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Introduction

The topic of this thesis is abstract homotopy theory, that is the theory of homotopy
theories or, more precisely, the homotopy theory of homotopy theories. In order to
explain what exactly we mean by a “homotopy theory” and the “homotopy theory
of homotopy theories” we will give a brief overview of various approaches to abstract
homotopy theory. They will be very roughly classified into two types: the classical ones
in the spirit of Quillen’s homotopical algebra’ and the modern ones in the spirit of higher

! Usually, the phrase “homotopical algebra” is used to refer to Quillen model categories. Here, we ex-
tend its meaning to various related notions such as Brown’s categories of fibrant objects or Thomason
model categories.



category theory. The distinction between these types is rather informal, but it reflects
practical differences in their actual usage. The main result of this thesis is a precise
comparison between certain notions of homotopical algebra and higher category theory.

Homotopical algebra: classical models of homotopy theories

In the past 50 years many different approaches to abstract homotopy theory have been
introduced. Perhaps surprisingly, the first such approach, the theory of model cate-
gories, remains one of the most intricate ones to the present day. Model categories were
introduced by Quillen [Qui67]. He defined a model category as a category equipped
with three classes of morphisms: weak equivalences, cofibrations and fibrations subject
to certain conditions that axiomatized well-known methods of algebraic topology and
put them into an abstract framework. This framework proved to be very powerful and
widely applicable and today it constitutes one of the main tool-sets of homotopy theory.
An important feature of the theory of model categories is that it allows for comparisons
between different homotopy theories via the notion of a Quillen adjoint pair. A typical
example of a problem that can be solved using model categories is that classical colimits
are usually not homotopy invariant and hence they have to be replaced by better be-
haved homotopy colimits. If M is a model category and J is a small category and we can
find a model structure on the category of diagrams M such that the colimit functor
colimy: M7 — M is a left Quillen functor (i.e. the left part of a Quillen adjoint pair),
then we can define the associated homotopy colimit functor as the left derived functor
of colim ;. Dually, homotopy limit functors can be defined as the right derived functors
of classical limit functors. This is achieved by replacing ill-behaved diagrams by better
ones, i.e. their (co)fibrant replacements, before applying (co)limit functors. Contribu-
tions to the theory of model categories made by various authors are far too numerous
to be listed here. Let us just recommend [Hir03], [Hov99] and [Joy08, Appendix E| as
general references.

Even though model categories are very versatile it was not long until mathematicians
realized that not every theory with homotopical content fits easily into this framework.
K. Brown [Bro73] was the first to propose an alternative approach, namely categories
of fibrant objects (which will be referred to as fibration categories in this thesis). Brown
observed that the abstract notions of cofibrations and fibrations remain to be useful un-
der a weaker axiomatization than the one used to define model categories.? A fibration
category is a category equipped with two classes of morphisms: weak equivalences and
fibrations subject to conditions that follow from the axioms of a model category but
are, in fact, satisfied by a larger class of examples as discussed in Section 1.4. There is,
of course, the dual theory of cofibration categories and this is the notion that we will
concentrate on throughout most of this thesis. Moreover, so called ezact functors are
a counterpart to Quillen functors and it is still possible to construct homotopy colimit
functors as left derived functors in the case of cofibration categories and dually for fi-
bration categories. (The construction is similar to but not quite the same as for model

2Brown’s motivating example was the homotopy theory of sheaves of spectra. A model category
presenting this homotopy theory was eventually constructed in [Jar87].



categories as explained in Sections 1.3 and 3.3.) Cofibration and fibration categories
never became nearly as popular as model categories, but since they were first introduced
a number of contributions has been made by, among the others, Anderson [And78],
Baues [Bau89, Bau99|, Cisinski [Cis10] and Radulescu-Banu [RB06]. Moreover, Wald-
hausen [Wal85] introduced a closely related notion of a category with cofibrations and
weak equivalences (nowadays usually called a Waldhausen category) for the purpose of
developing a general framework for algebraic K-theory. Subsequently, a close connection
to abstract homotopy theory was made by Cisinski [Cis10b].

It is also worth pointing out that more approaches in a similar spirit are possible. For
example, in 1995 Thomason [Wei01] introduced a modification of the notion of a model
category that addressed certain technical shortcoming? of Quillen’s original axioms.

While abstract homotopy theory in the spirit of Quillen’s homotopical algebra was
being developed throughout the years, an important conceptual progress has been made
by realizing that in model categories (and other similar structures) all the homotopical
information is contained in the class of weak equivalences and the remaining structure
plays only an auxiliary role. A relative category is a category equipped with a class of
morphisms, called weak equivalences, subject to no special conditions other than being
closed under composition and containing all the identities. The first important contri-
bution to the theory of relative categories was made by Gabriel and Zisman [GZ67] who
introduced a useful method of constructing the homotopy category of a (nice enough)
relative category called the calculus of fractions. This method is an important motiva-
tion for the central construction of this thesis as explained on p. 51. Later, Dwyer and
Kan [DK80, DK80b, DK80c] defined the simplicial localization of an arbitrary relative
category C, i.e. certain simplicial category LC that enhances the homotopy category of
C in the sense that moLC = HoC. They also verified that if C carries a model struc-
ture, then the mapping spaces obtained this way are weakly equivalent to the mapping
spaces coming from the model structure via so called framings. Thus they have indeed
demonstrated that all the homotopical content of a model category is contained in its
weak equivalences. This statement was made into a sharp result (that will be later
stated more precisely) by Barwick and Kan [BK12]. Morphisms of relative categories
are relative functors, i.e. functors that preserve weak equivalences, but this formalism
is not structured enough to yield a reasonable theory of derived functors. However, ho-
motopical categories were introduced in [DHKS04] as relative categories satisfying the
“2 out of 6 property” where it was observed that they are much better behaved than
general relative categories. In fact, it is possible to use homotopical categories as an
abstract framework for derived functors, but constructing derived functors still requires
using richer structures of homotopical algebra.

3This shortcoming is that it is not known in general how to construct a model structure on the category
of diagrams in a model category. (Co)fibration categories also alleviate this problem to some extent
as discussed in Section 1.3.



Higher category theory: modern models of homotopy theories

Since Quillen introduced homotopical algebra, a completely new approach to abstract
homotopy theory has been invented coming from higher category theory. It would be
unrealistic to adequately summarize the history of higher category theory here. We will
only briefly mention the aspects most relevant to the topic at hand. A broader historical
perspective can be found in [Sim12, Chapter 1] and concise mathematical overviews in
[Ber10] and [Por04].

Informally speaking, a higher category is a category-like structure that, in addi-
tion to objects and morphisms between them, has 2-morphisms between morphisms,
3-morphisms between 2-morphisms etc., possibly ad infinitum. Moreover, these higher
morphisms are equipped with composition operations which are associative but only in
a weak sense, i.e. up to natural equivalences specified by higher morphisms. Making this
casual description into a precise definition is a big challenge which is still not resolved
in full generality.

Fortunately, in abstract homotopy theory we are not forced to consider arbitrary higher
categories but only so called (oo, 1)-categories, i.e. the ones were all morphisms above
dimension 1 are weakly invertible. Such structures can serve as models of homotopy
theories where we think of objects as homotopy types in a given homotopy theory,
morphisms as maps of these homotopy types, 2-morphisms as homotopies between maps
and higher morphisms as higher homotopies. One of the most important reasons why
it should be fruitful to think of homotopy theories in terms of higher category theory
is that it should provide a good framework for stating universal properties of various
homotopy theoretic constructions (e.g. homotopy colimits) which are difficult to express
in the language of homotopical algebra. A result of Barwick and Kan discussed in the
next subsection demonstrates that (0o, 1)-categories indeed capture the classical notion
of a homotopy theory. The problem of formalizing the notion of an (0o, 1)-category has
been solved in multiple ways, we will mention a few of the most notable ones.

The best developed notion of an (0o, 1)-category (and the one used in this thesis)
is that of a quasicategory. It was introduced by Boardman and Vogt in [BV73] under
the name simplicial set satisfying the restricted Kan condition. The original purpose of
this definition was to provide a good context for the treatment of homotopy coherent
diagrams as was done by Vogt [Vog73] and Cordier and Porter [Cor82, CP86, CP97].
However, it took quite a long time before the full potential of quasicategories was realized
mostly by Joyal and Lurie in the work culminating in [Joy08] and [Lur(09]. In Chapter 2
we give a brief treatment of the basic theory of quasicategories. One of the crucial
advantages of quasicategories is that they make it easy to state universal properties of
homotopy colimits. Informally, a homotopy colimit of a diagram in an (oo, 1)-category
should be given as a universal cone, i.e. a cone such that the mapping space into any
other cone is contractible. Using quasicategories, this definition can be formalized in a
practical way as explained in Section 2.2.

Another early definition of (0o, 1)-categories was via simplicially enriched categories
(or simplicial categories) although it was not initially presented as such. Simplicial cat-
egories were considered by Dwyer and Kan [DK80, DK80b] as a part of their work on



simplicial localization mentioned above, but it was not until much later when Bergner
[Ber(7] established simplicial categories as models of (0o, 1)-categories. This may seem
rather surprising at the first glance since simplicial categories come with strict com-
position operations. However, as it turns out, when seen from the correct homotopi-
cal perspective these strict composition operations already represent all possible “weak
composition operations”. A drawback of this approach is that, unlike quasicategories,
simplicial categories make it difficult to express universal properties of homotopy colim-
its and other homotopy theoretic constructions. In fact, such difficulties could be seen
as motivations for the development of the theory of homotopy coherent diagrams using
quasicategories cited in the previous paragraph.

As an attempt to rectify the problem of composition operations of simplicial categories
being too strict, Dwyer, Kan and Smith [DKS89] introduced Segal categories (but they
did not give them a name). Roughly speaking, a Segal category is a category “weakly
enriched” in simplicial sets. The theory of Segal categories and their generalizations was
developed extensively by Hirschowitz and Simpson [HS01]. A comprehensive exposition
can be found in [Sim12].

Segal categories are more flexible than simplicial categories. However, they are not
quite as flexible as one could hope and the difficulties can be traced to the fact that the
underlying co-groupoid of an (0o, 1)-category is not easily accessible from its presentation
as a Segal category. A modified approach has been proposed by Rezk [Rez01] who
defined complete Segal spaces where the underlying co-groupoid is explicitly built into
the structure of an (oo, 1)-category. The theory of complete Segal spaces has various
advantages, e.g. it is presented by a model category (see the next subsection) with
unusually good properties compared to other models. It is also suitable for internalizing
into homotopy theories other than the homotopy theory of spaces.

The original problem of the lack of a precise mathematical definition of an (oo, 1)-
category has been replaced by the problem of having too many such definitions all of
which look equally reasonable. However, the multitude of notions of higher categories is
not really a problem since they have different advantages. Simplicial categories and Segal
categories serve as sources of examples which may not be easy to construct directly as
quasicategories or complete Segal spaces which in turn provide good contexts for carrying
out higher categorical arguments.

The homotopy theory of homotopy theories

We have argued that the abundance of notions of (oo, 1)-categories can be helpful pro-
vided that we can properly address the question of comparison between various defini-
tions. As it turns out, abstract homotopy theory itself provides a framework for such
comparisons. The homotopy theories of each of the four types of (oo, 1)-categories dis-
cussed above have been described as model categories. (Which typically means that
these models have been exhibited as fibrant objects of a model category.) This was
done by Joyal for quasicategories [Joy08], by Bergner for simplicial categories [Ber07],
by Hirschowitz and Simpson for Segal categories [HS01] and by Rezk for complete Segal
spaces [Rez01]. It was subsequently proven that all these model categories are Quillen



equivalent, i.e. that they present the same homotopy theory which we call the homotopy
theory of (00, 1)-categories. Quillen equivalences between simplicial categories, Segal
categories and complete Segal spaces were established by Bergner [Ber07b]. Moreover,
Joyal and Tierney [JT07] constructed a Quillen equivalence (two different ones, in fact)
between quasicategories and complete Segal spaces.

Since we introduced (oo, 1)-categories as models of homotopy theories, this leads us
to consider the “homotopy theory of homotopy theories”. However, even though we
already know that various definitions of an (oo, 1)-category encode the same notion of
a homotopy theory, the two occurrences of “homotopy theory” in the phrase above still
have seemingly different meanings.

In order to address this issue we recall from the preceding discussion that the actual
content of the model categories above depends on the notions of their weak equivalences
and not on the model structures as such. This means that in order to talk about “homo-
topy theory of homotopy theories” we have to fix a notion of equivalence of homotopy
theories. What Dwyer and Kan [DK80c| actually proved is that a Quillen functor be-
tween model categories is a Quillen equivalence if and only if it induces an equivalence
of their homotopy categories and weak homotopy equivalences of the mapping spaces
in their simplicial localizations (i.e. it is a Dwyer—Kan equivalence in the modern lan-
guage). By combining these observations we arrive at the conclusion that if we want to
think of model categories or relative categories as homotopy theories they always have
to be accompanied by the notions of Quillen equivalences or Dwyer—Kan equivalences.
(Similarly, we will define weak equivalences of cofibration categories in Chapter 1.)

This means that there is a way of giving the same meaning to both occurrences of
“homotopy theory” in the phrase “homotopy theory of homotopy theories”, namely, by
interpreting it as the “relative category of relative categories” with Dwyer—Kan equiv-
alences as weak equivalences. Moreover, it is now a well posed question whether this
notion of homotopy theory is equivalent to the higher categorical ones. Namely, we can
ask whether the underlying relative category of any of the four model categories above
is Dwyer—Kan equivalent to the relative category of relative categories. This is indeed
true by the result of Barwick and Kan [BK12,BK12b]. More precisely, they constructed
a model structure on the category of relative categories and proved that it is Quillen
equivalent to the Rezk model structure for complete Segal spaces.

All these considerations suggest that we should be able to talk about the “(co,1)-
category of (oo, 1)-categories” as an alternative to the “homotopy theory of homotopy
theories”. This is indeed possible and leads to a very interesting result that the “(oco, 1)-
category of (oo, 1)-categories” can be characterized axiomatically. This was first done
by Toén [Toé05] in the language of homotopical algebra. Namely, he gave sufficient
conditions for a model category to be Quillen equivalent to the Rezk model category
for complete Segal spaces. Later, Barwick and Schommer-Pries [BSP13] formulated an
alternative axiomatization purely in the language of higher category theory. (In fact,
their theory applies to (oo, n)-categories, i.e. the ones where morphisms are only required
to be weakly invertible above a fixed finite dimension n.)



New results

Just as different notions of (0o, 1)-categories have different advantages, higher category
theory as such has different advantages than homotopical algebra. A good exemplifica-
tion of these differences is the way both theories approach homotopy invariant construc-
tions such as homotopy colimits. In higher category theory we define them via universal
properties, but such definitions do not address the problem of actually constructing ho-
motopy colimits and it seems that every proof of cocompleteness of an (oo, 1)-category
reduces in one way or another to homotopical algebra. On the other hand, while ho-
motopical algebra provides useful tools for explicit constructions of homotopy colimits,
it makes it next to impossible to talk about their universal properties. Thus both ap-
proaches play important and complementary roles in abstract homotopy theory.

The state of affairs presented above does not explain how homotopical algebra (which
we can now understand as structured theory of relative categories) fits into the context
of higher category theory. The purpose of this thesis is to solve this very problem.

It should be apparent that while general relative categories present a wide variety of
homotopy theories (in fact all of them), model categories and cofibration categories only
present some special homotopy theories, i.e. the ones having some specific properties
(or perhaps equipped with some specific structure). One of the main results of this
thesis is that the homotopy theories presented by cofibration categories are precisely
the cocomplete ones. Similar remarks apply to morphisms of homotopy theories. As
mentioned, each of the notions discussed above has associated with it a natural notion
of a morphism: Quillen functors for model categories, exact functors for cofibration
categories and relative functors for relative categories. Again, relative functors present
arbitrary morphism of homotopy theories, but Quillen functors and exact functors are
more special. In this thesis we prove that exact functors between cofibration categories
correspond to homotopy colimit preserving morphisms of cocomplete homotopy theories.

It is important to realize that the comparison of homotopical algebra to higher cate-
gory theory is an entire family of problems, one for each notion of homotopical algebra.
That is because different notions will present different types of homotopy theories, e.g.
in contrast to cofibration categories homotopy theories presented by model categories
are both complete and cocomplete. This thesis addresses only the case of cofibration
categories (and dually fibration categories) and does not seem to apply to model cate-
gories. However, our individual techniques are potentially useful even in the theory of
model categories.

The main result is that the homotopy theory of cofibration categories is equivalent
to the homotopy theory of cocomplete quasicategories. The examples of equivalences
of homotopy theory discussed so far suggest that while model categories and Quillen
equivalences do not carry more homotopical information than relative categories and
Dwyer—-Kan equivalences, it is usually much easier to exploit homotopical algebra to
construct Quillen equivalences rather than construct Dwyer—Kan equivalences by hand.
Unfortunately, the categories of cofibration categories and cocomplete quasicategories do
not carry model structures (e.g. since they have no initial objects). We will circumvent
this problem by showing that they are both fibration categories.



In Chapter 1 we introduce cofibration categories and summarize the well known tech-
niques of homotopical algebra that will be use throughout this thesis. We introduce
morphisms and weak equivalences of cofibration categories which specifies the homo-
topy theory of cofibration categories. Then we define fibrations of cofibration categories
and prove that they make the category of (small) cofibration categories into a fibration
category. Finally, we discuss some basic techniques of constructing fibrations and weak
equivalences of cofibration categories and we mention some examples which demonstrate
versatility of this approach to homotopical algebra.

Chapter 2 contains the basic theory of quasicategories which is mostly cited from
[Joy08] and [DS11]. In particular, we establish fibration categories of quasicategories
and of cocomplete quasicategories. This chapter contains no new results, except possibly
for the existence of the latter fibration category. (The completeness of the homotopy
theory of cocomplete quasicategories is discussed in [Lur09], but it is not stated in terms
of fibration categories.)

We start Chapter 3 by constructing a functor from cofibration categories to cocomplete
quasicategories. To each cofibration category C we associate a nerve-like simplicial set
denoted by N¢C and called the quasicategory of frames in C. (The letter f in N stands
either for frames since those are the objects in N¢ C or for fractions since the morphisms
in N¢C are certain generalizations of left fractions.) The first step in the proof of the
main theorem is to show that Ny is an exact functor between the fibration categories
mentioned above. (And in particular that it takes values in cocomplete quasicategories
since it is not apparent from the definition.) This proof is somewhat involved and
occupies the entire Chapter 3.

The second step, presented in Chapter 4, is to prove that N¢ is a weak equivalence of
fibration categories. To this end we associate with every cocomplete quasicategory D a
cofibration category Dg D called the category of diagrams in D. This yields a functor
Dg which is not exact but is an inverse to Ny up to weak equivalence. This suffices to
conclude that N¢ is an equivalence of homotopy theories.

We should explain that parts of the arguments outlined above depend on certain
set theoretic assumptions. Most of the results are parametrized by a regular cardinal
number x and concern small xK-cocomplete cofibration categories and small k-cocomplete
quasicategories, i.e. the ones admitting x-small (homotopy) colimits. We will suppress
this parameter as much as possible, but there are situations where referring to it is
unavoidable. In the first two and a half chapters we set Kk = Ng, i.e. we consider finitely
cocomplete homotopy theories. This is done merely to simplify the exposition, the
arguments for £ > X require only minor modifications which are explained in Section 3.3.
However, from this point on the distinction between these two cases starts playing a
significant role. As it turns out, the case of K > Wg is much easier for technical reasons
discussed in the beginning of Section 3.5. The rest of Chapter 3 is split into Section 3.4
which deals with k£ > Ny and Section 3.5 which deals with K = Xy. Similarly, the main
part of Chapter 4 is split into Section 4.2 which deals with x > Ny and Section 4.3 which
deals with x = Ng. The reader is encouraged to read the arguments for x > Ny first.

We work only with small cofibration categories and quasicategories and do not ex-
plicitly mention Grothendieck universes, but it is easy to interpret all the results in any
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higher universe of interest. It suffices to fix a Grothendieck universe U with x € U and
substitute “U-small” for “small”. The only non-U-small categories under consideration
are the categories of U-small k-cocomplete cofibration categories, of U-small quasicate-
gories and of U-small k-cocomplete quasicategories. They can be taken to be V-small
for some larger universe V if desirable.

All the results of this thesis dualize to results about fibration categories and com-
plete quasicategories. Dualizing them formally may lead to a convoluted notation, in
Section A.2 we suggest some modifications that should make such a translation easier.
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1. Cofibration categories

We start this chapter by introducing cofibration categories. The definition stated here
is almost the same as (the dual of) Brown’s original definition [Bro73, p. 420]. (What
he called categories of fibrant objects we call fibration categories.) There are two small
differences that will be explained below. We do not commit much space to the discussion
of basic properties of cofibration categories, we refer the reader to [RB06] for these.
Instead, the purpose of this chapter is to establish the homotopy theory of cofibration
categories in the form of a fibration category. This means that we will consider the
category of cofibration categories with exact functors as morphisms and we will define
weak equivalences and fibrations in this category and verify that they satisfy the duals
of the axioms given below.

The readers might wonder why we choose to work with cofibration categories and
not fibration categories and why we organize them into a fibration category and not a
cofibration category. The first choice is not crucial and all the results readily dualize
to fibration categories. We choose to work with cofibration categories since one of our
key constructions (see Section 4.1) looks more natural and is easier to motivate than
its formal dual for fibration categories. On the other hand, the category of cofibration
categories (or fibration categories) does not carry a structure of a cofibration category
itself since it has no initial object. Therefore, we are forced to work either with the
fibration category of fibration categories or the fibration category of cofibration categories
and we choose the latter for convenience.

1.1. Definitions and basic properties

Definition 1.1. A cofibration category is a category C equipped with two subcategories:
the subcategory of weak equivalences (denoted by —) and the subcategory of cofibrations
(denoted by —) such that the following axioms are satisfied. (Here, an acyclic cofibration
is a morphism that is both a weak equivalence and a cofibration.)

(C0) Weak equivalences satisfy the “2 out of 6” property, i.e. if

wl . x 9.y M. g

are morphisms of C such that both gf and hg are weak equivalences, then so are
f, g and h (and thus also hgf).

(C1) Every isomorphism of C is an acyclic cofibration.

(C2) An initial object exists in C.

12



(C3) Every object X of C is cofibrant, i.e. if 0 is the initial object of C, then the unique
morphism 0 — X is a cofibration.

(C4) Cofibrations are stable under pushouts along arbitrary morphisms of C (in par-
ticular these pushouts exist in C). Acyclic cofibrations are stable under pushouts
along arbitrary morphisms of C.

(C5) Every morphism of C factors as a composite of a cofibration followed by a weak
equivalence.

As mentioned, these axioms differ a little from Brown’s formulation. First, the factor-
ization axiom (C5) is stated in a more general form, but it actually follows from Brown’s
version by Lemma 1.7. Second, we use the “2 out of 6” property instead of the “2 out of
3” property, but it is not clear whether it is actually stronger, i.e. whether there exists
a category satisfying axioms (C1-5) and the “2 out of 3” property but not the “2 out
of 6” property. Regardless, this assumption is not a severe one even if such examples
exist. Cisinski proved that in any such example one can replace the subcategory of weak
equivalences by its saturation (i.e. by the subcategory consisting of all morphisms that
become invertible in the homotopy category, which satisfies the “2 out of 6” property)
and the axioms above will be satisfied with the same cofibrations, see [Cis10, Proposi-
tion 3.16] or [RB06, Theorem 7.2.8(1)]. Moreover, no such example exists if we extend
the axioms to include (C6) introduced in Section 3.3, see [Cis10, Proposition 6.2] or
[RB06, Lemma 7.2.2 (1)]. The reason why (CO0) is useful is that it already implies that
weak equivalences are saturated, see Proposition 1.6.

Definitions of (co)fibration categories found throughout the literature vary in details.
Since we use [RB06] as our main source we point out that in the terminology of this
paper the definition above corresponds to “precofibration categories with all objects
cofibrant and the “2 out of 6” property”. Comparisons to other definitions can be found
in [RB06, Chapter 2].

The above axioms describe finitely cocomplete cofibration categories. Here, cocom-
pleteness really means “homotopy cocompleteness” since cofibration categories do not
necessarily have all finite strict colimits, but they have all finite homotopy colimits.
Their construction will be discussed in Section 1.3. If we want to consider cofibration
categories with more homotopy colimits we need to assume some extra axioms which
will be discussed in Section 3.3.

Cofibration categories can be seen as generalizations of model categories. Namely, if
M is a model category, then its full subcategory of cofibrant objects Mo with weak
equivalences and cofibrations inherited from M satisfies the above axioms. Many of the
standard tools of homotopical algebra (that do not refer to fibrations, e.g. left homo-
topies, cofiber sequences or homotopy colimits) depend only on these axioms and hence
are available for cofibration categories, although they sometimes differ in technical de-
tails. These techniques are discussed in great detail in [RB06]. There are examples
of (co)fibration categories that do not come from model categories. Some of those are
presented in Section 1.4.

13



Before discussing new results about homotopy theory of cofibration categories, we
collect some preliminaries, mostly following [RB06]. We fix a cofibration category C.

Definition 1.2.

(1) A cylinder of an object X is a factorization of the codiagonal morphism XI1IX — X
as XIIX —IX 5 X.

(2) A left homotopy between morphisms f,g: X — Y via a cylinder XIIX — IX 5 X
is a commutative square of the form

YIUX [f>9] v

.

IX Z.

(3) Morphisms f,g: X — Y are left homotopic (notation: f ~; g) if there exists a left
homotopy between them via some cylinder on X.

The definition of left homotopies differs from the standard definition as usually given in
the context of model categories. Namely, we allow an extra acyclic cofibration Y 7
while in the standard definition we would have Y = Z (and the acyclic cofibration
would be required to be the identity morphism). This modification is dictated by the
lack of fibrant objects in cofibration categories and makes the definition well-behaved
for arbitrary Y while the standard definition in a model category is only well-behaved
for a fibrant Y.!

We denote the homotopy category of C (i.e. its localization with respect to weak
equivalences) by HoC and for a morphism f of C we write [f] for its image under the
localization functor C — HoC. The homotopy category can be constructed in two steps:
first dividing out left homotopies and then applying the calculus of fractions.

Proposition 1.3. The relation of left homotopy is a congruence on C. Moreover, every
morphism of C that becomes an isomorphism in C | ~ is a weak equivalence. Thus left
homotopic morphisms become equal in HoC and C / ~; comes equipped with a canonical
functor C / ~; — HoC.

Proof. The first statement is [RB06, Theorem 6.3.3(1)]. The remaining ones follow by
straightforward “2 out of 3” arguments. O

The next theorem is a crucial tool in the theory of cofibration categories and can be
used to verify many of their fundamental properties. It says that up to left homotopy

'In fact, it is sometimes possible to introduce fibrant objects to a cofibration category even if general
fibrations are not available, see [RB06, Definition 7.3.1]. However, this would not get along with
some of the techniques we use later on. Namely, cofibration categories of diagrams constructed in
Section 4.1 typically don’t have “enough fibrant objects”.
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all cofibration categories satisfy the left calculus of fractions in the sense of Gabriel and
Zisman [GZ67, Chapter I]. This fact was first proven by Brown [Bro73, Proposition 1.2]
and can be seen as an abstraction of the classical construction of the derived category
of a ring, see e.g. [GM96, Theorem I11.4.4]. In general, constructing HoC may involve
using arbitrarily long zig-zags of morphisms in Ho C and identifying them via arbitrarily
long chains of relations. However, the previous proposition implies that C /~; — HoC is
also a localization functor and in that case Theorem 1.4 says that it suffices to consider
two-step zig-zags (called left fractions) up to a much simplified equivalence relation. Our
main construction, i.e. the quasicategory of frames, can be seen as an enhancement of
the calculus of fractions as discussed on p. 51.

Theorem 1.4. A cofibration category C satisfies the left calculus of fractions up to left
homotopy, i.e.

(1) Every morphism ¢ € HoC(X,Y) can be written as a left fraction [s]~[f] where
f: X =Y ands: Y Y are morphisms of C.

(2) Two fractions [s]~1[f] and [t]~'[g] are equal in HoC(X,Y) if and only if there exist
weak equivalences u and v such that

us >~ vt and uf ~; vg.

(3) If ¢ € HoC(X,Y) and ¢p € HoC(Y,Z) can be written as [s]7[f] and [t]~']g]
respectively and a square

y 2.7
SJN u |~
Yy —

h

Ny—— N

commutes up to homotopy, then ¥y can be written as [ut]~[hf].

Proof. Parts (1) and (2) follow from [RB06, Theorem 6.4.4(1)] and (3) from the proof
of [RB06, Theorem 6.4.1]. O

We will need the following two consequences of the calculus of fractions.
Corollary 1.5.

(1) Every two morphisms o, € HoC(X,Y) can be written as fractions ¢ = [s]~'[f]
and 1 = [s]~Y[g] where s is an acyclic cofibration.

(2) For any two morphisms f,g: X =Y of C the following are equivalent:

o [f]=ldl.
e f and g are left homotopic,
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e there is a left homotopy from f to g via a fixed cylinder on X.

Proof. For part (1) write ¢ = [3]7'[f] and ¢ = [{]"![§] with

f

X |4 Y

x—2.w

A= 2=

Y

(we can assume that 3 and ¢ are acyclic cofibrations by [RB06, Theorem 6.4.5(1a)]) and
form a pushout

Y 2 v
[
W—— Z.
(%
The conclusion follows if we set f = ufv, g =vg and s = u3 = vt.
Part (2) follows by [RB06, Lemma 6.3.2(1) and Theorem 6.4.4(1c)]. O

Here is an important application of the calculus of fractions (which relies on the “2
out of 6”7 property).

Proposition 1.6. Every cofibration category C is saturated, i.e. a morphism of C is
a weak equivalence if and only if it becomes an isomorphism in HoC.

Proof. [RB06, Theorem 7.2.7] O

Cylinders can also be used to construct factorizations in cofibration categories. Let
f: A — B be a morphism and A any cylinder on A. Form a pushout

A d B
IA—— Mf

and call the resulting object M f a mapping cylinder of f. Then standard techniques
can be used to construct a factorization of f via its mapping cylinder and even to prove
the following lemma.

Lemma 1.7. Let C be a category equipped with subcategories of weak equivalences and
coftbrations that satisfies all the azioms of a cofibration category except the factorization
axiom. If C has cylinders for all objects, then it satisfies the factorization axiom.

Proof. [Bro73, Factorization lemma, p. 421] O

In order to define the homotopy theory of cofibration categories we first need a good
notion of a morphism between cofibration categories. We will use exact functors which
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(according to the definition and the lemma below) are essentially homotopy invariant
functors that preserve basic finite homotopy colimits, i.e. initial objects and homotopy
pushouts. It will follow from the discussion in Section 1.3 that they actually preserve all
finite homotopy colimits.

Definition 1.8. A functor F': C — D between cofibration categories is exact if it pre-
serves cofibrations, acyclic cofibrations, initial objects and pushouts along cofibrations.

Finally, we recall a standard method of verifying homotopy invariance of functors
between cofibration categories.

Lemma 1.9 (K. Brown’s Lemma). If a functor between cofibration categories sends
acyclic cofibrations to weak equivalences, then it preserves all weak equivalences. In
particular, exact functors preserve weak equivalences.

Proof. The proof of [Hov99, Lemma 1.1.12] works for cofibration categories. (See also
the proof of [Bro73, Lemma 4.1] where this result first appeared.) O

1.2. Homotopy theory of cofibration categories

We are now ready to introduce the homotopy theory of cofibration categories. For this it
is sufficient to define a class of weak equivalences in the category of cofibration categories
which is what we will do next. Later, we will proceed to define fibrations of cofibration
categories and prove that they satisfy the axioms of a fibration category which will give
us a solid grasp of the homotopy theory of cofibration categories.

Definition 1.10. An exact functor F': C — D is a weak equivalence if it induces an
equivalence HoC — HoD.

This notion is closely related to the Waldhausen approximation properties first for-
mulated by Waldhausen as criteria for an exact functor to induce an equivalence of
the algebraic K-theory spaces [Wal85, Section 1.6]. Later, Cisinski showed that an ex-
act functor satisfies (slightly reformulated) Waldhausen approximation properties if and
only if it is a weak equivalence in the sense of the definition above. This result is an
important step in the construction of the fibration category of cofibration categories so
we state it as Proposition 1.11 with a full proof. A version of this proposition is given
in [RB06, Theorems 5.5.1 and 6.1.5(1)].

It is far from obvious that weak equivalences preserve homotopy types of homotopy
mapping spaces. This is indeed true by a theorem of Cisinski [Cis10b, Théoreme 3.25]
which states that a weak equivalence induces an equivalence of the hammock localizations
in the sense of Dwyer and Kan [DK80b]. While this result will not be used in this thesis,
it justifies our choice of weak equivalences of cofibration categories. In fact, our main
result implies that they correspond to categorical equivalences of quasicategories and
with some additional effort this could be used to rederive Cisinski’s theorem.

Proposition 1.11 ([Cis10, Théoreme 3.19]). An ezact functor F: C — D is a weak
equivalence if and only if it satisfies the following properties.
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(Appl) F reflects weak equivalences.

(App2) Given a morphism f: FA —'Y in D, there exists a morphismi: A — B in C and
a commutative diagram

FA——Y

Fj JN

FB—— 7

in D.

Proof. First, assume that F' satisfies the two properties above.
We check that Ho F' is essentially surjective. Let X be an object of D. Apply (App2)
to 0 — X to get an object B of C and a diagram

FO—— X

|

FB——Y.

It follows that X =2Y = F'B in HoD.

Next, we verify that Ho F' is full. Let ¢: FA — FB be a morphism of HoD. It can be
written as a fraction ¢ = [s]7![f] where f: FA — Z and s: FB = Z are morphisms of
D by Theorem 1.4(1). Let p: F(AIl B) — Z be a composite of [f, s] and the canonical
isomorphism F(AIlB) — FAIIFB. Apply (App2) to p to obtain morphisms a: A — D,
b: B — D and a commutative square

F(AUB) 7

F[a,b]J Jq

FD w

u

with ¢ and u weak equivalences. Then we have gs = u(Fb), so Fb is a weak equivalence
and thus so is b by (Appl). Therefore

F([p] " [a]) = [Fb) 7' [Fa] = (lgs] " [ul) (lW]'[af]) = [s]7'[f] = ¢.

It remains to verify that Ho F' is faithful. Let ¢ and ¢ be morphisms A — B in HoC
such that Fy = F1). We can write them as fractions ¢ = [s]"![f] and 1 = [s]![g] where
f,g: A— C and s: B = C are morphisms of C by Corollary 1.5(1). Then we have

[Ff] = [Fs][Fs] ' [Ff] = [Fs]F([s]7'[f]) = [Fs](Fy)

and symmetrically [Fg] = [F's](F1) and hence [Ff] = [Fg]. Let ATA — IA S A
be a cylinder. Then FAIl FA — F(IA) = FA is also a cylinder and it follows by
Corollary 1.5(2) that there is a left homotopy from F'f to Fg via F(IA), i.e. a square
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FfF
Fani AT b

|

F(IA) X.
We form a pushout
ATLA [£, 9] o
IA D,

which is preserved by F. Thus we get an induced morphism F'D — X, to which we
apply (App2), obtaining a morphism D — E and a diagram

FD—— X

|

It follows that the composite FIC' — FD — FFE is a weak equivalence and thus so is
C — D — E by (Appl). So we have a diagram

AL A [f, 9] .
IA E

which proves that [f] = [¢g]. (Note that strictly speaking this square is not a left homo-
topy since C' — FE is not a cofibration, but this is not needed to conclude that [f] = [g].)
Now let’s assume that Ho F' is an equivalence. Since C and D are saturated by Propo-
sition 1.6 and Ho F reflects isomorphisms, it follows that F' reflects weak equivalences.
Given a morphism f: FA — Y, we can find an isomorphism ¢: Y — FB in HoD
since Ho F' is essentially surjective. Since Ho F' is full there is a morphism v: A — B
in HoC such that Fry = ¢[f]. Write ¢ = [q]}[p] with p: Y = Z and ¢: FB = Z and

v = [r]"}[g] with g: A — C and r: B> C. Form a pushout

FrB—4 .7

| |

FC——W.
S
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All morphisms here are weak equivalences and thus we have
[tpf] = [s)[s] ' [tp.f] = [s][Fr)la) ' [pf] = [s][Frlelf] = [s][Fr](F)
= [s][Fr)[Fr]~ [Fg) = [s(Fg)].

Choose a cylinder AITA — TA 5 A. Then FAIIFA »— F(IA) = FA is also a cylinder
and it follows by Corollary 1.5(2) that there is a left homotopy from tpf to s(Fg) via
F(IA), i.e. a square

 s(F
FAHFA[tpf s(Fg)]

o

F(IA)

with h a weak equivalence. Factor g through its mapping cylinder via k: A — Mg.
Then F'Mg is a mapping cylinder of Fg and we have a commutative square

FA ! Y
FkJ Jhtp
FMg ——V,

[H, hs]

where hip is a weak equivalence since all h, t and p are and [H, hs] is a weak equivalence
since both hs and the canonical morphism FC — FMg are. O

We are now ready to define fibrations of cofibration categories, but before doing so
we briefly explain the duality between cofibration and fibration categories. A fibration
category is a category F equipped with subcategories of weak equivalences and fibrations
such that F°P is a cofibration category (where the fibrations of F become the cofibrations
of F°P). Similarly, an exact functor of fibration categories is a functor that is exact as
a functor of the corresponding cofibration categories. As usual, all the results about
cofibration categories readily dualize to results about fibration categories. We do not
state them separately, but we point out that all the statements in [RB06] are explicitly
given in both versions.

Let CofCat denote the category of small cofibration categories and exact functors and
FibCat the category of small fibration categories and exact functors. The duality can be
stated as an observation that the functor (—)°P: CofCat — FibCat is an isomorphism of
categories. Our goal is to give a structure of a fibration category of CofCat. Since (—)°P

is a covariant isomorphism, it is equivalent to giving a structure of a fibration category
to FibCat.

Definition 1.12. Let P: £ — D be an exact functor of cofibration categories.

(1) P is an isofibration if for every object A € £ and an isomorphism ¢g: PA — Y
there is an isomorphism f: A — B such that Pf = g.
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(2) It is said to satisfy the lifting property for factorizations if for any morphism
f: A— B of £ and a factorization

p
PA

! PB
X

there exists a factorization

A

! B
NS

C
such that Pi = j and Ps =t (in particular, PC = X).

(3) It has the lifting property for pseudofactorizations if for any morphism f: A — B
of £ and a diagram

there exists a diagram

such that Pi = j, Ps =t and Pu = v (in particular, PC = X and PD =Y).

(4) We say that P is a fibration if it is an isofibration and satisfies the lifting properties
for factorizations and pseudofactorizations.

As is usual with constructions of fibration categories, most effort goes into verification
of stability of (acyclic) fibrations under pullbacks and construction of factorizations. We
begin with the former, in our situation even the existence of pullbacks is not obvious.
Each of the above lifting properties is directly motivated by these problems. The first
two are needed in Proposition 1.13 where we show that pullbacks along fibrations exist
in CofCat. The fact that P is an isofibration implies that the resulting category has all
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the required colimits and the lifting property for factorizations implies that it has factor-
izations. The lifting property for pseudofactorizations is only needed in Proposition 1.14
where we check that acyclic fibrations are stable under pullback.

First, we restate the definition in a more technical but convenient way. We define a
category CofCat containing the category of cofibration categories CofCat as a non-full
subcategory. Objects of CofCat are small categories equipped with two subcategories:
the subcategory of weak equivalences and the subcategory of cofibrations such that all
identity morphisms are acyclic cofibrations. Morphisms are functors that preserve both
weak equivalences and cofibrations.

The definition of fibrations can be rephrased in terms of lifting properties in CofCat.
Specifically, an exact functor between cofibration categories is a fibration if and only if
it has the right lifting property, as a morphism of CofCat, with respect to the following
functors.

e The inclusion of [0] into E(1) (the groupoid freely generated by an isomorphism
0—1).

e The inclusion of [1] (with only identities as weak equivalences or cofibrations) into

e The inclusion of [1] x [0] (with only identities as weak equivalences or cofibrations)
into

(0,0) —— (1,0)

.

(07 1) - (17 1)'

A few of the proofs in the remainder of this chapter will use some technical lemmas
about limits of cocomplete categories which are delegated to Section A.1 since they are
purely categorical and not related directly to homotopy theory.

Let = denote the poset of proper subsets of {0, 1}.

Proposition 1.13. Let F: C — D and P: £ — D be exact functors between cofibration
categories with P a fibration. Then a pullback of P along F exists CofCat.

Proof. Form a pullback of P along F' in the category of categories.
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Define a morphism f of P to be a weak equivalence (respectively, a cofibration) if both
Gf and Qf are weak equivalences (respectively, cofibrations). Then the above square
becomes a pullback in CofCat.

Now we check that P is a cofibration category.

(C0-1)

(C2-3)

(C4)

(C5)

In P weak equivalences satisfy “2 out of 6” and all isomorphisms are acyclic cofi-
brations since this holds in both C and &.

Let O¢ be an initial object of C. By Lemma A.4 there is an initial object Og of
& such that POg¢ = FOc. Then (0¢,0g) is an initial object of P by Lemma A.2.
Moreover, every object of P is cofibrant since this holds in both C and £.

Let X: ™ — P be a span with X5 — Xg a cofibration. Let S be a colimit of QX in
C, then F'S is a colimit of FQX = PGX in D since F' is exact. Lemma A.4 implies
that we can choose a colimit T' of GX in £ so that PT = F'S. Then it follows by
Lemma A.2 that (S,T) is a colimit of X = (QX,GX) in P. Thus pushouts along
cofibrations exist in P and both cofibrations and acyclic cofibrations are stable
under pushouts since this holds in both C and £.

Let f: A — B be a morphism of P. Pick a factorization of Qf as
QA— C 5 QB
in C. Then FQf = PG f factors as
PGA =FQA— FC 5 FQB = PGB
and we can lift this factorization to a factorization of Gf as
GA— E = GB.
It follows that
A= (QA,GA) — (C,E) = (QB,GB) = B

is a factorization of f. This completes the verification that P is a cofibration
category.

Next, we need to verify that () and G are exact. They preserve cofibrations and
acyclic cofibrations by the definition of cofibrations and weak equivalences in P. They
also preserve initial objects and pushouts along cofibrations by the construction of these
colimits in P.
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It remains to see that the square we constructed is a pullback in the category of
cofibration categories, i.e. that given a square

F——¢

b

C——D
F
of cofibration categories and exact functors, the induced functor F — P is also exact.
Indeed, it was already observed that it preserves cofibrations and acyclic cofibrations.
It also preserves initial objects and pushouts along cofibrations by Lemma A.2. O

The next proposition will imply the stability of acyclic fibrations under pullbacks.
Moreover, in later chapters it will serve as a useful criterion for verifying that an exact
functor is a weak equivalence.

Proposition 1.14. An exact functor P: C — D is an acyclic fibration if and only if it
is a fibration, satisfies (Appl) and the right lifting property (in CofCat) with respect to
the inclusion of [0] into

0r—— 1.

Proof. First assume that P satisfies the properties above. We need to check that it
satisfies (App2). Let f: PA — Z be a morphism of D. Factor f as a composite of
j: PA — Y and Y 5 Z and apply the lifting property above to find a cofibration
i: A— B such that Pi = j. This yields a diagram

PAL»Z

il i

PB —— Z.

Conversely, assume that P is an acyclic fibration. We need to check that it satisfies the
lifting property above. Consider a cofibration j: PA — Y and apply (App2) to it to get
f: A— B and a diagram

PA>]—>Y

pfj J

PBT»Z

with both s and ¢ weak equivalences. We factor [t,s]: PBIlps Y — Z as a composite
of [t',s']: PBIIpaY ~— W and W = Z. So we obtain the square on the right
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PA—— PB A—— B
Y w C ——D
u

with both s" and ¢’ weak equivalences. We can now apply the lifting property for pseud-
ofactorizations to get the square on the left with u and v weak equivalences such that
Pu =3¢, Pv=1"and (most importantly) Pi = j. O

Next, we proceed to the construction of factorizations. This is the first of many
situations where we need a way of keeping track of certain homotopical properties of
diagrams in cofibration categories. Homotopical categories are very convenient for this
purpose.

Definition 1.15. A homotopical category is a category equipped with a subcategory
whose morphisms are called weak equivalences such that every identity morphism is a
weak equivalence and the “2 out of 6” property holds.

As discussed in the introduction, homotopical categories are models of homotopy the-
ories in their own right, but we will use them merely as a bookkeeping tool. A functor
I — J between homotopical categories is homotopical if it preserves weak equivalences.
In particular, for any cofibration category C and a homotopical category J the homo-
topical functors J — C will be called homotopical diagrams. The notation C’ will always
refer to the category of all homotopical diagrams J — C, it is itself a homotopical cate-
gory with levelwise weak equivalences. If J is a plain category, then it will be considered
as a homotopical category with the trivial homotopical structure, i.e. with only isomor-
phisms as weak equivalences. On the other hand, J will denote .J equipped with the
largest homotopical structure, i.e. the one Whgze all morphisms are weak equivalences.

Let C be a cofibration category and let Sd [1] denote the poset of non-empty subsets
of {0,1}. Make it into a homotopiggl poset by declaring all morphisms to be weak

equivalences. Call a diagram X : Sd[1] — C cofibrant if both Xy — X¢; and X; — X3
are cofibrations in C. Let PC denote the category of all homotopical cofibrant diagrams

—

Sd[1] — C (i.e. X such that both Xy — Xy and X; — X are acyclic cofibrations).
Define weak equivalences in PC as levelwise weak equivalences and define a morphism
A — X to be a cofibration if all

Ay — Xo,

A — X,
Ao 4, Xo = Xo1 and
Ap1 4, X1 — Xo1

are cofibrations in C. (Note that this implies that Ag; — Xp1 is a cofibration too.)

—

The notation Sd[1] is a special case of the notation that will be introduced later in
Chapter 3, but then we will always consider Reedy cofibrant diagrams and not every
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cofibrant object in the sense above is Reedy cofibrant. For a Reedy cofibrant object
we would require Xy II X7 — X1 to be a cofibration. Similarly, cofibrations above are
more general than Reedy cofibrations. (See Definition 1.18 for the definition.) However,
this notion reduces easily to the classical one, i.e. a morphism A — X is a cofibration

—

in PC if and only if its restrictions along the two non-trivial inclusions [1] < Sd [1] are
Reedy cofibrations. The category PC will serve as a path object (i.e. a dual cylinder) in
CofCat. The proof of the next proposition is merely an observation that classical argu-
ments about Reedy cofibrations are still valid with this slightly more general definition.
Nonetheless, this modification is important since otherwise the diagonal functor in the
proof of Theorem 1.17 below wouldn’t be exact.

Proposition 1.16. If C is a cofibration category, then so is PC with the above weak
equivalences and cofibrations.

Proof.
(CO) Weak equivalences satisfy “2 out of 6” since this holds in C.

(C1) A morphism A — X is an acyclic cofibration if and only if all

Ay — X,

A — X,
Ao L4, Xo = Xo1 and
Aot O, X1 — Xon

are acyclic cofibrations in C. Hence every isomorphism is an acyclic cofibration.

(C2-3) The constant diagram of initial objects is cofibrant and initial in PC. Moreover,
the definition of a cofibrant object X is equivalent to 0 — X being a cofibration,
thus all objects of PC are cofibrant.

(C4) A cofibration in PC is in particular a levelwise cofibration and thus pushouts along
cofibrations in PC exist and are constructed levelwise. Given a pushout square,

A—— B

|

X —Y

in PC we observe that By — Yy and By — Y7 are pushouts of A9 — Xy and
Ay — X7 so they are cofibrations. The Pushout Lemma says that

Bo1 g, Yo — Yo1 and Boy L, Y1 — You
are pushouts of

A01 HAO XO — X01 and A01 HA1 X1 — X01
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so they are cofibrations too. Consequently, B — Y is a cofibration in PC. Stability
of acyclic cofibrations under pushouts is obtained by combining this argument with
the characterization of acyclic cofibrations given in (C1) above.

(C5) Let X — Y be a morphism of PC. For i € {0,1} factor X; — Y; as X; — Z; > Y;
in C and form pushouts

X Z;
Xo1 — W,

Then we have the induced morphisms W, — Y31 which make the square

Xor —— Wo

|

Wi —— Yo1.

commute and thus yield a morphism Wy Ilx,, W1 — Yp1. We factor it in C as
WO HX01 W1 — Z01 :> Ygl.

Then Z becomes an object of PC and X »—+ Z = Y is a factorization of the original
morphism. O

We are ready to prove the main result of this chapter.

Theorem 1.17. The category CofCat with weak equivalences and fibrations as above is
a fibration category.

In fact, CofCat is a homotopy complete category, i.e. it has all small homotopy limits.
This will be explained in Section 3.3.

Proof.

(C0)°P Weak equivalences satisfy “2 out of 6” since they are created from equivalences of
categories by Ho: CofCat — Cat.

(C1)°P Isomorphisms are acyclic fibrations by Proposition 1.14.

(C2-3)°P The category [0] has a unique structure of a cofibration category and it is a termi-
nal cofibration category. Moreover, every cofibration category is fibrant since every
category is isofibrant while the lifting properties for factorizations and pseudofac-
torizations follow from the factorization axiom.
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(C4)°P

(C5)°P

Proposition 1.13 says that pullbacks along fibrations exist and by the construction
they are also pullbacks in CofCat. Since fibrations are defined by the right lifting
property in this category they are stable under pullbacks. This argument also
applies to acyclic fibrations by Proposition 1.14 since (Aggl) is equivalent to the

right lifting property with respect to the inclusion [1] < [1].

To verify the factorization axiom it suffices to construct a path object for every
cofibration category C by Lemma 1.7. Let diag: C — PC be the diagonal functor.
It preserves (acyclic) cofibrations since if X ~— Y is an (acyclic) cofibration in C,
then both (diag X)o — (diagY)o and (diag X); — (diagY); coincide with X — Y
while

(diag X)o1 L (giag x), (diagY)o — (diagY)o1
and (diag X )o1 I (giag x), (diagY)1 — (diagY)o1

are isomorphisms. It also preserves the pushouts, sequential colimits and coprod-
ucts and hence is exact. The evaluation functor evg; = (evg,evy): PC — C x C is
also exact. Together they form a factorization of the diagonal functor C — C x C.
We need to show that diag is a weak equivalence and that evg; is a fibration.

Consider the evaluation functor evg;: PC — C. It is a homotopical functor such
that evg; diag = id¢ and there is a natural weak equivalence idpe — diagevy;

since all morphisms of Sd [1] are weak equivalences. It follows that Hodiag is an
equivalence.

It is easy to see that evq 1 is an isofibration. The lifting property for factorizations
is verified just like the factorization axiom in PC except that now the factorizations
X; — Z; 5 Y; are given in advance. The lifting property for pseudofactorizations
is handled similarly: let X — Y be a morphism in PC and let

Xi—Y;

|

Wi —— 2%

be pseudofactorizations of X; — Y; for ¢ € {0,1}. Form pushouts

X;i—— W, Y —— Z;
Xor — U; Yo —— Vi.

There are induced morphisms U; — V; which fit into a commutative diagram
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Uy Xo1 Ur

L

Vo Yo1 Wi

and thus induce a morphism Uy Ilx,, U1 — Vp Iy;, Vi which we pseudofactorize
into

UO HXol U]. - % HYOl ‘/1

| -

Woi Zo1-

~

Then W and Z form objects of PC which fit into a pseudofactorization

X —Y

]

as required. ]

1.3. Cofibration categories of diagrams and homotopy colimits

As already suggested by the two proofs above, Reedy cofibrations play an important
role in the theory of cofibration categories. The notion of a Reedy cofibrant diagram
(but not really that of a Reedy cofibration) will be essential in the proof of our main
theorem. We will not discuss the basic theory of Reedy cofibrations since it is already
well covered in the literature. A good general reference is [RV13] which is written
from the perspective of Reedy categories and model categories. The theory of diagrams
over general Reedy categories requires using both colimits and limits. Thus in the
case of cofibration categories we have to restrict attention to a special class of Reedy
categories called direct categories where colimits suffice. Specific results concerning
Reedy cofibrations in cofibration categories are explained in [RB06] from where we will
cite a few most relevant to the purpose of this thesis.

Definition 1.18.

(1) A category I is direct if it admits a functor deg: I — N that reflects identities
(here, we consider N as a poset with its standard order).

(2) For a direct category I and i € I, the latching category at i is the full subcategory
of the slice I | i on all objects except for id;. It is denoted by 9(I | 7).
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(3) Let X: I — C be a diagram in some category and i € I. The latching object of X
at i is the colimit of the composite diagram

olli)—T—C

where O(I | i) — I is the forgetful functor sending a morphism of I (i.e. an object
of 0(1 | 1i)) to its source. The latching object (if it exists) is denoted by L; X and
comes with a canonical latching morphism L; X — X; induced by the inclusion

O Li)— Tl

(4) Let C be a cofibration category. A diagram X: I — C is Reedy cofibrant if for all
1 € I the latching object of X at ¢ exists and the latching morphism L; X — X is
a cofibration.

(5) Let f: X — Y be a morphism of Reedy cofibrant diagrams I — C. It is called a
Reedy cofibration if for all i € I the induced morphism

Xi II L;X Liy — }/z
is a cofibration (observe that this pushout exists since X is Reedy cofibrant).

The degree functor is not a part of the structure of a direct category, we merely
assume it exists. Notions of latching objects, latching morphisms and Reedy cofibrations
do not depend on the choice of the degree functor. Even the standard construction
of factorizations into Reedy cofibrations and weak equivalences is independent of this
choice.

In the definition of a Reedy cofibrant diagram the requirement that the latching objects
exist is not a very restrictive one. If a diagram X: I — C is Reedy cofibrant below the
degree m, then the latching objects L; X exist for all i € I of degree m (provided that I
has finite latching categories). Thus it is an acceptable abuse of language to say that a
diagram is Reedy cofibrant if all its latching maps are cofibrations.

The main purpose of this section is to construct certain cofibration categories of dia-
grams and establish some practical criteria for verifying that particular functors between
them are weak equivalences or fibrations.

Proposition 1.19. Let C be a cofibration category and J a homotopical direct category
with finite latching categories.

(1) The category CP‘{ of homotopical Reedy cofibrant diagrams with levelwise weak equiv-
alences and Reedy cofibrations is a cofibration category.

(2) The category C’ of all homotopical diagrams with levelwise weak equivalences and
levelwise cofibrations is a cofibration category.

(3) The inclusion functor CPJ{ — C’ is a weak equivalence.

Proof.

30



(1) [RB06, Theorem 9.3.8(1a)]
(2) [RB06, Theorem 9.3.8(1b)]

(3) The inclusion functor satisfies the approximation properties of Proposition 1.11 as
follows from Lemma 1.22(1) (in fact, from its standard special case of D = [0] and
I=0). O

The crucial step in the proof of the above proposition is the construction of factor-
izations. In Lemma 1.22 we revisit that construction in order to prove a more general
version which will be a key technical tool in many arguments of this thesis.

A homotopical functor f: I — J is a homotopy equivalence if there is a homotopical
functor ¢g: J — I such that gf is weakly equivalent to id; and fg is weakly equiva-
lent to id; (where “weakly equivalent” means “connected by a zig-zag of natural weak
equivalences”).

Lemma 1.20. Let C be a cofibration category and f: I — J a homotopical functor
where I and J are homotopical direct categories with finite latching categories. Then the
induced functor f*: C? — C! is exact. Moreover, if f is a homotopy equivalence, then
f* is a weak equivalence of cofibration categories. Furthermore, if f induces an exact
functor f*: CF‘{ — CI{{, then it is also a weak equivalence.

Proof. The functor f* is clearly exact with respect to the levelwise structures and it is
a homotopy equivalence when f is.
For the last statement, consider the commutative square of exact functors

el

!

CJ CI
f*
the vertical maps are weak equivalences by Proposition 1.19 so the conclusion follows by
“2 out of 3”. 0

The utility of direct categories comes from the fact that it is easy to construct diagrams
and morphisms of diagrams inductively. For our purposes it will be most convenient to
state this in terms of sieves. A functor I — J is called a sieve if it is an inclusion of a
full downwards closed subcategory, i.e. if it is injective on objects, fully faithful and if
1 — j is a morphism of J such that j € I, then i € I.

Lemma 1.21. Let I — J be a sieve between direct categories and j € J \ I an object
of a minimal degree. Let X: I — C be a Reedy cofibrant diagram. Then prolongations
of X to a Reedy cofibrant diagram I U {j} — C are naturally bijective with cofibrations
L;X — X for varying X; € C. (L;j X exists by the minimality of j.)

Similarly, if X is a Reedy cofibrant diagram over IU{j} and f: X|I — Y is a Reedy
cofibration, then prolongations of f (andY ) to a Reedy cofibration over IU{j} correspond
bijectively to cofibrations L;Y 111, x X; — Yj.
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Proof. The only (non-identity) morphisms of JU{;j} missing from I are those going from
objects of degree less than degj to j and they are encoded by the latching morphism.
Similarly, if f: X — Y is a morphism (cofibration) of diagrams over I and X is already
defined over j, then extensions of f over j correspond to squares

LjX — Xj

L

LY —— Y

which in turn correspond to morphisms L;Y Iy, x X; — Y; and such an extension is a
Reedy cofibration precisely when this morphism is a cofibration. O

The first part of the next lemma generalizes the standard construction of factorizations
into Reedy cofibrations followed by weak equivalences. It says that given a morphism of
diagrams J — C and compatible factorizations of its restriction along a sieve I — J and
its image under a fibration P: C — D, there is a factorization of the original morphism
compatible with both of them. The other two parts say the same for lifts for pseudofac-
torizations and for cofibrations (when P is an acyclic fibration as in Proposition 1.14).

Lemma 1.22. Let P: C — D be a fibration between cofibration categories. Let J be a
homotopical direct category with finite latching categories and I — J a sieve.

(1) Let f: X =Y be a morphism in C’. If X is Reedy cofibrant,

kp =~ sp kr il S1

PX Yp PY and X|I Yr

~

~

are factorizations of Pf and f|I into Reedy cofibrations followed by weak equiva-
lences such that Pky = kp|l and Ps; = sp|l (in particular, PY; = Yp|I), then
there is a factorization

Xty Sy
of [ into a Reedy cofibration followed by a weak equivalence such that Pk = kp,
k|l = kr, Ps = sp and s|I = sy (in particular, PY =Yp and Y|I = Y7).

(2) Let f: X =Y be a morphism in C’. If both X andY are Reedy cofibrant,

pPf atl
PX —— PY and X|I —Y|I
| e
YPT’YP Y7 Y7
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(3)

are pseudofactorizations of Pf and f|I such that Pk = k,, k\I = /{:1, Pl =Ip,
I|I =11, Ps=sp and s|I = sy (in particular, PY; = Yp|I and PY[ = Yp|I) then
there is a pseudofactorization

such that Pk = kp, k|I = kj, Pl = lp, I =i, Ps = sp and s|I = sy (in
particular, PY = Yp, Y]I Y], PY =Yp and Y]I =Y7).

If P is acyclic, X € Cf{ and
k k
PX —2 Zp X|I —— Z;
are Reedy cofibrations such that Pk; = kp|I, then there exists a Reedy cofibration

Xtz

such that Pk = kp and k|I = k; (in particular, PZ = Zp and Z|I = Z;).

Proof.

(1)

It suffices to extend the factorization f|I = s;k; over an object j € J\ I of a
minimal degree. Then the statement will follow by an induction over the degree.

By the minimality of the degree of j, Reedy cofibrancy of X and since I — J is
a sieve the latching objects L; X and Lj?] exist. Moreover, the induced functor
of latching categories 9(1 | ]) — 9(J | j) is an isomorphism. Thus P sends the
morphism X HL x L;Yr — Y} to the analogous morphism P.X; HL PX PY] — PY;.
The latter factors as

PX HL PX PE/[ — (Yp) —> PY
and since P is a fibration we can lift this to a factorization of the former as
X; g, x LY — Y; 5 Y

This extends the factorization f|I = s;k; over j by Lemma 1.21. The resulting
diagram Y is homotopical since it is weakly equivalent to homotopical Y.

This follows by a very similar argument. This time both X and Y are Reedy
cofibrant so all the latching objects L;X, L;Y, L;Y; and L;Y exist. (Where
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jeJ\Iis an object of a minimal degree as above.) Hence P maps the morphism
XU, x LiYr — Y Uy LyYr to the top morphism of the pseudofactorization

PX; 1, px L;PY —— PY; I, py LyPY;

]N

(Yp); = (Yp);

and since P is a fibration it can be lifted to

X; O, x Ljf/l — Y Ly LY

| N

Y; Yj

which prolongs the pseudofactorization I; f|I = srky over j by Lemma 1.21. The
resulting diagrams Y and Y are homotopical since they are weakly equivalent to
homotopical Y.

(3) Again, the proof is very similar and it suffices to extend k; over an object j € J\ I
of a minimal degree. Since X is Reedy cofibrant, both L;X and L;Z; exist and
we can form a pushout X; I1 L;X L;Zr which P maps to the domain of

PXj HL]-PX LjPZ[ — (Zp)j

which can be lifted to

Xj HLjX LjZ[ o— Zj

by Proposition 1.14 and since P is acyclic. This prolongs k; over j by Lemma 1.21.
The resulting diagram Z is homotopical since P reflects weak equivalences. O

The most typical examples of fibrations are restrictions along sieves.

Lemma 1.23. Let C be a cofibration category. If I and J are homotopical direct cate-
gories with finite latching categories and f: I — J a homotopical functor such that for
every i € I the induced functor of the latching categories O(I | i) — O(J | fi) is an
isomorphism, then the induced functor f*: CP‘{ — Cﬁ s exact.

Moreover, if f is a sieve, then f* is a fibration.

Proof. If f induces isomorphisms of the latching categories, then f* preserves Reedy
cofibrations (and, in particular, Reedy cofibrant diagrams). It also preserves weak equiv-
alences and colimits that exist in Cf{ so it is exact.

If f is a sieve, then it satisfies the exactness criterion above. Moreover, f* is a fibration
by parts (1) and (2) of Lemma 1.22. O
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The next few lemmas establish some connections between sieves and fibrations which
are reminiscent of classical homotopical algebra if we think of sieves as “cofibrations”
and sieves I — J inducing weak equivalences Cl‘{ — Cé as “acyclic cofibrations”. This
does not quite fit into the classical picture since such “cofibrations” do not really belong
to the same category as the fibrations do.

Lemma 1.24. Let f: I < J be a sieve between homotopical direct categories with finite
latching categories and P: C — D a fibration of cofibration categories. Then the induced
exact functor (f*,P): C§ — Ck Xpr D},

(1) is a fibration,
(2) is an acyclic fibration provided that P is acyclic,

3) is an acyclic fibration provided that both f*: C& — Ck and f*: Di — DL are weak
R R R R
equivalences.

Proof. First observe that the pullback in question exists since f* is a fibration by
Lemma 1.23.

(1) This follows by parts (1) and (2) of Lemma 1.22.
(2) This follows by (1) above and part (3) of Lemma 1.22.
(3) This follows by (1) above and a diagram chase. O

Lemma 1.25. IfC is a cofibration category,

I——J

|

K——1L

18 a pushout square of homotopical direct categories with finite latching categories and
both I — J and I — K are sieves, then the resulting square

ck——ck

|

G —

1s a pullback of cofibration categories.

Proof. By the construction of pullbacks of cofibration categories it will suffice to verify
that a morphism of diagrams over L is a Reedy cofibration if and only if it is one when
restricted to both J and L. For this it will be enough to observe that both J — L
and K < L are sieves and hence for an object [ € L we have either [ € J and then
d(J L1) = 9(L ]1) is an isomorphism or [ € K and then 9(J L 1) — 9(L |1) is an
isomorphism. O
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Let f: I — J be a homotopical functor of homotopical direct categories and F': C — D
an exact functor of cofibration categories. We say that f has the Reedy left lifting
property with respect to F' (or F has the Reedy right lifting property with respect to f)
if every lifting problem

X

I——¢C

where X and Y are homotopical Reedy cofibrant diagrams has a solution that is also
a homotopical Reedy cofibrant diagram. Such lifting properties will be heavily used in
the latter two chapters.

Lemma 1.26. Let f: I — J and g: K — L be sieves between homotopical direct
categories with finite latching categories and F: C — D an exact functor of cofibration
categories. Then there is a natural bijection between Reedy lifting problems (and their
solutions) of the forms

I— ¢k (IxL)Ujxg (Jx K) ——C K ci
J —— Cf xpx Df Jx L D L —— Cf xp1 Dy

Proof. This is proven with standard adjointness arguments, e.g. as in [Joy08, Proposition
D.1.18], using the fact that a diagram J — Cﬁ is Reedy cofibrant if and only if the
corresponding diagram J x L — C is as follows from [RV13, Example 4.6]. O

Lemma 1.27. Let P: C — D be a fibration of cofibration categories. The following are
equivalent:

(1) P is acyclic,

(2) P has the Reedy right lifting property with respect to all sieves between direct ho-
motopical categories with finite latching categories,

o~

(8) P has the Reedy right lifting property with respect to [0] < [1] and [1] — [1].

Proof. If P is acyclic, then it has the Reedy right lifting property with respect to all sieves
between homotopical direct categories with finite latching categories by Lemma 1.22(3),
in particular, with respect to [0] < [1] and [1] — [/1\]

Conversely, by Proposition 1.14 it suffices to see that if P has the Reedy right lifting
property with respect to [0] < [1] and [1] < [1], then it satisfies (Appl) and has the
right lifting property in CofCat with respect to the inclusion of [0] into

0r——1.
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The latter is equivalent to the Reedy right lifting property with respect to [0] < [1]. To
see that the Reedy right lifting property with respect to [1] < [1] implies (Appl) take a
morphism f: X — Y in C such that Pf is a weak equivalence. Factor f as

X 7 y v,
Then Pj is a weak equivalence by “2 out of 3” and hence so is j by the Reedy right
lifting property with respect to [1] < [1]. Thus f is a weak equivalence, too. O

Lemma 1.28. If a sieve f: I — J between homotopical direct categories has the Reedy
left lifting property with respect to all fibrations of cofibration categories, then for every
cofibration category C the induced functor f*: Cl‘{ — CPI{ is an acyclic fibration.

Proof. Since f is a sieve it will suffice to check that f* has the Reedy right lifting
property with respect to [0] < [1] and [1] < [1] by Lemma 1.27. These are equivalent

to the Reedy right lifting property of Cl[%] — Cl[)?] and Cl[%] — Cl[%] with respect to [ — J

by Lemma 1.24. O

The following proposition says that in cofibration categories colimits of Reedy cofibrant
diagrams (over finite direct categories) exist and are homotopy invariant. In effect, this
yields finite direct homotopy colimits in cofibration categories.

Proposition 1.29. If I is a finite direct category, then the colimit functor Cé — C exists
and is exact.

Proof. [RB06, Theorem 9.3.5(1)] O

It is perhaps worth pointing out that this construction does not directly apply to non-
cofibrant diagrams, but all direct diagrams can be replaced by Reedy cofibrant ones.
This is not directly captured by the definition of a cofibration category as given in the
beginning of this chapter since we insisted that all objects are cofibrant. Instead, we can
think of the homotopy colimit functor as a zig-zag of exact functors

colimy
c! , Ck C.

~

Here, the functor on the left is the one discussed in Proposition 1.19.

Cofibration categories admit all finite homotopy colimits, but finiteness has to be
understood in a rather strong sense. Namely, a finite homotopy colimit is a homotopy
colimit of a diagram indexed over a category I whose nerve is a finite simplicial set.
Such categories coincide with finite direct categories and hence Proposition 1.29 implies
existence of finite homotopy colimits in cofibration categories.

Notice that e.g. homotopy colimits of diagrams indexed by non-trivial finite groups
are not finite homotopy colimits since the nerves of such groups are infinite and hence
homotopy colimits over them involve infinite amount of coherence data.

Proposition 1.29 implies that a pushout of two cofibrations in a cofibration category
is a homotopy pushout. In fact, a more general and extremely useful statement is true:
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a pushout of any morphism along a cofibration is a homotopy pushout. This is known
as the Gluing Lemma.

Lemma 1.30 (Gluing Lemma). Given a commutative cube

Ag By
NN
Ay By
|
Xo — Y0
AN
X1 NY1

where the indicated morphisms are cofibrations and both front and back squares are
pushouts, if the three solid arrows going from the back square to the front square are
weak equivalences, then so is the dashed one.

More generally, the conclusion holds provided that both front and back squares are
homotopy pushouts, i.e. can be connected by zig-zags of natural weak equivalences to
pushouts along cofibrations.

Proof. [RB06, Lemma 1.4.1(1)] O

While the proof of the Gluing Lemma cited above does not state this explicitly, the
argument is basically an application of the K. Brown’s Lemma. Recall that 1~ is the poset
of proper subsets of {0,1}. It can be proven (similarly to Proposition 1.16) that there is
a cofibration category C; of “partially Reedy cofibrant diagrams” X: ~ — C, i.e. such
that X5 — Xy is a cofibration. The weak equivalences are levelwise and cofibrations are
“partial Reedy cofibrations”, i.e. levelwise cofibrations that are Reedy cofibrations when
restricted to @ — 0. One way to motivate the pushout axiom (C4) is that this is what
is required for the pushout functor colim. : Cg — C to be exact. More precisely, stability
of (acyclic) cofibrations under pushouts implies that this functor preserves (acyclic)
cofibrations.

We will often need to know that certain homotopical functors between homotopical
direct categories induce weak equivalences of homotopy colimits. Such functors are called
homotopy cofinal. For our purposes the following simple criterion is sufficient.

Lemma 1.31. Let f: I — J be a homotopical functor between finite homotopical direct
categories and C a cofibration category. If f induces a weak equivalence Cf{ — C{{,
then for every homotopical Reedy cofibrant diagram X : J — C the induced morphism
colimy f*X — colimy X is a weak equivalence.

Proof. The left Kan extension functor Lang: CPI{ — Cf{ exists, is exact by [RB06, The-
orem 9.4.3(1)] and is a left adjoint of f*. Hence Lany is a weak equivalence since f*
is. In particular, the counit Lany f*X — X is a weak equivalence and hence so is the
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resulting morphism colim; Lany f*X — colim; X which coincides with the morphism
colim; f*X — colimy X. O

1.4. Examples

In order to better motivate cofibration and fibration categories we list a number of
interesting examples. Neither of them is known to come from a model category and
some of them are not known to (and in some cases actually known not to) be equivalent
to model categories.

1.4.1. C*-algebras

Theorem 1.32 ([Sch84, Section 1]). The category of C*-algebras carries a structure of
a pointed fibration category.

A streamlined proof of this theorem can be found in [Uuy13, Theorem 2.19] along with
a few accompanying results in a similar spirit. Moreover, it is proven [Uuy13, Theorem
A.1] that the homotopical category of C*-algebras does not admit a model structure.
This result (originally due to Andersen and Grodal [AG97, Corollary 4.7]) can be phrased
in an even stronger way: there is no model category whose underlying fibration category
is weakly equivalent to the fibration category of the theorem above. This is because the
loop functor fails to have a left adjoint. It follows that not even a cofibration category
presenting the homotopy theory of C*-algebras exists.

1.4.2. Proper homotopy theory

Theorem 1.33 ([BQO1, Theorems 3.6 and 4.5]). The category of topological spaces with
proper maps as morphisms carries a structure of a cofibration category.

The weak equivalences of this fibration category are proper homotopy equivalences.
A proper map f: X — Y is a proper homotopy equivalence if it admits a proper map
g: Y — X and homotopies gf ~ idx and fg ~ idy through proper maps. The cofi-
brations are proper (Hurewicz) cofibrations, i.e. proper maps A — B with the proper
homotopy extension property. This means that we require that every proper homotopy
defined on A whose one end extends over B also extends over B (to a proper homo-
topy). This category does not carry a structure of a fibration category, e.g. since it has
no terminal object.

1.4.3. Homotopy type theory

Theorem 1.34 ([AKL13, Theorem 2.2.5]). Every categorical model of homotopy type
theory carries a canonical structure of a fibration category.

This category has certain distinguished class of maps that are natural candidates for
cofibrations (and would have to be cofibrations if this fibration category was a part of
a model category). Unfortunately, it turns out that pushouts along these maps fail to
exist in general.
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1.4.4. Topological spaces

Most of the remaining examples discuss some well known homotopical categories which
admit well know model structures, but in addition they also carry less known structures
of (co)fibration categories. They typically have more (co)fibrations than the classical
model structures which means that they provide more point-set models of homotopy
(co)limits.

We start with the category of topological spaces which has two notable classes of
weak equivalences: homotopy equivalences and weak homotopy equivalences. All of these
examples seem to be folklore but we know almost no references.

A map of topological spaces p: X — Y is a Dold fibration if it has the weak covering
homotopy property, i.e. for each square on the left

A" X A x1
io[ Jp Zj jpo
Ax]——Y B— X

H v

there exists a homotopy G: A x I — X such that pG = H and Gig is homotopic to
u fiberwise over Y. Dually, a map i: A — B is a Dold cofibration if for all squares on
the right above there exists a homotopy G: B — X! such that Gi = H and pyG is
homotopic to v relative to A.

Theorem 1.35.

(1) The category of topological spaces with homotopy equivalences and Dold fibrations
is a fibration category.

(2) The category of topological spaces with homotopy equivalences and Dold cofibrations
is a cofibration category.

Dold fibrations were introduced in [Dol63] and both Dold fibrations and cofibrations
are discussed in [tDKP70]. There are more Dold (co)fibrations than classical Hurewicz
(co)fibrations.

A Dold-Serre fibration is a map satisfying the weak covering homotopy property as
above but only for A = D™ for all m > 0.

Theorem 1.36. The category of topological spaces with weak homotopy equivalences
Dold—-Serre fibrations is a fibration category.

Again, there are more Dold—Serre fibrations than classical Serre fibrations.
One could expect that there is a corresponding notion of a “Dold—Serre cofibration”,
but this does not seem to be the case. However, something even better is true.

Theorem 1.37. The category of topological spaces with weak homotopy equivalences and
Hurewicz cofibrations is a cofibration category.
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At the first glance this may seem to come from a mixed model structure in the sense
of Cole [Col06], but it does not. This is an attempt to mix in the “wrong direction”
which succeeds for delicate point-set reasons. We know from [RB06, Lemma 1.4.3(1)]
that is suffices to verify that weak homotopy equivalences and Hurewicz cofibrations
satisfy the Gluing Lemma and this holds by [BV73, Appendix, Proposition 4.8(b)]. In
fact, by combining this observation with Theorem 1.35(2) one can show that this is even
true with Dold cofibrations in the place of Hurewicz cofibrations.

1.4.5. Simplicial and categorical homotopy theory

As we have already illustrated, one can often find classes of (co)fibrations that are larger
than ones coming from classical model structures. In fact, it is not difficult to prove
that if there is at least one class of (co)fibrations compatible with a given homotopical
category, then there is also the largest one. One of the few examples where such class is
well understood is the category of simplicial sets.

A simplicial map f is sharp if every strict pullback along f is a homotopy pullback.
With this definition it is routine to prove the following result.

Theorem 1.38. The category of all simplicial sets with weak homotopy equivalences and
sharp maps is a fibration category.

Sharp maps were introduced by Rezk [Rez98]. Clearly, a fibration in any fibration
category of simplicial sets (with weak homotopy equivalences) is sharp hence this is
indeed the largest class of fibrations. Observe that in this fibration category every
simplicial set is fibrant.

The next two examples exploit the notion of Dwyer maps to connect category theory
to homotopy theory. A Dwyer map is a functor f of small categories that is a sieve and
factors as f = gj where g is a cosieve and j admits a deformation retraction.

While Thomason [Tho80] doesn’t state this explicitly, a crucial step of his construction
of a model structure on small categories is contained in the following theorem.

Theorem 1.39. The category of small categories with weak homotopy equivalences (i.e.
the ones created by the nerve functor from weak homotopy equivalences of simplicial sets)
and Dwyer maps is a cofibration category.

Barwick and Kan [BK12,BK12b] in the construction of their model category of relative
categories (which was already discussed in the introduction) used a similar approach.
They defined a suitable generalization of Dwyer maps and proved (also implicitly) an
analogous result.

Theorem 1.40. The category of small relative categories with Dwyer—Kan equivalences
and Dwyer maps is a cofibration category.

In both cases there are many more Dwyer maps than cofibrations in their model
categories.
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2. Quasicategories

This chapter is devoted to a concise summary of the theory of quasicategories. It is
well covered in [Joy08] and [Lur09] so we do not go into much detail. Our main goal is
to establish a fibration category of finitely cocomplete quasicategories in Theorem 2.17.
We follow [Joy08] to demonstrate that the fibration category of all quasicategories can
be obtained without constructing the entire Joyal model structure (Theorem 2.3) which
makes the proof rather elementary. (A more streamlined exposition of the same results
can be found in the appendices to [DS11].) Then we briefly introduce colimits in quasi-
categories and state their basic properties used in the proof of Theorem 2.17 and later
in Chapter 3.

2.1. Homotopy theory of quasicategories

Recall that E(1) is the groupoid freely generated by an isomorphism 0 — 1. Its nerve
will be denoted by E[1]. Quasicategories are defined as certain special simplicial sets and
are to be thought of as models of (0o, 1)-categories where vertices are objects, edges are
morphisms and higher simplices are higher morphisms (or higher homotopies). Functors
between quasicategories are just simplicial maps. In particular, maps out of E[1] are
equivalences in quasicategories and FE[1]-homotopies are natural equivalences between
functors. The account of the homotopy theory of quasicategories below closely follows
the classical approach to simplicial homotopy theory (see e.g. [GJ99, Chapter I]) with
Kan complexes replaced by quasicategories and usual simplicial homotopies replaced by
E[1]-homotopies.

Definition 2.1.

(1) Let f,g: K — L be simplicial maps. An E[1]-homotopy from f to g is a simplicial
map K x E[1] — L extending [f,g]: K x 0A[l] — L.

(2) Two simplicial maps f,g: K — L are E[1]-homotopic if there exists a zig-zag of
E[1]-homotopies connecting f to g. (It suffices to consider sequences instead of
zig-zags since E[1] has an automorphism that exchanges the vertices.)

(3) A simplicial map f: K — L is an E[1]-homotopy equivalence if there is a simplicial
map g: L — K such that fg is E[1]-homotopic to id;, and gf is E[1]-homotopic
to idg.

Definition 2.2.

(1) A simplicial map is an inner fibration if it has the right lifting property with respect
to the inner horn inclusions.
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(2) A simplicial map is an inner isofibration if it is an inner fibration and has the right
lifting property with respect to A[0] — E[1].

(3) A simplicial map is an acyclic Kan fibration if it has the right lifting property with
respect to OA[m] — A[m] for all m.

(4) A simplicial set € is a quasicategory if the unique map € — AJ[0] is an inner
fibration.

We will refer to E[1]-equivalence between quasicategories as categorical equivalences
and use them to introduce the homotopy theory of quasicategories. (It is also possible
to extend this notion to maps of general simplicial sets, but we have no need to do it.)
If K is any simplicial set and C is a quasicategory, then the relation of “being connected
by a single E[1]-homotopy” is already an equivalence relation on the set of simplicial
maps K — € by [DS11, Proposition 2.3]. This simplifies the definition of categorical
equivalences since it is always sufficient to consider one-step E[1]-homotopies.

Theorem 2.3. The category of small quasicategories with simplicial maps as morphisms,
categorical equivalences as weak equivalences and inner isofibrations as fibrations is a
fibration category.

In fact, this fibration category is homotopy complete, i.e. it admits all small homotopy
limits as will be discussed in Section 3.3.

Proof.

(C0)°P Categorical equivalences satisfy “2 out of 6” since by the Yoneda Lemma a functor
C — D is a categorical equivalence if and only if for every quasicategory & the
induced map [D, €]gp; — [C, €] gy is a bijection. (This notation refers to sets of
E[1]-homotopy classes of maps between quasicategories.)

(C1)°P Isomorphisms are acyclic fibrations since acyclic fibrations coincide with acyclic
Kan fibrations by [Joy08, Theorem 5.15].

_ayop o . . . . . .
)
(C2-3)°P The simplicial set A[0] is a terminal quasicategory and if C is a quasicategory.
then the unique map € — AJ0] is actually an inner isofibration since the map

A[0] — E[1] admits a retraction. Thus all quasicategories are fibrant.

(C4)°P Inner isofibrations are defined via the right lifting property thus they are closed un-
der pullbacks (and quasicategories are closed under pullbacks along inner isofibra-
tions). Moreover, acyclic (inner iso-) fibrations coincide with acyclic Kan fibrations
by [Joy08, Theorem 5.15], so they are also closed under pullbacks.

(C5)°P To verify the factorization axiom it suffices (by Lemma 1.7) to construct a path
object for every quasicategory €. Consider the factorization of the codiagonal

OA[] = E[1] — A[0].
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It yields
e ceEll sexe

which is a factorization into a categorical equivalence followed by an inner isofi-
bration by [Joy08, Proposition 5.20]. O

This fibration category could also be obtained by restricting weak equivalences and
fibrations of the Joyal model structure to the full subcategory of quasicategories (as
follows from [Joy08, Theorem 5.22]). However, the proof sketched above does not depend
on the existence of the Joyal model structure.

Quasicategories are models for homotopy theories and as such they have homotopy
categories. Two morphisms f,g: * — y of a quasicategory D are homotopic if there
exists a simplex H: A[2] — D such that Héy = yog, Héy = g and Hdy = f. The
homotopy category of D is the category HoD with the same objects as D, homotopy
classes of morphisms of D as morphisms and the composition induced by filling horns.

If f is a morphism of a quasicategory C, then we say that f is an equivalence if the
simplicial map f: A[l] — € extends to E[1l] — €. (By [Joy08, Proposition 4.22] a
morphism is an equivalence if and only if it becomes an isomorphism in the homotopy
category.) Two objects of C are equivalent if they are connected by an equivalence.

We conclude this section by a technical lemma saying that in quasicategories certain
outer horns can be filled. Let € be a quasicategory. A map X: A‘[m] — € is called
a special outer horn in C if i = 0 and X|A{0,1} is an equivalence or ¢ = m and
X|A{m — 1,m} is an equivalence.

Lemma 2.4. If X: A'[m] — € is a special outer horn and p: C — D is an inner
isofibration between quasicategories, then the diagram

Aifm] —X ¢
Alm| —— D
admits a lift.

Proof. [Joy08, Theorem 4.13] or [DS11, Proposition B.11] O

2.2. Colimits

We proceed to the discussion of colimits in quasicategories. Such colimits are homotopy
invariant by design and they serve as models for homotopy colimits. However, in quasi-
categories there is no corresponding notion of a “strict” colimit and thus it is customary
to refer to “homotopy colimits” in quasicategories simply as colimits. The general theory
of colimits is explored in depth in [Lur09, Chapter 4], here we only discuss its most basic
aspects.
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The quasicategorical notion of colimit is defined using the join construction for sim-
plicial sets. In order to define joins efficiently we briefly introduce augmented simplicial
sets. The category A, is defined as the category of finite totally ordered sets of the form
[m] for m > —1 (where [—1] = @). The category of augmented simplicial sets is the
category of presheaves on A, and is denoted by asSet. The standard category A is a
full subcategory of A,, we denote the inclusion functor by i: A <— A,. Precomposition
with 4 is the forgetful functor ¢*: asSet — sSet and it has a right adjoint, the right Kan
extension along ¢ denoted by Ran;: sSet — asSet. Explicitly, Ran; prolongs a simplicial
set to an augmented simplicial set by setting the value at [—1] to a singleton.

The category A, carries a (non-symmetric) strict monoidal structure given by concate-
nation [m], [n] — [m]x[n] = [m + 1+ n] with [—1] as the monoidal unit. On morphisms
it is also defined by concatenation: @ % : [k]x[l] = [m]x[n] acts via ¢ on the first k+1
elements and via v on the last [ + 1 ones.

Proposition 2.5.

(1) The category of augmented simplicial sets carries a closed monoidal structure with
the monoidal product, the join %: asSet x asSet — asSet uniquely characterized by
its action on representables A,[m], Ay[n] — Au([m] % [n]) = Aufm + 1+ n]. The
unit is Ax[—1].

(2) The category of simplicial sets carries a monoidal structure with the monoidal
product, again called the join, given by K x L = i*(Ran; K x Ran; L). The unit is
the empty simplicial set.

Proof. The first statement follows from the classical theorem of Day [Day70, Theorem
3.3]. The second one can be proven by observing that Ran; embeds sSet fully and
faithfully into asSet with the essential image consisting of augmented simplicial sets X
with X_; a singleton. Under this identification the join of augmented simplicial sets
restricts to the join of simplicial sets. O

The category of small categories embeds as a full category of sSet via the nerve functor
and the join product restricts to the category of small categories. Explicitly, given small
categories I and J the join I x J is defined as follows. The set of objects of I x J is the
coproduct of the sets of objects of I and J and

I(z,y) ifz,yel,
J(x,y) ifx,yed,
% ifeelyeld,
%] ifexeJyel.

The composition of I x.J is the unique composition that restricts to the compositions of
I and J.

For example [0] x J is formed by adjoining an initial object to J (a new one if J
already had one). If J is discrete, then colimits over [0] x J are called wide pushouts.
(They reduce to classical pushouts when J has exactly two objects.)
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The join monoidal structure on simplicial set is not closed and the join doesn’t preserve
all colimits in either of its variables. However, a slightly weaker statement holds. First,
we need to observe that for any simplicial set K the functor K x —: sSet — sSet lifts to
a functor sSet — K | sSet (also denoted by K x—.) Such a lift is defined by the following
composite

Ran; K « —

Ran; )
sSet — & | sSet o, A,[—1] | asSet Ran; K | asSet Ly K | sSet.

Proposition 2.6. For each simplicial set K, the functor Kx—: sSet — K |sSet preserves
colimits. In particular, the functor K x—: sSet — sSet preserves pushouts and sequential
colimits and carries coproducts to wide pushouts under K. (The same statement holds
for —x K.)

Proof. For any cocomplete category C and X € C colimits over J in X | C are computed
as colimits over [0] x J in C. Thus a colimit preserving functor F: C — D induces a
colimit preserving functor X | C — FX | D.

It follows that in the composite above all the functors preserve colimits. (Note that
Ran; doesn’t preserve all colimits as a functor sSet — asSet but it does as a functor
@ | sSet — A,[—1] | asSet.)

The final statement holds since the inclusion J < [0] * J is cofinal whenever J is
connected and [0] x J is the indexing category for wide pushouts if J is discrete. O

Corollary 2.7. For each simplicial set K the functor K « —: sSet — K | sSet has a
right adjoint denoted by (X: K — M) +— X\ M. (X | M is called the slice of M under
X.)

Proof. Since K x — is a colimit preserving functor on a category of presheaves its right
adjoint is given by an explicit formula (X \ M),, = K | sSet(K * A[m], M). O

Lemma 2.8. Let P: C — D be a inner isofibration of quasicategories and X : K — C
a diagram. Then the induced map X\ C — PX\D is an inner isofibration. In particular,
X\ C is a quasicategory.

Proof. This follows from [Joy08, Theorem 3.19(i) and Proposition 4.10]. O

For any simplicial set K we define the under-cone on K as K* = K x A[0].

Definition 2.9. Let € be a quasicategory and let X: K — € be any simplicial map
(which we consider as a K-indexed diagram in C).

(1) A cone under X is a diagram S: K¥ — € such that S|K = X.

(2) A cone S under X is universal or a colimit of X if for any m > 0 and any diagram
of solid arrows

K x 0A[m] L: C

-
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where U|K® = S there exists a dashed arrow making the diagram commute.
(3) An initial object of € is a colimit of the unique empty diagram in C.

(4) A simplicial map f: K — L is cofinal if for every quasicategory C and every
universal cone S: L¥ — € the induced cone Sf* is also universal.

(5) The quasicategory € is finitely cocomplete if for every finite simplicial set K every
diagram K — C has a colimit.

(6) A functor F': ¢ — D between finitely cocomplete quasicategories is exact (or
preserves finite colimits) if for every finite simplicial set K and every universal
cone S: K¥ — @ the cone F'S is also universal.

For any quasicategory € and objects x,y € C it is possible to construct the mapping
space C(x,y), though there is no preferred such construction. A variety of (equivalent)
possibilities is discussed in [DS11]. Then an object z is initial if and only if for every
y the mapping space C(z,y) is contractible (see [Lur09, Proposition 1.2.12.4]) and the
next lemma allows us to translate this observation to general colimits. However, it turns
out that the definition given above is more convenient.

Lemma 2.10. A cone S under X is universal if and only if it is an initial object of
X\ C.

Proof. This follows directly from Corollary 2.7. 0

In the remainder of this section we discuss the counterparts of classical statements of
category theory saying that colimits are essentially unique and invariant under equiva-
lences. For a quasicategory € and a diagram X: K — € we let (X \ €)™V denote the
simplicial subset of X \ € consisting of these simplices whose all vertices are universal.

Lemma 2.11. The simplicial set (X \ C)™ is empty or a contractible Kan complex.

Proof. A simplicial set is empty or a contractible Kan complex if and only if it has the
right lifting property with respect to the boundary inclusions OA[m] < Alm] for all
m > 0. For (X \ €)™V such lifting problems are equivalent to the lifting problems

K+dAlm] —Z e

-
-
-
-
-
-
-
-

K x A[m]

with U|(K « {i}) universal for each ¢ € [m]| which have solutions by the definition of
universal cones. 0

Corollary 2.12. If X: K — C is a diagram in a quasicategory and S and T are two
universal cones under X, then they equivalent under X, i.e. as objects of X \ C.
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Proof. The simplicial set (X \ €)'V is non-empty and thus a contractible Kan complex
by the previous lemma. Hence it has the right lifting property with respect to the
inclusion OA[1] — E[1] which translates to the lifting property
[, T]
K *x0A[l]] —— €

A

-
-
-
-
-
-
-
-

K % E[1]
which yields an equivalence of S and T O

Lemma 2.13. If C is a quasicategory and X and Y are equivalent objects of €, then X
1s initial if and only if Y is.

Proof. Assume that X is initial and let U: 0A[m] — € be such that U|A[0] =Y. We
can consider an equivalence from X to Y as a diagram f: A[0] x A[0] — €. Then by
the universal property of X there is a diagram A[0] x 9A[m] extending both f and U.
(We can iteratively choose extensions over A[0] x A[k] for all faces A[k] — 0A[m].) This
diagram is a special outer horn (under the isomorphism A[0] x 9A[m] = A%m + 1))
and thus has a filler by Lemma 2.4. Therefore U extends over A[m] and hence Y is
initial. O

2.3. Homotopy theory of cocomplete quasicategories

Our goal is to compare cofibration categories to quasicategories, but we expect cofibra-
tion categories to correspond to finitely cocomplete quasicategories, not to arbitrary ones.
In this section we will restrict the fibration structure of Theorem 2.3 to the subcategory
of finitely cocomplete quasicategories and exact functors.

The next two lemmas and the proposition are quasicategorical analogues of Lem-
mas A.2 and A.4 and Proposition 1.13. Their proofs are essentially the same, but
somewhat more technical.

Lemma 2.14. Let

— D

be a pullback square of quasicategories where P is an inner isofibration. Let S: K¥ — P
be a cone. If all GS, QS and PGS = FQS are universal, then so is S.

Proof. Under these assumptions the square
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G

X\ P GX\ &

o |7

QX\€—— PGX\D

(where X = S|K) is also a pullback along an inner isofibration by Lemma 2.8. Hence it
suffices to verify the conclusion for initial objects.

Thus assume that K = @ and let m > 0 and U: 0A[m] — P be such that U|A[0] = S.
Then we have

GU|A[0] = GS and QU|A[0] = QS

and since both GS and @S are initial we can find Ve € &,, and Ve € G, such that
Ve|0A[m] = GU and Ve|dA[m] = QU. Next, define V: dA[m + 1] — D by replacing
the 1st face of PVeoy|0A[m + 1] with FVe and W: Al[m + 1] — & by setting it to
V501|A1[m + 1].

By the assumption PGS is initial and V|A[0] = PGS so V extends to V € Dppr.
Then we have a commutative square

Am+1 g

|

which admits a lift W since P is an inner isofibration and 0 < 1 < m + 1. We have
FVe = PWé; and thus (Ve, Wé;) is an m-simplex of P whose boundary is U. Hence S
is initial. 0

Lemma 2.15. Let P: € — D be an inner isofibration, X: K — € a diagram and
T: K¥ — D a colimit of PX. If X has a colimit in C which is preserved by P, then
there exists a colimit S: K® — C of X such that PS =T.

Proof. Let S: K” — € be some colimit of X. Since both T and PS are universal,

we have a simplicial map U: K % E[1] — D such that U|(K * 0A[l]) = [T, PS] by
Corollary 2.12. The conclusion now follows from Lemmas 2.8 and 2.13. O

The homotopical content of the next proposition is the same as that of [Lur09, Lemma
5.4.5.5]. However, we need a stricter point-set level statement.

Proposition 2.16. Let F': C — D and P: € — D be exact functors between finitely
cocomplete quasicategories with P an inner isofibration. Then a pullback of P along F
exists in the category of finitely cocomplete quasicategories and exact functors.

Proof. Form a pullback of P along F' in the category of quasicategories.
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We will check that this square is also a pullback in the category of finitely cocomplete
quasicategories and exact functors.

First, we verify that P has finite colimits. Let X: K — P be a diagram with K
finite. Let S: K — € be a colimit of QX, then F'S is a colimit of FQX = PGX in
D. Lemma 2.15 implies that we can choose a colimit 7" of GX in € so that PT = F'S.
Then it follows by Lemma 2.14 that (5,7") is a colimit of X = (QX,GX) in P.

It remains to see that given a square

F——E&

| b

C——D
F

of finitely cocomplete quasicategories and exact functors, the induced functor F — P
preserves finite colimits. Indeed, this follows directly from Lemma 2.14. O

Theorem 2.17. The category of small finitely cocomplete quasicategories with exact
functors as morphisms, categorical equivalences as weak equivalences and (exact) inner
1sofibrations as fibrations is a fibration category.

In fact, this fibration category is homotopy complete, i.e. it has all small homotopy
limits. This will be explained in Section 3.3.

Proof. By Theorem 2.3 it suffices to observe that

(1) aterminal quasicategory is also a terminal finitely cocomplete quasicategory (which
is clear),

(2) a pullback (in the category of all quasicategories) of finitely cocomplete quasicat-
egories and exact functors one of which is an inner isofibration is also a pullback
in the category of finitely cocomplete quasicategories which follows by (the proof
of) Proposition 2.16,

(3) for a finitely cocomplete quasicategory € the functor CEM 5 @ x @ is an exact
functor between finitely cocomplete quasicategories. Indeed, CZM is finitely co-
complete since it is categorically equivalent to € (by Lemmas 2.10 and 2.13) and
€ x € is finitely cocomplete by (2). Finally, C¥Ill — € x @ preserves finite colimits
by (2) since both projections €l — € do. O
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3. Quasicategories of frames in cofibration categories

In this chapter we will associate to every cofibration category C a corresponding quasi-
category called the quasicategory of frames in C obtaining an exact functor between the
fibration categories established in Chapters 1 and 2. We will eventually prove that this
functor is a weak equivalence between these fibration categories. However, verification
that our construction takes values in finitely cocomplete quasicategories and that it is
an exact functor takes some effort and it will occupy this entire chapter.

3.1. Definitions and basic properties

Before introducing quasicategories of frames we need to explain a preliminary construc-
tion which will play an essential role in the remainder of this thesis.

Let Ay denote the subcategory of injective maps in A and let J be a homotopical
category. We construct a direct homotopical category DJ and a homotopical functor
ps: DJ — J as follows. The underlying category of D.J is the slice Ay | J, i.e. objects
are all functors [m] — J for all m and a morphism from z: [m] — J to y: [n] — J
is an injective order preserving map ¢: [m| < [n] such that = yy. The functor
pr: Ay L J — J is defined by evaluating [m] — J at m and the weak equivalences in
DJ are created by py. Then DJ is homotopical category, ps is a homotopical functor
and DJ is also direct (by setting the degree of [m] — J to m). We can think of DJ as
a direct approximation to J. Observe that D is a functor from homotopical categories
to homotopical categories and that DJ has a non-trivial homotopical structure even if
J has the trivial one (unless J is empty). This construction has multiple motivations
which will be given right after the definition of quasicategories of frames below.

First, we need to verify that Reedy cofibrant diagrams over DJ are well behaved
with respect to homotopical functors I — J. If f is such a functor we will abbreviate
the induced functor (Df)*: CP[{) - Cfg I'to f* to simplify the notation. Recall that
Cllg 7 refers to the cofibration category of homotopical Reedy cofibrant diagrams D.J — C
with levelwise weak equivalences and Reedy cofibrations which exists by Proposition 1.29
since DJ has finite latching categories.

Lemma 3.1. Let C be a cofibration category. If f: I — J is a homotopical functor of
small homotopical categories, then the induced functor f*: Cg‘] — CPI{I is exact. If f is
injective on objects and faithful, then f* is a fibration.

Proof. Both statements follow from Lemma 1.23 since if f is injective on objects and
faithful, then D f is a sieve. O

For a cofibration category C we define the quasicategory of frames in C as a simplicial
set denoted by N¢ C where (N¢ C),, is the set of all homotopical Reedy cofibrant diagrams
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D]m] — C ([m] is a homotopical category with only identities as weak equivalences). The
simplicial structure is given by functoriality of D (using Lemma 3.1 to see that simplicial
operators preserve Reedy cofibrancy). Since exact functors of cofibration categories
preserve Reedy cofibrant diagrams, N is a functor from the category of cofibration
categories to the category of simplicial sets.

Remark 3.2. As a side note, we point out that this construction can be enhanced as

follows. If [n] denotes the homotopical poset [n] with all morphisms as weak equivalences,
then the bisimplicial set

o~

[m], [n] — {homotopical Reedy cofibrant diagrams D([m] x [n]) — C}
is a complete Segal space with N¢C as its Oth row.

This definition has a threefold motivation. First, the objects of N¢ C are called frames
in C. They are counterparts to frames in a model category M, i.e. homotopically constant
Reedy cofibrant diagrams A — M which can be used to enrich the homotopy category
Ho M in the homotopy category of simplicial sets as explained in [Hov99, Chapter 5]. In
cofibration categories we are forced to replace A by Ay and then homotopically constant
diagrams over Ay are precisely the homotopical diagrams over D[0]. Again, one can
prove using such frames that the homotopy category HoC is enriched in the category of
homotopy types, see [Sch13, Theorems 3.10 and 3.17].! Our construction can be seen as
an alternative way of using frames to enrich HoC in homotopy types, namely, by using
the mapping spaces of the quasicategory N¢C.

The second motivation is that N¢C can be seen as an enhancement of the calculus of
fractions. Let Sd[m] denote the poset of non-empty subsets of m. It can be seen as the
full subcategory of D[m] spanned by the non-degenerate simplices of [m] as explained in
more detail on p. 58. Homotopical Reedy cofibrant diagrams over D[m] can be seen as
resolutions of their restrictions to Sd[m]. Therefore an object of N¢C is a resolution of
an object of C and its morphism is a resolution of a diagram of the form

~

Xo Xo1 X1,

i.e. a left fraction from Xy to X;. Similarly, a 2-simplex of N;C is a resolution of a
diagram of the form

X1

Xor < Xi
\ /

Xo Xo2 X2

~

LThis result differs from its counterpart for model categories since it uses presimplicial sets (a.k.a.
A-sets or semisimplicial sets) as models of homotopy types. Presimplicial sets are less well-behaved
than simplicial sets, but their homotopy theory is equivalent to that of simplicial sets.
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which consists of two fractions going from Xy to X; and from X; to X5 along with a
composite fraction going directly from Xy to X5. Such diagrams simultaneously encode
the composition of left fractions and the notion of equivalence of fractions which is made
precise in the proof of Lemma 4.10. Higher simplices encode the higher homotopy of the
mapping spaces of C in a similar manner.

It might be tempting to simplify the definition of N¢ C by replacing D[m] with Sd[m)].
This would not work since functors Sdjm| — Sd[n] induced by degeneracy operators
[m] — [n] do not respect Reedy cofibrant diagrams and thus this modification would not
even yield a simplicial set.

Finally, the quasicategory of frames can be motivated by the discussion in Section 3.3
which suggests that homotopical Reedy cofibrant diagrams DJ — C contain the in-
formation about all homotopy colimits in C. In fact, this information can be reduced
just to homotopical Reedy cofibrant diagrams D[m] — C as implied by Proposition 3.7.
These observations will be formalized in the next theorem that says, among other things,
that the functor Nf converts homotopy colimits in the sense of homotopical algebra to
colimits in quasicategories. (A more precise statement to this effect is Proposition 3.32.)

Theorem 3.3. The functor N¢ takes values in finitely cocomplete quasicategories and is
an ezact functor from the fibration category of Theorem 1.17 to the fibration category of
Theorem 2.17.

One part of the proof is quite easy.

Proposition 3.4. The functor N¢ preserves a terminal object and pullbacks along fibra-
tions.

Proof. The preservation of a terminal object is clear. In order to see that pullbacks are
also preserved it suffices to verify that given a pullback square

PS¢

of |

C ——D.
F

of cofibration categories and exact functors a functor X: D[m] — P is a homotopical
Reedy cofibrant diagram if and only if both @X and GX are. This follows since latching
objects in P are computed pointwise in C and £ by Lemma A.2. O

We will commit the next section to the verification that N¢ preserves (acyclic) fibra-
tions. Before that we need to establish some basic properties of this functor.

First, we will give another version of the D construction. For a simplicial set K we
define a homotopical direct category DK as follows. The underlying category of DK is
the category of elements of K but only with face operators as morphisms, i.e. objects of
DK are all simplices of K and a morphism from x € K,, to y € K, is an injective order
preserving map ¢: [m] < [n] such that z = ye.
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Such a morphism is a generating weak equivalence if yv is a degenerate edge of K where
v: [1] — [n] is defined by v(0) = ¢(m) and v(1) = n. The generating weak equivalences
do not necessarily satisfy the “2 out of 6” property (they are not even closed under
composition in general). Thus we define the subcategory of weak equivalences as the
smallest subcategory containing the generating weak equivalences and satisfying the “2
out of 6” property. Of course, in order to verify that a functor from DK to a homotopical
category is homotopical it suffices to check that it sends the generating weak equivalences
to weak equivalences.

This construction is functorial in K. Moreover, the next lemma says that if K is the
nerve of a category J, then DK coincides with DJ in the sense of the previous definition.

Lemma 3.5. Let J be a category with the trivial homotopical structure. Then the
homotopical categories DJ and DN J coincide.

Proof. The underlying categories of DJ and DNJ are the same by definition. The
generating weak equivalences of DINJ are mapped to identities by py: DJ — J and
hence it suffices to see that every weak equivalence created by p; can be obtained from
the generating ones by applying the “2 out of 6” property. Let ¢,¢ € DJ and consider
a morphism ¢ — ¥ mapped by py to an isomorphism f: x — y of J. Then we have a
diagram

T xy rYT TYTY
o —1

in DJ where xyxy denotes the sequence

f ! f
x Y x Y

and the remaining objects in the first row are its initial segments. The indicated mor-
phisms are generating weak equivalences and hence by “2 out of 6” ¢ — 1 is also a weak
equivalence of DN J. O

Lemma 3.6. The functor D: sSet — Cat (i.e. when we disregard the homotopical struc-
tures of DK s) preserves colimits.

Proof. Since N: Cat — sSet is fully faithful it reflects colimits (see [Bor94, Proposition
2.2.9]). Thus it will suffice to verify that the composite functor K — NDK preserves
colimits. This follows from the fact that

(NDK),, = 11 Kj,.. O

lol=lg1]=-..=[jm]
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Let X: DK — C be a homotopical Reedy cofibrant diagram. For each simplex
x: Alm] — K consider the restriction *X: D[m] — C which is an m-simplex of N¢C.
(Recall that z* is an abbreviation of (Dx)*.) These simplices fit together to form a
simplicial map K — N¢C.

Proposition 3.7. Let C be a cofibration category and K a simplicial set. The map
described above is a natural bijection between

e the set of homotopical Reedy cofibrant diagrams DK — C
e and the set of simplicial maps K — N¢C.

Proof. Denote the former set by R(DK,C) and observe that R(D—,C) is a contravariant
functor from simplicial sets to sets. The statement says that this functor is representable
and the representing object is N¢ C. This will follow by Lemma A.6 if we can verify that
if we consider any simplicial set K as a colimit of its simplices, then this colimit is
preserved (i.e. carried to a limit) by R(D—,C).

First, note that the functor Cat(D—,C) carries colimits to limits by Lemma 3.6. Since
R(D—,C) is a subfunctor of Cat(D—,C) it will suffice to see that a diagram X: DK — C
is homotopical and Reedy cofibrant if and only if for all x € K, the induced diagram
x*X is homotopical and Reedy cofibrant. The cofibrancy statement follows by (the
argument of) Lemma 3.1.

It is clear that if X is homotopical then so are all z*X. In order to prove the converse
it suffices to consider the generating weak equivalences of DK. Let x € K,,,, y € K,
and ¢: [m] < [n] be such that x = y¢ and yv is a degenerate edge where v: [1] — [n] is
defined by v(0) = ¢(m) and v(1) = n. We need to prove that X¢ is a weak equivalence
in C. First, let’s assume that ¢(m) = n, then ¢ is a weak equivalence when seen as a
morphism ¢ — idj,] in D[n]. Therefore X¢ = (y*X )y is a weak equivalence since y*X
is a homotopical diagram. Next, assume that ¢(m) < n, then v is injective and can be
seen as a morphism yv — y in DK and we have a commutative diagram on the left in
Ay which can be reinterpreted as a diagram in the middle in DK which in turn yields
the diagram on the right in C (here &;: [0] — [k] is the morphism with image ).

0" fm] e —Tye X(yEm) o X(yp)
S |
(1] —— [n] Yy ———y X(yv) Xy

v v

Now, €, and v are weak equivalences when seen as morphisms of D[m]| and D|n| re-
spectively. Thus Xe,, and Xv are weak equivalences. The edge yv is degenerate, i.e.
yv = yenop, so the diagram (yv)*X: D[1] — C factors through (ye,)*X: D[0] — C.
Since all morphisms of D[0] are weak equivalences it follows that (yv)*X sends all mor-
phisms, including ey above, to weak equivalences thus Xeg is a weak equivalence and
hence so is X . O

This immediately implies the following.
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Corollary 3.8. Let i: K — L be a simplicial map and F: C — D an exact functor
between cofibration categories. Then N¢ F' has the right lifting property with respect to i
if and only if F' has the Reedy right lifting property with respect to Di. O

Our goal is to find some general procedure of solving such lifting problems.

3.2. Reedy lifting properties

The results of Section 1.3 give criteria for verifying Reedy lifting properties. In this
section we verify these criteria for the inner horn inclusions DA‘[m] < D[m] and for
D[0] — DEJ1].

The case of inner horn inclusions will be handled by comparing both D[m] and DA?[m)]
to [m] and various “generalized inner horns”.

Lemma 3.9. For every m > 0 the functor pyy,): D[m] — [m] is a homotopy equivalence
of homotopical categories.

Proof. Let f: [m] — D[m] be the functor that sends ¢ € [m] to the standard inclusion
[i] < [m]. This is a homotopical functor and we have pj, f = idp,,). We will verify that
JPpm) 1s weakly equivalent to idpj,,) which will finish the proof.

To this end define s: D[m] — D[m] as follows. Represent an object z € D[m] as a
non-empty finite non-decreasing sequence of elements of [m]. Then s(z) is obtained by
inserting one extra occurrence of each of the elements 0,1, ..., pjy, (x) into z. Every such
element i is added “at the end” of the (possibly empty) block of is already present in
x. This explains the functoriality of s. Namely, given ¢: z — y and i < p,,(z), the
map s(¢) acts on the “old” occurrences of i as ¢ does and sends the “new” occurrences
to the “new” occurrences. Thus the functor s is homotopical and admits natural weak
equivalences

id—— s —— IPpm)

where the map on the left inserts x onto the “old” occurrences in s(x) and the right one
inserts fp[m}(x) onto the “new” ones. O

Let A C [m], we define the generalized horn A“[m] as the simplicial subset of A[m)]
generated by its codimension 1 faces lying opposite of vertices not in A. Observe that

A3 m] = Af[m).
Lemma 3.10. The inclusion functor DA™=} [m] < D[m)] induces a weak equiva-

{1,..., m—1}
lence Clg[m] — CI{:{)A [m] for every cofibration category C and each m > 2.

Proof. 1t suffices to verify the statement for the levelwise structures by Lemma 1.20 and
hence it will be enough to show that the composite DAL= [m] < D[m] — [m)]
induces a weak equivalence with respect to the levelwise structures.

In the diagram
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Dm — 2] © Dlm — 1]
" \Em — 2]« Om—1 ( \[m —1]
50 |
D[m —1] < DALLm=1} ]
m—1] \ m]

the back square is a pushout of two sieves hence it induces a homotopy pullback of the
associated categories of Reedy cofibrant diagrams by Lemma 1.25. The front square is
a pushout along a sieve, but the vertical map is not a sieve. Nonetheless, the conclusion
of Lemma 1.25 holds because of a particularly simple form of the latching categories
in totally ordered sets so that a map of diagrams [m — 1] — C is a Reedy cofibration
if and only if it is one when restricted along both §y and d,,—1. Hence both squares
induce homotopy pullbacks on levelwise categories of diagrams by Lemma 1.20 and then
the assumptions of the Gluing Lemma are satisfied by Lemma 3.9 which finishes the
proof. O

An interval is a subset of [m] of the form {x € [m] | i <z < j} for some i < j € [m)].
In the next lemma we will consider generalized horns A“4[m] with A C [m] such that
[m] \ A is not an interval (e.g. A = {1,...,m — 1}). Such horns are called generalized
inner horns.

Lemma 3.11. Let A C B be subsets of [m] whose complements are not intervals. Then
the inclusion AB[m] — A4[m] is a composite of pushouts of inner horn inclusions in
dimensions at most m—|A|. Moreover, all these horns are attached along injective maps.

Proof. This follows by the proof of [Joy08, Proposition 2.12 (iv)]. (The proposition
itself is less specific, but the inductive step in its proof amounts exactly to the statement
above.) O

Proposition 3.12. The functor N¢ carries fibrations of cofibration categories to inner
fibrations.

Proof. By Lemmas 1.26 and 1.24 it suffices to check that DA‘[m] < D[m] induces a

weak equivalence Cg ml C}L{) Al for every cofibration category C and 0 < ¢ < m. By
Lemma 3.10 it will be enough to check this for DALm=1}m] < DA/ [m).

That follows by an induction with respect to m since this inclusion is built out of
pushouts of horn inclusions in dimensions below m by Lemma 3.11. Since these are
pushouts along injective maps Lemma 1.25 says that they induce pullbacks of cofibration
categories of Reedy diagrams. O
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Next, we move to [0] < DE[1] which will be dealt with by constructing an explicit
contraction of DE[1] = DE(1).

Lemma 3.13. The functor f: [0] — DE(1) given by the sequence 0 € DE(1) is a
homotopy equivalence of homotopical categories.

Proof. The proof is similar to that of Lemma 3.9. This time objects of DE(1) are
represented as arbitrary finite non-empty binary sequences. Let p: DE(1) — [0] be the
unique functor to [0] and let s: DE(1) — DE(1) append a new 0 to every sequence.
(As before, s(p) acts on “old” elements as ¢ and sends the “new” 0 to the “new” 0.)
Every morphism of E(1) is an isomorphism so the homotopical structure on DE(1) is the
maximal one. Hence the functor s is homotopical and admits natural weak equivalences

idinséfp

where the map on the left inserts x onto the “old” occurrences in s(x) and the right one
inserts fp(x) onto the “new” 0. O

Before completing the main result of this section we record a corollary which will
considerably simplify constructions of E[1]-homotopies in the final chapter.

Corollary 3.14. For a cofibration category C a homotopical Reedy cofibrant diagram
X: D[1] — C is an equivalence when seen as a morphism of N¢C if and only if it is

P

homotopical with respect to D[1].

Proof. If X is an equivalence, then it extends to DE[1]. Hence it is homotopical with

respect to DI[1].
Conversely, consider a diagram

0] —=—[1]

where the indicated maps are homotopy equivalences, the vertical ones by (the proof
of) Lemma 3.9, the top one by Lemma 3.13 and the bottom one by direct inspection.

—

Hence so is the map D[1] — DFEJ1] which is also a sieve so that the induced restriction

Blt) _, (Dl

functor Clg is an acyclic fibration and thus every homotopical Reedy cofibrant

diagram on D[/l\] extends to one on DE][1]. O

Proposition 3.15. The functor Nt carries fibrations of cofibration categories to isofi-
brations.
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Proof. By Lemma 1.26 it suffices to check that D[0] < E(1) induces a weak equivalence

ClgE(l) — Cl—g O o every cofibration category C. Lemma 3.13 asserts that this is the
case for the composite

[0] « DI[0] < DE(1)

while Lemma 3.9 says the same for the first functor. Thus the conclusion follows by 2
out of 3. O

Proposition 3.16. The functor N¢ carries acyclic fibrations of cofibration categories to
acyclic Kan fibrations.

Proof. This follows from Lemmas 1.26 and 1.27 and the fact that DOA[m] < D[m] is a
sieve for all m. O

This concludes the verification of all lifting properties necessary for the exactness of
N¢. In the remainder of this section we will derive some further lifting properties which
will be useful later.

Occasionally, it will be convenient to consider marked simplicial complezes instead
of simplicial sets. Recall from the classical simplicial homotopy theory that an ordered
simplicial complex is a poset P equipped with a family of finite, non-empty totally
ordered subsets of P (called simplices) such that

e a non-empty subset of a simplex is a simplex,
e for each x € P the singleton {z} is a simplex.

Simplicial complexes with an underlying poset P can be identified with simplicial subsets
of NP (containing all vertices of NP). This is the point of view that we will adopt to
define a marked version of this notion.

Definition 3.17. A marked simplicial complex is a simplicial set K equipped with an
embedding K — NP where P is a homotopical poset.

On one hand, a marked simplicial complex K is more special than a generic simplicial
set which will make it easier to construct diagrams on DK. On the other, the addi-
tional structure will allow more flexible arguments. (Just like marked simplicial sets
provide some extra flexibility to the theory of quasicategories. In fact, marked simplicial
complexes can be seen as certain special marked simplicial sets.)

We extend the definition of DK to a marked simplicial complex K as follows. The
underlying category of DK is the same as previously, but the homotopical structure is
created by the inclusion DK < DP. This agrees with the old definition when P has
the trivial homotopical structure.

Moreover, for a marked simplicial complex K we define a homotopical poset Sd K
as the full subcategory of DK spanned by the non-degenerate simplices of K and with
the homotopical structure inherited from DP. The category Sd K is known as the
barycentric subdivision of K hence the notation. (By analogy we may think of DK as the
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fat barycentric subdivision of K.) It is indeed a poset since its objects can be identified
with finite non-empty totally ordered subsets of P that correspond to non-degenerate
simplices of K (just as in the classical definition of an ordered simplicial complex above)
and morphisms with inclusions of such subsets. With this interpretation an inclusion
A C B is a weak equivalence if and only if max A — max B is a weak equivalence of
P. (Of course, if P has the trivial homotopical structure, then this condition reduces
to max A = max B.) In the case when K = NP we will usually write Sd P in place of
Sd K.

The next two lemmas will allow us to reduce constructions of diagrams over DK to
constructions of diagrams over Sd K.

Lemma 3.18. For any marked simplicial complex K the inclusion f: SA K — DK is
a homotopy equivalence.

Proof. The construction is a minor modification of the one used in Lemma 3.9. Let P
denote the underlying homotopical poset of K. We define qx: DK — Sd K by sending
each simplex of K seen as a map [k] — P to its image and s: DK — DK by inserting
one extra occurrence of each p € P that is already present in a given x € DK. Just as
in Lemma 3.9 a new occurrence is inserted at the end of the block of the old occurrences
which yields analogous weak equivalences

id—— s —— fgx.
Moreover, qx f = idgq x which finishes the proof. O

Lemma 3.19. Let K — L be an injective map of finite marked simplicial complexes
(which means that it covers an injective homotopical map of the underlying homotopical
posets). Then for every cofibration category C the inclusion DK USd L < DL induces
an acyclic fibration CP?L — CgKUSdL.

Proof. We have the following pushout square of sieves between homotopical direct cat-
egories on the left and hence a pullback square of cofibration categories on the right by
Lemma 1.25.

SdK ——— SdL CREWSAL ., cPK
DK —— DK USdL CRAl ——— K

The fibration Cg K, C%dK is acyclic by Lemma 3.18 and hence so is Cg KUSAL _, CﬁdL.

Moreover, we have a triangle of fibrations

DL Sd L
CR CR

DKUSd L
CR

where Clg L, CPS{dL is acyclic again by Lemma 3.18 and thus so is Cg L, C};[{) KUSdL
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For future reference we will reinterpret lifting properties for special outer horns in
terms of certain homotopical structures on categories DA°[m] and DA™[m).

For each m > 1 let (m] denote the homotopical poset with the underlying poset [m]
and 0 = 1 as the only non-identity weak equivalence. Similarly, let [m) denote the
homotopical poset with the underlying poset [m] and m — 1 = m as the only non-
identity weak equivalence. Let A?(m] and A™[m) denote the outer horns seen as marked
simplicial complexes with the underlying homotopical posets (m] and [m).

Lemma 3.20. For every cofibration category C the inclusion DA {m] — D(m] induces
. D(m] DA°(m]
a weak equivalence Cg " — Cg .

The same holds for DA™[m) < D[m).

Proof. By Lemma 1.28 it will suffice to see that the inclusion DA®(m] < D{m] has the
Reedy left lifting property with respect to all fibrations of cofibration categories.

By Proposition 3.7 every Reedy lifting problem of DA®(m] <+ D(m] against a fibration
of cofibration categories P: C — D is equivalent to a problem of lifting A°(m] < (m)]
against N¢ P where the latter is an inner isofibration by Propositions 3.12 and 3.15 and
the horn is special by Corollary 3.14. Hence it has a solution by Lemma 2.4.

The same argument works for DA™[m) < D[m) since Lemma 2.4 applies to both
types of special horns. O

Let [k + 1+ m] denote a homotopical category with underlying category [k + 1 + m)]
and k = k +1 as the only non-identity weak equivalence. Let A¥[k +1+ m] denote the
generalized horn A [k+ 1+ m] seen as a marked simplicial complex with the underlying
homotopical poset [k + 1+ m]. The next lemma is a generalization of the previous one.

Lemma 3.21. The inclusion DAk +1+m] < D[k+ 14 m] has the Reedy left lifting
property with respect to all fibrations of cofibration categories. Hence for any cofibration

Z K
category C it induces a weak equivalence Cg[]HHm] — C}l{)A lkedtm]

Proof. The case of k = 0 is just the previous lemma (with m replaced by 1 + m). The
case of k > 0 can be reduced to the case of k = 0 as follows. We have [k+1+m] = [k]x[m]
and AM[k+1+m] = A[k]xdA[m] and hence it will suffice to solve every lifting problem

AlK] x 9A[m] —— ¢

|

A[k] % Alm] — D

where X and Y send the edge k — k41 to an equivalence and P is an inner isofibration
(by Proposition 3.7). This problem is equivalent to

{k} % 0A[m] —— X'\ €

| |

{k} * Alm] —— Y\ D

61



where X’ and Y’ are the restrictions of X and Y to A[k — 1] so that the resulting horn
is special (under identifications {k} x A[m] = A[l + m] and {k} x OA[m] = A°[1 4+ m)).
It has a solution by the case of k = 0. O

3.3. Infinite homotopy colimits

The next step is to verify that N¢ C is finitely cocomplete. This proof is rather involved,
but it turns out that this is largely due to certain technicalities which disappear if we
assume that C has some infinite homotopy colimits.

In this section we explain how infinite homotopy colimits can be introduced to cofi-
bration categories and how the results discussed so far can be extended to this context.

Infinite homotopy colimits in cofibration categories

We will consider the following axioms in addition to axioms (CO0-5) of Chapter 1.

(C6) Cofibrations are stable under sequential colimits, i.e. given a sequence of cofibra-
tions

AO A1 A2

its colimit A, exists and the induced morphism Ay — A is a cofibration. Acyclic
cofibrations are stable under sequential colimits.

(C7-k) Coproducts of k-small families of objects exist. Cofibrations and acyclic cofibra-
tions are stable under k-small coproducts.

Axiom (C7) is parametrized by a regular cardinal number . (And if we write (C7) we
will take it to refer to all small coproducts.) A set is k-small if its cardinality is strictly
less than x. In particular, Ng-small sets are precisely finite sets and Ni-small sets are
precisely countable sets. We say that a cofibration category is

o k-cocomplete for k > R if it satisfies (C6) and (CT7-x),
e cocomplete if it satisfies (C6) and (CT).

Again, the words “k-cocomplete” and “cocomplete” are really shorthands for “homotopy
rk-cocomplete” and “homotopy cocomplete”. We will justify below that s-cocomplete
cofibration categories indeed have all k-small homotopy colimits. Axioms (CO0-5) im-
ply (C7-Rg) and we will sometimes refer to finitely cocomplete cofibration categories
as Np-cocomplete cofibration categories. Similarly, the axioms (C0-6) imply (C7-Np)
which is therefore redundant in the definition of a homotopy Ni-cocomplete cofibration
category. This name will be abbreviated to a countably cocomplete cofibration category.

Next, we introduce k-cocontinuous functors which (according to the definition and K.
Brown’s Lemma) are essentially homotopy invariant functors that preserve certain basic
rk-small homotopy colimits. It will be explained later in this section that they actually
preserve all k-small homotopy colimits.
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Definition 3.22.

(1) For £ > Ng a functor F': C — D between k-cocomplete cofibration categories
is k-cocontinuous if it preserves cofibrations, acyclic cofibrations, pushouts along
cofibrations, colimits of sequences of cofibrations and k-small coproducts.

(2) A functor F': C — D between cocomplete cofibration categories is cocontinuous if
it preserves cofibrations, acyclic cofibrations, pushouts along cofibrations, colimits
of sequences of cofibrations and small coproducts.

Just as in the case of countably cocomplete cofibration categories, preservation of
countable coproducts follows from preservation of colimits of sequences of cofibrations
and thus it is redundant in the definition of an Wj-cocontinuous functor. (But then
preservation of an initial object has to be assumed explicitly.)

By extension, exact functors in the sense of Chapter 1 will be sometimes referred to
as as Ng-cocontinuous.

The notions of (k-)cocomplete cofibration categories and (k-)cocontinuous functors
dualize to the notions of (k-)complete fibration categories and (k-)continuous functors.

The category of small k-cocomplete cofibration categories and x-cocontinuous functors
will denoted by CofCat.

All the results about cofibration categories proven or cited in Chapter 1 and Section 3.2
readily generalize to k-cocomplete cofibration categories. The correct statements can be
obtained by replacing phrases

e “cofibration category” with “k-cocomplete cofibration category”,
e “exact functor” with “k-cocontinuous functor”,
e “finite direct category” with “k-small direct category”.

The proofs will occasionally require extra arguments, but they are all routine and com-
pletely analogous to the ones already given for finitely cocomplete cofibration categories.
For example, an updated version of Proposition 1.13 says that in the category CofCaty
pullbacks along fibrations exist. The main modification is that we need to verify that
the resulting pullback P satisfies axioms (C6) and (C7-x). The proofs are essentially the
same as the proof of (C4) except that we use Lemma A.3 instead of Lemma A.2.

We have restricted attention to CofCat, only for convenience. If we want to consider
cocomplete cofibration categories, we cannot assume that they are small. However, all
the results of Chapter 1 apply to this case in the sense that cocomplete cofibration
categories form a fibration category in a higher Grothendieck universe as explained in
the introduction.

The updated Proposition 1.29 says that x-cocomplete cofibration categories have k-
small direct homotopy colimits. This can be used to motivate axioms (C6) and (C7) just
like the Gluing Lemma motivated (C4). Namely, (C6) is used to show that the colimit
functor colimy: Cﬁ — C is exact. More precisely, stability of (acyclic) cofibrations
under sequential colimits implies that colimy preserves (acyclic) cofibrations, see [RBO0G,
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Lemma 9.3.4(1)]. Similarly, (C7) implies that colim;: C§ — C is exact for J discrete.
The case of all the other direct categories is reduced to these two and the Gluing Lemma
as in the proof of [RB06, Theorem 9.3.5(1)].

This handles the case of direct homotopy colimits and, as was pointed out before, for
Kk = N restricting to direct categories was essential. However, for k > Ng k-cocomplete
cofibration categories have all k-small homotopy colimits, i.e. the ones indexed by arbi-
trary x-small categories. Their construction is more complicated and uses categories of
the form DJ introduced in Section 3.1. In fact, one of the main reasons for introducing
this construction is that the problem of computing homotopy colimits over J can be
reduced to the problem of computing homotopy colimits over DJ which is direct.

The way this works is that a homotopical diagram X : J — C contains the same ho-
motopical information as p%X: DJ — C. In fact, homotopical diagrams over D.J are
these that are (weakly equivalent to the ones) pulled back along p; from homotopical
diagrams over .J. This is made precise as follows. The category C’ of all homotopical
diagrams J — C has a structure of a cofibration category with levelwise weak equiv-
alences and cofibrations by [RB06, Theorem 9.5.5(1)].2 Moreover, p%: C/ — CP7 is a
weak equivalence of cofibration categories by [RB06, Theorem 9.5.8(1)].

As a result, just as in the case of direct homotopy colimits, the homotopy colimit
functor can be thought of as a zig-zag of exact functors

~ ~ COlimDJ
¢/ —~ . ¢cb N c.

Py

These results were used by Cisinski to prove that every cofibration category has an
associated derivator [Cis10, Corollaire 6.21], see also [RB06, Theorem 10.3.2].

Infinite colimits in quasicategories

The results of Chapter 2 also generalize to x-cocomplete quasicategories, in fact, in an
even more straightforward manner since the notion of a colimit of a diagram K — € is
completely uniform in K and there is no need to distinguish between cases depending
on the cardinality of K.

A quasicategory € to be k-cocomplete if it has colimits indexed over all k-small sim-
plicial sets. Similarly, a functor between x-cocomplete quasicategories is k-cocontinuous
if it carries universal cones under all x-small diagrams to universal cones.

All the results of Chapter 2 remain correct when we replace phrases “finitely co-
complete quasicategory” and “exact functor” with “k-cocomplete quasicategory” and
“k-cocontinuous functor” respectively. This time proofs require no modifications.

Completeness of fibration categories of cofibration categories and quasicategories

The discussion in the two previous subsections implies that CofCat, and QCat, are
fibration categories for all regular cardinals k. In fact, they are both complete, i.e.

2Note that this means that C’ can be made into a cofibration category for an arbitrary (k-small) J
which is not known for model categories.
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satisfy axioms (C6)°P and (C7)°P. We state the upgraded theorems explicitly for future
reference.

Theorem 3.23. The category CofCat, of small k-cocomplete cofibration categories and
K-cocontinuous functors with weak equivalences and fibrations defined as in Chapter 1 is
a complete fibration category.

Theorem 3.24. The category QCat of small quasicategories with simplicial maps as
morphisms, categorical equivalences as weak equivalences and inner isofibrations as fi-
brations is a complete fibration category.

Theorem 3.25. The category QCat, of small k-cocomplete quasicategories with k-cocon-
tinuous functors as morphisms, categorical equivalences as weak equivalences and inner
1sofibrations as fibrations is a complete fibration category.

Proofs of these theorems are routine modifications of the proofs of their counterparts
discussed in Chapters 1 and 2. For example in the proof of Theorem 3.23 we need to
check that limits of towers of fibrations exist in CofCat,. This is very similar to the
arguments of Proposition 1.13. Namely, given a sequence

Co C1 Ca

of fibrations of k-cocomplete cofibration categories we form the limit of the underlying
categories and define weak equivalences and fibrations levelwise. Then we use the lifting
property for factorizations to show that this limit has factorizations. Similarly, we use
the isofibration property and Lemmas A.2, A.3 and A.4 to show that it has all the
required colimits.

Finally, we state an updated version of Theorem 3.3.

Theorem 3.26. The functor N¢: CofCat, — QCat, is a continuous functor of complete
fibration categories. In particular, it takes values in k-cocomplete quasicategories and
k-cocontinuous functors.

This theorem clearly generalizes Theorem 3.3. In the rest of this chapter we will
proceed with the proof of the general statement. (Observe that modifications sketched
above imply that Proposition 3.4 generalizes to say that N¢ preserves limits of towers of
fibrations and products.)

3.4. Cocompleteness: the infinite case

In order to complete the proof of Theorem 3.26 it remains to verify that N¢ takes values in
r-cocomplete quasicategories and x-cocontinuous functors. From this point on the cases
of finitely cocomplete cofibration categories and k-cocomplete cofibration categories for
k > Ng will diverge. The general approaches to both cases are still analogous, but they
differ in technical details and there seems to be no way of presenting them in a completely
uniform manner. The presence of infinite homotopy colimits allows us to use simpler
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constructions so we will consider the case of k > N first. The remaining case of Kk = N
will be covered in the next section.

First, we need a few preliminary lemmas. Recall that if I is a discrete category, then
colimits over [0] %I are called wide pushouts. A wide pushout of a diagram X : [0]x] — C
will be denoted by

X;.
Xo
i€l
The inclusion of the mth vertex A[0] — K * A[m] is cofinal which suggests that colimits

over D(K % Alm]) should be given by evaluating diagrams at any simplex containing
that vertex.

Lemma 3.27. Let C be a k-cocomplete cofibration category and K a k-small simplicial
set. If X: D(K xAlm]) — C is a homotopical Reedy cofibrant diagram, then the induced
morphism

X(m] = colimp(gsA[m]) X
18 a weak equivalence.

Proof. The morphism in question factors as
X[m] — COlimD[m} X — COlimD(K*A[m}) X

where the first morphism is a weak equivalence by Lemmas 1.31 and 3.9. Thus it will
be enough to check that the second one is.

It will suffice to verify that this statement holds when K is a simplex and that it is
preserved under coproducts, pushouts along monomorphisms and colimits of sequences
of monomorphisms.

Let K = A[k] and let ¢ be the composite [m] < [k] x [m]| = [k + 1+ m|. Then we have
a commutative square

X, colimp,,) X

| |

Xid[k+1+m] —— COhmD[k-&—l-&—m} X

where the left morphism is a weak equivalence since X is homotopical and so are the
horizontal ones by the argument above. Thus the right morphism is also a weak equiv-
alence.

Next, consider a pushout square

66



such that the statement holds for A, B and K. The functor —x A[m] preserves pushouts
by Proposition 2.6 and so does D by Lemma 3.6. Thus in the cube

DA DK
D(A % Alm]) J D(K % Alm])
DB DL Jj
\ \
D(B % A[m)) D(L % A[m))

both the front and the back faces are pushouts along sieves and the conclusion follows
by [RB06, Theorem 9.4.1 (1a)], Lemma A.5 and the Gluing Lemma.

The case of colimits of sequences of monomorphisms is similar and we omit it.

The case of coproducts is also similar, but there is a difference in the fact that —xA[m]
doesn’t preserve coproducts. Instead, it sends coproducts to wide pushouts under A[m)].
Thus if we have a k-small family {K; | i € I} of k-small simplicial sets and a diagram
X : D((LI; Ki) x A[m]) — C, then there is a canonical isomorphism

Hcolim D

el

o (Colimp g afmy) X) = colimp(ry,_, k)xam)) X-

[m]

The conclusion follows by the fact that in a cofibration category all the structure mor-
phisms of a wide pushout of acyclic cofibrations are again acyclic cofibrations. (By

Lemma 1.31 since [0] » I is contractible to its cone object as a homotopical category.) [

Note that for any simplicial set K there is a unique functor pg: D(K*) — (DK)"
that restricts to the identity of DK and sends all the objects not in DK to the cone
point of (DK)". This functor is homotopical. In the next lemma we use it to compare
colimits over DK and D(K").

Lemma 3.28. Let C be a k-cocomplete cofibration category, K a k-small simplicial
set and X: DK — C a homotopical Reedy cofibrant diagram. Consider a morphism
f: colimpx X — Y and the corresponding cone T (DK)® — C. If T is any Reedy
cofibrant replacement of p}f relative to DK (which exists by Lemma 1.22), then f
factors as

colimpg X — colimpgey T Sy.

Proof. To verify that the above composite agrees with f it suffices to check that it agrees
upon precomposition with X, — colimpg X for all x € DK. That’s indeed the case
since T|DK = X.

It remains to check that the latter morphism is a weak equivalence. In the diagram
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COhHlD(KD) T—Y

|

To

the left morphism is a weak equivalence by Lemma 3.27 and so is the diagonal one
since 7" is a cofibrant replacement of p7. 1. Therefore the top morphism is also a weak
equivalence. O

We will need an augmented version of the D construction. In fact, we will only need
to apply it to [m] and OA[m] so we define it only in these cases.

We will denote by D,[m] the category of all order preserving maps [k] — [m] including
the one with [k] = [-1] = @. A morphism from z: [k] — [m] to y: [[] — [m] is an
injective order preserving map ¢: [k] < [I] such that z = yp. In other words, D,[m] is
obtained from D[m] by adjoining an initial object. The homotopical structure on D,[m]
is an extension of the one on D[m] where [—1] — [m] is not weakly equivalent to any
other object. We will also consider a slightly richer homotopical structure ﬁa[m] where
[—1] — [m] is weakly equivalent to all the constant maps with the value 0.

The homotopical categories D,dA[m] and D,dA[m] are the full homotopical subcat-
egories of D,[m] and Da[m] spanned by the non-surjective maps [k] — [m] (i.e. by the
simplices of 9A[m] including the “(—1)-dimensional” one).

Similarly, the homotopical posets Sd,[m], é(v:la[m], Sd, 0A[m] and é\c/laaA[m} are the
full homotopical subcategories of D,[m], Da[m], DadA[m] and D,dA[m] respectively
spanned by their objects that are injective as maps [k] — [m].

Lemma 3.29. The restriction functors

C}ga[m] _ CPS{da[m} ClgaaA[m] _ C}S{da OA[m]
C}[{)d[m] . Clidd[m} ClgaBA[m] _) C}S{daaA[m}

are all acyclic fibrations.

Proof. All these functors are induced by sieves so they are fibrations. We will construct
a homotopy inverse to f: Sd,[m]| — l~)a[m] which will restrict to homotopy inverses of
all the other sieves in question. The construction is a minor modification of the one
used in Lemma 3.9 (and essentially the same as in Lemma 3.18). Namely, we define
¢: Da[m] — §aa[m] by sending each [k] — [m] to its image and s: Dy[m] — Da[m]
by inserting one extra occurrence of each i € [m] that is already present in a given
x € Dy[m]. Just as in Lemma 3.9 a new occurrence is inserted at the end of the block
of the old occurrences which yields analogous weak equivalences

idéséfq.

Moreover, ¢f = idgg m] which finishes the proof. O
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Homotopical Reedy cofibrant diagrams on D,[1] will be used to encode cones on dia-
grams in N¢ C and the ones which are homotopical with respect to ]_N?a[l] will correspond
to the universal cones. The following lemma (and, more directly, Lemma 3.31 below)
will translate between the universality of such cones in N¢C and strict colimits of the
corresponding diagrams in C.

Lemma 3.30. The two functors
(1) CPS{d‘"‘[m] — CFS{d“aA[m] and

(2) ¢Dalml _, DAl
induced by the inclusion OA[m] — A[m] are acyclic fibrations.

Proof. Both inclusions Sd,0A [m] < Sd, [m] and D,0A[m] < D,[m] are sieves hence it
will be enough to prove that they are homotopy equivalences.

(1) Consider two homotopical functors ig,i1: Sda[m — 1] — é?ia[m] defined as igA =
A+1 and i1A = igA U {0} for any A C [m — 1]. We have i9A C i; A and the
resulting natural transformation induces an isomorphism of homotopical categories
Sda[m — 1] x [/1\] — é?la[m]. It follows that ¢ is a homotopy equivalence since
[0] — [/1\] is. This homotopy equivalence also restricts to a homotopy equivalence
Sda[m — 1] < Sd,0A [m] and thus the conclusion follows by the triangle

o 1]\L
Sda0A[m] © Sda[m]
(2) We have a square
Sda0A[m] —— Sda[m]
DadA[m] —— D,[m)]

where the top functor is a homotopy equivalence by the first part of the lemma
and so are the horizontal ones by Lemma 3.29. Therefore so is the bottom one. [

For every m > 0 each object of D(K x A[m]) can be uniquely written as x * ¢ with
x € DyK and ¢ € Dy[m]. This yields a functor rx : D(K *A[m]) — D,[m] sending xx ¢
to ¢ to which we associate the left Kan extension

Lan, : CS(K*A[mD — C}[{)a[m]
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which can be constructed as
(Lan,, X), = colimppy ¢* X

where ¢: [k] — [m]. Analogously, we have a functor sx: D(K x OA[m]) — D,0A[m)]
and the associated left Kan extension
L, : DR8I _, (D0l

We form pullbacks (the front and back squares of the cube)

CS(K*A[W]) Cff?a[m]
XI(J \
C}?(K*@A[m]) J C}gam[m]
CD(K*A[m]) CDa[m]
\ o ) \
D(K*0A[m]) D,0A[m]
ch - Cn .

Observe that CDUXAM) and NC’5 (Kx0A[m]) are just atomic notations for the pullbacks
above, i.e. D(K x A[m]) and D(K * QA[m]) are not homotopical categories for general
K, although they will be interpreted as such when K is a simplex.

Lemma 3.31. The induced functor Py : C
tion for every k-small simplicial set K.

g(K*A[m}) s CQ(K*aA[m]) is an acyclic ﬁbm—

Proof. First, we verify that Py is a fibration. The categories CPI{) (ExAm) and Cg (Kx9A[m])

are full subcategories of C]g (ExAmD and Clg (KxOAm]) respectively. They are both closed
under taking weakly equivalent objects. Hence the lifting properties of the fibration
C}[{) (KxAfml) _, CP[{) (Kx9AIm) 4 1e inherited by Pk

For the rest of the argument it will suffice to check that Px is a weak equivalence
when K is empty or a simplex and that this property is preserved under coproducts,
pushouts along monomorphisms and colimits of sequences of monomorphisms.

When K is empty then the top square of the cube above happens to be a pullback
and hence Py is an acyclic fibration by Lemma 3.30.

For K = A[k] we will check that P coincides with
~ .
Clg[k+1+m] . C}[{)A [k+14+m)]
and the conclusion will follow from Lemma 3.21. It is enough to verify that a homotopical

Reedy cofibrant diagram X : D[k+14m] — C is homotopical with respect to D[k+1-+m)]
if and only if the induced morphism

colim X|D[k] — colim X |DI[k + 1]
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is a weak equivalence. This follows from Lemma 3.27. The same argument works with
Ak 414 m)] in place of [k + 1+ m)], since A[k + 1] is contained in A¥![k + 1 4 m] for
m > 0.

If

is a pushout square of simplicial sets such that the conclusion holds for A, B and K,
then there is a pullback square of cofibration categories

DLl ¢D(B=m)

| |

CS(K*A[T”D C}?(A*A[m})

and a similar one with 9A[m] in place of A[m]. Hence the conclusion for L follows from
the Gluing Lemma.
If K is a colimit of a sequence of monomorphisms Ko < K; < Ko < ..., then

Cfl{) (KxA[m]) is the limit of the tower of fibrations

o DA _, pD(Eralm) _, oD(Koxfm)

and analogously for Cé) (Kx0A[m]) —p herefore, if Pk, is a weak equivalence for all 7, then
so is Pgk.
The case of coproducts is handled similarly except that — x A[m] doesn’t preserve

coproducts but carries them to wide pushouts. Hence C}? (HsF)*A[m])

L R
R

i

is the wide pullback

The conclusion follows since the wide pullback functor is an exact functor of fibration
categories. O

We are ready to characterize colimits in N¢C in terms of homotopy colimits in C.

Proposition 3.32. Let C be a k-cocomplete cofibration category, K a k-small simplicial
set and S: K¥ — N¢C. Then S is universal as a cone under S|K if and only if the
induced morphism

colimpy S — colimp(gey S

is a weak equivalence (with S seen as a homotopical Reedy cofibrant diagram D(K®) — C
by Proposition 3.7). Such a cone exists under every diagram K — N¢C.
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Proof. If the morphism above is a weak equivalence let U: K x A[m] — N¢C extend S.
The corresponding homotopical Reedy cofibrant diagram D (K x9A[m]) — C prolongs to

D(K xA[m]) — C since Cf[{) (FxA[m)) _, Cg (FOAImD) 5 an acyclic fibration by Lemma 3.31.
Hence S is universal.

Conversely, let S be universal. Define T: D(K®) — C as in Lemma 3.28 where we
take f to be the identity of colimpy S. Then the morphism colimpx T' — colimp(ge) T
is a weak equivalence and so 7T is universal by the argument above (which proves the
existence statement). Therefore by Corollary 2.12 there exists a homotopical Reedy
cofibrant diagram W: D(K % E[1]) — C which restricts to [S,T] on D(K %= 0A[1]). In
the diagram

CO]iInDK S COhmD(KD) S So

COlimD(KD) T —— COhmD(K*A[l]) W —— Wy

both bottom morphisms and the top right one are weak equivalences by Lemma 3.27
and so is the right vertical one since the homotopical structure of DE[1] is the maximal
one. It follows that colimpg S — colimp(gw) S is also a weak equivalence. 0

Before completing the proof of Theorem 3.26 we will point out that in certain special
cases the above criterion for recognizing universal cones can be simplified considerably.

Example 3.33. A homotopical Reedy cofibrant diagram X : D[0] — C is initial as an
object of N¢ C if and only if the canonical morphism 0 — X is a weak equivalence (where
0 is an initial object of C). This is because the induced morphism Xy — colim X is a
weak equivalence by Lemmas 1.31 and 3.9.

Example 3.34. For a homotopical Reedy cofibrant diagram X : D([1]x[1]) — C consider
its restriction to Sd([1] x [1]).

Xoo0 — Xo1,00 — X1

N
A
~ \
. N
N

NX011,001
AN
X00,01 N Xo1,01 X11,01
N, /
Xo001,011 ~

-

Xor11 ——— X1

Xo,1

The corresponding square A[1] x A[1] — N¢C is a pushout (observe that = = [1] x [1])
if and only if the morphism

Xo0,01 x4 Xo1,00 = Xoo1,011 Hxgy.00 Xo11,001
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induced by the three dashed arrows above is a weak equivalence. This can be justified
by observing that in the square

colimpr- X

|

Xoo1,011 Hxgy 0, Xo11,000 ——— colim X

Xo0,01 xo,0 Xo1,00

both horizontal morphism are weak equivalences. Indeed, they are induced by the com-
posite functors

{(00,01), (0,0), (01,00)} < S~ < Dr-
{(001,011), (01, 01), (011,001)} < Sd([1] x [1]) < D([1] x [1])

where in both cases the latter functor is a homotopy equivalence by Lemma 3.18 while
the former functor is a homotopy equivalence in the first case and cofinal in the second
one. The conclusion follows by Lemma 1.31.

Proof of Theorem 8.26. Since we have already verified Propositions 3.4, 3.12 and 3.15
(Proposition 3.4 was generalized to infinite limits in the end of Section 3.3) it remains to
check that Ny takes values in k-cocomplete quasicategories and x-cocontinuous functors.

It takes values in quasicategories by Proposition 3.12 and they are x-cocomplete by
Proposition 3.32.

Similarly, colimits in quasicategories of frames were characterized in Proposition 3.32
by certain morphisms being weak equivalences and weak equivalences are preserved by
exact functors by Lemma 1.9. O

In the next section we will adapt the arguments above to the case of kK = Rg. The
proof of the main theorem continues in Chapter 4.

3.5. Cocompleteness: the finite case

In this section we will prove that N¢ C is finitely cocomplete for any cofibration category.
The arguments of the previous section do not directly apply to this case since they heavily
use the existence of colimits of Reedy cofibrant diagrams over categories of the form DK.
Unfortunately, DK is infinite even when K is a finite (non-empty) simplicial set. In order
to address this problem, we will filter the category DK by finite subcategories

DOK < DOK s DAK .

and instead of using a colimit of a Reedy cofibrant diagram X : DK — C we will consider
the resulting sequence of finite colimits

colim p0) ¢ X »— colim ) ¢ X ~— colimpe) e X — ...
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If X is homotopical this sequence stabilizes in the sense that from some point on (de-
pending on K) all morphisms are weak equivalences and this stable value is a homotopy
colimit of X. However, there is no universal bound on when such a sequence stabilizes
when K varies and hence we are forced to think of that entire sequence as a homotopy
colimit of X. It turns out that the proofs of the previous section will work if we carefully
substitute such sequences for actual colimits over categories DK. The difficult part is
constructing such filtrations with all the desired naturality and homotopy invariance
which is the main purpose of this section.

Let J be a homotopical category and A a set of objects of DJ, we denote the sieve
generated by A in DJ by DA.J. Moreover, when J = [m] (possibly with some non-
trivial homotopical structure) we will write objects of D[m| as non-decreasing sequences
of elements of [m] often using abbreviations like 0¥1! to denote the sequence of k Os
followed by [ 1s.

The category DI[0] can be seen as the category of non-degenerate simplices of a sim-
plicial set S with exactly one non-degenerate simplex in each dimension. As it turns
out, the skeleton Sk* S is contractible for k even but weakly equivalent to the sphere
Alk]/OA[k] for k odd. This suggests that the filtration of D[0] by sieves generated by
even-dimensional simplices of S should be well-behaved homotopically. We verify that
this is the case in the next two lemmas and later generalize it to DK for arbitrary finite
simplicial sets K.

Lemma 3.35. For each k the functor t: Dokl[/l\] — [0] is a homotopy equivalence of
homotopical categories.

Proof. Represent objects of Dokl[/l\] as binary sequences and let j: [0] — Dokl[/l\} classify
the object 1. Next, define s: D1[1] — D°"1[1] by appending a trailing 1 to each
sequence that doesn’t have one. Then there are natural weak equivalences

id potry —— 5 —— jt.
Moreover, we have tj = id[g) which finishes the proof. O
The images of the composite functors
Sd[k] < DI[k] — D[0] and Sd9A[k + 1] < DIOA[k + 1] — D[0]
are both D°*'[0]. In the next lemma we consider the resulting functors
t: Sd[k] — D' [0] and t: SAOA[k+ 1] — DY [0].

Lemma 3.36. Let k > 0 and let C be a cofibration category. If X : Do 0] = C is a
homotopical Reedy cofibrant diagram, then

(1) the induced morphism
colimgy Alk] ' X — COlimD0k+1 [0] X

is a weak equivalence when k is even,
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(2) the induced morphism

colimgq gak+1)t* X — colim ki1 0] X

18 a weak equivalence when k is odd.

Proof. We prove both statements by an alternating induction with respect to k.

The functor Sd[0] — D°[0] is an isomorphism, so condition (1) holds for k = 0.

Next, we assume that condition (2) holds for a given odd k and prove that condition
(1) holds for k + 1. The category Sd0A[k + 1] is nothing but the latching category
of DO [0] at 0¥*2 and hence the inductive construction of the colimit of X yields a
pushout square

COlide AA[k+1] t*X —— colimD0k+1 0] X

colimgg A[g41) t* X ——— colim k42 0] X

where the top morphism is a weak equivalence by the inductive hypothesis. Since the
left vertical morphism is a cofibration, it follows that the bottom morphism is also a
weak equivalence.

Finally, we assume that condition (1) holds for a given even k and prove that condition
(2) holds for k + 1. We have the following diagram of homotopical direct categories

SAAF2[k + 2] —— SAAA[k + 2] DO (0]
id
D0k+l 1ﬁ\] D0k+1 170k+ [/ﬁ D0k+2 [O]

—

oY p— T )

where the indicated maps are sieves, the top left and bottom right squares are pushouts
and all functors respect Reedy cofibrant diagrams by Lemma 1.23. (The functor on the
very left is induced by 0¥+21: [k + 2] — [1].) Hence there is an induced diagram in C

colim —t*X

Sd AR +2[k 12 colimgg ga k2 "X ——— colim porta iy X

J / %d

COhmDokJrllm t*X — COhmDOk+1170k+2A t* X —— COliHlDOk+2 [0] X

(1]

| |

COlimDok+11m t* X colim ok 41 0] X
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where the indicated maps are cofibrations and the top left and bottom right squares are
pushouts by Lemma A.5. Thus the proof will be completed when we verify that both
morphisms
. X . X
colim AR+ X — COllmD0k+11[/1\]t X
COlimD0k+1 0] t*X — COlimDok-H 1[/1\] X
are weak equivalences. For the former we use Lemmas 3.35, 1.31 and 3.20. For the latter
we use Lemmas 3.35 and 1.31 and the inductive assumption. O

In the next two lemmas we generalize the filtration of D[0] to D[m] for all m > 0.

Lemma 3.37. Let C be a cofibration category. Assume that every fiber of ¢: [k] — [m]
has an odd number of elements and let X : D?[m] — C be a homotopical Reedy cofibrant
diagram. Then X, — colim X is a weak equivalence.

Proof. We proceed by induction with respect to m (simultaneously for all C and X). For
m = 0 the conclusion follows by Lemma 3.36.

If m > 0, we will prolong X to the augmented sieve D¥[m| by setting the missing
value to an initial object of C which does not change the colimit. If the fiber of ¢ over
m has k + 1 elements for some even k, then D{[m] = D [m — 1] x DY [0]. (Here, ¢’ is

a ’
& [m—1]

the restriction of ¢ to ¢ ~![m — 1].) By applying Lemma 3.36 in the category Cg

£ [m—1]

to the corresponding diagram X: ngH[O] — Cll{) we obtain a weak equivalence

X r — colim Pk X and hence by the inductive assumption the composite

[0]
Xp = Xp o — colime/ 1] X — colimD;@/ 1] colingkH[O] X = colim X
is also a weak equivalence. ]

For each k,m > 0 we define sets Ay, and By, of objects of D[m]. We proceed by
induction with respect to m. First, we set Ay = By = {[2k] — [0]}. For m > 0 we set

Bim = {¢: [2k —m] — [m] | each fiber of ¢ has an odd number of elements}
Agn = Brm U | ik m-1.
i€lm]
We set D®)[m] = DArm[m]. (In particular, we have D*)[0] = DI?¥1[0].)
Lemma 3.38. For every simplicial operator x: [m| — [n] and k > 0 we have an inclu-

sion xD®[m] € D®)[n].

Proof. Tt suffices to verify the statement when y is an elementary face or degeneracy
operator. For the elementary face operators it follows directly from the definition. Hence
assume that y = o for some j € [n]. We will check that o Ay,.,+1 € D® [n] by induction
with respect to n.
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If p: [2k —n — 1] — [n + 1] has all fibers of odd cardinality, then the same holds for
o except at the fiber over j. Then oj¢ is in the sieve generated by ¢': [2k — n] — [n]
obtained by adding one extra element to the fiber of o;¢ over j (so that ¢’ € Ay,).

If o) € A, then 06,0 is either equal to 1) or is of the form ;0 j7). In the first case the
conclusion holds trivially, in the second one it follows by the inductive hypothesis. [

Now, we can generalize the filtration of D[m] to DK for arbitrary finite K. Let
z € K,, and k > 0. We define a sieve D®)K in DK as follows. Write z = zfz” with
z! non-degenerate and z° a degeneracy operator. Define z to be an element of D) K
if 2 € D®[n] (where n is the dimension of z#). Tt follows from Lemma 3.38 that this
definition coincides with the previous one when K is a simplex.

Lemma 3.39. Every simplicial map f: K — L carries D®)K to D®L for all k > 0.

Proof. Let 2 € DWK . Then we have a diagram of simplicial sets

z’ z

Alm| —— An] — K

IR L ¢

Aln'] —— L
(fa*)?
and by definition 2° € D®[n]. Lemma 3.38 implies that (fz)” € D®[n/] so that
fee DWL. O

Lemma 3.40. For all k > m, a cofibration category C and a homotopical Reedy cofibrant
diagram X : D) [m] — C the morphism Xim] — colimD(k)[m] X is a weak equivalence.

Proof. First, we will check that the morphism X[,,,; — DBrm[m] is a weak equivalence.
Indeed, let P be the subposet of N™*! consisting of tuples x = (zq,...,x;) such that
each z; is odd and xg+. .. +x,, < 2k—m+1. Let ¢, € D[m] be the unique object whose
fiber over each i € [m] has cardinality z;. Then we have DPkm[m] = colimgep D¥*[m] by
Lemma A.5. For each x € P the morphism X|,,,; — colimpe, [, X is a weak equivalence
by Lemma 3.37. The sequence (1,...,1) is the bottom element of P, hence if we consider
P as a homotopical poset with all maps as weak equivalences, then {(1,...,1)} — P
is a homotopy equivalence. It follows by Lemma 1.31 that X|,,; — DBr.m [m] is a weak
equivalence.
We are ready to prove the lemma by induction with respect to m. We have

DBrm [m] N D5iAk,m—1[m] — D5iz4k—1,m—1[m] ~ DAk—l,m—l[m —1]

and D®YA[m] = colim,egq 9A[m) D¥4km=1[m] (and the same with k — 1 in place of k).
Hence by the inductive assumption the morphism colim px-1)4 Alm] X — colimpmy Alm] X
is an acyclic cofibration. This along with the first part of the proof and the pushout
square
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X

COhmD(kfl)aA[m] X — COhHlDBkM [m]

colim pk) g Afm) X colim D®) [m]

finishes the proof. O

Lemma 3.41. For each k the functor D% : sSet — Cat (i.e. when we disregard the
homotopical structures of D(k)Ks) preserves colimits.

Proof. If K is any simplicial set, then D®) preserves the colimit of its simplices by
Lemma 3.6 and the definition of D*) K. Hence for every small category J we have the
following sequence of isomorphisms natural in both K and J.

Cat(DW K, J) 22 Cat(D™ colimp i Alm], J) =2 Aﬁn p Cat(D®[m], J)
m|—

>~ lim sSet(A[m], Cat(D®)[—], J)) = sSet(K, Cat(D*)[—], J))
A[m]—K

It follows that J — Cat(D®)[—],.J) is a right adjoint of D*) and the conclusion follows.
O

Finally, we are ready to start translating the results of Section 3.4 to the case of
k = Ng. The following is a counterpart to Lemma 3.27.

Lemma 3.42. Let C be a cofibration category and K a finite simplicial set. For every
homotopical Reedy cofibrant diagram X : D(K x Alm]) — C and all k > dim K + 1+ m,
the induced morphism

s a weak equivalence.

Proof. The morphism in question factors as
KXim) — colimD(k)[m} X — COhmD(k)(K*A[m]) X

where the first morphism is a weak equivalence by Lemma 3.36. Thus it will be enough
to check that the second one is.

It will suffice to verify that this statement holds when K is empty or a simplex and is
preserved under pushouts along monomorphisms. For K = & the morphism in question
is an isomorphism.

Let K = A[n] and let ¢ be the composite [m]| < [n]x[m] = [n+ 1+ m|. Then we have
a commutative square

X, colim k) (m] X

|

X — colimD<k)[n+1+m] X

d[n+1+m]
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where the left morphism is a weak equivalence since X is homotopical and so are the
horizontal ones by Lemma 3.40. Thus the right morphism is also a weak equivalence.
Next, consider a pushout square

A— K

!

B— L

such that the conclusion holds for A, B and K. The functor —xA[m] preserves pushouts
by Proposition 2.6 and so does D*) by Lemma 3.41. Thus in the cube
D& A DF K

T

DW (K  Alm])

D& B D& T,

T~ T

DW®)(B % Alm]) DW(L « Alm])

both the front and the back faces are pushouts along sieves and the conclusion follows
by [RB06, Theorem 9.4.1(1a)], Lemma A.5 and the Gluing Lemma (since dimL =
max{dim B, dim K'}). O

For a cofibration category C we introduce a new cofibration category C§. (Here, N does

not refer to any homotopical structure on N, CE should be seen as an atomic notation.)
Its objects are Reedy cofibrant diagrams X : N — C (i.e. sequences of cofibrations in C)
that are eventually (homotopically) constant, i.e. such that there is a number k such that
for all [ > k the morphism X, — X; is a weak equivalence. A morphism f: X — Y of
such diagrams is called an eventual weak equivalence if there is k such that for all [ > &
the morphism f; is a weak equivalence in C. This cofibration category is designed as an
enlargement of the cofibration category CE of (homotopically) constant sequences. It is
necessary since sequences arising as colimits over filtrations D(7) K are only eventually
constant.

Lemma 3.43. IfC is a cofibration category, then the category C;N{ with Reedy cofibrations
and eventual weak equivalences is again a cofibration category. Moreover, the inclusion
C}N{ — CE is a weak equivalence.

Proof. The construction of the cofibration category CE is a straightforward modification
of the construction of CR, see e.g. [RB06, Theorem 9.3.5(1)].

We will verify the approximation properties. By “2 out of 3” a morphism between
homotopically constant sequences is a levelwise weak equivalence if and only if it is an
eventual weak equivalence. Hence (Appl) holds.
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Next, let X — Y be a morphism with X homotopically constant and Y eventually
constant. Assume that Y is homotopically constant from degree k£ on. Let Y be Y
shifted down by k. Then Y is homotopically constant and iterated structure morphisms
of Y yield a morphism Y — Y which is an eventual weak equivalence (starting from k).
This yields a commutative square

X —Y

which proves (App2). O

We define a functor |—|: DK — N by sending z € DK to the smallest k € N such that
z € DWEK. We call |x| the filtration degree of x. Here, we do not consider any particular
homotopical structure on N so |—| is not a homotopical functor. We will be interested
in the left Kan extension of a homotopical Reedy cofibrant diagram X: DK — C along
|—|. It can be computed as

(Lan)_| X)x = colim )z X

We will denote (Lan_| X); by ®® X and when k varies ()X will stand for the
resulting sequence N — C.

Just as colimits can be defined in terms of cones, left Kan extensions can be defined
in terms of certain generalized cones. We describe such cones for Kan extensions along
|—|. Let DK %_| N denote the cograph (or collage) of |—| defined as the category whose
set of objects is the disjoint union of the sets of objects of DK and N and

DK(z,y) when z,y € DK,
N(z,y) when z,y € N,
N(|z|,y) when z € DK and y € N,

o] otherwise.

(DK x| N)(z,y) =

The left Kan extension of X : DK — C along |—| is nothing but an initial extension of X
to DK x| N so that morphisms ()X — Y in CYN correspond to diagrams on DK % | N
restricting to X and Y on DK and N respectively. Such an extension of X is a family
of cones under the restrictions of X to all D®) K's. We will compare them to extensions
to D(K") using a functor px: D(K") — DK x_| N defined as follows. Write an object
of D(K") as x * ¢ with € D*K and ¢ € D?[0] and set

T * when ¢ € DJ[0],
B
x otherwise.

This allows us to state and prove a version of Lemma 3.28 for finitely cocomplete cofi-
bration categories.
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Lemma 3.44. Let C be a cofibration category, K a finite simplicial set and X: DK — C
a homotopical Reedy cofibrant diagram. Consider a morphism f: P)X - Y and the
corresponding cone T': DK % _| N — C. If T" is any Reedy cofibrant replacement of pyT
relative to DK (which exists by Lemma 1.22), then f factors as

X s oIT Sy
where the latter morphism is an eventual weak equivalence (starting at dim K + 1).

Proof. To verify that the above composite agrees with f it suffices to check that at each
level k it agrees upon precomposition with X, — ®®X for all 2 € D® K. That’s
indeed the case since T|DK = X.

It remains to check that the latter morphism is an eventual weak equivalence. For
1 > dim K 4 1 in the diagram

colimpy (goy T' —— Y5

T02i+1

the left morphism is a weak equivalence by Lemma 3.42 and so is the diagonal one
since 7" is a cofibrant replacement of p7, 1. Therefore the top morphism is also a weak
equivalence. O

For every m > 0 each object of D(K * A[m]) can be uniquely written as x x ¢ with
x € DK and ¢ € D*m]. This yields a functor rx: D(K * Alm]) — D%[m] sending
x * @ to ¢ and to which we can associate the “filtered” left Kan extension functor

filt | CD(K*A[m}) 5 (CE)}D{a[m]

Lan,  : Cg

defined as (Lanﬁg X), = ®p*X for ¢ € D m] which is exact by [RB06, Theorem
9.4.3(1)]. Similarly we have

N\ D(Kx0A[m N\D%OA[m
Lanf)': (CR)r' " = (CR)R .

We form pullbacks (the front and back squares of the cube)

CE(K*A[W]) (Cg)ga[m]

T

(clR olm!

Px

Cl]:):)(K*aA [m])

D(K*A[m]) N JD“[m]
CR Lanﬁiﬁ (CR)R
D(K*xOA[m Ny D®OA[m
U M) e DR ]
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Observe that CPUF*AIM) apnd ¢PE*OAM) are just atomic notations for the pullbacks
above, i.e. D(K * A[m]) and D(K x dA[m]) are not homotopical categories for general
K, although they will be interpreted as such when K is a simplex.

The following is a finite variant of Lemma 3.31.
Lemma 3.45. The functor Py : CQ(K*A[mD — CQ(K*aA[mD
every finite simplicial set K.

is an acyclic fibration for

Proof. The proof is virtually identical to the proof of Lemma 3.31 except that now we
do not consider the cases of coproducts and colimits of sequences of monomorphisms
and we use Lemma 3.42 in the place of Lemma 3.27. O

Finally, we can characterize colimits in N¢C in terms of homotopy colimits in C in a
manner similar to Proposition 3.32.

Proposition 3.46. Let C be cofibration category, K a finite simplicial set. A cone
S: K¥ — N¢C is universal if and only if the induced morphism

3 (SIK) —» s

is an eventual weak equivalence (where S is seen as a homotopical Reedy cofibrant
diagram D(K") — C by Proposition 3.7). Such a cone exists under every diagram
K — NfC.

Proof. The proof is almost identical to the proof of Proposition 3.32 except that we use
Lemmas 3.45, 3.44 and 3.42 in the place of Lemmas 3.31, 3.28 and 3.27 respectively. [

The more specific criteria for initial objects and pushouts discussed in Examples 3.33
and 3.34 are valid in the finitely cocomplete case in exactly the same form. This can be
justified by observing that ®*) stabilizes at k = 0 over D[0] and at k = 2 over D([1] x [1])
by Lemma 3.42.

Proof of Theorem 3.3. Since we have already verified Propositions 3.4, 3.12 and 3.15 it
remains to check that N¢ takes values in finitely cocomplete quasicategories and exact
functors.

It takes values in quasicategories by Proposition 3.12 and they are finitely cocomplete
by Proposition 3.46.

Similarly, colimits in quasicategories of frames were characterized in Proposition 3.46
by certain morphisms being weak equivalences and weak equivalences are preserved by
exact functors by Lemma 1.9. ]
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4. Cofibration categories of diagrams in quasicategories

In this chapter we will prove our main result, i.e. that N¢ is a weak equivalence of
fibration categories. This will be achieved by defining a functor Dg, from the category
of k-cocomplete quasicategories to the category of x-cocomplete cofibration categories.
The functor Dg,. fails to be exact (e.g. it doesn’t preserve the terminal object), but it
will be verified to induce an inverse to N¢ on the level of homotopy categories which is
sufficient to complete the proof.

4.1. Construction

Let sSet, denote the category of x-small simplicial sets. If C is a k-cocomplete quasi-
category we consider the slice category sSet, | C, we denote it by Dg, C and call the
category of k-small diagrams in C. Then we define a morphism

f

AL

¢

to be

o a weak equivalence if the induced morphism colimg X — colimy, Y is an equivalence
in € (more precisely, if for any universal cone S: L¥ — € under Y the induced
cone S f¥ is universal under X),

e a cofibration if f is injective.

In particular, such a morphism is a weak equivalence whenever f is cofinal, but there
are of course many weak equivalences with f not cofinal. We will make use of the class of
right anodyne maps which is generated by the right horn inclusions A‘[m] < Am] (i.e.
the ones with 0 < ¢ < m) under coproducts, pushouts along arbitrary maps, sequential
colimits and retracts.

Lemma 4.1. FEvery right anodyne map is cofinal.

Proof. [Lur09, Proposition 4.1.1.3(4)] O

Proposition 4.2. With weak equivalences and cofibrations as defined above Dg,. C is a
k-cocomplete cofibration category.

Proof.

(CO) Weak equivalences satisfy “2 out of 6” since equivalences in € do.
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(C1) Isomorphisms are weak equivalences since isomorphisms of simplicial sets are cofi-
nal.

(C2-3) The empty diagram is an initial object and hence every object is cofibrant.

(C4) Pushouts are created by the forgetful functor Dg, € — sSet,, thus pushouts along
cofibrations exist and cofibrations are stable under pushouts. By [RB06, Lemma
1.4.3(1)] it suffices to verify that the Gluing Lemma holds which follows by [Lur09,
Proposition 4.4.2.2].

(Ch) It will suffice to verify that in the usual mapping cylinder factorization
K—-Mf—L

the second map is cofinal. Indeed, we have a diagram

KxA— 1

KX(soj ]J
idp

K xA[l] — Mf

AN

L

where the square is a pushout. The map K xJy is right anodyne by [Joy08, Theorem
2.17] and thus so is j. Hence it is cofinal by Lemma 4.1.

(C6-7-k) The proof is similar to that of (C4). (But there is no analogue of [Lur09, Proposi-
tion 4.4.2.2] for sequential colimits explicitly stated in [Lur09]. Instead, it follows
from more general [Lur09, Proposition 4.2.3.10 and Remark 4.2.3.9].) O

Lemma 4.3. A k-cocontinuous functor F: € — D induces a k-cocontinuous functor
Dg, F' = Dg,. C — Dg,. D and thus we obtain a functor Dg,. : QCat, — CofCat,.

Proof. Colimits in both Dg, € and Dg, D are created in sSet, and thus are preserved by
Dg,. F. Cofibrations are clearly preserved and so are weak equivalences since F' preserves
k-small colimits. O]

4.2. Proof of the main theorem: the infinite case

For a x-cocomplete cofibration category C we define a functor ®¢: Dg, N¢C — C by
sending a diagram X : K — N¢C to colimpx X (observe that DK is k-small since K is
and Kk > Ny, so this colimit exists in C). It is clear that ®¢ is a functor. While we may
not be able to choose colimits so that ®¢ is natural in C, it is 2-natural, i.e. natural up
to coherent natural isomorphism.
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Lemma 4.4. The functor ®¢ is k-cocontinuous and a weak equivalence.

Proof. Preservation of cofibrations follows by [RB06, Theorem 9.4.1(1a)] since if K < L

is an injective map of simplicial sets, then the induced functor DK < DL is a sieve.
Proposition 3.32 and Lemma 3.27 imply that a morphism f in Dg, N¢C is a weak

equivalence if and only if ®¢ f is. Therefore ®¢ preserves weak equivalences and satisfies

(Appl).
It follows from Lemma A.5 that & preserves colimits and thus it is k-cocontinuous.
It remains to check (App2), but it follows directly from Lemma 3.28. O

Next, we need a functor D — N¢ Dg, D for every k-cocomplete quasicategory D. Let’s
start with unraveling the definition of N¢ Dg, D.

An m-simplex of N¢Dg, D consists of a Reedy cofibrant diagram K: D[m| — sSet,
and for each ¢ € Dm] a diagram X,: K, — D. These diagrams are compatible with
each other in the sense that they form a cone under K with the vertex D. Moreover, the
entire structure is homotopical as a diagram in Dg, D, i.e. if ¢,1 € D[m] and x: ¢ — ¢
is a weak equivalence, then the induced morphism colimg, X, — colimg, Xy is an
equivalence in D.

If p: [n] = [m], then (K, X)p = (Kp, Xp) is defined simply by (Ku), = K,, and
(X = Xy

We can now define a functor ¥o: D — N¢Dg, D as follows. For x € D, we set
the underlying simplicial diagram of ¥px to ¢ +— A[k] where ¢: [k] — [m] and the
corresponding diagram in D to xp: Alk] — D. Then ¥pz is homotopical as a diagram
D[m] — Dg,. D since any weak equivalence in D[m] induces a right anodyne (and hence
cofinal by Lemma 4.1) map of simplices. Clearly, ¥y is a functor and is natural in D.

We will check that Wy, is a categorical equivalence by using the following criterion. A
suitable generalization of this criterion holds in any model category, see [Vogll].

Lemma 4.5. A functor F: C — D between quasicategories is a categorical equivalence
provided that for every commutative square of the form

OA[m] —— €

.

Alm] —— D

v

there exists a map w: Alm| — € such that w|OA[m] = u and Fw is E[1]-homotopic to
v relative to OA[m].

Proof. The class of simplicial maps K — L with the lifting property with respect to
F as in the statement is closed under coproducts, pushouts and sequential colimits and
thus contains all monomorphisms. In particular, if we consider the diagram
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C
F
id
we obtain a functor G: D — € and an E[1]-homotopy H from F'G to idp which in turn
yields a diagram

[GF,id]
C x 0A[l] ——

e
-
€ x B[1] —— D.

This time a lift is an E[1]-homotopy from GF to id¢. Thus F'is an E[l]-equivalence. [

To apply this criterion in our situation we need a method of constructing relative
E[1]-homotopies in quasicategories of the form N¢C.

Lemma 4.6. Let K — L be an inclusion of marked simplicial complexes, X and Y
homotopical Reedy cofibrant diagrams DL — C and f: X|SdL — Y|Sd L a natural
weak equivalence such that f|SA K is an identity transformation. Then X and Y are
E[1]-homotopic relative to K as diagrams in N¢C.

Proof. By Corollary 3.14 it suffices to construct a homotopical Reedy cofibrant diagram
D(L x [/1\]) — C that restricts to [X, Y] on D(L x OA[1]) and to the identity on D(K X [/1\])
(i.e. to a degenerate edge of (N;C)¥).

First, observe that we have a homotopical diagram [f,id]: (Sd LUDK) x [/1\] — C which

—

is Reedy cofibrant when seen as a diagram Sd LUDK — CY. Hence Lemma 3.19 implies

that it extends to a Reedy cofibrant diagram DL — Cm. We consider it as a diagram
DL x [1] — C and pull it back to D(L x [1]) — C. It restricts to [X, Y] on D(L x 0A[l])
and to the identity on D(K x [1]). Thus it can be replaced Reedy cofibrantly relative to

D(L x 0A[1]U K x [1]) by Lemma 1.22 which finishes the proof. O

Proposition 4.7. For every k-cocomplete quasicategory D the functor Yo is a categor-
ical equivalence.

Proof. Consider a square

By Lemma 4.5 it will be enough to extend x to a simplex Z: A[m] — D and construct
an E[1]-homotopy from ¥pZ to Y relative to 0A[m)].
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Let’s start by finding 7. Consider Y},,): A, — D. Since Y agrees with Upx over
OA[m] the [m]th latching object of Y is z: 0A[m]| — D, i.e. we have an induced injective

map JA[m] < Ay, and Y[m]\aA[ m] = z. Choose a universal cone Y, A‘[Tn} — D
under Y}, and consider Y 110A[m]>. We have dA[m]> = A" [m + 1] which is an
outer horn. However, Y[m] |8A[ |* is special since ¥z is homotopical and thus extends

to z: Alm]® — D by Lemma 2.4. We set T = z|A[m)].

By Proposition 3.7 finding an E[1]-homotopy from ¥UpZ to Y translates into con-
structing a homotopical Reedy cofibrant diagram D([m] x E(1)) — Dg, D restricting to
[YpZ,Y] on D(A[m] x OA[1]). By Corollary 3.14 it will be sufficient to construct such a
diagram on D([m] x [/1\]) and by Lemma 3.19 it will suffice to define it on Sd([m] x [/1\])

We form a pushout on the left

Y|0A[m)> —— Y OA[m] —— Appy
] {
p Z Alm] ——— B

> applied to the square on the

in Dg,. D. Its underlying square of simplicial sets is (—)
right.
This yields the following sequence of morphisms of Dg, D (with morphisms of the

underlying simplicial sets displayed below).

z z z Yim) Vi)
Am] —— Afm]” —— B> —— AF  —— Ag,

The first morphism is a weak equivalence since z is a filler of a special horn. So are the
middle two since the underlying maps of simplicial sets preserve the cone points. The
last one is also a weak equivalence since Y/, is universal. All these morphisms are maps
of cones under Y| Sd 0A[m] = Upx| Sd IA[m] and hence can be seen as transformations
of diagrams over Sd[m/| which restrict to identities over Sd 9A[m]. The conclusion follows
by Lemma 4.6. O

Before we can prove the main theorem we need to know that Dg, is a homotopical
functor. This in turn requires two technical lemmas. The first one is about left homo-
topies in cofibration categories. Even though cofibrations in a cofibration category do
not necessarily satisfy any lifting property, they can still be shown to have a version of
the “homotopy extension property” with respect to left homotopies.

Lemma 4.8. Let i: A — B be a cofibration in C. Let f: A — X and g: B - X
be morphisms such that gi is left homotopic to f. Then there exist a weak equivalence
s: X — X and a morphism g: B — X such that § g 1is left homotopic to sqg and gi = sf.

Proof. Pick compatible cylinders on A and B, i.e. a diagram
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~

AITA IA A

o

~

BB 1B B

such that the induced morphism IA Il s114) (B I B) — IB is a cofibration. Let dy and
01 denote the two structure morphisms A — [ A.
Pick a left homotopy

ATLA [f> gi] 5

[50’51}] JIN

IA X

between f and gi. Then we have in particular jgi = Hd; and thus there is an induced
morphism [H, jg]: TAII4 B — X so we can take a pushout

H,jg] ~
rat, B N %

|

J
1B X

H
Set s = jj and § = H. We have sf = gi and H and id¢ constitute a left homotopy
between g and sg. m

The second lemma says that up to equivalence all frames are Reedy cofibrant replace-
ments of constant diagrams.

Lemma 4.9. Any object of X € N¢C is equivalent to a Reedy cofibrant replacement of
pTO]XO'

Proof. Let f: [0] — D[0] and s: D[0] — DJ0] be as in the proof of Lemma 3.9 so that

pojf = id[g) and there are weak equivalences

id—— s —— I
These equivalences evaluated at X form a diagram D[0] X Sd[/l\] — C which we can

pull back along D[1] — DJ0] x Sd[1] and then replace Reedy cofibrantly to obtain a

homotopical Reedy cofibrant diagram Y : D[1] — C such that Y'§; = X by Lemma 1.22.
By Corollary 3.14 Y is an equivalence and by the construction Ydy is a Reedy cofibrant
replacement of p’[ko]Xo. O

Lemma 4.10. The functor Dg,. is homotopical.
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Proof. We begin by constructing a natural equivalence ©¢: HoN¢C — HoC for ev-
ery cofibration category C. We send an object X: D[0] — C to Xy and a morphism
Y: D[1] — C to the composite [v1]7![vg] where vy and vy are the structure morphisms

o U1

Yo Yo1

Y.

~

This assignment is well-defined and functorial by Theorem 1.4.

We check that O¢ is an equivalence. It is surjective and full since both Sd[0] < D|0]
and DOA[1] U Sd[1] < DI[1] have the Reedy left lifting property with respect to all
cofibration categories by Lemma 3.19. For faithfulness, consider X, X: D[1] — C such
that X|DOA[1] = X|DAA[1] and O¢(X) = O¢(X). Since we have already verified that
Oc¢ is essentially surjective Lemma 4.9 allows us to assume that Xdg is a Reedy cofibrant
replacement of pE‘O]X 1 so that the structure morphisms of X fit into a cylinder

X OX:— XS X,

By Theorem 1.4(2) we have a diagram

Xo1
0\ Y / X1
Xo1
where both squares commute up to left homotopy. By Lemma 4.8 we can assume that

the left square commutes strictly. Let

xmx, 7y

[0, 51]] 111/1”

X1 Y

be a left homotopy. Then we can form a diagram

X1
Xot ~ Xu
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which is a homotopical diagram on Sd[2] and Reedy cofibrant over Sd 9A[2]. Thus it
can be replaced Reedy cofibrantly without modifying it over Sd 9A[2] by Lemma 1.22.
Then X, X and Xdpop provide an extension over DOA[2]. We know that the inclusion
DOA[2]USd|[2] < D]2| has the Reedy left lifting property with respect to all cofibration
categories by Lemma 3.19 so we can find an extension to DJ2] which is a homotopy
between X and X in N¢C.

Since equivalences of quasicategories induce equivalences of homotopy categories, it
follows that N; reflects equivalences. Thus Dg,. is homotopical by Proposition 4.7. [

Finally, we are ready to prove the main theorem.

Theorem 4.11. The functor N¢: CofCat, — QCat, is a weak equivalence of fibration
categories.

Proof. By Theorem 3.26 Ny is continuous. The functor Dg,. is homotopical by Lemma 4.10
and thus induces a functor on the homotopy categories. Since ¥ is a natural categorical
equivalence by Proposition 4.7 the induced transformation Ho W is a natural isomor-
phism id — (HoN¢)(HoDg,.). The transformation ® is merely 2-natural, but natural
isomorphisms of exact functors induce right homotopies in CofCat, (by the construction
of path objects in the proof of Theorem 1.17). Therefore Ho ® is a natural transforma-
tion and by Lemma 4.4 it is an isomorphism (Ho Dg, )(HoN¢) — id. Hence Ho Ny is an
equivalence. O

4.3. Proof of the main theorem: the finite case

The only part of the previous section that does not work for k = Ny is the construction of
a natural weak equivalence ®¢: Dg, Ny C — C for every cofibration category C. Indeed,
®. was defined using colimits over categories DK which are infinite even for finite
simplicial sets K. Instead, we will define a zig-zag of (2-natural) weak equivalences
connecting Dgy Nt C to C, namely,

o) ~
DgNo Nf C ¢ Cg > CI;I\{I o C

We have already verified that CFN{ — C§ is a weak equivalence in Lemma 3.43. More-

over, evp: C§ — C is induced by a homotopy equivalence [0] — N hence it is a weak
equivalence, too.
(=)

It remains to define ®, ’ and prove that it is also a weak equivalence. For each k

and an object X: DK — N¢C we set @ék)X = colimp i X. This colimit exists since
DW K is finite if K is finite.

Lemma 4.12. For a cofibration category C the formula above defines an ezact functor
@éf): Dgy, N¢C — Cg. Moreover, it is a weak equivalence.

Proof. First, we need to verify that .7 X is an eventually constant sequence for all
(K,X) € Dgy,N¢C. Consider X as a diagram in N¢C and choose a universal cone
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S: K — N¢C. Then Lemma 3.42 implies that <I>((;)S is eventually constant and Propo-

sition 3.46 implies that the induced morphism @é_)S — <I>(C_)S is an eventual weak
equivalence. Thus CIDé_)S is eventually constant.

Preservation of cofibrations follows by [RB06, Theorem 9.4.1(1a)] since if K — L is
an injective map of simplicial sets, then the induced functors DWKuUDK-IL — DRI
are sieves.

Proposition 3.46 and Lemma 3.42 imply that a morphism f in Dgy, N;C is a weak
equivalence if and only if @éf) f is an eventual weak equivalence. Therefore <I>((;)
weak equivalences and satisfies (Appl).

preserves

Tt follows from Lemma A.5 that &5 preserves colimits and thus it is exact.
It remains to check (App2), but it follows directly from Lemma 3.44. O

This yields the proof of of Theorem 4.11 in the case of Kk = Ny since the three weak
equivalences described above induce a natural isomorphism (HoDg, )(HoN¢) — id and
the rest of the argument applies verbatim.
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A. Appendices

A.1. Limits of cocomplete categories

The purpose of this appendix is to prove a few preliminary results in category theory
used in Chapter 1. They are all elementary, but we discuss them in some detail since they
serve as blueprints for their much more technical quasicategorical counterparts needed
in Chapter 2. Roughly speaking, we are interested in criteria for a limit of a diagram of
cocomplete categories to be again cocomplete. Such criteria are easily formulated using
1sofibrations.

Definition A.1. A functor P: £ — D is an isofibration if for every object A € £ and
an isomorphism g: PA — Y there is an isomorphism f: A — B such that Pf = g.

In other words, isofibrations are functors with the right lifting property with respect
to the inclusion [0] < E(1) where E(1) is the free groupoid on one isomorphism 0 — 1.

If J is a small category then its under-cone® is the category J* (or J x [0] in the
notation of Chapter 2) obtained by adjoining a new terminal object. This notion can
be used to define colimits as follows. Given a diagram X: J — C, cones under X can
be identified with extensions of X to diagrams J” — C. Such a cone S is universal if
for any other cone T under X there is a unique transformation S — T that restricts
to idx. As usual, a colimit of X is a universal cone under X, but we often abuse the
terminology by referring to the cone object of a universal cone under X as a colimit of
X.

Lemma A.2. Let

— D

be a pullback square in the category of categories. Let S: J¥ — P be a cone. If all GS,
QS and PGS = FQS are universal, then so is S.

Proof. Let T: J® — P be a cone such that T'|J = S|J. Then we have GT|J = GS|J and
QT|J = QS|J and since both GS and @S are universal, there are unique transformations
u: GS — GD and v: QS — QT such that u|J = idgg; and v[J = idgg;. Since

'This non-standard name is introduced as an alternative to the inconsistent usage of names “cone”
and “cocone”. The dual notion is called an over-cone. This terminology is supposed to be reminiscent
of “under-categories” and “over-categories” since objects of these are “cones under” and “cones over”
in the case of J = [0].
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PGS = FQ@S is also universal, it follows that Pu = Fv and thus there is a unique
transformation w: S — T such that Gw = u and Qw = v which is also the unique
transformation S — 7' such that w|J = idg);. Hence S is universal. O

The same approach also proves the following.
Lemma A.3.
(1) Let

Co C1 Ca

be a tower of functors with a limit D and structure maps P;: D — C;. If S: J® — D
1s a cone such that B;S is universal for all i, then S is universal itself.

2) Let (Ci)ier be a family of categories. If (S;): J® — [].C; is a cone such that S; is
( i

uniwversal for all i € I, then S is universal itself. O

Lemma A.4. Let P: C — D be an isofibration, X : J — C a diagram and T: J*> — D
a colimit of PX. If X has a colimit in C which is preserved by P, then there exists a
colimit S: J* — C of X such that PS =T.

In other words, if a colimit is preserved up to isomorphism, then it can be replaced
by one that is preserved on the nose.

Proof. Let S: J” = C be some colimit of X. Then we have a unique transformation
w: T — PS such that w|J = idpx. Since P preserves this colimit, w is a natural
isomorphism and we can apply the lifting property of isofibrations to replace the cone
object of S by an isomorphic one which maps strictly to the cone object of T'. Therefore
we obtain a cone S which is isomorphic to S , hence universal, and satisfies PS =1T. [

We conclude this section with two small lemmas about colimits.

Lemma A.5. Let I be a small category and J: I — Cat a diagram of small categories.
Denote by J the colimit of J with the structure maps x;: J; — J. Let X: J — C be a
diagram such that all X k; have colimits in C. Then the canonical morphism

colim;ey colim j; X k; — colimy X
is an isomorphism (in particular, one colimit exists if and only if the other does).

Proof. Let A be an object of C. There is a sequence of natural bijections between the
following sets.

e The set of natural transformations X — const A in C”.

e The set of functors J x [1] — C restricting to [X, const A] on J x {0, 1}.
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e The set of functors colim;e;(J; X [1]) — C restricting to [[Xk;, const A] | i € I] on
colim;er(J; x {0,1}).

e The set of families of natural transformations Xx; — const A in C”% for each i € I
compatible with respect to morphisms of I.

e The set of natural transformations colim, Xx; — const A in cl.

When A varies each of these items forms a functor C — Set. A representation of the
first one is colim; X and a representation of the last one is colim;cs colimj, X ;. Thus
if one of these colimits exists, then so does the other one and they are canonically
isomorphic. ]

Let Set; denote the category of presheaves over a small category J.

Lemma A.6. Let J be a small category. Then every presheaf on J can be canoni-
cally written as a colimit of representables over its category of elements. If a functor
F: Set?” — Set preserves these colimits (i.e. carries them to limits) then it is repre-
sentable and represented by j — FJ(—,7).

Proof. The first statement is [Bor94, Theorem 2.15.6] and the second one follows by a
straightforward computation. Let F'j = F.J(—,j) and X € Set;, we have

FX = F(colimy(_ jy,x J(—,j)) = limy_ j .x Fj = Set;(X, F). O

A.2. Homotopy theory of complete homotopy theories

All the results of this thesis can be formally dualized to results about fibration categories
and complete quasicategories. However, in a few cases such dualizations can be less than
obvious at the first glance. Hence we describe some of them directly.

The first potentially confusing situation is the dualization of the definition of DJ and
pj: DJ — J for a homotopical category J (which needs to respect the duality between
cofibration and fibration categories as discussed before Definition 1.12). We can proceed
as follows. First, we consider J°P and associate to it D(J°P) and pjep: D(JP) — JOP.
Second, we take (D(J°P))P and pTo,: (D(JP))°? — J. Actually, the first step was
not necessary, we carried it out only to end up with a functor to J instead of J°P.
Unfortunately, this complicated the notation because of the category (D(J°P))°P. This
can be simplified by observing that there is an isomorphism DJ = D(J°P) that is the
identity on objects and that reindexes the face operators in the reverse order. Then
instead of (pjor)°? we can consider the composite

(DJ)°P = (D(JP))°P — J

which we denote by p; and which is given by evaluating an object [k] — J at 0. The
homotopical structure of (DJ)°P is now created by p; (or, equivalently, by the above
isomorphism (DJ)°P = (D(J°P))°P) and hence it is not dual to the homotopical structure
of DJ used in the main body of the thesis. We end up with the choice of carrying a lot
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of opposites around or redefining the homotopical structure of (DJ)°P. It seems that
the latter option results in a more readable notation.

Similarly, given a marked simplicial complex K we redefine the homotopical structure
of (DK)° (and (Sd K)°P) by restricting it from (DP)°P (where P is the underlying
homotopical poset of K) which in turn was created by p.

Finally, in order to keep the notation consistent we need to redefine the homotopical
structure of (DK)°P for a simplicial set K. Let € K, and y € K,, and let ¢: [m] < [n]
be a morphism z — y in DK, i.e. an injective order preserving map such that = = ye.
Then it (or rather its dual) is a generating weak equivalence if yv is a degenerate edge of
K where v: [1] — [n] is given by v(0) = 0 and v(1) = ¢(0). We define the homotopical
structure of (DK)°P by closing the generating weak equivalences under “2 out of 6”.

The second construction that requires some explanation is the opposite of the category
of diagrams in a k-complete quasicategory. First of all, we point out that the theory of
cocomplete quasicategories dualizes easily. Namely, the category of simplicial sets has an
involution (—)°P: sSet — sSet given by reindexing the face and degeneracy operators in
the reverse order. This involution interchanges arguments of the join functor and hence
sends the “under-cones” to “over-cones” which translates the definition of colimits to
the definition of limits. It follows that a quasicategory is k-cocomplete if and only if its
opposite is k-complete. If D is a k-complete quasicategory, then the associated fibration
category is (Dy(D°P))°P. When we unravel this definition (and drop some opposites to
simplify the notation) we find out that the underlying category of this fibration category
is sSet? | D, i.e. an object is a diagram X : K — D (with K k-small) and a morphism
from X to Y: L — D is specified by a simplicial map f: L — K such that Xf =Y.
Moreover, such a morphism X — Y is a fibration when f is injective and a weak
equivalence when it induces an equivalence limyx X — limy, Y.

Keeping these modifications in mind, it is routine to translate all the arguments to
fibration categories and complete quasicategories. The dual of the main result says
that there are fibration categories of x-complete fibration categories and k-complete
quasicategories and they are weakly equivalent.

95



Index

CT o 30
Cl e 30
CofCat vvvriiiiii 20
CofCaty, wovvviriiiiiii i 63
DAT 74
DJ 51
DEK 53
A 45
A oo 51
Dg, i 83
DWK i, 7
E(1) i 22
E[1] i 42
HoC oo 14
K*L o 45
K 46
AO(m) 61
AATM] 56
A M) 61
L X 30
NEC oo 51
PC 25
DF X o 80
QCat, iiiiiii 65
SAK o 59
X LC 46
X\ C o 46
ASSEL i 45
OL Ld) veeiiii 29
2out of 6 ..ooviiiiii 12, 16, 54
acyclic Kan fibration ..................... 43
approximation properties ............... 17
calculus of fractions ............ 15, 52, 89
categorical equivalence ............. 43, 85

cocontinuous functor

96

of cofibration categories ........... 63
cofibration category ...................... 12
cocomplete ..o 62
finitely cocomplete .................. 13
Kk-cocomplete ..., 62
of diagrams
in a cofibration category ........ 30
in a quasicategory ................ 83
cofinal map ......cooeevviiiiiiii 47
colimit (in a quasicategory) ..46, 71, 82
[0 4 1T 46
continuous functor
of fibration categories .............. 63
cylinder ... 14, 16
direct category .........cooeoiiiiiiiiiiit. 29
E[1]-homotopy .........cccocoveueenne. 42, 86
E[1]-homotopy equivalence ............. 42
equivalence (in a quasicategory) ...... 44
eventual weak equivalence .............. 79
eventually constant sequence .......... 79
exact functor
of cofibration categories ...... 16, 31
of quasicategories .................... 47
fibration
of cofibration categories ..21, 32-37
acyclic ..........oonils 24, 32, 35-37
fibration category ............c.coiiiil. 20
complete .......coooiiiiiiiiiiit, 63
Kk-complete ... 63
of cocomplete quasicategories ....50
of cofibration categories ........... 27
of quasicategories .................... 43
generalized horn ..................o 56
1101 01C) S 57



Gluing Lemma ..........cooviiiiiint. 38

hammock localization .................... 17
homotopical category .................... 25
homotopical diagram ..................... 25
homotopical functor ...................... 25
homotopically constant sequence ..... 79
homotopy (in a quasicategory) ........ 44
homotopy category

of a cofibration category ........... 14

of a quasicategory ................... 44
homotopy cofinal functor ............... 38
homotopy colimit ............... 64, 71, 82

direct ..ooovviiiii 63
homotopy equivalence

of homotopical categories ......... 31
inner fibration ...................ll 42
inner isofibration .......................... 43
isofibration ................o 20, 92
JOIML wouti i 45
K. Brown’s Lemma ....................... 17
k-cocontinuous functor

of cofibration categories ........... 63

of quasicategories .................... 64
k~-continuous functor

of fibration categories .............. 63
latching category ...............ocooii. 29
latching object .........c.ooiil. 30
left homotopy .....oevvvevnineeninn... 14, 87
lifting property

for factorizations ................ 21, 32

for pseudofactorizations ..21, 24, 32

mapping cylinder ...................o... 16
MAaPPING SPACE ..vvvvvrnriiniiieiniannen. 47
marked simplicial complex ............. 59
model category ..........cooiiiiiiiiin. 13
path object ...........c.oc 2526
pullback

of cocomplete quasicategories ....49
of cofibration categories ..22, 35-36

97

quasicategory .........cooeiiiiiiiiiiiin.. 43
finitely cocomplete .................. 47
K-cocomplete ...l 64
of frames ...........oooiii 51

Reedy cofibrant diagram ................ 30

Reedy cofibration ......................... 30

Reedy lifting property .............. 36, 56

right anodyne ..............c.o 83

saturation ...........ccoeciiiiiiiiii 16

SIEVE ettt 31

SHCE woiii 46

special outer horn .................... 44, 61

weak equivalence
generating .......ooceeeiiiiiiiiiiniin.. 53
of cofibration categories ...... 17, 31

wide pushout ................o.ol. 45, 66



References

[AG97]
[And78]
[AKL13]
[BK12a]
[BK12b]
[BSP13]
[Baus9]
[Bau99]
[BQO1]
[Ber07a]
[Ber07b)
[Ber10]
[BV73]
[Bor94]
[Bro73]

[Cis10a]
[Cis10b)]

[Col06]
[Cor82]
[CP86]

[CP97]

K. Andersen and J. Grodal, A Baues Fibration Category Structure on Banach and C*-algebras
(1997), available at http://www.math.ku.dk/~jg/papers/fibcat.pdf.

D. W. Anderson, Fibrations and geometric realizations, Bull. Amer. Math. Soc. 84 (1978),
no. 5, 765—-788.

J. Avigad, K. Kapulkin, and P. LeFanu Lumsdaine, Homotopy limits in Coq (2013), available
at http://arxiv.org/abs/1304.0680v1.

C. Barwick and D. M. Kan, Relative categories: another model for the homotopy theory of
homotopy theories, Indag. Math. (N.S.) 23 (2012), no. 1-2, 42-68.

C. Barwick and D. M. Kan, A characterization of simplicial localization functors and a dis-
cussion of DK equivalences, Indag. Math. (N.S.) 23 (2012), no. 1-2, 69-79.

C. Barwick and C. Schommer-Pries, On the Unicity of the Homotopy Theory of Higher Cat-
egories (2013), available at http://arxiv.org/abs/1112.0040v4.

H. J. Baues, Algebraic homotopy, Cambridge Studies in Advanced Mathematics, vol. 15,
Cambridge University Press, Cambridge, 1989.

H.-J. Baues, Combinatorial foundation of homology and homotopy, Springer Monographs in
Mathematics, Springer-Verlag, Berlin, 1999.

H.-J. Baues and A. Quintero, Infinite homotopy theory, K-Monographs in Mathematics, vol. 6,
Kluwer Academic Publishers, Dordrecht, 2001.

J. E. Bergner, A model category structure on the category of simplicial categories, Trans.
Amer. Math. Soc. 359 (2007), no. 5, 2043-2058.

J. E. Bergner, Three models for the homotopy theory of homotopy theories, Topology 46
(2007), no. 4, 397-436.

J. E. Bergner, A survey of (0o, 1)-categories, Towards higher categories, IMA Vol. Math.
Appl., vol. 152, Springer, New York, 2010, pp. 69-83.

J. M. Boardman and R. M. Vogt, Homotopy invariant algebraic structures on topological
spaces, Lecture Notes in Mathematics, Vol. 347, Springer-Verlag, Berlin-New York, 1973.

F. Borceux, Handbook of categorical algebra. 1, Encyclopedia of Mathematics and its Appli-
cations, vol. 50, Cambridge University Press, Cambridge, 1994. Basic category theory.

K. S. Brown, Abstract homotopy theory and generalized sheaf cohomology, Trans. Amer. Math.
Soc. 186 (1973), 419-458.

D.-C. Cisinski, Catégories dérivables, Bull. Soc. Math. France 138 (2010), no. 3, 317-393.

D.-C. Cisinski, Invariance de la K-théorie par équivalences dérivées, J. K-Theory 6 (2010),
no. 3, 505-546.

M. Cole, Mizing model structures, Topology Appl. 153 (2006), no. 7, 1016-1032.

J.-M. Cordier, Sur la notion de diagramme homotopiquement cohérent, Cahiers Topologie
Géom. Différentielle 23 (1982), no. 1, 93-112 (French). Third Colloquium on Categories,
Part VI (Amiens, 1980).

J.-M. Cordier and T. Porter, Vogt’s theorem on categories of homotopy coherent diagrams,
Math. Proc. Cambridge Philos. Soc. 100 (1986), no. 1, 65-90.

J.-M. Cordier and T. Porter, Homotopy coherent category theory, Trans. Amer. Math. Soc.
349 (1997), no. 1, 1-54.

98



[Day70]
[tDKP70]
[Dol63]
[DHKS04]
[DK80a]
[DKS80b)
[DK80c]
[DKS89]
[DS11]
(GZ67]
[GM96]
[GJ99]
[Hir03]
[HS01]
[Hov99)]
[Jar87]
[Joy08]

[JT07]

[Lur09]
[Por04]
[Qui67]
[RBO6]

[Rez98]

B. Day, On closed categories of functors, Reports of the Midwest Category Seminar, IV,
Lecture Notes in Mathematics, Vol. 137, Springer, Berlin, 1970, pp. 1-38.

T. tom Dieck, K. H. Kamps, and D. Puppe, Homotopietheorie, Lecture Notes in Mathematics,
Vol. 157, Springer-Verlag, Berlin-New York, 1970.

A. Dold, Partitions of unity in the theory of fibrations, Ann. of Math. (2) 78 (1963), 223-255.

W. G. Dwyer, P. S. Hirschhorn, D. M. Kan, and J. H. Smith, Homotopy limit functors
on model categories and homotopical categories, Mathematical Surveys and Monographs,
vol. 113, American Mathematical Society, Providence, RI, 2004.

W. G. Dwyer and D. M. Kan, Simplicial localizations of categories, J. Pure Appl. Algebra 17
(1980), no. 3, 267-284.

W. G. Dwyer and D. M. Kan, Calculating simplicial localizations, J. Pure Appl. Algebra 18
(1980), no. 1, 17-35.

W. G. Dwyer and D. M. Kan, Function complexes in homotopical algebra, Topology 19 (1980),
no. 4, 427-440.

W. G. Dwyer, D. M. Kan, and J. H. Smith, Homotopy commutative diagrams and their
realizations, J. Pure Appl. Algebra 57 (1989), no. 1, 5-24.

D. Dugger and D. 1. Spivak, Mapping spaces in quasi-categories, Algebr. Geom. Topol. 11
(2011), no. 1, 263-325.

P. Gabriel and M. Zisman, Calculus of fractions and homotopy theory, Ergebnisse der Math-
ematik und ihrer Grenzgebiete, Band 35, Springer-Verlag New York, Inc., New York, 1967.

S. I. Gelfand and Y. I. Manin, Methods of homological algebra, Springer-Verlag, Berlin, 1996.
Translated from the 1988 Russian original.

P. G. Goerss and J. F. Jardine, Simplicial homotopy theory, Progress in Mathematics, vol. 174,
Birkh&user Verlag, Basel, 1999.

P. S. Hirschhorn, Model categories and their localizations, Mathematical Surveys and Mono-
graphs, vol. 99, American Mathematical Society, Providence, RI, 2003.

A. Hirschowitz and C. Simpson, Descente pour les n-champs (Descent for n-stacks) (2001),
available at http://arxiv.org/abs/math/9807049v3.

M. Hovey, Model categories, Mathematical Surveys and Monographs, vol. 63, American Math-
ematical Society, Providence, RI, 1999.

J. F. Jardine, Stable homotopy theory of simplicial presheaves, Canad. J. Math. 39 (1987),
no. 3, 733-747.

A. Joyal, The Theory of Quasi-Categories and its Applications, Quadern 45, Vol. II, Centre
de Recerca Matematica Barcelona, 2008.

A. Joyal and M. Tierney, Quasi-categories vs Segal spaces, Categories in algebra, geometry
and mathematical physics, Contemp. Math., vol. 431, Amer. Math. Soc., Providence, RI,
2007, pp. 277-326.

J. Lurie, Higher topos theory, Annals of Mathematics Studies, vol. 170, Princeton University
Press, Princeton, NJ, 2009.

T. Porter, S-categories, S-groupoids, Segal categories and quasicategories (2004), available at
http://arxiv.org/abs/math/0401274v1.

D. G. Quillen, Homotopical algebra, Lecture Notes in Mathematics, No. 43, Springer-Verlag,
Berlin, 1967.

A. Réidulescu-Banu, Cofibrations in Homotopy Theory (2006), available at http://arxiv.
org/abs/math/0610009v4.

C. Rezk, Fibrations and homotopy colimits of simplicial sheaves (1998), available at http:
//arxiv.org/abs/math/9811038v2.

99



[Rez01]
[RV13]
[Sch4]
[Sch13]
[Sim12]
[Tho80]
[Tos05)
[Uuy13]

[Vog73]
[Vogl1]

[Wal85]

[Wei01]

C. Rezk, A model for the homotopy theory of homotopy theory, Trans. Amer. Math. Soc. 353
(2001), no. 3, 973-1007 (electronic).

E. Riehl and D. Verity, The theory and practice of Reedy categories (2013), available at
http://arxiv.org/abs/1304.6871v1.

C. Schochet, Topological methods for C*-algebras. III. Aziomatic homology, Pacific J. Math.
114 (1984), no. 2, 399-445.

S. Schwede, The p-order of topological triangulated categories, J. Topol. 6 (2013), no. 4, 868—
914.

C. Simpson, Homotopy theory of higher categories, New Mathematical Monographs, vol. 19,
Cambridge University Press, Cambridge, 2012.

R. W. Thomason, Cat as a closed model category, Cahiers Topologie Géom. Différentielle 21
(1980), no. 3, 305-324.

B. Toén, Vers une azxiomatisation de la théorie des catégories supérieures, K-Theory 34
(2005), no. 3, 233-263 (French, with French summary).

O. Uuye, Homotopy Theory for C*-algebras (2013), available at http://arxiv.org/abs/
1011.2926v4.

R. M. Vogt, Homotopy limits and colimits, Math. Z. 134 (1973), 11-52.

R. M. Vogt, The HELP-lemma and its converse in Quillen model categories, J. Homotopy
Relat. Struct. 6 (2011), no. 1, 115-118.

F. Waldhausen, Algebraic K-theory of spaces, Algebraic and geometric topology (New
Brunswick, N.J., 1983), Lecture Notes in Math., vol. 1126, Springer, Berlin, 1985, pp. 318-419.

C. Weibel, Homotopy Ends and Thomason Model Categories (2001), available at http://
arxiv.org/abs/math/0106052v1.

100



Summary

The main result of this thesis is a comparison between two major approaches to abstract
homotopy theory, namely, homotopical algebra and higher category theory. These two
approaches use different techniques and have different advantages and disadvantages.
However, according to the theorems presented here they ultimately have the same con-
tent.

Homotopical algebra is a classical theory originally introduced by Quillen [Qui67].
There are a few types of structures implementing this theory, e.g. model categories, cofi-
bration categories and fibration categories. Every such structure presents an individual
homotopy theory (e.g. the homotopy of spaces, of spectra, of chain complexes etc.) and
provides explicit point-set level tools for carrying out homotopy invariant constructions
inside it (or even between varying homotopy theories). Similarly, higher category the-
ory offers its own collection of structures that can be used to present homotopy theories:
quasicategories, complete Segal spaces and Segal categories are the most notable ones. A
big advantage of higher category theory is that it allows for expressing universal proper-
ties of homotopy invariant functors which are difficult to access via homotopical algebra.
Conversely, it is disconnected from point-set level models of such functors which are
often useful and directly described by homotopical algebra.

The comparisons between various notions of higher category are well-know by now,
mostly due to the work of Bergner, Joyal and Tierney [Ber07b, JT07]. Moreover, such
comparisons fit into the axiomatic framework of Barwick and Schommer-Pries [BSP13].
These results, however, do not address the relationship between homotopical algebra and
higher category theory. This is largely because notions of homotopical algebra are highly
structured which imposes strong conditions on the homotopy theories they present which
are not captured by the mentioned comparison techniques.

The main theorem of this thesis (Theorem 4.11) says that the homotopy theory of
cofibration categories is equivalent to the homotopy of cocomplete quasicategories thus
bridging the gap between homotopical algebra and higher category theory. Here “co-
complete” means that the associated homotopy theories admit homotopy colimits (of a
specified size). All cofibration categories satisfy this condition by design.

There are four major ingredients in the proof of the main theorem.

The first one is an implementation of the homotopy theory of cofibration categories
within homotopical algebra. This is achieved by constructing a fibration category of
cofibration categories in Theorem 1.17. On one hand, this makes many standard tools
available in the theory of cofibration categories which is crucial in all steps of the argu-
ment. On the other, it sets the stage for the comparison with quasicategories since the
fibration of cocomplete quasicategories (Theorem 2.17) is easily established thanks to
the results of Joyal and Lurie.

The second ingredient is the construction of the quasicategory of frames in any given
cofibration category in Section 3.1. This construction enhances the classical calculus of
fractions and provides higher categorical models of cocomplete homotopy theories that
are particularly well suited for comparisons to the original cofibration categories from
which they come.



Another important component contained in Propositions 3.32 and 3.46 is a comparison
of point-set level constructions of homotopy colimits in cofibration categories to the
universal properties of colimits in the associated quasicategories of frames. This explains
how the most crucial difference between homotopical algebra and higher category theory
can be overcome.

Finally, the last step (Sections 4.2 and 4.3) builds on results of Lurie and reconstructs
a cofibration category from any cocomplete quasicategory. All the methods mentioned
above are used to demonstrate that cofibration categories obtained this way do indeed
capture all the homotopy theoretic content of the original cocomplete quasicategories
thus completing the proof of the main theorem.



