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A MODEL FOR THE HIGHER CATEGORY OF HIGHER
CATEGORIES

NIMA RASEKH

ABSTRACT. We use fibrations of complete Segal spaces as introduced in [Ras22, Ras23a]
to construct four complete Segal spaces: Reedy fibrant simplicial spaces, Segal spaces,
complete Segal spaces, and spaces. Moreover, we show each one comes with a universal
fibration that classifies Reedy left fibrations, Segal coCartesian fibrations, coCartesian
fibrations and left fibrations and prove these are representable fibrations in the sense
of [Ras22]. Finally, we use equivalences between quasi-categories and complete Segal
spaces constructed in [JT07, Ras21a] to present analogous constructions using fibrations
of quasi-categories.

As part of establishing the results, we also develop a theory of minimal Reedy fibrations
for elegant Reedy categories, which can be of independent interest.

1. Introduction

1.1. THE (HIGHER) CATEGORY OF (HIGHER) CATEGORIES. Category theory has been
very effective in the study of a very diverse range of mathematical objects and their rela-
tion to each other. We can deduce various formal properties about different mathematical
objects (such as the existence of free objects or preservation of universal properties) by
using formal categorical results. A key illustration of these powerful methods is the study
of sets via the category Set, which can be realized as the free cocompletion of the category
with one object and so interesting properties, such as the fact that algebraic structures
in sets are preserved by limits, follows formally [ML98, Riel6].

This powerful perspective has been turned on category theory itself via the study of
the (large) category of categories with objects small categories and morphisms functors,
and we can similarly now deduce many valuable properties of categories, such as the
construction of free categories, by analyzing properties of the category of categories.!

While categories are a powerful tool in the study of classical mathematics, they are less
suitable for objects that arise in homotopical mathematics. This starts with homotopy
types of topological spaces or Kan complexes (which can be thought of as homotopical
analogues of sets), but also A..-groups [Sta63] (which, up to homotopy, have a group
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"'We can in fact deduce all properties of categories by studying the 2-category of categories, which is
known as formal category theory [Gra74].
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structure) and even further derived schemes [Toél4]. In order to effectively study such
homotopical objects, various notions of weak or homotopical categories have been devel-
oped, now known as higher categories or (0o, 1)-categories or simply co-categories [Ber10].
The most popular model is the model of quasi-categories [BV73], and other important
models are Kan enriched categories [DK80, BerO7a] and complete Segal spaces [Rez01],
which are related to each other via various equivalences [JT07, Ber07b, Lur09]. These
various models of oco-categories give us the appropriate framework to study concepts such
as homotopical algebra and derived geometry.

The analogy with classical category theory would suggest that similar to the category
of sets, there is an easily constructed higher category of spaces that can be studied using
higher categorical methods. While there is such a higher category, the construction is
by no means immediate. The situation gets worse when trying to construct the higher
category of higher categories. It is in fact a cruel joke of higher categorical mathematics
that the construction of the higher category of higher categories requires us to change
models, making the construction quite complicated.

1.2. STRICT CATEGORIES AND NERVES. The easiest way to construct an (oo, 1)-category
is via Kan enriched categories and so our first way to approach this problem is by con-
structing a Kan enriched category. Constructing the Kan enriched category of Kan com-
plexes is fairly straightforward and has been known at least since work of Quillen [Qui67].
We can use a similar line of thinking to construct an (oo, 1)-category of (0o, 1)-categories.
Indeed, following work of Rezk, the category of complete Segal spaces is in fact enriched
over Kan complexes [Rez01]. On the other hand, the category of quasi-categories is not
directly enriched over Kan complexes but rather over quasi-categories themselves, how-
ever, we can easily construct a Kan enriched category by taking the underlying Kan
complexes of the mapping quasi-categories [RV22]. On the other side, as suggested by
the slogan above, while we can construct the category of Kan enriched categories, there
is no (known) way to enrich this category over Kan complexes, making it challenging to
define the higher category of higher categories with objects Kan enriched categories.
While the construction of the Kan enriched category of spaces and (oo, 1)-categories
might initially appear to be a satisfactory answer, we are quickly confronted with various
challenges. First of all, most of (0o, 1)-category theory has not been developed in the con-
text of Kan enriched categories?. Historically speaking, most higher categorical concepts
have been developed using quasi-categories [Joy08a, Joy08b, Lur09]. Moreover, in an effort
to move beyond one specific model Riehl and Verity developed a new method to approach
higher category theory model-independently via the notion of an co-cosmos, which can
then, in particular, be applied to quasi-categories, but also complete Segal spaces, Segal
categories and even 1-complicial sets, but notably not Kan enriched categories [RV22].
This motivates the construction of the higher category of spaces and (oo, 1)-categories
using more established models, such as quasi-categories and complete Segal spaces. One

2In fact even the construction of a simple over-category can be a challenge in this setting, see [Hor19,
Appendix A].
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first approach might be to simply translate the construction from Kan enriched categories
to these models using various nerve constructions, which take Kan enriched categories
to (bi)simplicial sets. In particular, we can use the homotopy coherent nerve, first intro-
duced by Cordier—Porter [CP86] and studied further by Joyal [Joy07] and Lurie [Lur09],
to construct quasi-categories out of Kan enriched categories. Similarly we can use the
Rezk nerve® or its variant due to Barwick and Kan to construct complete Segal spaces
out of Kan enriched categories [Rez01, Ber09, BK12, Meil6]. These constructions are
theoretically very satisfying, however, are computationally very challenging. Indeed, the
construction due to Rezk requires a fibrant replacement in the Reedy model structure
[Rez01, Section 8], which, while preserving the level-wise homotopy type of the complete
Segal space, completely changes the point-set structure. The simplicial nerve [Lur(09,
Proposition 1.1.5.10] and the nerve by Barwick-Kan [BK12, Theorem 6.1} do not require
such additional steps, however, are by definition far more complicated constructions.*

1.3. HIGHER CATEGORIES VIA FIBRATIONS. What makes the nerve constructions so
complicated is the fact that maps of spaces (and functors of Kan enriched categories) are
by definition strictly functorial, and so we either need to use a very complicated nerve con-
struction (such as the Rezk nerve or simplicial nerve) or use a naive construction and then
apply a Reedy fibrant replacement, both with the goal of “destrictifying” the functors in
order to allow for the possibility of higher categorical pseudo-functors, whose functoriality
only holds up to higher equivalences. Ideally, we could have directly constructed a Kan-
enriched category of spaces or oo-categories where the morphisms directly correspond to
some notion of pseudo-functors. However, directly defining pseudo-functors would re-
quire specifying an infinite tower of data and so we need to find a way to circumvent this
dilemma. We need to choose a notion of functor of spaces (and co-categories) that is by
definition weaker, yet still manageable. Fortunately, there is already an excellent solution
in the category theory literature: fibrations.

The idea of using fibrations as a replacement for functors goes back to work of
Grothendieck and Bourbaki, who used the (now called) Grothendieck fibrations to study
set-valued and category-valued functors [Gro03]. In particular, Grothendieck opfibrations
over a category € correspond to a pseudo-functor € — Cat. Following the definition of a
pseudo-functor [Bén67|, a pseudo-functor [0] — Cat, is the data of a category € and an
automorphism that is naturally isomorphic to the identity. Similarly, a pseudo-functor
[1] — Cat is the data of a functor € — D, and choices of automorphisms of € and D,
that all interact with each other in the appropriate manner. These examples already
illustrate that by taking Grothendieck opfibrations over the categories [n], we obtain a
much less rigid object than we would if we use the classical nerve, which is defined as
NCat,, = Fun([n], Cat) i.e. strict functors out of [n].

This philosophy expands to the co-categorical setting. We hence want to construct
a quasi-category and complete Segal space of spaces and oo-categories by choosing an

3Called classifying diagram in [Rez01].
“4Indeed, there are several papers dedicated to understanding the left adjoint € to the simplicial nerve
[DS11, Riell].
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appropriate notion of fibration over the representable diagrams (i.e. the appropriate
analogue to [n]). This requires us to use the vast literature on fibrations of co-categories.
Concretely, for many theories of co-categories (such as quasi-categories, complete Segal
spaces and in fact every other oo-cosmos) oo-categorical functors from an oco-category
C into spaces correspond to left fibrations® [BdB18, HM15, Ras23b, Cis19]. Similarly,
functors from € valued in oo-categories are classified by coCartesian fibrations over €
[Ras23a, Ras21a, AF20, Lur09, RV22].

1.4. CONSTRUCTING COMPLETE SECGAL SPACES VIA FIBRATIONS. The goal of this
paper is to make the intuition outlined in the previous section into precise mathematical
statements. Let A[n,[] (Notation 2.3) denote the representable presheaves in the category
of bisimplicial sets Fun(A x A°, Set). Then we can construct the bisimplicial set & (7)
such that &,,; is given by the set of left fibrations over A[n,l]. Our first major claim
is that & is an oco-category of spaces. To this end, let Na denote the simplicial nerve,
which takes a simplicially enriched category to a strict Segal category (10) and Kan the
Kan-enriched category of Kan complexes. We now have the following major result about
G:

1.5. THEOREM. [Theorem 3.9] There is a complete Segal space equivalence I : NaKan —

S to the complete Segal space &. Moreover, we have a natural bijection LFib(—) =
Hom(—, ).

The construction of & corresponds to a similar result by Kazhdan and Varshavsky
[KV14] (Remark 3.3) and generalizes a result by Kapulkin and Lumsdaine [KL21] (Remark
3.11). The bijection between left fibrations over a bisimplicial set X and maps from X
into G is a manifestation of the straightening construction, which at the higher categorical
level originated in [Lur09].

Having used left fibrations of simplicial spaces to construct the co-category of spaces,
we next generalize our result in order to construct the oo-category of oo-categories. We
in fact obtain a far more general result. Using the observation that every complete Segal
space is a Reedy fibrant simplicial space, we first use the theory of Reedy left fibrations
(Definition 4.3) to construct the co-category of Reedy fibrant simplicial spaces.

Concretely, we can construct a bisimplicial set s& (16) with s&,,; being Reedy left
fibrations over A[n,[]. We now claim that s& gives us an oco-category of simplicial spaces.
To this end, we have the following result, where Ree (18) denotes the Kan enriched
category of Reedy fibrant simplicial spaces:

1.6. THEOREM. [Theorem 4.13] There is a complete Segal space equivalence sl : NaxRee —

s& to the complete Segal space s&. Moreover, we have a bijection ReeLFib(—) =
Hom(—, s&).

The construction of the oco-category of simplicial spaces via fibrations is a new devel-
opment. Similarly, the bijection between Reedy left fibrations and morphisms into s&

5Also called discrete coCartesian fibration over € in [RV22].
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gives us a generalization of the straightening construction to simplicial spaces. While the
construction of the complete Segal space of simplicial spaces could have relevance in the
study of certain type theories that arise in the work of Riehl and Shulman [RS17] (as
further discussed in Remark 4.14) our main focus here is to restrict to the sub-complete
Segal space of (complete) Segal spaces. Let Geg be the sub-bisimplicial set of s& with
Seg,,; consisting of Segal coCartesian fibrations over A[n, ] and similarly ¢&& be the
sub-bisimplicial set of Geg with €66, ; consisting of coCartesian fibrations over A[n,].
On the other side, let Seg (CSS) denote the full sub-categories of Ree with objects
(complete) Segal spaces.

1.7. THEOREM. [Theorem 4.16] In the following diagram the top (bottom) horizontal
functors are fully faithful functors of strict Segal categories (complete Segal spaces) and
the vertical maps are complete Segal space equivalences

NACSS — NA% — NA@

Sﬂlz sﬂl: S]Il’i

€66 —— Geg —— s6

meaning Seg s the complete Segal space of Segal spaces and €&G is the complete Segal
space of complete Segal spaces. Moreover, we have bijections

SegeoCart(—) = Homggge (—, Seg),

coCart(—) = Homgggse(—, €6S).

The existence of the desired complete Segal spaces of (simplicial) spaces and (complete)
Segal spaces with the universal property outlined above implies the existence of universal
fibrations, which is the focus of Section 5. We, in particular, establish that the universal
left fibration is represented by the terminal object (Theorem 5.3) and that the universal
Reedy left fibration, Segal coCartesian fibration and coCartesian fibration are represented,
in the sense of [Ras22|, by the cosimplicial object A — Cat., taking [n] to n composable
morphisms (Theorem 5.8/Corollary 5.9), which has also been discussed in [Ras22, Ste20)]
(Remark 5.10).

While most of our work focuses on constructing complete Segal spaces, in the last
section we use equivalences constructed by Joyal and Tierney [JT07] and its fibrational
analogue [Ras23b, Ras21a] to construct various quasi-categories, beginning with the quasi-
category of spaces. Let Gge,y denote the quasi-categorical version of &, meaning (Sgeat)n
given by left fibrations of simplicial sets over A[n] (which coincides with [Cis19, Definition
5.2.3]). On the other side, let if& denote the underlying quasi-category of & [JT07]. Then
we have the following:

1.8. THEOREM. [Theorem 6.5] The maps T : Gqear — 116 (22) and T : 76 — Sgeat
(23) are inverses of quasi-categories.
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This hence recovers the result by Cisinski [Cis19], who proved directly that Sgeas
is a quasi-category of spaces. As a next step, we can further generalize the result to
quasi-category of simplicial spaces (Remark 6.6). Let sGgea; denote the quasi-categorical
version of s&, meaning the simpliciall set with n-simplices given by Reedy left fibrations
of bisimplicial sets over A[0,n]. On the other side, let i{s& denote the underlying quasi-
category of s&. Then we have the following:

1.9. THEOREM. [Theorem 6.10] The maps sT : sGgeay — 1156 and 8T : i{s6 — sGqeat
(24) are inverses of quasi-categories.

We can easily restrict this equivalence to a quasi-category of (complete) Segal spaces
to obtain a diagram of equivalences, presented in Corollary 6.11.

1.10. TECHNICAL UNDERPINNING: MINIMAL REEDY FIBRATIONS. The construction
of the complete Segal spaces of interest (& and s&) and their equivalences with the
corresponding Segal categories rely on a robust theory of minimal fibrations, both for
bisimplicial and trisimplicial sets, which appropriately generalizes the results established
for minimal Kan fibrations. Hence, Section A focuses on defining and developing a broad
theory of minimal Reedy fibrations, resulting in the following major result:

1.11. THEOREM. [Theorem A.11] Let R be an elegant Reedy category. Then every Reedy

fibration p : Y — X admits a factorization p 1Y 5 Min(Y) 5 X into a trivial fibration
followed by a minimal fibration, which is unique up to isomorphism.

This very general result will, in particular, apply to bisimplicial and trisimplicial sets
and enable us to prove the results reviewed in Subsection 1.4.

1.12. BACKGROUND AND NOTATION. We will assume familiarity with standard category
theory as can be found in [ML98, Riel6]. Also some familiarity with complete Segal spaces
[Rez01] and quasi-categories [Rez17] would be helpful. Moreover, we make extensive use
of left and coCartesian fibrations as studied in [Ras23b, Ras22, Ras23a, Ras21al, however,
key results have been reviewed when necessary.

Throughout, A denotes the simplex category. We both use the functor category and
the set of functors and hence denote the functor category by Fun, whereas the set of
functors is Fun. Moreover, for a given functor F': € — D, the set of objects in the slice
category Fun(€, D), p is also denoted by Fun(C, D), p.

Finally, we will have a category of small sets, denoted Set, and for every category €
and functor X : € — 8et, we use Fun(C, 8et),x to denote the set of objects of the category
M(G, Set)/x .

1.13. ACKNOWLEDGMENTS. I would like to thank William Balderrama for many help-
ful conversations and, particularly for suggesting [Cis19, Definition 5.2.3] as a relevant
reference. I also would like to thank Emily Riehl for many helpful conversations and, in
particular, for making me aware of the non-functoriality of pullbacks. I also would like to
thank Hoang Kim Nguyen for discussion regarding minimal fibrations. Moreover, I would
like to thank Denis-Charles Cisinski for several helpful explanations regarding his results
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in [Cis19]. Finally, T would also like to thank both referees for many helpful suggestions
and comments.

2. Background & Technicalities

As explained in Subsection 1.3, we want to construct a complete Segal space of spaces
S (which we will do in Section 3) which is level-wise given by a set of left fibrations
over representable objects. However, there are two significant theoretical challenges that
we need to overcome. First of all, if we naively define &,,; as the set of left fibrations
over Aln,l] (Notation 2.3), then the functoriality needs to follow from pulling back left
fibrations. However, a pullback is only determined up to isomorphisms, hence a functor
AP x AP — Set that takes each pair ([n],[l]) to the set of left fibrations over Aln, ]
and each morphisms to the pullback would only be pseudo-functorial. In order to avoid
this problem, we associate functors to our fibrations, that can then be strictly composed,
which is the goal of Subsection 2.11.

Having taking care of the pseudo-functoriality, we can in fact directly define a bisim-
plicial set & with &,,; given by left fibrations over A[n, (] and we would like to prove that
this is in fact a complete Segal space. Here the next problem arises. In order to prove
that & is a complete Segal space we need to show that for every trivial cofibration in the
complete Segal space model structure i : A — B the map

i* : Hom(B,S) — Hom(A4, 6)

is surjective (Remark 2.6). As we will establish in 7 this is equivalent to i* : LFib(B) —
LFib(A) being surjective, which means we need to prove that every left fibration over A
can be obtained as a pullback of a left fibration over B. By 3 it is immediate that every
left fibration is a homotopy pullback of a left fibration over B, however we need a strict
pullback. In order to guarantee we can obtain this strict pullback, we need to review the
theory of minimal fibrations, which is the goal of Subsection 2.23.

2.1. REMARK. There are alternative ways to the ones introduced in Subsection 2.11 to
avoid the pseudo-functoriality of the pullback of fibrations. For example, we can choose
well-orderings on all the fibers of the fibrations as has been done in [KL21, Subsection
2.1] or one can make a choice of a collection of pullbacks as has been done in [Cis19,
Subsection 2.1]. On the other hand, all these sources also rely on minimal fibrations
(similar to Subsection 2.23) to guarantee the existence of strict lifts.

2.2. SIMPLICIAL OBJECTS AND FIBRATIONS. In this short section we give a quick review
of the necessary simplicial objects, relevant notation and their fibrations.

2.3. NOTATION. Denote the category of simplicial sets by sSet with generators A[—].
Moreover, use 0A[—] to denote its boundary and A[—]; its i-th horn [GJ09, Subsection
[.3]. Similarly, denote the category of bisimplicial sets by ssSet and the generators by
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A[—, —]. Notice both categories are simplicially enriched and we denote the enrichment

by Map(—, —) [GJ09, Subsection 1.V].

For a given bisimplicial set X,¢ we use the notation X,, to denote the simplicial set
(Xn)1 = Xyy. Our first important fibration of bisimplicial sets are Reedy fibrations.

2.4. DEFINITION. A Reedy fibration is a map of bisimplicial set p : Y — X that has the
right lifting property with respect to the maps

A0 x A0,7;, [T 0A[n,0] x A0, 1] < Afn, 0] x A[0,1] = Afn, 1],
OA[n,0]x A0,1];

for allm,l >0 and 0 < i <I. A Reedy fibration is moreover trivial if it satisfies the right
lifting property with respect to all inclusions of bisimplicial sets.

The Reedy fibrancy condition is equivalent to the map Y,, — X,, xu;, x M,,Y being a
Kan fibration of simplicial sets, where M, Y, M, X are the matching spaces, which in the
particular case of bisimplicial sets are given by the simplicial set M, X = Mapgg.(0A[n, 0],
X). Reedy fibrations are part of a model structure with cofibrations given by inclusions of
bisimplicial sets and equivalences given by level-wise Kan equivalences. In particular, all
trivial Reedy fibrations are Reedy weak equivalences. See Section A, [Rez01, Subsection
2.4] or [Hov99, Subsection 5.1] for more details. Reedy fibrations can be used to define a
prominent model of (oo, 1)-categories, complete Segal spaces, which are defined by Rezk
[Rez01] and proven to be models of (0o, 1)-categories in [Ber07b, JT07, Toé05].

2.5. DEFINITION. A complete Segal space W is a Reedy fibrant simplicial space that sat-
isfies the following two conditions:

e Segal Condition: The restriction map
Wn —» W1 XKWy -+ XWo W1
1s a Kan equivalence for all n > 2.

e Completeness Conditions: The map Wy — (Wo x Wo) X, xwy) W3 is a Kan
equivalence.

Complete Segal spaces can be used to do (oo, 1)-category theory. Here we think of the
objects as the set Wy and for two objects z,y in W, the mapping space is defined as

MapW(xv y) = A[O] X (WoxWo) Wi. (1)

For more details regarding the category theory of complete Segal space see [Rez01, Section
5]. Complete Segal spaces are in fact fibrant objects in a model structure, the complete
Segal space model structure on ssSet, defined originally by Rezk [Rez01, Theorem 7.2].
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2.6. REMARK. This, in particular, implies that a bisimplicial set W is a complete Segal
space if and only if for every trivial cofibration ¢ : A — B in the complete Segal space
model structure, the map ¢* : Hom(B,W) — Hom(A, W) is surjective, meaning every
map f: A — W lifts along i.

Next, we have left fibrations.

2.7. DEFINITION. A left fibration is a Reedy fibration of bisimplicial sets p : L — X that
for all n,l > 0 satisfies the right lifting property with respect to maps

Afn, 0] x 9A[0,)  JT  A[0,0) x A[0,1] = Afn, 0] x A[0,1) = Afn, 1],
A[0,0]x9A0,1]

induced by the map {0} : A[0,0] — Aln,0] i.e. the morphism that corresponds to
0 € Hom(A[0,0],Aln,0]) = Aln,0lp0 = {0,...,n}. By [Ras23b, Proposition 3.7] this

15 equivalent to being a Reedy fibration and for all n, the map
Ln —» Xn XXO L() (2)

induced by the inclusion {0} : A]0,0] — Aln, 0], being trivial Kan fibrations.

2.8. REMARK. If X = A[0,0] then the condition 2 implies L is homotopically constant,
meaning L, ~ Ly for all n > 0, and so L is (homotopically) uniquely determined by the
Kan complex L.

While it is generally difficult to construct left fibrations out of general maps of bisimpli-
cial sets, under the right circumstances, we can significantly simplify such computations.

2.9. LEMMA. Let X be a bisimplicial set, such that X is discrete (meaning Xor = Xoo),
and p: L — X be a map of bisimplicial sets such that the map L, — X, X x, Lo s an
equivalence. Moreover, let p : L— X bea Reedy fibrant replacement of p : L — X over
X viaamapi:L = L. Thenp: L — X is a left fibration.

PRroOOF. By assumptlon p:L— Xisa Reedy fibration and hence it suffices to establish
the equivalence L = X, x Xo LO For a given element z in X, let us denote the fiber of
Ly — Xy over x by Fib, Ly and define Fib Lo analogously. As X is discrete, for every
element © € Xg, the map {z} : A[0] = Xy is a Kan fibration. So, by pullback stability,
the pullback F ibxﬁo — ﬁo is a Kan fibration as well. We now have the following pullback
diagram

Fiby Lo —» Ly

=

Flbxzo — j;()
and so it follow frpm the right properness of the Kan model structure that the induced map
Fib, Lo — Fib,Lg is also a Kan equivalence. We now have the following commutative
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diagram

—= Ly xx, X, —— [[ FibeX, x Fib, Ly

L,
zeXoo
in |2 J/(iO’ian ) l:

Ly — Lo xx, X, —— [[ FibX, x Fib, Ly

z€Xoo

The top left map is a Kan equivalence by assumption, and the map i, on the left is
a Kan equivalence by definition of Reedy equivalences. Finally, the right hand map is
an equivalence by the argument above and the fact that Kan equivalences are stable
under products and coproducts. Hence, by 2-out-of-3, the bottom left map is also a Kan
equivalence and we are done. [

Left fibrations and complete Segal space equivalences interact well with each other.
Concretely, for every complete Segal space equivalence ¢ : A — B and left fibration
p: L — A, there exists a left fibration L — B obtained as the factorization of pi: L — B
into a trivial cofibration followed by a left fibration L < L - Band a homotopy pullback
square

L —— 1L
r
i i (3)
A—— B
formally given as the derived unit of the Quillen equivalence constructed in [Ras23b,
Theorem 5.1], meaning L is Reedy equivalent to i* L.

2.10. REMARK. Analogous to the definition of left fibrations (2) we can also define right
fibrations as Reedy fibrations R — X such that R, — X,, X x, Rp is an equivalence, this
time induced by the map {n} : A[0,0] — A[n, 0] [Ras23b, Remark 4.25]. Right fibrations
are completely determined by left fibrations. Indeed, let (—)° : ssSet — ssSet be the
automorphism induced by the unique non-trivial automorphism o x ¢ from A x A to itself.
Then a map R — X is a right fibration if and only if R? — X is a left fibration.

2.11. FIBRATIONS VS. FUNCTORS. In this subsection we construct a precise way to
translate between functors and fibrations to avoid the pseudo-functoriality that arises
when using pullback (as discussed in the beginning of Section 2). We will start by re-
viewing basic facts regarding functors and fibrations as discussed in [MLM94] or [Joh02a,
Joh02b].

Recall that a discrete Grothendieck fibration is a functor p : D — € such that for
every morphism f : ¢ — ¢ and chosen lift d’' in D of ¢ (meaning p(d’) = ¢’) there exists a
unique f :d — d" in D such that p(f) = f. For a given functor F': C? — Set, recall that
the Grothendieck construction fe F — C is given as a category over € with objects pairs

(c,x € F(c)) and morphisms (¢,z € F(c)) — (d,y € F(d)) given by morphisms f : ¢ — d
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such that F(f)(y) = x. It was shown by Grothendieck [Gro03]°® that this induces a fully
faithful functor fe : Fun(C%, Set) — Cat e with essential image precisely given by discrete
Grothendieck fibrations.”

Following the convention from Subsection 1.12, we use Groth(C) to denote the full
subcategory of Cat e with objects discrete Grothendieck fibrations of the form fe F and
Groth(€) for the large set of discrete Grothendieck fibrations of the form f, F, for a given
functor F: €7 — Set. From the previous paragraph it follows that Groth(C) is equivalent
to the functor category Fun(C, Set), however, we need an isomorphism and hence state
the desired result explicitly.

2.12. LEMMA. Let C be a small category. There is an isomorphism of categories

Fun(C, Set) _ Groth(C)

o)

Proor. We show that the equivalence fe is in fact an isomorphism. Fully faithfulness
implies that that fe is bijective on morphisms, so it suffices to prove that fe is bijective on
objects. First, fe is surjective on objects by definition of the category Groth(€). Second,
for given functors F, G : C? — Set, fe F= fe G implies that for all object ¢ in €, we have
an equality of fibers

{(c,2)[x € F(e)} = {(c;y)ly € G(o)}-
This gives us the desired equality F(c) = G(c) for all objects ¢ € C. =

This lemma has two important corollaries. Let Groth = []oe,, Groth(€C) be the large
set of all discrete Grothendieck fibrations of the form fe F'. Moreover, recall the notation
convention from Subsection 1.12 regarding Fun(C, Set) /p.

2.13. COROLLARY. Let F' : C? — Set be a functor. Then the isomorphism in Lemma
2.12 induces a bijection of large sets

Fun(C”, 8et)/r = Groth(C), r, p.
2.14. COROLLARY. The isomorphism in Lemma 2.12 induces a bijection of sets

J

H Fun(C?, Set) ~ > Groth

CeCat /
Cat

We can now move on to construct a functor with value fibrations, that avoids the
pseudo-functoriality of the pullback. Let All : ssSet®” — Set be defined as the composition

(Jaxa)”

Fun(A% x A%, Set)” —22", Groth(A x A)P ——y Cat? —n—*

Set, (4)

6See [LR20, Theorem 2.1.2] for a modern treatment of this result.
In fact we have far more general results for Grothendieck fibrations [Joh02a, Theorem B1.3.6].
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where 7 : Groth — Cat is the projection that sends an object D — € to its source D.
More concretely, this means AIl(X) = Fun((f, , X)%,8et). Now, we have the following
key lemma with regard to All(—).

2.15. LEMMA. For every bisimplicial set X there is a bijection of sets
Iy : Al(X) = ssSetx.

PROOF. First of all, by restricting the bijection in Corollary 2.14 to the fiber over [ e.¢
we have the bijection

All(X) = Groth( ).

AX DA

Now, there is an evident discrete Grothendieck fibration |, axn X — b x A and so every
discrete Grothendieck fibration |, axa X is simply a discrete Grothendieck fibration into
A x A that factors through [ axp X, meaning we have the bijection

9r0th(/ X) = Groth(a x 8),, , x-
AXA

Finally, by Corollary 2.13, we have the bijection
Sroth(A x &),y x = Fun(A” x A%, Set),/x = ss3etx.

Combining these three bijections gives us the desired bijection All(X) = ssSet/x. m

This bijection is in fact quite well-behaved as we can easily witness by tracing through
the definition.

2.16. LEMMA. Let f : X — Y be a morphism of bisimplicial sets. Then the following
square commutes.

AL(Y) F—NY> ssSet /y

All(f)l lf*

AI(X) —2 ssSetx

As a result of this lemma we can think of elements in All(X) as simplicial spaces over
X. Now, we want to prove that All(—) is representable. Define ssGet as the bisimplicial
set obtained by precomposing All(—) with the Yoneda embedding A% x A% — ssSet®P.
Concretely, as we can immediately compute [,  Hompxa(—, ([n], [1])) = Ay ¥ Ay, we
have ssGet(n, 1) = Fun((A ) x (A7), 8et). We now have the following key result.

2.17. COROLLARY. There is a natural isomorphism All(—) = Homggset (—, ssSet).
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PROOF. The functor Hom(—, ssGet) preserves colimits by definition and All(—) preserves
colimits as the three functors in 4 defining All(—) preserve colimits. Hence, it suffices to
observe a natural isomorphism at the level of representables. However, we have

All(A[n,1]) = Fun(A/py x A, Set) = Homgsser (A[n, 1], ssSet)

where the last step follows from the Yoneda lemma, giving us the desired natural isomor-
phism. [

The construction of All(—) and ssSet is too broad and we often want to restrict it
appropriately. We have the following simple observation.

2.18. LEMMA. Let S be a (possibly large) set of morphisms in ssSet. The following are
equivalent.

1. The pullback of a morphism in S (along any morphisms) is in S.

2. Let F' = ([, ,X)? — 8et be a functor such that I'x(F) is in S, then for any
morphism of bisimplicial sets f 1Y — X, Ty (AI(f)(F)) is in S.

PRroOOF. Condition (1) corresponds to f* : ssSet;y — ssSet,x restricting to the full subset
of morphisms in S, whereas condition (2) corresponds to All(f) : AL(Y) — Al(X)
restricting similarly. By Lemma 2.16 these two conditions are equivalent as the horizontal
morphisms 'y, 'y are bijections. [

We say S is pullback stable if it satisfies the equivalent conditions in Lemma 2.18. For
a given pullback stable set of morphisms S, let All¥(—) be the sub-functor of All(—) with
F € AlI°(X) if and only if Tx(F) is in S. The functoriality immediately follows from
Lemma 2.18. We can similarly define ssGet® as the sub-bisimplicial set of ssGet. We
now want to deduce a result analogous to Corollary 2.17. For that we need the following
additional condition.

2.19. LEMMA. Let S be a pullback stable set of morphisms in ssSet. The following are
equivalent.

1. A morphism Y — X is in S if and only if for all Aln,l] — X, the pullback Y X x
Aln,l] — Aln,l] is in S.

2. For a functor F : (f, , X) — 8et we have I'x(F) in S if and only if for every
functor G = by x by — [, X we have Ty (F o GP) is in S.

PROOF. First of all, the fully faithfulness of [, , gives us a bijection Hom(A[n, ], X) =
Fun(A /) % A, [0 X), using the fact that [, , A[n,l] = Ay x Ajy. This implies
that every functor G : Ay X Ayy — |, axp X 18 necessarily of the form i) axp ) for some
f: Al — X.

Now, for a given morphism f : A[n,l] — X, Lemma 2.16 gives us the following
diagram
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AN(X) —2— ssSet/x

| I

NSS!

AN(An, 1)) —= ssSetap

n
~

The assumptions are now direct translations along the bijections I'ap, ;) and I'x. [

A pullback stable set of morphisms that satisfies the equivalent conditions of Lemma
2.19 is called local.

2.20. LEMMA. If S is local, then the natural bijection given in Corollary 2.17 restricts to
a natural bijection All®(—) 2 Homgset (—, ssGet?).

PRrROOF. Let X be a bisimplicial set. As S is local, the bijection

AN) = T AI(A, 1)

restricts to a bijection
AP (X) =2 lim AL (An,1]).
Aln,l]—X
On the other side, Homggget (—, ssGet® ) takes colimits to limits, by representability, and
so it suffices to establish the result in the particular case of Aln,[], where it follows from
the same argument used in Corollary 2.17. n

It is useful to have a quick criterion to determine local classes of morphisms with a
proof analogous to [Ras23b, Lemma 3.10].

2.21. COROLLARY. Let S be a set of morphism of bisimplicial sets determined by a right
lifting property with respect to a set of morphisms A — Aln,l]. Then S is pullback stable
and in fact local.

We end this subsection with an elegant example of the previous corollary.

2.22. EXAMPLE. By Definition 2.4, the large set of Reedy fibrations satisfies the condition
of Corollary 2.21. We denote AI®*(—) by Ree(—) and ssGet™* by QRee and notice that
by Lemma 2.20 we have a natural bijection

Ree(—) = Homggger (—, Ree).

2.23. MINIMAL FIBRATIONS. In this subsection we introduce minimal Reedy and left
fibrations, which play a key role in the construction of strict pullbacks (as discussed in
the beginning of Section 2). Recall that a Kan fibration p : Y — X is a minimal fibration
if for any two maps f, g : A[n] — Y, such that f is homotopic to g relative to 0A[n| and
pf = pg, then f = g. For more details see [GJ09, Diagram 1.10.1]. We can now generalize
this definition directly.
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2.24. DEFINITION. A Reedy fibration of simplicial spaces Y — X is minimal if the Kan
fibration Y,, — X,, X, x M,Y is a minimal Kan fibration for all n > 0.

Our aim is to show that a variety of properties about minimal Kan fibrations, as proven
in [GJ09, Section 1.10] generalize to minimal Reedy fibrations. However, as the proofs
are quite technical, the detailed statements and proofs have been relegated to Section A
and here we use the implications thereof. First we establish the desired locality property
(Lemma 2.19).

2.25. LEMMA. Minimal Reedy fibrations are local.
Proor. Follows from applying Lemma A.5 to the case of A, by Definition A.2. ]

One key result regarding minimal Kan fibrations is that every Kan fibrationp : ¥ — X
can be factored into trivial fibration followed by a minimal fibration ¥ — Min(Y) — X
[GJ09, Proposition 10.3], [Qui68|, which generalizes appropriately.

2.26. PROPOSITION. Every Reedy fibration of simplicial spaces p : Y — X admits a (up

. . , . ) Min(p) , L .
to isomorphism) unique factorization Y 5 Min(Y) — X into a trivial fibration q

followed by a minimal fibration Min(p).

PRrOOF. Follows directly from applying the general theorem for minimal Reedy fibrations
Theorem A.11 to the case of A, which indeed applies by Definition A.2 and Example A.9.m

Our construction works well for an individual Reedy fibration, however, we would like
to have a construction of the minimal Reedy fibration that is consistent with pullback.
This requires us to make a globally consistent choice of minimal fibrations for all Reedy
fibrations at once, which we achieve in the following way.

Let Ree™™(—) C Ree(—) be the sub-functor of minimal Reedy fibration and denote
the corresponding subobject of the bisimplicial set of Ree by Ree™™. By Lemma 2.25
minimal Reedy fibrations are local and so we have a natural bijection

Ree""™(—) = Homggse (—, Ree™™) (5)

and, in particular, we have a bijection of sets Ree™"(Ree) = Homggse (Ree, Ree™™).
Now, applying Proposition 2.26 to the Reedy fibration over fRee that corresponds to the
identity map in Example 2.22 we obtain a minimal Reedy fibration over Ree that by 5
corresponds to a map of bisimplicial sets

Min : Ree — Ree™™. (6)

Let Min : Ree(—) — Ree™"(—) be the map represented by 9in. This map sends
every Reedy fibration to its corresponding unique minimal Reedy fibration constructed in
Proposition 2.26. Indeed, by naturality of 5, for every Reedy fibration ¥ — X, we have
the following diagram, where SRee, — fRee is the Reedy fibration corresponding to the
identity morphism in Example 2.22
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Y |_—> %ee*
Min(Y) —— Min(PRee,) »
l T l .

X — fRee

where we are using the fact that both minimal Reedy fibrations and trivial fibrations are
stable under pullback and uniqueness of the factorization.

2.27. REMARK. The fact that the trivial fibration fRee, — Min(Ree,) comes with a
section Min(Ree,) < Ree, — Min(Ree, ) implies that for every minimal fibration ¥ —
X we have Min(Y) =Y.

How does the minimality construction interact with left fibrations?

2.28. LEMMA. Let L — X be a left fibration, then Min(L) — X is also a left fibration.

PROOF. We already know that Min(L) — X is a Reedy fibration, hence, by Definition
2.7 it suffices to observe that Min(L), — Min(L)y xx, X, is an equivalence, which
follows directly from the fact that L is a left fibration and L, ~ Min(L), for all n > 0
(Proposition 2.26). =

Finally, the key concept that makes minimal Kan fibrations so useful is that every
equivalence between two minimal Kan fibrations is in fact an isomorphism [GJ09, Lemma
10.4] and we have the following analogous result.

2.29. LEMMA. Letp: Y — X, q: Z — X be two minimal Reedy fibrations and f :' Y — Z
a map over X. Then f is a Reedy equivalence if and only if it is an isomorphism.

PRroOOF. Follows from applying Proposition A.6 to the case A, as the definitions of minimal
fibrations coincide by Definition A.2. ]

The lemma has the following valuable corollary.
2.30. COROLLARY. LetY — X, Z — X be two Reedy fibrations over X andlet f : Y — Z
be a morphism over X. Then f is an equivalence if and only if Min(Y') = Min(Z).

PROOF. Let us assume f is an equivalence, then the morphism Min(Y) — Y — 7 —
Min(Z), where the first map is the section to Y — Min(Y), is an equivalence over X
and so the result follows from Lemma 2.29. On the other side, if Min(Y) = Min(Z),
then we have the diagram

Min(Y)

and so the result follows from 2-out-of-3. =
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3. The Complete Segal Space of Spaces

In this section we finally make the intuition outlined in Subsection 1.3 precise and con-
struct the desired complete Segal space of spaces using left fibrations. Let L£Fib be the
large set of left fibrations. By Definition 2.7 and Corollary 2.21, LFib is local (Lemma
2.19) and so we can take the sub-functor of All : ss8et”” — Set with value left fibrations,
that we denote by LFib(—) : ss8et®” — Set, which, by Lemma 2.20, is represented by a
bisimplicial set that we denote by &, meaning we have a natural bijection

LFib(—) = Homgget(—, ©). (7)

We now want to prove that & is a complete Segal space of spaces. Before we can get
to the main result we need the appropriate lemma that helps us understand extension
properties of trivial fibrations. For that we can directly generalize [Cis19, Lemma 5.1.20]
to bisimplicial sets.

3.1. LEMMA. Letp: Y — A be a trivial Reedy fibration of bisimplicial sets andi : A — B
an inclusion of bisimplicial sets, inducing an adjunction * 4 i,. Then i.p is a trivial Reedy

fibration and p = 4.
3.2. PROPOSITION. The bisimplicial set & is a complete Segal space.

PROOF. The argument is analogous to [KL21, Theorem 2.2.1] and [Cis19, Theorem 5.2.10].
By Remark 2.6, we need to prove that for every trivial cofibration ¢ : A — B in the
complete Segal space model structure, the induced map Homgggei (B, &) — Homggser (A, S)
is surjective. By 7, this is equivalent to LFib(B) — LFib(A) being surjective, which
concretely means proving that every left fibration over A is the pullback of a left fibration
over B via 1.

Fix a left fibration p : L — A. We now have the following diagram

L y (7). L

-
r|~ :l(fj)w

» Min(L) °

Min(p) Min(p)
in(p

-
W——

At
which satisfies the following conditions:
e Min(p) is a minimal left fibration (Lemma 2.28),
e 1 a trivial fibration (Proposition 2.26),

e p is a left fibration (3),
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J a trivial complete Segal space equivalence (3),

7 a trivial fibration (Proposition 2.26),
e Min(p) a minimal left fibration (Lemma 2.28),
e (7j).r is a trivial fibration (Lemma 3.1).

Now, by the properties of the homotopy pullback square (3), the map Min(L) — i*./\/lin([:)
induced by the pullback is a Reedy equivalence and hence, by Lemma 2.29, a bijection
and, by Lemma 3.1, the top rectangle is a pullback. Hence p is the pullback of the left
fibration Min(p) o (77).r : (7j).L — B and we are done. n

3.3. REMARK. There is a similar result in [KV14, Theorem 2.2.11] without addressing
the functoriality of the construction, given that their definition of the simplicial space
uses pullbacks [KV14, Main construction 2.2.3].

We now want to understand the mapping spaces of &. For that we need the following
strictification. Combining the locality of left fibrations (7) and minimal Reedy fibrations
(5) it follows, by Lemma 2.20, that the set of minimal left fibrations is local and so we
have a sub-bisimplicial set of &, that we denote by ™" — &, and natural bijection

LFib™"(—) = Homggset (—, ™). (8)

On the other hand, the map 9in : Ree — Ree™™ defined in 6, by Lemma 2.28, restricts
to a map Min : & — &™". We now have the following result with regard to these two
maps.

3.4. LEMMA. The maps @™" — & — &™" are equivalences of complete Segal spaces.

PROOF. First of all the composition ™" — & — G™" is the identity, as it takes every
minimal left fibration to itself (Remark 2.27). Hence, &™" is a retract of & and so a
complete Segal space. Next, we prove that & — &™" is a trivial fibration and this implies
that the inclusion is an equivalence as well. Following Definition 2.4, we need to prove
that for every inclusion of simplicial spaces i : A — B the following diagram has a lift

A— 6

[

B Gmin
which, by 7 and 8, is equivalent to the map
LFib(B) = LFib(A) X pzyymin 4y LFID™"(B)

being surjective. Unwinding the definitions this means we have the data of the following
diagram
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L
Min(L) <25 L
lp ) P

A" 4B

where r is a trivial fibration and p, p are minimal left fibrations and we need to find a left
fibration p : L — B, such that i*p = pr and Min(p) = p. However, by Lemma 3.1, this
is given by (p*i).r : (p*i).L — L. Here, the uniqueness of the factorization (Proposition
2.26) and that (p*i),r is an equivalence, guarantees that Min((p*i),r) = L. n

We now want to use Lemma 3.4 to better understand the mapping spaces (1) of
S. This requires us to better understand minimal left fibrations over A[l,0]. First we
introduce a notation that will be useful in the next proofs.

3.5. NOTATION. Let X — AJL,l] be a map of bisimplicial sets. We use the following
three notational conventions

[ ] X/O == Map/A[Ll](dl . A[O, l] — A[]_, l],X)
o X/1 = Map/A[u](dO : A[O, l] — A[l, l],X)
o X/ = Map/A[l,l]<id7X)

Notice, the two maps d°, d' : A[0,1] — A[1,] induce maps of simplicial sets s : X o1 = X /o
and ¢ : X/Ol —)/1.

3.6. LEMMA. Let L and L' be two left fibrations over A[1,1] such that the two morphisms
L Liw = Lp, to e L’/01 — L’/1 are Kan equivalent morphisms. Then Min(L) =
Min(L').
PRrOOF. By Corollary 2.30 the result will follow if we can prove that L and L are equivalent
over A[1,1]. Now, the projection map A[1,1] — A[1,0] is a level-wise equivalence and so,
by 3, we have level-wise equivalences L ~ L Xany A[L 0] and L ~ L X apy A[L 0] for
left fibrations L — A[1,0] and L' — A[1,0]. Hence, without loss of generality, we can
assume that [ = 0. Denote the equivalence t;, — t; by .

We now use the adjunction (s f[l]’ sJ(py)) as defined in [Ras23b, Lemma 4.9]. Concretely,
by definition of sHy; we have sHp (L) = tr, sHpy(L') =ty and by [Ras23b, Theorem
4.18] the counit of the adjunction gives us a level-wise equivalence and so we have

sf,
L:s/ sfH[l]L:S/ tLL)S/ tL/_s/ st-C[lLNL’
(1] (1] 1]

and hence we are done. m
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As explained in Subsection 1.2 one easy way to construct an (oo, 1)-category of spaces
is via nerves of Kan enriched categories. We hence want to compare & to the nerve
of the Kan enriched category of Kan complexes. Following the notational convention
of Subsection 1.12, let Xan be the Kan enriched category of Kan complexes, which has
objects Kan complexes and for two objects K, L we have

Mapyc,, (K, L), = Homgan (K x Aln], L) = Hom s (K % Aln], L x Aln]) (9)

For further details regarding this Kan enriched category see [GJ09, Subsection 1.5].

3.7. REMARK. Recall that a Kan complex K is minimal if the map K — A[0] is a minimal
Kan fibration. Define Kan™" as the full Kan enriched subcategory of Kan with objects
the minimal Kan complexes and notice the inclusion Kan™" — Kan is an equivalence of
Kan enriched categories, in the sense of [Ber(O7a], as every Kan complex is equivalent to
a minimal Kan complex [GJ09, Proposition 10.3].

We now want to apply the nerve to these Kan enriched categories. For a given sim-
plicially enriched category €, let NAoC be the bisimplicial set with NACy = Obje and

NaC,= J] Mape(Xo, X1) x ... x Mape(Xp1, X,,). (10)

X0, Xn

While NAC is not a complete Segal space it is in fact a Segal category [Ber07b, Propo-
sition 8.3] (where the nerve Na is denoted R instead) and we can characterize their
equivalences via Dwyer-Kan equivalences [Ber07b, Definition 3.9].

3.8. PROPOSITION. Let C be a Kan enriched category and W a complete Segal space.
A map F : NAC — W is an equivalence in the complete Segal space model structure
if Obje — Wy is surjective and for objects x,y in C, the induced map Mape(x,y) —
Mapy, (Fx, Fy) is a Kan equivalence.

PROOF. Let I denote the inclusion of Segal precategories into bisimplicial sets, which
comes with a right adjoint denoted by R, described explicitly in [Ber07h, Section 6]. The

map F' factors as NAC S rw S W, where C' is the counit of the adjunction (I, R),
by the universal property of counits [Ber07b, Proposition 6.1]. As W is a complete Segal
space, C' is a complete Segal space equivalence by [Ber07b, Theorem 6.3, and G is a
Dwyer-Kan equivalence of Segal categories by assumption and so also a complete Segal
space equivalence, by [BerO7b, Proposition 6.2]. Hence the composition, namely F', is also
a complete Segal space equivalence. [

We now have the necessary pieces to prove the main result.

3.9. THEOREM. There is a complete Segal space equivalence I : NaKan — & to the
complete Segal space S. Moreover, we have a natural bijection LFib(—) = Hom(—, ).
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PrROOF. We have established that & is a complete Segal space in Proposition 3.2 and the
bijection in 7 and so we only need to prove the equivalence with NaXan. Let £ be the
bisimplicial set given level-wise by

Ln = H Xo x Map(Xo, X1) x -+ - x Map(Xy—1, Xp). (11)

Xo,...,.XnEXan

The first two face maps £; = HXO’XI Xo x Map(Xy, X;1) — HXoe@ Xo = Ly are given

by do(x, f) = x and di(x, f) = f(x) and all higher face maps are given by applying dg

and d; at the appropriate index. Similarly, the degeneracy sy : £y — £, is given by

so(x) = (z,1d) and a general degeneracy inserts an identity at the appropriate index.
There is a projection morphism 5 : £ — NaKan that is level-wise given by

(m2)n: Ln =[] Xox (Map(Xo, X1) x -+ x Map(X,_1, X,,))
X0,eees Xn€Xan
= ]I  Map(Xo, X1) x -+ x Map(X,_1, X,,) — Kan,,,

Xo,...;.Xn€Xan

meaning it forgets the Xy component.
As Kan, = Objy,, is a set and the projection map 1y : £ — NaXKan gives us the
strict pullback of simplicial sets, L, = Lo Xobjy,, NaXan, , by Lemma 2.9, the Reedy

fibrant replacement 7 : LN AXan over NaXKan is a left fibration. By 7, this induces
a functor I : NaKan — &. We want to prove I is a complete Segal space equivalence.

By Lemma 3.4, it suffices to prove that the composition NaKan — &™™" is an equiv-
alence. Moreover, by Remark 3.7, we can further reduce it to showing that NaKan™" —
&™" which we denote by £ift, is a Dwyer-Kan equivalence. By Remark 2.8 and Lemma
2.29 every minimal left fibration over L — A[0, 0] is uniquely (up to isomorphism) de-
termined by the minimal Kan complex Ly and so £ift is surjective on objects and so, by
Proposition 3.8, it suffices to prove Lift induces an equivalence of mapping spaces. We
will in fact show that the map of simplicial sets Lift; : NaKan" — (&™), induces a
bijection on mapping spaces.

Before we proceed, we will thoroughly analyze the morphism £ift : NaKan™" —
G™min. By 8, Min(ﬁ) — NaXan corresponds to the composition NaKan — & in,
&™in . So, precomposition with the inclusion N, AKan™" — NaKan corresponds to the
minimal left fibration £™" = Min(£L) X x,xan NaKan™" over NaKan™", via pullback.
More explicitly for an (n,[)-simplex o, which corresponds to a morphism o : A[n, 1] —
NaXKan™" Lift(c) is the minimal left fibration over A[n, 1] obtained by pulling back the
minimal left fibration over &™" which by the pasting lemma for pullbacks is given by
Lift(c) = o* L™ — Aln, 1].

By definition of the simplicial nerve (10) (NaXan™")y; is the set of I-morphisms in
the simplicially enriched category Kan™", which by 9 is explicitly given by a morphism
of simplicial sets X x A[l] = Y x A[l] over A[l], where XY are minimal Kan complexes.
For such a given morphism f, Lift(f) is a minimal left fibration over A[l,[] which fits
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into the following diagram

X x A[0,]]TY x A[0,]] — Lift(f) ——— Lmin

l l— l r{f} l ; |
A0, TTA[0,1] :ww/_; NaKan™"

XY}

where we are using [GJ09, Corollary 10.8] to deduce that the outer rectangle is also a
pullback. This implies the following (using the notation introduced in Notation 3.5):

o Lift(f) 0 = X, Lift(f)r =Y,

o Lift(f) o is the minimal Kan fibration over X x Y equivalent to the map (id, f) :
X — X x Y, which determines Lift(f),o1 uniquely.

The equivalence X ~ Lift(f)o: in particular implies that
Min(Lift(f) 1) = X (12)

and X = Min(Lift(f),01) = X x Y ==Y is given by f.

We will now prove Lift; is a bijection by constructing an inverse Sec : (&™"); —
NaXKan{"". For a given minimal left fibration L — A[L,1], let Sec(L) = Min(L 1) — L
over A[l]. We now prove that Sec is injective and that Sec is a left inverse of £ift; which
will prove they are inverses.

The statement of Lemma 3.6 and the definition of Sec(L) as Min(L/p1) — L/ im-
mediately implies that Sec is injective on minimal left fibrations. Moreover, we observed
in 12 that for a given morphism of minimal left fibrations f : X x A[l] = Y x A[l] over
All], X = Min(Lift(f)0n) and the composition

is given by f. This proves that Sec o Lift; is the identity and hence we are done. ]

3.10. REMARK. We constructed a complete Segal space of spaces using left fibrations.
However, based on Remark 2.10, we could have also used right fibrations to construct a
bisimplicial set G with &£ given by right fibrations over A[n,]. Now, Remark 2.10
implies that (=) induces a bijection between & and &% that flips the directionality of
the morphisms, immediately implying that &% is just the opposite complete Segal space
of spaces, G.

3.11. REMARK. One implication of Theorem 3.9 and the fact that & is complete (Propo-
sition 3.2) is that the space of Kan equivalences from X to Y is equivalent to the space
of left fibrations over A0, o] with fiber over the initial vertex in A[0, o] given by X and
fiber over terminal vertex in A[0, o] given by Y. As left fibrations L — A[0, n] are up to



A MODEL FOR THE HIGHER CATEGORY OF HIGHER CATEGORIES 43

homotopy uniquely determined by Kan fibrations over A[n] [Ras23b, Theorem 3.17], this
means we are getting an equivalence between the space of equivalences and the space of
Kan fibrations over Ale], meaning we get an alternative proof to the simplicial univalence
of the universe of Kan fibrations [KL21, Theorem 3.4.1].

4. The Complete Segal Space of (Complete) Segal Spaces

We now want to generalize the results from the previous section from a complete Segal
space of spaces to a complete Segal space of complete Segal spaces. Here we rely on the
complete Segal object approach to coCartesian fibrations as outlined in the beginning
of [Ras21a]. The benefit of this approach is that we can use the results of the previous
sections level-wise to immediately deduce the desired results.

Let us start with the appropriate generalizations of Subsection 2.2. The category of
trisimplicial sets is denoted by sssSet and the generators are denoted by A[— —, —]. We
can, analogous to Definition 2.4, characterize Reedy fibrations via right lifting properties
against certain morphisms with codomain A[k,n,]. Again, Reedy fibrations are part of a
model structure with cofibrations given by inclusions of trisimplicial sets and equivalences
given by level-wise Kan equivalences. In particular, all trivial Reedy fibrations are Reedy
weak equivalences. See [Ras23a, Subsection 2.8] for more details.

4.1. NOTATION. For a trisimplicial set X, we use X; to denote the bisimplicial set with
(X&) = Xgm and use Xy, to denote the simplicial set with (X, ) = Xgp-

We have analogous generalizations of left fibrations (Definition 2.7).

4.2. DEFINITION. Let 1y : ssSet — sssSet, the standard embedding, take a bisimplicial set
X to the trisimplicial set 1g(X) characterized as ts(X)gm = Xn. Moreover, for a map
of trisimplicial sets p: Y — 14X, we denote by py : Y, — X the map of bisimplicial sets
defined as (Pr)ni = Prni-

4.3. DEFINITION. Let X be a bisimplicial set and p : L — X be a Reedy fibration of
trisimplicial sets.

e p is a Reedy left fibration if py : Ly, — X (Notation 4.1) is a left fibration for all
k> 0.

e p is a Segal coCartesian fibration if it is a Reedy left fibration and it satisfies the
Segal condition, meaning the map

Lk:n —» Lln XLO" XLO" Lln
1s a Kan equivalence for all k > 2 and n > 0.

e p is a coCartesian fibration if it is a Segal coCartesian fibration and it satisfies the
completeness condition, meaning the map

LOn — L3n X(LinXLin) (LOn X L(]n)
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1s a Kan equivalence for all n > 0.

The Segal condition and completeness condition are evident analogues to the ones
used to define complete Segal spaces (Definition 2.5) and so we would expect a close
connection. Indeed, we have the following remark.

4.4. REMARK. By [Ras23a, Theorem 5.7], if p : L — X is a Reedy left fibration, then p
is a Segal coCartesian fibration if and only if for every x : A[0,0] — X, the fiber z* Lqg is
a Segal space and similarly between coCartesian fibrations and complete Segal spaces.

4.5. REMARK. Following Remark 2.8, a Reedy left fibration L over A[0,0] is a homo-
topically constant trisimplicial set, meaning Ly, ~ Lgo. Similarly, a (Segal) coCartesian
fibration over A[0,0] is a homotopically constant trisimplicial set L such that Ly is a
(complete) Segal space.

We have a similar interaction between Reedy left fibrations and complete Segal equiv-
alences as in 3, meaning for every Reedy left fibration p : L — A and complete Segal
space equivalence A — B, we can obtain p as a homotopy pullback square of a Reedy left
fibration p: L — B

L % L
r
p lﬁ (13)
Aty

where L & I 2 B is given via a factorization into a trivial cofibration followed by a
Reedy left fibration [Ras23a, Theorem 5.12].

4.6. REMARK. Generalizing Remark 2.10, we can analogous to Definition 4.3 define Reedy
right fibrations as Reedy fibrations p : R — X, such that for all k, p, : Ry — X is
a right fibration. Moreover, we then define (Segal) Cartesian fibrations as Reedy right
fibrations, that satisfy the Segal and completeness condition, as described in Definition 4.3.
Moreover, by Remark 2.10, a map R — X is a Reedy right, Segal Cartesian or Cartesian
fibration if and only if R? — X is a Reedy left, Segal coCartesian or coCartesian
fibration, respectively. Here (—)% : sssSet — sssSet takes (—)° defined in Remark 2.10
level-wise, meaning it is defined as Fun(A%, (—)°P).

We move on to appropriate generalizations of Subsection 2.11. Let All : sssSet”? —
8et be the functor AI(X) = Fun(([,, ., X)%. 8et). We can restrict this functor by
precomposing with the standard embedding (14)% : ssSet”” — sssSet” to define sAll :
ssSet”? — Set. Similar to Lemma 2.15 for every bisimplicial set X we have a bijection

sAI(X) = sssSet,, x .

Now, define sssGet : A% x A°? — Set as sAll(—) precomposed with the Yoneda embedding
and, analogous to Corollary 2.17 we have a natural isomorphism

sAIl(—) = Homggge (—, sssSet). (14)
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Finally, if S is a local set of morphisms, then, similar to Lemma 2.20, this bijection
restricts to a bijection
sAIY (=) = Homgget (—, sssGet), (15)

where sAIl®(X) C sAI(X) is the sub-functor of objects over X that are in S and
sssGet® is again the restriction of sAIl® (—) along the Yoneda embedding. Finally, we
have the analogue of Corollary 2.21 for trisimplicial sets.

4.7. COROLLARY. Let S be a set of morphisms of trisimplicial sets determined by a right
lifting property with respect to a set of morphisms A — Alk,n,l]. Then S is pullback
stable and in fact local.

We can use the corollary to generalize 7. By Definition 4.3, Reedy left fibrations are
local and so we get a bisimplicial set sss&et®*“7 that we denote by s& and a natural
bijection

ReeLFib(—) = Homgsset(—, $6). (16)
We want to prove that s& is a complete Segal space of Reedy fibrant simplicial spaces.
This requires us to understand minimal Reedy fibration and minimal Reedy left fibrations
of trisimplicial sets, similar to Subsection 2.23. A Reedy fibration of trisimplicial sets
Y — X is minimal if for all k;n > 0 the induced map of simplicial sets (using Notation
4.1)
Yin = My, Y X My X Xin

is a minimal Kan fibration. By Example A.9 all the results in Section A also apply to
Reedy fibrations of trisimplicial sets and so can recover the analogous results to Subsection
2.23 with the same proofs. In particular, analogous to Lemma 2.25, Reedy left fibrations
are local and, analogous to Proposition 2.26, we have the following factorization.

4.8. PROPOSITION. Every Reedy fibration of trisimplicial sets p : Y — X admits a (up

: . , o : Min(p) . . .
to isomorphism) unique factorization Y 5 Min(Y) =" X into a trivial fibration q

followed by a minimal fibration Min(p).

Moreover, as being a Reedy left fibration is determined level-wise, by Definition 4.3, it
follows directly from Lemma 2.28 that if L — X is a Reedy left fibration, then Min(L) —
X is also a Reedy left fibration. Let ReeLFib™"(—) C ReeLFib(—) be the sub-functor of
minimal Reedy left fibrations and denote the corresponding subobject of the bisimplicial
set of s& by s&™". The locality of minimal Reedy left fibrations gives us the natural
bijection ReeLFib™"(—) = Homgset(—, s6™") and so we can apply Proposition 4.8 to
the fibration s&, — s& corresponding to the identity, which by the natural bijection
corresponds to a map of bisimplicial sets, 9in : s& — s&™" which represents a map

sMin : ReeLFib(—) — ReeLFib™"(—). (17)

Naturality again implies that sMin sends a fibration to its corresponding unique minimal
Reedy left fibration constructed in Proposition 4.8 and, analogous to Remark 2.27, is the
identity when restricted to minimal Reedy left fibrations.
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We can now use this result to study the bisimplicial set s&. Before that we need the
following last lemma, which follows analogous to Lemma 3.1.

4.9. LEMMA. Letp : Y — A be a trivial Reedy fibration of trisimplicial sets andi : A — B
an inclusion of trisimplicial sets, inducing an adjunction i* - 1,. Then i,p s a trivial
Reedy fibration and p — 1*i,p.

4.10. PROPOSITION. The bisimplicial set s& is a complete Segal space.

Proor. We will follow the steps given in Proposition 3.2. The bijection 16 allows us to
again reduce the proof to showing that every Reedy left fibration L — A can be obtained
as the pullback of a Reedy left fibration R — B along a trivial complete Segal space
cofibration 7 : A — B. We can obtain this lift using the same diagram as in the proof of
Proposition 3.2 this time relying on Proposition 4.8 whenever we need a minimal Reedy
left fibration, 13 when we need to extend L along i : A — B, and Lemma 4.9 when we
need a trivial Reedy fibration. ]

As s&™" is a retract of s&, Proposition 4.10 implies that s&™" is a complete Segal
space as well. Using this bijection along with Lemma 4.9 in the proof of Lemma 3.4 we
obtain the following result about this retract.

4.11. LEMMA. The maps s&™" — s& — s&™" gre equivalences of complete Segal
spaces.

We now want to use these result to finally prove that s& is in fact the complete Segal
space of Reedy fibrant simplicial spaces. Let Ree denote the Kan enriched category of
Reedy fibrant simplicial spaces, where, by analogy with 9, the mapping spaces for two
Reedy fibrant simplicial spaces are defined as follows:

Mapge (K, L)n = Hompge (K x A[0,n], L) = Hom o, (K x A[0,n], L x A[0,n]). (18)

4.12. REMARK. Similar to Remark 3.7, a Reedy fibrant simplicial space K is minimal
if the unique map K — A[0,0] is a minimal Reedy fibration. Denote by Ree™" the
full simplicially enriched subcategory of Ree consisting of minimal Reedy fibrant simpli-
cial spaces. Notice, the inclusion Ree™" < Ree is an equivalent full subcategory, by
Proposition 2.26.

Using 10 we obtain a Segal category NaRee. We now have the following result.

4.13. THEOREM. There is a complete Segal space equivalence sl : NaARee — s& to the
complete Segal space s&. Moreover, we have a bijection ReeLFib(—) = Hom(—, s&).

PROOF. sG is a complete Segal space by Proposition 4.10 and the bijection follows from
16. Hence, we only need to prove the equivalence. Let s£,, be the trisimplicial set, given
level-wise by

sCo= J]  XoxMap(Xo,X1) x ... x Map(X,,_1, X,,) (19)
Xo,...,XnERee
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and with face and degeneracy maps given analogous to the ones for £ (as constructed in
Theorem 3.9). We similarly get a projection map my : s& — NaRee given by forgetting
the first coordinate. Again, NaoRee, = Objg.. is a set and 7 induces a strict pullback
sLn, = NaRee, Xobjg.. Lo, and so, by applying Lemma 2.9 level-wise, the Reedy fibrant

replacement 7 : sC — N ARee over NaRee is a Reedy left fibration. The bijection 16
gives us a functor sl : NaoRee — s&. We want to prove this is a Dwyer-Kan equivalence.
Now, combining Lemma 4.11 and Remark 4.12, this proof reduces to showing that s£ift :
NaRee™™ — s&™" is a Dwyer-Kan equivalence, which follows from establishing the
conditions in Proposition 3.8.

By Remark 4.5, Reedy left fibrations over A[0, 0] are determined by a Reedy fibrant
simplicial space and so the functor is surjective, meaning we only need to show it is an
equivalence of mapping spaces. We can now follow the same steps as in Theorem 3.9
to deduce that sgift; : NaRee™" — s&™" is a bijection by constructing an explicit
inverse. [

4.14. REMARK. General Reedy fibrant simplicial spaces are too broad to give us a model
of oo-categories, however, bisimplicial sets with the Reedy model structure do give us a
model topos [Rez10b], which have been established as models for homotopy type theories
[Shul9], and so have been studied extensively by Shulman [Shulba, Shul5b, Shul7]. In
particular, bisimplicial sets are the key example of a model of type theories with shapes
introduced by Riehl and Shulman with the goal of oco-category theory internal to type
theories [RS17]. From this perspective, an explicit construction of a complete Segal space
for Reedy fibrant simplicial spaces is an important step towards better understanding its
properties as a model of type theories.

We can now restrict this construction in the following two ways to get the results we
wanted. Using the fact that (Segal) coCartesian fibration are local (by Definition 4.3)
we denote sssGetSeCart by Geg and sssGetC@t by ¢&G. Similarly, let Seg denote
the full simplicially enriched category with objects Segal spaces and CSS denote the full
simplicially enriched subcategory of complete Segal spaces. We now have the following
lemma and theorem, giving us a complete Segal space of (complete) Segal spaces.

4.15. LEMMA. Let W be a complete Segal space. Let Voo C Wyo be a subset of objects
m W closed under equivalences, meaning any object in W equivalent to an element in
Voo is already in Vog. Define V- C W as the sub-bisimplicial set of W with elements in
o€ Vy C Wy if for alld : Wy — Wy, d(o) € Viog. Then V' is a complete Segal space
and V-— W s fully faithful.

PROOF. Let i : A — B be a trivial cofibration in the complete Segal space model structure
and let f: A — V be a map. Then there exists a map f : B — W lifting . Now, every
trivial cofibration in the complete Segal space model structure is surjective on equivalence
classes of objects [Ras21b, Lemma 3.54]. Hence, the objects in W that lie in the image of
f are all equivalent to objects in the image of f : A — V' C W and hence in V' themselves.
This proves that the lift factors through V' and hence V' is a complete Segal space. Finally,
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for given objects x,y in V', by the definition of V' and mapping spaces of complete Segal
spaces (1), Mapy, (z,y) — Mapy, (z,y) is the identity and so we are done. n

4.16. THEOREM. In the following diagram the top (bottom) horizontal functors are fully
faithful functors of strict Segal categories (complete Segal spaces) and the vertical maps
are complete Segal space equivalences

NACSS — NA% — NA@

sﬂlN sﬂl: S]Il"

€66 — Geg — s6

meaning Seg is the complete Segal space of Segal spaces and €SS is the complete Segal
space of complete Segal spaces. Moreover, we have bijections

SegcoCart(—) = Homggse (—, Seg),

coCart(—) = Homggset (—, €6S).

PROOF. The bijections follow directly from 15 and the fact that (Segal) coCartesian
fibrations are local (Definition 4.3). Now, by Theorem 4.13, s& is a complete Segal space
of bisimplicial sets and, by Lemma 4.15 and Remark 4.4, Geg — sG is a fully faithful
inclusion of complete Segal spaces. Here we are using the fact that the Segal condition in
Definition 4.3 is by definition up to equivalence and so any Reedy left fibration equivalent
to a Segal coCartesian fibration is in fact a Segal coCartesian fibration, proving that the
condition in Lemma 4.15 is in fact satisfied. Finally, by Remark 4.5, the objects in Geg
are Segal spaces. We can use the same arguments to prove that €66 — Geg is a fully
faithful functor of complete Segal spaces with €&& having objects complete Segal spaces.

Finally, we have already constructed an equivalence sl : NaRee — sG, so it suffices
to show its restriction NaSeg — sG has essential image Geg. Let X be an object in
Seg i.e. a Segal space. Then sI(X) is the homotopically constant Reedy left fibration
with sI(X)p = X, which satisfies the Segal condition by assumption, making it a Segal
coCartesian fibration. On the other side, if L — A[0, 0, 0] is a Segal coCartesian fibration,
then L is homotopically constant and Ly is a Segal space (Remark 4.5), so sI(Lg) ~ L.
This proves sl : NaSeg — Geg is an equivalence. We can repeat the same argument to
deduce that sl restricts to an equivalence sl : NACSS — €&6 finishing the proof. ]

4.17. REMARK. Combining Remark 3.10 and Remark 4.6 directly implies that the bisim-
plicial set with (k, n)-simplices given by Reedy right fibrations over A[n, ] is precisely the
opposite complete Segal space of Reedy fibrant simplicial spaces, sG°. Moreover, re-
stricting those to (Segal) Cartesian fibrations gives us the opposite complete Segal spaces
of (complete) Segal spaces as constructed in Theorem 4.16, Geg® and €SG&.
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5. Universal Fibrations

Up until this point we have constructed various complete Segal spaces that have relevant
universal properties in the sense that functors into them correspond to various fibrations
over them. This, in particular, implies the existence of a universal fibration corresponding
to the identity map. In this section we want to focus on these universal fibrations.

We will, in particular, prove that these universal fibrations are all representable. This
gives us a very explicit characterization of the domain of these universal fibrations and
helps us establish key properties thereof. In particular, representability of the universal
left fibration proves that the complete Segal space of spaces has a “generating object”
(which we prove to be the terminal object in 5.3), meaning an object in & is uniquely
characterized by maps out of the terminal object into it. Similarly, representability of the
other universal fibrations proves that the complete Segal space of Reedy fibrant simplicial
spaces, and the sub-complete Segal space of (complete) Segal spaces, have a “generating
cosimplicial object”.

We will start with the case for spaces. Denote by pyeer : ssGet, — ssGet the map
that corresponds to the identity map under the bijection in Corollary 2.17. Notice, a map
Aln,l] — ssGet, corresponds to a map o : A[n,l] — ssGet along with a section of the
pullback diagram o*pgees : 0*ssSet, — A[n, l]. This means we have a bijection of sets

(ssGety )y = H Hom/A[n,l](idaa*pSSGet>- (20)

o€essGety,;

Under this bijection the morphism pgeer : $5Get, — ssGet is the evident projection of
a pair (0,s) +— o. Moreover, the naturality of the bijection Corollary 2.17 implies the
following helpful result.

5.1. LEMMA. The bijection All(—) = Homgset (—, ssGet) is induced by pulling back along
DPssSet -

Now, for every local class of morphisms S, we can obtain pyees : ssGet? — ssGet”
by using the bijection Lemma 2.20. This map satisfies the following simple, yet useful,
lemma that helps us better understand it.

5.2. LEMMA. Let S be a local class of morphisms of bisimplicial sets. Then we have the
following pullback square

ssGet? —— ssGet,
L
ssGet® — ssGet

In particular, elements in (ss&et?),; are morphisms p : X — An,l] that are in S along
with a choice of section.

We can now in particular apply this to S = LFib and deduce that the universal left
fibration, that we denote by pg : &, — &, has as elements in (S,),; diagrams of left
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fibrations A[n,l] — L over An,]. We now want to study the representability of this left
fibration. Recall that a left fibration L — W is representable if there exists an object x
in W such that

L~W,, = W20 <y A0, 0). (21)

See [Ras23b, Definition 3.41, Theorem 3.44] for a more detailed analysis of representable
left fibrations of bisimplicial sets.

5.3. THEOREM. The universal left fibration ps : G, — & s a representable left fibration,
represented by the terminal object. Moreover, the bijection 7 is induced by pulling back
the universal left fibration pe.

PRrOOF. The fact that the bijection 7 is induced by pulling back pg follows directly from
Lemma 5.2 and Lemma 5.1. We now want to prove that pg : &, — & is representable and
concretely represented by the object idap in 6. By [Ras23b, Theorem 3.55] it suffices
to prove that &, has an initial object in the fiber of ps over idaj .

By Theorem 3.9, we have an equivalence I : NaXan — &, which is induced by a
left fibration £ over NaXan, which implies that L — NaXan, as constructed in 11, is
equivalent to the homotopy pullback of pg along the complete Segal space equivalence
NaXan — &. Hence, by [Ras23b, Theorem 4.32], we have a complete Segal space
equivalence £ ~ &, that takes (A[0],0) to idap,, where we used the fact that by 11,
Loo = [ yexan X0, meaning objects in £ are of the form (X,z € Xj), where X is a Kan
complex.

This implies that in order to finish the proof we only need to observe that (A[0],0) is
initial in £. By definition £1 = [[yy X X Mapg,,(X,Y’) and so for an object (X, x), by
1 the mapping space Map ((A[0],0), (X, z)) is given via the following pullback

Map, ((A[0],0), (X, 2)) —— Al0] x Mapy,u(A[0], X)

Now the map on the right hand side is a bijection and so Map,((A[0],0), (X, x)) is bijective
to AJ0] as well, finishing the proof. =

5.4. REMARK. One of the main results regarding left fibrations of bisimplicial sets is
that they are always fibrations in the complete Segal space model structure [Ras23b,
Corollary 5.11]. Using Theorem 5.3 we can deduce the following result more simply.
Indeed, Theorem 5.3 and 21 imply that &, ~ G219 x s A[0,0] is a complete Segal space
as the complete Segal model structure is Cartesian (see [Ras23b, Lemma 3.43] for a more
detailed argument). As a result, pg is a Reedy fibration between complete Segal spaces
and so a complete Segal fibration [Rez01, Theorem 7.2]. Now, by Theorem 5.3, every left
fibration is a pullback of the complete Segal space fibration &, — & and so a complete
Segal space fibration as well.
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We now want to generalize Theorem 5.3 to trisimplicial sets. Let pysser : sssGet, —
sssGet be the map that corresponds to the identity map under the bijection 14. First, we
want to generalize 20.

5.5. LEMMA. There is a bijection

(sssGety ) s = H Hom Ak, n (AR, 1, 1], 07 Pssseet)

oEsssGetgy

meaning an element in (sssGet. )k corresponds to a choice of trisimplicial set X — Aln, ]
along with a choice of section for the map of bisimplicial sets X — Aln,l].

PROOF. An element in (sssSet. ), is given by a map Alk, n,[] — sssSet,, which is given
by a map o : Alk,n,l] — sssGet along with a lift. By 14 an element in sssGety,,; is given
by a map of trisimplicial sets 0*psssget — A0, 1, 1]. Now for such a fixed map, a section
precisely corresponds to a choice of element in (0*pgsseet)kni, Which is precisely the data
of a section (0*psssset) — Aln, I]. n

This also has the following useful implication.

5.6. LEMMA. The bijection sAll(—) = Homgget(—,sssSet) is induced by pulling back
along DsssGet -

Now, for every local class of morphisms S, we can obtain p.ges : 555Get? — sssGet?
by using the bijection 15 and again we have a result analogous to Lemma 5.2.

5.7. LEMMA. Let S be a local class of morphisms of bisimplicial sets. Then we have the
following pullback square

sssGetf — s3sGet,
[
sssGet® — sssGet

In particular, elements in (sss&et?)pn are morphisms p : X — Aln, 1] that are in S along
with a choice of section of py : Xr — Aln,l].

We can now apply this lemma to the case S = ReeLFib to obtain the universal Reedy
left fibration preecrip : s6« — s&. We want to observe that this Reedy left fibration is
representable, in the sense of [Ras22]. Recall from [Ras22, Proposition 2.4] that for a
cosimplicial object X*® : A — W in a complete Segal space W, we can construct a Reedy
left fibration W,x« — W uniquely characterized by the fact that (W,xe), ~ W)x, (where
W)x, was defined in 21). Now, following [Ras22, Definition 2.1], an arbitrary Reedy left
fibration L — W is representable if there exists a cosimplicial object X*® in W and an
equivalence W,xe ~ L over W. We now prove that the universal Reedy left fibration
PreecFib - SO, — sG is representable via a cosimplicial object in sG.
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5.8. THEOREM. The universal Reedy left fibration psg : s&, — s& is a representable
Reedy left fibration represented by the cosimplicial object idape0 : A — s&. Moreover,
the bijection 16 is induced by pulling back the universal Reedy left fibration pys.

PRrROOF. The fact that the bijection is induced by pullback follows from combining Lemma
5.7 and Lemma 5.6. Now, in order to prove that psg : s&, — s& is representable, by
[Ras22, Lemma 4.1], it suffices to prove that the left fibration (psg)i : (s64)r — s6 is
represented by idajo,g for all £ > 0. From here on we can follow the steps of the proof
of Theorem 5.3.

We need to show that (s&,), has an initial object over idajo 0. By Theorem 4.13,
we have an equivalence sl : NaARee — s&, which is induced by the Reedy left fibration
s over N, ARee, which implies that the Reedy left fibration s{ — NaRee, as constructed
in 19, is the homotopy pullback of the Reedy left fibration s&, — s&, and, in particular,
the left fibration sL; — NaRee is the homotopy pullback of the left fibration (s&,); —
s&. Hence, by [Ras23b, Theorem 4.32], we have a complete Segal space equivalence
sy ~ (s6,)) that takes (A[k,0],idy) to idajoke. Here we used the fact that by 19,
sLkoo = [ vepee k0, Meaning objects in s£;, are of the form (X, z € Xj), where X is a
Reedy fibrant simplicial space.

This implies that in order to finish the proof we only need to observe that (Alk, 0], id)
is initial in sLy. By definition sLx1 = [[x yeree Xx X Mapge(X,Y) and so for an ob-
ject (X, 2 € Xyo), by 1 the mapping space Map,, ((A[k,0],idg), (X, z)) is given via the
following pullback

Map,c, ((Alk, 0),idy), (X, ) —— Ak, 0] x Mapge,(Alk, 0], X)

l% i o fov

(id.) > A[]{Z,O]k X Xk

Now, the map on the right hand side is a bijection, as Mapg..(A[k, 0], X) = X} by 18.
As a result, the mapping space Map,,, ((Alk, 0],idx), (X, x)) is bijective to A[0] as well,
finishing the proof. m

We now use Theorem 4.16 to get the universal Segal coCartesian fibration, that we
denote by pees : Geg, — Geg and the universal coCartesian fibration, that we denote by
pess : €66, — €66. Lemma 5.7 and Theorem 5.8 now immediately give the following
result.

5.9. COROLLARY. The universal (Segal) coCartesian fibration pess (Peeg) is Tepresented
by Ale,0]. Moreover, we have pullback squares

GG, s Geg, — 56,

r r
lPQGG lchg lpst?) .

€66 — Geg — s6
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Finally, pulling back along the universal fibrations induces bijections given in Theorem
4.16
HomssSet<_7 Geg) = SegcoCart(—),

Homggget (—, €6G) = coCart(—).

5.10. REMARK. The representability of the universal left fibration is well-established
(and has for example been studied in [Cis19, Subsection 5.2],) however, the representabil-
ity of the the universal coCartesian fibration is a more modern phenomena and can be
found in [Ras22, Subsection 4.2], [Ste20, Example 3.26], and more recently [CN22]. The
representability of the universal Reedy left fibration and the universal Segal coCartesian
fibration was not studied before.

6. Comparison with Quasi-Categories

Up until here we constructed the complete Segal spaces of spaces, Reedy fibrant simpli-
cial spaces, and (complete) Segal spaces. In this last section we want to use the fact
that we can translate between complete Segal spaces and quasi-categories, another im-
portant model of (oo, 1)-categories, to construct quasi-categories of spaces, Reedy fibrant
simplicial spaces, and (complete) Segal spaces. This requires us to review left fibrations
of simplicial sets [Joy08b, Lur09, Cis19], as well as the translation results between quasi-
categories and complete Segal spaces due to Joyal and Tierney [JT07], their generalization
to left fibrations in [Ras23b, Appendix B], and their generalization to Reedy left fibrations
[Ras21a, Section 1.6].

6.1. DEFINITION. A left fibration of simplicial sets is map that satisfies the right lifting
property with respect to horn inclusions A[n|; < Aln], for 0 <i <n.

Left fibrations of simplicial sets can be translated to left fibrations of bisimplicial
sets (Definition 2.7) and vice versa. Let i} : ssSet — sSet be the functor that takes
a bisimplicial set X,, to the simplicial set Xy9 [JT07, Section 4]. Moreover, let t' :
sSet — ss8et be the functor that takes a simplicial set X to the bisimplicial set t'X,,; =
Homgset (An] x N(I[l]),X) [JT07, Theorem 2.12]. Here I[l] is the groupoid with [ + 1
objects and a unique morphism between any two objects.

These two functors are both right adjoints of Quillen equivalences [JT07, Theorem
4.11, Theorem 4.12], which in particular has the following implications:

6.2. LEMMA. i* takes complete Segal spaces to quasi-categories and t' takes quasi-categories
to complete Segal spaces. Moreover, iit' : sSet — sS8et is the identity map and t'i% :

ssSet — ssSet is equivalent to the identity. Finally, i7 preserves and reflects equivalences

between complete Segal spaces.

These results have been generalized in [Ras23b, Theorem B.12, Theorem B.14] to a
comparison between left fibrations of simplicial sets and bisimplicial sets, giving us the
following valuable result.
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6.3. LEMMA. i} takes left fibrations of bisimplicial sets to left fibrations of simplicial sets
and t' takes left fibrations of simplicial sets to left fibrations of bisimplicial sets.

We now use the ability to translate between quasi-categories and complete Segal spaces
to construct additional (0o, 1)-categories of spaces. First of all, we can apply i} to the
complete Segal space & (Theorem 3.9) to obtain the following result.

6.4. COROLLARY. {6 s a quasi-category of spaces with 176,, given by left fibrations of
bisimplicial sets over Aln,0].

We now want to illustrate how we can use left fibrations of simplicial sets internally to
construct a quasi-category of spaces, using analogous steps to Section 3. Let Ggea be the
simplicial set with (Sqeat ), given by left fibrations of simplicial sets over A[n] (where we
are using the translation to functors as given in Lemma 2.15 to take care of functoriality).

Now, by Lemma 6.3, ¢ preserves left fibrations, and moreover, we have t'(A[n]) =
Aln,0]. Hence t' induces a morphism of quasi-categories

T Ggen — 116, (22)

that takes a left fibration of simplicial sets L — A[n] to 'L — #'A[n] = A[n,0]. Similarly,
by Lemma 6.3, i} also preserves left fibrations and }(A[n,0]) = A[n] and so ¢} similarly
induces a morphism of quasi-categories

J: lTG — 6QGat, (23)

that takes a left fibration of bisimplicial sets L — A[n, 0] to i{(L) — i{(A[n,0]) = An].
We now have the following result.

6.5. THEOREM. The maps T : Ggeat — 116 and T : 176 — Gqeay are inverses of quasi-
categories.

PROOF. First, we prove Ggey is a quasi-category. By Lemma 6.2, t' o i} is the identity
and so J% is the identity as well, meaning Gqe,t is a retract of the quasi-category 76
(Corollary 6.4) and so a quasi-category as well. We now move on to prove ¥ and J are
inverses of quasi-categories. As J¥ is the identity we only need to show TJ : ij& —
176¢ss 1s equivalent to the identity. By Lemma 6.2 and Lemma 3.4, the two morphisms
irGmin LEN 116 % i*&™" are equivalences of quasi-categories, hence it suffices to
prove that ifJ o T o J o (i{Min) : it&™™ — 7&™™ is equal to the identity.

Let L — Aln, 0] be a left fibration. By Lemma 6.2, there is an equivalence of complete
Segal spaces t'iiL — L over A[n,0], which implies they are equivalent left fibrations
[Ras23b, Theorem 5.11] and so Min(#'itL) and Min(L) are equal (Lemma 2.29) finishing

the proof. -
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6.6. REMARK. The elements in the quasi-category Gge,; are precisely left fibrations over
Aln|. Hence this construction coincides with the construction of the quasi-category of
spaces by Cisinski [Cis19, Theorem 5.2.10, Corollary 5.4.7] and hence gives us an inde-
pendent proof thereof.

We can take the opposite route to Corollary 6.4 to get the following result.

6.7. COROLLARY. t'Goeay is a complete Segal space of spaces with (t!6geat)nl given by
left fibrations of simplicial sets over Aln] x N(I]l]).

We can now use the results from Section 4, and more precisely apply Lemma 6.2
to Theorem 4.16, to construct quasi-categories of Reedy fibrant simplicial spaces and
(complete) Segal spaces.

6.8. COROLLARY. i{sG is a quasi-category with 11sS,, given by Reedy left fibrations of
trisimplicial sets over A[0,n,0]. Moreover, we have inclusions of quasi-categories

i1C66 — i1Geg — 156,

where 116eg (1€66 ) is the quasi-category of (complete) Segal spaces.

We now want to generalize the results in Theorem 6.5 to define the quasi-categorical
analogue to s&, which will then also result in the quasi-categorical analogue to Geg and
¢S6S. Here we fundamentally rely on work in [Ras21a, Section 1.6]. Recall that a Reedy
fibration of bisimplicial sets L — A[0,n] is a Reedy left fibration of bisimplicial sets if
for all £ > 0 the restricted map Ly — A[0,n|r = A[n] (Notation 2.3) is a left fibration
of simplicial sets. Let sSgea be the simplicial set with (Sgeat)n given by Reedy left
fibrations of bisimplicial sets over A[0,n] (where we are using the translation to functors
as given in Lemma 2.15 to take care of functoriality).

We want to prove that sGge,s and ijsS are equivalent quasi-categories. For that we
define analogues to ¥,J that we prove are inverses of each other. Let st' : ssSet — sssSet
be defined as Fun(A°,¢') and similarly, let sif = Fun(A°, %) : ssSet — sssSet. We now
have the following facts about si} and st'.

6.9. LEMMA. si] takes Reedy left fibrations of trisimplicial sets to Reedy left fibrations
of bisimplicial sets and st' takes Reedy left fibrations of bisimplicial sets to Reedy left
fibrations of trisimplicial sets. Moreover, sitst' is the identity and st'si} takes a Reedy
left fibration of trisimplicial sets to an equivalent one.

See [Ras2la, Theorem 1.35] for further details about these functors. Using this result
we can generalize the maps of quasi-categories T, J to maps

sT 1 sGqeat — 1156,

S (24)
sJ 11186 — 5Ggeat,

where s takes a Reedy left fibration of bisimplicial sets L — A[0, n] to st'L — st'A[0,n] =
A[0,n,0] and sJ takes a Reedy left fibration of trisimplicial sets L — A[0,n,0] to
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si3(L) — sij(A[0,n,0]) = A[0,n]. Now following the same steps of the proof of The-
orem 6.5 (this time with the construction of minimal Reedy left fibrations given in 17)
gives us the following result.

6.10. THEOREM. The maps sT : sGqear — 1156 and sT : i1s6& — sGqea are inverses of
quasi-categories.

We now proceed to restrict the results to (Segal) coCartesian fibrations. Following
[Ras21a, Definition 1.34] a Reedy left fibration of bisimplicial sets p : L — A[0,n] is a
Segal coCartesian fibration if the map Ly — Ly Xy, ... X1, L1 is an equivalence of left
fibrations for all £ > 2. Moreover, it is a coCartesian fibration if it is a Segal coCartesian
fibration and the map Ly — L3 X(,xz,) (Lo X Lo) is an equivalence of left fibrations.
The similarity with the conditions in Definition 4.3 is of course not coincidental and,
by [Ras2la, Theorem 1.35], both st' and si} preserve and reflect (Segal) coCartesian
fibrations.

Let Gegoear — SGaeat denote the full sub-simplicial set consisting of Segal coCartesian
fibrations over A[0,n]. Similarly, let €&Ggear — Segge,: denote the full sub-simplicial
set consisting of coCartesian fibrations over A[0,n]. The fact that st' and si} preserve and
reflect Segal coCartesian fibrations implies that the morphisms of quasi-categories s¥, sJ
restrict to morphisms

ST 1 Gegoey — 116eg, 8T : s5i16eg — Gegoea
and remain equivalences after restriction. We have the same equivalences
ST : C6Gqeat — 511€6G, sT: €66 — C6Ggeat,

due to the fact that coCartesian fibrations are preserved and reflected by st and si;.
Combining these observations gives us the following corollary.

6.11. COROLLARY. We have the following diagram of quasi-categories, where the hori-
zontal maps are inclusions and the vertical maps equivalences.

17€66 — 176eg — 156

ﬁlsj lej lej

CEGgeat — Geggeay — 5Gacat

le‘l' ﬁlsi le‘f

11€66 —— 116eg — 1156

Finally, we have the following result analogous to Corollary 6.7.

6.12. COROLLARY. t'€SGqea is a complete Segal space of complete Segal spaces with
(H'C€SGqeat ) given by coCartesian fibrations of bisimplicial sets over A[0,n] x N(I[l]).
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A. Minimal Reedy Fibrations

As part of our effort to construct and study the complete Segal spaces of interest, we, in
particular, need a theory of minimal fibrations in a variety of settings (examples include
Proposition 2.26 and Proposition 4.8). Hence, in this appendix we develop a theory of
minimal Reedy fibrations for a wide range of Reedy categories. In particular, we prove that
every equivalence between two minimal Reedy fibrations is an isomorphism (Proposition
A.6), and every Reedy fibration on an elegant Reedy category (which contains all examples
of interest by Example A.9) admits a unique factorization into a trivial fibration followed
by a minimal fibration (Theorem A.11). The content of this technical section does not
rely on the contents of the remainder of this paper and hence can be read independently.

Recall that a Reedy category is a quadruple (R, deg : Obj; — N, R™, RT) of a category
R, the degree function deg, a wide subcategory R~ in which all non-identity morphisms
decrease the degree, a wide subcategory R* in which all non-identity morphisms increase
the degree, and in which (R, R") is a factorization system, meaning every map f : r — r”

in R admits a unique factorization r < 7/ L , with ¢ in R~ and h in R*. For further
details, see the original source due to Reedy [Ree74] or more modern sources, such as
[Hov99, Definition 5.2.1] or [Hir03, Definition 15.1.2]. To simplify notation for a given
morphism in R between objects 7,7’ we adopt the notation » —~ 7’ for a non-identity
morphism in R~ and r —* 7’ for a non-identity morphism in R*.

For a given object r in the Reedy category R denote by 8(3%;) (O(R,))) the full
subcategory of 33;, (fRT_/) only lacking the identity. Recall, for a given functor X : R? —
Set, we have latching objects L, X = colim((9(R, ) — (R7)? — Set) and matching
objects M, X = lim((a(fR;))Op — (RT)? — 8et), which come with canonical natural
morphisms L, X — X, — M, X. See [Hov99, Definition 5.2.2] or [Hir03, Definition 15.2.3]
for more details. For a given presheaf X : R? — Set and element z in X, we denote the
image in M, X by Ox.

For a given object r, denote by F[r] : R’ — Set the presheaf representing r. Recall
that for a given object r in R we define OF[r] = colim,, ,+,F[ro] and for every X : R? —
C, we have the bijections

M, X = lim X,, = lim Hom(F[ro], X) = Hom(colimF'[ro], X)) = Hom(0F|r], X).

ro—tr ro—tr ro—+tr
(25)

We can characterize 0F[r] more formally. For n > 0, denote by R, the full subcat-
egory of R with objects having degree less than or equal to n . The evident inclusion
R<,, = R induces by restriction and left Kan extension an adjunction

skn

Fun(RZ,, 8et) . L " Fun(R, Set)

trn
A.1. REMARK. We make the following observations about the adjunction (sk,,tr,).

e Both sk, and tr, preserve colimits, as tr, also has a right adjoint via right Kan
extension.
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e The inclusion R<,, — R is fully faithful, and so the left Kan extension sk, is also
fully faithful [Riel6, Corollary 6.3.9].

e For every object X in Fun(RP, Set) we have a colimit diagram colim,,_, o skptr, X =
X [Hir03, Proposition 15.1.25].

e For an object r in R with degree n + 1, by construction the inclusion 0F[r] — F[r]
corresponds to the unit map sk,tr, F[r] — Flr].

For a given Reedy category R, the category Fun(R, sSet) admits a model structure,
the Reedy model structure, in which a morphism Y — X is a fibration if for all objects
r in R, the map Y, — X, X x M,Y is a Kan fibration of simplicial sets and it is a
weak equivalence if the map Y, — X, is a Kan equivalence for all objects r in R [Hir(3,
Definition 15.3.3, Theorem 15.3.4]. We aim to generalize minimal fibrations from Kan
fibrations to Reedy fibrations. We commence with the definition of a minimal Reedy
fibration. Recall that minimal Kan fibrations were introduced with the aim of studying
key properties of Kan fibrations and their relation to Serre fibrations [Qui68]. We will
primarily rely on [GJ09, Section 1.10].

A.2. DEFINITION. A Reedy fibration Y — X is minimal, if for all objects r in R the Kan
fibration Y, — X, X, x MY is a minimal Kan fibration.

Before we proceed with a thorough study of minimal Reedy fibrations, let us note
that there are several other generalizations of minimal Kan fibrations. First of all, there
is a notion of minimal inner fibrations and particularly minimal quasi-categories [Lur09,
Section 2.3.3], still working in the context of simplicial sets. There is also a generalization
to dendroidal sets [MN16]. Closest to our approach is a generalization to Cisinski model
structures on Eilenberg-Zilber Reedy categories [Cis14].

We commence our study by giving an alternative characterization in analogy to [GJ09,
Diagram 10.2]. Recall we denote the constant presheaf R%” — sSet with value A[n] also
by Aln]. Moreover, for an object r in R and n > 0, to simplify notation we use the
notation F[r,n] for the presheaf F[r| x Aln].

A.3. DEFINITION. Let R be a Reedy category and p : Y — X be a morphism in Fun(RP,
sSet). Two elements f,g : Flr,n| — Y are p-equivalent if there exists a commutative
diagram of the following form

OF[r,n| x A[l] ———— 0F[r,n]

] |

Flr,n]| =——= Fr,n| x A[1] Yy

;1}\ l

~

Flr,n] :
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A.4. LEMMA. Let R be a Reedy category. Then a Reedy fibrationp : Y — X is a minimal
Reedy fibration if and only if all p-equivalent (r,n)-simplices are equal.

PROOF. By definition p : Y — X is a minimal fibration if for all objects r in R, Y, —
M,Y X, x X, is a minimal fibration. This is equivalent to stating that for every r, every
n > 0 and every f,g: Fin,r] = Y, f = g if there exists a commutative diagram of the
following shape

O0A[n] x A[l] > OA[n]

By 25, we have M,Y = Hom(0F[r],Y). So, using the fact that, by [Hir03, Lemma
15.5.1], we have OF[r,n] = F[r] x OA[n] [1sppxoapm OF[r] x Aln] and Hom(9A[n], Y;) =
Hom(F[r] x 0A[n],Y), it follows from direct inspection that the data of this commutative
diagram coincides with the data of the commutative diagram in Definition A.3. ]

Let us establish elementary properties of minimal Reedy fibrations.

A.5. LEMMA. Minimal Reedy fibrations are stable under pullback. Moreover, minimal
Reedy fibrations are local in the sense of Lemma 2.19, meaning a Reedy fibration p : Y —
X is minimal if and only if for all morphisms h : F|r,n] — X the pullback h*p : h*Y —
F[r,n] is minimal.

PROOF. Let us assume we have a pullback square

Y — v

-
h*pl lp >

zZ " x

where p is minimal. It follows immediately that h*p is a Reedy fibration and so we only
need to establish the minimality property. Let f,g: F[r,n] — h*Y be two h*p-equivalent
(r,n)-simplices in h*Y. Then, jf,jg are p-equivalent (r,n)-simplices in Y and so equal
as p : Y — X is a minimal fibration. On the other hand, h*p(f), h*p(g) are equal by
assumption of being h*(p)-equivalent. Hence, by the universal property of pullbacks f = g
and so h*p : h*Y — Z is minimal.

Now, let us assume p : Y — X is a Reedy fibration satisfying the locality assumption
stated in the lemma. Let f,g : F[r,n] — Y be two p-equivalent (r,n)-simplices in Y.
This means that by assumption there exists a morphism F[r,n] x A[l] — Y, such that
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its projection via p : Y — X factors through a morphism h : F[r,n] — X. This induces
the following commutative diagram

OF[r,n] x A[ll] ——— 0F[r,n] =——= 0F[r,n|
g T, Lo,
Flr,n ]?F[rn] 2 >»Y
g\_/ lh* lp
Flr,n Flr,n) —*—— X

where the existence of the morphism 0F[r, n] — h*Y follows from the universal property of
pullbacks and the fact that the inclusion 0F[r,n] — X factors through h : F[r,n] — X.
Moreover, f'.¢" : F[r,n] — h*Y are defined via the universal property of pullbacks,
meaning we by definition have f = jf’ and g = j¢’. Now, by assumption h*p is minimal
and so f' = ¢/, which implies that f = ¢ and so, by Lemma A.4, p: Y — X is minimal
as well. -

We now proceed to generalize the first major property of minimal fibrations, as proven
in [GJ09, Lemma 10.4].

A.6. PROPOSITION. Let p : Y — X and q : Z — X be two minimal Reedy fibrations,
and f:Y — Z a level-wise equivalence over X. Then f is an isomorphism.

PROOF. We proceed by Reedy induction. Let r have degree 0. Then Y, — X, x5, x M, Y =
X, and Z, — X, X, x M, Z = X, are minimal fibrations and so, by [GJ09, Lemma 10.4],
fr 1 Y, — Z.is an isomorphism. Moving on to the induction step, let us assume for all
objects r in R with degree less than n, the map f, is an isomorphism. Now, let r have
degree n, then we have the following commutative diagram

}/; f’r' N Z,r,

~

| |

MY s x Xo —— M, Z X, x X»

The two vertical morphisms are minimal Kan fibrations by assumption. Moreover, by
definition of the matching object as a limit of lower degree objects and the induction
assumption, the bottom map is an isomorphism. Hence, again by [GJ09, Lemma 10.4],
fr is an isomorphism. [

We now want to generalize the factorization into a trivial fibration followed by a min-
imal fibration, which necessitates proving the analogue of [GJ09, Lemma 10.2]. However,
this actually does not hold in all Reedy categories.
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A.7. EXAMPLE. Let [1] = {0 — 1} be the Reedy category with deg(0) = 1, deg(1) = 0,
[1]7 = [1], and [1]T having only identity maps. Then for a given functor X : [1]% — Set,
L1 X = X[0] and M; X = %, meaning the comparison map L; X — M;X is generally not
injective.

We hence restrict our attention to a class of better behaved Reedy categories, known
as elegant Reedy categories and introduced by Bergner—Rezk [BR13, Definition 3.5]. A
Reedy category R is elegant if the category R~ has pushouts that are preserved by the
inclusion into R and also into Fun(R, Set) via the Yoneda embedding. This condition
has the following technical implication.

A.8. LEMMA. Let R be an elegant Reedy category. Let ry <~ r —~ ry be a cospan in R
with pushout r3. Then the following is a pushout diagram in Fun(RP, Set)

OF[r] AN Flri]

lm lql .

F[TQ] L F[T’g]

PROOF. Let n = deg(r) — 1 (note we must have degr > 0). By Remark A.1, the functor
skytr, preserves colimits. We hence have a pushout diagram

skptr, F[r] Shnlrnpy skptr, Flri]

lSkntrnPQ lSkntrnql .

skptr, Flrs] SEnlrnga skptr, Flrs]

It now follows from Remark A.1 that sk,tr,F[r;] = F[r;] for i = 1,2,3 and sk,tr, F[r| =
OFr], giving us the desired pushout. "

While it might appear that the elegance condition restricts the applicability of the
results, it does hold in all relevant cases, as the following example demonstrates.

A.9. EXAMPLE. Let n,k > 0, then the category A* x ©,, is an elegant Reedy category
[Hir03, Proposition 15.1.6], [BR13, Corollary 4.5]. Here ©,, denotes Joyal’s ©,-category,
relevant for the study of (oo, n)-categories [Rezl0al. More generally, elegant Reedy cat-
egories include all Eilenberg-Zilber Reedy categories [BR13, Proposition 4.1], and so it
generalizes the work in [Cis14].

We can now prove the analogues of [GJ09, Lemma 10.2] for elegant Reedy categories.

A.10. LEMMA. Let R be an elegant Reedy category and X : R°P — Set a functor. Then
forallr inR, L,X — M,X is an injection. More explicitly, for two degenerate r-simplices
x,y, Or = Oy implies x = y.
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PROOF. Let us first unwind the statement. By [BR13, Proposition 3.7] an element z in
L,.X corresponds to a degenerate element in X,, which is represented by a morphism

x: Flr] == F[ri] z X,. So, we need to prove that for two given morphisms x : F[r] —
Flri] 5 X, y: Flr] > Flra) % X, 0z = 0y implies z = .

By Lemma A.8, we have F[ri[[,ra] = F[ri][]yp Flrz] and so the equality 0z =
dy induces a map 2’ +y' : F[r1] [{ypy Flra] = Flri]], ] — X. Now, the bijection
Elri] Hpyy Flro] = Flri 10, 2 gives us a map 2’ +y' : Flri|[[p,) Fr] — X, which

by definition of pushouts implies that the two morphisms z : Flr| —~ F[r] “y X and
y: Flr] == F[ry] & X are equal. n

With this lemma at hand, we can now proceed to the main result (i.e. the analogue
to [GJ09, Proposition 10.3]): the construction of the desired unique factorization.

A.11. THEOREM. Let R be an elegant Reedy category. Then every Reedy fibration p :

Y — X admits a factorization p:Y = Min(Y) X into a trivial fibration followed by
a minimal Reedy fibration, which is unique up to isomorphism.

PROOF. We first show p : Y — X restricts to a minimal Reedy fibration Min(Y) — X,
such that the inclusion admits a deformation retract, then show that the retract is a
trivial fibration and finally prove uniqueness.

Deformation Retract: First, we construct a retract diagram Min(Y) Sy 4
Min(Y) over X, along with a homotopy h : Y x A[l] — Y from idy to jg, such that
Min(p) = pj : Min(Y) — X is a minimal Reedy fibration. We will proceed by Reedy
induction and construct Min(Y)™ as an object in Fun((R” x A?).,,8et) inductively,
adjusting the argument in [GJ09, Proposition 10.3]. More concretely for every n € N we
show the following:

10 (n)
1. There is a retract diagram Min(Y)™ 2= tr Y L5 Min(Y)™ over tr, X, appropri-
ately extending the analogous retract diagram for n — 1.

2. There is a homotopy h™ : A[1] x sk,tr,Y — Y from the counit (c,)y : skntr,Y — Y
to (cn)y o sk,j™ o sk,q™, appropriately extending the homotopy h(™~Y such that
h(™ restricted to Min(Y)™ is constant, meaning it is equal to (c,)y o sk,j™ om :
Min(Y)™ x All] =Y

3. Any two po (¢,)y o sk,j™-equivalent (r, k)-simplices (in the sense of Definition A.3)
in sk, Min(Y)™ are equal.

Assuming we have constructed this data for all n, our desired retract follows from taking
the following colimit in Fun(R, sSet)

. s n(n) skn (n) .
Min(Y) <& YV 4 Min(Y) = colim sk, Min(Y)™ ST skt Y S sk, Min(Y)™),

n—oo
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where we are using (Remark A.1). Similarly, we have the homotopy i = colim(h(™ :
n—oo
A[l] x skutr,Y — Y), which is a homotopy from colim (¢,)y = idy to colim (c,)y o
n—00 n—o0

sknj™ o sk,q™ = jq. In addition to that, Min(p) : Min(Y) — X is a Reedy fibration,
as it is a retract of the Reedy fibration p, and so it is a minimal Reedy fibration, by
Lemma A.4, as any two pj-equivalent simplices are equal, by the third condition above.
Let us now move on to constructing Min(Y )™ with the desired properties via Reedy
induction. We start with the base case. By definition of Reedy categories, (RP x A%) < is a
discrete category. Moreover, by [Hir03, Proposition 15.1.6], deg(r, k) = deg(r) + deg(k) =
0 if and only if deg(r) = deg(k) = 0, which is equivalent to deg(r) = 0 and k& = 0.
Hence (R x A)<o = ], eq_,(
each p-equivalence class in Y,o. The inclusion comes with an evident map ¢\© : troY,o —
Min(Y)T%) sending each element to the representative of its equivalence class. Now, by
assumption every element in Y, is homotopic to an element in Min(Y)i%) and so we can
readily define amap h(®) : A[1] x skotroY — Y, where we pick identity paths if the element

r,0). Define /\/lin(Y)f,%) as a choice of representative of

in skotroY,o lies in Min(Y)ﬁ%). Finally, if deg(r, k) = 0, then any two p o (cg)y o skoj®-
equivalent (r, k)-simplices in skoMin(Y)g,? are equal by construction, and for all other
objects (r, k) in R x A, all (r, k)-simplices in skoMin(Y)© are degenerate and hence any
two p o (co)y o skoj®-equivalent (r,k)-simplices in skOMin(Y)g?c) are equal by Lemma
A.10.

Now, assuming we have defined Min(Y)™ with the desired properties, we now move
on to define Min(Y)™ Y, proving the induction step. First, for every object (r, k) in
R x A with deg(r, k) < n+1 we define Min(Y) " = Min(Y)". Next, for every object
(r,k) in R x A with deg(r, k) = n+ 1 we define Min(Y) 7™ = Dy U (Ry, N M,y,) C Yo,
where D,, R, and M, are characterized as follows:

e D, is defined as the set of all degenerate elements in Y,; that lie in the image of
the inclusion

Ly ((Cn)Y osk"j(") )
B

L8k, Min(Y)™ LY —— Yy .

e R, is a set of one representative from each p-equivalence class in Y, not equivalent
to any degenerate element.

e M, consists of all elements in Y,; whose image under the projection Y, — MY
lands inside the image of the inclusion

((cn)y 08knj™
My pskoMin(Y) () Lrellenlyesktnd Ty

The first and last condition guarantee that we have a factorization L, Min(Y )™+ —
Min(Y)" ) = My Min(Y)™ D which, by [Hir03, Theorem 15.2.1], is the necessary and
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sufficient condition for tr,, ;1Y to restrict to a sub-functor Min(Y)" 1) : (RxA)<py1)? —
Set and we denote this natural inclusion by ;™1 : Min(Y)™+) — tr, 1Y

We now proceed to define the retract of 5+ denoted ¢V : tr, ., Y — Min(Y)"+D,
If = is an (r, k)-simplex with deg(r, k) < n + 1, we define ¢ ”“)(1’) = ¢ (x), hence let
us assume (r, k) in R x A with deg(r,k) = n+ 1 and x € tr, 1Y, If 2 is p-equivalent
to a degenerate element, then the value of ¢"*V(x) needs to be degenerate and is hence
already determined by ¢(™. So it suffices to consider the case where x is not p-equivalent
to a non-degenerate (r, k)-simplex. In order to able to define ¢"*V)(z), we first define the
two morphisms hy, g, : F[r, k] x A[l] —

If 2 lies in the image of (**1),, then we define hy, g, : Fr k] x A[l] = Y as the
constant map g, = h, = x o . If not, then we define h, : F[r,k] x A[l] = Y as a lift to
the following commutative diagram

OF[r k] x AlL] [[ Flr.k] x m}h”m“

Y
OF [rK]
>y X

Flr, k] x A[1]

pxomy

By induction assumption A is a homotopy from (c,)y to (cn)y o skn(5™) o sk, (¢™),
which means that h(™ restricted to OF[r, k] x {1} takes value in the image of sk, (j™) :
sk,Min(Y)™ < Y. Hence, as h, is defined as a lift of h(™, h, restricted to OF[r, k] x {1}
also takes value in sk, Min(Y)™ < Y. However, Min(Y )( i ) consists by definition of
a unique representatlve from each p-equivalence class in Y, Whose boundary lands in
sk,Min(Y)™. Hence, there exists a unique element in Min(Y’ )("+ that is p-equivalent
to h,(F[r,k] x {1}) : F[r,k] — Y, which we denote by ¢™*Y(zx), and there exists a
morphism g, : F[r,k] x A[l] — Y witnessing the p-equivalence, meaning making the
following diagram commute:

OF[r, k] x A[l] —— OFr, k]

ha (F[r,k]x{1}) l&hz(F[r,k}X{l})

~

Fhﬂ::%%:ﬁf%ﬂijm w3y
l”

q(”+1)(x) 3
Flr, k| X

Our choice of element ¢V (z) induces a morphism ¢+ : tr, ;Y — Min(Y)"*V | that
in fact gives us a retract diagram, as for every element in the image of j™**V, we defined
hs, g, to be constant.

Next, we construct the desired homotopy A"V : A[1] x sk, 1trp 1Y — Y from the
counit (an) D Skppitrns1Y — Y 10 (Coy1)y © Sknp1jY o sknyp gV, appropriately
extending the homotopy h(™, such that A"V restricted to Min(Y )"V is constant,
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meaning it is equal to (c,41)y © skp 1Y o Min(Y)™ D x A[1] — Y. We consider
three separate cases.

For a given object (r,k) in R x A and (r, k)-simplex z, if deg(r, k) < n + 1, we define
R = F[r k] x A[l] = Y. Next, if deg(r, k) = n + 1 and the (r, k)-simplex z lies
in the image of sk(™+1) ](ZH), then we define h{""™" : F[r, k] x A[1] — Y as the constant
path, i.e. the composition x o : Fr, k] x A[l] — F[r,k] — Y. Finally, let us assume
deg(r, k) =n+1 and z is an (r, k)-simplex in sk, 1tr,+1Y that does not lie in the image
of sk™+ 7+ Then we construct A" : Flr k] x A[1] = Y in two steps.

Let 6, be given as a lift to the following commutative diagram

(81 ha+ hz +gz

OF[r k] x A2l [  Flr k] x Al2)x s Y
OF[r k] x A[2]1 l
[ -
Flr, k] x A)2] prem . X
Then, we define Rty Flr k] x All] =Y as 0,0 (idpjx X di), completing our definition

of the morphism A (n+1) : A[1] X skpyatrpY — Y. We hence only need to confirm it
satisfies the desired conditions.

By construction AV is compatible with A™. Moreover, if x is in the image of

skt j(+1) then by construction the homotopy is constant, mean1n§ R(™+1) is constant
when restricted to the image of sk(+1j("+1) " Also, by definition R restricted to O is
given by h,, which by construction is equal to hg;). Finally, we have in fact constructed
a homotopy from z to (cpy1)y © ki1 (7)) 0 skyy1(¢" ) (x). Indeed, this is evident
for all simplices in the image of sk™+1)j(*1) a5 it is the constant homotopy. For all
other cases, for (r, k)-simplices with deg(r, k) < m + 1 this follows from the induction
assumption and for (r, k)-simplices x with deg(r,k) = n 4+ 1, we have a homotopy from
he(Flr k] x {0}) =z to g.(Flr, k] x {1}) = ¢"*)(x).

Finally, if deg(r, k) < n + 1, then any two p o (c41)y © skni1j ™ V-equivalent (r, k)-
simplices in sk, 1 Min(Y )SZH) are equal by construction, and for all other objects (r, k)
in R x A, all (r, k)-simplices in sk, Min(Y)" 1 are degenerate and hence any two p o
(Cos1)y © 8kny1j " Y-equivalent (r, k)-simplices in sk, 1 Min(Y )( k+ ) are equal by Lemma
A.10.

Trivial Fibration: Next, we show that the map ¢ : Y — Min(Y") is a trivial Reedy
fibration. We will follow the argument in the original proof of Quillen [Qui68]. We need
to prove that the following commutative diagram admits a lift

OF[r,n] —*—Y

i lq

Flr,n] —— Min(Y)
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First, we observe that the deformation retract h : Y x A[l] — Y restricts along a :
OF[r,n] — Y to a map ha : OF[r,n| x A[l] — Y, which is a homotopy from a to
jqa = jbi. Now, we have the following commutative diagram

a

OFr,n] m T Min(Y)

%

Y
OF[r,n]
ZJ: ixidix—!{-l}idx{l}\[g ’//,/” %
idx {0} " . X

Flr,n] » F[r,n] x All]

Min(p)bm

The map ¢ X id 4,51y id x {1} is a Reedy equivalence and so there exists a map ¢ :
Flr,n] x A[l] — Y, such that ¢k = ha + jb and pl{ = Min(p)br;. By construction
((id x {0})i = a and so we only need to prove that ¢f(id x {0}) = b.

The map ¢f : Flr,n] x A[l] - Min(Y) is a homotopy from ¢f(id x {0}) to ¢jb = b
relative to their boundary that is trivial in X, meaning it gives us a Min(p)-equivalence
in the sense of Definition A.3. By minimality of Min(p) and Proposition A.6 we get
ql(id x {0}) = b and hence q is a trivial fibration.

Uniqueness: Finally, we show the factorization is unique. Let us assume we have a

second factorization Y L M —> X. The map ¢'j is a composition of equivalences and we
have

p'q'j = pj = Min(p)gj = Min(p),
which implies that ¢’j : Min(Y) — M is an equivalence between two minimal Reedy
fibrations over X. Hence, by Proposition A.6, ¢'j is an isomorphism and we are done. m
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