N
S N % Utrecht University

£

DEPARTMENT OF MATHEMATICS

Configuration Spaces and Operads
Kevin Collins

/l

A thesis submitted in partial fulfillment of the requirements for the degree of
Master of Mathematics

Supervisor: Second Reader:
Dr Gijs Heuts Dr Lennart Meier

July 2019



Contents

Introduction

1

Model Categories, Localisations and Segal Spaces

1.1 A Short Recap on Model Categories . . . . . . . . . . . i e
1.1.1 Homotopy Categories and Quillen Functors . . . . . ... . ... ... ... . ... .

1.2 Proper Model Categories and Localisations . . . . . .. ... ... ... .. ... ...

1.3 Simplicial Spaces and the Reedy Model Structure . . . . . . . ... ... . ... ... ..

1.4 Segal Spaces and Complete Segal Spaces . . . . . . . . . .. . o
1.4.1 Examples of Segal Spaces, Complete Segal Spaces and fibrewise Complete Segal Spaces
1.4.2  Localisations for Segal Spaces and the Model Structures . . . . . . . ... ... ... ...

Strict Operads

2.1 Coloured Operads . . . . . . . . . o i e
2.2 Plain Operads as Symmetric Sequences . . . . . . . . . . . oo
2.3 The Category of Operators of an Operad . . . . . . . . . .. .. . . ...
2.4 The Boardman-Vogt Tensor Product of Operads . . . . . .. .. .. ... ... ... .....
2.5 Operads and Trees . . . . . . o oo

oo-Operads

3.1 Quasi-Operads . . . . . . . L
3.1.1 From Coloured Operads to Quasi-Operads . . . . . . . . . . .. ... ... .. .. .....
3.1.2 Morphisms of Quasi-Operads and a Model Structure . . . . . .. .. ... ... ......
3.1.3 Tensor Products of Quasi-Operads . . . . . . . . .. ... .. .

3.2 The Little Cubes Operads . . . . . . . . . . .
3.2.1 Quasi-Categorical Little Cubes and Dunn Additivity . . . . . .. . . ... ... ... ...
3.2.2  Variants on the Little Cubes Operads . . . . . . . . . ... ... .. ... ...

3.3 Complete Segal Dendroidal Spaces . . . . . . . . . . . . . e
3.3.1 Dendroidal Objects . . . . . . . . . .
3.3.2 Model Structures on Dendroidal Sets and Dendroidal Spaces . . . . . . ... .. ... ..

3.4 Complete Segal Operads . . . . . . . . . . . .

3.5 Constructions relating the Models . . . . . . . . ... Lo
3.5.1 Quasi-Operads and Complete Segal Operads . . . . . . . . ... ... .. ... ......
3.5.2  Complete Segal Operads and Complete Segal Dendroidal Spaces . . . . ... .. .. ...

Modules over Plain Operads and Right Fibrations

4.1 Modules over Plain Operads . . . . . . . . . .. L
4.1.1 Configuration Modules of Manifolds . . . . . . ... ... .. 0oL
4.1.2 The Boardman-Vogt Tensor Product of Modules . . . . ... ... ... ... .... ...

4.2 Right Fibrations and the Grothendieck Construction . . . . . . . .. .. .. ... .. ... ....

4.3 Configuration Modules in Terms of Right Fibrations . . . . . . . ... ... ... ... ......
4.3.1 A left-derived version of the right fibration tensor product . . . . . . . . .. ... ... ..

4.4 An Alternative Proof of the Product Theorem . . . . . . . . . .. ... ... ... ... ......

4.5 A Product Theorem for G-Framed Manifolds . . . . . . .. ... ... ... ... ... ......
4.5.1 Outlook and Future Work . . . . . . . . .. .

13



CONTENTS

5 The Configuration Category of a Manifold
5.1 Constructions of the Configuration Category . . . . . . . . . . . . . . . . ... ..
5.2  Connections between the Configuration Category and Operads . . . . . .. ... ... .. ....
5.3 Configuration Categories of Products . . . . . . . . . . . . . .
5.3.1 Conservatisation . . . . . . . . ..
5.3.2 Configuration Categories and Additivity of Little Cubes Operads . . . . . . . .. ... ..

6 A Quillen Equivalence for Reduced Operads
6.1 Localising the Category SS/nFin - -« -+« « c v v v v v
6.2 Deducing a Quillen equivalence . . . . . . . ... L

6.3 The functor k* .

6.4 Elementary Objects . . . . . . . . . L
6.5 Monadicity and a Quillen Equivalence . . . . . . . . ... oL

7 A Tensor Product for Reduced Operads
7.1 Box Product for Reduced Segal Simplicial Spaces over NFin . . . . . . ... ... ... ......
7.2 Comparison with Tensor Product of co-Operads . . . . . . . .. ... ... ... ... .....

A Quasi-Categories and coCartesian Morphisms

A.1 Quasi-Categories

A.2 The Grothendieck Construction and coCartesian Fibrations . . . . . . . . . . . . .. ... ....

B Dunn Additivity for Quasi-Operads

B.1 Wreath Products

B.2 Weak Approximation of Quasi-Operads . . . . . . . . . . ...

B.3 Dunn Additivity

Bibliography

65
65
68
71
73
(s

79
79
84
87
89
90

94
95
101

107
107
109

112
112
113
114

119



Introduction

Configuration spaces have been objects of interest in topology for a long time, going back at least as far as
the work of Faddell and Neuwirth ([FN62]). Despite their deceptively simple definition, these spaces carry
substantial amounts of geometric information and can be used to distinguish different topological spaces. In
recent years, configuration spaces have continued to be objects of interest via their connection with e.g. operads
(e.g. [Andl10], [AT14], [DHK19], [BW18a]), factorisation homology ([AF15], [Lurl7]), non-abelian Poincaré
duality (e.g. [Lurl7], [AF15]), etc.

This thesis is principally concerned with the connections between configuration spaces and operads. These
connections have been acknowledged since the inception of operads — May demonstrated weak equivalences
between the configuration spaces of Euclidean spaces and the little cubes operads in his paper [May72].

More recent research has built on this foundation, as witnessed in the separate approaches taken in the work
of Dwyer, Hess and Knudsen [DHK19], [HK18], and Boavida and Weiss [BW18a|, [BW18b]. In the course of
this thesis, we have become interested in both approaches, leading us to attempt to expand upon some of their
results, and to tackle some of their conjectures.

Overview

e We begin with some reminders on model categories and the left Bousfield localisation of a simplicial
model category — a tool to which we will have repeated recourse. As a special example of this technique in
action, we describe the category of simplicial spaces with the Segal model structure. The Segal property
is intimately linked with operads: in a sense, we can view it as one of the narrative through-lines of this
thesis — hence, even though much of this material is standard, we believe it is appropriate to treat it as a
foundation on which we can build our later work.

e In chapters 2 and 3, we discuss first strict operads and then several models of oco-operads. The purpose
of the discussion on strict operads is two-fold: first, we wish to provide a sound intuition on this material
before we proceed to the more challenging generalisation in the oo-categorical setting; second, we need
to have a solid understanding of strict operads to deal with the notion of right modules over operads, a
concept of central importance in the work of Dwyer, Hess and Knudsen.

In our discussion of oo-operads, we try to sketch some of the ideas which have been presented in [Barl§]
and [CHH18] to demonstrate that the various models of co-operads are equivalent. This is necessary since
we later attempt to harness similar approaches in our own efforts to deduce an equivalence between two
models of (reduced) oco-operads. We also spend some time discussing the Dunn additivity theorem for
oo-categorical little cubes operads from [Lurl7]: this theorem is another of the recurring characters in this
thesis, making its presence felt when we deal with configuration modules a la Dwyer, Hess and Knudsen,
and separately when we work with the configuration category introduced by Boavida and Weiss.

e In chapter 4, we record some of the basic facts about right modules over operads (in spaces) and we
explain how this notion can be translated into the setting of right fibrations over a (fized) Segal space
(this is just one of the many opportunities we get to further our acquaintance with the Segal condition).
Using this adapted perspective, we show that it is possible to give a new/alternative proof of the main
result in [DHK19]. We also propose a modified construction of this translated result which appears to
generalise the main result in that paper.

e In chapter 5, we introduce the configuration category as defined in [BW18a] and [BW18b] and describe
some of its properties. We draw a connection between the configuration category of Euclidean spaces
and the little cubes operads, which leads us to a pair of interesting questions: the first pertains to an



CONTENTS 4

equivalence of models for reduced co-operads; while the second is in regard to a possible alternative proof
of the oco-categorical Dunn additivity theorem using the configuration category of Euclidean spaces in
conjunction with some results from [BW18b] relating the configuration category of a product of manifolds
to the boz-product of configuration categories.

e In chapters 6 and 7, we study the aforementioned questions/conjectures in greater depth. We first attempt
to deduce a Quillen equivalence between two models for reduced oo-operads. Based on this, we study
whether it is feasible to use the configuration category to produce an alternative proof of the Dunn
additivity theorem by relating the box-product with the oo-categorical tensor product for reduced oo-
operads. We give an outline of how such a proof of this result would work in principle — however, the
reader should be warned that this proof is based around the incomplete proofs of Lemma 7.1.7 and Lemma
7.1.8.

Additionally, we have included two short appendices. The first is an attempt to take the reader on a
whistlestop (and intuition-heavy) tour of some relevant quasi-categorical notions, relying on the many parallels
that exist between quasi-categories and Segal spaces. In particular, since the notion of a coCartesian morphism
is so critical in the definition of an oco-operad, we devote quite some space to building up this idea from the
1- and 2-categorical versions to furnish the reader with some intuition. Much of the material in this appendix
is covered in more depth in [Lur09a] and [Har], and our treatment is enormously indebted to (and an utterly
inadequate reflection of) those sources. The second appendix seeks to give a skeleton of the proof of the Dunn
additivity theorem as stated in [Lurl7] — the reason we have seen fit to add this is mainly due to the sheer
frequency with which we refer to that result. We have tried to impart the main steps of this proof while
hoping to avoid getting too bogged down in some of the more technical details which run to many pages of the
voluminous [Lurl7].

We have attempted as far as possible to give a thorough outline of the foundational material needed to
understand the contents of the first three chapters, though we have stinted somewhat on proofs of this material,
preferring to let the curious reader investigate these details from the sources.

In later chapters, as the balance of the contents shifts more towards our own work (and towards more recent
developments in research), we have opted for a slightly more concise approach in the exposition of background
material, especially since many of our proofs are formally similar to the ones used in our primary sources —
[DHK19], [BW18a], [BW18b], [CHH18] and [Lurl7]. We hope that the reader will forgive this somewhat uneven
level of coverage, and will feel encouraged and inspired to examine these source texts for the wealth of beautiful
and interesting ideas that they contain.

The relation between configuration spaces and operads continues to be a fertile ground for research, with
many possible avenues of interest being opened all the time. Among the topics which we have been unable to
treat here are

e The connections between configuration categories, operads and the Goodwillie-Weiss embedding calculus,
following [BW18a] and [BW13].

e The study of configuration spaces for manifolds with boundary, as in [Cam+18].

e The link between configuration spaces, operads and spaces of long knots — many of the techniques which
we describe in this thesis have also found application in the study of spaces of long knots, as in [BW18al,
[AT14] and [DH12].

e The possible utility of pro-functors in studying these subjects, as already evinced in [BH19], where the
authors use the properties of the configuration category and techniques around pro-functors to capture a
number of nice results pertaining to the little disks operads and the Grothendieck-Teichmiiller group.

Hopefully the reader may find this thesis to be a useful starting point from which to explore any and all of these
exciting areas of research.

Prerequisites

Some familiarity with certain notions from the world of quasi-categories is assumed: specifically, the ideas in
[Lur09a, Chapter 1]; the various notions of fibrations of quasi-categories (i.e. left/inner/right/Cartesian) and
the Joyal model structure (all in [Lur09a, Chapter 2]); as well as some familiarity with the straightening and
unstraightening constructions of [Lur09a, Section 3.2]. (Essentially, Higher Topos Theory is the topologist’s
version of the Hitchhiker’s Guide to the Galaxy.)
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Chapter 1

Model Categories, Localisations and
Segal Spaces

In the first section of this chapter, we give a very brief recap of model categories before going on to discuss
localisations, focusing especially on the left Bousfield localisation of a proper simplicial model category. Most
of this material is drawn from [Hir98], with some additional material coming from [Riel4], [Lur09a], [Bar07]
and [Hov07]. We then direct our focus on discussing the category of simplicial spaces with the Reedy model
structure. We conclude the chapter with a discussion of the categories of Segal and complete Segal spaces
introduced by Rezk in [Rez01] and show how they arise as a left Bousfield localisation. These categories (or
their fibrewise versions) will prove to have repeated utility for us and will also give us a hands-on application
of the localising machinery we develop in the course of this chapter.

1.1 A Short Recap on Model Categories

Definition 1.1.1. A model category C is the data of a complete and cocomplete category with three distin-
guished classes of morphisms: the weak equivalences, the cofibrations and the fibrations. These are required to

satisfy the following axioms:
[M1] Given two composable maps f, g in C, if any two of f, g, gf are weak equivalences, then so is the third.

[M2] If g belongs to one of the distinguished classes of morphisms, then any retract of g also belongs to that
class.

[M3] Given any commutative diagram of the form

"<<T><

A
li ///’
B

—

the dashed lift exists if either of the following holds:

(i) The morphism ¢ is a cofibration and p is both a fibration and a weak equivalence (we say p is a
trivial fibration).

(ii) The morphism p is a fibration and 7 is both a cofibration and a weak equivalence (we say i is a trivial
cofibration).

[M4] Every morphism f: A — B in C admits two functorial factorizations:

(i A % A" B, B, where i is a trivial cofibration and p is a fibration.

(ii)) A ENY: TN B, where j is a cofibration and ¢ is a trivial fibration.
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An object A in C is said to be cofibrant if its map from the initial object in C is a cofibration; while A
is fibrant if its map to the terminal object in C is a fibration. A model category is said to be cofibrantly-
generated if there exist two sets of maps I, J such that the collection of fibrations consists of those maps which
have the right-lifting property with respect to all maps in I, and the collection of trivial fibrations consists of
those maps which have the right-lifting property with respect to all maps in J. Examples of cofibrantly-generated
model structures include the Kan-Quillen model structure on simplicial sets, the Quillen model structure on
topological spaces, or the Hovey model structure on bounded chain complexes (where the weak equivalences are
quasi-isomorphisms and the fibrations are the levelwise surjections).

1.1.1 Homotopy Categories and Quillen Functors

Given a category C with a model structure, it is possible to define a notion of a homotopy between morphisms — in
particular, for morphisms between fibrant-cofibrant objects, this notion of homotopy determines an equivalence
relation; given such a pair of objects X,Y we let [X,Y] denote the set of homotopy classes of morphisms
between them. With this equivalence relation available to us, we can define the homotopy category of
C — this is the category Ho(C) whose objects are the objects of C and given a pair of objects X,Y, with
fibrant-cofibrant replacements X,Y respectively, we take Homyo(c)(X,Y) = [)N( , }7] There is a natural functor
v¢ : C — Ho(C) which acts as the identity on objects and sends a morphism f: X — Y to the homotopy class
of the corresponding morphism between the fibrant-cofibrant replacements of X and Y respectively.

In a suitable sense, we can view the category Ho(C) as being obtained from C by formally inverting all
of the weak equivalences in the model structure on C. This approach lies at the heart of localisation — in
particular, the method of left Bousfield localisations will act as a kind of machinery by which we can add extra
weak equivalences to a model structure which will in turn give rise to more equivalences in the corresponding
homotopy category.

Given model categories C and D, with natural functors v¢ : C — Ho(C) and vp : D — Ho(D), and a functor
F : C — D, we can define the total left derived functor of F', LF, to be the right Kan extension (if it exists)
of vp o F along ~¢. Likewise, RF is the total right derived functor of F' and is defined as the left Kan
extension (if it exists) of vp o F' along ~c.

A functor F' : C — D between model categories is said to be a left Quillen functor if F' preserves
cofibrations and trivial cofibrations; we say F' is a right Quillen functor if F' preserves fibrations and trivial
fibrations. Given an adjunction F' : C & D : G between model categories C and D, we say that (F,G) are
a Quillen pair if F is left Quillen and G is right Quillen. Given a Quillen pair (F,G), there is an induced
adjunction on the homotopy categories

LF : Ho(C) = Ho(D) : RG

We will say the pair (F,G) is a pair of Quillen equivalences (or more typically, we will say that either F' or G
is a Quillen equivalence) if the derived adjunction above is an equivalence of categories.

1.2 Proper Model Categories and Localisations

Let C be a model category and W be a set of morphisms in C. A left localisation of C with respect to W is
the data of a model category LyyC with a left Quillen functor j : C — Ly C such that

e For every element g in W with image (g) in Ho(C), the total left-derived functor Lj takes v(g) to an
isomorphism in the homotopy category of LyC.

e Given any other model category D and a functor j' : C — D such that the image of y(g) is an isomorphism
in Ho(D) for every g in W, there exists unique left Quillen functor 6 : LyyC — D such that §j = j'.

In particular, we wish to discuss a method for systematically producing localisations with respect to a given
set of maps on a cofibrantly-generated presentable left proper simplicially-enriched model category — this will be
the subject of left Bousfield localisations. To arrive at that juncture, we first remind ourselves of the definitions
of presentable categories, proper model categories and simplicial model categories.

Definition 1.2.1. Let A be a regular cardinal. A category C is said to be A-presentable if C is cocomplete,
and there is a set of objects S in C such that
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(i) every object in C can be written as a colimit of a diagram valued in the subcategory of C spanned by the
objects of S,

(ii) for each object s € S, the functor Home(s, —) : C — Set preserves M-filtered colimits.
The category C is presentable if it is A\-presentable for some .

Definition 1.2.2. Let C be a model category. We say that C is left proper if every pushout of a weak
equivalence along a cofibration is a weak equivalence. Dually, we say C is right proper if every pullback of
a weak equivalence along a fibration is a weak equivalence. A proper model category is a model category
which is both left and right proper.

To aid us in producing some examples of proper model categories, we invoke this next result due to Reedy.

Theorem 1.2.3. [Hir98, Theorem 13.1.2] Let C be a model category. Then, every pushout along a cofibration
of a weak equivalence between cofibrant objects is a weak equivalence; dually, every pullback along a fibration of
a weak equivalence between fibrant objects is a weak equivalence.

In the special case where every object is cofibrant (e.g. for the Kan-Quillen model structure on the category
of simplicial sets), the above result tells us that the category is automatically left proper. Similarly, if every
object is fibrant (e.g. with the Quillen model structure on the category of topological spaces), the category is
automatically right proper. In fact, with a little bit more work it can be shown that the categories Top and
sSet are both proper. One final useful fact which we note about proper model structures is the following:

Theorem 1.2.4. [Hir98, Theorem 13.1.14] Let D be a small category, and let C be a cofibrantly-generated model
category which is left proper (resp. right proper/proper). Then, with respect to the projective model structure
CP s also left proper (resp. right proper/proper).

The next ingredient we need to introduce before we define left Bousfield localisations is that of the simplicial
model category. First, we recall that a category C is said to be a simplicial category (or is enriched in
simplicial sets) if it satisfies the following properties:

e for any two objects X,Y in C, there is a simplicial set Map(X,Y") (the simplicial mapping space);
e given any object X in C, there is a map of simplicial sets ix : A[0] — Map(X, X) (the unit map);
e given any objects X,Y, Z in C, there is a composition rule:
cxy,z : Map(X,Y) x Map(Y, Z) — Map(X, Z)
and this composition rule must be associative and unital in the obvious way;

e for any two objects X,Y in C there is a bijection of sets Home (X, Y) =N Map(X,Y)o.

An obvious example of a simplicial category is the category of simplicial sets itself: given a pair of simplicial
sets X,Y, we can define
Map(X,Y),, = Homgget (X x Aln],Y)

The category of simplicial sets is (in a somewhat tautological sense) tensored and cotensored over itself, since
it is a monoidal category with respect to the Cartesian product: specifically, we can define X @ Y = X x Y and
YX = Map(X,Y).

Another example of a simplicial model category is the category of topological spaces: we can define the
simplicial mapping spaces in this category by Map(X,Y") = Homrp (X x |A[n]|,Y).

Definition 1.2.5. A simplicial model category is a simplicial category C, equipped with a model structure
which is compatible with the simplicial structure in the sense that it satisfies two further axioms:

[M5] For any two objects X,Y in C and any simplicial set K, there exist objects X ® K and Y¥ in C such that
we have the adjunction:

Map(X ® K,Y) = Map(K, Map(X,Y)) = Map(X,Y¥)

where in the middle term we use Map(, ) interchangeably to denote both the simplicial mapping space
in the category of simplicial sets and in the category C (we say that C is tensored and cotensored over
simplicial sets);
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[M6] For any cofibration i : A — B in C and any fibration p : X — Y, the map of simplicial sets
Map(Bv X) - Map(Av X) ><Map(A,Y) Map(Bv Y)
is a Kan fibration that is trivial if either 7 is a trivial cofibration or p is a trivial fibration.

The category of topological spaces with the Quillen model structure and the aforementioned mapping spaces
is a simplicial model category. Using this fact in conjunction with Theorem 1.2.4, it is evident that the category
of simplicial spaces (with the projective model structure) is also a simplicial model category.

Definition 1.2.6. Given a simplicial model category C, equipped with a cofibrant replacement functor ¢ : C —
C and a fibrant replacement functor .% : C — C, we define for any pair of objects X,Y in C

RMap(X,Y) = Map(¢ X, FY)

The above mapping spaces are only well-defined up to weak equivalence of simplicial sets, since our choice
of (co)fibrant replacement is only well-defined up to weak equivalence in C. This may seem to be an undesirable
position; however, we note that these mapping spaces do give the homotopy category Ho(C) the structure of
an enriched category over the homotopy category of simplicial sets, which will be sufficient for the purposes of
defining the left Bousfield localisation.

Definition 1.2.7. Consider a simplicial model category C, with a set of maps W.

e An object X of C is said to be W-local if X is fibrant and, for every f: A — B in W, the induced map
RMap(f, X) : RMap(B, X) — RMap(A, X) is a weak equivalence of simplicial sets.

e Amap g:Y — Z is said to be a W-local equivalence if RMap(g, X) : RMap(Z, X) — RMap(Y, X) is
a weak equivalence of simplicial sets for every W-local object X.

We are now finally in a position to produce the main definition of interest for us in this section:

Definition 1.2.8. Let C be a simplicially-enriched left proper presentable cofibrantly-generated model category,
W a set of maps in C. The left Bousfield localisation of C with respect to W (if it exists) is a presentable
simplicial model category structure LyyC on the underlying category of C such that:

e the weak equivalences of LyC are the W-local equivalences;
e the cofibrations of Ly,C are the cofibrations of C;

e the fibrations of LyyC are those maps which have the right lifting property with respect to all maps which
are both cofibrations and W-local equivalences;

e the fibrant objects in this model structure are the W-local objects of C.

It is immediate from the above that every weak equivalence in C is a weak equivalence in Ly,C, while every
fibration of LyyC is a fibration of C; since the classes of cofibrations are the same for both model structures, it
also follows that the class of trivial fibrations of Ly, C coincides with the trivial fibrations of C.

The existence of this localisation is not at all a trivial fact — the principal challenge lies in showing that
a set of generating trivial cofibrations exists, the solution to which resides in the Bousfield-Smith cardinality
argument (see [Hir98, Section 4.5] for details). Based on that argument, we have the following result:

Theorem 1.2.9. [Bar07, Theorem 2.11] Let C be a simplicially-enriched, left proper, cofibrantly-generated
presentable model category, W a set of maps in C. Then, the left Bousfield localisation of C with respect to VW
exists.

As remarked previously, the value of the Bousfield localisation is that it gives us a procedure to add weak
equivalences to a model category. In particular, if we wish to isolate certain objects in our category with
some distinguished properties, the method of Bousfield localisations can prove exceptionally useful. We will see
this principal in action repeatedly throughout this thesis. A closely related scenario in which the question of
localising with respect to some set of morphisms comes from the following theorem:

Theorem 1.2.10. [GZ67, Proposition 1.3] Consider a pair of adjoint functors F : C =2 D : G, with counit
n: FG — 1l¢, and let W be the set of all morphisms h in C such that Fh is an isomorphism in D. If we denote
by v the localisation functor C — LywC, then the following are equivalent:
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(a) G is fully faithful.
(b) n is invertible.
(¢) The functor H : LyC — D defined by F' = H o~ is an equivalence.

A corollary of this is in the case where G is homotopically fully faithful (i.e. the right derived functor RG
is a fully faithful between the homotopy categories): the theorem then tells us that the homotopy category
Ho(C) can be further localised with respect to some class of morphisms such that the resulting localisation is
equivalent to Ho(D).

An instructive first example of the idea of using Bousfield localisation to isolate some special class of objects
will be in the setting of Segal spaces, which may be identified as the W-local objects for a set of morphisms
W in the category of simplicial spaces. Before we can discuss this example in detail, we need to make a quick
review of the general theory of Reedy model structures.

1.3 Simplicial Spaces and the Reedy Model Structure

Definition 1.3.1. A Reedy category is the data of a category B and two subcategories, B4 and B_, together
with a functor d : B — X (the degree function) for some ordinal A, such that

e cvery non-identity morphism in By raises the degree;
e every non-identity morphism in B_ lowers the degree;
e every morphism f in B may be factored uniquely as f = gh with h in B_ and ¢ in By.
We will sometimes refer to By as the direct subcategory of 5, and to B_ as the inverse subcategory.

For us, the most relevant example will be the simplicial index category A°: we let A%’ be the subcategory
of A spanned by all the objects of A, and whose morphisms are the opposites of surjective maps; and we let
AP be the subcategory spanned by all objects of A, and whose morphisms are the opposites of injective maps.
Taking A to be the first countable ordinal, the degree function d : A°? — X is given by [n] — n.

Given a Reedy category B and a functor F' : B — C, where C is a category with all small limits, we define
for each object n € B, the n'" latching object of F:

LpF = colimys, n)L

where the objects of the category 0 (B, | n) are the non-identity arrows in By with codomain n. Since L, F
is defined by a colimit it follows that there is a natural map L,F — F(n) for each object n in B. Dually, we
define the n*" matching object to be the object M, F of C given by

MnF = lima(nig_)L

where the objects of the category 0 (n | B_) are the non-identity arrows in B_ with domain n. By the dual
properties of limits, there is a natural map F(n) — M, F for every object n in B. (In the case of simplicial sets,
these are the familiar latching and matching spaces that we frequently encounter in topological applications.)

The construction of the n*" matching and latching objects is functorial in the sense that for any X — Y in
the functor category CB, there are induced maps L, X — L,Y and M, X — M,Y in C for every object n in
B. (This is immediate from the definition of these objects.) Putting this together with the information of the
natural latching/mapping maps, we obtain the following diagrams:

E,X — 5 X,

l -

LY — X, U, x LY

We refer to the dotted morphism in the diagram on the left as the relative latching map, while the dashed
morphism in the diagram on the right is the relative matching map.
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Definition 1.3.2. Let C be a model category and let B be a Reedy category. The Reedy model structure
on CB is the model structure such that a map f: X — Y in C8 is

e a Reedy weak equivalence if f,, : X,, = Y,, is a weak equivalence for every object n in B;
e a Reedy cofibration if the relative latching map X,, Uy, x L,Y — Y, is a cofibration for each n in B;
e a Reedy fibration if the relative matching map X,, — M, X X, v Y, is a fibration for each n in B.

The category of simplicial spaces may be endowed with a Reedy model structure instead of the projective
one, and it can be shown that there is a Quillen equivalence between these two model structures. On the
surface, it may seem like the new model structure only serves to substantially complicate our lives; however,
one advantage to using the Reedy structure is that we have an explicit description of both the fibrations and
cofibrations, whereas in the case of the projective structure, cofibrations are defined by the fact that they satisfy
the left-lifting property with respect to all levelwise trivial fibrations.

1.4 Segal Spaces and Complete Segal Spaces

As it is sometimes instructive to work backwards, we produce first the definitions of Segal and complete Segal
spaces, and then reverse-engineer to show how we arrive at such definitions in the context of a left Bousfield
localisation. The first step in this process is to familiarise ourselves with the Segal condition.

Typically, when we first encounter the Segal condition for simplicial sets, it is motivated in terms of the
notion of the nerve of a category. Specifically, we have the following elegant result which gives a characterisation
of those simplicial sets which are equivalent to the nerves of categories:

Theorem 1.4.1. A simplicial set X arises as the nerve of a category if and only if there are bijections
~o, dy do dy do
X, = 1lim(X; — Xp = X1 — ... «— Xj)

for allm > 2.

The above is generally referred to as the Segal condition, having appeared in a paper [Seg68] by that
author (even though Segal himself attributes the original assertion to Grothendieck). With the above definition
in mind, we can consider the following special class of simplicial spaces, originally defined by Rezk in [Rez01]:

Definition 1.4.2. A simplicial space X is said to be a Segal space if it is fibrant with respect to the Reedy
model structure and it satisfies the Segal condition — for all n > 2, there is a weak equivalence of spaces

X, S lim(X; 2 Xo <2 x4 & x) (1.1)

Remark 1.4.3. In some papers authors forego the Reedy fibrancy condition and instead state that a simplicial
space X is Segal if there is a weak equivalence

X, i>honm<X1 Dy x, o x, Ay ...&Xl)

where holim denotes the homotopy limit of the diagram, i.e. in this case, the homotopy pullback. However, we
will prefer to demand the Reedy fibrancy upfront, as per the original definition of Rezk.

Given a Segal space X, we can define so-called mapping spaces — namely, for a pair of vertices x,y € Xy,
we let mapy(x,y) = {z} xx, X1 xx, {y} ={f € X1 :d1f ==, dof = y}. For z € Xy, we let id,, € mapy (z, z)
denote the element sqx € X;.

It will occasionally be convenient for us to utilise an alternative definition of the Segal condition in terms of

mapping spaces. First, for each i = 0,...,n, let af : [0] — [n] be the map 0 — i. Then for any fixed collection
of vertices zg, ..., z, € Xo, we write mapy (xo, z1,...,Z,) to mean the fibre of the map (af*,...,am*): X,, —
X(T)H'1 over the point (o, ..., Z,). In this context, we can rephrase the condition that X is Segal as a requirement

that we have weak equivalences

@n : mapx (o, . .., Tn) — H map y (-1, ;)
1<i<n
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for every (n + 1)-tuple of vertices (n > 1), zg, ..., .

There is also a notion of “composition” for these mapping spaces: given any triple of vertices z,y,2z € X
and a pair of maps between them, f € mapy(z,y) and g € mapy(y, z), we let go f € mapy (z,z) denote d;&
where £ € X, satisfies dof = f, dp& = g. Intuitively, a picture of the situation is as follows:

Yy
7N
r—> z

where ¢ is supposed to represent the whole 2-simplex whose vertices are z,y, z. Obviously, this “composition”
isn’t strictly well-defined, since many such 2-simplices £ may exist; however, a suitable notion of homotopy
may be contrived such that g o f is well-defined up to homotopy. More precisely, given a pair of edges f, f’ €
mapy (z,y), we write f ~ f"if [f] = [f'] in momapx (z,y). Hence, if we are given a pair of 2-simplices &, ¢’
which both satisfy dof = d2€’ = f and doé = do&’ = ¢, then we can use the Segal condition (1.1) for n = 2 to
see that di£ and d;& must lie in the same path-component, i.e. the composition of maps makes sense up to
homotopy. In what follows, we thus write g o f to mean a representative of the desired homotopy class.
We note that composition satisfies notions of associativity and unitality:

Proposition 1.4.4. [Rez01, Proposition 5.4] Given f € mapx(z,y), g € mapx(y,2), h € mapy(z,w), we
have

ho(gof)~(hog)of andid,of~ f~ foid,

The foregoing proposition tells us that there is a well-defined notion of composition on the Segal space X, at
least up to homotopy. With this in mind, we are able to define the homotopy category of X, written Ho(X):
the objects of this category are the vertices of X; given two vertices z,y € Xo, we take Homy,(x)(z,y) to be
momap x (Z,y).

We say further that a map f € mapy (z,y) is a homotopy equivalence (or is homotopy invertible) if there
exist maps g,¢’ € mapy (y, ) such that [f o g] = [id,] and [¢’ o f] = [id;]. The Segal condition tells us that
such a triple (g, f,¢') € mapy(y,z) X mapy(x,y) X mapy (y,x) allows us to specify an element (unique up to
homotopy) & € mapy (y,x,y, x) such that dyodoé = g, dy 0dpé = f and dy o d1€ = ¢'. In fact, we can turn this
argument around to give an alternative characterisation of homotopy equivalence: an edge f € mapy(z,y) is a
homotopy equivalence if and only if the triple (id,, f,id,) € X1 xx, X1 Xx, X1 admits a lift to an element of
X3.

We note that for any vertex x € Xy, it is trivially the case that id, is a homotopy equivalence. The next
result is key in showing that homotopy equivalences satisfy a kind of transitivity relation:

Proposition 1.4.5. [Rez01, Lemma 5.8] Let X be a Segal space. Let g and g’ lie in the same path component of
X, and suppose that g’ is a homotopy equivalence (in the sense above). Then g is also a homotopy equivalence.

Armed with this information, we can now define a subspace XJ"* C X consisting of all those edges which are
homotopy equivalences. Since id, is a homotopy equivalence for each z € Xy, we find that the map so : Xg — X3
must factor through X7*¢. This leads us to the next definition:

Definition 1.4.6. A Segal space X is said to be a complete Segal space if the map s : Xo — X'¢ is a weak
equivalence.

An important variant of the notion of a complete Segal space is that of a fibrewise complete Segal space:

Definition 1.4.7. A map of Segal spaces w : X — B is said to be a fibrewise complete Segal space (or,
leaving the reference map w implicit, we say that X is a fibrewise complete Segal space over B) if the below

diagram is homotopy Cartesian:

d
X{w *0> XO

o Jw

d
Bhe %, By

Before we go on to give some examples of Segal spaces we turn our attention to the concept of a Dwyer-Kan
equivalence, which is intimately linked with the theory of complete Segal spaces.
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Definition 1.4.8. Let f : X — Y be a map of Segal spaces. We say f is a Dwyer-Kan equivalence if it
satisfies the following properties:

e The induced map on homotopy categories Ho(f) : Ho(X) — Ho(Y") is an equivalence of categories.

e For each pair of vertices x, 2’ € Xy, the induced map mapy (x, ') — mapy (f(x), f(z')) is a weak equiv-
alence.

1.4.1 Examples of Segal Spaces, Complete Segal Spaces and fibrewise Complete
Segal Spaces

Example 1.4.9. Given any small category C, we can view the nerve of C as being a simplicial space, where for
each 4, (NC); is given the discrete topology. In the context of Segal spaces, this construction is typically known
as the discrete nerve construction to draw a distinction with other notions of “nerve” which also arise in
this setting.

The reader is warned that, in general, it is not the case that the nerve of a small category is a complete
Segal space. As a counterexample, consider the discrete category C depicted as follows:

g
/—\
Py
5 f
where we have suppressed the identity morphisms in our diagram, and where the only non-trivial compositions

which are isomorphic to identity morphisms are fo f~! and f~'o f. We see immediately that (NC)o = {x,y, 2},
while (NC)¢ = {id,, id,,id,, f, f 1}, so clearly this discrete simplicial space is Segal, but not complete.

Example 1.4.10. Let C be a category with a class of weak equivalences, W. Given any small category D and
a pair of functors F,G : D — C, we say a natural transformation « from F' to G is a weak equivalence if ayg is
an element of W for each d € D. We write We(CP) to denote the subcategory of CP whose collection of objects
is all the functors D — C and whose morphisms are the weak equivalences between them. As a special case, we
remark that We(C) is just W itself.

Viewing each element [n] of the simplicial indexing category A as a poset, we define the classification
diagram N (C, W) to be the simplicial space whose collection of n-simplices is the nerve of the category We(C™).
In this sense, the classification diagram is a bisimplicial set whose (m,n)-simplices (i.e. n-simplices of the nerve
of We(C [m])) are m X n grids of composable arrows, where each vertical string of n composable arrows consists
of weak equivalences. We can in fact view the discrete nerve as a special case of this construction, where we
let the class W consist only of the identity morphisms between objects of C. Using the equivalence between
the geometric realisation of a bisimplicial set and its diagonal, we observe that the discrete nerve corresponds
exactly to the diagonal of this classication diagram.

At the other extreme, we can instead consider W to consist of all isomorphisms in C (alternatively, we can
look at a general W as a category with the same objects as C but a smaller collection of morphisms between
objects: from this perspective, the case where W consists of all isomorphisms corresponds to the maximal
subgroupoid of C). We write N'C for the associated classification diagram and we refer to it as the classifying
diagram of the category C. The name is more than a little suggestive: usually we recover the classifying space
of a group(oid) as the geometric realisation of its nerve — but, viewed as a constant simplicial space, the nerve
of a groupoid G is weakly equivalent to the classifying diagram of G.

Example 1.4.11. Let C be a locally small category enriched in spaces and consider any topological functor
F:C— S. Let G(F) denote the Grothendieck construction (which we will discuss in greater detail in Chapter
4) of this functor; in a natural way, this is a topological category, equipped with a forgetful functor to C. In
particular, it follows that the nerves of both G(F') and C have the structure of simplicial spaces and that there
is a reference map NG(F') — NC, which exhibits NG(F') as a fibrewise complete Segal space over NC.

1.4.2 Localisations for Segal Spaces and the Model Structures

We have already gone some way implicitly towards describing the Segal space localisation; at this juncture, we
make the relevant set of localising maps explicit.
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Recall that for each n and each 0 < i < n — 1, we specified maps o : [0] — [n] in the ordinal category
by 0 + . Similarly, for 2 < n, we can define &' : [1] — [n] by j — j + ¢ For each n, let F(n) denote
the simplicial set A[n] given the discrete topology (i.e. viewed as a simplicial space) and for n > 2, let
G(n) = Ui<i<n-1(67)+F (1) C F(n). For each n, there is a natural inclusion map G(n) — F(n), which we
denote by ¢™. Note that for any Reedy-fibrant simplicial space X, the simplicial mapping space Map(F'(n), X)
is equal to the space X,, by the Yoneda lemma; on the other hand Map(G(n), X) is the (homotopy) limit of the
diagram X1 d—1>X0 & X, d—1> & X;.

Having recast these spaces in this light, we see that a Reedy-fibrant simplicial space X is a Segal space
precisely if there is a weak equivalence of simplicial sets

@™ : Map(F(n), X) = Map(G(n), X)

for all n > 2. In other words, taking a left Bousfield localisation with respect to the set of maps W = {o" :
G(n) — F(n)}, we find that the Segal spaces are precisely the W-local objects, i.e. the fibrant objects in the
new model structure. This observation leads to the following theorem of Rezk:

Theorem 1.4.12 (Segal Space Model Structure). There exists a simplicial closed model category structure on
the category of simplicial spaces, with the following properties:

the cofibrations are the monomorphisms;
e the fibrant objects are the Segal spaces;

e the weak equivalences are those maps f such that Map(f, W) is a weak equivalence of simplicial sets for
every Segal space W ;

o a Reedy weak equivalence between any two objects is a weak equivalence in the Segal space model structure;
and a weak equivalence of Segal spaces in the Segal space model structure is a weak equivalence with respect
to the Reedy model structure.

Let I[1] denote the groupoid with two objects z,y and exactly one non-trivial isomorphism between the
objects, and let F be its nerve (from the discussion above on the various types of nerves, we recall that the
discrete nerve of a groupoid is weakly equivalent (as a simplicial space) to its classifying diagram).

f
vy 0241 (1.2)
f71

By the pair of diagrams in (1.2), we see that I[1] (the diagram on the left) is closely related to the space F(1)
(the diagram on the right), except that we have “allowed an inverse” to the unique map defined by 0 < 1 which
induces the face map dy : X7 — Xo. From this heuristic perspective, the inverse arrow y — z in E should be
viewed as capturing the data of a homotopy inverse of the map sg : Xo — X;1. We note that there is a natural
map of simplicial spaces x : F(0) — E given in degree 0 by picking out the object x. As before, the Yoneda
lemma tells us that for any Segal space X, we have Map(F(0), X) = X,.

We note that there is an obvious map F(1) — E given by sending the edge 0 < 1 to the arrow = — y. This
map is key in proving the following result:

Theorem 1.4.13. [Rez01, Theorem 6.2] If X is a Segal space, then Map(E, X) — X1 factors through Xhe C
X1, and induces a weak equivalence Map(E, X) ~ Xpe.

Thus, a Segal space X is complete just when there is a weak equivalence of simplicial sets
x* : Map(E, X) — Map(F(0), X)

i.e. the complete Segal space model structure is obtained from the Segal space model structure by taking a
further Bousfield localisation with respect to the single-element set of maps W’ = {z : F(0) — E}; and complete
Segal spaces are the fibrant objects in this new model structure. Again, we refer to the original paper of Rezk
to state the result more precisely:

Theorem 1.4.14 (Complete Segal Space Model Structure). There exists a simplicial closed model category
structure on the category of simplicial spaces, with the following properties:
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e the cofibrations are the monomorphisms;
e the fibrant objects are the complete Segal spaces;

e the weak equivalences are precisely the maps f such that Map(f,W) is a weak equivalence of simplicial
sets for every complete Segal space W ;

e a Reedy weak equivalence between any two objects is a weak equivalence in the complete Segal space model
structure; and a weak equivalence of complete Segal spaces in the complete Segal space model structure is
a weak equivalence with respect to the Reedy model structure.

As alluded to when we gave Definition 1.4.8, there is a strong connection between Dwyer-Kan equivalences
and equivalences of complete Segal spaces. The following result of Rezk makes this relationship clear:

Theorem 1.4.15. [Rez01, Theorem 7.7] Let f : X — 'Y be a map of Segal spaces. Then, f is a Dwyer-Kan
equivalence if and only if it becomes a weak equivalence in the complete Segal space model structure.

As a corollary of this, we may say that the homotopy category of complete Segal spaces is obtained from
the category of Segal spaces by formally inverting all the Dwyer-Kan equivalences.

At this juncture, the reader should not be surprised to learn that only a minor modification is required to
adapt these ideas to produce the model structure of fibrewise complete Segal spaces over some fixed Segal space
B. In this case, the set of localising maps is W = {G(n) — F(n) — B :n > 2} U{F(0) — E — B}, giving us
a model structure in which the cofibrations are commutative triangles

Xr—Y

NS

such that the horizontal arrow is a monomorphism; the fibrant objects are the fibrewise complete Segal spaces
over B; and a morphism f € Mapg(X,Y) is a weak equivalence if and only if the induced morphisms
Mapg(f,W) : Mapg (Y, W) — Mapz(X, W) are weak equivalences for all fibrewise complete W — B.



Chapter 2

Strict Operads

In this chapter, we introduce strict operads in a monoidal category. We will describe some explicit examples
of the such strict operads, and then give various constructions relating to operads, such as the category of
operators of an operad and the Boardman-Vogt tensor product of operads. We will conclude by drawing a
connection between the category of trees and operads. The theory we examine here will form a conceptual basis
for many of our subsequent investigations, when we proceed to discuss notions of co-operads in later chapters,
or when we introduce the notion of a right module over an operad

2.1 Coloured Operads

In what follows, we let C denote a symmetric monoidal category with monoidal product x, monoidal unit 1c
and initial object (). For our purposes, C will usually be the category of sets or spaces, but operads can also be
defined in categories which are not Cartesian monoidal, e.g. the category of graded modules over some fixed
ring R with the tensor product ®pg.

Definition 2.1.1. A coloured operad O in C is the data of
e A set of objects ¢, d, ... called colours, which we denote by Col(O).

e For a finite set I and a collection of colours, {c¢;}icr, d, there is a C-object of morphisms from {c;};es to
d, denoted O({c;}icr; d).

e For a map of finite sets I — J with fibres {I;};cs and a collection of colours {c¢;}icr,{d;}jes, e of O, we
have a composition law:

[1 9Ucidicr,:ds) x O{d;}jesie) = Ocitierse)

jeJ

e This composition law satisfies an associativity requirement: for I — J — K and a collection of colours
{bi}tier, {¢;j}jes, {ditrer, e of O, the following commutes:

[jes O(biticrs¢i) x Hrex OUcitica de) x O{dtrek;e) 25 Meer OUbitien; di) x O{di}rexe)

[sa=s I

e, OUbiticr,i¢;) x O{cstjesie) : e, OUbiticrie)

e A collection of units {id. € O({c};¢)}cecoro) which are left and right units for composition on O.

e Equivariance properties with respect to action of the symmetric groups &,: given p € O({c¢;}1<i<n; )
and ¢; € O({d;}lgjgmi;ci) for all 1 <i <n, and given 0 € &,, and 7; € &,,, for all 7, we have

V(O P do(1)s -+ -5 do(n)) = V(D5 Q15 - - -5 Gn)

16
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We observe that operads come equipped with a notion of partial composition: given operations p €
O(dy,...,dy;e) and g € O(cy, ..., ¢m; d;), we can define a new operation

poiq:’Y(p;(1d17"'71d1;_17Q71d7:+17'"71dn)) € O(dlv"'vdi—lacla'-'7cmvdi+17"~7dn;6)

Remark 2.1.2. In particular, we can think of coloured operads with one just one colour, *. In this case, we
just write O(n) to mean the collection of morphisms O ({*}1<i<n;*). We refer to such operads as plain operads.

One of the original motivations behind the definition of the operad is that they “parametrise multiplications”:
certainly, this was the case in the work of Boardman and Vogt [BV68] and May [May72], where the little-cubes
operads (or closely related objects in the case of the earlier paper) were introduced to parametrise how closely
the multiplicative structure induced by the concatenation of loops in a space comes to defining an associative
group operation. In what follows, we will discuss some examples which will recur throughout our studies. In
particular, the suggestive names of the “commutative” and “associative” operads are indicative of their main
purpose: they capture the data of commutative/associative algebra structures. We will later see that the little
1-cubes operad is weakly equivalent to the associative operad, while the little co-cubes operad (defined via a
suitable colimiting procedure) is weakly equivalent to the commutative operad.

Example 2.1.3 (Trivial Operad). The trivial operad J in C is the operad with unique colour such that
J(n)=1c if n=1and J(n) = 0 for all other values of n.

Example 2.1.4 (Commutative Operad). The commutative operad, which we denote by Com is the operad
with one colour for which Com(n) = {1¢} for all n and the action of the symmetric group is the trivial one.

Example 2.1.5 (Associative Operad). The associative operad, denoted Ass is the operad with one colour
for which Ass(n) = &,,. The composition 7 : Ass(k) x Ass(j1) x ... Ass(jx) — Ass(j) (where j = >, 7j;) is
determined by letting y(ex; €j,, ..., €j,) = €;, where e; is the identity element of &;. The equivariance properties
tell us that for each o € &, and for 7;, € &;,, we have

’Y(Ek'U;ejl,...,ejk) :V(Bk;eja—l(l)a-~'vej(,—1(k)) 'U(jlv"-7jk)
v(ek; €4y - Tiy o€ Ti) =Y(€ki€is-es€5) T1IH ... DT

There is a close relationship between categories and operads — indeed, in some sources, operads appear under
the name multicategories. This relationship is partially elucidated in the following series of examples. We will
later see that the nerve construction which associates a simplicial set to a category can be generalised in a
suitable way to a nerve construction which associates to an operad an object in a new category — the category
of dendroidal sets.

Example 2.1.6. Let D be a small category internal in some monoidal category C. We can associate a partic-
ularly simple operad D to D as follows: the colours of D are the objects of D, while

Homp (dy;d) n=1

D({dl,...,dn},d)—{(b 41
Remark 2.1.7. This construction admits a kind of converse: given an operad O in C, we can define its
underlying category: this is the small category whose objects are the colours of O, and whose hom-objects
are precisely given by the 1-ary operations of O, i.e. given colours ¢, ¢’ of O, the collection of morphisms between
them is O({c};’). Since O is an operad in C, there is a well-defined composition rule, which ensures that the
underlying category of O is internal in C.

Returning to the question of producing operads from categories, we can also consider the case where D is
itself a symmetric monoidal category internal in C: in this case we obtain a slightly more elaborate construction.

Example 2.1.8 (Symmetric Monoidal Category). Let (D, ®) be a symmetric monoidal category. We can view
D as an operad in sets (denoted by D) by letting the colours of D be the objects of D and given a collection of
objects {c;}icr,d, (where I is a finite set) we define

D ({ci}tier;d) = Homp <® Cis d)

iel
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Remark 2.1.9. To bookend our discussion on the relationship between operads and categories, it can in fact
be shown that there is a canonical isomorphism of categories

Op, s ~ Cat

There is a natural Kan extension j; : Cat — Op, whose image is given by the construction described in Example
2.1.6, while the restriction j* : Op — Cat is defined by the underlying category construction of Remark 2.1.7.
When we discuss dendroidal sets, this functor will make a reappearance.

Example 2.1.10 (Endomorphism Operad). In a similar vein to the previous example, we let (D,®) be a
symmetric monoidal category and fix an object d € D. The endomorphism operad £ndy is the single-colour
operad with £ndg(n) = Homp(d®™,d). The composition law is determined by the composition of morphisms
in D, i.e. given f : d® — d and {g;j : d®i — d}j=1,. &, there is an obvious composition fo (g1 ® ... gx) :
d®ht-+ik 5 d. Since the category D is symmetric monoidal, this composition satisfies associativity properties
and is equivariant with respect to the action of the symmetric group. The unit for the composition is determined
by the unit map for d, n4 : 1p — d, which is again part of the monoidal structure of the category D.

Among the most important examples of operads which we will encounter in this thesis is the little d-cubes
operad:

Example 2.1.11 (Little Cubes Operad). A little d-cube is an embedding (—1,1)% — (—1,1)¢ of the form
(1,...,2q) = (@121 + b1, ..., aq7q + bq)

for a; > 0 and b; € R. Let Rect(U,(—1,1)%,(=1,1)%) € Emb(U,(—1,1)%,(=1,1)%) be the subset of those
embeddings such that the restriction to each (—1,1)? in the domain is a little d-cube. We then define the
topological little d-cubes operad *E,; as the operad which has one colour and for each n > 1,

"Eq(n) = Rect (U, (—1,1)%, (=1,1)%)

We give each of these sets the relative topology as subsets of the continuous maps of spaces from L, (—1,1)? to
(—1,1)¢ (with the compact-open topology). Thus *E4 is an operad in spaces.

The multiplication maps in ‘E4 are defined by composition of embeddings, i.e. writing f 4+ g for the action
of two little d-cubes on disjoint copies of (—1,1)%, we set Y(fu; firs---» fin) = fno (fj + -+ fin)-

We finally note that for each d, there is a natural inclusion of spaces !E;(n) < ‘E441(n) defined by sending
each little d-cube f to f xid: (—=1,1)% x (—1,1) = (—=1,1)¢ x (—1,1). Taking the colimit of the chain

'Ey(n) = "Ea(n) — ... = "Eq(n) — ...

gives a new space 'Eo(n), and the collection of these spaces inherits the structure of an operad, which we
denote by ‘E.

Remark 2.1.12. We note that there is a weak homotopy equivalence between the little 1-cubes operad and
the associative operad: specifically, if we consider an element f = (f1,..., f,) of ‘E{(n), this is a collection of
n rectilinear embeddings f; : (—1,1) — (—1,1) into itself, with disjoint images. By evaluating each f; at the
origin we obtain a collection of n disjoint points in (—1,1). Since these points are naturally linearly ordered, it
follows that this evaluation determines a map 'Eq(n) — &,,. A result of [May72] shows that these maps in fact
determine weak equivalences Eq(n) = Ass(n) for all n.

The case of 1-cubes is special insofar as there is a natural linear ordering on the image when we evaluate
elements of E; at the origin. Evidently, if (f1,..., fn) € 'Eq(n) for d > 1, there is no obvious linear ordering
on the set {f1(0),..., fn(0)}. However, this evaluation does determine a configuration of n points in R, and in
fact, it can be shown that by choosing a framed diffeomorphism (—1,1)¢ = R?, we obtain a weak equivalence
‘E4(n) = Conf, (R?), where Conf, (R?) denotes the set of ordered configurations of n points in R<.

The case of the ‘E., operad also warrants some special comment — the paper [May72] also shows that there
are weak equivalences 'E.,(n) = Com(n) for all n.

Example 2.1.13 (Skew Little Cubes Operad). As a variation on the above, we can also consider the skew
little-cubes introduced in [DHK19]. First, we let A(d) C GL4(R) be the subgroup of diagonal matrices with
positive entries. A representation p : G — GL4(R) is said to be a dilation representation if im(p) =
(im(p) N O(d)) - A(d) — which ensures that the image of p contains the entirety of A(d) and given any g € G,
the QR decomposition of p(g) is of the form QR, where R € A(d).
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Given a dilation representation p : G — GL4(R), a G-skew little cube is an embedding (—1,1)¢ — (—1,1)?
of the form

(@1,...,xq) = (v1 + p(g)x1,. .., v + p(g)za)
for —1 < v; < 1 for all i and g € G. We write tEg for the topological operad of G-skew little cubes. In the

1 0 1
1 1

LS

i 4

1 1
1 0 1

Figure 1: Example of four skew little G-cubes with disjoint images, where G = &3 x A(2)

graphic 1, we have depicted an element of ‘ES (4), where the group G is &3 x A(2) (given the product of the
standard representation and the identity representation).

Remark 2.1.14. The condition that p be a dilation representation is perhaps unduly strict, and appears to
stem from a desire to ensure a weak equivalence between the G-framed configuration spaces of k points in
(—=1,1)® (which we will discuss in detail at a later stage) and the spaces ‘ES (k). If we relax this condition, we
can still obtain operads, but with the knowledge that they are no longer so conveniently related with G-framed
configuration spaces.

As alluded to previously, one of the reasons why we discuss operads is that they can be used to parametrise
certain kinds of multiplication. To make this idea more precise, we need to define the notion of an algebra over
an operad:

Definition 2.1.15. Let O be an operad in C. An algebra over O is a set of C-objects {A4}, indexed by
colours of O, plus maps
O(dy,...,dp;d) X Ag, X ... x Ag, — Ay

(0,(a1,y...,an)) +——o0-(a1,...,an)

for all tuples of colours dy,...,d,,d. These are required to satisfy the following unitality, equivariance and
associativity properties:

e For all colours d of O and all a € Ay, we have 14 (a) = a.

e Forall o € &, all pe O(dy,...,d,) and a; € Ag,, we have
(U*p) : (a0(1)7 .- -aao(n)) =D (a17 .- -aan)

o Forpe Oler,....en; f), s € O(d,...,d}, ;e;) and a§- € .Ad;_, we have

’y(p;ql,...7qn)-(ai,...,a,lnl,...7a’f...,afnn) =p- (q1-(a%,...,a}nl),...,qn~(a?...7afnn))

Equivalently, using Example 2.1.8 to view C as an operad (which we write as C), we can use the tensor-hom
adjunction in C to see that this notion is equivalent to a morphism of operads O — C. There is also a notion of
an O-algebra morphism: given O-algebras {4,;}4 and {B4}4, & morphism between them is a collection of maps
fa: Aq — Bg such that

p-(faa1,- ., fa,an) = fa(p- (a1, an))

for all p € O(dy,...,dy;d) and all a; € Ag,. In this way, we obtain a category of O-algebras, which we denote
by Alge.
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Example 2.1.16. Let C be the category of sets. An algebra over the associative operad is the data of a set A,
equipped with a collection of maps

n G, x A" = A

or by adjunction, a collection of maps @, : &,, — Homget (A", A). In particular, if ey is the identity element of
Sa, then m = Pa(eq) : Ax A — A specifies a multiplication map. The associativity of the operadic composition
maps ensures that m defines an associative multiplication law, and the unitality of the operadic composition
ensures that m is unital. Thus, we see that an algebra over the associative operad in Set coincides with our
usual notion of an associative algebra.

We can give a similar recasting of a commutative algebra as an algebra over the commutative operad.
However, for our purposes, the principal motivation for studying algebras over operads is as a motivation for
discussing the Boardman-Vogt tensor product, so we will not spend too much time on this notion (admittedly,
since the tensor product was originally introduced to study algebras over operads, this may seem like a case of
the tail wagging the dog).

2.2 Plain Operads as Symmetric Sequences

In the study of plain operads, an alternative description of operads exists, which will prove particularly useful
in some of our applications. In this section, we will examine this characterisation in some depth and recast the
ideas of Section 2.1 in this new light.

As in Section 2.1, we let (C, x) be a symmetric monoidal category with coproduct [], initial object § and
unit object 1¢. In what follows, we will let N be the discrete category of finite sets, and ¥ be the category
whose objects are finite sets and whose morphisms are the bijections between finite sets.

A sequence in Cis a functor X : N — C; a symmetric sequence in C is a functor X' : £X°° — C. Unpicking
this definition, we see that a sequence X is a collection {X(n)},,>0, where each X(n) =: X((n)) is an object of
C. Similarly, a symmetric sequence Y is a collection {)(n)},>0 of objects of C such that each Y(n) is equipped
with a right action by the group &,,. By the arity-n component of a (symmetric) sequence X', we mean the
element X'(n) € C. A morphism of (symmetric) sequences X — ) is a natural transformation of functors N — C
(resp, a natural transformation of functors ¥ — C, which is compatible with the right actions in each arity).
We write Seq(C) for the category of sequences in C and SymSeq(C) for the category of symmetric sequences.

The category of symmetric sequences may be equipped with a monoidal structure, defined as follows: given
two symmetric sequences X and ), we define their composition product X o) by

0=I1 I % <e (116 e, )

k>0i1+...+ip=n j=1

Evidently, the operation o is not symmetric.

Let J be the (symmetric) sequence with J(1) = 1c and J(k) = @ for all other k. It is immediate from
the definition that X o J(n) = X(n) = J o X(n). Hence, we see that J is a unit for the composition product.
It can also be seen (after some computations) that the composition product is an associative operation, which
ensures that (SymSeq(C), 0, J) is a monoidal category. This perspective leads us to the following definition of
(plain) operads in C:

Definition 2.2.1. An operad O is a monoid in the monoidal category (SymSeq(C), o, J), i.e. there are maps
7: 000 — O and n: J — O such that the following diagrams commute:

00000 MY v Onoldo D00 Moo 5 7
WOIdOJf b \J,/
0cO0 —1— 0

To see that this definition coincides with the “classical” notion of operad (recalling the specialisation of
Definition 2.1.1 to the case of one colour), we note that, since 7 is a morphism of symmetric sequences, for each
n > 0, v encodes the data of a &,-equivariant map y(n) : O o O(n) — O(n). Spelling this out explicitly using
the definition of the composition product, we see that for each partition of n into k pieces, n1 +...np = n, we

get a map
Y(ksna,..ng) ¢ O(k) X O(nl) XX O(nk) - O(n)
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The associativity and unitality constraints of Definition 2.1.1 are encoded in the pair of diagrams above.
It is perhaps enlightening to examine a handful of our earlier examples of operads in this light to reassure
ourselves of the fact that these concepts are in fact the same.

e For a symmetric monoidal category D (taking C to be the category of sets) and a fixed object d € D,
the endomorphism operad £nd, is the symmetric sequence whose arity-n component is Homp (d®", d).
Given f : d®% — dand {g; : d®*™ — d}j—1,.. x With nj+...4+n, = n, we have a composition fo(g1,...,gx) :
d®™ — d. Assembling all such compositions together gives the data of a map y(n) : £Endg o Endg(n) —
Endy(n) which is associative, unital and equivariant with respect to the action of &,,, and we can produce
such maps for each n, giving a morphism of symmetric sequences v : Endg o Endyg — Endy.

e The commutative operad is the symmetric sequence Com which in arity-n is given by Com(n) = {1¢}.

For any nj +...nx = n, we have a canonical isomorphism Com(k) x Com(n;) X ... x Com(ny) —»
Com(n), and the collection of all such isomorphisms in arity n gives an associative unital map ~y(n) :
Com o Com(n) — Com(n).

e The associative operad Ass is the symmetric sequence with Ass(n) = &,,. The multiplication v :
Ass o Ass — Ass is defined by assembling the maps Ass(k) x Ass(ng) x ... X Ass(ng) — Ass(n) specified
in Example 2.1.5 for all partitions ny + ...+ ng = n.

2.3 The Category of Operators of an Operad

We have seen already that we can associate a very simple category to an operad, namely the underlying category
of Remark 2.1.7 — however, there is also a much more elaborate construction called the category of operators
associated to an operad. It is clear that in moving from an operad to its underlying category, we lose lots of
information — all we retain is information about the 1-ary operations of the operad. The category of operators,
while a more complicated object, has the advantage that we can completely reconstruct the operad from it. In
a sense, we can view the category of operators as reversing the ideas of Example 2.1.8.

This construction and certain variations on it will have applications for us when we come to discuss right
modules over operads. Moreover, we will also see the construction appear when we come to discuss operads in
the oo-categorical setting, where the defining properties of this category of operators will be utilised to give a
suitable generalisation of operads to the quasi-categorical world.

Before introducing this notion, we first need to define an useful auxiliary category, which will appear at
several stages of our exposition.

Definition 2.3.1. Let Fin, be the category whose objects are finite sets with an added distinguished point,
e.g. we will write the set (n) to mean the set {1,...,n}U{x}, where  is our distinguished point. (We will refer
to such an object as a set with a point.) Given two objects I, J in Fin,, a morphism between them is a map of
finite sets which sends the distinguished point *; of I to the distinguished point *; of J.

Given such amap f: I — J, let f, denote the map of finite sets given by the restriction of f to I'\ f=1{x,}.
We say f is inert if f, is a bijection of finite sets, and we say f is active if f=1{x;} = {*;}. If Fin is the
subcategory of Fin, with the same objects, but whose morphisms are the active maps, then we can and do
identify Fin with the usual category of sets (in this case, we will ignore the point *, and view (k) as the set
{1,...,k}). We remark that the collection of inert and active maps forms a factorization system on Fin,.

Remark 2.3.2. The category Fin, can be described in a different way: from this perspective, the objects of
Fin, are just sets in the usual sense; however, the morphisms are the so-called partial maps: a partial map
f: I — J is the data of a map of sets f, : I, — J for some subset I, C I. In this context, the partial map f is
inert if f, is injective, and f is active if I = I,.

An example of an inert map which appears frequently in the oo-categorical version of operads is the map

p': (n) — (1), defined by p’(i) = 1 and p’(j) = * for all j # .

Definition 2.3.3. To any coloured operad O in a monoidal category C (with coproduct [] and product []),
we can associate the so-called category of operators O%®. Objects of this category are sequences of colours
{ei}iy. Given two such sequences {c;}i, {d;}7L;, the hom-object of morphisms between them is

Homoe ({eibiy {d;}m) = [ [l OWeities—1y:dy)

fin)—(m) j=1
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where the coproduct is taken over all maps f € Hompi,, ((n), (m)). In other words, a morphism of two such
sequences {c;}7_, {d;}7L, is the data of

e amap f:(n) — (m) in Fin,;
e a tuple of operations (¢]) _, where ¢; € O({ci}icr-1151;d;)

The composition properties of this category are determined by the composition properties of the operad O and
the category Fin,.

In the case where O is a single-coloured operad, the objects of O% can be identified with objects (n) of Fin,,
and a morphism from (n) to (m) in the category 0% is the data of a morphism f € Homg,, ((n), (m)) and a
tuple of operations (o01,...,0,) € H LLEO(fHY)).

Remark 2.3.4 (Variants of the category of operators). In addition, this construction admits some variants of
interest obtained by considering subcategories of Fin, which have the same objects, but fewer morphisms: let B
be such a subcategory, then we can define a category B(Q) whose objects are the same as those of O%, namely
sequences of colours of O, {¢;}icr, while the hom-object of morphisms in B(O) from {¢;}; € I to {d;};cs is

IT IloWeticspy:d)

fin)—(m) j=1

where the coproduct is now taken over maps f € Homg({n),(m)). It is evident that this construction is
functorial in B. Some examples of subcategories of interest for us will be:

e Fin — in this case, we will write F(O) to denote Fin(O): the distinction between F(O) and O% is that
the tuples of operations (¢;);cs from {c;}ier to {d;};cs which appear in Fin, can include operations
which “forget colours”, e.g. a morphism {¢; };e(2) — {d} in O® lying over the inert map p* : (2) — (1) is
determined by an operation in O({c1 }; d), while any morphism {¢; };c(2) — {d} in F (O) will be determined
by an operation in O ({ci}ie@);d). We refer to F (O) as the active category of operators of O.

e let N be the discrete subcategory of Fin — thus a morphism in N(O) from {¢; }ier to {d;};es exists if and
only if I = J; and in such a case, a morphism is a tuple of operations (¢;)icr € [[,c; O(ci; d;).

e let ¥ be the subcategory of Fin with the same objects and whose only morphisms are the bijections of
sets — as in the case of N(O), we can only have morphisms between sequences of the same length, but a
morphism from {¢;}ier to {d;};cr is now determined by a permutation o € &7 and a collection of unary

operations (¢;)jer € [[;c; O(co-1(5); ;).

2.4 The Boardman-Vogt Tensor Product of Operads

In Definition 2.1.15, we met with the notion of an algebra over an operad. One question we might wish to study
is what happens when an object in C has the structure of an algebra over two operads? Is there a way in which
these separate algebraic structures can be made compatible? The Boardman-Vogt tensor product can be used
as a tool to study such questions. In fact, the Boardman-Vogt tensor product of two operads O and P is the
operad O = P defined by the property that there are equivalences of categories:

Algp (Algp) ~ Algp,p ~ Algp (Algo)
This operad admits a more explicit description as follows:

Definition 2.4.1. The Boardman-Vogt tensor product of O and P is the operad O x P, whose collection of
colours consists of all cxd, where ¢ is a colour of O and d is a colour of P. The operations of O %P are generated
by operations of the form

e pxd € OxPlcy *d,...,cpxd;cxd) where p € O(ey, ..., cn;c) and d is a colour of P;

or

e cxq€OxP(cxdy,...,ckdp;ckd) where g € P(dy,...,dn;d) and ¢ is a colour of O.
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These operations must be compatible in the sense of satisfying the following relations (with p € O(cy, ..., cpn;0)
and ¢ € P(dy,...,dn;d)):

e (pxd)o(p1*d,...,pn*d)=(po(p1,...,pn)) *d.
o (cxq)o(crqy, .. cxqm) =cx(qgo(q,- - qm))
e o*(pxd) = (0*p) *q, where 0 € &,,.
e 0*(cxq) =c*(0*q), where § € &,,.

e (pxd)o(crxq,...,cnxq) =05, ((cxq)o(pxdy,....pxdn))

where o n € Gy is defined by o, (i —1)n+j) = (j—1)m+iforall 1 <i<mand 1< j<n. Wewil
occasionally refer to this last relation as the Boardman-Vogt interchange relation.

In the case where both O and P are plain operads, this somewhat unwieldy description simplifies, and the
only one of the above relations that we need to consider is the final relation.

Example 2.4.2. The Eckmann-Hilton argument tells us that if we have two associative multiplications m, m’
on a set A which are compatible in the sense that they have the same unit and m(m’(a,b),m/'(¢,d)) =
m/(m(a,b),m(c,d)), then m = m’ and m defines a commutative product map. In other words, an object
in Set which has a pair of compatible associative algebra structures is the same as a commutative algebra
object, i.e. Ass+ Ass = Com.

Example 2.4.3. The Additivity Theorem for the little d-cubes operads ([Dun88], [Bri00]) asserts that there
are levelwise weak equivalences of operads

tEd *t Ed’ >~ tEd+d/

We recall from Remark 2.1.12 that there are weak equivalences ‘Ei(n) = Ass(n) and 'E.,(n) = Com(n). We
note however that the Additivity Theorem tells us 'Eq ' Eq (n) is weakly equivalent to ‘Eq(n), which is evidently
not weakly equivalent to ‘E.(n) ~ Com(n) ~ Ass(n) x Ass(n).

This last example tells us that the Boardman-Vogt tensor product of operads is poorly-behaved from a
homotopy-theoretic point of view. Indeed, one of the advantages of working with oo-operads and the associated
oo-categorical version of the tensor product is a more satisfactory behaviour with respect to such questions.

Remark 2.4.4. Tt is an open conjecture from [DHK19] that there is a kind of additivity theorem for the
skew little-cubes operads of Example 2.1.13. Specifically, given dilation representations p : G — GLg (R) and
o+ G' = GLg (R), the authors propose that there are levelwise weak equivalences of of operads

'ES « EG ~ 'EGXS
where the group G x G’ is given the product representation G x G/ 225 GL4(R) x GLy (R) — GLgya (R)

(which is also a dilation representation). A suitable oco-categorical version of this conjecture has been devised
and proven in [Lurl7] — we will discuss this in the next chapter.

2.5 Operads and Trees

There is a close relationship between operads and trees which will play a substantial role in much of the theory
we go on to develop. To discuss this in detail, we first need to provide some background on the category of
trees, . Much of our exposition on this material stems from [HM18].

A graph with half-edges is a pair (V| E), comprising a set of vertices, V, and a set of edges, E, which are
one- or two-element subsets of V. An edge e corresponding to a one-element subset is an external edge, while
an edge corresponding to a two-element subset is called an internal edge. For us, a tree will be a graph
with half-edges, T = (V(T'), E(T)), in which there is a distinguished external edge and in which there is an
unique path between any two edges (here and in what follows, we will only be considering finite trees). The
distinguished external edge will be referred to as the root of the tree; all the other external edges of the tree are
known as leaves. At this point, a visual example will help to make sense of some of this terminology: consider
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Figure 2: A typical example of a rooted tree — vertex labels are in black, edge labels are in red

the rooted tree depicted in Figure 2. The set of edges in this tree is E = {a,b,d, e, f, g, h,i,j, k}, with k as the
root element. The set of vertices V' is {s,¢,u,v,w}. The set of leaves on the tree is {a,b,d, f, h}.

The existence of a root element R in 7" imparts a natural partial order structure to the set of edges: we can
view E(T) as a poset with an unique maximal element SR and for any other edges e, f, we say that e < f if
the unique path from e to the root passes through f (thus with respect to this partial order, the leaves of the
tree become the minimal elements). We say the edges e and f are incomparable or independent if e and
f are not related by this partial order, and in that case, we write e L f. In turn, this partial order structure
on the edges allows us to talk about the incoming and outgoing edges of a vertex, e.g. given a vertex v which
connects the edges eq,...,e, and ¢/, we say that ¢’ is an outgoing edge from v if ¢; < €’ for all 7, and we say
that the edges e1,...,e, are the incoming edges; we write out(v) (resp. in(v)) to denote the sets of outgoing
(incoming) edges. By definition, any vertex will have a single outgoing edge. A vertex whose set of incoming
edges is empty is said to be a nullary vertex (in Figure 2, the only nullary vertices are s and v). A tree which
has no nullary vertices is said to be open, while a tree which has no leaves is said to be closed.

Note that when giving such a visualisation as in Figure 2 we are compelled to put some kind of linear order
on the set of incoming edges of each vertex; however, this linear ordering is not part of the data of the tree.

It can be shown that the foregoing poset description of trees is almost enough to completely characterise a
tree:

Lemma 2.5.1. [HM18, Lemma 3.2] Let E be a poset with a unique mazimal element R and assume that E
satisfies the following property:

e For every e € E, the poset E.< = {f € E:e < f} is linearly ordered.

Let L C E be the subset of all minimal elements of E. Then there exists a tree T with E(T) = E, whose set of
leaves is L.

Figure 3: A graphic of the root 7, the 4-corolla, Cy, and the 0O-corolla, Cy.

Example 2.5.2. The root tree 7 is the tree with a single edge and no vertices, which can be visualised as the
tree on the left in Figure 3. In terms of a poset description, we can write 7 as the poset {r}.

For n > 0, the n-corolla C,, is the tree with 1 vertex and n incoming edges. We have a visual example of the
4-corolla and the 0-corolla in Figure 3. We observe in particular that Cj is obtained from the root tree simply
by adjoining a nullary vertex.

If we denote the leaves of C,, by £1,...,£,, then as a poset, we can describe C,, as {r, ¢, ...,0,} with £; <r
for all ¢ and ¢; L ¢; for all i # j.
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Given a tree T with leaves t1, ..., t, and trees T1,T5, ..., T}, we can define a new tree T'x¢, . 1. (Th,...,Ty)
by gluing the root of T; to the leaf ¢;. This procedure is known as grafting. Inductively, we see that any tree
can be built by grafting together corollas and roots. This is convenient since we will frequently rely on making
inductive arguments by proving results for n-corollas, and then deducing for arbitrary trees by grafting.

One of the first places where we see this principle in action is when discussing the automorphism group of
a tree, Aut(T): in the case where T' = C,,, then Aut(T) = &,,. f T' = C, *¢, ... 0, (Th,...,Ty) such that all T;
are isomorphic, then we define

Aut(T) = Aut(C,,) x ﬁAut(Ti) =6, x ﬁAut(ﬂ)

IfT =Cy %o, 0, (Th,...,T,), and we partition the set of trees {T4,...,T,} into k equivalence classes, where

trees T; and T} are in the same equivalence class if and only if they are isomorphic, and we let n; be the size of
the equivalence class represented by the object T; (so ny + ...+ ng = n), then we define

Aut(T) = (G, X ... X Gy, ) X (Aut(Th)™ x ... x Aut(Ty)™*)

Example 2.5.3. Another important example of a tree is the linear tree [n] (n > 0): this is the tree which has
(n 4+ 1) edges and n vertices, each of which has unique incoming and outgoing edges. We note that [0] = 7.
This construction defines a fully faithful functor u : A — Q.

Construction 2.5.4 (Operads from Trees). Given a tree T, we can construct a coloured operad in sets from
T, which we denote by Q(T): the colours of Q(T) are the edges of T’; given a collection of edges cy,...,c,,d an
operation ¢ € O(eq,...,cn;d) is a subtree with leaves ¢q, ..., ¢, and root d. By construction, at most one such
subtree exists for any given collection ci,...,c,,d. In particular, we will identify a vertex v with the unique
operation in Q(T')(in(v); out(v)). Referring to Figure 2 again, we see for example that there is a subtree whose
leaves are d, f and whose root is i — thus Q(7)(d, f;i) = {u}; we also see that we have an unique operation
Q(—;e), given by the nullary vertex {s}. The composition is determined by considering the subtree containing
both vertices which are to be composed: in the case of our example, Q(—;e) x Q(d, f;i) > (s,u) — uos €
Q(—,d, f;1).

Note also that the action of the symmetric group &,, on the set of operations Q(T)(cy, ..., cp;d) is given by
permuting the order of the leaves — however, as asserted before, the linear ordering on the incoming edges of a
vertex doesn’t play any role in determining the structure of a (sub)tree, which ensures that the operad Q(T') is
equivariant with respect to the action of &,, for all n.

The above construction is functorial in 7" and and in fact gives us a way of defining morphisms between
trees: a morphism of trees Ty — T» is a morphism of operads Q(77) — Q(T5). Unpicking this definition, we
see that to give a morphism of trees from T3 to Th, we must specify a map of sets ¢ from E(T1) to E(Tz),
and for any subset of edges c1,c¢a,...,cn,d € E(T}), we must ensure that if Q(71)(c1,-..,cn;d) # 0, then also
QT2)(p(c1), ..., p(cn);d) # O (as we see from even this foray into unravelling the definition, giving a completely
general explanation of a morphism between two trees in explicit terms can be a somewhat haphazard affair).

The category of closed trees €2 is a subcategory of 2 in which we will be especially interested. Conveniently,
since the leaf sets of closed trees are empty, this category admits a succinct alternative description using Lemma
2.5.1: a closed tree is a poset E with an unique maximal element and such that for every e € E, the subposet
E.< is linearly ordered; a morphism of closed trees is a map of posets which respects the incomparability relation
(i.e. given two such posets E and F’, a poset morphism ¢ : E — E’ is a morphism of closed trees if and only if
o(e) L o(f) whenever e L f in E).

The inclusion functor 2, < Q admits a left adjoint, called the closure, which we denote by cl: given a tree
T € Q, the closure of T is the tree obtained by placing a nullary vertex on each of its leaves. For example, we
have already seen that the closure of the root 7 is just the 0-corolla. Given a closed tree T', each colour of the
associated operad Q(T') has is a singleton set of nullary operations. This will play a role for us when we come
to discuss reduced oo-operads.



Chapter 3
oo-Operads

In this chapter, we discuss a weakened or homotopy-coherent notion of operads, the so-called co-operads. Many
models exist to describe such oo-operads and in the course of this thesis, it has become not only useful but of
crucial importance to become at least conversant with a number of these models.

In this chapter, we will give an exposition of three of these models: the oco-operads of Lurie’s quasi-categorical
formulation [Lurl7] (which we will hereafter refer to as quasi-operads), the complete Segal dendroidal spaces
of Moerdijk and Cisinski [CM13] and the complete Segal operads of Barwick [Barl8]. In the course of our
discussion on quasi-operads, we will also devote some time to discussing a quasi-categorical version of the little
cubes operad, and the quasi-categorical version of the Dunn additivity theorem to which we alluded in our
discussion of the topological little cubes.

Proving that these models of co-operad are in fact equivalent is a highly non-trivial exercise (indeed, one of
the chapters in this thesis is given over to such a proof of equivalence in a restricted setting) and a veritable
cottage industry has grown up around proving such assertions — see for example [Barlg], [CM11], [CM13],
[CHH18] and [HHM16]. We will highlight some of the constructions employed to deduce these equivalences, but
for the most part we direct the reader to the original texts to find more thorough and enlightening arguments
of the equivalences.

3.1 Quasi-Operads

3.1.1 From Coloured Operads to Quasi-Operads

We recall from our discussion of coloured operads in spaces that to a coloured operad O we could associate
its category of operators O®. This was the category enriched in spaces whose objects were finite sequences of
colours of O; and the space of all morphisms between two such sequences, {¢; }icr and {d;};cs, was given by

Homoo ({¢;bier, {di}ies) = [[ [T OUcities—1yidy)

fil—Jjed

where the coproduct is taken over all maps f : I — J in Fin,. This category comes naturally equipped with an
obvious forgetul functor 7 : O® — Fin,., and in fact the operad O can be reconstructed from this category and
the forgetful functor .

We note that while the map 7 is not a coCartesian fibration, coCartesian lifts may be found for a special
class of morphisms in Fin,: namely, the inert maps. For example, given an inert morphism f : I — J, a map
a:{c;tier = {d;j}jes lying over f is specified by choosing for each j € J an operation o; € O({¢;}; d;), where
i is the unique element of I in the preimage of f. Then the map a € Hompe ({¢;}icr, {d;}jes) is m-coCartesian
if and only if each o; is an isomorphism in the underlying category of O. As a result, each inert f : I — J
admits a w-coCartesian lift, starting at an arbitrary object over I.

Related to the above observations, we note that the underlying category of O is precisely the fibre of 7 over
the pointed set (1), which we denote by (9‘?1). Furthermore, if p’ : (n) — (1) is the unique inert morphism
defined by i — 1, then by the coCartesian lift property above, there is an induced map

i . M [
PO = O,

26
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In particular, the collection of all such maps determines an equivalence

I eh: 05, = 11 oF,
i€(n)

i€(n)

Also related to the two observations above is the next property of the map 7 : O® — Fin,: given two sequences
of colours {¢;}ier, {dj}jes in O and a map f: I — J in Fin,, we let Homfo®({ci}iel, {d;};cs) denote the fibre
of the projection map

Homo® ({Ci}ie], {dj}jej) — HOIIIFin* (I, J)

over f. If for each j € J, we choose a m-coCartesian morphism {c;}ier — d; lying over the inert morphism
o) o I — (1), then the following square is homotopy Cartesian:

Homes ({¢i}ier, {dj}jes) — [l c; Homoeo ({ci}ier, {d;})

l !

Homgin, (I,J) —— HjeJ Homg;p, (1, (1))

i.e. we have weak equivalences Hom{9® (eitier, {d;}Yier) = [Les Homggf ({citiers {d;})

In a sense, these properties are the crucial criteria which determine a coloured operad, so when attempting
to define a quasi-operad, it makes sense to enforce analogous conditions (in what follows we work with quasi-
categorical mapping spaces, denoted mappne, rather than our previous 0-categorical Hom-objects).

Definition 3.1.1. A quasi-operad is the data of a functor between quasi-categories 7 : O® — NFin, satisfying
the following properties:

1. For each inert morphism f : (n) — (m) in NFin, and every object ¢ € (9%%> = 7~ {(n)}, there exists a
m-coCartesian morphism ¢ — d in O% over f. (In particular, f induces a functor f; : O%ﬁ — O((%n)')

2. For every morphism f : (n) — (m) and every pair of objects ¢ € O%%)’ de O%n)’ if we choose morphisms
O%ﬂ Sc—d; € (9%> lying over the composite p? o f, then we have weak homotopy equivalences

~ Jo
map{9® (c,d) = H map’(g@f (c,d;)
1<j<m

3. For every n > 1, the induced functors p!j : O%’l) — O% give rise to an equivalence of quasi-categories
® ®
Oy = 1104,
n

The coloured operads in spaces we previously encountered naturally generalise to quasi-operads by means
of the homotopy-coherent nerve, thus supplying us with a smorgasbord of examples of quasi-operads.

Example 3.1.2. Let Com denote the commutative operad in spaces, as in Example 2.1.4. Since Com has
a unique colour and for every n there is an unique n-ary operation, we see that the category of operators of
Com coincides with the category Fin,. It follows that the natural projection map Com® — Fin, is actually
the identity map; taking homotopy-coherent nerves of both categories (which coincide with the usual discrete
nerves since these categories are discrete), we see that id : NCom® = NFin, — NFin, is a quasi-operad.

Likewise, the other examples of coloured operads we encountered such as the associative operad and the
trivial operad also yield quasi-operads.

We can also construct quasi-operads with a particularly simple collection of operations from quasi-categories.
This method will have some utility when we come to discuss some of the variants of the oco-categorical version
of the little cubes operads. Before we can describe these, we need to define an auxiliary category, I'*: objects of
I'* are pairs ((n),4), where ¢ € (n),. A morphism from ((n),4) to ({(m), j) in T'* is given by a map « : (n) — (m)
in Fin, such that «(i) = j.
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Example 3.1.3. Let C be a quasi-category. We can define a simplicial set C- which satisfies the following
adjunction
Hom i, (K,C") = Homgget (K X NFin, NT*,C)

for each simplicial set K. Unraveling the above definition, we see that for each simplicial set K, we get a
pullback diagram

Homget (K X NFin, NT*,C) ——— Homgge (K, CH)
[ |

* Homgget (K, NFin,)

In particular, this tells us that an n-simplex of C” is determined by the data of a pair (p,d), where p :
A[n] — NFin, and 6 : A[n] xyrin, NI — C such that the fibre product is defined along the reference map
p: Aln] = NFin,.

We can zero in on this observation for the case n = 0: such a pair (p,d) will then correspond to an object
(m) in Fin, and a map {{(m)} X ypin, NI'* = (m), — C. In other words, we can identify the vertices of C" with
tuples (¢, ..., ¢n) where each ¢; is a vertex of C. Similarly, we can examine the case where n = 1: in this case,
a pair (p,d) will correspond to an object f : (m) — (k) and a map § : A[l] X yFin, N[* — C. We can identify
such a pair (p,d) with a triple ((Ci)lgigm, (dj)i<j<k: {0i : ¢i — df(i)}ief—1{<m>o}>. It can be shown that the
obvious reference map C- — NFin, gives the structure of a quasi-operad ([Lurl7, Proposition 2.4.3.3]).

Morally speaking, our observations above tell us that we can view C" as the oo-operad whose colours are
the vertices of C and whose spaces of operations are defined by

CU(fehizicmid) = [ mape(e,d)

1<i<m

i.e. the n-ary operations are just products of 1-ary operations. We refer to this construction as the coCartesia
quasi-operad associated to the quasi-category C.

3.1.2 Morphisms of Quasi-Operads and a Model Structure

Definition 3.1.4. Given a quasi-operad 7 : O® — NFin,, we say a morphism g : ¢ — d in O® is inert precisely
if it is m-coCartesian and lies over an inert morphism in Fin,.

A map of quasi-operads O%® — P?® is a map of quasi-categories a : O® — P® over NFin, such that a sends
inert morphisms in O® to inert morphisms in P®. We let Alg,(P) be the full subcategory of Funyein, (0%, P®)
spanned by maps of quasi-operads.

We remark that a map over NFin, of quasi-categories f : O® — P® between two quasi-operads preserves all
inert morphisms if and only if it preserves those inert morphisms lying over the inert morphisms p* : (n) — (1)
for all ¢ and n.

Example 3.1.5. We saw previously that a quasi-category C gives rise to a particularly simple kind of quasi-
operad, which we denoted C". In the special case where C = O% is already a quasi-operad, there is a natural
map of quasi-operads O® — O (where we write O = (O®)"), which we will try to describe intuitively. First,
by the properties of a quasi-operad, we know that there is a weak homotopy equivalence Ofi) ~ (0?1))", SO
loosely, we can say that the O-simplices of O® are given by tuples {c¢;}1<i<n, as is the case for O“. An edge
between two such tuples, {¢;}1<i<m and {d;}1<j<, in O% is the data of a map f : (m) — (n) in Fin, and a
tuple of “operations” (0; : {¢;}ics-1(j} — dj)lgjgn'
By the third property in the definition of quasi-operads, we know that for each 1 < j < n, there is a weak
equivalence )
. ~ A4}
I[I Aof, = (O%)
si€f~*{j}

Hence, for each 0; € mappe ({¢i}icf-1(;1,{d;}), there is a corresponding tuple

(Oji)jieffl{j} S H mappe ({Cjz}’{d]})

Ji€f~*{j}



CHAPTER 3. co-OPERADS 29

and the map
(RN I (DR TN (S I

defines the morphism on 1-simplices. The Segal condition ensures that this is sufficient to determine the
morphism of simplicial sets in all degrees. By our remarks after Definition 3.1.4, to show that this is a map of
quasi-operads, it suffices to show the preservation of inert morphisms over the maps p’ : (n) — (1), but this
follows from the second property of the definition of a quasi-operad, and the fact that a morphism {¢;}1<i<n — ¢
in O is inert if and only if each of the edges ¢; — ¢ is an equivalence in O?D.

Based on Definition 3.1.4, we obtain a simplicial category évp, whose objects are quasi-operads, and for any
two such objects O%, P® | the mapping spaces are given by Alg,(P). Taking the homotopy-coherent nerve of
this category gives us a quasi-category Op,,. Our next goal will be to explain how Op,, arises as the underlying
oo-category of a model structure on a certain simplicial category. We will later make use of this model structure
when we come to describe the oco-categorical version of the Boardman-Vogt tensor product of operads.

Before we arrive at that point, we first need to introduce the preliminary notion of a marked simplicial
set: this is a pair (X, M), where X is a simplicial set and M is a collection of 1-simplices of X which contains
all the degenerate 1-simplices. We refer to M C X, as the marking on X. If X is a simplicial set, we write X°
to denote the marked simplicial set whose markings consist only of the degenerate 1-simplices; and we write X*
to denote the marked simplicial set whose markings consist of all 1-simplices. If O% is a quasi-operad, we write
O%f to indicate the marked simplicial set whose markings consist of all the inert morphisms in O® (evidently
this subset of (9? contains all the degenerate 1-simplices). The notion of a map of marked simplicial sets is the
obvious one: namely, a map of simplicial sets which sends marked edges to marked edges. Having prepared the
ground with this notion of marked simplicial sets, we are now in a position to describe the desired simplicial
category...

Definition 3.1.6. A quasi-preoperad is a marked simplicial set (X, M) equipped with a map of simplicial
sets f : X — NFin, which satisfies the property that for each marked edge e € M, the image f(e) is an inert
morphism in Fin,. A morphism of quasi-preoperads is a map of marked simplicial sets g : (X, M) — (X', M)
which commutes with the respective reference maps to NFin,.

This determines a category POp,,, which is tensored over simplicial sets as follows: given a quasi-preoperad
(X, M) and a simplicial set K, we let (X,M)® K = (X x K, M x K;). Thus POp,, is in fact a simplicial
category.

Obviously, if O® is a quasi-operad, then O®% is a quasi-preoperad. In fact, the following proposition tells
us that quasi-operads form a distinguished class in the simplicial category POp,,:

Proposition 3.1.7. [Lur17, Proposition 2.1.4.6] There exists a left proper combinatorial simplicial model struc-
ture (the co-operadic model structure) on the category POp., characterised by the following properties:

e a morphism (X, M) — (X', M') is a cofibration if and only if X — X' is a monomorphism of simplicial
sets;

e amap f:(X,M)— (X', M') is a weak equivalence if and only if, for each quasi-operad O®, the induced
map
Mappoy, (X', M"), 09%) = Mappo, (X, M),0%)

is a weak homotopy equivalence of simplicial sets.

The fibrant objects in the oo-operadic model structure on POp,, are precisely the objects of the form O®,
where O is a quasi-operad.

3.1.3 Tensor Products of Quasi-Operads

We recall from our discussion of algebras over operads in spaces that the Boardman-Vogt tensor product of
two strict operads O and P is the operad O x P defined in terms of the universal property that there is an
equivalence of categories

Algy(Algp) = Algp,p ~ Algp(Algp) (3.1)

When discussing tensor products of operads in that setting it was possible to give a fairly explicit description
of this tensor product; however, in the context of quasi-operads, the crucial thing we want to generalise is this
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universal property. Key to the definition we describe in this setting will be the cc-operadic model structure we
introduced in Proposition 3.1.7.

First, we define the smash product functor for pointed finite sets — this is the functor A : Fin, xFin, — Fin,
which acts

e on objects by: ((m), (n)) — (mn)

e on morphisms by: ((f: (m) = (m')),(g: (n) = (n'))) — (f Ag: (mn) = (m'n)), where

e Fla) = » o g(5) = »
(fAg)lan+b—n) = {f(a)n’ +g(b) —n/ otherwise

Definition 3.1.8. Given quasi-operads, O%,P® and Q% a map f: O% x P® — Q% is said to be a bifunctor
of quasi-operads if it satisfies the following properties:

e The diagram

O® x P® f, o®

| |

NFin, x NFin, —"— NFin,
commutes.
e If v is an inert morphism in O%® and # is an inert morphism in P®, then f(«, 3) is inert in Q%.

We let BiFunc(O®,P® Q%) C Fun(0O® x P®, Q%) denote the full subcategory spanned by bifunctors of quasi-
operads. We say Q% exhibits as the tensor product of O® and P® if there is an equivalence

Alg5(0') =~ BiFunc(0%, P®,0'®)
for every quasi-operad O’. In such a case, we write Q¥ = 0% © P®.

We see immediately that this definition captures the essential universal property of the tensor product described
in (3.1). However, the definition is also decidedly gnomic and, in general, it is unclear whether such a tensor
product even exists.

To resolve the question of existence, we must rely on the co-operadic model structure. First, given quasi-
preoperads (X, M) and (X', M), we set (X, M) ® (X', M') = (X x X', M x M’). It should be noted that this
marked simplicial set has the structure of a quasi-preoperad via the composition

X x X’ — NFin, x NFin, 2 NFin,

It follows from our definition of a bifunctor of operads that Q% exhibits as the tensor product of O%® and P®
if and only if for each co-operad O’®, we have an equivalence:

Mappopoo(Q&h, (’)/®,h) — Mappopx((’)@’” o PEa, (’)’@’h)

In other words, Q% = O% ®P? if and only if the quasi-preoperad Q®+ is a fibrant replacement for O®:f @ P&f
in the oo-operadic model structure.

This assertion at least makes it clear that the tensor product exists. However, it is not in general obvious
how one might go about actually producing such a fibrant replacement. One fairly explicit approach involves
the wreath product construction ([Lurl7, Section 2.4.4]) which we will not discuss here, but even this is
somewhat tricky to handle.

3.2 The Little Cubes Operads

In this section we discuss a quasi-categorical version of the little cubes operads we encountered in the topological
setting, and we will discuss some of the variants of these operads. We will also review some of the properties
exhibited tensor products of these operads, where we meet a quasi-categorical version of the additivity theorem
of Dunn and Brinkmeier.
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3.2.1 Quasi-Categorical Little Cubes and Dunn Additivity

We recall that a little d-cube is a rectilinear embedding of the d-cube (—1,1)% in itself and that the topological
operad 'E, is the operad with one colour whose collection of n-ary operations consists of all n-tuples of such
rectilinear embeddings with disjoint image. Taking the homotopy-coherent nerve of this operad gives a quasi-
operad, which we denote by E?. In Example 2.4.3 we saw that these operads satisfy a kind of additivity
relation with respect to the Boardman-Vogt tensor product of strict operads. The question we now wish to
study is whether a similar relation holds in the quasi-categorical setting when we work with the tensor product
® instead.

We recall that an operad Q% exhibits as the tensor product of O® and P® if there is a bifunctor f :
0% x P® — Q% over the smash product A : NFin, x NFin, — NFin, which induces an equivalence

Alg(0') ~ BiFunc(0%, P®,0'®)
Let us first consider the bifunctor of topological categories
p: "EF x 'Ef — 'E, 4 (3.2)
defined on objects by ({n), (m)) — (nm), and on hom-objects by

((a, (ei)1<icns) 5 (B, (65)1<j<ms)) = (@A B, (€i X 0j)1<i<n’ 1<j<m’)

where a € Hompin, ((n), (n')), &; € 'Eq(a{i}) for each 1 < i < n/, 8 € Homgn, ({m),(m’)) and §; €
'Eq (B71{j}) for each 1 < j < m'.

This induces a map (which we also denote by p) on homotopy-coherent nerves and we note that there is an
obvious commutative diagram

® o B® p ®

! |

NFin, x NFin, —2— NFin,

Theorem 3.2.1. [Lur17, Theorem 5.1.2.2] Let d,d’ be non-negative integers. Then the bifunctor p : E? X ]E?i —
E§+d/ exzhibits ]Ef?-s-d’ as a tensor product of ES and E?i,

The proof of this theorem is highly non-trivial and will not be discussed in detail here. At its heart is the
notion of weak approximations of operads and the wreath product construction to which we alluded above (with
more than a hint of trepidation) — specifically, Lurie demonstrates that the proof of the above can be reduced to
proving that there is a weak approximation E ZE(;@ — E% 4~ The notion of weak approximation in particular
is quite technical, and we refer the reader to [Lurl7, Section 2.3.3] or [Har, Section 4.2] for details. We can
however say a little about the wreath-product IE?9 ZIE(;@, as it can be realised as the homotopy-coherent nerve of
a certain topological category, W:

e objects of W are finite sequences of objects in Fin,, e.g. ((so), {s1),-..,{Sn))

e for a pair of such sequences ((so), (s1),---,(sn)), ({s0), (s1),...,(s,,)), the space of hom-objects between
them is given by

H Homf“]E? ((n), (m)) x H Hom, ze ((sa), (s5))
n)y—

a:( (m) a(i)=j

where the coproduct is taken over all maps a € Homgi,, ({n), (m)), and by Hom{e ((n), (m)), we mean

all those morphisms from (n) to (m) in *EY which lie over the morphism a.

There are functors of topological categories 'EY x* IE;@ — W and W —! Ey 4 given respectively by

((n), (m)) — | (m),...,(m) and  ((s1),...,(sn)) = {51+ ...+ 3n)

n times

and these induce maps on the homotopy-coherent nerves. Showing that the latter functor defines a weak
approximation forms the bulk of the work in Lurie’s proof.
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3.2.2 Variants on the Little Cubes Operads

®

As a variant on the usual little cubes operads, we can instead consider the topological category tIEBTOp( )

defined as follows:

e The objects of tEgTop(d) are the objects (n) of Fin,.

e For objects (m), (n), the space of all maps between them is

Hom, e (m),(m)) =[] ]I Emb(Up-rsRLRY)

BTop(d)
fi(m)—(n) 1<i<n
where the first coproduct is taken over all maps f : (m) — (n) in Fin,.

e The composition of morphisms in this category is determined by the composition law in Fin, and the
composition of embeddings of R in itself.

Taking the homotopy-coherent nerve of this category, we obtain a quasi-operad, which we denote by BTop(d)®.
We can view this as an unframed version of the little cubes operads — indeed, the choice of a homeomor-
phism R? 2 (—1,1)¢ leads to an inclusion of quasi-operads EJ < BTop(d)®. If we consider the fibre of
BTop(d)® — NFin, over the element (1), we see that the edges of this simplicial set can be identified with the
space Emb(R?4, R%). A theorem of Kister and Mazur tells us that this space is homotopy-equivalent to the topo-
logical group of all homeomorphisms from R? into itself (which we denote by Top(d)). From this perspective,
we can view BTop(d)%> as the nerve of the topological group Top(d) — or more loosely, we identify BTop(d)(?1>
with the classifying space of Top(d) (indeed, it is for this reason that the rather suggestive name for this operad
was chosen).

This unframed version of the little cubes operad opens up a whole range of potential variations on the little
cubes operad: for example, let B be a Kan complex (so B is automatically a quasi-groupoid) and suppose we
have a Kan fibration o : B — BTop(d). Then we can define a quasi-operad E% — NFin, by

E% = BTOp(d)® XBTOp(d)u Bl_I — BTOp(d)® — Z\“:In,.<

The fact that this map satisfies the conditions of a quasi-operad relates to the stability of coCartesian morphisms
under base-change; additionally, we know by Example 3.1.3 that since both B and BTop(d) are both quasi-
categories, it is possible to define their associated coCartesia quasi-operads B, BTop(d)".

To further develop this example, we could consider a group G, with a representation « in Top(d). The
representation induces a map on classifying spaces, Ba : BG — BTop(d) (which may, if necessary, be replaced
by a Kan fibration). We will write E§’® for the corresponding quasi-operad E%G.

Remark 3.2.2. Let us pause a beat to examine this quasi-operad from a more geometric perspective. The 0-
simplices of the fibre E§ over (n) are pairs of the form (c, {b;}1<i<n) € BTop(d)%w x B™ such that a(b;) = pi(c)
for each 4, i.e. identifying ¢ with a tuple {ci,...,c,) of embeddings R? — R? with disjoint images, we have
a(b;) = ¢;. Similarly, a 1-simplex in E§ lying over the map of finite pointed sets f : (m) — (n) is the data of

e an edge 0 : ¢ — ¢ in BTop(d)® lying over f — i.e. if we identify ¢ with (c1,...,¢n) and we identify ¢’
with (¢}, ..., c},), then for each 1 < j <n we have edges 0; : (ci;)i,ef-1{;} — ¢; in BTop(d)®.

rn

e for each f(i;) = j, a collection of edges &;; : b;; — b in B

o these edges must be compatible in the sense that o = (a (6;;)), -1(;) A5 maps
J

(i) iyer-r = (Bn) gy = @ (B3) =
foreach 1 < j <n.

In particular, for the case where B = BG for some group G, then a 0-simplex (¢, {g; }1<i<n) of this quasi-operad
can be regarded as a tuple of disjoint embeddings each of which arises from the action of the group G on the
space R? — in other words, these operads can be seen as playing the role of the skew little cubes which we
discussed in Example 2.1.13.

To give an example of this principle in action, let us fix a homeomorphism from R? to its open unit
ball B(1). A map A : B(1) — B(1) is said to be a projective isometry if there exist g € O(d), ¢ > 0
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and vy € B(1) such that A\(z) = cg(z) + vo. Let Isom™ (U;B(1), B(1)) € Emb(UrB(1), B(1)) denote those
embeddings (g;);er : UrB(1) < B(1) such that each ¢; is a projective isometry. We can define the topological
category tEgo( d) which is the subcategory of tE%TOp( d) with the same objects and whose morphism spaces are
given by

Homze ((n),(m)= [J[ ] Isom® (Up-10B(1), B(1))

SO(d
@ fi(n)—(m) 1<j<m

The homotopy-coherent nerve of this operad is a quasi-operad, and there is a natural inclusion N (tE?O ( d)) —
BTop(d)®, which induces an equivalence with the operad Edso(d)’®.

Most pertinently for our concerns, in the case where we have a dilation representation of the group G in
GL4(R), the natural inclusion N (tEdG’®) < BTop(d)® will factor through EY. Hence, this really does provide
us with a homotopy-coherent version of the skew-little cubes which we described in Example 2.1.13.

Moreover, unlike in the case of the topological skew little cubes operads, [Lurl7, Remark 5.4.2.14] gives a
positive answer to the question of whether there is a quasi-categorical additivity theorem for the homotopy-
coherent skew-little cubes. First, we note that the homeomorphism R+ = R? x R? induces a map of Kan
complexes

BTop(d){, x BTop(d'){, — BTop(d + d'){],

and this in turn gives rise to bifunctors of quasi-operads
BTop(d)" x BTop(d')~ — BTop(d+d')~ and BTop(d)® x BTop(d')® — BTop(d + d')®

In particular, given representations G — GL4(R) and G — GL4(R) (and hence a representation G x G’ —
GLgya(R)), we obtain maps of Kan complexes BG — BTop(d)(?D, BG' — BTop(d’)%> and BG x BG' —
BTop(d + d’ )%1), inducing a bifunctor of quasi-operads

Oc.c i Eg® x Eg,’® - ngdq,@

(In the special case where G and G’ are both contractible topological groups, the bifunctor g ¢ is weakly
equivalent to the functor p which we described below (3.2)). To see that g ¢ exhibits Egj dc/: ‘@ as the tensor
product of E§’® and E§/’®7 it suffices to observe that the construction B E% (and consequently BG — E§’®)
is functorial and carries homotopy colimits of Kan complexes over BTop(d) to homotopy colimits of quasi-
operads: thus using e.g. a hypercover argument, it is enough to deduce the claim in the case of contractible G
and G’. In other words, it is only necessary show that the bifunctor p : IE? X ]E?i — E§+ 4 exhibits Egﬂr 4 as the
tensor product of ]E? and IE?, — but this is precisely the statement of Theorem 3.2.1. For future reference we
state this as a theorem:

Theorem 3.2.3. Let d,d’ be non-negative integers, and let G, G' be groups with dilation representations in
GL4(R), GLy(R) respectively. Then the bifunctor 0g ¢ : EdG’® X Eg ® EdG_i_de,: © exhibits ]ngdcf ® as a
tensor product of Eg@ and Eg/’@’.

3.3 Complete Segal Dendroidal Spaces

In Section 2.5 we saw a close connection between operads and the category of trees. This connection can be
exploited to produce another model of co-operads, the so-called complete Segal dendroidal spaces.

3.3.1 Dendroidal Objects

We recall that there is a fully faithful inclusion functor u from the ordinal indexing category A to €2 defined by
sending the object [n] to the linear tree with n vertices and (n + 1) edges — in this light, we can regard ) as
a generalisation of A. We can likewise investigate a generalisation of the simplicial sets: the category, dSet of
dendroidal sets is the category of presheaves on ). Via the inclusion functor u, we see that there are natural
adjoint functors

w

4*>
sSet % dSet
N
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Identifying the root tree n with its Yoneda embedding in dSet, we in fact find that there is a canonical isomor-
phism of categories
dSet , ~ sSet

so that u* is just the forgetful functor. This relationship between simplicial sets and dendroidal sets is more than
a little reminiscent of the relationship between operads and categories discussed in Remark 2.1.9. Moreover,
the natural extension of the functor Q 3 T — Q(T) € Op to a functor 7 : dSet — Op admits a right adjoint —
the dendroidal nerve functor, Ny : Op — dSet, defined by

NdO(T) = HOHlQp(Q(T)7 O)

for an operad O in sets, and a tree 1. The dendroidal nerve shows that “dendroidal sets generalise simplicial
sets” in the same way that “operads generalise categories” in the sense that we have a commutative diagram

Op N Set

P T

Cat —¥ sSet

where 7 is the functor discussed in Remark 2.1.9.

We can also consider dendroidal objects in the category of spaces, or dendroidal spaces. These presheaves
again generalise the category of simplicial spaces, and we can find a suitable generalisation of the dendroidal
nerve functor simply by giving each of the operads Q(T') the structure of an operad in spaces in the obvious
way.

We observe also that the category of dendroidal sets can be equipped with a monoidal structure which is
compatible with both the Boardman-Vogt tensor product of operads and the Cartesian product of simplicial
sets. We first define this tensor product on elementary objects in the category of dendroidal sets (i.e. trees)
and then extend it to all dendroidal sets. We define — ® — : 2 x 0 — dSet by

(T,S) — Ng (UT) = Q(S))

where x is the Boardman-Vogt tensor product of strict operads. By taking left Kan extensions with respect to
both variables, this gives a tensor product — ® — : dSet x dSet — dSet. We list here some of the properties of
this operation:

e The tensor product is symmetric, ie. X ®Y ~Y ® X

colim; (X ® Y;) ~ X ® (colim;Y;)

colim; (X; ® Y) ~ (colim; X;) Y
e For any simplicial sets X, Y, we have X @ Y ~ u)(X xY)
e For dendroidal sets X and Y, we have 7(X ® V) ~ 7(X) x 7(Y)

A proof of the above properties can be found in [HM18, Proposition 4.2] (in fact, the property that the tensor
product commutes with colimits in both variables is actually one of the properties defining this extension.) As
with the Boardman-Vogt tensor product of strict operads, this tensor product is not necessarily homotopically
well-behaved.

3.3.2 Model Structures on Dendroidal Sets and Dendroidal Spaces

Before we can discuss oco-operads through the prism of dendroidal spaces, we first need to produce suitable
model structures for our various categories of dendroidal objects. To do this, it is necessary to say a few words
about boundaries and horns of trees (which play a role similar to the boundaries and horns of the elementary
simplicial sets Aln]).

Given a tree T with a vertex v attached to a leaf of T', we define the leaf face 0, T as the tree obtained by
pruning away the vertex v and all leaves attached to v. If a tree T' has an unique inner vertex connected to its
root, then we can also define its root face 9,7, which is the tree obtained by pruning away that inner vertex
and all edges lying above it. Together, we refer to the leaf faces and the root face (if it exists) of a tree T as
the external faces of 7. On the other hand, given an internal edge e in the tree T, we can define the internal
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Figure 4: A tree T, together with its root face 0, T, a leaf face 9,7 and an internal face 0.1

face 0.1 as the tree obtained by contracting the edge e and identifying the vertices at either end of e. Each of
these face maps 0,1 < T gives rise to a map on the associated operads Q(9,T) — Q(T) — we define 9Q(T) to
be the union of all these faces, and we note that there is a boundary inclusion 0Q(T") — Q(T'). In Figure 4, we
give an example of each of these faces.

There is a corresponding boundary inclusion for dendroidal sets associated to a tree T as well: if Q[T is
the Yoneda embedding of T in the category of dendroidal sets, and Q[T denotes the colimit over Q[9, T for
all faces 9, T of T, then there is a natural boundary inclusion 0Q[T] — Q[T] of dendroidal sets.

We can also define horns on a tree 1" as well. Let x denote either an external vertex or an inner edge of a
tree T', then the horn A®[T] is the subobject of the dendroidal set Q[T] which is the union of all faces except
0, T. In the case where x is an inner edge, we say that A®[T] is an inner horn.

We define the class of normal monomorphisms on dendroidal sets to be the closure of these boundary
inclusions under transfinite composition, pushouts and retracts. It can be shown that a morphism v : X — Y
of dendroidal sets is a normal monomorphism if and only if, for each tree T, the automorphism group Aut(7T)
acts freely on Y(T) \ w(X(T)).

We can also define the class of inner anodyne extensions on dendroidal sets to be the closure of the
inner horn inclusions A¢[T] < Q[T] under transfinite composition, pushouts and retracts. We say a map of
dendroidal sets X — Y is an inner fibration if for all trees T" and all internal edges e in T', the dashed lift exists
in the diagram

A°[T] — X

R l
\[ //
)
.
-

QT — Y

A fibrant dendroidal set X is said to be a dendroidal inner Kan complex or dendroidal oo-operad.
Unsurprisingly, the reason we flag these classes of morphisms in dSet is that they give rise to a model structure:

Theorem 3.3.1. [CM11] The category dSet carries a cofibrantly generated model structure — the model cate-
gory structure for dendroidal co-operads — whose cofibrations are the normal monomorphisms and whose
fibrant objects are the dendroidal co-operads. The induced model structure on dSet ,, = sSet coincides with the
Joyal model structure on sSet.

The set of generating cofibrations is the collection of all boundary inclusions 0Q[T] < Q[T7.

Definition 3.3.2. A face map S — T is said to be a subtree of T if S — T is a composition of external face
maps, i.e. S is obtained from T by successively pruning leaves or by removing the root vertex if the root vertex
only has one internal edge attached to it. We define the Segal core of a tree T with at least one vertex to be
the dendroidal set

Tseg = colime, 7 Q[C}]

where the colimit is taken over all subtrees of T" which are corollas C,, — T'. By convention, we declare that
Nseg = 2[n]. We also define the external boundary of a tree T' as the dendroidal set

O™'T = colimg_,7Q[S]

where the colimit runs over all external faces S — T (i.e. all those faces obtained by pruning away external
vertices).
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It is evident that for any tree T" with at least 2 vertices, and any internal edge e, there are inclusions of
presheaves:
Tseg — 0T — A°[T] — QT

Moreover, it can be shown that the map Tges — Q[T is inner anodyne. This last fact can be used to show the
following important result:

Theorem 3.3.3. A dendroidal set X is the dendroidal nerve of a coloured operad P in sets if and only if, for
any tree T', the map
X(T) = Homgset (QT], X)) — Homgget (Tseg, X)

is an equivalence.

In other words, any coloured operad P satisfies the property that there are equivalences

NeP(T)~ ] NaP(Cp)

vevert(T)

for any tree T, where the product is taken over all the vertices of T and |v| is the number of incoming edges of
a vertex v. In particular, if P is a plain operad then NyP(C,) = P(n), so that the above formula tells us that
a plain operad satisfies:

NPT~ ] P(el)

vevert(T)

Another special case of this theorem is when we view a simplicial set X as a dendroidal set via the functor w,
and we consider the linear tree [n] with n vertices: in that scenario, the statement of the theorem devolves to
the original Segal condition for simplicial sets, i.e. X is the nerve of a category if and only if for each n, there
is an equivalence

Xn = (UuX)([TlD >~ HomdSet([n]SQg, U[X) = X1 XX -+ XX X1

This suggests that in the theory of dendroidal spaces, the Segal core Tge, is a suitable generalisation of the

simplicial spaces G(n) = Ui<i<n(a)')*F(1) = [n]seg which we introduced when discussing the Segal model

structure on simplicial spaces (see Theorem 1.4.12 and the preceding discussion for a reminder of the notation).

By identifying spaces and simplicial sets, we can consider the category of dendroidal spaces as the category
of simplicial objects in dendroidal sets, written P(£2) (in [CM13] this category is denoted sdSet). It can be
shown that Q is an example of a generalised Reedy category in the sense of [BM11], and by analogy with
simplicial spaces, we can endow the category of dendroidal spaces with the so-called generalised Reedy
model structure:

Theorem 3.3.4. [CM13, Proposition 5.2] The category P(2) admits a cofibrantly generated proper model
structure whose

o weak equivalences are the termuwise simplicial weak homotopy equivalences (i.e. X —'Y is a weak equiv-
alence of dendroidal spaces if and only if X(T) — Y (T) is a weak equivalence of simplicial sets for each
tree T');

e cofibrations are normal monomorphisms;

e fibrations are those maps X — Y such that for all trees T, we have Kan fibrations

X QT _y x0QIT] Xy oa(r] y QU]

The generating cofibrations for this model structure are of the form

OA[n] x Q[T)U A[n] x IQ[T] — An] x Q[T
while the generating trivial cofibrations are those maps

Aln, k] x Q[T) U Aln] x 0Q[T] — Aln] x Q[T]

foralln >0,0<k <n and all trees T.
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Further extending the analogy between simplicial spaces and dendroidal spaces, we arrive at the following
definition:

Definition 3.3.5. A dendroidal space X is Segal if it is fibrant with respect to the generalised Reedy model
structure on dendroidal spaces and it satisfies the property that for all trees T, there is a weak equivalence of
simplicial sets

Map(Q[T], X) = Map(Tseg, X)

The Segal model structure on simplicial spaces (Theorem 1.4.12) was obtained by a Bousfield localisation
of the Reedy model structure on simplicial spaces with respect to the maps [n]geg = G(n) = F(n) = Q[n]. The
same approach on the category of dendroidal spaces yields the Segal model structure on P(f2): namely, by
taking the Bousfield localisation with respect to all maps Tse; — Q[T], we obtain a model structure on P(£2)
whose:

e cofibrations are levelwise monomorphisms of dendroidal spaces;
e fibrant objects are Segal dendroidal spaces;

e weak equivalences are those maps of dendroidal spaces f : Y — Z such that for each Segal dendroidal
space X, the induced map
Map(f, X) : Map(Z, X) — Map(Y, X)

is a weak equivalence of simplicial sets;

e weak equivalences between Segal dendroidal spaces are weak equivalences in the Reedy generalised model
structure on P(€).

Combining the definition of the weak equivalences in the generalised Reedy model structure on P(€2) with the
statement of Theorem 3.3.3, we see that a map between Segal dendroidal spaces f : X — Y is a weak equivalence
if and only if f induces weak homotopy equivalences of simplicial sets

Y(Cp) = X(Cyp) and X (1) = Y (n)
for all n > 0.

Definition 3.3.6. A Segal dendroidal space X is said to be complete if for each tree T', there is a weak

equivalence
Map(Q[T], X) = Map(w E @ Q[T], X)

where we recall that £ was the discrete simplicial space (i.e. simplicial set) defined as the nerve of the groupoid
I[1] with two objects and one non-trivial isomorphism.

We note that a Segal dendroidal space X is complete if and only if the underlying simplicial space u*X is
a complete Segal space. Again, this leads to a new model structure on the category of dendroidal spaces: the
complete Segal model structure on P() arises from the Segal model structure on P(£2) by taking left
Bousfield localisations with respect to the maps Q[T ® wE — Q[T] for all trees T

Remark 3.3.7. We will write Pge,(2) to denote the category of presheaves on € given the Segal model
structure, and Pog(Q?) for the category of presheaves on ) given the complete Segal model structure. We
observe that Pges () — Pcg(€) is an accessible localisation.

3.4 Complete Segal Operads

The third model we consider is due to Barwick [Barl8] and goes by the name complete Segal operads. Barwick,
in his paper, defines quite a broad framework of so-called operator categories (not to be confused with the notion
of the category of operators which we introduced previously). For our purposes however, such generality will
not be needed and it will suffice to restrict our attention to the complete Segal operads on Fin.

Definition 3.4.1. We can define a category of Fin-sequences, denoted Ay (following notation used by
[CHH18]) whose objects are pairs ([n],S), where [n] is an object of the simplicial indexing category A and
S is a functor [n] — Fin — in other words, we can and frequently do identify a pair ([n], S) with a string of maps
of finite sets of the form (Sp — S; — ... = S,). A morphism between two Fin-sequences, ([n], S) and ([m], S”)
is the data of a map u : [n] — [m] in A and a natural transformation 7 : S — S’ o u which satisfies the following
properties:
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e for each 0 < i <mn, the map n; : S; — S;(i) is an injection;
e for any 0 < i <[ < n, the commutative diagram
S —= Si
|7
S —— S8,
is Cartesian
We note that there is an obvious inclusion of categories v : A < Ay given on objects by

v([n]) = (In], (1)) = (1) = ... = (1))

n—+1 times

A morphism (u,n) : ([n],S) — ([m],S’) is said to be inert if the map u is inert; we say (u,n) is active if u
is active in A and, for all 4, the map n; : S; — S, () is an isomorphism. The collection of inert and active
morphisms defines a factorisation system on Ag.

In this category of Fin-sequences, we can also formulate analogous versions of the Segal condition and the
complete Segal condition. Given a length-1 sequence Sy — S; and an element ¢ € S;, let us write Sp; for
the fibre of the map Sy — S; over i. Then for each ¢ € S; we obtain inclusion morphisms in Ag of the form
(So,i = {i}) = (So — S1). Gluing these inclusions together, we get a map (here S1 = {i1,...,in})

(SO,il — {Zl}) SL’Jl . SL{ (SO,in — {Zn}) — (SO — Sl) (33)

A presheaf X on Ap valued in spaces is said to satisfy the product Segal condition if it is local with respect
to these maps, i.e., if the induced maps

Map ((So — Sl),X) — Map ((SO,il — {Zl}) SL;Jl . }S{ (SO,in, — {Zn}),X>
= X (S = 51) —1lies, & (S0, = {is})

are weak homotopy equivalences.
Given any sequence of length at least 2, say (So — S1 — ... = S,), the inclusions

(S; = Sit1) = (So — S1—...S)
also glue to give a map

(SoﬁSl)gJ (51 %SQ)EJ v U (Spm1 = Sn) — (So = S1— ... = S) (3.4)
1 2 n—1

We say a presheaf X on Ay satisfies the pullback Segal condition if X satisfies the property that the induced
maps

Map ((So = S1 — ... = 5,), X) %Map((Soﬁsl)U... U (Sn_1~>S7L),X>

S n—1
<~ X(So -85 ... Sn) — X(SO — Sl) Xx(81) =+ XX(Sp_1) X(Sn_1 — Sn)

are weak homotopy equivalences. Finally, we can formulate a completeness condition for those presheaves X
which already satisfy both the Segal product and Segal pullback conditions. Since we have a map v : A — Ay,
the presheaf X gives rise to a simplicial space v*X, and this is a Segal space (this can be seen by applying
the Segal conditions for the finite sequences v([n]) for each n > 1). We say X satisfies the completeness
condition if v*X is a complete Segal space, i.e. we have weak homotopy equivalences

(V*X)o = Map(v* X, A[0]) = Map(v* X, E) ~ (v*X)he

Definition 3.4.2. Let X be a presheaf on Ap taking values in Kan complexes. We say X is a Segal Fin-
operad (or simply a Segal operad) if it satisfies both the product and pullback Segal conditions. We say X is
a complete Segal Fin-operad if X is a Segal operad and X satisfies the completeness condition.
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Remark 3.4.3. By the straightening and unstraightening constructions of [Lur09a, Section 3.2], we can identify
a presheaf X' on Ap valued in Kan complexes with a left fibration of simplicial sets ¢ : X — NAp. From
this perspective, we can (at least intuitively — these statements are given in a more precise sense in [Barl8,
Proposition 10.6]) examine some of the similarities between quasi-operads in the sense of Definition 3.1.1 and
the Segal operads we introduced above. For example, the product Segal condition tells us that we can identify
a point in the fibre X(I) = ¢~'(I) with a tuple of objects (z;)jer € [[;c;¢~"({s}), which corresponds to the
third condition of the definition of a quasi-operad. Likewise, given a partial map of finite sets f : I — J the
pullback and product Segal conditions tell us that we have weak equivalences

fo .
X(I) Xxry) X (Lo = J) = X(I) x11,_, x(1)) ey XL = {5})

= X(I) x [1;c; X{i})

~ X(I) x X(J)

where we recall the notation that the partial map f : I — J is defined as a map of sets f, : I, — J for some
subset I, C I. Givenz € X(I),y € X(J) and y; € X({j}) for each j € J, the map constructed here corresponds
to the map
~ Jo
maph (z,y) = [ [ maphs! (z,y))
jeJg
which appears in second condition in the definition of a quasi-operad O®.

If we equip the category of space-valued presheaves on Ay with the injective model structure (which category
we will denote by P(Ap)), then by means of left Bousfield localisation with respect to the maps (3.3) and (3.4),
we obtain a model structure of presheaves on Ay whose fibrant objects are the Segal operads. We can further
localise with respect to the completeness condition to arrive at the following model structure:

Theorem 3.4.4. [Barl8, Proposition 2.17] The category P(Ar) admits a left proper tractable model structure
— the operadic model structure — whose:

e cofibrations are the levelwise monomorphisms X — Y;
e fibrant objects are the complete Segal operads;

e weak equivalences are those maps Y — Z of presheaves such that for each fibrant object X, the induced
map
Map(Z, X) — Map(Y, X)

is a weak homotopy equivalence.

Remark 3.4.5. Writing Pseg (Ar) for the category of presheaves on Fin-sequences localised with respect to the
Segal properties, and Pcos(Ar) for the category of presheaves on Fin-sequences further localised with respect to
the completeness condition, then as in the case of Remark 3.3.7 we see immediately that the passage Pses(Ar) —
Pces(Ar) is an accessible localisation.

3.5 Constructions relating the Models

3.5.1 Quasi-Operads and Complete Segal Operads

In this section, we briefly discuss some of the constructions given to relate the various models of co-operad
which we have described above. First, we consider a construction given in [Barl8] to pass from Segal operads
to quasi-operads. To make sense of this construction, we first need to introduce some notation:

e Given amap f: I — J in Fin,, let us denote by [f] the pullback of the diagram
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e For a string of maps in Fin, of the form

S I 5 s 2 s, (3.5)

and 0 < i < j < n, we write 0"/ to mean the composite 07 o...0c": S;_1 — S;. In particular, we will
just write g7 = g7/,

Given a string of maps in Fin, of the form in 3.5, we notice that for any fixed 0 < ¢ < j < n, there is an induced
map of strings of finite sets ‘ A N
F,(i,j) = ([e"] = [0*7] — ... = [0"7])

Since the construction here may not be entirely obvious, we include a hands-on example:

Example 3.5.1. Consider a string of partial maps
0'1 0'2 0'3
N CETEIET)

with

1 Jloi=14 0 0 )1 i=2 N .
0(2)—{2 i—3 ; U(Z)—{ - ; 03(1)—{2 1=2

Suppose we wish to study both F,(2,2) and F,(2,3). Working through the compositions, we see that
2 i=1,4 _ ,
ob2(i) = ] ;o ol3(i) = {2 i=1,4 ; o®3(i)= {2 i=1
1 ¢=3
Hence, it follows that

[0"?] ={(1,2),(4,2),(3, 1)}, [¢"°] ={(1,2),(4,2)}, [¢*°] ={(1,2)}, [¢*] ={(1.2),(2,1)}

which in turn tells us that

F5(2,2) = ({(1,2),(4,2),3, 1)} = {(1,2), (2, D)})

where a pair (z,y) gets sent to the element (o'(z),y) in the codomain, i.e. (1,2) +— (1,2), (4,2) — (1,2) and
(3,1) = (2,1). The map is evident in

Fo(2’3) = ({(1a2), (472)} - {<132)})

Given an element [m] in the simplicial indexing category, let us denote by &'(m) the associated twisted arrow
category — that is, the poset whose objects are pairs (i, j) where 0 <14 < j < m, and for two such pairs, (i, 7)
and (i, j'), the partial order relation is defined by (i, 7) < (¢, ;') if and only if ¢/ <14 < j < j'. For any length-n
sequence o of maps in Fin,, we define

Fo (i,9)

AZ = colim (ﬁ(n) 2 Ap — 'P(AIF))

For each n, the construction o — Af defines a functor Fun([n], Fin,) — P(Af). If X is any presheaf on Ag,
then by right Kan extension, we can define a simplicial set

X(AF) =  lim X(F,(i,j
(87) = lim  X(F.(i.1)
It follows that the assignment Fun([n], Fin.) 3 0 — X (AF) € sSet is functorial.

With these preliminaries in place, we can finally state our construction for passing from complete Segal
operads to quasi-operads.

Definition 3.5.2. Given a presheaf X on Ap, we can define a simplicial set P®(X) whose set of n-simplices
consists of pairs (o, z) where o : [n] — Fin, and = € X(AgF)o. We note that this simplicial set is equipped with
a natural map to NFin,, given by (o, z) — o.
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In [Bar18, Proposition 10.6], it is shown that if X is a complete Segal operad, then P®(X) is a quasi-operad.
The proof of this claim runs essentially along the lines of our earlier remarks (3.4.3) on the connection between
complete Segal operads and quasi-operads via the straightening and unstraightening constructions.

Remark 3.5.3. Barwick’s construction of the functor P®(X) stems from a slightly more general object which
is built using the notion of the nerve of a category C relative to a functor f : C — sSet which appears in [Lur09a,
Definition 3.2.5.2]. We recall the construction here.

Starting from the functor Fun([n], Fin,) 3 0 — X (A7) € sSet, we can define a simplicial set PP(X),, a
k-simplex of which is the data of

e an element X € NFun([m], Fin,)g;

e for every subposet J C [k] with maximal element max J, a map of simplicial sets

7(J): AT 5 X (Ag(max‘]))

e compatibility between these maps in the sense that for every pair of subposets J' C J C [k], the following
diagram commutes

AT I, (aFem )

|

A TD Ly (A?m‘“ J>)

This construction is functorial in [n], so it in fact yields a simplicial space, ]3®(X ). Moreover, we note that the
map (3, {7(J)}sck)) — X defines a map of simplicial spaces from P®(X) to the classifying diagram of Fin,
(for a recollection on the concept of the classifying diagram, see Example 1.4.10).

It can be shown that if X is a complete Segal operad, then ﬁ@’(é\’ ) is a complete Segal space. In fact,
Barwick uses this observation, and the Quillen equivalence between complete Segal spaces and quasi-categories
in [JTO06], Xo . — Xeo0, as an inspiration for the definition of the simplicial set P®(X) from Definition 3.5.2,

which, as we readily see, coincides with p® (X)e0-

3.5.2 Complete Segal Operads and Complete Segal Dendroidal Spaces

We discuss here some of the methods utilised in the paper [CHH18| to define a Quillen equivalence between
complete Segal operads and complete Segal dendroidal spaces. In fact, in this paper, the authors demonstrate
an equivalence between Segal operads and Segal dendroidal spaces and then use the fact that in both cases,
passage to complete Segal objects in the respective presheaf categories is an accessible localisation. To exhibit
the equivalence, [CHH18] introduce a subcategory At of A consisting of all those Fin-sequences which terminate
in the set (1). The intuition for this choice is obvious: we can identify a set (n) with a collection of n edges in a
single stratum of a tree — in particular, the root of a tree should be a stratum with a single edge, corresponding
to the set (1). More precisely, we have the following construction...

Construction 3.5.4. Consider an object in A} of the form
1 n
([n], S) = (So I8 = ... 258, = <1>>

To this string, we associate an open tree 7([n], S) as follows: the set of edges of 7([n],S) is Lp<i<nS; and the
partial order relation < defining the tree is determined as follows:

eif0<i<i<nandyecsS; and z € S, then y < z if and only if %! (y) = 2 (where, as before, we write
o' to mean the composite ot o...0% : S;_; — S1).

The set of leaves of 7([n], S) is precisely the collection of minimal elements with respect to this partial order
relation.

Describing the action of 7 on general morphisms is somewhat challenging (for much the same reasons that
it is challenging to describe morphisms in the category 2 in general) — however, in the case of inert morphisms
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in Aj, we can describe the action of the functor 7 in a straightforward way: if (u,¢) : ([n],S) — ([m], §)

is an inert morphism in Af, then u must be of the form i +— u(0) + i. Then, for each 0 < i < n, the map
Gi  Si = Su(0)+i is an injection, so there is an induced injective map between the sets of edges

Uo<i<nSi ™ Uy(0)<i<cmSi <> Uo<i<mSi

and the condition that we have Cartesian commutative diagrams for all 0 <: <1< n
Ci o
Si —— Su(0)+i
l J ‘L
9] S
Sp —— Su0)+1

ensures that the partial order relations on the trees 7 ([n], S) and 7 ([m], §> coincide on their “common edges”

(i.e. those edges of T ([m], §) which lie in the image of ().

To clarify the above discussion somewhat we provide some visual examples of how the functor 7 acts.

Example 3.5.5. Consider the following pair of objects in Af:

where
1 i=1,2 _
1 1.2 2 i=34 L i=12
1 ? , ~1 1 =9, ~9/. .
= ; = ; =42 =34 ;
o (@) {2 i34 P T0=05 256 7 70 !
, 3 i=56
6 1=17,8

and o2 and &3 are the unique maps to the terminal object in Fin. We can define an obvious inert map

Figure 5: The open trees 7 ([2],S) (on the left) and 7 ([3], §)

(u, ) : ([2],5) — ([3],5) by u(j) = 1+ and (i) = i for each 0 < j < 2. We have depicted the resulting trees
in Figure 5, and the image of the map 7(u, () is depicted by the thick red edges in the subtree on the right.

Apart from the fact that there is a more natural way of associating trees to objects of Al, there is a second
advantage to working with this subcategory: since we are working with strings which terminate with the object
(1), the product Segal condition becomes vacuous.

In [CHH18], a zig-zag of Quillen equivalences is deduced

Pes(AF) > Pocg(A) < Poeg(€)

where ¢ : AL < Ay is the fully faithful subcategory inclusion. Proving that * is a Quillen equivalence is
relatively straightforward; proving that the map 7* : P(Q) — P(A%) restricts to a map of Segal objects is also
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fairly painless. The main work of the paper is based on deducing that 7* is a Quillen equivalence. Since we will
be drawing on many similar ideas for a proof of our own, it behoves us to outline some of the steps towards this
deduction.

Definition 3.5.6. Let A]% .t denote the subcategory of AL with the same objects, but whose morphisms are
just the inert morphisms. We can also define A& to be the subcategory of elementary objects in AL, i.e. the
full subcategory spanned by objects of the form (<n> — (1)).

Analogously, let Q;,¢ be the subcategory of 2 with the same objects, but whose morphisms are the inert
morphisms of trees; let Q°! be the subcategory spanned by the corollas C,,, n > 1 and the root 7.

It is possible to rephrase the Segal conditions for presheaves on Af and Q using the above subcategories (in
what follows, all the presheaves have values in Kan complexes): we first do this for Af.
Given an object J € AL, let (Ag),; be the pullback category (Apint)/s Xap.., Af. We can associate a
presheaf
Jseg = colim E
Ee(Agh) )
(we are being somewhat lax in our notation here by identifying F with its Yoneda embedding). We note that
there is a natural map of presheaves Jsog — J. A presheaf X € P(A}) satisfies the Segal condition if and only
if the restriction X |a, ,,, is local with respect to each such map Jgeg — J.
We can take an analogous approach with presheaves on € — in fact, by constructing the pullback categories
Q‘jlp and considering the colimits
Sgeg = colim S

1
SQ?

we obtain the notion of Segal core which we encountered in Definition 3.3.2. As in the case of A}, a presheaf
X € P(Q) satisfies the Segal condition if and only if the restriction X |g,,, is local with respect to each map of
presheaves Tgee — 1" (this is in fact just a restatement Definition 3.3.5).

Moreover, it is evident that the map 7 restricts to an equivalence of categories Ag — Q°l. Using a theorem
of Lurie ([Lur09a, Lemma 4.3.2.15]), this implies that 7* induces an equivalence:

PSeg (Qint) = PSeg (A]llr,int)

If eag : AF int < A and eq : Qi — € denote the obvious subcategory inclusions, then we obtain a commuta-
tive diagram of the form

Psea(2) —— Pseg(Ar)
il I
PSeg( mt) % PSeg(AF mt)

It can be shown that both functors e} admit left adjoints and that the respective adjunctions are monadic, so
that we can use the following consequence of the Barr-Beck Theorem:

Lemma 3.5.7. [Lurl7, Corollary 4.7.3.16] Given a commutative diagram of oo-categories

c—Y ¢

oS

such that

(a) the functors G and G’ have left adjoints, F' and F' respectively,

(b) the pairs (F 4 G) and (F' 4 G’) are monadic,

(c) for all objects d in D, the unit map d - GFd ~ G'UFd induces an equivalence g : F'd — UFd in C’,

then U is an equivalence of co-categories.
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This is applied to the diagram

Pseg(2) - Pses(Af)
ea\} /(Tt )" toen,
7)Seg (Qint )

The key to being able to apply the lemma is in proving that the functor 7* preserves Segal equivalences of the
form 9T = T, for any tree T (where 0°*'T is the exterior boundary of T, as defined in 3.3.2). Proving this
relies on two somewhat technical concepts:

Definition 3.5.8. The barycentric subdivision of A[n] is the partially ordered set sd(Al[n]) of all ordered
non-empty subsets (i1, 42,...,4) of {0,...,n}. Given an object ([n],J) = (Jo — ...J,) € A} and a subposet
Z C sd(A[n]), we can define an object J(Z) in P(Ap) as the colimit over all p*J for all ¢ € Z. In particular,
we write A[n,n — 1] J to mean J(sd(A[n,n — 1])), where sd(A[n,n — 1]) is the subposet of sd(A[n]) containing
all elements except (0,1,...,n—2,n) and (0,1,...,n—1,n).

In [CHH18, Lemma 5.10], the following result is proven
Lemma 3.5.9. For any length n object ([n],J) := J. € AL, the map Aln,n —1]J — J, is a Segal equivalence.

Definition 3.5.10. Let J. = (Jo — ... = J,) € AL and let T € Q. We say a map y : J, — 7*T is admissible
of length n if

e J, is non-degenerate, i.e. none of the arrows J; — J; 1 are identity maps;
e the adjoint map y* : 7(J.) — T sends the root to the root.

Using this notion of admissible simplices, it is possible to define a filtration of subpresheaves, F,., of 7*T, as
follows: let J, € A} and consider a map of presheaves z : J, — 7*T. We say = € F,(J,) if the map satisfies
one of the following conditions

(a) = € (%) (J,);

b) x = p*y for some y € (7°7T)(I,), where y : I, — 7*T is admissible of length at most r and there is a
¥
morphism ¢ : I, = J, in A]%.

In particular, we observe that 7*9**T = Fy and 7*T = colimF,, so proving the desired Segal equivalence
0°X*T =5 T reduces to proving that the natural inclusion maps F,._; < F, are Segal equivalences for all 7. In
[CHH18, Proposition 5.6], it is shown that if ([n], J) = J. and Q,, is the set of isomorphism classes of admissible
maps J, — 7T, then taking a collection of representative elements {¢}, we obtain a pushout diagram of the
form

Heq, ¢ Alnon —1]Jy —— Foy

! -

Higeq, ¢ ————— I

But Lemma 3.5.9 tells us that the left hand vertical is a Segal equivalence, and since these are preserved under
pushouts, it follows also that F,,_1 — F), is a Segal equivalence, thus giving the claim.



Chapter 4

Modules over Plain Operads and Right
Fibrations

In this chapter, we discuss the theory of (right) modules over plain operads and the closely related notion of
right fibrations from the category of operators of an operad. As an application of this theory, we translate the
concept of configuration modules of manifolds to the setting of right fibrations, where it is possible to give a
generalisation of a theorem of [DHK19].

4.1 Modules over Plain Operads

We recall from Section 2.2 that it was possible to cast plain operads over some category C as monoids in a
certain monoidal category of symmetric sequences in C. One of the pleasing aspects of this formulation of
operads is that it presents us with the following slick definition of the notion of an algebra over an operad (as
compared to the rather more unwieldy version of Definition 2.1.15).

Definition 4.1.1. An algebra over an operad (O,~,n) is a symmetric sequence A together with a morphism
of symmetric sequences v : O o A — A such that the following commute

nold 4

OOOOAM}OOA JoA—=—0ocA
2 g
OoAd—L 5 A A

A morphism of O-algebras, f : (4,v4) — (B,vp) is a morphism of symmetric sequences f : A — B which is
compatible with the respective algebra morphisms. In this way, we see that there is a category of O-algebras,
denoted Alg,

In some texts, the phrase “algebra over an operad” is replaced by “left module over an operad”, stemming
from the notion of algebra defined above. This suggestive nomenclature also implies the existence of right
modules...

Definition 4.1.2. A right module over an operad O is a symmetric sequence M together with a map
¢ : MoQO — M which is associative and unital in the sense that the following diagrams commute:

IdMOT]

Mo®oO % Moo MoJ —M s MoO
IdMowl JC \ J"
MoO — s M M

where v : O 0 O — O is the monoidal product map, and n: J — O is the monoidal unit.
A morphism of right O-modules, f : (M, {y) — (N, (y) is a map of symmetric sequences f : M — N,
which is compatible with the respective module morphisms in the sense that we have a commutative diagram

Mo® -5 M

foidol lf
N

NOO%

45
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We let Modp denote the category of right O-modules.

Example 4.1.3. Let (D, ®) be a symmetric monoidal category and consider the endomorphism operad Endy
for some fixed object d € D, as defined in Example 2.1.10. For each fixed object d’ € D, we can define a right
Endg-module Homg 4 by Homg ¢ (n) = Homp(d®™, d’). The module maps are given by the obvious composition
of morphisms. We remark also that the construction

D>d — Homg s € Modgna,

is functorial for each fixed d in D.

Suppose now that (M, v) € Modp, and let id denote the image of the unit map in @(0). By analogy with
the notion of partial composition for operads, the map v induces a partial composition map for each 1 < i < m:

—o;—: M(m)xP(n) — M(m+n-1)
(z,y) —v(xid,...,y,id,...,id)

where we compose with n terms such that y is the i'" input. The associativity of the map v ensures that the
partial composition maps satisfy the following rules:

e For 1 <i¢<m and 1 <k <n, the following commutes:

(—oi—)xldg
— 9

M(m) x O(n) x O(p) M(m+n—1) x O(p)

IdMX(*Ok*)l J/*Onl-f—k—l*

Mm)xOn+p—1) ——" M(m+n+p—2)

e For 1 <i# j < m, the following commutes:

(701-7)><Ido
e

M(m) x O(n) x O(p) M(m+n—1)x O(p)

(7oj7)><1dol J{*Oj*

Mm)x On+p—1) ———— M(m+n+p—2)

Using these partial composition maps, we can give another characterisation of right modules over an operad
as a kind of presheaf.

Proposition 4.1.4. The data of a right O-module in the category C is equivalent to a contravariant functor
from the active category of operators F(O) to C.

Proof. Let M be a right module over O. Define a functor M : F(O)°P to C as follows. For a finite set (n), M acts
by (n) — M(n). For a morphism of finite sets « : (n) — (m), and an element (d;,,...,d; )€ H;nzl O(a™1(5)),
the functor M associates a map M(m) — M(n) by taking successive partial compositions with the elements o;,
i.e. for an element a € M(m), the map M («a) acts by a + (... (ao;, diy )0, diy) .. .) 0, di, € M(n). The partial
composition —o; — gives a map from arity m to arity m+a~1{1}—1; then applying the composition — oy — gives
amap from arity (m+a~*{1}—1) to arity (m+a~1{1}+a~1{2} —2), and so on, so that by the end of the process
(i.e. applying all m possible partial composition maps once), the final arity is (m + Z;n:l a {j} —m)=mn, as
expected.

Conversely, given a functor M : F (0)°® — C, we can define a symmetric sequence M whose arity-n compo-
nent is M((n)). By the functoriality of M, for each element (o : (n) — (k), {d$}1<j<k) € Homg(oy ((n), (k)),
we have a map in C:

M (a, {d§ }i<j<k) : M (k) = M (n)

In turn, this induces a map in C:
Home o) ((n), (k)) — Home (M(k), M (n))
or by tensor-hom adjunction, and taking coinvariants with respect to the action of the symmetric group:

M(k) x &, Homg (o) ((n), (k) — M (n)
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Taking the coproduct over all k£ > 0, and recalling the definition of the hom-objects in the category of operators,
we obtain a map in C:

[TMy xe, TT I @070 *11o,vs. 1y, S0 = M)

k>0 a:(n)— (k) 1<j<k

In other words, we have a map MoO(n) — M (n), and by the functoriality of M, this is unital and associative,
thus giving the symmetric sequence M the structure of a right module over O. O

As the construction O — F(O) is functorial, it follows that a map of operads ¢ : O — P induces a functor,
which we also denote by ¢, between the respective categories of operators. The foregoing result tells us that ¢
gives rise to base-change adjunctions:

P!

©
Modo T MOd’P
—

4.1.1 Configuration Modules of Manifolds

Definition 4.1.5. Let G be a Lie group with a representation p : G — GL4(R). A d-dimensional manifold
M is said to admit a G-framing if its frame-bundle Fr(M) has a sub-G-bundle Fr® (M) such that there is an
isomorphism of principal GL4(R)-bundles over the identity map on M:

o p G (M) S Fr(M) (4.1)

Remark 4.1.6. A G-framing on a d-dimensional manifold M carries potentially interesting geometric infor-
mation. For example, an O(d)-framing on M corresponds to a Riemannian metric, while (if d is even) a
Sp(d/2)-framing corresponds to the existence of an almost-symplectic form on M. We note that R? is canoni-
cally equipped with a G-framing for any G.

In the case where G is the trivial group {e}, a G-framing on M corresponds to the assertion that the tangent
bundle is trivial, in which case we say that the manifold M is framed. We observe that every Lie group is framed;
relatively speaking however, the class of framed manifolds is quite restricted.

Given an embedding of manifolds f : M — N, there is a canonical induced map on the frame bundles, which
we denote by Fr(f). We will leverage this map to define a homotopically suitable notion of a framed embedding,
following [And10].

Definition 4.1.7. Let M, N be G-framed d-dimensional manifolds. A G-framed embedding from M to N
is the data of

e a map of manifolds f: M — N,
e a G-bundle map F : Fr% (M) — Fr%(N) which covers f;
e a GLy(R)-equivariant homotopy H : Fr(M) x [0, 1] — Fr(N), which covers f, from Fr(f) to pnop.Fopy, .

We denote by EmbG(M , N) the set of all G-framed embeddings from M to N, and we give this set the compact-

open topology. In particular, for the case where G = {e}, we will write Emb{®} as Emb™ - this is the space of
so-called framed embeddings.

Based on the foregoing, we can produce a topological category Mﬂdg, whose objects are G-framed d-
dimensional manifolds, and whose mapping objects are (for objects M, N in Mfldg)

Homygge (M, N) = Emb®(M, N)

If we let P denote the homotopy-pullback of the diagram

Hom® (FrG (M), Fr€ (N))
lFHWN op. Fopy,

LD Hom He®) (Fe(M), Fr(N))

Emb (M, N)
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where M, N are objects in I\/IflddG and Hom® (FrG (M),FrG(N)) is the G-equivariant mapping space, then the

arguments of [And10, Section V.9.1-2] tell us that the natural inclusion Emb® (M, N) < P is a weak equivalence
of spaces. More importantly for us, if we define the G-framed configuration space of a G-framed manifold M
by

ConfS (M) = Fr¢" (Contj,(M))

then we obtain the following important result:

Proposition 4.1.8. [And10, Proposition 14.4] Fvaluation at the origin defines a weak equivalence
Emb® (LxRY, M) = Conf{ (M)

Recall that given a dilation representation of a locally compact Hausdorff Lie group, p : G — GL4(R), we were
able to discuss the notion of G-skew little cubes (see Example 2.1.13). Given such a representation, we can
construct a map

E: '"EF(n) — Hom® (Un(—1,1)% x G, (-1,1)¢ x G)

as follows: if € = (g1,...,en) € ‘E§(n) with &;(z) = p(g;)z + v; for some fixed g; € G and v; € (—1,1)4, then
we define the G-equivariant map E (&) by

E(E) (Z’h) = (Ei(z)vgih)

where (z,h) € U,(—1,1)¢ x G such that z lies in the i*" copy of (—1,1)¢. There is also an inclusion of ‘E§ (n)
in Emb (I_In(—l, e, (—1, 1)d). Finally, we note that the skew-embedding € = (g1, ..., &,,) satisfies

Fr(e) = (p(g1);-- -+ p(gn))

thus ensuring that the following solid arrow diagram commutes

Un(=1,1)4 x G, (~1,1)¢ x G)

|

Emb (U, (—1,1)%, (=1,1)%) —— Hom® (1, (~1,1)? x GL4(R), (~1,1)? x GL4(R))

— and hence there is a map to the pullback which we can compose with the natural map to the homotopy-
pullback, ensuring that the indicated dashed arrow exists. In fact, if we consider

End(’; 1ya(n) = Hompyggs (Un(—1,1)% (=1, 1)%) = Emb® (U, (—1,1)%, (=1,1)%)

(we have decorated our usual notation for the endomorphism operad to emphasise the choice of framing group)
then we see that the maps gag(n) determine a morphism of topological operads <pg : tIEg — 5nd(G_171)d. Indeed,
we can even say more:

Proposition 4.1.9. [DHK19, Theorem 4.14] For each n, there is a weak equivalence of spaces
9§+ "EF(n) = Emb® (U, (-1,1)% (-1,1)%)

This proposition, combined with 4.1.8, gives a generalisation of Remark 2.1.12 to the case of G-skew little cubes.
Armed with these results, we are finally in a position to define the main object of interest for us from these
discussions:

Definition 4.1.10. Let M be a d-dimensional G-framed manifold. The G-framed configuration module of
M, denoted C§; is the right *EG-module defined by

Cir(n) = (99)" Hom(_y 1yaas(n) = (9F)" Bmb® (U, (=1,1)7, M)

If M is a framed manifold, then we will just write Cy; for its configuration module.
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Remark 4.1.11. One might have assumed that the G-framed configuration module of a manifold M should
be the symmetric sequence with C$;(n) = Conf,cj (M). However, taking this approach we wouldn’t be able to
avail of the structure of a module over the little cubes operads. Instead, by working with the spaces CIC\';[(n) as
defined above, we have sufficient “wriggle-room” to have the structure of a module over the G-skew little cubes
operad, while simultaneously being weakly homotopy-equivalent to the more classically defined configuration
spaces via the evaluation at the origin.

4.1.2 The Boardman-Vogt Tensor Product of Modules

One of the main ideas in the paper [DHK19] is the notion of the Boardman-Vogt tensor product of right
modules. We sketch an outline of how this works. Let O and P be operads in spaces (we assume single-coloured
for simplicity). There is a functor relating their respective active categories of operators to the active category
of operators of their Boardman-Vogt tensor product,

w:F(O) xF(P)— F(OxP) (4.2)

which acts on objects by ((n), (m)) — (nm), while the map on hom-objects is specified by

Homg o) ((n), (m)) x Homg(p) ((n'), (m"))  — Homg(o,p) ({nn), (mm'))

(CV, (Oi)lgigm)a (57 (pj)lgjgm/) — (a x B, (0 *pj)lgigm,1§jgm/)

where by o; x p; we mean the equivalence class in the operad O x P represented by the operations o; in O and
pj in P. In the case where both O and P are the commutative operad, we see that this map p is essentially an
“unpointed” version of the smash product of pointed finite sets which we introduced in Section 3.1.3.

Definition 4.1.12. Viewing a right module over O as a space-valued presheaf on F(O), the Boardman-Vogt
tensor product of an O-module M and a P-module N is given by the indicated dashed left Kan extension in

the following diagram

F(O)P x F(P)r N s x5 =5 s

F(OxP)oP --——7~ T I (MEN ) = MaN

where we write M XA to indicate the external tensor product of M and N, which is given by the horizontal
composition in the diagram.

If we fix a P-module N, then the functor —x A : Modeo — Modp,p admits a right adjoint, which we denote
IT_ISI/DP(N, w*(—)). Specifically, for a (O x P)-module £ and an object (n) in F(O * P), the value of this right
adjoint is:

Homp (N, 1* (L)) ((n)) = /( oy Homs (V). 0 (4.3)

where the integral denotes an end formula.

Endowing the category of right modules over a topological operad with the projective structure (where S
has the usual Quillen model structure), it can be shown that these functors form a Quillen pair. In particular,
this means that we can produce a left derived Boardman-Vogt tensor product of modules:

—+L — : Ho(Modo) x Ho(Modp) — Ho(Modo,p)

The key element to showing that the above pair is Quillen is the fact that ﬁ(;r/np (N, —) is a right Quillen functor
for any fixed cofibrant P-module N.

In particular, for the case of a framed d-manifold M and a framed d’-manifold N, the tensor product of
their configuration modules is a ‘Eg +* Eg-module. At this point, we recall the Dunn/Brinkmeier Additivity
Theorem for little cubes, which tells us that

Theorem 4.1.13. There is a weak equivalence v : 'Egx By — "Egyiq

By definition of the tensor product of modules, Cps x Cy is a !Egq x* Eg-module. On the other hand, the
product of M and N is a d+d’-manifold, so Cpsx x is a Eq, ¢-module and hence ¢*Carx y is a !Eg*' Eg-module.
The question then arises as to whether there is any connection between these two objects — the main theorem
in the paper of Dwyer, Hess and Knudsen asserts that there is:
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Theorem 4.1.14. [DHK19, Theorem 1.1] Let M be a framed d-manifold and N a framed d'-manifold. Then
there is a natural isomorphism
HO(L*)(CMX]V) = CM *IL CN

in Ho(Modig, 4k, ).

The key argument in this proof is that the configuration modules are multi-local — that is, for a suitably fine
cover U of the manifold M by open disks, there is a levelwise weak equivalence

hoUC(e)lelrn Cu(n) — Cp(n)

(We will return to this notion of multi-locality in more detail at a later point in this chapter.) In particular,
the covering of M by embeddings of disjoint copies of R? is such a suitable cover, so deducing the result of
Theorem 4.1.14 reduces to the matter of showing that there is a weak equivalence in the case where M = ;R?
and N = ude’. This in turn can be shown to be a direct consequence of the additivity theorem.

4.2 Right Fibrations and the Grothendieck Construction

In the paper of Boavida [Boal6], the concept of a right fibration of Segal spaces is introduced. This notion
appears to have some utility for our setting.

Definition 4.2.1. Let B be a Segal space. A right fibration over B is a map of Segal spaces X — B such

that the square

Xli}Xo

Lo

BlLBO

is homotopy Cartesian.

By analogy with the world of quasi-categories, there is a suitable version of a Grothendieck construction
which provides a way of communicating between right fibrations and space-valued presheaves on categories
which are internal/enriched in spaces.

Construction 4.2.2. Let D be an internal/enriched category in spaces and let F' : D°? — S be a (possibly
enriched) functor. We associate to the functor F' a simplicial space, G(F'), which we call the Grothendieck
construction of F'; this is the simplicial space whose space of n-simplices is given by

G(F), = H H Homp(¢p—it1,n—i) X F(co)

Co,..,en €D 0<i<n—1

For simplicity, we will describe face maps in degrees 0 and 1, but the same idea obviously extends to higher
degrees. The map dy : G(F); — G(F)o is defined by the composition

Homp(c1, co) x F(co) 2 (f, ) = F(f)(C) € F(er)
using the fact that F' is a contravariant functor. The map d; : G(F); — G(F)q is defined by the projection
Homp(c1,co) x Fco) 3 (f,¢) = ¢ € Flco)

On the other hand, the degeneracy maps s; : G(F'); — G(F');11 are given by inserting an identity morphism of
the object ¢; in C, e.g.

Homp(cj,c¢j—1) % ... x Homp(c1,co) x F(co) SN Homp(cj,cj—1) % ... x Homp(c1,co) X F(co)

(fj?"'7fi+17fia"'7f0) = (fj?"'7fi+1aidciafia"'7f0)

It is immediate that the Grothendieck construction of F' is a Segal space. There is also an evident reference
map of Segal spaces G(F') — ND, where we view ND as a discrete simplicial space: in degree 0, this is given by
F(cp) 3 ¢ — ¢o and in higher degree, it is just the evident projection. We note furthermore that for any fixed
object ¢; in D, the homotopy fibre of the map dy : ND; — NDg over ¢; is Homp(cq, ¢g), which coincides with
the homotopy fibre of dy : G(F'); — G(F')g over F(c1) (i.e. the preimage of ¢; under the reference map). Hence,
this reference map gives the Grothendieck construction of a contravariant functor F' : D°? — S the structure of
a right fibration over ND.
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Our interest in this construction stems from the fact that we can view a right module over an operad in
spaces O as a space-valued presheaf on F(O), so we can view a right O-module as “being the same thing” as a
right fibration over NF(O).

In other models of co-categories, we see an analogous notion of right /left fibration appear (a left fibration of
Segal spaces X — B is just a right fibration X°P — B°P) — see e.g. [HM15], [Lurl7]. In all cases, an associated
model structure is derived. The same procedure may be repeated for Segal spaces with right fibrations.

Theorem 4.2.3. Let B be a Segal space. The right fibration model structure on sS/p is determined by
the following data:

e fibrant objects in sS,p are those maps of Segal spaces X — B which are right fibrations;

o weak equivalences of fibrant objects are maps X — Y over B which are weak equivalent in degree 0, i.e.
for every vertex b € B, the map X, — Y}, is a weak equivalence of spaces;

e cofibrations are monomorphisms of simplicial spaces over B.

As with the iterations of left/right fibration model structures for other co-categorical schemata, it is worth
pointing out a few facts regarding the homotopy properties of a base change. For example, if 1 : B — B’ is a
map of Segal spaces, then there is an adjoint base-change pair

X,
SS/B — SS/B/

It can be shown straightforwardly that right fibrations (i.e. fibrant objects) are preserved under ¢*, and likewise
that trivial fibrations of simplicial spaces over B are stable under ¢, so this is actually a Quillen pair with
respect to the right fibration model structures on sS,p and sS,p: respectively.

We saw above that the Grothendieck construction gives us a way to rephrase space-valued presheaves on
categories internal in spaces in terms of right fibrations of Segal spaces. We might ask ourselves whether this
construction admits a left adjoint and whether these functors are homotopically well-behaved with respect to
the projective/right fibration model structures.

Construction 4.2.4 (A left adjoint to the Grothendieck Construction). The point of this construction will be
to use the fact that left adjoints preserve colimits, so in particular it will suffice to construct our left adjoint £
in terms of representables; in the case of simplicial spaces over the nerve of a small category D which is internal

in spaces, these will be objects of the form A[n] x K LN ND, where K is a space.

Let o : [0] — [n] be the monotone map with image n € [n], which induces the so-called target map
(a)* : ND,, — NDy: this acts on a string of n composable morphisms in D by (¢, = ... = ¢g) — ¢o. Writing
B# : K — ND,, for the adjoint of the reference map 3, we set 3’ to be the composite (a”)* o 3# : K — NDj.
With this notation in place, we can give an expression for the left adjoint L:

LAl x K 5 ND)d)=  J] Ko x Homp(d, o)
co€Im(B’)

for some object d in D. We remark that as a special case of this construction, we can restrict our attention to
the case where K is just a point, in which case the map 8’ will just pick out the target object of one fixed string

of n-composable morphisms, say (¢, — ... — ¢g), in D, so that L(An] LR ND)(d) = Homp(d, ¢p).
The next lemma affirms the value of this construction:
Lemma 4.2.5. For any small category D which is internal in spaces, the functors
L:sS/Np & SP" . g

orm an adjoint pair. Moreover, with respect to the right fibration model structure on sS,yp and the projective
/
model structure on S°™ | they form a Quillen pair.

Proof. That the pair is adjoint follows from a series of applications of the Yoneda lemma. To see the homotopical
properties, we observe that two presheaves F' and H are weak equivalent in the projective structure if they are
objectwise-weak equivalent, i.e. F(c) ~ H(c) for all objects ¢ € D; on the other hand, G(F') and G(H) are
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fibrant objects by the properties of the Grothendieck construction, so they are weak equivalent if and only if
they are weak equivalent in degree 0, i.e. if and only if

HF(C): HH(C)

ceD ceb

which is obviously true. Hence, G preserves weak equivalences and thus all trivial fibrations.

Now let F' — H be a fibration of presheaves on C, that is, F'(¢) — H(c) is a fibration for each object ¢ in
D. The induced map G(F) — G(H) is a fibration in sS,yp precisely if it has the right lifting property with
respect to all cofibrations, i.e. all morphisms of simplicial spaces over ND which are monomorphisms in degree
0. However, since F' — H is an objectwise fibration, we see in degree 0 that we can solve the following lifting
problem for any such cofibration X — Y:

Xo —— G(F)o=11.F(c)

[

Yo —— G(H)o =1, H(c)

By definition of the Grothendieck construction, it is evident that we can also solve the lifting problem in all
higher degrees, thus ensuring that G(F') — G(H) is a fibration. Hence, G is right Quillen. O

Putting the foregoing information together, we obtain the following square of Quillen adjunctions for any
functor between small categories which are internal in spaces, f : D — E:

SDop f )SEOP

—
LHQ ; LHQ (4.4)
f

.SS/ND T SS/NE

4.3 Configuration Modules in Terms of Right Fibrations

Before diving in to the work of stating a putative equivalent result to that of [DHK19] in the language of right
fibrations, we take a moment to explicitly describe how the Grothendieck construction and the relevant base-
change functors work in the case of our configuration modules. In particular, we initially focus our attention
on the case of framed manifolds and only use the “standard” topological little cubes operads of Example 2.1.11
where we can fall back on the additivity result of Dunn and Brinkmeier. We will later broaden the scope of
our attentions to the (co-categorical) G-skew little cubes which we discussed in Section 3.2.2. We fix M to be a
framed d-manifold. To spare ourselves some notational clutter, we write £; to mean the nerve of the category
F('Eq).

By our foregoing discussion, the right module Cps : F (*Eq)” — S gives rise to a right fibration of Segal
spaces G(Cpr) — &4. The 0-simplices of this simplicial space take the form

o= [ cum) =]]Emb"WU,R? M)

(n)€F(*Eq) n=>0

Since M is a framed manifold, Embfr(I_Ian,M) is weakly equivalent to Emb(U,RY, M) for each n. The 1-
simplices of this simplicial space satisfy the weak equivalence

gewmn = ] I ] Exb"Ue-rnRERY x Emb" (U, RY M)

n1,n020 a:(ni)—(no) 1<i<ng

We next turn our attention to the question of base-change for these configuration modules of manifolds.
Recall that N is the discrete subcategory of Fin. For any operad O, the inclusion of N in Fin gives rise to a
functor j : N(O) — F(O) which in turn induces a base-change adjunction:

X
5S/NN(©O) " 5S/NF(0)
J



CHAPTER 4. MODULES OVER PLAIN OPERADS AND RIGHT FIBRATIONS 53

We recall that the trivial/unit operad in spaces, J, is the operad whose arity-1 component is the one-point
space * and whose arity-n component is the empty set for all n > 1. Based on our interpretation of plain
operads in spaces as monoids in the monoidal category (Op(S), o, ), we know that, for any operad O, we have
an unit map o : J — O, which leads to a base-change adjunction:

Z’;O

5S/NF(T) «—— SS/NF(0)
Yo

We write vp for the composite map N(J) — F(J) — F(O). In particular, for the little d-cubes operad we get

a base-change pair:
Supg,
—
SS/NN(T) +—— 35/¢,
Vt]Ed

We remark that the collection of presheaves on N(7) corresponding to the simplicial spaces on the left side of
our adjunction above are precisely the sequences in S.

Example 4.3.1. Let &,, denote the sequence whose arity-k term is the n*"' symmetric group if k = n (viewed
as a discrete space) and is the empty set otherwise. As a toy example, we want to examine the action of E,,t]Ed
on the Grothendieck construction of this sequence.

First, note that the O-simplices of G(&,,) is just the discrete space &,,. By definition of the trivial operad,
we see furthermore, that the k-simplices are also the discrete space &,, for all £ > 1. In other words,

G(6,) =Al0] x 6,

Now let us examine those O-simplices of the space EumdQ(Gn) which lie over the vertex (m) € (€4)9 — we will
denote this fibre space by Zwmdg (61)/(m)- We note that an element in this fibre arises as an element of G(&,)
lying over some vertex (k) € (NN(J)), such that (k) € I/EEZ(<’ITL>). Thus

Siig,9(6n) jim) = H G(&n) k) Xe, H "E/a

k>0 a:(m)—(k)

where by 'E;/, we mean those elements of (£4); which lie over the map « : (m) — (k); the second coproduct
in our formula is taken over all such maps in Fin. We observe that G(&,,) /() is empty unless k& = n, so our first
coproduct collapses to one term; hence, we get

Zutmdg(gn)ﬂm) = H tEd/oc
a:(m)—(n) S,

For a fixed map of finite sets o : (m) — (n), the space 'Ey/, is given by
"Eg/a = H "Eq (o~ {i})
1<i<n

The coinvariants of the action of the group &,, on this space are:

H tEd (Oé_l{i}) Xngign Gafl{i} Gm

1<i<n

Hence, taking the coproduct over all such « is weakly equivalent to considering the space Ernbfr(I_ImIRd7 U, R%).
In summary,

Sure, G(6n) simy = G(CL 1) /()

for all m > 0, so there is a weak equivalence E%dg (6,) = G(Cy, ra) in the category of right fibrations over
&, for each n.
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Remark 4.3.2. The above result should not be especially surprising in light of the almost identical property
utilised by Dwyer, Hess and Knudsen in the proof of their main theorem. Writing v+, for the left Kan extension
from sequences to right ‘E4 modules, they demonstrate that

Cuan = Gn o tEd = V"IEd!(Gn)

Hence, we can rephrase our above result as saying that G o v, ~ Eythd oG, which is very much to be expected
given diagram (4.4) above, relating the various base-change adjunctions.

The next step is to examine how the base-change adjunction works for products of manifolds. Let O and P
be operads in spaces. As we remarked in our discussion preceding Definition 4.1.12, there is a map relating the
respective active categories of operators of O and P to the active category of operators of their Boardman-Vogt

tensor product
w:F(O) xF(P) = F(OxP)

This gives rise to a base-change adjunction
EH
SS/NF(O)xNF(P) +— 5S/NF(0+P)
o

We will again provide an example to demonstrate how this base-change works in practice:

Example 4.3.3. Let X be a right O-module and ) be a right P-module. (For our purposes, we will usually
work in the situation where O and P are (skew) little-cubes operads and X and ) are configuration modules;
however, at this juncture, a greater level of generality is perhaps more illuminating.)

We write G(X) O G(¥) to mean the simplicial space over NF(O) x NF(P) whose fibre over the vertex
((4), (4)) is the space G(X) /5y x G(V)(jy — we will refer to this as the external product of simplicial spaces
over NF(O) and NF(P). This construction is in a sense analogous to the external tensor product of presheaves
which we encountered when defining the Boardman-Vogt tensor product of modules.

Our goal in this example is to understand the fibre of ¥, (G(X) O G(Y)) over the vertex (m) in NF(O % P).
As before, we note that such a vertex will arise as an element of G(X) O G(Y) lying over the fibre of some vertex
(i), (j)) € (NF(O)), x (NF(P)), such that ((i), (j)) € p~*((m)), which is to say that there is a morphism
(m) — (ij) in the active category of operators of O x P. However, each such element ((i), (j)) in the fibre will
be subject to quotient relations arising from the morphisms in the active categories of operators of O and P
respectively: hence the fibre of G(X) O G(Y) over (m) takes the form

( Ha;(k>—>(ij> (Q(X) U g(y))/(<i)7<j>) x (NF(O*P))/a )

s oem) =11

4,520

Lii>0 L. iy iy NF(O)) 15 % L0 Ly 5y 1y (NF(P)) .,

We note again that there is an interplay here between the base-changes in the right fibration picture and the
presheaf picture: specifically, recalling the the external tensor product of spaces X' x) : F(O)°P x F(P)°? — S,
we see that
G(XxY)=G(x)OdG(Y)

and

Gl (X))o =, (G(X) O G()),
In other words, the functor 3,(—0—) here is playing the same role as the Boardman-Vogt tensor product of
modules. With this correspondence in mind, we will occasionally refer to ¥, (——) as the Boardman-Vogt
tensor product of right fibrations.

Remark 4.3.4. As a remark on the functorial behaviour of this Boardman-Vogt tensor product, we observe
that for a pair of sequences X, ), we have a weak equivalence of right fibrations over NF(O x P):

Y (BroG (X) U X6 (V) = Yo, (2, (9 (X) DG (Y)))

where pu: F(J) x F(J) — F(J) because the trivial operad J is the unit for the Boardman-Vogt tensor product.
This relation is a consequence of the commutativity of the diagram

F(J) x F(J) 2228 F(O) x F(P)

al &

F(J) —=22 5 F(O*P)
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Remark 4.3.5. Since we will also take advantage of the right adjoint functor p* in our later proofs, we remind
ourselves that for a simplicial space X over NF(O x P),

1H(X) = X XYr(oup) NF(O) x NF(P)

where x" indicates the homotopy pullback. We will use the model of the homotopy pullback given in [Lur09b,
Definition 2.1.10].

4.3.1 A left-derived version of the right fibration tensor product

In [DHK19], it is shown that the Boardman-Vogt tensor product of modules is homotopically well-behaved with
respect to the projective model structures on the respect categories of right modules. Critical to this assertion
is the existence of a right adjoint to the external tensor product, as defined in Equation (4.3). Moreover,
in [DHK19, Corollary 3.8], it is shown that for any fixed cofibrant P-module, N, the right adjoint functor
Homp (N, u*(—)) preserves weak equivalences and fibrations in the projective model structure, i.e., it is a right
Quillen functor. From this, it can be deduced that the Boardman-Vogt tensor product descends to a derived
version on the homotopy categories. Likewise, to be able to make suitable homotopical assertions about the
Boardman-Vogt tensor product of right fibrations, we also require a suitable right adjoint to the functor —1 ),
given some fixed 8 : Y — ND which is cofibrant with respect to the right fibrations model structure on sS,np.
We will work initially in the general setting of right fibrations over categories internal in spaces, before we
restrict our attention to working with right fibrations over categories of operators. In what follows, we will
explicitly write simplicial spaces as bisimplicial sets.

Construction 4.3.6. Let C and D be categories internal in spaces. We write A[n,m] to be the representable
simplicial space (alias bisimplicial set) whose (k,!)-simplices are given by A[n]; x A[m];. Fix a cofibrant
object B : Y — ND in sS,yp (with its right fibration model structure), and a map of simplicial spaces
v : Z — NCx ND. Then we can define a simplicial space $om/C (Y, Z) as follows: an (n,m)-simplex of
$Hom/€ (Y, Z) is given by a pair (o, f), where « is a map of simplicial spaces a : A[n,m] — NC, and we have a
commutative triangle

Aln,m] x Y

! z
m /

NCx ND

This simplicial space is equipped with an obvious reference map to NC, sending an (n, m)-simplex, («, f) to the
element of NC,, associated to the map «. By construction, given a simplicial space A[n, m](o‘) corresponding to
a fixed map of simplicial spaces « : A[n, m] — NC, we have an isomorphism

Homys, . (Aln,m] @), Som/< (¥, 2)) = Homss, e, o (Alnm] O Y, 2)

We can take advantage of this latter property of the simplicial space $om/C (Y, —) to show that it is indeed
a right adjoint for the map —[J ). The key to this argument is the fact that we can write any presheaf
as a colimit of representables; in particular, given an element J : X — NC of s§/n¢c, we can write X' =
colimapy, ey AR, m](®), where each A[n, m](®) in the image of the diagram corresponds to a map of simplicial
spaces « : Aln,m] — NC. Thus, we see that

Hom,s . (X, Hom/ (Y, Z)) = Homss,, <A[nc%igw (A[n,m]@) , Hom/* (y,2)>

o~ 3 H (O‘) /C
A[n}:ﬁlawx OMsS,ne (A[n’m] , Hom <y’ Z))

~ lim Hom Aln,m]® 0, 2)

Aln,m](®) X

Homys e, wo (A[nc?nl}i(rgix (A[n,m](a) 0Y) ,Z)

SS/NCx ND (

1%

lle—+

Homss, vy wo <<A[ colim A[n,m](a)> O y,Z)

n,m](® X

= HomSS/NCxND (X 0Y.2)
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where at T, we utilised the fact that the external product of simplicial spaces preserves colimits in both variables.
Hence, we have the desired right adjoint. Our next aim is to show that this adjunction is compatible with the
respective model structures.

Proposition 4.3.7. Let 8:) — ND be a fived cofibrant object. Then the functor —0 Y : s§/nc — sS/Ncx ND
preserves cofibrations and weak equivalences.

Proof. If X — X' is a levelwise monomorphism of simplicial spaces over NC, then it is immediate that X (0 ) —
X’ O Y is a levelwise monomorphism of simplicial spaces over NC x ND, since, as a simplicial space, X 1) =
X x ).

To show that —[J ) preserves trivial cofibrations, it will suffice to show that it preserves the generating
trivial cofibrations for the right fibration model structure. These in turn come from the generating cofibrations
of the fibrewise Reedy model structure on sS,yc, namely those commutative triangles of the form

OF(E) < Alll U F(k)x Al,t] ————— F(k) x A[l]

] OF (k)X A[l,#]
\ / (4.5)

for 0 < k and 0 <t <; and the generating trivial cofibrations in the right fibration model structure, given by
commutative triangles of the form

F(k,t) x Al U F(k) x 0A[l) ————=—— F(k) x A[]]

F(k,t)xOA[l] / 6)

for 0 <t <k and 0 <[. We draw attention to our notation here: as bisimplicial sets, we have F(k), ., = Alk],
for all m, while A[l],,., = All], for all n; we also write F(k,t)n,m = Alk,t], for all m, while we write
AL t]n,m = A[L t],, for all n. It is sufficient to demonstrate that for each 0 < k and 0 < ¢ <[, we have weak
equivalences of simplicial spaces over NC x ND,

(6F(k) x All] F(k) x A[l,t]) OV~ (F(k)x All])) OY

L
OF (k) x A[Lt]

and likewise for 0 <l and 0 <t <k

<F(k,t) x All] F(k) x emm) OV~ (Fk)x All)) OY

U
F(k,t)xOA[l]
Spelling this out explicitly in terms of the right fibration model structure, this means that for every right
fibration @ — NC x ND, we have weak equivalences between the derived simplicial mapping spaces

RMap yc« ND (<6F(k;) x Afl] F(k) x A[l,t]) gy, Q) ~ RMap ey np (F(k) x All]) O Y, Q)

L
OF (k)X A[L,]

and

RMap e« ND <(F(k,t) x A[l] F(k) x 8A[Z]> gy, Q) ~ RMap ey np (F(k) x A[l]) O Y, Q)

L
F(k,t)xOA[l]
where the derived fibrewise mapping space RMap ¢y yp(Z, Q) is defined as the limit of the diagram

* — RMap (Z, NC x ND) <~ RMap (Q, NC x ND) (4.7

Using the Quillen equivalence between simplicial spaces with the complete Segal model structure and simplicial
sets with the Joyal model structure (as per [JT06]), we can prevail upon [Lur09a, Corollary 2.1.2.7] to see that
the maps

(F(k,t) x All] F(k) x 8A[l]) x Y~ (F(k)x A[l]) x Y

L
F(k,t)xOA[l]
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are weak equivalences in the Segal model structure, thus giving the desired weak equivalence in the fibrewise
model structure.

For the other equivalence, we utilise [Dug01, Lemma 4.4], which tells us that since the top horizontal map
in (4.5) is already a Reedy weak equivalence, then by taking products with a fixed simplicial space Y, we still
obtain a Reedy weak equivalence:

(8F(k) x All] 8F(k)I_IXA[l7t] F(k) x A[l7t]> x Y~ (F(k)x All]) x Y

Hence we are left with weak equivalences of simplicial sets

RMap (<8F(k) XAM Sy T A[l,t]) x Y, NC x ND) ~ RMap ((F(k) x A[l]) x Y, NC x ND)

and

RMap ((F(k,t) x A[l] F(k) x 8A[l]) x Y, NC x ND) ~ RMap ((F(k) x AJl]) x ¥, NC x ND)

UJ
F(k,£)xA[l]
Based on the definition of the derived fibrewise mapping spaces in (4.7), we deduce the claim. O

Now we can use the fact that base-change is a Quillen adjunction with respect to the right fibration model
structure to see that for any functor ¢ : C x D — E (whose induced map on the respective nerves we also denote
by ¢), we also have a Quillen adjunction

Ygo(—-0Y)
sS/nc sS/NE
Hom/(¥,¢*(-))

In particular, we can consider the case where C = F(O), D = F(P) and E = F(O x P), and ¢ = p as defined
in (4.2), which leads to our being able to define a left-derived version of the Boardman-Vogt tensor product of
right fibrations:

LZM(—D—) : Ho (SS/NF(O)) x Ho (SS/NF(p)) — Ho (SS/NF(@*';))) (4.8)

4.4 An Alternative Proof of the Product Theorem

In this section, we provide a version of Theorem 4.1.14 from the right fibrations perspective. As in the work of
Dwyer, Hess and Knudsen, our proof will essentially rely on a local-to-global argument and the Dunn additivity
theorem. This may seem like an unnecessary exercise in translating from one perspective to another: however,
at this point, we alert the reader that by working with right fibrations rather than right modules, we can
produce a slightly modified version of the Boardman-Vogt tensor product of right fibrations which makes use
of the quasi-categorical tensor product of quasi-operads. We will investigate this object in greater depth in the
final section of this chapter, and deduce a somewhat generalised version of the product theorem we state in this
section using very similar arguments.

The fact that we have the choice of these two approaches to the definition of the tensor product of right
fibrations is a direct result of the fact that we have moved to the setting of simplicial spaces over Segal spaces
— such a choice is not so readily available when we work with the notion of modules as presheaves on some
fixed category. This should retrospectively justify the labour of translating the existing work of Dwyer, Hess
and Knudsen into this new language. (The advantage of the modified version of the tensor product of right
fibrations is that the oo-categorical equivalents of the skew little-cube operads are known to satisfy a suitable
analogue of the Dunn additivity relation, as per Theorem 3.2.3, so that we can extend the results of Dwyer,
Hess and Knudsen to the setting of skew little-cubes.)

With a view to fixing our notation, we recall that the additivity theorem for little-cubes operads in spaces
told us that there is a levelwise weak equivalence of operads ¢ : 'Eg*' Eg — ‘Eq.4. We can now state the
“right fibrations version” of the original product theorem of Dwyer, Hess and Knudsen (Theorem 4.1.14):

Theorem 4.4.1 (Product Theorem for Framed Manifolds). Let M be a framed d-manifold and let N be a
framed d'-manifold. Then, there is an isomorphism

LY, (g(cM) 0 g(cN)) > Ho(1*)G(Crrx )

in the homotopy category of right fibrations over NF(!Eq «* Eg).
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Before giving a proof of this, we need to explain our local-to-global methodology and prove some results
using this.

Definition 4.4.2. A Weiss cover of a manifold M is a cover U of M such that any finite subset of M is
contained in an element of . A complete Weiss cover of M is a Weiss cover U which satisfies the property
that for any finite subcollection Uy in U, there is a Weiss cover of the intersection Ny, U contained in U. If
V is a model category, we say that a functor H : Mfldg — V is multi-local if, for each object M in Mfldg and
every complete Weiss cover U of M, there is an isomorphism

hocolim H(U) = H(M)
Ueu

in the homotopy category.

For a d-manifold M, let Disk(M) be the collection of open subsets of M diffeomorphic to a disjoint union of
copies of R%. Note that Disk(M ) is a complete Weiss cover since, for any finite subcollection Uy in Disk(M), we
have Nyey, U € Disk(M). Moreover, given manifolds M and N, the cover Disk(M) x Disk(N) also meets the
defining requirement for being a complete Weiss cover on M x N. (For details of this argument, see [DHK19,
Lemma 5.3]). Our next result draws from the methods of both [DHK19, Lemma 5.5] and [BW18a, Corollary 3.6]:

Lemma 4.4.3. The functor MfldT — 5S,e,, M — G(Cnr) is multi-local.

Proof. Tf U is a complete Weiss cover of M, then the collection {Confy(U) : U € U} is a complete cover (in the
sense of [DI01]) of Confy (M) for each k > 0, from which it follows that

hOUCng,}m Cu(k) = Cp(k)

is an isomorphism in the homotopy category for all k.
Taking the disjoint union over all ¥ > 0 (and noting that the homotopy colimit commutes with this coprod-
uct), we see that we have an isomorphism

ho(?gzljm G(Cu)o = G(Cu)o

in the homotopy category of spaces the homotopy category of right fibrations over £; . Now we note that for
any U € U and any r > 1, the commutative diagram

g(CU)T' E— g(C]VI)’r

d10~--0drl J{dlo...odT

G(Cu)o —— G(Cm)o

is homotopy Cartesian (this is essentially immediate when we recall the definition of the Grothendieck construc-
tion). Because homotopy colimits are stable under homotopy base-change, we find that ho(]cozljm G(Cy), is weak
€

equivalent to the homotopy pullback of the diagram
hogggm G(Cu)o — G(Cur)o < G(Chr)r

but we have already demonstrated that the left arrow in this diagram is a weak equivalence, so that for each
r > 1, we also have levelwise weak equivalences of simplicial spaces over NF(*Eg)

hochgm G(Cu)r ~ G(Crr)r

and hence this is also a weak equivalence in the right fibration model structure. O

Remark 4.4.4. To prevent ourselves drowning in a sea of notation (already a risk), we will identify a morphism
7= () 2 @ (erzrs € [] "Eala™{r})

in Homg (g, ((i), (j)) with the framed embedding LI;R% < U;R? it induces.
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Proposition 4.4.5. For U € Disk(M) and V € Disk(N), there is an isomorphism:
L%, (9(Cu) O G(Cv)) = Ho(1")G(Cuxv)

in the homotopy category of right fibrations over NF('Eq %! Ey/).

Proof. We begin by exhibiting a suitable map in the category of right fibrations. The key to this will actually
be to deduce an adjoint map

f:G(Cu) O G(Cv) = p™"(G(Cuxv))
The existence of such a map can be deduced once we recall that p*¢* acts on the simplicial space G(Cyxv ) over
NF(tEd *t Ed/) by:

p* (G(Cuxv)) = (NF('Eq) x NF(Ea)) XNr(g,wg,) NF (‘Ea ' Ea) X¥es,, ) 9 (Coxv)

We will see that the map f is essentially a natural inclusion in this space. It will suffice to give the map in
degrees 0 and 1; the Segal property will determine the map in all higher degrees.
A vertex of G(Cy) O G(Cy) will take the form of a pair (py, pv) € Cu(io) X Cv (jo). If we let consfizzi, denote

the constant path (n) to (n) in (NF(‘Eq ' Eg)),, and we let consf[_?d/ denote the constant path from (n) to (n)
in (NF(*Eqyq))o, then f acts on O-simplices by

(pv: pv) = ({io), (o) consly, iojo), consg . pu % pv)
A 1-simplex of G(Cy) O G(Cy) is of the form
(Ea» pusEar, pv) € NF("Ea) /(i) (io) ¥ Cuio) X NF("Ear) /(1) (jo) * Cv (Jo)
On the other hand, a 1-simplex of p*t*G(Cuxv) is of the form (£4,Ea, 71, Eaxars V2, Edtar, puxv) Where
* £a € NF("Ea) /(i) (io)
o Ea € NF("Ear) (1) (o)
® Saxar € NF("Eq* Ear) / (k1) (ko)
e 71 is a path in (NF("Eq +" Eq)); from p(£q,€a) to quar,
 Cara € NF("Eavar) /1))
e 7 is a path in (NF(*Egta)), from ¢(€gsar) to Egrar,
e puxv € Cuxv(lo)-

Again, if § is a fixed 1-simplex in NF(*E; «' Eg ), we write consg*d/ to mean the constant path from § to itself;
and likewise, for a fixed 1-simplex § in NF(*Eq ), we write consg 4 for the constant path from § to itself. We
see that the map f should act on 1-simplices by

(éda puUsEdr, PV) = (gdﬂ Edrs COHSZiZ‘f’Ed/), :u‘(édv gd’)a Consgﬁg)(sdysd/)v (L © :u) (gdv éd/)v pU X pV)
By the adjunction, it follows that there is a corresponding map

2 (9(Cr) D GEy)) = ' G(Cunr)

It only remains to show that this map is a weak equivalence of right fibrations over NF(!E4 «* E4/). We fix
U =U,R% and let V = L,,R?. By Example 4.3.1 we have weak equivalences

G(Cy, ga) ~ Ewmdg(esn) and  G(C pa) = Zutmd/ G(6,)

Hence, to show the required weak equivalence, the two-out-of-three property tells us that it is sufficient to show
that the top horizontal map in the commutative diagram of simplicial spaces over NF ( 'Eqx ‘Eq/)

S (B, G (80) D%, G(6)) —— 1S, G(Spm)

“d+d’

2. (G (Cura) OG(Cy, gr)) —— *G (Cy,, parar)
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is a weak equivalence. Recall however from Remark 4.3.4 that we also have the relation
S (B, 0(60) O Sy G(60)) = B, (5(G(65) O G(S)))

and by the Dunn additivity theorem, this latter simplicial space is weakly equivalent to

P, 05 (G(8) 06 (Sn))

l/tEd
Hence, to conclude, we only need to show that there is a weak equivalence of simplicial spaces lying over NN(J):
2 (9(6) 0 G(61)) = G(S )
The fibre of the simplicial space on the left over (k) is the space

Uij=kG(Sn) /iy x G(Sm) /()

Hence, we see that this is empty except in the case where k = nm. Thus the two discrete simplicial spaces are
the same in degree 0 (so by discreteness, in all degrees), giving the desired equivalence. O

Having established the local version of our product theorem and the local-to-global principle for our right
fibrations, we are finally in a position to prove Theorem 4.4.1:

Proof of 4.4.1. There are isomorphisms in the homotopy category of right fibrations over NF (‘Eg x' Ey/):

LY O =LY, ( hocoli O hocoli
(9@ D9(Ew)) =18, hecoliny 61Co) O focolim 9(C))

>~ | li h 11 LY C [} C
Jocolim * hocolim L, (6(Cy) O G(Cv))

~

o hocolim
(U,V)€eDisk(M)x Disk(N)

= Ho(c* hocoli c
ol )((U,V)eDisokC(%l)IEDisk(N) G( va))

HO(L*) g(CUXv)

= Ho(t*) G(Crxn)

where in the first and fifth lines we use the multi-locality result of Lemma 4.4.3; in the second, we use the
fact that L3, (—0—) distributes over homotopy colimits in both variables; in the third line, we use Proposition
4.4.5; and in the fourth line we note that the restriction functor commutes with homotopy colimits. O

4.5 A Product Theorem for G-Framed Manifolds

As alluded to previously, one of the advantages of using the approach of describing configuration modules from
the right fibrations perspective is that we can more easily dip into the world of co-categories. Omne of the
restrictions to the utility of Theorem 4.1.14 is that it is only applicable in the setting where both manifolds are
framed, but as we noted when discussing framings, the class of framed manifolds is relatively small. The reason
for this limited applicability stems from the fact that the proof of that result (and our own analogue of it in the
setting of right fibrations) requires the additivity theorem for the topological little d-cubes operads. While this
result is known for the standard little d-cubes, the question of whether it also holds for the topological skew
little cubes operads of Example 2.1.13 remains open.

On the other hand, we know from the work of Lurie (see Section 3.2.2) that there is a version of the additivity
theorem available when we work with homotopy-coherent operads and the associated tensor product. Since we
can identify a homotopy-coherent G-skew little cube operad with the nerve of the corresponding topological
G-skew little cube operad, we begin to see how a shift to the right fibrations picture may assist us in generalising
the aforementioned product theorem to a broader class of manifolds. Of course, we remark that since we are
now planning to work with a different tensor product, we are longer in the situation of directly mirroring the
Boardman-Vogt tensor product of right modules as specified by [DHK19]. Nonetheless, since the motivation for
that construction (at least in the context of configuration modules) was to determine a relationship between the
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configuration spaces of a product manifold in terms of the configuration spaces of its factors, we feel reasonably
justified in “shifting the goalposts” of the construction.

To make this more clear we need to specify some notation: for a quasi-operad O® — NFin,, we let (O3
denote the pullback over the simplicial set NFin — this is the quasi-categorical version of looking at the category
F(O) instead of the full category of operators. Given a dilation representation of G in GL4(R), Remark 3.2.2
tells us that there is a weak equivalence N (tIEg)® ~ E§’®7 which pulls back to a weak equivalence of (discrete)

simplicial spaces NF('E§) ~ EdG’aCt. Thus, if M is a G-framed d-manifold, there is a right fibration
G(CSr) = N(F('EF)) =~ EF™
By definition of the quasi-categorical tensor product, we have a bifunctor
0:ES® x ES ® - ES® 0 ES ©

and this restricts to a map on the active parts of the respective quasi-operads, which we also denote by §. We
now recall Lurie’s additivity result for skew little cubes (Theorem 3.2.3), which can be rephrased as saying that
there is a a weak equivalence of quasi-operads,
.wG.® G e ~ GXG',®
L.Ed @Ed/ ._)Ed—‘rd'

where G and G’ are locally compact Hausdorfl groups with dilation representations in GLg(R), GL4 (R) respec-
tively. This map also restricts to a weak equivalence on the active parts of the respective operads, which we
again denote by ¢. Having put these notations in place, many of the steps we take hereafter will closely mirror
those of the previous section. We first state the desired result:

Theorem 4.5.1. Let G and G’ be locally compact Hausdorff groups with representations in GL4(R), GLy (R)
respectively. Let M be a G-framed d-manifold and let N be a G'-framed d'-manifold. Then, there is an equiva-
lence

L%, (9(C5) D 9(C§)) = Ho(:)G(CF:5)
,\ act
in the homotopy category of right fibrations over (EdG ® Eg ) .

As advertised, the proof is in a very similar spirit to what we described above. First, we note that [DHK19,
Lemma 5.5] tells us that the G-framed configuration spaces also satisfy the multi-locality property, so that we
have weak equivalences

hocolim C§ (k) ~ C$, (k
Jiggolim Co (k) = Ci ()

for each k, and hence since coproducts commute with homotopy colimits, we have weak equivalences

Jocolim G (C5F), = G (Cii),

Then by the same arguments as in Lemma 4.4.3, we obtain levelwise weak-equivalences of simplicial spaces over
EG ,act
d

. G\ ~ G
Jssolin G (Co) = G (i)
which in turn means that we have weak equivalences in the homotopy category of right fibrations over EdG’aCt.
Using this multi-locality property, we will attempt to devise a local version of Theorem 4.5.1, much as we
did in the analogous setting in Proposition 4.4.5. Before we do that, we observe that for each G we have maps
of simplicial spaces
ge 1 NN(J) — B

coming from the unit map for the quasi-operad Eg@. This leads to a base-change pair

. .ok
Z,}Eg . SS/NF(J) = SS/]Egmrt . I/]EdG

Using the weak equivalence between Eg’“t and NF('EG) and the same arguments as in Example 4.3.1, we can
relate the G-framed configuration fibrations of (disjoint copies of) Euclidean spaces to certain right fibrations
over NN(J):
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Lemma 4.5.2. There is an equivalence
G(C5,ma) = Y,c G(Sn)

in the homotopy category of right fibrations over E§7a°t,

Remark 4.5.3. We also remark that since NJ® is the unit for the quasi-categorical tensor product ©®, we
have a map

0: NJ®x NJ® - NJ®
and this restricts to a map on NN(J), which we also denote by . In fact, this map 6 : NN(J) — NN(J) —
NN(J) coincides with the map p (as defined on the nerves of categories) with which we worked in the previous
section — this follows from [Lurl7, Proposition 2.2.5.13/Remark 2.2.5.14]. By analogy with Remark 4.3.4, we
have a commutative diagram of simplicial sets

|2 17
=G X LEG,/

NN(J) x NN(J) ———4"y EG2et x B o<t

Gl le
oG/

NN(J) Rl (ES 0 ES)

ETI
&Q

act

Hence, for any sequences X', ), we have weak equivalences

S (80,6 0X) 0%5,0,60) ) = Trg o % (6(X) D G0)

da’

N\ act
in the category of right fibrations over (EdG ® IE{?, ) .

With these assertions in place, we are now in a position to state and prove a local version of 4.5.1 — we
retain the hypotheses of that statement:

Proposition 4.5.4. Let U € Disk(M) and V € Disk(N). Then, there is an equivalence

L, (6(c§) 0 g(cf)) ~ Ho(")G (c5x¢)

,\ act
in the homotopy category of right fibrations over (Eg o Eg )

Proof. Our first task will be to produce a map
F:6(c) og(cd) —ovg(cgx)
where we now have

t
- aGxG'y _ (mGact G’ act) _h G a\* _n GxG'
0*1°G(CGxG) = (Ed x ES ) Xlegong e (B OEF ) hoxorn 6 (CEIT
d d+d

Let us write 7y : G (C5) — EdG’aCt and Ty : G (C‘C,;') — Egl’“t for the respective projection maps. On
O-simplices, the map f sends a O-simplex (py, pv) to

0(m T 108)(m K
(mor(pw). mv (v, consTi 0™ 0.0 (mys (pu). v (v ) comsiif ) ™ T D oy )

act act

where for a fixed n-simplex d in (EdG ® E§,> , We write conng o to mean the constant path in (]EdG ® Edc,/)

n

from § to itself; and for a fixed n-simplex § in EdGJrX dc/: A we write consg 4 to mean the constant path in

(ngd?/@Ct)n from ¢ to itself.
On 1-simplices, f is given by

- - . 0(Ga6yr) pr~ = (100)(a,E47) [
(Ed, pus€ar, pv) — (sd,sdgconsd@d/ 0 (Eq,€ar) ,cons g " (to0)(Eayéar), pU X pv
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where 2, € (ES*™"); and &4 € (ES )1, and py € G (CS), pv € G (CS) such that 7y (py) = dofq and

v (pv) = doéq - The Segal condition determines f on all higher simplices.
By adjunction, we obtain a map

S (g (c§) Og (cg)) S G (0555)

It remains to show that this map is a weak equivalence. Let us fix U = L,R? and V = UmR? . By Lemma
4.5.2, we have
G el
G (CGe) = Sr,g G (&n) and G (CS ) = Do, G (Em)

Hence, to show the required weak equivalence, the two-out-of-three property tells us that it is sufficient to show

,\ act
that the top horizontal map in the commutative diagram of simplicial spaces over (Eg ® Edq )

29 (ZﬂEGg (Gn) (] Z’;FG’ g (Gm)> — L*ZU]EGXG/ g (Gnm)

“d! d+d’

20 (6(C8 i) DG (€ 1)) — 26 (¢5*,.)
is a weak equivalence. Remark 4.5.3 tells us that we have weak equivalences

5o (E%gg@n) O EDEG,g@m)) %, %0(G(6,) 0G(6n)

d’ d’

of with respect to the right fibration model structure on sS /( )t while Theorem 3.2.3 tells us that this

ESOES)
latter simplicial space is weakly equivalent to
A Y9G (6, O 6&,)

V. .axG’
d+d’

in the right fibration model structure on sS /( Thus, to conclude, we only need to show that we have

G G’ act .
BgoRY))
a weak equivalence

26 (G (6,)0G (6m)) ~ G (Snm)

of right fibrations over NN(J). This follows by the same argument used at the end of the proof of Proposition
4.4.5, since as we noted, the functor # on NN (J) coincides with the functor p. O

With our local version of the result in place, the proof of the global result, Theorem 4.5.1 is formally identical
to the proof of 4.4.1, except that we use 6 in place of p and C§ (resp. Cg') in place of Cy (resp. Cy).

Using the connection between the right fibrations picture and the right modules picture, we can say that
Theorem 4.5.1 essentially generalises the original product theorem (4.1.14) to an equivalence between CIC\';IKH‘C]C\:,/
and CAC;?;% for some modified notion of the Boardman-Vogt tensor product of modules, %, (although the fact
that we are utilising the homotopy-coherent tensor product of quasi-operads means that we no longer have
quite such a sense of whether we can really claim that we have an equivalence of presheaves on some category
— hence our rather vague statement of equivalence). Nonetheless, this is essentially the stated goal of [DHK19,
Theorem 5.6], except that that statement was uneasily premised on the conjecture of an additivity theorem for
the strict Boardman-Vogt tensor product of the topological skew little-cubes operads.

4.5.1 Outlook and Future Work

In [HK18], a kind of Kiinneth Theorem was devised for configuration modules of products of manifolds:

Theorem 4.5.5. Let M and N be framed d, d’'-manifolds respectively, and let R be a field of characteristic 0.
Then there is an isomorphism

H, (H, (Conf(M); R) %" H, (Conf(N); R)), = Hyiq (Conf(M x N); R)

of R-linear Eq4q -modules.
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This result has two foundational principles:
1. The product theorem for configuration modules — Theorem 4.1.14.

2. A suitable notion of a linear right module and a linear version of the Boardman-Vogt tensor product of
modules.

Since the translation into the right fibrations picture allows us to expand the product theorem to manifolds
with a more general kind of framing, we might also hope that there is a suitable version of this result available
if we can devise a notion of linear right fibrations over an operad. Indeed, certain of the arguments from [HK18]
translate very easily into a right fibrations perspective. However, we have thus far been impeded in our attempts
to bring this translation to a successful conclusion by a few issues:

1. A linear right module over an operad O is a functor
G :F(O)R — grModp

where the category F(O)g has the same objects as F(O), but its hom-objects are obtained by computing
the homology (with coefficients in R) of the hom-objects of F(O). Based on our earlier arguments, the
obvious counterpart of this should be a simplicial object in grMody, (or perhaps dgMod ) with a reference
map to NF(O)r = H, (NF(O)). However, a technical issue arises at this juncture: while the category of
simplicial spaces is enriched in spaces, thus allowing us the possibility of a left Bousfield localisation, we
cannot assert that the category of simplicial (differential) graded R-modules is enriched in (differential)
graded R-modules, which prevents the use of an enriched Bousfield localisation following the approach of
[Bar07]. As a result, it is not necessarily possible to produce a right-fibrations model structure on the
category of simplicial graded R-modules over some fixed (Segal) simplicial graded R-module, even though
obvious versions of all these notions present themselves.

2. We note that the category of simplicial graded R-modules is enriched over simplicial sets, as per [GJ09,
Section III.2], which might advocate the definition of a notion of Segality for simplicial graded modules,
e.g. a diagram X, : A°® — grModp such that

U(Xe(n)) = U (Xe(1)) Xu(xa(0)) - - XU (X (0)) U (Xa(1))

is a weak equivalence of simplicial sets, where U is the forgetful functor sgrMod, — sSet. However,
this approach leads to many complications about how to handle the module-grading. Furthermore, in
the absence of an obvious map Xe(1) — X,(0), we cannot formulate an analogue of the notion of a right
fibration.

3. Related to the issue of simplicial graded R-modules not having an enrichment in graded R-modules is
the question of providing a left adjoint to the linearised Grothendieck construction (which can be defined
more or less in analogy with the Grothendieck construction we introduced in this chapter), and a right
adjoint to the external tensor product of simplicial graded R-modules over some fixed simplicial spaces.

Via [Ver+92, Section 3.2], there is a notion of an enriched Grothendieck construction for locally Cartesian
categories £, which admits a left adjoint:

L:cat(€)a =g

where A is enriched in £. Taking the nerve, we obtain a kind of Grothendieck construction which mimics
the one we discussed for simplicial spaces:

G: &N sE/na

However, it is no longer obvious whether the nerve functor admits a left adjoint so that we can determine
a left adjoint to this £-enriched Grothendieck construction.

The lack of a right adjoint to the external tensor product also means that we are not necessarily in
a position to define a left-derived version of the obvious “linearisation” of the Boardman-Vogt tensor
product of right fibrations.

These obstacles grieve us somewhat as so many of the proofs and assertions from [HK18] do appear to admit an
easy translation to the right fibrations picture. It is to be hoped that these impediments are merely technical,
and can somehow be circumnavigated.



Chapter 5

The Configuration Category of a
Manifold

In this chapter, we discuss one of the major objects of interest in this thesis — the so-called configuration category
of a manifold. This object was developed by Boavida and Weiss in [BW18a] and [BW18b], but is closely related
to constructions given in [Lur09b], [Lurl7], [And10] and [AFT17]. It also bears more than a passing resemblance
to the configuration module of a manifold, but it has been constructed in such a way that it is independent of
the framing. In particular, an open conjecture at the end of [BW18b] has provided a motivation for our research
as it relates to the Dunn additivity theorem for little cube operads.

5.1 Constructions of the Configuration Category

There are several potential constructions of the configuration category, two of which will be discussed here.
The various constructions are shown to be equivalent in [BW18a, Section 3.2]. In what follows, we fix M to be
a smooth n-dimensional manifold. Let Mfld be the category whose objects are n-dimensional manifolds, and
given two such objects M7, Ms, we set

Hompmng (M1, M2) = Emb(M;, Mo)

We give these hom sets the compact-open topology so that Mfld is enriched in spaces. Let Disk be the full
topological subcategory of Mfld whose objects are disjoint unions of copies of R™.

Construction 5.1.1 (Multipatch Model of Configuration Category). Define a functor E : Disk®® — S by
U — Emb(U, M) and consider the topological category X s (which arises via a kind of Grothendieck construction
from E): the objects of X, are pairs (LxR"™, f), where f € E(UgR™) and the space of all morphisms is:

[ Emb(UiR™, LiR™) x E(LR™)
k,1>0

The target map for this category is given by projection onto the second factor, while the source map is given
by composition. There is an obvious forgetful functor X,; — Disk which induces a map of simplicial spaces
NXyr — NDisk. On the other hand, taking path components defines a functor 7y : Disk — Fin. Composing
the induced maps on nerves gives:

NXj; — NDisk — NFin

so that N X s has the structure of a simplicial space over NFin. As the nerve of a category, it is immediate that
N X,y is a Segal space, but it is not in general true that N X, is a fibrewise complete Segal space over NFin —
with this in mind, we simply define the configuration category of M, con(M), to be the fibrewise completion of
N X s over NFin.

Remark 5.1.2. In [BW18a], an explicit description is given of the 0- and 1-simplices of this fibrewise completion.
First, it is shown that con(M), is weakly equivalent to Ug>oEmb((k), M) — i.e. the vertices correspond to
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ordered configurations of a finite number of points in M. Given such an ordered configuration f : (k) — M,
the homotopy fibre of the map d; : con(M); — con(M)g over f is the space

o~ ] 1:[> Emb (g7 '{i},R") (5.1)
ie(k

120 g:(l)—(k) i

Alternatively, we can characterise this homotopy fibre by working with a tubular neighbourhood Uy of the
image of f in M. In this context, an element of the space on the right-hand side is determined by a so-called
reverse exit path in the tubular neighbourhood Uy (we will explain this term in detail in the next construction
of the configuration category).

Construction 5.1.3 (Particle Model). For this construction, we begin by observing that there is a stratification
on the collection of maps from (k) to M: namely, any such map can be factored as a composition (k) — (I) — M;
we let maps((k), M); denote the stratum of those maps which factor through an embedding (I) — M, and we
note that if [ > I’, then there is an inclusion maps((k), M), C maps({(k), M);. We consider the topological
category X, whose objects are embeddings of single points in M, i.e. pairs ((k), f), with f € Emb ((k), M); a
morphism between two such pairs ((k), f), ({1}, g) is the data of a pair u € Homp;, ((k), (I)) and a reverse exit
path v : [0,a] — maps({(k), M) from f to g owu for some finite a — that is, a path v which satisfies the property
that if ' > s, then the stratum containing ~y(s’) is contained in the closure of the stratum containing v(s) (i.e.,
if v(s) € maps({k), M), and v(s") € maps({k), M)/, then | > I"). Composition of two morphisms is given by
composition of maps of finite sets and composition of Moore paths.

This category is also equipped with a forgetful functor to the category Fin and hence NX}, — NFin is a
morphism of Segal spaces. A morphism (u,v) : ((k), f) = ({I),¢) in NX}, is homotopy invertible if and only
if the reverse exit path v lies in a single stratum (which corresponds to the situation where k¥ = [ — but this
is precisely the condition for homotopy invertibility of the map w : (k) — (I) in NFin). Using properties of
homotopically stratified spaces and exit path categories, this observation allows us to deduce that NX}, is
already a fibrewise complete Segal space over NFin (see [BW18a, Proposition 3.3] for details of this argument).

(%1, %2.%a,%4,%5) & Confg (M) (%1, %2.X3,%4,%5) = (¥q.¥2.¥a) (y1.y2.)a) € Confa (M)
L] [
v
. ] .-
h
e .
- )
—’I ’I
LJ L] '
.
Y
L] L] R4
. e
I

Figure 6: Example of exit path from a configuration of 5 “particles” to a configuration of 3 “particles”

The reason this model is called the particle model is that we can view an object f : (k) — M as describing
a configuration of k particles “living on” the manifold M. In this guise, a morphism from f : (k) — M to
g: () = M is a way of passing from k particles to [ particles. The reverse exit path condition on the morphisms
ensures that the number of particles can never increase: physically, this corresponds to the requirement that
two or more particles are allowed to collide and amalgamate, but once that amalgamation has happened, they
cannot then be separated. (Equally, this ensures that “new” particles cannot be created from nothing). In
Figure 6, we have provided a schematic example of this reverse exit path principle in action:

e In the left hand diagram, we have an initial configuration of five particles (black).

e In the central diagram, these particles move around the manifold (with their respective paths indicated by
the dashed lines), such that there are two collisions between two and three particles respectively, as well
as one particle which doesn’t collide with any others. The resulting amalgamated particles are depicted
in orange.

e In the right diagram, we have a final configuration of three particles (orange).
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This avatar of the configuration category is closely related to the exit path category studied in (among other
places) [Lurl7, Appendix A.9], [AF15] and [AFT17]. Based on our heuristic explanation above, it is not at all
surprising to note that this model has attracted some interest in physics, where it has found applications in
questions around topological quantum field theories and factorization algebras. For more on these applications,
we refer the reader to e.g. [Ginl5], [CG16].

Showing that these two models give rise to the same fibrewise complete Segal space over NFin relies on
constructing a zig-zag

NXy & W = w# 5 NX,,

of Dwyer-Kan equivalences over NFin, where we write W# for the fibrewise completion of W over NFin. (By
a fibrewise version of Theorem 1.4.15, two Segal objects over some fixed complete Segal space are equivalent in
the fibrewise complete Segal model structure if and only if they are Dwyer-Kan equivalent in a fibrewise sense.)

The simplicial space W is the nerve of a category Y with the same objects as the category Xj,;. Given
a pair of such objects (i.e. framed embeddings) f € Emb(UR™ M) and g € Emb(L;R™, M), the space of
morphisms between them in Y is empty if the image of f is not contained in the image of g; otherwise, the
space of morphisms is the space of morphisms in con(im(g)) from fy to go, where we write fy to mean the
composition of f with the natural inclusion at the origin (k) < LzR™. As the fibrewise completion of W, there
is by construction a Dwyer-Kan equivalence W = W#. Using the same kind of explicit description of the
fibrewise-completion as in Remark 5.1.2, we see that the space of 0-simplices of W# is Ly>oEmb((k), M); while
an edge in W# corresponding to a morphism from fy : (k) = M to go : (I) = M (such that fy (resp. go) arises
as the evaluation at the origin of an embedding f : UyR™ — M (resp. g : LjR™ — M); and the image of f is
contained in the image of g) is given by the data of

e a tubular neighbourhood V; of the image of go in M
e a tubular neighbourhood U of the image of f; in M contained in Vj
e a reverse exit path from fy to go which lies inside Vj,

In degree 0, the map i : W# — NX}, is just the identity — in other words, the passage from W to NX}, in
degree 0 is determined by forgetting the framing on each ordered configuration (i.e. by restricting an ordered
embedding LIy R™ ~— M to its image at the origin). In degree 1, the map i : W# — N X}, is given by forgetting
the tubular neighbourhoods (this is a weak equivalence of spaces). Since W# and N X}, are both fibrewise
complete Segal spaces over NFin, the fact that ¢ is a weak equivalence in degrees 0 and 1 is enough to guarantee
that ¢ is a Dwyer-Kan equivalence, and hence the composite W — N X}, is also a Dwyer-Kan equivalence.

In degree 0, the map j : W — NXj, is just the identity. Exhibiting the required fibrewise Dwyer-Kan
equivalence is done by showing that the square

W1 —>(do,d1) WO X WO

Jl lj xj=id

(NXar)1 % (N Xar)o x (NXar)o

is homotopy Cartesian. Given a morphism ¢ in Xy from f : UyR"™ — M to g : U;R™ — M, we wish to show
that the homotopy fibre of j over ( is weakly contractible. By definition of the space W this homotopy fibre
depends on con(im(g)), which is a product of factors indexed by the connected components of im(g). Hence,
it is only necessary to deduce the desired weak contractibility in the case where ¢ is a configuration of a single
point in M. In [BW18a, Lemma 3.4], this is reduced to the simple case where M = R"™, where it is shown
directly that

Lemma 5.1.4. If f is a configuration of k points in R™, then the space of exit paths starting at f and ending
at the configuration (1) — {0} < R™ is contractible.

Thus j : W — N X, is also a Dwyer-Kan equivalence, giving the desired zig-zag of simplicial spaces over NFin.
Hence, after fibrewise completion, the multipatch and particle models give rise to equivalent fibrewise complete
Segal spaces over NFin, i.e. the two models of the configuration category coincide.
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5.2 Connections between the Configuration Category and Operads

We have already encountered a number of ways to relate categories and operads, but in [BW18a, Section 7.1],
another such construction is presented which is connected to the configuration category.

Construction 5.2.1. Given a plain operad O in spaces, we define a topological category cat(Q) whose space

of objects is
[Tow
k>0
and whose space of morphisms lying over a morphism f : (k) — (I) in Fin is

XH(’) 1{}

1<i<l

The target map is given by projection from the factor O(l), while the source map is given by composition.
There is an obvious reference functor from cat(O) to Fin.

At first glance, the reader might wonder whether this is not the same as the category of operators of O
(restricted to Fin) which we described in Definition 2.3.3 — we warn that this is not the case! In the category
F(0), the space of morphisms over f : (k) — (I) is

H O (f{i})
1<i<l

so the morphisms in this new category cat(Q) also require the specification of an l-ary operation. With a
moment’s thought, we realise that cat(O) is actually the slice category F(O) | (1), where the space of operations
over f: (k) — (I) is determined by a commutative triangle of operations in O:

(k)

\ (5.2)
ao(wi)i<i<i

where w; € O(f~H{i}) and a € O(l) (so that ao (wy,...,w;) € O(k)). Evidently, Ncat(O) is a Segal space over
NFin. If we impose a further condition on the collection of unary operations of O, then we can say even more:

Lemma 5.2.2. [BW18a, Lemma 7.4] If O is an operad in spaces such that O(1) is weakly contractible, then
Ncat(OQ) — NFin is a fibrewise complete Segal space.

(wi)1<i<t

The main observation required to deduce this is that if O(1) is weakly contractible, then a morphism O(k) >
w— w € O(1) in cat(O) is homotopy invertible if and only if I = k, so that we find

(Neat(O)e =] [T o x [ o ih ~]] [] ow

1>00€6; 1<:i<1 1>00€6;

thus ensuring that there is a weak equivalence between the homotopy fibres of the maps (Ncat(O))h¢ — N Fini“i
and Ncat(O)y — NFing.

Remark 5.2.3. Construction 5.2.1 can be generalised to coloured operads. Specifically, if O is a coloured
simplicial operad whose space of unary operations is weakly contractible, then we can fix a colour ¢ of O
and consider the “slice” of all operations over ¢, i.e. the objects are elements of O ({¢;}icr;c) (for colours
{¢i}ier € Col (0)) and morphisms are determined by analogy with diagram (5.2).

In fact, we can even generalise this construction to quasi-operads: given a reduced quasi-operad O® — NFin,,
selecting a colour can be seen as giving a morphism of pre-operads A[0] < O® (where A[0] — NFin, by * — (1)).
In this context, the association O — cat(QO) then translates to a functor:

A[O] c O® (O/(») act
—
NFin, NFin

where we write O/, to mean the pullback A[0] X xFin, O® — NFin, and (—)*** to denote the pullback over the
active morphisms of Fin, (i.e. the morphisms of Fin).
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Returning to our original construction, let us examine the case where O is the topological little d-cubes
operad (which is a plain operad whose space of unary operations is weakly contractible): we observe that there
is a degreewise weak equivalence of simplicial spaces over NFin:

N Xga ~ Ncat("Eq)

where X, is the category we introduced in Construction 5.1.1. Thus, there is a degreewise weak equivalence
between con(R?) and Ncat(‘E,4) as simplicial spaces over NFin.

The category of operads in spaces (where we blur the distinction between spaces and simplicial sets some-
what) can be given a simplicial enrichment as follows: first, for any such operad P, we let P2 be the operad
for which the set of i-simplices of its [-ary operations is given by

PAF(1); = Map(A[k], P(1)); = Homgger (A[k] x Ali], P(1))

As per [BM03, Theorem 3.2], the category of plain simplicial operads with these simplicial mapping spaces can
be given a simplicial model structure such that a morphism of plain operads f : O — P is a weak equivalence
(resp. fibration) if and only if it is a levelwise weak equivalence (resp. fibration) of simplicial sets. This model
structure is cofibrantly generated. (It can also be shown that the model structure on all coloured simplicial
operads given in [CM11] restricts on plain operads to this model structure.) On the other hand, we know that
the complete Segal space model structure is a simplicial model structure, which allows us to define derived
simplicial mapping objects in the fibrewise complete Segal space model structure by

RMap v, (X,Y) = lim (* — RMap (X, NFin) < RMap (Y, NFin))

where we recall the notation RMap from Chapter 1 for the derived simplicial mapping spaces in a simplicial
model category.

The construction O — Ncat(O) of 5.2.1 is functorial and preserves weak equivalences, so there is an induced
morphism of simplicial sets:

RMap(O, P) — RMap ygin (Ncat(O), Ncat(P))

For us, a case of special interest of the above map is where one of the operads is a little d-cubes operad, since we
have already observed a close link between Ncat(*E4) and con(R?). In [BW18a], it is shown that under certain
propitious circumstances, even more can be said about this map:

Theorem 5.2.4. [BW18a, Theorem 7.5] Let O, P be operads in spaces such that O(0),O(1),P(0),P(1) are
weakly contractible (we say O and P are reduced). Then the map

RMap (O, P) — RMap yg;, (Ncat(O), Ncat(P))
18 a weak homotopy equivalence.

Since this result and so many of the ideas in its proof are of central interest to us, we will outline some of
the steps taken to prove these assertions, though we will by no means give an exhaustive exposition of the finer
details (since these run to many pages in [BW18al).

By [CM13] there is an equivalence of categories between the category of coloured simplicial operads with the
model structure of [CM11] and complete Segal dendroidal spaces, so we can rephrase the statement of Theorem
5.2.4 as demanding that the map

RMap (NgO, NgP) — RMap yin (Ncat(O), Ncat(P))

is a weak homotopy equivalence. Furthermore, because we are working with reduced operads, we can restrict
our view to the category of rooted closed dendroidal spaces (i.e. space-valued presheaves on the category ..
of rooted closed trees, denoted rcdS or P(§2,.)) and ask whether the following is an equivalence:

RMap (Nj°O, Nj°P) — RMap ygi, (Ncat(O), Ncat(P)) (5.3)

where Nj¢ = "Ny for ¢ : Q. — Q the natural inclusion functor.

At this point in the proof, an explicit functor is described to prove the desired equivalence in (5.3). To be
able to describe this functor, we need some preliminary definitions. First, given a simplicial space Z, let simp(Z)
denote its category of simplices: this is the category whose objects are pairs ([n],z) with [n] € A and z € Z,,;
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a morphism between two such pairs ([n],z) — ([m],y) is a morphism ¢ : [n] — [m] in A such that ¢*(y) = z.
For any simplicial space Z, there is a natural equivalence of categories

587 ~ Ssimp(2)°"

To see why this might be the case, consider a map f : Xf — Z of simplicial spaces. To such a map, we can
associate a contravariant functor f from simp(Z) to spaces by setting f([n],z) = f~'{z} C X/; likewise, given
a morphism ([n], ¢*y) — ([m],y) where ¢ is a map in A, the map ¢* : X/, — X/ restricts to a map on fibres
Yy} — f~Ho*y}. Conversely, given such a contravariant functor f, we can associate a simplicial space X
by R

Xn = UzeZﬂ,f(n)

The functoriality of f ensures that X is a simplicial space, and there is an obvious map of simplicial spaces
from X to Z.

In particular, we can consider NFin as a discrete simplicial space and write simp(Fin) for its category of
simplices. The objects of the category simp(Fin) are strings of maps of finite sets (Sop — S1 — ... = S,); a
morphism between two such strings is of the form

(S¢(0) = Spay = - S¢(n)) — (SO =85 =...= Sm>

for some ¢ : [n] — [m] in A. (We note that simp(Fin) is a subcategory of the category Ap which we introduced
in Definition 3.4.1 when discussing complete Segal operads.) By the foregoing remarks, we know that there is
an equivalence of categories sS)nFin =~ Ssimp(Fin) - Using this perspective, Boavida and Weiss produce a functor
J : simp(Fin) — Q,. which in turn induces adjoint pairs:

Ji
. - yop ;% op
58S/ NFin o2 SSmP(Fin) <;1 S%e = redS
4

1 2 n
The functor j is defined as follows: given a string of finite sets ([n],S) := S, = ( So = S1 >+ ... > Sn>,

we can associate a closed tree whose set of edges is Ug<;<,S; U {§R} where {8} is just a one-element set. As
mentioned in Lemma 2.5.1 and the subsequent remarks, a closed tree is specified by the data of a poset with
an unique maximal element whose partial order relation satisfies a certain criterion. The partial order on the
tree j(S.) is determined as follows:

(*) the maximal element is %R;

®) ifi <landy € S;,z € 5), then y < z if and only if z = s'1i(y) (where we write s to mean the
if i <1 and S, S, th < z if and only if i+l h te sbl t th
composite stost~lo...s": 8,1 — S1).

1 2
Example 5.2.5. As an example, consider the string of finite sets S, = {a,b,c,d,e} 2= {f,g,h} == {i,j},
where

=g
sH(f) =i s*(g) =s°(h) =]
Then j(S,) is the closed tree presented in Figure 7 (we have written & for the root element in the diagram).

Remark 5.2.6. There is evidently a close relationship between this construction and the one seen in [CHH18],
which we discussed in Construction 3.5.4. The key difference between the two is that j effectively appends an
element (1) to each string and then applies the map 7 and the closure operation (although the latter is somewhat
less important since we work in a context in which the space of nullary operations is weakly contractible). The
functor j is also defined on a much simpler category, insofar as simp(Fin) has fewer morphisms than Ap.
Nonetheless, in our dealings with the functor j we will draw more than a little inspiration from the approach
taken in [CHH18].

With the desired functor j in place, the equivalence of (5.3) is proven by demonstrating that j* is homo-
topically fully faithful, i.e. for every reduced plain operad O, it is shown that there is a weak equivalence

N3°O(T) — Rj.j* NjO(T)
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Figure 7: j(S.) for Example 5.2.5

for each tree T. The argument involves inducting on the vertices of T', where the key proof in the inductive
argument stems from the fact that operads satisfy the Segal property (3.3.3), viz.

NOT)~ ] NaO(Cp))

vevert(T)

where the product is over all vertices of T', |v| denotes the number of incoming edges of the vertex v and C),
is the corolla with |v| vertices. As a consequence of the above, we obtain an adjunction

Ji
$S/NFin ——— 17cdScs Red (5.4)
J

where by rcdScs red, Wwe mean the localisation of the category of rooted closed dendroidal spaces with respect
to completeness and Segal equivalences, and with respect to the condition of being reduced (by the work of
[CM13] this is Quillen equivalent to the category of co-operads with weakly contractible spaces of unary and
nullary operations). For purely formal reasons (e.g. by Theorem 1.2.10, or [Lur09a, Proposition 5.2.7.4]), we
know that there is a left Bousfield localisation of the category on the left hand side of this adjunction so that
the induced map becomes an equivalence. One of the questions we wish to study is:

Question 1. What localisations do we need to apply to sSnFin to make the adjunction (5.4) an equivalence?

We delay an investigation of this question to a later chapter. In the next section, we study another of the facets
of the configuration category which will serve to provide us with further motivation to study the question above.

5.3 Configuration Categories of Products

In this section, we discuss the box tensor product of simplicial spaces over NFin. This operation has the
pleasing geometric property that the box tensor product of the configuration categories of a pair of manifolds
is equivalent, in a suitable sense, to the configuration category of the product of the manifolds. Applying this
property to the case where the manifolds we work with are Euclidean spaces, this opens up questions about
whether we might utilise the configuration category to obtain an alternative (and arguably more geometric)
proof of the Dunn additivity theorem for co-operads. Before we can concern ourselves with such questions, we
need to introduce a number of technical definitions.

Definition 5.3.1. A surjective map of finite sets s : (k) — (I) is selfic if the injective map (I) — (k) defined
by i+ min{s~{i}} is increasing.

With this notion in place, we can define a discrete category BoxFin:
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e the objects of BoxFin are diagrams (I) < (c) iN (r) in which s and ¢ are selfic and such that the induced
map (c) L, (1) x {r) is injective;

e a morphism between two such objects (1) <= (c) 5N (r)y and (I) & () LN (r"y is a commutative diagram
(in Fin):

There are three evident forgetful functors po, p1,ps : BoxFin — Fin, sending a diagram (I) <= (c) % (r) to
(), (1) and (r) respectively. We note that po : NBoxFin — NFin is a fibrewise complete Segal space. (If we had
only considered the category whose diagrams consist of surjective, rather than selfic, arrows, we would obtain
an equivalent category; however, the nerve of the resulting category would no longer be a fibrewise complete
Segal space over NFin.)

Definition 5.3.2 (Pre-Box Product). Let X and Y be fibrewise complete Segal spaces over Fin. We can define
a new simplicial space over NFin, X KP*Y (verbally, the pre-box product of X and Y') as the levelwise pullback
of the diagram:

NBoxFin

lpl Xp2

X xY —— NFin x NFin

This simplicial space has the structure of a space over NFin via the composite map
X WP Y — NBoxFin 2% NFin

In fact, more can be said: if X and Y are fibrewise complete Segal spaces over NFin, then so is X XP™ Y.
To see this, we note that the property of being Segal over NFin is closed under (homotopy) pullbacks; on the
other hand, the property of being fibrewise complete over a space is also closed under products and satisfies the
following property: if Z — B is a fibrewise complete map of Segal spaces and we have a homotopy Cartesian
diagram of Segal spaces

W ——~C

|

/ —— B

then W — (' is also fibrewise complete. Thus, since X and Y are both fibrewise complete over NFin, we see
that X XIP*®Y is fibrewise complete over NBoxFin — but pg : NBoxFin — NFin is also fibrewise complete, so the
composition X XP*Y — NFin must be fibrewise complete.

Example 5.3.3. The case of greatest interest for us is when X and Y are the configuration categories of some
manifolds, M and M’. Using the particle model construction of the configuration categories (5.1.3), we can
identify con(M) as the nerve of a category X}, whose objects are embeddings f : (I) — M; likewise, we can
view con(M’) as the simplicial space whose space of O-simplices consists of embeddings g : (r) — M’. Hence, it
follows that a 0-simplex of con(M) KP™ con(M’) is the data of a triple

(@ 5 M) S M@ & (@) 5 (1)) € (NXhy)o X (N Xy )o x (NBoxFin)o
where the maps f, g are embeddings and s, ¢ are selfic. The condition that the induced map (s, t) : (¢) — (1) x (r)
is injective ensures that there is an induced map on 0-simplices

con(M)o ®P*® con(M’)g — con(M x M),

(L a ) B,y & @5 ) — (1022 0 x () L% M o< )

We recall that in this construction of the configuration category, an edge from f: (I) — M to f': (I') — M is
determined by a map of finite sets u : (I) — (I’) and a reverse exit path v : [0,a] = M from f to f’ ow in the

stratified space of all maps from (I) to M. For concision, let us write such an edge as (u,v) : (I}, f) = ({I'), f").
Then, a 1-simplex in con(M) XP* con(M’) is determined by
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e a l-simplex (u,7) : ({I), f) = ((I'), f') in con(M) (i.e. a morphism in X},);
e a l-simplex (v,¢) : ({r),g) — ((r"),q’) in con(M');

e a morphism in BoxFin of the form

(1) +— (&) —= ()

R

()« () L ()

For brevity, such a 1-simplex in con(M) XP* con(M’) will be written as a tuple ((u,~), (v,(),w).

A priori, there is not an obvious map from the 1-simplices of con(M) KP* con(M’) to con(M x M’') —
the reason being that the Moore paths v and { may be parametrised by intervals of different lengths, e.g.
v :[0,a] = M and ¢ : [0,b] — M’. However, in the special case where the Moore paths are parametrised by
intervals of the same length, say [0, a], then the commutativity of the diagram above tells us that (v x {) o (s, )
is a path in maps ((¢), M x M) from (f x g) o (s,t) to

((ffou) x (g 0v))o(s,t)=(f" xg)o(uxv)o(st)=((f xg)o(st)) ow

ie. (yx)o(s,t)is areverse exit path from (f x g) o (s,t) to (f' x ¢g')o(s',t'), so (w, x {) defines a morphism
in X}, s, corresponding to a l-simplex in con(M x M').

It might seem like this extra condition of having the same interval parametrising both Moore paths is quite
restrictive — however, the restriction can be circumvented to an extent. First, note that con(M) KP*® con(M’)
can be realised as the nerve of a category which we call X M, M — the objects (resp. morphisms) of this category
are precisely the O-simplices (resp. 1-simplices) of con(M) KP™ con(M’) (the legitimacy of the assertion that
N)?M,M/ is equivalent to con(M)XP™ con(M’) stems from that fact that con(M)KP™ con(M’) is a Segal space).
Let Yr v be the subcategory which has the same objects, but whose collection of morphisms consists only
of those tuples ((u,7), (v,¢),w) in which the reverse exit paths v and ¢ are parametrised by intervals of the
same length. The induced inclusion of simplicial spaces NYys prr — N X MM 1s a weak equivalence, so that we
obtain a map (con(M) KP*® con(M')); — con(M x M');. By the Segal property, it follows that there is a map
of fibrewise complete Segal spaces over NFin

con(M) XP™ con(M') — con(M x M") (5.5)

We might wonder if this is an equivalence of fibrewise complete Segal spaces over NFin. This is almost the
case, but we need to attend to a slightly subtle point first.

5.3.1 Conservatisation

A functor F' : C — D is usually said to be conservative if it satisfies the property that a morphism f: ¢ — ¢’ in
C is an isomorphism if and only if F(f) : F(c) — F(c') is an isomorphism in D. We can devise an analogous
definition of conservativity for simplicial spaces (although at first glance it may appear that the concepts are
not related):

Definition 5.3.4. A map of simplicial spaces w : X — B is said to be conservative if for any surjective

morphism u : [k] — [I] in A, the commutative diagram

)(lu**>)(]c

|

*

B BN By,
is homotopy Cartesian.

The following lemma helps to reconcile these two apparently distinct ideas for a special class of maps of
simplicial spaces:

Lemma 5.3.5. [BW18a, Lemma 8.2] Let C be a small category and let w : X — NC be a fibrewise complete
Segal space. Then the following are equivalent:
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(i) X is conservative over NC;
(ii) an element ~ is homotopy invertible (i.e. v € X¢) if and only if w(vy) is an isomorphism in C.

Of course, the point of the latter condition is that the homotopy invertible simplices in NC are precisely the
isomorphisms of C, so we see that condition (ii) encodes a kind of “up-to-homotopy” version of the traditional
definition of conservativity.

In particular, the aforementioned lemma tells us that the configuration category of a manifold is conservative
over NFin — to see this, we recall that in the particle model (Construction 5.1.3), the homotopy invertible
morphisms of con(M) are those exit paths which remain in a single stratum, i.e. those morphisms which lie
over an isomorphism in the category Fin. However, it is not generally the case that the pre-box product of
two conservative spaces should be conservative. To solve this, a functorial conservatisation procedure is devised
in [BW18a, Section 8.3], which we now discuss with particular reference to its application to the case of the
pre-box product of two configuration categories.

First, for each r > 0, we define a category £(r):

e objects are diagrams in A of the form [r] — [k] <= [I], where the map u is a surjection;

e a morphism between two such objects is a commutative diagram in A of the form

Using this category, we can define a conservatisation functor A as follows: given a map of simplicial spaces
X — B, we can define a new simplicial space AX over B with

AX), = hocolim  X; xp, B
(AX)r = docoliza Ko x B0 By

The map AX — B is determined by the composition

hocolim X, xp, By, — colim B, — B,
([r]=[k]«[lDeE(r) ([r]—=[K]«[)eE(r)

We can also define a functor (—)' such that the conservatisation procedure becomes universal in a derived sense,
that is, we have a diagram
X+ X' — AX

N

The r-simplices of X" are defined by taking the homotopy colimit over the subcategory of £(r) spanned by those
diagrams in which the map [I] — [k] is the identity, i.e.

(X'), = hocolim Xy xp, By = hocolim X},
[r]—[k]<—[k] [r]—[¥]

It is straightforward to see that the map X' — X is a weak equivalence as indicated in the diagram above.

Using the equivalence between the categories sS,p and S5mP(B)™ e can rephrase the functor A in slightly
more convenient terms: given a map of simplicial spaces w : X — B and an r-simplex b € B, let X (b) = w~{b}.
To each such simplex b, we can associate a category £(b):

e objects of £(b) are diagrams b — ¢ < d in simp(B) such that the map in A underlying d — c is surjective
(so e.g. if ¢ € By and d € By, then there exist maps v : [r] — [k] and w : [[] — [k] such that v*c = b and
u*c = d) (we say that the morphism d — ¢ is dominant);

e morphisms of £(b) are commutative diagrams in simp(B) of the form

b——c+——d

I

b ——  «—— d

in which both the rightmost arrows are dominant.
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We see that this is just a fibrewise version of the category £(r). In a similar fashion, we define a functor
AX :simp(B)°® — S by

AX)(b) = h 1i X(d
(AX)(b) = bocolim ~X(d)

Likewise, we define X' : simp(B)°? — S by

X'(b) = hocolim X (d) = hocolimX (c)
(b—cd=d)e&(b) (b=¢)

The advantage in pivoting to this perspective is that we can look at a subcategory Eb(b) spanned by those
diagrams (b — ¢ < d) in which both arrows are dominant and define a new functor A” by

A’X)(b) = hocolim X(d
(W) =, hocolim  X(d)

Since the inclusion £°(b) < £(b) has a right adjoint for each r-simplex b, it follows that (A*X)(b) — (AX)(b) is
a weak equivalence, so we can instead use A” as our conservatisation functor. For the case of a non-degenerate
simplex b, the only dominant morphism b — c¢ is the identity map, so that we arrive at the simplified expression
of (A*X)(b) (for non-degenerate b)

(A°X)(b) = hocolim X (d)

where we now take the homotopy colimit over all dominant morphisms d — b.
The value of these constructions is affirmed by the following trio of results from [BW18a, Section 8.3]:

Lemma 5.3.6. Let X — B be a map of simplicial spaces. Then
(i) AX — B is conservative;
(ii) X' = X is a degreewise weak equivalence;
(iii) if X — B is already conservative, then the map X' — AX is a degreewise weak equivalence.

Example 5.3.7. Having put these constructions in place, we now wish to analyse them as they apply to the
pre-box product of the configuration categories of two manifolds, con(M) KP*® con(M’). Let us consider the

f' = Conf;(M). g'= Confh(M") f e Confy (M), g e Confy(M") f" e Confy(M), g"'e Confy (M)
f'h.g'2n (£(2).g2n)
[ @
" 1.g"(1n f"2).g"(1n
M M M @ o
d'.g'(y fil).gln
[ ®
M M M

Figure 8: Three vertices of con(M x M’) lying over (2)
schematic of the product of the manifolds M and M’ presented in Figure 8 — these three diagrams all represent

O-simplices in con(M x M’) lying over the object (2) in NFin, and all three arise as the image of some points
in the pre-box product of con(M) with con(M'). Namely:

e the diagram on the left is the image of a point
(77 (1) = Mg/ (2) > M8 = (1)« (2) = (2)) ) € con(M) &P con(M)g
e the diagram in the middle is the image of

(f (2) = M,g:(2) — M, = (<2> S S <2>) ) € con(M) BP™ con(M)o
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e the diagram on the right is the image of

( F7(2) = M,g": (2) = M',B" = (<2> & (2) - <1>) ) e con(M) BP™ con(M)o

In con(M x M'), it is clear that there are homotopy invertible morphisms between these three configurations;
however, the morphism in con(M) from f to f’ is evidently not invertible since we move from one stratum to
another; likewise, the morphism g to ¢g” is not invertible in con(M"). As a result, the corresponding morphisms
in con(M) ®P*® con(M’) also fail to be homotopy invertible. This observation is at the core of why the map of
Equation (5.5) fails to be a weak equivalence of fibrewise complete Segal spaces.

All is not lost however: the value of the conservatisation procedure described above is that it effectively
forces the homotopy invertibility of these morphisms in the pre-box product. This becomes intuitively clear
when we consider the categories E((f,g,8)),E((f',9',5")) and E((f",g", ")) — we see that taking homotopy
colimits of the functor con(M ) KP™ con(M’) : simp(Fin)°? — S over each of these three categories yields objects
which are weakly homotopy equivalent to each other.

(Obviously our remarks in the previous paragraph don’t constitute a rigorous mathematical argument of
why conservatisation might assist us in converting Equation (5.5) into an equivalence, but they should at least
serve as a roadmap for our intuition.)

In [BW18b, Lemma 2.9], it is shown that the map A (con(M)XP™ con(N)) — con(M x N) is a weak
equivalence in simplicial degree 0. Critical to this deduction is a technical result about exit path categories of
(homotopically) stratified spaces:

Lemma 5.3.8. Let Q be a locally contractible homotopically stratified space, with exit path category EPg and
full path category Pg. Then, the map

hocolim (£Pg).. — hocolim (P,
%gim( Q). c[ﬁgim( Q).

induced by the inclusion is a weak equivalence

This lemma is of interest in our setting because the space of embeddings of k£ points into the product manifold
M x M’ admits a stratification as follows: an embedding (k) — M x M’ determines maps (k) — M, (k) — M’
which may not be embeddings — but we can factor every map (k) — M as (k) — (i) — M, where (k) — (3)
is selfic (and likewise for the map (k) — M’) — thus a stratum of the space of embeddings (k) — M x M’
corresponds to a pair of selfic maps ({(k) — (i), (k) — (j)). Applying the above technical result to the case where
Q is the space of all embeddings (k) — M x M’ we find that the weak equivalence described in the lemma
corresponds on O-simplices to the map

A’ (con(M) BP™® con(M")) s — A con(M x M) s

induced by the map 5.5.

It should be noted that, in general, the conservatisation procedure does not preserve the property of being a
fibrewise complete Segal space. However, this can be remedied formally: it is possible to produce an endofunctor
K of simplicial spaces which sends a simplicial space X over B to a fibrewise complete Segal space KX over B
such that X and KX are weakly equivalent in the complete Segal space model structure (this can be achieved
via the Segal completion functor that Rezk produces in [Rez01, Section 14]). With this functor available to us,
we can simply successively apply the functors K and A: given a simplicial space X over B, we have a zig-zag
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of morphisms of simplicial spaces over B, natural in X:

X

|

KX

E

(KX) ——— AKX

|

KAKX

E

(KAKX)' —— AKAKX

|

KAKAKX

E

(AKAKX)' —— ...

The resulting homotopy colimit of this procedure, which we denote by (AK)>X will be a conservative fibrewise
complete Segal space over B. Hence (AK)™ defines a functorial method of simultaneously performing conser-
vatisation and fibrewise-Segal-completion. With this functor in place, we can make the following definition:

Definition 5.3.9. Let X and Y be fibrewise complete Segal spaces over NFin. We define the conservative
fibrewise complete Segal space XKY (verbally, the box product of X and Y") over NFin to be (AK)> (X KP™Y).

5.3.2 Configuration Categories and Additivity of Little Cubes Operads

Having assembled the battalion of definitions from the previous subsection, we can now return to the relationship
between the pre-box product of configuration categories of two manifolds and the configuration category of the
product of the manifolds which we met in Equation (5.5) — by construction, the map we produced there induces
a map

con(M) X con(M") — con(M x M") (5.6)
of fibrewise complete Segal spaces over NFin. One of the major results of [BW18b] is that

Theorem 5.3.10. [BW18b, Theorem 2.8/ The map (5.6) is a weak equivalence of fibrewise complete Segal
spaces over NFin.

We have already highlighted some of the details of how this proof works in simplicial degree 0. In fact, it can be
shown that A (con(M) KP* con(M’)) — con(M x M’') is a levelwise weak equivalence of simplicial spaces over
NFin, but we will not discuss here the methods by which this is deduced, since they rely on further technical
arguments which will have limited external utility /interest for us. For the details of these arguments, we refer
the reader to [BW18b, Section 3] and [BW18a, Section 8.4].

Of more interest to us is the possibility of combining this result with Theorem 5.2.4: that result told us
that there is a homotopically fully faithful functor j* : (rcdS)csrea — 8S/nFin, Which gives us a means to
consider the little cubes operad (which is a reduced plain operad) as a simplicial space j*N1¢ *Ey4 ~ con(R%)
over NFin. Identifying N}¢ 'E,; with the corresponding homotopy-coherent operad ]Eff (via the equivalence
between complete dendroidal Segal spaces and quasi-operads), Theorem 5.3.10 tells us that we have a weak
equivalence of conservative Segal spaces over NFin:

J*E§ K j*ES ~ con(R?) K con(R?) ~ con (Rd”/) o~ j*E;®+d/

This relation bears more than a passing similarity to the (co-categorical) additivity theorem (3.2.1) for little
cubes, leading us to speculate:
Question 2. Given reduced Segal dendroidal spaces X,Y , is there an equivalence of simplicial spaces over NFin

(with respect to some localisation...)
FXOY)~ X RY
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where ©® is the co-categorical tensor product of co-operads?

If the answer is yes, then Theorems 5.2.4 and 5.3.10 effectively give a new proof of the additivity theorem, one
which relies on rather more geometric arguments than the weak approximation and assembly arguments used
in the proof of Lurie. Our elliptical reference to some localisation hints that this question is intimately linked
with Question 1. In the hopes of resolving the second question, we are thus compelled to study the first in
greater detail. This is the subject of our next chapter.



Chapter 6

A Quillen Equivalence for Reduced
Operads

In the previous chapter, we saw that there is an adjunction

g1+ 88/ NFin & 1¢dScs Red = Pcs,Red (re) 1 5" (6.1)

where we localise the category on the right with respect to the complete Segal property, and the condition
of being reduced. Via the Quillen equivalence between complete dendroidal Segal spaces and oco-operads, the
category on the right corresponds to the category of reduced oc-operads. Using the fact that the functor j*
is homotopically fully faithful, we were able to assert that there is some localisation on the category sS,nFin
such that this adjunction descends to a Quillen equivalence. Our goal in this chapter is to study an appropriate
collection of localising conditions and deduce the stated Quillen equivalence, thus resolving Question 1, and
possibly giving us some hope of providing a positive answer to Question 2.

6.1 Localising the Category sS/NFin

We commence by producing a collection of (sets of) morphisms in sS,yrin such that by taking left Bousfield
localisations with respect to each set, we obtain a model category whose properties mirror those of the category
P(Qrc)cs,Red- In other words, we have to deduce what kind of objects in sS,nfin Will correspond under the
functor ji to reduced operads (AKA reduced complete Segal dendroidal spaces). Furthermore, having seen the
significance of the notion of conservativity in the previous chapter, we might query whether it isn’t necessary
to also localise with respect to some kind of conservative conditions — as it turns out, the question of being
conservative (and of being complete and fibrewise complete over NFin) will actually be subsumed by the reduced
and Segal localisations which we introduce here.

Remark 6.1.1. Before we proceed any further, we wish to draw attention to the localisation with respect to
completeness on the right hand side of 6.1. Let u : A < € be the inclusion of the simplicial indexing category in
the category of trees, and ¢ : Q — Q. the functor which sends a tree T' to the closed tree T, which is defined
by appending a root to the closure of T; and let @ be the composition ( ou : A — Q,.. We see immediately
that u[0] = C;. We recall that a Segal object X € P(£,.) is complete if u*X is a complete Segal space, i.e. if
we write E/ to mean the nerve of the groupoid

f
>
z Y
Y
f—l
then there is a weak equivalence
Map(E,w*X) = Map(A[0],7*X) ~ X (u[0]) = X(C}) (6.2)

However, if X' is a reduced Segal presheaf, then the Segal property tells us that
w* X([n]) = X @[1]) Xx o) - - - Xx @) X (@1])

79
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while the fact that X is reduced tells us that we have weak equivalences X (@[1]) ~ % ~ X (w[0]) — in particular, we
must also have (u* X )?e ~ %, so the condition that X is complete becomes vacuous in this setting. With this point
in mind, we will hereafter denote the category of reduced complete Segal dendroidal spaces, Pcs red(Qrc), by
Pseg Red (£2rc) (to denote reduced Segal dendroidal spaces), since there is no difference between these categories.
Hence, we see that there is no requirement for us to impose any kind of localisation on sS,nFin With respect to

a completeness condition.
We apply the following localisations on the category sSnFin:

(1) The reduced condition for simplicial spaces over NFin: weak equivalence over the maps
0 —{(0)} and O— {{1)}

where (0) = (). Under the map j, this corresponds to contractibility of the root and the 0-corolla (i.e. the
closure of the root), and in turn relates to the fact that we are working with operads whose spaces of nullary
operations are weakly contractible.

(2) Contractibility of internal unary edges: weak equivalences over the natural inclusions
(5) = (S = (1))

Since the functor j acts by appending a root (i.e. (1)) to a string of finite sets, this essentially ensures that
if the forest associated to some string of finite sets S, already has a root (i.e. it is already a tree) then that
tree is weakly equivalent to ji(Ss) = j(S«) — this in turn relates to the fact that we only want to look at
operads whose spaces of unary operations are weakly contractible.

(3) The pullback Segal condition for simplicial spaces over NFin: if X is a simplicial space over NFin, and
S, is a string of finite sets S, let us write X'(S,) to mean the fibre of the map X — NFin over the simplex
S«. We say & satisfies the pullback Segal condition if it is local with respect to the natural maps in sS)nFin
of the form

(So — S1) Us, (S1 = S2)Ug, ... Us, , (Sp—1 = Sn) — (So = S1 = ... = Syp)
for any string of morphisms of finite sets, S, of length > 2; in other words, there are weak equivalences

X(SQ — Sl — ... Sn) = X(SO — Sl) X x(Sy) X(Sl — Sg) XX(S) «+» XX(Sn_1) X(Sn,l — Sn)

(4) The product Segal condition for simplicial spaces over NFin: first note that, given a length one string
s: Sy — S1, we can identify

s Ha} — (1)

X(So =5~ [ x j - JM (6.3)
T€ES)
So — S

For each x € Sy, let us write .Z; to denote the simplicial space

s~Hat — (1)

J{l»—>w

S1
(by which we mean the discrete simplicial space A[2,1] lying over these finite sets in Fin) and let .#*® denote
the pushout .7 Ug, ...Us, 7 where S = {x1,...,7,}. Foreach z € S;, write & to mean the simplicial
space

sz} —— (1)

[* |

So%sl
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(by which we mean the discrete simplicial space A[1] x A[l] lying over these finite sets in Fin) and let &%
denote the pushout &; U, ...Us & . By (6.3), there are weak equivalences X (SO 2 Sl) ~ X(&°). The

natural inclusions .#; < & induce maps .#° — &°. We say a simplicial space X over NFin satisfies the
product Segal condition if it is local with respect to all such maps, i.e. we have weak equivalences
X (&%) = X(I7)

for all 1-simplices s : Sg — S7 in NFin. Note that we can write

X(7) =x(S) x [] ¥ Ha})

x€S,

so locality with respect to this class of morphisms tells us that for any 1-simplex s : Sy — S7 in NFin, there
are weak equivalences

‘X@wﬁﬁ):XﬁﬂxIIX@”uD

€S,

In summary, the objects in sS,yFi, Which are local with respect to the first two classes of maps correspond to
reduced dendroidal spaces, while the objects in sS/nfin Which are local with respect to the third and fourth
classes of maps correspond under j; to those dendroidal spaces which satisfy a Segal condition. In combination
with Remark 6.1.1, it follows that if an object is local with respect to all four of the classes above, then its
image under j is a reduced oco-operad. Verbally, we will refer to such an object as a reduced Segal simplicial
space over NFin. We next wish to show that these localisations also contain all the information required to
meet the condition of being fibrewise complete over NFin and conservative.

Lemma 6.1.2. If a simplicial space X over NFin is local with respect to the above conditions then it is fibrewise
complete over NFin and conservative.

Proof. First, we prove that X — NFin is fibrewise complete, i.e. the following square is homotopy Cartesian

h do
xhe %0y,

| !

(NFin)he —%, (NFin),

We know that the elements of (NFin)b® are bijections of finite sets, so fix such a bijection o : S — S in Fin and
consider the fibre over o. If X is local in the sense above (in particular, meeting the “reduced” and “product
Segal” locality conditions), we must have

X(S % 8) = X(S) x [ X~ {i}) ~ x(5)

€S

which is exactly the fibre of Xy — (NFin)y over do(S = S) = S. Thus, we conclude that X is fibrewise
complete.

For conservativity, we want to show that for every surjective map w : [k] — [I] in A, we have a homotopy
Cartesian diagram

Xlu—*>‘)€k

| l

(NFin); —<— (NFin)y

If w is an identity map, there is nothing to prove, so let us assume that u is a non-trivial surjection. Fix a string
Sl 52 sl
S*: So—>51—>...’—>sl

in (NFin);, and write S, = u*S,, so S, is of the form

Su(0),u(1) Su(1),u(2) gu(k=1),u(k)
Su(o) Su(l) - Su(k)
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where s is the composite map S; — S;y1 — ... — S;. We wish to show that we have weak equivalences
X(S,) ~ X(Si), but using the Segal pullback property of X, this amounts to showing that we have weak
equivalences

gu(k—1),u(k)

$u(0),u(1)
X (Suw) — Suu)) XX(Suy) XX (Sugueny) ¥ <5u(k1> — 5u(k>>
(6.4)

~ Sl SL
— X (SO — Sl) Xx(8y) -+ XX(S_1) X (Sll — Sl>

Since u is a non-trivial surjection, we know that at least k — [ of the arrows in the string S’ must be identity
arrows (and if there are ¢ > k — [ identity arrows in 5%, then there are ¢ — (k — [) identity arrows in the string
Sy). If we can show that we have the desired weak equivalence for k — = 1, then we can reason inductively
that the stated equivalence must hold for all £ — [.

We can use the product Segal property of X to see that if s ©(!) is the unique identity arrow which
does not come from an identity arrow in the string S, (in other words u : [k] — [k — 1] is the elementary
degeneracy d’ : [k] — [k — 1] with d'(i) = d*(i + 1) = i and d'(j) = j for all j < i), then the corresponding factor

Suli—1),u(i)

X (Su(i—l),u(i)) =X (Su(il) - Su(i)> in the map (6.4) satisfies

u(i—1),

Py (Su(iq),u(i)) ~ X (Su@y) % welg(i) X <(su(z‘1),u(i))—1 {x}>

~ X (Suw) x [ X ({z}) (6.5)

TESy(4)
~ X (Su())

since by assumption s*(—1:4(0) is an identity map. Thus we have

(Su(O),u(l)) % Su(i—l),u(i)) % Su(k—l),u(k))

X(Su(l)) X'X(Su(i—l)) X( X(Su(i)) XX(Su(k—l)) X (

(SU(O)’U(D) XX(S“(l)) e XX(Su(i—l)) X (Su(l)) XX(S'“(,;)) e XX(Su(k,—l)) X (Su(kil)’u(k))

) X (su(i),u(i+1)) X x(s ) X (su(k—l),u(k))

Xx(Suy) " XX (Suaon) W) X (Suge-)

X
X

~ X (50D
X(Sl) Xx(81) -+ XX(Si_1) X(SZ) Xx(8;) +++ XX(Sk—2) X(Sk_l)
X

where we use (6.5) in the second line; in the third line, we use the weak equivalence X' (S, ;1)) ~ X' (Sui-1)) X X(Suiy)
X (Su(i)); and at the fourth line, we use the definition of u = d* (which tells us that e.g. s%(0)u(1) = 0.1 — 41

and su(k=1Du(k) — gh=2k=1 — gk—1) GQince all monotone surjections u : [k] — [I] arise as compositions of such
degeneracy maps d*, the pullback Segal condition tells us that X" satisfies (6.4) for all such w. O

We recall that we can identify the category sS,nrin with the category of (space-valued) presheaves on
simp(Fin), which we will hereafter denote by P (simp(Fin)). We claim that the list of localising maps which we
described above is a complete list of the localisations required on sS,yFin, i.e. writing Pseg,Red (simp(Fin)) to
mean the left Bousfield localisation of P(simp(Fin)) with respect to the above-listed classes of morphisms, we
claim that there is a Quillen equivalence

i 'Pseg’Red(Simp(Fin)) = PSeg,Red(Q'rc) j* (6.6)

The first step towards proving this assertion is assuring ourselves that the functor j* is right Quillen with
respect to these localisations. Before we do this, let us fix some notation: given an object ([n],.S) (in simp(Fin)
or At), corresponding to a string

(soisli...isn)
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(in the case of an object in AL, the set S, equals (1)) and an element x; € S; (with 0 < I < n), we write S; 4, to
denote the fibre of the composite (S; — ... — S;) over z;. Using this notation, we can identify the Segal core
of an object ([n],S) in A} with the colimit over all diagrams of the form

(SMI LN {:171}) U <Sm Li {:c2}> U...u <sn_2,mn_1 LIN {xn_1}>

where the colimit is taken over all z,,_1 in S,,_1 and all possible combinations z1,...,x,_1 such that s*(z;) =
i1 foreach 1 <i<n—2.

In addition, we will adopt the following somewhat sloppy convention for the forthcoming lemma: given a
Segal object Z € P(Q,.) and a set S, we will write Z(S) to mean the image of Z on the corolla whose leaves

1
are indexed by the set S, and taking advantage of the Segal property, we will write Z(Sy = S1) to mean the
product Z(S1) % [[,,eg, £(S0.z1), etc. (This is merely to save us from having to draw diagrams of trees when
working through our calculations.)

Lemma 6.1.3. Let Z be a fibrant object in Pseg,Red(S2re). Then j*Z is a fibrant object in Pseg red (simp(Fin)).
Proof. Let us begin by checking that j*Z is local with respect to the reduced condition:

(" 2)(0) = 2(0) Z(lo) = 2(G(0) = (" 2) ((0))

since Z is reduced, so Z(7) = Z(u[0]) ~ *. Likewise, we see that

(G 2)0) = 2(0) =+~ Z@[1]) = 2 (5((1))) = ("2) (1))

since Z is reduced and satisfies a Segal condition. Thus j*Z is a reduced presheaf on simp(Fin).

The contractibility of internal unary edges condition follows similarly: if Z is a fibrant object in Pseg, Red (Q2re)
and T is a tree with an unary root vertex, then the space Z(T') is weakly equivalent to the space Z(T”), where
T’ is obtained from T by contracting the unique edge above the root vertex. Since the tree j(S) is obtained
from the tree j(S — (1)) by just such a contraction, we see that j*Z is local with respect to this condition as
well.

Next, we show that j*Z satisfies the pullback Segal property. Fix an object in simp(Fin) of length 2,

12

*

.1 2
(So == Sy 2 S2). When we apply j to this string, we obtain a tree whose collection of incoming edges at the
root vertex is indexed by the elements of the set So. For each element x5 € S5, we obtain a subtree with root
x5 of the form

<SO,952 i) 5173;2 i) {.132})

and for each z1 € 51 5,, there is a corresponding corolla (Sy 5, — {x1}). Putting this information together with
the fact that Z is Segal, we have

Z (_] (SO i) Sl i SQ)) ~ Z(S2> X H Z (So7z2 i> 51@2 i) {l‘g})

z2€S2

~Z(S2)x [l Z2(S12)x I 2 (Soﬂﬂl i {$1}>

T2€S2 11651,12

~Z(S o W) x ] 2 (81w = (1) x T z(so,xli{xl}wn)

T2E€So T1€851,2,

— 2 () x T G°2) (e x T G°2) (swi{xl})

z2€S2 21€51 24
1 2
= (]*Z) (SO s_> Sl> X(j*Z)(S1) (]*Z) (Sl 6-) SQ>

where, in the third line, we used the fact that Z is Segal and the fact that Z(7) is weakly contractible, which
allows us to append a root to the trees inside each factor without affecting the weak homotopy type of the space
— this trick allows us to write all the factors as objects in the image of j*, as in the fourth line.

By an identical argument, we can show that for any length n object in simp(Fin), (So — S1 — ... = Sp),
we have

(]*Z) (SO — Sl — ... Sn) ~ (]*Z) (SO — Sl — ... Sn—l) X(j*Z)(Sn,l) (j*Z) (Sn—l — Sn)
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so by induction on n, we see that j*Z satisfies the pullback Segal condition.
Finally, we claim that j*Z satisfies the product Segal condition for any 1-simplex, s' : Sy — S;, in NFin.

1
To see this, we note that j(Sp 2 S1) is the tree whose leaves nearest the root vertex are labeled by elements
of S7. Using the fact that Z is Segal and reduced, we calculate that

(J"2) (50 < 51) ~[laies, 2 <50,a:1 L {$1}>
=TLues, Z (S0 = o} > (1)
= hyes, (G°2) <So,x1 L {m})

as required. |

6.2 Deducing a Quillen equivalence

At this point, we set out our strategy for deducing that 6.6 is a Quillen equivalence. The key to our approach

is the following diagram:

simp(Fin) —*— Al ——— Q

| i/

simp(Fin)
\ lg ¢

where 7 is the functor defined in 3.5.4 and 7 is by definition the composition of 7 with the closure operation,
cl; k and k both act by “appending a root” to a string of maps of finite sets, i.e.

kE(So—=S1—=...285)=0S0—=5—=...2 5, = (1))

and likewise for k (but the target categories of these functors differ — hence the distinction in nomenclature);
and ( is the functor which appends a root to a closed tree. We have already shown that j* preserves reduced
Segal objects, while it is clear that cl* sends reduced Segal objects in P(£2.) to reduced Segal objects in P(Q);
in what follows, we will also demonstrate that k* preserves reduced Segal objects, leading us to the following
diagram

PSeg,Red(Simp(Fin)) <7 PSeg Red(A[%‘ <; PSeg,Red(Q)

PSeg Red (simp(Fin)) Pseg,Red () (6.7)
\ T Z*
PSeg,Red(Qrc)

In [CHH18], it is shown that the functor 7* : Pseg(2) — Pseg(Af) is a Quillen equivalence; since the localisations
Pseg (2) = Pseg Red () and Pseg(Af) — Pseg,red (Af) are accessible, it must be the case that 7% : Pseg rea(€2) —
Pseg,Red (Af) is also a Quillen equivalence. Essentially by construction (and the fact that we have localised with
respect to the reduced condition), the functor cl* is a Quillen equivalence. We claim that as a result of localising
with respect to the reduced condition, the functors * and k* are also Quillen equivalences, so 7* is a Quillen
equivalence by the two-out-of-three property. Hence j* is a Quillen equivalence if and only if k* is, by the
two-out-of-three property.

With a view towards exploiting this diagram, our initial efforts are therefore directed towards showing that
k* and * are Quillen equivalences. Having accomplished this, we will then outline our plan for demonstrating
that k£* is a Quillen equivalence. (Proving that k* is a Quillen equivalence is a rather more tractable problem,
since we remove the need to translate back and forth from the setting of trees.)

Lemma 6.2.1. (i) The functor * : P(simp(Fin)) — P(simp(Fin)) sends reduced Segal objects to reduced Segal
objects.
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(i) The functor ¢* : P(Qyc) = P(£) sends reduced Segal objects to reduced Segal objects.

Proof. We will show (i) — the proof of (i7) is almost identical. Let X be a reduced Segal presheaf on simp(Fin).
Then
R ((0) = & ((1) = =

since (0) = () and X satisfies the reduced localisation condition. Also, since X is local with respect to inclusions
of the form (S.) < (S« — (1)), we see that

REA (D) = & ((1) = (1)) = X ((1)) =
so k*X is reduced. Likewise, k*X is also local with respect to inclusions of the form (S.) < (S, — (1)) since
KX (Se = (1) =X (Se = (1) = (1)) ~ X (Se — (1)) = 67 X(Ss)

To see that k* X satisfies the product Segal condition, let us consider a 1-simplex s : Sy — S7 in INFin — because
X is Segal and reduced, we have

K* X (SO LI Sl) — X (so LAY RN <1>>

12

[I XS0 — {71})

r1€S1

[T &(Sow, = {z1} = (1))

r1E€S1

= [I X (Som — {21})

z1€51

R

as required. Similarly, to see that k*X" is local with respect to the pullback Segal condition, we can again use
tha fact that A is reduced and Segal to obtain

KX (Soi...isn)
:X(Soi>...i>5n—><1)>

12

0 L. s X (Soy = {21)) X oo X X (Suto, — {@n)}) X X (Sn)

Tn€S, 1=1 L A |
n—2
~ I T e, ses, oo, .y, X (Som = o1} = (1) X oo x X (Sumra, = {2} = (1) X X (Sn = (1)
Tn €Sy =1 T —i41
n—2
= H H Hzn,ieS H*X(So,wl — {331}) X ... X K'Y (Sn—l,a;n N {xn}) Y (Sn)

n—i, Ty 41

Tp €Sy =1

=r*X (SO — Sl) Xiex X(S1) « =+ Xu*X(Sn_1) K*X (Sn—l — Sn)

O

Lemma 6.2.2. The functor k. : P(simp(Fin)) — P(simp(Fin)) sends reduced Segal objects to reduced Segal
objects.

Proof. Let X be a reduced Segal presheaf on simp(Fin). By definition,

ke (0], S) = li X ([m], 8

m
([m],5")€(kd([n],5))°"
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An object in (x | ([n],9)) is a pair (([m], '), (u,id) : x([m], S") — [n], S) where ([m], ") is an object in simp(Fin)
and u : [m + 1] — [n] in A, and by id we mean the identity natural transformation, Sj — Sy(;) for 0 <i <m
and (1) — Su(m+1)- Note that we have a composite map

(5™ id) (u,id)
Sy —

([m], 5") k([m], ) ([nl, S)

where 6° : [m] — [m+1] is the unique injection whose image does not contain i. Moreover, there is a commutative
diagram

(m], 5 (s, 1) (], 9)
(571, id)l (oo, 1) l((;nﬂ’ id)
5 (fm], §') 5 (], 5)

m (@, id)

([, 9)

where d" : [n+ 1] — [n] is the unique order-preserving surjection which hits n twice. This diagram tells us that
the object (([n],S), (d™,id) : k([n],S) — ([n],S)) is terminal in the category (x | ([n],S)), so it is initial in the
opposite category. Hence, we compute

kX ([n], S) = X ([n], )

As X is reduced and Segal, it follows that ., X must also be. O

Hence, we see that k, restricts to a right adjoint on reduced Segal objects. Combined with the previous
lemma, we claim

Lemma 6.2.3. The right adjoint k. : P(simp(Fin)) — P(simp(Fin)) restricts to an inverse to K* on reduced
Segal objects.

Proof. We wish to show that for any reduced Segal presheaf X on simp(Fin) we have natural equivalences,
X 5 k"X and K* Kk, X =3 X. Since x* preserves reduced Segal objects, x* X must also be Segal and reduced,
so for any string (Sp — ... — S,) in simp(Fin), we have

k™ X (Sop = oo 2 Sp) k"X (So—= ... = S)=X(So—= ... S = (1) =X (So— ... > Spn)

where the first weak equivalence follows from the computations of Lemma 6.2.2. Thus X = k.x*X. On the
other hand,

E'ReX(So—= ... 2 8) =k X (So— ... =S = (1) =X (So— ... >S5, = (1) 2X(So — ... > Sy)
SO K R X = X. O
Lemma 6.2.4. The functor (* : Pseg Red(2rc) = Pseg,Red () s a Quillen equivalence.

Proof. The functor ( is left adjoint to the natural inclusion v : Q.. < Q., so { = v* : P(Q) = P(Qrc).
We know by [BW18a, Lemma 7.12] that v* preserves weak equivalences with respect to the reduced Segal
localisations on the respective presheaf categories, so we get a Quillen adjunction

v* PSeg,Red(Qc) = 7DSeg,Red(Qrc) : C*

We claim that this is actually a Quillen equivalent pair. To see this, let Z be a reduced Segal presheaf on €.
and let T € Q.. Then, we have

CviZ(T) = Z(v o ((T)) = Z(C(T)) ~ 2(T)

where at the last step, we use the fact that Z is reduced, so appending a stump to the root of T" has no effect
on the weak homotopy type of Z(T'). On the other hand, if Z’ is a reduced Segal presheaf on Q,.. and T € Q,.,
then

V(2N (T) = 2 (¢(T) ~ 2 (T)

since Z’ is reduced. Thus, v* is an inverse to (* on reduced Segal presheaves, so (* is a Quillen equivalence as
claimed. O
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With these assertions in place, we can now take advantage of diagram (6.7) to prove that (6.6) is indeed
a Quillen equivalence. Our approach to proving that £* is a Quillen equivalence will shadow the one taken in
[CHH18] (which we discussed in Section 3.5.2). To give an outline:

¥ We begin with a discussion of how the functor k* acts on representable objects of P(AL). We show that
k* does indeed send reduced Segal objects to reduced Segal objects. We also show that k* preserves local
equivalences, so that we obtain a Quillen adjunction

E* : Pseg,Red (AF) & Pseg,Red (simp(Fin)) : k.

¥ We describe an analogue in simp(Fin) of the elementary objects which we find in A}, which in turn
correspond to corollas. We show that there is a Quillen equivalence between the reduced Segal presheaves
on these categories of elementary objects.

¥ We prove that the restriction to elementary objects for both simp(Fin) and A} induces a monadic adjunc-
tion. We then avail of Lemma 3.5.7 to conclude that k* is a Quillen equivalence.

6.3 The functor k*

In preparation for our attempt to prove that k* is a Quillen equivalence, we begin by attempting to understand
how k* acts on representable presheaves. Let us fix an object ([n],S) in Al. Then a simplex of the simplicial
space k*([n], S) is the data of

e an object ([m],T) in simp(Fin);
e a morphism in A, u: [m+ 1] — [n];
e a choice of element r € Sy, 11) (Which we refer to as a root);

such that, if we define an object ([u(m +1)],S (T)) in Al by requiring that each square in the following commu-
tative diagram is Cartesian,

Sy —— S —— .. = Sy — Sipnsn) = (7}
I I I
SO Sl ce Su(m+1)—1 —_— Su(7n+1)

and we let ([u(m +1)—1], S(T)> be the associated object in simp(Fin) obtained by removing the term {r} from

the sequence Sir), then there is a morphism ([m],T) — ([u(m +1)-1], S(T)) in simp(Fin). To provide some

a b c d ae b ce de e ae b ce de e fe ge

h

Figure 9: Schematic representation of a simplex of k*([3],.5) (where ([3], S) is depicted by the tree on the right)



CHAPTER 6. A QUILLEN EQUIVALENCE FOR REDUCED OPERADS 88

intuition on this, we turn to some pictures: we have represented an element ([3],.S) by the tree on the right of
Figure (9). The object on the left corresponds to ([6],7"). We define a morphism w : [7] — [3] by

The root, r, in this example is k, and the object ([2], S (k)) is the central image in our schematic, and corresponds
to a subtree (indeed, this is precisely the point of this Cartesian squares definition of S (k)). On the other hand,

it is also clear that there is a morphism ([6],7) — ([1}7 S(k)) in simp(Fin).

Finally, we note that in the special case where ([n],S) is an elementary object in Af, i.e. a string of the
form (Sp — (1)) for some finite set Sy, then essentially, the map w either satisfies u(m+1) =0 or u(m+1) = 1.

In the former case, ([m],T) is just a string of the form <<1> ... = (1)), and in the latter case ([m],T') takes

the form (SO =55 SO).

Remark 6.3.1. Before we go on to describe the homotopical properties of the functor k*, we take a moment
to explicitly point out that by a reduced Segal presheaf on A}, we mean one which is local with respect to the
generating local Segal equivalences for complete Segal operads (see (3.3) and (3.4)) and the maps

e () — ([0],(0)) and © — ([0], (1)), ((0) =, so this does define an object in Af);
e (6"t id) : ([n],S) = ([n+ 1], S — (1)) for any object ([n], S) of AL.
Proposition 6.3.2. The functor k* preserves reduced Segal objects.

Proof. Let F be a reduced Segal presheaf on Af, and consider an object ([n],S) in simp(Fin). Then
(k*F)(n],S) =F (50 T <1>)

= ‘7: (Sn — <1>) X ng]gnfl HIjGSj:Sj(Ij):Ij+1 '7: (Sjrxj#»l — <1>)
= f(Sn - <1>) X ng;gnfl H:EJ'ESJ'IS-7(ZEJ'):IJ+1 ‘F (Sjaxj+1 — <1> — <1>)
= (k*]:) (Sn) X ngjgn—l H:cjesj:sf(:cj)zachrl (k*f) (Sj@j-%—l - <]‘>)

where we use the fact that F satisfies the Segal condition in the second line; and in the third line, we use the
fact that F is reduced, so that it is local with respect to inclusions of the form (S) < (S — (1)) for any finite
set S. Thus k*F is a Segal presheaf.

We also see that k*F([0], (0)) = F([0], (1)) ~ % and k*F([0], (1)) = F ([1], (1) — (1)) =~ %, since F is Segal
and reduced. O

We can also study how k* behaves with respect to the generating local equivalences in the category
Pch,Rcd(A%‘)~

Proposition 6.3.3. Local equivalences in Pseg red(AL) are sent to local equivalences in Pseg red(simp(Fin))
under k*.

Proof. We show that k* preserves equivalences with respect to the separate reduced and Segal localisations.
First, k*@ = 0, while £* ([0], (0)) = ([0], (1)), so that

k(0= (0], (0)) ) = (0= (0], (1)) )

and by definition, this is a local equivalence in Pgeq rea(simp(Fin)). Likewise, k* ([0], (1)) = ([1], (1) — (1)),
which is locally equivalent to ([0], (1)) in Pseg,rea (simp(Fin)), so that &* () — ([0], (1))) is also a local equivalence.

To show that k* preserves equivalences with respect to the Segal condition, it suffices to show that we
have equivalences k* (([n], S)seg) =~ k*([n], S) for each object ([n],S) in A}. We note that by the properties of

the colimit, a simplex of ([n], S)seg corresponds to giving a collection of simplices of ([1], S;.,,, — (1)), for a
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collection of elements x; € S;, 1 < i < n, where x,, = 1 and s’(xl) = 2441 for 1 <i < n-—1. By our discussion at
the start of the section, a simplex of k* (([n], S)seg) is the data of a tuple of objects {([ma,,,], To:.1 ) Yo<i<n—1

such that for each i, the functor T, : [mg,,,] — [1] satisfies either T, (j) = (1) or Ty, ,(j) = S; for all

Tit1 H»l} sTi41
7

Since we have localised sS/nFi, with respect to the reduced condition, it can be seen that k* (([n], S)Seg) is

locally equivalent as a simplicial space over NFin to the simplicial space X, where a simplex of X" is given by a
tuple of the form {([0], Qz,.,)o<i<n—1, where the set Q,,,, is either equal to (1) or S; ,,,,.

In turn, since we have localised sS,nFi, With respect to the Segal condition, A" is equivalent in (5S)nFin)Seg,Red
to the simplicial space ), where a simplex of ) is given by an object ([m],T') of simp(Fin) such that we have an
inert morphism (u,n) : k([m],T) — ([n], S) in AL, i.e., we have a commutative diagram of Cartesian squares

T T, Tom (1)

S S

Su) — Su)y+1 — - —> SuO)rm — Su(0)+m+1

Now, recalling our description of a simplex of k*([n],S) for a general object ([n],S) in AL, we see that
Y is locally equivalent as a simplicial space over NFin to k*([n],S) by the reduced condition. Thus we have

constructed a string of local equivalences from k* (([n],S)Seg) to k*([n],S), by which we conclude that k*

preserves local equivalences. O

As a corollary to the above, it follows that the right adjoint k. : P(simp(Fin)) — P(A}) preserves reduced
Segal objects, i.e. it descends to a right adjoint on the localisation. With this result in place, we can tick off
the first item on our checklist.

6.4 Elementary Objects

Our next step is to identify the elementary objects of the category simp(Fin). The obvious choice would be to
select the objects of the form (]0],S): under the map k, these are evidently sent to the elementary objects of
AL. However, this subcategory doesn’t carry enough information: in A}, we may have an automorphism of
(1], {p) — (1)), determined by o : (p) — (p), where o € &,; for the corresponding object in simp(Fin), the
only automorphism possible is the identity map (by definition of the maps in simp(Fin)). To remedy this, we
must take an alternative approach and consider instead the subcategory ¥ C Fin, which has the same objects,
but whose collection of morphisms consists of the bijective maps of sets. By naturality, there is an inclusion
NY < NFin and hence a subcategory inclusion simp(X) < simp(Fin). We note that an object of simp(X) is of
the form

(so%...%so)

while a morphism between two such objects will be of the form (with v : [m] — [n] in A)

v(0),v(1) v(m—1),v(m) 1 n
<SOU ...U So>*><500—>...0.>50>

v(i=1),v() to mean the composite 0¥ o ... 0 g%~ o g?(=D+! from the v(i — 1)t

where as before we write o
copy of Sy to the v(i)*™ copy of Sp.

The point of using this category is that we can now capture the same notion of permutations acting on the
elementary objects of Al. More precisely, we can define a functor « : simp(X) — A$!, which acts on an object
([n], So) by sending it to ([1], Sg — (1)). To a morphism (v,id) : ([m], So) — ([n], Sp) in simp(X), the functor «
associates the permutation

(c"o...0 00) o (U“(m_l)’”(m) ...o0 0“(0)’“(1)) B € G5,

Referring back to our assertion that the category simp(X) now carries the same notion of “permutations acting
on the elementary objects”, we see for example, that if o € &, and §° : [0] — [1] is the unique order-preserving
injection which does not have 0 in its image, then

a(0”,id) : a (0], (p)) = o ([1], () = (9)
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is precisely the permutation o. It should be noted however that « is not an equivalence of categories, since it
is not faithful. N N N

Let A%’l denote the full subcategory of Al spanned by objects of the form (So — Sy — ... = Sy — (1>)
We note that A% 1 is precisely the (fully faithful) image of the category simp(X) under the functor k, leading

to an equivalence of presheaf categories k* : P(A])F:’l) N P(simp(X)). In the previous section we saw that k*
preserves local equivalences and local objects with respect to the reduced Segal localisation, so that k* restricts

to a Quillen equivalence Ps€g7Red(A])F:’1) = PSeg Red (Simp(X)).
We note that there is a natural inclusion ¢ : Ag < A% 1 Since ¢ is a fully faithful inclusion and the Segal
condition on P(A) is vacuous, the next result is immediate:

Lemma 6.4.1. The functor ¢* : P(A%’l) — P(AZ) preserves reduced Segal objects.

Lemma 6.4.2. The functor s, : P(AY) — ’P(A%’l) sends reduced Segal objects to reduced Segal objects.
Proof. We first show that ¢, preserves Segal objects. By definition, a presheaf G on Af is Segal if G | Al e is a
right Kan extension of its restriction to the category A;l °P_ Thus, essentially by definition, for any presheaf F
on A, ¢, F is a Segal object in P(AZ").

We now show that ¢, preserves reduced objects. First, note that the category (AE} Op)([0]7<0))/ has a single
object, (([O}, (0)), ([0], (0)) = ([0], (0))), so for any reduced presheaf F on A%’l, we calculate

«F(0L0) =  Tm  FF(0],(0) >+
(AF ") to1,40y)/
On the other hand, the category (AZ °P) 1y has an iitial object, (([0], (1)), (0] (1)) % (0], {1))) from
which we deduce
o F ([0], (1)) ~ F ([0], (1)) ~ =

Thus ¢, preserves reduced Segal objects. O

Hence, we have an adjoint pair ¢* : Pgeg Red (A]?l) = Pseg)Red(A%) D Gae
Lemma 6.4.3. The functor ¢, restricts to an inverse of ¢* on reduced Segal objects.

Proof. We wish to show that we have natural equivalences idp,, (ash) 5 ¢o¢* and ¢*¢, — idPch rea(ADD)*

g, Red
Since ¢ is the inclusion of a full subcategory, the functor ¢, is fully faithful, so we automatically obtain an
equivalence ¢*¢, — idp, J(AT1)-
eg, e F
On the other hand, given a reduced Segal presheaf F on A% ’1, by definition of the Segal property, we must
have a weak equivalence F ~ ¢, ¢*F. O

Hence, we have a zig-zag of Quillen equivalences relating the presheaf categories of the respective elementary
objects:

* k*‘sim .
PSeg,Red (A]%‘l) % PSeg,Red (A[E’l) +(D> PSeg,Red (S|mp(z))

This completes the second item on our checklist.

6.5 Monadicity and a Quillen Equivalence

We can now move on to the third step on our checklist. If we write ep : A%’l — A]} and esimp : Simp(X) —
simp(Fin) for the respective subcategory inclusions, then combining the foregoing results yields the following
commutative diagram:

Pseg.Red(AL) —— Pgeg rea(simp(Fin))

* *
ewl J{esimp

k™ ‘simp(Z)

PSeg,Red(A]}?l) T> PSeg,Red(Simp(z)) (68)

* |~
o=

PSeg,Red (A]%l)
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We know from [CHH18, Lemma 5.3] that the map ¢* o ef admits a left adjoint, and that the adjunction is
monadic. Since the functor ¢* is a Quillen equivalence, and since ej; admits a left adjoint (which we denote by

Fr), the adjunction Fy - er must also be monadic. By an argument which is formally rather similar to the one
used in [CHH18], we also find that:

*

smp ¢ Pseg,Red (SIMP(Fin)) — Pseg Red(siMp(X)) admits a left adjoint Fymp,
is monadic.

Proposition 6.5.1. The functor e

and the adjunction Fgmp 3 €%,

Proof. The existence of a left adjoint is straightforward: if we denote by Lsimp the localisation P(simp(Fin)) —
Pseg,Red (simp(Fin)), then Lsimp © esimp, is left adjoint to ef . Regarding the question of monadicity, we
prevail on a characterisation of this condition from [Lurl7, Theorem 4.7.3.5], which says that €gimp €xhibits
PSseg Red (sSimp(Fin)) as monadic over Pgeg reda(simp(X)) if and only if the following conditions are met:

(a) The functor e

simp 15 conservative.

(b) Every €5mp-SPlit object Xy in Pseg Red (simp(Fin)) admits a colimit in Pgeg red (simp(Fin)) which is preserved
by es*imp.

To prove conservativity, suppose X’ and ) are reduced Segal presheaves on simp(X) which satisfy the condition
that eZ,, X and e} ) are equivalent as reduced Segal presheaves on simp(X). Let w : Fin < simp(Fin) be the

inclusion functor given by S +— ([0],.5). By definition, the fact that X" is Segal and reduced means that for every
string (Sp — S1 — ... — Sp), & satisfies:

X(S@ -5 ... Sn) ~ X(SO — Sl) Xx(Sy) «+» XX(Sn_1) X(Sn_l — Sn)

~ (X (Sl) X H X(So,m1)> Xx(sl) Ce XX(Sn_1) (X (Sn) X H X(Snl,xn)>

r1E€S, TnE€Sn

(6.9)

In particular, we can characterise the reduced Segal presheaves on simp(Fin) as those X such that w*X is
reduced and such that we have a weak equivalence w,w*X ~ & Since we can factor w* through the map eg, .
we see that if ef, A and eV are equivalent as reduced Segal presheaves on simp(X), then necessarily w*X
and w*) must be equivalent as a reduced presheaves on Fin, and hence, by the above characterisation, we have
equivalences

X~ ww' X ~wwy~Y

Thus e;‘imp is conservative.

Let us now study condition (b). We consider an e, -split object Xy in Pseg rea(simp(Fin)) — that is, a
simplicial object Xo : N(A)°P — Pseg Red(simp(Fin)) such that e X : N(A)P — Pgeg Red(simp(X)) extends
to Xy 1 N(A_x)®® = Pseg Red(Simp(X)). As X, can be viewed as a diagram in P(simp(Fin)), we see that its
colimit in simp(Fin) exists, and we denote this colimit by Y.

Since the localisation functor Lemp : P(simp(Fin)) — Pseg red(simp(Fin)) is a left adjoint, it preserves
colimits; in particular, we see that Lgmp)) must be a colimit of the diagram X, in Pgeg red(simp(Fin)).

We also know that e, is a left adjoint, so e, must be a colimit of the diagram e, Xe in P(simp(X))
— but we can also view X[ as a diagram in P(simp(X)) whose colimit is X’ . Thus, it must be the case that
these two colimits are weakly equivalent, i.e. X’ _ ~ €gmpy - However, by our assumption of splitness, we know
that X’ is a local object (i.e. a reduced Segal presheaf), so it must also be the case that ) is local. Thus,
we have a weak equivalence Lgmp) =~ Y, and the diagram X, has a colimit in the category Pseg reda (simp(Fin)).
Finally, the image of this colimit under the map e, is (weakly equivalent to) X’ , so e, preserves colimits,
as required.

Hence, e

simp meets both of the conditions stated above, so the adjunction is monadic. O

Having shown that the two vertical maps in the commutative square in diagram (6.8) are monadic, we
ultimately want to leverage the fact that the lower horizontal map is a Quillen equivalence to prove the same
about the upper horizontal. To do this, we will apply Lemma 3.5.7 to the following diagram:

PsegRed (AF) u PSeg Red (simp(Fin))

k mp(f))iloe:imp

PSeg,Red (A])F;1 )
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We have already shown that conditions (a) and (b) of Lemma 3.5.7 are satisfied, so to take advantage of the
result of the lemma, we only need to prove that condition (c) holds. Before taking this step, we must deduce
one auxiliary claim, based on the following diagram

PSeg,Red(Simp(Fin)) - ? ,PSeg,Red(A]%‘) k4>* Pseg,Red(simp(Fin))

* * *
J/esimp J/EF J/esimp

. (k*‘simp )_1 k*lsimp .
PSeg,Red(Slmp(z)) %} ,PSeg,Red(Ag’l) T(Z>) PSeg,Red(Slmp(Z))

Lemma 6.5.2. There is a natural equivalence k™ |smp(s) 0€f © ks =~ €5 k" ke — €50

Proof. Let X be a reduced Segal presheaf on simp(Fin). For an object ([n],Sy) = <SO % % SO) in

simp(X), we have

(€imp 0 K" 0 kuX) ([n], S0) = (kuX) (k ([n],S0)) =~ lim X
(5|mp(F|n)/k([n],SO))

Objects of the category simp(Fin) i ([n],s,) are pairs <([m],T) Jk([m],T) Lm, g, ([n], SO)>, where ([m],T) is an

object in simp(Fin), and (u,7) is a morphism in A}. The objects of this category come in two distinct forms:
(i) The morphism w : [m + 1] = [n + 1] sends m + 1 to n + 1;
(ii) The morphism u: [m+ 1] —=|n+ 1] sends m+1toi<n+1

In case (i), the Cartesian property of the morphisms in Af tells us that we have a commutative diagram of the
form

T T . T (1)
7](JI - 7711 - WWLI - :J/
So —— Sg —— ... —— S, (1)

The Cartesian property enforces the condition that T; = Sy for all j. In fact, this means that the map (u,n)
comes from a morphism ([m],T) — ([n], So) in simp(Fin). In case (ii), the Cartesian property means that we
have a diagram

Ty T T (1)
WOI - 7]11 - nmI - \[
So —— Sy — =5 8y —— So

which means that T; = (1) for all 0 < ¢ < m. In fact, these two distinct cases correspond to two separate

connected components of the diagram. We let simp(Fin)%‘EEn] So) denote the connected component consisting of

objects which satisfy condition (i), and we write simp(Fin)‘/iz‘Z‘[’é] o) for the connected component corresponding

to objects which satisfy condition (ii). Thus, we have

lim X~ lim X | x lim X
. . op . - op . - op
(S|mp(F|n)/k([n],so)) (5|mp(F|n)r/‘)’c‘Et[n]7so)> (S'mP(F'")%O(([J;],SO))

We remark however that since X is reduced, it satisfies X' ((1) — ... — (1)) ~ *. In particular, this means
nroot

that the image of any object of simp(Fin)/k([nLSO) under X is weakly contractible, so the limit of X over
simp(Fin)r/‘,rv‘z‘[)T‘;]’ s,) 18 also weakly contractible.

On the other hand, any object (([m],T), k([m],T) — k([n], So)) of simp(Fin);%‘Et[ano) comes from a morphism
(Im],T) — ([n],So) in simp(Fin). Therefore, the indexing category simp(Fin)ﬁ‘Efn]_’So) has a terminal object,
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namely (([n], So), k([n], So) LiGON k([n], S’o)> — this object is thus initial in the opposite category, so we have

lim opX = an]? SO)
(simp(Fi”)?ﬁTO],So))

In summary, we compute

k*k.X([n], So) = X([n], So) x * = X([n], So)
as required. O
Proposition 6.5.3. The functor k* : PSeg,Red(A%‘) — Pseg,red (simp(Fin)) is a Quillen equivalence.

Proof. As advertised, the proof of this utilises Lemma 3.5.7. We need to demonstrate that we have a natural
equivalence Fijmp 0 k™ |simp(2)l> k* o Fr. However, we know that k* admits a right adjoint, so it suffices to show
that the corresponding natural equivalence holds for the right adjoints, i.e. that e ok, — (k* |simp(Z))_1 © €gimp
— but this is precisely the result of Lemma 6.5.2. Thus by Lemma 3.5.7, we conclude that k* is indeed a Quillen
equivalence. O



Chapter 7

A Tensor Product for Reduced
Operads

In our first dalliance with the box product, one of the most intriguing properties that we encountered is the
fact that it satisfies a kind of product relation for configuration categories, viz. given manifolds M and M’ (of
dimensions d and d’ respectively), there is a local weak equivalence of simplicial spaces over NFin:

con(M) X con(M") ~ con(M x M")

Using the levelwise weak equivalences of simplicial spaces con(R?) ~ j *E? (where we identify the co-operad E?
with its closed rooted dendroidal nerve) for all d > 0, we obtain a kind of Dunn additivity relation —

JEY R EY ~ j*ES, 4 ~ j* (EF ©E)

of reduced Segal simplicial spaces over NFin, leading us to ask whether there is a deeper relationship at play
between the box product of reduced Segal simplicial spaces and the tensor product of reduced oo-operads.
Having established a Quillen equivalence between these categories, we are now in a stronger position to examine
the merits of this conjecture.

We warn the reader that the arguments in favour of this assertion which we will now present should be
treated with a degree of caution, predicated as they are on the rather sketchy proofs of Lemma 7.1.7 and
Lemma 7.1.8. We hope at a later juncture to provide more thorough proofs of these claims in another location.
As such, this chapter may be viewed as an outline for an alternative proof of the additivity theorem.

We remark that the box product cannot define a tensor product on the category (sS/nFin)seg,Red Since by

construction
XX (1) ~ XX ((1)) X while XX0~0

but by localising with respect to the reduced condition, we obtain a weak equivalence (1) ~ () in (sS/nFin)Seg,Red-
In this regard, the most we can hope for is that the box product defines a bifunctor on sS,yi, which preserves
Segal equivalences and respects the reduced localisation (i.e. if X and ) are reduced, then so is X K }Y) — as
we will see, this latter property is more or less immediate when we refer back to the definition of the (pre-)box
product. Despite this obstacle, we might still hope to draw some connections between the box product and the
tensor product.

The key to our investigation will be a generalisation of Construction 5.2.1 which we signposted in Remark
5.2.3. Before we can utilise this construction however, we are obliged to ensure that the box product descends
to a bifunctor on the category of reduced Segal simplicial spaces over NFin — thus far, we have only constructed
the box product for simplicial spaces over NFin, without demonstrating that it is well-behaved with respect to
Segal equivalences in the localised model structure.

More precisely, our approach to this initial problem will be to show that for every reduced Segal object
X € 8S/nFin the functor Lreq (X KP*® —) (where Lreq denotes the reduced localisation) preserves Segal objects
and Segal equivalences, so that it descends to a functor

Lied (X B =) [seg: (SS/NFin)Seg - (SS/NFin)Seg,Red

If we can further demonstrate that taking the pre-box product with a fixed object X preserves reduced objects

(i.e. if Y is a reduced object in (SS/NFin)ch’ then X XP*® Y is also reduced), then this functor restricts to a

94
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functor
LRed(X xjpre _) |Seg,Red: (SS/NFIH)Seg,Red — (SS/NH”)Seg,Red

Working in the setting of reduced Segal simplicial spaces over NFin, Lemma 6.1.2 guarantees that we have also
localised with respect to conservatisation, thus leading to local equivalences

X XPre y = LRed(X pre _) |Seg,Red (y) ~ XX y
for any reduced Segal object Y in sS,nFin-

7.1 Box Product for Reduced Segal Simplicial Spaces over NFin
As proposed above, to ascertain that the box product descends to a bifunctor on the reduced and Segal locali-
sations of NFin, we need to convince ourselves that the pre-box satisfies a number of properties:

1. — XP* — sends reduced Segal objects to reduced Segal objects;

2. LReq (— ®P™® —) preserves Segal equivalences in each variable, i.e. given a fixed fibrant object X in
(sS /NFin)Seg Red and a Segal equivalence ) = )’ of simplicial spaces over NFin, we wish to prove that

the induced map Lgeq (X ®P*®Y) — Lgeq (X XP™ )’) is a reduced Segal equivalence (as remarked we
cannot expect Lyeq (X XP™ —) to preserve reduce equivalences).

3. LRed (— ®P™® —) preserves colimits in each variable, e.g. given a fixed fibrant object X and a diagram
Vo : I — (SS/NFin) , the map chiImLRed (X &P Y;) — Lgeg <X xpre <coli1myi)> is a reduced Segal
S 1€

equivalence.

Seg

For item 1, we can in part defer to [BW18b, Proposition 1.4], which tells us that if X and ) are fibrewise complete
Segal spaces over NFin, then X XP™ Y is also a fibrewise complete Segal space over NFin. In particular, if X
and ) are reduced and Segal, then they are fibrewise complete over NFin, as per Lemma 6.1.2 — so to conclude
that condition 1 is met, it is only necessary to demonstrate the following:

Proposition 7.1.1. If X and Y are reduced Segal objects in sS/nFin, then X KP™® Y is also reduced.

Proof. By definition, X XP* ) ((n)) comprises all triples (3, x,y) where 8 is an object of BoxFin such that
pof = (n), * € X(p1B) and y € Y(p2f3). In particular, if n = 0, we know by the definition of the objects in
BoxFin that there is precisely one such 5 available to us, namely (0) «<— (0) — (0) — so

AR Y((0)) = X((0)) x Y((0)) = =

since X and ) are reduced. Likewise, there is only one object 3 in BoxFin which satisfies po3 = (1): (1) <—

(1) — (1). Thus

AR Y((1) = X((1)) x Y((1)) ~ *
since X and ) are reduced. Similarly, given any finite set S, we know that a 1-simplex 8 in NBoxFin which
satisfies pof8 = (S — (1)) must take the form of a commutative diagram in Fin

(lo) —— 85—t (ro)

L]

(1) «—— (1) — (1)
Thus

xRy —1) = I X)) — (1) xIY({ro) = (1))
poB=(S—(1))

~ I &({l) xY((ro))

poB=(S—(1))
-~ I1 X ((lo)) x Y ({ro))
(lg)«=S—(ro) in BoxFin
where in the second line we use the fact that X and ) are reduced (so they are local with respect to localisation
condition (2) on sS/nFin), and in the third line we use the fact that (1) is a terminal object in Fin, which means
that every object in BoxFin is equipped with a map to (1) <— (1) — (1). O
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It will suffice to prove item 2 for the generating localising morphisms, i.e. we have to establish:

(a) for any string of morphisms of finite sets of length n > 2, (Sp — ... — S,), we have a reduced Segal
equivalence

LRed (X xpre (SO — .= Sn)) ~ LRed (X xpre ((SO ~ Sl) U51 Ce USn_1 (Snfl — Sn)))

(b) for any morphism of finite sets s : Sy — S1, we have a reduced Segal equivalence
LRed (X xpre js) ~ LRed (X xppre 53)
where the presheaves .#* and & were defined for the product Segal localisation (localisation (4) on sS,nFin)-

We will return to this question momentarily, but first let us deduce 3 under the assumption that Lreq (X KP™® —)
does preserve Segal equivalences. Since presheaves are stable under pullbacks, the functor XYXP™— = pg(p1, p2)* (X, —) :
P(simp(Fin)) — P(simp(Fin)) preserves colimits (and correspondingly when we view X XP™ — as a functor on
58/NFin). Thus, if Lreq (X XP™ —) preserves Segal equivalences, then by the universal property of the Bousfield
localisation, the dashed arrow in the middle horizontal of the diagram

LRea(XKP™°—)

58/ NFin (58/NFin) req

LSng J{LSeg

ca (YR s,
(SS/NFin)Seg _ Lrea(ARP— lses | (SS/NFin)Seg,Red

J J

LRea (XKP™ —)|seg, Red
(58/NFin) sogRed {8 s e (S/NFin) Sog R

exists and preserves colimits. It follows that the restriction to reduced Segal objects indicated in the lower row
also exists and preserves colimits.

Hence, the key to deducing that the box product descends to a bifunctor which preserves Segal objects and
respects the reduced localisation is in showing that taking the pre-box product with a fixed presheaf preserves the
generating localising Segal equivalences. To establish that Lreq (X KP™ —) sends a pullback Segal equivalence to
a reduced Segal equivalence, we will show that A XP® — sends pullback Segal equivalences to Segal equivalences:
obviously then, localising with respect to the reduced condition on both sides of a Segal equivalence will give rise
to a reduced Segal equivalence. The proof that X XP™ — sends pullback Segal equivalences to Segal equivalences
will proceed in a number of steps. We know that the map

(S() — 51) Us, (51 — 52) — (So — 51 — SQ)

comes from the map A[2,1] — AJ2], which is a Joyal weak equivalence of simplicial sets (and hence corresponds
to a Segal weak equivalence of discrete simplicial spaces). By [Lur09a, Corollary 2.1.2.7], it follows that if X is
a reduced Segal space over NFin, then we also have Joyal weak equivalences over NFin x NFin in each simplicial
degree

Xo X ((So — Sl) Usl (Sl — SQ)) —N—) Xo X (SO — Sl — SQ)

thus giving Segal equivalences over NFin x NFin
X x ((SO — Sl) Us, (Sl — SQ)) 5 X x (So — 51— SQ)

We want to leverage the fact that the pre-box product is computed by taking levelwise pullbacks with NBoxFin
over NFin x NFin, to figure out whether we also have Segal equivalences

X XPre ((So — Sl) Usl (Sl — SQ)) l) X XPre (So — Sl — 52)

of simplicial spaces over NFin.
There are a few steps towards this assertion, the first of which is a technical result pertaining to the map
(p1,p2) : NBoxFin — NFin x NFin:

Proposition 7.1.2. The map p := (p1,p2) : NBoxFin — NFin x NFin is a Cartesian fibration.



CHAPTER 7. A TENSOR PRODUCT FOR REDUCED OPERADS 97

Proof. Tt is immediate that p is an inner fibration. Let us fix an object (I1) < (c1) 4, (r1) in BoxFin, and

consider a morphism in Fin x Fin

(YL, ¥r) : (o), (ro)) — p ({ln) « (c1) = (r1)) = ((l), (r1))

Consider the BoxFin-object (lo) « (o1 x ¥gr) " o (s1,t1) ({¢1)) = (ro) (where the left and right arrows are just
given by the restrictions of the projection maps from the product (ly) x (rq)), which is equipped with an obvious
map

fi= (s (s 0) ™ 0 (o x ), vm) + (o) = (o x o) ™0 (s1,02) ({ea)) = (o)) = (1) - (er) 2 (1))
Given any other morphism in BoxFin,
9= (pr.vcren) : ({12) €2 (e) 2 (ra)) = (1) € () = ()

such that there is a factorisation in Fin x Fin

({1a), (r2)) o) (), (1))

}L/:(XLJ(R)\\\\\) /(f)'

({lo), (ro))

it is clear that the indicated dashed arrow in the diagram

t

(412 €= {e2) 2 (1)) ! (1) €= fer) 2 ()

BT /

({t0) = (r x ¥) ™ o (s1,12) ({e2)) = (ro) )

exists and is unique, and p(h) = h’: namely, we take h to be (xr,(xr X Xr) © (S2,t2),xr). Thus, the map f is
p-Cartesian and p(f) = (¥, ¥R), so p is a Cartesian fibration. O

Before we state and prove that taking the pre-box product with a fixed fibrant object preserves pullback
Segal equivalences, we record a fact which we will utilise in our proof.

Lemma 7.1.3. [Lur09a, Corollary 3.3.1.4] Let

X — X
I
S — 9

be a pullback of simplicial sets, where p’ is a Cartesian fibration. Then the diagram is homotopy Cartesian with
respect to the Joyal model structure.

Proposition 7.1.4. Let X' be a fibrant object in the reduced Segal model structure on sS;nrin. Then for any
n > 2, we have Segal equivalences

X [Xpre ((S() — Sl) U51 . Usn71 (Sn,1 — Sn)) l) X XPre (SO — ... Sn)

Proof. Tt will suffice to prove the claim for n = 2, as we can argue inductively for higher n. Let us apply the
abovementioned lemma to the commutative diagram

X ®Pre ((Sp — S1) Us, (S1 — S2)) NBoxFin
/ |
X XPre (Sy — 51 — S2) NBoxFin p
_
| p
X % ((So — S1) Us, (S1 — S2)) NFin x NFin

XX(S()—>31—>SQ) NFin x NFin
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Proposition 7.1.2 tells us that p is a Cartesian fibration, so since the map
X x ((SO — Sl) Us, (Sl — Sz)) — X x (SO — 51 — Sg)

is in each degree a Joyal weak equivalence of simplicial sets over NFin x NFin by our remarks preceding
Proposition 7.1.2, the lemma, in conjunction with the above commutative diagram, tells us that

X, XIPre ((SO — Sl) Us, (Sl — SQ)) — X, XIPTe (SO — 51— SQ)
is for each k a Joyal weak equivalence of simplicial sets over NBoxFin. Thus
X XPre ((So — Sl) Usl (51 — SQ)) — X Xpre (So — 51 — SQ)

is a Segal weak equivalence of simplicial spaces over NBoxFin. By composition with the map py : NBoxFin —
NFin, it is thus a Segal weak equivalence of simplicial spaces over NFin. O

Before proceeding to study whether Lrqq (X KP™ —) preserves local equivalences with respect to the product
Segal localisation, let us recap the notation that we used to describe that localisation. Given a morphism of
finite sets s : Sy — S1, with S = {z1,...,2,}, we were able to define a simplicial space over NFin (by gluing
along s), &° = &; U, ...Us &), where for each z; € S, & is the simplicial space over NFin

sTHai} — (1)

[ ]

5048>51

On the other hand, by gluing along 51, it was also possible to define a simplicial space .#° = .77 Ug, ...Us, &
where .#; is the simplicial space over NFin

sTHai} — (1)

\[b—)l’i

S

Having recalled the relevant notation in use, we will state our target result.

Proposition 7.1.5. Let X be a fized fibrant object in (SS/NFin)Seg Req Ond let s : So — S1 be a morphism of

finite sets. Then there is a reduced Segal equivalence of simplicial spaces over NFin:
LRed (X P 7%) =5 Lpeq (X KPP &%)

As in the proof of Proposition 7.1.4, this result will follow from a number of smaller assertions. First, we
note that it will suffice to demonstrate this for representable presheaves, so we only need to show that given
any length-m string of morphisms of finite sets, Ty, = (Top — ... — T}, ), the map

LRea (T>;< xjpre fé) — LRed (T* Xxjpre (9@‘5)

is a reduced Segal equivalence. We can further ease our workload by taking advantage of Proposition 7.1.4,
which tells us that Lgeq (— XP™ —) is well-behaved with respect to pullback Segal equivalence — with this in
mind, it is only necessary to demonstrate the above claim in the case where T} is a string of length 0 or 1.
Let us first consider the case m = 0, i.e. we want to show that for any finite set T, we have a reduced Segal

equivalence
LRed ((To) xpre ﬂs) — LRed ((To) xpre 55)

We note that an n-simplex of (Tp) XP™ &% is essentially the data of an n-simplex & of NBoxFin such that
p1(&k) = Tp for each 0 < k < n and there is a map in simp(Fin), either of the form

e (&) = (Sos — (1)) for some i € Sy (where we write Sp; = s~1{i}); or

° pz(f) — (So — 51)
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In other words, we can view an n-simplex of (Tp) KIP™ &* as a string of finite sets (Vo — ... = V) where
Vie Cu* (S x Ty — S1 x Tp),,, for some map u : [n] — [1] in A.

On the other hand, an n-simplex of (Tp) XP™ .#* will be an n-simplex £’ of NBoxFin such that p;(§,) = To
for each 0 < k < n and there is a map in simp(Fin) either of the form

o p2(&') = (So,; — {i}) for some i € Sq; or
e p2(¢) = (S1)

In the former case an n-simplex of (Tp) KP™ .#% will be a string of finite sets (Vo — ... = V},), where Vj, C
u* (S0, X To — {i} x Tp),, for some i € Sy and w : [n] — [1] in A; while in the latter case, an n-simplex will be
a string of finite sets (Vo — ... = V,;), where V};, C S; x T for each 0 < k < n.

Having examined the objects (Tp) XP™ &° and (Tp) KP™ ¢ in some detail, we are hopefully now in a better
position to prove that taking the pre-box product with a fixed finite set is well-behaved with respect to the
product Segal equivalence. Key to determining this will be the Quillen equivalent pair (ji - %) which we studied
in the previous chapter.

Proposition 7.1.6. Let Ty be a fized finite set and let S, = (So i Sl) be a 1-simplex in NFin (viewed as a

representable object in sS;nfin). Then the map Lrea ((To) XP*® 7°) = Lreq ((To) &P £°) is a reduced Segal
equivalence.

This result will be a consequence of:

Lemma 7.1.7. Let Ty and S, be as in the statement of Proposition 7.1.6. Then we have reduced Segal equiva-
lences of rooted closed dendroidal spaces

(i) i ((To) &P &°) =~ Cp, @ ji(Ss)
(i) ji ((To) &P 7%) ~ O, ® J1(Sx)seg

where j : s8/nFin — rcdS and ® denotes the tensor product of (rooted closed) dendroidal spaces, and for a
representable object F € rcdS, Fseg denotes its Segal core (alias spine).

Proof of Proposition 7.1.6. We note that the tensor product on closed dendroidal spaces is compatible with
Segal equivalences, i.e. if 7 and F’ are Segal equivalent as objects in redS and G is a fixed fibrant object (with
respect to the Segal localisation on rcdS), then the objects F ® G and F' ® G are also Segal equivalent. In
particular, we note that since we have weak equivalences ji(S)geg ~ Ji(.5), we obtain the following commutative
diagram in (redS)ge gea:

j! ((TO) pqpre js) é 6To ®j!(5*)Seg

| =

gt ((To) ®PFe £°) —=— Oz, ® ji(S.)

By the two-out-of-three property, it follows that the left vertical arrow is a weak equivalence. However, we know

that 7, descends to a Quillen equivalence j; : (SS/NFin)Seg Red (7’cd$)seg Red SO it must also be the case that

(Ty) ®Pre 75 ~ (Tp) KP*® &% in (sS/NFin) as required. O

Seg,Red
Proof of Lemma 7.1.7. For (i), let Y be a fixed object in €,.. By definition of the left Kan extension, we have

Jr ((To) &P &7) = JVa(Y)

colim
V.. €simp(Fin)op | ((Tp)Kpre £s)

By our prior explanation of the simplicial space (Tp) KP* &%, we know that there is an arrow V, — (Tp) XP* &
in sS/nFin precisely if V, is of the form (Vy — ... — V},) for some n > 0, such that either

° Vk Qu* (SO XTQ*)Sl XTl)k;OI'

o Vi Cu*(Soy x Ty — Tp),, for some [ € Sy
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for each 0 < k < n, where u : [n] — [1] in A. In turn, this string V, corresponds to po€ for some n-simplex
& € NBoxFin of one of the following forms

TO TT, ‘/b Tu* S, Su(o) TO Ty ‘/0 W Sy (SO,l N <1>)u(0)
Ty l Tu* S, l T, Tu* S, l

T Vi Su(1) To Vi (Sou = (1),
| | o |
e LA v Tu* S, g Ty, Tu* 5., l

0 n u(n) Ty Va (S0 — <1>)u(n)

We can identify each Vj, as corresponding to a poset of either T, x S; or T x Sp; for some [ € 51, in turn
corresponding to the data of a pair of operations, one in the closed corolla Cr,, and the other in the closed
tree ji(Sy) = j(S«) (we are somewhat blurring the distinction between a tree and the operad associated to it by
referring to an “operation” in a tree); and these operations must be compatible in the sense that we can either
project the “Typ-operation” of Vi, C (Syx) x To) first and then project the “S,()-operation”, or we can reverse
the order in which we perform these projections, and it won’t matter: loosely speaking we record this condition
by means of a diagram of the form

(To % Sy 2 Vi) NN (Suk) 2 Turs. Vi)

”T‘“l l (7.1)

(To = 7, Vi) ———— ()

where the equality Ty = 77, Vi stems from the fact that 77, is a surjection for all £.

By the reduced localisation, this dendroidal space is weakly equivalent to 5(S.) ® Cz;, — to see this, note
that the reduced localisation induces a weak equivalence between Cr, and C7, (i.e. we can substitute in
nullary operations without changing the weak-homotopy type), and thus we can replace ji(Tp KP*® &%) with the
rooted closed dendroidal space defined by taking the left Kan extension over all strings V, such that each Vj
in V, satisfies Ty D 7, V.. Working with such strings, the commutativity condition recorded in diagram (7.1)
corresponds to the Boardman-Vogt interchange condition for an operation in the tensor product of the closed
dendroidal spaces j(S.) and Cr, = 51(Tp). In other words, we have the desired weak equivalence

gt ((To) &P &°) =~ O, @ ji(Ss)
For (ii), we can proceed in a similar manner: by definition of the left Kan extension, we have

Jr ((To) B .7%) = JVa(Y)

colim
Vi Esimp(Fin)oP |((Tp)Xpre #s)

There is an arrow V., — (Tp) XP™ .#° in sS/nfin precisely if V; is of the form (Vo — ... — V},) for some n > 0
such that either

o Vi, Cu*(Soy x To — {l} x T1), for some I € Sy and each 0 < k < n, with u : [n] — [1] in A; or
e V, C Sy xTp for each 0 < k < n.

Making the same arguments as above, and utilising the fact that we have localised the category of rooted closed
dendroidal spaces with respect to the reduced condition (specifically taking advantage of the contractibility
of internal unary vertices), we can identify each Vj as corresponding to a pair of operations, one in Cr,, the
other in j (So; — {I}) or j(S1 — (1)) =~ j (S1) (depending on the set Vj), and these pairs of operations must
be compatible in a sense analogous to the characterisation of diagram (7.1). By definition, the collection of
all operations coming from the corollas j(Sy; — {I}) or j(S1 — (1)) corresponds to the spine/Segal core of
the closed tree 5(S,) — hence, we see that there is an equivalence of reduced Segal dendroidal spaces between
31 (To ®Pre #9) and C7,) @ 51(Sy)seq, as expected. O
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By analogous arguments, we can also deduce the following result:

Lemma 7.1.8. Let T, = (To * Tl) and S, = (SO N Sl) be 1-simplices in NFin. Then there are reduced

Segal equivalences in rcdS:
G (TR £%) 2 (T,) @ i (S.) and i (Ta {P™ 97%) 2 i (T,) @ ji (S.)geg
Using this result, we can imitate the argument used to deduce Proposition 7.1.6 to see also:

Proposition 7.1.9. Let T, = (TO i>T1) and S, = (SO 2 Sl) be 1-simplices in NFin. Then the map
Lped (T KP*® 75) — Lreq (T BP*® &%) is a reduced Segal equivalence.

Hence it follows that for any fixed fibrant object X € (sS /NFin), we have reduced Segal equivalences
X XPre 7% ~ X XPre £°

i.e. we have proven Proposition 7.1.5. This result, together with Proposition 7.1.4 ensures that Lreq (X KP*® —)
descends to a functor (sS/nFin)seg — (5S/NFin)seg,Red; and hence — X — descends to a bifunctor on sS,yFin
which preserves Segal equivalences and respects reduced objects, as required.

7.2 Comparison with Tensor Product of co-Operads

At this juncture we remind ourselves of the substance of Remark 5.2.3: given an oo-operad, O® and a map of
oo-preoperads ¢ : A[0] — O% which we view as “picking out the colour ¢”, we can associate the simplicial space
(O /C)aCt, which is equipped with a natural map to NFin. In the case where O® arises as the homotopy-coherent
nerve of a plain operad O in spaces, this construction is equivalent to taking the nerve of the the topological
category cat(Q) which we defined in Construction 5.2.1.

In what follows, we will write ptOpljoed to mean the category of pointed reduced oco-operads, whose objects
are given by morphisms of co-preoperads

A0] ¢ 0®

~

NFin,

such that O% is a reduced oc-operad (we will frequently identify such an object with the co-operad O® for
brevity). The morphisms in this category are given by commutative diagrams

A[0]
. S T )
NFin,
We let ¢ : ptOpOROCd — 88/ NFin denote the aforementioned functor,
A[0] c o® (O/c) act
\ / —
NFin, NlFin

Remark 7.2.1. As alluded to already, the functor ¢ is a generalisation of the construction which associates to
a plain simplicial operad O the topological category cat (O). By [BW18a, Lemma 7.9/Lemma 7.12], there is a
weak equivalence

©(NO®) = Necat (O) ~ j*Nj°O
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in (5S)NFin)Seg,Red for a plain simplicial operad O (we recall that taking the homotopy-coherent nerve of the
category of operators of a simplicial operad O yields a quasi-operad). Since we know that j* and N are Quillen
equivalences with respect to the relevant reduced Segal localisations, it follows that o preserves colimits, at least
in the restricted setting where we work with plain simplicial operads.

Example 7.2.2. To familiarise ourselves with this functor, let us consider its action on an especially simple
kind of operad: a closed n-corolla, C,. If we write R for the root of the corolla and /1, ..., £, for the leaves,
then there are essentially two distinct ways in which C,, can be pointed:

e The map A[0] — C,, selects one of the leaves, say /;.
e The map A[0] — C,, selects the root.

In the former case, the simplicial space ¢ (6n) is seen to be trivial: the only possible operations with target ¢;
are elements of the space C,,(—;¢;), which is a singleton, and the morphisms between the collection of all such
operations is necessarily also contractible. In other words, we find that ¢ (C,) = A[0].

The latter case is more interesting. Since we are working with closed operads, there are several possi-
ble spaces of operations with target 2R, simply by inserting nullary operations in place of the leaves, e.g.,
Cr(l1,lo, 03, ... Ly R), Cr(—, 02,3, ..., 0n;R), ... are all subspaces of ¢ (6n)0. Based on this observation, we
can identify the space of O-simplices of ¢ (6n) with the poset of all (ordered) subsets of (n), which we denote
by Po ((n)). N

Given finite ordered subsets I, J C (n) such that there is a bijection of sets o : J — I', where I’ is an
ordered subset of I, then there is an associated edge in ¢ (C,,) from C,,({¢;}icr;R) to Cr({¢;};es;R) induced
by composition with the tuple of nullary operations (wi/)yep 1 € C,, (=;£;). In fact, we can define a category,
Zn, whose objects (resp. morphisms) coincide with the vertices (resp. edges) of ¢ (én), i.e. an object of .%,, is
an ordered subset I C (n), and a morphism I — J in .%, is the data of a bijection of sets from J to an ordered
subset of I. Since operads satisfy a Segal property, we find that ¢ (én) and N.%,, are levelwise weak equivalent
simplicial spaces.

Example 7.2.3. Extending the previous example, we can consider this construction for the Boardman-Vogt
tensor product of two corollas. Since the co-categorical version of an n-corolla operad arises from the homotopy-
coherent nerve of the discrete n-corolla operad, it follows that the oco-categorical tensor product of two co-
operadic corollas can be identified with the nerve of the Boardman-Vogt tensor product of the respective
discrete corollas.

Let us fix two non-negative integers n, m. The colours of the operad C,, ® C,, are of the form p ® g, where
p, q are colours of C,,, C,, respectively. If both p and ¢ are leaves of the respective corollas, then the simplicial
space ¢ (én @67”) is equivalent to A[0]. If p is the root of C,, and ¢ is a leaf of C,,, then ¢ (Un @Um) is
equivalent to ¢ (6n) (and vice versa when the roles of p and ¢ have been swapped). Hence, the only case we
need to investigate is when both p and ¢ are the roots of their respective corollas.

The operations with target R ® R are generated by operations v ® R, R ® w, where v € (5,1)/% and

q € (6m) Jor In Example 7.2.2, we drew a correspondence between the elements of (6n) /ot and the ordered

subsets of (n); in a similar way, we can associate a vertex of (6n ® Um) / with the category of products of

ROR
ordered subsets of (n) and (m), which we denote by Po ((n) x (m)). We note that there are natural maps from

Po ({n) x (m)) to Po ({(n)) and Po ({(m)), which we denote by 7, 7, respectively: if v@w € (én)/% X (ém)/m’
then these maps are given by
Po({n) x (m))dv@w—vePo((n)) and Po({n)x(m))dv@w—we Po((m))

(
We record the data of a 0-simplex of the simplicial space ¢ (6n ® 6,”) by a diagram

’“”l l (7.2)

(m) 2 malL)) ——— 2= (1)

where the commutativity of this diagram captures the compatibility of the generating operations in the Boardman-
Vogt tensor product (viz. the Boarmdan-Vogt interchange relation). An edge between two such vertices, L and
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L', is guaranteed by the existence of maps of sets (each of which factors as a bijection to an ordered subset,
followed by an inclusion)

— f: L' < L (corresponding to an edge L — L’ in ¢ (Cm))

— fn i m(L') < my(L) (corresponding to an edge 7, (L) — m,, (L) in ¢ (Cy))

— fm 1 T (L) < mp (L) (corresponding to an edge mm (L) — mm(L') in ¢ (Chy))

and these maps must be compatible with each other in the sense that 7,0 f = f,,om, and mp, 0 f = fi, oM. We
can define a category %, ,, whose objects are diagrams of the form (7.2), and whose morphisms are described
by cubes

such that L — L' in Py, (L) — m(L') in #y, and 7, (L) — 7, (L) in #,. By the previous descriptions,
it is clear that N, ,, is levelwise weak equivalent to ¢ (C’n ® C’m).

Red

oo, there is a morphism of simplicial

Our first goal will be to show that, given objects O® and P® of ptOp

spaces over NFin,
I:p(020P%) = ¢ (0% Ry (P?)

and that this morphism is natural in O® and P®. We will then try to show that this is actually a weak
equivalence with respect to the reduced Segal model structure on sS)nrin. In both steps, we will have recourse
to the examples we have just studied, since the category of reduced operads is generated under colimits by the
closed corollas (AKA the elementary objects in the category Pseg red(€2rc)). In fact, using this assumption in
conjunction with Remark 7.2.1, it will suffice to deduce the existence of the map I' in the case where O%® and

P® are (the homotopy-coherent nerves of) closed corollas, C,,, Cpp,, i.e. we just need to provide a morphism of

simplicial spaces over NFin:
I' N9, ,, - N%,KNZ,

To gain some intuition for how such a map might be devised, it is incumbent on us to study the simplicial space
N, XK NZ,, in greater depth. Via the conservative localisation (which is subsumed under the reduced Segal
localisation on sS/nFin), we know that N.7, K N.%,, is weakly equivalent to N.7, XP™ N.Z,,, so it suffices to
study the latter simplicial space.

A vertex of N.Z,, ®P'® N.Z,, is an object of BoxFin of the form g = ((I) « (¢) — (r)), where p18 = (I) €
Po ((n)) and p2fB = (r) € Po({m)). A l-simplex of N.%, KP*® N.%,, is a morphism 5 — S’ in BoxFin where
p1(B), p1(B') € Po((n)) and p2(8), p2(8’) € Po ((m)).

As part of the defining properties of objects in the category BoxFin, there is an injection (¢) — (I) x (r), so
we can identify (c) with an object of Po ((I} x (r)). Using this perspective, we can construct a category ., ,
as follows: an object of .77, ., is recorded by a diagram

(g0 x (m) 2 1) x () = (&) ) —=— ((m) 2 (1) 2 wmle))

: |

(tm 2 @) 2mule)) M
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where we write m,(c) to mean the projection onto Po ((n)) of the image of (¢) in (n) x (m), and where the
inclusion (¢) — (I) x (r) comes from an object ({I) « {(¢) — (r}) in BoxFin such that (I} C (n) and {r) C (m).
A morphism between two such diagrams corresponding to a morphism of BoxFin-objects

() () 2 1) x (1) = () = (tm) 2 () 2 7))
X) ‘ w@
& () > (m) 2 () () = () ——" l (tm) 2 ) 2 mnle)
(m) 2 ) 2 7ale)) i (1)

w) \
()2 @) 2mae) (M

Construction 7.2.4. Using the above descriptions, we can construct a map of simplicial spaces over NFin,
I':p(Ch e Ch) = p(Cy) BP p(C,,) by taking the nerve of the obvious functor %, ,, < %, n, defined on
objects by

((n> % (m) D L) LN (<m> > 7rm(L)> ((n) % (m) D (n) x (m) — <c>) BLLIN (<m> > (m) 2 7rm<c>>
ﬂnl J — ””l l
(¢m) 2 mu(D)) ———— (1) (tm) 2 (m) 2 male)) (1)

where L is the image of {c) in (n) x (m).

Remark 7.2.5. The functor ¥, ,, — 42, ,, is not an equivalence of categories — heuristically speaking, an
object of 4, ,, “carries (a lot) more information” than an object of ¥, ,,, since it contains all the data of a
BoxFin-object, rather than just a subset of (n) x (m). Hence, it is unreasonable to expect that [is an equivalence
of simplicial spaces over NFin. All is not lost, however: the solution to our problem lies in the passage from
%) (6n) XPTe (ém) to ¢ (6,1) X (Um), i.e. in the conservatisation procedure.

We recall from Lemma 5.3.5 that a fibrewise complete Segal space w : X — NC (where C is a small category)
is conservative if and only if it satisfies the condition that:

(®) a l-simplex f of X is homotopy invertible if and only if w(f) is an isomorphism in C.

The reference map w : ¢ (én) XPre (ém) ~ NJ, . — NFin is determined as follows: the image under w of
an object in J%, ,,,

(40 > (m) 2 40) x (1) = (e)) —2— ({m) 2 () 2 mme))
.|
)

(02 ) 2 7ale) M

is {c) in Fin. Because ¢ (6n) XPrep (67,1) arises as the nerve of the category 4%, ,,, an edge is homotopy-invertible
if and only if it defines an isomorphism in the category ¢, ,,,. In particular, if (I) C (n) and (r) C (m), then

= =
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the following 1-simplex is not homotopy-invertible in ¢ (6n) XPre (ém):

Tm

() > m) 2 () x r) = ) - (tm) 2 r) 2 7)) )
™ (tm) x (m) 2 (m) x m) = () —— l (tm) 2 m) 2 7n(e)
(m) 2 ) 2 mule)) : )

() 2 (m) 2 7o) o)
(7.4)

On the other hand, we see that the image under w of this edge in NFin is id(, : (¢) — (c), which is an
isomorphism in Fin, so w : NJ¢,,, — NFin cannot be conservative. However, by applying the functorial
fibrewise-completion/conservatisation functor (AK)* to w : N5, ,, — NFin, we force the image of the edge
(7.4) to become homotopy-invertible. Based on this observation, we make the following definition...

Definition 7.2.6. Let I': ¢(C,, ©® Cy,) = ©(C,) K p(C,,) be the map of simplicial spaces over NFin given by

the composition

— — T — — AK)® —_— —
o(Cp ©T) 5 o(Cr) R o(T,) X7 o(Ch) B o(C)

It is almost an immediate consequence of the remarks above that I" satisfies the following property:
Lemma 7.2.7. The map I' determines a weak equivalence of reduced Segal simplicial spaces over NFin.

Proof. The observations at the end of Remark 7.2.5 are crucial — by localising with respect to conservativity,
all the vertices in N7, ,,, contained in the fibre over (c) become weak homotopy equivalent to one another —

and hence to the image under T of the unique vertex of N9, ., over (c). Hence, as conservative Segal spaces
over NFin, N9, ., and (AK)>*NJ, ,,, are weakly equivalent.

We saw in Lemma 6.1.2 that localisation with respect to conservativity is subsumed under the reduced
Segal localisation on sS,yfin. Hence, N9, ,, and (AK)* N2, ., are weakly equivalent in (5S)nFin)Seg,Red; i-€-

%) (5n ® 6m) ~ (6n) X (6m) in (8S,NFin)Seg,Red, as Tequired. O

As we remarked, the category of reduced operads is generated under colimits by the closed corollas. Since
we have ascertained that the box product descends to a map on reduced Segal objects which preserves colimits
in both variables, and since we know that ¢ preserves colimits (at least when we restrict our attention to plain
reduced simplicial operads), this lemma provides us with the following corollary:

Corollary 7.2.8. For plain reduced simplicial operads O and P, there is a weak equivalence
¢ (NO® © NP?) & o (NO®) R (NP?)

m (SS/NFi”)ch,Rcd'

As a special case of the corollary, we have the (by now, far-too-familiar) result: (writing E? to mean both
the homotopy coherent nerve of the category of operators of the topological little d-cubes operad 'Eg4, and also
the associated complete Segal dendroidal space)

Theorem 7.2.9 (Dunn Additivity). There is a weak equivalence of reduced oo-operads

© S EO  E®
By OBy = Egya
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Proof.
NG (B OFg) = (Ef ©E)
~ ¢ (Eg) B (EF)
~ con (R?) K con(R?")
:(KHIORd+J>

= (E§+d')
~ j*]Efﬁw

where we use [BW18a, Theorem 7.5] at the third and fifth lines, and [BW18b, Theorem 1.1] in the fourth line.
Since j* : Pseg Red (re) — (SS/NFi“)Seg,Red is a Quillen equivalence and Nj¢ : Oplsfd — PSeg,Red (2rc) is also a
Quillen equivalence, it must be the case that

E? © ES ~ES, ,



Appendix A

Quasi-Categories and coCartesian
Morphisms

In this appendix, we give a short review of quasi-categories, paying special attention to the notion of coCartesian
morphisms, which play a significant role in the definition of a quasi-operad.

A.1 Quasi-Categories

We recall from our discussion of Segal spaces that the Segal condition gives a way of characterising those
simplicial sets that arise as the nerve of a small category. We can repackage the Segal condition as saying that a
simplicial set satisfies the right lifting property with respect to a certain collection of maps. Let us first fix some
notation: if A[n] denotes the standard n-simplex, then we write A[{ko, ..., k;}] to mean the restriction of Aln]
to the subcomplex with vertices labelled {ko, ..., k;}. With this notation, we have the following rephrasing of
(1.1):

Theorem A.1.1. A simplicial set K is equivalent to the nerve of some small category if and only for each
0 < i < n, there exists a unique dotted lift in the following diagram:

Aln,i] — K
A

[

Aln]

In particular, the statement of uniqueness is key in allowing us to determine a well-defined composition law:
as we encountered when discussing the notion of “composition” in Segal spaces, making sense of a composition
rule from the data of a weak homotopy equivalence leads to a composition that is only well-defined up to
homotopy, but if the lift is unique then the composition automatically becomes well-defined, leading to the
construction of a category whose objects are the vertices of K, whose morphisms are the edges of K, and
whose composition law is determined by the above lifting property. In general however, as with Segal spaces,
this requirement for the existence of a unique lift is excessively restrictive. This is where the definition of a
quasi-category (or co-category) enters:

Definition A.1.2. A quasi-category is a simplicial set K such that for any 0 < i < n, any map fo : A[n,i] —
K admits an extension to a map A[n] — K.

It is immediate that the nerve of a small category is automatically a quasi-category. More generally, the
“categorical” structure of a quasi-category C is determined in a similar manner to the kind of “up-to-homotopy”
categorical structure we described for Segal spaces: the vertices and edges of C play the role of objects and
morphisms respectively, and the existence of the extensions determines a composition law which is well-defined
up to a suitable notion of homotopy. Along with this notion of homotopy, there is a corresponding notion of
invertibility up to homotopy. In particular, we say a quasi-category is an co-groupoid if every edge is invertible.
From any quasi-category C, we can extract an oco-groupoid by considering the maximal subsimplicial set C~
consisting only of the invertible edges. A familiar first example of an oo-groupod is a Kan complex (which
satisfies the extension property for all 0 < i < n).

107
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We recall from our discussion of simplicially-enriched model categories that for any two simplicial sets X, Y,
there is a mapping space Y X = Map(X,Y’) whose set of n-simplices is Homggset (A[n] x X,Y). An important
result of Joyal tells us that for any quasi-category C and any simplicial set X, the simplicial set C¥X is also a
quasi-category. In particular, this allows us to define the notion of categorical equivalence between simplicial
sets: a map Y — X is a categorical equivalence if and only if for every quasi-category C, there is an
equivalence of Kan complexes

(CX):* l> (CY)E
This notion of categorical equivalence defines a class of weak equivalences for the so-called categorical model
structure (also known as a the Joyal model structure) on the category of simplicial sets: the cofibrations in this
structure are the monomorphisms of simplicial sets and the fibrant objects are the quasi-categories.

Remark A.1.3. Given the evident overlap with our discussion of complete Segal spaces, it is not altogether
surprising to learn that the associated model categories are Quillen equivalent: in fact, in the paper [JT06], it is
shown that there are two Quillen equivalences between the model category for quasi-categories and the model
category for complete Segal spaces. The easiest to describe is induced by the functor which sends a bisimplicial
set X, . to its zeroth row, X, ¢ (in particular, this has the pleasing side-effect of demonstrating that a complete
Segal space is determined by its first row).

There is also a close link between quasi-categories and simplicial/topological categories: the construction
underlying this link is the homotopy coherent nerve. We construct this functor in a few steps.

Given an object [n] in the ordinal category and 0 < i < j < n, let P(i,j) denote the poset consisting of the
subsets of {i,i+1,...,5} € {0,1...,n}. Then we can define a simplicial category €[A[n]], whose objects are
the objects of [n], and given a pair 4,j € [n], the simplicial set of all maps between them is given by

) j<i

Map@[A[n]](iaj) = {N(P(Z,j)) i<

Given ¢ < j < k, the composition map
Mape(an)) (7, k) X Mape(ap (i, 5) = Mapeapy (2 k)
is determined by the map of posets
N(P(j,k))o x N(P(i,5))o 2 (Ljk, Li,j) = Lij U Ij 1 € N(P(i,k))o

This category €[A[n]] can be viewed as a kind of “thickening®” of the category [n] by removing the condition
that composition of arrows between elements ought to be strictly associative (for a more precise explanation
of this point, see [Lur09a, Remark 1.1.5.2]). This construction defines a functor € : A — sCat, and using the
Yoneda embedding, this extends to a functor € : sSet — sCat. This new functor admits a right adjoint — the
homotopy-coherent nerve N : sCat — sSet, which is completely determined by the adjunction law:

Homgget (A[n], NC) = Homgcat (C[A[R]],C)

Using the Quillen equivalence between spaces and simplicial sets induced by the adjunction between the geomet-
ric realisation and the singular simplices functor, we observe that there is also a nerve functor from topological
categories to simplicial sets — we also refer to this as the homotopy-coherent nerve (a common abuse of no-
tation). Finally, we note that the homotopy-coherent nerve of an ordinary unenriched category (viewed as a
discrete topological category) coincides with the usual nerve of that category (for this reason we won’t make a
notational distinction between these various notions of nerve).

The following theorem tells us that the homotopy-coherent nerve behaves particularly well with respect to
an important collection of objects among the simplicial sets:

Theorem A.1.4. [Lur09a, Theorem 1.1.5.10] Let C be an object in the simplicial category of Kan complezes.
Then NC is a quasi-category.

Remark A.1.5. It is unsurprising to learn that this fact is part of the much stronger assertion that the
homotopy-coherent nerve is a right Quillen functor between suitable model structures on the categories of
simplicial categories (whose fibrant objects are those categories whose mapping spaces are Kan complexes) and
simplicial sets with the categorical model structure (so that the fibrant objects are quasi-categories). In fact,
[Lur09a, Theorem 1.1.5.13] tells us that the counit map of the adjunction € 4 N is a weak equivalence, which
justifies the assertion that simplicial categories and quasi-categories are equivalent models for co-categories.
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Emanating from the foregoing proposition, we can define the quasi-category of spaces S to be the homotopy-
coherent nerve of the simplicial category of Kan

e whose objects are Kan complexes; and

e for any pair of Kan complexes X,Y, the simplicial mapping space is given by

MaplCan(X7Y)n = HOm(A[n] X X, Y)

(Via the singular simplices/geometric realisation adjunction this is equivalent to the topological category of
CW-complexes.)

Many familiar notions from category theory can be redefined in such a way that they automatically extend
neatly to the world of quasi-categories. Our main application in studying quasi-categories will be to oo-operads,
so for our purposes, we will restrict our attention to just a handful of these notions.

A.2 The Grothendieck Construction and coCartesian Fibrations

A functor of ordinary categories G : C — D is said to be left fibered in sets if for every z € C and every
morphism ¢ : Gx — g in D, there exists y € C and a morphism f : z — y which lifts g to C. Dually, we say G
is right fibered in sets if we can find a lift to C for every morphism g : £ — Gy. We write Fib(D) to denote
the subcategory of Cat,p consisting of those functors G : C — D which are left fibered in sets.

Closely related to this notion of functors fibered in sets is the Grothendieck construction for ordinary
categories: given a functor F' : D — Set, we can associate its category of elements | F whose objects are pairs
(d,z) where d is an object in D and = € F'd; a morphism in [ F from (d, z) to (d’,z') is the data of a morphism
[ :d — d such that F(f)(z) = «’. The natural forgetful functor [ F — D is left fibered in sets; and in fact
this construction determines an equivalence of categories

Fun(D, Sets) — Fib(D)

The quasi-categorical notion of being left (resp, right) fibered in sets is that of the left (resp. right) fibration
of simplicial sets: we say a map of simplicial sets p: X — Y is a left fibration if for all 0 < i < n, the indicated
lift exists in the given commutative square:

Aln,i] — X

R
[l
Aln] —— Y

Dually, p is a right fibration if the dotted lift exists for all 0 < ¢ < n. We say p is an inner fibration if the
indicated lift exists for 0 < i < n.

Analogously, one can examine pseudofunctors F' : D — Cat (we consider pseudofunctors since Cat naturally
organises into a 2-category) — that is, to each object d € D, F associates a category F'd; a morphism f:d — d’
in D induces a functor F'f : Fd — Fd’; and for each composable pair of morphisms f :d — d’, g : d — d”,
there is a natural isomorphism 7 : Fgo Ff — F(go f). By the same prescription as above, we can define
the Grothendieck construction f F' in an essentially identical manner; again, this is equipped with an obvious
forgetful functor 7 : [ F — D. However, we now need to adapt our notion of left fibered in sets accordingly...

Given a functor 7 : C — D, and a morphism f : x — y in C, we say f is m-coCartesian if for every
morphism ¢ : z — z in C and every factorization

m(g)
T — T2

=] /h (A1)

Yy

there exists an unique factorization
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such that w(h) = h. We say 7 is a coCartesian fibration if every morphism f :mx — ¢ in D has a lift to
a m-coCartesian morphism f : x — y in C. Dually, we say the functor 7 is Cartesian precisely when 7°P is
coCartesian. With this in mind, we can define a 2-category Fib“*“(D) whose

e objects are coCartesian fibrations F : C — D;

e morphisms are the commutative triangles

c—F

NS

such that ¢ sends m-coCartesian morphisms to 7'-coCartesian morphisms;
e natural transformations are those natural transformations which are compatible with the projection to D.

With this definition in place, it turns out that the Grothendieck construction determines an equivalence of
2-categories:
PseudoFun(D, Cat) — Fib“‘(D)

We have already seen that the data of a pseudofunctor F' : D — Cat is somewhat unwieldy as a result of trying
to satisfy the coherence requirements of working with 2-categories; working with quasi-categories, producing
such a coherent functor could be crippling. With this in mind, we instead develop our approach to obtaining a
quasi-categorical Grothendieck construction from the perspective of these coCartesian fibrations.

First, note that we can the reframe discussion of m-coCartesian edges: the commutative triangle (A.1),
can be viewed as a morphism o : A[2] — ND, while the maps f : © — y and g : * — z define a map
fVg:A[2,00 = NC. Altogether, the existence of the lifting factorization in the diagram (A.2) corresponds to
the existence of the dotted lift in the commutative diagram

Al2,0 Y% Ne

A2] —2— ND

Using this as inspiration, let 7 : X — Y be a map of simplicial sets, and let f : z — y be an edge in X. We say
f is p-coCartesian if for every diagram

An, 0] %ﬁ X
-
Aln] —— Y

the dotted lift exists, where o|aff0,13) = f. Dually, we say the edge f is p-Cartesian if the lift exists when we
replace A[n,0] in the above diagram by A[n,n]. We say that the map p: X — Y is a coCartesian fibration
if it satisfies the following:

(i) p is an inner fibration of simplicial sets;

(ii) for every vertex x in X and every edge f :p(z) = § in Y, there exists a p-coCartesian edge f : z — y
such that pf = f.

We observe that a coCartesian fibration of simplicial sets p : X — Y is a left fibration if and only if edge of X
is p-coCartesian.

Remark A.2.1. Lurie determines an equivalence between the quasi-category of coCartesian fibrations over
a quasi-category D and the collection of all quasi-categorical functors from D to the quasi-category of quasi-
categories (denoted Cato,) (following [Har, Theorem 2.6.15], we dub this equivalence the Lurie-Grothendieck
correspondence). The equivalence is implemented by the so-called straightening and unstraightening construc-
tions.

Intuitively, these constructions are a quasi-categorical analogue of the Grothendieck construction which
we have dealt with on a 2-categorical level. While we will make further reference to the straightening and
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unstraightening constructions in our discourse on the quasi-categorical Dunn additivity theorem, we will not
enter too deeply into the details of these constructions or the stated equivalence as these both go a little beyond
the breadth of exposition or level of difficulty which we are aiming for here: instead, we encourage the reader to
let their 2-categorical intuition carry them through these choppy waters. Alternatively, we exhort the curious
reader to consult the relevant sections of [Lur09a] (e.g. Section 2.2.1, Section 3.2), or to seek a somewhat briefer
exposition in the notes [Har]. We will point out that the Lurie-Grothendieck correspondence restricts to an
equivalence of quasi-categories between the quasi-category of left fibrations over a simplicial set X and the quasi-
category of functors from X into the quasi-category of spaces S — we can think of these as the quasi-categorical
versions of cosheaves on X; dually there is an equivalence between the quasi-category of right fibrations over X
and the quasi-category of presheaves on X (for details of this, see [Lur09a, Proposition 5.1.1]), which is more
than a little reminiscent of our discussions in Chapter 4.



Appendix B

Dunn Additivity for Quasi-Operads

In this appendix, we sketch an outline of the proof given in [Lurl7] to deduce the additivity theorem for quasi-
categorical little cubes. We begin with a description of the wreath product of quasi-operads, and then collect
some facts about weak approximations for operads. In the third section, we study the proof of the additivity
theorem itself. We make no claims to originality in this outline: given the fairly technical nature of the proof,
we have tried to stay close to Lurie’s original formulation of almost all the results and proofs. In essence, this
appendix merely serves to make our exposition of the notion of additivity for quasi-operads somewhat more
self-contained.

B.1 Wreath Products

We recall that given a quasi-category C we were able to associate an operad, C", as per Example 3.1.3. In the
special case where C arises as the homotopy coherent nerve of some ordinary category J, we can identify C"
with the homotopy coherent nerve of a category J“ defined as follows:

e objects of J" are finite sequences (j1,...,jm) where each j; is an object of J;

e a morphism between objects (j1,...,7») and (j1,...,4.,) is the data of a map « : (n) — (m) in Fin, and
for each i € a~*{k}, a morphism j; — j; in J.

If we consider J = Fin,, then we note that there is an obvious functor ® : Finf — Fin,, given on objects by
((k1), ..., {kp)) = (k1 +...4ky,), and this in turn induces a map of quasi-categories ® : (NFin,)” = N (Finy) —
NFin,

Definition B.1.1 (Wreath Product of Quasi-Operads). Let O% and P® be quasi-operads. As a simplicial set,
we define the wreath product O% { P® by

0% 27)@ = 0% X NFin* P-

where we write PY to mean (P‘X’)u. The reference map from this simplicial set to NFin, is given by the
composite

0% X nrins P2 — P — (NFin,)" 2 NFin,
An edge f in O® 1 P? is the data of an edge g : (dy,...,d,) — (d},...,d],) in P lying over a morphism
a : (n) — (m) in NFin,, together with an edge h in O® lying over . We say f is an inert morphism in
O%® 1 P® if h is inert in O® and each morphism d; — dj, (where a(i) = k) is inert in P.
Recall that by construction C" satisfies

Hom yfin, (K,C”) = Homgser (K X nrin, NT*,C)

for each simplicial set K with a map to NFin,. In particular, since there is an obvious forgetful functor from
NT™* to NFin,, there is an induced map

HOIHNFin* (K,C X NFII‘I*) = Homget (K X NFin, NFIn*7C) — HOHlNFin* (K, Cu)

112
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for each simplicial set K with a reference map to NFin,, and hence there is a map C x NFin, — C". In
particular, this means that if O®, P® are quasi-operads, then we have a composite map

0% x P® — NFin, x P® — P-

as well as a projection O%® x P® — O¥. Composing both these maps with the respective reference maps to
NFin,, we find that they have the same image, so by the universal property of the pullback, there is a map of
simplicial sets over NFin,, O® x P® — O®P®, The value of this bifunctor is that we have the following result
from Lurie:

Theorem B.1.2. [Luri7, Theorem 2.4.4.3] Let M denote the inert morphisms of the quasi-operad O%  P%.
Then there is a weak equivalence of quasi-preoperads

Ot ® p®,h ~ (O® 27)@7 M)

Thus we can view the wreath product as a kind of explicit construction of the tensor product of co-operads.

B.2 Weak Approximation of Quasi-Operads

Definition B.2.1. Let p : O® — NFin, be a quasi-operad and let C be a quasi-category. A categorical fibration
(i.e. a fibration in the Joyal model structure on sSet) f : C — O® is said to be a weak approximation of C
to OF if it satisfies the following conditions:

1. Let p’ := po f, let ¢ be an object of C and let (n) = p’(c¢). For each 1 < i < n, there exists a locally
f-coCartesian morphism «; : ¢ — ¢; lifting the inert morphism p : (n) — (1) such that f(c;) is inert in
0%,

2. Let ¢ be an object of C and let o : X — f(c) be a morphism in O%; let £ be the full subcategory of

Cre X po O%X spanned by those objects corresponding to pairs (c’ s, e, X L f(c)) such that v is inert

)
in O%®. Then & is weakly contractible.

If f:C — O% is an arbitrary morphism of quasi-categories, we say that f is a weak approximation if we can
factor it as

NN

where f’ is a categorical equivalence, and f” is a a categorical fibration which is a weak equivalence in the sense
above.

In certain circumstances, we can provide a more tractable version of this notion. Before we can explain this
in detail, we need to define an auxiliary quasi-category, Tup,, — this is the subcategory of NFin, ., with the
same objects, whose morphisms are given by those commutative triangles

(m) ———=——— (m)
\<>/

such that « is a bijection of finite sets with points.

Proposition B.2.2. [Lur17, Proposition 2.3.5.14] Let p : O® — NFin, be a quasi-operad such that Opy is a
Kan complex, and suppose f:C — O® is a categorical fibration which satisfies

(®) for all objects c in C and all inert morphisms in NFin., 8 : po f(c) — (n), there exists a (po f)-coCartesian

morphism B : ¢ — ¢ which lifts 8 such that f(B) is inert in O%.
Then f is a weak approzimation of C to O% if and only if the following holds:

(®) for each object c in C, there is a weak homotopy equivalence (where (po f)(c) = (n))

C/c X NFin,/ (n) Tupn — O;gf(c) X NFin, ) (n) Tupn
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Definition B.2.3. Let p : O® — NFin, and ¢ : O'® — NFin, be quasi-operads, and let f : C — O® be a weak
approximation. Writing p’ = p o f, we say that a functor C — O’® is a C-algebra object of O'® if

(i) The square of simplicial sets
c—2— 0°

fl lq
0® 2 5 NFin,

commutes.

(ii) For any object ¢ in C with p'(¢) = (n), if we choose objects ¢; in C for all 1 < i < n and morphisms
a; : ¢ — ¢; lying over the inert maps p’ : (n) — (1), then g(«;) is inert in O'®.

We write Alg, (O') for the full subcategory of Funygi,, (C,0’®) spanned by C-algebra objects of O'®.

Proposition B.2.4. [Lur17, Theorem 2.3.3.23] Let p : O® — NFin, and q : O'® — NFin, be quasi-operads,
and let f : C — O% be a weak approzimation. Suppose f induces an equivalence of quasi-categories,

Cay = C Xnrin, {(1)} = Oy

Then the map 6 : Alg, (O') — Alg, (O) induced by f is an equivalence of quasi-categories.

B.3 Dunn Additivity

After stating the Dunn additivity theorem for quasi-categorical little cubes (Theorem 3.2.1), we indicated the
functors that are used to elicit the stated equivalence: namely, there is a pair of functors

E® x B 25 EQ 1EQ = NW & By

where 6’ and 6 are determined on objects of the underlying topological categories by

((n), (m)) — | (m),...,(m) and  ((s1),.-.,{sn)) = {(s1+ ...+ sn)

n times

respectively. As we pointed out at that time, the concept of weak approximation is critical to the proof of the
Dunn additivity theorem. The foundation on which the proof is built is the following

Proposition B.3.1. For fized d > 0, the map 0 : ES’ VEY — E?H s a weak approximation.
Assuming this holds, we have as a corollary

Corollary B.3.2. The map 0 induces a weak equivalence of co-preoperads, (E? VEY, M) = E?ﬂl, (where M

1s the collection of inert morphisms of the wreath product of E? and B ).

Proof. Let 6y denote the composition EY ¢ ES 4 ]Ef?+1 — NFin,. Note that for any object X of EY 1 E{ and
every inert morphism « : 6p(X) — (n) in NFin,, there exists a fyp-coCartesian morphism @ : X — Y lifting «.

Note also that the category & := ES 1EY X yrin. {(1)} has a final object, so since (E%+1)<1> is a contractible

Kan complex, it follows that # induces a weak homotopy equivalence £& = (E}?H) ()

Let My be the collection of all y-coCartesian morphisms in EF1E} lying over an inert morphism (m) — (1) in
NFin,, and let ¢ : O’® — NFin, be a quasi-operad. Combining Proposition B.3.1 with Proposition B.2.4, we find
that the map 6 induces a weak equivalence from Alg., (O') to the full subcategory A of Funygin, (E? ! Ej@, o’ ®)
spanned by those morphisms which send morphisms in My to inert morphisms in O’® (in a sense, we have made
My the inert morphisms of IE? Z]E? — viewed as a quasi-category without operadic structure — and we are now
defining A to be the quasi-category of algebra objects in O’® of the quasi-category IEI;@ VEY, as in Definition
B.2.3). The goal now is to show that a functor over NFin,, f : IESQ VEY — O'® is an object of A if and only if
it carries inert morphisms of E? ZIE%9 to inert morphisms of O'®.

First, suppose that f sends inert morphisms of IE(;@ YEY to inert morphisms of O’® — to show that f is an
element of A, we note that M, consists of inert morphisms in E? ZE?, so it is enough to show that f sends an
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equivalence £ — E’ in £ to an equivalence in O’®. By definition, the morphism E — E’ in £ corresponds to a
commutative triangle

E

in E? YEY. To show that f(f3) is an equivalence, it is sufficient by the two-out-of-three property to show that
f(#) and f(¢') are equivalences in O’® — but this is immediate from the fact that ¢ and ¢’ are inert, and from
the properties of the map f.

Conversely, suppose f is an element of A, and let @ : X — X’ be an inert morphism in E? ZE?. By
the properties of inert morphisms, to show that f sends inert morphisms to inert morphisms, we only need to
consider the case where X’ € £, in which case we can factor a as o’ o a’’, where o’/ € My and ' is a morphism
in £. Since f € A, we see that f(a’) must be an equivalence, while the inertness of o” implies that f(a') is
inert, from which it follows that f(«) is inert. O

Using this corollary, we can then supply the proof of the quasi-categorical additivity theorem for little cubes:
Proof of Theorem 3.2.1. We work by induction on d. If d = 0, then ]E? is pointed, so the equivalence is clear.
If d = 1, then for each d’ we can factor the map of quasi-preoperads E?’h ® E?’h — IE%_hd, as a composite

EY* 0 ESF — (B ES, M) — ETS,

By Theorem B.1.2, the first map is an equivalence of quasi-preoperads, while Corollary B.3.2 tells us that the
latter map is also an equivalence. Thus we have the desired result for d = 1. For d > 1, we have a commutative
square of quasi-preoperads:

®, ®, ®, ®, ®,
ESF 0 B 0 B —— ED 0 ES

| |

®,h ®,4 ®,h
ET"OE S g — By

By our inductive hypothesis, the left and right vertical arrows are weak equivalences, as is the top horizontal,

so by two-out-of-three, the lower horizontal arrow must also be a weak equivalence. O

Thus the proof of the additivity theorem flows from our ability to prove Proposition B.3.1. Since the map
6 : EY ZEf — ]E%_d satisfies both the conditions of Proposition B.2.2 (which supplied us with an alternative

characterisation of weak approximation) it suffices to show that for each object X = ((n1),..., (ny)) of EL1ES
such that ), n; = n, the induced map

® ) R® ®
(El LE, )/X X NFin, /(,y LUPy — (E1+d)/<n> X NFin../(ny TUPp,

is a weak homotopy equivalence. To prove this we want to work with a slightly simpler category than the one
0

on the left of the above map. Let us define a subcategory (IE? ZEQ@) /x a8 follows:

e an object is a morphism « : ({m1), ..., (m;)) — X such that the underlying maps in Fin,, (j) — (k) and
(m1 +...4+mj) — (n) are active morphisms.

e a morphism between objects a : ((m1),...,(m;)) = X and o/ : ((m}), ..., (mQ,)) — X is a commutative
triangle

((ma), ..., (m;)) ———— ((mh),..., (m},))

such that the underlying maps in Fin, induced by g satisfy

— (j) = (§') is active in Fin,;

— (m1+...+my) = (M} +...+mj) is a bijection.
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Let us also define (E?zE?)}X C (]Ei@ ZE;?)?X

({m1),...,(m;)) = X such that m; > 0 for all <. Then we have a chain of natural subcategory inclusions

to be the full subcategory spanned by those morphisms « :

(EY ZEE?)}X = (E?ZEE?)?X — (EY 2E?)/x X NFin. ;(ny TUP,

It can be shown that the first inclusion admits a right adjoint, from which it follows that the two are weak

1
/x (E?ZE§)/X X NFin. /(ny TP

adjoint, so this map is also a weak homotopy equivalence. By the two-out-of-three property, it follows that the
. . 0

inclusion (E$ 2 IE?)/X — (EY ]E?)/X
can prove Proposition B.3.1 by demonstrating that for each X = ({(nq1),..., (ng)) such that n; + ...+ ni = n,
the induced map

homotopy equivalent; likewise, the inclusion (IE(IX’ ZEg)) also admits a right

n

X NFin, .,y Tup, must also be a weak homotopy equivalence. Thus, we

. (E® H )0 ®
¢X : (El zEd)/X — (E1+d>/(n) X NFin, /(n) Tupn
is a weak homotopy equivalence. Moreover, ¢ x is equivalent to a product of maps (¢(ni))1 <j<p SO 1t is only

necessary to show that we have the desired weak homotopy equivalence in the case k£ = 1, i.e. we have reduced
the proof of the aforementioned proposition to proving the following:

Proposition B.3.3. The map

0
6+ (EYET) ),y — (E?“rd)/(n) X NFin. /¢y TPy,

is a weak homotopy equivalence for each n > 0.

In what follows, we fix n as above. We recall that we defined a topological category W such that NW =
E® 21[*3?: objects of the category W are sequences of objects in Fin,, ({(m1), ..., (m;)); a morphism between two
such objects ((ma1),...,{(m;)) = ({(m}),...,(m})) is given by the following data

e a morphism in Fin,, a: {(j) — (k)

e for cach 1 < i < k, an operation ¢; € E; (ail{i})

e a morphism in Fin,, 8 : (m) — (m'), where m =m; +...m; and m' =m/| + ...+ m],
e for each 1 <1 <m/, an operation (; €' Eq (87{1}).

Let us define a topological subcategory Wy C W with the same objects, but whose morphisms are given
by tuples (a, (gi)1<i<k, B8, ({)1<i<m’) as above such that the morphism « is active and the morphism § is a
bijection. We define a topological functor T : Wg¥ — S as follows: given an object X = ((m1),...,(m;)) in
Wo, let T(X) C Homw (X, ({(n))) be the subspace comprising those maps X = ((m1),...,{m;)) = ({(n)) which
induce active maps a : (j) — (1) and 8 : (m1 + ... +m;) = (n) in Fin,.

Given a topological category, C, we write Sing(C) to denote the associated simplicial category, whose mapping
spaces are given by applying the singular simplices functor to the mapping spaces of C. By the universal property
of the adjunction € 4 N, there is a canonical map v : € [NWy] — Sing(W}), and by applying the unstraightening
construction, we obtain a canonical isomorphism of simplicial sets (IE({9 ZEQ@)?( (ny) = Un, Sing(7T).

In parallel, we will define a topological subcategory &£ of tE(lger, with a functor U : £°P — S, so that
we can determine a canonical isomorphism of simplicial sets E‘lg; d /(n)y X NFin. (o Tup,, ~ Un,Sing (U), where
V' €[NE] — Sing(€) is the canonical counit map. The idea for the proof of Proposition B.3.3 will be to relate
Un, Sing(7T) and Un, Sing(U). Explicitly, we let £ be the topological subcategory of tIE% 4 Whose morphisms
are those inducing equivalences in Fin,, and we define the functor U by X +— Homtﬁﬁd (X, (n)).

The functor W 5 tEﬁ 4 (where N¢ = 0) restricts to a functor Wy — £, in such a way that the functor ¢,, can
be identified with a map Un,Sing(7T") — Un,-Sing(U), coming from a natural transformation 7' — U o & |w,.
By simplifying T" and U it will be possible to prove the stated claim in Proposition B.3.3. The key to this
simplification is the following construction...

Construction B.3.4. We construct a poset P as follows:

e An element of P is a pair (I,~), where I is a finite collection of subintervals of (—1,1), and ~ is an
equivalence relation on the path components of I, which satisfies a kind of convexity property: writing [x]
for the path component of an element z lying inside I, if z < y < z and [z] ~ [2], then [z] ~ [y] ~ [2].
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e For two such elements (I, ~), (I’,~') in P, we write (I,~) < (I',~)if I CI"and [z] ~' [y] = [z] ~ [y].

Given an object w = ({my),...,{myp)) in Wy, we can identify an element of the space

T'(w) = Home ey ((8), (1)) x [ Homg,) ((my), (n))
1<5<b

with the data of a tuple (d,e1,...,&5), where ¢ : Up(—1,1) — (—1,1) is a rectilinear embedding, and for
each 1 < j < b, &j : Up,(—1,1)* — (=1,1)? is a rectilinear embedding. For each (I,~) in P a functor
T(1,~y : W5P — S is defined by setting T(; )(w) to be the subspace of T'(w) comprising those elements of T'(w)
which satisfy:

(i) 8(=1,1) C I (which thus induces a map X from the set {1,...,b} to the collection of path components of
I).

(i) Given 1 <14,j < b such that A(¢) ~ A(j), it is either the case that ¢ = j or the embeddings €; and ¢; have
disjoint images.

Given an object (m) of £, an element of U((m)) is an element of Homg.g, , ) ((m), (n)), i.e. a rectilinear
embedding v : Uy, (=1, 1) — U, (—1,1)*9 Writing U, (—1, 1) = (n), x (=1,1)¢ x (=1,1) (where we
write (n), to emphasise the fact that we are working with the unpointed finite set {1,...,n}), we obtain two
projection maps

(n)o x (=1, 1)% &L (n)y x (=1, 1)1 24 (—1,1)
With these notations in place, we can define for each element (I, ~) € P a functor U(; ), whose image on (m)
consists of all the elements of U({m)) which satisfy:

(i) p1ovy(—1,1)*? C I (thus inducing a map )\ from the set (m), to the collection of path components of I).

(ii) For 1 <i,j < m such that X' (i) ~ X (j), it is either the case that i = j or that p oy ({i} x (—=1,1)'*%)
and po oy ({7} x (=1,1)'*4) are disjoint in (n), x (—1,1)%
It is evident that the functors T{; .y constructed above are built in such a way that they are analogous.

Indeed, the point of these constructions is that we can whittle our foregoing observations about Proposition
B.3.3 down to showing that

Proposition B.3.5. [Lur17, Proposition 5.1.2.18] For every element (I,~) in P, the functor & induces a weak
homotopy equivalence Un,Sing (T(I,N)) ~ Un,Sing (U(I,N))

The reason this is possible is because we can essentially build the functors T' and U from the sub-functors
Tt~ and Uy ~ via a kind of local-to-global principle. More precisely, we have

Proposition B.3.6. [Lurl7, Proposition 5.1.2.16/5.1.2.17]
(i) The functor Sing(T) is a homotopy colimit of the diagram of functors {T{; ~y : Sing(Wy)°® — sSet} (s ~yep-
(i) The functor Sing(U) is a homotopy colimit of the diagram of functors {U(r ~y : Sing(£)°P — sSet} (1 ~yep-

In case (i), the proof stems from defining a weakly equivalent functor 7° whose image on w (as defined
above) is given by
Confy ((—1,1)) x H Conf,,, (Un(—1,1)%)

1<5<b

and using the fact that the functor 7" will satisfy the corresponding local-to-global principle (which in turn
is deduced using a generalised version of the Seifert-van Kampen Theorem). Likewise, for case (ii), we again
define a functor U’ which is weakly equivalent to U and whose image on (m) is given by Conf,, (U, (—1,1)'*%),
and again asserting that the corresponding local-to-global principle holds for the functor U’.

Proof of B.3.5. We construct a functor T(OI o WyP — S which associates to an object w = ((my), ..., (myp))
the space of rectilinear embeddings from L(—1,1) into I, Rect (Ly(—1,1),I). The natural transformation of

topological functors T{; ) — T(OLN) induces a fibration of simplicial functors Sing (T(I,N)) — Sing (T(OLN)),
which in turn leads to a right fibration Un, Sing (T(LN)) — Un, Sing (T(OI N)).
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An object of Un,Sing (T(OI N)) is a pair (w = ((m1),...,{ms)), f), where f € Rect (Lp(—1,1),7). Let
X be the subcategory of Un,Sing (T(OI N)> consisting of those pairs (w, f) such that the map f induces a
bijection (b), — mol. We note that &' is weakly equivalent to the Kan complex, Tup, ;. Since the inclusion

X — Un,Sing (T(OI ~)> admits a left adjoint, it is a weak homotopy equivalence, and hence by base-change, we
also have a weak equivalence

X x ) Un, Sing (T(],N)) ~ Un, Sing (T(I,N))

Un, Sing (T(OI ~)

We can also define U(OLN) : &% — S by (m) — Homg;, ((m), mol) (viewed as a discrete space). Note that

Un, Sing (U(OI’N)> is also weak homotopy equivalent to Tup, ;. In fact, we have a commutative diagram

X XUn,,Sing(T(UIYN)) Un, Sing (Z1,~)) —— Uny/Sing (Ur,))

j J

X — Un,Sing (U(OLN))

Since both vertical arrows are right fibrations, to show that F' is a weak homotopy equivalence (and hence that
we have the weak homotopy equivalence of the statement), it is only necessary to show that F' induces a weak
equivalence on the fibres. Explicitly, given

e an object w = ({m1),..., (my)) with image F(w) = (m), where m = mj + ...+ my; and

e ) € Rect (Up(—1,1),1) = T(OI)N)(w) such that 7 induces a bijection between (b), and mol, with image
F(n) =n" € Homgin (M), mo1)

we wish to show that the map induced by F

® : Sing (T(LN)(w) X719, (w) {77}) — Sing (U(LN)(w) X (7o

(I,~)

(w) {77/}>

is a weak homotopy equivalence. However, ® is the product of an identity map with an inclusion into
[Ii<j<m Rect ((—1,1),1;), where I; is the image of j under the map 7’ : (m), — mol. Since each of the
spaces Rect ((—1,1), I;) is contractible, the claim follows. O
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