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Abstract

This thesis presents several complete and partial models for the homotopy theory of monoids and
the derived functor of group completion. We show that there is a simplicial model structure on
the category of reduced simplicial sets that is Quillen equivalent to the Quillen model structure
of simplicial monoids. Using this Quillen equivalence we recover the fact that the derived functor
of group completion is isomorphic to the homotopy type of loops on the classifying space of a
monoid. We use the Street nerve to show that the derived functor of group completion of monoids
in the category of w-groupoids for the Gray tensor product is isomorphic to group completion for
simplicial monoids in low degrees. Finally we exploit the connection of w-groupoids with the theory
of rewriting for presentations of monoids to calculate the second homotopy group of the classifying
space BM of a monoid M in terms of a chosen presentation by generators and relations.
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1 Introduction

The inspiration for the research in this thesis came from the fact proved by Barr and Beck in §1.2 of
[BB69] that for a group G the derived functors of the abelianization functor ab : sGp — sAb from
simplicial groups to simplicial abelian groups correspond up to a shift of degree with the group
homology of G

Lab,(G) = H,+1(BG,Z)

Around the same time I learned this I also learned about the group completion functor L : Mon —
Gp. Like the abelianization functor the group completion functor is a left adjoint to the inclusion
of a reflective subcategory, namely monoids within the category of groups. Using the standard
model structures on the categories of simplicial monoids and groups we can calculate the derived
functors of group completion. This led me to ask whether there is an alternate interpretation
of these derived functors of group completion in terms of another construction as is the case for
abelianization of groups. The answer to this question was given by Dwyer and Kan in their paper
[DKS80| studying localization of categories. They showed that for a monoid M the derived functors
of group completion correspond up to a degree shift with the homotopy groups of the classifying
space of M

L L (M) 2 7051 (BM) (1)

This led me to ask the question:

Q1: Can this identification of homotopy groups as derived functors of group completion be used
to do calculations of the homotopy groups of classifying spaces of discrete monoids?

This question is an ambitious one as by Theorem 1 of [McD79| all connected spaces have the
homotopy type of the classifying space of a discrete monoid. My goal was to try to connect the
data of a presentation of a monoid by generators and relations to its derived functor of group
completion and so to the calculation of the homotopy groups of its classifying space. Some progress
on this goal is realized in Section with a formula for the second homotopy group ma(BM) of
the classifying space based on the data of a presentation of a monoid.

In the course of investigating the homotopy theory of monoids and their group completions I
found a lack of literature on models of co-monoids. Much work has been done in formalizing the
notion of an (oo, 1)-category, which is, as Riehl and Verity say in their lecture notes [RV19], a
schematic notion for which many suitably equivalent models, in the form of model categories, exist.
Some examples of these models are: categories enriched in simplicial sets, the Joyal model structure
on the category of simplicial sets [Joy08], and the model structure for Segal categories on simplicial
spaces [DKS89]. These all formalize the notion as defined in [RV19] of an (oo, 1)-category as a
category weakly enriched in oo-groupoids, which are themselves models of spaces. My schematic
approach to the question of models of co-monoids was to say that an oo-monoid should be an
(00, 1)-category with a single object. This led me to the second question:

Q2: Can models of co-monoids be made from models of (oo, 1)-categories by restricting them to
a single object?

In the case of categories enriched in simplicial sets it is simple to see that this works. The restriction
to a single object is just the category of simplicial monoids, which has a well-known model structure
transferred from the Kan model structure on sSet. The only publication I found taking this



approach to defining a model of co-monoids derived from another model of (0o, 1)-categories was
[Ber07]. In this paper Bergner shows that there is a model structure on reduced simplicial spaces
that is the restriction of the model structure for Segal categories on simplicial spaces. As Bergner
shows, for models of (oo, 1)-categories not based on strict enrichment in spaces the restriction to
the single object case is more difficult to construct. This is because for a given model category
modelling (00, 1)-categories we are seeking the reflective subcategory not just of the category with
the model structure but also of its homotopy category. Therefore, we need to show that restricting
to the case of a single object interacts well with the model structure for (oo, 1)-categories. This
leads to the question of transfer of model structure along an adjunction, for which some general
tools exist (see for example |[Hes+17]) but a bespoke argument is almost always needed for the
question of acyclicity as described in §2 of [Hes+17].

These are the two motivating questions that drove the research in this thesis. They are examined
in reverse order, however, in the four chapters of this thesis. The first two chapters are devoted to
constructing and comparing models of co-monoids via the approach of Q2. The final two chapters
show how the data of a presentation of a monoid can be used to calculate the first derived functor of
its group completion, giving a part of an answer to Q1. These two halves of the thesis are relatively
independent, however the second half, dealing with Q1, benefits a little from having some of the
models of co-monoids and their group completions defined and explored in the first half.

In Chapter [2 following the approach discussed above and inspired by Bergner, we prove the
existence of a simplicial model structure on the category sSetq of reduced simplicial sets, that is
simplicial sets with a unique O-simplex. This model structure is transferred from the Joyal model
structure on simplicial sets of [Joy08]. The fibrant objects of this model structure are the quasi-
monoids, which are reduced simplicial sets that have the right lifting property against all inner
horn inclusions A} < A" for 0 < k < n and n > 2. These are the quasi-categories of [Joy08] that
have a single object, which fits with the schematic approach to defining co-monoids given above.
The model structure we prove is the following (see Theorem below)

Theorem. There exists a model structure on the category of reduced simplicial sets sSety such
that

o the weak equivalences are the maps f : A — B such that (X7), : (XB), = (X*4), is a Kan
weak equivalence for all quasi-monoids X

e the cofibrations are inclusions of reduced simplicial sets

o the fibrations are the maps with the right lifting property against all cofibrations that are weak
equivalences

This model structure is cofibrantly generated and the fibrant objects are the quasi-monoids.

The functor
(—7)« : sSety” x sSety — sSet

is the restriction to sSety of the pointed simplical mapping space functor for pointed simplicial
sets. In Section [2.I] we describe this functor and show that it defines a simplicial enrichment of the
category sSet( forming part of the simplicial model structure on sSetg. We call this the quasi-
monoid model structure after the fibrant objects and denote it by (sSetp);. This model structure
has been proved in Lemma 3.2 of |[CHL19|, however we present a different proof based on the



methods of [Joy08| and also show that it is a simplicial model structure. Our method makes use
of a simplicial enrichment, tensoring, and cotensoring of the category sSetq over simplicial sets,
which we construct in Section 2.11

The first step on the path to proving the quasi-monoid model structure is to show that (—7).
determines a mapping space for quasi-monoids, meaning that when X is a quasi-monoid (X A)* is
a Kan complex for any reduced simplicial set A. This mapping space can be used in place of the
mapping space construction from [Joy08] Chapter 5 to apply to sSet( the same reasoning used by
Joyal to construct the quasi-category model structure on sSet. This is the approach we take in
Section to prove several of the conditions for the quasi-monoid model structure. We deviate
from Joyal at the end of this section to complete the proof, however. We will use the mapping
space for sSety and the small object argument to construct a functor from sSety to the category
graded groups that commutes with filtered colimits and detects whether a map in sSety belongs to
the class of proposed weak equivalences of the quasi-monoid model structure. This functor then fits
in to the context of [Bou75|, where Bousfield showed that there is a model structure on sSet that
has as its weak equivalences maps that induce isomorphisms on integer homology. Replacing the
homology functor with the functor we have defined for sSetg allows us to apply Bousfield’s methods
and show that the proposed quasi-monoid model structure exists and is cofibrantly generated.

We also show that the Kan model structure on sSetg, as described in [GJ99] §IV.is a left
Bousfield localization of this model structure, recovering the reduced version of the corresponding
fact for the Kan and Joyal model structures on sSet. The localization of (sSetg); is taken at a
single map. This map adds the condition that 1-simplices of a quasi-monoid must be invertible,
in a way that we will describe in Definition and discuss in detail in Section The Kan
model structure on reduced simplicial sets is known (see for example [GJ99] §IV) to be Quillen
equivalent to the model category of simplicial groups via the Kan loop group adjunction. Hence
this localization of the model of co-monoids provided by (sSetp)s is a model for the (oco-)group
completion of co-monoids. We will make this statement more precise in Chapter 3| when we compare
the quasi-monoid model structure with that of simplicial monoids and show that they are Quillen
equivalent.

The quasi-monoid model structure satisfies our definition as a model for co-monoids by being a
model of the reflective subcategory of single object (0o, 1)-categories in the homotopy category of a
model of (0o, 1)-categories, namely the Joyal model structure on simplicial sets. However, to show
that this is a sensible way of modelling co-monoids we must show that it is equivalent to other
models of co-monoids that are obtained through the same process. The only other such model 1
know of is that of Bergner in [Ber07]. The fibrant objects of Bergner’s model structure are the
Segal categories of the model structure from [JT07] that have a single object. Section is devoted
to showing that the quasi-monoid model structure is equivalent to the Bergner model structure on
the category SSetOAop of reduced simplicial spaces. This is done in Proposition below, which
is based on similar results for the Joyal model structure on sSet and the Segal category model
structure on bisimplicial sets in [JTO07]. This result shows that the diagonal functor

d: (sSet5")p — (sSetg) s

forms the left and the right adjoint of two Quillen equivalences between the quasi-monoid model
structure on reduced simplicial sets and the Bergner model structure on reduced simplicial spaces.

In the first chapter we followed our general scheme of constructing co-monoid models by restrict-
ing (oo, 1)-category models to the single object case. We also showed that the quasi-monoid model



structure we obtained from this approach was Quillen equivalent to the Bergner model structure for
Segal monoids that motivated this approach. In this chapter we further support the identification
of these model categories as models of co-monoids by showing that both are Quillen equivalent
to the model structure for simplicial monoids. We also use this Quillen equivalence to show that
the localization described in the previous chapter of (sSetg)s to obtain the Kan model structure
on reduced simplicial sets is equivalent to the group completion functor for simplicial monoids on
homotopy categories.

As we do for the Quillen equivalence between the quasi-monoid model structure and the Bergner
model structure in Chapter [2| we will construct the Quillen equivalence with simplicial monoids by
restricting a Quillen equivalence of the corresponding models for (oo, 1)-categories. In this case we
will use the homotopy coherent nerve and realization adjunction between categories enriched in
simplicial sets and simplicial sets. This is a Quillen equivalence when sSet has the Joyal model
structure by Theorem 2.2.5.1 of |[Lur09]. In this chapter we show that this Quillen equivalence
restricts to a Quillen equivalence between sMon, the category of simplicial monoids, and the
quasi-monoid model structure.

We start by defining the cosimplicial simplicial monoid C®* : A — sMon that we call the ho-
motopy coherent simplices. This cosimplicial simplicial monoid determines the homotopy coherent
nerve-realization adjunction in the usual way. Rather than collapsing the corresponding notions for
categories enriched in simplicial sets we construct these simplicial monoids as nerves of partially or-
dered monoids with respect to the partial order. To describe the realization of a reduced simplicial
set by this cosimplicial simplicial monoid we make use of the terminology of beads and necklaces
from [DS1la] and [DS11b|. This allows us to show that realization produces cofibrant simplicial
monoids from reduced simplicial sets and also show that the homotopy coherent nerve-realization

adjunction

N
— X\

sMon T (sSetg),
\/
C
determined by C*® is a Quillen adjunction.

Sections [3.3] to [3.6] contain the proof that the homotopy coherent nerve-realization adjunction
is a Quillen equivalence. The method we use for this proof is the main new contribution of this
chapter. We start from the same position as [Lur09]. We apply the arguments of §2.2 of [Lur(09]
for the proof of the (oo, 1)-category Quillen equivalence to reduce the proof in the co-monoid case
to:

1. constructing maps of simplicial sets rx : H(X) — UC(X) for X a reduced simplicial set, H
a functor defined by Lurie that has the homotopy type of the mapping space (X S 1)* when X
is a quasi-monoid, and U : sMon — sSet the forgetful functor

2. proving that rx is a Kan weak equivalence when X is a quasi-monoid

3. proving that when X = N(M) for a Kan fibrant simplicial monoid M the composite map

N(M)
"N(M)

HN(M)) 22 yen(r)

Uepns

UM

is a Kan weak equivalence



The construction of the map for step 1 follows from Lurie by restricting to the single object or
reduced simplicial set case. Step 2 is where we introduce new methods to this proof. Specifically,
we define the map rx by identifying the simplicial set H(X) as the first stage of a filtration of the
simplicial set UC(X) by simplicial subsets indexed by the natural numbers. This filtration is by
a quantity we call the spine length, which is defined in Section Spine length is a combined
measure of the length of words in the free monoids of simplices of C(X) and the degeneracy of
simplices that label the terms in these words. We show that the inclusions of each stage of this
filtration in the next can be realized as pushouts of Kan acyclic cofibrations in sSet when X is a
quasi-monoid and so rx is a Kan weak equivalence in this case. Our construction of these colimits
makes use of more of the technology of necklaces and beads from |[DS1lal] and |[DS11b|. These
papers offer an alternative proof of the Quillen equivalence of categories enriched in simplicial sets
with the Joyal model structure on simplicial sets so the results in this chapter can be seen as a
hybrid, connecting Lurie’s approach with that of Dugger and Spivak.

In Section [3.7] we use the Quillen equivalence proved in the previous sections to show that the
localization from Chapter [2 of (sSet); that gives the Kan model structure on reduced simplicial
sets is Quillen equivalent to the group completion adjunction for sSet. The results of the previous
sections and Chapter [2|can be summarized in the following diagram where the Kan model structure
on sSety, is denoted (sSetg) x

N
sMon T (sSety) s
\/
C
| - |
? (sSety) x

The question mark in this diagram indicates our natural curiosity about what the localization
adjunction for (sSety); on the right corresponds to for simplicial monoids under the horizontal
Quillen equivalence. We answer this question by localizing sMon at the image under C of the
localizing map of sSetg for the vertical adjunction. This gives a model structure on sMon that
is Quillen equivalent to the Kan model structure on sSetg. We show that this model structure
has fibrant objects the Kan fibrant simplicial monoids whose monoid of connected components is
a group. We also show that the group completion functor determines a Quillen equivalence of this
model structure with the model structure on simplicial groups. Hence we obtain another Quillen
equivalence between (sSety)x and sGp by composing group completion with homotopy coherent
realization LC < NI. We can compare this Quillen equivalence to the Kan loop group adjunction
to recover the result, which was mentioned above, of Dwyer and Kan in [DK80| that the derived
functor of group completion of a Kan fibrant simplicial monoid is isomorphic to the homotopy type
of the loop space of N(M).

The next chapter marks the beginning of our investigations of Q1. Our goal in these chapters
is to calculate homotopy groups of the classifying space of a monoid M using the first non-trivial
case of the identification of homotopy groups of N(M) = BM with derived functors of group
completion for a monoid M. This is the case n = 1 and it allows us to calculate mo(BM) as the
first derived functor of group completion of M. We will calculate the first derived functor not in
sMon but in another model category that captures the homotopy theory of 2-types of simplicial



monoids. This is nevertheless sufficient for our purposes of calculating the first derived functor of a
monoid The partial model of the homotopy theory of simplicial monoids we use is that of monoids
in the category of strict w-groupoids. This category was chosen because of the strong connection of
the homotopy theory of monoids in this category to the theory of term rewriting for monoids. We
will exploit this connection to show that data from a presentation of a monoid by term rewriting
determines a resolution of the monoid and hence, by the definitions and identifications above, the
second homotopy group of BM.

Chapter [ is a recollection of the theory of strict w-groupoids, which are the basis of the homo-
topy theory we will use to calculate the first derived functor of group completion. We define strict
w-groupoids, which are globular models of higher categories and record the folk model structure
for the category wGpd of strict w-groupoids from [AM11]. This model structure, like many other
results about strict w-groupoids, was originally constructed for the category of crossed complexes
in [BG89], which was shown to be equivalent to the category of strict w-groupoids in |[BH81b].
Some of the results of this chapter exist in the literature for crossed complexes but not for strict
w-groupoids, so in this chapter we gather these results and translate them where needed. Similarly,
there exist results for strict w-categories that we will specialize to strict w-groupoids where needed.
One example of this is the Gray tensor product for strict w-groupoids, which we describe in Section
The construction we use was developed for strict w-categories by Steiner in [Ste04] using the
theory of augmented directed complexes, which are chain complexes of abelian groups with some
additional structure. One key objective of this chapter is to recall the results of [AL20] which show
that the folk model structure for strict w-groupoids is monoidal with respect to the Gray tensor
product. This opens the way to the study of Gray monoids, that is monoids for the Gray tensor
product in wGpd, in the final chapter. The other key objective of Chapter [ is to introduce the
Street nerve of strict w-groupoids. This is the construction that allows us to identify how the model
structure for strict w-groupoids models homotopy 2-types. This was shown in [MS93] for the case
of 2-groupoids, but it is straightforward to apply their results to the case of strict w-groupoids by
localizing the model structure to ignore all homotopy information above degree 2.

In Chapter [5| we use the partial model of homotopy types given by strict w-groupoids to obtain
a partial model of homotopy types of monoids and their group completions. In the previous section
we cited the results of [AL20]| that show that wGpd with the folk model structure is a monoidal
model category with the Gray tensor product. It also satisfies the other technical lemmas that
allow the transfer of the folk model structure on wGpd to give a model structure on the category
of monoids in strict w-groupoids with the Gray tensor product. We call this the category Gray
of Gray monoids. These Gray monoids are our partial model of the homotopy types of simplicial
monoids, which we will use to calculate the first derived functor of group completion of a monoid
M. To do this, we must translate the notion of group completion from simplicial monoids to Gray
monoids and also show that Gray monoids do provide a partial model for the homotopy types of
simplicial monoids as we have claimed. A key tool for both of these goals is the Street nerve that
was defined in the previous chapter. We address both of these goals in the first two sections of this
chapter.

In Section [5.2] we show that the Street nerve is lax monoidal for the Gray tensor product
on wGpd and the cartesian product on sSet. The proof of this fact follows immediately from
the Alexander-Whitney map for chain complexes, which is in fact a map of Steiner’s augmented
directed complexes as defined in the previous chapter. Hence the theory of Steiner from [Ste04]
as described in Chapter [ immediately gives a corresponding Alexander-Whitney map of strict



w-groupoids. This map was described for strict w-categories in [Ver08|, however the identification
with the Alexander-Whitney map was not explicitly made there. This allows us to extend the
Street nerve to an adjunction between categories of monoids in wGpd for the Gray tensor product
and monoids in sSet for the cartesian product as in the following diagram

N,
— T\

Gray T sMon

As in Section we are in a situation where we want to extend an adjunction along another
adjunction, in this case we want to understand group completion for Gray monoids. The notion
that fills in the lower left corner of this diagram is that of a Gray group, which we define in Section
A Gray group is a Gray monoid whose monoid of 0-cells is a group. We show in Section
that Gray groups are characterized by the condition that their Street nerve is a simplicial group.
Hence we take the group completion of Gray monoids by adding inverses for the 0-cells.

To calculate derived functors of group completion we must first give a model structure on the
category GrayGp of Gray groups. We show that there is a model structure on GrayGp that
is transferred by the group completion adjunction from the Gray monoid model structure. Our
method of proof involves construction a path Gray monoid for Gray monoids, which turns out to
be a Gray group when the original Gray monoid is a Gray group. This approach is an adaptation of
the arguments of §5 of [SS00| where a path space is constructed for monoids for the chain complex
tensor product. This establishes the basic needs we outlined above to be able to speak about
derived functors of group completion for Gray monoids. It remains to show that these derived
functors of group completion agree with those for sMon in low degrees.

In Section [5.3| we use the same localization approach as in Section to show that the Street

nerve-realization adjunction

Ny,
— T\

Gray T sMon
~_
cg
induces an equivalence when restricted to homotopy 2-types. In particular, we localize both sMon
and Gray at maps that make the homotopy categories ignore all homotopy information above
degree 2. It then follows by the results of the previous chapter and those of [SS03] on Quillen
equivalences of categories of monoids that the Street nerve adjunction induces a Quillen equivalence
between the localized model categories of monoids. We then show that this 2-types localization
extends to the category of Gray groups and the Street nerve-realization adjunction is also a Quillen
equivalence between the localized model categories of Gray groups and simplicial groups. Our
method of proof here is the same as in Section [3.7 We localize the model category for 2-types of
Gray monoids at a single map the gives a model structure for group-like 2-types of Gray monoids,
which we can then show is Quillen equivalent to the model structure of 2-types of Gray groups.
To complete this proof we us the results of [SS03| again, while making some slight modifications.
This shows that, for calculating derived functors of group completion LL,, (M) of a monoid M if



n < 2 we can make the calculation in sMon or Gray and obtain the same result. We note that
for Gray groups, this Quillen equivalence combined with the homotopy coherent nerve-realization
from Chapter recovers the result from [Ber99| that shows that groupoids enriched in the category
of 2-groupoids with the Gray tensor product model all homotopy 3-types.

Although we have shown that we can calculate in Gray some low degree derived functors
of group completion, and so low degree homotopy groups of monoid classifying spaces, we are not
really any closer to an actual concrete calculation of these groups. Taking cofibrant replacements in
Gray is not any easier than in sMon and the Gray tensor product introduces increased complexity
in working with the cells of a Gray monoid. Our motivation for looking at strict w-groupoids was
their connection with the theory of term rewriting for monoids. This connection, however, is
through strict monoids in wGpd, that is monoids with respect to the cartesian product of strict
w-groupoids rather than the Gray tensor product. In the last section of this chapter we show that
there is a model structure on the category Mon(wGpd) of strict monoids in wGpd and recall how
the data of presentation of a monoid by generators and relations can be used to construct a cofibrant
replacement of a monoid in this model structure. Finally we show how this cofibrant replacement
can be used to calculate the first derived functor of group completion for Gray monoids.

We show in Section that the category Mon(wGpd) of strict monoids in wGpd is simul-
taneously

1. a reflective subcategory of Gray
2. isomorphic to the category ((w,1)Cat)~¢ of strict (w, 1)-categories that have a unique 0-cell

The category Gp(wGpd) of strict groups in wGpd has similar interpretations and allows us to
define a group completion functor for strict monoids in wGpd that is the restriction of the Gray
monoid group completion functor to strict monoids. The second perspective on these categories
allows us to define model structures on Mon(wGpd) and Gp(wGpd) transferred from the corre-
sponding folk model structures on (w,1)Cat and wGpd. These model structures are also trans-
ferred from the model structures on Gray and GrayGp via their respective reflective subcategory
inclusions and so make the group completion functor of strict monoids in wGpd a Quillen adjunc-
tion. Our final goal in this section is to show that the first derived functor of this group completion
is isomorphic to that of group completion for Gray monoids, and so to that of simplicial monoids
by the previous sections. We show that this holds at the end of Section by showing that the
calculation of the first derived functor collapses all differences between Gray monoids and strict
monoids in wGpd, so we can make the calculation before or after reflection to the subcategory of
strict monoids in wGpd and obtain the same result.

Finally it is in this context of strict monoids in wGpd (or equivalently strict (w, 1)-categories
with a unique 0-cell) where we can apply the theory of term rewriting for monoids to do calculations
of the derived functor of group completion. In term rewriting theory a presentation of a monoid M
by generators and relations consists of an alphabet ¥ and a set R of directed pairs of words from
the free monoid ¥* on the alphabet. The monoid M presented by this data is isomorphic to the
quotient of X* that is obtained by identifying words of the free monoid using the relations of R.
This data can also be used to freely generate a (2, 1)-category with a unique object or equivalently a
monoid in the category of groupoids. In Section[5.4]we describe this construction and also show how
it can be extended to construct a cofibrant replacement of M in the model category Mon(wGpd)
of monoids for the cartesian product in wGpd. This cofibrant replacement is called a polygraphic



resolution in the literature on term rewriting (see for example |[GM12] §2.3.3). Such a cofibrant
replacement can then be used to calculate the derived functors of the group completion functor

L : Mon(wGpd) - Gp(wGpd)

for strict monoids. By the previous arguments the first derived functor of this group completion
is isomorphic to that for group completion of simplicial monoids. The first derived functor only
depends on the n-cells of a cofibrant replacement of M in Mon(wGpd) for n < 2 or equivalently
on n-cells for n < 3 for a cofibrant replacement of M in ((w,1)Cat)s. The data required to
produce a 3-truncated cofibrant replacement of M in ((w, 1)Cat)~¢ is called a coherent presentation
in [GMM13]. It adds to the alphabet ¥ and relations R a set P called a homotopy basis that
consists of generating 2-cells of the (2, 1)-category generated by ¥ and R. From this data and the
coherent presentation of the monoid M we can therefore calculate the first derived functor of group
completion and so the homotopy group mo(BM).

In the final section of this chapter we give a formula for the second homotopy group of the
classifying space of a monoid in terms of a construction that has already been studied in term
rewriting theory and homotopy theory. The construction we employ is the group of identities among
relations defined in [BH82|. This is an abelian group determined by the data of the presentation
of a group by generators and relations. We apply this construction to a presentation (3, R) of a
monoid M by considering the group of identities among relations for the group presentation of LM
obtained from the same sets of generators and relations. We denote this group by N(R). Elements
of the homotopy basis of a coherent presentation (X, R, P) of M correspond to elements of the
group of identities among relations, so we can define a subgroup N(P) < N(R) that is generated
by the elements of P. Given a coherent presentation (X, R, P) of a monoid M the formula in
Theorem gives the second homotopy group of BM as the quotient of the group of identities
among relations by the subgroup generated by the homotopy basis.

Theorem. Let M be a discrete monoid with coherent presentation (X, R, P). The second homotopy
group mo(BM) of the classifying space of M is the quotient

m2(BM) = N(R)/N(P)

where N(R) is the group of identities among relations for the presentation (X, R) and N(P) is the
subgroup of identities among relations determined by the set P.

This description follows automatically from the earlier proof that we can calculate the first
derived functor of group completion in Mon(wGpd). We call this a Hopf formula for the second
homotopy group because of aesthetic similarities to the Hopf formula ([Hop41]) for the second group
homology group. Calculations of coherent presentations and groups of identities among relations
can be difficult, as we would expect, but there exists a large body of research on cases when these
coherent presentations have nice properties that allow calculations. At the end of this thesis we
apply some of these results to calculate mo(BM) in some simple examples. Much more work could
be done to apply this formula to calculate second homotopy groups in cases where the hard work of
constructing coherent presentations and the group of identities among relations has already been
done.



2 oo-Monoids

In this chapter we will describe and compare two models of co-monoids. These are both obtained
using the main strategy of this part of the thesis, that of restricting previously described models of
(00, 1)-categories to a single object. The first of these models is based on Joyal’s model structure
for sSet as defined in [Joy08|. This model structure is defined so that the fibrant objects are
quasi-categories. These are simplicial sets X such that all lifting problems

A} ——X

]

AN

with 0 < & < n have solutions. These spaces generalize the defining property of nerves of categories
amongst simplicial sets, which is that all such lifting problems have unique solutions. The 0-
simplices of a quasi-monoid represent its objects, so we can restrict to the case of monoids by
restricting the ambient category to the full subcategory of reduced simplicial sets sSet(, which all
have a unique 0-simplex. In this chapter we will show that there is a simplicial model structure on
sSetg that is the restriction of the Joyal model structure. This model structure on sSety has as
its fibrant objects the quasi-monoids, which will be the quasi-categories in sSetq or equivalently
quasi-categories with a unique object. We will call this the quasi-monoid model structure on sSety.

Our approach to proving the quasi-monoid model structure will be a hybrid, using results
about mapping spaces derived from Joyal’s work on quasi-categories [Joy08| but applying them in
the framework used by Bousfield in [Bou75| to show the existence of a model structure on sSet
where the weak equivalences are homology equivalences. Using this approach was inspired by the
proof by Goerss and Jardine in [GJ99] that there exists a model structure on reduced simplicial
sets that is Quillen equivalent to the model structure of simplicial groups defined by Quillen in
[Qui67].

Theorem 2.1 ([GJ99] Proposition 6.2). There exists a model structure on sSety where a map
f:X—=>Yisa

o weak equivalence if it is a weak equivalence of simplicial sets
e cofibration if it is a monomorphism
e fibration if it has the right lifting property against all acyclic cofibrations

Furthermore, acyclic fibrations of this model structure are acyclic fibrations of the Kan model struc-
ture on simplicial sets.

We will also show that this Kan model structure on sSety is obtained by localizing the quasi-
monoid model structure at a single map. This is similar to the unreduced case, where the Kan
model structure on sSet can be obtained by localizing the Joyal model structure.

The second model of co-monoids in this chapter is Bergner’s model structure for reduced Segal
categories from [Ber07]. Bergner’s approach in this paper of restricting an (oo, 1)-category model
structure to the unique object case was what inspired the investigation of the quasi-monoid model
structure in this chapter. We will show that Bergner’s model structure is closely related to the quasi-
monoid model structure for sSety. In particular, these model structures are Quillen equivalent. We
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will do this by adapting to the unique object case the results of [JT07|, which show the equivalence
of the Joyal model structure on sSet and the Segal category model structure on bisimplicial sets.

This chapter could be viewed as a proof of concept for the Bergner method of restricting to a
unique object as a way to generate models of co-monoids from models of (0o, 1)-categories. It shows
that this approach is feasible in at least one other case than that in [Ber07] and also highlights
some of the difficulties that can arise when making this restriction. The case of the quasi-monoid
model structure is intriguing since the restriction to a unique object enhances the enrichment of
the model structure: while the Joyal model structure on sSet is only enriched in itself, the quasi-
monoid model structure on sSet is enriched in sSet with the Kan model structure. It is possible
that this approach could be productively applied to other models of (0o, 1)-categories to produce
new models of co-monoids.

We begin in the first section by describing the enrichment of sSetg in sSet and its powering
and copowering over sSet. These will form part of a simplicial model structure and we will use
their properties in the future to identify weak equivalences and prove the lifting properties needed
for the definition of a quasi-monoid model structure on sSet.

2.1 Simplicial Enrichment of sSet,

We want to show that the model structure for quasi-monoids we will prove in this chapter is a
simplicial model category. To do this we will first need to show that sSet( is enriched in simplicial
sets and powered and copowered over sSet. In this section we will construct three functors which
we denote by

(=) «x (=) : sSety x sSet — sSet
(=7 )« : sSetp? x sSety — sSet
Ep(—") : sSet? x sSety — sSet
for copowering, simplicial enrichment, and powering over sSet respectively. We will show that

these functors form an adjunction of two variables in the sense of Definition 4.1.12 of [Hov99|. This
means that there are natural isomorphisms

Homgset, (4, Eo(BYX)) = Homgget, (K ,x A, B) = Homgget (K, (A?).)
The copowering of sSet( over sSet is given by what we will call the half reduced product.

Definition 2.2. The half reduced product of a simplicial set K with a reduced simplicial set
A € sSety is the simplicial set obtained as the pushout

* X K *

A

AXxK—A x K

The simplicial enrichment of sSetq is given by the standard simplicial enrichment of pointed
simplicial sets. We first observe that a reduced simplicial set is necessarily uniquely pointed, as
there is a unique 0-simplex. Hence for any reduced simplicial sets A and B the simplicial set of
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maps A — B is given by the unpointed simplicial set U(B4), whose set of n-simplices consists of
pointed maps of simplicial sets
AYNA— B

where A is the smash product of pointed simplicial sets and A’ is the standard simplicial n-
simplex with a freely adjoined basepoint. The forgetful functor U indicates that we are forgetting
the pointed structure of (B4), and viewing it only as a simplicial set. Since we will not make any
use of the pointed structure of this simplicial set in future we will suppress the forgetful functor U
and simply refer to (B4), as the simplicial set of maps for reduced simplicial sets A and B.

The powering of sSetg over sSet is accomplished by the construction of the 0" Eilenberg
subcomplex (see Definition 8.3 of [May67]) of the function complex AX at the map K — * — A.
This is done by taking the pullback

Eo(AK) %
I
AR coskg(AK)

where coskg is the right adjoint of the 0-skeleton functor.

Proposition 2.3. The following data define an adjunction of two variables

(=) X (=) : sSety x sSet — sSety
(=)« : 8Sety® x sSety — sSet
Ep(—") : sSet’® x sSety — sSet

Proof. We will first describe the isomorphism
Homgset, (K ,x A, B) = Homgget (K, (A?).)

A map of simplicial sets
K — (BA)*

corresponds by the definition of the simplicial enrichment to a map A x K — X such that the
following diagram commutes
* X K —— %

o

AxK——=RB

This clearly corresponds to a unique map A ,x K — X by Definition
We now describe the isomorphism

Homgset, (4, Fo(BY)) = Homgget, (K < A, B)
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A map of reduced simplicial sets B — Eo(AX) corresponds to a map of simplicial sets B x K — A
such that the following diagram commutes

sko(B) x K k X K — %

| |

B x K X

This corresponds to a unique map B ,x K — A of reduced simplicial sets by Definition ]

As mentioned above, we want quasi-monoids to play the role of fibrant objects in our model
structure on sSetg. In the next section we will define these reduced simplicial sets and study the
horn lifting problems that they allow solutions for.

2.2 Horn Lifting Problems in sSet,

In this section we will consider lifting problems of simplicial sets of the form

AP~ A

[ @

A" ——= B

for f : A — B a map of reduced simplicial sets. We will define conditions under which solutions
exist for these problems and in later sections we will use these to construct a simplicial model
structure on sSety.

First we note that this problem is defined in sSet rather than in sSet, where we are hoping
to define a model structure. We will fix this by defining reduced simplicial sets corresponding to the
standard simplicial simplices. We will do this by making use of the left adjoint « : sSet — sSet to
the inclusion of reduced simplicial sets into the category of simplicial sets. This functor collapses all
0-simplices of a simplicial set to a single O-simplex without affecting higher simplices. Composing
this functor with the standard cosimplicial object of simplicial simplices A® : A — sSet gives a
reduced cosimplicial object of simplicial simplices which we denote by

S®* =koA®: A — sSetg

The coface and codegeneracy maps for this cosimplicial object will be denoted by the same notation
as for A®, namely d’ : S — S"*! and s : S — S"~!, when no confusion can occur.

By the definition of S*® using the left adjoint x there is a bijection for all reduced simplicial sets
A between the set of maps S — A in sSety and the set of n-simplices of A

HomsSeto (Sn’ A) = A,

that follows from the corresponding property for A™.
The reduced inclusions of the boundaries and the horns for the reduced standard simplicial
simplices will be denoted respectively by

as™ C " AL C Sm

13



for n > 0 and 0 < k < n. These are the inclusions obtained by collapsing to a single O-simplex all
0-simplices of the maps

OA™ C A" A} C A"
Hence, in this section we will be considering the lifting problems in sSet

A —=A

[ 3)

S"——B
We will divide the horns A} C S™ into two types: the inner and outer horns.

Definition 2.4. An inner horn is a horn inclusion A\}} — S™ forn > 2 and 0 < k < n. The
remaining horns \j — S™ and A} < S™ for n > 0 are called outer horns.

We can extend the definition of horns to include other subsets of the the standard reduced
simplicial simplex S™. We will call these generalized horns as in [Joy08] §2.2.1.

Definition 2.5. Let T' C [n] be a non-empty subset. Then we define the generalized horn

F=Jdism)

i¢T

Note this definition is quite compatible with our notation for the horns A} given above before
Definition since when T' = {k} C [n] we have

{y = A

A map f : A — B between reduced simplicial sets such that all lifting problems have
solutions when ;! € S™ is an inner horn is called an inner fibration. Any monomorphism of
reduced simplicial sets that has the left lifting property against all inner fibrations is called inner
anodyne. This defines a weakly saturated class of morphisms ZA in sSety.

A map is a right fibration if it is an inner fibration and also has the right lifting property
against all horn inclusions A} < S™ for n > 1. A map is right anodyne when it belongs to the
saturated class of maps having the left lifting property against all right fibrations. Dually, there
are also left fibrations and left anodyne maps.

The next Lemma from [Joy08] identifies those generalized horns as defined in Definition
that are also inner, left, or right anodyne.

Lemma 2.6. A generalized horn N}, C S™ is inner anodyne if there exist a < b < ¢ € [n] such that
a,c¢T andbeT.

Proof. The proof of Proposition 2.12 (iv) of [Joy08] can be adapted to the reduced case as follows.
We use induction on the size of the set § # T' C [n]. If T'= {k} then clearly 0 < k£ < n so the
horn )\?k} = A € S™ is clearly inner anodyne. For the induction step, let T' contain at least two
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elements. There exist a < b < ¢ € [n] such that a,c ¢ T and b € T by assumption. Let ¢ € T be
different from b. In the unreduced case Joyal shows that the square

n—1 d n
Afgyrr ——Af

[

n—1 n
AT Ay
is a pushout, where (d*)~'T C [n— 1] is the preimage in [n — 1] of the subset 7' C [n]. The functor
is a left adjoint so it preserves this pushout. The preimage of T under d’ satisfies the property of the
hypothesis for (d*)~(a) < (d*)~1(b) < (d")~!(c) so by the induction hypothesis the horn inclusion

)‘?d_i)lflT C 5"~ !is inner anodyne. Hence its pushout A C )\27;\ i} along d' is inner anodyne. The
horn inclusion )\%\ @} C S™ is inner anodyne by induction hypothesis, so the result holds. m

We can now state the definition of quasi-monoids in terms of a lifting problem within sSety.
Definition 2.7. A quasi-monoid is a reduced simplicial set X such that all lifting problems

Al ——> X

[

St —— %
for 0 < k < n have solutions.

Equivalently, a quasi-monoid is a reduced simplicial set such that the unique map X — * is
an inner fibration. Hence the map X — % has the right lifting property against all inner anodyne
maps, including all generalized horns A}

A quasi-monoid is sent by the inclusion functor 7 : sSety — sSet to a quasi-category, as defined
by Joyal [Joy08] Definition 1.5, that has only one object. This holds since « is left adjoint to the
inclusion of sSet( in sSet, so the lifting property for quasi-monoids in sSetq corresponds to the
quasi-category lifting property for simplicial sets. As in [Joy08] we will emphasize the connection
of this definition with monoids. This comes from the nerve or classifying space functor

B : Mon — sSetg

The nerve of a monoid is a quasi-monoid. All nerves are 2-coskeletal, as for n > 2 the face maps
act on an n-simplex (a1, a9, ,a,) € BM by

(G/QM"':a'n) t=0
di(ar,ag, -+ ,ap) =1 (a1,a9, - ,a;04i41,+ ,a,) 0<i<n
(a]l’a2’...’...’an71) Z:TL

so an n-simplex is uniquely determined by its faces. For n > 2 the 2-skeletons of \}} and S™ are
isomorphic, so it only remains to show that the lifting problem

N ——BM

L

S o &
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can be solved. The top horizontal map identifies a,b € M and so a solution to the lifting problem
is given by the 2-simplex (a,b) € BMbs.

In fact, as mentioned at the start of this chapter, the nerve functor embeds the category of
monoids as a full subcategory of reduced simplicial sets. Thinking of monoids as their nerves
and reduced simplicial sets as generalized nerves, 1-simplices or edges of a reduced simplicial set
correspond to arrows or elements of the quasi-monoid. This perspective can be formalized by the
left adjoint to the nerve B

7 :sSety — Mon

This functor sends a reduced simplicial set A to its homotopy monoid, which is the monoid 7(A)
generated by the 1-simplices of A subject to the relations

[di ()] = [d2(a)][do(a)]

for all 2-simplices o of A. This construction is defined for all reduced simplicial sets, but in the
case A is a quasi-monoid, every word in the monoid 7(A) can be represented by the class of a single
edge. A word [z][y] € 7(A) corresponds to a horn A\? — A, which has a filler a : S? — X, so

[z][y] = [di(@)] in T(A).

Returning to the general case of a quasi-monoid X, a solution to the lifting problem

)\% <x7y> X

-

therefore can be seen as identifying a composite 1-simplex for the 1-simplices z,y € X; determined
by the map A\? — X as well as a 2-simplex « : S? — X that witnesses the composite

In the next section we will examine when certain outer horn lifting problems for a quasi-monoid
can have solutions.

2.2.1 Special Outer Horns

In this section we will describe conditions on outer horn lifting problems for quasi-monoids that
guarantee that these lifting problems have solutions. Recall that the outer horns are those inclusions

AL C " AT C Sn

for n > 1. We will show that solving lifting problems against outer horns is related to the existence
of inverses in the homotopy monoid. This is most easily seen in the case n = 2. Solving the lifting
problem for a quasi-monoid X against an outer horn in the diagram

)\(2) <$1y> X

|

S?2 o«

16



corresponds in the homotopy monoid by the discussion above to the existence of z € X; such that
[][2] = [y] in 7(X). Hence if X has the right lifting property against all outer horns then 7(X) is
a group. This motivates our investigation in this section of the connection between the existence
of solutions to outer lifting problems against quasi-monoids and invertible 1-simplices of X.

The notion of invertibility we will define for 1-simplices of a quasi-monoid X will be based on
the existence of a solution to an extension problem for the reduced simplicial set map = : S* — X
corresponding to a l-simplex # € X;. The extension will be along the inclusion of S' into the
reduced simplicial set

E' = x(cosko([1]))

For 7 > 1 the r-simplices of E! are length 7 sequences of 0 and 1. These include the non-decreasing
sequences that can be identified with r-simplices of S', so there is an inclusion

01:S!'— E!

determined by the 1-simplex 01 which is common to both reduced simplicial sets.

The extra simplices of the space E' beyond those of S' allow us to identify an inverse for an
edge in the homotopy monoid as well as all higher simplices that witness the edge’s invertibility.
In particular, the 2-simplices

* *
10 01 01 10
101 010
X ——————————— > % * *
11 00

witness that 10 is a left and right inverse respectively for the class of the I-simplex 01 € E! in
7(EY). Hence a map of reduced simplicial sets v : E! — X identifies an invertible element of the
homotopy monoid of X.

We will also define subspaces of E' that witness the existence of a right inverse and a left inverse
respectively of an edge in the homotopy monoid.

Definition 2.8. The subspace R' C E' is the image of the reduced simplicial set map
010: S* - E!

Dually, the space L' C E' is the image of the reduced simplicial set map
101:5* —» E*

The inclusion 01 : S' < E! factors through the inclusions L' C E' and R! C E!, so there
are inclusions 01 : S' < R! and 01 : S' < L! that are the identity below degree 2. The simplex
010 is a witness for 10 as the right inverse of 10 in the homotopy monoid. Dually, the simplex 101
witnesses 10 as the left inverse of 10 in the homotopy monoid. Using these spaces we make the
following definitions.

Definition 2.9. An edge S' — X of a quasi-monoid is right invertible (respectively left in-
vertible) when there exists an extension R' — X (respectively L' — X ). An edge S' — X of a
quasi-monoid is invertible when there exists an extension to E* — X.
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Note that clearly invertible edges are both left and right invertible, but considering R' and
L' themselves shows that not all right or left invertible edges are invertible, as in the following
example.

Example 2.10. The map 01 : S* < R! has no extension along the map S' — E'. If o : E! — R!
extends 01 : ST — R! then dy(do(a(0101))) = 01 and da(d3(a(0101))) = 01 in R!, but this implies
«(0101) = 0101, which is not possible as this simplex does not belong to R!.

We will show in Section that these definitions of invertibility behave as we would hope in
a quasi-monoid. In particular in Proposition [2.46] we will show that an edge of a quasi-monoid is
invertible in the sense of Definition if and only if its image in the homotopy monoid is invertible
as an element of a monoid. This means, in particular, that in quasi-monoids an edge is invertible
if and only if it is left and right invertible.

Let n > 2 and f : X — Y be an inner fibration between quasi-monoids. We say a lifting
problem is a special outer horn if it is of the form of either of the squares

N —— X P ¢
{ (a) |7 [ ®) |1
sn Y gn Y

where the edge 01 of the problem (a) (respectively the edge n — 1 n of the problem (b)) is sent to
a right invertible edge in X (respectively a left invertible edge). The importance of these diagrams
is that these lifting problem can be solved.

Proposition 2.11. Special outer horns have the left lifting property against all inner fibrations
between quasi-monoids.

The corresponding result for quasi-categories, of which this is a special case, has been proved
in [Joy08] Theorem 4.13 using the join and slice of a simplicial set. In the rest of this section we
will present a different proof that avoids introducing these definitions. We will show that solutions
exist for lifting problems of type (a), with the other case following by duality. We will begin by
defining a space that will help us construct solutions in our quasi-monoids.

Definition 2.12. Let n > 1 and let E™ be the reduced simplicial set obtained by collapsing all
0-simplices of cosko([n]). The subspace
Q" C B

consists of all sequences of integers from [n| that are non-decreasing, except that 0 is allowed to
follow 1.

For example, the sequence 0101010123 - - - n belongs to Q™. The space Q" contains the n-simplex
012---n so there is an inclusion
012---n: 8" — Q"

corresponding to this n-simplex. The maps 6"*! : [n] < [n + 1] determine inclusions E" «— E"+1
that restrict to an inclusion Q" — @Q"*!. This inclusion makes the diagram following diagram
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commute for n > 1
S’I’L( 5 QTL

1T

Sn—i—l C Qn+1

Finally, we observe that since R! is generated by the 2-simplex 010, which is a valid 2-simplex of
Q" for all n > 1, we have an inclusion R' < Q".

The role of Q" is to give a factorization of a special outer lifting problem through an inclusion
of a subspace of " that we can then show is inner anodyne and so has a solution. To construct
this factorization for a special outer lifting problem of type (a) we start by considering the inclusion
of the edge 01 into S™ for n > 2 and take the pushout attaching the cells of R!

Sl(—)Rl

of ]

S S" Ve R
K\

We will show that the map ¢" arising from the inclusions of S™ and R' in Q" is an inner anodyne

Q’n

map.
Lemma 2.13. The comparison map q" is an inner anodyne map.

Proof. The space S"V g1 R! consists of the sequences 01, 10, and 010 from R' and all non-decreasing
sequences from [n]. Let Q} consist of the subspace of Q™ generated by the non-degenerate simplices
of Q" specified by sequences of length k& where every number changes by exactly 1 at each step in
the sequence. For example, 1012 is a generating 3-simplex of @)} but its face 102 is not a 2-simplex
of Q4. Note that Q% C S™ Vg1 R! since 01 and 10 belong to R'. Also, Q™ is the colimit of

S"Va B (S" Vg EHYV QY — (S" Vg EHY)VQT < ---
where the maps in the colimit are the pushouts

Qn —=(S" Ve EY) vV Qp,

| |

a1 = (8" Vet BV Q44

We claim that the inclusion @y, C @7, . is inner anodyne for m > 2. The generating m-simplices
of Qp, ;1 that are not in Qp, are the length m + 1 sequences of the form e;0 for max{1,m —n} <
t < m — 1 where e; is the unique length ¢ sequence of alternating Os and 1s that ends with a
1 and 6 = 012---m —t. The 0 < ¢ < t faces all belong to @}, as they delete integers in the
sequence e;, producing degeneracies of the generating m — 1-simplices of Q. The only face for
t <i < m+ 1 that belongs to @}, is the m + 1 face, as all others are length m sequences where a
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number changes by 2 at some step. So this cell is attached as the pushout of a generalized horn

)\?:—i;il my < S™+1 which is inner anodyne by Lemma 0

We can now prove Proposition 2.11]

Proof of Prop. [2.11] Given a left special outer horn lifting problem, the the image of the 1-
simplex 01 € A in X extends to a map R' — X. Consider the extended diagram built around the
lifting problem for 7" C {0,1,2--- ,n — 1} C [n]

AN —X

)

S ——Y

made by extending the 1-simplex S — X in the image of 01 : S* < S™ < A? along the inclusion
01:S' < R! and taking pushouts as indicated

Gle
01
Sl gty R C o o
)\2 \ /;X
AN Vg RY I AV gn1 QU1 ¥ (5)
Sn =Y
S™ Vg1 th,v. ) Qn/ |

The dotted arrows in this diagram are the universal maps determined by the pushouts from the
original lifting problem. The map S™ Vg R! >Y factors through the inner anodyne map
qn : S" Vg1 R < Q" via the lowest dashed arrow of because Y — * is an inner fibration, so a
lift exists for the diagram

S*lvg R > Y

W (©)
Q- *

by Lemma The top dashed arrow in is the lift of the following square where the bottom
horizontal arrow is the composite of the inclusion Q"' — Q" with the lift Q" - —>Y of the
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previous diagram @ and the top horizontal arrow is the top dotted arrow of

Snil \/51 Rl >X

/7
inf // lf
e

Qn—l Y

A solution to this lifting problem exists because f is an inner fibration and ¢,_1 is inner anodyne
by Lemma [2.13

The middle dashed arrow of is the comparison map for the central pushout square arising
from the dotted and dashed arrows with target X from its three corners. Hence the original lifting
problem factors through the inclusion A2 Vg1 Q"1 C Q" as shown

A=A Vg1 Q"1 - - = X

Y

SnC L Qr-— — Y

We will solve the lifting problem of the right hand square, which will give a solution to the outer
square lifting problem. We will do this by factoring the inclusion A2V gn—1 Q"1 C Q™ as a sequence
of subspaces

/\g Vgn-1 Qn_l =VaCVp1 S-SV CQ"

such that the inclusions V; C V;_; are inner anodyne and the map S™ — Q™ factors through
Vi. Vi = Al Vgn1 Q"1 is the subspace of Q™ that is generated by A} and the non-degenerate
simplices of Q™ that are represented by sequences of the form e,d™ where e; is the unique length
t > 1 sequence of alternating Os and 1s that ends in 1 and d" =012---n -1 € S]'_;. We construct
Vi, for 1 < k < n by attaching the n + 1 simplex 01d* € Qi1 to Vg1, where

d* = d(012---n) € S*_,
The faces of 01dF are given by

1d* if j =0
d;(01d*) = { 0d* ifj=1
01d;_o(d¥) if2<j<n
Note that 0dF = so(dk) so this face is present in Vjy; because it is present in A{. The faces
Oldj,Q(dk) are non-degenerate sequences of length n. The only such sequences starting 01 in Vi
have their remaining part a face of d' for [ > k. Since dj_s(d*) = dj_2dj(01---n), the only faces

present in Vi41 are those for £ < j < n. Hence the attachment is done by the generalized horn

)\?a: 21 ) C S™*1, which is inner anodyne by Lemma Finally, we have

01d' =01023---n € V;

and so 012 --n = dy(01d') € V4. 0
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2.3 Mapping Spaces for Quasi-Monoids

In this section we will show that when X is a quasi-monoid the space (X4), defined in Section
is a Kan complex. This is a key step towards constructing a simplicial model structure for
quasi-monoids on sSetg, as the space (X A)* will be a homotopy function complex for sSetg in the
sense of §17 of [Hir03]. In the next section we will use the homotopy properties of the spaces (X4),
to define weak equivalences for this quasi-monoid model structure and show that they are weak
equivalences of a simplicial model structure.

To show that (X4), is a Kan complex when X is a quasi monoid we will make use of the
adjoint structure for the functor of two variables (—~).. In particular, by Proposition there is
a correspondence between lifting problems in sSet and sSetq respectively

K (X5). (B, K) Uk (A,x L) —=X
z[ i(fj)* j*xiv( lf (7)
L— (X%, x(x5), (YP). B ,x L Y

Kan complexes and quasi-monoids are defined by their lifting properties against horn inclusions and
reduced horn inclusions respectively. Hence we can prove that for a map f the map of simplicial
sets

(7)e : (XP)e = (X x(xm), (VP),
is a Kan fibration for any inclusion of reduced simplicial sets A — B by showing that for all
m,n > 0 and all 0 < k£ < n the pushout product map of reduced simplicial sets

(Sm £ X AZ) Uasm*XAZ (85771 £ X An)
| (8)
S™ x A"

has the left lifting property against f.

Our main goal for this section is to show this is the case when f : X — Y is an inner fibration
between quasi-monoids. To do this we will borrow and adapt to the reduced case the terminology
and tools of Appendix H of [Joy08], starting with the notion of prisms.

Definition 2.14. A reduced prism is a reduced simplicial set of the form
Smox A"
form,n > 0.

In Appendix H of [Joy08] the spaces A™ x A™ are called prisms, which motivates our definition
of reduced prisms. Theorem H.0.20 of [JoyO8|] shows that the inclusion in a prism A™ x A™ of the
pushout cartesian product of an inner horn with the inclusion 0A™ C A" is inner anodyne. We
can use this result to show that when the map arises from an inner horn A7 C A”™ it is inner
anodyne.

Proposition 2.15. Let m,n >0 and 0 < k < n. The map
(S™ . x Ay) Uasm x A7 (0S™ x A") — 8™ x A" (9)

s inner anodyne.
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Proof. For 0 < k£ < n and 0 < m the map @D is the pushout of the corresponding unreduced
prism inclusion along the unit of the adjunction x - 4 for the inclusion of sSetg in sSet. That is,
the following square is a pushout in sSet

(A™ x A7) U (DA™ x A") — (S™  x A") U (9S™ ,x A")

V( V( (10)

A™ x A" Smox A

By Theorem H.0.20 of |[Joy08] the map of simplicial sets
(A™ x Ap) U (OA™ x A™) — A™ x A"

is inner anodyne. Any lifting problem against a map @D can be extended to the left by the pushout
square . Hence the maps @D have the left lifting property against all inner fibrations, so they
are inner anodyne. The case of m = 0 is trivial. n

The only cases for the maps left to consider are the inclusions where the unreduced horn is
an outer horn. As noted above, inner fibrations only have the right lifting property against outer
horns in restricted circumstances, such as that of a special outer horn. In the rest of this section
we will show that the outer horns occurring in the reduced prism inclusions corresponding to
outer horns A} € A" are all special outer horns and so the lifting problems can be solved. We will
show this over the next few results, which rely on the following notation and constructions from
[Joy08].

Consider the vertices of the prism A™ x A", represented as a grid.

n e ° ° °

n-1 e . . .

(11)

The simplicial set A™ x A" is generated by (m:{") m + n-simplices, which correspond to length

m+n paths in this grid. An example of such a path, which Joyal calls a maximal chain, is drawn
with arrows on the grid . We identify two types of corners that occur in these chains. A lower
corner of a maximal chain is a position (4, 7) such that the chain

(i,j+1)
(12)
(i_lvj) (17J)
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is included in the maximal chain. The lower corners of the maximal chain in the diagram are
circled in red. Dually, an upper corner of a maximal chain is a position (i, j) such that the chain

(1) = (+19)
(13)
(ivj_l)

is included in the maximal chain. The upper corners of the maximal chain in the diagram are
circled in green.

Joyal defines a new partial order called the transverse order on the vertices by saying (i, j) <
(k,1) when i > k and j <. The top element of [m] x [n] for this order is the corner (0,n) in the
top left and the bottom element is the corner (m,0) in the bottom right. A transverse section of
the lattice [m] x [n] is a subset that is downward closed for this transverse order and contains the
vertices (0,0) and (m,n). Given a maximal chain A, there is a corresponding transverse section
called the shadow of A, which we denote S4 C [m] x [n]. The shadow of A is the down-closed
subset of [m] x [n] for the transverse order that contains the vertices of A. The shadow of the chain
identified in the diagram above consists of all vertices touching the blue shaded region. Note
that in the transverse order, for every (i,j) € A there exists an upper corner u of A such that

The map that sends a maximal chain A to the transverse section S4 is a bijection. This claim
is made in Appendix H of [Joy08|, we include a proof here for completeness.

Proposition 2.16. The shadow is a bijection between the set Tr(m,n) of transverse sections of
[m] x [n] and mazimal chains of this space.

Proof. Let T be a transverse section and let M = {m,},c; C T be the set of maximal elements
for the transverse order in 7. Since T is down-closed, it consists of all elements (i, 7) € [m] x [n]
such that (i,j) < m, for some maximal element of 7. Consider the unique chain A7 whose upper
corners are those elements of M that are not (0,0) and (m,n). There is a unique such chain, as for
a pair of upper corners there is a unique path joining them that doesn’t create any intermediate
upper corners, namely the path between the green circled upper corners below

o

The shadow of a maximal chain consists of all elements (7, j) such that (i,j) < u for some upper
corner of the chain. The upper corners of Ar are exactly the maximal elements of T', so S4, =T

0
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Finally, we define the simplicial subset of A™ x A™ that is spanned by the vertices of the shadow
S 4. This is denoted C'(S4) and it is equal to the union of all m + n-simplices whose maximal chains
are contained in S4.

The role of this partial order is to give a way of systematically extending a map defined on a
subspace of A™ x A" to the whole space. This is done by extending it to each m —+n-simplex arising
from a maximal chain in a way that agrees with the already established extension on the rest of the
transverse section given by its shadow. The transverse sections form a finite inf-lattice, where the
partial order is by inclusion. The meet is the intersection, which gives a transverse section because
(0,0) and (m,n) belong to all transverse sections and the intersection of down-closed subsets is
down-closed. Joyal proves the following general result about extending maps that we will use.

Lemma 2.17 ([Joy08] H.0.16 and H.0.17). Let A be a class of morphisms in sSet. Suppose E C X
is a subspace of a simplicial set X and € : L — P(X) is an inf-preserving map of posets from a
finite inf-lattice L to the poset of subspaces of X. Suppose for all a € L the inclusion

e UECe(a)UE
b<a

has the left lifting property against all maps in A. Then E C X has the left lifting property against
all maps in A.

The simplices of S™ ,x A™ consist of the simplices of A™ x A™ except for all the simplices of
A™ x [n] =A™ x (A")y € A™ x A"

which are all identified to the degeneracy of the unique basepoint. Therefore we can unambiguously
describe simplices in S™ ,x A™ as ordered sequences of pairs (i,j) € [m] x [n] as long as not all
of the second coordinates are the same. Looking at the grid , this means that all horizontal
sequences of arrows are the degeneracy of the unique basepoint, as indicated by the = along the
bottom axis. Hence the projection map to the quotient p : A™ x A" — S§" _x A™ preserves
intersections of subspaces X,Y C A" x A™

p(XNY) = p(X)Np(Y)

The inclusion of the left in the right always holds. The only way it could be a proper inclusion is
if there were simplices ux € X \'Y and uy € Y \ X such that p(ux) = p(uy) but p(z) # p(ux) for
all z € X NY. This is impossible as p(ux) = p(uy) implies both are sent to the basepoint and the
basepoint must belong to p(X NY).

This analysis allows us to adapt the proof of Theorem H.0.20 and Proposition H.0.21 in [Joy08]
to prove the following half of the remaining cases for the lifting properties of maps .

Lemma 2.18. The inclusion (S™ ,x A7) U (9S™ ,x A™) C S™ . x A™ has the left lifting property
against all inner fibrations between quasi-monoids.

Proof. Let £ = Tr(m,n) be the poset of transverse sections of [m] x [n]. Define a map

c:Tr(m,n) - P(S" ,x A™)
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sending a transverse section 7" to the image in S™ . x A™ of the simplicial set in A™ x A™ spanned
by the vertices. In other words, ¢(T') = p(C(T)). The infimum of two transverse sections T, T is
their intersection and the discussion above shows that

c(TNT)=c(T)Ne(T')

so ¢ is an inf-preserving map of posets.
We now apply Lemma to the subspace (S™ ,x A7) U (9S™ ., x A™) C S™ . x A™ and the
function ¢ : Tr(m,n) — P(S™ ,x A™). We denote

So to show
(S™ X AT)U(9S™ ,x A™)) C S x A™

has the left lifting property against all inner fibrations between quasi-monoids it is sufficient to
show that the inclusions

((S™ . Ap) U (9S™ > A™)) U é(S) € (5™ .x Ag) U (95™ . x A™)) U e(S)

do for all transverse sections S € Tr(m,n).

Every transverse section is the shadow of a unique maximal chain, so S = S4 for a maximal
chain A. The only m + n-simplex missing from ¢(Sy4) is the simplex of S™ ,x A™ corresponding
to the maximal chain A, which we denote S’y'*". Hence ¢(S4) = ¢(S4) U S7™™ and the following
square is a pushout in sSetg

ST A (E(S4) U (S™ % AT U (ST ,x A™))) = &(S4) U ((S™ ,x AT) U (9S™ ,x A™))

| C

smn c(S4) U ((S™ ,x AT U (98" ,x A™))

Joyal shows in Lemma H.0.19 of [Joy08| that

AN U C(Sa) | Ul x A" U(A™ x 9A™) | = ATy © A%
T<Sa

where AZ”” is the n+m-simplex spanned by the maximal chain A, Ic(A) is the set of lower corners
of A and ¢ is the least element in the column {m} x [n] with respect to the standard partial order
on [m] x [n]. The image of this inclusion under p is the left hand inclusion in (14)), since p preserves

n+m

intersections. Therefore the square is the pushout of a generalized horn >‘1c( AUt} C §ntm for
each choice of maximal chain A in [m] x [n]. We will show that all these inclusions have the left
lifting property against inner fibrations between quasi-monoids.

Consider the two possible cases for the last edge of A terminating at (m,n). We will show that
in each case the lifting problem can be solved.
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(m,n)

1. If the edge is then there exists a lower corner (m, j) for some j < n and the highest
(mvn'l)

element of A in the column {m} x [n]| is not (m,n). In particular, (0,0), which is never
a lower corner, and (m,n) do not belong to lc(A) U {t} but there exists some lower corner
(0,0) < (m, j) < (m,n) belonging to this set. Hence A?J(rgu{t} is inner anodyne.

C

2. If the edge is (m-1,n)e——=(m;n) then the top element of {m} x [n] is (m,n), but again

(0,0) ¢ le(A) U {(m,n)} so lc(A) U {(m,n)} C [1,--- ,m+n] in ST and the inclusion is
right anodyne. But the last edge is (m—1,n) < (m,n) so it is the identity in S™ ,x A™ and so
this inclusion has the left lifting property against all inner fibrations between quasi-monoids
by Proposition

O

The case of ™, x A" follows from this by duality, so we have shown that all the maps (8)) have the
left lifting property against inner fibrations between quasi-monoids. Applying the correspondences
of the adjunction of two variables defined in Proposition [2.3] we have the following two immediate
corollaries that we promised at the start of this section.

Corollary 2.19. The simplicial set (X*?), is a Kan complex for every X, A € sSety with X a
quasi-monoid.

Corollary 2.20. For any inner fibration between quasi-monoids f : X — Y and any inclusion
A C B of reduced simplicial sets the map

(XP)e = (XM)s x(yay. (YP),

1s a Kan fibration between Kan complezxes.

2.4 The Quasi-Monoid Simplicial Model Structure

We will define a model structure on sSety such that the cofibrations are the inclusions and the
fibrant objects are the quasi-monoids. As mentioned at the start of this chapter, our approach is
a hybrid of Joyal’s methods for the mapping spaces (— ). defined in the previous section and the
framework used by Bousfield in [Bou75] for the model structure on sSet for homology equivalences.
In this section we will define the classes of proposed weak equivalences, cofibrations, and fibrations
for the model structure and show that they have the required lifting and factorization properties.
We will follow [Joy08] Chapters 4, 5, and 6 in making heavy use of the adjunction of two variables
and the mapping space (— ). that we described in the previous section. These methods will
give characterizations of the classes of maps for the model structure in terms of lifting properties.
Then we will use the approach of Bousfield by showing that there exists a functor from the arrow
category of sSetg to the category of graded groups that commutes with filtered colimits and exactly
characterizes when a map belongs to the class of proposed weak equivalences for the quasi-monoid
model structure. This allows us to replace the homology functor in the proofs in [Bou75] and use
the same arguments to show that sSety has a cofibrantly generated model structure. Finally, at
the end of this section we will show that this model structure is the transferred model structure
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from the Joyal model structure on simplicial sets (Theorem 6.2 of [Joy08]) via the adjunction x -4
with the inclusion functor of sSet in sSet.

We begin by defining VW, the proposed class of weak equivalences. The model structure we
are proposing will be a simplicial model structure, so the mapping spaces (—~ ), will allow us to
identify weak equivalences using Corollary 9.7.5 of [Hir03|]. Anticipating these results we define W
as follows.

Definition 2.21. Let W be the class of maps f: A — B in sSety such that for all quasi-monoids
X the map f*: (XB), = (X4, is a Kan weak equivalence.

It is clear that the 2 out of 3 property holds for maps in W by the corresponding property for
Kan weak equivalences of sSet.

We will now build up the classes of fibrations and cofibrations that will make up the model
structure for quasi-monoids on sSetg. The class of cofibrations C will be the monomorphisms of
reduced simplicial sets, as is the case for the Kan model structure on reduced simplicial sets of
Theorem The results of the previous section give the following characterization of maps in
cCnw.

Proposition 2.22. The class CNW consists of the monomorphisms A — B of reduced simplicial
sets such that (XB), — (X4). is an acyclic fibration for all quasi-monoids X .

Proof. By Corollary applied to A C B and X — %, an inner fibration between quasi-monoids,
(XB), — (X4), is a Kan fibration. Hence it is a Kan weak equivalence if and only if it is an acyclic
fibration. (]

We will want quasi-monoids to be fibrant objects of this model structure, so we will need the
inner horns A} < S™ to belong to CNW. We can show that they do by using the adjoint properties
of the functor (—7), and the results of [Joy08] Appendix H for unreduced prisms.

Proposition 2.23. Inner anodyne maps between reduced simplicial sets belong to C N .

Proof. By Proposition [2.22] we must show that for any inner anodyne map A < B and for any
quasi-monoid X the map
(XP) = (X,

is an acyclic fibration of simplicial sets. By the adjointness of Proposition the following lifting
problems are equivalent.

3?‘%()(3)* (B ,x OA™) Uy woan (A x A") — X T%EO(XA")
A" — (X4), B ,x A" Jk B — Ep(X%")

Hence it is sufficient to prove that for all n > 0 and all quasi-monoids X the map of reduced
simplicial sets Eo(X?2") — Eo(X2") is an inner fibration. Hence it is sufficient to prove that
(X5™), = (XA is an acyclic fibration for all m > 2, 0 < k < m.
To do this, by the adjointness of lifting problems described in we must show that for all
n>0
(Sm « X BA") U/\ZL*XBA" (/\Ln & X An> — 8™ £ X A"
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is an inner anodyne map. For m,n > 0 and 0 < k < m the following squares are pushouts

(A % AT) U (A x GAT) —> (X, x A™)U (™ ,x JA™)

| |

AT x A" S™  x A"

Now by Theorem H.0.20 of [JoyO08| for 0 < k < m the map of simplicial sets
(A X A") U (A™ x OA™) — A™ x A"
is inner anodyne, so we are done.

0

We now begin to identify some of the fibrations of our proposed model structure. By standard
model structure properties these will be the maps that have the right lifting property against all
maps in C N W.

Proposition 2.24. Let f : X — Y be an inner fibration between quasi-monoids. Then f has the
right lifting property against all maps of sSety that belong to CNW.

Proof. Let A — B belong to C N W. Consider the pullback

(XB)* \\

(XD x(yay, (V) — (X4),

| l

(Y5). (Y4).

The maps (XB), — (X4), and (YB), — (Y4), are acyclic fibrations by Proposition so the
comparison map

(XF) = (X x(yay, (YF)s (15)
is a Kan weak equivalence. By Corollary it is a Kan fibration, so it is an acyclic fibration. The
left lifting property for (15)) implies f has the right lifting property against

(A X A™)Ua xoan (B ,x 0A™) — B ,x A"
for all n > 0. Taking n = 0 gives the result. 0

In the proposed model structure, therefore, inner fibrations between quasi-monoids must be
fibrations. Let F be the class of maps that have the right lifting property against all maps in
W N C, which are the proposed fibrations of this model structure we are constructing. Before
showing that there is a model structure with these classes of maps, we first recognize that the maps
in F NW are acyclic fibrations of the Kan model structure of Theorem That is, these are
maps of reduced simplicial sets that are acyclic fibrations in the Kan model structure on sSet, so
they have the right lifting property against all inclusions JA™ — A" for n > 0. This will allow us
to refer to acyclic fibrations of reduced simplicial sets without confusion as to which of the model
structures we are referring to.

To do this, we will define the following notion of homotopy equivalence for sSet.
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Definition 2.25. We say a map of reduced simplicial sets f : X — Y is a reduced homotopy
equivalence when there exists a map g : Y — X and maps H and G making the following diagrams
commute

X£N§X YfNXY
I N

We will eventually show that the quasi-monoid model structure on sSetg is a simplicial model
structure, so that A ,x Al is a cylinder object for a reduced simplicial set in this model structure.
This definition, therefore, is describing a left homotopy equivalence, so we expect that such a
structure makes f into a weak equivalence of the quasi-monoid model structure, which it does.

Proposition 2.26. Let f : A — B be a reduced homotopy equivalence in sSety. Then f belongs
toW.

Proof. By Definition [2.21| we must show that for all quasi-monoids X the map of simplicial sets
(XT)e s (XP) = (XA,

is a Kan weak equivalence. In fact, we will show that this map is a Kan weak equivalence for any
reduced simplicial set, not only for a quasi-monoid X.

Let g: B— A, H: A ,xA' = A and G : B ,x A' — B be the required maps as in Definition
The homotopies H and G are 1-simplices of (A4), and (BP), respectively. We will define a
map of simplicial sets inspired by the map in Lemma 19.5 of [Rez17]

v 1 (B, = Homgger, (XP)., (X7).)

where we are temporarily recalling the pointed structure of the simplicial sets (X A)>k which we
have been forgetting ever since constructing the mapping space for sSetg in Section [2.1] The space
Homgges, (XB)., (X4),) is the mapping space for the pointed simplicial sets (XB), and (X4),
where n-simplices are the maps

AT A (XB) = (XA,

with A" the standard simplicial n-simplex with a freely adjoined basepoint.
We define the map v to take an n-simplex x : A ,x A™ — B of (B4), and send it to the map

y(z) s AT A (XB), — (XA).
defined on t-simplices by
Y(@)(O:[t] > [n] € Ay : B, x A" - X € (XP))y) =2y 1 A x A' 5 X
where zg , is defined on s-simplices by

woy(p:[s] = [t] € Aju € A) = y(p: [s] = [t] 2(u € As, 00 p: [s] — [n]))
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This respects simplicial operations and the basepoint.

For any reduced simplicial set X the map « sends H and G to homotopies between the simplicial
sets (X4), and (XB),. These homotopies show that f* : (XZ), — (X4), and ¢* : (X4), — (XB),
are homotopy inverses of each other, hence they are weak equivalences of reduced simplicial sets,
and so of simplicial sets in the Kan model structure on sSet. ]

We can now show that all Kan acyclic fibrations between reduced simplicial sets belong to
FNwWw.

Corollary 2.27. A Kan acyclic fibration between reduced simplicial sets is in F N W.

Proof. First we observe that a Kan acyclic fibration belongs to F because it has the right lifting
property against all maps in C and so in particular against all maps in C N W. We will show that
an acyclic fibration belongs to W by showing that it is part of a reduced homotopy equivalence, so
by Proposition it belongs to W. This is the standard proof for acyclic fibrations in a model
category of cofibrant objects, see for example Proposition 1.3.2 of [Cis06].

All reduced simplicial sets are cofibrant in the reduced Kan model structure so an acyclic
fibration p : A — B has a retract j : B < A. This retract is a reduced homotopy inverse since p is
an acyclic fibration so there exists a lift for the diagram

which determines one homotopy of Definition of a reduced homotopy equivalence. The other
homotopy, G : B ,x Al — B is trivial as j is a retract for p. 0

We have shown that Kan acyclic fibrations all belong to FNW. We will now show that F W
is exactly the class of Kan acyclic fibrations of reduced simplicial sets.

Proposition 2.28. Let f : X — Y be a map with the right lifting property against all maps in
WnNC. Then f €W if and only if f is a Kan acyclic fibration.

Proof. We showed acyclic fibrations are in W in Corollary 2.27] For the converse, factor f : A — B
in sSetq as a cofibration u : A — F followed by a Kan acyclic fibration p : £ — B using the Kan
model structure on sSetq of Theorem

At S B

N

B

The Kan acyclic fibration is in W by Corollary so by 2 out of 3 for W since f belongs to W
by assumption the cofibration does too. As f belongs to F it has the left lifting property against
u, which belongs to C N W, so there is a solution to the lifting problem

A A
7
s
E

_ B
P
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This makes f a retract of the acyclic fibration p so it is an acyclic fibration. (]

This identification of F N W as the same as the acyclic fibrations of the model structure of
Theorem allows us to simply lift the existence of a weak factorization system (C, WNF) straight
from the reduced Kan model structure on sSety. We now have to show the weak factorization
system (C NW, F). We will start with the following special case for maps between quasi-monoids.
Recall from Proposition that inner fibrations between quasi-monoids belong to F, so this is
an instance of this factorization.

Proposition 2.29. Let f: X — Y be a map between quasi-monoids. There exists a factorization

X = P(f)

\ &

Y
where P(f) is a quasi-monoid, ix € WNC and py is an inner fibration.

Proof. Consider the diagram

L
Eo(YA) —= Ey(YOA ) —= v
\_/'
Eo(vdh)
The outer square is defined to to be the pullback of f along Eo(Ydl). The right square is a pullback
because Ej (YaAl) =Y x Y, so the left square is also a pullback. The composite of the bottom two

maps is the map p N K
Ey(Y*): Eo(Y® )= Ey(Y™ ) =Y (16)

By the correspondence of lifting problems

8™ — = Fo (YA A —
I o
sgm o Eo(YAO) Al - (Yasm)*

the lifting problem on the right has a solution by Corollary since Y is a quasi-monoid and
d' : A < Al is an anodyne map. Hence the map is an acyclic fibration of reduced simplicial
sets. Since the total square is a pullback the the top map is an acyclic fibration and hence in W
by Corollary The left hand map X — FEy(Y?) is the composite

(s9)"

X Loy = By L gyvahy
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where s : A — A0 is the unique map, which is a retract of d' : A® — Al. The comparison map
ix is a retract of a map in W, so it is in WNZC.
Now consider the map

- dO *
ppi P(f) = Ey(vA) Dy

Since moix = (s%)*o f and s is also a retract of d° we have pfoix = f. Now consider the diagram

P(f) XxY

e |
EO(YA\ Y xY (17)

) — pry

Nlpm
Y

The square is a pullback and Eo(Y2") — Eo(Y?A') = Y x Y is an inner fibration by the corre-
spondence of lifting problems

A ——= Eo(Y2) (S™ X OAY) Uy coar (A x Al) —=Y
S™M s Bo(YOAh) Sm x Al *

where the right lifting problem can be solved since Y is a quasi-monoid and by the proof of
Proposition foralln >0, m>2 and 0 <k <m

(8™ ., x OA™) U/\ZL*XBA" (A X A™) = 8™ x A"

is an inner anodyne map. So the top map of the pullback square in is an inner fibration. The
product projection pr; is an inner fibration, so py is an inner fibration. ]

This factorization allows us to replace any map between quasi-monoids with an inner fibration
up to a map in W. To replace any map between reduced simplicial sets by a map between quasi-
monoids we will use the small object argument with the set of inner horn inclusions h% : \k < g7
with 2 <n and 0 < k£ < n in sSety.

Proposition 2.30 (Small Object Argument). There exists a functor R : sSety — sSety and a
natural transformation p : Id — R such that for any reduced simplicial set X R(X) is a quasi-
monoid X and the components px : X — R(X) are inner anodyne. This functor preserves filtered
colimits.

Corollary 2.31. We can replace any map by a map in F, up to maps in WNC.

Proof. Apply the functor R to the map f : X — Y. Then factor R(f) as a map in WNC followed
by an inner fibration using Proposition [2.29

tR(X)

X % R(X) P(R(f))

ft R(f)l A

Y <25 R(Y)
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The maps px and py are inner anodyne by Proposition [2.30] so by Proposition 2:23] they belong to
WNC. Hence the top row maps are in WNC, so their composition is. The map pr(y) is an inner
fibration between quasi-monoids, so it has the right lifting property against all maps in W N C by

Proposition 0

We will now define a functor that will give us another characterization of maps in W. We will
use this functor and a modified version of the approach in §11 of [Bou75| to complete our proof
of the model structure for quasi-monoids on sSety. The functor he we define here will replace the
homology functor used in §11 of [Bou75| to prove the existence of a homology model structure for
sSet. This functor he acts on objects of the arrow category by

ho(f : A= B) = o (bR ™). )

where fib(pg(y)) is the fiber at the basepoint of the map pg(s) obtained in Corollary The key
fact needed to adapt the work of Bousfield is that this functor commutes with filtered colimits.

Proposition 2.32. The functor h, : .sSetOAl — Gr(Gp) from the arrow category of reduced sim-
plicial sets to graded groups commutes with filtered colimits.

Proof. The functor he sends a map f: X — Y to m, ((ﬁb(pR(f))Sl)*) The functor R commutes

with filtered colimits by Proposition The functor Ey(—2") and all the finite limits in the path
space construction commute with filtered colimits. Taking the fiber is a pullback, so it commutes
with filtered colimits. The map pgr(s) is an inner fibration, so its fiber is a quasi-monoid. The

functor (—2 1)* commutes with filtered colimits because S! is a finite simplicial set. The space
(fib(p R( f))S 1)* is a Kan complex by Corollary m so its n*" homotopy group is the quotient of a
subset of the n-simplices, which commutes with filtered colimits. (]

The role of this functor is in identifying maps in WW. The following result is based on methods of
§7 of [DS11a]. In this section the authors define maps of simplicial sets called DK-equivalences and
show how these are related to other notions of equivalences for simplicial sets. We observe that the
second condition in the definition of DK-equivalences (Definition 7.1 [DS11a]) is the same as our
condition for maps of sSetg to belong to W. Furthermore, by Lemma 7.2 an inner fibration between
quasi-monoids is a DK-equivalence exactly when it belongs to W, since all maps between reduced
simplicial sets are surjective on O-simplices. Therefore, we can adapt the proof of Propositions 7.5
and 7.6 of [DS11a] to show that a map of reduced simplicial sets that is an inner fibration between
quasi-monoids and belongs to W is a Kan acyclic fibration.

Lemma 2.33. Let f : X — Y be an inner fibration between quasi-monoids. Then f is a Kan
acyclic fibration if and only if (fsl)>k : (XSl)>k — (Ysl)* is a Kan acyclic fibration.

Proof. If f is a Kan acyclic fibration then it has the right lifting property against maps
(* ., x AM)U(S' ,x 0A™) — ST x A"

for all n > 0, so (f° 1)* is an acyclic fibration.
Suppose (f° 1)* is a Kan acyclic fibration. We must show that f has the right lifting property
against 9S™ — S™ for all n > 0. The case of n = 0 follows immediately from the fact that X and
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Y are reduced simplicial sets, so they have unique O-simplices. For n > 1 we will show that the

pullback product map
(X)) = (V)4 x(yasmy, (XP),

is an acyclic fibration, and in particular surjective. Hence there are solutions to the equivalent
lifting problems

0 (Xsn)* (Sn X @) U(@S"*XQ)) (85” X AO) — X
| | £ f
AO  —— (X(?S") X(YBS”I)* (st)* Sn £ X AO Y

so f has the right lifting property against the remaining generating cofibrations 9S™ — S™ for
n > 1.
Consider maps

n—1

\/ Sl C . gn

i=0
including the reduced 1-simplices along the spine of the reduced n-simplex S™ for all n > 1. We
will call these maps spine inclusions. These are inner anodyne by Proposition 2.13 of [Joy08]. In
the square

(X7)s (Y5"),

2 2
n—1 ) n—1 )
[T ——J[ ).
=0 i=0

the vertical maps are acyclic fibrations by Propositions and The bottom horizontal map
is the product of Kan weak equivalences between Kan complexes, so it is a Kan weak equivalence.
Hence the top horizontal map is a Kan weak equivalence. In the pullback square

S T

| |

(¥5), (YO57),

(X)s

the comparison map and the bottom map are Kan fibrations by Corollary We have just showed
that the left map (X°"), — (Y°"), is a Kan weak equivalence, so to show the comparison map is
an acyclic fibration for all n > 1 it is sufficient to show that (X99"), — (Y95"), is a Kan weak
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equivalence for all n > 1. Observe for n > 1 9S™ is covered by the subspaces S"~! = Im(d') C S™
and A7, whose intersection is isomorphic to S™"~!. Therefore there is a pushout of simplicial sets

asn—l C Sn—l

L

A} —— 085"

that attaches the missing face of A} needed to make 9S™ along its boundary 9S™~!. This corre-
sponds to a pullback of mapping spaces

(Xasn)* - (Xan)*

l |

n n—1
(XM), —— (x75"7),

where all maps are Kan fibrations. This square is homotopy cartesian, so it is sufficient to show
that all three maps ) X
(XBS" )* N (Y&S" )*

(XM), = (Y,
(X5 = (5T,

are Kan weak equivalences. The last is by earlier, the middle is by the same discussion using the
inner anodyne map \/’;Z_OIS L' A7, and the first is by the inductive hypothesis. m

This argument shows that for maps in W between quasi-monoids, the maps (X°"), — (Y5"),
and (X99"), — (Y?5"), for all n > 0 are Kan weak equivalences. All simplicial sets are built as
unions of n-simplices attached along their boundaries by pushouts, which correspond to pullbacks
of products of mapping spaces since (X~ ), is contravariant. When X is a quasi-monoid, this
functor sends inclusions to Kan fibrations. So the limits defining the construction of a mapping
space (X4), by building up mapping spaces of skeleta of A are all homotopy limits. The Kan
weak equivalences above, therefore, are preserved by the limits and we find that for any map in
W between quasi-monoids (X4), — (Y1), is a weak equivalence for any reduced simplicial set A.
This makes sense, since we will define a model structure on sSety where quasi-monoids are fibrant
objects and maps in W are weak equivalences, with (—4), a right Quillen functor. This observation
simply shows that (—4), preserves weak equivalences between fibrant objects.

Returning to the model structure, we can conclude the following characterization of maps in

W.
Proposition 2.34. A map f in sSety belongs to W if and only if he(f) = 0.

Proof. We will show that this condition on h, is equivalent to the map (pg, f)Sl)* being a Kan
acyclic fibration. By Lemma and Proposition since pp(yy is an inner fibration between
quasi-monoids this is equivalent to pg(r) belonging to W. By Corollary this is equivalent to f
being in W, so this will give the result.

Since pg(y) is an inner fibration between quasi-monoids (pg, f)S ' )« is a Kan fibration by Corollary

The functor (—Sl)* is a right adjoint so it preserves pullbacks and in particular fibers. Hence
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(ﬁb(pR(f))Sl)* = ﬁb(pR(f)Sl)*, so by the homotopy long exact sequence of a fibration (pR(f)Sl)* is

an acyclic Kan fibration if and only if he(f) = 0. 0

We will adopt the notation of [Bou75| when h, is applied to an inclusion i : A C B of reduced
simplicial sets, so we will write he(i) = he(B,A). The following argument comes straight from
[Bou75] Lemma 11.2.

Proposition 2.35. Let A C B be an inclusion of reduced simplicial sets that belongs to W. There
exists a subcomplex C C B with |C| < w, C ¢ A, and such that C N A C C belongs to W.

Proof. Construct C' inductively, starting with any space C; C B with |C}| < w and Cy N A # 0.
Since he commutes with filtered colimits, we have

h.(A, B) = colim;cp h.(Fi, F;n A)

where P is the poset of finite subspaces F; C B. Suppose C; exists for ¢ > 1 satisfying the same
conditions as C;. For any = € he(Cy,Cy N A), there exists a finite subspace F;, C B such that the
following diagram commutes

Z, —2 > ho(F;,, F;, N A)

he(Cs, C; N A) he(B, A)

where Z,, is the graded group with n'" group Z and all others trivial and \;, is the map to the
colimit. This holds because Z,, is a compact object of graded groups and he(B,A) = 0 so any
element of a graded group he(F;, F; N A) is eventually sent to 0 in a large enough finite subspace of
B.

Now let

Ciy1=C; U U E;,
2€he(C;,CiNA)
The construction of he shows that |he(C;, C; N A)| < w and the spaces Fj, are finite, so |Ci11| < w.
Taking
c=Jc
i>1
we have a directed colimit

h(Cl,Cl ﬂA) 4>h(02,02 ﬂA) _ —>h(C’1,CZ ﬁA)

h(C,C N A)

where by construction of C;11, for all x € he(C;, C; N A) the diagram

Z, 0 he(Fy,, F;, N A)

h.(CZ', ;N A) —— ho(Ci—I—l, Ci+1 N A) h.(B, A)
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commutes. So the maps in the colimit are all zero and he(C,CNA) =0. ]

This corollary is the adaptation of Lemma 11.3 of [Bou75| to the proposed quasi-monoid model
structure that follows immediately from the adaptation of Lemma 11.2 to this case in the previous
proposition.

Corollary 2.36. A map f : X — Y belongs to F if and only if it has the right lifting property
against all maps A — B in CNW such that |B| < w.

Proof. Suppose f has the right lifting property given above. Let g : C'— D be a map in in CNW
and let
C =X

95 lf (19)

be a lifting problem in sSety. We will show that this lifting problem has a solution.

We define the poset P of subspaces lying between C' and D. An element of this poset is therefore
a reduced simplicial set Z C D a monomorphism gz : C' < Z such that g|z = gz. The poset order
is by inclusion of subspaces of D. We take the subposet P’ C P consisting of those elements Z C D
for which the monomorphism gz : C'— Z belongs to C N W and there exists a solution hyz to the
factorization of the lifting problem as follows

C—=X

7
7/
9z o
. z

Z f
D——Y
v
This subposet is non-empty as it contains the subspace

CZ=g4(C)CD

of D. It is chain complete, so by Zorn’s lemma there exists a maximal subspace Zy C D in P’. We
will show that this maximal subspace is D, so that the lifting problem has a solution.

If Zy # D then by Proposition applied to Zy C D exists a subspace A C D with |A] < w,
A ¢ Zy, and such that A N Zy C A belongs to W. By the assumption on f, therefore, and the
definition of P’ we can extend the solution to the lifting problem

C———X

(" hz, 71

9z o
s/

/

ANZy——Zy y
N
£ / f
/

A= AU Zy

')

7

D
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This contradicts maximality, however, so Zy = D and the original lifting problem has a
solution. 0

A choice of isomorphism representatives of maps in C N such that the domain has cardinality
at most w form a set of generating acyclic cofibrations, so we have shown the existence of a model
structure.

Theorem 2.37. There exists a model structure on the category of reduced simplicial sets sSety
such that

o the weak equivalences are the maps f : A — B such that (X7), : (XB), — (X?), is a Kan
weak equivalence for all quasi-monoids X

e the cofibrations are inclusions of reduced simplicial sets

o the fibrations are the maps with the right lifting property against all cofibrations that are weak
equivalences

This model structure is cofibrantly generated and the fibrant objects are the quasi-monoids.

That the fibrant objects are exactly the quasi-monoids follows from Proposition [2.22] and Corol-
lary 2:23] A map is a weak equivalence of the model structure of Theorem [2.37] if and only if
(XPB), = (X4), is an acyclic fibration for all quasi-monoids X, so quasi-monoids are fibrant ob-
jects. Corollary gives that inner anodyne maps are weak equivalences of this model structure,
so all fibrant objects are quasi-monoids. From this characterization, we will call the model structure
of Theorem the quasi-monoid model structure. To distinguish the two model structures
on the category sSety we will denote the Kan model structure of Theorem by (sSety)x and
the quasi-monoid model structure of Theorem by (sSetg) .

The quasi-monoid model structure could equally well be called the reduced Joyal model structure
because of the following result.

Proposition 2.38. A map between reduced simplicial sets is a weak equivalence of the quasi-monoid
model structure if and only if it is a Joyal weak equivalence.

Proof. First observe that inner anodyne maps are Joyal equivalences and weak equivalences of
the quasi-monoid model structure. The proof of Proposition [2:34] shows that a map f is a weak
equivalence of the quasi-monoid model structure if and only if pg(s) is an acyclic fibration, where
there is the following factorization

X —— P(R(f))

f lpﬁ(ﬂ

Y ———= R(Y)
An acyclic fibration is a Joyal equivalence and a weak equivalence of the quasi-monoid model
structure, so by 2 out of 3 for both classes of weak equivalences they are the same. ]

Because of this we will refer to weak equivalences of the model structure of Theorem [2.37] as
reduced Joyal equivalences. This also shows that the quasi-monoid model structure on sSet
is the model structure transferred via the adjunction

i
—

(sSetp)y T (sSet);

~—
K

39



with the Joyal model structure on simplicial sets. We have just shown in Proposition [2.3§] that the
inclusion functor ¢ creates weak equivalences for the quasi-monoid model structure, so to identify
this as the transferred model structure it remains to show that ¢ creates fibrations of the quasi-
monoid model structure.

Proposition 2.39. A map of reduced simplicial sets belongs to the class F of fibrations for the
quasi-monoid model structure if and only if it is sent to a fibration of the Joyal model structure by
the inclusion functor i : sSety — sSet.

Proof. Let f : A — B be a map of reduced simplicial sets such that i(f) is a fibration of the Joyal
model structure. We will show that any lifting problem

C—=A

s

in sSety has a solution when g : C' <— D is an acyclic cofibration for the quasi-monoid model
structure. To do this we show that the lifting problem in sSet obtained by applying the functor
i to this problem has a solution. Since sSet( is a reflective subcategory of sSet this then implies
that the original lifting probem has a solution in sSety.

An acyclic cofibration of the quasi-monoid model structure is an acyclic cofibration of the Joyal
model structure on sSet by Proposition so i(g) is an acyclic cofibration in the Joyal model
structure on sSet. Hence the lifting problem

i(C) - i(A)

i(g)£ li(f)

i(D) = i(B)
can be solved since i(f) is a fibration of the Joyal model category on simplicial sets by hypothesis.

It only remains to show that ¢ preserves fibrations. By [JT07] Lemma 7.14 we can show this by
proving that i preserves fibrations between fibrant objects. By Proposition [2.23]a fibration between
fibrant objects in the quasi-monoid model structure is an inner fibration between quasi-monoids.
Hence under i by Definition 4.1 and Theorem 6.12 of [Joy08| a fibration between fibrant objects of
the quasi-monoid model structure is sent to a fibration of the Joyal model structure. m

Finally, as we promised, we can now show that the quasi-monoid model structure is a simplicial
model structure. We proved that sSety is enriched in sSet and powered and copowered over sSet
in Section 2.1}, so it only remains to show that the adjunction of two variables defined in Proposition
is a Quillen adjunction.

Proposition 2.40. The quasi-monoid model structure is a simplicial model structure.

Proof. We will show that the functor (—) ,x (—) : sSetp x sSet — sSet is a Quillen bifunctor.
Let f: A B and g : K — L be cofibrations in sSety and sSet respectively. Then f ,x g :
A x LUB x K < B _x L is a cofibration. The maps have the left lifting property against
all fibrations between fibrant objects in the quasi-monoid model structure, so by Lemma 7.14 of
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[JTO7] these maps are reduced Joyal equivalences. Hence f ,x g is a reduced Joyal equivalence
when K — L is a Kan weak equivalence. The adjunction and Proposition give that f ,x g is
a reduced Joyal equivalence when A — B is. ]

2.5 Kan Complexes and Quasi-monoids

In this section we will show that the Kan model structure on reduced simplicial sets (sSet)x can
be obtained from the quasi-monoid model structure as a consequence of simply requiring that one
more map be a weak equivalence. The framework we will use to describe a new model structure
obtained by adding more weak equivalences to an existing model structure is that of left Bousfield
localization.

We will use the characterization of left Bousfield localizations given in [Hir0O3| Definition 3.3.1 to
show that (sSetg) is a left Bousfield localization of (sSety) . Since we have shown in Proposition
that (sSetg) s is a simplicial model category with mapping space functor (—~ )., to show that
(sSetp) k is the left Bousfield localization of (sSetg); at a set H of morphisms of sSety we must
show

1. the cofibrations of (sSet()x are the same as the cofibrations of (sSetg) s

2. a reduced simplicial set X is a reduced Kan complex if and only if it is a quasi-monoid and
for all maps f: A — B in H the map of simplicial sets

(XT)u: (XP)s = (XA,
is a Kan weak equivalence

3. amap f: A = B of sSetg is Kan weak equivalence if and only if for all H-local reduced
simplicial sets X the simplicial set map

(XT) 2 (XP)e = (XA,
is a Kan weak equivalence
The localizing set that works will be the single map
H=1{01:5"— R}

defined for the purpose of identifying right invertible edges in Definition By Theorems [2.1] and
the cofibrations of (sSetg)x are the same as the cofibrations of (sSety) s, so the first condition
holds. We will now show that the second of these conditions holds for the set H = {01 : S! < R'}

Proposition 2.41. Let X be a quasi-monoid. The following are equivalent
(1) (XBY), = (X5, is an weak equivalence
(2) X — x has the right lifting property against S* — R*

(8) X is a Kan complex
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Proof. = Corollary implies that (X%'), — (X5'), is a Kan fibration of simplicial

sets for a quasi-monoid X, so if it is a weak equivalence it is an acyclic fibration. An acyclic
fibration is surjective, so the result holds.

== Suppose X — * has the right lifting property against S' < R!. Then every edge
of X is right invertible by Definition so in the homotopy monoid 7(X) every class has a right
inverse. This implies 7(X) is a group. If [z] € 7(X) there exists [y] such that [z][y] = e. But [y]
must also have a right inverse in 7(X), say [z]. But then [z] = [z][y][z] = [z], so [y][z] = e. Since
X is a quasi-monoid, this means there exists o € Xy such that do(a) = =z, di(a) = so(*), and
da(a) = y. Equivalently, x is left invertible. Hence all edges of X are left and right invertible, so
by Proposition therefore, X has the right lifting property against all horns and so is a Kan
complex.

- Suppose X is a Kan complex. The square

AR —— 5

AQ 010 Rl

is a pushout so S — R! is a Kan weak equivalence since the horn inclusion is a Kan acyclic
cofibration. Hence the pushout product maps

(S X A™) Ugt_xoan (R' ,x OA™) — R' x A™

are Kan weak equivalences for all n > 0. So since X is a Kan complex (X%'), — (X5'), is an
acyclic fibration.

O

Now we show the final condition holds and so the model structure of Theorem 2.1l is a left
Bousfield localization of the quasi-monoid model structure.

Proposition 2.42. A map of reduced simplicial sets A — B is a Kan weak equivalence if and only
if for all reduced Kan complezes X the map (XP), — (X4)« is a Kan weak equivalence.

Proof. Factor A — B as a cofibration ¢ : A — P followed by an acyclic fibration p : P — B in
the reduced Kan model structure. The proof of Corollary [2.27 shows that p is a reduced homotopy
equivalence in the sense of Definition [2.25| Hence by Proposition p induces a homotopy
equivalence (XB), — (X7T), for any reduced Kan complex X, so it is a local equivalence. It is
therefore sufficient to show that cofibrations are Kan weak equivalences if and only if they are
local equivalences. Hence we will suppose A < B is a cofibration. Since a Kan complex is a
quasi-monoid Corollary gives that (XB), — (X4), is a Kan weak equivalence if and only
if it is a Kan acyclic fibration. Hence a cofibration A < B is a local equivalence if and only if
(XB), = (X4, is an acyclic fibration.

Let A — B be a local equivalence. Then for any Kan fibration between Kan complexes f :
X — Y the map (XB), — (X4). X (v, (YP), is an acyclic fibration, so A < B has the left
lifting property against all such maps f. A map with the left lifting property against all fibrations
between fibrant objects is an acyclic cofibration by Lemma 7.14 of [JT07].
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Conversely, if A — B is a Kan weak equivalence then since sSet with the Kan model structure
is a proper model category, the maps

(A £ X An) U4, xoAn (B £ X 8An) — B x A"

are Kan weak equivalences for all n > 0 so (XB), — (X4), is an acyclic fibration. O]

Hence the Kan model structure on sSetg is the left Bousfield localization of the quasi-monoid
model structure on sSetg by the map S' < R!. The adjunction

Id
—

(sSetg); T  (sSeto)x (20)
1d

is a Quillen adjunction. The localization of an object A € (sSety) is its Kan fibrant replacement,
so the left derived functor of localization is simply the homotopy type of a reduced simplicial set.

We will finish this section by returning to our definition of invertibility for 1-simplices of reduced
simplicial sets from Definition We motivated the definition by showing that invertibility of an
edge implies that the class of the edge in the homotopy monoid is invertible as an element of the
monoid. We will now show that when X is a quasi-monoid, these two notions of invertibility for
1-simplices are the same.

Recall the adjunction 7 4 B where 7 is the homotopy monoid functor and B is the nerve of a
discrete monoid. Using the unit map of this adjunction we can define a functor that select subspaces
of a reduced simplicial set A whose simplices have edges all corresponding to classes of 7(A) that
are invertible.

Definition 2.43. There is a functor k : sSety — sSety defined by the pullback

k(A)——= A

.

By(7(A)) — B1(4)
where gT(A) < 7(A) is the submonoid of T(A) consisting of all invertible elements.
Applying the functor k to a quasi-monoid gives a reduced Kan complex.

Proposition 2.44. If X is a quasi-monoid then k(X) is a reduced Kan complex.

Proof. We will show that all edges of k(X)) are left and right invertible in the sense of Definition
Hence all outer horn lifting problems for the map X — % will be special outer horns, so they
can be solved by Proposition [2.11

Let © € k(X);1. Then there exists a class [y] such that [z][y] = e in g(7(X)) where y € k(X).
Now X is a quasi-monoid, so there exists a simplex a € X3 such that da(a) = z, do(ar) = y, and
di(a) = so(). Hence o : R — X defines an extension of z : S' — X and z is right invertible and
« factors through k(X) — X because [z], [y], and e all belong to g(7(X)). The same argument

applied to the identity [y][x] = e in g(7(X)) gives that z is left invertible. 0
Recall that in Definition we defined an edge = : S' — A of a reduced simplicial set A
as invertible if there exists a map a : E! — A such that a(01) = 2. As mentioned in the
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motivating discussion before that definition, if z is invertible in the sense of Definition [2.9] then
the corresponding class in 7(A) is an invertible element of the monoid. For an arbitrary reduced
simplicial set A it is not necessarily the case, however, that all invertible classes of 7(A) arise from
invertible edges.

Example 2.45. Consider the 2-skeleton sko(E') of the reduced simplicial set E'. This space
has non-degenerate edges 01 and 10 and non-degenerate 2-simplices 010 and 101 but all other
simplices degenerate. The homotopy monoid of this reduced simplicial set is Z, the free group
on one generator, so all classes of edges have inverses. However the map 01 : S' — sko(E!) has
no extension along the map S' — E'. If a : E' — sko(E?') extends 01 : S! — sko(E') then
do(do(a(0101))) = 01 and da(d3(c(0101))) = 01 in EJ, but this implies «(0101) = 0101, which is
not possible as this simplex does not belong to sko(E!).

We will show that these two conditions on edges of a reduced simplicial set are equivalent when
the reduced simplicial set is a quasi-monoid.

Proposition 2.46. Let X be a quasi-monoid. An edge x € X1 is invertible if and only if its class
[x] € 7(X) is an invertible element of the homotopy monoid.

Proof. We have already shown that invertible elements have invertible classes. Suppose then that
[] € 7(X) has an inverse in the homotopy monoid. Then the edge x : S* — X factors through the
inclusion k(X) <+ X. Now we observe that S! < E! can be obtained as the colimit of inclusions

glc AOKe Z(2) ¢ s C z(n) ¢

where the reduced simplicial sets Z(™) are obtained by attaching the unique n-simplex of z, € (E'),
that starts with a 0, for example the simplex zo = 010. All faces of z, simplex belong to Z™~1
except the dy face, as

djzn = Sj—12p—2 1<j<n-—1lz1 j=n

and Z("1) contains zm for all 1 <m < n — 1. Hence there are pushouts

¥ SN

zh=1)_ 70
and so S! <+ E' is a Kan weak equivalence. Since k(X) is Kan by Proposition there is an
extension of x along the Kan weak equivalence S' < E!, so z is invertible. ]

As mentioned in Subsection after Example [2.10] this also shows that in a quasi-monoid
an edge is invertible if and only if it is left and right invertible in the sense of Definition [2.9

2.6 Segal Monoids

We now turn to the second model of co-monoids that was proposed at the start of this chapter, the
Segal monoids. These are the Segal categories with a unique object, just as quasi-monoids were the
quasi-categories with a unique object. Segal categories are bisimplicial sets satisfying certain lifting
properties, defined by Dwyer, Kan, and Smith in [DKS89]. Restricting to a unique object, in this
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case therefore means considering the category sSetOAOp of simplicial objects in sSety. The model
structure on this category that we study in this section, and indeed our approach of restricting
model structures to the single object case that motivated the results of the previous sections, come
from Bergner in [Ber07].

In this section we will show that we can relate Bergner’s model structure to the quasi-monoid
model structure defined in Section by adapting the methods of [JT07] to the single object
case. In this paper Joyal and Tierney constructed a model category whose fibrant objects are Segal
categories and that is Quillen equivalent to the Joyal model structure on sSet. Our goal will be to
show that the Bergner model structure on sSetvop has Segal monoids as its fibrant objects and is
Quillen equivalent to the quasi-monoid model structure on sSety.

2.6.1 Reduced Simplicial Spaces

Our starting point is the category sSetOAOp of simplicial objects in reduced simplicial sets or reduced
simplicial spaces. In this section we will describe this category sSet@olD and an adjunction of two
variables that allows us to assemble a reduced simplicial space out of a reduced simplicial set and
an ordinary simplicial set. We will also describe how sSet3"" is enriched, tensored and cotensored
in simplicial sets.

Reduced simplicial spaces are functors X : A°? — sSety. These are in particular bisimplicial
sets, but we have to pay careful attention to the roles of rows and columns as the normal symmetry
of bisimplicial sets has been broken. We record the convention for rows and columns we have chosen
in the following definition.

Definition 2.47. A reduced simplicial space X : A°° — sSety is a simplicial object in sSety.
The rows of X are the reduced simplicial sets

Xen € sSety
for n > 0. The columns are the simplicial sets
Xm,e € sSet
for m > 0. In particular Xoe = A°.
We will denote the unique 0-simplex of the reduced simplicial sets making up the rows of X as
Xopn = {*}

for n > 0.

We now describe a construction that allows us to build reduced simplicial spaces out of a reduced
simplicial set and a simplicial set. The half reduced box product for A € sSety and K € sSet
is the reduced simplicial space A,[JK defined by the functor

AOK :[n] € A% — \/ A € sSet
OLEKn

Equivalently, by the definition of the coproduct in reduced simplicial sets, the square

«OK ——= AOK
* AO0K
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is a pushout. From this it is clear that the diagonal of the bisimplicial set A,[JK recovers the
half-reduced product of the previous section

d(A,0K)=A x K

This functor —,[J— is based on the box product —[J— : sSet x sSet — sSet®”, which is an
adjunction of two variables (see for example [JT07] §2). The functor

—,0— :sSet(? x sSet — sSety”

is also an adjunction of two variables, with right adjoints for A ,[0— and — K. For A € sSet
and Z € sSet5” define the simplicial set Z/*A by

(Z/*A)n = HomsSeto (A) Zo,n)

Recall that the rows of Z are reduced simplicial sets so this definition makes sense. For K € sSet
and Z € sSet5™ define the reduced simplicial set K\*Z by the end

K\*Zz/ Zoh
[nlea

Note that zero-simplices of Xf,(,;} are simplicial maps K, — X, ,, but K, is a discrete simplicial set
and Xo, = * so (K\*Z)p = *.

Bisimplicial maps S™ [JA™ — Z are in bijective correspondence with n, m-bisimplices of Z.
Hence we have

Z*S™ = Zm.e
A"\*Z = Zop,
so these right adjoints select columns and rows of Z respectively.
The Segal monoid model structure on sSetOAOp will be simplicial, so we must define an enrichment

of sSet@op in simplicial sets that is powered and copowered. For Z € sSetOAop and K € sSet define
X ,® K as the pushout in sSet>"

* X (x0OK) ——= X x (x0K)

| |

* X QK

The bisimplicial set *(1K has all columns equal to K and all rows constant.

With this operation we can define a simplicial set of maps (ZY), for sSet5” as having n-
simplices the maps Y ,® A™ — Z. The powering of a reduced bisimplicial set Z with a simplicial
set K is the reduced bisimplicial set Eo(Z%) whose m, n-bisimplices are the maps

ST OA" x K)— Z
This follows from the observation that there is an isomorphism natural in all variables

(A,0K) . L= A,0(K x L)
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2.6.2 The Segal Monoid Model Structure

In this section we will define Segal monoids in sSet5” and recall the model structure on sSet3"”
defined in [Ber07]. We will also show that these Segal monoids are exactly the fibrant objects
of the Bergner model structure and that this model structure can be obtained as a left Bousfield
localization of the Reedy model structure on sSetOAOp when sSety has the quasi-monoid model
structure of Theorem [2.37]

We will now give our definition of Segal monoids as reduced simplicial spaces satisfying lifting
properties in SSetvop.

Definition 2.48. A Segal monoid is a reduced bisimplicial set Z such that the map Z — % has
the right lifting property for 0 <l <m and 0 < k <n against all maps

A" OA™) U pgan (S™,00A™) < S™ DA™ (21)

(3Sm*DAn) U@Sm*DAE (Sm*DAZ) — S™ OA™ (22)

This definition is based on the results of [JT07], which show that Segal spaces can be character-
ized by their right lifting properties against the unreduced box product versions of the maps
and . From this identification it is clear that a Segal monoid is a Segal category with a single
object, which is the same position we started from when we were considering quasi-monoids as a
subset of quasi-categories.

Recall the identification of Z/*S™ with the m'" row of Z and A™\*Z with the n*® column of
Z. As was shown in [JT07] for Segal categories the following shows that a Segal monoid has rows
that are quasi-monoids and columns that are Kan complexes.

Proposition 2.49. Let Z be a Segal monoid. For all A € sSety and K € sSet Z/*A is a Kan
complex and K\*Z is a quasi-monoid.

Proof. By Definition and the adjointness of the box product, Z/*S™ — Z/*A}]" has the right
lifting property against OA™ < A" for all m,n > 0. Hence it is an acyclic fibration and has the
right lifting property against () < K for any K € sSet. Adjointness gives a lift for the square

A\ —— K\*Z

S ——— %
So K\*Z is a quasi-monoid. The same argument starting from A™\*Z — AJ*\*Z shows that Z/*A
is a Kan complex. 0

We will show that these Segal monoids are the fibrant objects of Bergner’s model structure on
sSets” defined in the discussion following the proof of Theorem 3.9 in [Ber07]. This model struc-
ture is obtained by localizing another model structure on sSetOAop at the reduced spine inclusions.

Theorem 2.50 ([Ber07] Prop. 3.8, Theorem 3.9, and Prop. 3.10). There ezists a model structure
(sSetOAOp)C on reduced simplicial spaces that is cofibrantly generated with

e generating cofibrations the maps
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e generating acyclic cofibrations the maps
(08™ OA™) Uggm moan (8™ OAY) — S™ OA" (23)
forall0<k<n

The weak equivalences of (sSetOAOp)c are the maps between reduced simplicial spaces that are
column-wise Kan weak equivalences.

There is another model structure (sSet5” ) on reduced simplicial spaces that is obtained by
localizing (sSetOAOp)C at the maps of sSety forl > 2

r \/S1 < §! (24)
l

viewed as constant reduced simplicial spaces.

The maps are the spine inclusions described in the proof of Lemma These maps
include the wedge of circles into S™ as the 1-simplices ¢ — ¢ + 1 along the spine of the maximal
n-simplex of S™.

The localization gives a Quillen adjunction

Id

—_ >
(sSet5™)p T  (sSety”)c
-
1d

Hence, as all objects of (sSet@op)c are cofibrant, column-wise Quillen weak equivalences are weak
equivalences in (sSety”" )p as well.

As mention above, the model structure (SSetOAOp) p will be our Segal monoid model structure,
so we will show that the fibrant objects of this model structure are the Segal monoids of Definition
In [Ber07] the fibrant objects of the model structure (sSety" )p are called reduced Segal
categories. These are reduced simplicial spaces X with solutions to all lifting problems for 0 <
kE<n

(os™ OA™ U (S OA}) — X

L (25)

*

Ssm OAm
and such that for all [ > 2 X/*¢; is a weak equivalence of simplicial sets for all maps .

We will show that Bergner’s reduced Segal categories are the Segal monoids using the arguments
of Joyal and Tierney in [JT07]. They show exactly this result for unreduced Segal spaces, so we
will adapt their methods, starting with the following lemma on inner anodyne maps. We recall here
the simplicial spine inclusions that were mentioned in their reduced from in the proof of Lemma
and were used to localize the model structure (sSet5” ) in Theorem

For n > 2 the spine inclusion of the standard simplicial n-simplex A" is the inclusion of the
spine of the n 1-simplices ¢ — i+ 1 for 0 < i < n — 1 into A™. We denote the space of these
1-simplices joined end to end by I,, which is a space isomorphic to the colimit of the diagram

A0 AO .. A0
2N\ o7 N ) N
Al Al Al Al Al
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We denote the inclusion map by
I, — A"

Lemma 2.51 ([JT07] Lemma 3.5). Let A C sSet be a saturated class such that for all composable
u,v if uwv € A and v € A then u € A. If A contains all the spine inclusions I, C A™ forn > 2
then it contains all inner anodyne maps.

Proposition 2.52. X is a Segal monoid if and only if it is a reduced Segal category.

Proof. Let X be a Segal monoid. Then the lifting problems all have solutions by definition,
so we only need to show that X/*¢; is a weak equivalence for all [ > 2. The lifting property
implies that X/*u is a Kan fibration of simplicial sets for all inclusions u, so X/*¢; is a weak
equivalence if and only if it is a trivial fibration. But ¢; is inner anodyne for all [ > 2 so by
Definition of Segal monoids X /*g; is an acyclic fibration.

Let X be a reduced Segal category and let A be the class of all inclusions f of simplicial sets
such that X /*red(f) is a weak equivalence. By the definition of reduced Segal categories A contains
I, € A™ for all n > 2. We claim that A is saturated and has the desired cancellation property.
The cancellation property is clear using the two out of three property of weak equivalences. The
first lifting property of is equivalent to requiring X /*red(f) be a Kan fibration of simplicial
sets, so for it to be a weak equivalence is equivalent to X/* red(f) having the right lifting property
against all maps 6" : 9A™ — A"™. Equivalently, red(f) must have the left lifting property against
all maps 6"\*X for n > 0. The class of maps f which have this property is closed under saturation
because red is a left adjoint and preserves pushouts. Hence by Lemma [2.51) X is a Segal monoid.

O

Hence we can call Bergner’s model structure (sSet@Op) p of Theorem m the Segal monoid
model structure on sSetOAop, since the fibrant objects of this model structure are the Segal
monoids. We will call weak equivalences of this model structure Segal monoid weak equiva-
lences.

With the definition of the tensor product — ,® — of Subsection for sSet5”, the model
category (sSetOAOp)C is a simplicial model category.

Proposition 2.53. (sSetOAop)C is a simplicial model category.

Proof. We note that

((0S™,0A™) U (S7,00A™)) ,® K (05", O(A™ x K)) U (S",0(0A™ x K))
(S",O0A™) .® K S O(A™ x K)

Let —,®— denote the Leibniz product of maps with the tensor product. Then for a generating
cofibration i of the form and an anodyne map j : K — L, amap f : Y — Z of reduced
simplicial spaces has a solution to the lifting problem against ¢,&j if and only if the problem

OA™ x LUgamx g A™ x K X/*Sn

| |
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has a solution, which it does for f a fibration in (sSetOAOP)c by the Kan simplicial model structure
on sSet. The case of a generating acyclic cofibration of (SSetOAOp)c and a cofibration of sSet is
the same but with JA™ replaced by A} ]

This is the source of the simplicial model structure we will prove for the Segal monoid model
structure in Corollary in the next subsection. It also allows us to describe Bergner’s model
structure of Theorem as follows, since it is the localization of (sSetOAOp)C with local objects
the Segal monoids by Proposition [2.52

Theorem 2.54 ([Ber07)). There is a simplicial model structure on sSets” with cofibrations the
inclusions and fibrant objects the Segal monoids. Weak equivalences are the maps X — Y such that

for all Segal monoids Z the maps
(2¥). = (2%).

are Quillen weak equivalences of simplicial sets.

From the results of Section we can define another model structure on sSetOAop, namely
the Reedy model structure induced by the quasi-monoid model structure. We will denote this
model structure by (sSet5'”" )z and show that the Segal monoid model structure (sSet5” )p can
be obtained by left Bousfield localization of the Reedy model structure as well.

Recall that the box product was defined by the tensoring of sSety over sSet by coproducts.
[RV14] show in §6 and 7 that when a model category M is cofibrantly generated, the latching maps
defining the Reedy model structure on M>" are cofibrations or acyclic cofibrations exactly when
they belong to the saturated class generated by tensoring the generating cofibrations or acyclic
cofibrations of M with the inclusion A™ <+ A", Hence the Reedy model structure on sSetj""
has the following properties.

Proposition 2.55 ([RV14] Proposition 7.7). The Reedy model structure on sSets” induced by the
quasi-monoid model structure is cofibrantly generated, with generating cofibrations the maps

(08™ OA™) Uggm poan (™ ,OA™) — S™ OA" (26)
for all m,n > 0 and generating acyclic cofibrations the maps
(AOA™) U poan (B,OOA™) — B,OA" (27)
for generating acyclic cofibrations A — B of the quasi-monoid model structure.

Fibrant objects in (sSet5”" ) satisfy one of the conditions of Definition for Segal monoids,
namely they have the right lifting property against the maps , since the inner horn inclusions
Ap < S™ are reduced Joyal equivalences by Proposition

We will now show that the identity functor Id : (sSetg' ") , — (sSets” ) p is also left Quillen.

Proposition 2.56. The adjunction

1d

_ >

(sSetOAOP)B T (sSetOAOp)R
1d

18 Quillen.
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Proof. It is sufficient to show that the generating cofibrations and generating acyclic cofi-
brations of the Reedy model structure are cofibrations and acyclic cofibrations in (sSetOAop) B.
The cofibrations of (sSetOAop) p are inclusions so the maps and remain cofibrations.

It only remains to show that for any reduced Joyal acyclic cofibration A < B and any inclusion
of simplicial sets K C L the map

(A,0L) Us ok (B,OK) — B,OL

is an acyclic cofibration in the Segal monoid model structure. We will use [JT07] Lemma 7.14,
which allows us to show that a map is an acyclic cofibration in a model structure by showing that
it has the left lifting property against fibrations between fibrant objects.

Let f:Y — Z be a fibration between Segal monoids in the Segal monoid model structure. By
adjointness we can consider the lifting problem

K Y/*B

| |

L——=Y/*Bxy.1 Z A

where K < L is an inclusion of simplicial sets and A — B is a reduced Joyal acyclic cofibration.
Hence we must show that the map on the right is an acyclic fibration of simplicial sets. Consider
the pullback defining the map on the right

o T

Y/*B Xgpn Z/*A—>Y/*A (28)
Z/*B Z/*A

Since (sSet5”™")p is defined by localizing (sSet5”)c for any inclusion u : A < B of reduced
simplicial sets and any horn A} < A" in sSet the map

w,Of + (A DA™ Ug,oar (B,0A}) = B,OA™

obtained as the comparison map from the pushout is an acyclic cofibration in the Segal monoid
model structure. Hence by adjointness since Y — Z is a fibration in the Segal monoid model

structure the map
Y/*B = Y/*AXyaZ/"B
is a Kan fibration of simplicial sets.

Since Y and Z are Segal monoids and A — B is an inclusion of reduced simplicial sets the
definition of Segal monoids in Definition and Proposition imply that for any inclusion of
simplicial sets JA™ < A" the map

A™*Z — 0A™\*Z
is an inner fibration between quasi-monoids. Hence it is a fibration in the quasi-monoid model
structure on sSetg, so for any reduced Joyal acyclic cofibration A — B, Z/*B — Z/*A has
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the right lifting property against all inclusions A™ C A™ of simplicial sets and so is an acyclic
fibration. Hence in the maps Y/*B — Y/*A and Z/*B — Z/*A are acyclic fibrations, which
are preserved by pullbacks, so the comparison map of is an acyclic fibration of simplicial sets.
The box product adjunction shows that (A,0L) U (B,0K) < B,[0L has the left lifting property
against any fibration between fibrant objects in sSetOAOp. Hence it is an acyclic cofibration in
sSet5” by [JT07] Lemma 7.14.

O

Corollary 2.57. A row-wise reduced Joyal equivalence between reduced simplicial spaces is a weak
equivalence of the Segal monoid model structure.

This identifies the weak equivalences of the Reedy model structure, that is the row-wise reduced
Joyal equivalences of reduced simplicial spaces, as Segal monoid weak equivalences. In particular,
for any map of reduced simplicial spaces f : Y — Z, if for all n > 0 the maps fo,, : Yo, = Zo n are
reduced Joyal equivalences then f is a weak equivalence in the Segal monoid model structure. In
fact, for a map between Segal monoids, we only have to check the zeroth row.

Proposition 2.58. Let f: Y — Z be a map between Segal monoids. Then f is a weak equivalence
in the Segal monoid model structure if and only if feo : Yoo — Zeo s a reduced Joyal equivalence.

Proof. Suppose f is a weak equivalence. Then the right adjoint of the localization preserves weak
equivalences between fibrant objects, so f is a weak equivalence of the Reedy model structure and
so a levelwise equivalence. In particular, feo: Ye o — Ze is a reduced Joyal equivalence.

Now suppose fe0 : Yo 0 — Ze o is a reduced Joyal equivalence. Since Y and Z are Segal monoids
they have the right lifting property against maps

(9S™ ,OA™) Uggm paan (S™,OA%) — §™ OA™

for all n,m > 0 Equivalently, A™\*Z — A®\*Z has the right lifting property against 5™ — S™,
and similarly for Y. But A"™\*Z = Z,,, so the unique map A" — A" gives a section Ze o — Ze
for an acyclic fibration, hence is a reduced Joyal equivalence. The vertical maps in the following
square are acyclic cofibrations in the quasi-monoid model structure

}/070 & Zo,()

!

Y;,n ﬁ Zo,n

The map f is a row-wise equivalence since f, ¢ is a reduced Joyal equivalence, hence it is a weak
equivalence in the Segal monoid model structure. 0

In the next section we will further analyze the weak equivalences of the Segal monoid model
structure and show that this model structure is Quillen equivalent to the quasi-monoid model
structure of Theorem
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2.6.3 Quillen Equivalences of the Segal Monoid and Quasi-Monoid Model Structures

We will show in this section that the Segal monoid model structure is Quillen equivalent to the
quasi-monoid model structure in two different ways. We will follow the approach of §5 of [JTO07],
which proves similar results for the case of Segal categories and the Joyal model structure on sSet.
The adjunctions we will show are Quillen equivalences both involve the diagonal functor.

Recall that the diagonal of a bisimplicial set X is the simplicial set with n-simplices X, ,,. The
diagonal of a reduced simplicial space is a reduced simplicial set, so taking the diagonal is a functor

d: sSetOAop — sSety
The diagonal has a left and a right adjoint d* 4 d 4 d,. These functors are defined by
da*(s") = s OA"
B A = Homysery (8™ ,x A™, A)

where in the definition of d* we are using the fact that all simplicial sets are colimits of their simplices
and the left adjoint d* must preserve colimits. We will show that both of these adjunctions are
Quillen equivalences, and furthermore a map of reduced simplicial spaces f : X — Y is a weak
equivalence in the Segal monoid model structure if and only if the diagonal d(f) is a reduced Joyal
equivalence in sSetg.

Our method to prove that d creates weak equivalences is essentially a modification of the proof
method of [Moe89] Proposition 1.2, which was used to show the existence of the diagonal model
structure on simplicial spaces. The proof of this result uses the following Theorem on Reedy model
structures and functor tensor products.

Theorem 2.59 ([Hir03] 18.4.11). The functor tensor product
— ®p —: sSet™™ x ((s.S'etUAOp)c)A — (sSet5™" )¢

is a Quillen adjunction of two variables when sSet™”" and ((.s'.S'etUAop)c)A have the Reedy model
structures determined by the Quillen and column-wise structures respectively.

Here we have used that (sSetOAOp)c is a simplicial model category. The role of this theorem
comes from the following observations

[nleA
AOAN? = / (sm,0A% @ A,

[nleA
& (A) = / (S".0A™) .® A,

The second of these is just the definition of d*. The first comes from the observation that there is
an isomorphism of reduced simplicial spaces

(S™,O0A% @ A, = (8" ,x Ay,),0A°

and the fact that (—), A is a left adjoint, so it preserves coends.

53



We will define a natural transformation v : d* — (—), A by taking the realization of the map
of cosimplicial reduced simplicial spaces

S O0A — S° 0OA° (29)
All simplicial spaces are cofibrant in the Reedy model structure on sSet®” induced by the Kan
model structure on sSet, so to show that v4 : d*(A) — A,0AY is a weak equivalence in (sSet5*” )¢,
and so by the localization of Theorem [2.50] in the Segal monoid model structure it is sufficient

to show that the map is a Reedy weak equivalence of Reedy cofibrant cosimplicial reduced
simplicial spaces.

Proposition 2.60. The map S® ,[JA®* — S* OA° is a Reedy weak equivalence between Reedy
cofibrant cosimplicial reduced simplicial spaces in ((sSetvop)c)A.

Proof. The maps S" ,0A" — S" [JA° are column-wise weak equivalences, so the map is a
. . A°P A
Reedy weak equivalence in ((sSet§ )c)".
We calculate the latching map for S® [JAY and show that it is an inclusion, that is a cofibration
in sSetOAOP. For a cosimplicial reduced simplicial space X*® the ¢ latching space is

[nleA
LYX®) = / X", oAl

Applied to S®,JA° we have
LS ,0A% = 95t OA% — st OA°
Hence S®,[JAY is Reedy cofibrant.
For S*,00A®, following [Moe89), the t** latching space has (I, m)-bisimplices
LS . OA%) = {(0,0) € S} ,x AL, | 3j € [t] s.t. both § and ¢ miss j}
So S°,[0A* is Reedy cofibrant. 0

By Theorem the coend preserves Reedy weak equivalences between Reedy cofibrant cosim-
plicial reduced simplicial spaces. Hence we can conclude the following.

Corollary 2.61. There is a natural transformation
v:d* — (—),0A°
whose components are weak equivalences in the Segal monoid model structure on sSetﬁop.

Proof. The components of the natural transformation for a reduced simplicial set A are the maps
a1 d*(A) — A,OA® determined by taking the coend with A of the map of cosimplicial reduced
simplicial spaces . Naturality of v in A follows from the construction of the coends. (]

The naturality square for v shows that d*(f) is a weak equivalence in sSetOAOp if and only if
f,.OA% is
d*(A) —= A,OA°
d*(f)l lf*DAO (30)
d*(B) —= B,0OAY

We can now show that the two adjunctions d* 4 d 4 d, are Quillen adjunctions for the Segal
monoid and quasi-monoid model structures.
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Proposition 2.62. d* 4 d is a Quillen adjunction.

Proof. The definition of d* as the realization of the Reedy cofibrant cosimplicial reduced simplicial
space S*® ,[JA® shows that it preserves inclusions, which are the cofibrations in sSety. By the square
and Proposition d* preserves acyclic cofibrations. 0
Proposition 2.63. d - d, is a Quillen adjunction.

Proof. The diagonal preserves cofibrations, it only remains to show it preserves acyclic cofibrations.
We will show it preserves all weak equivalences of the Segal monoid model structure. Let f : Y — Z
be a weak equivalence of the Segal monoid model structure. Let X be a quasi-monoid in sSety.
The n-simplices of (X4Y)), are the maps

diY) x A" - X
Since d(Y ,® A™) =d(Y) ,x A™ these maps correspond to maps
Y @ A" — d.(X)

which are the n-simplices of (di«(X)").. Hence there are natural isomorphisms which make the
diagram

(X)), == (d(X)¥)s

commute. To show d preserves weak equivalences it is sufficient to show d,(X) is a Segal monoid
when X is a quasi-monoid. d,(X) is a Segal monoid if and only if it has the right lifting property
for 0 <l <m and 0 < k < n against all maps

(A OA™ U (8™, 00A") < §™ A"
(8S™ OA™) U (8™ ,OAT) — S™ A"

Since d(A,0K) = A ,x K for all A € sSety and K € sSet these lifting problems correspond by
adjunction to

(O8™ x AM)U (8™ x A}) —=X (A" o x AM) U (S™  x O0A") —= X
Sm o x A" * S™  x A" *
These have solutions, so d.(X) is a Segal monoid and the result holds. ]

Next we will show that the adjunction unit for d, - d is a weak equivalence in the Segal monoid
model structure. This will be important in proving that this adjunction is a Quillen equivalence,
but it also allows us to replace any Segal monoid up to Segal monoid weak equivalence with a
Segal monoid in the image of the functor d, : sSety — sSetOAOp. To do this we will use the
characterization of weak equivalences between Segal monoids in sSet@op given in Proposition m
We will also find another use for the Reedy acyclic cofibration of cofibrant cosimplicial reduced
simplicial spaces from Proposition [2.60
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Proposition 2.64. Let Z be a Segal monoid. The unit map Z — d.d(Z) of the adjunction d = d,
18 a weak equivalence in the Segal monoid model structure between Segal monoids.

Proof. First we will show that d.d(Z) is a Segal monoid. d and d, are a right adjoints of Quillen
adjunctions by Propositions and so they preserve fibrant objects.

To show that this map is a weak equivalence between Segal monoids it is sufficient to show
Zep — dyd(Z)ep is a reduced Joyal equivalence by Proposition m By the definition of d, we
have

dvd(Z)e0 = Homgget, (S® . x A%, d(Z)) = d(Z)

Consider the map Z.,O*DAO — Z. This is a row-wise weak equivalence as the maps between
rows are the maps Z,9 — Zo, that were found to be reduced Joyal equivalences in the proof of
Proposition [2.58] Hence it is a weak equivalence of the Segal monoid model structure by Corollary
The diagonal of this map is a reduced Joyal equivalence, since it is a weak equivalence between
cofibrant objects of the Segal monoid model structure and d is a left Quillen functor by Proposition
m But d(Ze0,0AY) = Z, ¢ so the map Zs o — d(Z) is a reduced Joyal equivalence. 0

We can use this approximation of Segal monoids by quasi-monoids under the functor d, to prove
that the diagonal functor creates weak equivalences for the Segal monoid model structure when
sSety has the quasi-monoid model structure.

Proposition 2.65. A map f: Y — Z between reduced simplicial spaces is a weak equivalence in
the Segal monoid model structure if and only if d(f) is a reduced Joyal equivalence.

Proof. The only if part is given by Proposition [2.63] which shows that d preserves weak equiva-
lences. To show the other direction, we use Proposition to replace up to Segal monoid weak
equivalence any Segal monoid by a Segal monoid obtained by applying d,. to a quasi-monoid. Let
f Y — Z be a map of reduced simplicial spaces such that d(f) : d(Y) — d(Z) is a reduced Joyal
equivalence. Let I' be a Segal monoid. We must show that the top map of the diagram

(%), —L @),

(d(T)4), TN (d(T)),

is a Kan weak equivalence of simplicial sets. The lower vertical isomorphisms are the maps described
in the proof of Proposition The bottom map d(f). is a weak equivalence because d is a right
adjoint of a Quillen adjunction by Proposition so it preserves fibrant objects, so d(I") is a
quasi-monoid and by assumption d(f) is a reduced Joyal equivalence. To show that the top map
f* is a weak equivalence it is sufficient to show that

(1%)x = (ded(T)?). (31)
is a weak equivalence. The simplicial set (I'?), is given by

Hom g a0 (Z @ A®,T)
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We claim that the cosimplicial reduced simplicial space Z ,® A® is a cofibrant approximation of
Z, the constant diagram, in the Reedy model structure on cosimplicial reduced simplicial spaces
determined by the Segal monoid model structure. This follows because the maps 7 @ A" —
Z ,» A® = Z are weak equivalences in (sSetOAop)c by the simplicial model structure, so they are
weak equivalences in the Segal monoid model structure. Hence by [Hir03] Corollary 16.5.5 the map
is a weak equivalence since I' — d,d(T") is a weak equivalence of Segal monoids. 0

Since d sends the copowering of sSetOAop over sSet to the copowering of sSet over sSet we
can show that the Segal monoid model structure is a simplicial model structure from the fact that
d creates weak equivalences.

Corollary 2.66. The Segal monoid model structure on sS’etOAop 18 a simplicial model structure.

Proof. Since d(Z ,® K) = d(Z) ,x K and d preserves colimits it is clear the functor — ,® — :
sSet)”” x sSet — sSet5”" is a Quillen functor. 0

Proposition [2.65] reduces the problem of identifying weak equivalences in the Segal monoid
model category to the problem of identifying reduced Joyal equivalences in sSetg. It also allows us
to identify both Quillen adjunctions between sSet@op and sSet( as Quillen equivalences.

Proposition 2.67. Both adjunctions

d*
Aop T L >
(sSety " )p —d— (sSety) s
~+t ~
d*

are Quillen equivalences.

Proof. Since d creates weak equivalences in SSetOAop by Proposition we only have to check

that the maps
A — dd*(A)

dd.(X) = X

are reduced Joyal equivalences for all reduced simplicial sets A and all quasi-monoids X. The first
of these has a retract given by d applied to the weak equivalence v4 : d*(A4) — A, A of Corollary
so it is a reduced Joyal equivalence.

For the second map, consider the map of reduced simplicical spaces

Homgset, (S™ ,x A%, X) = (X ,0A%),m — du(X)nm = Homgget, (S™ ,x A™ X)  (32)
determined by the unique maps A™ — A%, Row-wise, this map has the components
X = (X, 0A%¢,n = de(X)em = Homgget, (S® ,x A™, X) = Eo(X2™)

which are reduced Joyal equivalences. The diagonal of gives a section for the map dd.(X) — X
that is a Segal monoid weak equivalence. ]
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3 Realizing co-Monoids and Groups

In this section we will show that the models of co-monoids we described in the previous chapter
are equivalent to the model given by simplicial monoids. A simplicial monoid is a monoid in the
category of simplicial sets with the cartesian monoidal product. There is a model structure for
simplicial monoids transferred along the free-forgetful adjunction

U
/\

sMon T sSet

Fx

from the Kan model structure on sSet as described in §2 of [SS00]. We will show that there is
a Quillen equivalence between sMon and sSety with the quasi-monoid model structure which we
call the homotopy coherent nerve and realization

N
— X

sMon T (sSetg)s (33)
\/

Cc

This adjunction is determined by a cosimplicial simplicial monoid, which we call the homotopy
coherent simplices and define in Section It is the single object restriction of the homotopy
coherent nerve defined in [Cor82] between categories enriched in simplicial sets and simplicial sets.

The first sections of this chapter, from Section to Section [3.6| are dedicated to a new proof
of the fact that the homotopy coherent nerve-realization adjunction is a Quillen equivalence.
This new proof is a hybrid of techniques from [Lur09] and [DS11a] and [DS11b] along with some
new constructions that unify the perspectives of these references. The outline of the proof in these
sections is as follows. We use the basic set-up of Lurie, where a core part of the proof reduces to
showing that when X is a quasi-monoid both maps in the span of simplicial sets defined by Lurie
in §2.2 of [Lur09)

(X5"), ~—— H(X) — UC(X)

are Kan weak equivalences. The definitions of the spaces H(X) and the maps of this span are given
below in Sections[3.3]and 3.4, We use Lurie’s results to show that the left map is a weak equivalence
but for the right map we develop our own approach using tools from Dugger and Spivak’s papers
[DS11a) and [DS11b|. In particular, we show that the right hand map can be factored using a
filtration of the simplicial set UC(X) underlying the simplicial monoid C(X). This filtration is by
a quantity called spine length, which we define in Section [3.3] This definition and the next sections
where we show that each stage of the filtration is a Kan weak equivalence of simplicial sets when
X is a quasi-monoid are the new content of this proof.

At the end of this chapter we consider co-groups among co-monoids. We show that the localiza-
tion of the quasi-monoid model structure given in Section [2.5|is equivalent on homotopy categories
to the adjunction for the reflective subcategory of simplicial groups within simplicial monoids. This
is the adjunction on homotopy categories arising from the Quillen adjunction

1
— X\

sGp T sMon

~_
L
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where I is the inclusion functor and L is the group completion functor. We will show that this
adjunction is equivalent to the localization adjunction by applying the homotopy coherent
nerve-realization adjunction, which is a Quillen equivalence by the first sections of this chapter.
In particular, we will show that localizing sMon at the realization by C of the map S' — R!
of reduced simplicial sets from Section gives a model structure on the category of simplicial
monoids that has fibrant objects the Kan fibrant simplicial monoids whose monoid of connected
components is a group. We will show that this model structure on simplicial monoids is Quillen
equivalent to the model structure for simplicial groups.

Finally, we use this equivalence of adjunctions on homotopy categories to recover a case of the
result of Dwyer and Kan in [DKS80| about localizing simplicial categories. In particular, we show
that the derived functor of group completion for a Kan fibrant simplicial monoid M is isomorphic to
the homotopy type of the loop space on N(M). We will do this by showing that the localization of
the homotopy coherent nerve-realization adjunction described above is equivalent to the Kan loop
group adjunction between sGp and the Kan model structure on reduced simplicial sets (sSet)x
described in Theorem

3.1 Homotopy Coherent Simplices

In this section we will construct a cosimplicial simplicial monoid C® : A — sMon whose components
C" for n > 0 we will call the homotopy coherent simplices. These cosimplicial simplicial monoids are
the collapse to a single object of the cosimplicial simplicial categories that determine the homotopy
coherent nerve defined in |Cor82]. We will present a new definition of these simplicial monoids,
however, as the nerves of partially ordered monoids, rather than relying on previous constructions
for simplicial categories. Finally we will show that the simplicial monoids that make up C*® for
all n > 0 are cofibrant, and furthermore have monoids of m-simplices that are freely generated as
monoids for all m > 0. The constructions and proofs of this section are self-contained but they are
based on the methods of Dugger and Spivak in [DS1la] and [DS11b]. The relation to equivalent
proofs for simplicial categories will be highlighted.

As mentioned we will construct the cosimplicial simplicial monoid for this nerve-realization
adjunction by first constructing a cosimplicial partially ordered monoid and then taking its nerve.
A partially ordered monoid is a 2-category where there is one object, the 1-cells are the elements of
the monoid and there is at most one 2-cell between 1-cells, corresponding to the partial order. The
identities of a 2-category correspond to the requirement that the partial order respects the monoid
multiplication.

To construct our partially ordered monoids we will start with 2-categories and collapse their
2-cells so that there is at most one 2-cell joining any two 1-cells. The 2-categories we collapse
will be freely generated, a construction that we will describe in the particular case of 2-categories

here, but which will be generalized to describe computads, or freely generated n-categories for all
n > 0, in Section [4.5]

Definition 3.1. Let n > 1. The 2-category A™ has a unique object, 1-cells freely generated by an
alphabet
En:{xij ‘ 0§Z<]§TL}

and 2-cells freely generated by the alphabet

R”:{xikixijxjk|0§i<j<k:§n}
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with source and target as indicated.

We write 0-composition in A™ as juxtaposition because it is viewed as multiplication in the free
monoid 3} generated by the set ¥,,. We write 1-composition of 2-cells in A™ with ;. Composition
of all kinds is read from left to right, as for words of a monoid, unlike the usual convention for
composing morphisms of a category.

Such a freely generated 2-category can be constructed for example by following the construction
of §2.4.3 of |[GM18]. The 1-cells of A,, are words in the free monoid ¥} on the alphabet %,,. The
2-cells of A™ are classes of the free category on generators uav for v and v words in ¥}, and v € R"
under the equivalence relation that identifies cells to establish the exchange identity. This relation
identifies the words in the free category

(cwv) 1 (WwpB) ~ (uwfB) *1 (cwv’)

where o : v = « and f: v = v’ are elements of R™ and w is a word in ¥}. The 2-category
A"™ therefore has 2-cells given by 1-composites of the 2-cells

Tik

u /\ v

¥ —— > % I «a * ——> %

\/

LTijTik

where u,v € X5, o € R, and the source of this 2-cell is uz;,v and its target is uw;,ziv. A general

2-cell in A™ is of the form

UlO[lUll *1 ’LLQO[QU% IO IR | ’LLnOén’U,;L

where u;,u, € ¥f, a; € R. We say a 2-cell in A" is atomic if it is of the form
Q1 %1 UgQuallhy *1 ++ + ¥1 Up Ul

so the source of the 2-cell is a single letter z;; of X;,. The target of an atomic 2-cell is a word of
the form

Lily Xlyly * " Ll j

where 0 <i<li <la < - <lyp<j<n.
We define our partially ordered monoids with reference to 2-cells of A™.

Definition 3.2. Let n > 0. The partially ordered monoid C™ has its underlying monoid equal to
3 and its partial order determined by

u<v <= there exists a 2-cell y:u= v € (A")2

Note that the source of any non-identity 2-cell of A™ is necessarily a shorter word in X than its
target, so there are no loops of 2-cells in A™ and this is a well-defined partial order. Since ¥ = ()
the partially ordered monoid C? is the trivial monoid. The partially ordered monoid C! is the free
monoid on one generator with trivial partial order.

There is a natural 2-functor ¢ : A — C™ that is the identity on 1l-cells and sends a 2-cell
v :u = v of A" to the unique relation v < v it implies. Under this 2-functor an atomic 2-cell of
A"™ determines to an atomic relation

Tij < Ty Tyl c 0 Ty
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in the partially ordered monoid C". For the purposes of the next result we will include the trivial
relations v < u for words u € X as atomic relations for C™. This result will allow us to show
that the simplicial monoids C™ we obtain from C" by taking the nerve are cofibrant in the model
structure on sMon.

Proposition 3.3. The relation v < v in C™ for u,v € X, can be written uniquely as the product
of a sequence of atomic relations x;,,, < v;, that is

u<ov= H(fﬁlm gy

i

Proof. First we will show that such a decomposition exists by showing that all relations of C™
can be written as a product of atomic arrows. A generic 2-cell in A™ is an equivalence class of a
composite

U QU K1 Ul *1 -+ K UpQipul, (34)

under the exchange relation. We will prove this result by induction on the length of such a word,
that is the number of 2-indeterminates from R that appear in any composite equivalent to (34)
under the exchange identity.

A single 2-cell uaw is clearly sent by ¢ to a product of atomic 2-cells

e(1y)p(a)e(ly) : urpv < uwi;rpv
as o : T = T is atomic. Now let m > 1 and consider a 2-cell of A"
[ *1 uav = uyaqul *1 usouh *¥1 - - - k1 U Qup L, *1 UQW
where « : z;, = ;7 is a 2-indeterminate from R. By induction we can write

l

o(f) =)

i=1
for atomic 2-cells v; of A™. Let x;, be the source of a. By studying the word
dy uav = df f

in ¥¥ we can identify the copy of x;, occurring in dj f that is the source of « in the 2-cell uaw.
Let 1 <t < m be the index of the 2-cell v; such that the source z;; of a occurs in the target of ;.
If ~; is a non-trivial 2-cell then let

df’yt = z;p0

We can write
l

o(f 1 uaw) = [ [ ()

=1

! vk u'av i=t
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and dj y; = dyy; for all i so ~ are all atomic 2-cells. If 44 is an identity 2-cell then we must take
the atomic decomposition

t—1 l
o(f *1 uaw) = (H 90(%)> e(13)p(a)p(1) ( 1T w(w))
=1

i=t+41

So we are done by induction.
Now we show that given two decompositions of a relation in C™ as products of atomic arrows,
the atomic arrows involved must have the same sources and targets. Suppose

Considering the sources, which are words in free monoid X¥, we must have n = m and s(v;) = s(;)
for all i. By induction it is sufficient to consider a product v6 = +/'¢’. We must have

/
Y Y
Lij = Liiy Liyig ** " Lipj Lij = Tigh Tifqty == L

s s
Tl = Tkk1 Thikg * " Thyl Lkl == Tk, Tk kL " Tkl

but unique factorization in X} and the requirement that ¢,, < 4,41 and similar for k£ requires that
in =1, and k, = k], so the result holds. 0

We can now define the simplicial monoids C" by taking the nerve of these partially ordered
monoids with respect to the partial order. The nerve preserves the monoid structure of the poset
so the simplicial set we obtain from the nerve is a simplicial monoid.

Definition 3.4. Let n > 0. The homotopy coherent n-simplex is the simplicial monoid C"* =
NC™ that is the nerve of C™ with respect to the partial order.

An atomic m-simplex of C" is a simplex of the form
Tij Swp < S wy

for words w; € . Using the characterization of relations in C™ given in Proposition we can
now show that the atomic m-simplices freely generate the monoid of m-simplices of C™.

Proposition 3.5. The monoid of m-simplices of C™ is freely generated by the atomic m-simplices.
In particular, C"™ is a cofibrant simplicial monoid.

Proof. For the 0-simplices this is by definition of C™, for the 1-simplices this follows by Proposition
Let n > 1 and suppose the result holds for n. Consider an n + 1-simplex

w=wy Sw; < < wpyt

Its n + 1* face d,,41(w) can be written uniquely as a product of atomic n-simplices by induction
hypothesis. Similarly dfj(w) is a 1-simplex so it can be written uniquely as a product of atomic
1-simplices

QU
3
s
£
|
€
S
A
&
N
(S
3
|
£
&
IA
-2
—w
IN

<)



u
§(w) = wn < w1 = [ [ (wa,0, <07
r=1

Define a partition of {1,2,--- ,u} into ¢ intervals ¢(s) for 1 < s <t by the identifications

u t
_ _ S
ekt =wn =11
r=1 s=1
Then

¢
I[{zig<vi<<wm<{I]¥
s=1 jcp(s)
gives a unique factorization of w.
Finally, the degeneracy of an atomic n-simplex is obtained by repeating on of the words, so it
is an atomic n + 1-simplex and C" is a cofibrant simplicial monoid. 0

The simplicial monoids C™ for n > 0 assemble into a cosimplicial object in sMon. Given an
order preserving map 6 : [n] — [m] in A we define a map C(6) : C™ — C™ of partially ordered
monoids by C(0)(zij) = Tg()e(;), using the convention that z; = e, the identity of the monoid.
Since 6 is order-preserving, it respects the partial order of C™, so this gives a cosimplicial partially
ordered monoid C®. The cosimplicial simplicial monoid C*® is obtained by taking the nerve of C*.
We will refer to simplices of C™ as chains.

In the next section we will describe the nerve-realization adjunction that is determined by the
cosimplicial simplicial monoid C®* : A — sMon.

3.2 Homotopy Coherent Nerve and Realization

The nerve-realization adjunction determined by the cosimplicial simplicial monoid of homotopy
coherent simplices is between reduced simplicial sets and sMon

N
— X\

sMon T sSet
\_/

where

N(M),, = Homgmon(C", M)

with - representing the tensoring of simplicial monoids by sets given by the coproduct of C™ indexed
by the set A,
cr-A,=| | c
acAn,
The nerve N(M) of a simplicial monoid M is a reduced simplicial set since C° = e, the initial
simplicial monoid, so there is a unique simplicial monoid map e = C° — M.

We call this the homotopy coherent nerve and realization, directly recalling the construc-
tion of Cordier [Cor82] of which it is only the restriction to reduced simplicial sets. The simplicial
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monoids C" constructed above are exactly those obtained by collapsing all the objects of the sim-
plicially enriched categories defining Cordier’s nerve.

In this section we will show that this adjunction C 4 N is a Quillen adjunction when sSetq has
the quasi-monoid model structure. We will also give the outline of the proof the this adjunction is
in fact a Quillen equivalence and we will complete this proof in the subsequent sections.

That Cordier’s nerve gives a Quillen equivalence between simplicially enriched categories and
simplicial sets with the Joyal model structure has been proved by at least two different methods by
Lurie [Lur09] and Dugger and Spivak [DS11a] |[DS11b|. The proof we give for this restricted simpli-
cial monoids result is a hybrid of their ideas. We apply Lurie’s strategy to show that there is a span
of simplicial set weak equivalences relating the simplicial mapping space (A° 1)* of a quasi-monoid
with C(A). We don’t follow Lurie’s method of constructing the straightening-unstraightening ad-
junction ([Lur09] §2.2), however. We will apply the ideas of |[DS1la] to construct a filtration by
acyclic cofibrations of C(A) which give the weak equivalence we want. We begin by describing the
realization C(A) of a reduced simplicial set in more detail.

By the definition of C(A) as the coend

the monoid of r-simplices of C(A) is generated by equivalence classes [a € A,,7 € C'] of elements
of C! - A,, for any value of n with the relations

[a€ Ap,y€Cl]-la€ Ap,weC!]=[a € Ap,yw € C|
The equivalence classes are determined by the generating relations
(0*(a) € A,y €Cl) ~ (a € Ay, 0(7y) € C)

for any non-decreasing map 6 : [n] — [m] of A. By Proposition [3.5|any chain v € C! can be written
uniquely as a product of atomic chains, that is atomic r-simplices of C". Hence C(A), is generated
by the classes [a € A,,~ € C!'] where v is an atomic chain.

To simplify the analysis these classes in C(A),, and anticipating the role of necklaces later based
on those used by [DS11b], we introduce the category of flagged beads over a reduced simplicial set.
We will refer to the category of simplices of a reduced simplicial set A as the category of beads
over A. A morphism of beads is a diagram

A
where 6 : [n] — [m] is a non-decreasing map in A. The category of flagged beads adds extra data

to each bead.

Definition 3.6. A flagged bead over a simplicial set A of length r is a pair (a: S™ — A,y € CI")
consisting of a bead a : S™ — A and an atomic chain of C}'. A morphism 6 : (a : S™ — A,y €
Cr)— (b:S™— A,6 € C") is a morphisms of beads such that 6 : [n] — [m] satisfies 6 = 6(7).
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This defines a category B’; of flagged beads of length r over A.

As briefly noted above, this is a modification of the definition in [DS11b] before Proposition 4.5.
Dugger and Spivak were describing the realization of general simplicial sets as categories enriched
in simplicial sets. Their approach use simplicial sets they call necklaces, which are sequences of
standard simplicial simplices A™ (which they called beads) joined at their initial and final vertices
(see §3 |[DS11b]). For now we need only the beads of necklaces, and we don’t have to be careful
about the maps of beads preserving vertices, as there is exactly one vertex.

The role for the categories B’y is to categorify the relations generating the equivalence relation
of the coend defining C(A),. In particular pairs (a € A,y € C)) for v atomic are exactly objects
of B’} and

(6°(a) € Au,y € C) ~ (a € A, 0(7) € CI)

if and only if there exists a morphism 6 : (0*(a) € A,,v € C') — (a € An,0(y) € CF) in
B’,. Hence, the classes [a € A,,y € C}!] generating C(A), correspond exactly to the connected
components of B;.

We say an atomic chain v € CI' is flanked when the top vertex is zp1z12:--%n—1p,. This
terminology comes from the concept of flanked necklaces given by [DS11b| before Proposition 4.5.
The following shows that we can restrict our attention to pairs (a € A,,~y € CI') where + is flanked.

Proposition 3.7. There is a functor fl: B'y — B, that sends a flagged bead (a € Ay,y € C}}) to a
flagged bead with its atomic chain flanked. This functor acts as the identity on the set of connected
components.

Proof. Let (a € A,y € C') be an object of B’. The top vertex of the atomic chain v is of
the form @y, Tiyio =+ - T4, 14, for 0 <49 < i1 < ig < -+ < 4y, < n. This uniquely determines an
embedding 4 : [n] < [n] sending j € [n/] — i; € [n] such that there exists a flanked atomic r-chain
7' € CI" with (") = +. Hence we have a map in B

8y (0%(a) € A,y €CY) = (a € Ap,y €C)

Let fl(a € Ay,y € CY) = 63(a) € Ap,9 € c).

We will define how fI acts on maps and show that the maps d, determine a natural transforma-
tion fl = Idpr,. Let 0:(0"(a) € An,y € C}!) = (a € A, 0(7) € CI") be a morphism in B;. Let
dy : [n'] = [n] be the map determined by . Factor the map 6 od, : [n'] — [m] uniquely as a surjec-
tion 0’ : [n'] — [m/] followed by an injection &, : [m/] < [m] in A. A surjective map preserves the
property of a chain being flanked, so 6(7) € C™ is flanked and 6L(0'(7')) = 0(v). Hence 0'(v') =
(), the unique flanked chain determining fi(a € A,,0(y) € C™) and 8, = Og(y) : [M] = [m] is
the corresponding unique embedding. By unique factorization this definition respects composition
and identities in B so fl is a functor and 6(_) : fl = Idp;, is a natural transformation.

The functor fl does nothing to flanked objects and the natural transformation means every
connected component contains a flanked object, so fl acts as the identity on connected components.

O

Finally we have the following description of C(A).

Proposition 3.8. The monoid C(A), of r-simplices of C(A) is freely generated by the classes

[a € Ap,xon < - < z1Z12+ - Tp—1n € C}]
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where a is a non-degenerate simplex of A and the chain is flanked and atomic. Furthermore, the
simplicial monoid C(A) is cofibrant.

Proof. Since C]" is a free monoid on atomic chains, the monoids C]* - A,, are freely generated for
all m,n by pairs (a € Ay,,y € C") where ~ is an atomic r-chain of C™. The monoid of r-simplices
of C(X) is given by the coequalizer of the diagram

|| cr-An—|]cr- A,

0:[m]—[n]

The maps of this diagram of free monoids sends generators to generators, so its coequalizer is a
free monoid generated by the classes [a € A, € C'] with v atomic under the equivalence relation
generated by

(6°(a) € Ay € C) ~ (a € Ay, 6(7) € C7)

for all 6 : [m] — [n] in A.

By Proposition [3.7 every generator has a representative that is flanked. It only remains to show
that each pair (a € A,y € CI') with a non-degenerate and v flanked and atomic gives a distinct
class. Suppose [z € X,,,7 € C}] = [y € Xpm,0 € C"] where x and y are nondegenerate and ~y
and ¢ are flanked and atomic. By the discussion above, this equality of classes implies there exists
a zig-zag of morphisms in B’ connecting the objects (z € X,,y € C}') and (y € X,,,0 € C}").
Applying the functor fI, we get a zig-zag of surjections between flanked objects connecting these
two objects. Given a span

0 (b € Al,’}/ € Cg‘)
4/ \A
(a € An,0(y) € C}) (c € Am,p(v) €CT)

it must be the case that 6*(a) = b = ¢*(¢). Since 6 and ¢ are surjective, if a is non-degenerate
then by [Hir03] Lemma 15.8.4 there exists a unique surjection ¢ such that ¢ =106 and ¢¥*(a) = c.
Hence there exists a unique map ¢ : (a € Ay, 0(y) € C') — (c € Am, () € C"). A zig-zag of
morphisms between flanked and atomic objects (z € X,,,v € C) and (y € X, 0 € C*) implies
they are isomorphic, hence equal as B’ contains no non-identity isomorphisms.

For the final observation, we see that the face and degeneracy maps of C(A) act on the chain
part of a class representative, and the degeneracy of a flanked atomic r-chain in C™ is a flanked
atomic r + 1-chain of C".

O

We can extend this observation about the structure of C(A) to the following.

Proposition 3.9. C® is a Reedy cofibrant cosimplicial simplicial monoid. Hence, realization pre-
serves cofibrations in sSety.

Proof. We must show that for all n the latching map
L*(c*) —cC"

is a cofibration of simplicial monoids. Using the expressions 3.16 of [RV14] we have
[mleA
L(C*) = / N

66



Since CY = e, the trivial monoid, and the coface maps d°,d! : C® — C! are equal the latching
simplicial monoid is isomorphic to the realization of the 0-reduced simplicial set 05™ obtained
from OA™ by collapsing all 0-simplices to a single O-simplex. Hence we must show that the map
C(0S™) — C™ is a cofibration of simplicial monoids. The monoid C(0S™), is generated by classes
[0 € 0SP',v € Cl] where § : [t] < [n] is an injective map in A that factors through a coface
map d’ : [n — 1] < [n] for some 0 < i < n and « is a flanked atomic chain. The above map
sends this class to the chain d(y) € CI, which is atomic, but not flanked, as ¢ is not surjective.
For any non-flanked atomic chain v € CJ!, the top vertex is of the form ;i x;,i, - - - i, _14,, fOr
0<ig<iqg <ig<- <ipy <n. Asin the proof of Proposition this uniquely determines
an embedding § : [m] < [n] that necessarily factors through some coface map d’ since 7 is not
flanked. Hence the map C(9S™) — C" is an injection on generators, so it is a cofibration of cofibrant
simplicial monoids. ]

To show that the homotopy coherent nerve-realization adjunction is a Quillen adjunction it
only remains to show that the realization preserves acyclic cofibrations. Equivalently, we can
show that the nerve preserves fibrations, or thanks to Lemma 7.14 of [JT07], fibrations between
fibrant objects. Fibrations between fibrant objects in sSety with the reduced Joyal model structure
are inner fibrations between quasi-monoids, so the following result is sufficient to prove that the
adjunction C - N is Quillen.

Lemma 3.10. C sends inner horns \f < S™ of sSety to acyclic cofibrations of sMon.

Proof. The monoid C(\F), of r-simplices is the submonoid of C(9S™), generated by classes [§ €
08P, € CL] where § : [t] = [n] is an injective map in A that factors through a coface map d' :
[n — 1] < [n] for some i # k. The map C(\F) < C" factors through the cofibration C(9S™) « C",
so it sends this class to the chain d(y) € C}!, which is atomic, but not flanked, as § is not surjective.
The atomic chains in the image of this inclusion are the non-flanked chains such that the top vertex
either has length strictly less than n — 1 or else has length n — 1 and includes x;; or xy; for some
1 < k < j in the top vertex.

Consider the simplicial n-cube 0" modelled as the nerve of the poset of subsets of [n + 1] that
all contain 0 and n + 1. There is an embedding of simplicial sets a : 0% < C"*! determined by
taking the nerve of the map of posets sending

A={0<a;<ag---<a;<n+1} C[n+1] = Toa,Tayay - - Tagns1 € C"1

Following the notation of |[RV18], we claim that the pullback of this map along the inclusion
C(AF) < C™ is the simplicial subset of (0" given by

P ={A, e |Jitkst. i¢dAViorI1<i<nst icAVI}

Let a(As) be a t-chain in the image of O} in C?'. There exists ¢ # k € [n] such that i ¢ A; for
all 0 <[ <t if and only if there exists an order-preserving map 6 : [t] — [n — 1] in A such that
a(As) = 6*(7) for an atomic n — 1-chain v € CI'_; of the form

Y =Ton S S X0 Ti—2i—1%i—1 i41Ti41 42 Tl n

All these chains belong to C(A\F). For the other case, there exists i € [n] such that i € A; for all
0 <! < r if and only if there exists an order-preserving map 6 : [t] — [n — 1] in A such that
a(As) = 0*(y) for an atomic n — 1-chain v € Cl'_; of the form

Y =Z0i%in <0 STl Tp—1n
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These chains are the product of two atomic chains in C(A¥). Finally, all chains in C(A¥) that are
of the form required to be in the image of « arise in one of these two ways.

The inclusion M™* < O" is a Kan weak equivalence because it is the inclusion of all cube faces
except for the k™. The following square is a pushout of simplicial monoids

Py (M™F) —=C(Ay)

!

Fo (O cr

where F is the free monoid functor on simplicial sets. So the map C(AF) < C is a weak equivalence
of simplicial monoids.

O
Corollary 3.11. C AN is a Quillen adjunction.

A main goal of this chapter is to show that this adjunction is in fact a Quillen equivalence. To
do this we will need the following Lemma, which identifies UC(X), the underlying simplicial set of
the realization of X, as having the same homotopy type as the simplicial mapping space (X Sl)*
when X is a quasi-monoid. Recall U : sMon — sSet denotes the forgetful functor for simplicial
monoids.

Lemma 3.12. There exists a functor H : sSety — sSet and a span of natural transformations
(_Sl)* - g_r.yc

such that Ix : HX — (X5"), and rx : HX — UC(X) are Kan weak equivalences of simplicial sets
when X is a quasi-monoid. Furthermore, if epr : C(N(M)) — M is the counit of the adjunction
C 4 N then the map Uep o ryry - HN(M) — UM is a Kan weak equivalence of simplicial sets
when M is a fibrant simplicial monoid.

Using this Lemma, we finish this section with a proof that this adjunction is a Quillen equiva-
lence. The sequence of results we use are essentially the same as those used in [Lur09] to prove the
Quillen equivalence between the Joyal model structure on simplicial sets and the Bergner model
structure on simplicial categories. In particular, our Lemma [3.12]is equivalent to the discussion of
§2.2 in [Lur(09|. The approach to proving this Lemma here, however, differs significantly from the
approach of [Lur09]. We have not defined reduced Joyal equivalences as the maps that are sent
by C to weak equivalences of sMon, which would be the equivalent approach to the definition of
the Joyal model structure used by Lurie in [Lur09] Theorem 2.2.5.1. Once we have proved Lemma
[3:12] however, we can show that this is the case.

Corollary 3.13. A map f: X — Y between reduced simplicial sets is a reduced Joyal equivalence
if and only if C(f) is a weak equivalence of simplicial monoids.

Proof. By Corollary we can replace f by an inner fibration between quasi-monoids, that is
there exists a diagram
X & P(R(X))

fl PR(f)
Y &~ > R(Y)
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where the top and bottom maps are weak equivalences for the quasi-monoid model structure on
sSetg. Hence f is a weak equivalence in the quasi-monoid model structure if and only if pr(y) is,
which in turn is true if and only if (pg( f)S 1)* is by Lemma sSet( is a category of cofibrant
objects, so C preserves weak equivalences and C(f) is a weak equivalence if and only if C(pp(s)) is.
By Lemma there is a diagram

(P(R(X))% ) +—— H(P(R(X))) 55 UC(P(R(X)))

lp(Rr(x)) "P(R(X))

\LH(pR(X)) lUC(pR(X))

(R(YV)")y =———— H(R(Y)) ————= UC(R(Y))

lr(v) TR(Y)

Since P(R(X)) and R(Y) are quasi-monoids all horizontal maps are Kan weak equivalences, so
C(pr(x)) is a weak equivalence if and only if (pR(f)Sl)* is. ]

We are finally able to prove that the homotopy coherent nerve-realization adjunction is a Quillen
equivalence using the second part of Lemma [3.12]

Proposition 3.14. C 4 N is a Quillen equivalence.

Proof. Since the left adjoint C creates weak equivalences by Corollary it is sufficient to show
that the counit epr : C(N(M)) — M is a weak equivalence of simplicial monoids when M is a
fibrant simplicial monoid. This follows immediately from Lemma [3.12] as we have the diagram of
simplicial sets

H(N(M)) = UC(N(M))
N iUEM
UM

where the top map is a weak equivalence because N(M) is a quasi-monoid when M is a fibrant
simplicial monoid by Corollary m

The remainder of this section is devoted to a proof of Lemma Our approach will be the
following;:

1. In Subsection we construct a filtration of UC(X) by simplicial subsets S,, for n > 0 such
that the n = 1 stage of the filtration will be the space H(X) and the natural transformation
r will be the inclusion H(X) = 51 — UC(X)

2. In Subsection we define H(X) using results from [Lur09] as a realization of a simplicial
set dependant on X by a cosimplicial simplicial set

Q7 : A — sSet
We also show that there is a natural transformation

(x5). <~ H(X)

that is a Kan weak equivalence of simplicial sets when X is a quasi-monoid
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3. In Subsection 3.5 we will show that the definition of H(X) in Subsection [3.4]is isomorphic to
the first stage S of the filtration defined in Subsection This will be done by generalizing
the diagram @7 and the simplicial set it realizes to give H by defining categories T with

TY = % and diagrams
QM :T™ x A — sSet

F™: (T™)°P x A% — Set
E™ : (T™)%P x A% — Set

for all m > 0 such that E™ is a subdiagram of F'™ for all m > 0 and the inclusions S,, < Sp,+1
for n > 0 can be realized as pushouts

|[E™ | gm = [F™|gm

L

Sm — Sm+1

of the coend realization of the inclusion E"* — F'™ of diagrams by Q.

4. Finally in Subsection we show that r : H(X) = S; — UC(X) is a Kan weak equivalence
when X is a quasi-monoid and complete the final parts of the proof of Lemma [3.12] We will
do this by analyzing the homotopy properties of the realization | — |gm and the diagrams
E™ C F™ defined in Subsection [3.5]

We will begin this plan by defining the filtration of UC(X) in the next section.

3.3 Spine Length Filtration of C(A)

In this section we will describe a filtration of the underlying simplicial set of C(A) by simplicial
subsets. This is part of our project of showing that C -4 N is a Quillen equivalence by following
the approach described at the end of the previous section. In particular, once we have defined the
functor H promised in Lemma[3.12]in the next section we will show that the first non-trivial stage
of this filtration is equal to H(A) and the inclusion

H(A) — UC(A)

determined by the filtration will be the natural transformation r : H — UC described in Lemma

This filtration is based on the description of words in the free monoid C(A), of r-simplices of
C(A) and the simplicial structure of the reduced simplicial set A. In particular, it combines word
length from the free monoid structure with a measure of how far a non-degenerate simplex of A is
from being degenerate. The measure we will use for this property of a simplex will be called the
void degree, which we will now define.

Definition 3.15. Let A be a reduced simplicial set and let x € A; be a simplex that is not the
basepoint or a degeneracy of the basepoint. The right void degree is

v(x) =min{m | di—my1---diadi(z) = s ™ (%)}

We define the void degree of the basepoint and its degeneracies to be v(x) = 0.
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Note that d; - - - di(x) = * for all ¢-simplices of A, so the set in the definition of v(z) contains t.
Hence 1 < v(x) <t for a non-basepoint ¢t-simplex of A. The “void” we are measuring is how much
of the simplex is just a degeneracy of the basepoint. Specifically, we are asking how many vertices
of a t-simplex we must delete, starting from ¢ at the right, before we encounter this degeneracy.
For example, the 3-simplex below has void degree 1 as the ds face is s3(x).

* *

The filtration of Definition [3.15|is a right filtration because we have chosen to apply face operators
of the simplicial set A starting from the right. This choice is based on Lurie’s choice in [Lur09].
The same constructions exist for the left case, but we won’t use them, so we will suppress “right”
from definitions after the first mention.

We can give an alternative description of the void degree in terms of the decalage functor
Dec : sSet — sSet originally defined by Illusie in [I1172]. The simplicial set Dec(A) has ¢-simplices
Ay41 with face and degeneracy maps d?eC(A) = d{‘ s?eC(A) = s{‘ for 0 < i < t. The remaining face
map determines a map of simplicial sets de+; : Dec(A) — A. We can repeatedly apply the Dec

functor to obtain Dec™(A), which has t-simplices Ay, with face and degeneracy maps d?ecn(,q) = dg“

sPec"(A) _ A g1 ) < 4§ <t. There is also a map Dec™(A) — A that sends x € Dec™(A); = A4, to
(2 p +

(2

dig1 -+ dpyn(x) € Ay, The fiber of this map at the basepoint of A is denoted V™. It has t-simplices
given by

VP = {o € Aun | it diin(w) = sh()} (35)
Hence we can restate the void degree of a t-simplex of A as
v(z) =min{m | z € V", } (36)

If we define the simplicial set VO by V0 = {s{(x)} then this extends to include the basepoint. The
next proposition shows how void degree interacts with the face and degeneracy maps of A.
Proposition 3.16. Let x € A;. Then v(s;(x)) > v(z) and v(d;(z)) < v(x).

Proof. Let v(z) = m. We will consider two cases. First suppose 0 < i < t —m. Then s; :
Vi, = V. and d; - V" — V™ | are degeneracy and face maps of V" respectively. So
di(x) € V™ _,, and s;(x) € V{7 _,,. Hence v(d;(z)) < v(z) and v(s;(x)) < v(z). This gives what
we wanted for the face map, but for the degeneracy we must now show v(s;(x)) = v(z).

For I <m

dp1-g - dydi1 (5i(2) = si(dy—y - - di1de(x)) # s ()

as this would contradict minimality of m for z. So v(z) = v(s;(x)).

Now let ¢ >t —m. We have

dig1—m - dedir1(5i(x)) = dig1-m - - didip18;dip1 - - - di—1dy(x))
=diy1-m- - dt—ldt(x)
# 55 " (%)
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by minimality of m for z, so v(s;(x)) > v(z). For the faces

di—m - dt—2dt—1(di($)) =di_ym - di—od;i_1d;diyq - 'dt—ldt(l’))

so d;(z) € V;™1 and hence v(d;(z)) < v(x).
U

We can now define the value by which we will be filtering C(A4). Recall from Proposition
that the monoid C(A); of t-simplices of a realization C(A) is freely generated by terms

[x € Ap,v € C}]
where x is a non-degenerate n-simplex of A and ~y is a flanked atomic chain.
Definition 3.17. Let e # w € C(A); be a word in the free monoid, written as
w = [z0 € Angy,70 € C{°[z1 € Apy, 11 € CY] -+ [z € Ay, € CYY

where all z; are non-degenerate and all v; are flanked and atomic. The right spine length (just
spine length after this) of the word w is equal to

l
ls(w) =v(xo) + an
=1

The spine length of the identity e € C(A); is 0.

We can bound the spine length by two more crude measures of the size of a word. Since
[x; € Ayn,,vi € C'] # e, x; # * for all i, so n; > 1. Hence l5(w) > I and the length of the word
w, in the standard sense of a free monoid, gives a lower bound on the spine length. For a word
w= Hézl[xi € A,,,vi € C/*] € C(A);, the necklace length is

lNec(W) = Z n;
=0

Since v(z) <t for a t-simplex, the necklace length of a word is an upper bound for our definition
of spine length Is(w) < INec(w).
Finally, we will show that the spine length of words determines a filtration of C(A).

Proposition 3.18. The sets
(Sn)e = {w € C(A): | ls(w) < n}

define simplicial subsets S, C UC(A) such that

Uc(A) = Sa

n>0
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Proof. We need to show that if w € C(A); such that l5(w) < n then l5(d;(w)) < n and l5(s;(w)) <n
for all 0 < ¢ < t. Now s; for all ¢ and d; for 0 < ¢ < ¢ send generating simplices to generating
simplices and don’t change the simplex representing the class, so they preserve spine length. It
remains to consider dy and d;.

Let w,w’ € C(A);. fw = Hogign o; and W' = Hogjgm Bi for generators a; = [z; € Ay, v € C}Y]
and B = 2 € Ap;,7} € C] of C(A);. Then

ls(w) + Is(w') = v(zo) + an +v(xp) + ij <wv(xg)+ an +mo + ij = ls(ww)
i=1 j=1 i=1 j=1

by unique factorization. So it is sufficient to show for any generator o € C(A); that I5(di(a)) < l5(av)
and ls(do(a)) < ls(a).
Consider [z € A, € C}| with = non-degenerate and ~ flanked and atomic. In particular let

Yy=xTop <0 < L0ai1Laras ** " Lam,_on < 201212 Tn—1n

The inclusion {0 < a1 < ---am—2 < n} C [n] determines a unique embedding 0 : [m] < [n] that
sends 0 to 0 and m to n such that di(y) = 6(9) for a unique 7' € C{"; that is flanked and atomic.
It is clear from the definition of C(A) that

di([x € Ay,y € C}]) = [6"(z) € A, € CJ*4]

The simplex ¢*(x) may be degenerate, so let o*(y) = §*(x) for some non-degenerate y € A;, where
o : [m] — [l] is a codegeneracy in A. Hence we have

di([z € A,y €C}]) = [y € A, 0(v) € Cl_4]

where y is non-degenerate and o(y') is flanked and atomic. If the generator is not the first letter
in the word w then since [ < n its contribution to the spine length is not increased by d;. If it is
the first letter, then

v(z) > (8" () = v(o"(y)) = v(y)

by Proposition Hence l5(di([x € An,y € CP])) <Is([z € Ap,y € C}]).
Now consider do([z € A,,y € C}]). This is the class of (z € Ay, dyp(vy) € C}_;), but dp(y) is no
longer necessarily atomic. If

Y= Ton < Toby Tbiby * Topn < 00 S T1T12 0 Tp—1n
then letting by = 0 and by, 11 = n we can write do(y) = Y071 - - - 7 where each
Yi = xbibi+1 S e S xbibi—f—l e xbprl—l bit1 S C?—l

is atomic. The elements b; € [n] determine a partition of [n] so that [n] = [0, b1]V[b1, b2]V: -V [bm, 1],
where we are using the wedge operation of Definition[3.27 Let &; : [b;.1—b;] < [n] be the embedding
sending ¢ € [bj11 — b;] — i+ b; € [n] determined by this partition. Each ~; is the image of a flanked
atomic ¢t — 1-chain 7, € C™ under the embedding 0; : [bj+1 — b;] < [n]. Let n; = b;41 — b;, then we
can write

do([x € An,y € CY]) = [05(x) € Ang,70 € Ci°I[07(x) € Any, 71 € CY] -+ [0(2) € A,y € C}]
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Now 65(z) = dp, 41 - - dn—1dn(x) so by the definition of void degree v(dg(x)) < v(xz) —n + by.
Let surjections o; : [n;] — [m;] account for any degeneracy of the simplices d7(z), so 6} () =
o (y;) for y € A, nondegenerate. Then

T

do([z € An,v € CF)) = [ [[vi € A, 04(7) € CF]
=0

is the unique factorization in C(A);—1. It may be the case that yo = *, in which case l5(dy(x)) =
v(y;) + D11 mi where j is the first index such that m; # 0. Since v(y;) < m; we have

Is(do(Jx € Ap,vy € CY]) < v(yo) z:mZ

00 yO Z n;

since Zlgign n; = n — by. Finally, for any word w, if n is the necklace length of w then I5(w) < n

SO w € Sy,. 0

As described above, this filtration will be a key tool in proving Lemma In particular, we
will take H(X) = S1, the m = 1 stage of this filtration. In the next section we relate this simplicial
set S1 to the simplicial mapping space (XSI)*.

3.4 The Functor H

In this section we will define the functor H : sSety — sSet described in Lemma, and show
that there is a natural transformation

1

l:H—)(—S)*

that is a weak equivalence for quasi-monoids X. This is the functor that will mediate in Lemma/|3.12
between the simplicial mapping space (X o 1)* of a quasi-monoid X and the underlying simplicial
set UC(X) of the homotopy coherent realization of X and allow us to prove that these spaces have
the same homotopy type. The material in this section comes from §2 of [Lur(09].

We recall the definition of the cosimplicial simplicial set Q® from §2.2.2 of [Lur09], which we
will denote by @7 to distinguish it from later definitions. The simplicial sets Q7' are quotients of
subsets of the simplicial cube (A!)" constructed in the following way.

Definition 3.19. Let n > 0. The poset Py, consists of non-emply subsets of the totally ordered
set [n] € A ordered by inclusion.
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As noted in [Lur09] taking the nerve N Py,,) gives a simplicial set that is isomorphic to a simplicial
subset of the n-cube (A')" via the identification

S C [n] +» ¥ € {0,1}""! where #5(i) = 1 if and only if i € S
Definition 3.20. Let m > 0. The simplicial set Q7' is obtained as the pushout

|_| (Al){j | 0<j<i} o {1} x (Al)j | i<j<n (Alyr+1
0<i<n

I_I (Al){j | 0<j<i} QY

0<i<n

where the left vertical map is the disjoint union of the natural projections of the product.

By the same analysis of the t-simplices of Q"™ given after Definition a t-simplex of Q7
has a unique representative such that its 0™ subset in the chain is a singleton. We will denote
this representative of a simplex [As] € (Q7})¢ by pr(A)s. This representative has p(A4)y = {a}, a
singleton such that a = min p(A); for all 0 <14 <+t.

Lurie shows in Proposition 2.2.2.9 that this cosimplicial simplicial set induces a nerve-realization
adjunction with realization

[nleA
Kl = / K, x Q7

Lurie shows that there is a natural equivalence between the realization of a simplicial set by Q%
and the original simplicial set.

Proposition 3.21 ([Lur09] Prop. 2.2.2.7). For all simplicial sets K there is a natural weak equiv-
alence
[Klg = K

The connection of this realization to the spine length filtration of C(X) comes from applying it
to the simplicial set
Hom% (%, ) = Homgget (BA®, X) (37)

where Y A" is the suspension of the standard simplicial n-simplex A" given by the pushout

A" C dnt! AnJrl

N

* — DA"

The notation Hom% (, %) is from [Lur09], where this is the space of right morphisms from * to *
viewed as objects of the quasi-monoid X seen as a quasi-category. The adjective right here refers
to the choice of d"*! as the face of A”*! to be collapsed to form LA™, rather than d°, which
would yield the space of left morphisms. The definition of Homg(x, %) given in §1.2.2 of [Lur(Q9|
corresponds exactly to our definition of (X 1)* for a reduced simplicial set in Section Lurie
shows that when X is a quasi-monoid these mapping spaces are Kan weakly equivalent.
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Proposition 3.22 ([Lur09] Cor. 4.2.1.8). Let X be a quasi-monoid. There is a map of simplicial
sets
Homger(SA®, X) = Hom¥ (%, %) < Homg(x, ) = (X),

that is a weak equivalence of Kan complexes.

Hence we have natural maps in sSet

| Homﬁ?(*, %)

~ 1
Homf}(*, *) Brop. (XS )« (38)

|Q Prop. 3:21]

that are Kan weak equivalences when X is a quasi-monoid. This will form half of the span described
in Lemma To this end, we define the functor H as follows.

Definition 3.23. The functor H : sSety — sSet is defined by
H(A) = |Hom(SA*, A)|q
for a reduced simplicial set A.

We can conclude this section, therefore, with the following result, which encompasses part of
Lemma

Lemma 3.24. There exists a natural transformation
l:H — (*Sl)*
such that lx is a Kan weak equivalence when X is a quasi-monoid.
To construct the other half of Lemma B.12 we need to relate
H(X) = | Hom (+, )l

to the underlying simplicial set UC(X) of the realization of X. We will do this in the next section
by identifying this space with the m = 1 stage of the spine length filtration of UC(X).

3.5 Realizing the Spine Length Filtration of C(A)
In this section we will fix a reduced simplicial set A. We will show that the filtration
e=5C8 C-C Sy C--- CUCA) (39)

of the underlying simplicial set of the simplicial set C(A) by spine length described in Proposition
[3.18 can be described in terms of colimits in sSet. Furthermore, we will show that there is a natural
isomorphism of simplicial sets

H(A) =S5

identifying the functor H defined in Definition [3.23| as the first non-trivial stage of the spine length
filtration. This will yield the span of natural transformations promised by Lemma [3.12

(X5, <X H(X) = | F* | o= 81 = C(X)
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We will also set the stage for the final parts of the proof of Lemma [3.12] where we will show that
the inclusion H(X) = 51 < UC(X) is a Kan weak equivalence of simplicial sets when X is a
quasi-monoid. To do this and show that H(A) = S; we will generalize the tools from [Lur09] used
in defining H(A) in Definition In particular, we will define a sequence of categories indexed
by the natural numbers

=T 5Tl i s T s ..

and diagrams
F™: (T™)°? x A°? — Set

Q™ :T™ x A — sSet

as well as subdiagrams E™ C F" that together define spaces forming a pushout of simplicial sets
forall m>1

T

Sm — Serl

where the bottom map is the inclusion S, C Sy,41 of the spine length filtration of C(A) that
was proved to exist in Proposition We will refer to this square as the filtration colimit. The
notation |F"|gm here represents the coend

(7,[n])ET™ XA -
lon = | F™(y) x QO

and similar for the diagram E™.

These diagrams will be shown to be generalizations of the diagram Q7 : A — sSet and the
simplicial set Homﬁ(*, ) for a reduced simplicial set A described in the previous section. They
will be defined below in Subsections [3.5.1] [3.5.2, and [3.5.3|along with the realization coend | —|gm.
This will give a description of the colimits in the top half of the filtration colimit . The final
step in Subsection will be to show that the square in the diagram is a pushout square
and identify H(A) = S;.

We begin by defining the categories T™ that form part of the domain of these diagrams Q™,
F™ and E™. Let A;;lj be the subcategory of A with all objects [n] for n > 0 and morphisms the
injective order-preserving maps that preserve the top element. So 7 : [a] < [r] is a morphism if
and only if y(a) = r. For m > 0 let (A;j)sm be the full subcategory of A;rrlj with the objects [i]
for i <m.

Definition 3.25. The category T™ = tw((A]

<
inj )7m

)=™) is the twisted arrow category on (Ai';j

Objects of T™ are injective maps « : [a] < [r] such that a(a) = r and r < m. Since « preserves
the top element we have a partition of [r] into intervals

[r] = 0, (0)] V [a(0), a(D)] V- - - V [a(a — 1), a(a)] (41)

Note that there is a unique morphism [0] < [r] in Ai';j for all » > 0. We will denote these objects
of T™ by &, : [0] < [r] for 0 < r < m.
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A morphism (f,v): @ — f of T™ is a diagram

The maps « and (8 determine partitions of [r] and [s| respectively into intervals. The maps f and
v that make the diagram commute determine how these partitions are related, which is the data
we will need when constructing diagrams F™ and Q™ shaped by T™. We will extract from this
diagram (f,v) the data that we will need for these diagrams. First we define a map &, : [a] — [b]
in A that is a section of the injective order-preserving map v. This map has

ko (i) = min{j € [b] | v(j) = i}

for all i € [a]. Note that v(b) = a > i for all i € [a] so the set is non-empty and the minimum is
defined. Restricting f to the intervals of the partition of [r] determined by « gives injective
maps which we denote as j(y,); for 0 <i <a

j(f,v)O : [0,0[(0)] — [07/8(0)]
Jifyi ¢ (i = 1), a(i)] = [0, 5(0)] 0 <i<w(0)
Jipyi i = 1), a(i)] = [B(ro(i) — 1), B(ko(2))]  0(0) <i<a
Note that f = \/{_gj(fv)i- We will conjugate these maps by isomorphisms & : [b—a] = [a, b] defined
by i € [b—a|+— i+b € [a,b] C [n]. These isomorphisms identify intervals with objects of A so that
we can define for a morphism (f,v) of 7™ and for all 0 < i < a the maps of A

Jfy0 ¢ [a(0)] = [B(0)] =0
(fov)i = gy o€ [ali) —a(i —1)] = [B(0)] 0<i<w(0) (42)
E o gipuio€ s [ali) — ali = 1)] = [B(ko(i) — B(ku(i) —1)] ©0(0) <i<a

In particular,

3.5.1 Q™ and the Realization | — |gm

We now define the diagrams Q™ : T x A — sSet mentioned above. These will be viewed as
cosimplicial objects in the category sSetT™)” so that they give realization functors

| —lgm : sSet™™™ — sSet

via the usual nerve-realization construction. We will analyze this functor | —|gm and its similarities
to the realization C(A) at the end of this section, with a view to understanding the filtration colimit
(10).

The spaces appearing in these diagrams Q™ are obtained by taking nerves of subposets of P,
the poset of non-empty subsets of the totally ordered set [n] € A. We will now define the subposets
of P, that we need for our definition of Q™.
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Definition 3.26. For alln > 1 and 0 < m < n define the poset
Pl ={AC[n] | AN[m] £ 0 and n € A}

For alll € [n], define
W[ln]:{AQ n] |le A andneA}gP[m

]

Liy={AC[n] | minA=1andne A} C W/,

Note that W[% = L?n] necessarily for any n. This notation will hopefully clarify the analysis
of posets and maps between their nerves involved in this section. We are identifying, in order of
definition, the posets: of subsets of [n] containing n and at least one other element less than or
equal to m < n; of subsets of [n] all containing a specific chosen [ € [n] as well as n; and of subsets
of [n] all containing a specific chosen [ € [n] as their least element as well as n.

The letter W is chosen in the second definition above because of the connection with the wedge
of two subsets of [n], which we now define.

Definition 3.27. For A = {ap < a1 < -+ < an},B = {bp < by < --- < b} C [n] such that
max A = a,;, = bg = min B we define the wedge of A and B as

A\/B:{a0<a1<-~am_1<b0<bl<-~<bl}

We say that a,, = by is the wedge point for this wedge.

We extend this wedge operation to the simplicial set N P,,. For t-simplices Ao, Be € (N Py;)):
such that max 4; = max A; = min B; = min B; for all 1 <4,j <t we can define the wedge A, V B,
by taking the degreewise wedges

(A. vV Bo)z =A;V B;
for all 1 <4 < t. In particular, for such simplices if | = max A; then AqV Be € N W[ln]. Furthermore,

any simplex in N Wln can be decomposed uniquely with wedge point at [. So N W[ln ] contains
simplices that are assembled as wedges at the wedge point [.

Definition 3.28. Let m,n > 0. Q™" is the pushout

o<|7|<n MW — Np[ﬂmﬂ}
!

|_| NLmeH —QQm"

0<i<n

A t-simplex of Q™" is a class of chains of inclusions Ay C A; C --- C A; of subsets of [n+m+1]
under the relation

A.N‘/.\/A.
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where V, V A, has wedge point @ < n. Each class [As] in Q;"" has a unique representative, which
we denote p(A)e € NL;: .. 1, such that p(A)o N [n] = {a} with a = min p(A); for all i. For a class
[Ae] the unique representative p(A)e is constructed by taking p(A); = {j € A; | j > max Ao N [n]}
for 0 < i < t. Finally we can define the diagrams Q™ : T™ x A — sSet. We start with the spaces
Q" for [n] € A and « an object of T™.

Definition 3.29. Forn >0 and o : [a] < [r] € T™ define the simplicial set Q" as
Q(a)n _ Qa(O),n > HNI;X

where I = {A Cla(i) —a(i —1)] | 0€ A and a(i) —a(i — 1) € A}.

A t-simplex A € an)n consists of simplices [A,] € Q?(O)’n and A} € (NI), for 1 <i < a.

We will extend this definition to a diagram Q™ : T™ x A — sSet by defining maps Q™ ((f,v),0) :
Q" — QB! of simplicial sets for morphisms (f,v) : @ — B of T™ and 6 : [I] — [n] of A. We
will define this map by how it acts on components of the product defining Q@™ in Definition
Recall the maps (f,v); for 0 < i < a defined at . For all 1 < j < b we define maps of posets

v(j)

I = -r
i=v(j—1)+1
v(j)

(Ai)v(j—l)-i-lgigv(j) = \/ (f,v)i(A")
i=v(j—1)+1

Taking the nerve preserves the product and defines a part of the map Q™ ((f,v),6) that we want.

To define the component mapping to Q%+ we will need the ordinal sum, which is the monoidal
product in the category A. This bifunctor — @& — : A x A — A has [n]® [m] = [n+m+1]. On
morphisms f : [m] — [n], g: [[] = [p] themap f@dg:[m+I1+1] > [n+p+1actson0<i<m
by fandonm+1<i<m-+1+1by g(i —m)+n.

We will use the universal property of the pushout in Definition of QPO o construct this
component. Start by defining the map of posets

v(0)
["] el [7]
[n+a 1) < HI — Pl+ﬁ( 0)+1]

v(0)
(A, (A)1cico) = 0@ (F0)0(A) vV (d)™ [\ (f,0)i(4)

i=1
where we have maps 0 & (f,v)p : [n 4+ «(0) + 1] — [l + 8(0) + 1] and for 1 < i < v(0)
(d)™ o (£,0); < [ai) — ali = 1)] = [B(0)] = [+ B©) + 1]
Taking the nerve of this map and the restriction to IV Lfn +a(0)+1] for the other leg of the pushout

determines a map Q0 x H ) N I — QPO Together with the first map, these definitions
give a map Q™ ((f,v),0) that respects composition and identities, so we have defined a functor.
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Definition 3.30. The assignment
(a:fa] = [r],[n]) € T™ x A s Q"
defines a functor Q™ : T™ x A — sSet.

The notation ) has been chosen because we will show that Q™ is a generalization of the
cosimplicial simplicial set @} defined in |[Lur09] and used to define of the functor H in Definition
In particular, we will show in Proposition that Q0 =2 QT -

As with the cosimplicial simplicial set Q} of [Lur09] the diagrams Q™ define nerve-realization
adjunctions

[—lgm
Tmyer
sSet™)™ 1 sSet (43)
\_/
Singgm (—)

where for D € sSetT"™)”" and K € sSet
(a,[n])ET™x A
Dlgn = [ D) x QU

Singom (K)(a); = sSet(Q)', K)
By the standard coend definition, a t-simplex of |D|gm is an equivalence class of a pair
(x € D(a)n, A€ Q")
under the equivalence relation generated by
(x € D(@)n, QV(B) € Q") ~ (D((f.0).6%)(x) € D(B). B € Q)

for maps (f,v) : f — ain T™ and 6 : [l] — [n] in A. Inspired by the corresponding notion of
flanked chains for C", we make the following definition.

Definition 3.31. A simplez A = ([Ad], (AL)1<i<a) € an)n is flanked when
p(A)o=1{0<n+a(0)+1}

p(A)e = [n+ «(0) + 1]

and for all1 <i<a ‘
0={0<a(i) —a(i—1)}

Ap = [a(i) = afi - 1)]

The simplices of Q(®" strongly resemble chains of C*)~a(~1) 4 comparison we will formalize
soon, so recognizing the flanked simplices among them makes sense. Furthermore, these simplices
play an important role in realizations |F|gm.
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Proposition 3.32. Every class in (|F|gm): has a representative (z € F(o)p, Ae an)n) with © a
non-degenerate simplex of F' and A flanked.

Proof. For an object a : [a] < [r] of T™ and n,t > 0 we define the subset CIDEO‘)” C an)n of flanked
t-simplices of Q™. The core of this proof is the following claim, whose proof we defer to Corollary
[3.59 in the next section. We claim that for all ¢ > 0 the map

L] o =" (44)

(fv):B—a
8:[l]—[n]

that sends (A € ®P (f.v): 8 — a,d: [[] = [n]) to Q™((f,v),8)(A) is a bijection.

Let [y € F(a),,B € an)n] be a class in (|F|gm); with a : [a] <= [r] an object of T™. By
the previous claim there exists a unique pair of maps ((f,v) : f — «,d : [[] < [n]) and a flanked
simplex A € Qgﬁ)l such that Q™((f,v),8)(A) = B. Hence

ly € F(a)n, B € Q1" = [F((f,v),6)(y) € F(B), A € Q"]

If F((f,v),d)(y) is a degenerate I-simplex of F(3) let o : [[] = [p] be a map in A and z € F(§), a
non-degenerate simplex such that o*(z) = F((f,v),d)(y). Then

[F((f,v),6)(y) € F(B)1, A € Q"] = [z € F(B),, Q™ (0)(A) € Q"]

The map Q"(c) only affects [A] € QO in A, Now o is a surjection, so p(c(4))y = {0 <
p+ a(0)+ 1} and p(c(A)): = [p + «(0) + 1]. Hence Q™ (0)(A) is flanked, so we are done. ]

We now turn our attention to defining the diagrams F &€ sSet"™)”” whose realization by the
functor | — |om we will take in the filtration colimit ([40]).

3.5.2 Diagrams F™: (T™)° x A° — Set
We now turn to diagrams F™ € sSetT™)™  We fix A, a reduced simplicial set, for this section.
All diagrams will be constructed using A, so we will suppress mention of it where we can. These
diagrams will be based on necklaces, which are sequences of simplices of varying degrees from A.
The formalism of necklaces was developed in [DS11b| as a way to capture how in the realization
C(A) a word in the monoid of r-simplices can be formed from products of terms [z € A,,~ € C}]
for different valued of n. We will combine this feature of necklaces with the approximation of the
chain structure of C" given by the realization by | —|gm defined in the previous section to construct
the pushout .

We recall the definition of necklaces used in [DS11b] §3. A necklace is a simplicial set of the

form
A™M VA2V oy AT

where the last vertex of each simplex A™ is identified with the first vertex of the simplex A™+1. We
call the standard simplicial simplices A™ the beads of the necklace. A necklace is in preferred
form when n; > 0 for all 1 <4 <[ unless [ = 1. Preferred form omits all trivial beads A° from
necklaces apart from the trivial necklace A.
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We can view a necklace as a simplicial subset of a standard simplicial simplex with the same
vertices as the necklace
ATV ATV oy AT C AT

We call the simplex with the same vertices that contains the necklace the enveloping simplex of
the necklace. Under this identification, we can specify a necklace by listing the subset J C [Eézlni]
of the vertices of the standard simplex that are joints, that is points where beads are joined.

The data of a necklace L C A™, therefore, can be specified by its subset of joints J C [n]. An
object «: [a] < [r] of T™ determines a necklace, which we denote L, C A”. This necklace has the
form

Lo, = A2 y paD=a(0) /.y pal@)—ala=1) ¢ AT

Recall the join operation for simplicial sets (see for example [Riel4] §17.1). This defines a
bifunctor — x — : sSet x sSet — sSet whose most important feature in our context is the identifi-
cation A" x A™ =2 A"+l This construction is derived from the ordinal sum monoidal product
on A, so for maps f : [n] = [m], g: [I[] = [p] of A, fukxgs = (f © g)s : AVHFL 5 AMFPHL For a
necklace L, we will denote the join of A™ to the first bead by A" x L, that is

A" x L, = An—i—a(O)-{—l V Aoz(l)—oc(O) VERRY. Aoz(a)—oc(a—l) C Artntl

Note that a(0) +n+1 > 1 and « is injective so a(i) — a(i — 1) > 1, so this necklace is in preferred
form. This assignment ([n],a) — A™ % L, extends to a functor P™ : A x T™ — sSet. Let
6 : [n] — [m] be a map in A and let (f,v) : @ — § be an arrow in 7"". We will show that these
maps determine a map of simplicial sets A™ * L, — A™ x Lg. Recall the maps (f,v); of A defined
at (42) above. These determine simplicial set maps

((£,0)0)s : A%O) <5 ABO)
((f,0)i)s : AYD7A67D) oy ASO) 0<i<w(0)
((F,0)i)x : AXD=ali=1) <y AB(o()=Blro(D)-1) v(0) <i<a

Hence we have maps of necklaces
O % ((f,v)0)x : A" % A0y Am o ABO)
(d)™ o ((f,0))s : ACD=al=1) <y ABO) y Am 4 ABO)
for 0 < i <wv(0) and

v(j) v(j)
Vo ((Fv)e: ) Acl-al) o ABGH)-AG)
i=v(j—1)+1 i=v(j—1)+1

for all 0 < j < b. Joining these maps at endpoints gives a map A" * L, — A™ x Lg. This
construction respects identities and composition so we have defined a functor.

Definition 3.33. P : A x T™ — sSet is the diagram of simplicial sets with P(a)™ = A™ x Ly, for
[n] € A and o : [a] < [r] in T™.

These necklaces are the shapes we use to define diagrams (7"")°P — sSet.
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Definition 3.34. Let A be a reduced simplicial set and m > 0. Define the functor D™ : (T")°P —
sSet by
D" (), = Homgger(P()™, A)

Define a subfunctor F™ : (T")°P — sSet by taking the pullback

F™(a) > D™(a)

|

A

*

where the map D™ (&), — Ay is determined by the map A™ =2 A" x () — A" x L, = P(a)".

From the definition of P it is clear that for « : [a] < [r]
D™ () = Dec™ XHAZQ(Zl

where Dec is Illusie’s decalage functor defined earlier. The simplicial Deca(0)+1(A) set has t-
simplices Deco‘(o)H(A)t = At ta(0)4+1 With face and degeneracy maps

Dec™(A Dec™(A
diec():d? Siec():S:LA

for 0 <i <t. An n-simplex ¥ : A" x L, — A for « : [a] < [r] therefore corresponds to the data
T = (z,(i)1<i<a)

where x € Deca(0)+1(A)n and z; € Ay (i)—a(i-1) for 1 <i <a.
For maps (f,v) : (a : [a] < [r]) — (B : [b] <= [s]) of T™ and 6 : [n] — [l] of A the map
D™((f,v),0): D™(8); — D™(«), sends an [-simplex

7= (y € Dec® O (A), (i € Aggi)—pii-1))1<i<b) € D™(B);
to the n-simplex of D™ («) determined by

(0 S2) (f7 U)O)*<y) € An+a(0)+1 = Deca(O)Jrl(A)n

(fa U);k(dlo+1(y)) € Aa(i)—a(i—l)
for 0 < i <wv(0) and
(f? ) (ym, (2) ) € Aoc( )—a(i—1)

for v(0) < ¢ < a, where the maps

o (f, ) )"t Ay p0)+1 = Antao)
(f,0)7 o (do)™™ = A go)+1 = Ag(o) = Aa(i)=ati—1) 0 < < 0(0)
(fs0)} + Ay (i) -B(su () -1) — Aa(i)—ali-1) v(0) <i<a

are determined by the maps of A arising from (f,v).
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The pullback defining F™ selects simplices of D™ («) where the initial segment of the first bead
is a degeneracy of the basepoint, so

F(a) = VOO s TT Aagy—ati-1)
i1

where the space V¥(0+1 ig the fiber of the map Dec®(®+1 (A) — A at the basepoint of A as described
in with ¢-simplices given by
0)+1
V}a( " {z € Ara+1 | digr - dipago)r1(x) = sh(%)}

For (f,v) : a — B in T™ the maps F™((f,v)) : F"™(5) — F™(«) are determined by the pullbacks

F™(5) —— D™(5)

Fm((f,v))l le((f,v))

F™(a) — D"(a)
The face and degeneracy maps of D™ (a) can only act non-trivially on the Dec®(®*+1(A4) component;
they act as the identity on the other parts of D™(a). An n-simplex of D™ («) is a map 7 :
A" x L, — A. For 0 < i < n — 1 the degeneracy maps st A" — A"l determine maps
stx1p, : A" % Ly — A" 1% L, so that 7 is degenerate if and only if it factors through s * 11, for
some 0 < i < n and similarly for the face maps.

As in the case of Q7, which we will show is isomorphic to Q" in Proposition we will now
relate the diagram
FO T x AP = AP —; Set

to a simplicial set used in defining H in Definition [3.23

Proposition 3.35. Let A be a reduced simplicial set. The diagram FO : A°? — Set is determined
by the simplicial set
FOgp) = V! = Homgges(BA®, A) = Hom (%, %)

Proof. Since T is the terminal category by Definition the diagram F© is determined by the
simplicial set F%(gq), where g¢ : [0] — [0] is the unique object of T°. By Definition when
m = 0 we have

Fe0) = Vit = {x € Apyq | dpy17 = s0(*)} = Homgget (DAY, X)
where Y A? is the suspension of the standard simplicial t-simplex obtained as the pushout

At C dit! At+1

|

x —> VAL
Thus we can identify F0: T9 x A°? — Set with the simplicial set
Homgget (BA®, A) = Hom% (x, *)
of (37). O

85



3.5.3 Subdiagrams E" C F™ : (T™)° x A° — Set

To complete the definition of all spaces appearing in the pushout square we must define a
subdiagram E™ of F"*. The subdiagram will be determined by extending the spine length filtration
defined at the start of this section to the spaces of the diagram F and then restricting the spaces
in the image of the diagram to have only simplices of spine length at most m.

Recall the spine length of a word in C(A) as defined in Definition This definition was
based on simplices of A occurring as representatives of letters in the word, so we can extend this
definition to simplices of F™. We will denote this new spine length by £ to avoid confusion with
the other spine length define in Definition 3.17 In Lemma [3:49] below we will show that these
concepts are very closely linked.

Definition 3.36. Let ¥ = (x, (%;)1<i<a) € F™ ()¢, where z € VtO‘(O)Jrl and x; € Xo(iy—a(i-1) for

1 <i<a. Letz=0"(2) and x; = 0} (z) for 1 < i < a where o; : [n;] = [a(i) — a(i — 1)] and
o [n] = [t + «(0) + 1] are the unique degeneracy maps of A and z € X, and z; € X,,, are the
unique non-degenerate simplices of X determined by x and x;. The spine length of & is

lf(f) =v(z)+ an

i=1

We are using the void degree v(z) of z as defined in Deﬁnition By construction x € Vta(O)Jrl.
So by Proposition v(z) <v(o*(z)) = v(z) < a(0) + 1. The last inequality can be easily seen
using the alternative form of v given in (36]). Hence v(Z) <1+ for  : [a] < [r]. Therefore, for
all 7 in the diagram F™ we have (£'(Z) <m + 1.

We want to define a subdiagram E™ whose spaces only contain simplices with spine length at
most m. The previous discussion shows that for any « : [a] < [r] with r < m when we define E™
we will have E™(a) = F™(a). So we must consider simplices Z € F"(«a); where « : [a] < [m] and
how they can have spine length strictly less than m + 1.

Let # € F™(a) for a : [a] < [m] and suppose that If(Z) < m + 1. If all 2; € Xo)—a(i-1)
are non-degenerate as simplices of X then the deficit of the spine length must come from the first
simplex x € Vta(o)ﬂ. By the definition of spine length for Z it must be the case that there exists a
surjective map o : [t + «(0) 4+ 1] — [t] and some z € Xy such that v(z) < a(0) + 1 and *(2) = x.
Hence z € V;l_((;)(o). By the simplicial structure of V) if ¢ = ¢/ @ [a(0) — 1] for some surjective
map o’ : [n+ 1] = [t/ — «(0)] then in fact z = (¢/)*(2) € Vﬁr(lo), so v(z) < a(0). Otherwise, there
exists t +1 < I < t + a(0) such that ¢ = o s'. Hence z = 5/(6*(2)). In this case, however,
our assumption that v(z) < «(0) + 1, or equivalently z € V;(,)(O)

—a(0) Was redundant, as the following
result with n = «(0) + 1 shows.

Lemma 3.37. Let x € V" such that © = si(z) fort <1 <t+n—1and z € Xyy4—1. Then
ze VL

Proof. Since x € V;* we have

sh(x) = diprdiso - dipn ()

dir1digo - dt+n(81(2))

= diy1--didips(digr - diyn—1(2))
= dip1diyn-1(2)
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So z e VL.
O

From this analysis it is clear that for « : [a] < [m] a simplex & € F™(a); has IF'(Z) < m + 1 if
and only if one of the following holds:

Za. There exists 1 <4 < a such that x; = s;(z;) for some z; € X, ()—a(i—1)-1
1b. = si(z) for t +1 <1 <t + a(0) and some 2z € X, ()
2. v(z) <a(0)+1

We will combine the first two cases by introducing some notation for maps between necklaces. In
making this definition we are using Lemma 3.5 (7) of [DS11b] which implies that the image of a
map L — A™ from a necklace to a standard simplicial simplex is a necklace.

Definition 3.38. Let L C A" be a necklace with its enveloping simplex. For 0 < i < r—1 define a
necklace S'L and a surjective map 5’2 : L — S°L as the map to the image in the image factorization

L——A"
Si si

SiL o Arfl

The map L < A" is an isomorphism on vertices, so S’L < A"! is as well and this is the
inclusion of S'L into its enveloping simplex. When the necklace L = L, for some « : [a] < [r] in
T™ we will write S?, as shorthand for Sia.

The connection to spine length becomes clear when we describe the map Si and the necklace
S*L more explicitly. Suppose

L=A"VA™MV...vA™

with r = Zé’:ﬂ n;. Then for 0 < i <r —1let 0 < j; <1 be the index such that the vertices i and
i+ 1 of A", the enveloping simplex of L, occur as vertices of A™i, a bead of L. Let r; = E;;_Ol n;,

then 0 < i —r; < nj, — 1, where we take r; = 0 if j; = 0. The map s’ acts as the identity on beads
A" for j # j; and acts as s " : A"i — A™i~! on the bead A™i. Hence

S'L=AMMVA™ V...V AM Ty oy AT

and S§ = 1am V- VSTV oV an.

Consider Z € D™ (a),,. This corresponds to a map of simplicial sets Z : A" L, — X. Note that
by the definition of Ly, no = «(0) and n; = a(i) —a(i—1) for 1 <i <a, sor; = a(j;—1) for j; >0
and 7; = 0 otherwise. There exists 1 < i < a such that z; = s;(z;) for some z; € Xa@)—ali-1)—1 if
and only if Z: A" x L, — X factors through A" x Sﬁ AU« Lo, — At SEL, for k=14 a(j; —1).
This value k varies from «(0) to m — 1. Similarly x = s;(z) for t + 1 <1 < t + «(0) and some
2 € Xypq() if and only if Z: Af x Ly, — X factors through A’ x S& : Al x L, — A™ x S¥L,, for
k =1—t— 1. This value of k varies between 0 and «(0) — 1.

Using this notation, we can compile these results as follows.

Corollary 3.39. Let ¥ € F™(a), for a: [a] < [m]. Then I5(Z) < m + 1 if and only if one of the
following is true:
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1. There exists 0 < k < m such that ¥ : A" x L, — X factors through A™ x S¥ : A" x L, —
A" % SEL,

2. v(z) <a(0)+1

To define a subdiagram of F™ consisting of simplices with spine length at most m we must
show that maps in A° x (T")° do not send such a simplex to a simplex with spine length equal
tom 4+ 1.

Proposition 3.40. Let ¥ € F™(B), for B : [b] = [m]. Let 0 : [l] — [n] be a map in A and (1}, v) :
B — a be a morphism of (T™)° with « : [a] < [m]. IfI15(Z) < m then lf(Fm((l[m],v),H*)(a_c’)) <m

Proof. We will show that if # satisfies one of the conditions of Corollary then so does
F™ (1), v), 07)(£). We will deal with each case in turn.

Case Let 7 : A" x Lg — X factor through A" % Sk : A" x Lg — A" % S¥Ls for some 0 < k < m.
Uniqueness of image factorization gives the dashed arrow making the following diagram commute.

A™ st [ Am—l

N oo

[e3

Ly \—>—=S'L,
N
L(1ny.00) ey
S5

Soif & : A"« Lz — X factors through A" x Sé then F™((1},,),v),0)(7) = T o (9* * L(l[m],v)) factors
through Al x S?.
Case@ If v(z) < B(0) + 1 then z € Vfﬁ), or equivalently dpy2 - - dyip0)41() = sbt(x). Note

that
(L), )0 = d?@ 0+ 0 @OF2 6 gOFL + [o(0)] < [B(0)]

SO

dnt2 dpia0)+1 (A" % (f,0)5) (@) = dnt2* dyga(0)+1nta()+2 * ** dnrpo)+1(T) = s§T (%)

hence (A" x (f,v)§)(x) € Vfﬁ). Now V) is a simplicial set and 8* x A0 = (g* x A%) x A*(0)-1
((A™ % (f,v)§)(2)) € Vﬁ(lo). So F™((f,v),0%)(Z) satisfies case [2 of Corollary [3.39 and
L(F™((f,0),00)(T)) < m. O

As a corollary of this result we can make the following definition.

Definition 3.41. Let E™ C F™ be the subdiagram of F™ defined by

E™(a)n = {Z € F™(a): | I{(&) <m}
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3.5.4 The Filtration Colimit

We have nearly achieved our goal for this section. The realization by | — [gm of the natural
transformation E™ < F™ determines a map between spaces

|[E™|gm — [F™|gm

that forms the top map of . We just have to fill in the remaining details from the square and
show that it is a pushout. We will start by constructing simplicial set maps for m > 0

g™ |F™ g — UC(X)

whose image is the simplicial subset Sy,+1 € C(X).

We will define g™ by constructing simplicial set maps F' — Singgm (UC(X)) in sSet
that correspond to ¢™ under the adjunction . To do this, we will need to define some simplices
of Singym (C(X))(a) for a: [a] < [r] an object T™. These simplices are maps of simplicial sets

(Tm)op

Q" — UC(X)
Recall Definition of the spaces Q(®)™. Since C(X) is a simplicial monoid, we can define maps

QI = QO x TI NI — UC(X)
i=1

by defining simplicial set maps
QO — UC(X)
and
NI - UC(X)

for 1 <4 < a and then composing their product with the unique map J1,; C(X) — C(X) determined
by the associative multiplication of C(X).

To define these maps we will need to relate the simplices of Q(®" to the chains of C*. Our
main tool is the following map. Recall from Definition that the ¢-simplices of N Ll[n] are the
inclusions of subsets Ag C A; C --- C A; of [n] such that [ = min 4; and n € A4; for all 0 < i < ¢.

Definition 3.42. Let 0 < I < n, define a simplicial embedding v : NLl[n] — UC" by taking the
nerve of the poset map

A:{l<a1<~-<at<n}€Ll[n]HVA:xlalxalaz"-matneC"

This map is an embedding because we are just changing the notation; a simplex of IV L[mn] is
uniquely determined by the same data the specifies a chain in the image of v in C". We will now
define the first map Q0" — C(X).

Lemma 3.43. Let x € Dec™ Y (X),, with m > 0. There exists a simplicial set map @, : Q™™ —
UC(X) such that

Pz 1 [Ad] € Q" 5 [2 € Xngmr1, Yp(a) € CPH™] € C(X),

where {a} = p(A)o N [n].
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Proof. We will construct the map ¢, : Q™" — UC(X) using the pushout of Definition for
Q"™"™. For A, € (NR[n] )¢ let @ = max AgN[n]. So Ag € NW¢ and Ag = V4 V p(A)e where

[n+m]/t [n+m+1]
p(A)e € NL, ) With p(A)oN[n] ={a}. A map ¢ : NR%n]—s—erl} — C(X) given by
Ao € (NR[ X cptmHl] e o(X
€ ( [n+m])t = [T € Xnym+1,7p4) € Ci ] € C(X)

is clearly what is needed to give the desired map by adjointness. Restricting this to a map
N Lfn tmt1] C(X) defines the map making the pushout diagram in Definition commute.
It only remains to show that this map is a map of simplicial sets, that is ¢/, (d;(As)) = d;(¢,(As))
and ¢’ (si(As)) = si(¢}(As)) for all 0 < ¢ < ¢t. This is clear for all degeneracies s; and the faces
d; for i # 0 since these preserve the set Ay. In particular for i # 0 «(d;(As)) = di(a(A))es and
similarly for all s;.

To complete the definition of ¢!, it only remains to show that do(¢l,(A4e)) = ¢, (do(As). We

have

do(¢y(As)) = [& € Xngms1, do(Vp(a)) € CFH™
0l (do(Ae)) = [& € Xntmt1s Vo(do(a)) € Crr™ ]

Now ~ : NL¢ — C"tm+1 ig a simplicial map so

[n—l—m-‘rl]
do(Yp(4)) = Vdo(p(A))

Let b = max A; N [n], then do(p(A)s) € NW?

(ntmt 1] We can write

do(p(A)e) = d" ™ d"TH (W) V p(do(p(A)))e

where p(do(p(A)))s € (NL]

iim1)t-1 and the embedding

I G o @ 5] < [t m 1]

takes W, € (NL[ })t 1 into NW? Then

[n+m+1]"

Tp(do(A)) = Vdrtmt1...a+1(W)Vp(do(p(A)))

—_ grFmtl d”*l(’yw)’Yp(do(p(A)))

Since € Dec™ (X)),
Ay dn+m+1(x) = (SO)n(*)

so since b < n

do (7 (As)) =

T € Xntm+1,Vp(do(A)) € C?—Jrlmﬂ]

dn+m+1 L. dn+1(7W)’Yp(d0(p(A))) c C?j_fn+1]

[

= [z € Xpimt1,

= [dps1- - dnmi1(z) € X, yw € Cyl[2 € Xngmi 1, Vo(do(o(4)) €
=

=

oarian
S ) ( ) € Xp,yw € Ct 1”'%' S Xn+m+177p(do( (A)) € C?j1m+1]

T € Xntm+1, Vp(do(p(A)) € Cr™ ]
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but the construction of p gives p(do(A4))e = p(do(p(A)))s, so we are done. 0

The maps NI — UC(X) are much easier to construct. The notation I* was chosen in Defini-
tion to compactly denote that these simplicial sets involve intervals determined by « : [a] < [r]
and i € [a]. Note, however, that

If = {A C [a(i) — ali— 1] | 0,9() —y(i—1) € A} = L% o)

so there are maps v : NI — U ca(d—ali=1) arising from Definition 3.42L The following definition
is immediate from the simplicial structures of NI* and Uco®—ali-1),

Definition 3.44. Let v € X (j)—a(i—1)- There is a map 7, : NI} — UC(X) given by

T:c(Ao) = |z € Xa(i)*a(ifl),’YA c C?(i)*a(ifl)}

Combining these simplicial set maps we have the following.

Definition 3.45. Let ¥ = (z, (zi)1<i<a) € F™(a), for a : [a] <= [r] an object of T™. Define a
simplicial set map

Pa(Z) = po (9090 X HTm) : Qa(O),n X HNI@'a = Q(a)n — C(X)
i=1 i=1

where 2 ][, C(X) — C(X) is the unique map arising from the associative multiplication of C(X)
and @, and 1., are the simplicial set maps defined in Lemma[3.43 and Definition respectively.

For A = ([Ad], (A})1<i<a) € Q)" where [A,] € QO and AL € NI® for 1 < i < a we have

a

Ca(@)(A) = |7 € Xpia(0) 1, Vp(a) € C?JFQ(O)H] 11 [371 € Xo(i)—a(i—1)s Vai € C?(i)_a(i_l)} (45)

i=1

Proposition 3.46. The assignment & — ¢o(T) defines a map ¢ : F™ — Singgm(C(X)) in
sSetT"™) .

Proof. We must show that for all maps (f,v):a— Sin 7™ and 6 : [n] — [[] in A

-, —,

Pa(F"((f,0),0)(2))(A) = ¢p(T) 0 Q™((f,v),0)(A) (46)

for all # € F™(B); and all A = (A, (A)1<i<q) € an)n. Now by the definition of v we have

(=]

v(0)

_ 0yl+1 . )
70®(f,v)o(A)V(d0)m+1 (v?iol)(ﬁv)z(Az)) - (9 ® (f7 U)O)*(ryp(A)) J 1(d ) (((f’ U)Z)*(IYA’)

-
Il

v(4)

Y\ 00) N — (f,U)i* (ry Z)
(vi:]u(j*1)+l(f7v)i(A )) iv(}z[l)+1 !
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for all 1 < j < b. By the definitions of F™ and Q" and the equivalence relation defining classes of
C(X), therefore, the identity holds. 0

We define the map g™ : |F™|gm — C(X) to be the adjoint of the map defined in Proposition
This map sends a t-simplex [T € Fm(oz)n,ff € an)"] of |F™|gm to the word oo (Z)(A) €
C(X)¢, which was given in above. Recall from Proposition that every class in (|[F™|gm);
has a representative (Z € F™(a),, A € an)n) where Z is non-degenerate and A is flanked. Earlier,

when we defined flanked simplices of Q(®" in Definition we promised to connect this to the
notion of flanked chains in C™. We now make this connection.

Proposition 3.47. A simplex A€ an)n is flanked if and only if v,a) € CrtaO+ gnd v 4 €
co®=ali=1) ure flanked chains for all 1 < i < a.

This is obvious from the two notions of being flanked and from the construction of «. The
difference between classes in (|F"™|gm); and classes of generators in C(X); comes down to the fact
that not all degeneracies of X are accessible to the coend defining |F™|gm. To account for this we
make the following definitions for simplices of these spaces.

Definition 3.48. Let ¥ = (x, (zi)i<i<a) € F™(a)n. We say T is itnternally non-degenerate
when it is a non-degenerate n-simplex of F™(«). We say a simplex & € F™(«),, is totally non-
degenerate when it is internally non-degenerate and x € X, 1 o0)41 and z; € Xoi)—a(i—1) for all
1 <i < a are non-degenerate simplices of X.

The description of these simplices as totally non-degenerate is taken from the same notion for
necklaces in [DS11b| §4.

Recall the spine length I defined for # in Definition and the spine length for words of
C(X); defined at Definition We will now relate these with the map ¢".

Lemma 3.49. Let T € F™(a), and A € an)n. Then, IF () = ls(0a(Z)(A)) if A is flanked.

Proof. Recall from Proposition that C(X); is freely generated as a monoid by the classes
[z € X,y € C}] such that z is a non-degenerate simplex of X and ~ is flanked. The definition (45)
of o ()(A) is a product of classes in C(X), whose representatives come from the data of & and A.
As noted above in Proposition if A is flanked then all the chains in the class representatives
of the product ¢, (Z)(A) are flanked. If Z is not necessarily totally non-degenerate the classes

7€ Ko@) € GO

and ‘ '

{mi € Xa(i)—ali-1)sVai € C?(Z)_a(l_l)}
comprising o (Z)(A) may not be generators of C(X )y, as z and z; could be degenerate as simplices
of X. In general let © = 0*(2) and z; = 0 (%;) for non-degenerate simplices z € X,y and z; € X,
and surjective maps ¢ and o; for 1 < i < a. Surjective maps acting on chains preserve the property
of being flanked, so the unique factorization of pq(Z)(A) in C(X) is

—,

2al@)(A) = 2 € Xu, o) € S| T] [ € X u(7a0) € 7]

=1
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It is clear from the two definitions that X' (%) = I;(0a(Z)(A)) when A is flanked. 0

The proof of this result leads us to the following observation.

Proposition 3.50. Let [¥ € Fm(a)n,/f € Qta)n] be a class in (|[F™|gm)¢ with & internally non-
degenerate and A flanked. If ¥ is totally non-degenerate then gpa(f)(ff) is a product of generators
of the free monoid C(X); that lies in Sy, .

Proof. If 7 is totally non-degenerate then the representing simplices of the classes in C(X); com-
prising ¢, (¥)(A) are non-degenerate. So by Proposition these classes are themselves generators
and the product defining ¢, (Z)(A) is the unique factorization of the word in the free monoid
C(X)s. O

Proposition 3.51. The image of g™ is the simplicial subset Sy, 41 C UC(X)

Proof. By Lemma [3.49] and the definition of F™ the map ¢" factors through the simplicial subset
Sm+1 C UC(X). Now let w € (Sp+1):. Write the unique factorization

w=[r € X,,ve€C}] 1_[[acZ € X7 € C]
i=1
with n,n; > 1, = and all x; non-degenerate simplices of X, and v and all ~; flanked. Then
ls(w) =v(x)+ Y i ni. Let n =n —wv(z) > 0 since v(z) < deg(xz) =n. Sox € Vny,(x) and since
x # sg(x), v(x) > 1. Define a(0) = v(z) —1 > 0 and for all 1 < ¢ < a define a(i) = n; + a(i — 1).
Now n' + «(0) + 1 =n and

ala) =v(z) -1+ an = ls(w) —

Since ls(w) < m+1, a(a) < m. Define an embedding « : [a] < [a(a)] using the values «(7) defined
above. Now we have

F=(zeViO" (2 € Xa(i)—a(i-1))1<i<a) € F ()

For 7; € C}" there exists a unique A, € N L(v)u such that y4: = 7;, using the notation of Definition
Since a(i) — a(i — 1) = n;, NL) = NI®. Similarly, for v € C}' flanked there exists a unique

simplex A, € NL?L = Nn0'+a(0)+1 such that v4 = . Hence we have

A= ([A] € Q“O (4L € NI?)1<i<a) € QL

and o (7)(A) = w
OJ

Proposition 3.52. Let [Z € F(a) Ae Q(a)n] and [§ € Fy),é S Qgﬁ)n/] be classes in (|F™|gm )

with o : [a] < [m] and B : [b] < [m] and & and § totally non-degenerate simplices with spine length
m+ L If o(#)(A) = 0s(i)(B) then [T € Fy* A Q") =€ F,). B e Q”"].
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Proof. By Proposition ¢ (Z)(A) and goﬂgj’)(é) are the respective unique factorizations of
these words into products of generators in C(X)¢, so by a=bandforalll1 <i<a

n+a(0)+1 n’
{z € Xura@1: %) € G| =y € Xur s, v € G

[%‘ € Xo(i)—a(i—1): Vai € C?(i)_a(i_l) € Cf(i)_ﬁ(i_l)}

(0)+1

Yi € Xg(i)-B(i—-1): VB

These classes are all generators of C(X);, so z = vy, p(A) = p(B), x; = y;, and A* = B’ for all i.
Furthermore $(0) + 1 = v(z) = «(0) + 1 since the spine lengths are both m + 1 and Z and ¥ are
both totally non-degenerate. Hence n = n’. Now a(a) = B(b) = m so a(i) = (i) for all 7 and so
a = (3. Hence the classes in |F™|gm must be equal, as required. ] This

proposition shows that, while the map g™ does collapse to the same words in Sy,41 classes that do
not have totally non-degenerate representatives, the classes with spine length m + 1 are preserved
exactly by ¢”*. Hence we can finally conclude that the square is a pushout.

Corollary 3.53. The square form >0

|E™ | gm S [F™[gm

Lk

Sm = Sm+1

18 a pullback and a pushout.

Proof. We defer until Corollary in the next section the proof that the top map is an injection,
so that classes in |[F"|gm that have a flanked and internally non-degenerate representative with
Z € E™(a), cannot have another representative with spine length greater than m.

By Proposition a class [T € £ A e an)n] € (|JF™|gm )+ with representative flanked and
internally non-degenerate is sent to a word with spine length m + 1 if and only if the spine length
of & is m + 1. Hence ¢o(Z)(A) € Sy, if and only if [Z € EW A€ an)n] € (|E™|gm)t, so this is
a pullback. By Proposition the right vertical map is pointwise surjective, so the left vertical
map is also a pointwise surjection. By Proposition (Sm+1)¢ is isomorphic to the disjoint union
of (Sm)¢ and (|F™|gm): \ (JE™|gm )¢, so this square is a pushout. 0

Finally, we can use this colimit description of the spine length filtration to connect H(X), the
image of X under the functor defined in Definition Consider the case m = 0 of the pushout
square in Corollary By Definition E%(gp) = V? = x as only the basepoint has void degree
0. Now Sy = * as well, so the pushout square

*(—>|FO|Q0

¢

implies that for all reduced simplicial sets A

| Hom/{ (x, %)|go = |F"|go = Sy
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By Proposition [3.35] we have
F%(gg) = Hom% (%, *)

and so since we will show in Proposition that Q0 =2 Q7 as cosimplicial simplicial sets we have
H(A) = |Hom% (%, )| = |FO|Q0 = (47)

Hence by Lemma for all reduced simplicial sets X we have a span
(X5, <X H(X) =| FO | g0 §; ——= C(X)

where the map [x is a Kan weak equivalence when X is a quasi-monoid. As proposed above, we
will take [ as the first natural transformation of Lemma and the inclusion S; — UC(X) as
the second natural transformation r. In the next section we will use the characterization of the
inclusions S,,, < Sy, 41 of the spine length filtration of UC(X) from the filtration colimit to
show that rx : H(X) — UC(X) is a weak equivalence for all reduced simplicial sets X.

3.6 C(X) as a Mapping Space

Our goal for this section is to complete the proof of another part of Lemma [3.12] by proving that
the simplicial set inclusion
H(X) =S, CUC(X)

is a Kan weak equivalence when X is a quasi-monoid. Here we are using the identification of
H(X) with the first non-trivial stage S; of the spine length filtration of UC(X). We will prove this
map is a weak equivalence by using the whole spine length filtration S, C Sy,+1 of UC(X) and the
filtration colimit from Section Recall that this is a pushout square

|[E™ | gm = [F™[gm

Lk

Sm —— Sm—i—l

where | — |gm : sSet(T™)”™ — sSet is defined as part of the adjunction . Our goal for this
section is to show that the inclusion of diagrams

E™ < F™ ¢ sSet(T")” (48)

is a weak equivalence and the functor | — |gm preserves this weak equivalence, sending it to an
acyclic cofibration in sSet with the Kan model structure. This will then imply that the pushout
inclusion Sy, € Sp41 is a Kan weak equivalence and hence H(X) — UC(X) is a weak equivalence
by the spine length filtration of Proposition and the identification H(X) = Sy of .

To make sense of this plan, we must first define a model structure on the category sSet(T")”
of which the map will be a weak equivalence and for which the functor | — |gm will preserve
this weak equivalence. We will use the Reedy model structure that exists as a result of the Reedy
category structure of the category 7"".

Proposition 3.54. Let m > 0. The category T™ is a Reedy category with all non-identity mor-
phisms increasing the degree.
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Proof. Let ¢ : T™ — Q send « : [a] < [r] to X2, A morphism

a+1"°
I,

[r] [s]

]

[a] <5~ [b]
of T™ has b < a and s > r so Zﬁ < Zi—% and this defines a functor. Since T™ is finite we can
restrict the image of this functor to a finite subset of Q, which is a finite linear order and so a well
order. Hence T™ is Reedy with every non-identity morphism increasing the degree. ]

Hence we can define Reedy model structures on functor categories C7™)*” and CT™) when C is
a model category. The Reedy structure of the category T™" allows us to easily identify cofibrations
in the model structure on C(T"™)°".

Proposition 3.55. Let C be a model category. A map of diagrams ¢ : D — D' in the Reedy model
structure on CT™)™ is a Reedy cofibration if and only if it is a pointwise cofibration.

Proof. All non-identity maps in (77)°P decrease the degree, so O((T")°P)* = (). Hence L*D = ()
for all a in (T")°P and so the relative latching map of ¢ : D — D’ is just ¢(«) € C. Hence ¢ is a
Reedy cofibration if and only if it is a pointwise cofibrant map. ]

We will use the cases C = sSet with the Kan model structure and C = sSet®” with the diagonal
model structure ([GJ99] IV Theorem 3.13), whose weak equivalences are the maps of bisimplicial
sets that are sent to Kan weak equivalences by the diagonal functor and whose cofibrations are the
monomorphisms ([Jarl3] Theorem 1.4). These are simplicial model categories, with the tensor for
bisimplicial sets given by

(K & X)on = Ko % Xon (49)

for K € sSet and X € sSet®”.
In Subsection we claimed that there is a natural isomorphism
| —|go = | —|q : sSet — sSet

where the second functor is the realization in [Lur09] Proposition 2.2.2.9. We will prove this claim
here. It will come out as a special case of a more general result that all realization functors
| —|gm : sSetT"™)” — sSet factor through the realization | —|g. We will show this by first showing
that the diagram
QM :T™ x A — sSet

factors as a product of a functor 7™ — sSet with the cosimplicial simplicial set Q} from [Lur09),
here defined in Definition The functor in sSet” " making up the other part of Q™ is defined
by taking the nerves of posets. The following definition generalizes the posets W[ln ] defined in
Definition to define a functor W™ : T™ — Pos.

Definition 3.56. Let m > 0. The functor W™ : T™ — Pos sends an object « : [a] < [r] of T™ to
W ={AC[r] | a(i) e AV i€ [} C Py
and a map (f,v) : a — [ of T™ to the map of posets
w) . Wil 5w
A e A
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By the Definition of T if v : [a] < [r] and B : [b] < [s] are the objects of T for all i € [b]

p(i) = fla(v(@))) € f(A)

so f(A) € W) and this is a well-defined functor.
This functor W™ : T™ — Pos composes with the nerve functor N : Pos — sSet to give the
functor
NW™ . T™ — sSet

for all m > 0. It is this functor that makes up the T part of the diagram Q™ : A x T™ — sSet.
The cosimplicial part will come from the cosimplicial simplicial set from [Lur09] given in Definition

[3.201 above.

Proposition 3.57. There is a natural isomorphism of functors

QM =QL X NW™: AxT" — sSet (50)

Proof. The cosimplicial simplicial sets @7 of Definition have spaces Q7 for n > 0 given by
the pushouts
|_| (AI){j | 0<j<i} o {1} x (Al){j | i<j<n} —> NPy,

0<i<n
| (51)
|_| (AN i<i=n} Q7
0<i<n
where as in Definition Py, is the poset of non-empty subsets of [n]. The top map of is
isomorphic to the top map of the pushout in Definition by the identification of NP, with a

simplicial subset of the cube (Al)"*+1.
Let « : [a] < [r] be an object of T™. We construct a map of posets

o [n] = a
Py x W = P ooy < [T
i=1
by '
(A,B) = (A® B°,(B")1<i<a)
where we have partitioned the set B € W(® by taking
B'={be B |b<a0)}

and
B = {b—a(i—1)€ai)—a(i—1)] | be BN[a(i —1),a(i)]}

for all 1 < i < a. Now «a(0) € By and A ® By N [n]A # (), so A @ By does belong to P[[ﬂra(o)ﬂ}'
This map is clearly a bijection, so taking the nerve gives a bijection of simplicial sets. Furthermore,
restricting this map to the subspaces of the cubes on the left side of the pushout diagram defining

7in Deﬁnition identified by the top map gives bijections with the simplicial sets NW? L1 X
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[T5, I and NL, tma1 X [Ii—q If* in the corresponding positions of the pushout definition of Q@
The simplicial set isomorphism Q)" = Q7 xN W(@) that these maps define is clearly natural. 0

By this result and Definition there are isomorphisms
Qp = Q"

that send a class [As] € (Q7): to the corresponding class of Q"™ by simply adding n + 1 to the
top of every subset in A,, a simplex of N P,. Hence by Definition [3.29 m 9| the cosimplicial simplicial
sets Q7 and QO are isomorphic. This proves the deferred proposition that was used in identifying

H(A) =S in

Recall that a t—simplex [A.] € (QF)+ has a representative
pr(A)e = ({a} = p(A)o € p(A)1 C -+ C p(A)r) € (N Ppyp)s
where a = min p(A); for all 0 < i < ¢. The isomorphism identifies
([pL(A)a], Ba) € QF x NW & ([pr(A)e ® Bl], (Bo)1<iza) € Q"

where pr(A)e @ BY is the unique representative of the class in Q*(°)" with pr,(A) ® BY N [n] = {a},
a singleton such that a = min(p(A); © B?) for all 0 < i < ¢.

Recall the definition of flanked simplices of Q™ given in Definition The following propo-
sition describes the corresponding flanked simplices of @} x N W(®) using the isomorphism of

Proposition [3.57}

Proposition 3.58. A simplex ([pr(A)e ® BY], (Bi)1<i<a) € Qta)n for a : [a] < [r] is flanked if
and only if its corresponding simplezx ([pr,(A)s], Be) € Q7 X NW@ has

1. pr(A)o = {0}

2. pr(A)e = [n]

3. By = «([a]) C [r] and

4. By =1r].

So for all ¢ > 0 the set of flanked ¢-simplices of an)n corresponds to the subset U x Zt(a) C
Q7 x N Wt(a) where

Uit = {lp(A)e] € (Q7)¢ | pr(A)o = {0} and pr(A): = [n]} € (QL):
and Zt(a) is the subset of NW(a)
7 = {Ay € NW® | Ay = a([a]) and A; = [r]} C NW*

We can therefore prove the following claim that was used in the proof of Proposition [3.32]

Corollary 3.59. Let <I> Q " be the subset of flanked t-simplices of Q™. For allt > 0 the
map
|_| <I>( — Qt
(fv):B—a
O:[l]—[n]

—,

that sends (A € ®Bl (f.0): 8 —= a,8:[[] = [n]) to Q™((f,v),8)(A) is a bijection.
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Proof. Using the isomorphism of Proposition [3.57] and Proposition [3.58 we can prove the equivalent
statement that the map

LI uf) x| L 29— @ixNwe),
O:[l]—[n] (fw):B—a

is a bijection for all n,¢ > 0 and « : [a] < [r]. This is the product of the map ([56]), which was shown
to be an isomorphism in the proof of Proposition and the map that sends ([pz(A)s] € U}, 0 :
(1] = [n]) to ([0(p(A))e] € (Q7})+. Consider [pr(A)s] € (QF):. The inclusions p(A); C pr(A): C [n]
for all 0 < i < ¢ determine a unique embedding ¢ : [I] — [n] for | = |pr(A):| and a simplex

pr(A), € Ul such that §(pr,(A))e = pr.(A)e. Hence this map is a bijection. 0
We will now proceed with the homotopical analysis of the realization functor | — |gm. The
homotopy behaviour of the realization | — | has been described in [Lur09] §2, so our goal in this

section is to exploit this by using the isomorphism to break the realization | — |gm into two
composed realizations.

To achieve this goal, we must consider the more general case of the realization of diagrams
D € (sSet2™)T™)™ by Q™ € sSet!™™) via the coend

(o, [n))€T™ XA
qumz/ Q" x D()an

This determines a functor
=[lgm : (sSet>*")T™)*™ 5 sSet

We use similar notation as the realization functor | —|gm from the adjunction because this func-
tor extends that realization. In particular, we recover the original realization functor for diagrams
D e sSet™™)” by composing the diagram D : (T™)°? — sSet with the inclusion

(—)! : sSet — sSet™” (52)

that sends a simplicial set K to the bisimplicial set K* : A — sSet with K!, = K,. If
D e sSet™™)™ then we denote the composite with (—)! by

Dt : (sSet>™) T 5 sSet
Hence for m > 0 and (o, [n]) € T™ x A
Q" x D)) = Q™ x D' (@)in = Q" x D()
so by the definition of the realization functor of the adjunction we have
ID"[lgm = |Dlgm

We now define a realization that will factor the realization | — |gm : (sSet®™)(T™)” — sSet.
Recall the functor NW™ : T™ — sSet defined by composing the nerve functor N : Pos — sSet
with the functor of Definition We define a functor

t(Tm)op x A°P

| — | nwm : sSe — sSet™” (53)
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by the coend
acT™
Dlvwn = [ NW e D(a)
for D : (T™)°° — sSet™”” with ® the tensoring of sSet®” over sSet and
|—|lo : sSet®” — sSet (54)
defined as the coend
[nleA
IXlo= [ @} x X,

for Xee a bisimplicial set and x the cartesian product in sSet. This realization extends the

functor | — |g : sSet — sSet of [Lur09] Proposition 2.2.2.9 in the same way that we extended
| — |gm to bisimplicial diagrams above. As was shown for that case, pre-composing ||—|¢ with the
inclusion functor (—)! : sSet — sSet™™ recovers the realization | — |q

[n]eA .
1Ko = / Q) x KL,

[n]eA
= / QT x K,
= |Klq

The isomorphism of Proposition [3.57 allows the realization ||—||gm to be split into these parts.
Proposition 3.60. Let D be a diagram in sSet!T™" )" *A%

stmplicial sets

There is a natural isomorphism of

[1Dllgm = [[IDlnwn= o

Proof. By the definition of the realization we have
acT™
‘D|NW7” :/ NW(Q)®D(06)
where D(a) € sSet®””. This is a bisimplicial set |D|yym : A% — sSet where
acT™
(IDlvwn)= [ NWE D@

for all m,n > 0 by the definition of the tensoring of sSet®”” over sSet. By Proposition m
therefore we have the isomorphism

(o, [n])ET™ XA
[Dllgm = Q" x D(a)en

(a,[n])eT™ XA
N / (QF x NW™) x D(a)en

_ /[n]eA 0% x </a€Tm J— D(a).n>

[n]eA
— / Q7 (1Dlwwe).,

= [[|IDInwnllg
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Observe that if we take m = 0 and restrict to the case of a diagram D' € (sSe we

recover the isomorphism
[Dlg = |Dlgo

that we showed earlier. Hence this factorization of ||—||gm can be seen as a generalization of this
result.

For now we will restrict our attention to the functor | — |ywm. Recall that we are considering
sSet®” with the diagonal model structure and (sSet®”)(T™)*” with the Reedy model structure
induced by the diagonal model structure on sSet®””. We will show that the realization | — |Nwm

is a left Quillen functor by showing that the diagram NW™ is a Reedy cofibrant diagram in the
Reedy model structure on sSetT™").

Proposition 3.61. NW™ is a Reedy cofibrant replacement of the constant diagram * in sSet!T)”

Proof. For all objects « : [a] < [r] of T™ we define Zt(a) CN Wt(a) as the following set of ¢t-simplices
of NW(®)

7% = {Ae € NW | Ag = a([a]) and A, = [r]} (55)
These are the t-simplices of NW(®) that are not in the image of any non-identity morphism in the
diagram NW™ : T™ — sSet. Hence the latching object for « is given by

LONW™ = I_l Zt(ﬂ)
(fv):B—a#la
Now for a fixed object § : [b] < [s] of T™ we claim that the map

||z~ Nw® (56)
(fv):a—pB

that sends ((f,v) : a — B, As € Zt(a)) to f(A)e € NWt(B) is an isomorphism. This will imply that
the latching map LIONW™ — NW(®) is an injection and so NW™ is cofibrant in the Reedy model
structure.

Let A € N Wt(’B ). Then 4; C [s] uniquely determines an embedding f : [r] < [s] where
f([r]) = As. The inclusions A; C A; determine A, = {j € [r] | f(j) € Ai} C [r], so there is a
unique chain A, with A} = [r] and such that f(A4}) = A;.

The inclusion Afj C Aj gives unique embedding « : [a] < [r] where a([a]) = A} C [r]. Since
B([b]) € Ao = f(a([a])) there is a unique embedding v : [b] < [a] such that foaov = . So
(f,v) : @ — B is the unique morphism of 7™ and A/, the unique chain of Z (@) guch that f (A)) = A,.
Finally, NW(® is isomorphic to a product of cubes, so NW(®) ~ x. 0

The realization | — |ywm is therefore a left Quillen functor by Theorem 18.4.11 of [Hir03].
Corollary 3.62. The realization
| — |nwm : s8etT™)TXAT 5 gGetA”

is a left Quillen functor when sSet™" has the diagonal model structure and sSetT™) XA has the
Reedy model structure for the Reedy category (T™)°P and the diagonal model structure on sSet™”.
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We now turn our attention to a class of diagrams D € (sSet>")(T™)” for which the realization
|D|ywm has the same homotopy type as one of the bisimplicial sets in the image of D. The
diagrams F™ and E™ will be shown to be of this type, so this allows us to easily recognize weak
equivalences between them. We will call these collapsible diagrams. Recall that for all » > 0 the

map &, : [0] < [r] is the unique object with domain [0] and target [r] in A™T.

Definition 3.63. A diagram D : (T™)°® — sSet>” is collapsible if for all objects o : [a] < [r]
and all maps (1p9,€4) : € — a in T™ of the form

[ =—1r]
o] <z [0]

the maps D((1p1,€4)) : D(er) = D(a) are diagonal weak equivalences of bisimplicial sets.

There is a functor F': T™ — (A1)S™ that sends « : [a] < [r] to [r] and a morphism (f,v) :
a — 3 to f. This functor has a section i : (AT)S™ < T™ that sends [r] to &, : [0] <= [r] and a
morphism f : [r] — [s] to the morphism (f, 1) : &, — &5

[r] <L 5
0] =——[0]

Pre-composing a diagram D : (T™)° — sSet®” with i°? and F°P gives
Do (i o FP)(a: [a] < [r]) = D(ey)
There is a natural transformation 7 : D o (i°? o F°P) — D whose components are
Na = D((1p);€4)) : D(er) = D(e)

Clearly in a collapsible diagram this natural transformation is a weak equivalence. We call these
diagrams collapsible because this weak equivalence allows us to reduce the homotopy colimit of the
diagram to the homotopy type of D(gg).

Proposition 3.64. If D : (T™)°" — sSet™™ is a diagram then there is a map of bisimplicial sets
D(&U) — |D|NWm (57)

If D is collapsible then this map is a diagonal weak equivalence. Furthermore, a natural transfor-
mation « : D — D’ of collapsible diagrams induces a weak equivalence |D|ywm — |D'|nwm if and
only if ae, : D(gg) = D'(e0) is a weak equivalence.

Proof. By Theorem 1.4 of |Jarl3| all objects of sSet™” are cofibrant so by Proposition m
all diagrams D € (sSetAop)(Tm)op are cofibrant in the Reedy model structure. By the proof of
Proposition the functor NW™ : T™ — sSet is a cofibrant replacement of the constant diagram
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+ in sSet”™) with the Reedy model structure determined by the Kan model structure on sSet.
Hence for a diagram D € (sSet®”)(T™) the realization |D|yym is a model for the homotopy
colimit of D.

Consider the diagram of bisimplicial sets

hocolim pmyer D 1 hocolim(gmyer (D 0 i 0 FP) —— hocolim((Aﬂgm)op (D 0 i°P)

| | e

hocolim, D(g() === hocolim, D(i(F(g())) === hocolim, D(i([0]))

Since the realization |D|ywm is a model for the homotopy colimit of the diagram D taking this
model gives the map as the left vertical map in . We will show that all maps in this
diagram are weak equivalences.

The left vertical map of is induced by the functor g : x — (T™) from the terminal category
* that picks out the object 1jg) = €g of T™. The left map of the top row is induced by the natural
transformation 1 : D 0i°? o F°P — D. The right map of the top row is induced by precomposing
by the functor F°P. Now D(eg) = D(i(F(eo)) and g9 : * — T™ factors through the functor
i: (AT)S™ < T™ defined above. Hence the diagram commutes. We will show first that when D
is a collapsible diagram, the maps of the top row are weak equivalences.

The map on the top left is a weak equivalence because it arises from the natural transformation
7, which is a weak equivalence for a collapsible diagram. To show that the right map is a weak
equivalence it is sufficient to show F°P is homotopy final by Theorem 8.5.6 of [Riel4]. Equivalently,
we can show that F': T™ — (AT)S™ is homotopy initial, that is that for every object [n] € (AT)=™
the simplicial set N (F/[n]) is contractible. We will show that for fixed n the category F'/[n] has a
terminal object. Quillen’s Theorem A ([Qui73] §1) then implies that N(F/[n]) is contractible.

Objects of F/[n] are composable pairs (a : [a] < [r],x : [r] = [n]) in (AT)=" since F(a) = [r].
Morphisms are pairs ((f,v) : a« — (8,9 : F(8) — [n]) where ((f,v),g) has source (a : [a] — [r], x :
[r] < [n]) and target (5 : [b] < [s],€ : [s] < [n]) where x = { o f. A morphism, therefore consists
of a diagram

Consider the object (e, : [0] < [n], 1}, : [n] — [n]). For any object (a : [a] < [r],x : [r] = [n]) of
F/[n], the following diagram determines the unique morphism from (a, x) to (n, 1))

The object [0] of (AT)=™ is initial, so by Theorem 8.5.6 of [Riel4] the right vertical map of diagram
is a weak equivalence. Hence all maps in the diagram are weak equivalences.
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Finally, naturality of the homotopy colimit and the weak equivalence just identified shows that
la|ywm @ |D|ywm — |D'|ywm is a weak equivalence for collapsible diagrams D and D’ if and only
if ag, is a weak equivalence.

O
Returning to the realization ||—||gm, by Proposition there is a map of simplicial sets

[1D(e0)llQ = I1DInwnllg = [[Dllgm

obtained by applying the realization ||—|q defined at above to the map of bisimplicial sets
(57). When D is collapsible this map is a weak equivalence.

Corollary 3.65. If D : (T™)P — sSet™”" is a collapsible diagram then the map
1D(eo)llo = [ Dllgm (59)

is a weak equivalence of simplicial sets. Furthermore, a natural transformation o : D — D’ of
collapsible diagrams induces a weak equivalence ||D|gm — ||D'||om if and only if aey : D(eg) —
D'(g9) is a diagonal weak equivalence.

Proof. The first part follows from Proposition directly, since all bisimplicial sets are cofibrant
in the diagonal model structure and the cosimplicial space Q is Reedy cofibrant by [GJ99] §VII
Proposition 4.16 since the equalizer of

0~z Q! ;
is 0.

For the last part, when D and D’ are collapsible applying Proposition gives that || D||gm —
|D'||gm is a weak equivalence of simplicial sets if and only if ||D(eo)|lq — || D'(c0)|l@ is. By
Proposition 2.2.2.7 of [Lur09], there is a natural transformation 7 : Q7 — A® that is a weak
equivalence of Reedy cofibrant cosimplicial spaces. Hence for any bisimplicial set X, since X is
Reedy cofibrant in the Reedy model structure on bisimplicial sets, by [Hir03] Corollary 18.4.13

[Xlle = [X|a = d(X)
is a weak equivalence, where d(X) is the diagonal. Hence D — D’ is sent to a weak equivalence by
| —llgm if and only if it is a diagonal weak equivalence. ]

Since Q7 is a Reedy cofibrant cosimplicial simplicial set, by |[Hir03] Theorem 18.4.11 the real-
ization ||—||g : sSet®” — sSet of preserves injective maps, that is cofibrations of the diagonal
model structure on sSet®”. As noted in the proof above of Corollary lI—|lo sends diagonal
weak equivalences to Kan weak equivalences of sSet, so || —||g is left Quillen when sSet>"" has the
diagonal model structure and sSet has the Kan model structure.

So far we have considered the realization by Q™ of diagrams D € (sSet>"")(T™)* The diagrams
we will actually use, however, are the diagrams defined in Subsections and which belong
to sSet(™)" Composing these diagrams with the functor

(—)! : sSet — sSet™”
described at recovers the realization defined as part of the adjunction
(=) llgm =1 = lgm

Hence this adjunction is Quillen.
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Proposition 3.66. The adjunction | — |gm 4 Singgm (—) is a Quillen adjunction when sSetT™)”

has the Reedy model structure and sSet has the Kan model structure.

Proof. The realizations | — |ywm= and ||—||g are left Quillen, so they preserve cofibrations and
acyclic cofibrations. Hence
[=[lgm : sSetT™)"XA% _ sSet

is left Quillen. Cofibrations and acyclic cofibrations are preserved by the inclusion (—)! : sSet —
sSet®”” since the diagonal model structure has injective maps as cofibrations and d(K') = K for
all simplicial sets K. Hence the left adjoint | — |gm : sSetT™)” s sSet is left Quillen. ]

Recall the sequence of diagrams
E™MCF™CD™: (T™)°" — sSet

for m > 0 from Definitions [3.34] and [3.41] Proposition shows that the image of the inclusion
E™ C F™ under the functor (—)! is a cofibration in the model structure on (sSet>"" )™ so we
have the following corollary to Proposition [3.66] which was a claim whose proof we deferred in the

proof of Corollary

Corollary 3.67. |E™|gm — |F™|gm is an injective map of simplicial sets.

For m > 1 E™(eg) = F™(eo), so if we can show that the diagrams E™ and F™ are collapsible,
then |E™|gm — |F™|gm is a Kan weak equivalence by Corollary We will show that this is
the case when X is a quasi-monoid.

Proposition 3.68. Let X be a quasi-monoid and let m > 1. The diagrams
for X are all collapsible.

Proof. A diagram F € sSet(™™)™ is sent by (=) to a collapsible diagram collapsible in the sense
of Definition @l if for all maps (1(,,€a) : & — a of (T™)°P the maps F'((1},),€4)) : F(e) = F(a)
are Kan weak equivalences. This follows because the diagonal of K is isomorphic to K. We will
show that for the diagrams E™, F, and D" these maps are Kan weak equivalences.

Let « : [a] < [r] and let & — &, be the unique morphism in 7™ for some m > r. We will show
that the maps

D™(e,) — D™(a)
F(s,) — F™(a)
E™(c,) — E™(a)

are all acyclic fibrations of simplicial sets for m > 1. To show this we must solve the lifting problem
OA"™ —— D™ (e,)
| (60
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The map &, : [0] = [r] sends 0 to 7 so D™ (g,) = Dec’"(X). Hence for n > 1 diagram (60)
corresponds to solving the lift

OA™ x AT U A" % L, ——X
OA" %L,

(61)
I

An+r+1 *

Since X is a reduced simplicial set, solving this is equivalent to solving the lift in sSetq after
reflecting the left map into sSet. Let red : sSet — sSety be the left adjoint of the inclusion
sSety C sSet. By Theorem 3.17 of [Joy08], for all [ > 0 red(0A™ x A!) < S"+H+1 is an inner
anodyne map between reduced simplicial sets, hence a weak equivalence of the reduced Joyal model
structure on sSety by Corollary The reflected version of the left map in is therefore a
weak equivalence and cofibration in sSetg, so since X is a quasi-monoid a lift exists.

For n = 0, the problem corresponds to finding a lift of A? % L, < A" against X — .
The inclusion on the left is a necklace inclusion in its enveloping simplex, so it is inner anodyne
and the lift exists.

The maps F™(e,) — F™(«) are pullbacks of the maps D™(e,) — D™(«), so they are acyclic
fibrations as well. We now turn to the maps E™(e,) — E" (). When r < m these are the same
maps as for F™, so we only have to consider the case of « : [a] < [m]. Recall that Corollary
determines the conditions under which a simplex ¥ = (x, (z;)1<i<a) € E™()y for « : [a] < [m]
can have IX'(Z) < m + 1. We will consider each case for Z : A" — E™(a) in the following diagram

OA" —— E™(gy,)

9/1
7
-
-

A" E™(a)

and show that a lift 4/ exists in each case.
Suppose ¥ € E™(a),, satisfies caseof Corollary 80 dpt2 -+ dpyiya(o)(T) = sg (). Note

that the inclusion
artmtlg .o dn+a(0)+2 . An+a(0)+1 *x0 < Antmtl

factors through the inclusion of the necklace into its enveloping simplex A" L, C A""*1 Hence
it factors through the left hand map of . A lift ¥ : A" — D™(e,,) for this diagram has
Y € Xngm1 with dp, 1 o0)42- - dptm+1(y) = 2. So

dnt2 dpga(0)+19nta)+2  dntm+1(Y) = dny2 - dyya)41()
= 557 (%)

So ¥ satisfies case |2 as well and ¢ € E™(&,,).
Suppose & € E™(a),, for a : [a] < [m] satisfies case [1] of Corollary SoZ:A"x Ly, — X
factors through A" % S? for some 0 < i < m. Solving the lift above when n > 1 corresponds to
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finding a lift for the outer square of the diagram

OA™ x A" U A" % Ly — OA" x AT~ 1 U A" % S L, —=X

OA™xLq OA"*Si L,
An+r+1 An+r *
AT xs?

Since S°L,, is a necklace a lift exists for the right square of this diagram by the same argument as
above for D™. The lift then factors through A™ x s?, so it satisfies case |1 of Corollary The
n = 0 case corresponds to solving the lifting problem of the right square of the diagram

A« L,——= A"« S, —>X

N

ATHL _ A" *

st

which can be done again by the same arguments as above. 0

This finally completes the proof of the main result we wanted for this section.

Corollary 3.69. For all m > 1 and X a quasi-monoid the map |E™|gm — |F™|gm is a Kan
acyclic cofibration of simplicial sets.

There remains only one part of Lemma [3.12] to prove, namely that the map S; — UM of
simplicial sets determined by the counit £p; : C(N(M)) — M is a Kan weak equivalence when M
is a fibrant simplicial monoid. Recall there is an isomorphism ¢° : S; — |F O\Qo of simplicial sets,
where FO(go); = V' = {2 € X441 | dip1(z) = s (¥)}. When X = N(M), the homotopy coherent
nerve of a simplicial monoid M we have F°(gg) = Homgnion(XC®, M) where Y.C" is defined by the
pushout

cn C dnt! Cn+1

|

e ——XC"

The inclusion d"*! : C* — C"*! is a cofibration, so the simplicial monoid ¥C" is cofibrant. The
monoid XC} of ¢-simplices is generated by atomic chains v € C?H such that y9 = xqn41 for some
a € [n].

Recall the simplicial set maps ¢, : Q™" — UC(X) defined in Lemma for any simplex
z € Dec™(X),,. For ljny1) € AZE = Dec!(A™1),, 11 we get a map Pliiy - Q" — UC™H! that
sends [A.] € Q" to Yp(a) € C"T1. The chains 7,4y are all atomic and since p(A)o = {a < n+1}
they have (v,(4))0 = Tan+1. Hence composing with the map C™tl — ¥C" we have the injective
map

Pnir 1 QO < URCT

that sends each ¢-simplex of Q”" to an atomic chain generating ¥C?. All such generators are the
image of a simplex of Q%", so F,, Q"™ = ¥C", where Fy is the free simplicial monoid functor left
adjoint to the forgetful functor U. Hence we have the following.
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Proposition 3.70. For the reduced simplicial set N(M) there is an isomorphism of simplicial sets

FY = Homgpgon(EC*, M) = Hom,ger(Q™*, UM ) = Singgo(UM)

We can finally prove the remaining part of Lemma [3.12

Proposition 3.71. Let M be a fibrant simplicial monoid. The restriction of epr : C(N(M)) — M
to the simplicial subset S; C UC(N(M)) is a Kan weak equivalence of simplicial sets.

Proof. Applying the isomorphism ¢° : S1 — |F' 0|Qo and the isomorphism F© =2 Singgo (UM) from
Proposition [3.70| we have the diagram

| Singgo (UM)|go == S1 —— UC(N(M))

UM
The map |Singgo(UM)|go — UM that this diagram defines sends

[f: Q%" — UM, [AJ] € Q4] € | Singgo(UM)|go = f(v,(4) = f([A]) € UM

where f : FQ%" = ¥C" — M is the adjoint of the map f. Hence this map is the counit of the
adjunction | — |go Singgo. By Proposition this adjunction is isomorphic to the adjunction
| — |g 1 Singg of Proposition 2.2.2.9 in [Lur09]. This proposition shows that this adjunction is a
Quillen equivalence of sSet with the Kan model structure with itself, so if M is a fibrant simplicial
monoid then UM is a Kan complex and | Singgo(UM)|go — UM is a Kan weak equivalence.

3.7 Localization and Group Completion

The goal of this section is to show that the adjunction

1
—

sGp T sMon (62)
\/
L

showing simplicial groups as a reflective subcategory of simplicial monoids is, up to homotopy,
the realization by C of the localization adjunction for the quasi-monoid model structure.
This adjunction determines a reflective subcategory of the homotopy category of sMon when the
category sGp of simplicial groups has the model structure of Theorem 2 §I1.3 |Qui67]. This is
the model structure transferred from sMon via the inclusion functor I, so fibrations and weak
equivalences of simplicial groups are created by the functor I and this adjunction L - I is Quillen.

To show that the adjunction is the realization of the adjunction (20)) we will use the
homotopy coherent nerve-realization Quillen equivalence to transfer the localization at S' — R!
of (sSety); to a localization of sMon. This localization of sMon is a model structure with
fibrant objects the Kan fibrant simplicial monoids M whose monoid of connected components is a
group. We will show that the group completion functor induces a Quillen equivalence of this model
structure with sGp. Finally, we will show that the model categories and Quillen equivalences
constructed in this chapter and Chapter [2| recover the result of Dwyer and Kan in [DK80] that
when M is a Kan fibrant simplicial monoid the total derived functor of L is a model for the
homotopy type of the loop space on the reduced simplicial set N(M).
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3.7.1 Localizing the Simplicial Monoid Model Structure

In this section we will show that it is possible to take a left Bousfield localization of sMon. As
described at the start of Chapter [3|the model structure on sMon is transferred from the Kan model
structure on sSet via the free-forgetful adjunction

U
— X\

sMon T sSet
\_/
Fy

We will use this characterization and the properties of sSet to show that sMon satisfies the

conditions for a left Bousfield localization at a set of maps of sMon to exist. The theorem we will
use to guarantee the existence of a left Bousfield localization is the following.

Theorem 3.72 (J. Smith - [Barl0] Theorem 4.7). Let V be a combinatorial left proper model
category. The left Bousfield localization of V at any set of morphisms exists.

We will define the two conditions required in this theorem. A model category is left proper
when the pushout of a weak equivalence along a cofibration is a weak equivalence, so in the following
diagram

x oy

glz ig

7 -p
f/

if f is a cofibration and g is a weak equivalence then ¢’, the pushout of g along f, is also a weak
equivalence.

We will show that sMon is left proper by using the results of [BB17] which give conditions on
a model category V that guarantee that the category of monoids Mon()V) is left proper. In our
case V = sSet so we will be checking that sSet satisfies the conditions of [BB17]. They define an
h-cofibration as a cofibration of V such that all pushouts of weak equivalences along it are weak
equivalences. A trivial h-cofibration is an h-cofibration that is also a weak equivalence. Clearly
a left proper model category is a model category where all cofibrations are h-cofibrations. Using
this concept they make the following definitions that strengthen the notion of left properness.

Definition 3.73 ([BB17| Definition 1.11). A model category V is h-momnoidal if it is a monoidal
model category and the tensor product — ® X with an object sends cofibrations to h-cofibrations
and trivial cofibrations to trivial h-cofibrations. A model category is strongly h-monoidal if it is
h-monoidal and the tensor product preserves all weak equivalences.

To state the result of [BB17] about left properness of the transferred model structure we will
first need to recall the notion of a combinatorial model category. These are model categories
where objects can be constructed from a set of generating objects and the homotopical structure
is determined by sets of maps. We will need the concepts of ordinals and cardinals for the next
few definitions. An ordinal is the well-ordered set of smaller ordinals, starting from 0 = (). The
cardinality of a set S is denoted |S| and is the smallest ordinal such that there exists a bijection
of sets |S| =+ S. A cardinal is an ordinal A that is its own cardinality, so |A\|] & A. A regular
cardinal A is an infinite cardinal that is not a union of a smaller cardinality of smaller cardinals.
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This means that A\ has the following property: for a map of sets f : P — S such that |S| < A, if
P,={yeP| f(y) =z} forall z € S and |P,| < A then |X| < A\. The smallest regular cardinal is
No = |NJ.

Definition 3.74. Let \ be a regular cardinal. A poset is A-filtered if every subset of cardinality
strictly less than A has an upper bound in the poset. A poset is filtered if it is Wo-filtered.

Definition 3.75. An object X of a category V is A-small if the hom functor Homp(X,—) : V —
Set preserves colimits of A-filtered posets. An object is finite if it is Ng-small, or equivalently
Homy (X, —) preserves colimits of filtered posets. An object is small if it is A\-small for some
reqular cardinal \.

Definition 3.76. A category V is locally presentable if it is cocomplete and has a small set A
of small objects such that every object of V is a colimit of objects from A.

There are several equivalent conditions for a category to be locally presentable, as described
in Chapter 1 [AR94]. We are using the definitions as organized in |[Lur09] A.1.1 but we use the
original terminology of locally presentable from |[AR94| rather than just presentable as Lurie calls
them. We can now define a combinatorial model category.

Definition 3.77. A model category V is combinatorial if the underlying category is locally pre-
sentable and there exist small sets of morphisms I and J such that

1. a morphism of V is an acyclic fibration if and only if it has the right lifting property against
all maps in 1

2. a morphism of V is a fibration if and only if it has the right lifting property against all maps
mn J

We need one more definition before we can state the theorem from [BB17] that will allow us
to conclude that sMon is left proper. The class of weak equivalences of a model category V is
perfect when for any filtered category D and all diagrams D — VA" in the arrow category of V
such that D(d) is a weak equivalence for all d, the colimit colim D is a weak equivalence of V.

The result we will use from [BB17] is the following.

Theorem 3.78 (|[BB17] Theorem 3.1). Let V be a combinatorial model category such that the class
of weak equivalences of V is perfect. IfV is strongly h-monoidal then the transferred model structure
on Mon(V) exists and is left proper.

Finally, we come to the result we promised about the existence of left Bousfield localizations of
model structures of monoids.

Proposition 3.79. The model structure on sMomn is left proper and combinatorial.

Proof. We will use [BB17] Theorem 3.1 to show that the transferred model structure on sMon
exists and is left proper. Lemma 1.12 of [BB17] states that a model category where all objects are
cofibrant is strongly hA-monoidal, so we can immediately conclude that sSet with the Kan model
structure is strongly h-monoidal. In Chapter 3 of [Hov99] Lemma 3.1.1 shows that all simplicial sets
are small and Lemma 3.1.3 gives that every simplicial set is the colimit of a diagram of standard
simplicial simplices A™ for n > 0, so sSet is locally presentable. The Quillen model structure
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on sSet is has generating cofibrations A™ < A™ and generating acyclic cofibrations AF — A"
for 0 < n and 0 < k < n. Hence sSet is combinatorial. By Remark A.3.2.3 of [Lur09] class of
weak equivalences of sSet is perfect. Hence by Theorem [3.78] since sSet is strongly h-monoidal,
combinatorial, and has perfect weak equivalences the transferred model structure on sMon exists
and is left proper.

The model structure on sMon has generating cofibrations Fx (I) and generating acyclic cofi-
brations Fx(J), where I and J are the respective sets of morphisms for the combinatorial model
structure on sSet. Since the monoidal structure of sSet is biclosed X x — has a right adjoint and
in particular preserves all colimits. Hence, by the Corollary on page 7 of [Por08] sMon is locally
presentable. So the model structure on sMon is combinatorial. (]

By Theorem therefore, we can localize sMon at any set of simplicial monoid maps.

3.7.2 Grouplike Simplicial Monoids

We say that a simplicial monoid is group-like when its monoid of connected components is a
group. In this section we will show that there is a model structure on the category of simplicial
monoids that is Quillen equivalent to (sSetg)x the Kan model structure on reduced simplicial sets
and for which the fibrant objects are the Kan fibrant group-like simplicial monoids.

We construct this model structure by localizing the transferred model structure on sMon using
the results of the previous section that show that left Bousfield localizations of sMon at sets of
simplicial monoid maps exist. The localization will fill in the model category (sMon)g in the
bottom left corner of the following diagram as well as the two adjunctions

/ﬁ\
sMon T (sSetg)s
c
d| F |1d | F |1d (63)
N
—
(sMon); T (sSetg)x
~—
c

The top adjunction of this diagram is the homotopy coherent nerve-realization Quillen equivalence
and the right vertical adjunction is the adjunction from the left Bousfield localization of
the quasi-monoid model structure at the map S' < R!.

The model category (sMon)g is the left Bousfield localization of sMon at C(S') — C(R%),
which is the image under C of the map for the localization of (sSetg);. Since C 4 N is a Quillen
equivalence, localizing sMon at C(S!) < C(R!) will give a model structure Quillen equivalent to
(sSetp)x. We record this construction in the next result.

Proposition 3.80. There exists a simplicial model structure on the category of simplicial monoids
such that

e the cofibrations are the same as those of the transferred model structure for sMon

e the fibrant objects are Kan fibrant group-like simplicial monoids
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We denote this model structure by (sMon)g. Furthermore, the adjunction

N
.

(sMon)g T (sSety)x (64)
C

where (sSety) i has the Kan model structure of Theorem [2.1)is a Quillen equivalence.

Proof. By Proposition the model category sMon satisfies the conditions of Theorem SO
we can localize at the simplicial monoid map C(S') < C(R'). Since (sSetg)x is the left Bousfield
localization of (sSetg); at S* < R! and C - N gives a Quillen equivalence between sMon and
sSetq by Proposition [3.14] Theorem 3.3.20 of [Hir03] gives that C : (sMon)¢ <> (sSeto)x : N is a
Quillen equivalence.

The cofibrations of (sMon)¢ are the same as those of sMon by the definition of the left Bous-
field localization as in [Hir0O3| Definition 3.3.1. The fibrant objects are the Kan fibrant simplicial
monoids that are also C(S') < C(S%)-local by [Bar10] Theorem 2.11. These are the Kan fibrant
simplicial monoids M such that the induced map of homotopy function complexes

msMon(C(Rl)vM) — msMon(C(Sl)>M) (65)

is a Kan weak equivalence. Since all reduced simplicial sets are cofibrant in (sSetg); Corollary
16.1.4 of [Hir03] gives that A ,x A® — A is a cofibrant replacement of A in the Reedy model
structure on (sSety)3. Hence by Proposition 16.2.1 of [Hir03] C(A ,x A®) — C(A) is a cofibrant
replacement of C(A) since C is left Quillen. Since M is a Kan fibrant simplicial monoid, therefore,

we can take
Hompjon (C(A), M), = Homgmon(C(A ,x A™), M)

By adjointness, therefore, the map is equal to
Homgget, (R' ,x A®,N(M)) — Homgget, (S* ,x A®,N(M))

By adjointness of the half reduced product this is the simplicial set map (N(M )Rl)* — (N(M)S"),.
This map is a Kan weak equivalence if and only if N(M) is a S' < R!'-local reduced simplicial set.
By Proposition this holds if and only if N(M) has the right lifting property against S* < R'.
Hence M is C(S') < C(R!')-local if and only if M — * has the right lifting property against
C(S!) — C(RY).

It only remains to show that simplicial monoids with the right lifting property against this map
are exactly the group-like simplicial monoids. The simplicial monoid C(S') is isomorphic to the
free monoid on one generator viewed as a discrete simplicial monoid. Hence a simplicial monoid
map C(S!) — M corresponds to a 0-simplex m € M. The simplicial monoid C(R') has 0-simplices
C(R%Y)q isomorphic to the free monoid on two generators z,y € C(R!)p and 1-simplices generated
by a non-degenerate 1-simplex o : e — xy and the degeneracies of  and y. Since R' is 2-skeletal
a solution to the lifting problem

C(SYH) s M

7
i\ //
//

C(Rl) — %
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corresponds to specifying a O-simplex m € My and a 1-simplex 5 € M; such that 8 : e — mm.
This specifies a right inverse for the class [m] € mo(M). Conversely, if [m’] € mo(M) has a right
inverse [m/] € mo(M), since M is Kan fibrant there exists a 1-simplex e — m/m’ in M. Hence a
Kan fibrant simplicial monoid has the right lifting property against C(S!) < C(R!) if and only if
all classes [m] € mo(M) have right inverses. But this is equivalent to mo(M) being a group.

0

We will refer to (sMon)g as the group-like model structure for simplicial monoids. By
Proposition a fibrant object of the group-like model structure is a group-like fibrant simplicial
monoid, so no confusion should arise by calling monoids and the model structure group-like. We will
refer to the transferred model structure for simplicial monoids as the standard model structure
and reserve the notation sMon to refer to the category of simplicial monoids with this model
structure.

In the diagram the horizontal adjunctions are Quillen equivalences and the vertical adjunc-
tions are left Bousfield localizations. We want to show that the left vertical adjunction is equivalent
to the group completion adjunction

I
— T\

sGp T sMon (66)
v
L

We will do this by showing that sGp is Quillen equivalent to the group-like model structure
(sMon)g.

We can factor the adjunction between sMon and sGp through the localization adjunction
for (sMon)¢ from (63). The functor I : sGp — (sMon) is right Quillen because all simplicial
groups are Kan fibrant group-like simplicial monoids, so they are fibrant objects of the group-
like model structure. All fibrations of sGp are therefore sent by the inclusion functor to standard
fibrations of simplicial monoids between group-like fibrant simplicial monoids, which by Proposition
3.3.16 of |[Hir03|] are group-like fibrations. Hence both adjunctions of the following factorization of

are Quillen adjunctions.

sGp T (sMon)g T sMon

Proposition 3.81. The adjunction

sGp T  (sMon)g (67)

18 a Quillen equivalence.

Proof. This adjunction is Quillen by the previous discussion. A simplicial group is sent by I to
a Kan fibrant group-like simplicial monoid, so by Theorem 3.2.18 of [Hir03] a map of simplicial
groups f : G — H is a weak equivalence if and only if it is sent by I : sGp — (sMon)¢ to a group-
like weak equivalence. Hence the right adjoint of the adjunction creates weak equivalences
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and it is sufficient to show that the unit nx : X — ILX of this adjunction is a weak equivalence
for all cofibrant simplicial monoids X. Dwyer and Kan showed in Proposition 9.5 of [DK80| that
for a cofibrant simplicial monoid X the unit map nx is a weak equivalence of the standard model
structure if and only if X is grouplike, so this completes the proof. ]

We can compose the localized homotopy coherent nerve-realization adjunction with the
adjunction between (sMon)g and sGp to obtain a Quillen equivalence between sGp and
(sSet) k.

I N
sGp T (sMon)c T  (sSety)x
~N~N—  — ~—
L C

This Quillen equivalence factors the composite adjunction LC 4 NI between sGp and (sSetg) s
through the left Bousfield localization of the quasi-monoid model structure as follows.

N
— X

sMon T (sSetg)s

c
Ik |L d| F |1d (68)
NI
— =
SGp T (Sset())K
N
LC

There is a well-known Quillen equivalence between sGp and (sSetg)x given by Kan’s loop group
functor. In the next section we will compare our Quillen equivalence to this one.

3.7.3 Derived Functors of Group Completion

We will now show that the derived functor of group completion L : sMon — sGp is the loop space
of the homotopy coherent nerve of a Kan fibrant simplicial monoid. To do this we will show that

the Quillen equivalence

NI
—

sGp T (sSeto)x (69)
~N~N—}~
LC
that was shown in the previous section is weakly equivalent to the Kan loop group adjunction
G - W. The functor G defined by [Kan5b8|] is not only the left adjoint of a Quillen equivalence
between sGp and (sSetg)x but also gives a simplicial group model of the loop space of a reduced
simplicial set. We will show that for all reduced simplicial sets A there is a natural weak equivalence

G(A) 3 LC(A)

so that when A = N(M) for a Kan fibrant simplicial monoid M the simplicial group GN(M)
has the homotopy type of the total derived functor LL(M). To construct the weak equivalence
G(A) — LC(A) we will described the cosimplicial simplicial group that determines the adjunction
G 4 W via nerve-realization and show that it is Reedy cofibrant and weakly equivalent to LC®.
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We begin by describing the cosimplicial simplicial group that determines the Kan loop group
adjunction. This construction comes from §2.6 of [Hinl5|, where a cosimplicial simplicial groupoid
determining the groupoid version of the Kan loop group functor is defined. We are using the
opposite convention to |Hinlb| to agree with the convention chosen in the construction of C*® in
Definition 3.4l but our constructions are based on their results.

Definition 3.82. Let n > 0. Let G° = e be the trivial group and for n > 1 define a simplicial
group G™ by the disjoint union of n — i-simplices

G"= || LP. (A"

1<i<n

for1 <i<n. We denote by g;* the n—i-simplex of G" corresponding to the unique non-degenerate
generating n — i-simplex of LFy (A™?).

For 0 < i < n the coface maps d* : G"™' — G™ are the unique simplicial group maps that act
on the generators g;‘*l of Gl for1<j<n-—1by

dn,i(gy) 1<j<i<n
i —1 . .
d'(g7™") = 9} 0<i<j<n-—1
dn—i(9§" )91 =17
Note that when n = 1 since GO = 2 the coface maps d° and d* are both equal to the unique map

including the trivial group in G'
d=d =e—G'

For 0 <i < n—1 the codegeneracy maps s' : G — G™~! are the unique simplicial group maps that
act on the generators g7 of G" for 1 < j <n by

snoic1(gf ™) 1<j<i<n—1
s'(gj) = q e j=1i+1
95~ 1<i+l<j<n

We observe that G™ is the group completion of the nerve of a partially ordered monoid, just
like LC™, the cosimplicial simplicial group that determines the Quillen equivalence . The free
simplicial monoid on the simplicial n-simplex is the nerve of the free partially ordered group on [n]

Fy(A") = N(F([n]))
This holds since words in the free partially ordered monoid F'([n]) are sequences of integers

1 =1102 " im

for i; € [n] and for words i,j € F([n]) we have ¢ < j if and only if the two words are the same
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length m and i; < j; for all 1 <1 < m. The nerve of a poset preserves disjoint unions, so

G" = || LF.(A")

1<i<n

= L| || Fa")

1<i<n

= L || NF(n—1)

1<i<n

= LN | || F(n—1)

1<i<n
We will denote

= |_| F([n—1i))

1<i<n

so that G™ = LNT™. We denote the generators of the submonoid
F([n—1i]) <T"

for 1 <i<nby V;” for 0 < j < n — 1, so the generating n — i-simplices of G" identified as g;j in
Definition [3.82] correspond to the chain

Jon Jon Jon
vy <t << € (NI < gf € G

The coface and codegeneracy maps for G* arise as the group completion of the nerve of the following
maps of partially ordered monoids

ngl 1<j<i<nandn—-1—i<r
i im1 v I1<j<i<nandn—1—i>r
d(]j’r’ ): ]+1,TL ] )

vy 0<i<j<n-—-1

z/,ln’ny;+l’n i:j

ngbl_l 1<j<i<n—-landn-—i<r
i in pint 1<j<i<n—landn—i>r
s' (") = T

e j=1+1

Al 1 <it1<j<n

We will now show that the nerve-realization adjunction for this cosimplicial simplicial group G*
is the Kan loop group adjunction originally defined in [Kan58| and described in detail in |[GJ99]
§V. The realization of a reduced simplicial set A by G* is the coend

[n]leA
G(A) = / o A,
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So the group G(A), of r-simplices of G(A) is a quotient of the free group

LI(LIG?)

[n]eA \a€A,

by the relations
(0*(a) € An,g? € Gﬁ,j) ~ (a € Am,Q(g?) € Gnm,]-)

for any non-decreasing map 6 : [n] — [m] of A. By Definition
9?-5—1 = do(gjn_l)
forall1<j<mn-—1soforall>1
g = d (g = (@) (g15) = - = (@) )
Hence the group G(A), is freely generated by classes of the form
[a € Apy1, 97t € GIHY

which agrees with the definition of the Kan’s loop group functor G from [Kan58]. Hence this
cosimplicial simplicial group G*® determines via the nerve-realization construction the Kan loop
group adjunction
w
=
sGp T (sSeto)x
~N~~—'
G
which is a Quillen equivalence when the category of reduced simplicial sets has the Kan model

structure as depicted above (|GJ99] §V Proposition 6.3). Hence we can conclude the following.
Proposition 3.83. G* is a Reedy cofibrant cosimplicial simplicial group.

Proof. As we showed in the proof of Proposition since G° = e and the coface maps d°, d! :
G° — G! are equal the latching map
L"(G*) — G"

is equal to G(9S™) — G™, where 9S™ is the reduced simplicial set obtained from OA™ by collapsing
all O-simplices to a single O-simplex. Hence we must show that the map G(9S™) — G" is a
cofibration of simplicial groups. But this follows by the fact that 3S™ < S™ is a cofibration of the
model structure (sSetg)x and the nerve-realization adjunction determined by G* is the Kan loop
group adjunction which is a Quillen equivalence by |GJ99] §V Proposition 6.3. ]

As described in [Hinl5] 2.6.1 there is a map of cosimplicial simplicial monoids 7 : LC®* — G*.
This map will be obtained as the group completion of the nerve of a map of cosimplicial partially
ordered monoids. Recall from Definition that C” is the nerve of the partially ordered monoid
C" freely generated by x;; for 0 <1i < j < n and subject to the partial order

Tik < TijTik
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for 0 <i < 57 < k < n. The cosimplicial maps of the cosimplicial simplicial monoid C*® are obtained
as the nerves of maps of partially ordered monoids determined by

dk 1T € Cn_l — Z gk (7)dk (5) e "
Sk 1T € C" — T sk (i)sk (5) € Cn_l

where we use the convention that z;; = e, the monoid identity of C"~!. We will define a map of
cosimplicial partially ordered monoids

p:C*—=T°
by
o n i+1n_ i+2n 7,n
p:xziy €C R S S R

This map respects the partial order as for 0 <i < j <k <n

o o i+1,n_ i+2n jn j+ln_ j4+2n k.n
p(l‘l]‘rjk) - Vn—lj Vn—Qj e Vn—jyn—llc Vn—l2c T V%—k
z+ 7/rl/ /L+ ’n P ]’n j+ 7n J+ 7n P 7n
> n—k “n—k Vn—kVn—k Vnk Vn—k
= p(Tik)

It also respects the cosimplicial structure. For z;; € C"land 0 <1!<nifi<j<Ithen dl(i) -
d(j)=j,andn—1—j>n—1-1so

i+1,n—1_ i+2,n—1 in—1
d'(p(zij)) = dl(’/;tfﬁ‘lyfi'n 2“‘1%21—3‘) 1
+ y = + [LL '7 -
= dl'(’/;—lﬁj )dl(V;,—ﬁj )"'dl(yngl—j)
_ i+1n_ i+2n Jn
= Vn—j V3V
_d'@)+1n d(i)+2,n d'(5),;n
= Padg) Yn-di) T Vn-di)
= p(Tagya))
= p(d(zy))

The other identities are similar.

Applying the nerve and the group completion functors to this map p of cosimplicial partially
ordered monoids gives the map 7 : LC* — G*®. This map is a weak equivalence of cosimplicial
simplicial groups as G and LC are left Quillen and so preserve the weak equivalences S™ — x
for all n > 0. Hence by Propositions and T is a weak equivalence of Reedy cofibrant
cosimplicial simplicial groups, so by Corollary 18.4.13 of [Hir03] for all reduced simplicial sets the
map of realizations induced by 7

LC(A) — G(A)

is a weak equivalence of simplicial groups.

We can now give a new proof of the fact originally shown by Dwyer and Kan in [DK80| that
the loop space of the classifying space of a Kan fibrant simplicial monoid has the homotopy type
of the derived functor of group completion.

Proposition 3.84. The total derived functor of group completion of a Kan fibrant simplicial
monoid M is the homotopy type of the loop space on N(M).
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Proof. Let M be a Kan fibrant simplicial monoid. Then by the proof of Proposition the
counit of the homotopy coherent nerve-realization adjunction CN(M) — M is a weak equivalence
of simplicial monoids. Since all reduced simplicial sets are cofibrant in the quasi-monoid model
structure by Theorem and C is a left Quillen functor for this model structure by Corollary
the simplicial monoid CN(M) is a cofibrant replacement of M in the standard model structure
on sMon. Hence in the homotopy category of sGp

LL(M) = LCN(M) = GN(M)

by the previous discussion. 0

4 Strict w-Groupoids and Homotopy Types

In this chapter we will summarize elements of the theory of strict w-groupoids from the literature.
We will use this theory in the next chapter as a partial model for homotopy types from which we
will construct a new partial model of co-monoids. Strict w-groupoids are higher groupoids, meaning
that they have n-morphisms whose source and target are n — 1-morphisms for n > 1 and there are
groupoid structures on these sets of n-morphisms. We call these morphisms of strict w-groupoids
n-cells for all n > 0. The category wGpd of strict w-groupoids was shown by Brown and Higgins
in [BH81b] to be equivalent to the category of crossed complexes, and hence to a variety of other
definitions of higher groupoids. Using this equivalence the theory of crossed complexes, which has
been developed by Brown and others and is covered in the book [Broll], can be transferred to strict
w-groupoids. In this chapter we summarize and adapt the work of Ara and Métayer in their paper
[AM11] which describes the model structure on the category of strict w-groupoids that corresponds
to the model structure on crossed complexes proved in [BG89|. We also make use of the Street nerve
of strict w-groupoids to connect the homotopy theory of strict w-groupoids to that of spaces and
show that they provide a model of homotopy 2-types. The material in this chapter is a recollection
of facts from the literature that we will need in the next chapter, where we will study monoids in
the category of strict w-groupoids.

Results for higher groupoids, including the model structure mentioned above, have historically
been mainly based in the category of crossed complexes. The study of globular models of higher
categories on the other hand has mainly focused on the more general case of strict w-categories,
as in [Ste04], [LMW10a], [AM14], and others. Many results in this chapter, therefore, have been
adapted from the language of crossed modules to that of strict w-groupoids using the equivalence
of [BH81b] or specialized to the case of strict w-groupoids from the more general case of strict
w-categories.

We begin with the definition of our basic tools for this section: the categories of strict w-
categories and groupoids. The definitions and results in this section originate with [BH81b| but we
use more modern notation along the lines of [AM11].

4.1 Strict w-Categories and Groupoids

We will recall the definitions of strict w-categories and groupoids and some of the basic tools for
these structures that we will use. Strict w-categories are globular sets with operations, so we start
by defining globular sets.
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Definition 4.1. A globular set A is a set graded by the monoid N with pairs of maps

dn
An—l—l - 5 An
iy
for all n > 0 that satisfy the globular relations
dyod, . =d, od} diod, . =dfod

for alln > 0.

The elements of the set A, are called n-cells. A map of globular sets f : A — B is a collection
of set maps f, : A, — B, between sets of n-cells that satisfy

fn—l Odi = df—b—l © fn

foralln > 1 and € € {—,+}.
Globular sets are equivalently presheaves on the globular category O, which is the category
generated by the graph

10 1 2 =1 tn

with the maps satisfying coglobular relations that are the duals of the globular relations given
above. Together with the maps defined above globular sets form a category Glob, which is the
presheaf category Set®” on O.

For a globular set A when 0 < m < n there exist maps dy, ,, : A, — Ay, for € € {—, +} given
by

B = A0 &y 00
These maps satisfy extensions of the globular relations, so for 0 <l <m <n

— - _ g + + — + +
dl’m o dm,n = dl,m o dmm dl’m od dl’m o dm’n

m,n

The maps d,, ,, and dg?m determine the m-source and m-target respectively of an n-cell. We say
a pair of n-cells z,y € A, is m-composable when d;}, @ = d,, ,y. The set of all m-composable
pairs in a globular set A is given by the pullback

Ap %4, Ay — A,

e

A, Am

dhn

Composable pairs are the inputs for m-composition operations, which are part of the definition of
a strict w-category structure on a globular set.
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Definition 4.2. A strict w-category X is a globular set with composition operations for alln > 1
and all 0 < m < n given by maps

s+ X X x, X — X,

defined on the set of m-composable pairs of n-cells and for all n > 0 identity operations given by
maps
1, : An—l — An

that satisfy the following identities

1. forallz € X,, and e € {—,+}
dp(lnt1(z)) ==

2. for0<m <mn and (z,y) € X,, Xx,, Xn for 0 <i<mn

(df n ) *m (diny) m<i<n

d; x e=—andi=m
dip(@xmy) =4 2" :
d: Yy e=+andi=m
d; o =d; .y 1<m
3. forxe X, andn >0
T k1 ln(d:{_lx) =z Lp(d, _jx)#p1x =2

4. for0<m <n and z,y,z € X,, with (z,y), (y,2) € X, xx,, Xn
(T Hm Y) *m 2 = T *m (Y *m 2)

5. for0<l<m<nand x,y, o',y € X, with (z,y),(z,vy") € X,y Xx,, Xn and (z,2),(y,y) €
Xn XX, Xn
(@ #m y) #1 (2" 5m y') = (250 27) o (Y 21 Y)

6. for0<m <n and (z,y) € X,, Xx,, Xn

Lyp1(z #n y) = Log1(x) #m Ly (y)

Several implicit assumptions about composability are made in stating these identities, but they
can easily be verified. For an w-category X and any n > 0 we can define an n-category by simply
ignoring all cells of degree greater than n. A 0-category, therefore, is simply a set Xy and a 1-
category is a small category with set of objects Xy, morphisms X7, and composition given by .
In the case n = 2 we recover the definition of a 2-category with the exchange law that relates the
two composition laws *; and *3. The definition of a strict w-category is the generalization to all
degrees of these cases, so from now on we will identify n-categories as w-categories for which the
m-cells are all identity cells when m > n.
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Just as there are iterated versions of the source and target maps for a globular set, in a strict
w-category there are iterated identity maps 1,,, : X,, — X, given for 0 < m < n by

lnn=1polppro---0ly g

By identity 1 of Definition 1, is a section of the maps d;, and d, so it is injective. The
compatibility of identities with composition given by identity 6 allows us to view the n-cells X, of
a strict w-category as having a copy of the m-cells inside it it for all m < n.

An w-functor f : X — Y between strict w-categories is a map of globular sets that respects
the composition and identity operations. This means that for n-cells (z,y) € X,, xx,, X, with
0<m<n

and f(1p,41(z)) = 1p+1(f(x)). Together with w-functors w-categories form a category wCat.

There is a forgetful functor U : wCat — Glob that simply forgets the identity and composition
structures on a strict w-category. This functor has a left adjoint F' : Glob — wCat that sends
a globular set to a free strict w-category generated by its cells. We will describe freely generated
strict w-categories and groupoids below in more detail, but for now we note that by [Mét08] the
monad of the adjunction F' 4 U is finitary monadic so since Glob is a presheaf category and so is
complete and cocomplete hence so is wCat

As with ordinary categories, we can defined the notion of inverses for composition in a strict
w-category. As there are multiple ways to compose cells in a strict w-category there are many ways
for a cell to have an inverse.

Definition 4.3. Let 0 < m. A strict w-category X is a strict (w,m)-category if for allm+1 <
i < n there exist maps

KX, — X,
such that ' A
di_fl,nkl(x) = dz—tl,nx dil,nkz(x) = di_fl,nx

so x and k'(z) are i — 1-composable in both permutations and their composites are given by
k‘z(CL’) *,-1 T = 1i,n(d;r—1,n$) T *;_1 k‘n(IE) = li,n(d;_lﬂx)
An (w,0)-category will be called an w-groupoid.

We call the n-cell £ (x) the m-inverse for x. A strict (n,m)-category for n > m > 0 is an
(w, m)-category with only identity p-cells for p > n.

Strict (w, m)-categories form full reflective subcategories of wCat for all m > 0. We will denote
these categories by (w, m)Cat in general and for n = 0 we will also denote the full subcategory of
w-groupoids by wGpd. The left adjoints L™ : wCat — (w, m)Cat to the inclusion functors for
m > 0 freely add inverses to all cells in degree m and above of a strict w-category. Hence for all
m > 0 the categories (w, m)Cat, and hence in particular wGpd, are complete and cocomplete.

Now that we have stated the full definition of strict (w, m)-categories we will relax our notation
from now on to simplify expressions. We will refer to the iterated source and target maps dy, , :
X, = Xy, for 0 <m < n simply as d;, : X,, = X,;, with the source of the map determined by the
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degree of the cell it is acting on. As well, when we wish to emphasize that an n-cell is an identity
of an m-cell for 0 < m < n we will denote the iterated identities of z € X,,, by

Lym(z) =1, € X,

Often, however, when composing cells we will suppress the identity notation and write x *; y for
the composite 1, #; y where z is an m-cell for 0 <1 <m < n and (1,,y) € X, xx, Xn.

Finally, we note that the adjective strict in the definition of strict (w, m)-categories is added to
distinguish these structures from other globular definitions where some of the identities of Definition
are not exact but only hold weakly in some sense. There exist many ways to weaken these axioms
and obtain a weak w-groupoid. One collection of definitions is given in [Lei02]. We will only deal
with strict w-groupoids and categories, however, so from now on we will only refer to them as
(w, m)-categories and w-groupoids.

4.1.1 n-Globes

The underlying structure of (w, m)-categories as presheaves on O allows us to apply the Yoneda
lemma to describe n-cells via w-functors. Our tools for this are the n-globes, which we define now.

Definition 4.4. Let n > 0. The n-globe is the free w-category generated by the representable
globular set
D" =0(—,n) : 0P — Set

This globular set has two m-cells in each set O(m,n) for m < n, one given by the iterated source
maps s™ o --- 05" and the other by the iterated target maps t™ o --- o t" 1. There is a unique
n-cell given by the identity map and no higher cells. Therefore there are no composable pairs and
so the globular set D™ is already an w-category. The first three n-globes have the following forms

dy 2
7 X\
DO . Dl . d= d+ D2 . d- d=
. Lo . Obl? 0L1 . 0L2 L2 OLQ
~_ 7
dy 2

The Yoneda lemma implies that an w-functor D™ — X of w-categories is uniquely determined by
the image of their unique n-cell ¢,, € D}, so there are bijections of sets

Homy,cat (D", X) = Homgob(0(—,n), UX) = X,

We will denote by 0D" the sub-w-category of D™ with the same cells as D™ below degree n but
with no non-identity n-cells. The first three 9D" are

d;LQ
~ X\
oDV : 0 oD : dy 1 dS‘Ll OD? : dy t2 dy L2
~__7
dl_Lg

Since w-functors D™ — X are uniquely determined by n-cells of X, w-functors 9D™ — X for n > 0
are uniquely determined by pairs of parallel n — 1-cells of X.
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We denote the inclusions of D™ in D™ by
ip 1 OD™ — D"

for n > 0. The w-functors L%, will be generating cofibrations for a cofibrantly generated model
structure w-groupoids that will be described in Section [4.4

Note that when X is an (w,m)-category since L™ is left adjoint to the inclusion functor of
(w,m)Cat into wCat the n-cells of X correspond bijectively to w-functors

LD" - X
and parallel pairs of n — 1-cells of X correspond to w-functors
oL"D" — X

where L™ D™ is the sub-(w, m)-category of L" D™ which has the same p-cells below degree n and
only identity cells in degree n and above. The image under the adjunction unit

npn : D" — IL™(D")

of the unique n-cell ¢, € D} in L™ D" will be called the principal cell of L™ D".

Hence L™ D™ play the same role for (w,m)-categories as D™ does for general w-categories; w-
functors L™D"™ — X are uniquely determined by the image of their principal cell. Since we will
mostly be working with w-groupoids, we define special notation for w-groupoid versions of the
n-globes for all n > 0

" = LODn

The constructions of the (w, m)-categories L™ D™ are examples of the truncation construction for
w-categories, which we will define in the next section.

4.1.2 Truncation and Cotruncation of (w, m)-Categories

In this section we will describe the truncation and cotruncation constructions for w-groupoids.
These give adjoint approaches to restricting an w-groupoid to be an n-groupoid for n > 0. Our
goal in defining these constructions is to make the construction in Definition that will allow us
to describe the functor restricting an w-groupoid to its sub-w-groupoid based at a single 0-cell. We
will start with the notion of truncation and work in the more general case of an (w,m)-groupoid
for m > 0. For n > 0 the n-truncation of an (w,m)-category discards all non-identity cells above
degree n.

Definition 4.5. For an (w,m)-category X and n > m > 0 we define the n-truncation 7" (X) of
X as the sub-(w, m)-category of X containing only the identity cells above degree n

X, 1<
Tn(X)i:{ ) Z‘_n
X, t>n

This defines a functor ™" : (w,m)Cat — (w,m)Cat that acts on w-functors f : X — Y by
restriction to the sub-(w,m)-category 7" f : 7"(X) — 7™(Y).
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This construction is given for cubical w-groupoids in |[BH81a]. These are another model of
higher groupoids that start from a cubical rather than globular base. In the same paper these are
shown to be equivalent to crossed complexes and hence to w-groupoids as we defined them here.
We also adapt the adjoint construction, called the coskeleton of a cubical w-groupoid in |[BH81a],
to our category of w-groupoids. We will call this the cotruncation functor.

Definition 4.6. Let n > m > 0. The cotruncation functor ¢ : (w,m)Cat — (w,m)Cat sends
an (w,m)-category X to the (w, m)-category "X with

CnAj =
{(z,y) e X\, x X, | d,,_yx=d,_y and d;t_la: = d;t_ly} =0Xnp41 1>

with source and target maps d;, : c"Xp41 — "X, acting by

d, (z,y) =z df (z,y) =y

and identity maps for all higher degrees. For an n-cell x € X, the identity n + 1-cell is given by
the pair (x,x) € ("X )ny1. The n+ 1 inverse of an n + 1-cell (z,y) is given by (y,x).

This (w,m)-category is analogous to the coskeleton of a simplicial set. It has a unique n + 1-
cell for every pair of parallel n-cells just as the n 4+ 1-coskeleton of a simplicial set has unique
n + 1-simplices with a given boundary.

Proposition 4.7. Let n > 0. The n-truncation functor is left adjoint to the n-cotruncation functor
™"

Proof. We will construct the unit and counit w-functors and show they satisfy the triangle iden-
tities. First observe that since ¢"X is identical to X below degree n + 1, 7"(c"X) = 7" X. So we
define a counit w-functor

ex :T("X) = X

by inclusion. An (w,m)-category is an (n,m)-category if and only if this counit w-functor is an
isomorphism.

Similarly, since 77" X is identical to X below degree n + 1 and the construction of ¢" X depends
only on the n-truncation of X we define a unit

nx : X = " (T"X)
by the identity below degree n+ 1 and for ¢ > n
(ex)i(z) = (d,z, dfz) € (7" X);
using the fact that d, ,d,z=d,  dfz and d} d,x =d ,d}fz for n+ l-cells of X. We will say
that an (w, m)-category is n-cotruncated if this counit w-functor is an isomorphism.

Finally, it is clear that

EEX) = X)) = ()

125



as both constructions only depend on the cells below degree n + 1 of their input and also do not
change these cells in their output. Hence the triangle identities hold and this defines an adjunction
T A "

0

The following result shows that cotruncation and truncation are much more similar than are
the skeleton and coskeleton functors for simplicial sets.

Proposition 4.8. Let X be an (w,m)-category. If X is an (n,m)-category then it is n + 1-
cotruncated.

Proof. We will show that the unit w-functor ny : X — ¢"*1(7"*1(X)) is an isomorphism. First
since X is an (n,m)-category X = 7"(X) so the n + 1-cells of X are all identities. Hence by
Definition the n + 1-cotruncation ¢®™(7"T1(X)) has m-cells for m > n + 1 given by pairs
(z,y) € 0X 42 where z,y € X, 41 and

dyx=dyy dyx=dyy

But = and y must be identity n+ 1-cells since X is an (n, m)-category, so this implies z =y = 1 A=z
Thus the w-functor nx is an isomorphism and X is n + 1-cotruncated. (]

Using the unit w-functor of this adjunction we make the following definition., which will help
with the notation in later constructions. This notation is not standard to other presentations of
this material, however, the notion of restricting a category to a subset of its objects is certainly a
well-known construction.

Definition 4.9. Let X be an (w, m)-category and let e € X be a 0-cell of X. For n > 0 define
R?X by the pullback

RPX 2% o X
e
0
I (T> " (TnX)
We say an (w, m)-category is n-reduced when Tex  REX — X is an isomorphism.

The (w,m)-category RZX contains only those i-cells z € X; such that d,z = 1. = d}z, so
in particular it contains a unique i-cell 1. for all 0 < i < n. The full subcategory of (w,m)Cat
on the n-reduced w-groupoids will be denoted (w,m)Cat., or by wGpd., when m = 0. This
construction R™ determines a functor

n

R": D°/(w,m)Cat — (w,m)Cat.,

from the coslice category of (w,m)Cat under D° to the category of n-reduced (w,m)-categories
by sending an w-functor f : X — Y to the w-functor R} f : R} X — R?(e)Y determined by the
universal property of the pullback. This functor has a left adjoint given by the inclusion of n-
reduced (w, m)-categories into (w, m)Cat with the unique choice of w-functor D* — X. The counit
natural transformation of this adjunction is the map

o REX s X
from the pullback in Definition [£.9] above.
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4.2 Homotopy Groups and Weak Equivalences of w-Groupoids

The model structure on wGpd is based on the homotopy groups of an w-groupoid. These were
originally defined for crossed complexes in [BH81a|. Here we present the definition of homotopy
groups for w-groupoids given in [AM11], which is analogous to that taken for the homotopy theory
of Kan complexes, as described in [May67] Section 1. We start by defining a homotopy relation
on n-cells of an w-groupoid and use this to define homotopy groups 7, (X) for all n > 0. When
we see the definition of the model structure on wGpd in Section a weak equivalence will be an
w-functor that induces an isomorphism on homotopy groups.
To begin, we say that two n-cells z,y € X,, for n > 0 of an w-groupoid are parallel when

d,_ 1z =d, 1y d:f—lf’«" = dff_ly

We extend this definition to 0-cells by saying that all 0-cells are parallel. The condition of being
parallel for n > 0, therefore, is a necessary condition for two n-cells to be the source and target of
an n + 1-cell of X. If this is the case then we say that the parallel n-cells are n-homotopic.

Definition 4.10. Letn > 0 and z,y € X, be a parallel pair of n-cells of an w-groupoid X. These
cells are n-homotopic if there exists an n + 1-cell z € X, 41 such that d,z = x and dfz = y.

Homotopy of n-cells defines an equivalence relation ~ on X,,, the set of n-cells of an w-groupoid
X; the existence of identity n + 1-cells gives symmetry, reflexivity comes from the existence of k™!
inverses of n + 1-cells and n 4 1-composition gives transitivity. Let X,, denote the set of homotopy
classes of n-cells of X with a map of sets

T @ Xp
T

- X,
= 2]
sending an n-cell x to its corresponding class [x] under the homotopy relation for n-cells.
For a pair of parallel n — 1-cells u,v € X,,_1 denote the set of homotopy classes of n-cells with
source u and target v by
Tn (X, u,v)

Since n-cells can be homotopic only if they are parallel, for n > 0 the n — 1-source and target maps
are well-defined on homotopy classes, in particular for € € {—, +}

n-1([z]) = dq2
Furthermore, if 0 < i < n and d;rx =d, y for z,y € X,, the *;-composite of n-cells given by
[2] *i [y] = [z *i y]

is well-defined, as any homotopy n + 1-cell z with d;,z = = and d; z = 2’ determines a homotopy
z%; 1y %y — 2’ % y and similarly for homotopies of y. Hence we can make the following
definition.

Definition 4.11. Let X be an w-category. For n > 0 the smart n-truncation of X is the
n-category 7"(X) with cells

7

n X, 0<i<n
T =9 _
X, 1>n

This defines a functor 7" : wCat — nCat that is left adjoint to the inclusion nCat — w Cat.

127



The unit of this adjunction is the w-functor nx : X — 7"(X) which is the identity below degree
n, is equal to m, : X;, — X,, in degree n and is given by

Wnod;:Xm%Xn

in degree m > n. We call this the smart truncation after the same functor in [AM14] where
it is called the tronqué intelligent. We will see that while the ordinary truncation of Definition
preserves homotopy data from an w-groupoid up to degree n — 1, while the smart truncation
preserves homotopy information in degree n as well.

This homotopy information is the homotopy groups of an w-groupoid, which we will now define.
These groups are defined using the structure of the n-groupoid 7*(X). In particular, for all n > 1
there is the structure of a groupoid on X,, with objects the n — 1-cells and composition given by
*p_1. We record this construction in the next definition.

Definition 4.12. We denote by w, (X) the 1-groupoid

_ dpy
—_—
Xn T Xna1
d+
n—1

with objects the n — 1-cells of X and morphisms the homotopy classes of n-cells of X.

For a pair of parallel n — 1-cells u,v € X,,—1 viewed as objects of w,(X) the set of morphisms
with source v and target v in the groupoid w, (X) is

Homwn(X) (’LL, U) = TFn(X, U, U)

While X is an w-groupoid, w,(X) is only a l-groupoid, since all compositions and cells below
degree n — 1 are forgotten, except in the form of identity cells in X,,_; and X,. When n = 1 this
construction only forgets higher cells and agrees with the smart 1-truncation

THX) = @1(X)

The homotopy groups of an w-groupoid are defined using these 1-groupoids @, (X) of homotopy
classes.

Definition 4.13. Let X be an w-groupoid and x € Xg be a 0-cell of X. The set of connected
components of X is given by B
mo(X) = Xo

Forn > 1 the n** homotopy group of X at x is the group of automorphisms of the n — 1-cell
1y € X,,—1 viewed as an object of w,(X)

(X, 7) = 70 (X, 1a, 1) = Homwn(X)(lcm 1.)

We will say an w-groupoid X is connected when my(X) = *. In this case, for all z,y € X
there exists a 1-cell a € X7 with dya = x and dara = y. Given a 0-cell z € Xy, the preimage of
[x] € mo(X) is the subset of the 0-cells given by

' (2]) ={y€Xo | Ja:y—zeXi}
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The connected component of z is the sub-w-groupoid whose n-cells all have their 0-source (and
hence 0-target) belonging to m 1(X ). We denote the connected component of a 0-cell z € Xy by X,
and observe that it is the pullback of the counit of the cotruncation-truncation adjunction ¢ - 7°
along the inclusion of the set of 0-cells connected to x by a 1-cell given above.

X, ——X

| lgx

o ([2]) = O70(X)

All n-cells belong to a connected component and it is clear that n-cells are m-composable only if
they belong to the same connected component. Hence an w-groupoid is the disjoint union of its
connected components

X= || X

[z]€mo(X)
Hence it is often easy to restrict to a connected w-groupoid X without loss of generality by working
with each connected component of an w-groupoid separately.
As stated in Definition the homotopy groups m,(X,z) for n > 1 depend on a choice of
0-cell z € X as basepoint. However, all choices of basepoint within the same connected component
give isomorphic groups.

Proposition 4.14. Let X be an w-groupoid. If there exists a 1-cell a : x — y in X then
(X, z) = mp (X, y)
Proof. We define an isomorphism 7, : m1 (X, z) = 71 (X, y) determined by a. This map is given by
Yo i [1] € Tu(X, x) = [k11q %0 T %0 14] € (X, 7)

This is well-defined as if z ~ 2’ by an n+1-cell z then k'1,%¢ 2% 1, gives a homotopy k' 1 *ox%gly ~
k1, %o 2’ % 1,. This is an isomorphism by the invertibility of a. ]

This result allows us to define the basepoint independent homotopy groups 7, (X) of a connected
w-groupoid, as all choices of 0-cell basepoint for m,(X,z) will give isomorphic groups. We can
therefore drop the reference to a 0-cell when referring to homotopy groups m,(X) of a connected
w-groupoid.

Recall the unit w-functor @ : X — 71(X) = @1 (X) of the I-truncation of X. If X is connected,
the previous result shows that all automorphism groups of zo;(X) are isomorphic. So any choice of
0-cell x € X determines an isomorphic group 71 (X, z) which is a subgroup of the groupoid w; (X).

For a given 0-cell z we can choose, following the method of [Kan58] §9, a maximal tree in
X1, consisting of 1-cells v, : © — y for each y € Xy. Collapsing this tree defines a functor
w1(X) — m1(X, z) that is a retract for the inclusion of 71 (X, z). When X is 0-reduced there is a
unique choice of such a retract and we have a unique natural w-functor

uy : X — m(X) (70)

When X is not O-reduced different choices of maximal tree give homotopic retracts, so we can still
obtain a retract X — m(X) by compose the w-functor @ : X — w;(X) with a choice of collapse.
We refer to m1(X) for a connected w-groupoid X as the fundamental group of X.
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For n > 1 we say an w-groupoid X is n-connected when it is connected and m,(X) = 0
for all 1 < m < n. We say an w-groupoid X is weakly contractible when it is connected and
n-connected for all n > 1, equivalently 7, (X) = 0 for all n > 0.

An w-functor f : X — Y preserves the property of two parallel n-cells being homotopic. If
z ~ 2’ in X,, then an n + 1-cell z witnessing this homotopy is sent by f to an n + 1-cell of Y
witnessing the homotopy f(z) ~ f(2'). Hence an w-functor determines maps

[ imo(X) = mo(Y)
and for n > 0 and = € X
f* : 7Tn<X7U7U) — 7"'n(i/a f(U),f(U))

Since homotopy groups of X and Y are automorphism groups of w,(X) and w,(Y) for n > 1
their group structures are determined by w-groupoid structures of X and Y. Since f preserves the
w-groupoid structure of X the map f* is a group homomorphism when n > 1.

We can now define the weak equivalences for the model structure on wGpd. This definition
originally comes from [BH81a] but is presented here in the context of w-groupoids as in [AM11].

Definition 4.15. An w-functor f : X — Y is a weak equivalence if induces a bijection f* :
m0(X) = 7o(Y) on connected components and group isomorphisms

f* : Wn(Xax) — Wn(Y,f(I'))
for alln > 0 and all 0-cells z € Xg.

When X is n-connected for n > 0 we observe that the w-functor R(X) < X induces an
isomorphism
T (Re (X)) = mm(X, €)

for all e € Xy and m > n. Hence this w-functor is a weak equivalence if and only if X is n-connected.

These weak equivalences form part of the definition of a model structure on wGpd which we
will describe in Section [£:4] Finally, we will record the following useful equivalent characterization
of weak equivalences of w-groupoids from |[AM11].

Proposition 4.16 ([AM11] Prop. 1.7). Let f : X — Y be an w-functor. The following are
equivalent.

1. f is a weak equivalence

2. f* 1w (X) = wi(Y) is an equivalence of categories and for n > 1 and all pairs of parallel
n — 1-cells u,v € X,,—1 the map

I ﬂ—n(X7u7'U) — Wn(Yv f(u),f(v))

is a bijection.
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4.3 Augmented Directed Complexes and the Gray Tensor Product

In this section we will describe the Gray tensor product for w-groupoids, which endows the category
wGpd with a symmetric monoidal structure. This tensor product was introduced for w-categories
in [AAS93] as a generalization to w-categories of the tensor product of 2-categories defined by
Gray in [Gra74]. The Gray tensor product for w-categories can be reflected to the subcategory of
w-groupoids using Day’s reflection theorem, where it becomes symmetric and interacts well with
the model structure that we will define in Section To describe the Gray tensor product of
w-groupoids we will start by describing the Gray tensor product of w-categories.

The description we give is that of [Ste04] based on the theory of augmented directed complexes
as models of certain w-categories. These augmented directed complexes are chain complexes of
abelian groups with additional structure. The Gray tensor product is then determined on all
w-categories by the chain complex tensor product of these augmented directed complexes. We
note that Brown and Higgins in [BH87] defined a tensor product for crossed complexes, which by
the equivalence [BH81b| of w-groupoids with crossed complexes also defines a symmetric monoidal
structure on wGpd. It seems likely that this tensor product is the same as the Gray tensor product,
however we do not investigate this here.

We will start by detailing Steiner’s theory of augmented directed complexes from [Ste04] and
their relation to w-categories and the Gray tensor product.

4.3.1 Augmented Directed Complexes

We are recording here the parts of the theory of augmented directed complexes given in [Ste04]
that we will need. These structures are chain complexes of abelian groups with extra structure that
give models for some w-categories. In particular, we describe Steiner’s adjunction

v

— X\
ADC T wCat
\_/

A

that shows how to construct an w-category out of an ADC. We will also give Steiner’s conditions
defining a subcategory of the category ADC of ADCs on which this adjunction becomes an inclusion
of a reflective subcategory of wCat. The ADCs in this subcategory are called the strong Steiner
complexes and we will use them in the next section to define the Gray tensor product. Finally, we
will give a useful result in Lemma [4.33| on colimits of strong Steiner complexes that will be used in
Section [1.7] to characterize w-groupoids arising from simplicial sets.

We start by presenting Steiner’s definition from [Ste04] and some important examples.

Definition 4.17. A non-negative chain complex K is augmented when there exists a map of
chain complexes € : K — Z to the chain complex that consists of only the free abelian group on one
generator Z in degree 0. An augmented directed chain complex or ADC consists of the data
of an augmented chain complex (K,¢) together with submonoids K} C K, of the chain groups for
alln € N. A morphism of ADCs is an augmentation-preserving chain map f : K — L that also
respects the submonoid structure, so that f(K) C L} for alln € N.

Example 4.18. Consider the non-negative chain complex Z[A"] freely generated by the simplicial
n-simplex A™. This chain complex is augmented by the map ¢ : Z[A"] — Z sending all generators
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[i] € Z[A™]p for 0 < i <n to 1l e Z. If we take Z[A"]?, to be the free abelian monoid generated by
the generators [0] € Z[A™]; for all injective maps 6 : [m] — [n] in A then Z[A"] is an ADC.

Example 4.19. The n-globe G[n] is the ADC

0 Z ZDZ D72 ZpZ

with G[n], = Z, G[n|m = Z® Z for m < n and 0 elsewhere. The boundary maps are given by

0:Z2 — ZapZ 0:Z®dZ — ZoZ
1 = (1,-1) (1,0) = (1,-1)

The distinguished submonoids are G[n]; = N C Z and G[n],, = N®&N C Z&Z and the augmentation
sends (1,0) and (0,1) to 1 € Z.

The connection between w-categories and ADCs can be motivated by the linearization of an
w-category. This is a construction that assigns to an w-category X a chain complex AX whose nt!
chain group is the abelian group generated by chains [z] for all n-cells z € X,, with the relations

[ #m y] = [2] + [y]

for m-composable pairs z,y € X,,. We will study this construction in more detail in Section
but for now we observe that AXy = Z[X(] and the map

e:XXo—Z
given ¢([z]) = 1 and the submonoids
AX, = ([z] | z € X;) < AX,,

make AX an ADC. Definition therefore captures two properties of the linearization an w-
category X that are the result of the w-category structure on X.

Steiner shows in [Ste04] that there is a right adjoint v : ADC — wCat to the linearization
functor. To define this functor we first define the abelian group pK assembled from double sequences
of chains.

Definition 4.20. Let (K,€) be an ADC. Let pK be the abelian group of double sequences
T = x(;’xl_f“?w;—lv'%‘vovoa"'
N $S_,JJT,"',JJ:71,$,O,O,“’
such that
° x;,x:r € K; foralli e N
o There exists n € N such that v, = x =z} and z;7 = x; =0 for alli >n
° axj =0z, = :1:?_1 —x;_4 foralli>1

7
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Define a filtration of nK by the subgroups
wk, ={z € uK | ;UszforalliZn—i—l and £ € {—,+}}

forn > 0 and uK_1 = 0 the trivial group. Let 0 > r. We say that elements x,y € uK are
congruent mod (uK), when they are equal in the quotient group uk/pk,.

From the definition it is clear that z = y mod (uK), when Jrf = yf for all r +1 < ¢ and all
¢ € {—,+}. This extends to the case » = —1 thanks to our definition of uK_; = 0, so that two
elements are congruent mod pK _; if and only if they are equal. The sets of cells of the w-category
vK are subsets of the underlying set of elements of the abelian group uK.

Definition 4.21. Let (K, ¢) be an ADC. Define the w-category vK with n-cells v, given by double
sequences € WK, such that

° x;,x;rEKl* forallteN
o c(zg) =¢lag) =1
Given x € VK, define for0 <i<n—1and & € {—,+}

- -
dS* x(])xla"'7xi_1a$i50503"'
i + .+ + £
$0>$1a"'7'%1’7171;1'70707"'

If v,y € vK, and djx =d; y for some 0 < i <n then define

Ty = < xijx};,“. ’xﬁ}l’xi’xﬁ}l—i_y{ﬁl’.“ 7x£—1+yi—1ﬂx+yaoa'” )
iy =
Lo, Ty Ty T Ty Y Ty F Y, 2+ 9,0,

Since n-cells of VK are also elements of ©K,, we can still speak of congruences mod (uK), for
cells of vK. However, vK is not an abelian subgroup of puK.

Steiner shows that this construction defines a functor that is right adjoint to A and that by re-
quiring some additional conditions on an ADC this adjunction gives an adjoint equivalence between
subcategories of ADC and wCat. The additional conditions needed on ADCs are the following.

Definition 4.22. A basis of an ADC is a graded set B, C K,, such that each abelian group K, is
free with basis B,, and each K 1is the free monoid generated by B,,. The degree of a basis element
be B, isn.

When K is an ADC with a basis there is a partial order on the abelian group K,, defined by
x <y when y — 2z € K. A basis is required to assure anti-symmetry of the partial order. A free
abelian monoid has no invertible elements except the identity, so if y — x and x — y belong to K
then x = y. This partial order gives K, a lattice structure. The greatest lower bound x A y of
x,y € K, is the sum of all terms common to both words as positive terms in x and y and all terms
occurring in either word as negative terms. Hence, if z,y € K then x Ay = 0 if and only if no
terms are the same between the two words.

When an ADC has a basis we can require the following additional conditions to make what is
called a strong Steiner complex in [AM20].
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Definition 4.23. A basis B for an ADC K is unital if 5(<b>€) =1 for allb e By, and all n € N.

Definition 4.24. A basis B for an ADC K is strongly loop-free if there is a partial order <y
on the set of all basis elements of all degrees U,enB, such that for a € B, and b € B, it is the
case that a <y b when either of the following hold

em=n—1anda<0"b

en=m-—1and 0Ta>b

Definition 4.25. An ADC that has a basis that is strongly loop-free and unital is a strong Steiner
complex. The category SSt is the full subcategory of ADC on the strong Steiner complezes.

Example 4.26. The n-globe G[n] is a strong Steiner complex. Its basis elements are (1,0),(0,1) €
Z&Z = Gn|y, for m <n and 1 € Z = Gn|,. This basis is unital and strongly loop free under the
total order <, on all basis elements that has

G[n]m-1(0,1) <y (0,1) € G[n]m <n 1 € G[n}, <y (1,0) € G[n]m <n (1,0) € Gn}m-1
for 0 < m < n.

Example 4.27. The ADC Z[A"] is also a strong Steiner complex, with basis given by [6] € Z[A"],,
for all injective non-decreasing maps 6 : [m| < [n] in A. There is a total order on injective non-
decreasing maps in A™ that is described in [Ste04] Example 3.8. In Appendix [B| we will describe

the total order in detail in Propositions and

One of the main results of [Ste04] is that strong Steiner complexes give a fully faithful model
in ADC of a subcategory of wCat.

Theorem 4.28 ([Ste04] Theorem 5.11). The right adjoint v: ADC — wCat to X is fully faithful
when restricted to the full subcategory of strong Steiner complexes.

ADCs are simpler to manipulate that w-categories, so this gives an important tool for working
with some w-categories, namely those in the image under v of the strong Steiner complexes. We have
already seen that these include the globes and w-categories corresponding to the standard simplicial
simplices. Steiner shows that the strong Steiner complexes determine a dense subcategory of wCat
in the following sense.

Theorem 4.29 ([Ste04] Theorem 7.1). Every w-category is the colimit of a small diagram of w-
categories in the image under v of SSt.

This theorem follows easily from the recognition of certain strong Steiner complexes correspond-
ing to important shapes of w-categories. The n-globes D™ belong to the image of v as vG[n] is
isomorphic to D™ by the w-functor corresponding to the unique n-cell of vG|n]

(&0 G o) 1o ) vl

There are similar ADCs giving rise to w-categories classifying composable pairs just as w-functors
D™ — X classify n-cells and maps between ADCs that encode the operations. Hence the structure
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of an arbitrary w-category can be expressed by w-functors whose source lies in the image of v in
wCat. The colimit in wCat of the diagram of these w-functors is therefore isomorphic to X.
Since Steiner complexes are a fully-faithful subcategory of wCat we can calculate some colimits
of w-categories as colimits of ADCs. In |[AM20] 3.1 colimits are defined for ADC by taking the
colimit of the underlying chain complexes and submonoids of abelian groups of chains. Hence the
functor Z[—] : sSet — ADC preserves colimits when Z[L] for a simplicial set L is taken as the
ADC with monoids Z[L]} = N[L,] C Z[L],, and augmentation € : Z[L]y — Z sending [z] € Z[Lo]
to 1 for all x € Lg. The functor v does not necessarily preserve all colimits, however. In Theorem
3.8 of [AM20] the authors exploit the fully-faithful embedding of strong Steiner complexes to show
that v preserves colimits of what they call strong Steiner systems. We record their description of

these diagrams and their colimits here. First we must recall one more piece of terminology from
[Ste04].

Definition 4.30. Let K be an ADC with a basis. For b € B, we define the atom (b) € vK,, to be
the double sequence

DYy, ), b,0,- -
= ( <b>%,<b>%,“~ 0,0, >

where <b>f € K for¢ € {—,+} andi € N is the word in the abelian monoid K} defined inductively
by
0 1>n
B = b i=n
8§<b>§+1 i<n

The strong Steiner systems of [AM20] are diagrams that preserve the features of strong Steiner
complexes.

Definition 4.31. A map f: C — D of ADCs is rigid when v(f) : v(C) — v(D) sends atoms of
v(C) to atoms of v(D). A strong Steiner system is a diagram of strong Steiner complexes such
that all maps between them are rigid and the colimit of the diagram is a strong Steiner complex
with all ADC maps in the colimiting cocone rigid.

Theorem 4.32 (JAM20] Theorem 3.8). Colimits of strong Steiner systems are preserved by v.

The following lemma that makes use of this result will be helpful in realizing simplicial sets
as w-groupoids in later sections. Recall that a simplicial set X is canonically the colimit of its
category of simplices (A | X), which is the comma category for the functors X : A°? — Set and
the Yoneda embedding A°P — Set. For some simplicial sets this colimit is preserved by v.

Lemma 4.33. Let X be a simplicial set. If every non-degenerate simplex of X corresponds to an
injective map A" — X and Z[X] with the canonical basis is a strong Steiner complex then

I/Z[X] = COlimAiX VZ[A”]

135



Proof. The simplicial set X is the colimit of the diagram

AX: (Al X) — sSet
z: A" —> X — A"

where (A | X) is the category of simplices of X. There is a full subcategory of the category
of simplices (A | X) whose objects are simplicial set maps = : A™ — X corresponding to non-
degenerate simplices « € X,,. A morphism between objects of (A | X)&

\ Aﬂ

is necessarily injective, as the source is a non-degenerate simplex and the target simplex must be
non-degenerate as well. We denote this category by (A | X)A

An object z : A" — X of (A | X) corresponds to an n-simplex of X, which can be written
uniquely up to reordering of degeneracies with the simplicial identities as * = Sy, Smy, - - - Sm; (xnD)
for a non-degenerate n — j-simplex xyp € X;,,—;. In the category this (A | X) means that there is
a unique map

An__® N
X A)
X

Since any map in A factors uniquely up to rearrangement via simplicial identities as a sequence
of codegeneracy maps followed by a sequence of coface maps this determines a functor ND : (X |
A) = (X | A)? sending objects and maps of (X | A) to their non-degenerate part.

The faces of a non-degenerate n-simplex x : A™ — X must also correspond to injective simplicial
set maps, so they are non-degenerate too. This property makes the functor ND a left adjoint for
the inclusion of (A | X)* into (A | X). Let y : A™ < X be an object in the image of the inclusion
of (Al X)» and 6 : 2 — y be a map in (A | X). The corresponding map 6 : [m] — [n] in A
factors as a sequence of codegeneracy maps followed by a sequence of coface maps as follows

s
Am s ] ..Ml Am ] dn m+j.. A”
IND
€z Yy
X

where znp = dj—1---dy,_,, . (y) is a non-degenerate m — j-simplex by the property of X. So
ND(x) = xznyp belongs to the image of the inclusion functor.
As a right adjoint the inclusion functor is therefore a final functor. Hence 0A™ is the colimit of

the restricted diagram
A'X : (A ] X)® — sSet

Now Z[—] is a left adjoint, so it preserves colimits and hence Z[X] is the colimit in Ch of the
diagram that sends z : A™ — X in (A | X)? to vZ[A"]. By the definition of colimits in ADC,
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the ADC Z[X] is the colimit of the corresponding diagram of ADCs. Every ADC in this diagram is
Z|A"] for some n so this is a diagram of strong Steiner complexes. Furthermore, the maps between
ADCs correspond to injective non-increasing maps 6 : [m] < [n] of A, so they act on atoms by

(p) € vZ[A™]i = (B0 @) € Z[A"];

Hence these maps are rigid. Since X has the property that the simplicial set maps = : A™ — X cor-
responding to non-degenerated n-simplices are injective, the corresponding maps of the colimiting
cocone under the diagram Z[—] o A’X in ADC are rigid. Finally Z[X] is a strong Steiner complex
by assumption, so this diagram is a strong Steiner system and hence v preserves its colimit. ]

4.3.2 Gray Tensor Products of w-Categories and Groupoids

In this section we apply the definitions of the previous section to define the Gray tensor product
of w-categories and w-groupoids. We will also prove two results that will be useful in manipulating
tensor products in later sections. In particular, we prove a result about identity cells in Gray tensor
products of w-categories in Lemma and how the linearization functor respects tensor products
with strong Steiner complexes in Proposition [£.37]

Using results quoted in the previous section that show the embedding of SSt in wCat by the
functor v and that strong Steiner complexes are dense in wCat, Steiner shows in [Ste04] that the
Gray tensor product extends a tensor product of ADCs. This tensor product of ADCs is determined
by the standard tensor product of chain complexes. For ADCs C' and D

(CeD)n= P Ciec;

i+j=n
with boundary maps acting on c® d € C; ® C; by
Ac®d) = (0c) @d+ (—1)'c® (d)
The augmentation of C'® D is the map
ec®ep:(c®@d) € (C®D)y=Co® Do+ ec(clep(d) €Z
and the monoids of positive elements are generated by

(C@D),={(c®d|ceC;,deD}fori+j=n)C P C;oD;
i+j=n

This tensor product makes ADC a non-symmetric monoidal category, with monoidal unit the ADC
Z[0]. Furthermore, the tensor product of strong Steiner complexes is a strong Steiner complex, so
this defines a monoidal structure on SSt, and hence on its image in wCat. The fact that the image
of strong Steiner complexes by v in wCat is dense in wCat gives the following characterization of
the Gray tensor product.

Theorem 4.34 (|Ste04] 7.3 and [AM20] A.15). There is a functor

—® — :wCat x wCat — wCat
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that extends the tensor product on strong Steiner complexes and preserves colimits in each variable.
This functor is unique up to isomorphism and is given by

XY = colim v(C® D)
V(C)X CeSSt
v(D)—Y DeSSt

This functor makes wCat a biclosed monoidal category.

The unit for this monoidal structure is the terminal w-category D, which has one 0O-cell and
no non-identity higher cells. A discrete w-category S is simply a set of 0-cells Sy = S, so it is equal
to a disjoint union of copies of D°. Hence discrete w-categories the Gray tensor product is simply
the cartesian product

S®X:<|_|DO>®X% | |PPex)=| |x=sxX

seS seS seS

since — ® X is a left adjoint, so it commutes with colimits. In fact, the Gray tensor product and
the cartesian product of w-groupoids are identical in their actions on 0-cells.

Lemma 4.35. Let X and Y be w-categories. The set of 0-cells of the Gray tensor product X @ Y
is Xo X Yj.

Proof. Recall the definition of X ® Y in Theorem as the colimit

XY = colim v(C® D)
V(C)—X CEeSSt
v(D)—Y DESSt

By the discussion at Definitions and the functor (—)p : wGpd — Set that sends an w-
groupoid to its set of 0-cells is left adjoint to the indiscrete w-groupoid functor, which sends a set to
the 1-groupoid with a unique 1-cell for every pair of elements of S. Hence (—)( preserves colimits

and so
(X®Y) = colim v(C® D)y
v(C)—X CeSSt
v(D)—Y DeSSt

= colim Co x Dg
v(C)—>X CeSSt
v(D)—Y DeSSt

= colim (Cg X ( colim D0)>
v(C)—»X CeSSt v(D)—X DeSSt
= colim C’0> X < colim D0>
v(C)—X CEeSSt v(D)—X DeSSt

= < colim C’) X < colim D>
v(C)=X Cesst / v(D)—»X DeSst  /
= XO X Yb

since Set is cartesian closed so products preserve colimits. ]

As a first non-trivial example of a Gray tensor product we will consider D' ® D'. Since the
n-globes are strong Steiner complexes we have D! @ D! = v(G[1] ® G[1]). Studying this tensor
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product we see that it has the following form

0®a1
- >

0®0 0®1

a1®0 Oék®/bz1 a1®1 (71)

where «; is the 1-cell of ¥G[1] corresponding to the generator 1 € Z of the abelian group of 1-chains
of G[1] and 0 and 1 are its source and target respectively. The 2-chain oy ® oy € G[1] ® G[1]2 gives
a unique 2-cell of the tensor product. In the cartesian product D' x D' the composites of 1-cells
corresponding to the top and bottom paths of the square are equal

(a1, 1p) %0 (11, 1) = a1 *0 a1 = (Lo, 1) *0 (0, 11)

while in the tensor product they are different but connected by the unique 2-cell. For n > 1
therefore, the structure of the Gray tensor product of w-categories differs significantly from that of
the cartesian product.

For n,m > 0 and cells z € X,, and y € Y, of w-categories X and Y by the definition of the
Gray tensor product in Theorem [4.34] there is an w-functor

D" D" - XY

This w-functor is the leg of the colimiting cocone under the diagram over SSt/X x SSt/Y for the
colimit defining X ® Y corresponding to the object (x : D" — X,y : D™ — Y'). We will denote by
xRy € (XY )pt+m the image of the unique n + m-cell 1, @ t,, € (D" @ D™) oy in X @Y. When
one of x or y is an identity cell the following result shows that the tensor x ® y must be as well.

Lemma 4.36. Let C' and D be strong Steiner complexes and let X and Y be w-categories with
w-functors f :vC' — X and g : vD =Y. Let (c) € vC), and (d) € vD, be atoms such that at least
one of f({c)) and g({d)) is an identity cell of X and Y respectively, say f({c)) = 1, for x € X,
with m < p and g((d)) = 1, fory € Y; with | < g where it is not the case that m = p and | = q.
Then

feg{c@d) = 1d;n+lf®g(<c®d))

Proof. First suppose that f({c)) = 1. Consider the diagram in wCat

idP—m

Dpta Dmta

LP®Lqi lbp—l@)bq
DP X D4 w) pDm X D4
<c>®<d>i lxw)

vC @vD ol X ®uvD o

X®Y
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The lower square commutes by the definition of f and the monoidal structure of wCat. We need
to show that the top square commutes as well. For this it is sufficient to show that the square

prra " ppte-1

tp®tq tp—1®Lq (72)

DP @ D1 2L pr-1g pa

commutes, as the top square is made by horizontal pasting of p — m copies of this square. Once
the commutativity of this square is shown the result follows since the w-functor DP™ — X @ YV
corresponding to the image of (¢) ® (d) under f ® g factors through the iterated identity w-functor
idP~™ . DPT4 s DM,

Since w-functors DP9 — DP~! ® D correspond to p + g-cells of DP~! ® DY to show that the
top square commutes it is sufficient to show that both paths of the square send the principal cell
lptq € Dgig to the same p + g-cell of DP~! ® D4. The top path sends this cell to 1, g, so it
remains to show that this is the image of ¢, under the w-functor of the lower path as well.

The square is obtained by applying v to the diagram in ADC

Glp+ 4] Glp+q—1]

®i i® (73)
]

Glp] ® Glg] = Glp — 1] ® G[q]

The ADC map id : G[n] — G[n — 1] is defined by

0-2-72- 2. 72002z 2. 720729 ...

e

70— 00— L — L8 Z—

1) =1¢€ Z. Hence id ® gy : Glp] ® Glg] — G[p — 1] ® G[q] acts on
[Pl ® Gla)p+q = By j—psq GlPli © Glal; by

id® g : (1)@ (1) = 0® (1) = 0 € (Glp — 1] ® Glapeq

where id,,—1(1,0) = id,—1(0,
the p + g-chain (1) ® (1) € (G

Hence when v is applied to the diagram ([73|) the lower path sends ¢,14 € Dp +q to an identity p+g-
cell of DP~t ® D?. Tt will be the 1dent1ty on the image of the target of ¢,4, under this w-functor.
Hence it is sufficient to show that the w-functor

s
prra-1 P pptg ¥ pp ® DI 4%L pr-1 g pa

sends tpyq—1 t0 tp—1 @ t4. Equivalently, it is sufficient to show that the map of ADCs

it A(tp®tq) A(id®1)
Glp+q—1—>Gp+q ——*Gp| ® Glg) == Glp — 1] ® G[q]
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sends 1 € Z=Gp+q— 1]pyg—1 to (1) ® (1) € (Glp — 1] ® G[q])p+¢—1. This holds as

Aid @ 1) (A(tp ® 1g) (Npig(1)) = A(id @ 1)(A(p @ 14)(1,0))

MA@ 1)((1,002 (1) + (1) ©(1,0) p=0 (mod 2)
| Md@ D) (1,00 (D) + (1) ®(0,1) p=1 (mod 2)
= (@)

since
(1) ® (1)) = ((1,0) = (0,1)) ® (1) + (=1)”((1) @ ((1,0) — (0,1)))
This completes the proof the case when f((c)) is an identity cell. The case when g sends (d) to an
identity cell follows by the same arguments. Combining the two cases for f and g gives the result.
O

We record the following useful fact which will allow us to compare model structures of chain
complexes and w-groupoids in Section Recall the linearization functor A : wCat — ADC.

Proposition 4.37. Let C' be a strong Steiner complex and Y be an w-category. Then

Av(C)®Y) =C @ AY)

Proof. The linearization functor A : wCat — ADC is left adjoint to v so it preserves colimits.
Applying A to a Gray tensor product of w-categories therefore gives
Ar(C)®Y) = colim Av(C ® D)

v(C)—v(C) CeSSt
v(D)—Y DeSSt

The diagram over w-functors v(C) — v(C') has a terminal object since v is fully faithful on strong
Steiner complexes. So we have

Arv(C)RY) = coim C®D
v(D)—Y DeSSt

= C® < colim D)
v(D)—Y DeSSt

= OC® < colim )\V(D))
v(D)—Y DeSSt

= C®A\ < colim l/(D)>
v(D)—Y DeSSt

= C®\Y

where we are again using that v is fully faithful on strong Steiner complexes so Av(C® D) =2 C® D
for C' and D strong Steiner complexes and also the fact that C ® — preserves colimits as a left
adjoint. 0

The right adjoints of left and right tensoring that form part of the biclosed monoidal structure
on wCat are denoted homy,y and homgpay respectively. These are functors

homy,x(—, —) : wCat®? x wCat — wCat

141



homgplax(—, —) : wCat? x wCat — wCat

such that there are isomorphisms
Homy,cat (X, homoplax(}/a Z)) = Homy,cat (X ®Y, Z) = Homeat(Ya homyay (X, Z))

natural in all variables. From these natural isomorphisms we see that the sets of n-cells of
homyx (X,Y) and homgplax(X,Y) can be given by

hompy (X, Y), = Homycat (D" ® X,Y) homgplax (X, Y)n, = Homycat (X ® D™, Y)
By Proposition 6.12 of [AL20] these functors restrict to functors
homyay (—, —) @ (w,m)Cat’ x (w,m)Cat — (w, m)Cat
homgplax(—, —) : (w,m)Cat’® x (w,m)Cat — (w, m)Cat

Hence the biclosed monoidal structure on wCat satisfies one of the equivalent conditions of Day’s
reflection theorem |[Day72| for the left adjoints L™ : wCat — (w, m)Cat to the inclusion of (w,m)-
categories in w-categories. Hence (w, m)Cat has a biclosed monoidal structure for all m > 0 with
the (w, m)-category Gray tensor product given by

X QumY =L"(X®Y)

for all X and Y (w,m)-categories.
In |[AL20] Ara and Lucas also show that if X and Y are w-groupoids then their Gray tensor
product as w-categories is in fact an w-groupoid, so

X @Y =X®Y

Finally they show that there are natural isomorphisms X @ ¥ &£ Y ® X when X and Y are
w-groupoids, which gives the following theorem.

Theorem 4.38 ([AL20] §6). There is a closed symmetric monoidal structure on w Gpd. The tensor
product of w-groupoids is the Gray tensor product X ® Y viewing X and Y as w-categories. The
internal hom is homy,y, which is naturally isomorphic to homgpiax via the symmetry isomorphisms.

The main result of |[AL20| that we want to use is that this monoidal structure makes wGpd
into a monoidal model category. To state this, however, we must first describe the model structure
on wGpd.

4.4 The Folk Model Structure on wGpd

As the homotopy theory of w-groupoids we will take the homotopy category of the folk model
structure. This model structure was originally described by Brown and Golasinski in [BG89] for
the category of crossed complexes, which is equivalent to the category of w-groupoids by [BH81b|.
In [AM11] Ara and Métayer described the model structure on wGpd induced by the equivalence of
categories with crossed complexes. They also gave a description of this model structure independent
of the existence of a model structure on crossed complexes and showed that it is the same as the
model structure transferred from the folk model structure on wCat given in [LMW10b|. We state
their model structure in the next theorem and describe it in the rest of this section. Our main goal
will be to record in Theorem the result of [AL20] that wGpd with this model structure is a
monoidal model category. This result will be critical in Chapter [5| where the model structure for
monoids in wGpd will be analyzed.
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Theorem 4.39 ([AM11] Theorem 3.19). There is a cofibrantly generated model structure on the
category w Gpd of w-groupoids such that the weak equivalences are weak equivalences of w-groupoids
and the cofibrations are generated by the set

I ={L%,:0I" < I" | n>0}
All w-groupoids are fibrant in this model structure.

A lifting problem for an w-functor f : X — Y against L%, : 0I" — I" is determined by
a parallel pair of n — l-cells u,v € X,,_; and an n-cell y € Y, such that d _,y = f(u) and
dy_1y = f(v).

ar L x

wf |

I"T>Y

A pushout of a generating cofibration L%, : I" < I™ freely attaches an n-cell to an w-groupoid
X with source and target a pair of parallel n — 1-cells determined by a map dI" — X. Relative
cell complexes for this model structure, therefore, are w-functors f : X — Y that are injective on
sets of cells and for which Y, is freely generated outside of f(X), CY,.

The w-groupoid globes defined in Section [£.1] give a supply of cofibrant objects in this model
structure.

Proposition 4.40. For alln >0 I™ and 0I™ are cofibrant in the folk model structure on w Gpd.

Proof. Since L%, : 0I™ — I" is a cofibration it is sufficient to show that 9I" is cofibrant for all
n > 0. For n = 0 we have 9I° = () so this holds trivially. Now for n > 0 there are pushouts

L%, _1

aln—l C In—l

Loin_l\[ \L\dzlbn (74)

Infl 9"

n—1tn

Recall that w-functors I™ — X correspond to n-cells of X, so in this diagram we are labelling the
w-functors by the image of their principal cell. The pushout of a cofibration is a cofibration, so by
induction if 1"~ is cofibrant then so is 9I™. 0

Since the folk model structure on wGpd is transferred from the folk model structure on wCat,
the set of generating acyclic cofibrations is given by L°(.J), where J is the set of generating acyclic
cofibrations for wCat. The acyclic cofibrations of the folk model structure on wCat given in
[ILMW10b| are defined by applying the small object argument cofibration-acyclic fibration factor-
ization of the w-functors j,, : D"~ ! < D" in wCat determined by the n — 1-cell d,, ;i of D™.
There are also w-functors j;* : D"~! < D" for n > 1 that are determined by the other n — 1-cell
d i, of D". We will show that for either choice of € € {—,+} the w-functors L°(j¢) themselves
give a set of generating acyclic cofibrations for the folk model structure on wGpd.
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First we observe that applying L° to j¢ gives a cofibration of w-groupoids since it factors
as the bottom horizontal or right vertical cofibration I"~! <+ 9I™ of diagram followed by
in : OI™ < I™ for e = — or + respectively. We define the sets of w-functors of wGpd

Jy ={L%, 1"t s I [ n> 1}
J ={L% s 1 [ n> 1}

To prove that for w-groupoids the sets J; and JJ are each sets of generating acyclic cofibrations
we can use Lemma 1.8 of [Bek00], the solution set condition of J. Smith. However, to apply this
result we will first need to show that the w-functors j; are all acyclic cofibrations. We have shown
above that they are cofibrations, but to show that they are weak equivalences we will need a tool
from the next section.

Proposition 4.41. The w-functors L% : I"™Y — I™ forn > 1 and ¢ € {—,+} are acyclic
cofibrations.

Proof. Deferred until Section O

Pending this deferred proof, we can now show that the sets Jj give generating acyclic cofibrations
for the folk model structure on wGpd.

Proposition 4.42. The sets J§ for e € {—,+} are sets of generating acyclic cofibrations of the
folk model structure on wGpd.

Proof. By Proposition we have J§ CS (I) W where I is the set of generating cofibrations
L%, : oI, < I, for n > 0 and W is the class of weak equivalences in wGpd. By Lemma 1.8 of
[Bek00] it is sufficient to show that for a weak equivalence f: X — Y any diagram

(uv)

oI ——= X
ol
I"—Y

Yy

can be factored through a lifting problem against L%5¢ 41

Suppose such a lifting problem is given. Then it is determined by parallel n—1-cells u,v € X, _1
and an n-cell y € Y;, such that f(u) = d,_,y and f(v) = d} ;y. Now f is a weak equivalence, so
by Proposition f induces a bijection on sets

Tn (X, u,v) = mp (Y, f(w), f(v))

for all n > 1. Hence there exists an n-cell z € X,, with d,_,z = u, d:{flz = v, and such that f(z)
is homotopic to y. This means that there exists an n + 1-cell w € Y41 such that d;w = f(z) and
d,®w = y. These cells define a lifting problem

g 2 x

w e |

InC I Y

-—E w
In+1
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so f satisfies the solution set condition and so < (J§) =<+ (I) N W 0

We will now describe how the folk model structure on wGpd gives a monoidal model category
structure with the Gray tensor product of Section

Theorem 4.43 (|AL20] Theorem 6.21). The Brown-Golasiniski model structure with the Gray
tensor product is a monoidal model category.

This means that the functor
—® —:wGpd x wGpd — wWwGpd

is a left Quillen bifunctor, so for any cofibrations i : X < Y and ¢’ : W < Z their pushout product
for the Gray tensor product

(X®@Z)Uxew Y QW)=Y ®Z

is a cofibration that is acyclic if either i or i’ is. Equivalently, since homj,,(—, X) is a right adjoint
for — ® X, for all fibrations f : X — Y and all cofibrations i : W — Z the w-functor

homy,y (W, X)) — hom),(Z, X) X homa (Z,Y) homy,x (W, Y)

is a fibration which is acyclic if either f or 7 is.

We can immediately use the monoidal model category structure of wGpd to determine a path
space for all w-groupoids X in the standard way using the internal hom functor hom),,. Since
oI = 1° U I° we have

homyay (1, X) = homyy (10 LU 19, X) = homyay (19, X) X hompy (19, X) = X x X
since homy,y, takes colimits to limits in the first entry. We will denote homy,y (i1, X) by
7x : homp, (I, X) = X x X

The w-functor ! : I' — I is the unique w-functor to the terminal w-groupoid I® = D° with a single
0-cell. Since I° is the unit for the Gray tensor product of w-groupoids we have

Pom=im

for all n > 0 and so homy,, (I°, X) = X. Hence homy, (!, X) is an w-functor with source X which
we will denote by 7x : X — homya, (1!, X). The two w-functors L0j$ : I° — I for ¢ € {—, +} are
both sections for !, so they determine retracts homy., (L%, X) of 7x, which we denote 7y and 71';2—.
Applying homy, to the composite

o i1t po
gives the w-functor that acts on n-cells by
z:1°® 1" = X € homp (1%, X))y = zlz: (I°@ T UI°®@ 1) = X € homyy (01, X),

so this is A : X — X x X. Hence we have a diagram of w-functors

X%homlax (1t X L‘XxX

This determines a path space fibration for any w-functor X.
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Proposition 4.44. Let X be an w-groupoid. The w-functors

X s hompy (I, X)

\ i”

X x X

make homyay (11, X) a path space object for X.

Proof. We must show that the horizontal map is a weak equivalence and the vertical map is a
fibration. This will follow from the monoidal model category structure on wGpd once we have
shown that I' is weakly contractible.

We will show that the unique w-functor ! : I — I9 is an acyclic fibration. A lifting problem

(u,)

or —-=1n!

wf |

m——s7o
1L0

is determined by a pair of parallel n — 1-cells u,v € I} _; and an n-cell of I°, which must be 1,, if
n > 1. Hence a solution is simply an n-cell of I' whose source and target are u and v respectively.
If n > 2 then u and v are identity cells, since I' has no non-identity n-cells for n > 1. So u = v as
parallel identity cells are equal and so 1, € I} is a solution to the lifting problem. If n = 2 then
u = v again, as 1-cells of I' are freely generated by ¢; and its inverse, so there are no non-equal
parallel 1-cells. Hence 1, is again a solution. Finally if n = 0 then it is possible that u # v, but
in this case either ¢; or k't give a solution. Hence ! has the right lifting property against all L%,
and is an acyclic fibration.

The w-functors L° g o T 0 s I and Lojfr are sections of !, so they are acyclic cofibrations.
Hence by the monoidal model structure on wGpd the w-functors for € € {—, +}

7% = homyay (L5, X) : homya, (I, X) — X

is an acyclic fibration, since X is fibrant. The w-functor 7x = homy, (!, X) is a retract of 75, so it
is a weak equivalence. Finally the w-functor

7x = homy (L%, X) : hompy (I', X) = X x X

is a fibration since L% : OI' < I' is a cofibration and X is fibrant.
O

In the next section we will describe free w-groupoids, which will provide a supply of cofibrant
objects in the folk model structure on wGpd.
4.5 Free w-Categories

In this section we will describe w-categories that are free on sets of generating n-cells for all n >
0. These structures are called computads by Street, who introduced them for 2-categories in
[Str76]. This construction was later generalized to n-categories by Street and Burroni, who calls

146



them polygraphs in [Bur93]. Computads are defined in these sources for w-categories, however the
definition can be easily adapted to (w, n)-categories for n > 0 and in particular to w-groupoids. We
will give the basic definitions of these constructions in this section and use them in Lemma to
give a cofibrant replacement construction for w-groupoids in the folk model structure on wGpd.

Computads are w-categories that are constructed by freely attaching n-cells in every dimension.
To make this definition, therefore, we must describe how to attach n-cells to an n — 1-category.
This description is from [Mak05] §4 and 5. Let n > 0. An n+ l-extension frame of an w-category
X is a tuple (X, U, s,t) consisting of X, a set U and set maps

s, t: U — X,
such that s(u) and ¢(u) are parallel n-cells of X, meaning
d,_yos=d, ot d:{_lot:d;r_los

An n + l-extension frame, therefore, consists of an w-category an a labelling of pairs of parallel
n-cells by a set of indeterminates.

An n+ 1-extension of an n+ l-extension frame (X, U, s,t)isapair (f: X = Y,v: U — Y,4+1)
consisting of an w-functor f: X — Y and a set map v : U — Y11 such that for all u € U

dyy(u) = f(s(w)) dyyy(u) = f(t(u))

An extension realizes the set U of indeterminates of an n + 1-extension frame as n + 1-cells of Y in
a way consistent with the w-category structure of X. A map g : (f,7) = (f’,7') of n+ 1-extensions
of an w-category X consists of an w-functor g : Y — Y’ such that the diagrams

X U
gn+1 YTZH

Y’ Yn+1

of w-categories and sets respectively, commute. Thus there is a category of n + 1-extensions of an
w-category X. A free n + l-extension is an initial object in this category. Such free extensions
exist by [Mak05] §4 and we will denote the w-category component of a free extension by X[U]. By
[Mak05] 4.2 and 4.4 X is contained as a sub-w-category of X[U] and U C X|[U],+1 is a subset of
the n 4 1-cells of X[U] that is disjoint from X.

The free n + 1-extension has the following universal property: for any w-functor f : X — Y
and set map v : U — Y,,41 such that f(s(u)) = d,,v(u) and f(s(u)) = d;fvy(u) there exists a unique
w-functor f': X[U] — Y such that f'|x = f and f'(u) = v(u) € Yyt for all u € U C X[U]py1.
This characterizes free n + 1-extensions up to isomorphism. In particular, a free n + 1-extension is
a pushout in wCat

|_| oDt — o x
U

UU 7;n+1\[

| | Dt —— x[U]
U
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If X is an (w,m)-category then we take as the free (n + 1,m)-extension of X by a set of
indeterminates U the (w, m)-category L™ X [U] obtained by by applying the left adjoint functor L™
of the inclusion of (w, m)Cat to the free n + l-extension X[U]. If m = 0 and we are working with
w-groupoids we will denote the free n + 1-groupoid extension by

X(U) =L°X[U]

Since L™ is a left adjoint it preserves pushouts, so a free (n+ 1, m)-extension of an (w, m)-category
is a pushout in (w, m)Cat

X

L™ pntt
.

U Lmz‘nﬂf

| |z —— L X [U]
U

This (w, m)-category has the following universal property: for any w-functor f: X — Y with Y an
(w, m)-category and any set map «y : U — Y, 41 such that f(s(u)) = d,v(u) and f(t(u)) = df~v(u)
there exists a unique w-functor f’ : L™ X[U] — Y such that f'|x = f and f/'(u) = y(u) for all
u € U C L™X[U]p+1. This is immediate from the fact that L™ is left adjoint to the inclusion
functor.

A computad in (w, m)-categories for m > 0 is an iterated free extension of a set of 0-cells by
sets of indeterminates.

Definition 4.45. For n > 0 an n-computad in (w, m)Cat is defined by induction on n
e a 0-computad is a set viewed as a discrete w-category

e forn > 0 an n-computad X in (w,m)Cat is an (n,m)-category such that 7"~ 'X is an
(n — 1, m)-computad and there is a pushout diagram in (w,m)Cat

| |L"oD" ——m-1X
Un

Lo, Lmz’n[

|_| L"D" X
Un

so that X is isomorphic a free (n,m)-extension L™ 1X[U,] of an (n — 1,m)-computad
71X in (w,m)Cat by a set of indeterminates U,, C X,

A computad in (w,m)Cat is an (w,m)-category X such that 7"(X) is an n-computad for all
n > 0.

A computad, therefore, is specified by an (w, m)-category X as well as sets U, C X, for all
n > 0 of indeterminates such that the diagrams in the definition are all pushouts. We can denote
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this schematically by a diagram

p T \ |

—= LX) [Up1] ? LN X)[Un]) == -+ == L™70(X)[U4] —= (X))

0

where the set U,, of n-indeterminates is attached to the n — 1-computad L™7"~1(X).

As shown in [Mak05] §5, an w-category computad has a unique choice of sets U, of indetermi-
nates. These are the indecomposable cells, which are non-identity n-cells x € X, such that for
Y,z € X, if © = y *,,, 2 for m < n then one of y or z is an identity and the other is equal to . The
example of free groups, which are 1-computads in wGpd, shows that there is no hope for such a
unique choice of indeterminates for w-groupoid computads.

It is clear from the definition that w-groupoid computads are cofibrant objects in wGpd with
the folk model structure of T heorem In [Mét08] the author shows that computads are exactly
the cofibrant w-categories in the folk model structure on wCat. Such a characterization for the
cofibrant w-groupoids in the folk model structure on wGpd is almost certainly possible, using higher
groupoid versions of the fact that a subgroup of a free group is free. However, we do not attempt
this here. We are satisfied with the fact that w-groupoid computads form a class of cofibrant w-
groupoids in the folk model structure, as for any w-groupoid X we can construct a computad that
is a cofibrant replacement of X.

Lemma 4.46. For any w-groupoid X there exists a cofibrant replacement of X by a computad X*
such that the map X* — X s an acyclic fibration and induces a bijection on 0-cells.

Proof. Let X be an w-groupoid. We will use an explicit description of the small object argument
for the cofibrantly generated model category wGpd, which is an adaptation for w-groupoids of the
version for w-categories described in §4.2 of [Mét03]. We will construct n-groupoids (X*)"™ with
maps p, : (X*)" — X such that the lifting problems

Loim\[ lpn

In'—X

have solutions for all m < n and the diagram

(X*)OC—>(X*)1( (X*)Zc ... C (X*)nc_>
|

commutes. Each (X*)" will be an n-groupoid since all m-cells for m > n are identities and (X*)"*+1

is obtained from (X*)™ by freely attaching a set of n+ 1-cells. We then take X* — X as the filtered
colimit of these computads with the universal map to X corresponding to this cocone. The cofibrant
w-groupoid X* is therefore a computad as 7" (X*) = (X*)" for all n > 0.
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For n = 0, take (X*)? = Xj, the set of objects of X. The lifting problems
jr*) |
" —=X

clearly all have solutions. Now let n > 0 and suppose p, : (X*)" — X is defined for (X*)" an
n-computad with p, a bijection on sets of 0-cells. We will label all lifting problems

aIn+1 () (X*)n
Loin+1 lpn
In+1 X

by the data that specifies them: an n + l-cell z € X,41 and n-cells z,y € (X*) such that
pn(z) = d;z and p,(y) = dfz. We will say that a lifting problem is trivial when y = z and
z = lp(y)- In this case, there is an obvious lift given by 1, € (X )iy

For each tuple (z,z,y) specifying a non-trivial lifting problem we attach an n + 1-cell to (X*)"
with source and target = and y to obtain (X*)"*!. By hypothesis (X*)" is an n-computad, so
(X*)"t! is an n + 1-computad. We define p : X* — X as the unique w-functor from the colimit X*
of these w-functors determined by the w-functors p, for n > 0. We also observe that the n-cells of
X* are the same as those of (X*)"

(X = X5

The map p : X* — X has the right lifting property against all generating cofibrations L%, : I" —

I" since a lifting problem

8In**>(X*)n_1C (X*)n( X*

pn
LOin£ nt \ lp
p

I X
factors through (X*)"~! < (X*)" as shown and a solution to any non-trivial lifting problem against
p" ! exists in (X*)™ by construction. ]

This cofibrant replacement by a computad will allow us to deal only with cofibrant objects that
are computads. When taking this replacement we will also preserve some properties of the original
w-groupoid. Recall that an w-groupoid is n-reduced if it has a unique 0-cell and no non-identity
m-cells for 1 < m <n.

Lemma 4.47. If X is an n-reduced w-groupoid then X* is also n-reduced.

Proof. This is clear since if X is n-reduced with unique object e € X then there are no non-trivial
lifting problems up to degree n + 1, hence (X*),, = X,,, = {1¢} for all m < n by the construction
of Lemma Since (X*) = X we have the result. 0
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4.6 w-Groupoids and Chain Complexes

In Section we described Steiner’s theory of ADCs and the connection they give between w-
categories and chain complexes. As motivation we considered the linearization functor A : wCat —
ADC, which constructs an ADC from an w-category. Recall that an ADC is a chain complex of
abelian groups with additional structure consisting of distinguished submonoids of the chain groups
and an augmentation map e : C' — Z[0]. When the w-category is an w-groupoid, the ADC A X is
only barely more than a chain complex. In particular, its distinguished submonoids for n > 0 are
equal to the chain groups, as for x € X,, and 0 < m < n

[] + [EMx] = [z %y k2] = [1d;ﬂ:] =0

so —[z] = [k™z] € AX. Forgetting the augmentation and submonoid of AXy we have a functor
A : wGpd — Ch. In this section we will show that this functor is part of a Quillen adjunction
for wGpd with the folk model structure and Ch, the category of non-negative chain complexes of
abelian groups with the standard model structure. This has been shown in [Gue2l| in the case of
the corresponding functor A : wCat — Ch, but we will adapt this result to our case of w-groupoids.
We will also use this adjunction to give the proof of Proposition [4.41}

We begin with a version of the Dold-Kan correspondence for w-groupoids. The Dold-Kan
correspondence [Dol58| establishes an equivalence of categories between Ch and sAb the category of
simplicial abelian groups. The corresponding result for w-groupoids says that there is an equivalence
of categories between wGpd(Ab), the category of w-groupoids in abelian groups, and Ch. This
is given in [Broll] Theorem 14.8.1 for crossed complexes, which are equivalent to w-groupoids.
The explicit construction of the functors of this equivalence which we repeat here is given in §4 of
[Aral3].

Let X be an w-groupoid in abelian groups. We define a chain complex C'X whose 0 chain
group is Xo and whose n'" chain group is the kernel of d,_, : Xn = X,—1. The identity maps
1p—1: Xp—1 — X, are sections for d;,_; so

Xn = CXn S Xn—l

and we can take C'X,, as the quotient of X,, by the abelian subgroup generated by the identity cells.
Since w-functors preserve identities an w-functor determines a chain map and C' : wGpd(Ab) — Ch
defines a functor.

If X is an w-groupoid in abelian groups then the structure homomorphisms of the w-groupoid
are abelian group homomorphisms. In particular, for (z,2'), (y,y') € X,, xx, X,, with dfz = d; 2’
and dfy = d;y/

(@+y) = (@ +y) = mi((z+y,2" +y))

mi((z,2) + (y,9))
(z,
*

mi(z,2") +mi(y,y')
= (@xa)+(yny)
Hence
T4y = (v 1djx)+(1d;y % Y) = (w+1d;y) *; (1di+z+y)
soif djy = dj:z: then
(r—1lgr,) Fy=zxy (75)
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Hence the abelian group C'X,, is generated by classes of n-cells x,y € X,, subject to the relations

[z %iy] = [2] + [y]

Hence if X is a computad as an w-groupoid with set of generating n-cells S, then C'X,, is the free
abelian group generated by .5,,.
Now for a chain complex K we define an w-groupoid in abelian groups AK with group of n-cells
given by
AKn:Kn@Kn—l@@KO

so AK, = K, & AK,,_1 and source, target, and identity maps are given by
difl : (xna Tp—1,""" ,.T()) €eK,® Aanl = (xnfla c 7x0) S Aanl

n

djz_—l : (xm Tn—1,""" ,%0) cK,®AK,1 (83711 + Tn—1,- - 7x0) € AK, 1

1n—1 : («Tn—la T ,.’Eo) € AKn—l — (O,CEn_l, e 751:0) S Kn @ AKn—l

Composition is defined for 0 <m < n

($n7"' 7370) *m (yna 7?/0) = (yn+$n>"'ym+1+xm+laymy"' 73/0)

when

d;(mn, o 71:0) - (8wm+1 +1’m,xm_1, o ax[)) - (ym7 o 7y0) - d;L(yna o 7y0)

The k™ inverse of (z,,---,xg) is given by
(_!Tna oty T Im+1, a:CTrL-i-]. + Tmy Tm—1," " 5$0)

so this defines an w-groupoid in abelian groups. In [Aral3], Ara shows that these functors define
an equivalence of categories and that this equivalence respects weak equivalences.

Proposition 4.48 (|Aral3| Prop. 4.7 and 4.8). The functors C' and A define an equivalence of cat-
egories w Gpd(Ab) = Ch between w-groupoids in abelian groups and non-negative chain complexes
in abelian groups. Under this equivalence w-functors in w Gpd(Ab) that are weak equivalences of
w-groupoids correspond exactly to quasi-isomorphisms of chain complezes.

A key observation made in [Aral3] is that above degree 2 the exchange law makes an w-groupoid
already essentially abelian. The precise statement is this.

Proposition 4.49 (|Aral3| Prop. 4.5). Let X be an w-groupoid with a single 0-cell and no non-
tdentity 1-cells. Then X is an w-groupoid in abelian groups.

For n > 1 *;-composition and *g-composition are two binary operations on n-cells z,y € X,
which are compatible in the following way by the exchange law

(zx1y) %o (&' %1 y) = (xxo2") %1 (y*oy/)

The Eckmann-Hilton argument shows that these operations are the same and define an abelian
group operation on all sets of n-cells for n > 1

THY=T kY =T *1 Y
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Since the group operation on cells is determined by the w-groupoid composition all structure maps
of the w-groupoid respect it and so are abelian group homomorphisms. The structure of an w-
groupoid in abelian groups is completed by giving Xy = {*} and X; = {1.} the trivial group
structure, which is preserved by the identity maps as 1, € X,, for n > 1 is the group identity.

Recall the linearization functor A for w-categories that we described in Section [4.3] By the
discussion at the start of this section, restricting to w-groupoids and forgetting the extra structure
on the chain complex of the resulting ADC', which is anyway relatively meagre for w-groupoids,
this defines a functor A : wGpd — Ch. We will now show that this functor is the left adjoint of a
Quillen adjunction between w-groupoids and chain complexes. This is an adaptation to the case of
w-groupoids of Proposition 4.8 of [Gue21].

Proposition 4.50. There is Quillen adjunction

U

— X\
ch~ T wGpd (76)
k/
A

between w Gpd with the folk model structure and the category of non-negative chain compleres of
abelian groups with the standard model structure.

Proof. We will construct this adjunction by composing the adjunction

U
—

wGpd(Ab) T  wGpd (77)
Yo
F

between w-groupoids and w-groupoids in the category of abelian groups arising from the free-
forgetful adjunction between sets and abelian groups with the equivalence of categories

wGpd(Ab) = Ch

of Proposition [4.48] This certainly defines an adjunction, but we must show that the left adjoint is
the functor A we have described and that this adjunction is Quillen for the two model structures.

The left adjoint F' of the adjunction sends an w-groupoid X to F'(X), the w-groupoid
whose abelian group of n-cells is generated by the set X, of n-cells of X such that for xz,y € X,
with df:c =d;y

[2] *; [y] = [g *i Y]

and subject to the relations needed to make the structure homomorphisms of the w-groupoid
into abelian group homomorphisms. The functor C' : wGpd(Ab) — Ch for the equivalence of
categories of Proposition sends the w-groupoid F(X) in Ab to the chain complex with chain
groups CF (X )y = F(X)p and CF(X),, the quotient of the abelian group F(X), by the subgroup
generated by identities for all n > 0. So by CF(X) is the chain complex whose group of
n-chains is generated by classes [z] for z € X, subject to the relations

[z %i y] = [2] + [2]

Hence CF(X) = MX).
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This shows that A is a left adjoint, to show it is part of a Quillen adjunction we must show
that it preserves cofibrations and acyclic cofibrations. The w-groupoids I™ are sent to the chain
complexes

AI™") = ---0 Z ZpZ Z26Z2—— - —>726¢07Z

underlying the ADC G[n]| of Deﬁnitionm The generating cofibrations L%, : 9I" < I™ are sent
to the maps of chain complexes

A(OI™) . 0 0 ZoZ 207 —> 707

wl - |

A(I™) - 0 z ZeZ Z26Z— 77

which are cofibrations of the chain complex model structure since they are injective with quotient
having Z in degree n and 0 elsewhere. So A preserves cofibrations.

It only remains to prove that A preserves acyclic cofibrations. However, we cannot use the
characterization of generating acyclic cofibrations from Proposition because we will use this
Quillen adjunction to prove Proposition that all 55 : I"! < I™ are acyclic cofibrations. We
will instead show that A sends acyclic cofibrations to quasi-isomorphisms using the monoidal model
structure on wGpd.

Let ¢ be an acyclic cofibration in the folk model structure. Then since all w-groupoids are
fibrant in the folk model structure, there is a solution to the lifting problem

X X

7
i£2 e l
7/

y —= 10

which determines a retract r : Y — X for ¢. By the monoidal model structure for wGpd the lifting
problem

X®IIUX®611Y®8117Y

[

Y oI 10

has a solution h that determines an w-functor h making the following diagrams commute

Y
j3®Yl ior Il @ X t®X X

ey —" vy ﬂ@£ &

Y

Pre-composing with the w-functor of w-categories D' — I' that corresponds to the principal
1-cell of I' gives the same diagrams with I' replaced by D', since I° = DO, the terminal w-
category/groupoid. Since D' = v(G[1]) for G[1], the strong Steiner complex defined in Definition
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[4.19] by Proposition [£.37] applying A to these diagrams gives diagrams of chain complexes

A(Y)
A(ior) At)®A(X)
A(jé)@A(Y)l G[1] @ AM(Y) —\(X)
A(h
Gl @ A(Y) W2 AY) G[1]®)\(i)£ Jm)

A(a@)@me / Gl @ A(Y) —i AY)

AY)

where all tensor products are the tensor product of chain complexes. We observe that G[1] is
the chain complex corresponding to the simplicial abelian group Z[A!] under the Dold-Kan corre-
spondence, so these diagrams show that A(i) is a chain homotopy equivalence and so is a quasi-
isomorphism.

0

This result was the main goal of this section. We will finish off by proving a simple consequence
of the results of Ara from [Aral3| that lets us complete the proof of Proposition Recall that
by Propositions and when an w-groupoid has a unique 0-cell and no non-identity 1-cells
it is equivalent to a chain complex. The next proposition shows that up to homotopy 1-connected
w-groupoids also behave like chain complexes.

Proposition 4.51. An w-functor between 1-connected cofibrant w-groupoids is a weak equivalence
if and only if X(f) is a quasi-isomorphism of chain complexes.

Proof. One direction is clear, since by Proposition a weak equivalence between cofibrant
w-groupoids is sent to a quasi-isomorphism. For the other direction, we will start by reducing to
the case when the source and target of the w-functor are 1-reduced computads. Let X be a simply
connected cofibrant w-groupoid. Pick an object e € Xy and consider R:X. The inclusion

fex: RIX — X

is clearly a weak equivalence, since X is simply connected. The computad replacement (RLX)* of
RIX of Lemma is 1-reduced by Lemma so (RLX)* is a cofibrant 1-reduced computad.

Furthermore, the w-functor
P

(RLX)* RIX—~X
is a weak equivalence between cofibrant w-groupoids, so it is sent to a quasi-isomorphism by .
Finally, for any w-functor f : X — Y such that X and Y are simply connected cofibrant w-groupoids
a solution to the lifting problem in the top square below exists because (R.X)* is cofibrant and
(R}(E)Y)* — R}(E)Y is an acyclic fibration.

(RéX)* - = (ler(e)y)*

]

Rf

1 1
R]X Rf(e)Y
X Y
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All vertical w-functors in this diagram are weak equivalences, so showing that (R X)* — (lep(e)Y)*

is a weak equivalence is equivalent to showing that f is. Thus we can reduce to the case of w-functors
between 1-reduced computads.

To complete the proof we must show that an w-functor between 1-reduced computads is a weak
equivalence if and only if it is sent to a quasi-isomorphism by A. Recall from Proposition that
a 1-reduced w-groupoid already has the structure of an w-groupoid in abelian groups with

TH+Y=T*xQY =T *0Y

for x,y € X,, with n > 0. The identity for the group operation on n-cells is the identity n-cell 1,
for the unique 0-cell * and the group structure on O-cells and 1-cells is the trivial group. If we apply
A to an w-groupoid with a single object and no non-identity 1-cells like this, the chain complex
we obtain has groups of n-chains for n > 2 generated by classes [z] of n-cells of X subject to the
relations

@40 9] =[] + 3]

Since the abelian group structure on X is defined using the composition we have

[z +y] = [v*1 9] = [2] + [y]

and the chain group AX, for n > 2 is given by CX,,, the n'" chain group of the chain complex
corresponding under the equivalence of categories between wGpd(Ab) and Ch of Propositionm
For 1-cells we also have AX; = CX; = 0 as there are only identity 1-cells. In the case of 0-cells
is there a subtle distinction between these two constructions, as AXy = Z, the free abelian group
with the single 0-cell of X as generator, while C Xy = 0 since X as an w-groupoid in abelian groups
has the trivial group structure on its group of 0O-cells. The map

i1:CX = \X

that is the identity above degree 0 and in degree 0 is the inclusion of the trivial group in Z is a
chain map as CX; = AX; = 0 and so the diagram

0
|
0
of abelian groups commutes. This map is a quasi-isomorphism and defines a natural transformation
i : C — X between functors C' and A restricted to the subcategory of 1-reduced w-groupoids.

By Proposition [£.49] since an w-functor f : X — Y between l-reduced w-groupoids is a weak
equivalence if and only if C'f is a quasi-isomorphism. Hence the diagram

11

0
lo
C .7

20

CX = )0\X

Cfi i)\(f)

where horizontal maps are quasi-isomorphisms shows that A\(f) is a quasi-isomorphism if and only
if f is a weak equivalence.
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0

With this tool for identifying weak equivalences we can prove that the w-functors j; for n > 1
and ¢ € {—,+} are acyclic cofibrations as was claimed in Proposition [4.41]

Proof of Prop. Let n > 1 and ¢ € {—, +}. We will show that j¢ : I"~! < I" is an acyclic
cofibration by first showing it is a cofibration between cofibrant, 1-connected w-groupoids and then
showing that A(j%) is a quasi-isomorphism. By Proposition this makes j;, a weak equivalence.

We will start with showing that this w-functor is a cofibration. The w-functors j5 for n > 1

factor as
aInfl &Oi"*1 Infl

Loinlf v(\dnelb'”

L%,

In—l (G- O AN
LOj;

where the square is a pushout, so j; is a cofibration. Furthermore, I" is cofibrant for all n > 1 as

c L% CL0i1 ‘ L%,

e I

0 10
are cofibrations.

Now we will show that I" is 1-connected for all n > 0, so we can apply Proposition All
I™ for n > 0 are connected and IY is clearly weakly contractible. For n = 1 there is no non-trivial
loop at any O-cell so 71(I') = 0. This already shows that j¢ : I° < I' is an acyclic cofibration. If
n > 1 then I{* has unique non-trivial loops at the O-cell dj ¢, given by

_ ditn Eldfe,
dy tn daan dy tn

and its inverse. But the 2-cell d, ¢, *1 k:lden gives a homotopy so that this loop is equivalent to
the identity loop in w,(X). Hence m(I"™) = 0 for all n > 1 since I™ is connected. Now let n > 1
and apply A to the w-functors j5. This gives

A1 0 0 z 2072 ——> - —>7&87Z

A(I™) 0 z ZpZ 2@ZL—— - —>Z2ZDZ
where i : Z — Z@® Z sends 1 € Z to (1,0) when € = + and to (0,1) when ¢ = —. Both chain
complexes have trivial homology except in degree 0 where Hy(A™) = Ho(AM™ 1) = Z. So this is a
quasi-isomorphism and hence by Proposition Jr is an acyclic cofibration. O

4.7 The Street Nerve-Realization Adjunction

In [Str87] Street defined a cosimplicial object in wCat consisting of w-categories called oriented
simplices. In this section we will show that the nerve-realization adjunction between wGpd and
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sSet determined by this cosimplicial object is a Quillen adjunction between wGpd with the folk
mode structure and sSet with the Kan model structure. I have not been able to find an explicit
statement for this result in literature for strict w-groupoids or crossed complexes, however it is
essentially contained in the results for crossed modules of Brown and Higgins in [BH91]. In par-
ticular, their Proposition 2.6 shows that the nerve creates weak equivalences and their Remark 2.5
shows that it preserves fibrant objects. In this section, for completeness, we will give self-contained
proofs of these results from [BH91| in the language of w-groupoids.

Street’s definition of the oriented simplices was given in terms of parity complexes, which
are structures defined to allow defining and manipulating cells of freely generated w-categories.
However, in [FM19] the authors show that not all w-categories determined by parity complexes are
computads. In [Ste04] the oriented simplices are constructed as w-categories arising from strong
Steiner complexes, which the author shows are computads. We will use this alternative definition
using ADCs to present oriented simplices here.

Recall the ADCs Z[A"] defined in Example As we show in Appendix [B| Proposition
these are strong Steiner complexes with strongly loop-free basis consisting of the chains [f] € Z[A"],,
corresponding to injective non-decreasing maps 6 : [m] < [n] in A. With the images of coface and
codegeneracy maps of the standard simplicial simplices in Ch these ADCs form a cosimplicial
object in ADC, which in turn determines a cosimplicial object in wCat by applying the functor v.
These are Street’s oriented simplices. Since the w-categories vZ[A"] are strong Steiner complexes,
the following result of Steiner shows that they are computads in wCat.

Theorem 4.52 ([Ste04] Theorem 6.1). If K is a strong Steiner complex then vK is freely generated
as a computad by its atoms.

The w-categories vZ[A"] therefore are freely generated as computads by the atoms (f) €
vZ[A"],, for 6 : [m] — [n] injective non-decreasing maps in A. In particular, there is a unique
n-atom (1p,)) € vZ[A"], corresponding to the identity map on [n] in A. The coface and code-
generacy w-functors act on atoms by composing the map in A that determines the atom with the
corresponding coface or codegeneracy map of A. Hence d’ : vZ[A"] — vZ[A™ ] for 0 <i<n+1
always sends atoms to atoms as the coface maps d' : [n] < [n + 1] are injective and non-decreasing
while st : vZ[A"] — vZ[A" Y for 0 < i < n — 1 sends some atoms to identity cells, for example

s' (L)) = (s") = L1,y

The structure of the oriented simplices arising from the results of [Ste04] is described in detail in
Appendix [B]

This cosimplicial w-category gives rise to a nerve-realization adjunction between wCat and sSet
in the usual way. The Street nerve of an w-category is the simplicial set with set of n-simplices the
set of w-functors

vZIA"] - X

The Street nerve for w-categories has been studied in detail as a way to understand the homotopy
theory of w-categories, for example in [AM14] and [Gagl8] as a potential source of a Thomason
model structure on wCat and in [Ver08|, which identifies exactly the simplicial sets that are the
Street nerves of w-categories.
Applying the functor L° : wCat — wGpd to the oriented simplices gives a cosimplicial object
in wGpd which we will denote by
o" = LoVZ|A"]
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When X is an w-groupoid, since L is left adjoint to the inclusion of wGpd in wCat we have as
n-simplices of the Street nerve
Ny(X)p ={a: 0" = X}

This defines a functor N, : wGpd — sSet, which we will call the Street nerve. Since we will
primarily be concerned with w-groupoids we will make it clear when any Street nerve is that of an
w-category rather than an w-groupoid. The main goal of this section is to study the nerve-realization
adjunction determined by the cosimplicial w-groupoid O™

— T\
wGpd T sSet (78)
\-¥C/

which we will call the Street nerve-realization adjunction. The left adjoint of the Street nerve
is the realization of a simplicial set defined in the usual way as a coend in wGpd. That is, for a
simplicial set L

neA
Cy(L) = / L, - O" = coeq |_| L,  -O" . |_|Ln -O" (79)

0:[n]—[m] n

Since L° is a left adjoint, the realization C, (L) is equal to L% applied to the corresponding w-
category realization determined by the oriented simplices vZ[A™]. To distinguish this w-category
construction from the w-groupoid construction we denote the realization of a simplicial set L as an
w-category by oriented simplices as F,(L). We can get a lot of information about the w-groupoid
Cy(L) therefore by studying the corresponding w-category realization F,(L).

This left adjoint realization functor F,, for w-categories seems to be less well-studied than the
corresponding nerve construction. In [Ver0O8] Observation 245 there is a sketch of the proof that
the realization of a simplicial set by this left adjoint is a computad, but this is based on parity
complexes, so suffers from the same uncertainty mentioned at the start of this section arising from
the results of [FM19]. We present another proof that the realization of a simplicial set is a computad
that is not based on the formalism of parity complexes.

We begin by describing the m-cells of the w-category F, (L) for a simplicial set L that will be
the m-indeterminates. By the definition of F,(L) as a coend the w-category F, (L) contains m-cells

[ € Ly, (0) € vZ[A"],)]

which are the image of (z € Ly, (0) € vZ[A"],,) € (Ly, - vZ[A™]),. These cells satisfy the following
identities as a result of the coequalizer

[dix € Ly, (0) € vZ[A")n] = [z € Lot (d' 0 0) € vZ[A™],)]
[5j2 € Ln, () € VZ[A"]m] = [v € Ln-1, (s’ 00) € vZ[A"]]
where 0 < i <mn+1and 0 < j <n— 1. Hence any such cell has a representative

[z € Lin, (1)) € VZ[A™] )]
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which is not an identity m-cell if z is non-degenerate. If z = o*(y) for a surjective map o : [m] — [p]
then this cell is the m-cell identity on the p-cell [z € Ly, (1)) € vZ[AP],] since

5i(<1[m}>) = (s') = Ly, 1) € vZ[A™ 1,

A simplicial set L is the filtered colimit of its n-skeleta for 0 < n, where the n-skeleton of L is
obtained from the n — 1-skeleton by the pushout

|_| OA" — sk 1 L
2€ND(L)n

| (30)

|_| JANLE——TLY §
meND(L)n

with ND(X), the set of non-degenerate n-simplices of L. Since F, preserves colimits we can
describe F,(L) by determining the image of the inclusion JA™ < A™ under the functor F,,.

Proposition 4.53. For all n > 0 the F,, realization of the inclusion &, : OA™ — A" is the
w-functor

vZ[OA"] — vZ[A"]
arising from the functor v of Definition applied to the ADC map Z[0y,).

Proof. The simplicial set OA™ has the property that its non-degenerate simplices correspond to
injective simplicial set maps A™ < JA™. Furthermore, Z[0A"] is a strong Steiner complex via the
restriction of the basis and its total order from Example for Z[A™]. Hence by Lemma

VZ[OA"] = colima gan) VZ[A™]
Since F,,(A™) = vZ[A™] therefore vZ[0A"] is the colimit of the diagram
F, 0 AOA™ : (A | DA™) —s wCat

where AOA™ : (A | OA™) — sSet is the canonical diagram that gives JA™ as a colimit over its
category of simplices. Since F,, is a left adjoint it preserves colimits and so F,,(0A™) = vZ[0A™].
Furthermore, vZ[d,] : vZ[0A"] — vZ][A"] is the unique w-functor corresponding to the cocone
under the diagram F,, o A’OA™ for vZ[A"], so F,,(6,) = vZ[dy)]. ]

As strong Steiner complexes, Z[0A"] and Z[A"] both give w-categories under the functor v
that are computads with m-indeterminates given by the atoms (0) € vZ[A"],, for injective non-
decreasing maps 6 : [m| < [n] in A. Hence there is a pushout of w-categories

(d_y
aD" (DA™

1n£ £ (81)

D" vZ[A"
(1))

Trphsdt (11
Ay a1 (L png)) 7

attaching the unique n-atom (1p,;) of vZ[A"], which is the only atom missing from vZ[0A"].
Combined with the previous discussion of skeleta of simplicial sets we have the following description
of F,(L) and hence C, (L), since Ly preserves computads.
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Proposition 4.54. Let L be a simplicial set. The w-category F,(L) is a computad with m-
indeterminates the m-cells
[.CC € Lm, <1[m}> € I/Z[L]m]

for x € L,, a non-degenerate m-simplex.
The w-groupoid C,(L) is a computad with a set of m-indeterminates given by the m-cells

[z € Lin, (1)) € Oy
for x € L, a non-degenerate m-simplex.

Proof. Since F,, preserves colimits there is a pushout

(dyy 1 (L))ot (L))

oD" vZ[OA"] EF,(sk" L)
£eEND(L)p £eND(L)p
o f

|| D i | | vzia™ E,(sk™ L)

2END(L)y, 2END(L),,

obtained by combining the pushouts and F, applied to (80). This attaches the n-cells [x €
L, (1)) € vZ[L]m] to the n — l-skeleton and since all n-cells of F,(L) are determined by the
n-skeleton of L in the colimit F,,(L) is a computad with n-indeterminates given by these cells.
Since L preserves colimits the description of C, (L) = L°F, (L) follows from the fact F,,(L) is
a computad. (]

For our proof that the Street nerve-realization adjunction is Quillen we will make use of the
Quillen adjunction A 4 U that was proved in the previous section in Proposition

Proposition 4.55. The Street nerve-realization adjunction is a Quillen adjunction between
w Gpd with the folk model structure and sSet with the standard Quillen model structure.

Proof. We will show that C,, preserves cofibrations and acyclic cofibrations by showing that it
sends generating sets of each of these classes to the corresponding class of w-functors. The simplicial
set cofibrations

OA™ — A"
for n > 0 are sent by C,, to the w-functors

o0" — O

where O" is the standard Street oriented simplex and 00" = L%Z[0A"] by Proposition m
Applying LY to the pushout shows that 00" — O" is a cofibration of wGpd because L
preserves pushouts and L%, : OI" < I" is a generating cofibration for the model structure on
wGpd.

Now consider the generating acyclic cofibrations A¥ < A™ of sSet for n > 1 and 0 < k < n.
The w-functors C,(AF) < C,,(A™) are sent by A to the chain maps

Z[Ay] = Z[A"]
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which are known to be quasi-isomorphisms. Hence by Proposition [£.51] it is sufficient to show that
Cu(AF) and C,(A") = O™ are 1-connected.

It is clear that O™ is 0-connected, since for all i € [n] there exists a 1-cell (0,7) : 0 — i. We will
show that 71 (O™, 0) is trivial. Take a 1-cell & € OF that is a loop at 0. It must be of the form

<07j1> . aq a2 Am—1 . k1<07]m>

0 Ji J2 e Jm 0 (82)

for m > 0 with j; # ji41 for all 1 <14 < m and where each 1-cell o : j; — ji4+1 is either (jj, jiy1) or
k'(jis1,7:;) depending on whether j; < jiy1 or j; > jir1. We will prove that these are all homotopic
to 1g : 0 — 0 by induction on m, the number of 0-cells other than 0 that the loop passes through.

If m = 0 this is clearly the identity 1-cell 19 : 0 — 0. If m = 1 then j; = j,,, and so this loop
of two 1-cells is the composite of a 1-cell and its inverse, which is again the identity 1-cell at O.
Now let m > 2 and suppose that a loop at 0 that is a composite of m 1-cells is homotopic to 1.
Consider « which is a loop at 0 and a composite of m + 1 1-cells passing through j; for 1 <¢ <m
as in (82). As m > 2 we at least have ji, jo € [n] with ji # jo. Now either ji; < j2 or ji > jo. In
the first case we have ay = (j1,72). Consider the 2-cell (0, j1,j2) : (0,72) = (0,71) *o0 (j1,72)-
Whiskering this 2-cell on the right by a; for i > 2 and k{0, j,,) gives a 2-cell

J
<0,y ﬂ \ai
0 > j2 a9 L am—1 . k1<01jm>0

<07j2 jm

The top path is «, so a belongs to the same homotopy class as another loop at 0 which is a
composite of m 1-cells. By the induction hypothesis therefore it is homotopic to 1g. If j; > js then
a1 = k'(ja,j1). Consider the 2-cell

(0, j2, 1) *0 k' (j2, j1) = (0, j2) %0 k' (j2, j1) == (0, 41)

Again whiskering by a; for i > 2 and k'(0, j,,,) gives a 2-cell

J1
(0,j1>/4 ﬂ\
0 < am—1 k1<07jm>0

aq
. a2
) J2 Jm

0,52

The top path is «, so a belongs to the same homotopy class as another loop at 0 which is a
composite m 1-cells. By the induction hypothesis therefore it is homotopic to 1.

For C,(AF) = LOovZ[0A"] if n > 2 then the map C,,(OA") — C,(A") is the identity on 0, 1,
and 2-cells, so it induces an isomorphism on fundamental groups. If n = 1 then AY = A® so it
is clear that C,,(A¥) is 1-connected. It only remains to show that C,(A%) is 1-connected for all
0 < k < 2. The simplicial set A} is 1-skeletal, so C,,(A%) has no non-identity 2-cells and its only
1-cells are two out of (0, 1), (1,2), and (0,2). So C,,(A%) is 1-connected as there are no non-identity
loops at any object and all O-cells have a 1-cell connecting them to k € [2]. 0

This proof shows that the fact that A 4 U is Quillen goes a long way to proving that the
Street nerve-realization adjunction is Quillen. The only further details to check are found in the
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restriction to the 2-groupoid truncation. The Street nerve for 2-groupoids was shown to be Quillen
by Moerdijk and Svensson in [MS93], so this result can be seen as a small generalization of that
result by the results of |[Gue2l|] that we adapted in Proposition m

Combining the Street nerve-realization adjunction with the linearization adjunction of Propo-
sition [4.50| gives an adjunction between sSet and Ch. In the next result we see that this is simply
the free-forgetful adjunction, aided by the Dold-Kan equivalence.

Proposition 4.56. The following diagram of Quillen adjunctions commutes

Nu
—
sSet T wGpd
\C'_/
Zl-1{ H |U Al A |U
r
— T
sAb T Ch
\_/
N

where N 4T is the Dold-Kan equivalence.

Proof. We will show that AC,,(L) = NZ[L] for all simplicial sets L, the right adjoints will then be
equal by uniqueness of adjoints. First we observe that AO" is the chain complex freely generated
by m-chains [f] € AO}}, corresponding to injective non-decreasing maps 6 : [m] < [n] in A. These
are the non-degenerate simplices of A™ so

AO™ = NZ[A"]

the normalized chain complex of the free simplicial abelian group on A™. Now recall the definition
of C,(L) as the coend (79). Therefore AC,,(L) is given by

neA
AC,(L) = / L, - \O"

neA
= / L, - NZ|A"]

neA
= NZ [/ Ln'A”]

= NZ[L]

since A and Z are left adjoints so they commute with colimits and N is part of an equivalence of
categories so it does as well. (]

We now have seen two notions of homotopy groups for an w-groupoid X: the algebraic definition
given in Deﬁnition using the structure of the w-groupoid and those of the simplicial set N,,(X),
which is a Kan complex since all w-groupoids are fibrant in the folk model structure and N, is a
right Quillen functor. As mentioned above, Proposition 2.6 of [BH91]| for crossed complexes shows
that these two notions give isomorphic groups. In the next result we give a proof this result in the
context of w-groupoids.

Proposition 4.57. Let X be an w-groupoid. The simplicial set N, (X) is a Kan complex and for
any 0-simplex a : O° — X of N,(X) the groups m,(Ny(X), o) are isomorphic to m,(X, 1,).
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Proof. All w-groupoids are fibrant in the folk model structure on wGpd by Theorem [4.39] so since
N,, is a right Quillen functor N, (X) is a fibrant simplicial set.

The homotopy group 7, (N (X), ) is defined in Definition 3.6 of [May67| as the quotient of
the set of n-simplices o € N,,(X),, such that d;a = s§~!(a) for all 0 <4 < n by the restriction to
this subset of the equivalence relation that identifies o, 5 : O™ — X if

1. dja=d;p for all 0 < i <n and
2. there exists v : O™ — X such that doy = «, d1y = 8 and
diy = Sp—1dicx = sp_1d;3
forall2<i<n+1
The n-simplex s§ 'a, : O" — X is the composite

(80 n—1

oL 00 2. x

which sends all atoms (0) € O to the identity m-cell 1, € X,,, on the 0O-cell z € Xy. An n-cell
a: O" - X with d;a = sg_lozw for all 0 < ¢ < n, therefore, is an w-functor that sends every
m-atom (0) € O, for m < n to the identity m-cell 1, € X,,, on x € X,,. Such an n-simplex
therefore is uniquely determined by where it sends the unique n-atom <1[n]). By Lemma since
a((d)) =1 forall0<i<n

ald, (1)) = 1o

aldy_ (1) = L

n—1

This establishes a bijection between n-simplices « : O™ — X such that d;o = 53" (o) and n-cells
z € Xy, such that d, ,z=d} z=1,.

Let v: O™ — X be an n + 1-simplex of N, (X) such that d;y = sB(a,) for all 2 <i < n+ 1.
This corresponds to an w-functor O"*! — X that sends all m-atoms (f) € O™ corresponding to
injective non-decreasing maps 6 : [m] < [n + 1] except d”, d', and 1j,, 4] to 1,. By the previous
discussion, there is a bijection between n-cells of X with source and target equal to 1, and possible
values of v(({d’)) and ~((d")). For y((1j,+1))) we have by Proposition

’Y(d;—1<1[n+1}>) = ’Y(%(ll)) *n—1 ’Y(WS’)) *p—1 " *n—1 ’Y(Wﬁftn/ﬂﬂ))

A (L)) = 1@ 2Dy g (0@ Hmr y(0)

Again by Lemma since y({d")) = 1, for all 2 <i < n+ 1 we have
Yy (L)) = (W)

’y(di_1<1[n+1]>) = ’Y(WT(IO))

Using the notation of Definition for all j € Jgﬁm we have ’y((d;>) = 1, so by Corollary [B.12

(W) = ((d")

and similarly
(@) =((d)
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Hence the cell y((1f,11))) is an n + 1-cell of X with source and target given by v({d°)) and y({d"))
respectively. Thus a simplicial homotopy between n-simplices a, 8 € N, (X),, whose faces are all
gz corresponds exactly to an n + 1-cell of X that witnesses a homotopy between n-cells a((1,))
and ﬁ(<1[n]>) of X.

Definition [4.13] of the homotopy groups of X now shows that there is a well-defined isomorphism

a: (X, 1) = T (Nu(X), ag)

that sends the class of an n-cell z € X,, with d_,z = d:{flz = 1, to the class of the n-simplex
a(z) : O" = X determined by the w-functor

z 0= 1[n]

a<z><<9>>={1 b1

We must show that this is a group homomorphism when n > 1. Let [z], [w] € m,(X,1;) and
consider [z][w] = [z *,—1 w] in the group 7, (X, 1;). We will show that [a(z *,—1 w)] = [a(2)][a(w)]
in the group structure for the homotopy group 7, (N,(X),a;). This means we must show that
a(z *p—1 w) is a filler for the horn A, ; — N, (X) determined by

dy = a(w)
d = 7
dy = «afz)

di = o 3<i<n+1

A filler for this horn would be an n + l-simplex v : O™ — X that sends (d') to 1, for all
3<i<n+1 and sends
7((do)) = =

1((d2)) = w

The n + 1-cell ¥({14+1))) € Xn41 must have its source and target consistent with the images of
these atoms. Since v((f)) = 1, for all injective non-decreasing maps 6 of A except for d°, d*, d?,

and 1p, 1) by Lemma and Corollary

W Apsr))) = V(@) #01 7(w)

= ((d®)) %1 7((dD))

= ZX¥p_1W

Wdy Lpy))) = (@)

= 7((dM))
Hence taking v({(d1)) = z#p—1 w and y((1j,41))) = Lzx,_;w defines an w-functor v : O™t — X that
makes a(z #,—1 w) a filler for the horn and hence [a(z)][a(w)] = [a(z *p—1 w)]. 0

As an immediate corollary we recover the result of [BH91| Proposition 2.6 that N, creates weak
equivalences of w-groupoids in the following sense.

Corollary 4.58. An w-functor f: X — Y in wGpd is a weak equivalence if and only if Ny (f) is
a weak equivalence of simplicial sets.
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4.8 Homotopy 2-Types and w-Groupoids

It is well-known (see for example [Sim98|) that the adjunction C,, 4 N, does not induce a Quillen
equivalence between wGpd with the folk model structure and the Kan model structure on simplicial
sets. In fact, Simpson shows that when n > 3 there is no reasonable realization functor from the
category of n-groupoids to the category of topological spaces that realizes all n-types. However, as
mentioned before, in [MS93] it is shown that 2-groupoids do model all 2-types. In this section we
will show that the adjunction C,, 4 N, is a Quillen equivalence when wGpd and sSet are localized
to ignore all homotopy data above degree 2. This is the best we can hope for out of the folk model
structure on wGpd as the next result shows. This result further extends the connections described
in [Aral3| between 1-reduced w-groupoids and chain complexes discussed in Section

Proposition 4.59. Let K be a simply-connected simplicial set. The unit map ng : K — N,C\,(K)
of the Street nerve-realization adjunction is weakly equivalent to the Hurewicz map K — UZ[K]
arising as the unit of the free-forgetful adjunction U 4 Z|—] between sSet and sAb.

Proof. Since K is simply connected for any 0-simplex = € Ky the inclusion of the simplicial subset
K, with unique 0-simplex = and only degenerate 1-simplices is a weak equivalence. Since C\, 4 N,
is a Quillen adjunction by Proposition and all simplicial sets are cofibrant and all w-groupoids
are fibrant in the folk model structure, the endofunctor N, ,C, : sSet — sSet preserves weak
equivalences. Hence we may assume that K is 1-reduced in the sense of having a unique 0-simplex
and no non-degenerate 1-simplices.

If K is 1-reduced then so is the w-groupoid C,,(K) as the 0-cells of C,,(K) are the O-simplices
of K and degenerate simplices correspond to identity cells of C,,(K). Hence by Proposition
Cy(K) has the structure of an w-groupoid in abelian groups. There is an isomorphism

Homygpa (0°, UCL(K))

Hom,,gpd(ab) F(O'), C,(K)) by the adjunction F 4 U
Homcp (CF(0°®),C(Cyu(K)) by Prop.

Homen (AMO°), C(Cu(K)) by Prop.

HomCh [ ]70( w(K>)

UT(C(Cu(K)))

UF(NZ[K])

N, (UCy(K))

1111

since C,(K) is a computad and an w-groupoid in abelian groups with generating sets of n-cells the
non-degenerate n-simplices of K. Since N 4T is an adjoint equivalence the map K — UT'(NZ[K])
is isomorphic to the unit of the free-forgetful adjunction U 4 Z[—]. ]

This shows that there is no hope of the unit map for the adjunction C,, 4 N, being a weak
equivalence for all simplicial sets K. A concrete counterexample is the sphere S? modelled as the
1-reduced simplicial set with a single 2-simplex and no non-degenerate higher simplices. The chain
complex Z[S?] has non-trivial homology in degree 2 only, while the higher homotopy groups of S?
are certainly not all 0. By [use| this unit map is a weak equivalence only for an extremely restricted
class of Eilenberg-Mac Lane spaces.

The Quillen equivalence between 2-groupoids and homotopy 2-types from [MS93| can be realized
using the Quillen adjunction C, -+ N, by localizing the model structures on sSet and wGpd.
The results of [MS93] show that the unit of this adjunction induces isomorphisms of connected
components and the first two homotopy groups.
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Proposition 4.60 (|MS93| Corollary 2.6). The unit map ng : K — N,C,(K) of the Street nerve-
realization adjunction induces isomorphisms on mw; for 0 <i < 2.

Proof. The functor W defined in [MS93] is the composite of C,, : sSet — wGpd with the smart
2-truncation functor of Definition The smart truncation functor preserves homotopy groups
in dimensions n < 2, so the claimed result follows immediately from Corollary 2.6 of [MS93]. [

Instead of truncating to 2-groupoids to recover the Quillen equivalence of 2-types with 2-
groupoids we take the approach of localizing the model structure on wGpd at w-functors that
ignore all homotopy information above degree 2. This is done by the applying the methods of
[Lacl1] §6 for sSet to wGpd. As in [Lacll] §6 let g,yo : OA™ < A™ for n > 1 be the generating
cofibration for the Kan model structure on sSet. The model structure on sSet is left proper and
cellular, so by [Hir03] Theorem 4.1.1 there exists a localization of sSet at the single map g,,, which
we will denote by P,sSet following [Lacll] §6. A simplicial set map f is a weak equivalence of
P,sSet if and only if it induces isomorphisms on 7; for all 0 < ¢ < n. We will now define the lo-
calization of wGpd that determines a model structure Quillen equivalent to P>sSet via the Street
nerve-realization adjunction.

Proposition 4.61. The left Bousfield localization of wGpd with the folk model structure at the
map Cy,(ga) : 00 — O exists. It as a model structure Pyw Gpd with

e the same cofibrations as the folk model structure on w Gpd
e fibrant objects the w-groupoids X such that 7, X =0 forn > 2

e weak equivalences the w-functors that induce isomorphisms on w, for 0 < n < 2

Proof. First, Theorems 4.2 and 4.4 of [Sau03] show that the model structure on wGpd is proper
and cellular via the equivalence [BH81b] of the category of w-groupoids with the category of crossed
complexes. Hence Theorem 4.1.1 of |[Hir03|] shows that the left Bousfield localization of wGpd at
any set of maps exist. Let PowGpd denote the left Bousfield localization of the folk model structure
at the map C,(g2) : 00* < O*. This model structure has the same cofibrations as the folk model
structure on wGpd by the definition of left Bousfield localization. By Lemma 3.3.11 and Definition
3.3.8 of |[Hir03] we can identify the fibrant objects of PowGpd by taking a cosimplicial resolution
of C,(g2) in wGpd that is also a Reedy cofibration of wGpd~.

By Corollary 16.2.2 of [Hir03| since C,, is a left Quillen functor by Proposition [4.55)it is sufficient
to take a cosimplicial resolution of go that is a Reedy cofibration in sSet® and apply C,, to it. Since
g2 : OA* — A% is a cofibration in sSet the map of cosimplicial simplicial sets

go X A® 1 AT x A® <5 At x A®

is a cosimplicial resolution of g that is also a Reedy cofibration in sSet® by Corollaries 15.9.10 and
15.9.11 of [Hir03]. By Lemma 3.3.11, therefore, an w-groupoid X is fibrant in the model structure
Py2wGpd if and only if N, (X) is fibrant in the model structure PosSet. Hence by Proposition 1.5.1
of [Hir03] and Proposition X is a Pp-fibrant w-groupoid if and only if 7,(X) = 0 for all n > 3.

Recall the truncation functor 7™ defined in Definition For an w-groupoid X the 3-truncation
has only identity n-cells for n > 3, so 7, (73(X)) = 0 for all n > 2 and so 73(X) is P,-fibrant. We
will show that for all w-groupoids X the inclusion 73(X) <+ X is a Py-weak equivalence. Recall
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the cofibrant replacement for the folk model structure on wGpd given in Lemma [£.46] This
construction builds X*, the cofibrant replacement of an w-groupoid X, by successively attaching
n-cells to cofibrant n — 1-groupoids. Hence

T(XY) = (X7) = (F(X))

using the notation of Lemma for the construction of X* as the filtered colimit of inclusions
(X*)"~t — (X*)". Furthermore the functor 73 preserves weak equivalences so if X* = X is the
cofibrant replacement of X in the folk model structure on wGpd then the diagram

TS(X*) C X*

L

B(X)—X

commutes and shows that 73(X*) is the computad replacement of 73(X). Hence we may assume
X is a computad and hence 73(X) < X is a cofibration. By Proposition 3.5.3 of [Hir03] we must
show that for every Pr-fibrant w-groupoid Y the map of homotopy classes of maps

7"'wGrpd(AXv Y) — 7"'cuGrpd(TB (X)7 Y) (83)

induced by the inclusion 73(X) < X is an isomorphism.

If Y is Py-fibrant then the natural map Y — ¢3(Y) to the cotruncation of Y is a weak equiva-
lence, since all parallel n-cells of ¢3(Y) are homotopic if n > 2 by the Definition of the cotrun-
cation functor. Hence we may assume that Y is 3-cotruncated, so the natural map Y = ¢3(Y) is
an isomorphism. Hence the map is surjective as all lifting problems

T(X) —=(Y)

]

X

have solutions by the adjointness 73 4 ¢3. It only remains to show that this map is injective. For
this we will use the fact that homy, (I',Y) is a path space for any w-groupoid Y by Proposition
[4.44] By the symmetric closed monoidal structure on wGpd and the fact that Ly is left adjoint to
the inclusion of wGpd in wCat the n-cells of homy,y (1 L Y') correspond to w-functors D'@D" - Y.
By Proposition B.1.15 of [AM20] if Y is a 2-category then all n-cells of homy,, (I',Y) are identity
cells for n > 2. Hence hom,, (I',72(Y)) is a 2-category. Since Y is P,-fibrant the natural map
Y — 72(Y) is a weak equivalence, so it is sufficient to show that

TwGpd (Xa 7_—2 (Y)) - TwGpd (7_3 (X)’ 7_—2(Y))

is injective. Since homyay (11, 72(Y')) is a path space it is sufficient to show that the lifting problems

3(X) Hhomlax(ll 72(Y))

L

XZ 72(Y) x 74(Y)
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all have solutions, which is the case because the inclusion 73(X) < X is bijection below degree 3
and 72(Y) x 72(Y') and homy,y (I', 72(Y)) are 2-categories. Hence we have showed that 73(X) < X
is a Py-weak equivalence.

Let f: X — Y be an w-functor. Consider the diagram

(X)X

Ts(f)i if

Y)Y

where the horizontal maps are Pr-weak equivalences. It is clear that f is a P»-weak equivalence
if and only if 73(f) is, but since 73(X) and 73(Y) are P,-fibrant 73(f) is a P,-weak equivalence if
and only if it is a folk weak equivalence. Hence f is a P»-weak equivalence if and only if it induces
isomorphisms on 7, for 0 < n < 2. 0

Before showing that Po,wGpd and P»sSet are Quillen equivalent via the Street nerve-realization
adjunction we will describe a fibrant replacement functor for P, wGpd. By Proposition the
w-functors i, : 0I™ — I™ are acyclic cofibrations in the model structure PowGpd when n > 4 since
they are the identity in degree 3 and below. Therefore any P,-fibrant w-groupoid has the right
lifting property against L%, for all n > 4. We claim that applying the small object argument to
the set of w-functors L%, for n > 4 gives a functorial P,-fibrant replacement of an w-groupoid X.
Let X be the w-groupoid obtained from this construction. The w-functor X — X is the transfinite
composition of w-functors

A~

XY~ XYlaer, ...~ Ync>, ...« X

obtained as the pushouts of diagrams indexed by lifting problems of L%, against Xi s xforn>4
and 7 >0

(u,0)

oI % X'
Loin£ i
" —— %

which correspond to parallel pairs of n — 1-cells u,v € Xﬁhl. In particular, X%= X and for i >0
and all pairs of parallel n — 1-cells (u,v) in X with n > 4, X+ s the pushout

|_| o —— Xt
(u,v)
L.
I—l Vil Xi—i-l

(u,)

Since PowGpd is a model category and L%, are acyclic cofibrations for all n > 4 the pushout
of the left vertical map is an acyclic cofibration. Hence the transfinite composite X — X is an
acyclic cofibration of PowGpd. By the small object argument X has the right lifting property
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against all L%, for n > 4, so all parallel pairs of n — 1-cells are homotopic when n > 4 in X. Thus
Wn(X,x) =0 for all z € Xy and all n > 3 and so X is Py-fibrant by Proposition We note
that this replacement does not change the n-cells of X for 0 <n <3, s0 X — X is the identity in
degree 3 and below.

Now we proceed with showing the promised Quillen equivalence between PowGpd and PssSet.

Proposition 4.62. The adjunction C, 4 N, is a Quillen equivalence between Pow Gpd and P>sSet.

Proof. By Theorem 3.3.20 of [Hir03] since g : A* — A% is a cofibration between cofibrant
objects of sSet the functors C,, 4 N, determine a Quillen adjunction
No,
— T\
PouwGpd T PysSet

~—k}>
Cu

The unit map nx : K — N,Cy(K) is a weak equivalence of P,sSet by Proposition 0 to show
this adjunction is a Quillen equivalence it only remains to show that IV, creates weak equivalences.
This is clear by Proposition [4.61]and Proposition [4.57]since an w-functor f is a Py-weak equivalence
if and only if it induces isomorphisms on 7, for 0 < n < 2. m

It is clear from these results that the smart 2-truncation adjunction of Definition

1
—

2Gpd T PwGpd

~—o»)V
=2

-
where 2Gpd is the category of 2-groupoids with the model structure of Theorem 1.2 of [MS93] is
a Quillen equivalence. Composing this adjunction with that of Proposition gives the Quillen
equivalence of [MS93| Corollary 2.6.

5 Monoids in w-Groupoids

In this chapter we will use a model based in w-groupoids for the homotopy theory of 2-types of
monoids and their group completions to calculate the first derived functor of group completion of a
monoid M. By Proposition therefore, we will have calculated mo(BM), the second homotopy
group of the classifying space of M. In the previous chapter we showed that strict w-groupoids only
model all homotopy 2-types of spaces, so this seems to be the limit of this approach to calculating
homotopy groups of BM.

The connection of strict w-groupoids with the homotopy theory of monoids comes from the
Street nerve, which we saw in Section [£.7] determines a Quillen adjunction with the category of
simplicial sets. We will show that this nerve is lax monoidal for the Gray tensor product, so that
the Street nerve extends to a Quillen adjunction between monoids for the Gray tensor product
on strict w-groupoids and simplicial monoids. For 2-types we show that this monoid Street nerve
adjunction is also a Quillen equivalence, using the localized Quillen equivalence proved in Section
From this equivalence we can calculate the first derived functor of group completion using
monoids in strict w-groupoids. Our formula for 7o (BM) is based on this calculation and the theory
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of rewriting systems for monoids, which obtains homotopy invariants from the data of a presentation
of a monoid M by generators and relations. This formula is reminiscent of the Hopf formula for
the second group homology group, so we call it a Hopf formula for mo(BM).

5.1 Gray Monoids and Gray Groups

In this section we will define the categories of Gray monoids, which are monoids in the category
wGpd with the Gray tensor product, and of Gray groups, which are Gray monoids with an extra
invertibility condition. We will show that these categories have model structures determined by
the folk model structure on wGpd and that there is a left Quillen group completion functor that
is left adjoint to the inclusion of Gray groups into Gray monoids. In the next section we will use
the Street nerve to show that these Gray monoids and groups with these model structures form
models of truncated homotopy types of simplicial monoids and their group completions.

Recall that Theorem [4.43] (coming from §6 of [AL20]) shows that the folk model structure on
wGpd is a monoidal model structure for the Gray tensor product. Proposition 6.23 and remark 6.24
of [AL20] show that wGpd with the folk model structure satisfies the monoid axiom (Definition 3.3
of |[SS00]) which requires that transfinite compositions of tensor products of an w-groupoid with an
acyclic cofibration are weak equivalences. This allows the results of [SS00] to be applied to transfer
the folk model structure of wGpd along the free-forgetful adjunction to the category of monoids
for the Gray tensor product on wGpd

Fg
<~ T
Mong (wGpd) L wGpd
e
U

We will call such monoids Gray monoids, extending the name for monoids in the category of 2-
groupoids with the Gray tensor product. The category of these monoids with the model structure
transferred along this adjunction will be denoted by Gray.

Definition 5.1. The category Gray of Gray monoids is a cofibrantly generated model category
with

o weak equivalences the monoid w-functors f : M — N that are sent to weak equivalences in
wGpd by the forgetful functor U : Gray — wGpd

e generating cofibrations the monoid w-functors
Fg(L%,) : Fo(0I™) < Fg(I™)
forn >0
e generating acyclic cofibrations the monoid w-functors
Fg(jy) : Fe(I"™1) < Fg(I™)

form > 1 and for either choice of € € {—,+}

171



A Gray monoid M is an w-groupoid with a multiplication w-functor m : M @ M — M and
a unit w-functor e : I — M that satisfy the usual monoid identities. By Lemma 0-cells of
M ® M are pairs m®@m/’ of O-cells m, m’ € My. Hence on 0-cells, a Gray monoid has the structure of
an ordinary monoid in Set. We can extend this ordinary multiplication of 0-cells of a Gray monoid
to an action of O-cells on n-cells for n > 0 from the left and right by restricting the multiplication
w-functor m to the 0-cells of M in one entry

MyxM=My@M“—> M@ MM
We will denote the left and right actions of a 0-cell x € My on an n-cell a € M,, by
z-a=m(ly ®a) a-z=m(a® 1)

We observe that this action respects the structure maps of the w-groupoid M, so for 0 < i < n and
ee{—,+}

di(x-a)=x-a x-(axb)=(x-a)*(x-y) lpg =21,

If n = 0 then the action coincides with the multiplication of the monoid Mj of 0O-cells.
When the monoid of 0-cells My of a Gray monoid M is a group we will say that M is a Gray

group.
Definition 5.2. A Gray monoid is a Gray group if its ordinary monoid of 0-cells is a group.

We will denote by GrayGp the full subcategory of Gray on Gray groups. The inclusion of
GrayGp in Gray has a left adjoint L : Gray — GrayGp which sends a Gray monoid M to the
pushout in Gray

My —— LM,

[

M — LM

where LMy is the group completion of the Set monoid of 0-cells of M.

We can construct a path space for Gray monoids using the path space construction of Proposi-
tion by putting a Gray monoid structure on homy, (I*, M) when M is a Gray monoid. To do
this, we follow the example of the path space for differential graded algebras, which are monoids
for the chain complex tensor product, as discussed in §5 of [SS00].

Proposition 5.3. Let M be a Gray monoid. The w-groupoid homy., (I', M) is a Gray monoid and
a path space for the model structure on Gray.

Proof. Let M be a Gray monoid. We will show that the factorization of Definition .44 for M is
a diagram of Gray monoids and w-functors that preserve Gray monoid structures. For simplicity
we will denote the path space for an w-groupoid M by

MT = homyay (I, M)

We begin by describing the Gray monoid structure on the w-groupoid M. Let m : MM — M
be the multiplication for the Gray monoid M. We define the multiplication p : M @ M — M!
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on M' by the adjoint of the map fi: I' ® (M! ® M!) — M given by the following composite

s@(MIeoMT)
_—

Il®(MI®MI) (Il®11)®(MI®MI)L>(II®MI)®(11®M1)
l‘?%{@‘fg\%
) Mo M
lm
M

This w-functor ji : I' ® (M! ® M!) — M involves the following w-functors

e the counit 6% : I'® M — M for the adjunction I' ® — - homyay (1!, —) of the monoidal
structure on wGpd

o s:I' - I'®I" is the w-functor corresponding to the 1 source of the unique 2-cell of D' @ D!

0®ai*xga1®1
pl =107 Dl g DY

| e

It I'e It

where 7 is the unit of the adjunction L - I with I the inclusion of wGpd in wCat

o v:(I'eMe (M oM — (I'wM!)® (I' @ M!) is composed of the following components
of the natural transformations that define the symmetric monoidal structure on wGpd

Moo WM oM)S'e (e (M @ M)
No(@e WM eoM) 'S 'e (e M) oM
Ne@eoMHYeM "' Me M 1Y) o M!
e M o e M 1ga~! e M oI e M)
oM eI M) S (Mo Mo (I'e M)

where c is the symmetry natural isomorphism and « is the associativity natural isomorphism
for the Gray tensor product on wGpd.

Identity and associativity hold for M’ by the corresponding properties for M. For associativity, in

the following diagrams the top paths are the adjoints of po (u® 1) o and po (1 ® p) respectively
under the adjunction I' ® — 4 homy,, (I*, —)
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1®a

e (M o (M o M) e (M o M)eME G TP (M! @ M)
s®1l s®1 1®p
11®Il®(MI (MI(X)MI)) 11®Il ((MI®MI)®MI) Il®MI
/ 1@(ue1) s®1
(Il®<MI®MI))®(Il®MI) Il®fl®(MI®MI)
(s®1)®1 % v
(Moo M eMh) e ' M) (I'e M) e ("o M)
7®1 e (85)
("'oMY e [I'eMY)) e (I e M) % @1
(52§ @1
(Mo M) (I'eo M) — M@ (I' ® MT)
10 10e$;
(Mo M) M e M®Mm/,M
M® (Mo M) o Mo M
e (M o (M @ M) 18(1®u) e (M @ M)
s®1 1®up
I1®Il®(MI®(MI®MI)) Il®MI
. W) s®1
(I1®MI)®(II®(MI®MI)) [1®I1®(MI®MI)
19(s®1) W) v
MoMo(TeolMe M oMY IT*oM)e (I e M) (86)
1®y e,
(reMhe(I'e M) e (I'e M) 1@,
10(e5®e$))
(I'e M) ® (Mo M) = (I'e Mo M
e§®1 e§®1
M® (Mo M) o Mo M — M

Now we must show that the two bottom paths of these diagrams are equal. For this composite,
omitting m o (1 ® m) which occurs at the end of both paths, is given by the left-most path of the
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following diagram.

Il®(MI®(MI®M[))
s®1
(Moo M (Mo M) (TeMel')e (M e (M M)
1R 1®a
(oM e (M eM)e M) (e M e M) e (M e M) e M)
Y il
(e (M o M) o (I'e MY (1 e 1) e (M @ M) ® (I' @ M)
Y®1
(MFeMHe(I'e M) (I e M)

(s®1)®1
—_—

(a%@a%)@a%% (II®MI)®((11®MI)®(11®MI))

z—:%@(s%@s%})

M®(M®M)

(M & M)® M

«

The bottom path of (86), again omitting mo (1®@m), is the left-most path of the following diagram

Il ®(MI®(MI®M[))
s®1
oo M oM oM ) N (M e M) e M e (M e M)
ol
(oMo I'e (M eM")

1®(s®1) v

(e M)e ((I'e ') (M o M)
1®y
(I'e Mo (I' e MY e (I' @ MT))
10(e$,®e$))
(I'e M) ® (Mo M)
e$ o1

M® (M M)

Finally coherence for symmetric monoidal categories gives that the following diagram commutes
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and this completes the associativity identity.

(FeMel')e (M e (M M)

c®1
1Qa
(T'eMeI')e (M e M) e M) e (I'el')e (M e (M M)
Y
(Moo M oMo' eM) v
Y®1
(e M) (I'e M) ® (It MT) oMo (I'e ') (Mo M)
’ 1®y

(e Mo (I'ew M) e (I' @ MT))

The identity w-functor e/ : 19 — M7 is determined by the 1-cell 1. € M; which is the identity
on the O-cell e : I — M determined by identity w-functor for the Gray monoid M. The adjoint
w-functor & : I' ® I° — M determined by the adjunction I' ® — 4 homya (I, —) is the composite

Pt 2L g M

where the first w-functor is the unique map to the terminal w-groupoid I°. The left identity
property for this unit w-functor follows from the fact that e is a unit for M as a Gray monoid.
In the following diagram the top right path is the adjoint of o (e ® 1) under the adjunction
I' ® — 4 homy, (I, —).

I
Il®(IO®MI) 1®(e’®1) Il®(MI®MI)&>Il®MI
s®1 s®1
1 Il IO M[ Il Il MI M[
(Mo e o M) ———(I'e 1) o (M © M)
v o’ 5%
1 IO Il MI Il MI Il MI
("o 106 (1'e M) ———(I'e M) & (I' © M)
I®1 e%@s%
0 1 1
Pe (It MY e Mo M — M
1®5<1%1
oM Am

The bottom left path of this diagram is the bottom left path of the next commutative diagram and
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the top right path is the adjoint of Ay;r, so this proves the left identity condition.

Il®(IO®MI)

s®1

A1
|
Mem e e M) 5 (10 g 1Yy e (190 M)
Y Y
(Il ®IO) ® (Il ®MI) ('®1)®1 (IO ®IO) ® (Il ®MI)
)\Io®1
" (I'e M) e M!
AT
1®5(1§€4 55\8}
oM M
AMm

The right identity condition follows from the same arguments.

Hence homy,, (I', M) is a Gray monoid. Now we must show that the w-functors 73, and 5, for
e € {—,+} of Definition are Gray monoid w-functors. We start with 75y = homp. (!, M) by
showing that the following diagram commutes.

M@ M 22EDL T @ MT
ml iu (87)
I
M—————M
Applying the adjoint gives a diagram
e (MeM) — 20 ng ol em)y 22 peMm!
s®1 s®1

1o 7l 1®(M®TM) 11 o 71 I I

oM MeoM)— (1" ") @ (M @ M)
¥ ¥ %
(I'e M) @ (I' o My E2UE0 1 oyl @ (1' o M)
(e M)®(!©M) e @

0 0

I"eoM)® (I°® M) NS M® M — M

where A is the natural isomorphism for the unit condition on I°. The bottom left square of this
diagram commutes because Tas : M — M is the internal composition w-functor for the internal
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hom of wGpd when we observe that
M = homyay (1Y, I°) ® homyay (19, M)

Now consider the following diagram, where the lower left path is the same as the lower left path of
the above square.

I'e (M e M) o1
s®1l \

I'eI')o (Mo M) (IPI%®MeM)——I'® (M & M)

(Iohel 10
Vl lV lAA4®A4
1 1 0 0

Hence the adjoint of the top path in (5.1) mo (!® (M ® M)) which is the adjoint of 737 o m as well
by the following diagram.

e (MeM)22% e 22 g M!

o] o lM

0 0
PeMeM)—=I1"9M M

M

AMoM

Mo M
This w-functor also respects the identity. The diagram
=M
N
EI
M[

commutes since 7j7 sends a O-cell of M to the 0-cell of M that corresponds to the identity 1-cell
on it.

Finally we must show that the w-functors 7§, of Deﬁnition are also Gray monoid w-functors.
First we will show that the following diagram commutes.

Mo M TE

MJ/ lm (88)
M! M

M

where 7§, = homyax (j§, M) : MY — M is the w-functor of Definition [4.44] The following diagram
shows that this does commute, where we are using the notation homy., (11, X) = X! generally.
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£ 1>
Tu®T

Mg M! M® M
(I'® (M ® M))!
Ml gl \Lhomlax(jle)

homya (I, ' ® (75, ®7Y,)) I'® (M ® M)

I®1

(I'® (MT e M1)! _ e (Mo MY ——

7T11®(M®M) |®(7TM®7TM)

homy,y (It,5®1) s®1 \L)\I()l@l
II®II®M]®MII II®II®MI®MI

(More M (a5 Voo
homyay (1*,7) v l'y

(I"eMe(I'eM")L (oMo (It e M) - (I'e M)e (I"© M)

(IleM)®(IloM) M T
homlax(11,5%4®5‘1%1) 5%1®E(J%IM/
(M ® M)I Mo M AN @A)

£
TM@M

% (M ® M)

(I°® 1% ® (M@ M)

homya, (I1,m) m

M M

1>
M

Finally, w5, also respects the identity because s does and 7, is a retract of 7.
O

This path space construction allows us to define a model structure on the subcategory of Gray
groups in Gray that is transferred via the inclusion adjunction. This is inspired by the approach of
[Lacl1| to proving a model structure for groupoids enriched in 2Gpd with the Gray tensor product.

Proposition 5.4. The category GrayGp has a model structure transferred from Gray by the

adjunction

L
= T

GrayGp L Gray
~ @@
I

With this model structure on GrayGp this adjunction is a Quillen adjunction.

Proof. The model structure on Gray is transferred from wGpd by the free-forgetful monoid ad-
junction, so the transferred model structure for GrayGp will have fibrations and weak equivalences
the Gray monoid w-functors that are fibrations and weak equivalences respectively as w-functors
in the folk model structure in wGpd. We will temporarily refer to such Gray monoid w-functors
between Gray groups as transferred fibrations and transferred weak equivalences until we
have shown that they are in fact fibrations and weak equivalences of a model structure. To show
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this we must show that Gray monoid w-functors between Gray groups that have the left lifting
property against all transferred fibrations of GrayGp are transferred weak equivalences. For this
we will use the path space construction of Proposition We begin by showing that the path
space of Gray group is a Gray group.

Let M be a Gray group. The 0-cells of homy,, (I', M) are the w-functors a : I' — M, which in
turn correspond to 1-cells a : * — y of M. Multiplication of 0-cells is given by

(a:x—y) (b:w—2)=(a-w)* (y-b)

Given a 1-cell a : x — y its inverse in (M7)g is the 1-cell

al=y i kla a7t it 5yt

since 2y n ()
= ((y7! kla ) z) % (yta)
(y~ - kla)= (y~'-a)

- 1,

a-at = (a-z7H*x (y-at)
= (a-a ) (y (v ' kla-z™h)
= (a-27 Y% (a-271)
- 1,

Hence if M is a Gray group then so is M.

Now we can adapt the argument of [Qui73| §II that was also used by [SS00|] in the proof of
Lemma 2.3. This argument uses the path space fibration of GrayGp to show that any Gray monoid
w-functor between Gray groups with the left lifting property against all transferred fibrations of
GrayGp is a transferred weak equivalence. Let f : M — N be a Gray monoid w-functor between
Gray groups that has the left lifting property against transferred fibrations. All Gray groups are
transferred fibrant so the lift of the following diagram gives a retract for f

M——M
7
|7
Ve
N—s1IC
Now consider the diagram
N-—LoN_—T NI
_7

e
M= M x M

(1n,for)

The outer square commutes by the fact that ro f = 13y and mpy oy = A : M — M x M by
Proposition This is a diagram of Gray groups and mys is a transferred fibration so there exists
a lift H by the condition on f. The w-functor H makes f an isomorphism in the homotopy category
of wGpd, so it is a transferred weak equivalence. ]

In the next section, we consider how the monoidal structure of wGpd interacts with the Street
nerve functor and establish a Quillen adjunction between the categories of monoids in wGpd and
in sSet.
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5.2 Street Nerves of Gray Monoids and Groups

To extend the Quillen adjunction C, 4 N, to Gray we must understand how the functor N,
interacts with the Gray tensor product. We will show that N, is lax monoidal for the Gray tensor
product, so it determines a functor N, : Gray — sMon to the category of simplicial monoids.
We will also show that the Street nerve of a Gray monoid is a simplicial group if and only if it
is a Gray group, and the group completion functor we defined in Proposition commutes with
the nerve to give the group completion functor for simplicial monoids defined in Section [3.7 We
will show that the Street nerve has these properties by constructing an w-groupoid analogue of
the Alexander-Whitney map of chain complexes. We start by defining some necessary maps of the
simplex category A.

Definition 5.5. Let p,q > 0. Define non-decreasing injective maps 779 and 17?7 of A by

™ [pl = [p+dq] uPt: gl = [p+dl
i i i = i+p
The maps ¢ and 1P¢ are the inclusions of the first p + 1 elements or the last ¢ + 1 elements of
[p + ¢q] respectively. Hence we have
P = qPtdogpta—lo. ..o grt!

WPt = gplodph26...0d0

We can also express these maps by simply listing the elements of the image of the injective non-
decreasing map in [p + ¢, so

—I-I—paq:012...p _u_pvq:pp_f_lp_i_q

Definition 5.6 ([May67] 29.7, [Mac63] VIII 8.5). The Alexzander- Whitney maps on chain complezes
are maps

AW . Z[A" x A"] — Z[A"] @ Z[A"]

where the chain complexes appearing are the normalized chain complexes of simplicial sets. These
maps are given by

ZIA" x A" = Z[A"] @ Z|A]

[0:[m] = [n),e:ml =] = > [Bor:[p] =[] ®[por??: [q] = [n]]
ptg=m

As is shown in [SS03| §2.3, the Alexander-Whitney maps are co-lax monoidal for the tensor
product of chain complexes and the tensor product of simplicial abelian groups. This holds as

Z[A" x A"] = N(Fa,(A") ®@sab Fan(A™))

where N : sAb — Ch is the normalization functor, Fy;, : sSet — sAb is the free abelian group
functor, and ®gap is the degree-wise tensor product for simplicial abelian groups. This co-lax
monoidal structure determines a natural transformation

['(C) ®sap (D) — T'(C ® D) (89)
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for chain complexes C' and D, with I' : Ch — sAb the right adjoint to the normalization functor,
which is determined by
P(C)n = HomCh(Z[A”], C)

The tensor product I'(C) ®sap I'(C) is the simplicial abelian group with group of n-simplices
generated by pairs
(c:Z[A"] - C)® (d: Z[A"] — D)

The natural transformation sends such a pair to the chain map

z[an] 2B Zian w An) AW L ZiAn @ z[an] 2L 0o D

We note the very clear similarity between the functor I' of the Dold-Kan equivalence and the Street
nerve that arises from the definition O™ = LovZ][A"]. These functors are both nerves determined
by the cosimplicial chain complex Z[A"]

N, (X) = Homugpa(O®, X) I(C) = Homen(Z[A®], X)

To obtain a similar natural transformation for a lax monoidal structure on the Street nerve with
respect to the Gray tensor product we will need an w-groupoid version of the Alexander-Whitney
map.

We have a tool for obtaining w-categories and functors from chain complexes: Steiner’s functor
v ([Ste04]) as defined in Definition Both Z[A™ x A™] and Z[A"] ® Z[A"] are strong Steiner
complexes and the Alexander-Whitney map on chain complexes determines an ADC map between
them. By the definition above it sends elements of the submonoids N[A™ x A"],, to elements of
the submonoids

(Z[A"M @ Z[A" )y, = {0 : ] = )@ (p:lgd = ) [ p+a=m} < E Z[Ap x AY]
ptg=m

where (Z[A"|QZ[A™]),, = D
augmentations as 700 = Lo = ™" so it is the identity on 0-chains.

Now A™ x A" is the nerve of a poset, so the same analysis that determines the total order
on elements of the basis of Z[A"] as a strong Steiner complex determines a partial order on basis
elements of Z[A™ x A™]. Thus Z[A"™ x A"] is a strong Steiner complex with the canonical basis.
Furthermore non-degenerate m-simplices of A™ x A™ are determined by their 0-simplices, so they

correspond to injective maps A™ — A™ x A™. So by Lemma we have

pra=m Z[ApxA7]. Furthermore, the Alexander-Whitney map respects

VZ[A" X A"] = colima anxany VZ[A™] = F,(A" x A™)
By the definition of the tensor product in Theorem
V(ZIA"] @ Z[A™) = W(Z[A™) & v(Z]AT)
Hence applying v to AWCP determines an w-functor
V(AWCR) : F (A" x A™) — v(Z[A"]) ® v(Z[A™])

Applying L, the left adjoint to the inclusion of wGpd in wCat gives the Alexander-Whitney
w-functor.
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Definition 5.7. The Alexander-Whitney w-functor is

AW = Lov(AW ) : C (A" x A™) — O™ @ O"

Note that when X is an w-groupoid by [AL20] Proposition 6.12 the w-categories
homya(V(Z[A"]), X) homgpiex (#(Z[A™]), X)
are w-groupoids, so by the closed monoidal structure on wCat
LY(v(Z[A"]) ® v(Z[A™])) = O" @ O"

When n = 0 this is the identity w-functor as C,(A? x A%) = O° @ OY. The first non-trivial case
is when n = 1. The Alexander-Whitney map on chain complexes sends [1}3), 1] € Z[A' x Ay to
the sum

Sl > M@ [ > (1) = [t (1] = 1))@ W [0] 1]
p+q=1

= [01] ® [1] + [0] ® [01]

since TH! = 1p = ut, 70 = d', and 1M = d°. The w-functor v(AWCR) therefore sends

<1[1], 1[1]> € IJZ[Al X Al]l to

):<0®01>*0 01®1)

0®0 0®01+01®1
11 0®01+01®1

We observe that O! = I'' and so composing the diagonal w-functor C,,(A) : O! = C,(A! x Al)
gives the w-functor s : I' — I' ® I' we used in defining the Gray monoid structure on M’ in the
proof of Proposition [5.3

This w-functor AW was defined in [Ver08] Theorem 255, where Verity shows that the w-functor

F (A" x A") — vZ[A"] @ vZ|A"]

is the universal map for the collapse of certain cells of F,(A™ x A™) to identities.
We now show that these w-functors make N, lax monoidal for the Gray tensor product.

Proposition 5.8. The Street nerve functor N, : wGpd — sSet is lax monoidal for the Gray tensor
product and the cartesian product on simplicial sets.

Proof. The Gray tensor unit of wGpd is IY, the terminal w-groupoid so N, (I°) = A?, the
terminal simplicial set, which is the unit for the cartesian product. Now we must define a natural
transformation

pX7y : Nw(X) X Nw(Y) — Nw<X &® Y)

We will do this using the w-functors

AW 1 Cy(A™ x A™) — O" @ O™
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for all n > 0. An n-simplex of N,(X) x N,(Y) is a pair
(x: 0" = X,y: 0" =Y)
of w-functors. The simplicial set map pxy sends such a pair to the w-functor

0n B o an x Any A on g on TP x gy

which is an n-simplex of N, (X ® Y). This is a simplicial set map as for 6 : [m] — [n] a non-
decreasing map in A the diagram

w(A
on 8L o (An x AmY AW, on g on
e*l Cw(e*xe*)l 9*®e*l o

(OnlEgC§SCLAZXm/Xzﬁng‘ia;?(onl@ﬁcjm

0" ()©6" (y) XV

commutes. ]

If M is a Gray monoid, therefore, then N, (M) has the structure of a simplicial monoid with
multiplication given by the simplicial set map
N,
N (M) x N,(M) 222 Ny (M @ M) Nom) Ny, (M) (90)
The Street nerve therefore determines a functor N, : Gray — sMon. By the general discussion
for lax monoidal right adjoints of §3.3 of |[SS03] there exists a left adjoint C2 : sMon — Gray to

N, since wGpd has colimits and a free-forgetful adjunction with Gray. This is the functor C%
that acts on a simplicial monoid by taking the coequalizer in Gray

5%®ch(X)°F®W
FeCLUFLU(X) FeCLU(X)
FgCuU(ex)

C3(X)

where Fg : wGpd — Gray and Fy : sSet — sMon are the free monoid functors left adjoint to the
respective forgetful functors, ¥ : UFgy — 1 and €* : UFy — 1 are the counits of the free-forgetful
adjunctions, and ¢ : C,LUFU(X) = UFgC,U(X) is the w-functor

CL(URUX) = | | CLUX") =2 | | CLUX®") = UFCLU(X)
n>0 n>0

determined by the w-functors ¢ : C,(UX x UX) — C,UX ® C,UX that are adjoint to

UX x UX —2XXUX . N CLU(X) x NoCLU(X) -2 N (CLU(X) ® CLU(X))

The adjunction
Ny

Gray T  sMon



is a Quillen adjunction for the transferred model structures since fibrations and weak equivalences
of Gray and sMon are created by the forgetful functors to wGpd and sSet and N, preserves
fibrations and weak equivalences of wGpd.

By the general results for adjunctions with lax-monoidal right adjoints of [SS03| §3 the adjunc-
tion C¥ 4 N, makes the following square of adjunctions commute

No
—
Gray T sMon
~_
cg
Ul F |Fe Ul F | Fx (91)

No
— .
wGpd T sSet
~_
Cu

In particular, for a simplicial set K, FC,(K) = C2Fy(K). Since UN,C®(X) = N,UC2(X)
we can apply the forgetful functor to the simplicial monoid map nx from the unit of the adjunction
C® - N,, to obtain a simplicial set map

Unx :UX — UN,C2(X) = N, UCZ(X)
The adjoint of this simplicial set map for the adjunction C,, 4 N,, is an w-functor
xx : Cu(UX) - UC2(X)

We will show later in Section[5.3]that for a class of almost cofibrant simplicial monoids this w-functor
is a weak equivalence. For now we observe that on O-cells this w-functor is always a bijection.

Lemma 5.9. If X is a simplicial monoid then the monoid CZ(X)g is equal to Xp.

Proof. The truncation construction of Definition [4.5| determines a functor 7 : Gray — Mon that
has a right adjoint sending a monoid M to the discrete Gray monoid on M. Hence 79 preserves
colimits and so CZ(X)y is the coequalizer in the category of monoids

€ U(X0)
F UFLU(Xo) F U(Xo) —= Xo
FXU(a)X(O)
since for a Gray monoid X, Fig(X)p is the free monoid on Xy and C,(X)o = Xp. ]

If M is a Gray monoid we will denote the multiplication of n-simplices of the simplicial monoid
N, (M) given by above by a- 5 for a, 5 : O™ — M € N, (M),. Recall we used similar notation
for the action of the monoid of 0-cells on n-cells in a Gray monoid M at the start of Section [5.1
This is justified by the fact that 0-simplices z : O° — M of N, (M) are the same as O-cells = € M
of M and for o : O™ — M an n-simplex of N, (M) the n-simplex sj(x)- o : O™ — M is determined
by the action of x € My on « in the following way

(sg(x) - a)((0)) = = - a((0)) € My
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for all (#) € OF,. A similar identity holds for multiplication on the right. In particular, the monoid
structure on the set of 0-simplices is exactly the monoid structure on the set of 0-cells of the Gray
monoid.

When M is a Gray group we can show that all simplices of N, (M) have multiplicative inverses,
so that N, (M) is a simplicial group. The key step for proving this will be reducing to a special
case as described in Appendix [C]in Lemma

Proposition 5.10. Let M be a Gray monoid. The nerve Ny,(M) is a simplicial group if and only
if M is a Gray group.

Proof. One direction is clear, since for n = 0 the Alexander-Whitney w-functor is an identity so
the monoid structure on 0-simplices of N, (M) is the same as the monoid structure on the set of
O-cells My. Hence if N, (M) is a simplicial group then My is a group and so M is a Gray group.

Let M be a Gray group. We will show by induction on n > 0 that the monoids N, (M),, of
n-simplices are groups. For n = 0 this holds by the identification of My with N, (M) described
above. Let n =1 and o : O' — M be a 1-simplex of N,,(M). The Alexander-Whitney w-functor
sends Cw(A)(<1[1]>) = <(1[1}, 1m)> € Cw(Al X Al) to

(0® 1) o (I @ 1) € (0' ® O'),
Hence for any 3 : O' — M the product - 3 in the monoid of 1-simplices N,,(M); is the 1-simplex

Cu(A
0t B o (AL Al A 0t g o1 2L o M
This corresponds to the l-simplex (so(dy 8) - @) *o (B - so(df@)) € Mj. Hence the inverse of
o € Ny(M); is the 1-simplex o' : O — M determined by the image of (1f;)) which is the 1-cell

- -1 31 + -1, ;- -1 + 1
dya " -k'a-dyja :dyo " —dja

As noted above this is the w-functor s : I* — I' ® I' used in defining the multiplication structure
on M7 in Proposition

Now let n > 1 and suppose that N, (M), is a group for all m < n. Let a : O™ — M be an
n-simplex of N, (M). We will start by showing that without loss of generality we may assume that
foralll <i<nd,a= 38_1(6), the multiplicative identity for the monoid of n — 1-simplices. By the
induction hypothesis there exist multiplicative inverses in N, (M), —1 for all the faces of . Define

Q) = sn_l(dnofl) o'

and forall0 <i<n
Q) = Sifl(dia&il)) COU(i11)
Hence
dnQ(ny = dnsn—1(dpa™t) - dya
= dya ! dyo
57(e)

Now let ¢ > 0 and assume that djo 1) = 8871(6) foralli+1<j<mn. Thenfori<j<n

djOé(i) = djsi_l(dia&}rl)) . djoz(iﬂ)
= si_l(dj_ldia&l_l)) . 88_1(6)
= Sifl(didjaéll))

so (e)
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and
dzOé(Z) = dSz 1(d a(z 1)) d-a(i_l)

= (1 1) ~diaio)

Hence a(1) has dija(;) = 8871(6) for all 0 < ¢ < n. Since the degenerate n-simplices used to obtain
a(1y from a have inverses by the induction hypothesis, to show a has a multiplicative inverse it
is sufficient to show that a(;) has an inverse. We will now show that when d;a = sp~t(e) for all
1 <% < n we are in the special case of Lemma and in this case a has a multiplicative inverse.

Let 0 : [m] — [n] be an injective non-decreasing map of A with 1 < m < n — 1 or such that
m =mn —1 and #(0) = 0. Then there exists 0 < i < n such that § = d’ 0§ with ¢ : [m] < [n — 1]
an injective non-decreasing map. Hence

a((8)) = 0*&5
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Since m > 1 this means that «((i)) = e for all ¢ € [n]. This means that « is an n-simplex of the
special case given in Lemmal[C.I] We will now construct the inverse of «. The simplex a determines
a(<1[n}>) € M, with

(1)) = 1e dy_a((L) = a((d)

by Lemma since a((0)) = 1, for all § : [m] < [n] injective non-decreasing maps with m < n—1
and a({d")) = 1. for all 0 < i < n where

1"~ /2]
dy_ (L) = D (@) mod (UZ[A™)n—2
i=0
in O™ by Proposition Define an n-simplex o' : O™ — M of N, (M) that acts on m-atoms of
O" by
e m =20
1. 1<m<n—lorf=dfor0<i<n
Ela((d®) 6 =d°
a((1) 0=1p,
This is a well-defined w-functor O™ — M by Lemma and Proposition This determines a

multiplicative inverse for a by Lemma since ' is an n-simplex satisfying the conditions of this
lemma, so o/ - a((f)) =1, for 1 <mand m <n—1orm=n—1and (0) =0 and

a-d((0) = (( )) *0 a((6))
= Kkla((0)) *o a((0))
— 16

o ((0)) =

when 6 = d° or 1. Hence a - o’ = sg(e) and similarly for o o/. Hence o' is a multiplicative
inverse for a. ]
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The Street nerve and Gray group completion therefore commute with the group completion
functor for simplicial monoids as in the following diagram.

Ny,
— X
Gray T sMon
\_/
cs
L| A i L| A i (92)
Ny,
— T

In the next section we will describe localizations of these model categories that make the horizontal
adjunctions Quillen equivalences.

5.3 Homotopy 2-Types and Gray Monoids

In this section we extend the Quillen equivalence of Proposition to homotopy types of simplicial
and Gray monoids and groups. In particular, our main goal will be to show that the Quillen
equivalence for 2-types of Proposition |4.62|induces Quillen equivalences between similarly localized
model structures on Gray and sMon and on GrayGp and sGp. We will again use localization
of model categories to restrict to 2-types within larger model structures. We start by adapting the
arguments of Proposition to show a Quillen equivalence between localized categories of Gray
monoids and simplicial monoids.

Proposition 5.11. There exist model structures Po Gray and PasMon on the categories of Gray
monoids and simplicial monoids respectively that are transferred via the free-forgetful monoid ad-
Junctions with Pow Gpd and PysSet respectively. The adjunction
Ny
— T
Po,Gray T P,sMon
\/
cg

15 a Quillen equivalence.

Proof. We will use the results for left Bousfield localizations of monoidal model categories from
[Whil8]. In particular, we observe that both wGpd and sSet are tractable cofibrantly generated
model categories in the terminology of this reference since the domains of their generating cofi-
brations are cofibrant. These model categories are also monoidal model categories. Theorem 4.5
of [Whil§| therefore implies that the model categories P>sSet and PowGpd are monoidal model
categories that satisfy the monoid axiom and so allow the transfer of their model structures along
the free-forgetful adjunction to their categories of monoids if and only if for the maps g2 and C,,(g2)

ga X OA™ : OA* x DA™ — A* x QA" Cu(g2) ® I™ : C,(0A%) @ OI™ — O* @ oI
g X A" 1 AL x A" — At x A" Co(g2) @I : Cu(OAYY @ I" — O* @ I™
are P>-weak equivalences of their respective model categories for all n > 0. This holds because in

all cases these maps are identities in degrees less than 4 and weak equivalences for the P> model
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structures are those maps or w-functors that induce isomorphisms on 7, for 0 < n < 2. Hence by
[SS03] Theorem 3.12 and Proposition 3.16 the adjunction C& - N, is a Quillen equivalence since
C(A%) = I and the cosimplicial space A® is a cosimplicial resolution of A°. ]

A Gray monoid M is Ps-fibrant if and only if it has trivial homotopy groups above degree 2 or
equivalently if and only if it has the right lifting property against Fig(L%,) : Fg(0I") — Fg(I™)
for all n > 4, where Fg : wGpd — Gray is the free Gray monoid functor left adjoint to the
forgetful functor. Applying the small object argument to the Gray monoid w-functors Fg(L%,,)
for n > 4 gives a P»-fibrant replacement M for a Gray monoid M. The Gray monoid w-functor
M < M is the identity on n-cells for 0 < n < 3, so in particular if M is a Gray group then so is M.
Furthermore, the path space construction for Gray monoids of Proposition [5.3] gives a path space
for P»-fibrant Gray monoids, so that we can transfer the model structure of P,Gray to a model
structure PoGrayGp on the category of Gray groups via the inclusion functor I : GrayGp —
Gray.

Proposition 5.12. The model structure Po Gray restricts to a model structure Po GrayGp on the
category of Gray groups such that the adjunction

L
~—

P,GrayGp L P, Gray
~—
I

is a Quillen adjunction.

Proof. We will again adapt the argument of [Qui73] §II as was done in the proof of Proposition
As described above we have a P»-fibrant replacement for Gray monoids that preserves the property
of being a Gray group. The path space construction of Proposition factors the diagonal Gray
monoid w-functor A : M — M x M as a folk weak equivalence 7;; followed by a folk fibration 7,

M 7_4;1> homy,, (I, M)

T

M x M

If M is Py-fibrant then so is homy,,(I', M) since 7y is a folk weak equivalence and Gray monoids
are Po-fibrant if and only if their homotopy groups are trivial above degree 2. Hence if M is P»-
fibrant then 75 is a Py-weak equivalence and mys is a Ps-fibration. As was shown the proof of
Proposition if M is a Gray group then so is the path space homy,, (I, M). Hence there is a
P,-fibrant replacement functor and a P»-fibration and P»-weak equivalence path space construction
for Gray groups, so by the same argument as in the proof of Proposition the transferred model
structure P,GrayGp exists and L - I is a Quillen adjunction. ]

The same argument for simplicial groups establishes a P»>-model structure on the category of
simplicial groups that is transferred from the model structure of P,sMon via the adjunction I - L.

189



Hence we have a homotopy 2-type localized version of the square of Quillen adjunctions (92)

Nu
/\
P,Gray T PysMon
v
cg
L| - i L - |4 (93)
Nu
/\
P,GrayGp T PsGp
\_/
ce

In this square the top adjunction is a Quillen equivalence by Proposition In the rest of this
section our goal will be to show that the bottom adjunction is also a Quillen equivalence.

In [SS03] the authors prove that a general Quillen equivalence between monoidal model cat-
egories where the right adjoint is lax monoidal can be extended to a Quillen equivalence be-
tween categories of monoids under certain conditions. We have already used a lot of their tech-
nology in studying the specific case of w-groupoids and Gray monoids, including the w-functor
Xx : CLU(X) = UC®(X) defined for a simplicial monoid X. Proposition 5.1 of [SS03] shows that
this w-functor is a weak equivalence when X is constructed as a transfinite composition of pushouts
attaching cells via generating cofibrations for sMon starting from the initial simplicial monoid. In
fact, in the specific case we are dealing with of the adjunction C, 4 N, we will show that we can
extend this result slightly to more simplicial monoids X. The simplicial monoids we will allow are
the following.

Definition 5.13. Let N be a discrete monoid viewed as a simplicial monoid. An N -cell simplicial
monotd is a simplicial monoid that is obtained from N as a possibly infinite transfinite composition
of pushouts along simplicial monoid maps of the generating cofibrations of sMon

Fy (0A™) — Fy (A"™)
for allmn > 1.

This definition is a small modification of the concept of a cell monoid from Definition 3.2 of
[SS03]. Note that if N is a free monoid then an N-cell monoid is a cell monoid in the terminology
of [SS03].

Here we will be taking advantage of the fact that by Lemma C® simply turns 0-simplices
of simplicial monoids into 0-cells of Gray monoids. In particular, we will not need the monoid
of 0-simplices of a simplicial monoid X to be cofibrant to get the same result as [SS03| for the
w-functor xx : C,U(X) — UC®(X).

Lemma 5.14. Let X be an N-cell simplicial monoid for a discrete monoid N. The w-functor
Xx : Cu(X) = UCR(X) is a weak equivalence.

Proof. We will adapt the argument from the proof of Proposition 5.1 of [SS03]. Since X is an
N-cell simplicial monoid it is the filtered colimit of a sequence of simplicial monoid cofibrations
X" < X" for n > 0 where X? = N, the discrete monoid, and the cofibrations are obtained as
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pushouts of the generating cofibrations of sMon for n > 1

|| Fx(@A™) & | | Fu(a™

teTn teT,

i i

X" Xn+1

for sets T}, of generators of the free monoids of non-degenerate n-simplices of X. Applying the left
adjoint C¥ preserves colimits, so C$(X) is the filtered colimit in Gray of cofibrations C2(X™) <
C2(X™ 1) in Gray that are obtained as pushouts

| | FeCu(0A™) — | | FeCu(aA™)

teT, teT,

| l

Co(X™) ————= (X"

where we are using the observation from the square of adjunctions that FgC,(K) = C2F (K)
for all simplicial sets K.

For all n > 0 the simplicial monoids X™ are N-cell monoids and it is sufficient to show that the
w-functor

xxn : CLUX™) — UCP(X™)

is a weak equivalence for all n > 0. We will proceed by induction on n > 0 to show that y xn is a weak
equivalence and UC®(X™) is a cofibrant w-groupoid. By Lemma XN is an isomorphism, hence
it is a weak equivalence. Furthermore all discrete w-groupoids are cofibrant, so UC®(X?) = UN is
a cofibrant w-groupoid.

Now let n > 0 and suppose that yxn» is a weak equivalence and UC®(X™) is a cofibrant w-
groupoid. As in the proof of Proposition 5.1 of [SS03] we will adapt the descriptions of the pushouts

Fx (0A") — Fx(A") FpCu(0A™) — Fg(O")
R P S R

of a free cofibration in sMon and Gray respectively that is given in the proof of Lemma 6.2 of
[SSO00]. In this construction the simplicial monoid P is obtained as the filtered colimit in sSet of a
sequence of simplicial sets and simplicial set cofibrations

X”:poc plc ... C pm(

The simplicial set cofibrations P, < P,,4+1 for m > 1 are obtained as pushouts of simplicial set
cofibrations

QL (DA™, AP, X7) s (X x AP)XM 5 X7

Pm—lc Pm
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where the top map is the inclusion of a simplicial subset of (X" x A™)*™ x X™ with [-simplices
consisting of length m-sequences of l-simplices ((z € XJ*,0° € AM)™,, x € X]') such that §° € A}
for at least one value 1 < ¢ < m. There is a similar description of the Gray monoid R as the filtered
colimit in wGpd of folk cofibrations R,,_1 < R, for m > 1

UCZ(X™) = Ry ¢ Ri¢€ e R, ¢

obtained as pushouts in wGpd

Qi (Cu(0A™), 0", CF(X™)) — (CF(X™) ® O")*™ @ CF(X™)

| l

Rm—1 € R,

Applying the functor C,, to the simplicial set pushouts and filtered colimits defining P preserves
these colimits of cofibrations between cofibrant objects, so it is sufficient to show that for all m > 1
the w-functors Cy,(P,,) — R, obtained from the universal property of the pushouts that form the
front and back faces of the following cube

Cu(QX (DA™, AP, X))~ O (X x AT)X™ x X7

~_ ~__

Qi (Cu(0A™), 0", CF (X)) ———— (CZ(X") @ O")*™ @ CJ(X™)
Cw(mel)C Cw(Pm)

T~ T

Rym—1 € R,

All simplicial sets are cofibrant and C,, is a left Quillen functor by Proposition so the w-
groupoids at the corners of the back face are cofibrant. The w-groupoids R, are cofibrant for
all m > 0 since there is a cofibration UCZ(X™) = Ry < R, and UCZ(X™) is cofibrant by the
induction hypothesis for the induction on n. Since wGpd is a monoidal model category the tensor
product of cofibrant w-groupoids is cofibrant, so (C2(X") @ O™)®™ @ C%(X") is cofibrant for all m.
Finally Q% (C,,(0A™), O™, C®(X™)) is a colimit of a punctured cube diagram where all w-groupoids
are cofibrant and all w-functors are cofibrations, so it is a cofibrant w-groupoid.

Hence by Theorem 5.2.5 of [Hov99] to show that the w-functor C,(P,) — R, is a weak
equivalence it is sufficient to show that the three corner w-functors between the front and back
faces are weak equivalences. We will proceed by induction on m > 1. For m = 1 since Py = UX"
and Ry = UCZ(X™) the bottom left corner w-functor is xxn : C,U(X™) — UC%(X), which is a
weak equivalence by the induction hypothesis for the induction on n. The two remaining corner
comparison w-functors are weak equivalences by the arguments given in the proof of Proposition
5.1 (1) of [SS03] since A® is a cosimplicial resolution of A® so by Proposition 3.16 C,, - N,, is
a weak monoidal Quillen pair. Hence the w-functor C,(P,,) — R, is a weak equivalence for all
m > 0 and so C,,(UX"*) — UCZ(X"1) is a weak equivalence and since UC?(X") is cofibrant by
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induction hypothesis and the w-functors R,,—1 — R,, are cofibrations for all m > 1 the w-groupoid
UCZ(X™) is cofibrant. 0

Recall from Section that a simplicial monoid X is grouplike when the monoid my(X) is a
group. By Proposition 9.5 of [DK80] if X is a cofibrant grouplike simplicial monoid then the unit
map nx : X — ILX for the adjunction L - I is a weak equivalence of simplicial monoids. We will
next prove that C® sends this group completion map to the unit map for the Gray group completion
of the Gray monoid C¥(X) and that this Gray monoid w-functor is a folk weak equivalence of Gray
monoids. Before doing so we begin with a comparison of the group completion functors for Gray
monoids and simplicial monoids.

The group completion of a simplicial monoid freely attaches inverses for all cells in all simplicial
degrees. The Gray group completion, however, only attaches multiplicative inverses for the O-cells of
a Gray monoid via the pushhout . While we have already observed that for a simplicial monoid
X there is an isomorphism C%(LX) = LC®(X) of Gray groups arising from the commutative
square of adjunctions we will now show that we can get LCE(X) for less from the simplicial
monoid X. In particular, if we only freely attach inverses for the 0-simplices of X via a pushout

XO ——— LXO

]

X ——LpX

to obtain a simplicial monoid Ly X then C%(LoX) = LC®(X). This follows from Lemma [5.9] and
the fact that C2 is a left adjoint and so preserves pushouts, so when it is applied to we obtain
the pushout .

We can now proceed to the proof that C¥ preserves the group completion weak equivalence for
grouplike cofibrant simplicial monoids.

Proposition 5.15. Let X be a cofibrant grouplike simplicial monoid. The Gray monoid w-functor
C(nx) : CF(X) = CJ (LX)
1s a folk weak equivalence.

Proof. By the previous discussion C% sends the map X — LoX for a simplicial monoid X to the
universal Gray monoid w-functor C¥(X) — LCZ(X). Hence it is sufficient to show that when X is
a grouplike cofibrant simplicial monoid C% preserves the weak equivalence X — LoX shown in the
previous lemma. By Lemma since X is a cofibrant simplicial monoid the vertical w-functors
in the diagram

C,U(X) ——CLU(LpX)

y I

UCE(X) — UCE(LoX)
are weak equivalences. By Proposition 10.4 of [DK80| since X is a grouplike cofibrant simplicial
monoid the map X — LoX, which is the localization of X at the discrete cofibrant simplicial
submonoid of 0-simplices Xy, is a weak equivalence. Since C,, preserves all weak equivalences of

simplicial sets the top horizontal w-functor of this diagram is a weak equivalence and the result
follows. g

Finally we can prove the Quillen equivalence for Gray groups that we are seeking.
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Proposition 5.16. The Quillen adjunction

Nu
— T
P, GrayGp T P,sGp
v
cs

15 a Quillen equivalence.

Proof. The model structures on P,GrayGp and P,sGp are transferred from P,Gray and
P>sMon respectively via the inclusion functors. Hence Gray monoid w-functors in P,GrayGp
are Po-weak equivalences or Psr-fibrations if and only if they are Ps-weak equivalences or Po-
fibrations respectively of P,Gray. Since N, : P,Gray — P»sMon is right Quillen therefore
N, : P.GrayGp — P2sGp is also right Quillen. Furthermore N, : PoGrayGp — P>sGp cre-
ates Pp-weak equivalences because N, : Po,Gray — P>sMon does, so to show Cf? 4 N, is a
Quillen equivalence it only remains to show that for a cofibrant simplicial group G the unit map
G — N,C?(Q) is a Py-weak equivalence. We will show this by replacing G with a weakly equivalent
simplicial monoid and using the fact that the adjunction unit for simplicial monoids is a P>-weak
equivalence by Proposition

Consider the image IG of a cofibrant simplicial group G under the inclusion functor I :
P,sGp — P,sMon into simplicial monoids. Take a cofibrant replacement X = IG of IG in
sMon, which will be a cofibrant replacement of IG in P,sMon as well since the P»-localized model
category has the same cofibrations as sMon. There is a diagram

Xg =S N C2(Xg)

1,

G—+ N,C2(Q)

in P,sMon where the top horizontal map is a P>-weak equivalence by Proposition To show
that ng is a Pa-weak equivalence it is sufficient to show that C2(Xg) — C2(G) is a weak equiva-
lence, since N, preserves all weak equivalences. The rest of the proof will be dedicated to showing
this.

The simplicial monoid map X¢ = IG factors as

LXG
N
8
Xa - IG

where the map 7x, is a weak equivalence by [DK80] Proposition 9.5 so LX¢ — IG is a weak
equivalence between cofibrant simplicial groups since L is a left Quillen functor. Since C® : sGp —
GrayGp is a left Quillen functor it preserves weak equivalences between cofibrant simplicial groups,
hence applying C® to this factorization gives

CIL(Xa)

cs W \
I

CJ(Xa)




~

where we are using the commutativity of the square of adjunctions that implies C2L(X¢)
LC¥%(X¢) and suppressing the inclusion functors of Gray groups into Gray monoids and simplicial
groups into simplicial monoids. As mentioned C® preserves the weak equivalence LXg — G. Since
m0(Xa) = mo(G) is a group, X is a grouplike cofibrant simplicial monoid so by Proposition
C8(nx,) is a folk weak equivalence and so C%(X¢) — C2(G) is a folk weak equivalence. 0

We remark that composing the adjunction N,, 4 C® for Gray groups and simplicial groups with
the adjunction LC - N for simplicial groups and 0-reduced simplicial sets establishes a Quillen
equivalence between PoGrayGp and P3;sSetg, the model category of 3-types of reduced simplicial
sets.

No N
— —
P,GrayGp T P,sGp T  P3sSetg
~N~—k}} ~—}1?rm»»
c® LC

The Quillen equivalence LC 4 N determines a Quillen equivalence of 2-types of simplicial groups
with 3-types of reduced simplicial sets by adapting the results of [Bie08| for the Quillen equivalence
G 4 W. Studying the right adjoint of this adjunction we notice it resembles the functor N3 defined
in Lemma 2.9 of [Ber99]. The left adjoint of N3 defined by Berger puts a Gray monoid structure
on the realization C,C(X) rather than using the construction C% of [SS03| for a left adjoint for
the lax monoidal functor N,. The Gray monoid structure given in |Ber99| appears to be based on
an w-groupoid version of the Eilenberg-Zilber or shuffle map, which is a section of the Alexander-
Whitney map of chain complexes. The construction of a section for AW is complicated by the
fact that the shuffle map on chain complexes does not give an ADC map like AWCP does. This
chain complex map sends some positive chains to sums including negative chains, so it does not
respect the ADC structure of submonoids N[A™ x A", < Z[A™ x A"™],, of Z[A™ x A™]. Tt does
seem possible, however, to construct a section for the w-groupoid maps AW. For n = 1 there is an
obvious w-functor O' ® O' — C,,(A! x A') arising from the comparison of the 2-groupoids of each
w-groupoid.

(0®01) (00,01)

0®0 0®1 (0,0) ———"—~(0,1)
(001,011)
(01201)
(0120) / (011) —_— (01,00) (01,01) (01,11)
/(011,001)
1®0W1®1 (1,0) (11701) (].,].)

Applying A recovers the shuffle map, since it sends the 2-chain 01 ® 01 of O' ® O! to the sum
(011,001) — (001,011) € Z[A! x Al],.

Extending this definition to higher values of n is difficult, however, due to the lack of a construc-
tion for w-groupoids corresponding to the functor v sending ADCs to w-categories. In [Lucl7] §4.2
the author describes (w, p)-ADCs, which are ADCs where for n > p the distinguished submonoids
of the chain groups are equal to the entire abelian chain group. Applying v to an (w, p)-ADC gives
an (w, p)-category, however these will retain some of the abelian character of the chain complex,
as there is not enough order information for the cells to recover a unique decomposition of all cells
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up to the axioms of an (w, p)-category. In particular any pair of loops necessarily commute, so for
example in ¥LZ[A3], where LZ[A3] is the (w,0)-ADC arising from the ADC Z[A3] the loops

g1z = (01) %o (13) %o k1(03) a3 = (02) g (23) g k(03)

are equal no matter the order they are composed in since

s B 0 0 . 0 0
02370013 = \ 0 02+423-03 )"\ 0 014+13-03

0 0
- (0 01+13—o3+02+23—03>

(0 0 A 0
— o 01+13-03 )"\ 0 0242303

= Q13 *0 @023

Therefore a version of the functor v to w-groupoids that distinguishes between these composites
will require some extra data. There are Filenberg-Zilber and Alexander-Whitney maps defined for
crossed complexes in [Ton03|, which will give rise to w-functors by the equivalence of the categories
of crossed complexes and w-groupoids. Whether these w-functors agree with the w-functors AW
defined in Definition 5.7 has not been determined however.

5.4 Coherent Presentations of Monoids and my(BM)

In this final section we will take advantage of the Quillen equivalences from to calculate the
first derived functor of group completion of a monoid M. These Quillen equivalences allow us
to calculate this derived functor as LL?ray(M ), the first derived functor of the group completion
functor L : Gray — GrayGp for Gray monoids. In this section we will show that this derived
functor is obtained from two known constructions arising from a presentation of the monoid M
by generators and relations: the group of identities among relations and a homotopy basis for the
presentation. To do this we will show that the first derived functor of group completion for Gray
monoids can also be calculated as the first derived functor of

L : Mon(wGpd) — Gp(wGpd)

the group completion functor for monoids in wGpd for the cartesian product of w-groupoids. This
allows us to enter the world of polygraphic resolutions, which have been developed in the theory
of rewriting systems for monoids. These have been used to compute the homology groups of the
classifying space BM of a monoid and in this section we show that they can be used to calculate
the derived functor of group completion of M, or equivalently by the results of Section the
homotopy group mo(BM).

We will begin by describing the construction of polygraphic resolutions of monoids from the
data of a presentation of a monoid by generators and relations.

5.4.1 Presentations of Monoids and Polygraphic Resolutions

In this section we will show how data from the presentation of a monoid by generators and relations
can be used to construct a resolution of the monoid as an object of (w,1)Cat with the folk model
structure. This construction is called a polygraphic resolution in [GM12], where they are defined
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as a generalization to (w, m)-categories of the polygraphic resolutions for wCat defined in [Mét03]
and of the construction of Squier in [SOK94]. We will use this resolution in subsequent sections
to calculate mo(BM). In fact, by the definition of homotopy groups of w-groupoids we will only
need the 3-truncation of this resolution to calculate the desired derived functor. The data required
for this truncation of the polygraphic resolution is called a coherent presentation of M and we will
describe it in this section. For this discussion we follow the approach and notation of the survey
[Laf07] with reference to the original work of Squier in [SOK94].

A presentation of a monoid M is a pair (X, R, s,t) consisting of a set ¥ of generators (or
alphabet), a set R of relations and maps s,¢: R — X* from the set R to the underlying set of the
free monoid ¥* on the generators ¥. Hence each r € R determines pairs s(r),t(r) € X* of words
from the free monoid on the set of generators . This set R generates a congruence relation
defined as the reflexive and transitive closure ~} of the symmetric relation

UTV ~R UYV

for u,v € ¥* and r € R such that s(r) = x and ¢(r) = y or s(r) = y and ¢(r) = x. This
relation is called the reduction relation induced by R in [SOK94]. The monoid presented by this
presentation is the quotient of 3* by this relation. This quotient is a monoid by the compatibility of
the congruence relation with multiplication in ¥* and the natural map 7g : ¥* — ¥*/ ~7}, is a map
of monoids. Furthermore, for any monoid map f : ¥* — M such that f(x) = f(y) for all (z,y) € R
there exists a unique monoid map f : ¥/ ~%— M such that f = f o 7r. The presentation (3, R)
presents the monoid M if M = ¥*/ ~7,.

The connection to w-categories comes from the computads defined earlier in Definition
Recall that a O-computad is a set viewed as 0-cells of an w-category and an n-computad for n > 1
consists of an n — 1-computad as well as a set of n-indeterminates that are freely attached via
pushouts along attaching maps that specify their source and target. The data of a presentation of
a monoid M, therefore, determines a (2, 1)-computad

R b

° (95)
df dg
>*(R) »* *
dy dy

A l-computad in wCat with a single 0-cell is a free monoid, so the set ¥ of l-indeterminates
produces the free monoid ¥* viewed as a 1-computad. The maps s,t: R — X* from the presentation
determine the attachment of 2-cells in the diagram above. We will denote this (2, 1)-computad by
(X, R)* and we will usually suppress the map s,t: R — ¥* when referring to a presentation (3, R)
of a monoid in the future.

The map 7w can be extended to an w-functor of (2, 1)-categories

df dg
Y*(R) >* *
dy dy
WROd;l TR (96)
dg
M —M *
dy
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It follows from the universal property of a computad that g o d; = 7g o d] since Tr(x) = 7r(y)
for all (z,y) € R. This structure is the same as the free 2-category generated by the data described
in the graph of Definition 3.1 in [SOK94].

Let 7 : (£, R)* — M be the map (96]). Then 7 has the right lifting property against 9D™ < D"
for all 0 < n < 2. The cases n = 0 and 1 are clear. For n = 2 a lifting problem against 7
corresponds to two 1-cells x,y € 3¥* that are sent by 7g to the same element of M = ¥*/ ~},. By
the definition of the quotient by the congruence relation this means there is a sequence

=29 ~YRT1~YRIL2~R" """ ~RIn=1Y

of x; € ¥*, which is equivalent to the existence of a 2-cell in ¥*(R) joining x and y since M is a
(2, 1)-category. Hence a solution to the lifting problem exists.

What we have done, therefore, is begin the process of applying the small object argument to
the w-category M for the set of w-functors, as we did in Lemma for w-groupoids. The set R
of relations is a generating set for all pairs of 1-cells, that is words in ¥*, that must be sent to
the same element of M. The congruence relation constructs all parallel pairs of 1-cells sent to the
same element of M to give the right lifting property for (X, R)* — M against 9D? < D?. Without
using the terminology of computads (or their other name of polygraphs) this was the process Squier
described in [SOK94] and was continued in the context of the folk model structure on (w,1)Cat in
IGM12].

As described in §2.2.2 of |[GM12|, the next stages of the small object argument for a monoid
presentation require freely attaching n-cells to the (n,1)-computad already defined, starting with
Y*(R) when n = 2. To construct the next stage of a cofibrant replacement of M enough 3-cells
must be freely attached to X*(R) so that all parallel pairs of 2-cells of (X, R)* are joined by a 3-cell.
A homotopy basis P for (X, R)* is a set together with maps of sets s,¢ : P — ¥*(R) that identify
parallel pairs of 2-cells of (3, R)* such that the (3,1)-computad (X, R, P)*

P R by
dy l df ‘ df
Y*(R)(P) —=%*(R) ¥ *
dy dy dy

has a natural w-functor (X, R, P)* — M with the right lifting property against D" — D" for
0<n<3.

Given homotopy bases for all n > 3 the (w, 1)-category obtained by attaching all of these cells
will be a cofibrant replacement of M in ((w, 1)Cat)~ by the small object argument. This produces
the notion of a polygraphic resolution of a monoid, which we record here from [GM12] §2.3.3

Definition 5.17. Let M be a monoid. A polygraphic resolution of M is an (w,1)-computad

X together with an acyclic fibration war @ Xpr —— M of the folk model structure on (w,1)Cat
such that (Xar)o = *.

The specific case of a presentation (X, R) and a homotopy basis P that produces a (3,1)-
computad replacement of M will be our main interest in this section, so we record its definition as
a coherent presentation of a monoid M from |[GMM13| Definitions 4 and 5.
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Definition 5.18. A coherent presentation of a monoid M is a triple (¥, R, P) such that (X, R)
is a presentation of the monoid M and P is a homotopy basis of the (2,1)-computad (3, R)*.

A polygraphic resolution of a monoid M determines a coherent presentation from the 3-
truncation 73(X ;). By the discussion after the definition of computads in (w,m)Cat in Definition
there is a unique choice of the set ¥ arising from a polygraphic resolution 73(X ), however
there may be many different possible choices of sets of indeterminates generating the 1 and 2-cells
of Xy, which are sets R of relations and homotopy bases P for the coherent presentation. We are
mainly concerned with the homotopy properties of these presentations, which are not changed by
varying the set of indeterminates of a (3, 1)-computad, so we will refer to a 3-truncation 73(X )
of a cofibrant replacement of the discrete monoid M as a coherent presentation without specifying
sets R and P of relations and a homotopy basis.

These definitions were first developed by Squier in [SOK94] to study the case when these sets
R and P can be chosen to be finite. Such monoids are said to have finite 3-derivation type
and higher finiteness conditions are imposed in [GM12]| by requiring the existence of n-truncated
polygraphic resolutions of M that have finite homotopy bases in dimensions up to n for n > 3.

Polygraphic resolutions have also been used to connect data about the presentation of a monoid
to its homotopical and homological properties. In particular, in [LM09| the authors show that the
polygraphic homology, defined as the derived functors of abelianization A : (w,1)Cat — Ch, for
monoids viewed as (w, 1)-categories is the same as the standard definition of monoid homology as
the integral homology of the classifying space BM. Our goal in this section is to use polygraphic
resolutions to calculate a derived functor of group completion for Gray monoids in wGpd. To do
this we will need to change our perspective of M and its polygraphic resolutions, from objects of
(w, 1)Cat to monoids in the category of w-groupoids.

5.4.2 Strict Monoids and Groups in wGpd

In this section we will shift our perspective of monoids and their polygraphic resolutions from
objects of (w,1)Cat to monoid objects of wGpd for the cartesian product. This will allow us to
connect these constructions to the model structures for Gray monoids and Gray groups defined
in Section [5.I] We will show that the first derived functor of group completion for Gray monoids
LLlG"ray can be calculated from the functor

L: (w,1)Cat - wGpd

that adds inverses for 1-cells of an (w, 1)-category. To do this we will identify the full subcategory
((w,1)Cat)sq of 0-reduced (w, 1)-categories with the category Mon(wGpd) of monoids in wGpd
with the cartesian product, which we will call strict monoids. We will show that this category has
a model structure that is the transferred model structure for monoids with respect to the cartesian
product. These strict monoids are a special case of Gray monoids and this model structure is a
restriction of the model structure on Gray from Definition [5.1] The main result of this section
shows that the first derived functor of group completion for Gray monoids can be calculated using
strict monoids, in particular we will show that LL1Gray(M ) can be calculated using the resolution
of M by a coherent presentation defined in the previous section.

We can illustrate the equivalence between ((w, 1)Cat)<o and Mon(wGpd) with the following
example. Recall the computad X s of a polygraphic resolution for a monoid M. For all n > 1 the
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1-category structure
do
(Xn)n - (Xar)o = *
dO

of X makes the set (Xps)y of n-cells of Xjs into a monoid. Hence by omitting (Xas)p = * and
shifting down the degrees of the remaining sets of cells X, can be viewed as a monoid object for
the cartesian product in wGpd. Clearly the monoid M can also be seen as a monoid object for the
cartesian product in wGpd and the w-functor mp; : Xpy — M is an w-functor of cartesian product
monoids in wGpd.

This example identifies an isomorphism of categories between monoids in wGpd with the carte-
sian product and the full subcategory of (w, 1)Cat of O-reduced (w, 1)-categories. When the monoid
in wGpd is a group then the corresponding w-category with a single object is an w-groupoid.

Lemma 5.19. There are isomorphisms S of categories making the diagram

L
(w,1)Cat)so L (wGpd)>o
Slg ! Si%
Mon(wGpd) L  Gp(wGpd)
I

commute where the functors I are inclusions and the functors L are the left adjoints to inclusion
that add inverses.

Proof. These are instances of the isomorphism of Observation 85 of [Ver08] which identifies w-
categories as categories enriched in w-categories. In this case the category has a single object, so
it is a monoid, and it is an (w, 1)-category so it is enriched in w-groupoids. When the w-category
with a single object is an w-groupoid its monoid of 1-cells is a group. ]

We previously studied monoids in wGpd with the Gray tensor product, rather than the cartesian
product, so to make use of the theory of polygraphic resolutions we must understand the relationship
between these two kinds of monoids in wGpd.

Recall from Section [5.1] that we called monoids in wGpd with the Gray tensor product Gray
monoids. We will call monoids for the cartesian product strict monoids. As this name suggests,
strict monoids can be seen as a restricted class of Gray monoids. To justify this, we observe that
since the terminal object I° of wGpd is the Gray tensor unit there are projections

X®Y
X®! QY

X~ X®DY DY Y

Hence the identity functor on wGpd is lax monoidal for the Gray and cartesian products, with a
natural transformation

oxy =(XeL!eY): X®Y - X xY
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so by the general arguments of [SS03] §3.3 since wGpd is cartesian closed by Theorem 5.1 of
[How79] and the equivalence of the categories of crossed complexes and w-groupoids there is an

adjunction

R
— T

Mon(wGpd) T Gray (97)
\_/

[ mon

The functor R sends a strict monoid M with multiplication w-functor m : M x M — M and
unit e : 1° — M to the Gray monoid RM with underlying w-groupoid M, unit e : I — M and
multiplication given by the w-functor

©M,M

MOMI"5MxM-"sM

If a monoid M in Mon(wGpd) is a group then since R preserves the monoid of 0-cells of M it is
sent by R to a Gray group. By the same argument as in Lemma L™°" preserves the monoid
of 0-cells so it sends a Gray group to a group in wGpd. Hence the adjunction extends to a
square of adjunctions

R
— T
Mon(wGpd) T Gray
<
Lmon
Il F )L Il F L (98)
R
—
Gp(wGpd) T GrayGp
-
LmGTL

The polygraphic resolutions described above in Section live in Mon(wGpd), so we would like
to extend the homotopical structures of Gray monoids to strict monoids by putting a model struc-
ture on Mon(wGpd) and Gp(wGpd) and making the adjunctions in a Quillen adjunction.

Recall that in Section we used the fact that wGpd is a monoidal model category by [AL20]
§6 to show that there was a model structure on Gray that was transferred from wGpd via the
free-forgetful adjunction Fg 4 U with wGpd. We cannot use the same approach for strict monoids
because wGpd is not a monoidal model category with the cartesian product. By Example 7.2 of
[Lac02| the pushout corner w-functor

(I' x OIYY Ugpiwop (BT x 1Y) — It x I!

is not a cofibration of wGpd so — x — : WGpd X wGpd — wGpd cannot be a left Quillen bifunctor.

We will show that there is a transferred model structure on Mon(wGpd) from the free-forgetful
adjunction with wGpd and a transferred model structure on Gp(wGpd) via the adjunction I - L
or equivalently the composite adjunction LL™°" -4 RI. We will do this by making use of the
isomorphisms of Lemma First we record the following lemma that describes the w-functors
in ((w,1)Cat)sp and (wGpd)so that correspond under S to the proposed weak equivalences of
Mon(wGpd) and Gp(wGpd).

Lemma 5.20. Let f: X — Y be an w-functor of ((w,1)Cat)~q (respectively of (wGpd)=o. The
following are equivalent:
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1. If:IX — IY is a weak equivalence of (w,1)Cat (respectively wGpd)

2. for all n > 0 and all parallel n-cells x,2' € X, if there exists an n+ 1-cell v : f(z) — f(z')
of Y then there exists an n+ 1-cellu: x — 2’ of X and an n+ 2-cellw: f(u) = v of Y

3. USf:USX — USX is a weak equivalence of wGpd

where I : ((w,1)Cat)so — (w, 1) Cat is the inclusion functor, S is the isomorphism of Lemmal[5.19
and U : Mon(wGpd) — wGpd is the forgetful functor.

Proof. By Remark 3.20 of [AM11] the w-functor If : IX — IY of (w,1)Cat is a weak equivalence
if and only it is an w-weak equivalence of wCat. The w-weak equivalences of wCat are defined in
Definition 8 of §4.3 of [LMW10b]. To describe these we must first identify the reversible cells of an
(w, 1)-category in the sense of Definition 6 of §4.1 of [LMW10b].

Let X be an (w, 1)-category. All n-cells of X are reversible in the sense of Definition 6 for n > 2
since they are invertible as n-cells. In particular, for z € X,, with n > 2 there exists k"z € X,
such that K"z %,_1 x = 1d¢71x and x x,_1 k"x = 1d;71m, so x is reversible since by Proposition 6
of §4.2 of [LMW10b] all identity n + 1-cells are reversible. Hence for n > 1 two parallel n-cells of
X are w-equivalent by Definition 6 of §4.2 of [LMW10Db] if and only if there exists a n + 1-cell of X
joining them.

Let f: X — Y be an w-functor of ((w,1)Cat)~g, so X and Y are (w, 1)-categories each with
a unique object. Then by Definition 8 of §4.3 of [LMW10b| If is a weak equivalence if and only
if for all n > 0 and all parallel n-cells z, 2" € X, if there exists an n + 1-cell v : f(z) = f(2') of
Y then there exists an n + 1-cell u : z — 2/ of X and an n + 2-cell w : f(u) — v of Y. Under the
isomorphism S of Lemma [5.19| n-cells of X for n > 1 correspond to n — 1-cells of USX. Therefore
the conditions for I f to be a weak equivalence of (w, 1)Cat are the same as for US f to satisfy the
second characterization of Proposition of weak equivalences of wGpd.

When f: X — Y is an w-functor of (wGpd)sg the equivalence of the first two conditions is
Proposition Hence f is a weak equivalence of wGpd if and only if it is a weak equivalence of
(w, 1)Cat, which completes the proof. 0

Proposition 5.21. There is are model structures on the categories Mon(w Gpd) of strict monoids
in wGpd and subcategory of groups Gp(wGpd) in wGpd that are transferred via the adjunctions
with w Gpd

1 v
Gp(wGpd) T Mon(wGpd) T  wGpd
’ﬁ/ $_F/

Proof. First wGpd is cartesian closed by Theorem 5.1 of [How79] and the equivalence of the
categories of crossed complexes and w-groupoids. Hence for any w-groupoid X the functor X x —
preserves colimits and so by the corollary of §2.6 of [Por08] the forgetful functor U : Mon(wGpd) —
wGpd has a left adjoint which we will denote by F.

We will show that Mon(wGpd) has the transferred model structure by showing that it is a
cofibrantly generated model category with set of generating cofibrations

Fy (1) = {Fx(L%,) : Fx(0I™) — F (I") | n > 0} (99)
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set of generating acyclic cofibrations
Fe(Jy) = {Fu(L%5) : Fe(I"™") = Fe(I") | n > 1) (100)

and weak equivalences the strict monoid w-functors sent by U : Mon(wGpd) — wGpd to weak
equivalences of wGpd. We will do this by showing the corresponding cofibrantly generated model
structure on ((w,1)Cat)so determined by the isomorphism of categories of Lemma [5.19] We
must therefore show that ((w,1)Cat)s¢ is a cofibrantly generated model category with generating
cofibrations the set S™!F, (1), generating acyclic cofibrations the set Fy(.J; ) and by Lemma
weak equivalences the w-functors that are sent by I to weak equivalences of (w, 1)Cat.

The category ((w, 1)Cat)~q is the full subcategory of (w,1)Cat on the (w, 1)-categories with a
single object. The left adjoint Ry of the inclusion functor I : ((w,1)Cat)so — (w,1)Cat sends a
(w, 1)-category X to the pushout in (w, 1)Cat

Xoﬁ*

[

where the left vertical map is the inclusion of the set of 0-cells of X viewed as a discrete (w,1)-
category and the bottom horizontal map is the unit of the adjunction Ry #4 I. We can recognize
the w-functors and under the isomorphism S as the images of w-functors of (w, 1)Cat
under Ry. Let n > 0. For X an (w, 1)-category with a single 0-cell there are isomorphisms

Xnp1 = Homy, )cat(L'D"HIX)
= Hom(,, 1)Cat)so (RoL' D", X)
Xn+1 SXn

HomMon(wGpd) (F>< (In), SX)
Hom(,, 1)Cat)~o (S~ Fx (I"), X)

Hence for all n > 0 by the Yoneda lemma S~1F, (I") = RyL'D"*! in ((w,1)Cat)~q and so for
n>0

1R 1l

STF (LY%,) : STYF (OI™) «— STF (I") 2 Ro(LYin11) : Ro(OL' D™ < L1 D™
and for n > 1
ST (LY52) : ST (I"Y) — STUF(I™) =2 Ro(L'j5 ) : Ro(L'D™ — L'D"*1)

Therefore it is sufficient to show that ((w,1)Cat)-¢ is a cofibrantly generated model category with
generating cofibrations the set of w-functors

Io = {Ro(L"i) | n > 1}
and generating acyclic cofibrations the set of w-functors

Jso = {Ro(L'j;) | n>2}
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Let W~ be the class of w-functors of ((w, 1)Cat)~ satisfying the equivalent conditions of Lemma
We show this data determines a cofibrantly generated model structure on ((w, 1)Cat)s using
J. Smith’s theorem as stated in Theorem 1.7 of [Bek00]. By Proposition 5 of §3.2 of [LMW10b] wCat
is locally finitely presentable, hence so are its reflective subcategories (w, 1)Cat and ((w,1)Cat)~g.
If f: X — Y has the right lifting property against all w-functors in I~ then for all pairs of parallel
n-cells of X with n > 0 if there exists y € Y,,41 such that d,y = f(z) and d;}y = f(2') then there
is a lifting problem in (w,1)Cat

(z.a')

OL'D"™ —“5TX

Llinf lff

1nn
LD T>IY

which has a solution by adjointness of Ry 4 I and Isg-injectivity of f. Hence f satisfies the
second condition of Lemma so it belongs to W~g. The class & (Is0) N Wsg is closed under
transfinite composition and pushout because 5 (Is0) is and the inclusion functor I preserves
both and sends w-functors in <+ (Isg) N W to acyclic cofibrations of (w,1)Cat, which are weak
equivalences. Finally by the second characterization of weak equivalences in Lemma Weo
satisfies the solution set condition at Isq.

The model structure on Gp(wGpd) is transferred from Mon(wGpd) via the adjunction L 4 I
if and only if it is transferred from wGpd via the composite adjunction LFy 4 UI. This transferred
model structure exists by the same arguments as for Mon(wGpd).

O
As an immediate corollary the adjunctions appearing in the square are all Quillen.

Corollary 5.22. The adjunctions

R
— T
Mon(wGpd) T Gray

LmOTL

I| F |L I| F |L

R
—

Gp(wGpd) T GrayGp

~—

Jmon

are Quillen adjunctions when the categories of monoids and groups have the transferred model
structures.

Proof. The right adjoints R of the top and bottom adjunctions acts as the identity on w-functors
so by the definition of the transferred model structures on Mon(wGpd) and Gray it preserves
fibrations and weak equivalences. The left vertical adjunction is the adjunction transferring the
model structure for Gp(wGpd) by Proposition so it is Quillen. The right vertical adjunction

is Quillen by Proposition 0

The next result shows that if we wish to calculate m; of a Gray monoid or group then we may
as well make it strict first with the functor L™°".
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Proposition 5.23. The units of the adjunctions L™ 4 R between Gray and Mon(wGpd) and
between GrayGp and Gp(wGpd) induce isomorphisms on 7, for n =0, 1.

Proof. Let M be a Gray monoid with multiplication w-functor py : M ® M — M. Recall the
smart n-truncation defined in Definition m Taking n = 1 we consider the 1-groupoid 7!(M).
We claim that this is a strict monoid in wGpd. Define a multiplication

mar : THM) x FH(M) — 7H(M)

that is the same as pp; on O-cells. The 1-cells of 7!(M) are homotopy classes of 1-cells of M, so
let [x],[y] € 75(M)1 be two such classes with representatives z,y € M;. The w-functor my; sends
([z], [y]) € (FH(M) x 7L(M)); to the 1-cell

M Mo MM N (M)

Il 45> Il ®
where s : I' — I' @ I' is the w-functor given in Proposition or equivalently the composite
AW o C,(A) of the Alexander-Whitney w-functor of Definition [5.7| with C,, applied to the diagonal
Al — Al x A'. Hence

ma([z], [y]) = [(dg = - y) %o (z - dfy)]

This is a well-defined composite as for any 2-cell z : # = 2’ of M there is a 2-cell
(doa-y) *o (z-dgy): (dyx-y) %o (z-djy) => (dyz-y)*o (2’ - dyy)

and similarly for a homotopy of y.

With this strict monoid structure on 7'(M) the w-functor v : M — RIF'(M) determined by
the unit of the adjunction 7! 4 I for the inclusion functor I : Gpd — wGpd of 1-groupoids into
w-groupoids is a Gray monoid w-functor. The diagram

Mo M 228 7Y (M) @ 71 (M)

uMl i

commutes by the definition of mj;. Furthermore, « has the universal property that for all Gray
monoid w-functors f : M — N if N is a l-groupoid then there exists a unique Gray monoid
w-functor f : RIT'(M) — N such that f = fo~. This holds as a 1-groupoid Gray monoid is
necessarily the image under R of a strict monoid.
Now consider the unit ny; : M — RL™" (M) of the adjunction (98). Compose this with the
Gray monoid w-functor
RL™"™(M) — RIFY(L™™(M))
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and by the universal property of v there exists a unique w-functor RIF'(L™"(M)) — RIT (M)
making the outer path of the diagram

Ry

RL™(M) —"> RIF (L™""(M))
M T~ ~_ A“
T~ N \
M RIFY(M)

commute. By the universal property of 1, there exists a unique Gray monoid w-functor
RL™"™(M) — RIFY(M)

making the right triangle of the diagram commute. Finally the universal property of R(vy) shows
that 71 (M) = 71 (L™°"(M)). But since 7' (M) = w(M) Definition implies that m, of M
and L™ (M) are isomorphic for n = 0,1. The same arguments give the result for the adjunction
L™ 4 R between GrayGp and Gp(wGpd).

O

It seems likely that this statement can be promoted to a Quillen equivalence between the model
categories PyGray of 1-types of Gray monoids and the corresponding localized model structure
of strict monoids. Composing this with the previous Quillen equivalences with reduced simplicial
sets would recover the 2-group case of the known Quillen equivalence (Proposition between
homotopy 2-types and 2-groupoids. However, we do not show the necessary conditions to construct
the localization for 1-types on Mon(wGpd).

Finally we will use these isomorphisms to complete the goal of this section. We will show that
the first derived functor of group completion of a discrete monoid M viewed as a Gray monoid is
the same as the corresponding derived functor of group completion for M viewed as a strict monoid.

Proposition 5.24. Let M be a discrete monoid. The first derived functors of group completion
for M in Gray and in Mon(wGpd) are equal

LLlGray(M) _ LL{VIon(wGpd) (M)

Proof. The first derived functor LL?my (M) of M is calculated by taking a cofibrant replacement of
M as a Gray monoid and applying the functor L : Gray — GrayGp followed by the fundamental
group functor m;. We will construct a cofibrant replacement of M in Gray using the small object
argument for the generating cofibrations Fig(iy,) of Gray. This determines a Gray monoid w-functor
f: Xy — M, which is an acyclic fibration by the usual small object argument.

We will now consider the image under L™°" of this Gray monoid w-functor f : X3y — M. Since
M is a discrete monoid L™ (M) = M. Since L™°™" is left Quillen by Corollary L™ X,y is a
cofibrant strict monoid. We claim that L™°"(X ;) — M induces isomorphisms on , for n =0, 1.
By Proposition [5.23] the horizontal Gray monoid w-functor below induces an isomorphism on 7, for
n =0, 1, so since Xy is a resolution of the discrete monoid M the diagonal Gray monoid w-functor
in the diagram

Xy — RL™™(X )



induces an isomorphism on 7, for n = 0, 1, as claimed.

The 2-truncation 72(L™°"(X 7)) — M in Mon(wGpd) of the image of the resolution under
L™°" can be extended by the small object argument to a cofibrant replacement of M in Mon(Gpd),
which we denote by Ty — M. Therefore the first derived functor of L : Mon(wGpd) —
Gp(wGpd) acting on M gives

LLYOr@EPD (\ry — ) (LTap) = my (Lr2(L7" X ap)) = w1 (L™ (X))
since 71 only depends on the 2-truncation of an w-groupoid. Now

m(LXy) = m(L™"L(Xy)) Prop. .23
— m(LL™"X,))  Cor. 5.22

so since X7 is a cofibrant replacement of M in Gray the first derived functors of the group
completion functors L for Gray and Mon(wGpd) are isomorphic. 0

5.4.3 A Hopf Formula for m(BM)

In this section we give a formula for mo(BM) based on the data of a presentation of the monoid M.
We will use a coherent presentation of a monoid from Definition [5.18| as a truncated polygraphic
resolution and the results of the previous section identifying ((w,1)Cat)~o with Mon(wGpd) and

the derived functors
LLf}ray(M) _ LLll\/Ion(wGpd) (M)

to calculate the first derived functor of group completion of M, which by Section is isomorphic
to mo(BM). In performing this calculation we recognize that the groups involved have already been
studied, so we can benefit from methods of calculation already devised for them. We will use some
of these methods to do some example calculations at the end of this section.

The group mo(BM) will be shown to be a quotient of the group of identities among relations.
This is an abelian group that is defined in [BH82] §1 from the data of a presentation of a group
as a quotient of a free group by a normal subgroup. For a group G presented by a free group F
and a normal subgroup N < F' this group is defined as the kernel of the map of a crossed module
H — F freely generated by F' in degree 1 and generators R of N in degree 2. We will modify this
definition by applying it to monoid presentations using the group completion functor and replacing
crossed modules with w-groupoids via the equivalence of categories.

Definition 5.25. Let M be a monoid with presentation (X, R,s,t). The group of identities
among relations N(R) is the automorphism group of 2-cells

N(R) = Homps gr)-(1s, 1)
of the 2-groupoid L(X, R)* obtained by applying L to the (2,1)-computad (Z, R)* given by (95).

By the discussion following Proposition the group of identities among relations is abelian,
with operation %; = %¢ inherited from the w-groupoid structure of L(X, R)*.

In [BH82| §5 the group of identities among relations is identified as my of a space X (2) con-
structed as a geometric realization of a presentation of a group by generators and relations. This
space is constructed by taking a wedge of circles X (1) indexed by the set of generators of the
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free group F' and attaching 2-cells along boundaries determined by the relations generating the
normal subgroup N < F. In [Lod00] Loday shows that the group of identities among relations is
isomorphic to the group m2(X(2)). Loday also shows that there is an isomorphism with the group
of Igusa pictures, which has as generators finite oriented planar graphs determined by generators
and relations. These constructions give more tools for calculating the group of identities among
relations, which we will now show has the group mo(BM) as a quotient.

Theorem 5.26. Let M be a discrete monoid with coherent presentation (X, R, P). The second
homotopy group ma(BM) of the classifying space of M is the quotient

m(BM) = N(R)/N(P)

where N(R) is the group of identities among relations for the presentation (X, R) and N(P) is the
subgroup of identities among relations determined by the set P.

Proof. Let M be a monoid with a coherent presentation (X, R, P). As described in Definition
the coherent presentation of M determines (3, 1)-computad replacement of M in Mon(wGpd) that
can be extended to a full cofibrant replacement X — M in Mon(wGpd). This means that

(X) = (3, R, P)*

Applying L to this cofibrant strict monoid gives a cofibrant strict group, which is equivalently an
w-groupoid with a single 0-cell under the isomorphism of Lemma [5.19] The automorphism group
of 1-cells at the group identity e € LX is therefore isomorphic to the group of identities among
relations N (R) by Definition

The fundamental group of LX is the quotient of the automorphism group N(R) by the homotopy
relation. The 2-cells of L are generated by the homotopy basis P, which has maps s,t : P — ¥*(R)
sending p € P to pairs s(p),t(p) € (X, R)5 of parallel 2-cells of (X, R)*. These pairs give rise to
identities among relations

(K?s(p) *1 t(p)) %o k'd] (t(p)) : 1. = L.

SO LLll\/Ion(wGpd)(M ) = m (LX) is the quotient of the group of identities among relations by the
normal subgroup N(P) < N(R) generated by these relations from the coherent presentation of M.

By Proposition LLll\/Ion(WGpd)(M ) is equal to the first derived functor of M for the group
completion functor of Gray monoids. Now consider X’ = M a cofibrant replacement for the discrete
monoid M viewed as a discrete simplicial monoid in sMon. This is also a cofibrant replacement
of M in PysMon. Applying C® gives a Gray monoid w-functor C2(X) — M since C&(M) = M
by Lemma Consider the diagram of simplicial monoids

~

X'c LX’

| ;

N,C®M <— N,C2(X') & N,LC®(X")

M

where the indicated weak equivalences are P»-weak equivalences by by Propositions [5.11] and5.16]
Since N, creates weak equivalences for PoGray by the proof of Proposition and the lower left
horizontal map is a Py-weak equivalence the Gray monoid w-functor C$(X') — M is a Py-weak
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equivalence, so it is a cofibrant replacement of M in PoGray and can be used to calculate the
derived functor of L

LLE™ (M) = mLC¥(X')
= mN,LC®(X') Prop. [£57]
= mLX' Prop. [5.16
= LIgMon(py)

The last group is the first derived functor of group completion for simplicial monoids acting on M.
Finally, by Proposition there is an isomorphism

LLSMOY (M) = 7y (BM)

O

Recall that the Hopf formula ([Hop41]) gives the second homology Hs(BG) of a group G with
presentation by a free group F' and a normal subgroup of relations R < F' as the quotient

Hy(BG) = (RN [F, F])/[R, F]

of the subgroup of the commutator group [F, F] of commutators among the relations R by the
commutator group of R in F. This subgroup [R, F/| seems to represent the commutators always
present in R that arise because R is a normal subgroup and so closed under conjugation. In
particular, if z € F and wv™! € R then

wo™H(zuv ™) = [uv™t, 2] € [R, F]

The formula we give for mo(BM) seems analogous to this. We take the quotient of the group of
identities among relations by the subgroup of identities among relations that were already present
in P before we allowed inverses for 0O-cells of the cofibrant strict monoid X replacement of M in
Mon(wGpd) determined by the coherent presentation (X, R, P). Hence mo(BM) seems to measure
the identities among relations that are created for the monoid M by group completion.

Theorem has been expressed in terms of two known constructions: the group of identities
among relations and the set P from a coherent presentation of the monoid M. We can therefore
apply methods of calculation already devised for these constructions. In particular, there is a
description of a general procedure in [BS99] for presenting by generators and relations the group
N (R) of identities among relations. This procedure involves choice, so it does not give an algorithm
for calculating this group in all cases. We will adapt this method to the case when a monoid M
has trivial group completion and use it to give some example calculations using Theorem |5.26

Let (X, R) be a monoid presentation for a monoid M such that LM = e the trivial group. For
example, any monoid M such that all elements are idempotent satisfies this condition. When L
is applied to the (2, 1)-computad (X, R)*, therefore, for all x € ¥ there exist 2-cells 7, € L(X, R)3
such that v, : *+ = 1.. We will denote by ~,-1 the 2-cell

kv, s kle = 1,

where we are abusing notation for inverses in L(X, R)* viewed as a (w, 1)-category with a single
object or as a strict monoid in wGpd. We will further abuse notation by denoting

Yoy = Vo %0 Vy - T *0Y — 1,
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so that v, : v = 1, is defined for all words v € LY¥*, the free group on the set 3.

Recall the linearization functor A : wCat — Ch from Section The right adjoint v of this
functor determines a unit w-functor X — vA(X) for all w-categories X. Since vA(X) is a sub-w-
category of u\(X) there is a natural map for all n > 1 to the quotient by the subgroup pA(X),—1
of cells in degree n — 1 and below

X =5 A /A )1

The n-cells component of this map is a set map from the set X, of n-cells of X to the abelian
group generated by classes [z] of n-cells and subject to the relations [z *; y] = [z] + [y]. When X is
a computad with set S5, of n-indeterminates this is a map

A H(X)[S,] = Z[S,]

to the free abelian group generated by the set .S,,, which we will denote by A as above. This map
plays a role in [BS99| determining a presentation of N(R), the group of identities among relations
in terms of generators and relations of its own. We will reproduce their description of N(R) in the
case that LM is the trivial group in the next proposition.

Proposition 5.27. Let M be a monoid such that the group completion LM 1is the trivial group.
Let (X, R) be a presentation of the monoid M There is a surjective abelian group homomorphism

p:Z[R] — N(R)
that sends r € R to the 2-cell
pr = k2(78(T)) #1171 Yy - Lo = 1w € L(X, R)3

where s(r),t(r) € (X,R)} are the elements of ¥* joined by the generating 2-cell labelled by the
relation r € R. The kernel of this map is generated by

A(yz2) € Z[R]
forallx € X.

Proof. This is simply a translation of Theorems 1.1 and 1.2 of [BS99] in the case of a presentation
of the trivial group G = e from the context of crossed modules to that of w-groupoids. The choice
of 2-cells v, for all elements of the alphabet x € ¥ described above corresponds to the choice of
a map h; of |[BS99| paragraph 2.10. The abelian group homomorphism p corresponds to d3 in
[BS99| paragraph 2.11, which is equal to d3 defined in [BS99| paragraph 2.12 when the group being
presented is trivial. The map A defined above corresponds to hs defined in [BS99] paragraph 2.12.
Hence p is surjective by Theorem 1.1 of [BS99] and

pN@) = k(7o) *1. %1 758,

for all @ € L(X, R)5. We will now show that the kernel of p is generated by the terms A(v,) for all
x € ¥. This is an extension of the results of [BS99] that is possible because we have restricted to
the case of a presentation of the trivial group.
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Let w € Ker(p). Then w =)
are not 0. If p(w) = 0 then

rer @7 € Z[R] with a, € Z such that only finitely many entries

0= Mp(w) = Ap (Z arr) = Z arApr

reR reR

SO

w = Z CLT(T - Ap?‘)

reR

and hence r — \p, generates the kernel of p. Now

Apr) = ME(Ys(r) *17 %1 ()
= = AVs(r) + 7+ A %)
SO
r=Apr =A%) = AMVs(r))
By the definition of v, for all u € LX* A(7,) is a sum of terms +A(v;) for x € 3. Now

PA(1)) = K (gmn,) #1792 #1745,

= k*(Va) *1 Y *1 7.
- 1,

so all terms A(;) belong to the kernel of p for all x € ¥.. Hence these terms generate the kernel of
p- O

There are also results describing the construction of a homotopy basis for a presentation (X, R)
of a monoid M. There has been much effort put into the case when the presentation of M has
certain additional nice properties for rewriting computations in the quotient ¥*/ ~3= M. These
are given in terms of the 2-computad [X, R|*, where the 2-cells are not invertible, unlike in the
(2,1)-computad (X, R)* defined in (95).

For a presentation (X, R) a rewriting step is a 2-cell of the 2-computad [, R]* of the form

s(r)

for u,v € ¥X* and r € R. We say a presentation is Noetherian when there does not exist an infinite
sequence of composable rewriting steps in the 2-computad [X, R]*. A branching is a pair of 2-cells
of the 2-computad [, R]* that have the same source. There are three kinds of branchings possible:

1. aspherical branchings are those where the two 2-cells are the same

% i

diy
\’YX; df7
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2. Peiffer branchings

dy yx0d > dy 7y g df S
3. and finally overlapping branchings are all other branchings

A branching is critical when it is overlapping and minimal with respect to the partial order on
branchings determined by

(7,0) < (w*g 7y %0 v,u 0 0 %o V)

for u,v € ¥*. A branching is local when the two 2-cells are both rewriting steps of [¥, R]*. A
branching (v, ¢) is confluent when there exist 2-cells o, p € [E, R with common target completing

the diagram
% diy \
& d+(5 /

A presentation is convergent when it is Noetherian and all branchings are confluent. If a pre-
sentation is Noetherian then to show it is convergent it is sufficient by Newman’s lemma to check
that all local branchings are confluent. A family of generating confluences of a convergent
presentation (X, R) is a set P together with set maps s, : P — (X, R)3 such that for all critical
branchings (,9) of [¥, R]* there exists p € P and a confluence o,p € [X, R|3 for the branching
(7,90) as in (101]) such that

(101)

s(p) =y*10 tp) =0dx*1p
In other words, P consists of indeterminates for 3-cells that fill in parallel 2-cells arising from

a confluence of each critical branching. Squier proved in [SOK94] that such a set of generating
confluences determines a homotopy basis for (£, R)*.

Theorem 5.28 ([SOK94] Theorem 5.2). Let (X, R) be a convergent presentation of a monoid M.
A family of generating confluences (P, s,t) is a homotopy basis for the (2,1)-computad (X, R)*.

Hence (3, R, P) is a coherent presentation when (X, R) is a convergent presentation and P is
a family of generating confluences. Together with the tools for calculating the group of identities
among relations discussed above, this allows for some calculations of mo(BM). We present two
example calculations from cases where 75 is already known. Of course, since in both these examples
m1(BM) is trivial the Hurewicz theorem implies that mo(BM) = Ha(BM) and the homology group
can be calculated from the abelianization of a coherent presentation of M by [LMO09] Corollary 4
of §3.4. However, in these cases we show that ma(BM) is also obtained by the formula of Theorem
0. 20

Example 5.29. Consider the monoid I generated by a single element ¥; = {a} and with the
unique relation
riaa—a
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Hence I has a unique non-identity element that is idempotent and so LI = e. Proposition 8 of
[Rab05] shows that BI ~ %, since the element a determines a natural transformation between the
identity monoid map on I viewed as a functor between categories with a single object and the
constant functor at 1,. Hence we should find that mo(BI) = 0.
We choose
Yo =r*okta:a = 1, € L({a}, {r})}

as the 2-cell of L({a},{r})* connecting a € {a}* to the identity 1, on the unique O-cell *. As
described in Proposition the group of identities among relations is isomorphic to the quotient
of Z[r] by A(,) = r so it is the trivial group. Hence mo(BI) must be trivial as expected.

Example 5.30. Consider the monoid IT described in [Fie02] which is generated by the set Xy =
{zsj | 1,7 € {1,2}} and has the relations

Tijkl * TijTkl — Lil

for all ¢, j,k,l € {1,2}. This monoid has trivial group completion as x;;x;; = x;; for i,j € {1,2} so
all elements are idempotent. In [Fie02] it is shown that the classifying space BII has the homotopy
type of the 2-sphere S2. Hence in particular we expect that mo(BII) = Z.
We define 2-cells
Yij = Tijij *0 k‘l.l‘ij P T — 1,
for all 4,5 € {1,2}. Hence by Proposition since LII is the trivial group, the group of identities
among relations N (R) is isomorphic to the quotient of the free abelian group generated by 7; 1
for i, j,k,l € {1,2} by the subgroup generated by
AYij) = Tijij

So N(R) is the free abelian group generated by r;; 1 such that i # k or j # [.
The critical branchings for this presentation are the branchings

Tilos
Tij7kl*% ilmn X
Lin

Zij Tkl Tmn

$ij*07‘kl,¥ TijThn %

which are confluent with the 2-cells as indicated in the diagram. By Theorem therefore the
subgroup N(P) < N(R) is generated by

Tijkn + Tkimn — Tij el — Til.mn € N(R)

for all 4,7, k,l,m,n € {1,2}. There is a large amount of redundancy amongst these generators,
however. If ¢ = k then the generator is

Tijyin + Tilymn — Tijil — Tilomn = Tijan — Tijal

which has no dependence on m so there are two copies of this generator from the generating
confluences. Similarly, if [ = n then the generator is

Tijkl + Tkiml — Tijkl — Tiloml = Tki;ml — Til,ml
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which has no dependence on j so again there are two copies of this generator. Now we define
N(P)o = (Tijkn + Tkimn — Tijkl — Titmn € N(R) | i =k orl=n) I N(P) I N(R)

and since Tijij = 0
N(P)O = <7'ij,kl ‘ 1=k OI‘j = l>
The remaining generators of N(P) from the generating confluences not present in N(P)g have i # k

and [ # n, so there are 16 of these.
Now we define

N(P); N(P)o U (7ijrn + Tkiymn — Tijki — Tilymn € N(R) | i =m and j = n)

= (rijm | i=Fkorj=1)U(rijmu—jri |17, k1 €{l,2})

There are now only 12 generators of N (P) not accounted for in N(P);: those with ¢ # k, | # n, and
i #% mor j # n. These are listed below, along with their consequences when added to the subgroup
N(P)1 of N(R), which contains 7;;; for i = k and j = [ and r;; 3 — 71145 for all 4,5, k,1 € {1,2}.
These consequences are labelled by symbols (x), (), and () to indicate repetitions.

711,22 + 721,12 — T11,21 — T'11,12 711,22 + 721,12 (%)
711,22 + 721,22 — 711,21 — T11,22 711,22 — T11,22 0
711,21 + 722,21 — 711,22 — 712,21 —ri122 — 1221 —(1)

712,22 + 721,22 — 712,21 — 711,22
r12,21 + 722,11 — r12,22 — 712,11
712,21 + 72221 — 712,22 — 712,21
r21,12 + 711,12 — 721,11 — 721,12
r21,12 + 711,22 — 721,11 — 721,22
721,11 + 712,11 — 721,12 — 722,11
22,12 + 711,12 — 722,11 — 721,12
722,11 + 712,11 — 722,12 — 722,11
T22,11 + T12,21 — 722,12 — 722,21

—T1221 —T11,22 —
712,21 + 72211 (
r12,21 — 712,21 0
721,12 — 721,12 0
721,12 + 711,22 (%)

—T21,12 —T22,11 —

—72211 — 721,12 —(*)
792,11 — 722,11 0
722,11 + 712,21 (1)

PORLLLELELLY

Observe that since r29 11 — 711,22 € N(P)1 and the relations (f) and (f) satisty

() = (1) = (rog,11 + 112,21) — (11,22 + r12,21) = 22,11 — 11,22

it is redundant to add (f) and (1) to N(P);. Hence
N(P) = (rijp | i=Fkorj=10)U((riio — ree11,711,22 + 721,12, 711,22 + r12,21)

Hence it is clear that N(R)/N(P) is the free group on a single generator as expected.
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Appendices

A w-Functors and Identities
In this appendix we will study w-functors of the form
fivK—X (102)

for K a strong Steiner complex (Definition . Recall from Theorem which comes from
[Ste04], that when K is a strong Steiner complex the w-category vK is a computad that is freely
generated by its atoms (k) € vK,, (Definition [£.30). Hence w-functors f like are uniquely
determined by the images of the atoms f((k)) € X,. In particular we will prove that the images
of cells of ¥K under f depend only on the cells modulo (uK)y.

To prove the results we want in this appendix we need the notion from [Ste04] of decomposition
index for cells in the strict w-category arising from an ADC.

Definition A.1. Let K be an ADC with a basis. Let x € vK,, be an m-cell. The decomposition
index of x is the smallest integer —1 < r < 'm such that xt =0 mod (uK),+1 or x is congruent to
an atom mod (uK)pi1.

The result we want to prove is the following.

Lemma A.2. Let K be a strong Steiner complexr and n > 1. Let f : vK — X be an w-functor and
x € Xg be a 0-cell of X. If for all all m-atoms {(a) € VK, for1 <m <mn

then f(k) = 1, for all m-cells k € vK,, with 1 < m <n. Furthermore, if k € vK, is an r-cell with
k= {a1)+ -+ () mod (uK),

for atoms (a;) of VK then
f(k) = f((a1)) %o -~ *o f((ar))

Proof. We will prove this by induction on n > 1. Let n = 1 and suppose f : YK — X is an
w-functor that sends all 1-atoms of vK to the 1-cell 1, € X; for a chosen x € Xy. For a 1-cell
k € K, there exists a decomposition k = (a1) *¢ - - - *q (a;¢) for some 1-atoms (a;) of vK since vK is
a computad generated by its atoms by Theorem Hence all 1-cells are sent to 1, € X1 by f so
the image of f is contained in R.(X), which has the structure of an w-groupoid in abelian groups
by Proposition In particular, for all *1-composable r-cells k, k' € vK,

(k1 K') = f(k)*1 f(K') = f(K') %1 f(k) = f(k)*o f(K) = f(K) %0 f(k)
Consider an r-cell k € vK, such that

k={(a)+ -+ (ar) mod (uK); (103)
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for atoms (a;) of K. Since K is a strong Steiner complex there exists an order of these atoms
such that (a;)] A {a;)7 =0 for i > j. By the previous discussion we may assume that the sum was
originally given in this order, as in the image of f in RL(X) we are free to rearrange terms of any
x1-composite of cells. Proposition 5.1 of [Ste04] therefore gives that

k:kl*le*l"'*lkt

with k1 = (a;) mod (uK);. Now since k; = (a;) mod (uK); there exist 1-atoms a,;'» for1 <j <l
such that

l
ki = Z(a§> + {a;) mod (uK)o
j=1

Since K is a strong Steiner complex there exists an order on these atoms such that

]ﬁi = (¢ *q <al> *Q O/

with o, @/ € vK; composites of the 1-atoms <a§.>, where we are using Proposition 5.5 of [Ste04],
which says that cells that are congruent to an atom modulo (uK)y are equal to that atom. The

w-functor sends all 1-cells to 1, so
f(ki) = f({ai))

and so

f(k) = f({ar)) *1 f({a2)) 1 -+ - %1 f({ar)) = f({a1)) %0 f({a2)) *o - - *o f({azr))

since the image of f lies in RL(X).

Now let n > 1 and suppose that the result holds for all w-functors from vK to X sending
m~atoms of VK to identities of a chosen 0-cell of X if m < n. Let f: vK — X be an w-functor
such that f({a)) = 1, for some = € X and all m-atoms (a) € vK,, for 1 <m <n+ 1. Let k be
an r-cell of vK with

kE={a1)+ -+ (ax) mod (uK)ps1

for atoms a; of K. Since K is a strong Steiner complex we may rearrange the order of terms in the
sum so that (a;);,; A (a;),,; = 0 for i > j. We will denote the new order of these terms in the
sum by

k= (@) +-+ (@) mod (1K)

Proposition 5.1 of [Ste04] gives a decomposition in v K
k= kl [ T R S | kt

with k; = (a;) mod (vK),+1. Hence by Proposition 5.2 (ii) of [Ste04] for 1 < i < ¢ there is a
congruence 4 ‘

k; = (a}) +---+ (a;,) mod (uK), (104)
for atoms d§- of K with 1 < j < u where d% = a; for some 1 <[ < v and all other EL;- for j # 1 are

n + l-atoms of vK. Since K is a strong Steiner complex we can choose the order of this sum to
satisfy the condition (a});} A (%), =0 for j > j’
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The w-functor f sends all m-atoms for 1 < m < n to 1., so we can apply the induction
hypothesis to the congruence ({104) for k; to obtain

F(ki) = f({a)) %o - %o f({ar,))

but since a’ are n + l-atoms for j # [, f((d;')) =1, so

flk:) = f((ap) = f((as))
Hence
(k) = f(k1) #ng1 - xng1 f(ke) = f((@1)) *nt1 - *np1 f({@r)

Any n + 1-cell of vK is congruent modulo (1K), to a sum of n + 1-atoms by Proposition 5.2 (i)
of [Ste04]. Since f sends all m-atoms of vK for 1 < m < n to 1, the induction hypothesis gives
that f sends any n + 1-cell of K to the xg-composite of the n + 1-atoms in the congruence. These
n + 1-atoms are all sent to 1, by f so f sends all n+ 1-cells of vK to 1,. The induction hypothesis
gives that f sends all m-cells of vK to 1, for 1 < m < n so this completes the proof of the first
part of the result.

Now df, , (a;) is an n + 1-cell of vK so by the previous discussion

fdyi1(ai)) = 1o

Hence for 1 <i <t

Laz s = 1o = Lag pan
Lt rtan = e = Lag ra)
and so
f(@i) #n11 f({@ir1)) = éf((am *0 Lyt r(a ))) *pgl <1d0_f((¢‘zi+1)) -1 f(<fli+1)))
= (FUa) %0 L sy *ner (Lat, sy o F((@4))
= (F0@D) 1 Lag, pan) 0 (Ui, sty #n1 F((@0)
= f((a:)) xo0 f({@it1))
Hence
f(k) = f(a1)) sns1 - npr F(an) = f((@1)) o -+ 0 f((ar) = f({a1)) 0 - %0 f({ar))
since the image of f lies in RL(X) where #q is a commutative binary operation on cells. 0

B The Structure of Oriented Simplices

Recall Street’s oriented simplices, which are the w-categories vZ[A"] for n > 0. In this appendix
we will use the characterization from [Ste04] of w-categories in the image of the functor v from
ADC to describe the cells of ¥Z[A"]. We will show that the chain complex Z[A"] is a strong
Steiner complex and so by Theorem vZ[A™] is freely generated as a computad by its atoms.
We will use this fact and the results of [Ste04] to describe the source and target of the atoms (1))
corresponding to the unique non-degenerate n-simplex 1j,; € A7.
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The atoms of vZ][A"] are of the form () € vZ[A"],, for 6 : [m| — [n] an injective map in A.
Injective maps of A can be uniquely written as composites of coface maps §° with increasing order
on the omitted integers i. The next definition gives notation for the sets of increasing chains in [n]
that will appear in our descriptions of the atoms of vZ[A™].

Definition B.1. Define for n > 0 and 1 < m < n the set of sequences
Jnamn =1 =1 <2<+ jm | ju€ 0] for all 1 <1< m}
Define the subsets of Jym
J,tm:{fe Jnm | i—1=1 (mod 2) foralll1 <1 <m}
J,;m:{fe Jnm | Ji—1=0 (mod 2) for all1 <1 <m}
and for all0 <t <m and all0 <p<n

Proposition B.2. Let 0 : [m] — [n] be an injective map in A corresponding to a non-degenerate
m-simplex of A™. Then for all 0 <i<m

0 = > [dydy,---dj, 0]

jess

n,m—1i

Proof. We will prove this inductively by applying Definition 4.30l For the base case, i = m — 1
we have

[™=1/2] [™ /2]
(O =0"0] = D [dait10] O 1 =0710]= Y [daib]
1=0 =0

This proves the base case. Now let 1 < i < m — 1 and suppose

0= > ldjydj, - dj, 0]

jeJs

Then '
2005 =" Y (~1)[didyydy -+ dj, 0] (105)
t=07e 56

We will make use of the fact that the coface maps generate the injective maps in A with the cosim-
plicial identities. Hence, a non-degenerate i-simplex of A" can be written uniquely as d;, ---dj, ;¢
for [y <o < -+ < l,—; and ¢ the unique non-degenerate n-simplex of A”™. Returning to our specific
case of the sum , suppose t > j; and define

p=max{l1<I<m-—i|j<t+1l-1}

Then j, <t+1—1andif p <m —1 then p+1t < j,11 Furthermore

didj djy -+ d

jm—i

_ djydyj, - - djpdt+pdjp+1 cedj, . o p<m—i
djlde e djm—idp-HTL—i p=m— 'l
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This allows us to put all the terms from the sum not already in their unique form into that form.
We will show that these terms with ¢ > j; all cancel in the sum (105)).
Suppose t =0 (mod 2). Then t +p =p (mod 2) and so

(J1<je < <jp—1 <t+p<jpy1 < <Jm-i) €J;

od

cdy,_ diypd i P <m—1

Jp+1°

dedidi, - d; _ djp*PJrldjldjz )
J17])2 Im—i — .
' Ajp—i—mtit1djy djy - i Aipm—i p=m-—i

Hence all terms [doxd;, dj, - - - d;,, and 2k > j; in the sum ([105) defining 0(0);
cancel.

Now suppose t =1 (mod 2). Then ¢t +p=p+1 (mod 2) and so

0] for j € Jom

—1

(1 <jo<- <jJp<t+p<gpt2<-<Jmi) €J,

n,m—i

In this case it is not possible that p = m — ¢ since t > 1. Now

dedj, djy - -~ dj,,_; = dj, —p1djy djy -+ g dipdy, - - - dj,
and since jp41 = p+1 (mod 2), jp41 —p+1=0 (mod 2). Hence all terms —[daxy1d;,dj, - - - dj,, 0]

for j€J~ . and 2k+1> j; in the sum (T05)) defining 0(0); cancel.

n,m—i
The only remaining terms in the sum are those for which ¢ < j; and there can be no cancellation
between these as they are already in the unique form specified above. Hence

<9>i:1 =0 <9>7§n = Z [dj djy - - 'djm—i+19]
jeJs

n,m—i+1

The same argument gives the result for (6) . 0

The basis described above for the ADC Z[A"] satisfies the conditions of Definition making
Z[A"™] a strong Steiner complex. For any injective map 6 : [m| — [n] by Proposition

so this basis is unital. The basis of Z[A"] described above is strongly loop-free as there exists a
total order on the set of all injective maps in A with codomain [n]. We define this order recursively
as in Example 3.8 of [Ste04].

Proposition B.3. Let n > 0. There exists a total order on injective maps with codomain [n] in A
such that 0 : [m] — [n] <y ¢ : [p]| = [n] if and only if one of the following conditions hold

1. 6(0) < (0) in [n]
2. 6(0) =¢(0) andm =0 andp >0
3. 0(0) = p(0) and m,p >0 and o d® >y @ od®

where d° : [m — 1] — [m] and d° : [p — 1] — [p] are the injective maps in A that omit 0.
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Proof. We will show this relation is anti-symmetric by induction on min{m, p}. Suppose one of m
orpisOand § <y pand 0 >y . If <y ¢ because (0) < ¢(0) then it is not possible that 6 >y ¢
as 0 # ¢ and none of the conditions for the strict relation allow for 6 >x ¢. Hence 0(0) = ¢(0). If
0 <n ¢ then it must be the case that p > 0. But in this case it is clearly not possible for 6 >, .
Hence if 8 <y ¢ and 8 >y ¢ then 8 = . Now let [ > 0 and suppose that § <y ¢ and 6§ >y @
implies # = ¢ when min{m, p} <.

Let 6 : [m] — [n] and ¢ : [p] — [n] be injective order-preserving maps and suppose that
min{m,p} =1+ 1 and 0 <,, ¢ and 0 >, ¢. If 6(0) < ¢(0) then it is not possible that 6 >x ¢ as
none of the conditions allow this possibility. Hence 6(0) = ¢(0). Since m,p > 1 > 0, it must be
the case that § 0 d? <y ¢ od® and § od’ >y ¢ od’. But by the induction hypothesis this implies
Bod’ =¢pod’ sod =y since (0) = ¢(0) as well.

We will show transitivity by induction on min{m,p,q} for 6 : [m] — [n], ¢ : [p] = [n], and
¥ : [g] — [n] injective maps in A such that  <x ¢ <y 1. Suppose one of m, p, or ¢ is equal to 0.
Suppose ¢ = 0. Then it must be the case that ¢(0) < ¥(0), so 8(0) < ¢(0) < 1(0) and 6 <y .
Now suppose ¢ > 0 and p = 0. Then it must be the case that (0) < ¢(0), so (0) < ¢(0) < 1(0)
and 6 <y 1. Finally, suppose m = 0 and p,q > 0. Then 6 <y v by the second condition of the
base case. Now let [ > 0 and suppose that for any 6 : [m] — [n], ¢ : [p] — [n], and ¢ : [q] — [n]
injective maps in A such that 6 <y ¢ <y ¢ if min{m, p,q} <1 then 6 <y 9.

Let 0 : [m] — [n], ¢ : [p] = [n], and 9 : [q] — [n] be injective maps in A such that 0 <y ¢ <y 9
and min{m,p,q} = [+ 1. Suppose 6(0) < ¢(0) or ¢(0) < ¥(0) in [n]. Then #(0) < ¥(0) and so
6 <y 1. Otherwise, it must be the case that 6 o d® >y p o d® >y 1) 0 d°. Hence by the induction
hypothesis, § o d® >x 1 0 d® so § <y 2.

Finally, we will show this is a total order. Again this will be by induction on min{m, p}. Suppose
0 # ¢ and one of m or p is equal to 0. If 8(0) # p(0) then either § < ¢ or 8 >y ¢. If §(0) = ¢(0)
then it cannot be the case that m = p =0, as 6 # ¢, so one is strictly larger and again § <y ¢ or
0 >n . Now let I > 0 and suppose that for all  : [m] — [n] and ¢ : [p] — [n] such that 0 # ¢
with min{m, p} <1, either § <y @ or 8 >y ¢.

Let 0 # ¢ with min{m,p} =1+ 1. If 6(0) # ¢(0) then either 6 <y ¢ or 0 >y . If §(0) = ¢(0)
then it must be the case that 6 o d’ # ¢ o d° and so by the induction hypothesis # o d® < ¢ o d°
or od® >y ¢od’. Hence 0(0) # ¢(0). ]

The injective maps 6 : [m| — [n] are the m-simplices of A™, so this determines a total order on
the basis elements of the ADC Z[A"]. We will use the following alternative characterization of this
total order to prove that the basis for Z[A"] is strongly loop-free.

Proposition B.4. Let 1, € A} be the unique non-degenerate n-simplex. Let

di1 -ed 1[n] S Azfm Cljl s djpl[n] € Azfp

im

for P=i1 <y < - < im and j =71 < J2 < -+ < Jp be distinct non-degenerate simplices of A™.
If 1 <t < min{m,p} is the first position where i and j differ then

it>j¢ and ji—t=1 (mod 2)
dil"'dz’ml[n] <N djl"'djpl[n] e or
iw<ji and i —t=0 (mod 2)

If iy =gy for all1 <1 <m and m < p then

dil“’diml[n} <N Cljl-”djpl[n] < jm+1—(m+1)51 (mod 2)
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Proof. This is just a change in perspective from injective maps in A to simplicial operators. The
simplex d;, - - - d;,, 1}, corresponds to an injective map

dim odim=to...odn : [n—m] = [n]
that omits i1 <2 < ---ip. Similarly, d;, ---d;, 1}, corresponds to an injective map
& od’"1 o od : [n—m]— [n]

that omits j; < jo < ---Jjp.

Suppose ¢ < min{m, p} is the first position where i and j differ and i, > j;. Then 0:(1) = 0=(1)
forall 0 <1 < jy —tand O:(j; —t +1) # 9;(]} —t+1). Hence to compare these maps we must
apply do j; —t+ 1 times. Since j1 < jo < ---jp, forall 1 <[ <t

Ja<gi—t+l1
Hence j; < j; —t+ 1 forall l <t andsosincei =7 foralll <[ <t

dgftJrldil cod dgftﬁdm coed e d

dlid, - d;,
= dody---dj,—1didiy - di

m m

m

od

t+1 Jp

= dpdy--- djtfldjtdj

A e d = dg)tdjtdj

P

iy

The injective map corresponding to

0<1 < <jp—1<je <jep1 < Jp
sends 0 to a value strictly greater than j; while the injective map corresponding to

O<l< - <G —1<ig <ipqr <- i
sends 0 to j; since 7y > j;. Hence

gy, e di, 1y <w df g, - d, 1
Therefore, by Proposition [B.4]
diy = dipy 1) <N djy -+ dj, 1) = jr=t—1 (mod 2)

Now suppose i; = j; for all 1 <1 < m and m < p. Hence the sequence iis just a truncation of
3. Now jmay1 > tm 80 jme1 —m+1—12>4; for all 1 <1 < m. Consider

& dy - dyy, = A
= dodrdz -~ dj,, 1
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dy " dgydy, - d

dg)m+1imdi1di2 T dimdjm+1 o
Ay dj, o dj,
= dodids - d

jm+1_1

» ~dj,

Ay - djp

Hence the injective map corresponding to
0<1l<2< - <jgmy1—1
sends 0 to jy,4+1 and the injective map corresponding to
0<1<2< - <Jmg1 =1 <Jmt1 <Jmy2 <---<UJp

sends 0 to a value strictly greater than j,,11. We have applied dy to our original functions j,, 1 —m
times, so by Proposition

&y T iy diy - diy ey <y ATy dg 1y
if and only if j,,+1 — m is even. Or equivalently,
dil cee diml[n] <N dj1 ---djpl[n] = Jm+1 — (m + 1) =1 (mod 2)
O

Proposition B.5. With the total order <y from Proposition Z[A"] has a strongly loop-free
basis.

Proof. We will prove the first of the conditions in Definition [£.24] the proof of the second condition
uses the same argument.

Suppose § € A} | and ¢ € A} are simplices such that [§] < 07 [¢] in Z[A"]. Then § = d;p for
some j =1 (mod 2). Write for 7 = iy <Jo< o <ipm <t

o =di - di, 1y

where 1p,;) is the unique non-degenerate n-simplex of A™. We consider two cases.
Suppose there exists 1 <l <msuchthat j+l—1<ijandforall 1 <r<I[I—-1,74+7r—12>14,.
Then
5:dj(p:djdi1 coed :dil "'dilfldj-l—l—ldil ceed

Since j is odd j+1—1=1 (mod 2). Hence 6 <y ¢ by Proposition since 4y > j+1— 1.
Now suppose j +7r —1 >4, for all 1 <7 <m. Then

im im

o= djép = djdil coed = dil tee dimdj+m

im

Since j is odd, j + m =m + 1 (mod 2) and so by Proposition 0 <N . 0

The key result from [Ste04] for ADCs with unital strongly loop-free bases that we will apply to
Z[A™] is the following.
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Proposition B.6. Let K be an ADC with a strongly loop-free basis. Let x € vK,, be an n-cell that
is congruent modulo (uK), for some 0 < r < n to a sum of atoms

= (by) + (b2) +--- + (by) mod (uK),

where by <y ba <y -+ <p by in the partial order on basis elements. Then there is a decomposition
mrvK
T = X1 *p TQ *kp -+ *p T

with x; = (b;) mod (uK),.

We will use this proposition to verify that cells we construct in the strict w-category vZ[A"]
describe the source an target of the n-cell (1)) of vZ[A"]. Before this we will give a brief description
of what can generally be said about the cells x; in the decomposition given by this result.

The cells z; for 1 <4 < k will be n;-cells, where n; is the degree of the basis element b;. It must
be the case that n; > r, as (b) =0 mod (uK), if b is a basis element of degree less than or equal

to 7. Now di_(z) = dr_ (), so (2;)} = 2 for all 0 < j < r and all £ € {—,+}. As well, for all

r < j<mn;andall £ € {—,+} we have (%)5 = (bz>§ since z; = (b;) mod (ukK,). So the double
sequences for the cells x; look like

2 — ( Toott T (@), <bi>’}1’ (bz’>i+zv"' ,<bi>§i,1,b7 0, >
L1, <x’5)r+7 <bi>7‘+17 <b’i>r+27 T <bi>ni—17 b7 07 o

g,
with only the entries on the 7" level not already determined. Furthermore, d; (z) = d- (x1) and
d (&) = d} (21) so (w1); = @, and () = a7

We will now proceed to define the cells in ¥Z[A"] that will form the source and target of (1p,)).
First we must define certain sequences of values from [n] that allow us to compactly describe certain
simplicial operators and hence certain cells of vZ[A™].

Definition B.7. Define for n >0 and 1 < m < n the set of sequences

Jnm =47 =1 <jo<-+-jm | ji € [n] for all 1 <1 <m}
Define the subsets of Jym

J;m:{j’e Jnm | Ji—1=1 (mod 2) foralll1 <1 <m}

Jom =17 € Jam | 1 —1=0 (mod 2) for all 1 <1< m}
and for all0<t<mand all0<p<n

Jn,%_{jet]n,m‘jt<p<jt+1 andjl—lz{

Note that for ;E J,(fy)rf
Jt—t=t+p=jiy1—(t+1)—1=jiz1 —t (mod 2)

SO jt = ji+1 = p (mod 2).
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For ; € Ju,m we denote by

dz = dj dj, - - d;

the corresponding simplicial operator for an n-simplex.
The following Definition provides an explicit description of cells w( ?)  for 0 < p < n that will
make up the source and target of the n-cell (1) of vZ[A"].

Deﬁnition B.8. Letn>3. Forall0 <p<n and all2 <m <n—1 define the n — m-cells ’7793—)771
and 57 of vZ|A"] such that

%Sp_)m = Z Z dj'l[n}> mod (,U,An)n_m_l
telm] s.t. 7o g0t
tzp[ (]mod 2)]€Jnl’7m
5np_m = Z Z <d;1[n}> mod (,uA”)n_m_l
te[m] s.t. = 1(p)t
tzp+[1 ](mod 2)]6Jn;’7m
m+1
Z [dilp] + (dplip)pom1 €=+ andj=n—-m-—1
(V2,05 = q 7 Fenna
S — E=—andj=n—-m-—1
\<1[n]>§ ce{—+}tand0<j<n—-m-—2
( 1[n}>7——t—m_1 £:+ andj:n—m—l
m+1
(6 )5 = > ]+l oy E=—andj=n—m—1
=0 e
(L) fe{— 41l and0<j<n—m—2

For 0 < p <n define

and for 2 <m <n —1 define

wr(tp)m+l - 77(Lp)m *n—m—1 wfzp)m *n—m—1 57(Lp)m
with
Wy = (A1) mod (A"

Proof. We must show that the cells in this definition are well-defined. For 'yq(lp_) m and (5£Lp_)m for
0<p<nand?2 <m<n—1 We must show that the definition of the entries in the double
sequence are valid for the conditions defining vZ[A"] in Definition and Definition [£.20] For

the conditions on puZ[A"], we only have to show that

8(77(Lp)m);r m a(’ygﬁm);—m = (’Y?(w@m):fm 1 (vftp)m); m—1
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as the other cases for lower entries in the double sequence follow from the fact that (1)) is a valid
n-cell of vZ[A™].

For a fixed value of p, the cells ’y,(ﬁ m and 57(30_) . are distinguished by the choice of parity for
t 4+ p, which must remain constant as ¢ € [m| varies. Let a € {0,1} and define o € {—,+} to be
the sign of (—1)%*'. With this definition, for all n >3 and 2<m<n-—1,j € Jim if and only if

Jr —k =a (mod 2) for all 1 <k < m. Then we want to show that

m+1
0 > Ddp) | =D D0 Y Al + ol — Upem
te[m] s.t. jEJ,Sf% t=0 jeJép25+1

t+p=a (mod 2)

We will start by analyzing the quantity on the left, which we will call 7,

Ta =0 2. 2 ()

te[m] s.t. jejr(ll,’%
t+p=a (mod 2)

where
T = a(’yg?m)
m =00",)

Let a € {0,1} be fixed. We want to identify which terms do not cancel in the sum m,. We will do
this by analyzing cases.
Suppose j = a+ 1 (mod 2). We consider several sub-cases.

(O1) Suppose j =a+ 1 (mod 2) and [ < t. Consider
djdj, -~ dj,, = djdj, - djdjd,, - dj,
= iy - i djy - djdind g, - dj,

Define j_;EJn,m by
Jk 1<k<I
Jh=Rd+1 k=1+1
Jk [+2<k<m

This sequence satisfies

Jk—k=t+p (mod2) 1<k<I
1= jHl—(I+1)=j—-1=a=t+p (mod2) k=I0+1
Ik e —k=t+p (mod 2) [+2<k<t
jr—k=t+p+1 (mod 2) t+1<k<m+1

so j € Jy(f,z,f, but jii1—(I+1)=t+p=j+1 (mod 2) since [+1 < ¢, so the term (—1) [djd;.]
cancels in the sum 7.
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(O2) Supposej =a+1 (mod 2) and [ = ¢. Then the sequence

djdj, - - - dj,, = dj dj, - - - dj,dji1djy, ., - - dj

AT

m

cannot arise from drdf, for any r = a (mod 2) and any j_; € Jy(ﬂ),tl/. Foralll <k <t

Jgk—(k—=1)=t+p+1=a+1 (mod2)
and forallt+1<k<m
jp—k=t+p+1=a+1 (mod2)

so all such terms appearing in the sum 7, have the sign (—1)%*!. Hence none of the terms
with j =a+1 (mod 2) and [ = ¢ cancel.

(O3) Suppose j=a+1and [ > t.

djdj, -+ -dj,, = djdj, - djydjnd,, - dj,
= dj_q-1djdj, -~ dj_ djnd, - - dj,,
Define
jr 1<k<l—1
Je=R7+1l k=1
je l+1<k<m
then
jp—k=t+p (mod2) 1<k<t
, o Jie—k=tep+1 (mod2) tH1<k<l—1
BT it l=j=at+1=t4+p+1 (mod2) k=1
jg—k=t+p+1 (mod 2) I+1<k<m

Hence j/ € JT(LI,% and since [ > t, jj—(l—1)=(t+p+1)+1=t+p (mod 2) the term
(—1)7[djd;, - - - d;,,] cancels in the sum m,.

Now suppose j = a (mod 2), we will again consider several sub-cases.
(E1) Suppose j =a (mod 2),l>1,and j+1<p. Then jy<j+Il<psol<t.

didj, ---dj,, = djdj, - -djdjpdg,, - dj,
= dj—11djdjy - - dj_ djpdy, - dj

m

If we define a sequence ]77 € Jum

gk 1<k<l—1
j+l k=1
jr l+1<k<m

™~
I

J
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(E2)

then j7 € Jr(fq)ﬁ since

jr—k=t+p (mod 2) 1<k<l-1
;e jHl—l=j=a=t+p (mod2) k=1
= jk—k=t+p (mod 2) I+1<k<t
jp—k=t+p+1 (mod2) t+1<k<m+1

Since [ <t,j;j—l—1=t+p+1=a+1=j+1 (mod 2), so this term cancels.

Suppose j =a (mod 2),1 =0, and j < p. Then j < j; and j < j; < -+ < jp, IS a sequence in
Jn.m+1. Suppose that the term (—1)*[d;d;, - - - d;,,] in 7, cancels. Then it must cancel with a
term of the form

(=) [d), —rdjdjy -+~ dj, gy - ]
for some 1 < r < m. Such a term can only occur with the opposite sign if j, —r=t+p+1=
a+1 (mod 2), so it must be the case that r > ¢ 4+ 1. But then the sequence j_; € Jpm with

j k=1
Jrk={Jk—1 2<k<r-1
Jk r+1<k<m

has jj—1=j—-1=a+1=t+p+1 (mod 2). Hence the only value of ¢ for which it is

possible that j7 € Jg)ﬁ is ' = 0. But j; = j < p, so this cannot occur. Hence none of these
terms cancel.

Suppose j = a (mod 2) and j +1 = p. Sosince j; < j+1 = p < ji+1 hence | = t and
j = p—t. This term does not cancel with any term (—1)”[drdj~,] in the sum 7, since j/ will
always contain an operator d,, which is not possible for j_; € Jr(fr)rf/ for any t'.

Suppose j = a (mod 2), j+1 > p, and | < m. So since p < j+1 < jj41 hence t <+ 1 or
equivalently ¢ < [. Since [ < m consider

djdj, -~ dj,, = djdj, - djdjpd,

- dj,,

1+1 "

= dj, —1-1djdjy - - djdjdg, - - dj,
Then if we define j_; € Jnm
Jk 1<k<I
Je=Rj4+t k=1+1
Jk t+2<k<m
Since t < [ this sequence satisfies
Jjk—k=t+p (mod2) 1<k<t
i jk—k=t+p+1 (mod 2) t+1<k<lI
Tk S )jHl-(+D)=j-1=a+1=t+p+1 (mod2) k=I1+1
jrp—k=t+p+1 (mod2) [+2<k<m

Hence j/ € J,(f%. Since l+1 >t jis1—({+1)=t+p+1=a+1 (mod 2). Hence this term
cancels in the sum 7.
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(E5) Suppose j =a (mod 2), l =m, and j +m > p. Then
[djdyy - - dj 1)) = [dyy - - - djy djgm L))
If this term cancels in the sum 7, it will do so with a term of the form
(=) dj—rrdyy - dj i djyy - djpy i L]

for some 1 < r < m. For this term to have the sign (—1)¢*! in the sum, it must be the
case that j, —r—1=a+1=t+p+1 (mod 2), which occurs if and only if r < ¢, as then
Jjr —7T =t+p (mod 2). Define the sequence j’ € J, », by

Jk 1<k<r-1
Je=4Jkt1 T<k<m-1
j+m k=m
Then
Jjp—k=t+p (mod 2) 1<k<r-1
= Jit1 —k=t+p+1 (mod 2) r<k<t
T gk —k=04+pH+ 1) Fl=t+p (mod2) t+1<k<m-—1
jtm—m=j=a=t+p (mod2) k=m

But j+m >pandj,—-m=j+m—-m=j=a=t+p (mod 2), so j' ¢ J,S{’%f for any value
of ¢/. Hence these terms do not cancel.

The terms that are not cancelled in the sum m, with sign (—1)* are the following. From the
case (E2) we get the terms (—1)%[d;dz] with j <p, j < j1, j = a (mod 2), je Jr(f?rf. If we define

—
>/

J=1<n<-<Jgm
then
j—1=t+p+1 (mod 2) k=1
Je—k=<jr1—k=t+p+1 (mod2) 2<k<t+1
Jiei—k=({t+p+1)+1=t+p (mod2) t+2<k<m+1

so since ji 1 = jt < p < Jit1 = Jiio j_; belongs to Jflp,)si} Furthermore, it is clear that any

je Jr(f T)rt:ri corresponds to such a term from (E2).

From case (E3) there are the terms (—1)[d;d5] with je JT(ZI% and j +t =p. Now

L

didj, ---d;,, = dj, -

m G dpdje iy - - - dj,
= dj, -

jtJrl
e —1 g, —1dp

=9

Where]7:j1<~--<jt <Ji+1— 1<+ <Jm—1¢€ Jpm since jy < p < ji+1 50 J¢ < jr+1 — 1. Now

;g jk—k=t+p=a (mod?2) 1<k<t
Tk gk 1l—-k=@t+p+1l)—1=t+p=a (mod2) t+1<k<m
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Hence j/ € J&,, where a is the sign of (—1)°*! and these terms belong to (—1)*(dp1p))%_p,_1-
In particular, these are the terms (—l)a[d;.dp] of (=1)"(dplin))p—m—1 Where ¢, which is the largest
value such that j; < p, satisfies ¢t +p = a (mod 2).

From case (E5) we have the terms
(=1)*[djd71p)] = (=1)*[dydjrm1p)]

with j = a (mod 2), ; € Jflp_)i’m and 7 +m > p. This gives a sequence ]77 = <J2<-<jim<
j+m € Jpmy1 where

jr—k=t+p (mod2) 1<k<t
Jr—k=jr—k=t+p+1 (mod 2) t+1<k<m
j+tm—(m+1l)=j—1=a+1=t+p+1 (mod2) k=m+1

—
>/

SO j J(p)t

n,m-+

m

, with t < m+1 and t+p = a (mod 2). Furthermore, any j e Jépgfbﬁ with
t+p = a (mod 2) corresponds to such a term from (E5). Let j/ € Jé{%ﬂ with ¢ < m + 1 and
t+p=a (mod 2). Then
J=h<j<-<im

satisfies

= Je—k=t+p (mod2) 1<k<t
k—k=4q"

/ Jp—k=t+p+1 (mod2) t+1<k<m

and since j; = j; < p < ji41 = Jjey1 hence je Jr(fi)im. Also since t <m +1, jj,.1 — (m+1) =

t+p+1 (mod2)soj=j,, 4 —m=t+p (mod2). So d; :djd;withj'e Jr(lp_)im and j=t+p
and j < ji since j = j;, .y —m <jjand jj —1=t+p (mod 2) so ji =t +p+1#j (mod 2).
Thus we have shown that the terms with sign (—1)* that do not cancel in the sum 7, are

> Mo ldaAwl+ Y A |+ > [dsdplyy) (106)

tE[m} s.t. jlef;ﬁ+1 jlef}éi; JE€I 1 m St
t+p=a (mod 2) t+p=a (mod 2)
a+1

The terms that are not cancelled in the sum 7, with sign (—1)*"" only arise from case (02).
These are the terms (—1)““[djdj~.] with! =¢,j = a+1 (mod 2), and j € J,(f% for t+p = a (mod 2).
Now

djdj, - - - dj,, = dj dj, - - dj djyidj, - dj

1

so if we define
F=h << <p<itt<ijur<--<jm
then
Jje—k=t+p (mod2) 1<k<t
Jh—k=<j+t—(t+1)=j—1=a=t+p (mod2) k=t+1
Jie1—k=({t+p+1)+1=t+p (mod2) t+2<k<m+1
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SO f’ belongs to Ji7,,, .1 where a is the sign of (—=1)o™1. Furthermore, jj, # p for any 1 < k <m+1.
The only position where this could be possible is j£+1 =j+t, butif j+t=pthen j=t+p=
a (mod 2), which is a contradiction. Finally, it is also the case that j_7 ¢ J,(f r):+1 for any value t'.
Since j;, —k =t+p for all 1 <k < m+ 1 the only possible values of ¢’ would be 0 or m + 1. If

t' =0 then j; > p for all k € [m+ 1], so t =0 and
j—1l=j1—-1=t'4+p+1l=t+p+1l=a+1 (mod?2)
which is not possible, as j =a+1 (mod 2). If #/ = m + 1 then
j=—l=j4+m—-(m+1) =g, 1—(m+1)=t'+p=m+1+p=a+1 (mod2)

which is not possible, as j =a + 1 (mod 2).
Furthermore, any ]77 e J¢

n,m-+
1 <k <m+1 corresponds to such a term from (02). Let j" € J5,, ., be such a sequence. Let ¢
be the largest value such that j; < p. Then p < ji1q since jip Zp forall 1 <k <m+ 1.

Now consider the following cases.

1 such that i ¢ Jflp )t’+1 for any value t' and j; # p for any

,m

1. Suppose p+t =a+1 (mod 2). Claim that this implies ¢ > 1. If ¢ = 0 then p = a+1 (mod 2),
sojp,—k=a=p+1=t+p+1 (mod?2)forall 1 <k<m+1. This impliesf; A

n,m-+1°

which is a contradiction with the conditions on j_;. Hence t > 1, so we can consider

do---d

e d
J1 ~7m+1

=dj_41dy - d

-/
Jt—1

d

L ed
Jt+1 Im+1

The sequence j = j7 < ---ji_1 < ji11 <+ < i1 € Jnm satisfies

k= Jo—k=a=p+(t—1) (mod 2) 1<k<t-1
I\ —k=a+1=p+(t—1)+1 (mod2) t<k<m
hence j € Jfﬂ%ifl, since ji_; < ji < p < ji41- As well, ji =t —1 = a+ 1 (mod 2), so
1) d 51,0 = (=1)* Y d ;1 _;_1d=1},], which is a term in 7, from case (O2).

7 [n] Jt 7 [n]

2. Suppose p+t = a (mod 2). Claim that this implies that ¢ < m. Suppose for contradiction
that p+t = a (mod 2) and ¢t = m+ 1. Then m+1+p = a (mod 2) so j, —k =a =
m+1+p=t+p (mod2) for all 1 <k < m + 1. But then this implies that je Jpmtl

n,m+1

which contradicts the conditions for ]7. Since t < m consider

do-ds =4d

J1 Im+1 j£+1_t

d.

J£+2 T djvl’n+l

dj - d

7
The sequence j = ji < -+ i < jioo < -+ < jb .1 € Jum satisfies
Jp—k=a=p+t (mod 2) 1<k<t
Jppn—k=a+1=p+t+1 (mod2) t+1<k<m

hence j € J¥N since jI < p < Jte1 < Jige- Aswell, ji —t+1 = a+ 1 (mod 2), so

(—1)“+1[dj7L] = (—1)*[d; —t+1d71})], which is a term in 7, from case (02).

/
t
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This completes the analysis of 7,. Recall that o € {—, +} is the sign of (—1)%*!. Then we must
show that

m+1
=D Y Y ] + ol it — (L)) i—m
t=0 z_ ;(p)t
Jejn,m«l»l

The terms with sign (—1)®*! in the sum on the right are those [d71,] for jeJe

m1 such that
j¢ Jgfgﬂ for any t € [m + 1] and ji # p for any 1 <. These are exactly the same as the terms
with sign (—1)?*! in 7.

The terms with sign (—1)% in the sum on the right are those [d;.l[n]] for j € Jff;;l such that
j¢ Jim41 and those [dzdplp,] for je Ji1 m such that the sequence

—
>/

J=n 0 <p<Je1+ 1< Jm+1

where ¢ is the largest value in [m] such that j; < p, does not belong to JS,, ;. We will show that
these are exactly the terms we identified in (106).

First, we claim that for j € J3' ,,,, [d;.dpl[n}] = [d]e,l[n]] for some j' € J2, . if and only if
t+p=a+1 (mod 2). Consider a sequence j € Ji_1m- Let t be the largest value such that j; < p.
Then d;. = d]r, where j_7 € Jn,m+1 is defined by

Tk 1<k<t
Je=2D k=t+1
1 4+1 t+2<k<m+1

Hence
a (mod 2) 1<k<t

je—k=<{p—t=t+p (mod?2) k=t+1
Ji-1+1l—k=a (mod2) t+2<k<m+1

s0 it is clear that j/ € I my1 if and only if t +p = a (mod 2).
Finally, if j € gt | then 7 ¢ Jymy1 ifand only if p+t=a (mod 2) andt <morp+t—1=

n,m+

a (mod 2) and t > 1. For j € Jﬂfﬂ

. _)Jt+p (mod 2) 1<k<t
PV p+1 (mod2) t+1<k<m+1l

Clearly j € Iy ifand only if t =0 and t+p+1=a (mod 2) ort =m+1and t+p = a (mod 2).

Hence we have proved the identity (106) and so 'y?(f_)m and 57(30_),” are well-defined elements of
UZ[A" ]y

Now we will show that ~,,

( () );r, (’y(p) ). € Z[A™]* for all 0 < j < n — m and similarly for 5P If n—m > 2 then

VYn—m n—m/j n—m

e(V705) = e((Lp)y) = 1 and e((W,)8) = e((1p)d) = 1 since (1p,) is an n-cell of vZ[A"].

n—m

() m and 5@ )m are n — m-cells of vZ[A"] using Definition Clearly

n—
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Ifn—m=1then e(y",)I) = e((1p)g) = 1 and £((6%),,)5) = e((1)i) = 1. For the other

77’1/ m
cases, recall the definition of Jff ,)lt.
- . . . t+p 1<i<t
JPt— e <p< and j; — | =
n,n J n,n’]t P < Ji+1 J t+p+1 t+1<l<n

The only possible choice of ¢ for which Jff %t is not immediately seen to be empty is t = p with the
p)t

unique possible sequence in Jy(w being
0<1l<2<---<p—1l<p+l<---<n

This sequence has t = pand t+p =0 (mod 2). But p—1—(p) =1# 0 =1+ p (mod 2) and
p+1—(p+1)=0#1=t+p+1 (mod 2) so this is not a valid sequence for Jr(f%p. Hence Jé{),)f =

forall0 <t¢t<mn+1and

m—+1

el D0 > [dAm) + (dplp)§ | = e(dplp)f) = 1

=0 Fe )t
So %(32 m and 6T(lp_)m are n — m-cells of vZ[A™].
Now we will show inductively on 2 <n —m <n — 1 that the n — 1-cells w,(Lp_)m

and

are well-defined

(wgp—)m)r_zfmfl = (7792771):;777171
(wgp—)m):fmfl - (57(1p)m);z m—1

iy = (1) mod (A™) 1

For the base case, n —m =1, wgp ) = (dp) is well-defined and clearly

W = (dy1,;) mod (A",

Furthermore,
@My = (dp)g =\
WP = (g = (67

This completes the base case.
Now let 0 <n —m < n — 1 and suppose wﬁlp,m

=

is well defined and

® \— ((p) )+

(wn )n m—1 = Yn=m)n-m—1
( )n m—1 — (5£Lp2m)7;—m—l

W ) = (dply)  mod (A™) o1

For 0 < p < n define

w7(’bp—)m+1 77(Lp)m *n—m— lwfzp)m *n—m— lé(p—)
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Hence
W i =@ = (di1 ) mod (A

n—m+1 =Wnim =

since ’y,(ﬁ m and 57(173_) m are n —m-cells and

)y = (A1) mod (A" )1

by the induction hypothesis. Finally, we have

(w£p2m+1)7:—m = (%Sp)m *n—m—1 wﬁbp)m *n m—1 5(1)) );—m
= oo S Al Y Z (31
te[m] s.t. eJ(P)t te|m] s.t. EJ
t=p (mod 2) o t=p+1 (mod 2)
= Z > ] + o)
te[m)| EJ(p)t
= (szp)erl);'L— m
(wfzp—)m—&-l):—m - (77(Lp)m *n—m— 1w£Lp)m *'ﬂ m—1 5(p)m)7—’z— m
> 2 GlplHdlmint > D il
te[m] s.t. J<p)t te[m] s.t. Fea®r
t=p (mod 2) t=p+1 (mod 2) ’
= D D ]+ ([l
te[m] EJ({’)t

= (6'r(7,p—)m+1 )7_Lfm

This completes the induction.

(p)

We will now describe the n — 1-cells w,”; completely as cells of vZ[A"].

Proposition B.9. For alln > 3 and all 0 < p < n the n — 1-cells WSL of vZ[A™] have
( men 1= @) = [dply)

e = > (A ] + (dplpa)r s

te[Q]]EJ

2= > [dilp] + (dplp)i

te[z]JGJ (p)t

and for all0 < j<n-—3
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Proof. By Definition [B.§ we have

7(Lp)1 _ ’Yr(z )2 3 (p) ) Fn 3(57(1)2

where w?| = (dplip) mod (uA™)p—2 so

n—1 —

(W(p) )+ = (w’gbp—)l)’;—l = [dpl[n]]

n—1/n—1
and
(Wizp—)1)7:—2 = (%(1—)2 *n—3 wnp—z *n—3 57(11)—)2)7:—2
= D 1A ] + (dplpa) o + > > [dAg)
te[2] s.t. > 7(p)t te[2] s.t. > 7(p)t
tEpE[ (]mod 2) JGJ"% tEp—l—GI[ ] (mod 2) GJ"Z’)Q

tef2] 7 Jflp%t

(p) (p)

( ;p)1)n 2 = (’Y 2 *n—3 Wp 9 *n— 35( )Q)n 2
= Z Z ] + ol 2+ Y D ]
te[2] st Fe @t te[2] s.t. e )t
t=p (mod 2) m,2 t=p+1 (mod 2) 2

= > > ]+ (dplp

te [2] j EJ,,(Lp)t

and forall 0 < j <n-—3
@2 )7 = ()7 = Ay

PE = (0 = (1)F

We are now finally ready to describe the source and target of (1p,)).

Proposition B.10. The n-cell (1)) € vZ[A"] has source and target given by

d7:71<1[n]> = wilel *n—2 Wé?)zl *p—92  ¥p_2 W7(12,L71L_1/2J+1)
d'r—i_—1<1[n]> = WS—LZLhJ) *p—2 *¥p—2 wy(f)l *n—2 w( )

where w?, are the n — 1-cells of VZ|A"] defined in Deﬁnition for all0 <p <mn.

n—1
Proof. This is an application of Proposition to the ADC Z[A"], which has a unital, very
strongly loop-free basis. By Proposition @, dilp) <N dit2lpy) if and only if ¢ is odd. Hence in the
identities

dy 11l = 07 [L] = [dilpy] + [dalpy] + -+ + [doks1lpy] mod (HA™)p—2

d¥ gy = 0 U] = [darlp] + - + [dalpy] + [dolpyy] mod (uA™), 2
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the sums on the right are written in increasing order for the total order <, on the basis elements.
Applying Proposition gives that

_ (21" /2] +1)

dy, <1[n}> = @(1) *n—2 @7(521 *p—2c Fp_2 W

n—1 n—1 n—1
dr—:—fl<1[n]> = @7(12};/2” *pn—2 0 kp—2 @S,)l *n—2 @7(1(?2
with
o) = (dply) mod (HA™), s
and (
d;_a)?(zp—l =did)_ (1) = (1p);
forall 0 < j <n—3 with § = — if pis odd and § = + if p is even. Comparing these n — 1-cells

©®) with the n — 1-cells w® as described in Proposition we see that for all j #n — 2

o0f = @)}
@P )7 = @P);
(p) (p)

Z1 = w,; it only remains to show that for all 0 <p <n

To show @
2
O =Y 0> (djydiy ) + (dplyy) mod (LA™, 3

Observe that for all 0 <p <n

S ldpdplyl = > [djdi 1l + D [dpradily]

2 1(p)0 2 1(p+2)0 p+2<j<n s.t.
I€Tn2 G€Jn 2 j=p+1 (mod 2)

S ldpdply] = > [djdiylp) - > [djdpl)

= 1(p)2 2. 7(p+2)2 0<j<p s.t.
I€In.2 €2 j=p+1  (mod 2)

S ldpdply] = > [dipdplpgl— > lddilpgl+ D [didpaly)]

TegPt Ze P21 p+2<j<n s.t. 0<j<p s.t.
I€In 2 A j=p (mod 2) j=p (mod 2)

Hence if we write for 0 <p <n

then for all 0 < p <n
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ap = Qpio+ Z [dpradjlyy] — Z [djdply]

p+2<j<n s.t. 0<j<p s.t.
j=p+1 (mod 2) j=p+1 (mod 2)
- Z [dpdj 1[n}] + Z [dj dp+21[n]]
p+2<j<n s.t. 0<j<p s.t.
j=p (mod 2) j=p (mod 2)
Now
Yoo il + Y [didpaly] = > [dj-1dp1211]]
p+2<j<n s.t. 0<j<p s.t. p+1<j—1<n—1 s.t.
j=p+1 (mod 2) j=p (mod 2) j—1=p (mod 2)
+ Y didpyalyy)
0<j<p s.t.
j=p (mod 2)

= <dp+2>§1—2 - [dpdp+21[n]]
where £ = + if p is even and £ = — if p is odd. Hence

ap = apyo + (dpr2lp)s o — [dpdpsaly]

- > [didplpy) = > [dpdyly]
0<j<p s.t. p+2<j<n s.t.
j=p+1 (mod 2) j=p (mod 2)
= apr2 + (dprolp)e s — [dps1dplpy]

- > [djdpliy] — > [dj—1dp1pn)]

0<j<p s.t. p+1<j—1<n—1 s.t.
j=p+1 (mod 2) j—1=p+1 (mod 2)

= a2 + (dprolp))s s — (dplp)o_s

where ( = + if p is odd and ( = — if p is even.
Now @), = (dp) mod (uA™),_2, so

n—1 —

(»)

n—1

Jn_o = ap + (dplp)), o or if and only if ((I)ép_)l):_Q =ap+ (dpl[n]):_Q. Since
the compositions of the wff’)l cells go in opposite order for the superscript p if p is even or odd we
will do these cases separately.

We start with the odd case. We will proceed by induction on 0 <4 < [*~!/3] to show that

if and only if (@

@7(12_@';1)%_2 = a2it1 + {dplp)) o
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Now WS)1 = (d11f,)) mod (uA™), 2 and since d;—2‘z’7(21 =d, _od, (1) = d,,_5(1},)) we have
" ["72/2]
@ Dng = (il = Y [didiplpg] = Y [dajadilyy]
€T i=0
["72/2]
= > (djdplp] = Y [didgjialy]
EGJ;,Q J=0
= > [djdjp1p]
jesthe
where
TN = {f=(r<jo) | 1<jiand jy=1 (mod2)foralll<i< 2}
Since there are no values ij with j; < ja < lorj; <1landj; =1 (mod 2), J(lgl = Jn = () and
so o1 = (@) 1);p — (A1)

Now suppose 0 < i < [""1/5] and @1, , = = (d2i+11[n));—o + a2i41. Since B2 =
(d2i+31[p) mod (A™),—o we must calculate (& 7(3“{3))” o = (d2i+31lp)),_o- Now d 2¢D£LQZT3) =
d;:wi?(ff{l) SO

@y — (dois) s = {doig1 1)y + 2is1 — (daisslp)_s

But agi11 = a9ir3 — <d2i+11[n]>2—_2 + <d2i+3>;_2 since p = 2¢ + 1 is odd. Hence

(wn n—2 <d2i+31[n}>7772 = (2443

This completes the induction.
Now we proceed with the even case. We will use induction on 0 < ¢ < ["/2] to show that

2%
@), = ani+ (dpli)) s

Now &, = (dolp,) mod (uA™), o and since d;f_ 2@( ) = =d}_,dt_ (1)) = d;}_5(1})) we have

n—1 —

1"~ /2)

_(0
@Oy = oty = > didilpl = D [dajdolpy]
JETT, J=0
["=1/2)
= > ldpdplp) = Y [dodajalp]
jethQ 7=0
= Y [djdjp1p)
jea %

where
JO0 {j=(1<j2)|0<jrand jy=1+1 (mod?2)foralll<l<2}

n,2
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Since there are no values of j with j; < jo < 0 or j1 < 0, J((Bl = J,(L?f
(0
(%(1)1)71 2 <d01[n]>n 2°

= () and so ap =

Now suppose 0 < i < ["2/3] and ((Dfl)l)n o = (dailpy)t_o + ;. Since wfhf ) = (daitalyn))

mod (uA™),—2 we must calculate (@, 22+2) t, — (dair21py))_s- Now di (21+2) =d,_ 2w(21)1 o)
— (2142 _
@) = (ol ) e = (il + 02 — <d2i+21[n}>2——2
But ag; = agjio + <d2i+21[n]>372 - <d2¢1[n]>;72 since p = 2i is even. Hence
(2042
@S, — (doir2lp) o = Q2igo

This completes the induction. m

Finally we can use the results of Appendix [A] to show that when an n-simplex z : O™ — X
sends atoms (d;.l[np € vZ[A"] C O™ to identities of X then the source and target of z((1y,))) are
greatly simplified.

Proposition B.11. Letn>2, 0<p<n, and2 <a <b<n-—1. Suppose z : O™ — G is a map
of strict w-categories such that x((d;.l[np) is an identity in G for all j € Jr(ff),f with 0 <t <m and

a<m<b. Then

2@® 1) = 2(w?,)

Proof. Recall the n — 1-cells wq(lp )m of O" defined for 1 < m < n — 1 in Definition We will

show that z(w,, () o) = (wquzb) for all @ — 1 < ¢ < b by downward induction on c¢. The base case
c = b is clear.
Now let a < ¢ < b and suppose that x(wff,)c) = z(w pzb). Then

(») )

x(wnfc+1

| /\
/\

By assumption, x((d;.l[n]>) =1 By (o)) for all j € J,(lp,),f with 0 mand a < m < b.

7£Lp)c = Z Z <djl[n]> mod (uA")n—c—1

telc] s.t. j‘ejr(fgt

Since

t=p (mod 2)
oW, = > > (d:Apy) mod (HA™)p—e
te(d] s.t. ;ej(mt
t=p+1 (mod 2) e
Lemma [A.2| therefore implies that 33(77@6) =1 (@t AP ) and :U(d,(Lp,)C) =1 o= 5Py Hence
n—c—1Tn=c n—c—1
o) = Lgr oy et 8@l et L
= x(wfﬁb)
This completes the induction. ]

There is an immediate corollary for the extremal case of this proposition, that is when a = 2
and b=n—1.
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Corollary B.12. Letn > 2 and 0 < p < n. Suppose x: O™ = G is a map of strict w-categories
such that a:((d;.l[n])) is an identity in G for all ] € J( ,)n with 0 <t<mand 2 <m<n-—1. Then

2(@?) = 2(w?) = 2((dyL}))

C Multiplication in Nerves of Gray Monoids

In this appendix we will study multiplication of simplices in the simplicial monoid N, (M) de-
termined by a Gray monoid M. An n-simplex of N,(M) is an w-functor a : O™ — M and the
simplicial set N, (M) is a simplicial monoid with multiplication determined by the lax monoidal
structure of N, as shown in Proposition

In general, for n > 0 the product w-functor a- g : O™ — M for n-simplices «, 8 € N, (M),
sends atoms of O™ to composites of several cells of M. In this appendix we consider a special case,
where o and S have a simple form in which the corresponding w-functors O™ — M are determined
by n-cells of M. In this special case we can give the following simple description of the product
w-functor - 5 : O™ — M. This special case forms the core of the proof of Proposition which
shows that N, (M) is a simplicial group if and only if M is a Gray group.

Lemma C.1. Letn > 2 and let M be a Gray monoid. Let o, B : O™ — M be n-simplices of N,,(M)
such that o((i)) = B((i)) = e € My for all i € [n] and

for all 0 : [m] < [n] injective non-decreasing maps of A with m >1 and m <n—1orm=n—1

and 6(0) = 0. Then

e m =0
a-B(0)) =4 1. I1<mandm<n—1orm=n—1 and0(0) =0
BUO)) %0 () 0 =d° or Iy

Proof. Consider the following commutative diagram for all 6 : [m] < [n] injective non-decreasing
maps of A

Cu(A) 0*a®0* 3
—_—

om Cu(A™ x Am) A om g om T2

Cw(0)£ cw(exe)v( 0)®C. (0 £ / (107)

For all such 0
a((0)) = 0" a((1py))

SO

a-B((0)) = m(0%a® 0" [AW (Cy(A) (1))
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If m = 0 then the top path of the diagram ((107)) factors through the 0-cells My x My of M ® M

0“2 0y (A% @ A%) A 00 00 I My My s M@ M
mlo lm
M

so a- B((i)) = e-e = e since e € My is the multiplicative identity of the Gray monoid M.
To prove the result for the remaining cases with m > 1 we claim that it is sufficient to show
that for n > 1 and n-simplices o and 8 of N, (M) satisfying the conditions of the lemma

a @ AW (Co(B) (1)) = (e ® B((1[)))) *o (((1p))) ®€) (108)

Suppose this identity holds, then we will show that « - 8 acts on atoms of O™ as described in the
lemma. First it is clear that the identity (108) implies for n > 1

a-B((p)) = mla® BAW(Cu(D) (1))
= m((e® B((1p)))) *o (a({1f) ®@e))
= m(e® B({1y)))) *o m(a((ly) ®e)
= B((1))) *o a((1p))

Now we observe that if a : O™ — M satisfies the conditions of the lemma then for all injective
non-decreasing maps 6 : [m| < [n] of A with 1 <m < n so does

'a=ao0C,(0): 0" = 0" = M
For all ¢ : [m’] < [m] injective non-decreasing maps of A

0" a((¢)) = a((f o))

Hence if m’ < m —1 then m’ <n —1 and so a({(fop)) =1.. If m' =n —1 and 6(¢(0)) = 0 then
©(0) = 0 since § and ¢ are injective and non-decreasing. So § = d' for some i > 0 since m < n
and a((0 o ¢)) = 1.. Thus 0*« satisfies the conditions of the lemma when « does. Hence if o and
B satisfy the conditions of the lemma we have for injective non-decreasing maps 6 : [m] < [n] of A
with m > 1

m(a® BAW(Cu(A)((0))))) = m(0*a® 0 BAW(Cou(A)((1im)))))

= 0"B((Lpm)) *o0 0" a({1py)))
= B((0)) =0 a((0))
lexgle =1, m<n—1lorm=n-—1and#0)=

BB) %0 a((0)) 0 =d or 1}

by the claim above. To prove the result, therefore, it only remains to show this identity,
which we now do.

Let n > 1. Since Z[A"] is a strong Steiner complex so is Z|A"] ® Z[A™"]. The order on the
chains of the tensor product is determined by the order on the chains of Z[A"] from Proposition
In particular, by Example 3.10 of [Ste04]

(0 :[m] = [n)) @ (¢ : [I] = [n]) <n (0" : [m] = [n]) @ (¢": [IT = [n])
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if 0 <y 0 in Z[A" orif § = ¢, m = m' is even, and ¢ <y ¢', or if 8 = 6', m = m’ is odd, and
© >n . We can apply this total order to the terms of the sum

AW (Co(A)(Lp)))s = Y [P = Y [012---plepp+1---n]
pt+g=n p+q=n
that occurs as the n-entry in the n-cell AW (Cy,(A)((1},)))). None of these terms have the same first
entry in the tensor, so we can determine their order by looking at the first entries of the tensors.
Hence the order when n is even is
[0 @ [0 <y [P 2] @ (1272 <y --- <y [V @ [L™9] <n

<N [_ﬂ_n—l,l] ® [J_Ln—l,l] <N v <N [_l_l_3,n—3] ® [J_L3’n_3] <N [_ﬂ_l,n—l] ® [Ll,n—l]
or in the equivalent notation describing the images of the injective non-decreasing maps ¢ and
1P in [n]

0]®@[01---n] <y [012]®@[2--n] <y - <y [012--n]® [n] <n
<y [012---n—1]®n—1n|<y--- <y [0123]®@[34---n] <, [01] ® [12---n]
and when n is odd

[_H_O,n] ® [J_LO,n] <N [_I_l_2,n—2] ® [J_LQ,n—2] <N v <N [_ﬂ_n—l,l} ® [J_Ln_171] <N

<N [_ﬂ_n,()] ® [J_Ln,O] <N - <N [_H_S,n—ii] ® [ﬂ3,n—3] <N [_ﬂ_l,n—l] ® [_LLl’n_l]

0@ [01---n] <y [012] ®@[2---n] <y --- <y [012---n—1]®[n—1n] <y
<N [012--n]@[n] <y -+ <y [0123] @ [34---n] <, [01] ® [12- - - n]

This order satisfies the condition of Proposition 5.1 of [Ste04] that allows us to convert sums into
composites of cells in v(Z[A"] @ Z[A"]). In particular, there are decompositions when n is even in
v(Z[A" @ Z[A™)
AW(CM(A)(<1[TL]>)) = xO,n *n—1 x2,n—1 *n—1-" " *fn—1 $n,0 *n—1 l'n_l’l *n—1 $n_3’3 *p—1 - kp—1 an_l
with

aPf = (Pt @) mod (u(Z[A"] @ Z[A™]))n-1
and when n is odd there are decompositions
AW(Cw(A)(<1[n]>)) =yt P k1 T e 1 g g ey
with

y"l = (P @uP) mod (W(Z[A"] © Z[A"]))n-1

Now a ® B({(012---p®p p+ 1---n)) is an identity by Lemma if a((012---p)) or B({p p +
1---n)) are identities. This occurs when 0 < p < n—1or 0 < ¢ < n — 1, so the only atoms
(012---p®@p p+ 1---n) not sent to identities by v ® § occur when p = 0 or p = n. Hence by
Lemma a ® B(xP9) is an identity n-cell unless p =0 or p = n and so

a® BAW (Cu(D) (1)) = a @ B(a™") *n1 a ® B(z"™)
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when n is even and

a @ BAW (Co(A) (1)) = a @ B(y*") +n—1 a @ B(y™°)
when n is odd. We will proceed in the even case, the odd case being identical up to replacing z
with y.
By the decomposition of AW (Cy,(A)({1},)))) in the case n is even above

(@) = AW (Co(A) (1))

n—1
["1/2]

_ Z Z [d2i+1 O‘|'|'p’q] ® [d2i+1 OJ_Lp’q]

=0 p+g=n—1

["1/2] Y
= > d [012--pl@pp+1---2i41---n]
pra=n—1 \i=[?/s]

[P/2]-1 v
+ > [012--2i+1-pl@[pp+1-n]
=0

where the notation 2¢ YF 1 indicates that this value is missing from the target of the injective non-
decreasing map corresponding to the sequence of integers in [n]. Note that there must always be
overlap at p between the two sides of the tensor; the largest value in the target of the injective
non-decreasing map corresponding to the left entry of the tensor must be equal to the least value
in the target of the right side of the tensor. In other words, the missing number can’t occur at the
join.

Now by the definition of the chain complex tensor product

p

4 v
P @ uP9] = Z<_1)1[012...2‘...p@pp+1...n]
i=0
d : v
+ (=D)P> (~1)[012--p@pp+1---j---n]

j=0

For these tensors it is possible to have the missing number occur at the join, so that the sequences
on either side of the tensor do not overlap. When p = 0 therefore

["=1/2]
<_|_|_0,n ®ﬂ0,n>;71 — Z [_H_O,n ® d2j+1 OJLO’n_l]
j=0
"~1/) |
= > [0@dt
=0
["~1/] y
= ) [0®012---2j+1---n]
=0
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Hence

("1 /2]
"= (00012--n) + Y > (012~--p®pp+1---22'Yi-1~--n>
pHg=n—1 \i=[P/3]
[P/2)-1 Y
+ ) (012---2i+1---p@pp+1---n)
=0
"1 /2] Y
- ) (0®012---2j+1---n) mod (u(Z[A"] ® Z[A"]))n—2
j=0
[~ /2) y
=(0®012:n)+ > > (012--p@pp+1---2i+1--n) (109)
prg=n—1 \i=[P/s]
s.t. p#£0
[P/2)-1 y
+ > {0122+ 1 p@pp+1-n) | mod (u(Z[A"] @ Z[A"]))n—s
=0

Let p > 0 and 0 < i < |P/2]| and consider the images under o ® § of the atoms occurring in the
second sum above

v
a®p012---2i+1---pRpp+1---n)) € My
Since p > 0 and p < n — 1 therefore

\
a((012---2i+1---p)) =1, € M, ,

by hypothesis on « since p — 1 < n — 1. It is not possible to have p = 1 as this would require
0 <i<[!/2) =0. Thus p > 1 and so by hypothesis on 3

Blpp+1---n)=1. € M,

since p < n — 1. So by Lemma [4.36/for p > 0 and 0 < i < |["/2]

\Y
a®B012---2i+1---p@pp+1---n)) = lage € OF_,

Now let p < 0 and [?/5] <i < ["~!/2] and consider the images under a ® 3 of the atoms occurring
in the first sum above
v
a®B(012- - pRpp+1---2i+1---n)) € M,y

Since p > 0 therefore
a((012---p)) = 1. € M,

by hypothesis on a since p < n—1 and the only n— 1-atom of O™ not sent to 1, by ais d* = 12 - - n.
As well, since p >0, ¢g=n—1—p <n—1 and so by hypothesis on

\ 1le € M <n-1
Bpp+1---2i41...p)= ¢S PN
eeMy p=n-—1



since if p =n — 1 then ¢ = 0 and B((n — 1)) = e by hypothesis on 5. Hence Proposition m gives
that for p < 0 and [P/5] <i < ["71/2]

\Y
a®B012- pRpp+1-2i+1--n))=1lege € O"_,

Now by Lemma since « and 3 both send all m-cells of O™ for m < n — 2 to the identity

m-cell 1. of M it follows that
a® B0 ®p) = lege

for all 6 : [m] — [n] and ¢ : [I] <= [n] injective non-decreasing maps of A with m < n —1 and
I <n — 1. Hence in particular o ® § sends all m-atoms of v(Z[A"] ® Z[A"]) for 1 <m <n —1 to
lege, so by Lemma[A2la @ B : v(Z[A™] @ Z[A™]) — M ® M sends all m-cells of v(Z[A"] @ Z[A"])
for1<m<n—11to lege.

Furthermore, Lemma allows us to translate the congruence expression for %™ modulo
(W(Z[A™M®Z[A™]))pn—2 directly into a composite of cells of M ® M when a®f is applied by replacing
sums with *g. By the previous discussion a®f sends all the n—1 atoms in this congruence expression

to lege. Hence
a®B("") =a®B(0®012---n)) = e® B((11,))

We will perform a very similar analysis of the image of 2? under a ® 3, but in this case we
can afford to be a little less precise and still obtain the result we want. Recall that

2™ = (012---n@n) mod ((Z[A"] ® Z[AM))n-1

If n = 1 then by Proposition 5.6 of [Ste04] #%! = (01®1) and the identity (T08] follows immediately.
Otherwise by Proposition 5.2 (ii) of [Ste04] there exist n — l-atoms (a;) of v(Z[A"] ® Z[A™]) for
1 < j <r such that

™0 = (012---n®@n) + Z (aj) mod (u(Z[A™ @ Z[A™]))n—2

By Lemma therefore

a®f(z") = a®B((012- - n@n)) xo a® B({a) *o - *0 a @ B({ar))

Now
a®B(012---n®@n)) = a((012---n)) ® B((n)) = a((012---n)) Qe

and so

dy_ja® %) = d,_ja® B(z™0)
= (d,_1a((012---n)) ®e) xo d,, 1 (a @ B((a1)) *o -~ *0 @ ® B({ar)))
= lege *0 d,_1 (@ ® B((a1)) *0 - - - x0 @ ® B((ar)))
= d, 1 (a®B((a1)) *0 - *0 a® B({ar)))

= a®pB(a1))*o %0 a®B((ar))

The last part of this identity holds because the atoms (a;) are n — l-atoms of v(Z[A"] @ Z[A"]).
The identity
d,_1o((012---n) ®e = lege
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holds because

1"~ /2] Y
d (012---n) = Z (01-+-2i+1---n) mod (u(Z[A"] ® Z[A™]))n—2
=0

so by Lemma
a(dy 1 {012++-n)) = a({d")) #o - o (21" /2ITY) = 1,
since the only n — 1-atom of ¥Z[A"] not sent to 1. by « is (d"). Hence
a @ BAW (Co(D) (1)) = a®B@™") -1 a® B™’)
= a®B@"") xp_1 (1d:71(a®ﬁ(m0v")) %0 a({012---n)) ® 6)

= (a® B(a"") %o 1c) *p—1 <1d:71(a®,8(:1:01")) x0 ((012---n)) ® e)
a® B(z%™) %9 a((012---n)) ®e
= e®[((012---n)) % a((012---n)) ®e

when n > 1. This completes the proof of the identity ((108)). 0
Bibliography
[AR94] J. Adamek and J. Rosicky. Locally Presentable and Accessible Categories. London

Mathematical Society Lecture Note Series. Cambridge University Press, 1994.

[AAS93] Fahd Ali Al-Agl and Richard Steiner. “Nerves of multiple categories”. In: Proceedings
of the London Mathematical Society 3.1 (1993), pp. 92-128.

[AM20] D. Ara and G. Maltsiniotis. Joint Et Tranches Pour Les co-catégories Strictes. Mémoires
de la Société Mathématique de France. Société Mathématique de France, 2020. 1SBN:
9782856299210.

[Aral3| Dimitri Ara. “Sur les types d’homotopie modélisés par les oo-groupoides stricts”. In:

Theory and Applications of Categories 28.19 (2013), pp. 552-576.

[AL20] Dimitri Ara and Maxime Lucas. “The folk model category structure on strict w-
categories is monoidal”. In: Theory and Applications of Categories 35.21 (2020), pp. 745—
808.

[AM14] Dimitri Ara and Georges Maltsiniotis. “Vers une structure de catégorie de modeles a

la Thomason sur la catégorie des n-catégories strictes”. In: Advances in Mathematics
259 (2014), pp. 557 —654. 1SSN: 0001-8708.

[AM11] Dimitri Ara and Francois Métayer. “The Brown-Golasinski model structure on strict
oo-groupoids revisited”. In: Homology Homotopy Appl. 13.1 (2011), pp. 121-142.

[BB69] Michael Barr and Jon Beck. “Homology and standard constructions”. In: Seminar on
triples and categorical homology theory. Springer. 1969, pp. 245-335.
[Bar10] Clark Barwick. “On left and right model categories and left and right Bousfield local-

izations”. In: Homology Homotopy Appl. 12.2 (2010), pp. 245-320.

245



[BB17]
[Bek00]

[Ber99)]

[Ber07]
Bie08]
[BouT75]

[BHS2]

[Broll]

[BG8Y]

[BHS1a]

[BHS7]

[BHO1]

[BHS1b)

[BS99)

[Bur93]

Michael A Batanin and Clemens Berger. “Homotopy theory for algebras over polyno-
mial monads”. In: Theory Appl. Categ 32.6 (2017), pp. 148-253.

Tibor Beke. “Sheafifiable homotopy model categories”. In: Mathematical Proceedings
of the Cambridge Philosophical Society 129.3 (2000), 447-475.

Clemens Berger. “Double loop spaces, braided monoidal categories and algebraic 3-
type of space”. eng. In: Higher homotopy structures in topology and mathematical
physics : proceedings of an international conference June 13-15, 1996 at Vassar Col-
lege, Poughkeepsie, New York, to honor the sixtieth birthday of Jim Stasheff. Con-
temporary mathematics (American Mathematical Society) ; 227. Providence, R.IL.:
American Mathematical Society, 1999, pp. 49-66. I1SBN: 082180913X.

Julia E Bergner. “Simplicial monoids and Segal categories”. In: Contemporary Math-
ematics 431 (2007), p. 59.

Georg Biedermann. “On the homotopy theory of n-types”. In: Homology, Homotopy
and Applications 10.1 (2008), pp. 305-325.

A K. Bousfield. “The localization of spaces with respect to homology”. In: Topology
14.2 (1975), pp. 133-150. 18SN: 0040-9383.

R. Brown and J. Huebschmann. “Identities among relations”. In: Low-Dimensional
Topology. Ed. by R. Brown and T. L.Editors Thickstun. London Mathematical Society
Lecture Note Series. Cambridge University Press, 1982, 153-202.

Ronald Brown. Nonabelian Algebraic Topology : Filtered Spaces, Crossed Complezes,
Cubical Homotopy Groupoids. eng. EMS tracts in mathematics ; 15. Ziirich: European
Mathematical Society, 2011. 1SBN: 9783037190838.

Ronald Brown and Marek Golasinski. “A model structure for the homotopy theory
of crossed complexes”. In: Cahiers de topologie et géométrie différentielle catégoriques
30.1 (1989), pp. 61-82.

Ronald Brown and Philip J. Higgins. “On the algebra of cubes”. In: Journal of Pure
and Applied Algebra 21.3 (1981), pp. 233-260. 1SSN: 0022-4049.

Ronald Brown and Philip J. Higgins. “Tensor products and homotopies for w-groupoids
and crossed complexes”. In: Journal of Pure and Applied Algebra 47.1 (1987), pp. 1
—33. 1SsN: 0022-4049.

Ronald Brown and Philip J. Higgins. “The classifying space of a crossed complex”.
In: Mathematical Proceedings of the Cambridge Philosophical Society 110.1 (1991),
95-120. DOI: 10.1017/50305004100070158.

Ronald Brown and Philip J Higgins. “The equivalence of oo-groupoids and crossed
complexes”. In: Cahiers de topologie et géométrie différentielle catégoriques 22.4 (1981),
pp. 371-386.

Ronald Brown and Abdul Razak Salleh. “Free crossed resolutions of groups and pre-
sentations of modules of identities among relations”. In: LMS Journal of Computation
and Mathematics 2 (1999), pp. 28-61.

Albert Burroni. “Higher-dimensional word problems with applications to equational
logic”. In: Theoretical computer science 115.1 (1993), pp. 43-62.

246


https://doi.org/10.1017/S0305004100070158

[CHL19]
[Cis06]
[Cors2]
[Day72]
[Dol58]
[DS11a]
[DS11b]
[DKS80]

[DKS89)

[Fie02]

[FM19]

(Gagl8]
[GJ99]

(Gra74]
[Gue21]

[GM12]

[GM18]

[GMM13]

Joe Chuang, Julian Holstein, and Andrey Lazarev. Homotopy theory of monoids and
derived localization. 2019. arXiv: |1810.00373 [math.AT].

Denis-Charles Cisinski. Les préfaisceaur comme modéles des types d’homotopie. fr.
Astérisque 308. Société mathématique de France, 2006.

Jean-Marc Cordier. “Sur la notion de diagramme homotopiquement cohérent”. fr. In:
Cahiers de Topologie et Géométrie Différentielle Catégoriques 23.1 (1982), pp. 93-112.

Brian Day. “A reflection theorem for closed categories”. In: Journal of Pure and Ap-
plied Algebra 2.1 (1972), pp. 1-11.

Albrecht Dold. “Homology of symmetric products and other functors of complexes”.
In: Annals of Mathematics (1958), pp. 54-80.

Daniel Dugger and David I Spivak. “Mapping spaces in quasi-categories”. In: Algebr.
Geom. Topol. 11.1 (2011), pp. 263-325.

Daniel Dugger and David I Spivak. “Rigidification of quasi-categories”. In: Algebr.
Geom. Topol. 11.1 (2011), pp. 225-261.

W.G. Dwyer and D.M. Kan. “Simplicial localizations of categories”. In: Journal of
Pure and Applied Algebra 17.3 (1980), pp. 267-284. 1SSN: 0022-4049.

W.G. Dwyer, D.M. Kan, and J.H. Smith. “Homotopy commutative diagrams and
their realizations”. In: Journal of Pure and Applied Algebra 57.1 (1989), pp. 5-24.
ISSN: 0022-4049.

Zbigniew Fiedorowicz. “A counterexample to a group completion conjecture of JC
Moore”. In: Algebr. Geom. Topol. 2.1 (2002), pp. 33-35.

Simon Forest and Samuel Mimram. “Describing free w-categories”. In: 2019 3/th An-
nual ACM/IEEE Symposium on Logic in Computer Science (LICS). IEEE. 2019,
pp. 1-13.

Andrea Gagna. “Strict n-categories and augmented directed complexes model homo-
topy types”. In: Advances in Mathematics 331 (2018), pp. 542-564.

P.G. Goerss and J.F. Jardine. Simplicial Homotopy Theory. Progress in mathematics
(Boston, Mass.) v. 174. Springer, 1999. 1SBN: 9783764360641.

J.W Gray. Formal Category Theory : Adjointness for 2-Categories. eng. 1st ed. 1974.
Lecture Notes in Mathematics, 391. Springer, 1974. 1SBN: 3-540-37768-9.

Léonard Guetta. “Homology of categories via polygraphic resolutions”. In: Journal of
Pure and Applied Algebra 225.10 (2021), p. 106688. 1sSN: 0022-4049.

Yves Guiraud and Philippe Malbos. “Higher-dimensional normalisation strategies for
acyclicity”. In: Advances in Mathematics 231.3 (2012), pp. 2294 —2351. 1sSN: 0001-
8708.

Yves Guiraud and Philippe Malbos. “Polygraphs of finite derivation type”. In: Math-
ematical Structures in Computer Science 28.2 (2018), pp. 155-201.

Yves Guiraud, Philippe Malbos, and Samuel Mimram. “A homotopical completion
procedure with applications to coherence of monoids”. In: RTA-2/th International
Conference on Rewriting Techniques and Applications-2013. Vol. 21. Schloss Dagstuhl—
Leibniz-Zentrum fuer Informatik. 2013, pp. 223-238.

247


https://arxiv.org/abs/1810.00373

[Hes+17]
[Hin15]

[Hir03]

[Hop41]
[Hov99)
[How79]

[1172]

[Jar13]

[Joy08]

[JT07]

[Kan58]
[Lac02]
[Lacl1]
[Laf07]

[LMW10a)

[LMW10b)]
[LMO9]

[Lei02]

Kathryn Hess et al. “A necessary and sufficient condition for induced model struc-
tures”. In: Journal of Topology 10.2 (2017), pp. 324-369.

V. Hinich. Homotopy coherent nerve in Deformation theory. 2015. arXiv: |0704.2503
[math.QA]l

Philip S. (Philip Steven) Hirschhorn. Model Categories and Their Localizations. eng.
Mathematical surveys and monographs ; no. 99. Providence, R.I.: American Mathe-
matical Society, 2003. 1SBN: 9780821832790.

Heinz Hopf. “Fundamentalgruppe und zweite Bettische gruppe”. In: Commentari
Mathematici Helvetici 14.1 (1941), pp. 257-3009.

Mark Hovey. Model categories. eng. Mathematical surveys and monographs ; no. 63.
Providence, R.I.: American Mathematical Society, 1999. 1SBN: 9780821813591.

James Howie. “Pullback functors and crossed complexes”. In: Cahiers de Topologie et
Géométrie Différentielle Catégoriques 20.3 (1979), pp. 281-296.

Luc Illusie. “Cohomologie De Diagrammes”. In: Complexe Cotangent et Déformations
1I. Berlin, Heidelberg: Springer Berlin Heidelberg, 1972, pp. 1-179. 1SBN: 978-3-540-
37962-1.

JF Jardine. “Diagonal model structures”. In: Theory and Applications of Categories
28.10 (2013), pp. 250-268.

André Joyal. The Theory of Quasi-Categories and its Applications. 2008. URL: http:
//mat .uab.cat/~kock/crm/hocat/advanced-course/Quadern45-2.pdf. Notes for
course at CRM, Barcelona, February 2008.

André Joyal and Myles Tierney. “Quasi-categories vs Segal spaces”. In: Categories in
algebra, geometry and mathematical physics. Vol. 431. Contemp. Math. Amer. Math.
Soc., Providence, RI, 2007, pp. 277-326.

Daniel M. Kan. “A Combinatorial Definition of Homotopy Groups”. In: Annals of
Mathematics 67.2 (1958), pp. 282-312. 1SSN: 0003486X.

Stephen Lack. “A Quillen Model Structure for 2-Categories”. In: K-Theory 26 (2002),
pp. 171-205.

Stephen Lack. “A Quillen model structure for Gray-categories”. In: Journal of K-
Theory 8.2 (2011), 183-221.

Yves Lafont. “Algebra and geometry of rewriting”. In: Applied Categorical Structures
15.4 (2007), pp. 415-437.

Yves Lafont, Frangois Métayer, and Krzysztof Worytkiewicz. “A folk model structure
on omega-cat”. In: Advances in Mathematics 224.3 (2010), pp. 1183-1231. 1sSN: 0001-
8708.

Yves Lafont, Frangois Métayer, and Krzysztof Worytkiewicz. “A folk model structure
on omega-cat”. In: Advances in Mathematics 224.3 (2010), pp. 1183-1231.

Yves Lafont and Frangois Métayer. “Polygraphic resolutions and homology of monoids”.
In: Journal of Pure and Applied Algebra 213.6 (2009), pp. 947 —968. 1sSN: 0022-4049.

Tom Leinster. “A Survey of Definitions of n-Category”. In: Theory and Applications
of Categories 10.1 (2002), pp. 1-70.

248


https://arxiv.org/abs/0704.2503
https://arxiv.org/abs/0704.2503
http://mat.uab.cat/~kock/crm/hocat/advanced-course/Quadern45-2.pdf
http://mat.uab.cat/~kock/crm/hocat/advanced-course/Quadern45-2.pdf

[Lod00]

[Lucl7]
[Lur09]
[Mac63]

[Mak05)
[May67]
[McD79]
[Mét08]
[M6t03]
[Moes9)]

[MS93]

[Por08|

[Qui73]

[Qui67]

[Rab05]

[Rez17]
[Riel4]
[RV19]

[RV18]

Jean-Louis Loday. “Homotopical syzygies”. In: Contemporary mathematics 265 (2000),
pp. 99-127.

Maxime Lucas. Cubical (w,p)-categories. 2017. arXiv: 1612.07050 [math.CT].
Jacob Lurie. Higher Topos Theory (AM-170). Princeton University Press, 2009.

Saunders MacLane. Homology. eng. Grundlehren der mathematischen Wissenschaften
; 114. Berlin: Springer, 1963.

Michael Makkai. The word problem for computads. 2005. URL: https://www.math.
mcgill.ca/makkai/WordProblem/WordProblemCombined. pdf.

J.P. May. Simplicial Objects in Algebraic Topology. Van Nostrand Mathematical Stud-
ies 11. Van Nostrand, 1967.

Dusa McDuff. “On the classifying spaces of discrete monoids”. In: Topology 18.4
(1979), pp. 313-320. 1sSN: 0040-9383.

Frangois Métayer. “Cofibrant objects among higher-dimensional categories”. In: Ho-
mology, Homotopy and Applications 10.1 (2008), pp. 181-203.

Frangois Métayer. “Resolutions by polygraphs”. In: Theory and Applications of Cat-
egories 11.7 (2003), pp. 148-184.

Ieke Moerdijk. “Bisimplicial sets and the group-completion theorem”. In: Algebraic
K-theory: connections with geometry and topology. Springer, 1989, pp. 225-240.

Teke Moerdijk and Jan-Alve Svensson. “Algebraic classification of equivariant homo-
topy 2-types, I”. In: Journal of Pure and Applied Algebra 89.1 (1993), pp. 187 —216.
ISSN: 0022-4049.

Hans-E Porst. “On categories of monoids, comonoids, and bimonoids”. In: Quaestiones
Mathematicae 31.2 (2008), pp. 127-139.

Daniel Quillen. “Higher algebraic K-theory: 1”. In: Higher K-Theories. Ed. by H.
Bass. Berlin, Heidelberg: Springer Berlin Heidelberg, 1973, pp. 85-147. 1SBN: 978-3-
540-37767-2.

D.G. Quillen. Homotopical Algebra. Lecture Notes in Mathematics. Springer Berlin
Heidelberg, 1967. 1sBN: 9783540039143.

Maja D Rabrenovi¢. “Classifiying spaces of monoids-applications in geometric com-
binatorics.” In: Publications de U'Institut Mathématique. Nouvelle Série 77 (2005),
pp. 21-27.

Charles Rezk. Stuff about quasicategories. 2017. URL: https : // faculty . math .
illinois.edu/~rezk/quasicats.pdf.

E. Riehl. Categorical Homotopy Theory. New Mathematical Monographs. Cambridge
University Press, 2014. 1SBN: 9781139952637.

Emily Riehl and Dominic Verity. Infinity category theory from scratch. 2019. arXiv:
1608.05314 [math.CT].

Emily Riehl and Dominic Verity. The comprehension construction. 2018. arXiv:|1706.
10023 [math.CT]l

249


https://arxiv.org/abs/1612.07050
https://www.math.mcgill.ca/makkai/WordProblem/WordProblemCombined.pdf
https://www.math.mcgill.ca/makkai/WordProblem/WordProblemCombined.pdf
https://faculty.math.illinois.edu/~rezk/quasicats.pdf
https://faculty.math.illinois.edu/~rezk/quasicats.pdf
https://arxiv.org/abs/1608.05314
https://arxiv.org/abs/1706.10023
https://arxiv.org/abs/1706.10023

[RV14] Emily Riehl and Dominic Verity. “The theory and practice of reedy categories”. En-
glish. In: Theory and Applications of Categories 29 (June 2014), pp. 256-301. ISSN:
1201-561X.

[Sau03] Orin Sauvageot. “Stabilisation des complexes croisés”. PhD thesis. Ecole Polytech-
nique Fédérale de Lausanne, 2003.

[SS03] Stefan Schwede and Brooke Shipley. “Equivalences of monoidal model categories”. In:
Algebr. Geom. Topol. 3.1 (2003), pp. 287-334.
[SS00] Stefan Schwede and Brooke E. Shipley. “Algebras and Modules in Monoidal Model

Categories”. In: Proceedings of the London Mathematical Society 80.2 (2000), pp. 491—
511. 18SN: 0024-6115.

[Sim98] Carlos Simpson. Homotopy types of strict 3-groupoids. 1998. arXiv: math /9810059
[math.CT].

[SOK94] Craig C. Squier, Friedrich Otto, and Yuji Kobayashi. “A finiteness condition for rewrit-
ing systems”. In: Theoretical Computer Science 131.2 (1994), pp. 271 —294. 1sSN: 0304-

3975.

[Ste04] Richard Steiner. “Omega-categories and chain complexes”. In: Homology Homotopy
Appl. 6.1 (2004), pp. 175-200.

[Str76] Ross Street. “Limits indexed by category-valued 2-functors”. In: Journal of Pure and
Applied Algebra 8.2 (1976), pp. 149-181.

[Str87] Ross Street. “The algebra of oriented simplexes”. In: Journal of Pure and Applied
Algebra 49.3 (1987), pp. 283-335.

[Ton03] AP Tonks. “On the Eilenberg—Zilber theorem for crossed complexes”. In: Journal of
Pure and Applied Algebra 179.1-2 (2003), pp. 199-220.

[use] user98602. For which spaces is the natural map m,(X) — Hp(X) an isomorphism in all

degrees? Mathematics Stack Exchange. URL:https://math.stackexchange.com/q/2017795
(version: 2016-11-17). eprint: https://math.stackexchange.com/q/2017795. URL:
https://math.stackexchange.com/q/2017795.

[Ver08] D. Verity. Complicial Sets Characterising the Simplicial Nerves of Strict w-Categories.
Memoirs of the American Mathematical Society. American Mathematical Society,
2008. 1SBN: 9780821841426.

[Whil8] David White. Monoidal Bousfield Localizations and Algebras over Operads. 2018. arXiv:
1404.5197 [math.AT].

250


https://arxiv.org/abs/math/9810059
https://arxiv.org/abs/math/9810059
https://math.stackexchange.com/q/2017795
https://math.stackexchange.com/q/2017795
https://arxiv.org/abs/1404.5197

	Introduction
	Ch1
	sec1.1
	Sec1.2
	Special Outer Horns

	Mapping Spaces for Quasi-Monoids
	The Quasi-Monoid Simplicial Model Structure
	Kan Complexes and Quasi-monoids
	Segal Monoids
	Reduced Simplicial Spaces
	The Segal Monoid Model Structure
	Quillen Equivalences of the Segal Monoid and Quasi-Monoid Model Structures


	Ch2
	Homotopy Coherent Simplices
	Homotopy Coherent Nerve and Realization
	S2.3
	S2.4
	S2.5
	S2.5.1
	S2.5.2
	S2.5.3
	The Filtration Colimit

	S2.6
	Localization and Group Completion
	Localizing the Simplicial Monoid Model Structure
	Grouplike Simplicial Monoids
	Derived Functors of Group Completion


	Ch3
	S3.1
	S1.1.1
	S1.1.2

	S3.2
	Augmented Directed Complexes and the Gray Tensor Product
	Augmented Directed Complexes
	S3.3.2

	S3.4
	S3.5
	S3.6
	The Street Nerve-Realization Adjunction
	S3.8

	Ch4
	Gray Monoids and Gray Groups
	Street Nerves of Gray Monoids and Groups
	Homotopy 2-Types and Gray Monoids
	S4.4
	Presentations of Monoids and Polygraphic Resolutions
	S4.4.2
	S4.4.3


	A1
	The Structure of Oriented Simplices
	Multiplication in Nerves of Gray Monoids
	Bibliography

