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Introduction

This thesis is a reorganisation of three papers, jointly written with Soichiro Fujii and Yuki Maehara | ;

|, into a single coherent account. The most essential parts of these three papers are reflected

in Chapters 2, 3, and 4, respectively, while the background material and technical preliminaries common to all

three have been extracted and arranged into Chapter 1. Each chapter begins with an introduction based on

the introduction of the corresponding paper, and so we refrain here from entering into the detailed discussion
of each chapter separately.

In this Introduction, we first give a brief overview of Grothendieck’s homotopy hypothesis | |, which is
the common theme underlying the three papers, and we explain how the present work fits into this picture. We
then describe the structure of the thesis, and finally list some of the notation that will be used throughout.

In his long, unpublished manuscript Pursuing Stacks | |, Grothendieck suggested that homotopy types
should be understood in terms of so-called w-groupoids. The idea that homotopy types, usually modelled by
Kan complexes or CW-complexes and their variants, might instead be described by algebraic objects such as
w-groupoids is now known as Grothendieck’s homotopy hypothesis | ; |.

The central idea itself is simple, and already visible at a very early stage in the study of homotopy and
category theory. For instance, in an undergraduate course on algebraic topology, the notion of homotopy is
often introduced as follows. A 1-homotopy is a path between points of a space, a 2-homotopy is a path between
paths, a 3-homotopy is a path between 2-homotopies, and so on. In other words, the concept of homotopy is
obtained by iterating and formalising a notion of ‘being connected by a path’ as a higher-dimensional structure.
On the other hand, when one first encounters the notion of natural transformation in category theory, it is
introduced as a ‘morphism between morphisms’, that is, a morphism between functors, and afterwards the
idea of a 2-category is presented as a formalisation of this picture. In both explanations, it is natural to draw
intuitive diagrams of the following ‘globular’ shapes.

[ ] o — @ .@. Q@.

If we forget, for the moment, the additional structure coming from homotopies or compositions and
identities, and retain only these globular diagrams, we obtain what is called a globular set. Very roughly,
Grothendieck’s homotopy hypothesis is the question of whether one can recover the notion of homotopy type
completely by putting suitable algebraic structure on such globular sets, which can be thought of as a ‘bare
shape’ of homotopy (cf. | ; D.

In recent years, by enhancing homotopy types (Kan complexes) in various ways to encode a notion of
‘direction’ of homotopies, many different models of (oo, n)-categories have been constructed, and the equivalences

between these models have been intensively studied | ; ; ; ; |]. On the algebraic
side, however, there remain highly non-trivial issues: for example, it is now Well understood that the most naive
notion, that of a strict w-groupoid, is not suitable as a model for general homotopy types | ]. Motivated in

part by this failure, Grothendieck himself and many other researchers have sought more appropriate algebraic
notions of w-groupoid or w-category. A variety of models have been proposed, and the relationships between
them have been clarified to a significant extent in recent years | ; ; ; ; ; ]

Considering this background, it is reasonable to formulate the homotopy hypothesis in the following way.

Whether there exists a model of algebraic weak w-categories on globular sets whose homotopy
theory is (in the homotopical sense) equivalent to that of any given model of directed spaces,
that is, of (00, c0)-categories.

The most essential step towards answering this question is to develop homotopy theory on the algebraic
side. More concretely, one would like to equip the category of weak w-categories with a (weak) model structure
or a suitable variant, and to develop a homotopy theory that is rich enough to be comparable with the usual
homotopy theory of spaces.



2 INTRODUCTION

In this thesis we work with one particular candidate for such an algebraic model of w-categories, namely
the Batanin—Leinster style weak w-categories introduced by Batanin | | and subsequently formulated by
Leinster | |, and we develop a fragment of homotopy theory in this setting. In Chapter 2 we introduce the
notion of a weakly invertible cell as a way of measuring ‘internal equivalences’ within a single weak w-category,
and we study its basic properties in detail. In Chapter 3 we define and investigate a notion of equivalence
between weak w-categories, which plays a central role in the homotopy theory. Finally, in Chapter 4 we define
a notion of fibration between weak w-categories, extending the notions of isofibration between categories and
equifibration between 2-categories, and we establish its fundamental properties. This notion of fibration is one
of the basic building blocks for (weak) model structures on the category of weak w-categories.

As indicated above, the problems addressed in this thesis arise from an attempt to extract directly the
algebraic properties that the notion of homotopy should satisfy, without passing through ‘richer’ geometric
objects such as topological spaces or simplicial sets. Consequently, phenomena that are usually regarded as
almost ‘trivial’ in standard homotopy theory appear here in a highly non-trivial form. For instance, the main
theorem of Chapter 2 shows that invertible cells, that is, equivalences internal to a weak w-category, are closed
under all the compositions defined in this setting. The main theorem of Chapter 3 establishes that weak
equivalences between weak w-categories satisfy the 2-out-of-3 property, a property that would normally be
considered almost obvious for many familiar notions of homotopy equivalence and their natural extensions.

In this sense, the theory developed in this thesis could be described as taking a deliberately ‘naive’ approach
to the phenomenon of homotopy. Precisely for this reason, however, homotopical phenomena present themselves
here in their most elementary form. To deal with them adequately, the work in this thesis demands a close
interaction between intricate combinatorial methods and categorical techniques for organising and structuring
them. Indeed, all of the chapters deal with highly involved combinatorics concerning the manipulation of cells
of globular sets. At the same time, cartesian monads, coinductive methods for capturing invertibility, and the
theory of algebraic weak factorisation systems | ; ; ; | play crucial roles in ensuring that
these constructions can be carried out safely and smoothly. We collect this technical background in Chapter 1.

The three original papers | ; ; | lay the most basic foundations for a homotopy
theory on Batanin—Leinster style weak w-categories, and at the same time form part of an ongoing project
towards resolving Grothendieck’s homotopy hypothesis. The present thesis is intended as an ‘interim report’,
bringing together the techniques and results obtained so far into a single place. I hope that this report will
serve as a modest guide for readers seeking to understand the nature of homotopy and of higher categorical
structures.

Outline of this thesis. This thesis is organised as follows.

Chapter 1 fixes the basic setting and notation used in the rest of the thesis. We begin by recalling globular
sets, strict w-categories, and the Batanin—Leinster notion of weak w-categories, and we describe the free weak
w-category monad on globular sets. We then review further categorical tools that underlie our constructions,
including cartesian monads, algebraic weak factorisation systems, and algebraic injectivity, with particular
emphasis on the small object argument and fibrant/cofibrant replacement. Finally, we introduce a simple
coinductive framework which will later be used to define and analyse notions of invertibility in weak w-categories.

Chapter 2 develops the notion of weakly invertible cells in a weak w-category. These are intended to play the
role of internal equivalences within a single object. The main result of the chapter shows that weakly invertible
cells are closed under all the compositions defined.

Chapter 3 introduces a notion of w-weak equivalence between weak w-categories, modelled on the idea that
a functor should be an equivalence if it is essentially surjective in all dimensions. After proving that w-weak
equivalences satisfy the 2-out-of-3 property, we extend our scope to weak w-functors, and show that weak w-weak
equivalences also satisfy the 2-out-of-3 property. We also relate such weak w-weak equivalences to more classical
notions of equivalence in low-dimensional truncations of weak w-categories.

Chapter 4 studies equivalence cells and fibrations between weak w-categories. We first show that two
natural definitions of equivalence cells in a weak w-category—via a two-sided inverse, or via separate left and
right inverses—agree. We then define w-equifibrations and characterise them by a right lifting property against a
set J of strict w-functors, obtained from families of maps between marked weak w-categories using the algebraic
small object argument. By specifying a certain family Iz, we describe the resulting universal set Jr explicitly,
and show that this construction produces a weak version of Ozornova—Rovelli’s coherent walking w-equivalence.
Finally, we show that between strict w-categories, w-equifibrations coincide with the fibrations in the folk model
structure.
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Deferred proofs and additional remarks are collected in Chapter A. In Chapter B, we revisit the construction
of the free strict w-category monad on globular sets developed in | , Appendix F], from the viewpoint of
familial representability, and provide more detailed expressions for some of the structures involved.

General notation. By a category we mean a locally small (possibly large) category. We write
Idx for the identity morphism on X, Id when the object is clear from context.

We denote by 2 the walking arrow (the category with two objects and a single non-identity arrow 0 — 1).
For any category C, its arrow category is C?: its objects are morphisms f: A — B of C, and a morphism
(u,v): f — f'is a commutative square in C, i.e. vo f = f'ou with u: A — A’, v: B — B’. We write dom
and cod for the domain and codomain, which form functors C2 — C for each category C.

Given categories A and B, we write [A, B] for the functor category whose objects are functors A — B
and whose morphisms are natural transformations.

If C has an initial object () and a terminal object 1, then for each object Y € Obj(C) we write
.0 —Y and ly:Y —1
for the unique morphisms.

For a set S, we write S* for the set of all finite lists (finite sequences) of elements of S; the empty list is
written nil.

We use the following size conventions.
Set is the category of (small) sets, SET is the (huge) category of classes,
Cat is the category of small categories, CAT is the (huge) category of possibly large categories,
Cat is the 2-category of small categories, CAT is the (huge) 2-category of possibly large categories.

Given a category C, we write Obj(C) for its (possibly large) class of objects. Given composable morphisms
f:A— Band g: B— C in C, we use any of the following equivalent notations for their composite:

e gof (the ‘classical” order composition)
o gf (abbreviation of the above)
e fs3g (the ‘diagrammatic’ (left-to-right) order composition)

We adopt the same convention for the composition of functors and natural transformations.

We write N for the set of natural numbers, taken to include 0: N = {0,1,2,...}. Indices and generic
natural numbers are denoted i, j, k.1, £, m,n,r € N. Unless stated otherwise, we use z,vy, z, u, v, w, p, q for cells
of appropriate dimensions, and f, g, h for morphisms (in particular, for strict or weak w-functors when C is a
category of w-categories).






CHAPTER 1

Preliminary
In the first two sections of this chapter, we recall Leinster’s definition of weak w-categories | ], which is
based on an earlier definition by Batanin | |. Along the way, we also introduce some notation. In short, we

shall define a weak w-category as an Eilenberg—Moore algebra of a suitable monad L on the category GSet of
globular sets. The monad L for weak w-categories is defined using the monad T on GSet for strict w-categories:
L is the initial cartesian monad over T with contraction.

The last two sections (Sections 1.3 and 1.4) of this chapter is devoted to some other preliminary notions
and results that will play important roles throughout this thesis: that is, algebraic injectivity and coinduction.

1.1. Strict w-categories as algebras over globular sets

Although there are several ways to define strict w-categories, the one most directly related to the Batanin—
Leinster definition of weak w-categories is the approach that treats them as algebraic structures on globular
sets. This rests on the idea that, among the ingredients appearing in the definitions of strict w-categories, the
only structure that weak w-categories should (in a strict sense) share is the globular set structure — that is,
the source and target data for cells. Put differently, a Batanin—Leinster-style weak w-category is defined by
weakening every part of the structure of a strict w-category other than its underlying globular set structure.

This observation directly motivates the following advantage of this style of definition: suitably ‘weakening’
arguments that work for strict w-categories allows one to convert them into statements and proofs for weak
w-categories. To realise this programme, we must capture the notion of ‘weakness’ with precision and weave
it appropriately into the proofs in the strict setting. For this, all combinatorics concerning strict w-categories
need to be described in detail at the level of algebraic structure on globular sets.

In this section, we carry out a detailed analysis of the structure of strict w-categories as algebras on globular
sets — equivalently, the structure of the free strict w-category monad T — and provide tools adequate to handle
the various combinatorics that will arise in the later chapters.

Almost all of the contents of this section are taken from [ , Section 2], although some results and
descriptions are added or modified for clarity, and some results have also been extracted from the preliminary
sections of | ; |. For items (definitions, propositions, etc.) drawn from the latter two papers,
we have attached explicit citations to the corresponding blocks to make this provenance clear.

1.1.1. Globular sets.

Definition 1.1.1.1. Let G be the category freely generated by the graph

0‘0 0‘1 o N
0 = 1 ~ 2 n - n+l 7
subject to the following equations
oyt = gngntl g gntl — pngpntl (1.1.1.1.1)
Explicitly, we have
{om, 7"} ifm <
G([m], [n]) = < {Idp} if m = n;
0 it m > n,
where 0™ = 0" log" 20.-co0™and 7" =7""tor" 2007, N

Definition 1.1.1.2. A globular set is a presheaf over G. We write GSet for the presheaf category [GP, Set] of
G. Explicitly, a globular set X is a graded set (X,,)nen equipped with functions

SN (= Xon )t Xy — Xy, 00N (= X0 ) X — X,

5
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for each n < m in G, which are called the source and target maps, respectively. They are subject to the
equations corresponding to (1.1.1.1.1). For convenience, we also write s> and t’»* for the identity map on
X,,. We sometimes omit the superscripts, and write simply like st and sX,tX for SZ“X and t:{“X .

n» - ’n no’'n

Given a globular set X and a natural number n € N, elements of X, are called n-cells of X. J

Definition 1.1.1.3. Let X be a globular set, and let n € N be a natural number. Two n-cells x and y of X
are said to be parallel if s (z) = s:X (y) and t:X (x) = t:X (y) hold for each m < n. In other words, all 0-cells of

X are parallel, and when n > 1, z,y € X,, are parallel if and only if sX_(z) = sX_;(y) and tX_;(z) = tX_;(y)
hold. For an n-cell u of X (n > 1), we write u: x — y to mean s;»_;(u) = x and t;*_; (u) = y. a4

Definition 1.1.1.4. Let n be a natural number. We write G™ for the representable globular set G(—, [n]); it
has precisely one n-cell, two m-cells for 0 < m < n, and no m-cells for m > n. We write 6" : G" — G"*! and
T™: G™ — G™*! for the morphisms in GSet corresponding to ¢ and 7" in G, respectively.

For any globular set X, the morphisms G — X in GSet correspond to the n-cells of X by the Yoneda
lemma; for x € X,,, we also denote the corresponding morphism by z: G" — X. a

Definition 1.1.1.5 (| , Section 2.1]). Let n be a natural number. We write 0G™ for the boundary of
G™; i.e., the largest proper globular subset of G". In other words, 0G™ is obtained from G™ by removing its

unique n-cell. We denote the associated inclusion by ¢": 9G™ — G™. The factorisation of ¢~ 1: G*~! — G"

through " is written as 0571:

. aGn—l .
”V l& (1.1.1.5.1)
Gn—l — G — Gn—l

Tg_l is defined similarly as the factorisation of 77~! through .". a
Remark 1.1.1.6 (| , Section 2.1]). For a globular set X, we have u: x — y in X if and only if the
diagram

acm (z,y) X

L"l /

G’I’L
commutes in GSet. N

Remark 1.1.1.7. These morphisms (" in Definition 1.1.1.5 may be depicted as follows:

SR SISt
bk k
()l bl

Inductively, G is the empty (initial) globular set, and for n > 1, we have a pushout diagram

n—1
aanl L anl

n—1 n—1
L o
\L r l o

Gt ——p oan
To
in GSet. Therefore for any globular set X, the morphisms 0G™ — X correspond to the parallel pairs of

(n — 1)-cells if n > 1; for each pair (u,v) of parallel (n — 1)-cells of X, we denote the corresponding morphism
by (u,v): 0G" — X. N

Definition 1.1.1.8. We write GSet.. for the under category G° LIG"/GSet, which is the category of 2-pointed
globular sets. Given a 2-pointed globular set (X, (z,y)), we define the hom globular set X (z,y) as the following
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pullback in GSet:

Xz, y) ———— X

-
| e

1 W A(X()) X A(Xo)

Here, 1 is the terminal globular set and A: Set — GSet is the constant presheaf functor. The globular set
X_ 41 is defined by (X_41)n = Xp41 for each n € N. In more elementary terms, n-cells of X (z,y) are n+ 1-cells
f of X satisfying s5 (f) = = and t; (f) = y. This extends to a functor (X, (x,y)) — X (z,y): GSet,. — GSet
in an obvious way. a

Remark 1.1.1.9. The hom-globular set functor has a left adjoint X — (X X, (x,%’)): GSet — GSet.,., and
we write 3: GSet — GSet for the composite of this left adjoint with the forgetful functor GSet.. — GSet,
which we call the suspension functor. Observe that ¥ preserves connected colimits, since the forgetful functor
GSet,. — GSet is a projection from an under category, and hence it creates connected colimits.

This sends a globular set A to the 2-pointed globular set (x,x'): G’ UG® — X A given by

(24), = {{*7 =0,

An—l n Z 1
A _ ZA _ /
where s5 " (a) = x and t5 " (a) = « for all a € A]. See also Remark B.3.18. N

Notation 1.1.1.10. The terminal globular set 1 is the globular set such that 1,, is a singleton for each n € N.
We write %, for the unique n-cell of 1. 2

1.1.2. The free strict w-category monad T. In this thesis, our treatment of strict w-categories is as
follows: we give an explicit description of the free strict w-category monad T on GSet, and think of strict
w-categories as algebras over this monad. However, since it is useful to give a direct and concise definition of
strict w-categories, we present the following definitions of strict w-categories and of the free strict w-category
monad.

Definition 1.1.2.1. A strict w-category is a globular set X equipped with the following additional structure.

e A structure (x;, ., idinl) of a category on the graph (sX,tX): X,, = X,, for each n < m.

* For each n < m < [, the 2-globular set X; = X,,, = X, is a 2-category with the structures of categories
(X iy ), (*fﬁhidil), and (x,,idX,): ie., for any cells z,y,a,b in X, U X,, U X;, the left- and
the right-hand sides below are defined simultaneously, and these equations hold:

(ff*ﬁ,ly)*iz(a*ﬁ,zb) = (x*ila)*ﬁ,z(y*izb)

(idﬁ,zx)*iz(idiﬁza) = idi,z(x*x

n,m
iy, (i, @) = id;y @

m,l n,m

a)

A strict w-functor between strict w-categories is a morphism of the underlying globular sets preserving all the
additional structures above. Let Str-w-Catg be the category of small strict w-categories and strict w-functors.

Definition 1.1.2.2. The forgetful functor Str-w-Cats — GSet is monadic | , Theorem F.2.2], and the
induced monad on GSet is denoted by T = (T,nT, u1). J
Reconstructing the proof of the theorem | , Theorem F.2.2] carefully, we obtain the following inductive

description of the monad T. See Chapter B for more details.

Fact 1.1.2.3 (Theorem B.4.1). Here, we summarise some known' facts about the monad T, which in fact
characterise it. Here we give these in an inductive form, which is discussed in detail in Section B.4.

(i) T is a familial monad (see Definition B.3.13 for more details): i.e., it satisfies the following properties.

—

e There exists a familial representation functor (—): G/T1 — GSet such that the sliced functor

T/ : GSet — GSet/T1 is isomorphic to the nerve of a, through the canonical equivalence
GSet/T1 ~ Psh(G/T1). Here, G/T1 is the category of elements of the globular set T1.

IIndeed, the familial representation of T is discussed in all sort of literature like | |, but here we give it in an inductive
form, which seems not to have appeared explicitly in the literature. Moreover, as far as the author knows, the explicit description
of the multiplication of T has not appeared in the literature.
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e The natural transformations uT: TT — T and 77T: Idgset — T are cartesian: i.e., their natu-
rality squares are pullback diagrams (see Definition 1.2.2.1).
(ii) The set of n-cells (T1),, is 1*™ for each n € N, which is the n-fold iteration of (—)* applied to the
terminal object in Set.
(iii) The source and target maps of type (T1),4+1 — (T1), in Set coincide with each other, which we
denote by 9. This is inductively determined as follows.
e 931 (T1); — (T1)p is the unique one towards the terminal set.
e Ol = (9r")* is the image of 0 under the functor (—)*: Set — Set.

(iv) The familial representation (n + 1,7) is the colimit of the diagram

— /\ /\

NN NN

(see also (B.3.25.1) for ¢ = n), and (0,/?) is the representable globular set G°. Note that (T1),; is
the same as the set of lists (T1)}, and we regard the list @7 = (m;41)i<n of elements of (T1),, as an
element of (T1),41.

The leftmost * and the rightmost « in the above diagram give the parallel morphisms

08 17005 (n+1,7) = (0,%) — (n+1,7),
and for each m < n, the parallel morphisms

s e R e
ot o (n+1,7) — (n+1,7)

are those induced from the universal property of the above colimit by the morphisms

—

S(o7), S(7): DAL, mi1) — E (n, Tig1)

for each ¢ < n, respectively.
(v) (N5)ns1(kns1) € Tl,yq = T1Z is the list of length 1 whose unique element is (7] ), (*,) € T1,,. N

The remainder of this section is devoted to unpacking the above inductive description of the monad T. To
this end, we employ the following notions of pasting schemes, which gives a direct description of the globular
set T'1.

Definition 1.1.2.4 (See | , Section 2.1] and [ , Section 4]). A (globular) pasting scheme k is a pair
((ki)i<r, (E;y1)i<r) of sequences of non-negative integers satisfying k; > k; 1 < kj41 for each i < r. We often
denote a pasting scheme k as a table of non-negative integers

ko by k,
k, ky ... k

k:

T

We call r the rank of k, which is denoted by rank(k). The level of k, defined by max{k; | i < r}, is denoted
by level(k). For m > 0, a pasting scheme of dimension n is a pasting scheme k as above which moreover
satisfies level(k) < n for all i < r. We write PS,, for the set of all pasting schemes of dimension n, and write
PS = U,enPS,, for the set of all pasting schemes. Note that a single pasting scheme k might belong to several
of the sets PS,, for different n’s, and the minimum such n is level(k).

When a pasting scheme k is regarded as an element of PS,,, for some m € N with m > level(k), we write
k(™) to indicate the (ambient) dimension m. J

Definition 1.1.2.5. Define the successor pasting scheme of a pasting scheme k by S(k) = ((k;)i<r, (k;11)i<r)
by Sk = ((ki + 1)i<r, (ki1 + Di<r)-
Given two pasting schemes k and k', we define the concatenation

k ~ k' :=((li)i<r, (Lit1)i<r)

as follows:

o Ifk = [0],then|:kandR:r. Ifk = [0],then|:k’andR:r’.
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e Otherwise, R=7r+7" + 1 and k —~ k’ is defined by

k; if 4

ki if i <r Bipr <7

li = y £ , Ly =40 ifi=r
» ifi>r

il K, ifi>r.
Using the table notation, it is expressed as

KK — ko k1 k. K k1, k..,
) ky ... k. 0 k) Ky, ... k.
Note that — —~ — endows PS with a monoid structure with the unit [0 ] a

Definition 1.1.2.6. Given a pasting scheme k of dimension n and of rank r, and a natural number m with
m < n, an m-transversal component of k is a subsequence of k of the form
{kt L Fit1 L T ks (1.1.2.6.1)
Fit1 Biya -+ K
with 0 < ¢ < j < r such that

ki >mforalli <[<j,
ki>mforali+1<1<y,
either ¢ = 0 or k; < m, and
either j =7 or k; 4 <m.

(The first clause is not completely redundant because of the case i = j.) We also use the phrase m-transversal
component 0 < i < j <r of k to refer to the subsequence (1.1.2.6.1).

We say that k is m-transversal if k itself is an m-transversal component. Note that any pasting scheme k
is O-transversal unless it is of dimension 0. a

Definition 1.1.2.7. Define a function br: PS* — PS by

brlky, ... kn] = (Ski) ~ (Sk2) ~ -+~ (Sky), brnil] = [0} , 3

This function br unpacks the inductive characterisation of T1 in Fact 1.1.2.3.(ii) as follows.

Proposition 1.1.2.8. For each natural number m € N, the function br gives a bijection PS} _; = PS,,, where
we set PS_; = 0. J

Proof. Clearly we have PSy = {br[nil]}, since the rank of a pasting scheme must be 0 when its level is 0.
We prove that br restricts to a bijection PS}, = PS,, ;1 for each m € N. Since the level of br[ky, ..., k;,] is
equal to max{level(k;+1) + 1 | i < n} for each list k = (k;t1)i<n of pasting schemes, br restricts to a function

PS: — PSpy1.

To show this is a bijection, suppose we are given a pasting scheme k of dimension m + 1, and we show that
there exists a unique list (k;41)i<n Of pasting schemes of dimension m satisfying br[ky, ..., k,] = k. Since we
have PSg = {br[nil]}, we may assume level(k) > 0. Let us define ki, ; as the i 4- 1-th 1-transversal component
of k, which is uniquely determined by the definition of 1-transversal components. We write n for the number
of 1-transversal components of k, which is larger than 0 since level(k) > 0. Then for each ki, , there exists a
unique pasting scheme k;, 1 satisfying kj,, = Sk; 41, and we have brfky, ..., k,] = k by the definition of br. [

We thus have the bijection PS,, & (T1),, for each m € N by identifying PS,,, with PS* _, via br and using
the description of (T1),, appeared as Fact 1.1.2.3.(ii). In the rest of this thesis, we identify PS,,, with (T1),,
via this bijection.

Notation 1.1.2.9. An n-cell k = k™ € (T1), is degenerate if level(k) < n. 4
Moreover, by the above proposition, we have the following characterisation of PS, which underlies several

inductive definitions of T1 in the literature (see e.g., the definition of Batanin trees in | D.

Corollary 1.1.2.10. (PS,br) is the initial algebra of the endofunctor (—)*: Set — Set. a

Proof. Given a (—)*-algebra (X, z), a homomorphism Z: (PS,br) — (X, ) is a function Z: PS — X satisfying
Z(br[nil]) = z(nil) and Z(brlky,...k,]) = z(Z(k1),...,Z(kp)).
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Since we have PS = | J,, .y PS;,_; by Proposition 1.1.2.8, these equations uniquely determine such 7, which
shows that (PS,br) is the initial algebra of (—)*. O

The source (or target) map of T1, which is denoted by d' in Fact 1.1.2.3.(iii), is described in terms of
pasting schemes as follows.

Proposition 1.1.2.11. For each pasting scheme k € PS,,, the pasting scheme 9"'k(™) is obtained from k by
replacing each of its m-transversal components with the sequence

"]
In particular, 9" k(™ does not depend on the (ambient) dimension n, and hence we just write 9"k for 9,71k,
J

Proof. Let us write 91! for the operation on pasting schemes defined in the statement. Considering the inductive
characterisation of 95! in Fact 1.1.2.3.(iii), it suffices to show that

oply(briky, ... ky]) =br[0) ki, ..., 00 ky] (1.1.2.11.1)
for each list (ki,...,ky,) of pasting schemes. This is straightforward when we observe that m + 1-transversal
components of br[ky,...,ky] are exactly those coming from m-transversal components of each k; via the con-
struction of br. (I

Example 1.1.2.12. We have
T 3 6 5 7 2 6]\ _ |3 4 4 2 4
4 2 3 4 0 1 2 3 0 1 ’

Proposition 1.1.2.13 (See | , Section 8.1], | , Section 2.1], and | , Section 4]). Let k =
((ki)i<r, (k;y1)i<r) be a pasting scheme, seen as an element of T1,, = PS,, for some m > level(k). Then the

J

familial representation k(") is isomorphic to the colimit of the diagram

Gko le o ka
Tf\ /,f Tg\ / \ /‘f (1.1.2.13.1)
0 GEI 1 2 Gﬁz GET r

In particular, it does not depend on the (ambient) dimension m, and hence we just write k for k(m), and call it
the realisation of the pasting scheme k. a

Proof. By Fact 1.1.2.3.(iv), it suffices to show that, for each list (k,...,k;,) of pasting schemes, the realisation
brlky,...,ky] is isomorphic to the colimit of the diagram

Tk Sky :

. vk,
/ \ / \ / \ / \ . (1.1.2.13.2)
G° ' G° ) GO GO ’ qo

Observe first that the suspension Y sends a representable G™ to G"*!, and morphisms 7%, 0%: G¥ — G™ to

T okt GRFY — G respectively, for each n € N and k < n. Moreover, through this identification, the
points x, *" in ¥ G™ correspond to o0 1,70, 1 : G' — G"*! respectively. Therefore, since ¥ preserves connected
colimits, we have an isomorphism Xk 2 Sk for each pasting scheme k = ((ki)i<r, (E;y1)i<r), and the point %

in ;E corresponds to the source O-cell of G*1+1 and ' to the target O-cell of G*r+1 in Sk. On the other hand,
ki — ks is isomorphic to the pushout of the cospan

G e D,
where 70 is the target 0-cell of the last component of ki and o0 is the source 0-cell of the first component of ks.
These observations conclude that brlky, ..., ky] is isomorphic to the colimit of the diagram above. |

Accordingly, using the morphism part of Fact 1.1.2.3.(iv), we obtain the following characterisation of the

action of (—) on morphisms in G/T1.



1.1. STRICT w-CATEGORIES AS ALGEBRAS OVER GLOBULAR SETS 11

Proposition 1.1.2.14. For each m < n and each n-dimensional pasting scheme k, the parallel morphisms

om 7m: 9Tk —s k are characterised as follows:

e If k is m-transversal, then we have 91'k = {m} and o™, 7m: G — k are the source and target

maps of G*o and G*r respectively.
e Let ly,... Iy be the m-transversal components of k. Then by replacing each m-transversal component
appearing in (1.1.2.13.1) with their realisations, k is expressed as the colimit

Xo X, X,
\ / "\ / \ / (1.1.2.14.1)

Gm G G

where X; is either G* for some j with k; < m or |j/'-:1 for some j' < N, and 7’ is the rank of 9L k.
Morphisms defined in the above item for each ;.1 and the identity on G*i for each kj < m define a

parallel pair of morphisms of diagrams from the diagram (1.1.2.13.1) for 9k to the above diagram,

which result in the parallel morphisms o7, 77 : 971k —> k.

noy’»'n m

—

In particular, the morphisms ¢7*, 7" are independent of the (ambient) dimension n of k, so we just write them

Sy I noy'n
as o, 7 O lk — k. 4
These results explain the finitarity of the underlying endofunctor T on GSet.

Proposition 1.1.2.15 (| , Theorem F.2.2|). T preserves filtered colimits and coproducts. 4

—

Proof. By Proposition 1.1.2.13, the familial representation (—): G/T1 — GSet has its image contained in the
full subcategory of finitely presentable and connected globular sets, since each realisation of a pasting scheme
is a finite connected colimit of representables. Now the result follows from Fact 1.1.2.3.(i). O

Example 1.1.2.16. The following are some examples of pasting schemes and their realisations:

(TR

VIR
[ ] o — 0 — 0 [ ] @ L) [ ] \L [ ]
Q/‘
Here, all n-cells appearing in the realisation of a pasting scheme are distinct. a

Using the inductive description (1.1.2.13.2) in the proof of Proposition 1.1.2.13, we also obtain the following
property of the realisation of pasting schemes, which plays a key role in the next subsection. We defer its proof
to Section A.1.

Proposition 1.1.2.17. For any pasting schemes k and k', if there is an isomorphism k=K in GSet, then we
have k = k’ and the isomorphism is the identity morphism. a

Definition 1.1.2.18. Let X be a globular set and k be a pasting scheme of rank r. A pasting diagram of shape
k in X is a sequence u = ((u;)i<r, (U1 )i<r) of cells in X satisfying u; € Xy, for each i <r, u;, € Xy, for
each ¢ < r, and

tﬁ“(ui) = = Sﬁ+l(ui+1)

for each 7 < r. The level and the rank of u are defined as those of k. We often denote a pasting diagram u as a
table of cells in X

u— (270} U1 Uy

J

Remark 1.1.2.19. For each globular set X, the set of all pasting diagrams of shape k in X is in bijection
with the hom-set GSet(E7 X). Through this bijection, we identify an element of TX,, with a pasting diagram
together with an (ambient) dimension m for its shape. In the same way as in Definition 1.1.2.18, when a pasting
diagram u is regarded as an element of (TX),,, we write u(™) to indicate the (ambient) dimension m.
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The action of T on morphisms of globular sets is straightforward: if f: X — Y is a morphism of globular
sets, then Tf: TX — TY is a morphism of globular sets which maps each pasting diagram

u— [UO U7 ’U,T:|
Uy Ug U,
in X to the pasting diagram
f’uo ful N fuf,‘:|
Tf)(u) =
in Y. In particular, for the unique morphism !: X — 1 to the terminal globular set 1, the induced morphism
T!: TX — T1 maps each pasting diagram u in X to its shape k. a

The following is a direct consequence of Proposition 1.1.2.14.

Proposition 1.1.2.20. Let m < n be natural numbers and u = ul” be a pasting diagram as in Defini-
tion 1.1.2.18 of shape k, seen as an element of (TX),. Then s X(u) is obtained from u by, for each of the
m-~transversal components 0 < ¢ < j < r of k, replacing the corresponding subsequence

U; Uit1 e Uj (1.1.2.20.1)

Uit Ujyo - Uy

of u with the sequence

s (1)

Similarly, t1X (u) € (TX),, is obtained from u by replacing each instance of (1.1.2.20.1) with
[t (1))

Example 1.1.2.21. Given a 2-dimensional pasting diagram

in X, which may be depicted as

a la b%c—y—mﬂ,
I N
k

we have

STX () = {Sf((a) h Sf((ﬂ)} _ [f ) h ) 1 ’

which may be depicted as

S
(=
o
a

and

t ¥ (u) = [t{((a) h tf((v)} _ [g . h ) k]

which may be depicted as

S
S
()
&

as expected. a
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1.1.3. Unit and multiplication of the monad T. In this subsection, we give a way to deal with the
unit and multiplication of the monad T on GSet. Before getting into the details, we first observe that cartesian
transformations between familially represented functors are characterised in the following way.

Lemma 1.1.3.1 (| , Proposition 3.§8], | , Proposition 1.7]. See also Remark B.3.11.). Suppose we are

given two endofunctors F, F': GSet — GSet and two functors (—): G/F1 — GSet and (/—\)/: G/F'1 — GSet
such that the sliced functors Fy;: GSet — GSet/F1 and F),: GSet — GSet/F’1 are nerve functors of (/—\)
and (/—\)/ through the canonical equivalences GSet/F'1 ~ Psh(G/F1) and GSet/F’1 ~ Psh(G/F'1) respectively.

Then a natural transformation a: F' = F” is cartesian if and only if there exists a natural isomorphism

/ —

@: of(?) & (—): G/F1 — GSet such that the following diagram commutes in Set for each object X € GSet:
(FX)" = HTrE(Fl),,L Gset(%a X)

(aX)nJ/ l(ﬂ',a:)»%(al(‘n'),cp,r;w)
(F'X) —= T, GSet(#, X)

where the horizontal maps are the isomorphisms given by the familial representations. a

For the unit, we obtain the following explicit description using Fact 1.1.2.3.(v) and cartesianness of 7
(Fact 1.1.2.3.(1)).

Proposition 1.1.3.2. The unit 77};: X — TX maps each n-cell z of X to the n-cell

X

of TX. In particular, n{: 1 — T1 maps the unique n-cell of 1 to the n-cell

n

of T1. We have [”] [”*1} — [”*1} for each n > 1. J

via br, we have n{ (x0) = [°] and n{ (+n41) = br[n{ (+n)] = S(n{ (+»)), which

Proof. Rewriting Fact 1.1.2.3.(v)
= 1) of the statement. For the general case, because of the cartesianness of nT,

concludes the latter part (X
there is an isomorphism nf (*,) = G™ and 1% () is obtained by precomposing it with the morphism z: G" — X

corresponding to an n-cell z. By virtue of Proposition 1.1.2.17, the isomorphism n{ (*,)(= G™) = G™ is the
identity morphism, which concludes the former part. O

For the multiplication p™, we propose a general procedure to compute it by introducing the notion of
2-pasting schemes, which are just pasting diagrams in T1.

Definition 1.1.3.3. A 2-pasting scheme n = ((n;)i<,, (n;;1)i<r) is a sequence of pasting schemes equipped
with its shape k € PS such that for each i < r, n; is of dimension k;, for each i < r, n; ; is of dimension k, ,
and 8ETilJrlni =n;,, = (%Tilﬂniﬂ for each i < r. To indicate the shape of a 2-pasting scheme, we often write it
as N, One can readily observe that a 2-pasting scheme is nothing but a pasting diagram in T1.

We write P2S for the set of all 2-pasting schemes. We write shp: P2S —s PS for the function assigning to

each 2-pasting scheme its shape, and write P2Sy for the fibre of shp over a pasting scheme k. a

Remark 1.1.3.4. For each globular set X, an n-cell u in TTX of dimension n is a pasting diagram u in TX
with shape k: i.e., it is specified as a table

(ko) ulk) N yen ]

u= (k) ul®) ult)

of pasting diagrams in X with their ambient dimensions indicated.

Taking shapes of each component, we obtain a 2-pasting scheme n of shape k, which is the image of (k,u)
under the morphism TT!x: TTX — TT1. We call n the underlying 2-pasting scheme of the n-cell U in
TTX. J
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This remark immediately leads to the following realisation result for 2-pasting schemes, which indeed gives
the familial representation of the composite endofunctor TT.

Proposition 1.1.3.5. Let us define the realisation A of a 2-pasting scheme n = ((n(ki))igr, (gz(-%fl))iq) by the

1
colimit

n n, n,

Then we have a (natural) bijection from GSet(fi, X) to the fibre of the function (TT!x),: TTX — TT1.

Now by virtue of cartesianness of the multiplication T (Fact 1.1.2.3.(i)) and Proposition 1.1.2.17, we
immediately obtain the following characterisation of u7:

—

Proposition 1.1.3.6. For any 2-pasting scheme N, there is a unique isomorphism i 2 yT (n) in GSet. Moreover,
if we have a pasting scheme | and an isomorphism A 221 in GSet, then we have | = u7 (n) and the isomorphism
coincides with the one above. 4

Remark 1.1.3.7. Proposition 1.1.3.6 indeed gives a general procedure to compute the multiplication. To see
this, let u be an n-cell of TTX (as in Remark 1.1.3.4), whose underlying 2-pasting scheme is n. The above

proposition shows that there is a unique pasting scheme | with an isomorphism | & fi, and by Lemma 1.1.3.1,
the multiplication % (u) is obtained as the composite

o~

~f Y X,

where the latter morphism A — X is that corresponding to u € TTX. Therefore, to compute u% (U), it suffices

to find at least one pasting scheme I with 12 A. a

In particular, since the realisation A of a 2-pasting scheme n does not depend on the ambient dimension
and its shape, we conclude:

Corollary 1.1.3.8. For any 2-pasting scheme n = ((ngki)) ,(gl(-_%f’l)) > seen as a cell of TT1, the
i<n i<n

multiplication z] (n™) is independent of the ambient dimension of n and those of the pasting schemes appearing
in the table n. Consequently, given a pasting diagram u in TX seen as an n-cell of TTX, the multiplication
p% (u(™) is independent of the ambient dimension n. a

Example 1.1.3.9. For a pasting scheme k of dimension m and any natural number n > m, we have

(o (™)
u?([k] > = k™.

This follows from Corollary 1.1.3.8 and the unit law of the monad T. J

Example 1.1.3.10. Suppose we are given natural numbers k < m; < n and k < my < n, and a 2-pasting
scheme

m(m1) n(ma2)
n =
1(F)
Then the multiplication T (n) is the pasting scheme obtained as follows. Let my, ... my be the components of
the form [k] and the k-transversal components of m, ordered from left to right. In the same way, let ny,... ny

be those of n. Because n forms a 2-pasting scheme, we have N = N’ and tglmH_l = [k] = sglnH_l for each

i < N. The pasting scheme u] (n) is obtained from m by replacing each m;; with the ‘concatenation of m; ;4
and n;y; at k™

m; (if nigq = [k])
N1 (if miyy = [*])
Mi4+1,0 cee Myt 1,41 Ni+1,0 cee Tit1,rl (otherwise)
M1 - Mypg e, k D1 e igagl

where 7;11 and rz’-_H are the ranks of m;;; and n; 1 respectively.
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This can be shown as follows. First observe that by Proposition 1.1.2.14 the realisation N is obtained as the
colimit of the following diagram:

X0<—O—G£1 — 5 X eo— G — 5 Xgeo0— oo — X,y o— Gl — X,
Gl co— Gh —o0» G c0— G2 —05 G2 o— - —05 Gl o— G —o0— G
Yy « Gh —o0o5 Y, —— G —o05 Yy e— .. —05 Y, ¢ Gl —o0— Y,

Here, the top and bottom rows are the diagrams for m and n considered in Proposition 1.1.2.14 respectively.
The middle row is the diagram for | considered in Proposition 1.1.2.13, and the vertical arrow from mid to
top comprises the morphism of diagrams inducing T#Ll in Proposition 1.1.2.14, while that from mid to bottom

comprises the one inducing aan. One can remove from this diagram all the morphisms marked by o without

changing the colimit, and unpacking the colimits defining each X; and Y; (¢ < r), we obtain the diagram for

pt(n) as desired. N

1.2. Weak w-categories

1.2.1. The idea of weak w-categories. In this subsection, we shall give a heuristic discussion that
motivates the definition of the monad L (on GSet) for weak w-categories; an actual definition is carried out
in the next subsection. First note that, whatever we define L to be, there should be a monad morphism
ar’: L. — T since we would want strict w-categories to be a special case of weak w-categories. (Here the
notation ar® stands for arity, and this terminology will be justified below where we consider its component ar}
at the terminal globular set 1.)

Suppose that a globular set X contains a sequence of 1-cells:

a f b 9 . h d
In contrast to the strict case where we would have a unique composite hgf in TX, the free weak w-category LX
should contain distinct 1-cells (hg)f and h(gf) (and also other composites with identities inserted in various
positions). Motivated by such examples, we claim that (LX), should consist of the pasting instructions (¢, u)
of dimension n in X, by which we mean a pasting diagram u € (TX),, of dimension n in X together with an
additional piece of data ¢ that encodes how to compose the pasting diagram u.

Since it should be the shape of the pasting diagram u (rather than the labels u; and w;) that determines
what ¢ can be, we may simply take ¢ to be an element of (L1),, with appropriate arity; that is, we want the
globular set LX to be the pullback

LY 511
ar;l - larg (1.2.1.0.1)
TX — T1

where ar’: I — T is the monad morphism mentioned earlier. We also call elements ¢ of (L1), pasting
imstructions.

Thus, a major part of the definition of the monad L is reduced to describing what L1 is. Recall that, in the
previous subsection, we saw a description of strict w-categories as those globular sets equipped with a unique
composite for each pasting diagram. The structure of L1 should somehow encode a weak version of this, so we
want each pasting diagram to have some composite, which should moreover be unique up to suitably invertible
higher cell. To make this precise, we draw insight from the pasting theorem in the 2-dimensional case.

The pasting theorem for strict 2-categories | | tells us that a pasting diagram such as
i
d TR
B
a /la\" b 4“ c—j—d

(or much more complicated ones) admits a unique composite 2-cell ihf — khg. In the weak case of bicategories
[ , Appendix A], however, we must first specify how to interpret ‘thf’ and ‘khg’; once we have fixed the
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bracketing on these 1-cells, we obtain a unique composite 2-cell. When defining L, we can follow the same
pattern at least for the existence part: given a pasting scheme of dimension n together with pasting instructions
on its (n — 1)-dimensional source and target, it must be possible to extend them to a pasting instruction on the
whole pasting scheme.

More precisely, we ask that arl’: L1 — T1 have the right lifting property with respect to the boundary
inclusion ¢": OG™ — G for each n > 1 (cf. | ])- This means that given any u and v making the outer
square in the following diagram commutative, there exists a (not necessarily unique) morphism w making both
triangles in the diagram commutative:

oG" —— 11

|
L w v
b
ar1

Note that, thanks to the pullback condition (1.2.1.0.1), the component ar% at any globular set X inherits the
right lifting property from arl; given a commutative square as below left, we can first find a lift of the outer
square using the right lifting property of ar}’, and then use the universal property of the pullback to obtain the
desired lift:

aG"m —+ 5 Lx M1

-7
/a -7
// /’/
L 7 477 ary
S L
- ary
S

G" —— TX T1

T!

Thus we have taken care of the existence part of the pasting theorem, and in fact formalising these ideas (com-
bined with a suitable universal property) essentially leads to the precise definition given in the next subsection.
The uniqueness part turns out to be a theorem (see Proposition 2.3.7 and Remark 2.3.9) rather than part of
the definition.

1.2.2. The definition of weak w-category. Before turning to the definition, we recall the notion of
cartesianness, which has already appeared in Fact 1.1.2.3 and will play an important role in defining weak
w-categories.

Definition 1.2.2.1. A natural transformation a: FF = G: A — B is said to be cartesian if for each morphism
f:a — d in A, the naturality square

Fa —*> Ga
F fl lG f
Fa’ T Ga’
is a pullback square in B.

A monad (S,7n°, 1) on a category with pullbacks is cartesian if its functor part S preserves all pullbacks
and its unit 7° and multiplication x° are cartesian natural transformations. If S and S’ are monads on a
category with pullbacks, then an (icon) monad morphism «: S — S’ is cartesian if it is cartesian as a natural
transformation. a

The following are immediate from the pasting lemma of pullback squares.
Lemma 1.2.2.2. Let A and B be categories with pullbacks.

e For any functor G: A — B that preserves pullbacks and a cartesian natural transformation o: F' =
G, the domain F' also preserves pullbacks.
e Suppose we are given a commutative square

F—2,q
KJB
H

in [A, B] such that § is cartesian. Then « is cartesian if and only if 7 is cartesian. a

Lemma 1.2.2.3. Given a monad morphism «: S — S’ between monads S and S’ on a category with pullbacks,
if S’ is a cartesian monad and « is cartesian, then S is also a cartesian monad. J
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As is mentioned in Fact 1.1.2.3.(i), the monad T for strict w-categories is cartesian (see also | , Theo-
rem F.2.2]).

Definition 1.2.2.4. A cartesian monad over T is a monad P = (P, nk, uP) on GSet equipped with a cartesian
monad morphism ar”: P — T, which is necessarily cartesian as a monad by Lemma 1.2.2.3. a

Definition 1.2.2.5. Let P = (P, ar”) be a cartesian monad over T. A contraction on P is a function &

which assigns for each n > 1, u: 9G® — P1, and v: G® — T1 such that arl’ o u = v 0™, a morphism
Po kP (u,v):

&P (u,v): G® — P1 such that u = &7 (u,v) o™ and v = arl’ o &

oG" —*— P1

s &P (u,v) ar?
e

Let @Q be another cartesian monad over T with a contraction %, and let a: P — @ be a monad morphism
over T, which is necessarily cartesian by Lemma 1.2.2.2. Then we say « preserves contractions if the following
diagram commutes (i.e., a; o &7 (u,v) = £9(ay o u,v) holds) for each n > 1, u: 9G™ — P1, and v: G" — T1
such that arf ou = v o™

oG™ v P1 Q1

G’n

J

Example 1.2.2.6. Let us slightly unpack the definition of a contraction. Let P = (P,ar” &”) be a cartesian
monad over T with a contraction. Suppose we are given n > 1, a parallel pair of (n—1)-cells ¢, ¢’ in P1 (inducing
the morphism (¢, ¢'): 0G™ — P1), and a pasting scheme k of dimension n such that arf’(¢) = 91!, (k) =
art’ (¢); then we have an n-cell &7 ({(¢, ¢'), k) in P1 such that &”({¢, ¢),k): ¢ — ¢’ and ar{ (" ({¢,¢'),k)) = k.

agr ) | py
e
R (6,00) k) |art
e

G" — T1

4
The following is (an alternative formulation of) [ , Corollary G.1.2].2 See also Example 1.3.22 for a
sketch of a proof of this proposition.

Proposition 1.2.2.7. The category of cartesian monads over T with contractions and monad morphisms
preserving contractions has an initial object, which we write as L = (L, ", u", ar®, &%). a

Definition 1.2.2.8 (| D). A weak w-category is an Eilenberg—Moore algebra (X,&: LX — X) for the
monad L = (L, n%, u").

We define the category Wk-w-Caty of weak w-categories and strict w-functors between them as the

Eilenberg—Moore category of the monad L. a
Proposition 1.2.2.9 (| , 2.2.1]). Observe that, in terms of Eilenberg-Moore categories, the monad

morphism ar": L — T is described as a commutative triangle

Str-w-Cats inclusion Wk-w-Catg
(1.2.2.9.1)
UT UL
GSet

of right adjoint functors, where the top horizontal functor sends a strict w-category (X, £) to the weak w-category
(X,€oark). This inclusion functor is full and faithful. a
2In [ |, cartesian monads over T are (equivalently) described as T-operads (or globular operads), and its Corollary G.1.2

states the existence of an initial T-operad with contraction. See Section A.2.1 for more details.
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Proof. Since the forgetful functors Ur and Uy, are both faithful, the inclusion functor is also faithful. To see that
it is full, it suffices to check that each component of ar™ is an epimorphism in GSet. To this end, it suffices to
check that the component ar}: L1 — T1 at the terminal globular set 1 is an epimorphism since epimorphisms
are pullback stable in a presheaf category like GSet.

This® follows because ar} has the right lifting property with respect to the morphisms (" : 0G™ — G™ for
every n > 0 by definition, and with respect to :°: ) — G as well, since (n{ )¢ is a bijection and arfont = n{. O

Through this fully faithful right adjoint, we often regard Str-w-Catg as a reflective full subcategory of
Wk-w-Catg, and identify a strict w-category (X, £) with the weak w-category (X, & o arx).

Note that, although there is such an inclusion identifying strict w-categories with weak w-categories, this
inclusion does not, in general, preserve the free ‘walking objects’; rather, these are preserved by the associated
free functors.

Notation 1.2.2.10. Let us write Fpr and F, for the free functors for the Eilenberg—Moore categories of the
monads T and L, respectively. The left adjoint of the inclusion functor in (1.2.2.9.1) is referred to as the strict
w-categorical reflection. a

Notation 1.2.2.11 (cf. | , Section 2.2]). For each n > 0, we write

C" for the free strict w-category FrG™ on G,

OC™ for the free strict w-category FpdG™ on the boundary of G,
C™ for the free weak w-category F1,G™ on G", and

OC™ for the free weak w-category F1,0G" on the boundary of G™.

(The letter C stands for ‘cell’.) Abusing the notation, the images of (1.1.1.5.1) under Fr and F, are written as

ocn1t ocn—1
"7 lel and "V Jnxéﬂ (1.2.2.11.1)
n—1 , n—1 n—1 , n—1
C’L Un—l C” 7_n—l C"‘ C” O_nfl C” Tn—l C I
Since the free functors preserve colimits, those form the same pushout squares as in Remark 1.1.1.7. a

1.2.3. The free weak w-category monad. In this subsection, we shall describe the structure of the
monad L in some detail. From now on, we employ the following abbreviations and notations.

Notation 1.2.3.1. We write ary as ary, ar} as ar, and 5" as & for brevity.

e By a pasting instruction, we mean an element ¢ of (L1),, for some n € N. n is called the dimension of
the pasting instruction ¢, and ar(¢) € (T1),, is called the arity of ¢.
e For each n > 0, we denote the image of the unique n-cell of 1 under the unit nt': 1 — L1 of L by

¢, € (L1),, whose arity is [™] (see Proposition 1.1.3.2). N
Remark 1.2.3.2 (cf. | , Section 2.5],[ , proof of Proposition B.0.7]). Given a globular set X, the
globular set LX is obtained as the pullback

LX 5 11
Xl B lm (1.2.3.2.1)
TX I T1
Moreover, they fit into the following commutative cubes
LLX — K LY «— s X
arLXJ J LL!\ LL1 a3 : L!\ L1 o H \ 1
Ui
TLX — J“rhl .
L T x
'l‘urxJ/ ™ 1 ary
Tar
TTX ] o 1X v k- X
Tr—— TT1 _ \ T1 \ 1

ui n

Bar% is in fact a split epimorphism, with a section given in Definition 1.2.3.6.
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such that all the squares on the left, the central sliced square, and the vertical squares on the right are pullback
squares. Thus we have the following concrete description of L:*

(i) An n-cell of LX is a pair (¢, u) consisting of a pasting instruction ¢ and a pasting diagram u in X
whose shape is the arity of ¢.
(ii) We have
Sy (6,u) = (537 (¢), 55, (W) and 6% (6, u) = (6 (0), 17, (w)) -
(iii) For each morphism f: X — Y in GSet, the morphism Lf: LX — LY maps an n-cell (¢,u) of LX

to the n-cell (¢, Tf(u)) of LY.
(iv) By Proposition 1.1.3.2 and the pullback (1.2.3.2.1) defining LX, the unit n%: X — LX maps each

n-cell x of X to the n-cell
(= ['])
of LX.

(v) An n-cell of LLX is a pair (¢,u) of a pasting instruction ¢ and a pasting diagram u in LX of shape
ar(¢). Using the above description of LX, we may write u as

G |:(X07u0) (Xmur)} .

(Klagl) (XT;HT)
Thus u can be decomposed into
X0 Xr _ ug u,
= € (TL1),, and u= e (TTX),.
=" Ve " T e
Now we have p% (¢,u) = (u¥ (¢, x), u % (W)). J

This description (in particular, the third item) immediately yields the following lemma, which explains the
terminology ‘strict w-functor’.

Lemma 1.2.3.3. Suppose we are given a strict w-functor f: X — Y between weak w-categories, and a pasting
instruction ¢ of dimension n > 0 with arity k. Then f preserves the ‘paste according to ¢’: for any pasting
diagram u in X of shape k and of dimension n > 0, we have

F(E¥ (6,u)) = €7 (¢, (Tf)(w). -
Proof. The left hand side is equal to &Y ((Lf) (d), u)) since f is a morphism of L-algebras, and it is equal to the
right hand side because of the definition of L (see Remark 1.2.3.2.(iii)). O

On the other hand, considering the pullback description (1.2.3.2.1) functorially, we can observe the following
fact (mentioned in, e.g., | , Section 5]).

Proposition 1.2.3.4 (] , Proposition 2.2.5]). The functor L: GSet — GSet is finitary; that is, it
preserves filtered colimits. a

Proof. Up to natural isomorphism, we can factorise L as

GSet —> GSet/T1 2% GSet/L1 — GSet

where the first factor sends X € GSet to T!: TX — T1 (which preserves filtered colimits because T does by
[ , Theorem F.2.2] or | , Proposition 14.2.8]), the second factor is pullback along ar; (which preserves
filtered colimits because it is a left adjoint; note that GSet, being a presheaf category, is locally cartesian closed),
and the last factor is the canonical projection. O

Corollary 1.2.3.5 (| , Proposition 2.2.2]). All categories in the triangle (1.2.2.9.1) are locally finitely
presentable, and all functors in it are finitary right adjoints. a

Proof. The category GSet is a presheaf category and hence is locally finitely presentable. The remaining
claims follow from the facts that the monads T and L are finitary; the former is | , Theorem F.2.2] or
Proposition 1.1.2.15 and the latter is Proposition 1.2.3.4. ([

Definition 1.2.3.6. For any n > 0 and a pasting scheme k of dimension n, we define a pasting instruction
spi,, (k) of dimension n with arity k inductively as follows.

4n fact, the description applies to an arbitrary cartesian monad P over T in place of L.
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e If k= ["], then spi, (["]) = €,.
e Otherwise, suppose that k is of the form k' — k’ in T1, where k' is a pasting scheme of dimension
n — 1 (note that necessarily n > 1). We set spi, (k) = & ({spi,,_ (k'), spi,_ (k')), k) € (L1),.

The pasting instruction spi,, (k) is called the standard pasting instruction of shape k. We often abbreviate the
subscript n when the dimension is clear from the context. The graded function spi: T1 — L1 is a globular
map and a section of ar, and it commutes with i and nk. 4

Notation 1.2.3.7. Let X = (X, £) be a weak w-category. For any n > 0 and any pasting scheme k of dimension
n, we have the standard pasting operation of arity k in X:

u — &(spi, (k),u): GSet(k, X) — X, g
We introduce a notation (extending the corresponding notation for strict w-categories) for certain standard
pasting operations we shall use in the sequel.
Definition 1.2.3.8 (] , Definition 2.3.5]). Let X = (X, &) be a weak w-category.

(i) Given natural numbers k < n and a k-cell z in X, we define the n-cell

i, (2) = ¢ <Spi" ([n : 1} W) ’ m (n)>

of X. We also write id;\ (x) for idﬁ »(2) when the dimension & of z is clear from the context.
(ii) Given natural numbers k,my, mg,n with & < m; < n for each ¢ = 1,2, an my-cell u and an may-cell v
in X such that t;¥ (u) = si¥ (v), we define the n-cell

(n) (n)
U*k)f,nU:§<spin<[m1 . mz] >7{u ) v} >

of X, where x =t} (u) = s3 (v). When n = max{my, ma}, we also write us v for usg v.” 3
Lemma 1.2.3.9. For any weak w-category X = (X, ) and any n-cell z in X, we have idin(x) = 2. J
Proof. Using the description Remark 1.2.3.2.(iv) of LX, we have

si-<(o (1] [)
=<(=[)
= Eonx(v)
=z (]

These operations satisfy the following source and target formulas.
Proposition 1.2.3.10 (| , Proposition 2.3.6]). Let X = (X, &) be a weak w-category.

(i) Let m,n be natural numbers with m < n and x an m-cell in X. Let ¢ be another natural number.
(a) If £ < 'm, then we have

sg(id,,(z)) = s,(x) and t,(id,(z)) = t,(z).
(b) We have
s,,(id,, (2)) =z = t,,(id,,(z)).
(¢) If m < £ < n, then we have
s;(1d,, () = idy(x) = t,(id,, (2)).
(ii) Let k, mq, mg,n be natural numbers with & < m; < n for each i = 1,2, u an my-cell and v an ma-cell

in X such that t, (u) = s, (v) holds. Let ¢ be another natural number.
(a) If £ < k, then we have

se(uxy ,v) =s,(u) =s,(v) and t,(ux ,v) = t,(u) = t,(v).

5Note that, in the abbreviated notation, the displayed subscripts serve different purposes: in *?, the number k indicates the
lowest dimension present in the input pasting diagram, whereas in idff the number n indicates the dimension of the output of the
operation.
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(b) We have
sp(uxy ,v) =spu and  ty(uxy ,v) = tpv.
(c) If k < £ < min{mq,ma}, then we have
se(ury, ,v) = sp(u)xy 8,(v)  and  t,(uxy ,v) = t,(u)*y oty (v).
(d) If my <€ < mg, then we have
sz(u*k’nv) = U*k"eS[(U) and te(u*k"nv) = u*k’gte(v).
(e) If mg < € < mq, then we have
sg(u*k’nv) = se(u)*k,ev and te(u*k’nv) = tz(u)*wv.
(f) If max{my,m2} < ¢ < n, then we have
sé(u*k’nv) = uk), U = te(u*k’nv). J
Proof. These are all straightforward consequences of the description of the source and target operations of LX

given in Proposition 1.1.2.20 and the fact that the standard pasting instructions form a globular subset of
L1. For example, the first equation in Proposition 1.2.3.10.(ii).(d) can be proved as follows, writing the k-cell

by (u) = s,,(v) as @
ss-soll 1) )

= u*if@sf(v). O

In later sections, whenever we use the notation idf (z) for an m-cell z of X, we have m =n — 1.

Remark 1.2.3.11 (cf. | , Remark 2.3.8]). Under the identification remarked immediately after Propo-
sition 1.2.2.9, strict w-categories are precisely those weak w-categories X for which, for every n > 0 and every
n-dimensional pasting diagram u in X, the ‘paste according to ¢’ map

u— &(o,u): GSet(ar(u), X) — X,

is independent of the choice of pasting instruction ¢ € (L1),. This way, we identify these operations appearing
in Definition 1.1.2.1 for strict w-categories with the standard pasting operations in Definition 1.2.3.8 (although
*kX’n in Definition 1.1.2.1 is defined only when the input cells have the same dimension n).

In particular, for a strict w-category X, idi m and *i(n defined in Definition 1.2.3.8 satisfy all the axioms
listed in Definition 1.1.2.1. a

Remark 1.2.3.12. For the case of the free strict w-category TX on a globular set X, we have

o )
[ (TW?Q“ 1)

More generally, suppose that we are given natural numbers £ < m; <n and k < my < n, and pasting dia-
grams u, v, and x in X of dimensions m1, ms, and k respectively. Then by Example 1.1.3.10 and Remark 1.1.3.7,

the composition
s =i ([0 )

60ne can also show this equation using Proposition 1.1.3.6 and Remark 1.1.3.7, just by checking that the realisation of the
underlying 2-pasting scheme concerned on the first line is precisely the realisation of the shape of the right-most pasting diagram.

in the situation of Definition 1.2.3.8.(ii).
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is obtained as follows. Let uq,...uy be the components of the form [“Hl ] with u; 11 € X and the k-transversal
components of u, ordered from left to right. In the same way, let vyi,..., vy be those of n. Because n forms a
2-pasting scheme, we have N = N’ and t;fluiﬂ = sglviﬂ for each i < N. We write [EHI] for this common
k-cell t7u;41 = sf'v; 11 appearing as a segment of x. The pasting scheme u(ml)*gﬁfv(m” is obtained from u
by replacing each u;4; with Ui+1*gjf v;t1, which is explicitly given as the ‘concatenation of u;;; and v;41 at

- 9
Ti41 -

m;q (1f U1 = [5i+1])

ni+1 (lf mi+1 = [fi+1 ])

Ui41,0 Uit1,r; Vi+1,0 Vit1,r! .
i+ i+1,mi41 B i+ i1, (OtherWlse)
Yip11 - Wigrry, Tit+1 Yit11 - ik,
where 7,41 and 7} 11 are the ranks of u;; and v; 1 respectively.
Similarly, we have idEX(u(m)) = u(™ by using Example 1.1.3.9. J

The pasting instructions for the identity and binary composition operations are themselves given by the
identity and binary composition in the free weak w-category L1 = (L1, uz}) in the following sense.

Proposition 1.2.3.13. For any pasting instruction ¢ € (L1),, of arity

« _ [ko ky ey
- ky ky ... k,

we have ¢ = p¥ (¢, €) where
~ gk gk N €k,
T

ky

Consequently, given a weak w-category X = (X, &),

(i) we have id;\ (z) = £(id%!(E,,), [ﬁ](n)) for all natural numbers m < n and m-cells = in X, and

(ii) we have
e L1 u v )
Uy nU = 1 €my ¥k nCmas |: T :|

for all natural numbers k, my,mo,n with £ < m; < n for each i = 1, 2, and all mq-cells u and mo-cells
v in X such that t;¥ (u) = s (v) holds. g

Proof. Let us first make the following observations.

(1) If we denote the unique n-cell %, of the terminal globular set 1 simply by ‘n’, then we may regard each
pasting scheme k as a pasting diagram u in the globular set 1, and this is unambiguous in the sense
that both k and u specify the same n-cell in T1.

(2) When we apply the description of the cells in LX as pairs (¢,u) given in Remark 1.2.3.2.(i) to the
case X =1, we end up identifying each pasting instruction ¢ of arity k with the pair (¢, k).

It follows that, for any pasting instruction ¢ of arity k and of dimension n as in the statement, we have

¢ = (uy o Lny')(9) (" oLn" =1r)
= (py o L) (¢, k) (i)
= py (¢, (Tny)(k)). (action of Lf in the case f = ni)
Using (1) and Remark 1.1.2.19 and Notation 1.2.3.1, we can compute (Tn}'(k)) as
(T <[l€o k1 k]) _ [n%(ko) ) ny (k1) . R mL(kr)} —&
ky ky ... Kk, ' (k) nr(ks) oo (k)

This proves the first assertion. Moreover, the case ¢ = spi,, ( [m] (n)) yields

(- o ) ) -

where the second equality is by the definition Definition 1.2.3.8.(i) of id%'(&,,). This completes the proof of the

(n)
assertion 1.2.3.13.(i), and similarly 1.2.3.13.(ii) follows from the case ¢ = spi,, ({ml 1 mﬂ ) O
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Remark 1.2.3.14 (| , Remark 2.3.8]). Let X be a weak w-category. Using identities and compositions
in the free strict w-category TX observed in Remark 1.2.3.12, Proposition 1.2.3.13.(i) is expressed as id; (z) =

¢ (idﬁl('ém), idr X ( [””]) Here is an alternative proof of this:
¢ (idﬁl (@) ,id"X (ﬂ)) =¢ (idﬁx (5,,“ [xD) (LX is a pullback of L1 and TX in Wk-w-Cat,)

=id¥ ({ (Em, {ﬂ)) (€: (LX, pY) — (X, €) is a strict w-functor)
=id¥ (z) (Eonk = ldx)

Similarly, in the situation of Proposition 1.2.3.13.(ii), Remark 1.2.3.12 allows us to express the main claim

there as g, v =§ (Eml*%}n'émz, [“]+iX [”D. This can be proved similarly:

(ot [ ) =e( (o [t (o )
SUONG) ECNG)

X
= Uk V. 4

1.2.4. The hom weak w-category. Given a weak w-category X and two 0-cells a,b in X, we have the
hom weak w-category X (a,b) defined in | , Section 9.3] and [ ], whose underlying globular set is that
given in Definition 1.1.1.8. The latter is captured by the forgetful functor

Us: Wk-w-Caty; — (Wk-w-Cat,)-Gph

mapping each weak w-category X to the (Wk-w-Catg)-enriched graph | | UsX cousisting of the same
objects as X together with the hom weak w-categories of X. This subsection is devoted to recalling the
definition of this functor U,.

To this end, first observe that the successor S: PS — PS (Definition 1.1.2.5) restricts to a function
(8T)n: (T1),, — (T1),41 for each n > 0, which assembles into a globular map S7 : T1 — T1_,;. Moreover,
given a globular set X and two O-cells a,b in X, a pasting diagram in X (a,b) of dimension n is identified
with a pasting diagram in X of dimension n + 1 whose source and target 0O-cells are a and b, respectively.
This identification means there is an inclusion (T(X(a,b))), — ((TX)(a,b)), that sends a pasting diagram

k% X (a,b) to another pasting diagram S/(\k) —> X of shape Sk, which we denote by S}’a’b(u).
In | , Section 3|, it is shown that there is a canonical lift

L

L1 - (L1)_4y

arl J{ar, +1

T1 —— (T1)_4

S5y

of ST: T1 — (T1)_,1, compatible with the monad structure p} and n}* of L at 1 in a suitable sense. Using
these data, we can define the hom weak w-category as follows.

Fact 1.2.4.1 (| , Section 3]). For each weak w-category X = (X, ¢) and each pair of 0-cells a,b in X, the
globular map &,5: L(X(a,b)) — X (a,b) defined by

ga,b(d)a u) = 5 (Sll_l((b)a S%,a,b(u))
makes X (a,b) = (X(a,b),&,.p) a weak w-category. 3

Proposition 1.2.4.2. S} preserves standard pasting instructions. a

Proof. Among the compatibility conditions of S} with the structure of L and ST are the properties that we have
ST (€,) = €41 for all n > 0, and that we have

st (5((¢, @), k) = & ((57(¢). S1(¢)). 81 (k)

for all n > 1, all parallel ¢,¢’ € (L1),_1, and all k € (T1),, with ar(¢) = ar(¢') = 9 L, (k). The claim follows
from a straightforward induction on n. O
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It follows that the standard pasting operation of arity k € (T1),, on a hom weak w-category X (z,y) is given
by (a restriction of) the standard pasting operation of arity ST (k) € (T1),+1 on X. In particular, we shall use
the following.

Corollary 1.2.4.3. Let X be a weak w-category and =,y € Xj.
(i) Given a natural number n > 1 and an (n — 1)-cell z of X (z,y), we have
idX V) () =id), (2).

(ii) Given natural numbers k,mq,mo,n with & < my; < mn and k < mg < n, an my-cell u of X(z,y), and
an ma-cell v of X (z,y) such that th(w’y)(u) = sf(x’y) (v), we have

X(wy), _ X
u*k’,n v = u*k’+1,n+lv‘ J

1.3. Algebraic injectivity

The algebraic weak factorisation system (AWFS) introduced in | | is an ‘algebraic’ refinement of the
notion of weak factorisation system. A weak factorisation system is defined by imposing a property expressed
using an existential quantifier on a pair of classes of morphisms, whereas an AWFS recovers, as algebraic structure,
the data that are forgotten when one passes to such an existential formulation. In this thesis we use AWFS, and
in particular the theory of the small object argument for AWFS [ ; ], in order to introduce several
of our central notions.

For example, this point of view already appears in the definition of L (see Example 1.3.22, whose underlying
idea goes back to | ]). We also adopt, as our definition of weak w-functor between weak w-categories, the
one introduced in [ |, which is based on the notion of cofibrant replacement comonad associated with an
AWFS. Furthermore, in Chapter 4 we shall make use of techniques from AWFS in order to give a presentation of
the coherent walking equivalence. However, these definitions depend only on a small portion of the data of an
AWFS, and in this subsection we therefore refrain from introducing the full structure of an AWFS. Instead, we
introduce a smaller structure, which we call algebraic injectivity.” This is an ‘algebraic’ refinement, in the same
sense as above, of the notions of injective morphism and injective object. Most of the definitions and results in
this section are taken from [ , Section 4].

For each category C, we write SET | C? for the comma category:

SET | C? —— CAT/C?

|
Jdomain

SET ———— CAT

whose objects are called indexed families of morphisms in C. Suppose we are given a category C, and let
K € SET | C? be an indexed family of morphisms in C. Abusing the notation, we write K = (K, | — |) where
K is a class and | — |: K — C?2 is a functor from the discrete category.

Remark 1.3.1. In almost all cases of interest to us, K is just a class of morphisms. Given such a class K in
C, we may regard it as an indexed family of morphisms by taking | — |: £ — C? to be the inclusion functor.
However, it is sometimes convenient to keep the functor | — | explicit; moreover, this slightly more general notion
fits better with the general theory of the algebraic small object argument developed in | ; ] a

We say K is small if the indexing class K is a (small) set.

Definition 1.3.2. We say that a morphism (or an object) in C? is K-injective if it has the right lifting property
with respect to morphisms in the image of the functor | — |: K — CZ2. If C has a terminal object 1 € C, then
an object A is K-injective if and only if the unique morphism !4: A — 1 is a K-injective morphism. We write
KC-Inj for the full subcategory of C spanned by K-injective objects.

We say a morphism f: C' — D in C is K-cofibration if it has the left lifting property with respect to all
KC-injective morphisms, and write K-cof for the class of all [C-cofibrations in C. a

“In [ |, this notion is called algebraic trivial fibration. This is because in that paper, the main focus is to capture an
algebraic refinement of the notion of trivial fibration Example 1.3.3. However, since the same notion can be used to refine several
notions which are no longer considered trivial fibrations, we change the name to algebraically injective morphism in this thesis, so
that it also suits the terminology in [ , Section 5].
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Example 1.3.3 (| , Definition 4.1.8]). Let f: X — Y be a morphism in GSet. We say that f is a
trivial fibration if it is Z,-injective, where we set Z, = (Z,,| — |) as

I, ={9G" 5 6" | ne N}
and | — | is the inclusion.

A strict w-functor f: X — Y between weak w-categories is a trivial fibration if it is a trivial fibration as a
morphism in GSet. Using the universality of the left adjoint of the adjunction (see Notation 1.2.2.11):

Fy,: GSet =, Wk-w-Cat,: Uy, (1.3.3.1)
we can also see a trivial fibration between weak w-categories as a Z-injective morphism in Wk-w-Catg, where
weset Z = (Z,|—|) as

7=1{ac" *5¢n | neN}
and | — | is the inclusion. ;

Example 1.3.4 (Definition 2.3.2). Removing the 0-dimensional boundary inclusion from Example 1.3.3 and
setting

X ={0G" L5 G™ | n> 1},
we define a contractible morphism in GSet as an Z*-injective morphism, and a contractible strict w-functor

between weak w-categories as an Z*-injective morphism in Wk-w-Catg where we set Z* = {9C" 5 C" | n >
1}. The latter is defined and used in Section 2.3. 4

Remark 1.3.5. Let f: C — D be a morphism in C, and consider the following composite of morphisms in
[KC, Set]:
C(cod(] — ), C) = C*(Ideoq(||). /) — C*(| = I. /) (1.3.5.1)

Here, the first isomorphism is the adjunction isomorphism for Id 4 dom, and the second morphism is pre-
composition of units of the adjunction cod - Id. For each j € K, this composite sends u: cod|j| — C to the
pair (|j|su, usf). Then, f is a K-injective morphism if and only if the above morphism in [K, Set] is a surjection.

Similarly, if we are given an object A in C, we have the following morphism in [K, Set]:
C(cod| —|,A) — C(dom| — |, A) (1.3.5.2)

which sends u: cod|j| — A to |j|u: dom|j| — A for each j € K. Then, A is a K-injective object if and only
if the above morphism in [K, Set] is a surjection. N

Definition 1.3.6 (cf. | , Proposition 3.8], | , Proposition 15]). Suppose we are given a morphism
f:C — Din C. A (right) K-lifting structure x on f is a section in [/, Set] of the morphism (1.3.5.1). More
explicitly, a C-lifting structure x on a morphism f is a function which assigns to each commutative square with
j € K as in the solid part below, a morphism &(j; z, y) making both triangles commutative:

T

mJ 5<J;m,y; lf

In other words, (j;x,y) is the solution for the lifting problem given by the solid part of the above diagram.

Given two morphisms f, g in C and K-lifting structure s/, k9 on them, we say a morphism (u,v): f — g
in C? preserves the K-lifting structure if we have

KOGz su,ysv) = k! (iz,y) su

forall j€ K, (z,y): |i| — f, and (u,v): f — g

. z . u .
IJJ fff(J;w_yy) Lc kI (j;assu,ysv)Jg
. - y . > .

An algebraically K-injective morphism is a morphism f equipped with a KC-lifting structure x. We write
KC-AIMor for the category of algebraically K-injective morphisms in C and morphisms preserving K-lifting
structures. We often write f, g, h: C' — D for algebraically K-injective morphisms whose underlying morphisms
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are f,g,h: C — D respectively. The category K-AIMor is precisely the same as J™ defined in [ ,

Proposition 15] where J = K.
For each X € C, we write K-AIMory for the fibre over X of the composite

cod: K-AIMor —s C2 <4, ¢ (1.3.6.1)

where the first functor is the forgetful and the second functor is the codomain functor. In other words,
K-AIMorx is the pullback of cod: -AIMor — C in CAT along the functor 1 — C picking out X. a

Definition 1.3.7. Suppose we are given an object A in C. A K-lifting structure k on A is a section in [, Set]
of the morphism (1.3.5.2). Equivalently, a K-lifting structure x on an object A is a function which assigns to
each morphism z: dom |j| — A with j € K, its lift x(j;x): cod |j| — A satistying |j| s (j; z) = .

An algebraically K-injective object is an object C equipped with a K-lifting structure k. We write K-AlInj
for the category of algebraically K-injective objects in C and morphisms preserving K-lifting structures: i.e.
those morphisms u: C' — D in C satisfying

&P G5 u) = w95 2) s uy
where k¢ and kP are the K-lifting structures on C' and D, respectively. a

Remark 1.3.8. Consider the composite

|- K ez (C?)?

where the second functor is the one induced by the join 2 x 2 — 2 of the lattice 2. Let K’ be the pair
(K,| —|) € SET | (C?)2. Then the category K-AIMor is isomorphic to the category K'-AlInj.

For the converse, suppose the category C has a terminal object 1 € C. Then the category K-Alnj is
isomorphic to the fibre -AIMor; at 1 of the composite cod in (1.3.6.1). J

Remark 1.3.9 (cf. | , 4.5]. See also the proof of | , Proposition 16]). The forgetful functor
K-AlInj — C fits into the following pullback square:

K-AlInj —— SpEpi([K, Set])
l - lforget (1.3.9.1)

C—— [K,Set]

Here the bottom horizontal functor is the nerve of the uncurrying K x 2 — C of | — |. The category SpEpi(D)®
for a category D is the category whose objects are morphisms in D, each equipped with a chosen section, and
whose morphisms are morphisms in D? that preserve the chosen sections. a

Remark 1.3.10. If C is locally presentable and K is small, we can apply the algebraic small object argument
(see | , Theorem 4.4] and | , Proposition 16]) to K, and obtain the algebraic weak factorisation
system (L,R) on C cofibrantly generated by K (in the sense of | , 3.2]), which is a pair of a comonad L and
a monad R on C2. More precisely, the forgetful functor K-AIMor — C?2 is strictly monadic and the induced
monad on C? is isomorphic to R. An algebraically K-injective object is precisely an algebraically fibrant object
in the sense of | , 2.3] with respect to this AWFs.

We now give a direct proof for the strict monadicity of the forgetful functor X-AIMor — C? without rely-
ing on the algebraic small object argument, which is slightly different from the proof of | , Proposition 16].
First observe that the right vertical forgetful functor in (1.3.9.1) is strictly monadic, whose monad is given by
the endofunctor on [K, Set]? sending each morphism f: C' — D to the morphism (ldp, f): C + D — D, and
the unit and multiplication are defined by (left) coprojections and codiagonals for coproducts respectively (see
[ , 4.1]). Then by the (strict version of) Beck’s theorem and the pullback square (1.3.9.1) for the case
where K = K’ as in Remark 1.3.8, we conclude that the forgetful functor U: K-AIMor — C? strictly creates
U-split coequalisers. Now it remains to show that U has a left adjoint, which follows from | , Theorem 2.18]
by observing that the bottom horizontal nerve functor in (1.3.9.1) is right adjoint and the right vertical forgetful
functor in (1.3.9.1) is an isofibration. 4

8If D has pullbacks, the codomain functor SpEpi(D) — D is a Grothendieck fibration, which is called the fibration of points
in [ | or the fibration of pointed objects in | , Section 3.
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Definition 1.3.11 (| , (2.10)]). Suppose that we have a composable pair of algebraically K-injective
morphisms

g h
¢ es) p s g

Then we define the composite (g,x9) 5 (h, k") to be the algebraically K-injective morphism (g § h, k9%") where
the K-lifting structure x9%" is defined by

k9" (G2, y) = K9 (2, 6" (52 5 9, 9))

for each j € K and each (z,y): |[j| — ¢ 3 h in C?. Diagrammatically, the right-hand side is the canonical
morphism fitting into the following commutative diagram:

- C
et
w9 G5z k" (j5239,9))
li D
/
K" (j5w39,y) lh
y E 3
Definition 1.3.12 (] , 5.2]). The composite (Definition 1.3.11) defines a (strict) double category KX-AIMor

as follows.

e Objects are objects in C, and the horizontal category is C.
e A vertical morphism is an algebraically K-injective morphism in C.
e A configuration of the following form

c -t

g e

DTD,

is filled by a unique cell if and only if the pair (k,l): g — g’ is a morphism in K-AIMor: i.e.,
the square commutes in C and the pair (k,[) preserves the K-lifting structure as a morphism in C?2
between algebraically C-injective morphisms.

e Vertical composition is defined by the composite of algebraically K-injective morphisms, and vertical
identity (Idx,w™) on X is the identity morphism equipped with the unique K-lifting structure w™

defined by wX (j;u,v) = v. J
This double category K-AIMor is precisely the same as J™ defined in | , 5.2] where J = K.
Remark 1.3.13 (cf. | , 3.4]). If C has pullbacks along K-injective morphisms, cod: C2 — C is a
Grothendieck fibration, then it is straightforward to check that the double category X-AIMor is right-connected,
and hence the forgetful functor K-AIMor — C?2 is a discrete pullback-fibration | , 3.4]. Consequently,
the codomain functor cod observed in (1.3.6.1) is a Grothendieck fibration. Moreover, the forgetful functor
KC-AIMor — C? sends cartesian morphisms to pullback squares in C. a

Note that by the pullback square (1.3.9.1), the forgetful functor K-AInj — C satisfies (strict) Beck’s
monadicity condition, since SpEpi(D) — D does so for any category D.

Definition 1.3.14 (| , Section 5]). Suppose that the forgetful functor K-AInj — C has a left adjoint.
Then the induced monad on C is called the algebraically K-injective replacement monad, and given an object
C in C, its image under the left adjoint is called the algebraically K-injective replacement of C. a

Remark 1.3.10 implies that the situation there is sufficient for the existence of the algebraically K-injective
replacement.

Proposition 1.3.15 (cf. remarks before | , Definition 5.0.2]). If C is locally presentable and K is small,
the algebraically KC-injective replacement exists. a
Remark 1.3.16 (| , Lemma 5.0.3]). In the situation of Proposition 1.3.15, the induced monad on C is

precisely the restriction of the monad R in Remark 1.3.10 on the slice category C/1 = C, where 1 is the terminal
object in C. Such a restriction is possible since R does not change the codomain. This monad is precisely the
fibrant replacement monad with respect to the AWFS (L, R) in the sense of | , 3.1]. By the definition of
AWFS, the unit at C' € C of the induced monad is the image of !c: C — 1 under L; see e.g. | , 2.1]. In
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particular, it lies in the left class of the underlying weak factorisation system (in the sense of | , 2.6]) of
the AwWFs (L, R), which in this case coincides with the class K-cof of K-cofibrations. 4

As explained in the preceding remark, in a suitably good situation, the algebraically K-injective replacement
monad is precisely the fibrant replacement monad associated with the cofibrantly generated awrs (L,R) on C
by K. Thus the notion of algebraically IC-injective replacement captures the same structure without requiring
the full data of an AWFs. Dually, the cofibrant replacement comonad (| , 3.1]) associated with (L, R) can
likewise be characterised by a construction that does not assume the whole AWFS structure, as follows.

Construction 1.3.17 (| , Definition 4.1.1.(3)]). Suppose that the functor cod: K-AIMor — C as in
(1.3.6.1) has a left adjoint right inverse (lari), i.e., a left adjoint with identity unit. Explicitly, this means the
following: for any object X € C, there exists an algebraically K-injective morphism (ex: QX — X, kx) over
X such that, for any algebraically K-injective morphism (g: Z — W, x9) and any morphism k: X — W in C,
there exists a unique morphism h: QX — Z in C such that (h, k) is a morphism of algebraically K-injective
morphisms (ex,kx) — (g,%9).” Under this situation, we can make the following definitions.

e For each X € C, let dx: QX — QQX be the unique morphism in C such that the following
configuration

0X 2, Q0x

l(*ﬁ@x,mx)
(ex . x) QX (D)
J(EXWX)
X —X

has a filler in -AIMor. In other words, the pair (dx,|dx) is a morphism of algebraically K-injective
morphisms of above type.

e For each morphism f: X — Y in C, let Qf: QX — QY be the unique morphism in C such that
the following configuration

ox 2L, qv
(ex,mx)l l(sy,fiy) Q)

X —5 Y
has a filler in K-AIMor. In other words, the pair (Qf, f) is a morphism of algebraically K-injective
morphisms of above type. a

Remark 1.3.18. Notice that the vertical identity (Idx: X — X,w¥) is the terminal object in the category
K-AIMorx. For any (f, k) € K-AIMorx, the unique map is given as the square
f

o —— X
(f,n)l H(Idx,wx) €
X —X.

J

Remark 1.3.19. If cod: K-AIMor — C has a lari, then the value (ex: QX — X, kx) of the lari at X € C
is an initial object in -AIMory. In particular, if C has a terminal object 1, then Q1 is an initial object of
KC-Alnj, and, if C has an initial object, Q1 is its algebraically K-injective replacement.

The converse holds if the functor cod: K-AIMor — C is a (Grothendieck) fibration; that is, the existence of
an initial object in each fibre K-AIMor x implies that cod: K-AIMor — C has a lari in that case. A sufficient
condition for cod: K-AIMor — C to be a fibration is that C has pullbacks along K-injective morphisms as is

observed in Remark 1.3.13. g
Proposition 1.3.20 (| , Proposition 4.1.4]). In the situation of Construction 1.3.17, the data (Q,,0)
give rise to a comonad on C. a

We call this comonad the algebraically IC-cellular replacement comonad.'®

9This is equivalent to the condition that the unique morphism in the slice 2-category CAT/C from the object cod: K-
AIMor — C to the terminal object ldo: C — C has a left adjoint in CAT /C.
10T his terminology follows Riehl’s use of the term cellular for certain objects and morphisms; see | ; ; I-
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Proof. In short, one can verify the functoriality of @, the naturality of ¢ and §, and the comonad axioms, using
the universality of (x, kx). The functoriality of @) and the naturality of € are immediate from the definitions.

To show the naturality of J, it suffices to show the following: for any morphism f: X — Y in C, both
(0y 0 Qf, f) and (QQf o éx, f) are morphisms (ex,kx) — (eQv,kqQy) § (€v, ky) in K-AIMor. This can be
done by forming the following pasting composites in X-AlMor:

Qx <5 Qv — QQy Qx = a0x <L Qv
J(EQYWQY) (eqx, HQX) J(EQY KQY)
(ex.kx) (Q) ev.xv) (D) QY (ex,Kx) (D)
L J(EYW“Y) (EX,HX J(EY;K/Y
X 7 Y ——Y X 7 Y

For the axiom dx §egx = ldgx = 0x § Qex, it suffices to show that both (egx,ldx) and (Qex,ldx) are
morphisms (egx, kox) 5 (Ex,kx) — (ex,kx) in K-AIMor (then (egx o dx,ldx), (Idgx,ldx), and (Qex o
dx,ldx) are parallel morphisms with domain (¢ x, kx) over the same morphism Id x, and hence have to coincide).
These can be seen by the following composites in J-AlMor:

QQX =5 QX QQX 5 QX
(EQXWQX)J (I H('dwix) (EQXv’fQX)J (Q) J(Ex,ﬁx)
0X —— QX QX —— X
(@cﬁx)l = l(EX’KX) (&Xﬁx)l (I) H('dx, )
X =—X X =—X

Finally, for the axiom dx §dgx = dx § Qdx, it suffices to show that (6gx,ldx) and (Qdx,ldx) are parallel
morphisms in -AIMor, which can be seen as follows:

QX ~*% QQQX QQX % QQQX
l(EQQXv"QQX) (6QX15QX)l (Q) l(EQQXvKQQX)
Caxmox)| (D) QQX QX —— QX
l(EQXx"QX) l(EQXx”QX)
QX ——— QX (ex k) (D) QX
(EXWX)J = J(EXWX) J(EXWX)
X— X X— X 0

As indicated before Construction 1.3.17, a sufficient condition for cod: K-AIMor — C to have a lari (and
hence for the algebraically K-cellular replacement @ to be defined) is given by the following.

Proposition 1.3.21 (] , Proposition 4.1.6 and Remark 4.1.7]). If C is a locally presentable category
and K is small, the functor cod: -AIMor — C has a lari. Moreover, the algebraically IC-cellular replacement
comonad coincides with the cofibrant replacement comonad with respect to the AWFS cofibrantly generated by
K. J

Proof. The existence of a lari follows from the left adjoint of the forgetful functor X-AIMor — C?2 observed
in Remark 1.3.10; the lari sends an object X € C to the free algebraically -injective morphism on the unique
morphism !* : ) — X from the initial object @ in C. For the second part, let us write (Q',€',0") for the cofibrant
replacement comonad, which is just the dual of the fibrant replacement monad observed in Remark 1.3.16. As
observed there, the counit €’y is obtained by applying the monad R to the object X0 — X in C2, which
agrees with the above construction of the image ex: QX — X under the lari. On the other hand, | ,
Proposition 2.8] (or | , (2.11)]) implies that the comultiplication ¢’y is determined as in (D). Finally, given
a morphism f: X — Y, the morphism Q'f: Q’X — Q'Y is determined as in (Q), since (Q’f, f) is obtained by
applying R to the morphism (Idy, f): I¥ 1Y in C2, and hence is a morphism in R-Alg = K-AIMor. (]
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Example 1.3.22 (cf. | ]). For a cartesian monad P over T (see Definition 1.2.2.4), a contraction " on P
(see Definition 1.2.2.5) is exactly a Z*-lifting structure on the morphism ar{’: P1 — T1 in GSet. Moreover, if
we write OC for the category of cartesian monads with contractions (Definition 1.2.2.5 and Proposition 1.2.2.7),
then it fits into the left-hand pullback square below:

OC — T*-AIMorr; —— SpEpi ([ig,SetD
J ‘ |
forget Jforget

d ~ 2
CartMnd/T —-— GSet/T1 ———— [I()X,Set}

Here, we write CartMnd/T for the category of cartesmn monads over T The pullback square on the right is

(1.3.9.1) in the case where C = GSet and K = on : (IOX, =), where on is defined as follows: the underlying
set is

I ={(n,k)|n>1 and k: G" —> T1}

and we set |(n, k)| to be the morphism
" (0G" (0, 11k, 0,1 1K) — (G7K)
in GSet/T1.

The functor labelled ev; is the evaluation at the terminal object. Using the observation made in Section A.2.1
and Fact A.2.6, one sees that it is equivalent to a right adjoint functor between locally presentable categories.
Therefore, by | , Theorem 2.18], OC is locally presentable and the left vertical functor above has a left
adjoint. This in particular gives another proof of Proposition 1.2.2.7.

Moreover, post-composing the left adjoint of ev, with |—|, we obtain another IS € SET 1 (CartMnd/T)2.
Again by£.3.9.1) in the case where C = CartMnd/T and K = ZJ°, we conclude that OC is equivalent to the
category Z5-AlInj. Therefore, by Remark 1.3.19, the initial object (L, &) is characterised as the algebraically

T -cellular replacement of the terminal object in CartMnd/T, which is simply T. This gives another homotopy-
theoretic characterisation of L that is parallel to the characterisation in | |; however, note that this is
different from the one given there, since we are working in the category of cartesian monads over T here, whereas
[ | works in the category of normalised globular operads (see also Section A.2.2). J

Finally, we describe a ‘change of base’ result for algebraic injectivity and for algebraically cellular replace-
ment. For the case Remark 1.3.10 of locally presentable categories and small indexing classes, the same thing
can also be achieved by more directly applying some change of base results for AWFS established in [ l;
see Remark 1.3.26. This will be used in Section 3.3.3.

Definition 1.3.23 (| , Definition 4.3.1]). Let F': D & C :U be an adjunction between categories, and
let K, = (Ko,| —|) € Set | D? be an indexed family of morphisms in D. Now we obtain an indexed family K
of morphisms in C by post-composing F2: D? — C?2 with | — |: K, — D?; i.e., we set K = (Ko,]j — Fj|).

(i) We have a functor U-AIMor: K-AIMor — K,-AIMor defined by mapping each algebraically K-
injective morphism (f: X — Y, ) to the algebraically K,-injective morphism (Uf: UX — UY,«),
where the K,-lifting operation ' on Uf is determined by the following correspondence under the

adjunction FF 4 U.

.%UX N

° X
il stGutoh) FJl H(JUU l
° Y

0/4>UY —_—

ot

Notice that the following square is a pullback in CAT:
K-AIMor —Z-AMor e ATMor

.
forget [forget (13231)

c? D2
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(ii) Now suppose that both functors cod: K-AIMor — C and cod: K,-AIMor — D have laris. As in
Construction 1.3.17, we write (ex : QX — X,kx) and (¢y: Q’A — A, ¥/;) for the values under these
laris of objects X € C and A € D, respectively. For each object X € C, wedefineox: Q' UX — UQX
as the unique morphism in D such that the following configuration

QUX 2% UQX

(eux rkux) (Uex,n;) (S)

UX UX
is filled with a unique cell in K£,-AIMor. a
Lemma 1.3.24 (cf. | , Proposition 21]). In the situation of Definition 1.3.23, U-AIMor preserves vertical

composition of algebraically injective morphisms, and hence defines a double functor

K-AIMor AMer, o  AIMor. (1.3.24.1)

J

Proof. Let (g,k): C — C" and (h,\): C' — C” be algebraically K-injective morphisms in C, and write

(Ug,x") and (Uh, A") for their images under U-AIMor. To show that U-AIMor preserves this composite,
observe the following diagrams commute:

f

hd - UucC ° u C
lUg Jg

w1 Gut AT GulsUg,v)) ke (jsu,A(j;usg,v))
li uc’ Fljl o
A (ufsUg,of) th Ali;usg,v) Jh
° vc” ° ol

v
1)T

for any j € K,, a commutative square (u,v): F|j| — g3h, and its adjunct (uf,v): |j| — UgsUh. Since uf3Ug
is the adjunct of u § g with respect to the adjunction F' 4 U, by definition of £ and Af, the resulting diagonal
towards UC' on the left is the adjunct of the corresponding diagonal towards C' on the right. This shows that
the composite (Ug, k1) 5 (Uh, AT) is equal to the image of (g, ) § (h, A\) under U-AIMor. |

Proposition 1.3.25 (| , Proposition 4.3.3]). In the situation of Definition 1.3.23.(ii), the family (0x) xec
is a natural transformation

such that the pair (U, o) is a comonad opfunctor | , Section 4] from (C, Q) to (D, Q’). a

Proof. As in the proof of Proposition 1.3.20, one can verify the naturality of o and the compatibility of o with
the comonads @ and @’ using the universality of (e, y, K, x); below are the details.

The compatibility of o with the counits (i.e., that ¢,y = Uex o ox holds for any X € C) is immediate
from the definition of ox.

To show the naturality of o, it suffices to show that for any morphism f: X — Y in C, both (oy oQ'U f,U f)

and (UQf o ox,Uf) are morphisms (¢}, y, Ky x) — (UEX“%}) in Ko-AIMor. These can be seen by the
following diagrams, which can be regarded either as composition of morphisms in the category K,-AIMor or
horizontal composition of squares in the double category K,-AIMor.

oux LY, guy —2 ., uQy QUX —2, yox Y, yoy
\ \
(EIUX“"C;JX)L (Q) (djyfgjy) (S) (Uey s}) (eux:Kux) (S) (Uex kk) (Q) (Uey &)
)
UX Uy — Uy UX UX Uy

Uf uf
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Finally, the compatibility of ¢ with the comultiplications means that for any object X € C, the diagram

QUX 7x UQx
‘%’Xl JU(;X (1.3.25.1)
Q/Q/UX QT> Q/UQX W) UQQX

commutes. To see this, observe that the two composites in (1.3.25.1) lift to the top horizontal composites in
the following diagrams in the double category KC,-AIMor:

QUX —Z 5 UQx —* 5 UQQx
l(Ust o x)
(xRl (S) (Wexwt) UD) UQX
l lwexvnk)
UX UX Ux

QUX —ux , goux —4 L, Quox — 2%, UQQx

<E'QIUX,‘~;?,UX> Q) <s;,QX,‘nz,Qx> () (Uegx whx)

(uxwyx) (D) Q’éX o Ux UQx
(ebx,‘nw (S) (Uax‘m;) = (Uex k)

UXx UX U\LX UXx

The square labelled by U(D) in the first diagram is the image of (D) in K-AIMor under U-AIMor (1.3.24.1).
This means that the two composites of (1.3.25.1) define parallel morphisms in K,-AIMory x from the initial
object (see Remark 1.3.19), and hence they must be equal. O

Remark 1.3.26 (| , Remark 4.3.5]). Let us consider the situation of Definition 1.3.23, and assume
moreover that the categories C and D are locally presentable and the indexing set K, is small. Then by
Proposition 1.3.21, the assumptions in Definition 1.3.23.(ii) are satisfied. We now explain that in this case, the
result of Proposition 1.3.25 can also be obtained via the theory of AWFsS.

As explained in Remark 1.3.10, there exist AWFSs (L, R) on C cofibrantly generated by K and (L., R,) on D
cofibrantly generated by K,. (The awrs (Lo, R,) coincides with the one obtained by projectively lifting (L, R)
along U: C - D | , Section 4.5], i.e., the pullback square (1.3.23.1) lifts to a suitable pullback of double
categories.) By | , Proposition 22|, the universality of (Lo, R,) induces a canonical oplax morphism of
AWFS (Lo, R,) — (L,R) whose functor part is F. This involves a comonad functor from (D?,L,) to (C2,L)
whose functor part is F'2. Since F' preserves the initial object, we can restrict it and obtain a comonad functor

Q

c—“.cC

FW\ NT WF

D——D
Q

from (D,Q’) to (C,Q). The comonad opfunctor (U, o) in Proposition 1.3.25 and (F,7) form a (doctrinal)
adjunction | |, i-e., o is the mate of 7 under F' 4 U. (To see this, observe that we also have a canonical lax
morphism of awFs (L,R) — (Lo, R,) whose functor part is U by | , Section 2.10]. One can also restrict
this to obtain a comonad opfunctor from Q to Q’, which coincides with (U, c) and is also the right adjoint of
(F,7).) 4

A comonad opfunctor (such as the one in Proposition 1.3.25) induces a functor between the respective
Kleisli categories, and in Section 3.3.3, this gives the notion of underlying globular map of a weak w-functor in
a functorial way.
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1.4. Coinduction

We work with invertible cells in a weak w-category throughout this thesis, and in particular, they are
discussed in Chapters 2 and 4. Our definition of invertible cells is a coinductive one, which is also discussed in
[ | for the weak case and in [ | for the strict case. In this subsection, we observe some basic results
on a lattice-theoretic formalisation of the notion of coinduction, which will be used in Chapters 2 and 4. The
substance of this subsection is largely based on | , Section 3.1], which formalises the technique employed
in the proof of the main theorem of | ]

A complete lattice A is a poset such that every subset S C A has a join \/.S € A, or equivalently, every subset
S C Ahasameet \S € A. Let F: A — A be an monotone endomap on a complete lattice A. For each element
x € A, we write L £ = {a € A|a < z} for the downward closure of z in A, and write T x = {a € A|z < a} for
the upward closure of z in A.

Definition 1.4.1. A pre-fized point of F is an element x € A such that F(z) < z. Dually, a post-fized point of
F' is an element x € A such that z < F'(z). We write Pre(F") and Post(F) for the full subposets of A spanned
by pre-fixed points and post-fixed points of F', respectively. a

Definition 1.4.2. Given an element x € A, we write
Pre,(F)={y€ Alxz <y and F(y) <y} =Pre(F)N Ttz
for the set of pre-fixed points of F' above x. a

Proposition 1.4.3. Pre(F) is reflective in A and the reflection is given by « — A (Pre,(F)). Dually, Post(F)
is coreflective. In particular, those posets Post(F') and Pre(F) are complete lattices. J

Proof. By the universality of meets, for each @ € A, we have F(A\(Pre,(F))) < A(Pre,(F)) and hence
A\ (Pre,(F)) is the minimum element in Pre,(F), which shows that A(Pre,(F)) is the reflection of z into
Pre(F'). The remaining part follows immediately. O

We write vF for the greatest element in Post(F'), which is called the greatest post-fized point | | of F.
This exists by the above proposition, and coincides with \/(Post(F")).

The following lemma shows that, when we are considering the greatest post-fixed point of F', we may replace
F with a deflationary monotone map.

Lemma 1.4.4. Consider another monotone endomorphism FAlds: A — A defined by (FAld4)(z) = F(z)Ax
for each z € A. Then we have Post(F' Aldy) = Post(F'), and hence v(F Aldy) = vF. a4

Now the following!! is the main proposition of this subsection, which is a formalisation of the technique
used in | ]

Proposition 1.4.5. Let F,G: A — A be monotone maps. If Pre,r(G) is closed under F, then we have
G(vF) < VF. J

Proof. Take the reflection b = A(Pre,r(G)) of vF into Pre(G), which is the least element in Pre,r(G). By
assumption, we have F'b € Pre,r(G). The minimality of b then implies b < F'b, i.e., that b is a post-fixed point
of F. It follows that we have b < vF. Therefore vF' = b € Pre,r(G) and hence in particular G(vF) < vF. O

Remark 1.4.6. In order to check that the assumption of Proposition 1.4.5 is satisfied, we only need to show
that for any b € Pre,r(G), we have GFb < Fb. The condition vF < Fb follows from vF' < b since we have
vF = F(VF). J
Applying Proposition 1.4.5 to F' = F Ald4 and using Lemma 1.4.4, we obtain the following variant'2.
Corollary 1.4.7. Let F,G: A — A be monotone maps. If Pre,r(G) is closed under F' A ld 4, then we have
G(vF) <vF. J

L After my PhD defence, Galal Zeinab pointed out a similarity between this proposition and the (constructive) proof of
Pataraia’s fized point theorem | |. While I agree that there is a genuine analogy, I was not able to make the relationship
precise; we leave this as future work.

12Galal Zeinab also pointed out to me that this corollary might be seen as an example of (co)induction up-to techniques
[ |. Concretely, to show that vF is a pre-fixed point of G, it suffices to prove G o (F Ald4) < F on Pre,p(G). If we regard
G o — as an operator on the lattice [Pre,r(G), A], then this statement can be seen as an instance of induction up to the operator
Hw— HAIldy.






CHAPTER 2

Weakly invertible cells in a weak w-category

2.1. Introduction

In (higher-dimensional) category theory, the ‘correct’ notion of equivalence is often something weaker than
that of equality. When working inside an ordinary category, it is the notion of isomorphism; when working on
the totality of all (small) categories, or more generally in a 2-category, the word ‘equivalence’ already has a well-
established meaning. For general n-categories where n € N\{0}, one can define such a notion of equivalence, or
more generally the notion of equivalence k-cell, or weakly invertible k-cell’, by induction: equivalence n-cells in
an n-category X are the same as strictly invertible n-cells, and a k-cell u: © — y for 0 < k < n is an equivalence
cell if there exists a k-cell v: y — =z and equivalence (k + 1)-cells vu — 1, and uwv — 1,. Unravelling the
induction, a witness for weak invertibility of a k-cell u: x — y in an n-category involves a k-cell v: y — x
together with 2~ *+1 m_cells of suitable types for each k < m < n, which are subject to 2" *+1 equations at
the top dimension n (cf. ezponential wedge in | , Section 1]).

In an w-category, one can still define equivalence cells in the same manner, using the unravelled description:
a k-cell u: x — y in an w-category X is an equivalence cell if there exist a k-cell v: y — x and 2™ F+1 m-cells
in X for each m > k, of suitable types. (This time, we do not demand any equations between these cells.) This
definition can be stated more succinctly as: a k-cell u: x — y in an w-category X is an equivalence if there
exist a k-cell v: y — x and equivalence (k + 1)-cells vu — 1, and uv — 1, in X. To remove ambiguity in
this seemingly circular definition, we should also add that here we are defining weak invertiblity coinductively
(see Remark 2.2.2 and Section 1.4 for details of coinduction). This notion of equivalence cell in an w-category

plays a key role in e.g. the definition of a model structure on the category of strict w-categories | | (see
also | D-

In this chapter, we study equivalence cells in a weak w-category in the sense of Leinster | | (which is
based on an earlier definition by Batanin | ). Our main theorem (Theorem 2.4.7) states that the set of

equivalence cells in a weak w-category is closed under the operations of (globular) pasting.” For example, if we
are given a 2-dimensional pasting diagram

%

P T

h
a la hb— e —j— d, (2.1.0.1)
\g/ W
k

in a weak w-category, in which all 2-cells «, 3, and  appearing in the diagram are equivalences, then so is
their composite, regardless of the way of ‘bracketing’ (Recall that in a weak w-category, composition is neither
unital nor associative, so for example the 1-dimensional domain of the above composite could be taken either
as (th)f or i(hf), and these might be different). We remark that for the composite 2-cell of (2.1.0.1) to be an
equivalence, the 1-cells in the diagram (such as f) need not be invertible.

The special case of our main theorem, where there is no n-cell in an n-dimensional pasting diagram, can
be regarded as a coherence result for weak w-categories. For example, one can regard (2.1.0.1) not as a 2-
dimensional pasting diagram but as a 3-dimensional one in which no 3-cell appears. Then, the assumption of
the main theorem (i.e., all 3-cells in (2.1.0.1) should be equivalences) is vacuously satisfied. Consequently, we
see that any two composite 2-cells § and ¢’ of (2.1.0.1) are connected by an equivalence 3-cell (provided that §
and ¢’ are parallel). See Proposition 2.3.7 and Remark 2.3.9 for more details.

1Al‘chough the title of this chapter follows [ | in using the term weakly invertible cell, for the sake of consistency of
terminology throughout this thesis we shall also freely use the term equivalence for this notion.

2We prove this only for globular pasting operations since Leinster’s definition of weak w-category is based on them. Of course,
the result trivially extends to whatever notion of pasting operation, as long as it is expressible as a repeated application of globular
pasting operations.

35
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A typical application of our main theorem would proceed as follows. Firstly, one takes some elementary
fact about strict w-categories (starting either an equality between cells or existence of an equivalence cell) which
one wishes to generalise to the weak setting. Then one inserts a coherence cell whenever one sees an equality
in the proof of the strict case. This yields a chain of whiskerings of equivalence cells, which can be composed
to a single cell. Finally, using the main theorem, one deduces that the resulting cell is itself invertible. We give
a couple of examples in Corollaries 2.4.15 and 2.4.16.

Another immediate consequence of the main theorem is that any weak w-category X has a largest weak
w-subgroupoid k(X) which we call the core of X. Indeed, let k(X) consists of all (hereditary) equivalence
cells of X. Then the main theorem ensures that k(X) is a weak w-subcategory of X. We obtain a functor
k: Wk-w-Caty — Wk-w-Gpd, from the category of weak w-categories to its full subcategory consiting of
all weak w-groupoids, which is characterised as the right adjoint of the incllusion functor Wk-w-Gpd, —
Wk-w-Catg. This generalises the well-known universal property of the core groupoid functor k: Cat — Gpd.

Related work. After presenting our main theorem at Category Theory 2023 in Louvain-la-Neuve, we learnt
from Emily Riehl that tslil clingman had independently proved a similar result. More precisely, Leinster gives

a ‘non-algebraic’ variant of his definition of weak w-category in [ , Definition L'] and | , Section 10.2].
In | , Section 3.2], cllingman shows that the equivalence cells in a slight variant of these non-algebraic weak
w-categories (called proof-relevant categories in | |) are closed under compositions.

Outline of this chapter. After recalling the coinductive definition of equivalence cells in a weak w-category
in Section 2.2, and establishing a few facts about coherence in Section 2.3, we state and prove the main theorem
in Section 2.4, and discuss a few applications including core weak w-groupoids of weak w-categories, which is in
Section 2.5.

2.2. The definition of invertible cells in a weak w-category

In order to define (weakly) invertible cells (or equivalence cells) in a weak w-category X, we only need a
small part of its structure. Specifically, we use the following operations, where n > 1: the operation mapping
each (n — 1)-cell z of X to the n-cell id, (z) of X, and the operation mapping each pair of n-cells v and v of
X such that t,,_;(u) =s,,_;(v) to the n-cell ux, ;v of X; see Definition 1.2.3.8. (Globular sets equipped with
such operations are called w-precategories in [ 1)

Definition 2.2.1 (| ; ). Ann-cellu: x — y (with n > 1) in a weak w-category X is an equivalence
cell or a weakly invertible cell if there exist

e an n-cell v: y — x,
e an equivalence (n + 1)-cell p: ux,, v — id, (x), and
e an equivalence (n + 1)-cell g: v+, _;u — id, ()

in X. In this situation, we say v is a pseudo inverse of u. For n-cells z and y (with n > 0), we write z ~ y if
there exists an equivalence (n + 1)-cell u: ¢ — y in X. 4

Since in this thesis the notion of (strictly) invertible cell in a strict w-category seldom appears, we shall
abbreviate ‘weakly invertible cell’ to ‘invertible’ and ‘pseudo inverse’ to ‘inverse’ in what follows.

Remark 2.2.2. In Definition 2.2.1, the notion of equivalence n-cell is defined coinductively. In this block, we
formalise this coinductive definition using the lattice-theoretic framework prepared in Section 1.4. First, we

define an endo-monotone function ®* on the poset (][, oy Xn) of all sets of cells in X as follows.

PX(S)={(urz—>y)€Xp|n>1, I(v:y—2)e Xy,
3 (p: wr,_v —id, (x)) € SN Xpp1, I(g: ve,_ju—id,y) € SN Xy }

In words, ®*(S) is the set of all cells in X which are ‘invertible up to S’. Since p(][, ey Xn) is a complete
lattice, ®X has a greatest post-fixed point &%, and Definition 2.2.1 says that we define this &% to be the set
of all equivalence cells of X. Observe that the characterisation of v®% as the greatest post-fixed point of ®*
yields the following proof method to show that a certain cell in X is invertible: in order to show that a cell u
in X is an equivalence cell, it suffices to find a set W C ], . X,, with W C X (W) and u € W.

We occasionally omit the superscript X when the weak w-category is clear from context; this is done in
particular in Section 2.4. a

Remark 2.2.3. Let X be a weak w-category. By Corollary 1.2.4.3, for n > 2, an n-cell u of X is an equivalence
cell if and only if it is invertible as an (n — 1)-cell in the hom weak w-category X (s§ (u), 7 (v)). (This is also
commented in | , Section 6].) 3
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2.3. Coherence

We now prove elementary properties of equivalence cells, and establish the existence of enough coherence
cells in a weak w-category, which plays an important role throughout this paper.

Proposition 2.3.1 (cf. | , Lemma 4.3]). Any strict w-functor preserves equivalence cells. J

Proof. Let f: X — Y be a strict w-functor between weak w-categories. Define the set W C [[, o Y as
W ={u' €Y, |n>1and there exists an equivalence n-cell u of X with v’ = fu },

which is exactly the image of »®X under f . We show that W C <I>Y(W), which concludes W C v®Y. If
u' € W NY,, then there exists an equivalence n-cell u: z — 2’ of X with v/ = fu. So there exist an n-
cell v: 2/ — = and equivalence (n + 1)-cells p: wxX ;v — id} (z) and ¢: v+ ju — id) (2/) in X. Then
fp, fq € W and we have fp: fux) ,fv — id} (fz) and fq: fox?  fu — id” (fz') in Y by Lemma 1.2.3.3,
showing v/ = fu € ®¥ (W). O

Definition 2.3.2 (Example 1.3.4). A strict w-functor f: X — Y between weak w-categories is contractible
(or locally a trivial fibration) | , Section 9.1] if its underlying morphism of globular sets has the right lifting
property with respect to ": 9G™ — G™ for each n > 1. As is observed in Example 1.3.4, contractible strict
w-functors are precisely Z*-injective morphisms. In more elementary terms, f is contractible if for any n-cell
v: fx — fo’ in Y, there exists an n-cell v: z — 2’ in X with fo = v. J
Proposition 2.3.3 (cf. | , Lemma 4.9]). Any contractible strict w-functor reflects equivalence cells.

Proof. Let f: X — Y be a contractible strict w-functor between weak w-categories. Define the set W C

HnEN X” by
W ={ue€ X,|n>1and fuis invertible in Y },

which is exactly the inverse image of v® under f. We show that W C ®X(W). If (u: 2 — 2') € W N X,
then fu: fx — fx’ is invertible in Y and hence we can take its inverse v: fz’ — fx. By contractibility of
f, there exists v: 2/ — x in X with fo = v. We also have equivalence cells p: fux) v — idZ(fx) and
q: v¥¥_ fu—idY (f2'). By Lemma 1.2.3.3, we have p: f(uxX_,7) — f(idX (z)) and ¢: f(vxX ju) — fGd> (27))
in Y, and hence by contractibility of f again, we obtain p: ux\ ;7 — idX (z) and : T+ ju — id;\ (2’) in X
with fp = p and fg = q. Since p and g are in W, we have u € &~ (W). O

Recall from Proposition 1.2.2.9 that any strict w-category can be regarded as a weak w-category.

Proposition 2.3.4 (| , Proposition 4.4. (1)]). Any identity cell in a strict w-category is invertible. .
Proof. Given a strict w-category X, consider the set W of all identity cells in X. O

It follows that any strictly invertible cell in a strict w-category is invertible (in the sense of Definition 2.2.1).
Note that in the free strict w-category T1 = (T1,u]), an n-cell k is an identity n-cell if and only if it is
degenerate in the sense of Notation 1.1.2.9 (see Remark 1.2.3.12). Similarly, for any globular set X, an n-cell u
of the strict w-category TX is an identity n-cell if and only if its shape is degenerate.

Proposition 2.3.5. Let X = (X,§) be a weak w-category, n > 1, and (¢,u) € (LX),. If ar(¢) € (T1), is
degenerate, then the n-cell (¢, u) in X is invertible. J

Proof. Since ¢ is a strict w-functor from (LX, u%) to X, by Proposition 2.3.1 it suffices to show that the n-cell
(¢,u) in (LX,pu%) is invertible. This follows from the facts that ary: LX — TX is a contractible strict
w-functor, and that u is an identity n-cell in TX by Proposition 2.3.4. O

Applying Proposition 2.3.5 to the case where ¢ = spi,,;([™]) (see Definition 1.2.3.8.(i)) and u = [I](nﬂ),
we can now generalise Proposition 2.3.4 to weak w-categories.

Proposition 2.3.6. If (X, ) is a weak w-category, n > 0, and x € X,,, then id,, () € X,,41 is invertible.

More generally, notice that if n > 0 and ¢, ¢’ € (L1),, are parallel n-cells with ar(¢) = ar(¢') = k € (T1),,
then we can regard k as an (n + 1)-cell k(*+1): k(") — k(™) in T1 and hence obtain an (n 4 1)-cell

R ({000 k) s o= of

of L1. Since k(®*1) is degenerate, by Proposition 2.3.5 we have the following coherence result.



38 2. WEAKLY INVERTIBLE CELLS IN A WEAK w-CATEGORY

Proposition 2.3.7 (Coherence, cf. | , Proposition 2.4.6]). Let n > 0 and ¢,¢’ € (L1),, be parallel
n-cells with ar(¢) = ar(¢’) = k € (T1),. Then for any weak w-category (X, &) and any pasting diagram u in X
of shape k, the (n + 1)-cell

¢ (7 ({000, kD) u ) s (6,u) = €(0/,u)
in X is invertible. In particular, we have £(¢,u) ~ £(¢’',u) in X. By Remark 1.2.3.12, we can rewrite the above

coherence cell as
¢ (7 (0. 0) k) D) = ¢ (7 ((0,0), 1073 () ) 1T (u)

When we take
k=" " "loand ¢ = @k @)k 8, ¢ =kl (Gt 16, (2.3.7.1)
n—1 n—1 " " n n
by Remark 1.2.3.2.(v) and & o ,ul)*( = £ o L&, we have the following associativity result:

Corollary 2.3.8 (| , Proposition 2.2.9]). Let X be a Weak w-category and p: z — vy, q: y — 2, and
r: 2 — w be n-cells of X with n > 1. Then we have (p*:\_,q)*a_17 ~ px_;(qxx_q7). N

Note that Proposition 2.3.7 shows that any two parallel (in the sense of being induced from parallel n-cells
of L1) composites of a pasting diagram in a weak w-category are equivalent up to an equivalence cell.

Remark 2.3.9. Proposition 2.3.7 is the uniqueness part of the pasting theorem promised in Section 1.2.1; it
states precisely that, in a weak w-category, any two ways of composing a given n-dimensional pasting diagram
yield the same composite up to an equivalence (n + 1)-cell, as long as they agree on how to compose the
boundary. However, it is possible to give a different formulation of the uniqueness, namely as the contractibility
of a suitable ‘space’ of composites.

Recall that, given a weak w-category X and 0-cells z,y € X, we may construct the hom weak w-category
X(z,y) (Fact 1.2.4.1). It is easy to see that if (the underlying globular map of) a strict w-functor f: X — Y has
the right lifting property with respect to t*: 9G¥ — G* for some k > 1, then the induced map Joy: X(z,y) —
Y (fz, fy) has the right lifting property with respect to t/*~!: 9G*~! — GF-1.

Now, let X be a weak w-category, n > 1, k be an n-dimensional pasting scheme, u a pasting diagram of
shape k in X, and ¢, ¢’ € (L1),,_ parallel cells of arity 91!, (k). Then we can construct the following trivial
fibration in the sense of Example 1.3.3 (that is, a strict w-functor whose underlying globular map has the right
lifting property with respect to /*: 9G¥ — G* for all k > 0) by repeatedly taking the hom weak w-categories:

LX (( ) le(u))’((yb 7t;IL‘X1( ))) — TX (S ( )7tEX1( )) .
The codomain is a strict w-category (by Fact 1.2.4.1 and Remark 1.2.3.11), so there is a strict w-functor from
the terminal weak w-category into it that picks out the 0-cell u. The pullback in Wk-w-Caty of the resulting
cospan is then the weak w-category of possible composites of u satisfying the boundary conditions specified
by ¢ and ¢'. Since it admits a trivial fibration to the terminal weak w-category, one can reasonably call it a
contractible space; at least it is a weak w-groupoid (i.e., a weak w-category in which every cell of dimension > 1
is an equivalence cell) by Propositions 2.3.3 and 2.3.4. a

2.4. The main theorem

The main theorem of this chapter is the following: if (X, ) is a weak w-category and (¢, u) is an n-cell of
LX such that all n-cells of X appearing in the pasting diagram u are equivalences in X, then the n-cell £(¢, u)
is also an equivalence in X. Notice that the special case of this claim where u does not contain any n-cell of
X, is precisely Proposition 2.3.5. However, since the n-cell (¢, u) is not an equivalence in LX whenever u is
non-degenerate, we will need more discussion in the general case.

Definition 2.4.1. Let k be a pasting scheme of dimension n and rank r. Let 0 < ¢ < r and suppose k; = n:

k — k‘o n k,‘r
- k.. K kiy,n ... kK,

T

We write 5¢(k) for the n-dimensional pasting scheme defined by

éi(k):ﬁ(lw T MD.
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Explicitly, we have the following description of §¢(k).

e If i >0 and k; = n — 1, then &°(k) is obtained from k by removing k; and k;.
e If i <rand k;,; =n — 1, then 5’(k) is obtained from k by removing k; and k, ;.
e Otherwise, 6'(k) is obtained from k by replacing k; = n by n — 1.

(Note that, although it is possible for k to satisfy the premises of both the first and second clauses, the two
definitions of 5’(k) agree in that case.)

Let u be a pasting diagram of shape k in a weak w-category X. Suppose that there exists x € X,,_1 such

that u; = id: (z):
u— | ian(x) Uy
B U . T ’

U; Uipr -+ U

We write 5°(u) for the pasting diagram of shape &°(k) in X defined by

6i(U)=u§<[[uo] (] . [m] 1" [wn] L[] [W]D

Explicitly, we have the following description of §'(u).

e If i >0 and k; = n — 1, then &°(u) is obtained from u by removing u; and u; = .
e If i <rand k;,; =n — 1, then 5(u) is obtained from u by removing u; and u; ,; = z.
e Otherwise, §'(u) is obtained from u by replacing u; by x.

(Note that, although it is possible for u to satisfy the premises of both the first and second clauses, the two
definitions of 4*(u) agree in that case.)

Let ¢ be an n-cell of L1 with ar(¢) = k as above. We write 8%(¢) for the n-cell of L1 defined as §'(¢) =
H(( %11(¢>7t%11(¢)>75l(k))' -

Example 2.4.2. Let
K — 2 2 2 1 2
a 1 1 0 0 ’

and suppose we have a 2-dimensional pasting diagram

_ {a idy(g) B i W]
g g b c

of shape k in a weak w-category X, which may be depicted as

dy(9) h ——— ¢ T d. (2.4.2.1)

B

|
o -
s |
l
Then we have

which may be depicted as

o« —os—bp—" e’ |v ld (2.4.2.2)

The following lemma formalises the idea that composites of diagrams such as (2.4.2.1) and (2.4.2.2) in a
weak w-category should be equivalent up to an equivalence cell.
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Proposition 2.4.3. Let n > 1, k be a pasting scheme of dimension n and rank r, X = (X,£) be a weak
w-category, and (¢,u) € (LX), be an n-cell such that ar(¢) = k. Then we have

&(,u) ~ € (8'(9), 8" (u))
in X. J

Proof. By the assumption, we have

e TS
and
u— {uo id () ur} € (TX),.
U o Yy Uitq U,
Define a pasting diagram u in LX by
~ Chos |10 id" (&, 1), [* Ch,, [
o= [ ey @y O ey @y )

Since U is also of shape k, we obtain (¢,u) € (LLX),. By &(eg,,[%]) = uj, £(€x, [“]) = u;, and
£GdM (&), [=]) = idX (), we have
(LE)(¢,u) = (¢, (TE)(u)) = (¢,u) € (LX)n.

Let us calculate u% (¢,u) € (LX),. To this end, we decompose u € (TLX),, into

‘= o e id" (e,_1) - e, € (TLX)
€k, .- €k, €kypy - Ck, "

and
a= ] (=] [*]
[ (m] L [
(See also Remark 1.2.3.2.(v).) Then we have
ﬂ%((gbaa) = (#Il"(qb’x),‘u;((ﬁ)) = (:U‘If((ba X)75i(u))

On the other hand, the n-cells u} (¢, x) and 8'(¢) = & ((skL,(¢), th11(¢)), 5'(k)) of L1 are parallel. This is
because

sty (u1(9:20) = py (3704(0). 5,71 (X))
= #If (5/151—1@5), (TmL) (ar(5151—1(¢))))
= py o (L) (5324 ()
=5,11(9)
and similarly t51, (u}(¢,x)) = thL,(¢). Hence by Proposition 2.3.7, we have
£(6,u) = £ o (LE)(6, )

= € o pk (¢, 1)
=& (1 (6:%),8'(u))
~ £ (8'(9),8'(u)) - O
As a special case of Proposition 2.4.3, we have the following ‘ordinary’ unit law.
Corollary 2.4.4 (| , Proposition 2.2.9]). Let X be a weak w-category and u: x — y be an n-cell of X
with n > 1. Then we have idX (z)«X ju ~u ~ uxX [id¥ (). Ny

Definition 2.4.5. Let k be a pasting scheme of dimension n and rank r, and let u be a pasting diagram of
shape k in a globular set X. By the set of full-dimensional labels in u, we mean the set

fdl,(u) ={w; |0<i<r, ki=n}

We sometimes omit the subscript n when the dimension specified on u is clear from the context. a
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Definition 2.4.6. Let S C X be a set of cells of a weak w-category X (i.e., it consists of S,, C X,, for each
n > 0 subject to no conditions). By the set of S-labelled pastings, we mean the set

pst¥ (S) = {&(p,u)|[n >0, (p,u)€ (LX),, fdl,(u)<C S}

of cells of X. We often omit the superscript X when the weak w-category is clear from the context. J

Note that the set pst(S) may contain n-cells in S whiskered with m-cells not in S with m < n. Using pst,
we can now state our main theorem as follows.

Theorem 2.4.7. Let X = (X, ¢) be a weak w-category and let v® be the set of all equivalence cells in X. Then

we have pst (v®) C vd. J
Remark 2.4.8 (cf. | , Theorem 2.4.8]). In more explicit terms, Theorem 2.4.7 is stated as follows. Let
X = (X, &) be a weak w-category and let (¢,u) € (LX), with n > 1 and
ko o Ky
ae)= [,

Suppose that, for each ¢ < r with k; = n, the n-cell u; appearing in u is invertible. Then £(¢, u) is invertible.

We need some definitions for the proof of Theorem 2.4.7.

Definition 2.4.9. For each n > 0 and each n-dimensional pasting scheme k of rank r, define a natural number
k[ = [{i<r|ki=n}|,

which is the number of occurrences of n in the upper row of k. a

Notice that k is non-degenerate as an n-cell of T1 if and only if ||k||(n) > 0.

Definition 2.4.10. Let X be a weak w-category and S C X be a set of cells of X. Given any n > 1 and
any n-cell u: x — y of X, an n-cell v: y — = of X is called an S-inverse of w if there exist (n + 1)-cells
p:ux, (v —id, (x) and q: vk, _ju —id, (y) in S.

Let n > 1, (¢,u) € (LX),, and k = ar(¢). An S-inverse instruction of (¢,u) is an n-cell (¢™V,u™)
satisfying the following conditions.

o 51 (0™) = t;11(9),

® tﬁl—l((ﬁmv) =s5;11(¢), and

e u™ € (TX), is obtained from u by replacing, for each (n — 1)-transversal component 0 < i < j <r
of k, the corresponding segment

Uity - U ’
with
V; ce Uj
{ Uity - Y } 7
where v; is an S-inverse of w; for each i <[ < j. J

Note that v admits an S-inverse if and only if u € ®(5), and (¢, u) admits an S-inverse instruction if and
only if fdl(u) C ®(S). Also note that the shape of u™ is the same as that of u (recall that the cell y; is of
dimension (n — 1) for each i + 1 < < j), and that the types of (¢,u) and (¢™V,u™v) in LX are related by

(¢, u)

S%)—(l (¢7 U) t%)—(l((ﬁv U)
[ I (2.4.10.1)

t%)—(l (d)inv, uinv) (¢’inv inv) S%)—(l (Q/)inv, uinv).
,u

(Here we are not claiming that this diagram ‘commutes’.)

Although the proof of Theorem 2.4.7 is rather long, the underlying idea is simple; we show that any n-cell of
the form £(¢, u) with fdl(u) C v® admits an (v®-)inverse, namely £(¢™, u™), where (¢, u") is an v®-inverse
instruction of (¢,u) (whose existence follows from fdl(u) C v® = ®(v®)). The non-trivial part is constructing
equivalence (n + 1)-cells witnessing the invertibility of {(¢,u). Even in the simplest case of ug*yuy, where the
1-cells ug: * — y and u1: y — z admit inverses vg: y — x and vy : z — y respectively, connecting the composite
(uo*qu1)*o(v1%gvo) to id; (x) requires
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e rebracketing the expression (using coherence) so that we are composing u; and v first,

e whiskering with ug and vy the 2-cell p; witnessing the invertibility of uq,

e applying the unit law (Proposition 2.4.3) to obtain ugx,vy (getting rid of an extra identity in the
middle), and

e using the 2-cell py witnessing the invertibility of wug.

The following diagram illustrates the situation.

~1

e V1%, V0
1*pV1

U * UL

r e gk —— g
~Po
id, (x)
Moreover, we must show that the resulting 2-cell is itself invertible. In the actual proof, this last part is treated
by considering certain (pre-)fixed points of pst.
When connecting (ug#qu1 )%, (v1%yv9) to id; (x) in this example, we first cancelled out just one of the inverse

pairs (namely u; and v1) and obtained wug*yvo. In the general case, writing out such intermediate composites
can be rather cumbersome. This is our motivation for introducing the following notation, which allows us to

write e.g. 61+({u0 ) mDZM and 50([“1 y UODZM'

Definition 2.4.11. Let k be a pasting scheme of dimension n and rank r. Let 0 < ¢ < r and suppose k; = n:

k — :ZCQ n k,,n
- k... ks kivp -0 K, '

Recall the pasting scheme 6%(k) of Definition 2.4.1. Let u be a pasting diagram of shape k in a weak w-category
X.

(i) Suppose that either i = r or k;,; < n— 1 holds. We write & (u) for the following pasting diagram of
shape (k) in X.
e If i > 0 and k; =n — 1, then &', (u) is obtained from u by removing u; and u;.
e Otherwise, 5’ (u) is obtained from u by replacing u; by s, (u;).
(i) Suppose that either i = 0 or k; < n — 1 holds. We write & (u) for the following pasting diagram of
shape &°(k) in X.
e If i <rand k;,; =n — 1, then 8" (u) is obtained from u by removing u; and w, ;.
e Otherwise, 5° (u) is obtained from u by replacing u; by t:X | (u;). 3

Example 2.4.12. For

|2 2 2 1 2 | idy(g) 6] i vy
k = 1 1 0 } and u[ g g b .

o

of Example 2.4.2, we have

2 _ |« id,(g) v v
Bw-|" R
which may be depicted as
!
@ —9—h———sc iv d,
lldz(g \/
k

g

and
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which may be depicted as

idy(g) b C

7N
Te—w e |
o
U
L

Proof of Theorem 2.4.7. Observe that pst defines a monotone map on p([[, >, X»), and by Proposition 1.4.5,
it suffices to show that Pre,q (pst) is closed under ®. Note that since S C pst(S) holds for any S C [1,,5( Xn,
all pre-fixed points of pst are in fact fixed points.

To this end, take S € Pre,¢(pst). Then ®(S) contains all equivalence cells since v® = ®(v®) C ®(S). Thus
it suffices to show that pst(®(S)) C ®(S) holds. Since every cell in pst(®(S)) is of the form £(¢,u) for some
pasting instruction (¢, u) (of dimension > 1) that admits an S-inverse instruction, we would want to prove that:

for each n > 1, each (¢,u) € (LX),, and each S-inverse instruction (¢™¥,u™) of (¢, u), there
exist (n + 1)-cells

E(¢ u)en_ 1 (O™, u™) = idy (57 16(, ) (2.4.12.1)
and

£, U)X € (g, u) — idY (121 €(¢,u))

in S (or equivalently in pst(S)).
We shall do so by induction on Har(qﬁ)H(n).
The base case ||ar(¢)||(") = 0 is covered by Proposition 2.3.5; recall that v® C S. So fix N > 0 and suppose

that (2.4.12.1) holds for each n > 1 and (¢, u), (¢'™¥, u™) € (LX), with [ar(¢)||"™ < N. Take (¢,u) € (LX),
with ||ar(¢)||(n) = N + 1 and its S-inverse instruction (4™, u'™").

A sketch of the rest of the proof is as follows. We shall show that there exist
e a sequence of (n + 1)-cells in S from &(¢p,u)xX  E(A™, u™) to id:\ (s ,£(¢p,u)), and
e a sequence of (n + 1)-cells in S from &(¢™,u™ )« £(p,u) to id: (tX ,6(p,u)).

Notice that this suffices because S =pst(S) is closed under compositions. We only carry out the construction
of the former sequence. We eventually obtain the sequence

E(¢, )1 €(¢M, u)
Il
’g ((¢7 u)*%)—(l((binvv uinv))

~ s (2.4.12.2)

€ (57(¢), 8%, (u)) #X_ 1€ (57(¢™™), 57 (uin))
iws
idpy (s51€(0,u)).
Here, 7 and j are suitable integers for which the cells indicated (such as 51(u)) are well-defined, and the two

equations hold because ¢ is a strict w-functor from LX to X. The (n + 1)-cells wyq, ws, and wy are equivalence
cells induced by coherence (Proposition 2.3.7), and hence they are in v® C S. The (n + 1)-cells wy and ws, on
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the other hand, are cells in S =pst(.S), where the latter is produced by the induction hypothesis (2.4.12.1) with
respect to N.

Let
Tk k,
ag) =k= "
Since (¢'™V,u") is an S-inverse instruction of (¢, u), for each 0 < i < r with k; = n, we have (n + 1)-cells
pit gk v — id (55 (uq)) and G vk ug — id (6 (u)) (2.4.12.3)

in S. Also notice that (¢, u) and (¢™, u™¥) are n-cells in LX composable along the (n—1)-dimensional boundary
(see (2.4.10.1)), and hence the first equality

E(d, u)x 1 E(¢™, u™) = £((¢, u)iy Xy (6™, u'™))

in (2.4.12.2) indeed makes sense (and it holds by Lemma 1.2.3.3 because ¢ is a strict w-functor).
The n-cell (¢, u)+EX, (¢, u™) of LX is equal to (¢x=t ™, uxIX u™) since both L!: LX — L1 and
aryx: LX — TX are strict w-functors.

As a pasting diagram, ux! X u'"v is obtained from u by replacing, for each (n — 1)-transversal component

0 <i < j <rof k, the corresponding subsequence

U; U4

I=

Uit j

with

[uz U vj vz}

Wipq -+ Yy t—1(uy) Ui ooe Uy .

Now let 0 <7 < 7 < r be the leftmost (or first)? ( — 1)-transversal component of k. Let k/ = §7(kx11k);
that is, k’ is the pasting scheme obtained from k* 1k by removing one n in the top row and one n — 1 in

the bottom row from the segment corresponding to the first (n — 1)-transversal component of k. Let ¢/ =
i ((skL1(¢),s%L (), k') and let u* be the pasting diagram of shape k’ obtained from

Sn—1 »Sp—1
TX |:'LL() Uz 4 :|

uk) X u
nt Uy e YUy to_y () Uy

(see Remark 1.2.3.12) by replacing the segment

[uj to_1(uy) U]}

X
|:uj*n1v]_:| .
)

X
ut = Yo e Upky_ 107 e
Uy ’

Uy Uy

with

that is,

Let u be the pasting diagram of shape k’ in LX defined as

o [@[*]) - @i, [ ] [])

@rys [2]) - (@ [w]) (@ []) N

|: :l Exl |:v]:| = |:uj tX ( ) vj:| S (TX)n
n—1
Notice that (¢’,u) is an n-cell of LLX, and that we have N
(LE (' u) = (¢, (T (1)) = (¢, u*).

Next we calculate u% (¢/,u). To this end, we decompose U into

- gko 'evn*nflL].ﬂevn
X—[ Gy o @, G, }E(TLU"

where

and

o= [y g IR g e,

30ne can choose any (n — 1)-transversal component here, but this choice simplifies the indices involved.
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Then we have
NIX((b/’a) = (M%(¢/)X)7 X (7))
= (ur (¢, x), ux, 2 u™) € (LX),
Now, the n-cells (¢, x) and ¢xL1 ¢ of L1 are parallel. This is because

551—1 (le(d,X)) = M1 ( Sn— 1( ), EL%(X))
*Hl (n 1(#), Tﬁl)(ar ))
= py o (L) (siL1(9))

and similarly

Thus by Proposition 2.3.7, we have an equivalence (n + 1)-cell

wy 2 £(¢*n 1¢1nv n 1u1nv) — § (UIf(¢,aX) u*leulnv)

in X. Here, the n-dimensional domain of w; is

g ((b*n 1¢1HV *p— 1u1nV) = 6 ((¢7 u)*h,—lLX(Qsinv, uinv)) s

whereas the n-dimensional codomain of w; is

& (y (¢, x), wep, X u™) = o p (¢, )
=&o (LE)(¢,u)
=&(¢,u),

as indicated in (2.4.12.2).

45

(Proposition 1.2.3.10)

(Proposition 1.2.3.10)

To define ws, let k” be the pasting scheme obtained from k’ by replacing the middle n in the first (n — 1)-
transversal component by n + 1, and let ¢ = k((¢’, ¢'), k”). Combining this ¢” with the pasting diagram

up: (') pj_
)
Uy ... Uz U=

which is obtained from u* by replacing uz;_;v; with the (n + 1)-cell

Pyt vy = i3y (57 (ug)
in S as in (2.4.12.3), we obtain
wy = £(¢, uP): €(¢/, ") = (¢, u™)
in pst(S), where

gid — |0 idyy (sh_1(uy))

Uy ... Uy Uy

By Proposition 2.4.3, we obtain an equivalence (n + 1)-cell
w: (¢, u') — £(87(¢"), 8 (u'))
in X.
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Next, to define w4, we show that the n-cells 87(¢') and 87(¢)xL1 [ 87(¢™™V) of L1 are parallel. Indeed, we
have

5171—1 (55(‘25/)) = Slf—l(‘ls/)

()t 187 (™)) (Proposition 1.2.3.10)

and

5j(¢)*q%1_15i(¢inv)) . (Proposition 1.2.3.10)
Moreover, we have )

& (u'h) = &% (u)*) 8" (u™).
Therefore by Proposition 2.3.7, we obtain an equivalence (n + 1)-cell

wy: € (87(¢), 87 (u')) — € (87(d)xL1 187 (™), &, (u)*1 6" (u™))
in X. The n-dimensional codomain of w, is
€ (F7(0)it187(6™), 8 (w)= 18 (u™)) = € ((87(0), 84 (w)) %y (8(91™), 8L (u™))),

as indicated in (2.4.12.2).

The second equation in (2.4.12.2) holds since £ is a strict w-functor.

Since [|ar(87(¢))|™ = N and (8°(¢™v), 8" (u™)) is an S-inverse instruction of (87(¢), 8’ (u)), we obtain
an (n + 1)-cell

ws: & (87(4), 8% () 51 (8(¢™), 8L (u™)) — id;Y (57 1£(87(9), &% (u)))
in S, by the induction hypothesis (2.4.12.1). Because we have
5151—1(55(@) = SrIﬁl—l(QS) and 522(1(510‘)) = sziﬁ(U),

the n-dimensional codomain of ws is id: (sX ,&(¢,u)), as indicated in (2.4.12.2). O

Applying Remark 2.4.8 to the case of ¢ = ¢€,*:1 ¢, we conclude ~ is transitive. Together with Proposi-
tion 2.3.4, we obtain the following corollary.

Corollary 2.4.13. Let X be a weak w-category. Then ~ is an equivalence relation on the set of cells of X.

Moreover, if we consider the case when ¢ = €41 *%llgnﬂ, we concludes that ~ is a congruence with respect
to the composition operation:

Corollary 2.4.14 (see | , Proposition 4.4] for the strict case). Let X be a weak w-category. Suppose
that u,v': x — y and v,v': y — 2z are n-cells of X with n > 1. If u ~ v and v ~ v/, then we have
uk v~ U v 3

Inverses are unique up to ~:
Corollary 2.4.15. Let X be a weak w-category, n > 1, u: x — y be an equivalence n-cell in X, and v,v": y — x
be inverses of u. Then we have v ~ v'. J
Proof. By Corollary 2.4.4, we have v ~ vx,_;id, (z). Thus we have
v~ vk, 4id, (z)

~ vk, (uk, 0)

~ (vk,_qu)*, v (Corollary 2.3.8)

~id,, (y)*, 10"

~' O
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Finally for this section, we show that invertibility is invariant under ~:

Corollary 2.4.16. Let X be a weak w-category, n > 1, and u,v: x — y be a parallel pair of n-cells in X such

that u ~ v. Suppose that u is invertible. Then v is invertible too. a

Proof. Since u is invertible, it has an inverse w with w*,_jw ~id,,(z) and wx,,_;u ~ id,,(y). Thus we have
vk, _qw ~ uk, qw ~id, (z)

and similarly w=,,_;v ~ id,, (y). O

2.5. The core weak w-groupoid of a weak w-category

We conclude this chapter with the construction of the core weak w-groupoid of a weak w-category.
Definition 2.5.1. Let X be a weak w-category and n > 0. An n-cell x € X, is hereditarily invertible if either

e n=20,or
e n > 1, x is invertible, and s*_;(x) and t:X_,(x) are hereditarily invertible.

By definition, the set of all hereditarily invertible cells of X is closed under sX and tX, and hence forms a

globular subset k(X) of X. a

Moreover, k(X) is closed under pasting:

Proposition 2.5.2. Let X = (X,&) be a weak w-category, n € N, and (¢,u) € (L (k(X))), € (LX),. Then
&(p,u) € k(X),,. Therefore, k(X) is also a weak w-category, which is a weak w-subcategory (i.e, subobject in
Wk-w-Caty) of X. a

Note that, since L preserves pullbacks, it also preserves monomorphisms. Therefore it makes sense to regard
L (k(X)) as a globular subset of LX.

Proof. We prove this by induction on n. The base case n = 0 is clear, so let m > 1 and suppose that the
claim holds when n = m — 1. Take any (¢,u) € (L(k(X)))m—1 and let z = (¢, u). Then zx is invertible by

Theorem 2.4.7. Moreover, s;_ (x) = & (sh_1(¢), s~ 1 (u)) is hereditarily invertible by the induction hypothesis
since (sh'(¢),s5% (u)) € (L(k(X))). Similarly, t;X_;(z) is hereditarily invertible. O

We define a weak w-groupoid to be a weak w-category in which every cell of dimension > 1 is invertible, or
equivalently, every cell is hereditarily invertible.

Let Wk-w-Gpd, be the full subcategory of Wk-w-Cat, consisting of all weak w-groupoids. Since every
strict w-functor preserves (hereditarily) invertible cells, we see that any strict w-functor X — Y from a weak w-
groupoid X to a weak w-category Y factors through the inclusion k(Y') — Y. Since k(Y") is a weak w-groupoid,
k: Wk-w-Cats — Wk-w-Gpd, is the right adjoint of the inclusion Wk-w-Gpd, — Wk-w-Cats.

Remark 2.5.3. We remark that k also gives rise to the right adjoint of the inclusion functor Wk-w-Gpd,, —
Wk-w-Cat,,, where Wk-w-Cat,, is the category (defined in | | and Definition 3.3.1.4) of weak w-categories
and weak w-functors, and Wk-w-Gpd,, is the full subcategory of Wk-w-Cat,, consisting of all weak w-
groupoids. To show this, it is essentially enough to observe that weak w-functors ‘preserve’ invertible cells
(and hence also hereditarily invertible ones). However, the latter statement perhaps needs some clarification.

We recall that if X and Y are weak w-categories, then a weak w-functor X —~» Y defined in | | and
later in Definition 3.3.1.4 comes equipped with a span

QX
ex f (2.5.3.1)
. / \ .

of strict w-functors, where €x is moreover a trivial fibration (Example 1.3.3) in the sense that its underlying
map between globular sets has the right lifting property with respect to :™: 0G™ — G™ for all n > 0. (Q is in
fact a comonad on Wk-w-Cats, and Wk-w-Cat,, is defined as the Kleisli category of Q.) Since every trivial
fibration is contractible, we see by Propositions 2.3.1 and 2.3.3 that for any equivalence n-cell u of X, every
n-cell @ of QX such that ex(u) = w is invertible, and so is the n-cell f(u) of Y. (Note also that for any cell u of
X there exists some cell @ of QX with ex (%) = u, since a trivial fibration is surjective.) This is what we mean
by ‘weak w-functors preserve equivalence cells’.
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In order to show that k is the right adjoint of the inclusion Wk-w-Gpd,, — Wk-w-Cat,,, observe that
if X is a weak w-groupoid, then so is QX (by the presence of a trivial fibration £x), and hence the right leg
f of the span (2.5.3.1) factors through k(Y"). Therefore the weak w-functors X — Y correspond to the weak
w-functors X — k(Y). 3

A completely parallel argument works more generally for (co, n)-categories with n € N in place of weak w-
groupoids, where we say that a weak w-category is an (oo, n)-category if every cell of dimension > n is invertible.
Thus we can also obtain the core (00, n)-category of any weak w-category.



CHAPTER 3

w-weak equivalences between weak w-categories

3.1. Introduction

In the previous chapter (which is based on | ]), we studied equivalence cells (or weakly invertible
cells) in a weak w-category. The purpose of this chapter is to investigate equivalence w-functors between weak
w-categories.

Although one might be tempted to define the equivalence w-functors between weak w-categories as the
weakly invertible 1-cells in a putative ‘weak w-category of all (small) weak w-categories,” the latter has not yet
been defined; hence, we adopt a more hands-on definition in this chapter. We first define w-weak equivalences
as the strict w-functors between weak w-categories which are essentially surjective in every dimension. One
of the main purposes of this chapter is to prove that these w-weak equivalences enjoy the 2-out-of-3 property
(Theorem 3.2.3.3); that is, given a composable pair f: X — Y, g: Y — Z of strict w-functors between weak
w-categories, if any two of f, g, and gf are w-weak equivalences then so is the third. We believe that this
result is a necessary step towards the construction of a (left semi-)model structure on the category of weak
w-categories and strict w-functors, in which the weak equivalences are the w-weak equivalences.

In the case of strict w-categories, such a model structure was constructed by Lafont, Métayer, and Wory-
tkiewicz | |. In particular, they established the 2-out-of-3 property of the w-weak equivalences between
strict w-categories; our result is its generalisation to the context of weak w-categories. Although our proof is
partly inspired by theirs, we also face a brand new kind of complication that arises from the fact that we are
dealing with weak w-categories. For example, there is a seemingly innocuous step in their argument which uses
the fact that a 2-cell w (or more generally an n-cell w, with n > 2, whose 0-source is ) in a strict w-category,
as in the left diagram below, is the same as the composite id; (x)*,w, as in the right diagram below.

When generalising such an argument to the context of weak w-categories, it is natural to attempt to formalise the
intuition that id, (x)*,w is still ‘essentially just w’. However, in doing so, one readily realises that w: v — v and
id (z)*qw: id; (z)*qu — id; (z)*ov may not even be parallel, which makes unclear what the formal statement
should be.

In order to deal with this sort of problem, we introduce the padding construction (Construction 3.2.2.4).
Armed with a kind of naturality (Lemma 3.2.2.8), this construction allows us to go back and forth between
non-parallel composites arising from the same pasting diagram. Since ‘applying’ the unit, associativity, or
interchange law to compositions of high codimension (i.e., composition of n-cells along k-cells for &k < n — 1)
can always result in such non-parallel composites, we believe the padding construction to be of interest even
beyond the scope of this chapter.

After establishing the 2-out-of-3 property, we extend the scope of study to the more general class of weak w-
weak equivalences, where the first ‘weak’ indicates that these maps are not necessarily strictly w-functorial. The
notion of weak w-functor that we adopt is due to Garner | |, which is essentially a span of strict w-functors
with the left-pointing leg a trivial fibration. In addition to generalising the 2-out-of-3 property to the larger
class (Proposition 3.3.2.5), we characterise the weak w-weak equivalences in terms of the essential w-surjectivity
of their ‘underlying’ globular maps (Proposition 3.3.3.3), establishing an analogy with the accepted notions of
‘equivalence’ in low-dimensional cases such as biequivalences and triequivalences.

Related work. At the conference (0o, n)-Categories and Their Applications held in Utrecht in April 2024,
where Yuki Maehara presented this work, we learnt from Clémence Chanavat that a similar technique to our
padding construction was being developed independently in the setting of diagrammatic sets. This work later
appeared in her joint paper with Amar Hadzihasanovic | |

49
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Outline of the chapter. We introduce the notion of w-weak equivalence and prove that they enjoy the
2-out-of-3 property in Section 3.2. This result is extended to weakly w-functorial maps in Section 3.3.

Remark 3.1.0.1 (| , Remark 2.4.11]). There are two kinds of approaches to infinite-dimensional cat-
egorical structures, namely inductive and coinductive ones. The purpose of this remark is to address why we
adopt the latter instead of the former in this chapter; if the reader is not already familiar with this dichotomy,
they may safely skip to the next section.

The main difference between the two kinds of approaches is that, in an inductive setting, the notion of
‘invertible cell’ is a primitive one. Implemented in our setting (analogously to the case of strict w-categories
treated in | ]), this translates to considering pairs (X, E)) where X is a weak w-category in the sense of
Definition 1.2.2.8 and E C [],,~, X, is a set of marked cells (see also Section 4.3.2), which are to be thought of
as ‘abstract invertible cells’. Of course the set E must satisfy some conditions in order to present a reasonable
notion of invertibility (cf. Remark 4.3.2.2), and our best guess for the ‘correct’ conditions (cf. | , Definition
2.15 and Theorem 3.38]) is that

(i) E is ‘closed under all pastings’ in the sense analogous to Theorem 2.4.7, and
(i) ®X(E) = E holds.

Note that (3.1.0.1.(i)) in particular implies that all identities and coherence cells (as in Proposition 2.3.7) are
always marked. Both directions of (3.1.0.1.(ii)) are non-trivial, where E C ®*(E) says that each marked cell is
coinductively invertible (with all witness cells also marked), and the inclusion ®* (E) C E may be regarded as
a sort of completeness (as in Segal spaces) or saturation (as in complicial sets).

In fact, we suspect that it is possible to prove (though with additional non-trivial work) marked analogues
of the results in Section 3.2 and possibly those in Section 3.3 after making the following modifications.

e The relation ‘z ~ gy’ should be interpreted as ‘there exists a marked (as opposed to invertible) cell
x—y.’

e In Definition 3.2.1.3, define an w-weak equivalence to be a marking-preserving strict w-functor that is
essentially w-surjective (in the sense of Definition 3.2.1.1 but with the modified meaning of ‘@ ~ y’)
and further reflects marked cells (cf. | , Proposition 3.33] and Proposition 3.2.1.8).

e In Example 1.3.3, replace the adjunction ((1.3.3.1)) with the suitable marked variant, add to Z, the
inclusion of the standard (unmarked) n-globe into the standard marked n-globe for n > 1, and add
their images under the left adjoint to Z. (These modifications make sure that the corresponding ‘trivial
fibrations’ reflect marked cells.)

The caveat is that, if one is to actually pursue the inductive approach, one must consider pairs (X, E)
which do not necessarily satisfy the condition (3.1.0.1.(ii)) in order to obtain a well-behaved category so that
e.g., the adjunction in the third bullet point above actually exists. (Whether one chooses to impose (3.1.0.1.(i))
does not matter too much in this respect.) It is expected that one can then single out those pairs that do
satisfy ((3.1.0.1.(1)) and) (3.1.0.1.(ii)) as the fibrant objects using a left semi-model structure analogous to that
in | , Theorem 2.43|. Since our arguments below rely on (3.1.0.1.(ii)) (or more precisely, an analogue of
prefibrancy in the sense of | , Definition 3.18]), the best we can prove in the marked setting is the 2-out-of-3
property only for w-weak equivalences between putative fibrant objects (cf. [ , Proposition 3.33]). In fact,
for the above definition of w-weak equivalence, all three parts of the 2-out-of-3 property ((A), (B), and (C) in
the next section) can be shown to fail between not-necessarily-fibrant marked weak w-categories; it seems to
us that the ‘correct’ notion of weak equivalence should be defined, and also the 2-out-of-3 property for that

class should be proved, using a more abstract means as done in | |. Thus, instead of generalising our work
to include such partial results, we simply leave a detailed development of the inductive approach for future
work. a

3.2. The 2-out-of-3 property for w-weak equivalences

In this section, we define and study the class of w-weak equivalences between weak w-categories. In par-
ticular, we show that this class enjoys the 2-out-of-3 property; that is, for strict w-functors f: X — Y and
g: Y — Z between weak w-categories, if two of f, g, and gf are w-weak equivalences, then so is the third. In
other words, it is the conjunction of the following three statements.

(A) If f and g are w-weak equivalences, then so is gf.
(B) If g and gf are w-weak equivalences, then so is f.
(C) If f and gf are w-weak equivalences, then so is g.
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After defining w-weak equivalences, we prove the easy two thirds ((A) and (B)) of the 2-out-of-3 property
in Section 3.2.1. In order to prove the other third (C) of the 2-out-of-3 property, we study whiskering maps in a
weak w-category in Section 3.2.2, which culminates in a proof of a key intermediate result (Theorem 3.2.2.12).
Using this, we complete our proof of the 2-out-of-3 property in Section 3.2.3. Finally, we mention some additional
properties of w-weak equivalences in Section 3.2.4.

3.2.1. Essential w-surjectivity and w-weak equivalences. The following definition concerns arbitrary
globular maps between weak w-categories (and not just strict w-functors) because we shall apply it also to e.g.
whiskering maps, which are not strict w-functors in general.

Definition 3.2.1.1 (cf. | , Definition 4]). Let X and Y be weak w-categories and f: X — Y be a globular
map between the underlying globular sets of X and Y.

o f is essentially 0-surjective if for each y € Y there exists x € X such that fx ~ y.

o f is essentially (n + 1)-surjective (n € N) if f is essentially O-surjective and for each z, 2’ € X, the
induced globular map f; . : X(z,2") — Y (fz, fa') is essentially n-surjective.

o f is essentially w-surjective if it is essentially n-surjective for all n € N. a

Remark 3.2.1.2. Unravelling the induction, a globular map f: X — Y between weak w-categories is essen-
tially n-surjective (n > 0) if and only if

e for each y € Yj, there exists x € X such that fx ~ y, and
o for any 1 < k < n, any parallel pair (u,v) of (k— 1)-cells in X, and any k-cell w: fu — fvin Y, there
exists a k-cell W: v — v in X such that fw ~ w. (The case k = 2 may be visualised as below.)

o e
! (3.2.1.2.1)
fu
Y ° fw” ~ ||w .
fv

J

For example, if we regard a functor f: X — Y between ordinary categories as a strict w-functor between
weak w-categories (here we define the underlying globular set of a category X by setting s\, 5 : X1 — Xp
to be the identity function for all £ > 1 (see | , Theorem 9.3.17])), then f is

e essentially O-surjective if and only if it is essentially surjective on objects (in the usual sense),

e essentially 1-surjective if and only if it is essentially surjective on objects and full, and

e essentially 2-surjective if and only if it is essentially surjective on objects, full, and faithful (because
the existence of w as above is equivalent to fu = fv, and similarly for w), if and only if it is essentially
w-surjective.

Definition 3.2.1.3. An w-weak equivalence is an essentially w-surjective strict w-functor between weak w-
categories. .

It is easy to see from the above rephrasing of essential n-surjectivity that, when restricted to those between
strict w-categories, our definition of w-weak equivalence recovers precisely | , Definition 4.7].

Notice that a globular map f: X — Y between weak w-categories is essentially w-surjective if and only if it

is essentially O-surjective and the induced globular map f, »: X(z,2') — Y (fz, f2') is essentially w-surjective
for each z,z’ € Xy. The following is an immediate consequence of this fact.

Proposition 3.2.1.4. A strict w-functor f: X — Y between weak w-categories is an w-weak equivalence if
and only if it is essentially O-surjective and the induced strict w-functor fy . : X(z,2") — Y (fz, f2') is an
w-weak equivalence for each z,z’ € Xj. a

Remark 3.2.1.5. The statement of Proposition 3.2.1.4 can be taken as an alternative, coinductive definition
of w-weak equivalences (see Section 1.4 for details of coinduction). More precisely, define the monotone map

o: o (Mor(Wk-w-Caty)) — o (Mor(Wk-w-Cats))
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on the powerset lattice p (Mor(Wk-w-Caty)) of the set Mor(Wk-w-Cat,) of all strict w-functors between weak
w-categories as follows. It maps each S C Mor(Wk-w-Cats) to the set ®(S) of all strict w-functors which are
essentially O-surjective and locally in S, i.e.,

®(S)={(f: X —Y) € Mor(Wk-w-Cat) ] f is essentially 0-surjective and
we have (f .1 X(z,2') — Y (fz, fo')) € S for each z,2" € X, }.
Then the set F of all w-weak equivalences is the largest (post-)fixed point v® of ®. Indeed, Proposition 3.2.1.4
says that we have E = ®(F), which implies E C v®. On the other hand, given any S C Mor(Wk-w-Cat,) with

S C ¢(9), it is easy to see that all strict w-functors in S are essentially n-surjective, by induction on n € N.
Thus we have S C E, and hence E is the largest (post-)fixed point v® of ¢. a

We now prove two thirds ((A) and (B)) of the 2-out-of-3 property. We prove these under rather weak
assumptions, partly to illuminate the properties we actually use, and partly because we use some of the extra
generality later.

The following implies (A) of the 2-out-of-3 property by Proposition 2.3.1.

Lemma 3.2.1.6. Let n € N, XY, Z be weak w-categories, f: X — Y be a globular map, and g: Y — Z be
a globular map preserving equivalence cells. If f and g are essentially n-surjective, then so is gf. a

Proof. We prove this by induction on n.

The base case n = 0 is shown as follows. Take any z € Zy. Then since g is essentially O-surjective, there
exists y € Yy with gy ~ z. Since f is essentially O-surjective, there exists z € Xy with fax ~ y. Then we have
gfx ~ gy ~ z since g preserves equivalence cells.

For the inductive step, let n > 0. For each x,2" € Xy, we have (9f)z,0/ = gfz,far © fz,0r. Here, fy » and
grz, for are essentially (n — 1)-surjective, and gy, o preserves equivalence cells. Hence (gf)s,. is essentially
(n — 1)-surjective by the inductive hypothesis. O

The following implies (B) of the 2-out-of-3 property, by Proposition 3.2.1.8 below.

Lemma 3.2.1.7. Let n € N, XY, Z be weak w-categories, f: X — Y be a globular map, and g: Y — Z be
a globular map reflecting equivalence cells. If g is essentially (n+ 1)-surjective and gf is essentially n-surjective,
then f is essentially n-surjective. a

Proof. We prove this by induction on n.

The base case n = 0 is shown as follows. Take any y € Y. Then we obtain gy € Zy. Since gf is essentially
0-surjective, there exist € Xy and an equivalence 1-cell u: gfx — gy in Z. Since ¢ is essentially 1-surjective,
there exists a l-cell w: fr — y in Y with gu ~ u. By Corollary 2.4.16, gu is invertible. Since g reflects
equivalence cells, @ is invertible. This shows f is essentially 0-surjective.

For the inductive step, let n > 0. For each x,2" € Xy, we have (9f)z,2/ = Gfz, for © fo,ar- Here, gpz 20 is
essentially n-surjective and reflects equivalence cells, and (gf)s . is essentially (n — 1)-surjective. Hence f; o
is essentially (n — 1)-surjective by the inductive hypothesis. O

Proposition 3.2.1.8. Any w-weak equivalence reflects equivalence cells. More generally, let f: X — Y be a
globular map between (the underlying globular sets of) weak w-categories X and Y. Suppose that
(i) f is essentially w-surjective,
(ii) for each n-cell x in X with n > 0, there exists an equivalence (n + 2)-cell idZH(fx) ~ f (idfﬂ(x))
in Y, and
(iii) for each pair of n-cells u: z — 2’ and v': 2 — 2’/ in X composable along the (n — 1)-dimensional
boundary, with n > 1, there exists an equivalence (n + 1)-cell f(u*x ju') ~ fux) ;fu’ inY.

Then f reflects equivalence cells. a

Proof. Let f: X — Y be a globular map between weak w-categories satisfying (i)—(iii). Let

W =< ue [[ Xn|fuis invertible in Y 5 ,

n>1

which is the inverse image under f of the set of all equivalence cells in Y. It suffices to show W C ®X(W)
(cf. Remark 2.2.2 and Proposition 2.3.3).
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Let u: x — 2’ be an n-cell in W. Then there exist an n-cell v: f2’ — fz and equivalence (n + 1)-cells
p: fux) v —idY (fz) and ¢: v¥¥_| fu—id) (f2') in Y. By (i), there exists 7: 2’ — x in X such that fo ~ v
in Y. Let p’ be a composite of

X (0) ~ fusl o f5 ~ fusl_o B id) (fo) ~ f (id (@)

where the first and the last factors are instances of (iii) and (ii) respectively, and the second factor is invertible by
Theorem 2.4.7. Tt follows from (i) that there exists an (n+ 1)-cell : usX ;T — id;: () such that fp ~ p’. Note

that fp is invertible in Y by Theorem 2.4.7 and Corollary 2.4.16, so p € W. Similarly, there is an (n + 1)-cell
7: %X u —id2 (z') in W that is sent by f to a composite of

F@Rgu) ~ fo_yfu ~ vl fu S i) (fa') ~ f (id) (@)
modulo the equivalence relation ~. This completes the proof. O

We conclude this subsection with an informal explanation of why the remaining third (C) of the 2-out-of-3
property is much more difficult to prove than (A) and (B).

Remark 3.2.1.9. The difficulty of proving (C) lies in the fact that w-weak equivalences are defined in terms
of essential surjectivity rather than actual surjectivity (the latter gives the definition of trivial fibrations (Ex-
ample 1.3.3)). In particular, the w-weak equivalence f may not be surjective on the nose, and one is led to
consider the following sort of diagram in an attempt to prove (C):

X -@-

That is, starting with a parallel pair of (n — 1)-cells (y,y’) in Y and an n-cell w: gy — gy’ in Z, one would hope
to use the assumption that gf is an w-weak equivalence to obtain some v: y — 3’ with gv ~ w. However, this
is not immediately possible since (y,y’) may not be of the form (fz, fz’) for any parallel pair of (n — 1)-cells
(z,2') in X. Instead, the assumption that f is an w-weak equivalence yields cylinder-like diagrams as above.

In the case of strict w-categories [ ], the authors construct a globular set T'Y of cylinders (see also
Section A.4) in Y in order to prove (C).! We avoid the use of 'Y by essentially unravelling their transport
construction | , Lemma 4.22] into a series of whiskerings (introduced in the next subsection) and in-
terleaving them into a suitable inductive argument. This modification repackages the proof, but we still need
similar ingredients to those used in | |. In particular, we need a weak w-categorical counterpart of
[ , Lemma 4.6], which is Theorem 3.2.2.12 below. J

3.2.2. Whiskering with an invertible cell. The purpose of this subsection is to establish a key inter-
mediate result (Theorem 3.2.2.12) for proving (C), which concerns whiskering maps defined as follows.

Definition 3.2.2.1. For each weak w-category X, object z € Xy, and 1-cell u: ¢ — y in X, the whiskering
map

X(U’?Z) - u*é((f): X(yaz> - X(xﬂz)

is defined by mapping each n-cell v of X (y, 2) to the n-cell ux v of X (z, 2). Dually, for each object x € X, and
l-cell v: y — z in X, we have the whiskering map

X(z,v) = (—)xgv: X(z,y) — X(z,2). J

1They then endow it with a suitable strict w-category structure, but this is not strictly necessary for proving (C).
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Remark 3.2.2.2. Let X be a weak w-category, z € X, and u: © — y a 1-cell of X. Then X (u,z2): X(y,z) —
X (z,z2) is a globular map by Proposition 1.2.3.10, but is not necessarily a strict w-functor unless X is a strict
w-category.? It also preserves equivalence cells by Theorem 2.4.7 and Remark 2.2.3. a

Theorem 3.2.2.12 below states that the whiskering map X(u,z): X(y,2) — X(x,2) is essentially w-
surjective whenever the 1-cell u: x — y is invertible in X. We note that its proof constitutes the most technical
part of this chapter, and if the reader is willing to take this theorem for granted, they may safely skip the rest
of this subsection.

The proof of Theorem 3.2.2.12 turns out to require the following notion of essential w-injectivity.

Definition 3.2.2.3. Let X and Y be weak w-categories and f: X — Y be a globular map between the
underlying globular sets of X and Y.

e [ is essentially O-injective if, for each x, 2’ € Xy, fx ~ fx’ implies  ~ z'.

o f is essentially (n + 1)-injective (n € N) if f is essentially O-injective and for each z,2’ € Xy, the
induced globular map f; . : X(z,2") — Y (fz, fa') is essentially n-injective.

o f is essentially w-injective if it is essentially n-injective for all n € N. a

See Lemma 3.2.4.1 for a relationship between the notions of essential n-injectivity and essential n-surjectivity.
Unravelling the induction, f is essentially n-injective (n > 0) if and only if, for any 0 < k& < n and any parallel
pair (u,v) of k-cells in X, fu ~ fv in Y implies u ~ v in X.

Our proof of Theorem 3.2.2.12 proceeds in the following four steps.

(Step 1) Prove that X (u,z): X(y,z) — X(z, z) is essentially w-injective in the special case u = id;* ().
(Step 2) Extend (Step 1) to the general case of an arbitrary equivalence 1-cell w.
(Step 3) Prove that X (u,z): X(y,z) — X(z, z) is essentially w-surjective in the special case u = id ().
(Step4) Extend (Step 3) to the general case of an arbitrary equivalence 1-cell w.

Before embarking on the actual proof, let us discuss why even (Step 1) is non-trivial. For example, given
a parallel pair of 2-cells

in a weak w-category (X, ) with id, (y)*yu ~ id; (y)*,v, one must prove u ~ v. One may be tempted to resort
to the ‘unit law’ and argue

u ~ idy (y)*ou ~ id; (y)*qv ~ v,

but in general u: s — ¢t and id; (y)*qu: id, (y)*¢s — id; (y)*,t are not even parallel, so ‘u ~ id; (y)*,u’ does not
make sense. (Note that Proposition 2.4.3 is not applicable here.)

A key observation here is that both « and id, (y)*yu can be obtained from the same pasting diagram [“] €
(TX)y by pasting according to different pasting instructions, namely x = & € (L1)y and ¢ = id}" (ep)5'e; €
(L1)g, respectively. (See the proof of Lemma 3.2.2.5.) The following construction, which transforms a cell of

the form
w: {(p,u) = (B, v)

(such as an equivalence 3-cell witnessing id, (y)*qu ~ id; (y)*,v) into one of the form

w': §(x, u) = (X, v)

(such as an equivalence 3-cell witnessing u ~ v) by inserting ‘pads’ in each dimension, is designed to deal with
this kind of situation. Note that if ¢ and x were parallel cells in L1, this could be achieved by means of suitable
coherence cells (see Proposition 2.3.7); idy! (¢9)+} & and &, are not parallel, however.

Construction 3.2.2.4. Let n > 1 and suppose we are given ¢, x € (L1),, such that ar(¢) = ar(x) = k. Note
that ¢ and y are not necessarily parallel. Let ¢g = ¢. We will construct a sequence of n-cells ¢1,..., ¢, in L1

’In fact, we suspect that X (u, 2) is the underlying globular map of a weak w-functor in the sense of Section 3.3.3, but this is
beyond the scope of this chapter.
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where each ¢; is to be thought of as ‘¢ after inserting pads of dimension < i so that it has the (i — 1)-boundary
of x’. The following diagram describes ¢ with ¢, x € (L1)s.

S0 == shhe) o (o) = i () (32.2.4.1)

For 1 <i < n, we set:

o A=A ({51 (0,5 (0i0a)), 11 5T (K)) € (L),
o o= ({2 (@im), 1, (0), 1] (7 (K))) € (L1, and
o ¢ = dixi! (di1x! 1 pi) € (L)

To see that these expressions indeed define valid cells in L1, we must check

. ar(qﬁz) =k,
o 570(¢i) =571 (x), and
o th1,(60) = tH, (x).

The first condition holds because ar: L1 — T1, being a strict w-functor between the weak w-categories (L1, u})
and (T1, uf oarry) (the latter is induced by the strict w-category (T1, uT)), preserves *, ; and sends \;, p; to
identities. The second and third hold by construction of ¢; and Proposition 1.2.3.10. Note that, in particular,
¢n and x are parallel n-cells in L1 with the same arity, so the above formulas for A\; and p; make sense for
t=n-+1 too:

o At —/1(( ), dn+1(k)) € (L1)41 and
o puir =7 (62,2011 (0) € (LD,

Now suppose further that we are given a weak w-category (X&), a parallel pair of pasting diagrams
u,v € (TX), of shape k, and an (n + 1)-cell w: &(¢,u) — &(¢,v). Let wg =w. For 1 <4 <n+1, we set

[ E,L = é_( ldTX( T_‘X( ))) S X“
o v =E(p,id] (65 (v))) € X, and
® Wi = 51*2{1(101‘—1*5317"1) € Xpy1-

(When i = n + 1, we interpret the expressions s~ (u) and t1X(v) in the definitions of ¢, 1 and 7,41 as u and
v, respectively.) We may inductively prove that the expression in the definition of w; is well typed by checking
sﬁ (w;) = &(¢s,u) and t:X (w;) = £(¢s,v) for 1 < i < n. We only spell out the former:

Sy (wy) = s (G g (wi— 1% 75)) (definition of w;)
=0, (sff(wz 1) * 170) (Proposition 1.2.3.10)
= & (N 0] T )+ (€(0imn, w6 (piniaT ¥ (15 () ) )

(definitions of ¢; and r;, and inductive hypothesis)
= ( id = (sTX( ) *X (5 bi_1,u)x € (pi,idgx(t?ﬁ(u)))) (u and v are parallel)

3
& (i I ) <15 ((Girs wel (i idT ¥ (67X ) ))

(€: (LX, p%) — (X, €) is a strict w-functor)
(Ai*%31(¢i_1*%flpi),u) (Remark 1.2.3.2.(v) and Remark 1.2.3.11)
(¢i,u). (definition of ¢;)

3
3
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We call the resulting (n + 1)-cell wy,41: £(x,u) = &(x, v) the ¢-to-x padding of w (with respect to (u,v)). Note
that all the pads (¢; and r;) are coherence cells (Proposition 2.3.7), and hence are invertible in X. This in
particular implies that, if w is invertible then so is its ¢-to-y padding (see Theorem 2.4.7). a

Using this padding construction, (Step 1) is straightforward.

Lemma 3.2.2.5. Let (X, &) be a weak w-category and y, z € Xo. Then the whiskering map

X (idf(y),z) : X(y,2) — X(y,2)

is essentially w-injective. 4

Proof. Let n > 1 and u,v € X,, be parallel n-cells with s{ (u) = sif (v) = y and t (u) = t{ (v) = 2. Suppose

that there exists an equivalence (n + 1)-cell w: id;* (y)*u — id;* (y)*v in X. Observe that we have

idf(y)*égu =¢£ (id%l(eo)*%len, [ D and id{((y)*()fv £ (idlfl(go)*](;lgn, [”]) .

For example, the former can be proved as follows:

ids (y)xu =€ (1d1 ), i ( ([*h ) * € (Cn, [“]) (Proposition 1.2.3.13 and Remark 1.2.3.2.(iv))
=¢ (( dLl(eo) ([-ﬂ)) x5 X (€, [“D) (€: (LX, u%) — (X,€) is a strict w-functor)
=¢(i di (&) x5te,, [“]). (Remark 1.2.3.2.(v) and Remark 1.2.3.11)

(We shall omit similar verifications in what follows.) Thus the (id%l(go)*lglefn)—to—gn padding of w witnesses
U~ . (|

The following lemma, which corresponds to (Step 2), generalises the ‘weak uniqueness’ part of |
Lemma 4.6] from strict w-categories to weak w-categories.

Lemma 3.2.2.6. Let X be a weak w-category, x,y,z € Xy, and u: * — y an equivalence 1-cell. Then the
whiskering map

X(u,2): X(y,2) — X(z,2)
is essentially w-injective. a
Remark 3.2.2.7. We will prove, by induction on n, that X (u, z) is essentially n-injective. Before presenting
the general proof, let us illustrate how the inductive step proceeds by considering the lowest-dimensional case.

Suppose that we are given a parallel pair (vq,vy) of 1-cells in X (y, z) which are ~-related after whiskering
with u. We may visualise the situation as:

S S
r—--—>>Y ﬂvl z ~ r—-—>>Y ﬂvz z
\_/ \_/\
t t

Now we can whisker both sides with an inverse @ of u, and then with one of the witness equivalence 2-cells
q: ixu — id;* (), and obtain:

S S

y x y ﬂvl 2 y x y Mvz 2
#X ' N X '
[ u t U u t

Yy x Y z Yy x Y z
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By padding, we can turn this equivalence 3-cell in X into one of type:

Pt e

id3 (y) iy (y)

X (y) N i (y) y N

The common upper cell in both sides may be regarded as an equivalence 1-cell in X (y, z), so the essential
O-injectivity of whiskering with this cell (together with Lemma 3.2.2.5) implies v1 ~ vs. a

Proof of Lemma 3.2.2.6. We prove the statement

for any weak w-category (X, &), any z,y,z € Xy, and any equivalence 1-cell u: z — y in X, the
el . . va < (3.2.2.7.1)

whiskering map X (u, z): X (y,z) — X(x, 2) is essentially n-injective
by induction on n € N (note the universal quantification over (X, §)).

For the base case n = 0, let (X,¢),x,y, 2, and u be as in (3.2.2.7.1), and let @: y — x be an inverse of w.
Take any v1,vs € (X(y, 2)), with wxg v1 ~ ux{ ve. Since we have

v1 ~id7 (y) s v ~ (s ) vy ~ @ (usgvg)

by the unit law (Proposition 2.4.3), and similarly vy ~ wx{ (usg v2), we can deduce vy ~ vo.

For the inductive step, let n > 1 and let (X,¢),x,y, 2, and u be as in (3.2.2.7.1), and let %: y — x be an
inverse of u, with equivalence 2-cell q: U u — idf(y). Let vy,v9 € (X(y,z))n be parallel n-cells. Suppose
that there exists an equivalence (n + 1)-cell

w: U*é(’l)l — U*S(UQ

in X(z,z). Then we can whisker it with @ and obtain an equivalence (n + 1)-cell
T w: s (uxg v1) — gy (i) va)

in X(y,2). Let ¢ = 61*%1(61*%1€n+1) € (L1)yy1 and x = (e1x5'€)*5%¢,41 € (L1),41. Then by Re-
mark 1.2.3.2.(v) and € o s = € o L&, the above cell @i w is of type

G P R C )

(note that v; and ve are (n + 1)-cells of X). Hence its ¢-to-x padding is an equivalence (n + 2)-cell

w': (Ui w)xg vr — (kg w)* va

of X. We can now compose w’ with the equivalence 2-cell g+t (v1) = g*{ty (v2) of X and obtain the
equivalence (n + 2)-cell

w (g 1 (vn)) ¢ (@ w)sg v1) #1 (g0 67 (v1)) = (@5 )5 v2) 41 (g5 7" (v2))

of X. Let ¢/ = (€1x51€n11)% Ll(eg*{jléﬁ) € (L1),41 and X = (Egxyter)x 1 (€1x51€,41) € (L1)n11. Then, again
by Remark 1.2.3.2.(v) and & o % = € o L&, the cell w'y (g*¢ t5 (v1)) has the type

ot ) o osle )

(See Example 1.1.3.10 for the calculation of the multiplication of the shapes of ¢’ and x’.) Therefore, its ¢'-to-x’
padding is an equivalence (n + 2)-cell of type

(a2 (00) " (1 ()0 ) = (@3 (02)) #1° (10 (W) ee)
which can also be written as

(a3 (00) 0 ) (1 ()01 ) = (a2 (v2) 50 ) (1 (9)i 02 ) -

Using the inductive hypothesis to the weak w-category X (y, z) and the equivalence 1-cell g s:< (v1) in X (y, 2),

we obtain id;* (y)* v ~ idy (y)*F ve. By Lemma 3.2.2.5, we conclude v; ~ vs. O
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Observe that, thanks to Corollary 1.2.4.3, the above lemma immediately generalises to maps of the form
uxit_,(—) where u is an equivalence k-cell in X with k¥ > 1: for any n > k and any parallel pair (vi,vs) of
n-cells of X such that s3 | (v1) = sk, (v2) = ti, (u), uj_,v1 ~ ukj_ vy implies v3 ~ va.

Before moving on to (Step 3), we need to prove the following lemmas.
Lemma 3.2.2.8. In the situation of Construction 3.2.2.4, suppose further that we are given:

e an (n + 1)-dimensional pasting scheme k: k — k,
e (n + 1)-dimensional pasting instructions ¢: ¢ — ¢, x: x — x of arity k, and
e an (n + 1)-dimensional pasting diagram w: u — v of shape k in X

such that w = & (qﬁ,w). Then there exists an equivalence (n + 2)-cell in X from the ¢-to-y padding w41 to
Elx,w). J
Remark 3.2.2.9. We can think of this lemma as stating a kind of naturality of the padding construction as

a “transformation” from “paste according to ng” to “paste according to x.” For example, the case n = 1 may be

visualised as follows:
&(pyu)

/ﬂé(é,m\

41 T1

E(xv)

The lemma yields an equivalence 3-cell from the ¢-to-y padding of w = & (qﬁ, w) (obtained by pasting all faces
but the bottom) to &(x,w) (the bottom face), filling the interior of this ‘naturality’ cylinder from £(¢, —) to
£(X7 _) -
Proof of Lemma 3.2.2.8. Recall the qells A;‘,ﬁi e (L), ¢; € (Ll)p, iy € Xy, and w; € X1 (1 <i<n+1)
defined in Construction 3.2.2.4. Let ¢g = ¢: ¢ — ¢. By induction on 1 < i < n + 1, we define

$i = Akt (Gi1xi 1 pi);
the expression on the right-hand side is well typed because we have ¢Z ¢i — ¢; in L1 for each 1 <i < n, as

can be seen by applying Proposition 1.2.3.10 inductively. When ¢ = n+ 1, we have ¢, 4+1: x — x. We also have
ar(¢;) = k and w; = £(p;, w) for each 1 <14 < n + 1; the latter can be checked inductively as follows:

wi = Lixie (w1 1)
=€ (a2 W) ) X (81w a6 (pinid ¥ (5 (w)) ) )
= (M id!* I w))) 2 (Gir, w2 (pisid!> (65 (w))) ) )
= €Oy (Gimaet i) w)

= &(diw).
In particular, the ¢-to-x padding of w can be written as w, 41 = §(¢n+1, w). Since x is parallel to <Z.5n+1 in LL1,
the desired equivalence (n + 2)-cell may be obtained using coherence (Proposition 2.3.7). (I

Lemma 3.2.2.10. In the situation of Construction 3.2.2.4, suppose we are given another (n+1)-cell w’: £(¢,u) —
&(¢,v). Then the ¢-to-y paddings of w and w’ are connected by an equivalence (n + 2)-cell if and only if w and
w’ themselves are. 4
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Proof. We are whiskering w and w’ with exactly the same (invertible) pads, so the ‘if” and ‘only if’ directions
follow from Theorem 2.4.7 and Lemma 3.2.2.6 respectively. (]

Now we are ready to prove (Step 3).
Lemma 3.2.2.11. Let (X, &) be a weak w-category and let y, z € Xy. Then the whiskering map
X (idf(y),z) : X(y,2) — X(y, 2)

is essentially w-surjective. a

Proof. The unit law (Proposition 2.4.3) implies that X (idf(y), z) is essentially O-surjective. Let n > 1,
s,t € X,, be parallel n-cells which are in X (y, z), and suppose there exists an (n + 1)-cell

u: id{( (y)*g(s — id{((y)*éft
in X. Define v: s — t to be the (idlfl(go)*ﬁlgn)—to-gn padding of u. We wish to prove

ids (y)* X v ~ w.

By Lemma 3.2.2.10, it suffices to provide an equivalence (n + 2)-cell between the (1(1%1(%)*31@)40_

¢, paddings of both sides, but this padding of the right-hand side is precisely v. Since we can write v as
v = &(€nq1, [U]), the desired equivalence (n + 2)-cell can be obtained by applying Lemma 3.2.2.8 to

L4 Qb = idlfl(go)*%lgn+17
® X =€pyt1, and
o w— [“] O

Finally we can prove (Step4). We note that combining it with Lemma 3.2.2.6 yields a generalisation of
[ , Lemma 4.6] from strict w-categories to weak w-categories.

Theorem 3.2.2.12. Let X be a weak w-category, z,y, 2z € Xo, and u: x — y an equivalence 1-cell. Then the
whiskering map

X(u,2): X(y,z) — X(x,2)
is essentially w-surjective. a

Remark 3.2.2.13. The following diagrams summarise the idea of the inductive step in the proof:

T Y
U u u U1
R N y_ﬂm/ﬂw\z
\/I
idi((y) N ﬁz
Y
X ~ X
. X
1 U u
id (y) y /u\ y / ﬂq\‘ y V2
_ n"Jw oz —
' \/
S~ idy’ ()

V2
More precisely, they depict the two sides of (3.2.2.13.6) below in the case n = 1 with all paddings suppressed. _

Proof of Theorem 3.2.2.12. We prove the statement

for any weak w-category (X, ¢), any z,y, z € Xp, and any equivalence 1-cell u: z — y in X, the

whiskering map X (u, z): X(y,z) — X(z,2) is essentially n-surjective (322.13.1)

by induction on n € N.

For the base case n = 0, let (X,€),,y, 2z, and u be as in (3.2.2.13.1), and let @: y — x be an inverse of w.
Take any w € (X (x,2)),. Then we have
w e~ id5 ()55 w ~ (us @) w ~ wsi (Tx w)
and this completes the base case. (Note that, for a higher dimensional w, no two of the four expressions in the
above displayed line necessarily yield parallel cells. In particular, the two sides of the second ‘~’ may not be
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parallel even when X is a strict w-category. Our inductive step below overcomes this problem in exactly the
same way as the strict case | , Lemma 4.6].)

For the inductive step, let n > 1 and let (X,¢),z,y, z, and u be as in (3.2.2.13.1), and let 4: y — = be an
inverse of u, with equivalence 2-cell q: uxu — id{((y) of X. Let (v1,v2) be a parallel pair of (n — 1)-cells of
X(y,2) and let w: uxg vy — ux vy be an n-cell of X(z,2). We wish to find an n-cell w: v; — vy of X (y, 2)
such that

UKW ~ w. (3.2.2.13.2)

To this end, we shall consider conditions (3.2.2.13.3)—(3.2.2.13.6) on an n-cell w: v; — vy of X (y, z), show that
they are all equivalent to (3.2.2.13.2), and observe that there exists W satisfying the last condition (3.2.2.13.6)
(hence also (3.2.2.13.2)).

By the essential w-injectivity of whiskering with @ (Lemma 3.2.2.6), (3.2.2.13.2) is equivalent to

gy (Ui W) ~ kg w. (3.2.2.13.3)

Let ¢ = e1x)t(e1x51€,) and x = (e1x51€1)*51¢,. Then (3.2.2.13.3) relates two cells of type

el ) el )

Hence, thanks to Lemma 3.2.2.10, (3.2.2.13.3) is equivalent to the existence of an equivalence (n+2)-cell between
their ¢-to-x paddings. Combining this observation with Lemma 3.2.2.8, we see that (3.2.2.13.3) is equivalent to

(g w)s @ ~ 0, (3.2.2.13.4)
where v’ is the ¢-to-x padding of the right-hand side of (3.2.2.13.3).

By the essential w-injectivity of whiskering with g« t* (w) (Lemma 3.2.2.6 applied to X (y, 2)), (3.2.2.13.4)
is in turn equivalent to
(g w3 @) #7 (gxg 67 (W) ~ v'*7 (gt (W) (3.2.2.13.5)
Note that t{ (w) is either equal to vy (when n = 1) or to t{(v;) = t{(v2) (when n > 2), and hence the
right-hand side of (3.2.2.13.5) does not depend on .

Observe that the left-hand side of (3.2.2.13.5) can be written as
e(@dandeta, 1) ).

Thus again by applying Lemmas 3.2.2.8 and 3.2.2.10, this time to the pasting instructions

¢' = (erxg'en)*r (Caxg'er) and

X' = (Exxg'er) <1 (€% en),

we see that (3.2.2.13.5) is equivalent to
(s @) " (i3 ()W) ~ 0" (3:22.13.6)

where v is the ¢'-to-y’ padding of the right-hand side of (3.2.2.13.5). But #;* in the left-hand side can be
replaced by *X(y’z) thanks to Corollary 1.2.4.3, so the essential (n 1)-surjectivity of whiskering with ¢x; s7 (W)
(in X (y, z); note again that s;* (w) is either equal to vy or to s7* (v1) = sy (v2)) and Lemma 3.2.2.11 imply that

we can construct w: v; — ve satisfying (3.2.2.13.6). This completes the proof. (]

We can also prove the converse to this theorem (although we will not use this converse in what follows).

Proposition 3.2.2.14. Let (X,£) be a weak w-category and u:  — y a l-cell in X. Suppose that the
whiskering map
X(u,2): X(y,z) — X(z,z2)

is essentially w-surjective for all z € Xy. Then u is invertible in X. a

Proof. Since X (u,z): X(y,r) — X(x,z) is essentially O-surjective, there exists #: y — = such that usg i ~
idy* (). We wish to show @ u ~ idy ().

Observe that the images of @} u and idy (y) under X (u,y): X (y,y) — X(z,y) are connected by the
following chain of invertible 2-cells:
kit (s ) ~ (wri ) u ~ id5 (2)+F u ~ u ~ uxgid; (y)

It thus suffices to prove that X (u,y) reflects equivalence cells.
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We will apply Proposition 3.2.1.8 to X (u,y). Since we already know that X (u, y) is essentially w-surjective,
we only need to check that it satisfies 3.2.1.8.(ii) and 3.2.1.8.(iii). They both are straightforward consequences
of coherence (Proposition 2.3.7); for example, given a pair v,v’ of n-cells in X (y,y) composable along the
(n — 1)-dimensional boundary, we have

u*{f (v*ff_(zi’y)v’) = u*g((v*xv')
!
_ ~ Ll Ly u v v
=¢ (el*o (Ent1%, €nt1), [ y tf(v) ])

Ng((el*o nt1)* (€16 Eng), [u y ’ to (v) ”/D

= (uxif ) (uxiv') (Remark 1.2.3.2.(v) and £ o %y = £ 0 L&)
= (v, T (i),
which proves that X (u,y) satisfies 3.2.1.8.(iii). The calculation for 3.2.1.8.(ii) is similar. O

3.2.3. The 2-out-of-3 property. Now we are ready to complete the proof of the 2-out-of-3 property.

Lemma 3.2.3.1. Let X,Y be weak w-categories, f: X — Y be a strict w-functor, u: x — z’ be a 1-cell of X,
and z’' be a 0-cell of X. Then the following diagram of globular maps commutes:

X(at o) Ly (fa, fa)
X(u,m”)l J{Y(fu,fz")

X(2.a") > Y(fz. fa")

J
Proof. Given any cell v in X (2/,2"), we have
(Y(fu, fxll) Ofar’,:r”)( )= fu*() fo

= f(uxgv) (Lemma 1.2.3.3)
= (fw,a:” OX(U,l‘N))(U). 0

The following implies (C) of the 2-out-of-3 property.
Lemma 3.2.3.2. Let n € N, XY, Z be weak w-categories, f: X — Y be a globular map, and g: Y — Z be
a strict w-functor. If f and gf are essentially n-surjective, then so is g. a
Proof. We prove this by induction on n.

The base case n = 0 is easy and only requires the essential O-surjectivity of gf.

For the inductive step, let n > 0. Let y,3" € Y;. We want to show that g, : Y(y,y) — Z(gy,g9v’) is
essentially (n — 1)-surjective. Since f is essentially O-surjective, there exist z,2’ € X, and equivalence 1-cells
u:y — frand v': fr' — 3 in Y. Consider the following diagram of globular maps.

(9) a2,

X(@,2') 222 ¥ (fa, f2) Y225 Z(gf, gfa!)

Y(u,u’)J Jz(gwgu/)

Gy,y’
Y(y,y') ——— Z(g9y,9Y")

Here, Y(u,u') = Y(y,u') o Y(u, fo') and Z(gu,gu’) = Z(gy,gu’) o Z(gu,gfz’). Then the above diagram
commutes by Lemma 3.2.3.1 and its dual.

Since fy o and (gf)s,. are essentially (n — 1)-surjective, gy o is essentially (n — 1)-surjective by the
inductive hypothesis. Since Z(gu, gu') is essentially w-surjective by Theorem 3.2.2.12, Z(gu, gu’) © gfz for =
Gy.y oY (u,u') is essentially (n—1)-surjective by Remark 3.2.2.2 and Lemma 3.2.1.6. Since Y (u,u’) is essentially
w-surjective by Theorem 3.2.2.12, g, . is essentially (n — 1)-surjective by the inductive hypothesis. (]
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Theorem 3.2.3.3. Let f: X — Y and ¢g: Y — Z be strict w-functors between weak w-categories. If two of
f, g, and gf are w-weak equivalences, then so is the third. a

Proof. This follows from Lemmas 3.2.3.2, 3.2.1.6 and 3.2.1.7. (]

We can also establish the stronger 2-out-of-6 property (so we have a homotopical category in the sense of

[ D)

Corollary 3.2.3.4 (2-out-of-6). Let f: X — Y, ¢g: Y — Z, and h: Z — W be strict w-functors between
weak w-categories. Suppose that gf and hg are w-weak equivalences. Then f, g, h, and hgf are also w-weak
equivalences. a

Proof. We will show that hgf is an w-weak equivalence; the rest will follow by the 2-out-of-3 property.

To see that hgf is essentially O-surjective, let w € Wy. Since hg is essentially O-surjective, there exists
y € Yy with hgy ~ w. Moreover, since gf is essentially O-surjective, there exists x € Xy such that gfz ~ gy.
Then we have hgfxz ~ hgy ~ w by Proposition 2.3.1.

By applying the above argument to the hom weak w-categories, we can deduce that hgf is essentially
n-surjective for all n € N. O

3.2.4. Other properties of w-weak equivalences. Here we collect miscellaneous properties of w-weak
equivalences.

Recall the notion of essential n-injectivity from Definition 3.2.2.3.

Lemma 3.2.4.1. Let n € N, X,Y be weak w-categories, and f: X — Y be a globular map reflecting
equivalence cells. If f is essentially (n + 1)-surjective, then f is essentially n-injective. J

Proof. We prove this by induction on n.

The base case n = 0 can be proved as follows. Suppose that f: X — Y is essentially 1-surjective. Let
z,7" € Xg be 0-cells such that there exists an equivalence 1-cell u: fx — fz’ in Y. Then there exists a 1-cell
u: x — x' in X such that fu ~ u. By Corollary 2.4.16, fu is invertible, and since f reflects equivalence cells, &
is invertible. Therefore we have z ~ z'.

For the inductive step, let n > 0 and suppose that f: X — Y is essentially (n + 1)-surjective. Then for
each z,2' € Xy, f, . is essentially n-surjective. By the inductive hypothesis, f; . is essentially (n—1)-injective.

Hence f is essentially n-injective. (I
Definition 3.2.4.2. Any w-weak equivalence is essentially w-injective. a
Proof. This follows from Proposition 3.2.1.8 and Lemma 3.2.4.1. (]
Proposition 3.2.4.3 (cf. | , Lemma 4.12] and | , Proposition 20.1.18]). The class of w-weak

equivalences is closed under retracts in the arrow category Wk-w-Cat,2. More generally, if n € N and if

/ldx\

Xﬁ /T)X

=

- —

! !

/

~ e

y 4y 1.y

~_

Idy

is a commutative diagram of globular maps between (the underlying globular sets of) weak w-categories such
that g preserves equivalence cells, then f is essentially n-surjective whenever f’ is. a

Proof. We prove the latter statement by induction on n.

The base case n = 0 is shown as follows. Take any y € Y. Then we obtain jy € Y. Since f’ is essentially
O-surjective, there exist 2’ € X{; and an equivalence 1-cell u: f'z’ — jy in Y’. The 1-cell qu: ¢f'z’ — ¢jy in Y
is invertible by the assumption. Since qf'z’ = fpz’ and qjy = y, we have fpx’ ~ y for px’ € X, as desired.
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For the inductive step, let n > 0. For each z, 2’ € Xg, we have the commutative diagram

ldx (2.0

T

X(z,2) —— X'(iz,i2') —— X(z,2/)

sy
z,x Piz,ix

\
‘f111/J f’i’z,iz, in,il
y

T Y (i, flial) S Y (f, fa)

\//

Wy (fa,f21)

/

of globular maps between weak w-categories. Since f;, ;.. is essentially (n — 1)-surjective, so is fy 7, by the

inductive hypothesis. O
Proposition 3.2.4.4 (cf. | , Lemma 4.12] and | , Proposition 20.1.19]). The class of w-weak
equivalences is closed under filtered colimits in the arrow category Wk-w-Cat,2 and transfinite compositions
in Wk-w-Cat,. J
Proof. The proof is almost identical to that of | , Proposition 20.1.19]. The only thing we must check is
that the forgetful functor Wk-w-Caty; — GSet preserves filtered colimits. This follows from the fact that the
functor L: GSet — GSet preserves filtered colimits, which we established in Proposition 1.2.3.4. O

3.3. Weak w-weak equivalences

Whereas the notion of w-weak equivalence we have studied so far is natural from the viewpoint of model
category theory (cf. | ]), the requirement that an w-weak equivalence should be a strict w-functor is
too restrictive as a fully general notion of ‘equivalence’ between weak w-categories, i.e., as a suitable higher-
dimensional analogue of a biequivalence between bicategories or a triequivalence between tricategories. In this
section, we define and study a more general class of weak w-weak equivalences, which are weak w-functors | |
with suitable essential w-surjectivity. In particular, we show that they also satisfy the 2-out-of-3 property. For
the sake of clarity, in this section we call w-weak equivalences in the sense of Definition 3.2.1.3 strict w-weak
equivalences.

3.3.1. Weak w-functors. We first recall the definition of weak w-functor in the sense of Garner | 1,
which is based on the theory of AWFS | ; ; |. We are, however, based on the notion of
algebraic injectivity, which is prepared in Section 1.3. For weak functors, we are walking on the category
C = Wk-w-Catg, and for the indexed family K, we take Z that is defined in Example 1.3.3.

Definition 3.3.1.1. An algebraic trivial fibration is an algebraically Z-injective morphism in the sense of
Definition 1.3.6. a

Definition 3.3.1.2. Let 7 € Set | Wk-w-Cat,? be the set of boundary inclusions ¢"*: 9G™ — G™ for n € N,
defined in Example 1.3.3. We define the weak w-functor classifier comonad Q = (Q,¢&,0) as the algebraically
Z-cellular replace comonad on Wk-w-Catg in the sense of Proposition 1.3.20.

We write K‘S( for the canonical Z-lifting structure on the counit ex: QX — X that has the universality
as the free object with respect to the codomain functor cod: Z-AIMor — Wk-w-Catg, which is unpacked in
Construction 1.3.17. J

Remark 3.3.1.3. As observed for the non-algebraic case in Example 1.3.3, Z-lifting structures on a strict
w-functor f: X — Y may be identified with Z,-lifting structures on the underlying globular map of f. Using
this identification, and writing ™ simply as n for brevity, we regard KZ)Q( as a function which, to each n < 0,
each parallel pair u: JG™ — QX, and each n-cell v: G — X such that (s ;(v),tX_;(v)) = ex o u, assigns

an n-cell K3 (n;u,v) in QX. a

By Corollary 1.2.3.5 and Proposition 1.3.21, such a comonad exists and coincides with the cofibrant re-
placement comonad in the sense of | ; |. Therefore, the following notion of weak w-functor agrees
with that of | | and the notion of weak map in | |

Definition 3.3.1.4 (| ])- Let X and Y be weak w-categories. A weak w-functor from X to Y is a strict
w-functor QX — Y. The category Wk-w-Cat,, of weak w-categories and weak w-functors is defined as the
(co-)Kleisli category of the comonad Q. 4
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We write a weak w-functor p from X to Y as p: X ~» Y. By definition, it is a strict w-functor from QX
to Y; we call the latter the classifying strict w-functor of p, and denote it by ps: QX — Y. The composite
of weak w-functors p: X ~» Y and ¢: Y ~» Z, denoted by pgq=qop: X -~ Z, is defined by specifying its
classifying strict w-functor (g o p)s as the composite

in Wk-w-Catg.
We have the identity-on-objects right adjoint functor J: Wk-w-Cat; — Wk-w-Cat,, associated with the

Kleisli category Wk-w-Cat,,. It maps each strict w-functor f: X — Y to the weak w-functor Jf classfied by
(Jf)s=foex: QX — Y.

3.3.2. Weak w-weak equivalences.

Definition 3.3.2.1. Let X and Y be weak w-categories. A weak w-weak equivalence from X to Y is a weak
w-functor p: X —~» Y whose classifying strict w-functor ps: QX — Y is an w-weak equivalence in the sense of
Definition 3.2.1.3. a

Recall that the binary relation ~ on the set of cells of a weak w-category, defined by the existence of an
equivalence cell (see Definition 2.2.1), is reflexive (see Corollary 2.4.13). This implies the following:

Lemma 3.3.2.2. Any trivial fibration between weak w-categories is a strict w-weak equivalence. 3

Therefore, the trivial fibration ex is a strict w-weak equivalence, and hence Theorem 3.2.3.3 implies the
following:

Lemma 3.3.2.3. A strict w-functor f: X — Y is a strict w-weak equivalence if and only if the corresponding
weak w-functor Jf: X -~ Y is a weak w-weak equivalence. a

The comonad (Q,¢e,d) on Wk-w-Catg is compatible with the strict w-weak equivalences in the following
sense.

Proposition 3.3.2.4. For each weak w-category X, the components ex: QX — X and dx: QX — QQX
are strict w-weak equivalences, and the functor Q: Wk-w-Caty; — Wk-w-Catg preserves and reflects strict
w-weak equivalences. a

Proof. We have already seen that cx is a strict w-weak equivalence. One of the axioms for a comonad states
that the diagram

QX -2, QQXx

e

QX

commutes. Since ldgx and eqx are strict w-weak equivalences, so is dx by Theorem 3.2.3.3. Moreover, for any
strict w-functor f: X — Y, the diagram

Qx ¥, Qv

EXJ JEY

X —Y

f
commutes. Hence by Theorem 3.2.3.3, f is a strict w-weak equivalence if and only if Qf is. O

Now it is straightforward to show that the class of weak w-weak equivalences has the 2-out-of-3 property
(in the category Wk-w-Cat,,).

Proposition 3.3.2.5 (2-out-of-3 for weak w-weak equivalences). Let p: X ~» Y and ¢: Y ~» Z be weak
w-functors between weak w-categories. If two of p, ¢, and g o p are weak w-weak equivalences, then so is the
third. a

Proof. Consider the commutative diagram

QX (gop)s 7

ox | qu

QQX —— Q¥
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in Wk-w-Catg. It is easy to see that if two of ps, ¢s, and (g o p)s are strict w-weak equivalences, then so is the
third, using Proposition 3.3.2.4 and Theorem 3.2.3.3. O

Corollary 3.3.2.6 (2-out-of-6 for weak w-weak equivalences). Let p: X ~» Y, ¢: Y ~» Z and r: Z ~» W
be weak w-functors between weak w-categories. Suppose that ¢ o p and r o ¢ are weak w-weak equivalences.
Then p,q,r, and r o q o p are also weak w-weak equivalences. J

Proof. We will show that r o g o p is a weak w-weak equivalence; the rest will follow by the 2-out-of-3 property
for weak w-weak equivalences.

The classifying strict w-functor (r o g o p)s of r o g o p is the composite of

Qx — qax -¥x, qeax 2 qqy —£ 5z — s W

in Wk-w-Catg. Since 0x and Qdx are strict w-weak equivalences by Proposition 3.3.2.4, it suffices to show that
r50Qqs 0 QQps is a strict w-weak equivalence. Since gop is a weak w-weak equivalence, g5 0 Qpy is a strict w-weak
equivalence. Hence so is Qgs 0 QQps, by Proposition 3.3.2.4. Since r o q is a weak w-weak equivalence, 5o Qqs is
a strict w-weak equivalence. Therefore 5 0 Qgs 0 QQps is a strict w-weak equivalence by Corollary 3.2.3.4. [

We also have a characterisation of weak w-weak equivalences along the lines of Proposition 3.2.1.4. We first
note the following fact. The proof is deferred to Section A.3.

Proposition 3.3.2.7. For each weak w-categry X, the strict w-functor ex : QX — X is bijective on objects. _

From now on, we identify the objects of QX with those of X via ex. We recall from | , Section 5| that,
given any weak w-functor p: X ~~ Y between weak w-categories and z,z’ € Xy, we obtain a weak w-functor
Dozt X(x,2") ~» Y(px, pr') between the hom weak w-categories as follows. For each z,z’ € X, we obtain an
algebraically Z-injective morphism

((ex)aar: (QX)(@,2") = X (@,2), (5} ) )
by restricting (ex, /ﬁ?() Indeed, a commutative square
C" —— (QX)(z,z)
FJ 3
C" — X(x,2')
can be identified with a commutative square

acrt 0, Qx

L"*ll léx

cntl ——— X
with sf (v) = s§ (v) = s{f (w) = z and t§ (u) = t§ (v) =t (w) = 2’. The latter square admits a lift
k= k(04 13 (u,0), w)

which necessarily satisfies s (k) = z and t{ (k) = 2/, and we can set the lift of the former square to be the map
corresponding to this k.

On the other hand, the initial algebraically Z-injective morphism over X (z, ') is
(exan: QX (@,2) = X(@,2),5% (0r))
and hence we obtain a unique strict w-functor (ax)g,.: Q (X (z,2")) — (QX)(x, ') such that
((@x)aarsWxaan) - (X (@063, 0) = (), 6%)aa )
is a morphism in Z-AIMor. In particular, (ax)s .- makes the diagram

(ax)g,or

Q (X(z,2)) (QX)(z,2")

Ex(m AxJ/
X(z

;')
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commute, and hence is a strict w-weak equivalence by Proposition 3.2.1.4 and Theorem 3.2.3.3. The weak
w-functor py .2 X(z,2') ~» Y (px,px’) is defined by setting its classifying strict w-functor (py ./)s to be the
composite of

Q(X(r,a)) L Q) (a,at) Lo

We now give the characterisation of weak w-weak equivalences alluded to just above Proposition 3.3.2.7.
We say that a weak w-functor is essentially 0-surjective if its classifying strict w-functor is so.

Y (px, pa')

Proposition 3.3.2.8. A weak w-functor p: X ~~ Y between weak w-categories is a weak w-weak equivalence if
and only if it is essentially O-surjective and the induced weak w-functor py 5 : X (z,2") ~» Y (pz, pz’) is a weak
w-weak equivalence for each z, 2’ € X. a

Proof. Since (ax )y 2 18 a strict w-weak equivalence, (ps)q.q IS a strict w-weak equivalence if and only if (ps 2 )s

is, by Theorem 3.2.3.3. Therefore the claim follows from Proposition 3.2.1.4. O

Remark 3.3.2.9. Just like the strict case mentioned in Remark 3.2.1.5, the statement of Proposition 3.3.2.8
can be taken as a coinductive definition of weak w-weak equivalences. Define the monotone map

V: o (Mor(Wk-w-Caty,)) — @ (Mor(Wk-w-Cat,,))

by mapping S C Mor(Wk-w-Cat,,) to the set W(S) of all weak w-functors which are essentially 0-surjective
and locally in S, i.e.,

V(S) ={(p: X ~» Y) € Mor(Wk-w-Cat,) | p is essentially O-surjective and
we have (py 2t X(z,2") ~» Y(fz, fa')) € S for each z,2" € X }.

Then the set E of all weak w-weak equivalences is the greatest (post-)fixed point W of V. Indeed, Proposi-
tion 3.3.2.8 says that we have E = W(E), which implies £ C vW¥. On the other hand, given S C Mor(Wk-w-Cat,,)
with S C W(S), one can show that the classifying strict w-functor ps of each p € S is essentially n-surjective,
by induction on n € N. (In the inductive step, apply Lemma 3.2.3.2 to the commutative triangle

(QX)(x, ')

Q(X(x,2")) o) Y (px, pz')

in Wk-w-Catg.) Therefore we have S C E, and hence F is the greatest (post-)fixed point vV of W. J

3.3.3. Weak w-weak equivalences via underlying globular maps. Let us consider the relationship
between the weak w-weak equivalences and similar known notions in low dimensions, such as biequivalences be-
tween bicategories and triequivalences between tricategories. Recall that in low dimensions, notions of weak func-
tors (such as homomorphisms of bicategories | , Section 4] or trihomomorphisms of tricategories [ ,
Definition 3.2]) are commonly defined as globular maps between the underlying globular sets equipped with
coherence cells. (We define the underlying globular set of a weak n-dimensional category X for n € N by setting
s?,ti{: Xk4+1 — Xj to be the identity function for all k& > n.) For example, a homomorphism p: X ~» Y
of bicategories is a globular map p,: X — Y between the underlying globular sets equipped with coherence
2-cells, such as an equivalence 2-cell pg(u)*%/ Pg(u) = pg (ux{fv) in Y for each composable pair of 1-cells (u,v) in
X. However, the definition of biequivalence only refers to the underlying globular map of a homomorphism: a
homomorphism p: X -~ Y is a biequivalence if and only if its underlying globular map p,: X — Y is essen-

tially 3-surjective | , (1.33)], which implies that p, is essentially w-surjective. Similarly, a trihomomorphism
p: X -~ Y is a triequivalence if and only if its underlying globular map p,: X — Y is essentially 4-surjective
[ , Definition 3.5 (or equivalently, is essentially w-surjective).

We characterise weak w-weak equivalences in a similar fashion: we define the underlying globular map
pg: X — Y of a weak w-functor p: X —~» Y (which is a genuine globular map X — Y and is in particular
different from the classifying strict w-functor ps: QX — Y of p), and show that a weak w-functor p: X ~» Y
is a weak w-weak equivalence if and only if its underlying globular map p,: X — Y is essentially w-surjective.

Hence our first goal is to define the operation of taking the underlying globular map of a weak w-functor. We
would like this operation to be functorial, i.e., giving rise to a functor V: Wk-w-Cat,, — GSet. This turns out to
be a consequence of an appropriate ‘change of base’ result for the notions Definition 1.3.6 and Proposition 1.3.20,
which is observed in the last part of Section 1.3.
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The following proposition ensures that, in the case of our interest, the codomain of the resulting functor is
indeed GSet.

Proposition 3.3.3.1. The cofibrant replacement comonad on GSet with respect to Z, in Example 1.3.3 is
isomorphic to the identity comonad. a

Proof. In view of Remark 1.3.19, it suffices to show that for each A € GSet, the vertical identity (lda,w4) in
T,-AIMor is an initial object® in the fibre Z,-AIMor 4. To this end, suppose that we are given an algebraic
trivial fibration (f: B — A, k) over A. Then a morphism h: A — B in GSet determines a morphism
(hylda): (Idga,wa) — (f, k) in Z,~AIMor 4 if and only if

e for each a € Ay, we have h(a) = k(0;!%,a), where 1% : ) — B; and
e for each n > 0 and each ¢: a — b in A,,, we have h(c) = k (n; (h(a), h(D)}, c).

In fact, these conditions define h inductively, which means that there exists precisely one such h. O

Applying Proposition 1.3.25 to the situation Example 1.3.3 of the free-forgetful adjunction GSet “T; Wk-w-Cat;
and I, = Z,, we obtain a canonical natural transformation

Wk-w-Cat, —2 > Wk-w-Cat,

UL[ o7 [UL

GSet —————— GSet
IdGset

such that (U, o) is a comonad opfunctor from (Wk-w-Catg, Q) to (GSet, ldgset). Concretely, for each weak
w-category X, the globular map ox: X — QX is obtained by applying the function ng( associated to ex

inductively:

e A O-cell z of X is mapped to the O-cell ox () = £3(0;!9%, z) of QX where !9%: ) — QX.
e Forn > 1,ann-cellu: x — yin X is mapped to the n-cell O'X(’LL) =k (n; (ox (), 0x (y)),u) : ox () —

x(y) in QX.

By Proposition 3.3.3.1, it follows that (Up, o) induces a functor V: Wk-w-Cat,, — GSet between the
Kleisli categories making the diagram

Wk-w-Caty - Wkw- Cat,,

T

GSet

commute, where J is the identity-on-objects functor mentioned at the end of Section 3.3.1. Explicitly, V maps
each weak w-category to its underlying globular set, and each weak w-functor p: X -~ Y to the composite of the
globular map ox: X — QX and the classifying strict w-functor ps: QX — Y, which we call the underlying
globular map pg of the weak w-functor p. See also | , Sections 3 and 4], where a notion of weak functor
between tricategories in the style of Definition 3.3.1.4 is related to the classical definition of trihomomorphism,
and in which the underlying globular map of a weak functor is given by a similar construction.

Remark 3.3.3.2. One can also induce the functor V: Wk-w-Cat,, — GSet using the universal property of
Wk-w-Cat,, given in | , Theorem 10|, which is different from its universal property as a Kleisli category.
In this approach, it suffices to construct a double functor from Z-AIMor to SpEpi(GSet), which is possible
because there exists a canonical double functor Z-AlMor — SpEpi(GSet). The latter corresponds to the
identity functor on GSet (again by | , Theorem 10]); see Proposition 3.3.3.1. J

Proposition 3.3.3.3. Let p: X -~ Y be a weak w-functor between weak w-categories. Then p is a weak w-weak
equivalence if and only if its underlying globular map p, = psoox: X — Y is essentially w-surjective. a

Proof. Since ex oox = ldx holds in GSet, the map ox: X — QX is essentially w-surjective by Lemma 3.2.1.7.
Hence ps: QX — Y is essentially w-surjective if and only if psoox: X — Y is, by Lemmas 3.2.3.2 and 3.2.1.6.
O

Lemma 3.3.3.4. For each weak w-category X, the globular map ox: X — QX preserves and reflects equiva-
lence cells. E

3By Remark 1.3.18, it is always a terminal object, and hence a zero object in Z,AIMor 4. In particular, this concludes that
any algebraically Z,-injective morphism over A has a canonical section.
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Proof. This follows from the fact that the retraction ex of ox, being a strict w-weak equivalence, reflects and

preserves equivalence cells (Propositions 2.3.1 and 3.2.1.8). O
Proposition 3.3.3.5. The underlying globular map of a weak w-functor preserves equivalence cells. J
Proof. By Proposition 2.3.1 and Lemma 3.3.3.4. O

Proposition 3.3.3.6. The underlying globular map of a weak w-weak equivalence reflects equivalence cells and
is essentially w-injective. a

Proof. The first statement follows from Proposition 3.2.1.8 and Lemma 3.3.3.4. The second statement follows
from the first, Proposition 3.3.3.3, and Lemma 3.2.4.1. O

Proposition 3.3.3.7. The class of weak w-weak equivalences is closed under retracts in the arrow category
Wk-w-Cat,,2. J

Proof. By Proposition 3.3.3.3, we can work at the level of underlying globular maps. We can apply Proposi-
tion 3.2.4.3 thanks to Proposition 3.3.3.5. (Il

Remark 3.3.3.8. Given a weak w-weak equivalence p: X —~» Y, one might expect to be able to construct its
(pseudo-)inverse ¢: Y —~~» X. Although this is entirely plausible, it seems rather difficult to actually achieve it
for the following two reasons.

Firstly, we do not currently have a way of constructing any weak w-functor ¥ ~» X from just the data of
p (even assuming the axiom of choice). The most natural approach seems to be somehow factorising the strict

f

w-weak equivalence ps: QX — Y as QX —» Z —— Y in such a way that f is an (algebraic) trivial fibration
and s is a strict w-functor admitting a retraction r in Wk-w-Cats. The initiality of the algebraic trivial fibration
ey : QY — Y then induces the first factor of the following composite, which classifies the putative inverse ¢:

g QY 7T Qx 25 x

The problem is obtaining the factorisation p; = fs. We can apply the small object argument to ps with respect
to Z in Example 1.3.3, but then we do not know if 7 would have a retraction r. Instead of this ‘(cofibration,
trivial fibration)-factorisation,” we might want to try the ‘(trivial cofibration, fibration)-factorisation,” but in
this case we do not even know what the ‘generating trivial cofibrations’ should be.

Secondly, even if we can construct a weak w-functor ¢: Y ~» X, we do not know what it means for g to be
an inverse of p, let alone how to prove it. A potential approach might be to define a notion of pseudo-natural
equivalence using cylinders (and in particular a weak w-categorical version of I'X in | ] and Section A.4),
although we currently have no concrete ideas beyond that. a



CHAPTER 4

w-equifibrations between strict and weak w-categories

4.1. Introduction

The purpose of the present chapter is to introduce and study the notion of w-equifibration, which is a weak
w-categorical analogue of isofibrations between ordinary categories.

The definition of w-equifibration is the ‘obvious’ one, namely a strict w-functor f: X — Y between weak
w-categories is an w-equifibration if and only if, for any (n — 1)-cell x in X and for any equivalence n-cell (in
the coinductive sense) u: fx — y in Y, there exists an equivalence n-cell @: x — § in X such that fa = u.
In the special case where both X and Y are ordinary categories, this recovers precisely the isofibrations, or
equivalently, precisely the fibrations in the folk model structure on Cat. With an eye towards constructing a
weak w-categorical analogue of the folk model structure (cf. | ; ; |), our main result provides
a characterisation of w-equifibrations between weak w-categories via the right lifting property.

A subtle point here is that the above definition of w-equifibration refers to the property, as opposed to a
structure, of u (or 4) being an equivalence. Recall (from Chapter 2, or from | | in the case of strict
w-categories) that an n-cell u: a — b in a weak w-category is an equivalence if and only if there exist an n-cell
v: b — a and equivalence (n + 1)-cells p: uxv — id(a) and ¢: v¥u — id(b); this seemingly circular definition
is formalised using coinduction. Although it is not difficult to construct a weak w-category £" with a specified
n-cell i,, such that

an n-cell v in a weak w-category Y is an equivalence if and only if
there exists a strict w-functor g: £ — Y with g(i,) = u,

specifying such ¢ necessarily involves choosing a witness to the fact that u is an equivalence. Therefore the
lifting property of the form

Cn—l X

g('Ln)J ,’// J‘f

& ——Y
(where C"~! is the weak w-category freely generated by a single (n — 1)-cell and s(i,) is the strict w-functor
picking out the (n — 1)-dimensional source of i,) encodes that we can lift not only the equivalence n-cell, but
also the chosen witness (specified by g) through f, which is in general a stronger condition than f being an
w-equifibration. In order for this lifting property to characterise precisely the w-equifibrations, intuitively the
weak w-category £ must be ‘coherent’ so that for any equivalence n-cell u, the choice of corresponding g is
essentially unique (although the precise statement of this essential uniqueness is beyond the scope of this thesis).

Inspired by various known results (and conjectures) | ; ; ; ; |, we provide two
solutions to this problem, or more precisely two characterisations of equlvalences that lead to concrete models
for such ‘coherent’” £™. The first of these two apparently weakens the original definition by allowing the left and
right inverses to be distinct. It still captures the same notion of equivalence essentially for the familiar reason
that, if a cell u: a — b has a right inverse v and a left inverse w, then we have

v~ 1d(b)*v ~ (wxu)kv ~ wx(uxv) ~ wxid(a) ~ w

which implies that both v and w qualify as a two-sided inverse of u. In contrast, the second characterisation
apparently strengthens the original definition by asking for an additional witness for one of the triangular
identities. That this strengthening is only superficial can be deduced from the well-known special case in
dimension 2, namely that any equivalence in a bicategory can be upgraded to an adjoint equivalence.

Our homotopical intuition for why these two characterisations may yield models for ‘coherent’ £" is as
follows. In the original definition, where we ask for the equivalence u to have a single inverse v and two

69
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witnesses p: uxv — id(a) and q: v+u — id(b), topologically these cells form a sphere:!

\

\
\
e e
1
v

b (4.1.0.0.1)

e<«

which is not contractible, and it is this homotopical non-triviality that spoils the essential uniqueness of g: £" —
Y corresponding to u. The first characterisation cuts open this sphere by separating the left and right inverses:

(4.1.0.0.2)

whereas the second characterisation attaches an extra 3-dimensional cell in the interior of the sphere, both of
which produce a contractible space.

We then investigate how our results relate to what is known about strict w-categories. In particular, we
prove that a strict w-functor between strict w-categories is an w-equifibration if and only if it is a fibration in
the folk model structure constructed by Lafont, Métayer, and Worytkiewicz | |. Consequently, by taking
either of the two families of models for ‘coherent” £™ and reflecting them to the strict w-categories, we obtain
an explicit generating set of folk trivial cofibrations. Moreover, for the version with separate left and right
inverses, the strict w-categorical reflection of (a certain universal model of) £ turns out to be isomorphic to
Ozornova and Rovelli’s coherent walking w-equivalence wE [ ]. As a corollary, we recover the main theorem
of | ], namely that wé is weakly equivalent to the terminal strict w-category in the folk model structure.

Outline of the chapter. We show in Section 4.2 that two definitions of equivalence cells in a weak w-
category—one via a two-sided inverse and the other via separate left and right inverses—coincide. Then in
Section 4.3, we define w-equifibrations and show that they can be characterised by the right lifting property
with respect to a suitable family J of strict w-functors. More precisely, we give a general procedure to turn
a suitable family K of morphisms between marked weak w-categories into such a set 7, and then provide an
example I of K based on the definition of equivalences via separate left and right inverses. (Another example
K4, of K based on ‘half-adjoint’ equivalences is given in Section A.6.) Because this procedure involves choices
of factorisations, the set J is not completely determined by K. However, the algebraic small object argument
[ | provides a universal one among all possible 7, and in particular we obtain a universal set Jr of strict
w-functors from Cr. In Section 4.4, we give two explicit presentations of the morphisms in Jr. The second of
these allows us to show that the strict w-categorical reflection of the weak w-category £} appearing in Jr is
isomorphic to Ozornova and Rovelli’s coherent walking w-equivalence | |. Finally, in Section 4.5, we show
that the w-equifibrations between strict w-categories coincide with the fibrations in the folk model structure

[ J

Before getting into the main content of this chapter, we recollect some facts about (a special case of) the
(higher dimensional) whiskering operation, which are basically observed in the previous chapter.

4.1.1. Whiskering operations. Let X be a weak w-category. We have the following operations, which
are special cases of Definition 1.2.3.8.

e Let 1 < n < m be natural numbers. Given an n-cell u and an m-cell v: s — ¢t of X such that
t,_1(u) =s,_;1(v), we have an m-cell

Wk, U Wk, 18— U*, T
of X.

IThe diagrams (4.1.0.0.1) and (4.1.0.0.2) are admittedly somewhat ambiguous. For example, the boundary of p would be more
clearly represented as
x
idlrl \ P Y.

The sole purpose of (4.1.0.0.1) and (4.1.0.0.2) is to convey the geometric intuition.
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e Similarly, given an m-cell u: s — ¢t and an n-cell v of X such that t,_;(u) = s,_;(v), we have an
m-cell

Uk, Ui Sk, U — bk, U

of X.

Intuitively, these are whiskering operations composing e.g.

Analogously to Lemma 1.2.3.3 and Corollary 2.4.14, strict w-functors preserve whiskerings, and whiskering an
n-cell to a pair of m-cells connected by an equivalence (m+1)-cell yields again a pair connected by an equivalence
(m + 1)-cell. Moreover, we have the following.

Proposition 4.1.1.1. Let X be a weak w-category and u: x — y be an equivalence n-cell of X with n > 1.

(i) For any n-cell w: x — z in X, there exists an n-cell v: y — z in X such that w ~ ux,_;v.
(ii) For any m > n, any parallel pair of (m — 1)-cells s and ¢ in X with s,_,(s) =s,,_;(t) = vy, and any
m-cell w: ux,, ;5 — ux, ;¢ in X, there exists an m-cell v: s — ¢ in X such that w ~ ux,_v.

Moreover, in both of these situations, v is an equivalence if and only if w is. a

Proof. Both (i) and (ii) follow from Theorem 3.2.2.12, in view of Remark 2.2.3 (or from | , Lemma 4.6]
in the strict case).

If v is an equivalence, then so is w by Theorem 2.4.7. The converse is shown in the last paragraph of the
proof of Proposition 3.2.2.14, given the ~-invariance Corollary 2.4.16 of invertibility. O

The dual statements of Proposition 4.1.1.1 (concerning post-composition of an equivalence cell) also hold.

4.2. Two definitions of equivalence cells

There are two seemingly different ways to define equivalence cells in a weak w-category X. Informally, these
two definitions can be stated as follows.

e First definition | ; | and Definition 2.2.1: An n-cell u:  — y in X is an equivalence if there
exists an n-cell v: y — z (a two-sided inverse) in X such that ux, ;v ~id, () and vk, _;u ~ id, (y).
e Second definition | |: An n-cell u: z — y in X is an equivalence if there exist n-cells v: y — x

(a right inverse) and w: y — z (a left inverse) in X such that ux, ;v ~ id, (z) and wx,,_;u ~ id,, (y).

In this section, we adapt an argument from | ] and show that these two definitions in fact define the same
class of cells in X. In order to avoid confusion, in this section only we use the terms spherical equivalence
and flat equivalence to refer to the notions of equivalence defined in these two manners (see Definitions 4.2.0.2
and 4.2.0.3).

Remark 4.2.0.1. Whereas the fact that the two notions of equivalence coincide would probably follow from
[ , Theorem 18], we decided to include a proof for the following reasons.

e In order to apply [ , Theorem 18] to weak w-categories, one has to show that weak w-categories
respect the graphical calculus in the sense of | , Definition 7], which we find highly non-trivial.
Although it is sufficient to only verify the special cases of | , Definition 7| that are actually used
in the proof of | , Theorem 18], the reader would then have to go through that proof in order to
check that we have indeed covered all the necessary cases, which seems burdensome.

e We found the proofs of | ] rather hard to follow for those not familiar with type-theoretic treatment
of coinduction (such as ourselves). Instead, we make use of Section 1.4, which states and justifies the
necessary coinductive proof principles in ordinary mathematical (lattice-theoretic) terms.

Nevertheless, a quick inspection would reveal the similarity between our argument below and that in | .

Using the lattice-theoretic formulation of coinduction estabilished in Section 1.4, we formalise the above
two notions of equivalence cells as follows.
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Definition 4.2.0.2 (Definition 2.2.1 and Remark 2.2.2 revisited). Let X be a weak w-category. Define the
monotone map ®: o (ano Xn> — (ano Xn) by

(S)={(uz—y) eXy|n>1 F(v:y—xz) e Xn,
3 (p: ux,_1v = id,(2)) € SN Xpp1, I(q: v4,_qu—id,(y)) € SN Xppr }.
We say that a cell in X is a spherical equivalence if it is in the greatest (post-)fixed point v® C ano D C

The adjective ‘spherical’ derives from the fact that, for example, a witness for a 1-cell u: x — y in a weak
w-category X to be a spherical equivalence consists of a 1-cell v: y — x together with spherical equivalence
2-cells p: uxqv — id; (z) and q: v¥ou — id; (y), which constitute a spherical shape; see (4.1.0.0.1).

Definition 4.2.0.3. Let X be a weak w-category. Define the monotone map ¥: p (ano Xn> — (ano Xn)
by

US)={(uiz =y eX,|n>1, I(v:iy—2)eX,, I w:y—z)eX,,
I (p: ux,_v = id, (2)) € SN Xpp1, 3 (g: wr,_ju—id, (y)) € SN Xpq1 }.
We say that a cell in X is a flat equivalence if it is in the greatest (post-)fixed point ¥ C ano X a

Clearly we have ®(S) C ¥(S) for each S € p (ano Xn>, from which it follows v® C vU, i.e., that every

spherical equivalence is a flat equivalence.

In the previous chapters, we always considered spherical equivalences. In particular, various facts mentioned
in Chapter 2 (including Corollaries 2.3.8 and 2.4.4 which will be used below) are to be interpreted as statements
regarding spherical equivalences until we prove the two notions to coincide.

4.2.1. Closure properties of flat equivalences. Here we establish various closure properties of flat
equivalences. Throughout this subsection, we fix a weak w-category (X, ¢).

In Theorem 2.4.7, it is shown that the class v® of all spherical equivalences in X is closed under pasting.
More precisely, we defined in Definition 2.4.6 the monotone map pst: p([],,~o Xn) = 9(I1,,50 Xn) by

pst(S) = {&(d.u) [n 20, (¢,u) € (LX),, fdl(u)C S},

and showed pst(v®) C v®. Recall here from Definition 2.4.5 that, for an n-dimensional pasting diagram u in
X, we denote by fdl(u) the set of all n-cells in X appearing in the list u, which are called the full-dimensional
labels of u.

This is proved by showing that Pre,¢ (pst) is closed under @ in light of Proposition 1.4.5. We first prove that
the class vV of all flat equivalences in X is also closed under pasting, using the same strategy; Proposition 1.4.5
shows that it suffices to show the following.

Proposition 4.2.1.1. Pre,g(pst) is closed under ¥. J

Proof. We can adapt the proof of Theorem 2.4.7 to the current situation; the details (using the notation of
Chapter 2) are as follows.

We first modify Definition 2.4.10. Let S be a set of cells of X.

e Given any n > 1 and any n-cell u: x — y of X, an n-cell v: y — = of X is called a right S-inverse of
w if there exist an n-cell w: y — = and (n + 1)-cells p: ux,, ;v — id,,(z) and ¢: w*,,_;u — id, (y) in
X, with p,qg € S.

e Similarly, an n-cell w: y — = of X is called a left S-inverse of w if there exist an n-cell v: y — x and
(n+ 1)-cells p: wx, v —id,(z) and ¢: w*,,_;u —id,, (y) in X, with p,q € S.

e Let n > 1, (¢,u) € (LX),, and k = ar(¢). A right S-inverse instruction of (¢,u) is an n-cell
(¢, u'm) of LX satisfying the following conditions.

- %171((#“) = tkh((b)a

= tpli (@) = s;L1(¢), and

— u'"V € (TX), is obtained from u by replacing, for each (n — 1)-transversal component Defini-
tion 1.1.2.6 0 < i < j < r of k, the corresponding segment

U; U

Ui - Uy
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with
Uj N (3
Uj e Uiy ’
where vy is a right S-inverse of uy for each i < ¢ < j.
e Similarly, define the notion of left S-inverse instruction.

Just like the remark immediately after Definition 2.4.10, we note that an n-cell w in X admits a right S-inverse
if and only if it admits a left S-inverse, if and only if v € ¥(S); and an n-cell (¢,u) in LX admits a right
S-inverse instruction if and only if it admits a left S-inverse instruction, if and only if fdl(u) C ¥(S).

Now, as in the second paragraph of the proof of Theorem 2.4.7 just before (2.4.12.1), we take S € Pre,y (pst).
In view of Remark 1.4.6, it suffices to show that pst(¥(S)) C ¥(S). To this end, instead of (2.4.12.1), we prove

the following statement by induction on the number of occurences of n-cells in u (denoted by |lar(¢)|™ in
Definition 2.4.9):

for each n > 1, each (¢,u) € (LX), each right S-inverse instruction (¢™v,u™") of (¢, u), and
each left S-inverse instruction (¢™¥, u™) of (¢, u), there exist (n + 1)-cells
E(d,u)n_ E(@™,u™) = idy (571 €(¢, ) (4.2.1.1.1)
and ' '
E(OM 0™ (0 u) — idy (17 1€(0, )
in S (or equivalently in pst(S)).

This can be done exactly as in the proof of Theorem 2.4.7, bearing in mind that because we already know
that spherical equivalences (called equivalence cells in Chapter 2) are flat equivalences, all cells induced by the
coherence (Proposition 2.3.7) or the unit law (Proposition 2.4.3) are flat equivalences and hence in S. O

To show that all flat equivalences are spherical equivalences, we also need to show that every right inverse
of a flat equivalence is again a flat equivalence. (Note that the analogous statement for spherical equivalences
is trivial.) To state this more precisely, we define the monotone map rinv: p(I],~o Xn) — (11,50 Xn) as
follows. B B

rinv(S) = {(v:y 2 2) € X, [n>1, F(u:rz—y) € X,, Iw:y— )€ X,
3 (p: ux,_1v = id, (z)) € SN Xppr, I (g wr,_ju—id,(y)) € SN Xpp1 } (4.2.1.1.2)

In the terminology introduced in the proof of Proposition 4.2.1.1, rinv(S) is the set of all cells in X which are
right S-inverses of some cells in X. (One can also define the monotone map linv for left inverses similarly, but
we do not need it.) The claim is that we have rinv(v¥) C v¥. In light of Corollary 1.4.7, it suffices to show the
following.

Proposition 4.2.1.2. Pre,g(pst V rinv) is closed under ¥ A id. J

Proof. Let S € Pre,g (pst Vrinv) = Pre,y (pst) N Preyy (rinv); we want to show ¥(S) NS € Pre,g (pst Vrinv). By
a reason similar to Remark 1.4.6, it suffices to show

pst(T(S)NS) Urinv(P(S)NS) CT(S)NS.

We first show pst(¥(S) N S) C ¥(S)NS. Since S is in Preyy(pst), we have pst(S) C S, and hence
pst(¥(S)NS) € S. Now observe that Proposition 4.2.1.1 implies ¥(S) € Pre,y(pst). In particular, we have
pst(¥(S)) C ¥(S). Thus we obtain pst(¥(S)N.S) C ¥(S)NS.

Next observe that rinv(¥(S) N .S) C S follows from S € Pre,g(rinv).

It remains to show rinv(¥(S)N.S) C ¥(S). Suppose we are given an n-cell v: y — x in rinv(¥(S) N S). By
the definition of rinv, this means that we have

(urx—y)eX,, (wy—z)eX,,
(p: ux,_1v —id,(z)) € U(S)NSN Xpy1, and (g: w,_ju—id,(y)) € ¥(S)NSN X1

Our aim is to show v € ¥(S). Since we already have p € S, it remains to construct ¢': vk, ;u — id,(z) in S.
Thanks topst(S) C S, it suffices to find r: v — w in S, since we can then set ¢ = (r*,,_;u)*,,q. We define r as
the composite of the following string of (n 4 1)-cells in X.

(unit) . (2)
—>

(assoc)
ldn(y)*nflv - (w*nflu)*nflv

(@)

w*nfl(u*nflv) I w*nflldn(x) M
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Here, the cells labeled by (unit) are spherical equivalences witnessing Corollary 2.4.4, whereas the cell labeled
by (assoc) is a spherical equivalence witnessing Corollary 2.3.8. They are in S because all spherical equivalences
are flat equivalences and we have v¥ C S by the assumption. The cell (i) is w*,,_;p, which is in S by p € S
and pst(S) C S. Finally, to define the cell (i), observe that ¢ admits a right S-inverse (in the sense defined in
the proof of Proposition 4.2.1.1) gg: id,,(y) — wx,,_;u since ¢ € ¥(S). We have gg € rinv(S) C S. The cell (4)
is defined to be grx*,,_,v, which is in S by pst(S) C S. Usingpst(S) C S once again, we see that the composite
(n+1)-cell risin S. O

We record the closure properties of the class of flat equivalences we have established.

Corollary 4.2.1.3. We have pst(v¥) C ¥ and rinv(v¥) C . a

Proof. By Corollary 1.4.7 and Proposition 4.2.1.2. O

4.2.2. Flat equivalences are spherical equivalences. We are now ready to show that the two defini-
tions of equivalence cells agree.

Proposition 4.2.2.1. A cell in a weak w-category is a flat equivalence if and only if it is a spherical equivalence.
J

Proof. Tt suffices to show that all flat equivalences in a weak w-category X are spherical equivalences. For this,
it suffices to show v¥ C ®(v¥). Suppose that u: z — y is a flat equivalence n-cell in X. Thus we have n-cells
v,w: y — x and flat equivalence (n + 1)-cells p: ux,_;v — id, (x) and ¢: w*,,_;u — id,(y) in X. We now
construct a flat equivalence (n 4+ 1)-cell vx,_;u — id,,(y). The (n+1)-cell r: v — w constructed as in the proof
of Proposition 4.2.1.2 is a flat equivalence by Corollary 4.2.1.3. Hence so is (r*,_qu)*,q: vk, _ju — id, (y),
again by Corollary 4.2.1.3. Therefore we have u € ®(v¥) as desired. O

Having now shown that spherical equivalences and flat equivalences coincide, we may call them simply
equivalences in what follows.

Finally we redefine the notion of inverse of an equivalence cell.

Proposition 4.2.2.2. Let X be a weak w-category, n > 1, and u:  — y be an equivalence n-cell in X. Then,
for any n-cell v: y — = in X, the following conditions are equivalent.

(i) We have ux,, v ~1id,(z) in X.
(ii) We have v*,_ju ~id, (y) in X.

Moreover, these conditions imply that v is an equivalence in X. a

Proof. By Definition 4.2.0.2, there exists an n-cell v': y — x with w*,_v" ~ id,(z) and v'*,_ju ~ id, (y).
Given wx, v ~id,, (x), we can derive v, _ju ~ id,(y) as follows.

vk, gt~ id,, ()%, 1 (0%, u) (by Corollary 2.4.4)
~ (V' _u), g (0%, _ju) (by Corollary 2.4.14)
~v'*, ((u*nflv)*nflu) (by Corollaries 2.3.8, 2.4.13 and 2.4.14)
~ ', (idn(x)*nflu) (by Corollary 2.4.14)
~ %, qu (by Corollaries 2.4.4 and 2.4.14)
~ id,, (y).

The converse direction is similar.

The second statement is immediate from Definition 4.2.0.2. O

Definition 4.2.2.3 (Definition 2.2.1 revisited). Let X be a weak w-category and u:  — y be an equivalence
n-cell in X, with n > 1. An n-cell v: y — z in X is called an inverse of u if the equivalent conditions of
Proposition 4.2.2.2 are satisfied. a

Recall from Corollary 2.4.15 that inverses are unique up to ~.
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4.3. w-equifibrations

In this section, we define the class of w-equifibrations between weak w-categories and show that it can
be characterised by the right lifting property with respect to a set J of morphisms in Wk-w-Cats. Whereas
formally we will deal with weak w-categories, the corresponding result for strict w-categories can be obtained
by replacing ‘weak’ by ‘strict’ (and Wk-w-Caty by Str-w-Catg) throughout. (Alternatively, one can apply the
strict w-categorical reflection functor Wk-w-Caty — Str-w-Cats to J; see Lemma 4.5.2.1.)

4.3.1. The definition of w-equifibrations. The following definition generalises the notion of isofibration
between categories to the context of weak w-categories. Analogous classes of fibrations between 2-categories
[ |, bicategories | |, and Gray-categories | | have been investigated by Lack.

Definition 4.3.1.1. We say that a strict w-functor f: X — Y between weak w-categories is an w-equifibration
if for each n > 1, (n — 1)-cell  in X, and equivalence n-cell u: fz — y in Y, there exists an equivalence n-cell
4: x — g in X such that fu = u. a

Although it may seem arbitrary that we consider equivalences u with domain (rather than codomain) fx
in the above definition, this asymmetry is only superficial.

Proposition 4.3.1.2. Let f: X — Y be an w-equifibration between weak w-categories. Then for each n > 1,
(n — 1)-cell z in X, and equivalence n-cell v: y — fz in Y, there exists an equivalence n-cell v: § — x in X
such that fo =v. a

Proof. Let u: fr — y be an inverse of v. Since u is also an equivalence, there exists an equivalence n-cell
@: x — § in X such that fa = u. Take an inverse ¢’ of @ in X. Since f preserves equivalence (n + 1)-cells by
Proposition 2.3.1, it sends inverses of @ to inverses of f4 = u. Therefore, fo’ and v are both inverses of u. By
Corollary 2.4.15, there exists an equivalence (n + 1)-cell p: fo' — v in Y, which we can lift to an equivalence
(n+1)-cell p: ¥ — v in X. In particular, we have fo = v. Thanks to Corollary 2.4.16, ¥ is an equivalence in
X since 7' is. O

As a sanity check, we show the expected identity

{ trivial fibrations } = { weak equivalences } N { fibrations }.

Recall from Example 1.3.3 that a trivial fibration f: X — Y between weak w-categories is just an Z-
injective morphism, i.e., a strict w-functor that has the right lifting property against :: 0C™ — C™ for each
n > 0. Equivalently, f is a trivial fibration if

e for each O-cell y in Y, there exists a 0-cell x in X such that fz =y, and
e for each n > 1, parallel pair of (n — 1)-cells z,2’ in X, and n-cell u: fo — fz’ in Y, there exists an
n-cell @: x — 2’ such that fu = u.

Also recall from Definitions 3.2.1.1 and 3.2.1.3 that a strict w-functor f: X — Y between weak w-categories is
an w-weak equivalence if

e for each O-cell y in Y, there exists a 0-cell x in X such that fz ~ y, and
e for each n > 1, parallel pair of (n — 1)-cells z,2’ in X, and n-cell u: fa — fz’ in Y, there exists an
n-cell @: x — 2’ such that fu ~ u.

Proposition 4.3.1.3. For a strict w-functor f: X — Y between weak w-categories, the following conditions
are equivalent.

(i) f is a trivial fibration.
(ii) f is both an w-weak equivalence and an w-equifibration. a

Proof. If f is a trivial fibration, then it is clearly an w-weak equivalence, as is observed in Lemma 3.3.2.2. In
particular, by Proposition 2.3.3 or Proposition 3.2.1.8, f reflects equivalence cells. Using this, we can easily see
that f is an w-equifibration.

Conversely, suppose that f is both an w-weak equivalence and an w-equifibration. We fix n > 1 and prove
that f has the right lifting property with respect to :™: C™ — C™; the case n = 0 can be proven similarly. Let
x, 2’ be a parallel pair of (n — 1)-cells in X and let w: fx — faz’ be an n-cell in Y. Then, since f is an w-weak
equivalence, there exist an n-cell w': z — 2’ in X and an equivalence (n + 1)-cell v: fu’ — u in Y. Moreover,
since f is an w-equifibration, there exists an equivalence (n+ 1)-cell v: @ — @ in X with fv = v. In particular,
we have fu = u. This completes the proof. O
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4.3.2. Marked weak w-categories. In the introduction, we argued that the w-equifibrations are difficult
to characterise via the right lifting property because their definition refers to the property, rather than a structure,
of certain cells being equivalences. It turns out that such a characterisation is easy to obtain if one can encode
properties of cells as extra structure. This is our motivation for introducing the following notion.

Definition 4.3.2.1. A marked weak w-category (X,tX) is a weak w-category X equipped with distinguished
subsets tX,, C X, of marked cells for each n > 1. A strict w-functor f: X — Y between the underlying weak
w-categories of marked weak w-categories (X,tX) and (Y,tY") is marking-preserving if for each n > 1 and each
r € tX,, we have fz €tY, a

Let m-Wk-w-Catg be the category of marked weak w-categories and marking-preserving strict w-functors
between them. The forgetful functor m-Wk-w-Caty — Wk-w-Caty mapping (X,tX) to X has both left and
right adjoints. In particular, the left adjoint (—)”: Wk-w-Cat, — m-Wk-w-Cat, maps each weak w-category
X to X” = (X,0). (The right adjoint (—)*: Wk-w-Cat, — m-Wk-w-Cats maps X to X* = (X,]],~, X»),
but we shall not use this.) Thanks to Proposition 2.3.1, we have another functor (—)¢: Wk-w-Cat, —>
m-Wk-w-Cat, mapping each weak w-category X to the marked weak w-category X = (X,eX), where eX is
the set of all equivalence cells in X.

Remark 4.3.2.2. In the above definition of marked weak w-category (X,¢X), we do not require the set tX to
contain the identity cells nor be closed under compositions. Thus, even if the underlying weak w-category X
happens to be a strict w-category, the pair (X, ¢X) may not be an co-marked co-category in the sense of | ,
Definition 2.15]. 3

Recall from Notation 1.2.2.11 that C" € Wk-w-Caty is the weak w-category freely generated by the repre-
sentable globular set G" for each n > 0.

Definition 4.3.2.3. For each n > 1, we write mC"™ € m-Wk-w-Cat for the marked weak w-category (C", {c,})
where c,, is the image of the unique n-cell in G™ under the inclusion G — C™. We refer to c,, as the fundamental
n-cell of C". a

For each n > 1, the strict w-functor ™~ 1: C"~! — C™ asin (1.2.2.11.1) gives rise to the marking-preserving

n—1.

strict w-functor "~ 1: (C"~1)” — mC™. The following is the easy characterisation of w-equifibrations alluded
to at the beginning of this subsection.

Proposition 4.3.2.4. A strict w-functor f: X — Y between weak w-categories is an w-equifibration if and
only if the morphism f%: X% — Y? in m-Wk-w-Cat, has the right lifting property? with respect to the
morphism ¢~ 1: (C"~1)” — mC" for each n > 1. 3

We conclude this subsection by establishing the following result, which will be used later when we perform
the small object argument in m-Wk-w-Cats.

Proposition 4.3.2.5. The category m-Wk-w-Cat; is locally finitely presentable. a
Proof. Observe that m-Wk-w-Caty fits into the following pullback square:
m-Wk-w-Catg Sub(Set")
| l

Wk-w-Caty, ——— GSet —— Set"
Xl—)(’n’—)Xn+1)

(The functor from GSet to Set" forgets Xy; recall that, by definition, marked cells in a marked weak w-category
have positive dimension.) Here, the right vertical functor is the subobject fibration of Set'', which is in particular
an isofibration. Therefore the pullback square is a bipullback square | ]. By Corollary 1.2.3.5, all functors in
the cospan defining the pullback are finitely accessible right adjoint functors between locally finitely presentable
categories. This concludes that m-Wk-w-Caty is locally finitely presentable by | , Theorem 2.17]. (]

2In terms of Section 1.3, this means that f7 is injective with respect to the set of morphisms {¢"~1: (C"~1)" — mC" | n > 1},
although we will not use this viewpoint here since we do not need algebraic version for this generating set.
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4.3.3. Characterising w-equifibrations via the right lifting property in Wk-w-Cat. In this sub-
section, we turn Proposition 4.3.2.4 into a characterisation of w-equifibrations via the right lifting property
in Wk-w-Cat (rather than m-Wk-w-Cat) assuming the existence of a (small) set K of morphisms in
m-Wk-w-Catg satisfying conditions (K1)-(K3) stated below. We will present an example of such a set K
in Section 4.3.4, and another example in Section A.6.

Let K be a class of morphisms, seen as an indexed family of morphisms (see Remark 1.3.1), in a category
C with a terminal object 1. Recall from Definition 1.3.2 that a morphism f: X — Y in C with right lifting
property with respect to each morphism in K is called a KC-injective morphism, and K-cofibrations are those
having the left lifting property with respect to all K-injective morphisms. An object X is K-injective if and
only if the unique morphism X — 1 is K-injective.

Now let IC be a set of morphisms in m-Wk-w-Cats. We consider the following conditions on /.

(K1) For any w-equifibration f: X — Y between weak w-categories, the morphism f%: X — Y% in
m-Wk-w-Catg is K-injective.

Note that the unique strict w-functor X — 1 to the terminal weak w-category 1 is an w-equifibration for
any weak w-category X, and 1% = 1% is the terminal object in m-Wk-w-Catg. Thus, if (K1) holds, then the
functor (—)?: Wk-w-Cat, — m-Wk-w-Cat, factors through the full subcategory K-Inj of m-Wk-w-Cat,.
The following condition (K2) is stated under this assumption.

(K2) The functor (—)*: Wk-w-Caty, — K-Inj is right adjoint to the forgetful functor K-Inj — Wk-w-Cat,.
(K3) For each n > 0, the object (C")” in m-Wk-w-Cat; is in IC-Inj.

For the rest of this subsection, we fix a (small) set K of morphisms in m-Wk-w-Cat satisfying the
conditions (K1)—(K3). For each n > 1, we further fix an object £” € K-Inj and a morphism i": mC" — &"
in C-cof. Such data can be obtained, for example, by applying the small object argument with respect to
KC to the unique morphism mC™ — 1 in m-Wk-w-Caty, where 1 is the terminal object of m-Wk-w-Cats.
(Proposition 4.3.2.5 ensures that we may indeed apply the small object argument in this category.)

Remark 4.3.3.1. Under the assumptions (K1) and (K2), the underlying weak w-category of the K-injective
object £™ can be thought of as a walking equivalence n-cell, in the following sense. Let X be a weak w-category,
and let = be an n-cell in X seen as a morphism C" — X in Wk-w-Cats. Then £" represents equivalence
n-cells in the sense that x is an equivalence n-cell in X if and only if the morphism C* — X factors through
the underlying weak w-functor i": C* — & of the K-cofibration. The ‘if’ direction follows since i" is a K-
cofibration and X! is K-injective by (K1). The ‘only if’ direction follows since any morphism £" — X in
Wk-w-Cat, defines a morphism £” — X% in K-Inj by (K2). Here we use that the unit for the adjunction in
(K2) is identity on underlying weak w-categories by one of the triangle identities. a

Define a set J of morphisms in Wk-w-Catg by

n—1

Jﬁ_{011”>cnilgn

nzl}. (4.3.3.1.1)

Theorem 4.3.3.2. Let f: X — Y be a strict w-functor between weak w-categories. Then f is an w-
equifibration if and only if f has the right lifting property with respect to J. a

Proof. We show that the following three conditions on f are equivalent.

(a) The morphism f%: X! — Y* in m-Wk-w-Cat, has the right lifting property (in m-Wk-w-Cat)
with respect to 0"~ 1: (C"~1)” — mC™ for each n > 1.

(b) The morphism f%: X% — Y% in m-Wk-w-Cat, has the right lifting property (in m-Wk-w-Cat,)
with respect to i"o"~1: (C"1)* — &" for each n > 1.

(¢) The morphism f: X — Y in Wk-w-Cat has the right lifting property (in Wk-w-Catg) with respect
to i"e"~L: C*~1 — &" for each n > 1.

Notice that this suffices because f is an w-equifibration if and only if f satisfies (a) by Proposition 4.3.2.4. The
equivalence of (b) and (c) follows from (K2), because the object (C"~1)” is in K-Inj by (K3), whereas the object
E™ is in K-Inj by construction. Therefore it remains to show the equivalence of (a) and (b).
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First suppose that (a) holds. Take any n > 1 and any commutative diagram

(Cnfl)b z_ Xb

anl\L
mC™ fﬁ
in|
ey

in m-Wk-w-Cat,. By (a), we obtain a morphism v: mC"” — X* making the diagram

(Cn—l)b T > Xh

n—l\L v
mC"” 1A
in]
g ——— Y

commute. Since i” € K-cof and f* is K-injective, ((K1)), we obtain a morphism w: £ — X% making the
diagram

(Cnfl)b T Xh

0"711, v ‘ 77
ol
gn —_— Yh

commute. Therefore (b) holds.
Now suppose that (b) holds and take any n > 1 and any commutative square
(Cn—l)b g Xh
ﬂ lfu (4.3.3.2.1)
mC" —%— Y
in m-Wk-w-Cat,. By i” € K-cof and Y € K-Inj, there exists a morphism v in m-Wk-w-Catg making the
following triangle commute.
mC” —%— Y
l T
en

Thus we obtain the commutative square
(Cn—l)b x Xh
|
En —2 5 vh

in m-Wk-w-Cat,, which admits a diagonal filler w: £* — X? by (b). The morphism wi”: mC™ — X% provides
a diagonal filler for (4.3.3.2.1), and hence (a) holds. O

4.3.4. An example of K. In this subsection, we construct a set K of morphisms in m-Wk-w-Cat
satisfying conditions (K1)—(K3).

Definition 4.3.4.1. For each n > 1, we define a marked weak w-category (F",tF"). (The letter F stands for
‘flat (equivalence)’.) The underlying weak w-category F" is constructed as follows:

e start with C”, and call its fundamental n-cell ur: rr — yr,
e freely adjoin n-cells vr: yr — x7 and wr: yr — xF, that is, take the colimit of the solid part of
the following diagram in Wk-w-Cat:

acr (yr,zF7) cn (yF,x7) acn

oo ]
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fa f“

idZ (fz)

FIGURE 1. Lifting v

and
o freely adjoin (n + 1)-cells pr: ur*, vr — id, (xr) and ¢r: wrx, _ur — id, (yr).

The marked cells are ur, pr, and gr. Notice that there exists a unique marking-preserving strict w-functor
k%: mC" — F", which maps the fundamental n-cell ¢,, of mC" to ur. a

We claim that the set Kr = {k'}: mC" — F"|n > 1} satisfies conditions (K1)—(K3). We first verify (K1).

Proposition 4.3.4.2. For any w-equifibration f: X — Z between weak w-categories, the marking-preserving
strict w-functor ff: X% — Z8 is KCz-injective. a

Proof. Consider a commutative square in m-Wk-w-Catg, with n > 1:

mC"” —%— X!

J qu

Fn s Zh
Such data are equivalent to:

e an equivalence n-cell u: z — y in X,
e n-cellsv: fy » frand w: fy — fxrin Z, and
e equivalence (n + 1)-cells p: fus? v — id?(fz) and ¢: wx?_| fu — id?(fy) in Z.

We wish to extend u to a quintuple (u,,w,p,q) of cells of suitable types in X (so that it corresponds to a
marking-preserving map " — X!) such that f sends it to (fu, v, w,p,q). Observe that, since u: x — y is an
equivalence in X, we can choose

e n-cells ?': y - x and @': y — x in X, and

e equivalence (n + 1)-cells p': uxX o/ — idX (z) and ¢ : @'+X ju — idX (y) in X

Of course there is no guarantee that fo’ = v (or any of the analogous equations for the other cells) holds,
which is why we are calling it ¥’ rather than ©. Nevertheless, we can rectify this defect and turn it into a proper
lift v as follows; part of the following argument is visualised in fig. 1.

Since fp': fuxZ_ | fv' — idf (fz) (which indeed has this type by Lemma 1.2.3.3) is an equivalence in Z by
Proposition 2.3.1, (the dual of) Proposition 4.1.1.1.(i) implies that there exists an equivalence (n + 1)-cell

ol fux? v — fuxZ | f0

in Z satisfying

vl 5~ p. (4.3.4.2.1)
Similarly, since fu: fo — fy is an equivalence in Z, Proposition 4.1.1.1.(ii) implies that there exists an equiv-
alence (n + 1)-cell

viio— U
in Z satisfying

fuxZ?_ vt ~ ol (4.3.4.2.2)

Since f is an w-equifibration, Proposition 4.3.1.2 allows us to lift v¥ to an equivalence (n + 1)-cell in X, which
we denote as ot: o — o'. This completes the lifting of v.

Next, we rectify the (n + 1)-cell p’. Observe that we have an equivalence (n + 1)-cell

X X

(X o)X P usX 5 —id ()
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in X, and moreover (4.3.4.2.2) and (4.3.4.2.1) provide equivalence (n + 2)-cells

F (w01 p) = (Ful 0P )l f ~ 0P 3 o~ p
in Z. Since f is an w-equifibration, we can lift the composite of the latter to an equivalence (n + 2)-cell
(wip_ 0 )5 ' ~ P
in X. The resulting (n+ 1)-cell p is an equivalence in X by Corollary 2.4.16, and this completes the lifting of p.

In a similar manner, one can lift w and q. (Il

Next we verify (K2).
Proposition 4.3.4.3.

(i) If a marked weak w-category (X,tX) is Kr-injective, then all cells in tX are equivalences in the
underlying weak w-category X.
(ii) For any weak w-category X, the marked weak w-category X? is ICrz-injective. a

Proof. For any marked weak w-category (X, ¢X), the containment tX C ¥(¢tX) holds if and only if (X,tX) is
IC z-injective, which implies both statements. O

Finally, (K3) is obvious because, for each n > 1, mC™ has a marked cell. In fact, for any weak w-
category X, the object X” in m-Wk-w-Cat, is in K -Inj simply because there is no morphism mC” — X” in
m-Wk-w-Cat,.

4.4. Presentations of £"

Let Kr = {k%: mC" — F"|n > 1} be the set of morphisms in m-Wk-w-Catg constructed in Section 4.3.4.
Then Theorem 4.3.3.2 provides a characterisation of w-equifibrations in terms of a family of K z-injective marked
weak w-categories £, but we said almost nothing about the structure of £” in Section 4.3.3 aside from pointing
out that they can be obtained using the small object argument. The aim of this section is to provide an explicit
presentation of a certain universal model of £, which we denote by £%.

In fact, we provide two presentations of £%. The first presentation (given in Definitions 4.4.1.1 and 4.4.1.5
and justified in Proposition 4.4.1.7) essentially traces the steps of the algebraic small object argument outlined
in [ , Section 6] (although we do not explicitly prove that the individual steps of our construction actually
coincide with those in | |) whereas the second (given in Definitions 4.4.3.3 and 4.4.3.4 and justified in
Proposition 4.4.3.5) constructs everything in one go. We will also deduce from the latter presentation that
the strict w-categorical reflection of £} is isomorphic to the coherent walking w-equivalence w& constructed in
[ | (which was later shown in | | to be indeed weakly equivalent to the terminal strict w-category in
the folk model structure | D.

Let us first make precise the sense in which our £% is universal; precisely speaking, we define £% as the
algebraically K r-injective replacement (Definition 1.3.14) of mC™.

Notation 4.4.0.1 (cf. | , Definition 5.0.1]). Following Definition 1.3.7, we write Kxz-AlInj for the
category of algebraically ICz-injective objects in m-Wk-w-Cats. Given an algebraically ICr-injective object
(X,£X), n > 1, and a marked n-cell z € tX,,, we proceed as follows. Writing k%: mC" — F" € Kz simply as
n, and identifying morphisms from mC" with marked n-cells, we define £ (n; x) to be £ (k’; [2]): F* — X,
where [z] = (¢, — 2): mC™ — X is the morphism corresponding to . Diagrammatically, this means that the
following diagram commutes:

mC" 2% X
bl
K
Fl kX ()
Fr J
By Proposition 4.3.2.5, we may apply Proposition 1.3.15 (which is essentially the algebraic small object
argument, see Remark 1.3.10)) and we have the following definition.
Definition 4.4.0.2. For each n > 1, we write (£%, kr) for the algebraically K r-injective replacement of mC”,
and i’s: mC"™ — &% for the unit map. a
Remark 1.3.16 implies that this indeed gives an example of £" as in Section 4.3.3.

Lemma 4.4.0.3. For each n > 1, the unit map i’%s: mC" — E% is in Kr-cof. a
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(An alternative proof for this lemma can be obtained at the end of Section 4.4.1: Proposition 4.4.1.7 shows
that i% = A%, the latter being constructed from members of K by pushouts and transfinite composition.)

Combining Theorem 4.3.3.2 and the content of Section 4.3.4, we obtain the following.

Proposition 4.4.0.4. Let f: X — Y be a strict w-functor between weak w-categories. Then f is an w-
equifibration if and only if f has the right lifting property with respect to

n—1 1
Jr={C"1"" "L er n>1}) 4

Since we will be dealing with various colimits in m-Wk-w-Catsg, let us record the following observation.

Remark 4.4.0.5. The forgetful functor m-Wk-w-Caty — Wk-w-Cats admits a right adjoint (see Sec-
tion 4.3.2), and thus preserves colimits. In other words, for any small diagram X: I — m-Wk-w-Caty,
the underlying weak w-category of colim X may be computed in Wk-w-Cats. The marking ¢(colim X) is given
by Uies A'(tX (i) where A': X (i) — colim X is the leg of the colimiting cocone at i € I. J

4.4.1. Presenting £% by unravelling the algebraic small object argument. Fix n > 1. In this
subsection, we present the marked weak w-category £% as the colimit of an infinite sequence in the manner
outlined in | , Section 6. This sequence comprises of the following family of marked weak w-categories.

Definition 4.4.1.1. For each m € N, we define

e a marked weak w-category Ex" = (Ex™,tEF™), whose set of marked (n + m)-cells is denoted by
T’n,m — (tE;,nL)n—i_Tn,

. : : ;m+1
e a marking-preserving strict w-functor e™*+1: £r™ — gEMF

ga , and

e a marking-preserving strict w-functor f**: 1] 7, .. F*H" — gpmt

inductively as follows.
e Set £+ =mC" (so that T™° = {c,,}).
e For m > 0, the marked weak w-category E}f’mﬂ is defined by the following pushout in m-Wk-w-Cat:

n+m  (WCntm)—u n,m
oy T,
I | mC EF

uerTmnm
J {e'"“ (4.4.1.1.1)
-
n+m n,m+1
H F * Fmt1 g]-'
weTmm

Thus the restriction of f” ! to the u-th summand, which we denote by f*!, sends ur to €™ (u).

Remark 4.4.1.2. By Remark 4.4.0.5, the underlying weak w-category of 5;-’7"“ for m > 0 can be obtained by

computing the pushout (4.4.1.1.1) in Wk-w-Cats, and a cell in E;f-’mﬂ is marked if and only if it is the image
of a marked cell under either f™*! or e™*!. In fact, one can easily check by induction on m that

° g;’;*'m"'l has no marked k-cells for k < n,

e ak-cell in &% with n < k < n+4m is marked if and only if it is the image of a marked k-cell under
e™*1 if and only if it is the image of a marked k-cell under e”*!o... ok n+1

e an (n+m)-cell in %" "' is marked if and only if it is the image of a marked (n +m)-cell under f™+!
if and only if it is the image of a marked (n + m)-cell under e™*1,

e an (n +m + 1)-cell in £F™ " is marked if and only if it is the image of a marked (n 4 m + 1)-cell
under ™1 and

° Ej}_-"m"'l has no marked k-cells for £k > n +m + 1. a

The following lemma provides an even more explicit description of the marked cells in 5;’7”“.

Lemma 4.4.1.3. For any m > 0 and n < k < n + m, the functions

(te™ s (™) — (€™ e and " ) gmas [T T ngmir — (€ i
ueTm™m
(4.4.1.3.1)
(between sets of marked k- and (n + m + 1)-cells) are bijective. 4
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Proof. First observe that the pushout square (4.4.1.1.1) induces the commutative square

H (t(nlanrm))k N (tg;L_,m)k

weTmm
l [(te’”“)k (4.4.1.3.2)
n+m n,m-+1
G]I;I m (t}— )i (GisanaTt (tg]: )k

of functions between sets of marked k-cells for each k > 1, in which the functions (te™*!); and (¢f™*1); are
jointly surjective by Remark 4.4.0.5 (or by Remark 4.4.1.2). We begin with the proof of the surjectivity of the
functions (4.4.1.3.1). When k < n + m, the function (te™*1), is surjective because the set [[,cqm.m (EF" ™)k
is empty. Similarly, the function (1), 1,41 is surjective because the set (tEF™)n4m+1 is empty. Finally,
when k& = n + m, both the top horizontal arrow and the left vertical arrow in (4.4.1.3.2) are bijections, and

hence both (te™*!),, 1, and (tf™*1), ., are surjective.

To show the injectivity of the functions (4.4.1.3.1), we introduce the following strict w-categories.

Definition 4.4.1.4. For k > 1, we write W for the following strict w-category. Its cells are given by

{*} <k,
wy {wi,*} 1=k,
{wk,*}2 >k,

and the source and target operations are given by the identity except for

Sp—1 (W) = 81 (%) =ty (wi) = t),_1 () =%,

s, =m and t, = ma.

In other words, the underlying globular set of W* is the one that classifies ‘sets of k-cells’, in the sense that for
any globular set X, giving a globular map g: X — WP¥ is equivalent to giving a subset of X}, corresponding to
g~ (wg). This follows from the fact that the underlying globular set of W* is obtained by applying the right
adjoint of the ‘evaluation at k&’ functor GSet — Set, mapping each X € GSet to X} € Set, to the two-element
set.

The strict w-category structure on W* is given as follows. Each I-cell shares its name with the identity
(I + 1)-cell on it except for
idy,q(we) = (wg,wy) and  idy (%) = (%, %).
Note that we have only identity cells in all positive dimensions but k and k+ 1. The compositions of k-cells are

given by
* =Y =*,
TRy = ]
wy, otherwise

for all 0 <1 < k. The compositions of (k + 1)-cells are given by

(1, 22)% (Y1, y2) = (@rqyn, zoxy2) 0 <<k,
, o (z1,92) I =k (and hence x5 = y1).

The compositions of I-cells for | > k are determined by these because all I-cells are identity cells. a

Observe that the unique strict w-functor W¥ — 1 from WF* to the terminal weak w-category 1 is a
trivial fibration in the sense of Example 1.3.3. This can be seen by transposing lifting problems along suitable
adjunctions as follows. Suppose that we are given the lifting problem in Wk-w-Catg as in the left below. Using
the adjunction Fy, 4 Uy, and the fact that ¢,,: 9C™ — C" is in the image of Fy,, we see that this lifting problem
is equivalent to the lifting problem in GSet as in the right below.

ac"r —— Wk G —— U WF
S
cn 1 G" 1

Using the adjunction consisting of the ‘evaluation at k&’ functor GSet — Set and its right adjoint, and the fact
that U, W*¥ — 1 is in the image of this right adjoint, we see that the latter lifting problem is equivalent to a
trivial lifting problem in Set, and thus can be solved.
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Claim 1. Let m >0, and let a,b be distinct marked (n +m + 1)-cells in [],cpn,m F*7. Then there exists
a strict w-functor g: £ — W+ such that ¢f" ' (a) = wymi1 and gf (D) = *.

n,m-+1
g]:

*.* (Proof of Claim 1) Observe that (the underlying weak w-category of) can be written as the iterated

pushout

ntm  (WCngm)—u n,m
_—
| | C EF

UET"’”" I/
l r

X Y 8c7z+m+1
| |
gj;_.,m+1 Cn+m+1

where X is ‘], cpnm F "M with a removed’. The desired g can be thus obtained as the unique strict w-functor
‘ n-r+m . .

induced by Y — C0 X5 wntm+l gpg ¢rtm+l Unimtl \wn+m+1 This completes the proof of Claim 1. ¢

Claim 2. For any m > 0 and any distinct marked k-cells a,b in £ with & > 1, there exist

(1) a strict w-functor g: ™ — W* such that g(a) = wy and g(b) = *, and

(2) astrict w-functor h: EF™ " — WF such that he™ ! (a) = wy and he" 1 (b) = x.

*.* (Proof of Claim 2) We proceed by induction on m. The base case m = 0 is vacuous since 5;-’0 =mC" has
only one marked cell. For the inductive step, let m > 0 and let a, b be distinct marked k-cells in S;L_-’mﬂ. Note
that we have n <k <n+m+ 1.

We first prove (1) for m+1, that is, the existence of a suitable strict w-functor g: E;L-’"H'l — W¥ (note the
index). In the case k < n+m, there exist (necessarily distinct) marked k-cells a’, b’ in E2™ with e™(a’) = a
and e™T1(b') = b. By the inductive hypothesis (2), we have a strict w-functor h’: S}f’mﬂ —s W¥* such that
h'(a') = wy and W' (V') = *, and we can simply take g = h'. In the case k = n+m + 1, there exist (necessarily
distinct) marked k-cells o/, b’ in [[,cqn.m F™T™ such that f™*1(a’) = a and f™"*(0/) = b. The desired g can
be thus obtained by applying Claim 1 to the pair a’, '

Next we prove (2) for m + 1, that is, the existence of a suitable strict w-functor h: 6’;’m+2 —s W¥. Since
we have already constructed g: E}f’mﬂ —s W*_ it suffices to construct a strict w-functor h,, : F*tm+t — Wk
satisfying h, (ur) = g(u) for each u € T™™*1. This can be achieved by solving the following lifting problem:

cntmtl 9(u) Wk

| J

fn+m+1 s 1

in which the strict w-functor uz: C"t™*t — Frtm+lis a cofibration (i.e., is an Z-cofibration) and W* — 1
is a trivial fibration (i.e., is an Z-injective morphism). This completes the proof of Claim 2. O

The injectivity of the functions (4.4.1.3.1) follows from (2) of Claim 2 and Claim 1. This completes the
proof of Lemma 4.4.1.3. O

Now we consider the colimit of the marked weak w-categories 7™, corresponding to the final result of the
algebraic small object argument.

Definition 4.4.1.5. We write £ for the colimit of the sequence

gno e gnt & en e, (4.4.1.5.1)
in m-Wk-w-Catg, and write (A™: Ex™ — £7*),,>¢ for the colimiting cocone. J

Again by Remark 4.4.0.5, the underlying weak w-category of £ can be computed as the colimit of the
sequence in Wk-w-Cats, and the marking t£7* is given by the union |J,,+o A" (tEF™). In particular, all
marked cells in £7* have dimension at least n, and A%(c,,) is the only marked n-cell in £7“. In fact, we can
say the following about the marked cells in £7“.

Lemma 4.4.1.6. The (graded) function tA": t£7" — t€7* is a monomorphism for each m > 0. Conse-
quently, A™: E2™ — £ induces a bijection T™" = (t€7*) ;44 for each m > 0. J
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Proof. By Corollary 1.2.3.5, the (filtered) colimit defining £ is created by the forgetful functor to GSet. There-
fore we have (E7%)r = [1,,en(EF™ )k/~, where (m,z) ~ (m/,2’) if and only if there exists m > max(m,m’)
such that e™/™(z) = e™/™ (2') where e™/™: %™ — £ is the composite €™ o --- o e” 1. Hence, given
z,2’ € tEF™ with A™(z) = A™(2'), we can pick m > m such that e™/™(z) = ¢™/™(z'). Since te™™ is a
monomorphism by Lemma 4.4.1.3, we can conclude z = z’. This completes the proof of the first assertion, and
the second assertion follows from Remark 4.4.1.2. |

Finally we are ready to prove the main result of this subsection.
Proposition 4.4.1.7. There is a structure « of algebraically K z-injective object on £ such that

Cn _871,,0 )\0 871,,w
mee=cyr —corF

exhibits (€%, k) as the algebraically Kz-injective replacement of mC™. In particular, we have (7%, k)

(5_77}—,/{_7:). J

(a3

Proof. We must specify, for each marked (n + m)-cell u,, in Ex“ with m > 0, a strict w-functor
K(n+myuy): FrHm — pY
that sends ur to u,. Given such u,, Lemma 4.4.1.6 provides unique v € T™™ such that A" (u) = u,. We set

. — +1 +1
K(n+myuy,) =AN"T o

n,w

and this defines an algebraically K r-injective object (€7, k).

We now prove that (£, k) enjoys the desired universal property. Let (Z,x?) be an algebraically Kz-
injective object and z be a marked n-cell in Z. We wish to show that there exists a unique morphism

9: (E%%, k) — (Z,K7)

in K z-AlInj such that goA%(c,,) = 2. Define a cocone (¢™),en under the sequence (4.4.1.5.1) in m-Wk-w-Cat,
inductively as follows.

° gO: mC™ — Z is the unique morphism that sends c,, to z.

e Define g™ ': T[,cqnm F"™ — Z so that its restriction to the u-th summand is
K7 (n4+m; g™ (u)) : FPH™ — Z,
and define g™ *! as the morphism induced by g™ and g™*! via the universality of the pushout square

(4.4.1.1.1). In other words, the strict w-functor g™*?! is the unique one satisfying g™*1 o em*1 = g™
and g"t o f L = k% (n 4+ m; g™ (u)) for all u € T™™.

This cocone induces a marking-preserving strict w-functor g: £7“ — Z, and we claim that this is the desired
morphism in K z-Alnj.
For g to be a morphism in £xz-AlInj, we must have
gor(n+miuy) = k7 (n+m;g(u))
n,w

for each marked (n + m)-cell u, in €2 with m > 0. Let v € T™™ be the unique (n 4 m)-cell provided by
Remark 4.4.1.2 such that A™(u) = u,,. The desired equality can be verified as

gok(n+miuy) =goAN"tofmtl (definition of k
=gmtlofmtt (definition of g

= k7 (n+m; g™ (u)) (definition of g™*!

—_ — —

KZ (n+m;go0AN™(u)) (definition of ¢

K7 (n+m;g(uy)) -

It remains to prove the uniqueness of g. To this end, let ¢’: (2%, k) — (Z, k%) be a morphism in K z-Alnj
such that ¢’ o A%(c,,) = 2. We will prove by induction on m > 0 that we necessarily have g’ o A™ = g™. The
base case g’ o A” = ¢° is precisely the assumption g o A%(c,,) = 2. For the inductive step, let m > 0 and suppose
that g’ oA = g™ holds. Since %" is defined as the pushout (4.4.1.1.1), in order to prove g’ o A1 = g"+1,

it suffices to show that

o g oAl o fmtl — gmtl o fmtl holds for each u € T™™, and
o g/ o ATl oemtl = gmtl o emtl holds.
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These conditions can be verified as

g oA o ™ — ¢/ o s (n +m; A" (u)) (definition of k)
=rZ (n+m;g oN"(u)) (¢' is a morphism in Kz-Alnj)
= rZ (n+m; g™ (u)) (inductive hypothesis)
= gmtlofmt! (definition of g™T1)

and
g oAl oemtl — g/ o A (cocone condition)
=g" (inductive hypothesis)
=gmtloemtl, (cocone condition)
Thus we can conclude ¢’ = g, and this completes the proof. ([

4.4.2. Suspension construction. Before giving another presentation of £%, we need to introduce and
analyse a suspension construction for (marked) weak w-categories. In order to reassure that it is compatible
with the familiar suspension construction for strict w-categories, we first recall from | | the following fact
about the hom weak w-category (see Section 1.2.4).

Remark 4.4.2.1. Given a weak w-category X and a pair of O-cells z,y in X, we defined in Fact 1.2.4.1 the
hom weak w-category X (x,y). Varying x and y, we obtain a Wk-w-Catg-enriched graph, and this extends to
a functor which fits into middle row of the following diagram:

Str-w-Cat; —— (Str-w-Catg)-Gph

I

Wk-w-Cat, —— (Wk-w-Cat,)-Gph (4.4.2.1.1)

N

GSet ——— GSet-Gph,

where the other two horizontal maps are the more familiar hom functors. This is essentially the main result of
[ , Section 3|, but a clarification is in order.

The authors of | | use the category w-Gph of w-graphs (informally speaking, ‘w-fold” enriched graphs)
instead of GSet as the underlying category of the monads T and L (so that, in particular, the bottom horizontal
map in (4.4.2.1.1) becomes an isomorphism). We can obtain (4.4.2.1.1) by transferring the corresponding
(strictly commutative) diagram for w-Gph along an equivalence GSet ~ w-Gph (cf. | , Appendix F| and
Remark B.3.4). Such a diagram can be extrapolated from | | as follows. The perimeter of | , (19)] is
a commutative square

[L] ———— L

l |

(T@-Gph)l —— T®)1

of globular operads | ; ] and Section A.2.1 (or T)-operads in | ]), which can be thought of as
representing certain monads on GSet or w-Gph (see | , Subsection 2.1] and Section A.2.1 for a summary or
[ | for full details). Unravelling their notations | , Subsections 2.2, 2.4, and Section 3], one can check
that

T)1 corresponds to the monad for strict w-categories,

(T“)-Gph)1 corresponds to the monad for Str-w-Cat,-enriched graphs,
L corresponds to the monad for weak w-categories, and

[L] corresponds to the monad for Wk-w-Catgs-enriched graphs.

Taking the categories of algebras thus yields the upper half of (4.4.2.1.1), and the lower half simply witnesses
that these functors commute with the forgetful functors to the base category of the monads. a
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Proposition 4.4.2.2. Taking each 2-pointed weak w-category (z,y): C°UCY — X to the hom weak w-category
X (x,y) extends to a functor C° L C°/Wk-w-Cat, — Wk-w-Catg which fits into the following diagram:

CO L CO/Str-w-Cat, —2°™ 5 Str-w-Cat,

.

CO L C%/Wk-w-Cat, —2°™ > Wk-w-Cat, (4.4.2.2.1)

]

(GSet... =)G° U G?/GSet — —— GSet
Moreover, all functors in this diagram are right adjoints. a

Proof. The first assertion follows from Remark 4.4.2.1, so we only need to prove the second assertion. We know
that all categories in (4.4.2.2.1) are cocomplete and moreover the functors

Str-w-Caty; — GSet, Wk-w-Caty — GSet

and their sliced variants are all monadic. Hence, by | , Theorem 3.7.3.(b)], it suffices to show that the
bottom horizontal functor is a right adjoint. As observed in Remark 1.1.1.9. it indeed admits a left adjoint. [

Remark 4.4.2.3. We do not know whether the hom-suspension adjunction for weak w-categories in Proposi-
tion 4.4.2.2 coincides with the version constructed by Benjamin and Markakis | |; see the ‘related work’
section of that paper. J

Definition 4.4.2.4. For each weak w-category X, we write (XX, (x,+')) for its image under the left adjoint
of hom: C% U C°/Wk-w-Caty; — Wk-w-Cats. The components of the unit of this adjunction will be denoted
by £: X — XX (x,+). The suspension functor X: Wk-w-Cat; — Wk-w-Catg is the composite of this left
adjoint with the forgetful functor C° U C?/Wk-w-Cat, — Wk-w-Cat. a

Note that the functor ¥ preserves all connected colimits.

Proposition 4.4.2.5. For each weak w-category X, the family of functions (£: X,, — XX, 41)nen preserves
binary compositions and identities. More precisely, we have

z (idfﬂ(z)) = ideQ(Zz) and  I(ux, v) = Tuki v
for any n > 0, n-cell z, and composable pair of n + 1-cells u,v in X. a

Proof. This follows from Corollary 1.2.4.3 and the fact that £: X — XX (x,%') is a strict w-functor using
Lemma 1.2.3.3. (]

For each n > 0, the left adjoint of hom: G°UGY/GSet — GSet sends G™ and IG™ to G" ! and AG™* (with
the obvious distinguished points) respectively. Therefore, Proposition 4.4.2.2 implies that we have canonical
isomorphisms XC" = C"*! and XOC" = 9C™t!. For each weak w-category X and an n-cell z in X, the strict
w-functor C"*! — ¥X picking out Tz is the composite

Crtl 230" — BX

where the first isomorphism is this canonical one and the second factor is obtained by applying ¥ to the the
strict w-functor C* — X picking out z.

Definition 4.4.2.6. We define the suspension of a marked weak w-category (X,tX) to be the weak w-
category ¥ X equipped with the marking XX = {Zz|z € tX}. This assignation extends to a functor
> m-Wk-w-Cat, — m-Wk-w-Cat, in the obvious manner. J

It easily follows from Remark 4.4.0.5 that the suspension functor ¥: m-Wk-w-Caty — m-Wk-w-Caty
preserves all connected colimits. In particular, it preserves the marked weak w-categories F™ in the following
sense.

Proposition 4.4.2.7. For each n > 1, there is an isomorphism F7*! = L F" in m-Wk-w-Cat, that sends
the generating cells ur,vr, wr,pr, and gr of F**! in Definition 4.3.4.1 to Lur, Lvr, Twr, Lpr, and Lqr
respectively. a
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Proof. Recall that F" is constructed in the following two steps. Firstly we take the colimit of the solid part of

(Tnfl,gnfl>

(acmyb mC" i (acmy?
<0_n—l)7_n71>‘[ \‘<y]:7.’1/']-‘>\ %u]: ‘[<0.n—177_n—1>
(Cn)b 777777 LEN » (R wFE (Cn)b
which yields a marked weak w-category D™. Then we take the colimit of the solid part of
uF * vrF,id,, (z wr*, _ur,id, (1
(8C"+1)b (uF*, _jvr.id, (zF)) pn (wr*, _ur,id, (y7)) (aC"'H)b
mC P > }'v‘” e R mC" !

which yields F™. The suspension functor ¥: m-Wk-w-Cat, — m-Wk-w-Catg preserves connected colimits,
and in particular the above defining colimit diagram of D". Combining the resulting diagram with the the
canonical isomorphisms X9C" = 9C"*! and X.C" = C"*! yields the following colimit diagram.

" o™ (r",0™)

(aanrl)b (7 mentl (acn+1)b

<a",r">£ £<a",r">

(C’hLl)b ——————————— > D" e (C”Jrl)b

Comparing it with the defining colimit diagram of D"*!, we obtain an isomorphism D" = D"*! that sends
Tu, v, Lw to uw, v, w in DL

The desired isomorphism LF" = F"*! can be obtained by applying a similar argument to the second
diagram. The compatibility of the upper horizontal maps and the canonical isomorphisms Y9C"*+! =~ gCn+2
follows from Proposition 4.4.2.5. O

4.4.3. Presenting £+ as the free system of witnesses. Fix n > 1. In this subsection, we provide
another presentation of £% which uses the suspension construction. The starting point is the following obser-
vation.

Lemma 4.4.3.1. For each m > 0, there is a bijection
Tm {p,Q}‘ o~ Tn,m+1
which sends (u, p) to f™ " (px) and (u, q) to {71 (gx) where pr and g7 are the (generating) marked (n+m+1)-

cells of F"*™ in Definition 4.3.4.1 and fm+!: Frm — g2+l g the strict w-functor in Definition 4.4.1.1.

Proof. This follows from Lemma 4.4.1.3, as we have (tF""), 4 mi1 = {pF, ¢r} and (tEF™ ) pmpr = TV
[

~

Applying this lemma iteratively, we obtain an isomorphism 7™ 2 {p, ¢} and so the pushout square
(4.4.1.1.1) can be rewritten as

H mc71,+7n, L grnm

F
¢e{p,at™

l em+1
-
+1
H ]:ner gn,m.
Fmt1 F
pe{p,a}™
m—+1

where ¢°: mC" — E}I_-"O = mC" is the identity, and g is characterised as the unique strict w-functor such

that, for each ¢ € {p, q}™, its restrictions

m+1  m-+1, n+m-+1 n,m+1
9gp +94q C — &

onto the ¢p-th and the ¢g-th factors send c,m1 to fJ'(px) and f7'(gr) respectively; here the expression ¢p
means the sequence obtained from ¢ by appending p, and similarly for ¢q.

It follows that unpacking the data of a cocone under the sequence (4.4.1.5.1) with nadir X (we borrowed
this terminology from | , Definition 3.1.2]) yields precisely the following data.
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Definition 4.4.3.2. Let X be a marked weak w-category and let n > 1. A system of witnesses of dimension
n in X consists of

e a marked (n+ m)-cell z4 in X, and
o (n+m)-cells zyy, Tpw in X
for each sequence ¢ € {p, ¢}™ of length m > 0, whose source and target are given by
Tov, Topw ' bgm—1(Tg) = Sppm_1(2g),
Tgpt Te¥p m 1Tgo — id, 0 (8,4 1(24)), and
Tgqt Thpw*npm—1T¢ = 1y (b pm_1(2e))-
Equivalently, the quintuple (24, Z gy, Tow, Tep, Toq) Must specify a (marking-preserving) strict w-functor F+" —

X for each ¢ € {p, ¢}™. J

We now describe a more elementary diagram in m-Wk-w-Catg such that a cocone under that diagram with
nadir X is precisely a system of witnesses in X.

Definition 4.4.3.3. We write = for the free category generated by the following graph.

e The set of vertices is {9 | ¢ € {p, q}*} u {5 | ¢ € {p, q}*}
e For each ¢ € {p, q}*, there are edges

a¢:9—>$, 5¢p1@—>$7 and ﬂ¢q2@—)$. J

The generating graph of the category = can be visualised as follows:

m\T‘m
o

ﬂp ﬁq
p q
l% laq
Bpp — Bpaq Bap — Baq
prp p rq ar q 4
lapp Japq laqp Jaqq
Bppp _ Brpa Bpap ~ Braq Bapp ~ Bapq Baap - Baaq
- — s e . - — s e . —_— e  — s e .

J Lo Lo L |

Note that specifying a diagram D: Z — C in a category C is equivalent to specifying the image of the full
subcategory

(RSS

o (4.4.3.3.1)

@ Bep & Bsq @

—

for each ¢ € {p,¢q}™ in a coherent manner. More precisely, for each ¢ € {p,q}™ with m > 1, the object ¢
appears in exactly two of such full subcategories (once at the top and once in the bottom row), and the value
D(¢) must be consistent between these two appearances.

Definition 4.4.3.4. For each n > 1, define a functor %n: = — m-Wk-w-Catg by sending (4.4.3.3.1) to

mCn ™
luf (4.4.3.4.1)

mC n+m-+1 pPF ]:'n,—i-m ar mcn+m+ 1

)

for each ¢ € {p, ¢} where ur, pr,qr are the generating marked cells of "™ in Definition 4.3.4.1. a

The admittedly strange notation %n is motivated by the following mnemonics.

e The relative position % suggests that the vertical map in (4.4.3.4.1) has domain mC"*"™ and codomain
Frtm,
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e The upper half € suggests that underlined objects ¢ are sent to mCntm,
e The lower half + suggests that overlined objects ¢ are sent to FHm,

We have defined the functor %n so that the following holds.

Proposition 4.4.3.5. The category of cocones under %n is isomorphic to the category of cocones under the

sequence (4.4.1.5.1), and this isomorphism commutes with the evident forgetful functors to m-Wk-w-Cats. In
particular, £% is a colimit of %n N

Corollary 4.4.3.6. For each n > 1, the isomorphisms (F 1™ = S F+m) g and (mC" 1™ 22 SmC ™), o
in Proposition 4.4.2.7 induce an isomorphism 5}+1 = XER. a

Proof. Since the category = is connected, we have
YEE = ¥(colim %n) = colim(X o %n)

by the comment just below Definition 4.4.2.6. By Proposition 4.4.2.7, the diagram X o %" is isomorphic to
Qn-‘rl 0

F
4.4.4. Comparison to the Ozornova—Rovelli model. In this subsection, we prove that reflecting (the

underlying weak w-category of) £ to Str-w-Catg yields the strict w-category wE , which was first introduced
in | | and later shown to be weakly contractible (in the folk model structure) in | |. We first define

a weak w-category £y by imitating the original construction of wé.

Definition 4.4.4.1. Let £5p = COT1C°, whose 0-cells we call zor and yor. Let Eg be the weak w-category
obtained from 5(1)’12 by freely adjoining 1-cells

UOR: TOR — Yor and VOR,WOR: YOR — TOR-
Write e!: Eé’g — 5(1)’1; for the inclusion, and write f;, f; : Zg(l)’g — 5(1)’1% for the strict w-functors corresponding
via the adjunction ¥ - hom to
d . glo 1,1 d id . glo 1,1
<UOR*0UOR: I 1(330R)> YCOR QR($OR71’OR) a1l <wOR*0uOR71 1(ZUOR)> SCoR oR(yORa yOR)a

respectively, where we identify morphisms from 55’& with pairs of O-cells. For m > 1, define the weak w-category

1m+1 .
EST! and strict w-functors

m+1, cl,m 1,m+1 m+1 em+1 ., 1,m 1,m+1
e :Eor — Eonr and £ £ XEGR — Eor

to be the legs of the colimiting cocone

m m

1I,m—1 P 1,m q 1,m—1
) N ) 3 )
ESOR SOR Z‘E’OR
|
Ee% ot JZGM (4.4.4.1.1)
N
1,m 1,m+1 1,m
YEor i €or | T pani BEoR
P q

£50 s ghl gl e (4.4.4.1.2)
in Wk-w-Cats,. 2
Remark 4.4.4.2. Although we have intentionally chosen the notations
et g5 — ESRTT and £ g mely — g5t

which resemble

e g — T and ftL b gt

F F F
from Section 4.4.1, we are not claiming any rigorous relationship between them beyond their playing similar
roles. In particular, we are giving the same name e™*! to two different strict w-functors, but this should cause

no serious confusion because e™+1: L —s £ never appears in this subsection outside of this remark.

Proposition 4.4.4.3. The strict w-categorical reflection of £} is isomorphic to the coherent walking w-
equivalence w€ constructed in | | 3
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Proof. By virtue of Proposition 4.4.2.2, the strict w-categorical reflection functor Wk-w-Catgy — Str-w-Catg

sends the defining colimits of each Sé’gb and Ly to those of wE () and wé in [ , Constructions 1.5.12 and
1.5.13] respectively. O

We now prove that E(l)R is in fact isomorphic to £%. To this end, let %: = — Wk-w-Catg be the unique
diagram that sends (4.4.3.3.1) to

S
sy ol (4.4.4.3.1)

matel0 2 et BT G110

YMTEGR —— YMEQR —— XM EqR

for each ¢ € {p,q}™.

Lemma 4.4.4.4. The category of cocones under % is isomorphic to the category of cocones under the sequence
(4.4.4.1.2), and this isomorphism commutes with the evident forgetful functors to Wk-w-Cats. In particular,
Eby is a colimit of £. N

Proof. For each m > 0, we write 2™ for the full subcategory of = spanned by the subset
{¢|¢ € {p,a}="} U {d|o € {p.a}~"},
and %m for the restriction of % to ™. The inclusion 2™ — =™+ induces a strict w-functor

m—+1

g : colim(%m) — colim(%mﬂ)

on their colimits. This defines a sequence

1 2 2 3

colim(%o) AN colim(% ) AN colim(% ) 9.

and clearly the category of cocones under this sequence is isomorphic to that of cocones under % Therefore
it suffices to show that this sequence is naturally isomorphic to the sequence (4.4.4.1.2). We will do so by

constructing suitable strict w-functors fzg”‘l7 hg”l 2Dy colim(%m) — colim(%mﬂ) and comparing the diagram

_ h’VYL m _

(colim £™ 1) —— colim £™ «—— ¥(colim £™ 1)

ngl gt lzgm (4.4.4.4.1)

. EM . Em+1 . E™M

Y(colim % ) —;Lin—;l» colim % <—h—;;1—— Y(colim % )

to (4.4.4.1.1).

For each r € {p, ¢}, the function r+: {p,q}* — {p, ¢}* given by r H ¢ = r¢ defines a fully faithful functor
Zm — Zm+l We write 72™ for its image, which is precisely the full subcategory of Z™*! spanned by those

objects of the form r¢ or r¢. Moreover, we have a commutative square

m

=" ——— Wk-w-Caty

7"-H-l lz
=m+1
= ET—‘ri Wk-w-cats

E

ool

Co - . . e T T
which induces a map between colimits colim(X o %m) — cohm(%m ). Since =™ is connected, the functor X
preserves Z™-shaped colimits, and we obtain a morphism
m+1 . . EMm . E7n+1
R Ycolim(% ) — colim(E ).

Clearly these strict w-functors fit into the commutative diagram (4.4.4.4.1).
Observe that the category Z™*! can be written as the union of three full subcategories
E7n+1 — pEm U qu U=Em

and the intersection r=™ N ZE™ is precisely =™ ! for each r € {p,q} whereas p=™ N ¢=™ is empty. It follows

that (4.4.4.4.1) presents colim(%mﬂ) as the colimit of the solid part. Since h} and g! are isomorphic to f} and
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el respectively, we can now prove by induction on m that the diagram (4.4.4.4.1) is isomorphic to (4.4.4.1.1)

for each m > 1. This completes the proof. O

Now we are ready to prove the desired isomorphism.

Theorem 4.4.4.5. The weak w-category EéRy is isomorphic to (the underlying weak w-category of) the alge-
braically K r-injective replacement £% of mC!. More generally, we have Y&}, = 5;-“ for each n > 0. a

Proof. Since we have 530 = 0C! and 5(1)’1; = D!, Proposition 4.4.2.5 implies that we can identify the diagram
(4.4.4.3.1) with the following diagram
8cm+1
l(i}vyﬁ

8cm,+2 Dm,+1 Cm+2
(urs*,vF,id,, 1 (zF)) (Wr*p,ur,id,, 1 (¥F))

in Wk-w-Catg. It is straightforward to see from this description that a cocone under % with nadir X is
precisely a system of witnesses of dimension 1 in X. Thus the universal property of £} = colim(%) exhibited
in Lemma 4.4.4.4 coincides with that of 5}. The last assertion follows from Corollary 4.4.3.6. (]

4.5. w-equifibrations and folk fibrations

Let us recall the folk model structure on Str-w-Cat, constructed in | , Theorem 4.39]. Recall from
Notation 1.2.2.11 that we write C" = FpG™ for the free strict w-category generated by a single n-cell, and call
the generating n-cell ¢,,. The cofibrations in the folk model structure are cofibrantly generated by

{L"’: oCc" — C""n > 0}.

It follows that the trivial fibrations are precisely those defined in Example 1.3.3 (but between strict w-categories).
The weak equivalences are the w-weak equivalences of Definition 3.2.1.3 (but again between strict w-categories).
The fibrations can be characterised as follows. For n > 1, define the collapse map 0C* — C"~! by

acn—l ¢ cn— 1

L]

cn— 1 ocn

Recall the notation (1.2.2.11.1).
Proposition 4.5.0.1 (| , Corollary 4.38]). Suppose that, for each n > 1, we are given a factorisation
ocn g En ﬂ) C'n,—l

of the collapse map such that i} is a folk cofibration and r" is a folk trivial fibration. Then

nZl}

is a generating set of folk trivial cofibrations. a

{Cn—l Ui_j oCc™ i E"

The purpose of this section is to give a much more explicit characterisation of the folk fibrations, namely
that they are precisely the w-equifibrations between strict w-categories.

4.5.1. Folk fibrations are w-equifibrations. For each n > 1, let
Cn i ETL Lf) Cn—l
*

be a factorisation of the map picking out id,,(c,,—1) into a folk cofibration i followed by a folk trivial fibration
r, obtained by using e.g. the small object argument. (The notation is intended to suggest that E? is ‘pointed’,
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i.e., it comes equipped with a distinguished n-cell i.) Then the composite 9C" NN LN E™ is clearly a folk

cofibration, so
n—1 i
(s S ET > 1)

is a generating set of folk trivial cofibrations by Proposition 4.5.0.1. Note that, since the trivial fibration
r: E? — C" ! reflects equivalences by | , Lemma 4.9], the n-cell i (c,,) (and similarly every k-cell in E7
with k& > n) is an equivalence.

The statement of the following lemma appears in | , Proposition 4.22]. Although the authors of | |
state that it is merely a reformulation of | , Lemma 4.36], we believe that this is not quite true, so we
provide a separate proof.

Lemma 4.5.1.1. Let let u: z — y be an n-cell in a strict w-category X with n > 1. Then u is an equivalence
if and only if the map C™ — X picking out u can be extended along i} : C* — EZ}. a
Proof. The ‘if’ direction follows from Proposition 2.3.1. The ‘only if’ direction is deferred to Section A.4. [
Proposition 4.5.1.2. Any folk fibration is an w-equifibration. a
Proof. Let f: X — Y be a folk fibration between strict w-categories. Let n > 1 and suppose that we are given

an equivalence n-cell of the form w: fr — y in Y. Then by Lemma 4.5.1.1, the map C* — Y picking out u
can be extended to E?, which fits into the commutative square

G ¢

El — Y.

Since the left vertical map is a folk trivial cofibration, this square admits a lift E} — X. In particular, it sends
the n-cell picked out by i”: C* — E” to an equivalence n-cell of the form @: x — § with fu = u. O

4.5.2. w-equifibrations are folk fibrations. Recall from Section 4.4 that, for ecachn > 1,i%: C" — &%
is (the underlying strict w-functor of) the unit map associated to the algebraically Cz-injective replace-
ment (of mC"). We will write i¢: C* — Ep for its image under the strict w-categorical reflection functor

Wk-w-Cat; — Str-w-Cat, defined in Notation 1.2.2.10; in particular, we have E} = wé by Proposition 4.4.4.3
and Theorem 4.4.4.5. The following is an immediate consequence of Proposition 4.4.0.4.

Lemma 4.5.2.1. A strict w-functor between strict w-categories is an w-equifibration if and only if it has the
right lifting property with respect to
iF

n—1
J={C"1' 7% C" S Ef|n>1}. -

In order to prove that w-equifibrations are folk fibrations, it thus suffices to show that Jr is a generating
set of folk trivial cofibrations. The first step is straightforward.

Lemma 4.5.2.2 (See | , Theorem 1.33| for the second assertion). The map ifo" ': C"7! — Ef is a

folk trivial cofibration for each n > 1. In particular, the coherent walking w-equivalence W€ is weakly equivalent
to the terminal strict w-category in the folk model structure. a

Proof. Proposition 4.5.1.2 and Lemma 4.5.2.1 imply that each i’F‘cr"’1 has the left lifting property with respect
to all folk fibrations, which proves the first assertion. The second assertion follows from the case n = 1. O

Our next step is to modify Proposition 4.5.0.1 using a seemingly trivial observation regarding w-equifibrations.
Definition 4.5.2.3. We call a strict w-category X gaunt if every equivalence in X is an identity. a

Lemma 4.5.2.4. Let f: X — Y be a morphism in Str-w-Catg with Y gaunt. Then f is an w-equifibration.

Proof. Let x € X,,_1 and let u: fx — y be an equivalence n-cell in Y. Then w is the identity on fz by
assumption, so we may simply lift it to the identity on z. ([

Lemma 4.5.2.5. Suppose that, for each n > 1, we are given a factorisation

:n

acn i E™ ﬁ) Cn—l

of the collapse map such that
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e i} is a folk cofibration, and
1

o5 n
e the composite C*~1 25 9C» 19, g7 is a folk trivial cofibration.

nZl}

is a generating set of folk trivial cofibrations. a1

Then
n—1 n
{Cnl 0—34> oCn '43> En

Proof. Since C"~! is gaunt, the map r” is automatically an w-equifibration. Moreover, since r” is a retraction
of igagfl, the 2-out-of-3 property implies that r™ is an w-weak equivalence. It follows that r™ is a folk trivial
fibration. Hence the claim follows by Proposition 4.5.0.1. O

Now we are ready to prove the desired statement.

Theorem 4.5.2.6. The set Jr is a generating set of folk trivial cofibrations. Consequently, the folk fibrations
are precisely the w-equifibrations between strict w-categories. a

Proof. We apply Lemma 4.5.2.5 to the strict w-functors ijj and r” defined as follows. The former is the strict

w-categorical reflection of C" L C™ N E%. Note that this composite in Wk-w-Cats can be written as a
transfinite composite of pushouts of maps of the form 9C™ — C™, so its image i} is a transfinite composite of
pushouts of 9C™ «— C™, and in particular it is a folk cofibration. Moreover, the composite

n—1 n no n
<cn1 o, ocn 2, EE) - (cnl o en X EE)

is a folk trivial cofibration by Lemma 4.5.2.2.

Recall that the map i%: mC" — &% in m-Wk-w-Catg is in Kr-cof. It follows that the map mC" —
(C"~1)% picking out id,, (c,—1) can be extended along i%: mC" — £%. The strict w-functor r": Ef — C"1
is the strict w-categorical reflection of the underlying map of this extension. Clearly the composite r"ij is the
collapse map by construction, and this completes the proof. (I






APPENDIX A

Deferred proofs and additional remarks

In this chapter we collect several technical results and deferred proofs whose statements were used in the
main body of the thesis. Our aim is to separate these more involved arguments from the main narrative while
keeping the exposition essentially self-contained.

In Section A.1 we give a detailed proof that realisation embeds the discrete category of pasting schemes
into the core groupoid of GSet, via an analysis of the auxiliary functor Br.

In the following section we recall the description of L as a globular operad and show that the associated
globular operad is normalised, a fact used later in Section A.3. Section A.3 is then devoted to the proof that
ex is bijective on objects, obtained by an adjointness argument involving the coskeleton construction.

In Section A.4 we complete the proof of Lemma 4.5.1.1 by recalling and adapting the cylinder machinery

of | |.

Section A.5 constructs the quotient bicategory 72(X) by identifying 2-cells up to the equivalence relation
generated by equivalence cells, and relates equivalences in X to equivalences in 75(X). Using this construction,
in Section A.6 we present an alternative choice of the set K based on half-adjoint equivalences and verify that
it satisfies conditions (K1)—(K3), thereby yielding a second characterisation of w-equifibrations.

A.1. Realisation embeds pasting schemes into GSet
We show the following proposition, which rephrases Proposition 1.1.2.17.

Proposition A.1.1. The realisation defines a fully faithful functor (/—\): PS — k(GSet) from the discrete
category PS of pasting schemes to the core groupoid of the category GSet. a

To this end, we first check the following lemma.

Lemma A.1.2. Consider the functor Br: Set* — Gph defined in Construction B.3.21 for C = 1 that sends a
list of sets (X1,...,Xx) to the colimit

X X,

5 ¥,
G° GO GO . GO Go.

Here X S is the graph that has exactly two vertices x and " and whose only edges are those in ¥ S(x,«') = S.

Then, given two lists of sets (Xi,..., X)) and (Y1,...,Y]) such that each X; and Y; is non-empty, and

an isomorphism ¢: Br(Xi,..., X;) — Br(Yi,...,Y]) in Gph, we have k = [ and there exists a unique list of
bijections ¢;: X; — Y; for i = 1,..., k such that Br(¢n,...,dr) = ¢. J

Proof. Br(Xy,...,X}) is described as follows:

e Br(Xy,...,Xi)o = {*0,*1,%2,..., %} is & k + l-element set.
e Br(Xy,..., Xk)(*i,%i41) = X;41 for each ¢ < k, and those are the only non-empty hom-sets.

Now the statement is clear from this description. O
Now we are ready to prove the proposition.

Proof of Proposition A.1.1. Suppose we are given two pasting schemes k = br(ky, ..., k;] and k" = br[k],... k]
and an isomorphism ¢: k =5 k’ in GSet. When k = [0] = Dbr[], we have k = G° = K, which implies k' = [°]

95
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since k/ must be of dimension 0, and [0] is the only pasting scheme of dimension 0. By (1.1.2.13.2), any
isomorphism ¢ in GSet induces an isomorphism

—

wo: Br((k1)o, - .., (ki)o) = Br((K))o,. .., (k},)o) in Gph,

which, by Lemma A.1.2, implies [ = I’ and that it decomposes as Br(@}, ..., ¢L). Now this shows that ¢ sends
cells coming from k: to those coming from kA; since their source and target 0-cells are sent correspondingly by
0. Thus ¢ decomposes as the colimit of isomorphisms Z(gpi): Zl:i AN Zl?;, and by induction on the level of
k, we have k; = k; and ¢’ = ldi for each 4, which concludes k = k" and ¢ = Idg. (]

A.2. L as a normalised globular operad

Using the fact that T is a cartesian monad, one can see that the entire structure of a cartesian monad
over T with contraction (P, n?, u?,arf ') is determined by the tuple (P1,nf, uf’ arl’ &?) of its components
at the terminal globular set 1. This latter description leads to the notion of globular operad with contraction,
which is the actual structure used by Leinster to define weak w-categories in [ |. From this point of view,
we will prove that the globular operad corresponding to the initial cartesian monad L over T with contraction
is mormalised, which has been mentioned in literature but the proof has not been explicitly given. Most of the

contents in this section are splitted out from | , Appendix A].

A.2.1. Globular operad. We first recall the notion of globular operads and observe that this is equivalent
to cartesian monads over T, and hence L can be seen as a globular operad (see also | , Section 2]).

Definition A.2.1. Let E be a finitely complete category. We define [E, E]..t as the category of all pullback-
preserving endofunctors on E and cartesian natural transformations between them. Since pullback-preserving
functors and cartesian natural transformations are closed under composition of functors and horizontal com-
position of natural transformations respectively, this category [E, E]c.,t is equipped with a structure of a sub-
monoidal category of the (strict) monoidal category [E, E]. N

Remark A.2.2. For a finitely complete category E, a cartesian monad on E is precisely a monoid object in
the monoidal category [E, E]c.,t. Moreover, a cartesian monad equipped with a cartesian monad morphism to
a fixed cartesian monad S on E is precisely a monoid object in the slice monoidal category [E, E]cart/S. a

The following is the core of the equivalence between cartesian monads over T and globular operads:

Lemma A.2.3 (| , 3.1 and 3.2]). Let E be a finitely complete category, and S be a cartesian monad on
E. Then the evaluation functor evy: [E, E]c.t/S — E/S1 at the terminal object 1 € E is an equivalence of
categories. .

Definition A.2.4. Let E be a finitely complete category, and S be a cartesian monad on E. Along the
equivalence evy in Lemma A.2.3, we can transport the (strict) monoidal structure on the slice monoidal category
[E, E]cart/S to induce a (not necessarily strict) monoidal structure on E/S1.

An S-operad is a monoid object in E/S1 with respect to this monoidal structure. a

From the monoidal equivalence evy, it is clear that an S-operad corresponds to a cartesian monad on E
equipped with a cartesian monad morphism to S.

Remark A.2.5. More explicitly, the monoidal strucure on E/S1 is described as follows. The monoidal unit in
E/S1 is the component 17 : 1 — S1 of the unit n° of the monad S at the terminal object 1 € E. Given two
objects f: X — Sl and g: Y — S1 in E/S1, their monoidal product f ® ¢g in E/S1 is the composite of the
top horizontal row in the following diagram.

S
SX xg1 Y sx 1, g2 M g1

R
YTSI

The most important fact about S-operads for us is the following, which is essential in the proof of the
existence of L (Proposition 1.2.2.7).
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Fact A.2.6 (| , Proposition 6.5.4 and 6.5.6]). If E is a presheaf category and S is finitary and preserves
wide pullbacks, then the forgetful functor Mon(E/S1) — E/S1 from the catgeory of S-operads is a finitary
monadic functor. J

Remark A.2.7. This fact can be checked in a more general setting as follows. In general, given a monoidal
category V that is locally presentable as a category and whose monoidal product ® preserves filtered colimits
in each variable, the category Mon(V) of monoid objects in V is also locally presentable, and the forgetful
functor Mon(V) — V is finitary monadic. This is observed in | | for symmetric case, and the same
argument works for non-symmetric case as well, which is observed in | , Proposition 2.1.7]. Since E/S1 is
locally presentable if so is E, it suffices to show that the monoidal product on E/S1, equivalently, the monoidal
product on [E, E]c..+/S, preserves filtered colimits in each variable, provided that E is locally presentable and
S preserves filtered colimits.

To see this, first observes that filtered colimits in [E, E|c./S are computed pointwise if E is locally pre-
sentable, because filtered colimits commutes with pullbacks in E. This immediately implies that the monoidal
product on [E, E]..,+/S preserves filtered colimits in one variable. For the other variable, it suffices to show
that if S preserves filtered colimits and there is an endofunctor F' over S in [E, E]c,,1/S, then F also preserves
filtered colimits. This can be shown in a similar way as Proposition 1.2.3.4. a

Definition A.2.8. A globular operad is a T-operad, where T is the free strict w-category monad on the category
GSet of globular sets. a

Remark A.2.9. Explicitly, a globular operad consists of an object a: O — T1 and morphisms e: { — a
and m: a ® a — a in GSet/T1 satisfying the monoid axioms. In particular, e is a globular map e: 1 — O,
and hence it gives rise to an n-cell e, € O,, of the globular set O for each natural number n. A contraction
on the monad over T corresponding to a globular operad (O,a,e,m) is precisely an Z>X-lifting structure on
a: O — T1, where Z) = {1,: 0C™ — C™|n > 1} is the set of boundary inclusions defined in Example 1.3.4.
See also Example 1.3.22 for this perspective. a

A.2.2. 1 is normalised. A globular operad O is said to be normalised if the set Op of its 0-cells is a
singleton. The objective of this subsection is to show that L is normalised as a globular operad; i.e., the set (L1)g
of O-cells of the globular set L1 is a singleton. This result is in particular used in the next section Section A.3.
(Although it should be possible, as mentioned in | , Proof of Theorem 10|, to deduce this statement from
results in | |, we found it rather non-trivial to actually do so, which is why give a different proof here.)

Following Remark A.2.9, let O = (O, a,e,m) be a globular operad, and write e,, € O,, for the n-cell of O
corresponding to the unique element of 1, via the globular map e: 1 — O.

Definition A.2.10. We define the normal part O™™ of the T-operad O = (a: O — T'1,e,m) as the globular
subset O™ C O defined as follows.

e There is only one O-cell in O"°™ | namely ey.
e For n > 0, the set O2°™ of all n-cells of O"°™ consists of all n-cells € O,, of O satisfying s (z) =

eo =t ().

Note that to give a globular map X — O"°™ from X € GSet is equivalent to giving a globular map X — O
which maps every 0-cell of X to ep. a

Lemma A.2.11. O"™ (more precisely, the subobject O"™ s O -% T1 of a in GSet/T1) is closed under
the monoid structure of O, and hence defines a globular suboperad of O. a

Proof. 1t is clear that the globular map e: 1 — O factors through O"™. To see that O™ is closed under
m, observe that the monad T is trivial at the dimension 0, i.e., the unit component n%: X — TX indues a
bijection Xy 2 (TX), for any globular set X. This implies that the functor (—)o: GSet/T1 — Set, mapping
each object f: X — T1 of GSet/T1 to the set X, is strong monoidal with respect to the cartesian monoidal
structure on Set. Hence the set Og of 0-cells of the globular operad O is an ordinary monoid, with eg € Og as
the unit element. Now it is easy to see that O"™ is closed under m, using the fact that m commutes with the
source and target operations. (I

If the underlying object a: O — T1 of a globular operad O = (a: O — T1,e,m) has a contraction £°, then
7O restricts to the normal part O"°™ of O because the globular map ¢, : 0G™ — G" is bijective on 0-cells for
all n > 0. Now, recall that the globular operad Oy, for weak w-categories (which corresponds to the monad L
for weak w-categories) is defined as the initial object in the category of globular operads with contraction; see
[ , Section 9.2] for details.
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Proposition A.2.12. Oy, is a normalised globular operad. a
In terms of the monad L, this means that the set (L1), is a singleton.

Proof. The above observations imply that the normal part Of°™ of Oy, is also a globular operad with contraction,

and the inclusion map O7°™ — Oy, being a monomorphism into an initial object, must then be an isomorphism.

Therefore we have O}°™ = Oy, i.e., the set (O1,) is a singleton. O

Moreover, we have the following corollary by considering the cartesianness of the unit n":

Corollary A.2.13. The component n%: X — LX of the unit induces a bijection Xy 2 (LX) for any globular
set X. .

A.3. ex is bijective on objects

This section is devoted to the proof of Proposition 3.3.2.7, which is split off from | , Appendix A].
Proposition A.3.1. The functor (—)g: Wk-w-Cat; — Set, mapping each weak w-category X to its set X
of objects, has a right adjoint Cosk: Set — Wk-w-Cats. a
Proof. Observe that we have a lax monad morphism (i.e., a monad functor in the sense of | D

((—)0, (—)0 o 77L) : (GSet,L) — (Set, IdSet),

where (—)o: GSet — Set is the functor mapping each globular set X to its set Xy of O-cells. The func-
tor (—)o: Wk-w-Cat; — Set is induced by this lax monad morphism. Now, Corollary A.2.13 implies that
(=)o, (=)o ") is in fact a strong monad morphism.

The underlying functor (—)g: GSet — Set of this strong monad morphism has both left and right adjoints,
given by left and right Kan extensions along the (fully faithful) inclusion "07: 1 — G. In particular, the right

adjoint Ranrg1: Set — GSet of (—)g: GSet — Set induces (by doctrinal adjunction | |) a right adjoint
of (=)o, (—)oon") : (GSet,L) — (Set, ldset) in the 2-category of monads and lax monad morphisms, which
induces the desired right adjoint Cosk: Set — Wk-w-Catg of (—)g: Wk-w-Cats — Set. O

Proof of Proposition 3.3.2.7. Let X be a weak w-category. For any object x € X of X, let T € (QX)o be the
object of QX corresponding to the diagonal strict w-functor Kx (0; 1QX x) below:

P — . Qx

CoﬁX

We claim that the function (—): Xo — (QX)o, mapping z € Xo to T € (QX)o, is an inverse of the function
(ex)o: (QX)o — Xo, mapping y € (QX)o to ex(y) € Xo. For any x € Xy, we clearly have e x (T) = = by the
commutativity of the above diagram.

It suffices to show that the function (—): Xo — (QX)o is surjective. To this end, consider a two-element
set S = {a,b}, and let E = CoskS € Wk-w-Cat,. The adjointness (—)p 4 Cosk implies that E is right
orthogonal to Z* = {¢,,: 9C™ — C™|n > 1}. Hence, in order to equip the unique strict w-functor !g: F — 1
to the terminal weak w-category 1 with an Z-lifting structure A, we only need to specify A(0; = ¥): C" — E.
We set it to the transpose of the function (C°)y — S mapping the unique element of (C%)g = (LG®)o = (G%)o
to a. The last bijection follows from Corollary A.2.13.

By the universality of (ex: QX — X, n%), the unique strict w-functor !y : X — 1 uniquely extends to
a morphism (h,!x): (ex,k%) — (g, A) in Z-AIMor. The strict w-functor h: QX — E is necessarily the
transpose of some function h: (QX)y — S, and one can check that the pair (h,!x) is a morphism (£, KY) —
(!5, \) in Z-AIMor if and only if we have h(y) = a for all y in the image of the function (Z): X, —

(QX)o. Therefore the uniqueness of such h, or equivalently that of such h, implies that (=): X, — (QX)g is
surjective. O
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A.4. Proof of Lemma 4.5.1.1

Based on | , Appendix A], in this section, we complete the proof of Lemma 4.5.1.1. Our proof below
is essentially a ‘proof-relevant’ version of that of [ , Lemma 4.36], and in particular, we will use their
notion of cylinder. (In the following definition of cylinder, we adopt (and slightly modify) the notations (—)°,
()%, and (—)* from | |, but note that they are unrelated to the functors Wk-w-Cats — m-Wk-w-Catg

introduced in Section 4.3.2.)

Definition A.4.1. Let X be a strict w-category and let x be a cell of dimension > 1 in X. We write 2 = s ()
and 2% = t (). a4

Definition A.4.2 (| , Definition 4.14]). The notion of n-cylinder U: x ~~ y in a strict w-category X,
where x and y are n-cells in X, is defined inductively as follows.

e A O-cylinder U: z ~ y is an equivalence 1-cell U: x — y.
e For n > 1, an n-cylinder U: x ~ y is a triple U = (U®, U*, U?) where
— U’: 2” = 9P is an equivalence 1-cell,
— Ut: ¥ — ¢ is an equivalence 1-cell, and
— Ut (a3 U?) ~ (UPxiy) is an (n — 1)-cylinder in the hom strict w-category X (z°,y%).

For n > 1, the source of such U is the (n — 1)-cylinder s, ,(U):s,,_1(z) ~ s,,_;(y) defined inductively as
follows.

e If n. =1, then s,(U) = U”.
e Ifn>2 thens, (U =0U"s, (U)f=Ut ands, (U)F=s, o(U").

The target (n—1)-cylinder t,,_,(U): t,,_;(x) ~ t,_;(y) is defined similarly. These operations make the collection
of all cylinders in X into a globular set, which we denote by I'(X). J

Theorem A.4.3 (| , Theorem 4.21 and Corollary 4.23]). The globular set I'(X) can be made into a
strict w-category such that the projections

o T(X) — X

given by 71X (U: x ~y) = z and 75 (U: x ~ ) = y are folk trivial fibrations (and in particular they are strict
w-functors). r

Lemma A.4.4. Let X be a strict w-category and let

u v ! u /

€ Y T Y

be a chain of equivalence n-cells in X with n > 1. Then there exists an n-cylinder
UX (u,v,u) :u .

J

Proof. We proceed by induction on n. In the case n = 1, we must provide a 1-cylinder v ~ v/, which amounts
to a commutative-up-to-equivalence-2-cell square such that

e the top edge is u,
e the bottom edge is u’, and
e both vertical edges are equivalences.

We indeed have such a square, namely:

/

X X X X
uxy v idy (ux*y vy u') vk U

For n > 2, we define the n-cylinder U:X (u,v,u’) by
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o UX (u,v,u’)b = id (zh),
o UX (u,v,u) =id;*(z%), and

o UX (u,fu,u’)h = Uii(fb’xu) (u,v,u). O

Proof of Lemma 4.5.1.1 continued. Suppose that u: x — y is an equivalence n-cell in X. Observe that the
n-cylinder U;X (idf(x),idff (x),u) has type id:X (z) ~ u, so the strict w-functor C* — T'(X) picking out this
cylinder fits into the following commutative diagram:

u

UX (id (2),id ¥ (z),u) X

cr I'(X) : X

n ””,,,
7 - X
*J - lﬂ-l

n n—1
- _
E” —— C _ X

*

Since i” is a folk cofibration by construction, and 7;% is a folk trivial fibration by Theorem A.4.3, we obtain a
lift as indicated. Composing this lift with 72* yields the desired extension. O

A.5. Quotient bicategory of a weak w-category

This section is based on | , Appendix BJ.

Recall from Corollary 2.4.13 that the binary relation ~ defined by the existence of equivalence cells is an
equivalence relation on the set of cells in a given weak w-category X. The purpose of this appendix is to show
that quotienting the 2-cells by this relation ~ yields a bicategory 72(X). This construction will be used in
Section A.6 in which we provide another example of a set K of maps in m-Wk-w-Cat, satisfying (K1)—(K3)
based on coinductive half-adjoint equivalences.

We will define the quotient bicategory construction by applying the quotient category construction to the
hom weak w-categories, which is in turn defined by applying the quotient set construction to the hom. The
seemingly strange choice of letters in the definitions and propositions below is intended to accord with this
context.

Definition A.5.1. Let Z be a weak w-category. We write 79(Z) for the quotient set Zy/~, and [p] € 70(Z)
for the equivalence class containing p € Z. a

Definition A.5.2. Let Y be a weak w-category. We write 71 (Y") for the graph whose vertex set is Y and whose
edges are given by
71 (Y)(u,v) = 79 (Y(u,v)). J

Proposition A.5.3. Let Y be a weak w-category. Then setting
o id!" () = [[id}/ (u)]] for each O-cell v in Y, and
e [p] %071 (Y) [q] = [p=} q] for each composable pair of 1-cells p,q in Y

makes 71(Y) into a category. J

Proof. The composition is well defined by Corollary 2.4.14, and the category axioms follow from Corollaries 2.3.8
and 2.4.4. O

The following straightforward observation will be useful later.
Proposition A.5.4. Let Y be a weak w-category and let p: u — v be a 1-cell in Y. Then p is an equivalence
in Y if and only if [p] is an isomorphism in 7 (Y"). 4
Proof. By definition of 71(Y"), the morphism [[p] is an isomorphism if and only if there exists a 1-cell g: v — u
such that px}'q ~id} (u) and gx) p ~ id] (v). O
Now we can define the underlying category-enriched graph of the desired quotient bicategory.

Definition A.5.5. Let X be a weak w-category. We write 15(X) for the category-enriched graph whose vertex
set is X and whose hom categories are given by

T2(X)(a,b) =1 (X(a,b)). J
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Before describing the entire bicategory structure, we need to give names to certain instances of coherence
(Proposition 2.3.7).

Definition A.5.6. Given an n-cell u: a — b in a weak w-category X, we write:

o N (w):idy (a )*n u—u

o XX (u):u— id¥ ()X u

o X (u): uxiy 11d.X(b) —u

o pri(u):u— wipy_yidy (b)
for equivalence (n + 1)-cells in X witnessing the unit law (Corollary 2.4.4).

Given a composable triple of n-cells u;: a;_1 — a; for 1 < i < 3, we write

o i (ur,uz,ug): (urk;_qus)ko_uz — uyki_q (ugko_qus)

o iy (un, u,ug) s wrkg_ (uasy_yus) — (urky_qu2)+,  Xus
for equivalence (n + 1)-cells in X witnessing the associative law (Corollary 2.3.8). a4
Proposition A.5.7. Let (X,£: LX — X) be a weak w-category. For each 0O-cell a in X, define id?(X)(a) =
id<* (a). For each triple of 0O-cells a,b, ¢ in X, define a graph morphism

21 (X (a,0) x 71 (X(bye)) — 7 (X(a,c))

as follows.

e For 1-cells u: a — b and v: b — cin X, the 1-cell u*gz(x)v: a — cis uxv.

e For 2-cells p: u > u':a—band ¢: v — v': b — cin X, the equivalence class

o] 57 [a] € 71 (X(a.€)) (wri v, w5 o)
is [pxiq].
This is well defined and moreover defines a functor —*SQ(X)—: 71 (X (a,b)) x 11 (X(b,¢)) — 71 (X(a,c)).
Furthermore, the morphisms

a;2(X)(u,v,w) = [e5" (u,v,w)] : (u*gz(x)v) *82(X)w — u*OQ(X) (U*EQ(X)’LU) ,

)\EQ(X)( )= [[)\5( (w)] : idTQ(X)(:E) T2(X)u — u, and
p;'z(X)( ) = [[p2 ﬂ uxg (X)lde(X)( ) = u
in the hom-categories of 75(X) form suitable natural isomorphisms, making 75(X) into a bicategory. a

Proof. We first verify that 7*82(X)7 is well defined. Suppose we are given

e l-cells u,u': a— band v,v: b—c,
e 2-cells p1,p2: u — v and q1,q2: v — v/, and
e equivalence 3-cells h: p; — po and k: g1 — ¢2

in X. We must provide an equivalence 3-cell p; *(),( qQ — pg*OX q2- A 3-cell of correct type can be constructed as
hx{{k, and it is moreover an equivalence in X by Remark 2.4.8.

X) . .
To see that —*g"( ) _isa functor, suppose we are given

e l-cells u,v/,v": a— band v,v,v": b— ¢, and

e 2cellsp:u—u,p:v —-u,qg:v—,and ¢: v — v’
in X. We wish to prove that

10 () K5d O () ~ idy D (us o)
and
X(a,b X(b,c a,
(p*o ( )p’) *5 (q*o ( )Q’) (P @)+ (0 )
hold. By Corollary 1.2.4.3, we can rewrite these expressions as
ids" (u)*{idy (v) ~ idy (g v) (A.5.7.1)

and

(p3 D)+ (07 @) ~ (P25 @)= (00 d).

Because their proofs are similar, we will only spell out the former.
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The left-hand side of (A.5.7.1) can be rewritten in terms of the corresponding operations in L1 (as opposed
to X) as follows.

idf(u)*é(idg((v)=€<€2*£1€2, [idg((“) ) idg((”)D (Remark 2.4.8)

_ ¢ [z, [€ (0@, []) ¢ (15" @), [*])
5< i [ £ (@, [*])

(Proposition 1.2.3.13.(i) and Remark 1.2.3.2.(iv))

_ eble,, idy'(er)  idy' (@) 7 N "]
§<M%< % [ o ])(R/ei(la[rks 1.2.[::.]2.(111) :Jn>d 1.2.3.2.(v))

= ¢ (idb (@)*51idbt @), [“ -

(Proposition 1.2.3.13.(i) and action of u% (see Remark 1.1.3.7 or Remark 1.2.3.11))
Similarly, the right-hand side of (A.5.7.1) can be rewritten as

idg(u*gv) =¢ <id]51(€1*161€1), {u b v}) .
Since both id5!(ey)«5ids ! (€1) and idi?(&1+5'€1) are 2-cells in L1 of type é1x5'e; — é&1x5'é1 and arity
(2)
{1 0 1} , the existence of the desired invertible 3-cell can be deduced from Proposition 2.3.7.

For the second part of the proposition, that they are invertible follows from Proposition A.5.4. Their
naturality, the pentagon identity, and the triangle identity can all be proved using the same strategy as above.
To give a little more detail, by Corollary 1.2.4.3, we can reduce the desired commutativity conditions to the
following statements: given

e (O-cells a,b,c,d, e,
e lcellsu,u/:a—b,v,v:0—=c ww:c—d z:d— e, and
e 2cellsp:u—u,qg:v—=0,r:w—w
in X, there exist equivalence 3-cells
X

a3 (u,v,w)iy (pxg (@xg 1)) ~ (P @)% )50 o (', o', w'),
X ()i'p ~ (13 (@)p) 490 (W),
pX ('p ~ (pfial (6)) #3503 ()
X (il v, w, )5 i (u, v, Wy x) ~ ((af(u,v,w)*é(idg((x)) *f(oé((u,v*é(w,x)) 2K <id§(u)*§a§(u,w,x)) ,
o3 (i} (0), v} (10X ()3 2N (0)) ~ o ()i

Each of these can be proved by rewriting both sides in terms of the corresponding operations in L1 using
Proposition 1.2.3.13 and then applying Proposition 2.3.7. (I

Proposition A.5.8. Let X be a weak w-category, and let u: x — y be a 1-cell in X. Then u is an equivalence
in X if and only if u is an equivalence when regarded as a 1-cell in 75(X). a

Proof. By definition of 79(X), the 1-cell u is an equivalence in 75(X) if and only if there exists a 1-cell v: y — z
such that there are isomorphisms us v 2 idy* () and v+ u 2 id7* (y) in 71 (X (z, 2)) and 7, (X (y, y)) respectively,
which, by Proposition A.5.4, is equivalent to uxv ~ id{ (z) and v+ u ~ id; (). O

A.6. An example of K based on half-adjoint equivalences

This section is based on | , Appendix CJ.

Here we give another example of a set K of morphisms in m-Wk-w-Catg satisfying conditions (K1)—(K3)
stated in Section 4.3.2. By the results of Section 4.3.3, it gives rise to a set of morphisms in Wk-w-Cat
characterising w-equifibrations via the right lifting property. Whereas the example in Section 4.3.4 is based on
the notion of flat equivalence, the example given here is based on half-adjoint equivalences. See Section 4.1 for
the homotopical intuition.



A.6. AN EXAMPLE OF K BASED ON HALF-ADJOINT EQUIVALENCES 103

Remark A.6.1. We declare each X to be notationally left associative. That is, given enough cells u; of
dimension > n in a weak w-category X with each consecutive pair being composable along the n-dimensional

boundary, the expression *,)f Us *fu;; is understood as (u; *fug)*fug, and uq *fug *,)fug *fu;; is understood as
((ugsy ug) ¥ ug) o uy etc. J
Definition A.6.2. For each n > 1, we define a marked weak w-category (H",tH™). (Here H stands for
‘half-adjoint’.) The underlying weak w-category H" is constructed as follows:

e start with C”, and call its fundamental n-cell uy : vy — yy,
e freely adjoin an n-cell vy : y3 — T3, that is, take the pushout

acn (Y3, 29) on

C" ——— o
UH

o freely adjoin (n + 1)-cells py: id,,(z4) — un*,, 10y and gy : vy*,_juy — id, (yx), and
e freely adjoin an (n + 2)-cell ry from id,, | ;(uy) to

)‘nJrl(UH)*n(pH*nflu'H)*nanJrl(UH7U?-la uH)*n(uH*nflq'H)*npn+1(u'H)'
The marked cells are uy, py, g, and 7.

We define the marking-preserving strict w-functor k%,: mC"™ — H™ as the one picking out uy. a

We claim that the set
Ky={kj:mC" -H"|n>1}
of morphisms in m-Wk-w-Cats satisfies conditions (K1)—(K3).
We first show that Ky satisfies (K1). The proof of the following proposition (especially the use of Proposi-
tion 4.1.1.1 in it) is inspired by | , Proof of Proposition 6].
Proposition A.6.3. Let f: X — Z be an w-equifibration between weak w-categories, and let n > 1. Suppose
that we are given a commutative square

mC" —% 5 X°

H s 7

in m-Wk-w-Cats. Then this square admits a lift. a

Proof. The data of the given commutative square are equivalent to:

an equivalence n-cell u: r — y in X,

an n-cell v: fy — fzxin Z,

equivalence (n + 1)-cells p: id?(fz) — fux? v and q: v+Z_| fu — idZ(fy) in Z, and
an equivalence (n + 2)-cell r from idZ, , (fu) to

5\5+1(fu)*’rzl(p*gflfu)*’rzla’gﬁ»l(fu7 v, fu)*’rZL(fu*gflq)*gp’rZL#»l(fu)

in Z.

We wish to extend u to a quintet (u,v,p,q,7) of suitable type in X (so that it corresponds to a marking-
preserving map H" — X9) such that f sends it to (fu,v,p,q,7).

We lift v and p using an argument similar to that in the proof of Proposition 4.3.4.2; the details are as
follows.

Since u is an equivalence, we can choose an n-cell #’: y — 2 and an equivalence (n + 1)-cell §': id: (z) —
wxX 7 in X. Since f§': id?(fz) — fuxZ_,f¥ is an equivalence in Z by Proposition 2.3.1, there exists an
equivalence (n + 1)-cell

ol fusZ T — fuxZ v
in Z such that fp'*Zv’ ~ p by (1) of Proposition 4.1.1.1. Similarly, since fu is an equivalence in Z, there exists
an equivalence (n + 1)-cell
vt f = o
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fa f“

Ty

7

idZ (fz)

FIGURE 1. Lifting v

fz I fy

id7 (fy)

. f7
iy (fu) ———

Ty

FIGURE 2. Lifting ¢ (with A, a and p omitted)

such that fux, ;Zvt ~ v' by (2) of Proposition 4.1.1.1. Since f is an w-equifibration, we can lift v* to an
equivalence (n + 1)-cell in X, which we denote as #*: ©' — 9. This completes the lifting of v.
Next, we lift the (n + 1)-cell p. Observe that we have an equivalence (n + 1)-cell

ﬁ/*f(u*f_lﬁi): idff (z) — u*f_ll_z

in X, and equivalence (n + 2)-cells witnessing
I (0 (wey0) = S0 (s yo?) o~ fplsvt ~ p

in Z. Since f is an w-equifibration, we can lift the composite of the latter to an equivalence (n + 2)-cell

P (wiy_y0) ~ p
in X. Note that p is an equivalence in X by Corollary 2.4.16.
The way we will lift ¢ and r will be similar to how we lifted v and p, and fig. 2 provides its summary.
Consider the quotient bicategory 72 (X (s,_2(2), t,,_5(z))), where X(s,,_5(x), t,_5(z)) is the suitable (iterated)
hom weak w-category of X. (When n = 1, we interpret X (s,,_,(z),t,,_»(x)) as X.) In this bicategory, u and ¥’
are pseudo-inverse equivalence 1-cells, and moreover we have v’ = v. It follows that v is also a pseudo-inverse
of u, and so the triple (u, v, [p]) can be completed to an adjoint equivalence. In other words, we can pick an
equivalence (n 4 1)-cell §': o+ ju — id2 (y) in X and an equivalence (n + 2)-cell 7 from idX,; (u) to

5\5-5-1 (u)s (ﬁ*f—ﬂ)*fafﬂ (u, 0, u)*;, (U*T)L(—lql)*fpf—‘rl (u)

in X. Making use of Proposition 4.1.1.1 with various equivalence cells, we can obtain an equivalence (n + 2)-cell
q": f@ — q such that there is an equivalence (n + 3)-cell from

ff/*fw O\fﬂ(fu)*vzz(p*rzquu)*farzlﬂ(fua v, fu)*T%(fu*ffqu)*’prZLJrl(fu))

to 7 in Z. Since f is an w-equifibration, we can lift ¢’ to an equivalence (n + 2)-cell ¢': ¢ — G. Finally, we
observe that the domain of the above equivalence (n + 3)-cell is in the image of f, and we take 7 to be the
codomain of its lift through f. (I

We then check that Ky satisfies (K2) by showing an analogue of Proposition 4.3.4.3.
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Proposition A.6.4.

(i) If a marked weak w-category (X,¢X) is Ky-injective, then all cells in tX are equivalences in the
underlying weak w-category X.
(ii) For any weak w-category X, the marked weak w-category X! is KCy-injective. a

Proof. If a marked weak w-category (X, ¢X) is Ky-injective, then we have tX C ®(¢X), where ® is defined in
Definition 4.2.0.2. This proves (i).

(ii) follows from Proposition A.6.3. O

Finally, that ICy; satisfies (K3) is obvious.

Applying the construction of Section 4.3.3 to K4, we obtain a set Jy of strict w-functors characterising the
w-equifibrations.






APPENDIX B

Free strict w-category monad

In this chapter, we will recollect about strict w-categories from | |, and rearrange its basic constructions
from the viewpoint of the familial representation.

B.1. Preliminaries on infinitary distributive and lextensive categories

This section fixes terminology and establishes an infinitary counterpart of the standard characterisations of
distributive and lextensive categories. Working with the category of families Fm(E)—the canonical coproduct
completion— we package distributivity and lextensivity as left-exactness properties of the coproduct functor
1I—: Fm(E) — E. For lextensivity we prove that, for a category with finite limits and small coproducts,
the following are equivalent: (i) the sliced-coproduct adjunction is an equivalence for all families; (i¢) small
coproducts are disjoint and stable under pullback; and (¢i7) [] — preserves finite limits. The novelty is a direct
infinitary proof of (ii) < (iii) that avoids appeal to general cofibration theory used in | |; the argument
reduces finite-limit preservation to the preservation of four template pullback squares in Fm(E).

Definition B.1.1. A category E is infinitary distributive if it has finite products and small coproducts that
distribute over finite products: i.e., for any finite family of sets (I;);es and a family (X ;) e ie1, of objects in
E, the canonical morphism

Mu €. w().€N: [T 1T X5 — I T X

u€ll e, 1; 5€J jeJiel;

is an isomorphism. a

For each category E, let us denote by Fm(E) for the category of (small) families of objects in E: the objects
of Fm(E) are families (X;);es of objects in E indexed by a small set J, and a morphism (fo, f): (X;)jes —
(Yr)rex conmsists of a function fo: J — K and a family f = (f;: X; — Yj,(j))jes of morphisms in E. This
category Fm(E) is the coproduct completion of E, and in particular, E has small coproducts if and only if the
unit E — Fm(E) has a left adjoint []: Fm(E) — E, which sends a family to its coproduct.

The following characterisation is not only well known but also easy to see. See, for example, | ]

Proposition B.1.2. Let E be a category with finite products and small coproducts. The following are equiv-
alent.

(i) E is infinitary distributive.
(ii) The functor £ x —: E — E is connected for each F € E.
(iii) The functor []: Fm(E) — E preserves finite products. a

Now we turn to infinitary lextensive categories. Observe that if we have a category E with small coproducts
and (certain) pullbacks, any slice of the coproduct functor [[;.; —: [/, E] — E is a left adjoint:

HjeJ —/(Xj)jes Hje] E/X; T E/ HjeJXj :(L;‘_)jEJ (B.1.2.1)
for each small family (X),ecs of objects in E, whose right adjoint sends a morphism f: A — HjeJ X, in E to
the family (¢}(A, f))jes of morphisms in E obtained by pulling back (A, f) along the coproduct injections.

Definition B.1.3. A category E is infinitary lextensive if it has finite limits and small coproducts and the
adjunction (B.1.2.1) is an adjoint equivalence for each small family (X;);cs of objects in E.

We write oco-LextCAT for the huge 2-category of infinitary lextensive categories, functors preserving
pullbacks (not necessarily all finite limits) and small coproducts, and natural transformations. We write
0o-LextCART for the locally wide sub-2-category of oco-LextCAT consisting of cartesian natural transfor-
mations. a
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There is a characterisation of infinitary lextensive categories similar to Proposition B.1.2. To state it, we
need to recall two notions on coproducts.
Definition B.1.4. Let E be a category with finite limits and small coproducts.

e Small coproducts are stable under pullbacks if for each morphism f: X — Y in E, the pullback
functor f*: E/Y — E/X along f preserves small coproducts.
e A coproduct ]_[je] X, in E is disjoint if there are the following pullback squares for each ¢, k € J.

X, —4— X; — s X

0
Idl " lw ; !l ’ yk (1 #k)
X

Xi > HjeJXj i T HjeJXj

Now the statement is as follows.

Proposition B.1.5. Let E be a category with finite limits and small coproducts. Then the following are
equivalent.

(i) E is infinitary lextensive.
(ii) Small coproducts in E are disjoint and stable under pullbacks.

(iii) The coproduct functor Fm(E) — E preserves finte limits. 4

The equivalence of the first two conditions is well-known; see, for example, | ]. The equivalence of
the last two conditions is observed in | , §5.3| for the finitary case; the proof there relies on a very general
result by | |

Here, we give a direct proof for the infinitary version. To this end, we first rephrase the several conditions
recalled above in terms of pullback squares and their preservation by the coproduct functor [[: Fm(E) — E.
The proofs for the following rephrasings are straightforward.

Lemma B.1.6. Let E be a category with finite limits and small coproducts. Consider the following classes of
pullback squares in Fm(E). Functions labelled by ¢ are subset inclusions.

(i) (J € Set and (b;j: Bj — Y),c is a coproduct diagram in E.)

(Ids,(f5)jea)
(Aj)jes === (B))jes
_
(I‘h(aj)J'GJ)l l(!h(by‘)jeﬂ

(X)*el (Y)*el

-
(Id1,f)

(ii) (Je€Setandiec J.)
( 7Id)

(A))jery — (Aj)jes
(Id{i}vuj)l l(ld‘],(uj)je])

(Xj)je{i} W (Xj)jeJ

|

(iii) (J € Set.)

(Ids,(f3)ie0)
(Aj)jes =" (By))jes
_
(!J,(aj)jg‘])l J{(!Jv(bj)jet])

(X)wer (Y)ser

_
(Id1,f)
(iv) (J € Set and i,k € J.)

(¢,1d)
(X))jeriniry —— (Xj)jeqr)

(ald)l - l@"”

(Xj)je{i} T) (Xj)jeJ

Then the coproduct functor [[: Fm(E) — E preserves pullbacks of the form
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B.1.6.(i) if and only if the counit of each adjunction (B.1.2.1) is an isomorphism.
B.1.6.(ii) if and only if the unit of each adjunction (B.1.2.1) is an isomorphism.
B.1.6.(iii) if and only if small coproducts in E are stable under pullbacks.

B.1.6.(iv) if and only if small coproducts in E are disjoint. a

Lemma B.1.7. Let E be a category with finite limits and small coproducts. Then for the coproduct functor
1]: Fm(E) — E,

(i) preservation of pullbacks of the form B.1.6.(i) is equivalent to that of B.1.6.(iii), and
(ii) preservation of pullbacks of the form B.1.6.(ii) implies that of B.1.6.(iv). a

Proof. Pullbacks of the form B.1.6.(i) are special cases of those of the form B.1.6.(iii), so suppose that [ —
preserves pullbacks of the form B.1.6.(i), and we show that [ — preserves pullbacks of the form B.1.6.(iii).
To this end, let us first take the factorisation of the right vertical arrow (!, (b;);es) in B.1.6.(iii) through a
coproduct diagram as in the right vertical part of the following diagram. Then take the pullback for the lower
part of the factorisation, which results in the following diagram. By the pasting lemma, the top square is also a
pullback, and hence by the preservation of pullbacks of the form B.1.6.(i), the outer square is sent to a pullback
square since the lower square is sent to a pullback square by definition of pullbacks in Fm(E).

(Aj)jes — (Bj)jes
(Yy,(a;)je0) (ty,(¢s)jer)
N2

- lad«bm

(
(X *€l — T (Y)*Gl

Ceer — (Ujes Bi)wer | (bi)ien)
) (d.f)

Next, suppose that [] — preserves pullbacks of the form B.1.6.(ii), and we show that it preserves pullbacks
of the form B.1.6.(iv). Consider the following pullback square in Fm(E), which is a special case of B.1.6.(ii),
and hence it is sent to a pullback square by [] —.

(¢,1d)
(HlE{j}ﬂ{k} Xi)jeqy > (Hle{j}ﬁ{k} X1)jes

L |

(Xg)jety —(g— (Kijes

Here, the right vertical arrow is the family of images of (¢,1d): (X1)icfjingry — (Xi)ieg;y under J[—. It is
easy to see that the image of the above square under [[ — coincides with that of the square B.1.6.(iv), which
completes the proof. O

Now we are ready to prove Proposition B.1.5.

Proof (of Proposition B.1.5). By Lemma B.1.6, it is obvious that B.1.5.(iii) implies both B.1.5.(ii) and B.1.5.(i).
Moreover, Lemmas B.1.6 and B.1.7 show B.1.5.(i) =B.1.5.(ii).

Finally, we show B.1.5.(ii))=B.1.5.(iii). Suppose small coproducts in E are stable under pullbacks and
disjoint. Since ][ — always preserves the terminal object, it suffices to show that || — preserves pullbacks. To
this end, observe that any pullback square in Fm(E) is of the following form:

(prr,(ui,j)i,5)
Wigierjerriy=gt) —— (Yj)jeu
(prL('Ui,j)i,j)l - l(gv(gj)jeJ) (B.1.7.1)

(Xi)iel (f,(fi)ier) (Zk)keK
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For these data, we have the following pullback squares in Fm(E) for each ¢ € I and j € J.

(Id,us,5) (¢,1d)
Wi ketrinintat) ——— Yretrinnioi ——— Vireto(i}
_ ! _
(e | (a) (1d,5) (b) [a)

(Xodrets@nntotny — (45 = (Zokets@intotny — G190 —= (Zi)retg))
(i) | () W T (o) [
v
(Xidketr@y —qary @retrn — g (Drdkex

The pullback square labelled by (a) is preserved by [ — because the indexing sets of its vertices are the same
and are singletons or empty. Those labelled by (b) are also preserved by [] — because of stability of the initial
object (i.e. the empty coproduct) under pullback. Finally, the pullback square labelled by (c¢) is preserved by
11— because of the disjointness. Thus the outer pullback square is also preserved by [ —. Applying pullback-
stability twice to its image, we obtain a pullback square in E that coincides with the image of B.1.7.1 under
]] —, which completes the proof. (I

B.2. Cartesian sharp construction

Given a category E with finite products, we can consider the category E-Cat of E-enriched categories.
Forgetting the structure of categories, we have a forgetful functor E-Cat — E-Gph to the category of E-enriched
graphs | ]. This functor is monadic if E is an infinitary distributive category | , Theorem 23.4], and
the induced monad is cartesian if E is an infinitary lextensive category | |. Moreover, if we have a good
monad on E, then the category (7-Alg)-Cat is monadic over E-Gph, which results in a construction 7"+ T*
of a monad on E-Gph from a monad on E (| , Appendix F]). The free w-category monad is a fixed point
of this operation by | , Theorem 4.14].

In this section, we revisit these results from the viewpoint of the characterisation of infinitary lextensive
categories observed in the previous section. We believe almost all of the contents in this section are known and
can be found in the literature (e.g., | ; ; ; ; |), so the objective of this section is
to organise them in a coherent manner. Moreover, we give the 2-functorial aspect of the construction, which
seems to be missing in the literature.

Notation B.2.1. We introduce some notations about lists and non-empty lists.

The empty list is denoted by nil.

Given a list x, we write x.length for the length of x.

For each 0 < i < x.length, we write x[i] € S for the i-th element of x.

We write ST for the set of all non-empty finite lists of elements of S.

Given a list x, we write x.lind for the last index of x, i.e., x.lind = x.length — 1.

For each a,b € S, we write ST (a,b) for the subset of ST consisting of all lists x such that x[0] = a

and x[x.lind] = b.

e For each function f: S — A and each pair of elements s,s’ € S, we write f;rs,: St(s, ') —
ST (fs, fs') for the function sending a list x to (f(x[i]))i<x.lind-

e For each non-empty list x € ST, the concatenation of lists defines a function®

concat: [ S*(x[i],x[i+1]) — ST (x[0], x[x.lind]).

i<x.lind

We use the notation C* to denote the list object of an object C' in any category (if exists) other than Set.
The following lemma is obvious but fundamental for later arguments.?

1Given a set S, consider its coskeleton graph S x S = S, and take its free category. Then the objects of this category are the
elements of S and the hom-set Hom(a, b) is precisely ST (a,b). The concatenation is precisely the composition in this category.

20ne can prove this lemma by hand, but there is a more conceptual way to check it: as mentioned in the previous footnote,
the assignment S + (St {a, b))a,pes can be considered as a composite of the coskeleton Set — Gph and the free category monad
Gph — Gph. The former is a right adjoint functor, and hence it preserves limits. The latter preserves pullbacks, and the
multiplication and unit for the monad, which give the concatenation of lists, are cartesian natural transformations.
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Lemma B.2.2. For each function f: S — A and each x € ST, the following square is a pullback square in
Set.

+
ITi<x.iind fxm x[i+1]

ITi csciing S ([, x[i + 1]) [Ti csciing AT (X[20), f(x[i +1]))

J
concat concat

§*(x[0], x[x.lind]) m AT (f(x[d]), f(x[i + 1]))

fx[o] ,x[5.lind]

On the other hand, if we have a pullback square in Set as on the left below, then the induced square on the
right below is also a pullback square for each list x € A™.

A, C [icscting AT (x[i], x[i + 1) et [Ticxiing CF (u(x[i]), u(x[i + 1]))
I | ] [
B——D [Ticxting BT (v(x[i]), v(x[i +1])) o [Ticxting D (f(0(x[i])), f(o(x[i + 1])))

J

Definition B.2.3. Let E be a category. An E-enriched graph or just E-graph is a pair (Xo, X (—, —)) of a set
Xy and a functor X(—, =) : Xox X¢ — E from the discrete category. An E-graph morphism from (Xo, X (—, —))
to (Yo, Y (—,—)) consists of a function fy: Xo — Y, and a natural transformation

fo X(=, =) = Y(fo(=), fo(—)): Xo x Xo — E.

We often omit subscripts when the meaning is clear from the context. We denote the category of E-graphs and
E-graph morphisms by E-Gph. a

Definition B.2.4. Given a functor F': E — E’, we define a functor F-Gph: E-Gph — E’-Gph by the post-
composition of F' with the hom-functor: i.e., for each E-enriched graph X = (X, X (—, —)), we define F-Gph(X)
by (Xo, F(X(—,—))). This assignment —-Gph defines a 2-functor CAT — CAT in an obvious way. 4

Remark B.2.5. Let a: FF = G: E — E’ be a natural transformation. Then we have a natural transformation
a-Gph: F-Gph = G-Gph: E-Gph — E’-Gph, and a-Gph is cartesian if « is so. a

Definition B.2.6. Let E be a category with finite products. An E-enriched category or just an E-category is an
E-enriched graph X equipped with two families of morphisms (comp,, , .: X (z,y) x X(y,2) — X(,2))z,y.2ex,
and (id;: 1 — X(x,2))zex, in E satisfying associativity and identity axioms: i.e., for each E € E, the pair
(E(E, comp), E(E,id)) endows the graph (E(E, X (z,¥)))z yex, With a category structure.

Given two E-enriched categories X and Y, an E-enriched functor from X to Y is an E-enriched graph
morphism f: X — Y preserving the composition and identity morphisms, i.e., for each z,y,z € Xy, we have
Jay X fy,z5c0mpyy ¢y ¢, = comp, , .§ [z, and idy§ fz » = idf,. We denote the category of E-enriched categories
and E-enriched functors by E-Cat. a

Lemma B.2.7. If E has small coproducts, then so does E-Gph. If E and E’ are categories with small coproducts
and a functor F': E — E’ preserves them, then so is the functor F-Gph: E-Gph — E’-Gph. If E is moreover
infinitary distributive, small coproducts are created by the forgetful functor E-Cat — E-Gph. a

Proof. 1f E has coproduct, the Grothendieck fibration E-Gph — Set is a bifibration that has opfibred coprod-
ucts. Therefore by a folklore fact of opfibrations, the coproduct in the total category E-Gph is calculated using
coproducts in Set and each fibre. The functor F-Gph: E-Gph — E-Gph is an opfibred functor over Set if F'
preserves small coproducts, and hence F-Gph preserves small coproducts.

In detail, the coproduct is calculated as follows. Let S be a set and suppose that E has S-coproducts and
initial object (). Then given a family (X;)scs of E-graphs, the coproduct [ [, .o X is defined by (J[..¢ Xs)o =

HSES(XS)O and

seS sES

(H XS) ((va)’ (slvx/)) = H Xso (3771‘/)- (B271)

seS so€{s}n{s’'}

Now using the distributivity,® the product of composable homs is calculated as follows.

H X, (z,2") x H Xy (2,2") = H X, (z,2") x X (2, 2")

so€{s}n{s"} she{s'In{s”) soe{sIn{s }n{s"}

3Indeed, here we only need the distributivity for coproducts indexed by propositions (sets with at most one elements).
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Using this identification, we can define the composition and identity for [[,.g X in the obvious way, if we are
given an E-category structure on each X,. This indeed gives the coproduct in E-Cat, which is obviously created
by the (conservative) forgetful functor E-Cat — E-Gph. O

Lemma B.2.8. Let E be a category. Let | be a small category. Then E-Gph has I-limits if and only if E has
them. Moreover, given any functor F': E — E’, if F' preserves |-limits then the functor F-Gph also preserves
them. a

Proof. The forgetful functor E-Gph — Set is a fibration such that E has I-limits if and only if the fibration
E-Gph — Set has fibred I-limits. Now the statement follows from a folklore fact that limits in the total
category of a fibration is calculated using reindexing functors and limits in the base category and each fibre.
Observe here that the functor F-Gph: E-Gph — E’-Gph is a fibred functor over Set. O

Example B.2.9. Let E be a category with pullbacks. Then by Lemma B.2.8, the category E-Gph has pullbacks.
A square

(@05 (U, ) w0 € W)

(W (w,w'))w,wrew, Y (%, ¥'))ywevo
(UO7(vw,w/)ui,w/EW())l l(go’(gy,y’)y,y’eyo) (B291)

(X(x’x/))wyw'EXo (Z(Z’Z/))z,z’ezo

(for(fa o )w,ar exo)

is a pullback square if and only if the underlying square in Set is a pullback square, and for each w,w’ € Wy,
the following square is a pullback square in E.

W (w,w') =2 ¥ (y,y)

_
Vap,w’ y,y'

X(x,a") - Z(z,7)

Here we write (x,2'), (y,v'), (,2") for the images of (w,w") under vy, ug, vo § fo respectively. 3

Proposition B.2.10. The category E-Gph is infinitary lextensive if E is so. a
Proof. Consider a pullback square in Fm(E-Gph):

(Wh(w,w")wwewi)o))her — (Y4, ¥ ))yyer;)o))ict
l - l (B.2.10.1)
(Xi(2,2"))z,0re(x:)0))ier — ((Zk(2,2"))2,27€(21)0) JheK

We show that this pullback is preserved by the coproduct functor [| —: Fm(E-Gph) — E-Gph.

Since Set is obviously infinitary lextensive, we have the following pullback square in Set, which shows that
the image under [ is a pullback square at the level of objects.

e Wh)o —— e, (Yi)o
[Lier(Xi)o - ke (Zr)o

Now it remains to show the hom-part of the coproduct of (B.2.10.1) is a pullback square in E. To this end, for
the above diagram in Set, suppose we are given the following elements.

(hyw) ——= (,y) (W, w') —— (§,y)

gl [ K
(i, ) — (k,z) (i,2") — (K, 2")



B.2. CARTESIAN SHARP CONSTRUCTION 113

Observe that, by the description of pullback square in E-Gph (Example B.2.9), there is a pullback square in
Fm(E) of the following form.

(Who (w0, w)noemininy — Yo (454" )joetiintin
I J
(Xio (LI'I, 33/))1‘06{1'}0{1"} (Zko (Z, Z/))kOG{k}ﬂ{k’}
By definition of coproducts in E-Gph (Lemma B.2.7 and (B.2.7.1)), it suffices to show that the above pullback
is preserved by coproduct [[—: Fm(E) — E, which follows from the infinitary distributivity of E. O

Construction B.2.11. Let E be an infinitary distributive category. We define a monad Id% on E-Gph as
follows.

. Id% does nothing on objects; i.e., for each X € E-Gph, we have IduE(X)o = Xo. Moreover, the
multiplication and unit for Id% are identity-on-objects.
e Suppose we are given X € E-Gph and a,b € Xj.
— The hom-object for Id%(X ) is defined as follows.

s (X)(a,0)= [ ] X&) xli+1])
x€X+<a,b> i<x.lind
— There is a canonical inclusion
b, —
X(a,0) ), [T TI Xxlil.xli+ 1) = ld5(X)(a,b)
x€X+<a by 1<x. lind

for the summand indexed by ab € X (a,b), which defines the hom-part of the unit nx: X —

Id% (X).
— By the infinitary distributivity of E, we have the following isomorphism
ld; (14 (X)) (a, b) = 11 [T Xl a6 +1), (B.2.11.1)

x€X{ (a,b) 2<’((|)'Td q
. . u(z).lin
WETT, o g X (xli] x[i+1]) 7

which are natural in X € E-Gph. The multiplication px : IdﬁE(Id%(X)) — Id%(X) acts on the
hom-object via the concatenation (see Notation B.2.1)

I II X &lilxli+1) — X (a,0). (B.2.11.2)
x€X (a,b) i<x.lind
J

Proposition B.2.12. Let E be an infinitary distributive category. Then the forgetful functor E-Cat — E-Gph
is monadic and the induced monad is Id%. a

Proof. Suppose we are given X € E-Gph. We set the identity id,: 1 — Id%(X)(a,a) to be the coproduct
injection at a € X (a,a):

1= [ XG@ldali+1) — [ ] X&lil,x[i+1])

<0 XEX+<(Z’(J,) i<x.lind

On the other hand, we define the composition comp,, ; . Id%(X)(a, b) x Id%(X) (bye) — IdﬁE(X)(a7 ¢) as the one
induced from the infinitary distributivity of E and the canonical isomorphism

I x&ixi+1)x [[ XeUlybi+1)= [ Xyl x -+ yli +1])
i<x.lind j<y.lind 1< (xHpy).lind

for each x € X (a,b),y € X (b, c), where x +, y is the concatenation as in (B.2.11.2). It is a routine to check
that these data satisfy the axioms of an E-category.

We now show that the E-category IdﬁEX equipped with the unit nx: X — Id%X (Construction B.2.11) is
free on X. Let Y be an E-category and f: X — Y be an E-graph morphism. There exists a unique E-functor

f: IdﬁEX — Y such that nx § f = f in E-Gph. Indeed, it must satisfies the following conditions.

(1) fo is equal to fo.
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(2) For each x € X (a,b), the morphism f,  restricts the following composite:

T [Lich fxti) i+ . . comp
TT (el xli + 1)) === T] Y (fo(x[i]), fo(x[i + 1)) — Y (fo(a), fo(b))
<n i<n
Here, the latter morphism labelled by ‘comp’ is the n-fold composition in Y, which is uniquely deter-
mined by axioms of an E-category.

These conditions obviously show the uniqueness of such E-functor f. Tt is also obvious that they define (at
least) an E-graph morphism f. One can readily check that such graph morphism f preserves the identity and
composition, and hence it is the desired E-functor.

Applying the above construction to the case when X = IdﬁEX, Y = Id%X, and f = Id, we show that the
multiplication px coincides with the one defined in Construction B.2.11.

It remains to show the monadicity. Now the comparison functor K : E-Cat — Id%—AIg is described as
follows.

e For each E-category Y, the underlying E-graph of KY is the same as that of Y. The structure
morphism agy : Idi:Y — Y of an IdﬁE—algebra is constructed as 2 with f: Y — Y is the identity
graph morphism on Y.

e For each E-functor g: Y — Y, one can easily check f preserves the Id%—algebra structures because
the ay and o4 are defined by iterated use of concatenations in Y and Y’ respectively.

Given an Id%—algebra (Z,az), restricting az to the summands whose indices are sequences of length 0 and 2,
we obtain identity and composition for Z, and this indeed defines an E-category. Obviously, K Z coincides with
Z by the coherence, and this shows (essential) surjectivity of K. By the same reason, an E-graph morphism

becomes an E-functor when it preserves the structures of Id%—algebras, which shows the fully faithfulness of
K. O

By Lemma B.2.7, we conclude the following.
Corollary B.2.13. IdﬁE preserves small coproducts for each infinitary distributive category E. a

Corollary B.2.14. For each infinitary distributive category E, the forgetful functor E-Cat — E-Gph is
faithful and creates small coproducts and limits. In particular, E-Cat is infinitary distributive, and it is infinitary
lextensive if E is so. J

The next proposition is the point at which the assumption that E is infinitary lextensive becomes indis-
pensable in our development.

Proposition B.2.15 (| , Theorem 3.7]). Let E be an infinitary lextensive category. Then the monad
IdﬁE is cartesian. N

Proof. Suppose we are given a pullback square (B.2.9.1) in E-Gph. Since IdﬁE does nothing on objects, the image
of (B.2.9.1) under Id;i3 is a pullback square at the level of objects. Now it remains to show that the hom-part of

the image of (B.2.9.1) under IdﬁE is a pullback square in E. To this end, we observe that the following square is
a pullback square in Fm(E) for each w,w’ € Wy. Here, we write (z,2’), (y,v’), (z,2’) for the images of (w,w’)
under vg, ug, Vo § fo respectively.

(ILi<w.ting W (Wli], wli + ”))wewgf(w,w') — icyiina Y (¥l y[i + 1}))yEYO+<y’y’>
(Hi<x.|ind X(X[ZL X[Z + 1]))x€X(T<z,m/> — (Hi<z.|ind Z(Z[ZL Z[Z + 1]))Z€Z(T<szl>

Indeed, this follows from Lemma B.2.2, the description of pullbacks (Example B.2.9) in E-Gph, and that
pullbacks commute with products. By sending it by [[—: Fm(E) — E, the infinitary distributivity of E

concludes that the hom-part of the image of (B.2.9.1) under IdﬁE is a pullback square in E.
Now it remains to show the multiplication and unit of IdﬁE are cartesian natural transformations. We only

show the cartesianness of the multiplication, as the other case is similar and easier. Suppose that we are given a
morphism f: X — Y in E-Gph. The hom-part of the naturality square for the multiplication at f is, through
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the isomorphism obtained by using the infinitary distributivity of E (B.2.11.1), identified with the image of the
following square under [[: Fm(E) — E.

i<x.lin X(u(i -’u4 j+1 i<y.lin Y i '7 +1
(I sope XU+ 1)) (I coyuo YO@ULNOGED)
UETT; eina Xo (X[l x[i+1]) VElLicy ima Yo' Wiy li+1])
(Hi<x,|ind X(X[LLX[Z + 1]))x€X0‘<u.b> (Hi<yA|ind Y(y[?], y[l + 1]))yEYK,Jr (f(a),f(b))

Here, the horizontal morphisms are induced from f in an obvious way, and each component of the vertical
morphisms is a canonical isomorphism rearranging indices of the products, and hence the square above is a
pullback square by Lemma B.2.2. Now infinitary distributivity of E concludes the desired cartesianness. (]

Lemma B.2.16. Let F': A — B be a functor between finitely complete categories that preserves pullbacks.
Let I be a finite set. Observe that I-products are captured as the right adjoints of the diagonal functors
const: A — AT, const: B — BZ. Then the mate with respect to those adjunctions of the following commu-
tative square is cartesian.

FI
Al B!
const = const

Proof. The commutative square above is the composite of the following commutative squares:

A I gy UL g

4\
constT const Tconst
I

where F/;: A — B/F1 is the functor obtained from F' by slicing over 1, and (F1);: B/F1 — B is the
forgetful (domain) functor. Since F); preserves [-products, the mate of the left square is an isomorphism.
Thus, it suffices to show that the mate of the right square is cartesian. The desired mate, however, is the mate
of a square of the following type, with respect to the adjunctions (F1); 4 (F1 x —) and (F1){ - (F1 x -

B/F1)! U7 gr

n s ln

One can easily observe that the units and counits of these adjunctions are cartesian, which completes the
proof. (]

Construction B.2.17. Let E, E’ be infinitary lextensive categories and F': E — E’ be a functor that preserves

small coproducts. We define a natural transformation IdﬁF: IdﬁE s -Gph = F-Gph IdﬁE as follows. Let
X € E-Gph be an E-graph, and let a,b € X be objects of X.

e The function ((Id%)x)o: F-Gph(ld% (X))o — Id%(F-Gph(X)), is the identity on X.
e The morphism ((Id%)x)as: F-Gph(ld(X))(a,b) — Id%(F-Gph(X))(a,b) is, through the identifica-
tion

F IT Il xx@xi+1))= [ <H X(x z+1])> (B.2.17.1)

x€X+<a by 1<x. lind xEX;r (a,b) i<x.lind

obtained by using the preservation of small coproducts by F', defined as the image (under [[ —: Fm(E) —
E) of the family of canonical morphisms

( ( T x(i), x[i + 1)) >H 11 F(X(x[i],x[i+1]))>
i<x.lind i<x.lind xeX(T(n,,b)
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that is obtained as components of the mate of the commutative square F §const = constg F*!ind. | —;
E*!i"d with respect to const - [ <x.iina- Note here that such mate is cartesian by Lemma B.2.16 if '
preserves pullbacks, and an isomorphism if F' preserves finite products. a

Remark B.2.18. By the last remark of the second item of Construction B.2.17, in the setting there, the
transformation IdﬁF is an isomorphism if F' preserves finite products. On the other hand, by the characterisation
Proposition B.1.5 of infinitary lextensive categories, this transformation IdﬂF is cartesian if I’ preserves pullbacks.

J

Lemma B.2.19. In the setting of Construction B.2.17, the pair (F-Gph, Idgy) defines an oplax monad morphism
of type (E, Id%) — (E, Id%,). J

Proof. We only check the compatibility with the multiplication, as the unit case is similar and easier. Let X
be an E-graph and a,b € Xj. Since all the transformations we consider are identity-on-objects, it suffices to
show suitable commutativity at the level of hom-objects. The two morphisms we want to compare are, through
the identifications (B.2.11.1) and (B.2.17.1) coming from the infinitary distributivity and the preservation of
small coproducts by F, described as the images under [[: Fm(E) — E of the two composites from top-left to
bottom-right in the diagram below. Thus, it suffices to show that the square commutes in Fm(E).

N N (concat,—) : .
<FH isdind X(u(@)[j], u(@)]j + 1D> xEXF (a,b) (F Tlicxiing X (x[a] x[i + 1D)xexoﬂa.w
g<u(i).lin o (@, s
UETT; ccing Xo (x[d]x[i+1])
(Id,fﬂ (1=
(Hjif:((i;iniid FX(u@l) u@l + 1])> x€X{ (a,b) (concat,—) (i ing X (el x[i + 1]))XGXJ<”~Z’>

UETT, o g X0 (i) x[i+1])
(B.2.19.1)
Let us explain each component of the morphisms in the diagram above.

e Each component of the left and right vertical morphisms is a component of the mate of the commutative
squares

T <x.tind Frao)-find
_ooi<xlid T

IT; < ing B0 [Tic s ting /@) lind

o ., const loew . const Exlind _FX"™ g lind
i<x.lind i<x.lind
Ex.lind Elx.lind and constT Tconst
constT Tconst E # E/
E E’
F

with respect to the adjunctions

const ¢ H const H (Hj<u(i)_“nd —) $[Licxing— and const 4TT, g — (B.2.19.2)
i<x.lind i<x.lind
respectively.
e Each component of the bottom horizontal morphism is a component of the mate of the commutative
square

I1 ind E/u(d).lind = Jo/concat(u).lind
i<x.lin

const$[ 1; o jing const]\ Tconst
E E’

with respect to the adjunctions (B.2.19.2). Here, the function concat is the concatenation of lists
observed in (B.2.11.2), and the top horizontal isomorphism is the canonical one rearranging indices.
Since this is an isomorphism, the resulting mate is an isomorphism.

For the top horizontal morphism, we can argue similarly using E instead of E’, but consider the
images under F' of the components.
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Now the commutativity of (B.2.19.1) follows from the obvious commutative square

o

Hi<x find Fu(@)-lind = Econcat(u).lind

Hi<x,|ind Fu(i).lindl J{Fconcat(u).\ind

I ting Eru()lind =, /concat(u).lind
using the uniqueness of the mates. .

Proposition B.2.20. Let us write mnd,(K) for the 2-category of monads and oplax monad moprhisms in a
2-category K. The assignment E — (E-Gph, Id%:) (Construction B.2.11), together with Construction B.2.17 on
1-cells, extends to 2-functors making the following diagram commute.

(—Gph,ld* )

oo-LextCAT ——————— mnd,(co-LextCAT)

T T

0o-LextCART W mnd, (co-LextCART) (B.2.20.1)
L |
CAT —c CAT

Here, the upward vertical arrows are the inclusions, and the downward vertical arrows are the forgetful 2-
functors. -

Proof. By Proposition B.2.10, Lemmas B.2.7, B.2.8 and B.2.19, Corollary B.2.13, and Remarks B.2.5 and B.2.18,
considering the local faithfulness of the forgetful 2-functor mnd,(K) — K, it remains to show

e the 1-functoriality of this assignment and that
e for each 2-cella«: F = G: E — E/, the natural transformation a-Gph: F-Gph = G-Gph: E-Gph —
E’-Gph defines a modification of oplax monad morphisms of type (F-Gph, IduF) = (G-Gph, Idua).
The 1-functoriality is obvious from the Construction B.2.17 because taking mates is compatible with com-
positions of squares. Thus, we show the latter modification condition. By the Construction B.2.17, this reduces
to showing that for each E-graph X and x € XS', the following diagram commutes. Here, the top and bot-

tom horizontal morphisms are those used in Construction B.2.17: i.e., components of the mates of suitable
commutative squares.

F (Hi<x.lind X (x[d], x[i + 1])) - Hi<x.|ind F(X(x[i],x[i +1]))
F T <x.tind ax<x[i],x[i+11>l lHKX.nm QX (x[i] x[i+1])
G (ITicxing X (x[i], x[i +1])) —— Tl ing G(X (x[], x[i +1]))

This follows from the following obvious identity of transformations

(B.2.20.2)

Gx-lind Gx-lind
. — > . lind — > lind
Ex.llnd ax‘“"dﬂ Elx.llnd Exlin E/x, in
~ —
constT x-lind Tconst = constT a Tconst
= T
E E’ E aft E/’
~ ~_
F F

since the top-right composite of (B.2.20.2) is a component of the mate of the left-hand side square above, while

the bottom-left composite is a component of the mate of the right-hand side square above. O
Using the above 2-functorial construction, we obtain a 2-functorial alternative of | , Definition 4.8]
taking care of cartesianness of transformations, which enhances Leinster’s T% in | , Proposition F.1.1].

Before stating it, let us recall some basic facts and notations on 2-categories and formal monad theory.

Fact B.2.21. By K, we mean a (possibly huge) 2-category. As noted in Proposition B.2.20, we write mnd, (K)
for the 2-category of monads, oplax monad morphisms, and modifications. We also write mnd(K) for the sub
2-category of mnd,(K) spanned by strong monad morphisms.

(i) The assignment K — mnd,(K) is 2-functorial in an obvious way.
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(ii) A distributive law in K is precisely a monad in mnd,(K), and taking composition of distributive laws
assembles into a 2-functor of the type

mnd, (mnd, (K)) — mnd,(K)

in a natural way. a

Now we are ready to define the sharp construction in a 2-functorial way.

Definition B.2.22 (cf.| , Proposition F.1.1]). Applying the 2-functorial assignment B.2.21.(i) to the top
and mid horizontal 2-functors in (B.2.20.1) and post-compose them with the 2-functor B.2.21.(ii) for £ =
oo-LextCAT and K = oo-LextCART, we obtain an endo-2-functor

(E,T) — (E-Gph, T*%): mnd,(co-LextCAT) — mnd,(co-LextCAT)
that restricts to an endo-2-functor on mnd,(co-LextCART). We call them the sharp construction. 4
Remark B.2.23. Considering Remark B.2.18, the endo-2-functors in Definition B.2.22 give rise to another

endo-2-functor on the locally full sub-2-catgeory of mnd(co-LextCAT) spanned by monads in co-LextCART
and strong monad moprhisms whose underlying functors preserve finite limits. a

Remark B.2.24. Unpacking Definition B.2.22, we obtain the following explicit description of the sharp con-
struction. See also | , Appendix FJ.
Let E be a infinitary lextensive category and 7' be a monad on E in co-LextCAT. The monad T* on E-Gph
is described as follows:
(i) (T*X)o = Xo
(ii) For each a,b € X,
@xX)ab) = [ [ 7@+ 1),
a':'eXJ(a,b) <& lind
In particular, we have
(T*1)o = 1={x}, (T*1)(x,%) = [[(TD)" = (T1)", (B.2.24.1)
neN
where (—)* is the list object in E. Moreover,

(T*(T*1))o =1, THT1)(x,%) =[] <T (]_[ (Tl)m>> ~ ] (H T((Tl)m)> .

neN meN neN \meN

(iii) Consider the following morphisms in E.

THT* 1) (%) = [ (H T((Tl)m)) — 11 (H (TTl)m>

neN \meN neN \meN

o n

1L (L, (i)™ 11 (]_[ (Tl)m> =T1" — T1* = T*1(, %)
neN \meN c

Here, the first morphism is the canonical one induced by the universality of (=)™, and the last

morphism is the concatenation of lists. The composite gives the multiplication ,u{n at 1 for the monad

T*, while the unit nfﬂ : 1 — T*¥1 is given by the composite

T
1(#,%) =1 15 T1 —s T1% = T4 (x, #)

where the latter function is the unit for the free monoid monad. J

Our construction is different from | , Definition 4.8] in the following points:

o We work in a 2-categorical level, which means the construction is 2-functorial.

e We are taking care of cartesianness of transformations, while | | does not.

e Objects of our 2-categories are infinitary lextensive categories, while | | works with infinitary
distributive categories.

e Morphisms in the category of monads in | | are lax monad morphisms with underlying functors
preserving finite products and small coproducts, while we work with oplax monad morphisms whose
underlying functors preserves pullbacks and small coproducts.
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However, since those two constructions are identical on objects up to isomorphism, we can safely use | ,
Theorem 4.15] to some extent, and obtain the following theorem. Before stating it, let us recall, for example,

from | , Section F.2|, that there is an equivalence w-Gph —> GSet from the category of w-graphs (i.e.,
iterated enriched graphs) to the category of globular set (see also Remark B.3.5). This in particular induces an
equivalence GSet-Gph —> GSet, which in turn coincides with that we will observe in Proposition B.3.1 in more
general setting (see Remark B.3.4).

Theorem B.2.25 (cf. | , Theorem 4.15]). Let T be the free strict w-category monad on GSet. Then there

is an equivalence (GSet-Gph, Tﬁ) — (GSet, T) of monads whose underlying functor GSet-Gph — GSet is the
above equivalence. a

The following follows from several known results like | , Proposition F.1.1] and | , Lemma 4.11],
but we also give a proof from our perspective.

Corollary B.2.26 (cf. | , Proposition F.1.1], | , Lemma 4.11]). Suppose we are given an infini-
tary lextensive category E equipped with a monad T in oco-LextCAT on it. Then the forgetful functor
(T-Alg)-Cat — E-Gph is monadic and the induced monad is T*. J

Proof. Observe that the forgetful functor T-Alg — E creates small coproducts and pullbacks, and hence T-Alg
is infinitary lextensive. Moreover, by the Construction B.2.11 and Proposition B.2.12, the monad IdﬂT_ Alg 01

T-Alg-Gph lifts the monad Id% on E-Gph along the forgetful functor, which means that the following square
commutes and the multiplications and units are compatible.

#
7 Alg

(T-Alg)-Gph —— (T-Alg)-Gph

| l

E-Gph — E-Gph
E

On the other hand, an algebra for the monad T-Gph on E-Gph is precisely a T-Alg-enriched graph. Therefore, it
suffices to show that the lax monad morphism (E-Gph, T-Gph) — (E-Gph, T-Gph) induced by the above square

coincides with (Id%“7 IdﬁT). To this end, let us write U: T-Alg < E : F' for the free-forgetful adjunction. It suffices

to show that the transformation IdﬁF coincides with the mate of the above square. By the Construction B.2.17,
this is reduced to showing that for each X € E-Gph and x € X, the following diagram commutes.

F(ITi<xiing X (x[i], x[i +1])) [Licxiing F(X (x[d], x[i + 1]))
F Hi<xAIind 77X(x[i],x[i+1])l Teni<x.lind FX (x[i],x[i+1]) (B'2'26'1)
F(IT;ting UF (X (x[i] x[i + 1]))) = FU (< na F(X (x[i] x[i + 11)))

Here, the top horizontal morphism is a component of the mate of the square on the left below with respect to
the adjunctions associated to functors named const in the diagram. On the other hand, the composite of the
path of morphisms is a component of the following natural transformation: First take the mate for the square
on the right below with respect to the adjunctions const - J],_ i.q» and then take the mate for the resulting
square with respect to the adjunctions F' - U, F*!ind 4 yxlind goain.

Exlind Fr-lind T_Algx.lind T_Algx.lind p-lind Foxlind

constT Tconst constT Tconst

E — T-Alg T-Alg — E

Now the commutation of (B.2.26.1) follows from the obvious fact that the left hand square above is the mate
of the right hand square with respect to the adjunctions F 4 U, Fxfind o gy=.lind (I

B.3. Familial sharp construction

Proposition B.3.1. If E is a presheaf category, then so is the category E-Gph. Moreover, given a shape C of
E, the shape G[C] of E-Gph is given by the collage of the constant copresheaf A({cp,70}): C — Set, viewed
as a profunctor {0} x C — Set: that is, the objects of G[C] form the disjoint union {0} L {c+1|c € ObjC};*

4Here7 ¢+ 1 is the copy of an object ¢ € C in G[C].
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the morphisms are those coming from C, denoted f + 1 for each f € MorC; and, for each ¢ € C, we have
G[C)(0,¢+ 1) = {00, 70}, subject to the relation o¢ § (f + 1) =705 (f + 1).

The equivalence
PshG[C] = PshC-Gph (B.3.1.1)
sends a presheaf X : G[C]°P — Set to an PshC-graph (Xo, X(—, —)), where X (a,b) is defined as the pullback

X(a,b) — (=+ 175X
Lo
RGN\
(XO X Xo)
in PshC. Here, (— 4 1): C — G[C] is the inclusion defining the collage G[C]. 3

Proof. Since E is an infinitary distributive category, for each set S, there is an equivalence

[Sx S,E|~E/ [[1=E/A(S x 5),
SxS
which is natural in S € Set. Here, A: Set — E is the ‘diagonal’ functor, i.e., the left adjoint to the global
sections functor E(1, —): E — Set. This implies that the category E-Gph is the Artin glueing | , Section 4]
of the functor A x A: Set — E (defined by S — A(S) x A(S)), which is the nerve of the profunctor
{0} x C — Set defined above. By | , Lemma 4.9], the category E-Gph is a presheaf category and its shape
is the collage of this profunctor, namely G[C] as described. O

Remark B.3.2. Let F': C — C’ be a functor between small categories. Then F induces a functor G[F]: G[C] —
G[C'] defined by 0+ 0, ¢+ 1 — F(c) + 1 for each c € C, and 0., 7. = 0p(c), Tr(c)- In the same way, a natural
transformation a: F = F’: C — C’ induces a natural transformation Gla]: G[F] = G[F’] defined by 0 — Idg
and c+1 — a.+1 for each ¢ € C. This assignment defines a 2-functor G[—]: Cat — Cat, and it is compatible with
the 2-functor —-Gph: CAT — CAT through the contravariant presheaf construction Psh(—): Cat®*°? — CAT
and the equivalence (B.3.1.1). a4

Proposition B.3.3. The functor G[—]: Cat — Cat is a parametric left 2-adjoint: i.e., it lifts through the
forgetful functor Cat, — Cat from the 2-category Cat, of pointed categories, and the resulting functor is a left
2-adjoint. a

Proof. Note that G[()] is the terminal category {0}, and the slice of G[—] under () gives a functor G[—]g,: Cat —
Cat,. It suffices to show that this functor is a left adjoint. For each pointed category D = (D, dy), we can
construct a category C as the category of elements for the copresheaf D(dy, —)?: D — Set obtained by powering
the representable copresheaf D(dg, —) by 2. Let us write p: C — D for the discrete opfibration. Define the
counit G[C] — D to be the pointed functor induced from the morphism A({c,7}) — D(do,p(—)) in [C, Set]
sending o and 7 to a and b respectively, for each (z, (a,b)) € Obj(C) = [[,cp D(do, ). It is routine to verify
that these data indeed give the cofree object on D with respect to the functor G[—|g,: Cat — Cat.. ]

Remark B.3.4. Starting from G_; = ), we can inductively obtain categories G, by G, 1 = G[G,], and this
coincides with the categories defined in Definition 1.1.1.1. The inclusion G,, — G,, ;1 is the image of the unique
functor !: G_; — Gg under the n-fold iteration of G[—]: Cat — Cat. Moreover, the category G of globes is the
colimit of the sequence G_; «— Gy «— -+ «— G,,_1 <> G,, —> --- obtained in this way.

By Proposition B.3.3, the 2-functor G[—] preserves all connected (conical) colimits. Therefore, this expres-
sion of G equips it with the structure of the initial G[—]-algebra, by Adamek’s fixed point theorem. In particular,
the algebra structure G[G] 2 G is an isomorphism, and through this isomorphism, we identify G[G] with G. This
identification indeed means that the formal symbol 0 and the formal addition — + 1 in G[G] are interpreted as
the zero and successor of natural numbers underlying G.

Under this identification, the equivalence (B.3.1.1) gives an equivalence GSet-Gph ~ GSet, and this coincides
with the equivalence appearing in Theorem B.2.25. a

Remark B.3.5. Remark B.3.4 explains how G is obtained as a colimit of the iterated application of G[—], and
hence we obtain the category GSet as the limit of the sequence 1 «— Set «— --- «— PshG,,_; «— PshG,, «—
-++. On the other hand, the category w-Gph of w-graphs is defined as the limit of an equivalent sequence 1 «—
Set « -+ « (n —1)-Gph «— n-Gph «— .- obtained by iterating the enriched graph construction —Gph
starting from the terminal category 1. However, this does not show the equivalence GSet ~ w-Gph immediately,
since we must first check that those limits are bilimits in CAT. These can be checked directly by computing
the pseudo-limits of those sequences, but we can also verify this by observing that PshG,,_; — PshG, and
(n — 1)-Gph «— n-Gph are isofibrations for each n > 0. 4
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Fact B.3.6 (| ). Let A,B be small categories and F': PshA — PshB be a functor between the presheaf
categories. Then the following are equivalent:

e F is a parametric right adjoint, i.e., the sliced functor F);: PshA — PshB/F1 over the terminal
object 1 € PshA is a right adjoint.

e There is a functor (—): B/F'1 — PshA such that the slice F; is isomorphic to the nerve of (—).

A functor F satisfying these equivalent conditions is called familial. By virtue of the second item, F' is completely

determined by the pair (F'1, (/—\)) of a presheaf on B and a functor (—): B/F1 — PshA from the category of
elements. We call this pair the familial representation of F'. a

The above fact implies that familial representations and familial functors are essentially the same notion.
This observation can be enhanced to an equivalence of categories.

Definition B.3.7. Let A,B be small categories. We write Fam(A, B) for the category of familial functors
PshA — PshB and natural transformations between them. In other words, Fam(A,B) is the Grothendieck
construction of the functor

(PshB)/— RA(PshA, —)

X — RA(PshA, PshB/X): PshB°P RA

CAT,
where R.A is the huge 2-category of categories, right adjoints, and natural transformations. a
From this perspective, cartesian morphisms between familial functors can be characterized as follows. The

proof is straightforward from the pasting lemma for pullback squares and the definition of cartesian morphisms
in a Grothendieck fibration.

Lemma B.3.8. In the situation of Definition B.3.7, a morphism in Fam(A, B) is cartesian with respect to the
Grothendieck fibration over PshB if and only if the corresponding natural transformation is cartesian. a

We write Fameayt for the locally wide sub-2-category of Fam consisting of cartesian morphisms.

Definition B.3.9. Let A and B be small categories. We define a category FaniR(A,B) as the Grothendieck
construction of the functor

(B/-)** [—, PshA]*P

X — [B/X,PshA]°P: PshB°P Cat®? CAT
We write FamiR cart (A, B) for the wide subcategory of FamiR (A, B) consisting of cartesian morphisms with respect
to the Grothendieck fibration. N

The following are well-known and obvious from the folklore results on the nerve construction.

Lemma B.3.10. The nerve construction gives an equivalence
[B/X, PshA]°P ~ RA(PshA, PshB/X)
for each X € PshB. These equivalences are pseudo-natural in X and hence induce equivalences
FamR (A, B) ~ Fam(A,B), FanmiRcart(A, B) =~ Fameart (A, B)

over PshB. a
Remark B.3.11. In particular, by Lemma B.3.8, Lemma B.3.10 gives another characterisation of carte-
sian morphisms between familial functors: a natural transformation «: F© — G between familial functors
F,G: PshA — PshB is cartesian if and only if the induced morphism B/ay ;(/—\)G = (/—\)F: B/F1 — PshA
is an isomorphism, where (F'1,(—)) and (G1,(—)) are the familial representations of F' and G respectively.

This is observed e.g. in | , Proposition 3.8] and | , Proposition 1.7], and is used in Lemma 1.1.3.1.

_

Remark B.3.12. Let A, B, C be small categories. Through the equivalence observed in Lemma B.3.10, we have
a composition of familial representations:

FamR (A, B) x FamiR(B,C) — FamiR(A,C)
This sends a pair (F'1, QF) € FamiR(A,B), (G1, QG) € FamiR (B, C) to a familial representation (H1, QH) €
FamiR(A, C) defined as follows.
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e H1 is the image under the projection PshC/G1 — PshC of the presheaf PshB((/—\)G7 F'1). In other
words, the category of elements C/H1 fits into the following pullback square:

C/H1 —— PshB/F1

-
projection

c/G1 ——— PshB

G

e The functor (/—\) g C/H1 — PshA is the composite of the top horizontal arrow in the above

pullback square followed by the left Kan extension PshB/F1 — PshA of (/—\)F: B/F1 — PshA
along the yoneda embedding B/F1 — PshB/F1. For each (¢,m,¢) € C/H1 with = € G1,. and

—

¢ € PshB((¢, ), F1), we have the following expression:

—

(c,m, (z))H = COhIB\ (b, ¢b(p))F
(b,p)€B/(c,m)

On the other hand, the identity familial representation on A is given by (1, x), where 1 is the terminal A-presheaf
and k: A/1 = A — PshA is the yoneda embedding. a

Definition B.3.13. Let A be a small category. A familial monad on a presheaf category PshA is a cartesian
monad whose underlying endofunctor is familial. a

Lemma B.3.14. Let A,B be small categories and F': PshA — PshB be a familial functor whose familial
representation is given by (F'1,(—)). Let | be a small category. Then the following are equivalent:

e [ preserves |-colimits.
e For each m € B/F1, the representable functor PshA(7, —): PshA — Set preserves |-colimits.

In particular, the functor F' preserves small coproducts if and only if each 7 is connected. a

Proof. Since small colimits are computed pointwise in any presheaf category, the latter condition is equivalent
to saying that the nerve functor F;: PshA — PshB/F'1 preserves I-colimits. This is in turn equivalent to the
former condition since the slice projection PshB/F'1 — PshB creates all colimits. (I

Definition B.3.15. A functor between presheaf categories is connectedly familial if it is familial and preserves
small coproducts. A connectedly familial monad is a cartesian monad whose underlying endofunctor is con-
nectedly familial. We write CFMonC for the category of connectedly familial monads on PshC and cartesian
(icon-)monad morphisms between them. a

Definition B.3.16. Let E be a category. An n-pointed E-enriched graph is an E-enriched graph X equipped
with n elements zg,...,zn—1 € Xo. We write E-Gph,,, for the category of n-pointed E-enriched graphs and
E-graph morphisms preserving points. a

When n = 1 we write E-Gph,, and when n = 2 we write E-Gph,,. Observe that the equivalence (B.3.1.1)

extends to an equivalence Psh,,,G[C] = PshC-Gph,,,, when G[C] is pointed by 0.

n*?
Proposition B.3.17. Suppose that E is a category with an initial object. There is an adjunction
E-Gph,, T E

ok ——
such that the right adjoint sends a 2-pointed graph (X, a,b) to the hom X (a,b), which we call the hom functor.
We write X: E — E-Gph for the left adjoint following the forgetful functor E-Gph,, — E-Gph, which we call
the suspension functor.

In particular, when we take E = PshC for a small category C, the equivalence (B.3.1.1) induces an adjunction

Psh...G[C] < PshC (B.3.17.1)
whose left adjoint following the forgetful functor Psh,.G[C] — PshG[(] is also called the suspension functor,
and denoted by X as well. a

Proof. Let E € E be an object. Define a E-graph X E by (X E)g = {*,+'} and
E ifz=xandy=~+
S E(z,y) =
LE(,y) {(Z) otherwise.

One can easily check that (X F, (x,x")) defines a free object on E with respect to the hom-functor E-Gph,, —
E. O
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Remark B.3.18. When C is a fixed point of G[—] such as G observed in Remark B.3.4, then the adjunction
(B.3.17.1) induces an adjunction of the form

hom: Psh,,C<T; PshC: X.
This gives the usual hom-suspension adjunction for globular sets observed in Remark 1.1.1.9. a

Definition B.3.19. Let D = (D, 0) be a pointed small category. Then we define a category Psh,,.D of n-pointed
presheaves over D as the under category [, _,, %(0)/PshD. In other words, an n-pointed presheaf is a presheaf
X: D°P — Set equipped with n elements xg,...,T,_1 € Xo. a

Lemma B.3.20. Let E be a category with finite colimits, which is pointed by an object e € E. We write E,,.
for the total category of the n-fold fibred power of the fibration e/E — E over E. Then there is an adjunction

E(n+1)* <I> (EQ*)n

whose right adjoint sends (X,x) to the finite family (X, (x[4],x[i + 1]))i<n, where we think of x € E(e, X)"+!
as a (non-empty) list of length n + 1.

In particular, when we take E = PshD for a pointed small category D = (D,dy) and e = Xx(dy), the
adjunction is of the following form:

Psh,, ,1.D T (Psh,.D)" (B.3.20.1)

J

Proof. Let zigzag™ be the category freely generated from the barycentric subdivision of the Hasse diagram of
the poset [n]:

i NN N SN

On the other hand, let cocone™ be the shape category for the cocone over the discrete category with n + 1
objects. In other words, cocone” is the category obtained by freely adding the terminal object to the discrete
category with n + 1 objects (denoted by n + 1). Observe that the following identity transformation

n+1 «—— cocone™

H xd Tz

n+1 —— zigzag"

exhibits n+ 1 as the comma category of the upper-right corner. Here, horizontal functors are the inclusions and
the functor i: zigzag" — cocone™ sends each vi11 (k < n) to the vertex of the cocone. Therefore, considering
the (pointwise) left Kan extension along i, we obtain an adjunction

i*: [zigzag", E] I [cocone™, E] :i
over E™*! through the canonical projections. The desired adjunction is the fibre of this adjunction at the
constant (e, ... e) € E*tL O

Construction B.3.21. Given a small category C, consider the following functors.

(B.3.20.1)

B.3.17.1
B317D) pen.. g ~ B30 pop 6l — Psh..G[C]

()"
This assembles into a functor Br: (PshC)* — Psh,,G[C|, from the list category (PshC)* := ]\ (PshC)".

(PshC)™

e The functors marked with (B.3.17.1) and (B.3.20.1) are the left adjoint parts of the adjunctions referred
there.
e The last functor forgets points other than the first and last points. a

Remark B.3.22. Let C be a category and X be a presheaf on C. For each n € N, the universality of n-th
power induces a functor C/X™ — (C/X)", which assembles into a functor

C/X* — (C/X)". (B.3.22.1)

Here, we write (—)* for the list objects in PshC and Cat (see also Construction B.3.28). 4
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Definition B.3.23. Let C be a small category. The functor +1: C — G[C] induces a functor (+1)* :=
(+1)°P s —: PshG|[C] — PshC. Considering the unique family of morphisms A({o,7}) — Set(,C(c, —)) in
[C, Set] that are natural in ¢ € C°P, the universality of G[C] induces a profunctor C°P x G[C] — Set. We write
shift: PshC — PshG[C] for the nerve of this profunctor, which gives a section of (+1)*. This sends a presheaf
X to the presheaf shift(X) defined by

o shift(X).+1 = X,, and
o shift(X)o = 1. 5

The following lemma is obvious from the above definition of shift.

Lemma B.3.24. For each presheaf X, the category of elements G[C]/shift(X) is isomorphic to G[C/X]. In
particular, G[—| preserves discrete fibrations. 3

By this lemma, the universality of G[C/X] as a collage immediately gives the following isomorphism of
categories for each pointed category D = (D, dy) and each presheaf X over C:

+15—: [(G[C]/shift(X),0), (PshD, x(do))] = [C/X, Psh...D] (B.3.24.1)

Here the left-hand side is the subcategory of the functor category [G[C]/shift(X), PshD] consisting of functors
and natural transformations respecting the distinguished points.

Construction B.3.25. Let C be a small category and T be a monad on PshC whose underlying endofunctor
is connectedly familial and whose familial representation is given by (7'1, :). Then, by Definition B.2.22, the
sharp construction gives a monad 7% on PshG[C].

(i) Applying Proposition B.3.1 to Remark B.2.24, we obtain a canonical isomorphism T*#1 2 shift(T'1*).
(ii) We define a functor (—): G[C]/T%1 — PshG[C] as the transpose through (B.3.24.1) of the composite

*

(B.3.22.1) @

c/T1* (C/T1)* (PshC)* — B, psh,,G[C]

J

More explicitly, for each ¢ € C, n € N, and an element 7 = (7;41)i<n € (T1)" C (T*1).11, the object (c:rfr')
is defined as the colimit of the following zigzag diagram in PshG[C]:

— /\ /\

Y (e,m1) (¢, ma) (¢, )

/\/\/\/\

£(0)
(B.325.1)

We write * for the n+ 1 points of (c:rﬁ’) induced from the above zigzag diagram. If n = 0, we define (¢ + 1, %)
to be Xx(0), while for the unique element * € (T%1),, we set (0, %) = X(0) as well.
Proposition B.3.26. Let E be a presheaf category and T' be a monad on E that preserves small coproducts. If

the underlying endofunctor of T is familial, then so is 7%. When we fix a shape C of E, the familial representation
(T¥1,=) is given by Construction B.3.25. J

Proof. By Definition B.2.22, the monad T* is cartesian. Therefore, it suffices to check that the endofunctor T
satisfies the conditions in Fact B.3.6. One can easily check that T* preserves all wide pullbacks as shown in
[ , Proposition F.1.1], but we will prove this more directly by showing that the data (7%1, :) indeed gives
the familial representation of T%.

Let us first observe that, in general, given an n+ 1-pointed presheaf (D, d) over a pointed category D, there
is a family of isomorphisms

[T Pshni1.D((D,d), (X,x))) = PshD(D, X) (B.3.26.1)
xeX"Jrl

natural in X € PshD.?

5This follows from the more general fact that any projection from an under category is a left multi-adjoint. See, for example,
[ , Section 1].
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We obviously have a bijection (7%X), = PshG[C]((E,\*),X) natural in X € PshG[C], while there are the
following bijections over T#1.,; natural in X € PshG[C], and these conclude the proof. See Remark B.2.24 for
the fact that the first set gives the value of T*X at ¢+ 1 € G[C].

—

T I] rxixi+uy.= [T I 11 PshC((c,w),X(x[i],x[z’+1]))

xeXgr i<x.lind xeXSr i<x.lind m€T'1,

IT 1T II  TIPshc((emn) X(xllxli+ 1))

neN XEXS'+1 (7ri+1)i<n€T1;} i<n

=TT II  II  TIPshe-GIC((Z(cmn). (o), (X, (x[i) i+ 1))

nEN xe X+ (mit1)icn €T1T i<n

=1 II II PshersGiC((ct 1), 5, (X.x)

neNzeT1n X6X0n+1

~ J[ Pshcic ((cffﬁ), X)

TET 1 oqq

Il

The first bijection is the universal property of the familial representation of T', the second is just the distributivity
of the coproduct over the product, the third is the universality of the suspension, the fourth follows from the
adjunction (B.3.20.1), and the last is (B.3.26.1). O

Definition B.3.27. Thanks to Proposition B.3.26, for each small category C, the sharp construction restricts
to a functor (—)*: CFMonC — CFMonG[C].

We call this the familial sharp construction. a

In the remainder of this section, we explain how multiplication of T% is computed in terms of the familial
representation (71, =) of T'. In particular, we give an explicit description of the familial representation of T#T*.
To this end, we first introduce the following general construction that enhances the list construction.

Construction B.3.28. Let E be a category with finite limits and countable colimits. We define an endofunctor
(—)®: E2 — E?2 as follows.

e Given such a category E, we have the list endofunctor (—); on E defined as
=11
neN
induced from the polynomial 1 «— J[ .7 — N — 1 in Set.
e For each object e € E, there is an endofunctor (—)E/e: E/e — E/e since E/e has finite limits and

countable colimits. Moreover, this is lax natural as an endomorphism on the 2-functor e — E/e: E —
CAT whose Grothendieck construction is the codomain opfibration. Therefore, we have an endofunctor
(—)* on E2 over E.

e Finally, we define (—)® as the composite

(=) (—)w)?

E2 E2 E2.

Note that if we have a functor F': E — E’ that preserves finite limits and countable colimits, then we have
a natural isomorphism F § (—)% = (—)%& 3 F. In particular, if the category E is a presheaf category, (—)® is
calculated pointwise, because the evaluation functor ev.: E — Set at each representable object ¢ is continuous

and cocontinuous.
We call the object dom(f®) € E the 2-list of f € E2. 4

Remark B.3.29. In the case when E = Set, the functor (—)®: Set?> — Set? constructed in Construc-
tion B.3.28 is described as follows. For each morphism f: X — Y in Set, the function f® is defined as the
obvious projection of the following form forgetting the second component.

{(y,u) € Y* x X*| y.length = u.length, Vi < y.length Vj < u[i].length, f(ul[i][j]) =y[i]} — Y~

A pair (y,u) satisfying the condition in the domain is called a 2-list of f. In other words, if we consider f® as
a graph (f®, f®): dom(f®) = Y™*, it is precisely the underlying graph of the free strict monoidal category on
the graph (f,f): X = Y.6 J

6Since a strict monoidal category is precisely a 2-category with a single object, one can rephrase this as the free 2-categroy
construction on a 2-graph with one object and coincident source/target maps. Viewed this way, iterating Construction B.3.28
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Lemma B.3.30. For each small category C, observe that the assignment T — (T!: TT1 — T'1) extends to a
functor &v; : CFMonC — (PshC)2. There is an isomorphism filling the following square.

g
CFMonC — 1, CFMonG|C]

= ~ —
CVlJ = J{evl

(PshC)? (PshG[(C])?

_—
(—)®@sshift>

Proof. By Remark B.2.24.(i), it suffices to find a family of isomorphisms

®

TT1 (T*T*1)_ 14
lT! — l(Tﬁ!),+1
T1 (T*1)_s

in (PshC)? that is natural in 7' € CFMonC. Now (B.2.24.1) shows that we already have such isomorphisms at
the level of codomains. Let T be a connectedly familial monad on PshC. For each ¢ € C, we have

(T*T"1)e1 = [ (]_[ T((Tl)m)c> (Remark B.2.24.(ii))

neN \meN

= H H H PshC ((c,/;), (Tl)m> (familial representation of T')
neN \meNre(T1).

3

I
=

H H PshC ((c,/;), Tl) (universality of finite powers)
neN \meNnre(T1).

T ITw@yt e

neN \re(T1), meN

n

I
=

= H (dom((T!c);‘))" (definition of (—)* in Construction B.3.28)
neN
=~ dom(T"¥)
over the canonical isomorphism (7%1).,; = (T'1.)* that is natural in both ¢ € C and T € CFMonC. O

Proposition B.3.31. Through the isomorphism Lemma B.3.30 at a connectedly familial monad 7" on PshC,
we have the following descriptions of the multiplication of T* and the familial representation of T*T*%. Following
Remark B.3.29, we write (y,u) for an element of (T#T%#1)., 1, where y € T1* and u € (T1)** have the same
length.

. ,ufﬁ : shift(dom(T")®) — shift(T'1*) is the image under shift of the following composite:

® dom(;f{, !T1)®
_—

dom(T7y) dom(lpy)® = (T1)™ —<n<at ()=,

More explicitly, for each ¢ € C, the assignment

(y,u) — concat((u1 )" (u))

gives the multiplication (ulTﬁ)c_H of T# at ¢+ 1 € G[C].

—

e The familial representation (—) 47 : G[C]/(T*T*1) — PshG[C] is obtained as the transpose through
(B.3.24.1) of the composite

—

G324 crr1y 211 (Pshcy” —BL Psh..G[c],

C/dom(T'!71)® — C/(TT1)*

further yields an endofunctor on E[°”. On this construction, we conjecture that (i) this endofunctor is a restriction of the free

strict n + 1-category construction on n + 1-graphs with one object and coincident source/target maps, and (ii) an analogue of

!
Lemma B.3.30 holds for &v; : CFMonC — (PshC)[" r.1

]0

|
" that sends T to the n-chain T...TT1 ~—=% T ... T1 — --. L T1.
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where the first functor is induced from the composite

® dOIIl('d7 !T1)®

dom(T'71) dom(lpr1)® = (TT1)™ —<n<at , (p71)*

More explicitly, for each ¢ € C, an object (y,u) € (T#T*1).,1 is sent to the colimit of the following
zigzag diagram in PshG[C] of length > ._ uli].length:

<m

I AN e P N

*(0)
J

Proof. The first assertion is just a rephrasing of Remark B.2.24.(iii) via the equivalence (B.3.1.1). For the
second assertion, recall from Remark B.3.11 that there is a canonical isomorphism

/771 75 pshc

o~

| =L
/#1 O
C/T1
since pu” is cartesian. Since we already know that uTu is also cartesian by Definition B.2.22, by the naturality
of (B.3.22.1), it suffices to show the following diagram commutes in PshC.

om . ®
dom (T, )& 22T ppyen _coneat |y ye

domw?,!m@l l(u?)” l(u?)*

dom(I71)® —— T1** (T1)*

concat

The right-hand square commutes by the naturality of the concatenation map. The left-hand square commutes
because we have (p] )** = dom (u{ Id1)®. O

B.4. An inductive description of the free strict w-category monad

As observed in Definition B.3.27, using Propositions B.3.1 and B.3.26 and Remark B.3.2, Definition B.2.22
gives a functorial assignment that sends an object (C,T) to (G[C],T%). Now recall that the equivalence on
(GSet, T) in Theorem B.2.25 has its underlying functor given by Proposition B.3.1 (see Remark B.3.4). This
shows that T is a fixed point of Definition B.3.27 over GSet; we are considering the case C = G with the
identification G[G] = G observed in Remark B.3.4.

In the remainder of this section, we show that this fixed-point property of T suffices to characterise and
describe it completely. To this end, recall all the notations from Section 1.1.1 about globular sets, and the 2-list
(—)® for Set from Remark B.3.29.

Theorem B.4.1. Let T be any fixed point of the endofunctor (—)* on CFMonG. Through the isomorphism
T = T*¥, Construction B.3.25 and Proposition B.3.31 give the following description of 7.

(i) (TV)p: (TT1), — (T1), is (Id: 1 — 1)®", which is the n-fold iteration of (—)® applied to the
terminal object in Set™
(ii) The source and target maps of type (T"),41 — (T!), in Set™ coincide with each other, which we
denote by (0I71 9I1) and it is inductively determined as follows.
o (91T 0F"): (TY)y — (T!)o is the unique one towards the terminal object.
e 9 (y) = (0L1)*(y) for each list y of (T'1),11. Here (9]')* is the image under the functor
(—)*: Set — Set of 911
o (Onii)(y,u) = ((01) (¥), (95 "1) " (w)) for each 2-list (y,u) of (T!)n1.
(iii) The familial representation functor (—): G/T1 — GSet is given as in Construction B.3.25.(ii). More
explicitly, (n + 1,7) is the colimit of the diagram (B.3.25.1) for ¢ = n as in the following diagram. and
(0, %) is the representable presheaf G°.

/———ss\

TL,’]Tl ’Il,’/TQ

N \/\/”\
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(see also (B.3.25.1) for ¢ = n), and (0, *) is the representable globular set G°. Note here that (7'1),41
is the same as the set of lists (T'1)%, and we see the list ¥ = (m;41)i<n of elements of (T'1), as an
element of (T'1),,41.
The leftmost « and the rightmost ' in the above diagram give the parallel morphisms

—

091,10, 00 (n+1,7) = (0,%) — (n+1,7),
and for each m < n, the parallel morphisms
ot o0t (n+ 1,7) — (n+1,7)
are those induced from the universal property of the above colimit by the morphisms

(), (7 BT (n, mi41)) — 2 (m, mip1)

m

for each ¢ < n, respectively.
(iv) (0F)nt1(*ns1) € Tl,py = T17 is the list of length 1 whose unique element is (n7),,(*,) € T1,.

(V) (11 )ns1(y, w).length = 35, o oo (uld].length), and (7 )ni1(y, w)li + ] = (4 )n (uli] [j]).

In particular, this shows that 7" is the unique fixed point of (=) on CFMonG, which is the free strict w-category
monad T. a

Fact 1.1.2.3 can be obtained from the above theorem by removing descriptions concerning TT1 from The-
orems B.4.1.(i) and B.4.1.(ii) and Theorem B.4.1.(v). Although Fact 1.1.2.3 lacks some description about the
multiplication, as we observed in Section 1.1, it is still enough to characterise T, essentially because of Propo-
sition 1.1.2.17.

However, these descriptions of the multiplication provide an explicit algorithm for computing the multipli-
cation on any 2-pasting scheme. Recall that the procedure in Remark 1.1.3.7 yields a criterion for a pasting
scheme to be the valid result of multiplying a given 2-pasting scheme, but it does not provide a way to construct
such a pasting scheme (although Example 1.1.3.9 suffices for all the multiplications required in the main body
of this thesis).

We conclude this appendix by unpacking these remaining parts, namely the domain part of Theorem B.4.1.(i)
and Theorem B.4.1.(v). We do this in terms of 2-pasting schemes, following the notation of Section 1.1.3.

Definition B.4.2. Given two 2-pasting schemes
n=n® = ()<, (0;,1)icr) and 0" =& = ()<, (0,1) )

that are not equal to [0}, we define their concatenation n ~n’ = ((l;)i<r4r 41, (i1 1)i<r+s4+1) of shape k ~ k’
as follows:

n; ifie<r Ny, ifi<r
I’i — v - ! = 0 ifZ =T
/ . . 9 1+1
n,_, , ifi>r , .
n' if ¢ >r.
=i—r

Using the table notation, it is expressed as

noy n; ... n, n; n} .. n,
n—~n = 0 , , ,
n, n, ... n, n} n, ... n,
Observe that concatenation is associative as a binary operation on 2-pasting schemes other than [0]. a

Definition B.4.3. We define a function br? such that, together with br, it determines a morphism
(br?,br): shp® — shp
in Set™, as follows. Suppose we are given a 2-list of shp, which is a pair
((kiy.. k), (A1, ..., Ap))

of a list of pasting schemes and a list of lists of 2-pasting schemes such that each component of M;; has k;y;
as its shape for each i < m. The function br? sends this pair to the 2-pasting scheme of shape br[ky, ..., K]
defined as follows:

e Suppose m = 0. Then the result is the unique 2-pasting scheme of shape br[nil], which is

((br[nil]), nil) = {[0]] .
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e Suppose m = 1. Then br?[(k), ((Ny,...,n;))] is a 2-pasting scheme
br[nig,..., N0 brny1,...,n.1] brng ..., Ny,
brin ;,...,n; ] brng g, ...,ms] ... brng .0
equipped with the shape br[k], where r is the rank of k and we write Nj 11 = ((nj41:)i<r, (41 441)i<r)
for each j < I. This is indeed a 2-pasting scheme because of the equation (1.1.2.11.1).
e When m > 1, its image under br? is defined as the concatenation

br?[(ky), (f11)] ~ br’[(ka), ()] ~ -+~ br’[(kp), ()] .
Note here that neither side is ever equal to [©]. 2

This function unpacks the domain part of Theorem B.4.1.(i) in terms of pasting schemes and 2-pasting
schemes as follows.

Proposition B.4.4. br? and the pair (br?, br) restrict to isomorphisms
P?Sj 2 P?Sp,q in Set and shp® _; 2 shp,, in Set™

respectively, for each pasting scheme k and each natural number m € N, where we set shp_; to be the identity
function on the empty set. J

Proof. Since br is injective, so is br?. Moreover, given a pasting scheme k of rank r, br’ restricts to a
function P2S; — PQSbI{k], where an element (ni,...,n,) in P2S} is seen as a 2-list of 2-pasting schemes

((k), (N1, n2))).

Now to show the left-hand side, let us take a 2-pasting scheme m = ((m;);<,, (M, ;)i<,) of shape br(k],
where we set k = ((k;)i<r, (E;41)i<r). By Proposition 1.1.2.8, there exists a unique list (n; j11);<;, such that
br((n; j4+1)j<i;] = m; for each i < r, and a unique list (n, 4 ;1) <, such that br[(gi+17j+1)j<l§] =m,, for each
i < r. Then, by the equation (1.1.2.11.1), we conclude that I; = [j, ; = ;11 for each i < r and that aiilni7j+1 =
N = 8gil+1ni+1,j+1 for each j < l;11. Hence we have m = br?[(k), (g 1,...,01),- -, (Nr1y oo yn0p))],
which shows the surjectivity for the left-hand side.

It remains to show the right-hand side. For the base case, shp®, is isomorphic to the identity function on
the singleton set, which is shpg. For the inductive step, first observe that the function shp® is isomorphic to

the projection
2Q* *
II  II®°si,.. — Ps;.
(kjt1)j<1€PSE, 5<l
On the other hand, PQSbI{kl,...,k,] is isomorphic to [ |

PZSbI{k  for any list (kj;1)j<; of pasting schemes, since

j<l G+1

{0} is the only 2-pasting scheme of dimension 0. Through those isomorphisms, br? restricted to shpsfj%l — shpy,
is isomorphic to
2 . PASES 2
H Hbr |PQS:.7‘+1 ) H HP Skjpr — H HP Stk 1115
(kj+1);<1€PS}, 7<I (kj+1);<1€PSE, J<l (kj+1)j<1€PS;, J<i
which is an isomorphism by the left-hand side. (I
In particular, the above proposition and Theorem B.4.1.(i) conclude that the function T!,,: (TT1),, —

(T1), is isomorphic to the projection [[,cps P?Sk — PS,,. From now on, we identify (TT1),, with
[xeps,, P2S, via this isomorphism.

Moreover, in the same way as Corollary 1.1.2.10, we have the following characterisation of P2?S as the set
of ‘2-fold Batanin trees’.

Corollary B.4.5. (shp: P2S — PS, (br?, br)) is the initial algebra of the endofunctor (—)®: Set™ — Set ™.

4
Now we are ready to rewrite Theorem B.4.1.(v) using br?, which gives an algorithm to compute the multi-
plication of T in terms of 2-pasting schemes.

Proposition B.4.6. Given a 2-list of 2-pasting schemes ((ki,...,ky), (A1,...,Ay)), we have the following
equality.

:urlr(br2[(k1’ teey kn)’ (ﬁla ceey ﬁn)]) = br[u?(nl71)7 s ’M?(nl,l1)> v Hu’ir(nn,l)? s au?(nn,ln)]

Here, we write fiy1 = (Niy1,1,-..,Niy1,,,,) for each i < n. J
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84-86, 95-98, 119, 120, 127, 137

the shape for PshC-graphs. 119, 120, 122-127

a IC-cofibration towards an /C-injective object fixed in Section 4.3.3, which turns
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folk trivial fibration) in Section 4.5.2. 91, 92, 100

identity n-cell on an k-cell in a weak/strict w-category X. 7, 20-24, 36-47, 49,
52-60, 69-74, 79, 82, 86-89, 91, 93, 99-104, 136
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injective replacement. Definition 4.4.0.2. 80, 81, 92, 93
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the class of boundary inclusions 9G™ — G™ for all n € N. 25, 30, 50, 63, 65,
67, 68, 75, 83, 97, 98, 137

the boundary inclusion in GSet, StrwCatgs, and WkwCats. Definition 1.1.1.5
and Notation 1.2.2.11. 6, 16-18, 25, 30, 37, 38, 47, 63, 65, 75, 82, 91-93

the set of boundary inclusions 0G™ — G™ for all n > 0. 25, 37, 98

the identity-on-objects functor WkwCat, — WkwCat,,. 64, 67
join of a set in a poset. 33

the Z-lifting structure on the counit 59( of the comonad Q. Definition 3.3.1.2
and Remark 3.3.1.3. 63, 65, 67, 98

symbol for a contraction equipped with a cartesian monad P over T. Defini-
tion 1.2.2.5. See also Notation 1.2.3.1. 17, 18, 20, 23, 30, 37-40, 44, 55, 96,
97

An example of K in Section 4.3.3 for flat equivalences. Definition 4.3.4.1. 2, 70,
79-81, 84, 85, 91-93, 135, 136

An example of IC in Section 4.3.3 for half-adjoint equivalences. Definition A.6.2.
70, 103-105

the colimiting cocone for £ at m. Definition 4.4.1.5. 83-85

length of a list x. Notation B.2.1. 110, 125, 127, 128

level of a pasting scheme. 8-10

the last index of a (positive) list x. Notation B.2.1. 110, 111, 113-119, 127
function assigning to each set S of cells set of cells that are left S-inverses. 73
list object with alphabet object S. 3, 8, 10, 110, 118, 125-129

the walking marked m-cell in mWkwCats. Definition 4.3.2.3. 76-84, 87-89,
91-93, 103, 135, 136

meet of a set in a poset. 33

the core w-groupoid of a weak w-category X. Proposition 2.5.2. 36, 47, 48, 95
2-category of monads and w-morphisms in &, where w € {o,1,s}. 117, 118, 124,
126

class (or set) of morphisms of a category. 51, 52, 66, 120

the set of natural numbers. 5-10, 18, 25, 35-37, 47, 48, 51, 52, 54, 57, 59, 61-63,
66, 76, 81, 84, 86, 89, 118, 126, 129

marked weak w-category (X, eX) where marked cells are exactly the equivalences.
76-80, 103, 105

number of occurrences of n in the upper row of a pasting scheme k. Defini-
tion 2.4.5. 41, 43, 46, 73

the empty list. 3, 9, 110, 128

class (or set) of objects of a category. 3, 119, 120

endo-monotone map defining flat invertible cells in a weak w-category. Defini-
tion 4.2.0.3. 72-74, 80

endo-monotone map defining spherical invertible cells in a weak w-category X.
Remark 2.2.2 and Definition 4.2.0.2. 36, 37, 41, 43, 50, 52, 72, 74, 105

set of 2-pasting schemes. 13, 129

set of positive-length lists with alphabet S. Notation B.2.1. 110, 111, 113-119,
125

set of positive-length lists with alphabet S starting with ¢ and ending with b.
Notation B.2.1. 110, 111, 113-116, 118

category of pointed graphs enriched over C. 122

category of n-pointed globular sets. 6, 7, 86

full sub poset of post-fixed points. 33

full sub poset of pre-fixed points. 33, 43, 72, 73

power poset of a set S. 36, 43, 51, 52, 66, 72, 73
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Psh,,, D pointed presheaf category of a pointed category D. 122-126
PS set of pasting schemes. 8-10, 13, 23, 95, 129
PshC presheaf category of a category C. 7, 13, 120-127, 135, 136

pstX (u), pst(u)

set of S-labelled pastings in X. Definition 2.4.6. 41-45, 72-74

the weak w-functor classifier comonad. 47, 48, 63-68, 98, 135-137

rank rank of a pasting scheme. 8

rinv function assigning to each set S of cells set of cells that are right S-inverses. 73,
74

Ds the classifying strict w-functor of a weak w-functor p. 64-68

Set, SET the category of sets and the huge category of classes. 3, 5, 7-9, 13, 24-26, 30,
63, 76, 82, 95, 97, 98, 108, 110-112, 119, 120, 122-125, 127-129

shp the function assigning the shape of a 2-pasting scheme. Definition 1.1.3.3. 13,
128, 129

T unit for suspension-hom adjunction for weak w-categories. 86, 87

by suspension functor for (marked) weak w-categories. Definitions 4.4.2.4
and 4.4.2.6. 86, 87, 89-91

or, o" source n-cell in the walking m-cell, and that in the walking (n 4 1)-cell. 5, 6, 8,
10, 11, 14, 15, 18, 76-78, 81, 87, 92, 93, 128

2 suspension functor for globular sets and enriched graphs. 7, 8, 10, 95, 96, 122—
125, 127, 128

oy source n~cell in the walking parallel pair of (m — 1)-cells, and that in the walking

parallel pair of n-cells. Lemma 4.5.2.1. 6, 18, 91, 93
the source map of type X,, — X,,, for a globular set X. 5-7, 11, 12, 14, 19-22,
24, 36, 38-47, 51, 55-58, 60, 63, 65, 66, 69-73, 82, 88, 97, 99, 104

spi(k) standard pasting instruction of arity k. Definition 1.2.3.6. 19-22, 37

Str-a-Catg the category of strict w-categories and strict functors. 7, 17, 18, 75, 85, 86,
89-92, 135, 137

S successor for pasting schemes. 8-10, 13, 23

T-Alg Eilenberg-Moore category of a monad 7'. 110

™/t /b

the target map of type X,, — X,,, for a globular set X. 5-7, 11, 12, 14, 19-22,
24, 36, 38-47, 51, 55-58, 60, 61, 63, 65, 66, 70-73, 82, 88, 97, 99, 104

T, T target n-cell in the walking m-cell, and that in the walking (n + 1)-cell. 5, 6, 8,
10, 11, 14, 15, 18, 87, 128

2 the walking morphism category. 3, 24-27, 29, 30, 32, 62, 63, 68, 125, 126

Wk-a-Catyg the category of weak a-categories and strict functors, for each a € NU {w}. 17,
18, 23, 25, 36, 38, 47, 51, 52, 62-68, 7578, 81-83, 85, 86, 89-93, 98, 99, 102,
135, 137

Wk-w-Cat,, the category of weak w-categories and weak functors. 47, 48, 63, 64, 66—68, 137

mWk-a-Cat the category of marked weak w-categories and strict functors. Definition 4.3.2.1.
76-81, 83, 84, 86-89, 93, 99, 100, 102, 103, 137

Wk-w-Gpd, the category of weak w-groupoids and strict functors. 36, 47

Wk-w-Cat,, the category of weak w-groupoids and weak functors. 47, 48

€n 0¥ (%), where * € 1,,. Notation 1.2.3.1. 18-20, 22, 23, 38, 40, 44, 46, 54, 56, 57,

—_
=

59-61, 102

the shape category for %n and %n Definition 4.4.3.3. 88-90

T YH > W, VH, WH the cells in H". 103
ZOR, YOR, UOR, VOR, WoRr,  the cells in 5(1)’12 and 5(1)’;{. Definition 4.4.4.1. 89
TFE,YF, uF, VF, Wr,pF,qF the cells in F". Definition 4.3.4.1. 78, 79, 81, 83, 84, 86-88, 91

* Yoneda embedding (covariant). 122-124, 127
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