces. We finally introduce the model of (oo, 2)-categories
given by the 2-fold complete Segal spaces first defined by Barwick [Bar05]. In analogy to
the strict case where a 2-category is seen as an internal category to categories with a
discrete category of objects (see Remark , we want to define an (oo, 2)-category
as a “homotopical” internal category to (oo, 1)-categories with “homotopically discrete”
(00, 1)-category of objects. To achieve this, we define an (oo, 2)-category to be a double
(00, 1)-category X whose first column is constant; in particular, we have that the spaces
of vertical morphisms and objects are weakly equivalent, i.e., X1 ~ Xo o, which can be
interpreted as the fact that all vertical morphisms are trivial. From this weak equivalence,
we also get that Xo1 ~ X ]1“ o' and so we can further require the completeness condition
in both directions. A priori, there should be another model of double (oo, 1)-categories,
closer to the one of 2-fold complete Segal spaces, where there is some (not full) complete-
ness condition between horizontal morphisms and squares; namely, the space of horizontal
morphisms should be weakly equivalent to the space of homotopically, vertically invertible
squares with “trivial” vertical boundaries. This model might be addressed in future work.

We first introduce the notation for the inclusion maps which will be used to express
the fact that the first column is homotopically constant.
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Notation 10.3.1. For every k > 0, we denote by ¢;: F[0] — F[k] the inclusion map
sending the unique 0-simplex of F[0] to 0. Given X € sSet®”"*4*" it induces a map

(ck)™: Xop = Map(F[k], X) — Map(F[0], X) = Xo,0.
We can now state the definition of a 2-fold complete Segal space.

Definition 10.3.2. A trisimplicial set X : A°P x A°P — sSet is a 2-fold complete Segal
space if

(i) it is Reedy fibrant,
(ii) the bisimplicial set X,, —: A°? — sSet is a complete Segal space, for all m > 0,
(iii) the bisimplicial set X_ ;: A% — sSet is a complete Segal space, for all £ > 0,
(iv) the bisimplicial set Xo _: A°® — sSet is essentially constant, i.e., the map

Xo,x — Xo,0 of Notation |10.3.1is a weak equivalence in sSet, for all k£ > 0.

Since 2-fold complete Segal spaces are in particular horizontally complete double (oo, 1)-
categories, we can obtain the model structure for 2-fold complete Segal spaces by localizing
the model structure DblCat”, on sSet®”"*A” for horizontally complete double (oo, 1)-
categories.

Theorem 10.3.3. There is a model structure on sSet™" *2" denoted by 2CSS, such
that

(i) the cofibrations in 2CSS are the monomorphisms; in particular, every object is
cofibrant,
(ii) the fibrant objects in 2CSS are the 2-fold complete Segal spaces.

In particular, it is obtained as a localization of the model structure DblCat’gO on sSe

of Theorem at the set of monomorphisms

{idppm x €'t R[m] = R[m] x F[0] = R[m] x N*I | m > 0}| J{ck: F[0] = F[k] | k > 0}.
Moreover, this model structure is combinatorial, and simplicial for the enrichment of
Proposition [10-1.5.

Proof. Since the model structure DblCat” on sSet®™*2"" of Theorem is a combi-

natorial, simplicial model structure such that all objects are cofibrant, its left Bousfield
localization 2CSS at the set S of monomorphisms

{idgpm) x e : R[m] = R[m] x F[0] = R[m] x NI'I | m > O}U{Cki F[0] — F[k] | k > 0}
exists and is again simplicial and combinatorial, by Theorem [5.2.15] Moreover, the cofi-
brations in 2CSS are the monomorphisms, since they are the cofibrations in DblCaté‘o.
Finally, the fibrant objects are the S-local objects by Proposition [5.2.18] i.e., an object

X € 2CSS is fibrant if and only if it is a horizontally complete double (oo, 1)-category
and the maps

(id gy x €F)*: X4 = Map(R[m] x NI, X) =5 X0 = Map(R[m] x F[0], X),

m,1l —

tADP x A°P

Clt: XO,k = Map(F[k], X) = XO,O = Map(F[O],X)
are weak equivalences in sSet, for all m,k > 0. The first weak equivalences tell us that
the Segal space X, _ is a complete Segal space, for all m > 0, while the second weak
equivalences tell us that the bisimplicial set X¢ _ is essentially constant. This shows that
the fibrant objects are precisely the 2-fold complete Segal spaces. U

Finally, since 2CSS is a left Bousfield localization of DblCatZo, the identity adjunction
on sSet®" A" induces a Quillen reflection embedding the homotopy theory of 2-fold
complete Segal spaces into that of horizontally complete double (0o, 1)-categories. Hence
the functor id: 2CSS — DblCat” can be interpreted as the co-version of the horizontal
embedding H: 2Cat — DblCat (or even H™; see Definitions [3.4.1) and [3.4.11)).
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Corollary 10.3.4. The identity adjunction on sSet™" XA
id

T~
20SS L DblCath
~_ 7

is a Quillen reflection.

Proof. This follows directly from Theorem [10.3.3] and Proposition
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PART V.

NERVE CONSTRUCTIONS

As mentioned in Part an n-category has k-morphisms between (k — 1)-morphisms,
for all & < n. On the other hand, an (co,n)-category is a homotopical version of an
n-category which has morphisms in all dimensions such that the k-morphisms are all
invertible up to higher morphisms, for £ > n. In particular, an n-category should be
a special case of an (0o, n)-category where the k-morphisms, for k > n, are all trivial.
From this point of view, a (1-)category is a special instance of an (oo, 1)-category, and,
for example, in the model of complete Segal spaces, there is a nerve Npe,: Cat — CSS,
which constructs from a category a complete Segal space (see Example . This nerve
actually embeds the homotopy theory of categories into that of complete Segal spaces in
a reflective way, and hence gives the desired inclusion of categories into (0o, 1)-categories.

Going up in dimensions, a 2-category should also be an example of an (oo, 2)-category.
Furthermore, we have seen that there is also a model of double (oo, 1)-categories, which
should therefore contain its stricter version, namely that of double categories. Hence,
we aim to find an inclusion of the 2-dimensional categories into their co-analogues which
is compatible with the horizontal embedding of 2-categories into double categories. As
we have seen in Part (00, 2)-categories and double (oo, 1)-categories can be modeled
by bisimplicial spaces, satisfying certain Segal and completeness conditions, and that
the identity on the category sSet2 P XA of bisimplicial spaces induces an embedding of
(00, 2)-categories into double (00, 1)-categories. Recall that the model of (0o, 2)-categories
considered is that of 2-fold complete Segal spaces. Hence, to achieve our goal, we construct
a nerve functor N: DblCat — sSet®”" ¥ which embeds the homotopy theory of double
categories into that of double (0o, 1)-categories, such that it restricts along the horizontal
embedding to a nerve functor 2Cat — sSet®”"*A”" | which embeds the homotopy theory
of 2-categories into that of 2-fold complete Segal spaces.

While the natural model structure for 2-categories is the one constructed by Lack in
[Lac02, Lac04], also recalled in Section [6] we constructed in Part two different model
structures for double categories. Hence we need to choose which homotopy theory of
double categories we would like to consider in this context. By looking at the properties
of a fibrant nerve, we can see that the nerve of a double category satisfies the Reedy
fibrancy condition imposed on a double (oo, 1)-category if and only if the double category
considered is weakly horizontally invariant. In particular, since all double categories are
fibrant in the first model structure on DblCat, the nerve will not preserve fibrant objects
from this model structure, and hence we need to opt for the second model structure
on DblCat, in which the fibrant double categories are precisely the weakly horizontally
invariant ones.

With this model structure on DblCat for weakly horizontally invariant double cate-
gories, we show that the nerve functor N: DblCat — DblCatZo is right Quillen and homo-
topically fully faithful into the model structure on sSet>"" 2" for (horizontally complete)
double (o0, 1)-categories. Moreover, with this model structure on DblCat, we recall that
the horizontal embedding which gives a right Quillen and homotopical fully faithful func-
tor is given by the more homotopical version H~: 2Cat — DblCat. We show that the
composite of this horizontal embedding with the nerve gives a functor NH~: 2Cat — 2CSS
which is right Quillen and homotopically fully faithful from Lack’s model structure on
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2Cat into the model structure on sSet®” 2" for 2-fold complete Segal spaces. To sum
up, this yields a commutative square of right Quillen and homotopically full functors as
follows.

9Cat — ", 90SS

Hl Ji

DblCat ——— DblCatl

However, we were hoping to find a nerve that is compatible with the horizontal em-
bedding functor H, but the nerve NH.A of a horizontal double category H.A associated to
a 2-category A is in general not Reedy fibrant since, as we have seen in Remark
a horizontal double category H.A is in general not weakly horizontally invariant. Hence
the nerve NH.A does not always give a double (oo, 1)-category or a 2-fold complete Segal
space. We show that the nerve NH~A actually provides a fibrant replacement of the nerve
NH.A, and hence this yields a diagram of right Quillen and homotopically fully faithful
functors

92Cat — I, 90SS

|

DblCat A= id

]

DblCat ——— DblCatl,
filled with a natural transformation which is level-wise a weak equivalence. This gives the
expected compatibility of the nerve N with the horizontal embedding H.

In Section we first construct the nerve N for double categories into double (oo, 1)-
categories and show that it has the expected homotopical properties. Then, in Section 12}
we restrict this nerve along the horizontal embedding H~, and show that it gives rise to a
homotopically full embedding of 2-categories into 2-fold complete Segal spaces. We also
show, as mentioned above, that the nerve NH= is a level-wise fibrant replacement of NH.
Finally, in Section we describe the different nerves considered in low dimensions in
order to get some intuition about their constructions. The results here are based on the
paper [Mos20] by the author.

11. NERVE OF DOUBLE CATEGORIES

In this section, we give the construction of the nerve functor from double categories to
bisimplicial spaces. In Section [L1.1] we define the nerve and its left adjoint, and in Sec-
tion [11.2] we show that they form a Quillen pair between the model structure on DblCat
for weakly horizontally invariant double categories, constructed in Theorem [8.1.15| and
the model structure DblCat” for horizontally complete double (oo, 1)-categories, con-
structed in Theorem Once this fact is established, we prove in Section that
the nerve functor is homotopically fully faithful, by showing that the (derived) counit of
the adjunction is level-wise a weak equivalence in DblCat. Finally, in Section we
show that the nerve of a double category is almost fibrant; namely, it satisfies all con-
ditions of a horizontally complete double (0o, 1)-category except for the Reedy/injective
fibrancy condition in the vertical direction. We show that this latter condition is satisfied
by the nerve if and only if the double category considered is weakly horizontally invariant.
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11.1. Definition of the nerve. As mentioned in Section [10.2] a double (oo, 1)-category
is a trisimplicial set X : A° x A°® — sSet where we can think of Xy as the space of
objects, X1 o as the space of horizontal morphisms, Xg 1 as the space of vertical morphisms,
and Xi 1 as the space of squares. Hence, given a double category A, we would like to
associate to it a trisimplicial set NA in such a way that the vertices of the spaces (NA)q g,
(NA)1,0, (NA)g 1, and (NA);; are precisely the objects, horizontal morphisms, vertical
morphisms, and squares of A, respectively. In this section, we give the construction of
such a nerve functor N: DblCat — sSet™” *A%".

To define the nerve functor, we make use of the following proposition, which can also
be found in [Cis19, Theorem 1.1.10].

Proposition 11.1.1. Let C be a small category and M be a locally presentable cate-
gory. Given a functor F: C — M, its left Kan extension L: Set®” — M along the
Yoneda embedding C — SetC”, which sends an object C' € C to the representable functor
C(—,C): C — Set, exists and has a right adjoint R: M — Set®™".

| 5
»
Set¢”” R

Moreover, for every object C € C, we have that L(C(—,C)) = F(C), and, for every pair
of objects A € M and C € C, there is an isomorphism (RA)(C) = M(F(C),A), natural
in A and C.

Proof. We first construct L. Let X : C°P — Set be an object of Set®”". Then there is an
isomorphism in Set®”
X = colim,e x (), cec C(—, C).
We set LX = colimzex(c),cec F(C) € M. Since M is locally presentable, it is in
particular cocomplete, and this is well-defined. Furthermore, it extends uniquely to a
functor L: Set®” — M by the universal property of colimits. Moreover, by definition,
we have that L(C(—,C)) = F(C), for every object C' € C, and that L is the left Kan
extension of F', since it is defined with the formula for point-wise left Kan extensions.
We now construct R. Given an object A € M, we set

RA = M(F(-),A): C°® — Set

to be the functor which sends an object C' € C to the set M(F(C), A). This assignment
extends on morphisms of M, and defines a functor R: M — Set®™.

Finally, we show that the functors L and R form an adjunction. Let A be an object
in M, and X : C°° — Set be an object in Set®””. Then we have isomorphisms

Set®” (X, RA) = Set®” (colim,e x (¢, cec C(—, C), RA)
=~ limge x (), cec Set®” (C(—, C), RA) & lim,e x(c), cec RA(C)
= limgex(c), cec M(F(C), A) = M(colim, e x (o), cec F(C), A)
= M(LX,A)
natural in X and A, where the first isomorphism holds since X = colim,¢ x(¢), cec C(—, C),

the second since Set®” (—, —) sends colimits to limits in the first variable, the third by the
Yoneda Lemma, the fourth by definition of RA, the fifth since M(—, —) sends colimits to
limits in the first variable, and finally the last one by definition of LX. This shows that
L - R is an adjunction. O

To define the nerve we make use of truncated versions of the n-orientals O(n), intro-
duced by Street in [Str87]. More precisely:
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Definition 11.1.2. For n > 0, we define the 2-category O2(n), called the 2-truncated
n-oriental, as the 2-category described by the following data.

(i) Its set of objects is given by {0,...,n},

(ii) For 0 < z,2’ < n, its hom-category Oz(n)(z, ') is given by the poset

{I Clz,2]|x,a’ €I} ifd <uwm,
0 if v > 2/,

Os(n)(x,2") = {

where [z,2'] ={y €{0,...,n} |z <y <2’}
We also define the 2-category O3’ (n) as the 2-category obtained from Oz(n) by formally

inverting every 2-morphism, and we define the 2-category O2(n) as the 2-category obtained
from O5'(n) by formally making every morphism into an adjoint equivalence.

In order to have a better sense of what these 2-categories look like, we describe the
lower cases.

P

Example 11.1.3. For n = 0, the 2-categories O2(0), O5'(0), and O2(0) are all given by
the terminal (2-)category [0].
For n = 1, the 2-categories O2(1) and O5’(1) are both given by the free (2-)category [1]
on a morphism, while the 2-category Oz(1) is the “free-living adjoint equivalence” E,q;.
For n = 2, the 2-categories O2(2), 05 (2), and O2(2) are generated, respectively, by the
following data,

1 1 1
1\ DN ="

where =» denotes the data of an adjoint equivalence.
For n = 3, the 2-category O2(3) is generated by the following data

N

and the 2-category 05’ (3) is generated by the corresponding 2-category with all 2-morphisms

invertible, while the 2-category O2(3) is generated by the corresponding 2-category with
all morphisms being adjoint equivalences and all 2-morphisms being invertible.

We now use Proposition to construct the nerve functor N: DblCat — Set(3™)*"|
as the right adjoint of the left Kan extension of the following tricosimplicial object in
double categories along the Yoneda embedding. To define this tricosimplicial object
X: A x A x A — DblCat, we recall that the first and second copies of A represents the
horizontal and vertical directions, respectively, while the third one represents the space
direction of the double (oo, 1)-category. Hence, in the first two copies we want to see hor-
izontal (resp. vertical morphisms) and their composites, while in the last one we would
to see all horizontal equivalences and their composites, since double (0o, 1)-categories are
assumed to be horizontally complete.

Definition 11.1.4. We define the tricosimplicial double category
X: A x Ax A — DblCat,

([m], [K], [n]) = X pn = (VO3 (K) © O3’ (m)) @ Oz(n),
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where the cosimplicial maps are induced by the ones of the cosimplicial objects

A — DblCat, A — 2Cat,

[K] = VO3 (k), [m] = O5'(m), and [n] = Oa(n),
and ®: DblCat x 2Cat — DblCat is the tensoring functor introduced in Definition [3.5.1]

Proposition 11.1.5. The tricosimplicial double category X induces an adjunction

Ax A xA—>— DblCat,

| =7

Set(Aop)x:S N

where C is the left Kan extension of X along the Yoneda embedding, and we have that

(NA) ik, = DbICat((VO3 (k) ® Oy (m)) @ Oz(n), A),
for all A € DblCat and all m,k,n > 0,

Proof. This is a direct application of Proposition[IT.1.1] since DblCat is locally presentable
by Proposition [3.1.6] O

Remark 11.1.6. As expected, note that the O-simplices of the simplicial set (NA)g o are
given by the objects of A, the ones of (NA); o by the horizontal morphisms of A, the ones
of (NA)g,1 by the vertical morphisms of A, and the ones of (NA);; by the squares of A.
For a description of the 1- and 2-simplices of these simplicial sets, we refer the reader to
Section [13.1] For m > 2 or k > 2, the simplicial sets (NA),, ), witness “compositions”
in A of the above data.

Remark 11.1.7. By Proposition [11.1.1] the left adjoint C of the nerve is given on repre-
sentables by C(F'[k] x R[m] x A[n]) = X, k.n. In particular, we have that

C(F[K]) = VO3 (k), C(R[m]) = HO5 (m) and C(A[n]) = HOs(n).

We also introduce a functor C, which takes values in 2-categories and coincides with C
in the horizontal and space directions.

Notation 11.1.8. We denote by X: A x A x A — 2Cat the tricosimplicial 2-category
given by X, . = 05 (m) ®2 Oz(n), and by C: Set(A™)** _; 2Cat the left Kan extension
of X along the Yoneda embedding, where ®9: 2Cat x 2Cat — 2Cat is the Gray tensor
product introduced in Proposition [2:3.4]

Remark 11.1.9. Note that X, 0, = HXW%O’”. Therefore, if X € Set(A™)*? is constant in
the vertical direction, then CX = HCX. In particular, we have that C(R[m]) = HC(R[m])

and C(A[n]) = HC(A[n]), where C(R[m]) = O3 (m) and C(A[n]) = Oa(n).

11.2. The nerve N is right Quillen. We now want to show that the nerve functor
defined in the previous section induces a right Quillen functor from the model structure
on DblCat of Theorem [B.1.15] for weakly horizontally invariant double categories and the
model structure DblCat” on sSet®” A" of Theorem for horizontally complete
double (00, 1)-categories. Since the model category DblCat/ is obtained as a left Bousfield
localization of the Reedy/injective model structure on sSetA XA e first prove that
N: DblCat — sSet®”"*2*" is right Quillen for the Reedy/injective model structure, and
then apply Theorem to show that it restricts to a right Quillen functor to DblCatgo.

Proposition 11.2.1. The adjunction
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C
DblCat L sSetA DX AP
~_
N

is a Quillen pair between the model structure on DblCat of Theorem and the
Reedy/injective model structure on sSet®" 2" of Theorem

Proof. By Remark [£.4.4] to prove that C is left Quillen, it is enough to show that C
sends generating cofibrations and generating trivial cofibrations in the Reedy/injective
model structure sSet®”"*2°" to cofibrations and trivial cofibrations in DblCat, respec-
tively. Recall from Remark that a set of generating cofibrations for sSet®™*A%
is given by the pushout-product maps ( Ox e )DX LA for all m,k,n > 0, and a set of
generating trivial cofibrations is given by the pushout-product maps ( Oy e )D €nt,
forallm,k > 0,n > 1, and 0 <t < n. Note that the map Lf is constant in the horizontal
and space directions, the map +? is constant in the vertical and space directions, and the
maps ¢4 and EAt are constant in the horizontal and vertical directions. Therefore, since
the functor C preserves colimits and by Remark [I1.1.9] we have that

C((Lk Oy e )DX Ly ) ((CL{ Ogq CLT}Z) Oge (CLS >~ (be Og @Lﬁ) Og @Lﬁ,

and similarly for En,t in place of (5. Since the model structure DblCat is enriched over
2Cat by Remark[8.5.7] pushout-products of cofibrations with respect to ® are cofibrations,
which are trivial if one of the morphisms involved is a weak equivalence. Therefore, it is
enough to show that CLk is a cofibration in DblCat, for all k > 0, that C: and @L are
cofibrations in 2Cat, for all m,n > 0, and that (CEA is a trivial cofibration in 2Cat, for
alln > 1,0 <t < n. These statements are verified i in Lemmas (11.2.4]to[11.2.6] below. [

To prove that the boundary and horn inclusions mentioned above are sent to cofibra-
tions in 2Cat and DblCat, we introduce the following definitions of the boundary of O2(n)
and the (n,t)-horn of O2(n), which will be used to describe the images under C of the
boundary and horn inclusions.

Definition 11.2.2. For n > 0, we define the boundary 2-category dO2(n) as the
coequalizer in 2Cat
U Os(n—2)—= |J Os(n—1) ——30s(n),

0<i<j<n 0<i<n

where the maps in the (i, j)-copy are induced by the cosimplicial identities d'd’ = d/~'d’,
where d": Oz(n —2) — Oz(n — 1) and d*: Oz(n — 1) — Oz(n) denote the face maps for
r =1,j and s = 4,j — 1. In particular, there is an inclusion 602(n) — O2(n) induced by
the face maps d*: Oz(n — 1) — Oq(n) for 0 < i < n. More explicitly, these 2-categories
are given by the following:
e for n = 0, §02(0) = 0 with 602(0) = ) — O3(0) = [0] given by the unique
morphism,
e for n = 1, §02(1) = [0] U [0] with 6O2(1) = [0] U [0] — O2(1) = [1] given by
including the two copies of [0] as the two endpoints of the morphism in [1],
e for n =2, §03(2) is the sub-2-category of O3(2) where the 2-morphism is missing
and the inclusion 002(2) — O2(2) is given by the following 2-functor.
1 1
VI I
00— 2 00— 2

e for n =3, §02(3) is the sub-2-category of O2(3) where only the equality between
the two pasting diagrams in O2(3) — as depicted in Example [11.1.3|— is missing,
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e for n >4, §02(n) = O2(n).
Similarly, we define the boundary 2-categories 05 (n) and 55;/(71).

Definition 11.2.3. For n > 1 and 0 < ¢t < n, we define the (n,¢)-horn 2-category
A'Os(n) as the co-equalizer in 2Cat
U Ox(n—2)—= ] Oz(n—1) — A'Os(n),
0<i<yj<n 0<i<n
i#t,jEt i#t
where the maps in the (i, j)-copy are induced by the cosimplicial identities d'd’ = d/~'d",
where d": Oz(n — 2) — O2(n — 1) and d*: O2(n — 1) — Oz(n) denote the face maps for
r =i,j and s = 4,5 — 1. In particular, there is an inclusion A’O3(n) — Oz(n) induced
by the face maps d: Oz(n — 1) — Oa(n) for 0 < i < n, i # t. More explicitly, these
2-categories are given by the following:
e for n =1, A'O(1) = [0] with A’O2(1) = [0] — O2(1) = [1] given by the inclusion
of [0] at the source of the morphism in [1] if £ = 1 and at the target if ¢ = 0,
o for n = 2, A209(2), A02(2), and A°Oy(2) are generated, respectively, by the
following data

1 1

1

00— 2 0 2 00— 2
with the obvious inclusions into O2(2),

o forn =3 and 0 <t < 3, A'O2(3) is the sub-2-category where the equality between
the two pasting diagrams in O2(3) and the 2-morphism opposite to the object ¢
are missing. For example, when ¢ = 0, the inclusion A%0(3) — O2(3) is given by
the following.

AR PARIN

o forn >4 and 0 <t <n, AlOy(n) = Oy(n).
Similarly, we define the (n,t)-horn 2-categories A'O3'(n) and A'Os(n).

We are now ready to prove the promised lemmas which complete the proof of Proposi-
tion [I1.2.1] Recall from Notation [8.1.1] the set Z,, of generating cofibrations for the model
structure on DblCat of Theorem [B.1.15] and from Notation [6.2.5] the sets Zp and J2 of
generating cofibrations and generating trivial cofibrations for Lack’s model structure on
2Cat of Theorem

Lemma 11.2.4. For all k > 0, the double functor C(«f): C(0F[k]) — C(F[k]) is a
cofibration in DblCat.

Proof. The boundary 0F[k]| of the representable F'[k]| can be computed as the following

. . op op
co-equalizer in sSet™™ XA

U Flk—-2== || Flk—1]— 6F[K,
0<i<j<k 0<i<k

where the maps in the (i, j)-copy are induced by the cosimplicial identities d'd’ = d’~'d".
By construction of 605’ (k) (see Definition|11.2.2)), by Remark and since C preserves
colimits, we find that

C(5F[k]) = V605 (k) and C(F[k]) = VO3 (k),
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for all k > 0. Therefore, the double functors C(.f) are given by

e for k = 0, the generating cofibration I;: ) — [0],
e for k = 1, the generating cofibration I5: [0] U [0] — V[1],

e for k = 2, the inclusion
0 0
2 2

which is a cofibration by Corollary since it is the identity on underlying
horizontal and vertical categories,
e for k = 3, the inclusion V605 (3) — VO3 (3), which is a cofibration by Corol-
lary since it is the identity on underlying horizontal and vertical categories,
e for k > 4, the identity.

This shows that the double functor C(¢f') is a cofibration in DblCat, for all k£ > 0. U

~

N e O
e e O

)

Lemma 11.2.5. For all m,n > 0, the 2-functors C(.E): C(6R[m]) — C(R[m]) and
C(15): C(6A[n]) — C(A[n]) are cofibrations in 2Cat.

Proof. We first prove the statement for C(:2). As in the proof of Lemma [11.2.4 and by
Remark [11.1.9] we find that

C(0R[m]) = 605 (m) and C(R[m]) = O3 (m),

for all m > 0. Therefore, the 2-functors C(:2) are given by

e for m = 0, the generating cofibration i;: ) — [0],

e for m = 1, the generating cofibration i: [0] U [0] — [1],

e for m = 2, the inclusion 605 (2) — O5’(2), which is a cofibration by Corollary|[6.2.3]
since it is the identity on underlying categories,

e for m = 3, the inclusion 605’ (3) — O5'(3), which is a cofibration by Corollary|[6.2.3]
since it is the identity on underlying categories,

e for m > 4, the identity.

Therefore, the 2-functor C(:£) is a cofibration in 2Cat, for all m > 0.
We now prove the statement for C(:4'). As above, we find that

C(5A[n]) = 602(n) and T(An]) = Oa(n),
for all n > 0. Therefore the 2-functors C(14'): (55;/(71) — (% can be described as the 2-
functors C(.£) above, but where all the morphisms of the 2-categories in play are adjoint
equivalences. Using Corollary [6.2.3] it is then straightforward to see that the 2-functor
C(14) is also a cofibration in 2Cat, for all n > 0. O

n

Lemma 11.2.6. For alln >1 and 0 <t < n, the 2-functor @(f,ﬁt): C(At[n]) — C(A[n])
s a trivial cofibration in 2Cat.

Proof. We have that A![n] is defined as the coequalizer in sSet®” *A™

L An-21—= [| Aln—1] — Al[n],
0<i<j<n 0<i<n
it 2t it
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where the maps in the (i, j)-copy are induced by the cosimplicial identities d'd’ = d’~'d".
By construction of A’Oy(n) (see Definition [11.2.3)), by Remark [11.1.9, and since C pre-

serves colimits, we find that

—_— P

C(A'[n]) = A'O2(n) and C(A[n]) = O2(n),

P

for all n > 1 and 0 < ¢ < n. Therefore, the 2-functors @(&ﬁt): A'Oy(n) — Oz(n) are
given by

e forn =1and 0 <t <1, the generating trivial cofibration j;: [0] = O2(1) = Eaqj,
including [0] as one of the two end points,

e for n =2 and 0 < ¢t < 2, the inclusion A'O2(2) — O2(2), which is a cofibration
by Corollary [6.2.3] since it is given by adding two morphisms z — y and y — «
freely between objects = < y € {0,1,2} \ {¢} on underlying categories. Moreover,
it is a biequivalence, since it is bijective on objects, essentially full on morphisms,
and fully faithful on 2-morphisms, where essential fullness on morphisms can be
shown using the fact that all the morphism/s_gr/e adjo/ip\t/equivalences.

e forn =3 and 0 < t < 3, the inclusion A'O3(3) — O2(3), which is a cofibration
by Corollary [6.2.3] since it is the identity on underlying categories. Moreover, it
is a biequivalence, since it is bijective on objects and morphisms, and it is fully
faithful on 2-morphisms, where fully faithfulness follows from the fact that there
is a unique 2-isomorphism filling the triangle of the missing 2-isomorphism and it
is given by the obvious composite of the three other 2-isomorphisms.

e for n > 4 and 0 <t < n, the identity.

Therefore, the 2-functor @(Eﬁt) is a trivial cofibration in 2Cat, for all n > 1 and for all
0<t<n. (]

We now prove the theorem saying that the nerve functor N: DblCat — DblCa‘cZo is
right Quillen.

Theorem 11.2.7. The adjunction
C

/_\
DblCat L  DblCath
~_
N

is a Quillen pair between the model structure on DblCat of Theorem @ for weakly
horizontally invariant double categories and the model structure on sSet™" *2™ of Theo-
rem |10.2.4| for horizontally complete double (00, 1)-categories.

Proof. By Theorem [5.2.23] and Proposition [I1.2.1] it is enough to show that the cofi-
brations g,f X 1d R, dpp) X ¢k, and idpp X et with respect to which we localize the
Reedy /injective model structure on sSet™ " XA in order to obtain the model structure
DblCa‘c’gO of Theorem 10.2.4L are sent by C to weak equivalences in DblCat. By definition

of C and by Remark [T1.1.9] we have that
Cof % idppmy) = C(gf) @ idgpy,y = Clof) O (0 — TRlm)),

and similarly that
C(idppy * ¢iy) = (0 — CF[K]) Og C(gl),  Clidpp x ™) = (0 — CF[k]) Og C(e").

Since C is left Quillen from the Reedy/injective model structure on sSet® " A in which

every object is cofibrant, the unique morphisms () — CR[m| and () — CF'[k] are cofibra-
tions DblCat. Hence, the unique morphism () — CR[m] is also a cofibration in 2Cat since
C = HC and the functor H reflects cofibrations by Remark Similarly, the morphisms
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C(gf), C(gh) and C(ef) are cofibrations in DblCat and 2Cat, since they are images of
monomorphisms in sSet®”"*2" . As the model structure on DblCat is 2Cat-enriched by
Remark it is enough to show that C(g{") is a weak equivalence in DblCat and that
C(gF), and C(ef?) are biequivalences. These statements are the content of Lemmas

and [11.2.9] respectively. O

The following two lemmas complete the proof of Theorem [I1.2.7] Recall from Propo-
sition [8:1.18] that double biequivalences, as defined in Definition [7:2.1] are in particular
weak equivalences in the model structure on DblCat of Theorem [8.1.15

Lemma 11.2.8. For all k > 0, the double functor C(gi'): C(G[k]) — C(F[k]) is a double
biequivalence in DblCat. In particular, it is a weak equivalence in DblCat.

Proof. Since C preserve colimits and [k] = [1] Ujg; . .. U] [1], we have that
C(G[K)) = V[K] and C(F[k]) = VO3 (k),

for all k > 0. First note that, when k = 0,1, the double functor C(gf) is an identity. For
k > 2, let us give an example. When k = 2, the double functor C(g4') is given by the

inclusion
0
. {
2

Having this example in mind, we can see that, for all k& > 0, C(gf): V[k] — VO3 (k)
is the identity on objects and horizontal morphisms, and it is fully faithful on squares,
since all squares in V[k] are trivial. The double functor C(gi") is also injective on vertical

~

N<—H—<e— O
N<—H—<e— O

morphisms. Moreover, since every vertical morphism i -e» j in VO3 (k) is related by

a horizontally invertible square to the composite ¢ o> i + 1 > ... - 7, then (C(g,]: ) is
essentially full on vertical morphisms. This shows that the double functor (C(g,f ) is a
double biequivalence, for all £ > 0. In particular, it is a weak equivalence in DblCat by
Proposition [8.1.18 0

Lemma 11.2.9. For all m > 0, the 2-functors
@(qﬁl): C(Q[m]) — C(R[m]) and @(eR): C(R[0]) — C(NED)
are biequivalences in 2Cat.

Proof. We first show the result for C(¢Z). As in the proof of Lemma [11.2.8) and by
Remark [11.1.9] we have that

C(Q[m]) = [m] and C(R[m]) = O3 (m),

for all m > 0. First note that, when m = 0,1, the 2-functor C(g}}) is an identity. For
m > 2, let us give an example. When m = 3, the 2-functor (C(q?lf) is given by the inclusion

\]

—

O3
We—— 1
o—
BN
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EN
W—— o
Il
e
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w
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Having this example in mind, we can see that, for all m > 0, C(¢%): [m] — O3 (m) is the
identity on objects, and it is fully faithful on 2-morphisms, since all 2-morphisms in [m]
are trivial. The 2-functor C(¢%) is also injective on morphisms. Moreover, since every
morphism ¢ — j in O3 (m) is related by a 2-isomorphism to the composite

i—=1+1—... =7

then C(g%) is essentially full on morphisms. This shows that the 2-functor C(¢%) is a
biequivalence, for all m > 0.

It remains to show that C(ef?) is a biequivalence. We have that C(R[0]) = [0], and
we compute C(NFT). Recall from Example that m-simplices of the bisimplicial
space NEI constant in the vertical and space directions are given by words of m letters in
{x,y}. Since C(N*I) is obtained by gluing a copy of O3 (m) for each m-simplex of NI,
we have that C(N®I) has

e two objects 0 and 1, given by the 0-simplices x and y,
e two non-trivial morphisms f: 0 — 1 and g: 1 — 0, given by the 1-simplices zy
and yz,
e two non-trivial 2-isomorphisms 7: id, = gf and €:idy, = fg, given by the 2-
simplices zyx and yxy,
such that n and e satisfy the triangle identities, expressed by the 3-simplices yxyx and
xyxry. Higher simplices of NI do not add any relations. Therefore, the 2-category
C(NTI) = E,qj is the “free-living adjoint equivalence”, and C(ef?) = ji: [0] — F,qj is a
generating trivial cofibration in 2Cat. In particular, it is a biequivalence. O

11.3. The nerve N is homotopically fully faithful. We now prove that the Quillen
pair C 4 N is a Quillen reflection which implies that the nerve functor is homotopically
fully faithful. For this, we show that the derived counit of the adjunction C 4 N is level-
wise a weak equivalence in DblCat. More precisely, we show that it is a trivial fibration
as described in Proposition Note that, since all objects are cofibrant in DblCatgo,
the derived counit coincides with the counit.

Theorem 11.3.1. The components ex: CNA — A of the (derived) counit are trivial
fibrations in DblCat, for all double categories A. In particular, these are weak equivalences
in DblCat and therefore the adjunction C 4N is a Quillen reflection.

Proof. Let A be a double category. We first compute the double category CNA. By a
formula for left Kan extensions, we have that

CNA = colim(Y | NA — A x A x A = DblCat),

where J: A x A x A — Set(®”™)* denotes the Yoneda embedding and Y | NA is the
slice category over NA. An object in Y | NA is a map R[m] x F[k] x A[n] — NA, or

—~—

equivalently, by the adjunction C 4 N, a double functor (VO3 (k) ® 05 (m)) ® Oz2(n) — A.

P

Therefore, for each double functor (VO3 (k) ® O5'(m)) ® O2(n) — A, we glue a copy of

Xm,k,n = (VO;(/{?) & O;(m)) & OQ(’I’L) in CNA.
The double category CNA is cofibrant, since every object in DblCatZo is cofibrant and
C is left Quillen. Therefore its underlying horizontal and vertical categories are free by
Corollary and it is enough to describe the generating morphisms. First note that
CNA has the same objects as A. The horizontal morphisms in CNA are freely generated
by
e a horizontal morphism f : A — B, for each horizontal morphism f of A,
e a horizontal morphism f(;g,: A — B together with a horizontal morphism
9(t.gme : B — A, for each horizontal adjoint equivalence (f,g,7,¢) in A.
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where idy4, f(idA,idA,ididA,ididA)v and g(idA,idA,ididA,ididA) are identified with the identity id4
at the object A of CNA. The vertical morphisms in CNA are freely generated by a vertical
morphism u: A - A, for each vertical morphism u of A, where ey is identified with the
identity e4 at the object A of CNA. It remains to identify the squares of CNA. They are
generated by:

e vertically invertible squares 7fqn )" (€4 iNd}é ea) and € gn 0 (€B i];i; ep) sat-
g

isfying the triangle identities, for each horizontal adjoint equivalence (f,g,n,€)
in A,

e a square a: (u ;, v), for each square « in A,

e a square a: (u }i/ v), for each square « in A whose horizontal boundaries are

horizontal adjoint equivalences (f,g,n,¢) and (f',¢',7',€),
e a vertically invertible square gf,k,g’h: (ea %{; ec), for each vertically invertible
square 6 in A as depicted below,

A1,

B

A——B ——C
3
where g and h are horizontal adjoint equivalences,

e a vertically invertible square @y (ea ™ ec), for each vertically invertible square

ar ©
© in A as depicted below,

—>

A C
N @ 1R N
A——B—C

f

e a vertically invertible square @y g5 (ea h_ ec), for each vertically invertible
square ¢ in A as above, but where the morphisms f, g, and h are all horizontal
adjoint equivalences, '

e a horizontally invertible square Eu,v,w :(w igju
square 1) in A as depicted below.

v 1), for each horizontally invertible

A=A
we = A’
A == A"

Furthermore, these squares are submitted to relations represented by double functors

(VO3 (k) ® O3 (m)) @ O2(n) — A, where k +m +n > 3. In particular, these relations
hold for the squares that represent them in A.

Then the double functor €4 : CNA — A is given by the identity on objects and by send-
ing each horizontal morphism, vertical morphism, and square in CNA to the horizontal
morphism, vertical morphism, and square in A representing it. This defines a double
functor since the underlying horizontal and vertical categories are free, and the relations
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on squares in CNA are satisfied by the squares representing them in A. Moreover, it is
straightforward to see that this double functor is surjective on objects, full on horizontal,
and full on vertical morphisms. Fully faithfulness on squares follows from the fact that,
given a boundary in CNA, for each square in A in the representing boundary, we added a
unique square, and the fact that the relations satisfied for squares in A are also satisfied
in CNA. O

Remark 11.3.2. Since all objects are cofibrant in DblCatZ by Theorem the func-
tor C: DblCatZo — DDblCat preserves weak equivalences by Ken Brown’s Lemma (see
Lemma . Therefore, since the components €4 : CNA — A of the counit are weak
equivalences by Theorem for all A € DblCat, the nerve N: DblCat — DblCat”
reflects weak equivalences by 2-out-of-3.

11.4. Level of fibrancy of nerves of double categories. The nerve of any double
category is almost fibrant in the model structure DblCatZo of Theorem Indeed,
aside from the vertical Reedy/injective fibrancy condition, the nerve of a double category
satisfies the conditions of a horizontally complete double (00, 1)-category. As we will see,
vertical Reedy/injective fibrancy for the nerve of a double category A is satisfied if and
only if the double category A is weakly horizontally invariant.

Let us first summarize the properties that the nerve of a general double category
satisfies.

Theorem 11.4.1. The nerve of a double category A is such that
(i) (NA)_ j: A — sSet is Reedy/injective fibrant, for all k > 0,
(i) (NA)y, —: A°P — sSet is satisfies the Segal condition, for all m > 0,
(7ii) (NA)_ ;2 AP — sSet is a complete Segal space, for all k > 0.

To show this theorem we will need several technical results. The first piece is a Quillen
pair between Lack’s model structure on 2Cat and the Kan-Quillen model structure on
sSet, whose left adjoint is given by the restriction of the functor C: sSet®™*A" — 2Cat
to its space component.

Definition 11.4.2. We define the cosimplicial 2-category
X: A — 2Cat,

e~

[n] = Oz(n).
Proposition 11.4.3. The cosimplicial 2-category X induces an adjunction
A —%— 2Cat,
C
>
Set™”” N
where C 1is the left Kan extension of X along the Yoneda embedding, and we have that

(NA), =2Cat(0O2(n), A),
for all A € 2Cat and alln > 0.

Proof. This is a direct application of Proposition [11.1.1] since 2Cat is locally presentable
by Proposition [2.1.6 O

This adjunction gives the desired Quillen pair between the model structures for 2-
categories and for Kan complexes.

Proposition 11.4.4. The adjunction
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C
o~
2Cat 1 sSet
\_/{

N

18 a Quillen pair between Lack’s model structure on 2Cat of Theorem|6.1.8 and the Kan-
Quillen model structure on sSet of Theorem [5.2.7.

Proof. By Remark [£.4:4] it is enough to show that C sends generating cofibrations and
generating trivial cofibrations in sSet to cofibrations and trivial cofibrations in 2Cat, re-
spectively. Recall from Theorem[5.2.7] that generating cofibrations and trivial cofibrations
in sSet are given by the maps (5 : 0A[n] — Aln], for n > 0, and Eﬁt: At[n] — Aln], for
n > 1and 0 <t < n, respectively. Note that we have C(:5) = C(:4") and C(Eﬁt) = @(ﬁ,ﬁt).
Therefore, by Lemmas [11.2.5] and [11.2.6] we see that these are cofibrations and trivial
cofibrations in 2Cat, respectively. This shows the result. O

We will reformulate conditions (i-iii) of Theorem [11.4.1, which are for now given in
terms of weak equivalences between mapping spaces, using the right Quillen functor N
of the above proposition. This can be done by applying the following lemma.

Lemma 11.4.5. Let X € sSet®” *2" be a trisimplicial set which is constant in the space
direction. Then, for every double category A, we have an isomorphism of simplicial sets

Map(X,NA) = N(H[C(X), Alps)
natural in X and A.

Proof. For all n > 0, we have isomorphisms of sets
Map(X,NA), 2 sSet®" A" (X x Aln],NA)

= DblCat(C(X x A[n]), A)

= DblCat(C(X) ® Oz(n), A)

~ 2Cat(Oz(n), HIC(X), Alys)

= N(HIC(X), Alps)n
natural in n, X, and A, where the first isomorphism holds by definition of the map-
ping space (see Proposition [10.1.5), the second by the adjunction C 4 N, the third by
definition of C and the fact that X is constant in the space direction, the fourth by
the universal property of ® (see Proposition [3.5.2)), and the last isomorphism by Propo-

sition In particular, these isomorphisms of sets assemble into an isomorphism
Map(X,NA) = N (H[C(X), A]ps) of simplicial sets, which is natural in X and A. O

We now prove Theorem assuming Lemmas [11.4.6] and [T1.4.7] below.

Proof of Theorem[11.4.1]. Let A be a double category. By Lemmas [11.4.6) and [I1.4.7] the
2-functor H[C(idppy x ¢1f), Alps is a fibration in 2Cat, and the 2-functors

H[C(idppy % ¢), Alps, H[C(idppy x ), Alps and H[C(gg x idgpn)), Alps

are trivial fibrations in 2Cat, for all m,k > 0. As N: 2Cat — sSet is right Quillen
by Proposition [I1.4.4] these are sent by N to fibrations and trivial fibrations in sSet,
respectively. As the map idpp x 1R is constant in the space direction, by Lemma |11.4.5
we have that

Map(idgp % ¢, NA) = N (B[C(idpp X 07)), Alps)-
By the above arguments, this is a fibration in sSet, for all m, k > 0, which shows (i) saying
that (NA)_ j is Reedy/injective fibrant. Similarly, we have that

Map(id i) X g, NA) = N (H[C(idppry X o), Alps),
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Map(idppy x e, NA) = N (H[C(idppy x e), Alps),

Map(g{: X idR[m]a NA) = N(H[C(gllj X idR[m])vA]PS)a
and these are trivial fibrations in sSet by the above arguments, for all m, k > 0. The fact
that Map(id gy x ¢ ) NA) and Map(id FK] X eft. NA) are in particular weak equivalences
in sSet shows that (iii) holds, i.e., we have the Segal and completeness conditions for

(NA)_ 1, and the fact that Map(gf X idgpy,), NA) is in particular a weak equivalence in
sSet gives (ii), i.e., the Segal condition for (NA),, _. O

The following two lemmas complete the proof of Theorem [I1.4.1]

Lemma 11.4.6. Let A be a double category. The 2-functor H[C(idppy % uf), Alps is a
fibration in 2Cat, and the 2-functors H[C(id gy x q2), Alps and H[C(id gy x e®), Alps are
trivial fibrations in 2Cat, for all m,k > 0.

Proof. By the universal property of the tensor ® in Proposition [3.5.2] we get isomorphisms
of 2-categories as in the following commutative square.

N N H[C(idpp X /1), Alps N o
H[VO5 (k) @ O3 (m), Alps H[VO5 (k) @ 005 (m), A]ps

% F

(05 (m), H[VOQN(k’)aA]ps}Zpsi (605 (m), HVO3 (k), Alps]2,ps
[C(ert), HIVO3 (), Alps]2,ps

As every 2-category is fibrant and C(¢£) is a cofibration in 2Cat by Lemma the 2-
functor [C(£), H[VO3 (k), Alps]a,ps is a fibration in 2Cat by monoidality of Lack’s model
structure (see Theorem . Hence H[C(id gy X 1B), Alps is also a fibration in 2Cat.

Similarly, we have isomorphisms H[C(idppy x ¢it), Alps = [C(gX), H[VO3 (k), Alps]a,ps
and H[C(idppy x eff), Alps = [C(ef), H[VO5 (k), Alps]2,ps- By Lemma and since C
preserves cofibrations, the 2-functors C(¢t) and C(ef?) are trivial cofibrations in 2Cat.
Therefore, by monoidality of Lack’s model structure, the 2-functors

[@(Qrﬁ)’H[Vog(k)aA]pS]Zps and [@(QR)uH[Vog(k)vA]pS]Zps
are trivial fibrations in 2Cat and hence so are
H[C(idpp x ¢)), Alps and H[C(idpp x ), Alps. O

For the last piece for the proof of Theorem [IT1.4.1], we refer the reader to Definitions[3.3.1]
and for a description of the data of the underlying horizontal 2-category H[—, —]ps
of double functors, horizontal pseudo-natural transformations, and modifications with
trivial vertical boundaries.

Lemma 11.4.7. Let A be a double category. The 2-functor H[C(gf x id Rjm))s Alps is @
trivial fibration in 2Cat, for all m,k > 0.

Proof. By the isomorphisms of double categories in Proposition [3.3.5|introducing the Gray
tensor ®q, and by applying H to these isomorphisms, we get isomorphisms of 2-categories
as in the following commutative square.

H[C (¢ x idgpm1), Alps
HIVO3 (k) ® 05 (m), Alps — o0 ) B ey @ 05 (1), Alys

% k

H[VOy' (k), [HO3 (m), Alps]ps HI[V[K], [HO3 (1), Alps]ps
H[C(g{), [HOZ (1), Alpe]ps
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To see that the 2-functor H[C (g} x id Rm])> Alps is a trivial fibration in 2Cat, it is enough
to show that the 2-functor

H[C(gy), Blps: H[VO3 (k), Blps — H[V[k], Blps

is a trivial fibration in 2Cat, for any B € DblCat. Then, by applying this result to
B = [HO3 (m), Alps, we get that H[C (g7 ), [HO3 (m), Alps]ps is a trivial fibration in 2Cat.
Then, by the commutative square above, we get that H[C(gf x idRjm]), Alps is also a
trivial fibration in 2Cat.

We first describe the double functor C(gf'): V[k] — VO3 (k) on objects and vertical
morphisms. Since the horizontal morphisms and squares of V[k] are all trivial, this de-

scribes the image of C(gf) completely. We denote by u;: i 4+ 1, for 0 < i < k, the
vertical morphisms generating the double category V[k]. Then the double functor C(g})

is the identity on objects and sends a generating vertical morphism wu;: i i + 1 of V[k]

to the vertical morphism i e+ i + 1 of VO3’ (k) represented by {i,7 + 1}.

Now let B be a double category. We show that the 2-functor H[C (g} ), B]ps is a trivial
fibration in 2Cat, by verifying that it is surjective on objects, full on morphisms, and fully
faithful on 2-morphisms.

Given a double functor F': V[k| — B, consider the composite

VO3 (k) 5 VK] -5 B,

where 7: O5'(k) — [k] is the identity on objects and acts on hom-categories as the
unique functor O3 (k)(i,j) — [k](i,7) = [0]. The composite above is a double functor
in H[VO5 (k),B] such that F(Vr)C(gl) = F, which proves surjectivity on objects.

Let F,G: VO3 (k) — B be double functors, and ¢: FC(gl") = GC(gf") be a horizontal
pseudo-natural transformation in H[V[k],B],s. We want to define a horizontal pseudo-
natural transformation @: F = G in H[VO3 (k), B],s such that C(gi") = ¢. By (hn2) of
Definition it is enough to define ¥ on the generating vertical morphisms of VO3 (k)
which are represented by {i,j} for i < j. When j =i+ 1, we set Py, ;,13 = pu,. For
J > i+1, let 6 denote the unique horizontally invertible square in VO3’ (k) from the vertical
morphism represented by {i,j} to the vertical composite of morphisms represented by
[i, j] = {l| i <1 < j}. Then there is a unique way of defining ©y; ;; so that P is natural;
namely as follows.

Fq Fi Gi Gi
F{MH% Pu, f%,m}
Fi—— Gi F(i+1) - G(i+1)
F{m‘}f Plig) fG{m} = Fuje Fo f Puia f (cig)fl 0Gpij)
Fj—0j IR
i uys f
Fj Fj Gj Gj

This defines a horizontal pseudo-natural transformation @: F' = G which maps to ¢ via
H[C(gf),B]ps, and hence shows fullness on morphisms.

Let ,¢: F = G be horizontal pseudo-natural transformations in H[VO5 (k), B]ps,
and let p: ¢ = pC(gf) = ¢ == ¥ C(g{’) be a 2-morphism in H[V[k], B, i.e., a modifi-
cation with trivial vertical boundaries. The modification p comprises the data of squares
wi: (ep; 51 egi), for 0 < i < k, natural with respect to the square components of ¢
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and 1. By the relations between the square components of % and ¢, and the ones of 1)
and 1 as indicated in the pasting equality above, one can show that the squares p; of
i are also natural with respect to the square components of @ and . Therefore p also
defines a 2-morphism p: p = ¢ in HVO5' (k), B],s. As it is the unique such 2-morphism
in H[VO3 (k), B]ps that maps to pu via H[C(gf'), B]ps, this shows fully faithfulness on
2-morphisms. U

Finally, we show that the nerve of a double category satisfies the missing condition
of a horizontally complete double (oo, 1)-category in the list of Theorem namely
the Reedy /injective fibrancy in the vertical direction, precisely when the double category
is weakly horizontally invariant. Recall that the weakly horizontally invariant double
categories are the fibrant objects in the model structure on DblCat of Theorem

Theorem 11.4.8. The nerve of a double category A is such that (NA),, _: A% — sSet
is Reedy/injective fibrant, for all m > 0, if and only if the double category A is weakly
horizontally invariant.

Proof. Let A be a double category. Suppose that A is weakly horizontally invariant,
then NA is a horizontally complete double (0o, 1)-category since N: DblCat — DblCat’,
is right Quillen. In particular, this says that (NA),, _: A°? — sSet is Reedy/injective
fibrant, for all m > 0.

Conversely, suppose that (NA),, _: A°? — sSet is Reedy/injective fibrant, for all
m > 0. Then (NA)q _ is Reedy/injective fibrant and therefore the map

(Fyx: (NA)p1 = Map(F[1],NA) — Map(0F[1],NA) = (NA)oo x (NA)g .

is a fibration in sSet. In particular, it has the right lifting property with respect to
€1A71: A[0] — A[1], i.e., there is a lift in every commutative diagram as below.

! .- ()

A[1l] —— (NA NA
(1] 7] (NA)g o x (NA)g,0

By Descriptions [13.1.2] and [13.1.4] the upper map v is the data of a vertical morphism
v: B e B' in A, while the bottom map (f, f’) is the data of a pair of horizontal adjoint

equivalences (f: A = B, f': A = B’) in A. Therefore, the existence of a lift in each
diagram as above corresponds to the existence of a weakly horizontally invertible square

in A of the form
A B

A’?B’,

e IR IZJ\..

for each such data (v, f, f’). In other words, this says that A is weakly horizontally
invariant. u

Remark 11.4.9. In particular, since a horizontal double category is not generally weakly
horizontally invariant (see Remark, the nerve NHLA of a 2-category A is not generally
fibrant in DblCatZO. Since every 2-category is fibrant in Lack’s model structure on 2Cat,
this shows that the composite NH is not right Quillen from 2Cat to DblCatZo. Therefore,
we will need to define the nerve for 2-categories differently in the next section.



188 LYNE MOSER

12. NERVE OF 2-CATEGORIES

As 2-categories are horizontally embedded in double categories, we hope that the nerve
functor N: DblCat — DblCat”, restricts to a nerve functor 2Cat — 2CSS. Since the nerve
of a double category HL.A associated to a 2-category A is not generally fibrant, as explained
in Remark [I1.4.9] we need to define the nerve of a 2-category as the nerve of the fibrant
replacement of H.A given by H~A in DblCat; see Theorem In Section we show
that the composite of the Quillen pairs L= 4 H= and C - N restrict to a Quillen pair
between 2Cat and 2CSS. The (derived) counit of the composite of these adjunctions is also
level-wise a biequivalence, and we get a homotopically full embedding of 2Cat into 2CSS.
As all objects are fibrant in 2Cat, the nerve NH™ preserves weak equivalences, and we
can further show in Section [12:2] that Lack’s model on 2Cat is right-induced from 2CSS
along NH~. In particular, as the weak equivalences and fibrations are determined through
their images under NH™, this says that the homotopy theory of 2-categories is created by
that of 2-fold complete Segal spaces. In Section [12.3] we compare the nerve of the double
categories HA and H™ A, by showing that the nerve of the latter is a fibrant replacement
of the nerve of the former in 2CSS, and hence also in DblCat!.

12.1. The nerve NH™ is right Quillen and homotopically fully faithful. We con-
sider the composite of the Quillen pairs

L= C
2Cat L DblCat 1 DblCaty, ,
~_ ~_ 7
H= N

and show that this gives a Quillen pair between Lack’s model structure on 2Cat and the
model structure 2CSS on sSet™>"" 2" for 2-fold complete Segal spaces. Since this latter
is obtained as a left Bousfield localization of DblCatZO by Theorem we can again
apply Theorem [5.2.23

Theorem 12.1.1. The adjunction
L=C
/\
2Cat 1 2CSS
~_
NH~

18 a Quillen pair between Lack’s model structure on 2Cat and the model structure on
sSet2 XA for 2-fold complete Segal spaces, i.e., (00, 2)-categories.

Remark 12.1.2. Note that the functor L~ : DblCat — 2Cat does not preserve tensors. For
example, the 2-category L~ (V[1] ® [1]) is generated by a non-invertible 2-morphism as
below left, while the 2-category L=(V[1]) ®2 [1] is generated by a 2-isomorphism as below
right.

0——1 0——1
:J Ya J: :J :/ J:
0/ 5 1/ O/ 5 1/

However, the fact that the left-hand 2-morphism is not invertible in a square coming from

a pair of a vertical morphism and a horizontal morphism is the only difference between
L¥(—® —) and L™ (—) ®2 L=(—).

Proof. First note that the adjunction L=C 4 NH~ is a Quillen pair between 2Cat and
DblCatZo, since it is a composite of the two Quillen pairs L= 4 H~ of Theorem and
C 4 N of Theorem [11.2.7] By Theorem [5.2.23] it is enough to show that the functor L~C
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sends the cofibrations ef’ x id R[m] and cg, with respect to which we localize DblCat’gO to
obtain 2CSS in Theorem [10.3.3] to weak equivalences in 2Cat.
We first show that L=C(ef x id Rm]) is a biequivalence. By a similar computation to
the one of C(NI) in the proof of Lemma [11.2.9, we obtain that
L=C(NFT x R[m]) & L=(VOs(k) ® O3 (m)).

Then the squares in the tensor VO2(k) ® O5'(m) induced from vertical morphisms in

P

VO3(k) and morphisms in 05'(m) must be weakly vertically invertible, since all vertical

morphisms in VOy(k) are vertical equivalences, and these correspond to 2-isomorphisms

in L~ (VO2(k)® 05’ (m)), by a dual version of Lemma By Remark|12.1.2) we deduce

that L= preserves this tensor:

L=(VOo(k) ® 05 (m)) = 0y(k) @9 05 (m) = L*C(NT'I) @y L=C(R[m]).
Therefore, L=C(e" x idR[m}) ~ [=C(ef)Og, (I — L=CR[m]). Both morphisms in
this pushout-product are cofibrations in 2Cat since L~C is left Quillen from DblCatZo,
and therefore, by monoidality of the model structure on 2Cat (see Theorem , it is
enough to show that L=C(e!") is a biequivalence. But this is clear since the 2-functor
L=C(ef"): L=C(F[0]) — L=C(NFT) can be identified with the generating trivial cofibra-
tion ji: [0] = Flaqj in 2Cat.

We now show that the 2-functor L=C(cg): L=C(F[0]) — L=C(F[k]) is a biequivalence.

It is given by the inclusion [0] — O2(k) at 0. First note that for £ = 0, this is the identity.
For k£ > 1, it is a biequivalence since it is

—_—~—

e bi-essentially surjective on objects as every object in Oz (k) is related by an adjoint
equivalence to the object 0,
e essentially full on morphisms since every composite of adjoint equivalences 0 — 0

in O2(k) is related by a 2-isomorphism to idg, which is given by a pasting of units
and counits of the adjoint equivalences,

e fully faithful on 2-morphisms since the only 2-morphism idy = idg in Oz (k) is the
identity.
This proves the theorem. O

As in the double categorical case, the adjunction L~C 4 NH™ is a Quillen reflection
and hence the nerve NH™ is homotopically fully faithful. Again, since all objects in 2CSS
are cofibrant, the derived counit of the adjunction L=C - NH~ coincide with the counit,
and we show that it is level-wise a biequivalence.

Theorem 12.1.3. The components e4: L~CNH~A — A of the (derived) counit are
biequivalences, for all 2-categories A. In particular, the adjunction L=C - NH~ is a
Quillen reflection.

Proof. This follows from the fact that the (derived) counits of the adjunctions C 4 N and
L= 4 H™ are weak equivalences, by Theorems [11.3.1] and [8.4.7], respectively. O

Remark 12.1.4. We recall the adjunction P 4 D between Cat and 2Cat introduced in
Proposition 2.1.13] By Theorem [6.1.14] these functors form a Quillen reflection between
the canonical model structure on Cat and Lack’s model structure on 2Cat. By composing
with the Quillen reflection of Theorems [12.1.1] and [12.1.3] we obtain a Quillen reflection
P L=C
T~ T~
Cat 1L 2Cat 1 2CSS
~_ 7 ~_

D NH~
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between the canonical model structure on Cat and the model structure on sSet®” A%
for 2-fold complete Segal spaces, i.e., (00, 2)-categories.

12.2. 2Cat is right-induced from 2CSS along NH~. We now show that Lack’s model
structure on 2Cat is right-induced from the model structure 2CSS for 2-fold complete
Segal spaces along the nerve NH™. In particular, this says that the homotopy theory of 2-
categories is determined by the homotopy theory of 2-fold complete Segal spaces through
its image under NH™.

Theorem 12.2.1. Lack’s model structure on 2Cat of Theorem|6.1.8 is right-induced along
the adjunction
L=C
T~
2Cat 1 2CSS ,
~_
NH~

where 2CSS denotes the model structure on sSet™" 2" of Theorem for 2-fold
complete Segal spaces.

Proof. It is enough to show that a 2-functor F' is a weak equivalence (resp. fibration)
in 2Cat if and only if NH™F' is a weak equivalence (resp. fibration) in 2CSS, as model
structures are uniquely determined by their classes of weak equivalences and fibrations.

Since the functor NH™ is right Quillen, it preserves fibrations. Moreover, since all
objects are fibrant in 2Cat, the functor NH™ also preserves weak equivalences by Ken
Brown’s Lemma (see Lemma . This shows that, if F' is a weak equivalence (resp. fi-
bration) in 2Cat, then NH~F' is a weak equivalence (resp. fibration) in 2CSS.

Now let F': A — B be a 2-functor such that NH™F: NH~A — NH~B is a weak
equivalence in 2CSS. Since all objects are cofibrant in 2CSS, by Ken Brown’s Lemma
(see Lemma , the left Quillen functor L=C preserves weak equivalences. Therefore,
the 2-functor L~CNH~™F is a biequivalence. We then have a commutative square

r~CNH= AN > oNEB

EAJZ ZJGB

A - 5,

where the vertical 2-functors are biequivalences by Theorem [12.1.3] By 2-out-of-3, we get
that F' is also a biequivalence.

Finally, let F': A — B be a 2-functor such that NH~F: NH~A — NH™B is a fibration
in 2CSS. We show that F' has the right lifting property with respect to the generating
trivial cofibrations jq : [0] = Eaqj and ja: [1] = Ciny in 2Cat as described in Notation
where E,q4; denotes the “free-living adjoint equivalence” and C},, denotes the “free-living
2-isomorphism”. First note that, if NH™F is a fibration, then (NH™F),,  is a fibration
in sSet for all m, k > 0, since fibrations between fibrant objects in 2CSS are in particular

level-wise fibrations (see Proposition [5.2.20[ and Remark |10.1.9)).
By taking m = k = 0, as (NH™F)g is a fibration in sSet, there is a lift in every
commutative diagram as below left.

A[O] R (NHﬁA)O,o [O] — A

T A
R4 7

! el (NH=F)o,0 J1 7 F

A[l] ———— (NH™B)o FEagj —— B
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By Description a O-simplex in (NH™A)g is an object of A, and a 1-simplex in
(NH™A)p o is an adjoint equivalence in A. Therefore, the existence of a lift in each diagram
as above left corresponds to the existence of a lift in each diagram as above right. This
shows that F' has the right lifting property with respect to ji.

Now take m =1 and k = 0. As (NH™A); ¢ is a fibration in sSet, there is a lift in every
commutative diagram as below left.

AJ0] ———— (NH=A)1 o N —— A
P N
o0, (NH=F)y al 0 |F
A[l] _ (NH:B)LO [1] X9 Eadj — B

By Description a 0-simplex in (NH™.A); o is a morphism of 4, and a 1-simplex in
(NH™A); 0 is a 2-isomorphism in A, as depicted in Description (1). Therefore, the
existence of a lift in each diagram as above left corresponds to the existence of a lift in
each diagram as above right. Now the generating trivial cofibration js: [1] — Ciny is a
retract of j5 of the following form

1] 1] 1]

o oa s

Ciny - [1] ®2 Fagj — Cinv ,

where ¢ sends the 2-isomorphism of Ci,y to the 2-isomorphism of [1] ®2 E,gj, and r sends
the adjoint equivalences of E,q; to identities, and the 2-isomorphism of [1] ®3 E,q; to
the 2-isomorphism of Ci,,. Therefore, since F' has the right lifting property with respect
to jb, then F also has the right lifting property with respect to jo. This shows that F is
a fibration in 2Cat and concludes the proof. O

12.3. Comparison between the nerves NH and NH~™. We now want to compare
the nerves NH.A and NH~A of a 2-category A. For this, we will construct a homotopy
equivalence between the spaces (NH.A),, ; and (NH™A),, 5. Their sets of n-simplices are
given by
(NHLA) k. = DbICat (X, g n, HA) = 2Cat(LX,, g 1, A)

and

(NH™A) .k, = DbICat(Xoy, o.n, HTA) =2 2Cat (L=Xp ., A).
Let us first describe the 2-categories L=X,, 1., and LX;, k-

Description 12.3.1. The 2-category LX,,  , is obtained from the double category

Xmkn = (VO3 (k) ©® O3'(m)) ® Oz(n)

by identifying the objects (x,y,2) ~ (x,y',2), for all 0 < z < m, 0 < y,y < k, and
0 < z < n, and by identifying the vertical morphisms (z, g, z): (z,y, z) > (z,v’, z), where
g € 05 (k)(y,y'), with the identity at (z,y,z) ~ (z,9',2z). We denote by [z, z] the equiv-
alence class {(z,y,2) | 0 <y < k}. Then, the 2-category LX,, 1, has

e objects [z,z] for all 0 <z <m and 0 < z < n,

e morphisms freely generated by

— a morphism (f,y,2): [z,2] = [2/,z] where f € O3 (m)(x,2’) is represented
by the set {x,2'}, forall 0 < z,2’ <m, 0 <y <k,and 0 < z < n,
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— a morphism (x,y,h): [z, z] — [z, 2'] where h € O/Q\/(n)(z, 2') is represented by
the set {z,2'}, forall 0 <z <m, 0 <y < k, and 0 < 2,2 <m,

e a 2-morphism a: f = f’ for each square a: (u ? v) in Xy, on-

Description 12.3.2. The 2-category L=X,, ., has

e the same objects as the double category X, 1, = (VO3 (k) ® O5'(m)) ® Oz(n),
i.e., triples (z,y,2) with0 <2z <m,0<y <k 0<z<n,
e morphisms generated by
— a morphism (f,y,2): (z,y,2) = (2/,y,2) where f € O3 (m)(x, ') is repre-
sented by the set {z,2'}, for all 0 < z,2/ <m, 0 <y <k, and 0 < z < n,
— a morphism (x,y,h): (z,y,2) — (x,y,2") where h € Oz(n)(z,2’) is repre-
sented by the set {z,2'}, foral 0 <2 <m, 0<y <k,and 0 < 2,2/ <n,
— an adjoint equivalence (z,g,2): (z,y,2) = (z,9,2) where g € Oy (k)(y,v)
is represented by the set {y,y'}, for all 0 < z < m, 0 < y,y < k, and
0< 2 <n,

e a 2-morphism a: vf = flu for each square a: (u % v) in X g

Example 12.3.3. We compute these 2-categories in the case where m =1, kK = 1, and
n = 0. Let us denote by u: 0’ -e» 1’ the vertical morphism in V[1] and by f: 0 — 1 the
morphism in [1]. We have that L(V[1] ® [1]) is the free 2-category on a 2-morphism as
depicted below left, while L=(V[1] ® [1]) is the 2-category as depicted below right. We
omit the z-component here since it is always 0.

70/
o) 0,0) "% (1,01
T
0] {fw[1] (O,u)l: Vs :l(m)
~__ 7 (f,u)
(f:1) 0,1) — (1,1)

(£;1)

Remark 12.3.4. Using these descriptions, we can see that the O-simplices of the simpli-
cial sets (NHA)go and (NH™A)g o are the objects of A, and the ones of (NH.A); ¢ and
(NH™A)1,0 the morphisms of A. The 0-simplices in (NH.A); ; are the 2-morphisms of A
as in the above left diagram of Example while the ones of (NH™.A);; are the 2-
morphisms of A as in the above right diagram of Example [12.3.3] Finally, the O-simplices
in (NH.A)g, are just objects of A, while the ones of (NH™.A)o; are adjoint equivalences
in A. We describe these simplicial sets in greater detail in Sections [[3.2] and [I3.3]

There is a comparison morphism 7, r.n: L=Xp, 1, — LX,, 1, which sends an object
(z,y, 2) to the object [z, z], morphisms (f,y,z) and (z,y,h) to the morphisms (f,y, z)
and (z,y, h), the adjoint equivalences (z, g, z) to the identity at [z, z], and a 2-morphism
a:vf = ?lu to the corresponding 2-morphism «a: f = ?l. Note that this is a 2-functor
since the adjoint equivalences are sent to identities. Moreover, this 2-functor is clearly
surjective on objects, full on morphisms, and fully faithful on 2-morphisms. By construct-
ing an inverse 2-functor up to pseudo-natural equivalence (see Definition to this
comparison morphism 7, . ,, we obtain the following result.

Theorem 12.3.5. Let A be a 2-category. The map 7 : NHA — NH™A induced by the
comparison maps T kn: L™Xp pn — LXp b @5 level-wise a homotopy equivalence in
sSet2 XA | In particular, this exhibits NH=A as a fibrant replacement of NH.A in 2CSS
(or in DblCat”. ).
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Proof. We first construct an inverse 2-functor up to pseudo-natural equivalence
bmkn* LXm,k,n — Lgxm,k,n

to the 2-functor m,, i, such that the composite m, . ntm kn is the identity at LX,, . . It
sends an object [z, z] to the object (x,0, z), a generating morphism (f,y, z): [z, z] — [/, 2]
with f € 05 (m)(z,z) represented by the set {x, 2’} to the composite

(2,0,2) L2 (2, 2) L2 (of g, 2) LD, (0, 0,2),

and a generating morphism (x,y, h): [z, z] — [z, 2/] with h € O2(n)(z, 2’) represented by
the set {z,2'} to the composite

(2,0,2) 22 (@,9,2) S, (2,9,2) LL (0,0,2),

—_—

where g € O3(k)(0,y) is represented by the set {0,y} and ¢’ € O2(k)(y,0) is its weak
inverse. The assignment on 2-morphisms is uniquely determined by these assignments on
objects and morphisms, since the 2-functor m,, s, is fully faithful on 2-morphisms and
we imposed that mm g ntmkn = idrx,, . In particular, since the morphisms in the 2-
category LX,, 1. » are freely generated by the morphisms (f,y, z) and (z,y, h), this defines
a 2-functor ¢y, g LXoy kn — L™K k-

We now construct a pseudo-natural adjoint equivalence

Emkn’ bmknTmkn = ldL:’XmJg,n-

At an object (2,9, 2) € L=Xp, . n, We define ¢ to be the morphism

x,y,z)

6(5'77%2) = (xhq’z): (1}70, Z) i> (l’,y,Z),

where g € O2(k)(0,y) is represented by the set {0,y}. Note that the morphism ¢, ,, .) as
defined above is an adjoint equivalence. Given a morphism (f,y, z): (z,y,2) — (2/,y, 2),
we define €s, .y to be the following 2-isomorphism

€(z,y,2) = (3:797'2)
(2,0, 2) %

(z,y,2)

(2,9,2) | =
(2,9, 2)

(f:9,2) = (f.y,2)

(=',y,2)

(IEI,O,Z) % (.CL‘/,y,Z)
6(;c’,y,z) = (I » 9, Z)

induced by the counit gg’ = id, of the adjoint equivalence (g,g’). We define €(z,y,h) for a
morphism (z,y,h): (x,y,2) — (x,y,2') similarly. This defines a pseudo-natural adjoint
equivalence €, kn: b knTmkn = idr=x which can be represented by a 2-functor

O2(1) = [L7™Xp kns L™ X kn]2,ps since it corresponds to an adjoint equivalence in the
pseudo-hom 2-category Proposition [2.4.5] By definition of the Gray tensor product ®s9
(see Proposition , this pseudo-natural adjoint equivalence can equivalently be seen
as a 2-functor

m,k,n?



194 LYNE MOSER

L:Xm,k,n

. tm,kn © Tm,k,n
id ®2 dOJ/ \
—_ —

LXpp o @2 O2(1) —mkn— L™K o .

id @ dﬁ /

L:Xm,k,n
We claim that these 2-functors €, ; , induce a homotopy €, , as in

(I\HHI:.A)m,]€

* *
77-m,k‘ o Lm,k
id x d°

(NH=A) 1 x A[l] —€5p— (NHTA)ppy 1

wa =

(NH=A) 1

where the nth component of €, . is obtained by applying the functor 2Cat(—, .A) to €p, kn,
for all n > 0. 7

For each F' € (NH™A);, 1., we want to describe the corresponding (A[n] x A[1])-prism
of the homotopy, which coincide with Fip, 7 kn at 0 € A[l] and with F' at 1 € A[1].
Note that a (A[n] x A[1])-prism in (NH™A),, ; corresponds to a 2-functor

L¥((VO5 (k) ® 05’ (m)) @ (Os(n) @ 03(1))) — A.

—_——

The squares induced by vertical morphisms in VO3 (k) and morphisms in O2(1) must

2(1

be weakly horizontally invertible in (VO3 (k) ® O3 (m)) ® (O2(n) ®2 O , since the
morphisms in Oz(1) are adjoint equivalences. It follows from Lemma that the

corresponding 2-morphisms in L= (VO3 (k) ® O5'(m)) @ (O2(n) ®2 O2(1))) are invertible
and therefore, by Remark [12.1.2] we get that

—~

L=((VO3 (k) ® O3 (m))®(02(n) @2 O2(1)))
~ [*((VOy (k) ® 05 (m)) @ Oz(n)) @2 Oa(1)

e

- LZXm,k,n &2 02(1)

This says that a (A[n] x A[l])-simplex in (NH™A),, » corresponds to a 2-functor

—_—

L:XmJﬁn X9 02(1) — A.

We can therefore define the component of the homotopy at F € (NH™A),, k. to be
Fep 1.n. This shows the claim.

Since ¢y, . © T, . = 1d(nHA),, , and by the above homotopy, we see that ¢, , and 7, .
give a homotopy equivalence between (NH.A),, , and (NH™A),, 1., for all m,k > 0. These
assemble into maps ¢* and 7* of sSet®”"*A” which give a level-wise weak equivalence
between NH.A and NH=.A. This is in particular a weak equivalence in 2CSS and in
DblCat” . Since NH¥A is fibrant in 2CSS and in DblCat”, we conclude that it gives a

[o o}

fibrant replacement of NHLA. O
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Remark 12.3.6. Recall from Theorem [6.1.14] the Quillen pair P 4 D between Cat and
2Cat and let C be a category. We compute the nerve of the double category HDC:

(NHDC) ko, = 2Cat(LXoy, g n, DC) =2 Cat(PLXp, k0, C),

for all m,k,n > 0. By applying the functor P to the 2-category LX,, 1, as given in
Description (12.3.1} we can see that PLX,, 1, = [m] x I[n], where I[n] is the category
with object set {0, ...,n} and a unique isomorphism between any two objects. Therefore,

(NHDC) 0 = Catt([m] x I[n],C) = Nreak(Cmn

is given by the Rezk nerve (see Example [9.2.15]) constant in the vertical direction. Simi-
larly, we compute the nerve of H~DC and find that

(NH=DC) oo = 2Cat(LZX ., DC)
~ Cat(PL™Xp kn,C) = Cat((I[k] x [m]) x I[n],C).

By Theorem [12.3.5] we get a level-wise homotopy equivalence NHDC — NH~DC which
exhibits NH~DC as a fibrant replacement of the Rezk nerve of C in 2CSS (or DblCat! ).

13. EXPLICIT DESCRIPTION OF THE NERVES IN LOWER DIMENSIONS

In this last section, we describe the nerves of the different double categories considered
in this paper in lower dimensions; namely, for 0 < m,k <1 and 0 < n < 2. The aim of
these descriptions is to give the intuition that the space of the nerve at (m,k) = (0,0)
models the space of objects, the one at (m, k) = (1,0) models the space of horizontal mor-
phisms, the one at (m, k) = (0,1) models the space of vertical morphisms, and the one at
(m,k) = (1,1) models the space of squares of the corresponding double category. In Sec-
tion [I3.1], we first describe the nerve N of a general double category. Then, in Section [13.2]
we describe the nerve NH™ of a 2-category. Finally, in Section we also describe the
nerve NH of a 2-category, in order to compare it with its fibrant replacement NH=.

13.1. Nerve of a double category. Let A be a double category. We want to describe
the 0-, 1-, and 2-simplices of the space (NA),, ; for 0 < m,k < 1.

Description 13.1.1. By definition of N, we have that
(NA),p 1 = DbICat((VO5 (k) ® O3 (m)) ® Os(n), NA)
= 2Cat(O2(n), HIVO3 (k) @ O3 (m), Alps).
Therefore we can describe the 0-, 1-, and 2-simplices of the space (NA),, j as follows.
(0) A O-simplex in (NA),, x is a double functor F': VO3 (k) ® O3 (m) — A.
(1) A l-simplex in (NA),, ; is an adjoint equivalence in H[VO5 (k) ® O3 (m), A]ps, i.e.,
by Proposition [3.6.10} a horizontal pseudo-natural transformation

VO35 (k)@ Oy (m) |le A

such that, the horizontal morphism ¢;: Fi — G4 is a horizontal adjoint equiva-
lence in A, for each object i € VO3 (k) @05’ (m), and the square ¢, : (Fu J, Gu) is
weakly horizontally invertible, for each vertical morphism w in VO3 (k) ® O35 (m).
Recall from Definition[3.6.11|that such a ¢ is called a horizontal pseudo-natural
adjoint equivalence and we denote it by p: F = G.

(2) A 2-simplex is the data of three horizontal pseudo-natural adjoint equivalences
p: F = G,¢: GS H,and 0: F = H together with an invertible modification 7
as follows.
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We first compute the space (NA)q o, which is given by the space of objects. As expected
from the completeness condition being in the horizontal direction, its 0-simplices are given
by the objects, and its 1-simplices by the horizontal adjoint equivalences.

Description 13.1.2 (m = 0, k = 0). We describe the space (NA)g . First note that the
double category VO3 (0) ® O35 (0) = [0] is the terminal (double) category.

(0) A 0O-simplex in (NA)g o is a double functor A: [0] — A, i.e., the data of an object
AcA.
(1) A 1-simplex in the space (NA)g o is a horizontal pseudo-natural adjoint equivalence

¢: A= B, i.e., the data of a horizontal adjoint equivalence ¢: A = C in A.

(2) A 2-simplex in (NA)g is an invertible modification p: 6 = ¢ between such hor-
izontal pseudo-natural adjoint equivalences, i.e., the data of a vertically invertible
square in A

0
B

~

A E
N KR N
A = .

%C%

¥

We now turn our attention to the space of horizontal morphisms (NA); 9. We observe
that the squares appearing as n-simplices of this space all have trivial vertical boundaries.
In particular, this prevents a completeness condition for (NA); _. However, this still looks
like a degenerate completeness condition, which could be added to the definition of a
double (o0, 1)-category, as mentioned at the beginning of Theorem

Description 13.1.3 (m = 1, k = 0). We describe the space (NA); . First note that
VO35 (0) ® O3 (1) = H[1] is the free double category on a horizontal morphism.

(0) A 0-simplex in (NA); o is a double functor f: H[1] — A, i.e., the data of a hori-
zontal morphism f: A — B in A.

(1) A 1-simplex in the space (NA); o is a horizontal pseudo-natural adjoint equivalence
©: f = g, i.e., the data of two horizontal adjoint equivalences pg: A = C and
©1: B = D together with a vertically invertible square in A

A—2sc-2+Dp

R

ATB?D.

(2) A 2-simplex in (NA); is an invertible modification p: 6 = ¢ between such
horizontal pseudo-natural adjoint equivalences, i.e., the data of two vertically
invertible squares pp and g in A satisfying the following pasting equality.
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7
A > E—loF
Ho )2 ﬂ en A io E h F
A ;0 C 1;) E - F N 0 IR 9 N
€0 K PR = A f B 21 E
A ;0 C g D ;1 F N ef N 11 1R N
I ey, = =
¢ H ¥ A 7 B o D “ F
A 7 B o D o F

We now compute the lower simplices of the space (NA)g; — the space of vertical mor-
phisms. As expected from the horizontal completeness condition, its O-simplices are
given by the vertical morphisms, and its 1-simplices by the weakly horizontally invertible
squares.

Description 13.1.4 (m = 0, k = 1). We describe the space (NA)g;. First note that
VO35 (1) ® O5(0) = V[1] is the free double category on a vertical morphism.
(0) A O-simplex in (NA)g; is a double functor u: V[1] — A, i.e., the data of a vertical
morphism u: A -e» A’ in A.
(1) A 1-simplex in the space (NA)g ; is a horizontal pseudo-natural adjoint equivalence
¢: u = w, i.e., the data of two horizontal adjoint equivalences ¢: A = C and
@'+ A = O together with a weakly horizontally invertible square in A

A—2s ¢

ui P ~ iw

A —=C
¢ '

(2) A 2-simplex in (NA)g; is an invertible modification p: 6 = ¢ between such
horizontal pseudo-natural adjoint equivalences, i.e., the data of two vertically
invertible squares p and p’ in A satisfying the following pasting equality.

4 0

A——F—"7F A——F=—F
N 1R N ui g~ fl
At - y—C g
ui P wi )~ fy N IR N
A0 = E A= O = F

Finally, we consider the space of squares (NA); 1
Description 13.1.5 (m =
VO3 (1) ® 03 (1) = V[1] x H

(0) A O-simplex in (NA); 1 is a double functor a:: V[1] x H[1] — A, i.e., the data of a
square « in A

1, k = 1). We describe the space (NA); ;. First note that
[1] is the free double category on a square.
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f

A—— B

f o f
A/ T B/
(1) A 1-simplex in the space (NA); ; is a horizontal pseudo-natural adjoint equivalence

Y« = S, i.e., the data of four horizontal adjoint equivalences ¢, ¥1, ©(, and ¢/,
two vertically invertible squares ¢ and ¢’, and two weakly horizontally invertible
squares g and 7 in A fitting in the following pasting equality.

A—2sc—25p A—2c—2sp

T

A—sB-2sD = 40 —D

€0 g
ui o vi p1 fL H o' IR H

Al I>B/ */)D/ Al ,>B, */)D/
! Y1 f ¥1
(2) A 2-simplex in (NA);; is an invertible modification p: 6 = ¢ between such
horizontal pseudo-natural adjoint equivalences, i.e., the data of four vertically
invertible squares in A

)
A—>

3

~

A E
K fi IR N
A——

A 4>@_0 C—— 7/ C *“/)1
A % E A —> E
N /LO 14 N N /Al 1% N
A i,> C——E A *,> C i,> E
Yo 1/)0 ®1 1
such that
o (10, 1) satisfies the pasting equality as in Description [13.1.3| (2) with respect
to ¢, ¥, and 0,

o (ug, i) satisfies the pasting equality as in Description (2) with respect
to ¢, ¢/, and &',

o (o, pp) satisfies the pasting equality as in Description (2) with respect
to o, 1,[0’ and %,

o (u1, 1)) satisfies the pasting equality as in Description (2) with respect
to @1, z%, and 6;.

13.2. Nerve of a 2-category. By computing the nerve of a 2-category, we expect to
see the space of objects at (m, k) = (0,0), the space of morphisms at (m, k) = (1,0), and
the space of 2-morphisms at (m,k) = (1, 1), while the space at (m, k) = (0,1) should be
weakly equivalent to the space of objects, since the first column of 2-fold complete Segal
space is essentially constant.

Let A be a 2-category. Recall that its nerve is given by the nerve of its associated
double category H~A. We therefore translate Descriptions [13.1.2]to[13.1.5] to this setting.
In particular, we first obtain the space of objects (NH=A)g o, whose 0-simplices are the
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objects, and whose 1-simplices are the adjoint equivalences of A, as expected by the
completeness condition.
Description 13.2.1 (m =0, k = 0). We describe the space (NH>A)g o

(0) A O-simplex in (NH¥A)g ¢ is the data of an object A € A.

(1) A 1-simplex in (NH™A)g is the data of an adjoint equivalence A =» C'in A.
(2) A 2-simplex in (NH™A)go is the data of a 2-isomorphism as in the following

diagram.
A — E

As for the space of morphisms (NH™A); o, we can see that the completeness condition
is now satisfied for (NH™.A); _, since vertical morphisms are now adjoint equivalences
in A and they therefore also appear in the horizontal direction.

Description 13.2.2 (m = 1, kK = 0). We describe the space (NH™A); .

(0) A 0-simplex in (NH™A); ¢ is the data of a morphism f: A — B in A.
(1) A l-simplex in (NH™.A); ¢ is the data of two adjoint equivalences and a 2-isomorphism
in A as in the following diagram.

A——C

o~

v |9

BTD

(2) A 2-simplex in (NH™A); ¢ is the data of two 2-isomorphisms filling the triangles
of the following pasting equality.

£\U/J J " j

NN

The space (NH<™A)g ; is actually given by the space of adjoint equivalences. Since the
“free-living adjoint equivalence” is biequivalent to the point, this space can be interpreted
as “homotopically the same” as the space of objects.

R

Description 13.2.3 (m =0, k = 1). We describe the space (NH>A)g 1.

(0) A O-simplex in (NH™A)g; is the data of an adjoint equivalence u: A = A’ in A.
(1) A 1-simplex in (NH™A)p; is the data of a 2-isomorphism as in the following
diagram, by Lemma [3.6.8

A——C
UJR ? sz
A/ T C/

(2) A 2-simplex in (NH™A)g,; is the data of two 2-isomorphisms filling the triangles
of the following pasting equality.
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v 2| e Y —— O
&wJR/ R Ug/

'’ '’

Finally, we compute the space of 2-morphisms (NH>A); ;. Although its O-simplices
are not precisely the 2-morphisms of A4, homotopically they give the right notion as the
vertical morphisms u and v in the square below are adjoint equivalences.

Description 13.2.4. We describe the space (NH™A); ;.

(0) A O-simplex in (NH™A);, is the data of a 2-morphism in A as in the following
diagram.

A#B

ufz a/ ZJU
Al >B/

fl

(1) A 1-simplex in (NH™A);; is the data of four adjoint equivalences and four 2-
isomorphisms in A as in the following diagram.

SN A

g

A = D - D
~ /= 2, &

uJIZ\f\ /ZIJSU = uJIZ/ ¢ \gfg ZIJSU

A &a B ﬂgD, Al - Ug \D/
wlhet e

(2) A 2-simplex in (NH<=A);; is the data of four 2-isomorphisms filling triangles
satisfying relations as described in Description|13.2.2[(2) an Description|13.2.3[(2).

13.3. Nerve of a horizontal double category. Finally, we compute the nerve of a
horizontal double category H.A in lower dimensions, where A is a 2-category, in order to
compare it with the nerve NH~A described above. Since H.A and H~A have the same
underlying horizontal 2-category, namely A itself, then the spaces (NH.A)g o and (NH.A); o
are equal to the spaces (NH™A)q ¢ and (NH™A); o and they can therefore be described as
in Descriptions [13.2.1] and [13.2.2] respectively. In particular, they are the desired space
of objects and space of morphisms.

We now turn our attention to the space (NH.A)g ;. Unlike (NH™A)g 1, this space has
as 0-simplices the objects of A. This prohibits a completeness condition in the vertical
direction since equalities are not homotopically good enough.

Description 13.3.1 (m =0, k = 1). We describe the space (NH.A)g ;.

(0) A O-simplex in (NH.A)q,; is the data of an object A € A.
(1) A 1-simplex in (NH.A)q; is the data of a 2-isomorphism as in the following dia-
gram, by Proposition
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A C

al

(2) A 2-simplex in (NH.A)(; is the data of two 2-isomorphisms filling the triangles of
the following pasting equality.

>z

= E A

A E

Finally, we compute the space of 2-morphisms (NH.A); 1, which appears to have pre-
cisely the 2-morphisms of A as O-simplices. However, as explained above, this description
is not homotopically well-behaved, since we would also need to consider adjoint equiva-
lences in the vertical direction.

Description 13.3.2. We describe the space (NH.A)q ;.
(0) A 0-simplex in (NH.A); 1 is the data of a 2-morphism in A

Q <R

(1) A 1-simplex in (NH.A);; is the data of four adjoint equivalences and four 2-
isomorphisms in A as in the following diagram.

=~ g
C N C_ Y3
/ \l]) T g
A\f = D - A/\Uz/\"p
Zo > BT N >p7=
F =

(2) A 2-simplex in (NH.A);; is the data of four 2-isomorphisms filling triangles satis-

fying relations as described in Description [13.2.2] (2) an Description [13.3.1] (2).
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