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Abstract

This thesis provides general constructions in the context of decomposition spaces,
generalising classical results from combinatorics to the homotopical setting. This
requires developing general tools in the theory of decomposition spaces and new
viewpoints, which are of general interest, independently of the applications to
combinatorics.

In the first chapter, we summarise the homotopy theory and combinatorics of
the 2-category of groupoids. We continue with a review of needed notions from the
theory of co-categories. We then summarise the theory of decomposition spaces.

In the second chapter, we identify the structures that have incidence bi(co)mo-
dules: they are certain augmented double Segal spaces subject to some exactness
conditions. We establish a Mobius inversion principle for (co)modules, and a Rota for-
mula for certain more involved structures called Mdbius bicomodule configurations.
The most important instance of the latter notion arises as mapping cylinders of infin-
ity adjunctions, or more generally of adjunctions between Mobius decomposition
spaces, in the spirit of Rota’s original formula.

In the third chapter, we present some tools for providing situations where the
generalised Rota formula applies. As an example of this, we compute the Mobius
function of the decomposition space of finite posets, and exploit this to derive also a
formula for the incidence algebra of any directed restriction species, free operad, or
more generally free monad on a finitary polynomial monad.

In the fourth chapter, we show that Schmitt’s hereditary species induce monoidal
decomposition spaces, and exhibit Schmitt’s bialgebra construction as an instance of
the general bialgebra construction on a monoidal decomposition space. We show
furthermore that this bialgebra structure coacts on the underlying restriction-species
bialgebra structure so as to form a comodule bialgebra. Finally, we show that
hereditary species induce a new family of examples of operadic categories in the
sense of Batanin and Markl.

In the fifth chapter, representing joint work with Joachim Kock, we introduce
a notion of antipode for monoidal (complete) decomposition spaces, inducing a
notion of weak antipode for their incidence bialgebras. In the connected case, this
recovers the usual notion of antipode in Hopf algebras. In the non-connected case
it expresses an inversion principle of more limited scope, but still sufficient to
compute the Mobius function as p = (o S, just as in Hopf algebras. At the level
of decomposition spaces, the weak antipode takes the form of a formal difference
of linear endofunctors Seven — Sodq, and it is a refinement of the general Mobius
inversion construction of Galvez—Kock-Tonks, but exploiting the monoidal structure.
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Resum

Aquesta tesi proveeix construccions generals en el context d’espais de descomposici,
generalitzant els resultats classics de la combinatoria al context homotopic. Aixo
requereix desenvolupar eines generals en la teoria d’espais de descomposici6 i noves
perspectives, que siguin d’interes general, independentment de les aplicacions a la
combinatoria.

Al primer capitol, resumim la teoria de I’'homotopia i la combinatoria de la
2-categoria de grupoides. Continuem amb una revisié de les nocions necessaries de
la teoria de categories d’ordre infinit. A continuacid, resumim la teoria dels espais
de descomposicié.

Al segon capitol, identifiquem les estructures que tenen bi(co)moduls d’incidéncia:
son certs espais de Segal dobles augmentats subjectes a unes condicions d’exactitud.
Establim un principi d’inversié de Mobius per a (co)moduls i una férmula de Rota
per a certes estructures més implicades anomenades configuracions de bicomoduls
de Mobius. La instancia més important d’aquesta tiltima nocié sorgeix com cilindres
d’aplicacié d’adjuncions d’ordre infinit, 0 més generalment d’adjuncions entre espais
de descomposicié de Mobius, amb 'esperit de la férmula original de Rota.

Al tercer capitol, presentem eines per proveir situacions en que s’aplica la
férmula generalitzada de Rota. Com a exemple, calculem la funcié de Mobius
de l'espai de descomposicié dels conjunts parcialment ordenats finits i I’explotem
per obtenir també una férmula per a 'algebra d’incidéncia de qualsevol especie
de restricci6 dirigida, operad lliure, 0 més generalment monada lliure sobre una
monada polinomica finitaria.

Al quart capitol, mostrem que les espécies hereditaries de Schmitt indueixen
espais de descomposicié monoidals i exhibim la construccié de bialgebra de Schmitt
com a instancia de la construccié general de bialgebra en un espai de descomposicié
monoidal. A més, mostrem que aquesta estructura de bialgebra coactua sobre
I'estructura de bialgebra de les espécies restringides subjacent, per formar una
bialgebra en comoduls. Finalment, mostrem que les espécies hereditaries indueixen
a una nova familia d’exemples de categories operadiques en el sentit de Batanin i
Markl.

Al cinque capitol, que representa un treball conjunt amb Joachim Kock, introduim
una nocié d’antipoda per a espais de descomposicié (complets) monoidals, que
indueixen una nocié d’antipoda feble per a les seves bialgebres d’incidencia. En el
cas connectat, recuperem la nocié habitual d’antipoda per a les algebres de Hopf. En
el cas no connectat expressa un principi d’inversié d’abast més limitat, perd sempre
suficient per calcular la funcié6 de Mobius com p = (o S, tal com per a les algebres
de Hopf. Al nivell de les espais de descomposicié, I’antipoda feble pren la forma
d’una diferéncia formal d’endofunctors lineals Seven — Sopqd, 1 €s un refinament de
la construcci6é general d’inversi6 de Mobius de Galvez—Kock-Tonks, perd explotant
I'estructura monoidal.
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Résumé

Cette these fournit des constructions générales dans le cadre des espaces de dé-
composition, généralisant des résultats classiques de combinatoire a un contexte
homotopique. Cela nécessite de développer des outils généraux dans la théorie des
espaces de décomposition et des nouvelles perspectives, qui présentent un intérét
aussi en dehors des applications a la combinatoire.

Dans le premier chapitre, nous synthétisons la théorie de I’homotopie et la
combinatoire de la 2-catégorie des groupoides. Nous poursuivons avec une revue
des notions nécessaires de la théorie des catégories d’ordre supérieur. Nous résumons
ensuite la théorie des espaces de décomposition.

Dans le deuxieme chapitre, nous identifions les structures ayant des bi(co)modules
d’incidences : ce sont des espaces de Segal doubles augmentés satisfaisant des con-
ditions d’exactitude. Nous établissons un principe d’inversion de Mobius pour les
(co)modules et une formule a la Rota pour certaines structures que nous appelons
configurations de bicomodule de Mé&bius. L'exemple le plus important de cette
derniére notion provient de cylindres d’application d’adjonctions d’ordre infini, ou
plus généralement d’adjonctions entre des espaces de décomposition de Mobius,
dans l'esprit de la formule originale de Rota.

Dans le troisieme chapitre, nous présentons des outils pour fournir des situations
ol la formule de Rota généralisée s’applique. En guise d’exemple, nous calculons
la fonction de Mobius de 1'espace de décomposition des ensemble partiellement
ordonnés finis et 1'utilisons pour obtenir une formule pour l'algebre d’incidence de
n’importe quelle espéce de structures de restriction dirigée, d"une opérade libre, ou
plus généralement d’une monade libre sur une monade polynomiale finie.

Dans le quatrieme chapitre, nous montrons que les especes de structures
héréditaires de Schmitt induisent des espaces de décomposition de Mobius, et
nous exhibons la construction de bigebre de Schmitt comme une occurrence de la
construction générale de bigebre associée a un espace de décomposition monoidal.
Nous montrons de plus que cette structure de bigebre coagit sur la structure de
bigebre obtenue considérant 1’espéce de structures restreintes sous-jacente, pour
constituer une comodule bigebre. Enfin, nous montrons que les especes de structures
héréditaires induisent une nouvelle famille d’exemples de catégories opéradiques,
au sens de Batanin et Markl.

Dans le cinquieéme chapitre, représentant un travail en collaboration avec Joachim
Kock, nous introduisons une notion d’antipode pour les espaces de décomposition
(complets) monoidaux, induisant une notion d’antipode faible pour leurs bigéebres
d’incidence. Dans le cas connexe, nous retrouvons la notion usuelle d’antipode
pour les algebres de Hopf. Dans le cas non-connexe, cela explicite un principe
d’inversion a portée plus restreinte, mais toujours suffisant pour calculer la fonc-
tion de Mobius par p = (oS, comme pour les algébres de Hopf. Au niveau des
espaces de décomposition, I'antipode au sens faible prend la forme d’une différence
formelle d’endofoncteurs linéaires Seven — Spdqq €t est un raffinement de la construc-
tion générale d’inversion de Mobius due a Galvez—Kock-Tonks, mais exploitant la
structure monoidale.
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Introduction

Background and motivation

The art of counting is a fundamental aspect of mathematics, and is formal-
ised into the branch of enumerative combinatorics. People have always been
concerned with counting stuff and the systematic mathematical study of
combinatorial problems goes back at least to the 18th century, with the work
of Euler. Combinatorial problems arrive from many area of mathematics
(algebra, geometry, probability, topology) and also from outside of the math-
ematics world. At first, some ad hoc solutions were developed to each
problem, but from the 20oth century, general methods appeared.

In enumerative combinatorics, we are interested in the enumeration of
structures, or of configurations of objects. For example, how many ways one
can choose 2-element sets from a set with 4 element? The answer is given by
the binomial coefficient (7). Looking at all such problems together can reveal
algebraic structures, for example linear recursion, such as Pascal’s formula

n+1\ (n n
(k+1> B (k) " <k+1>'

More abstractly, one can realise that these numbers appear algebraically,
as coefficients of polynomials and power series, and exploit this algebraic
structure to obtain relationships between the numbers. This is one starting
point for algebraic combinatorics. Conversely, given a counting problem which
depends on a natural number, for example how many structures of a given
type can be put on a set with n elements, one can define a power series,
the generating function for the numbers, as first exploited by de Moivre in
the 18th century, and then apply all the algebraic machinery available such
as sums and products, but also derivatives and substitution. Remarkable
combinatorial identities can be easily established in this way.

On the other hand, it has long been appreciated that bijective proofs
contain more information, or represents deeper understanding, than just an
algebraic manipulation. It is always interesting to find a new bijection or de-
scription of a known enumeration problem. (The Exercise 6.19 of the book [56]
describes 66 different combinatorial interpretations of Catalan numbers. An
addendum can be found on Stanley’s website with 207 interpretations! [57])

Species
Joyal showed that many manipulations with power series and generating

functions can be carried out directly on the combinatorial structures them-
selves, through the notion of species [34] (see also [9]). A species is a functor
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from the category of finite sets and bijections to the category of sets and arbit-
rary maps. To each finite set S, a species associates a set F[S]. The elements
of F[S] are F-structures on the set S. To each bijection S — T is associated
a bijection F[S] — F[T]. It is a functoriality condition allowing to transport
the structure along bijections between finite sets. Examples of structures are
graphs, trees, permutations, linear orders, endofunctions, etc. It is a way to
clarify and unify the subject. For example, let us briefly describe an elegant
bijective proof of Cayley’s formula due to Joyal, which is nicely formalised
using species.

Theorem (Cayley’s formula). The number of trees on n vertices is n"™ 2.

A tree is a connected graph without cycles. We denote by T the species
trees. A vertebrate is a pointed rooted tree (with two specified vertices, the
head and the tail, possibly the same), and we denote by V the species of
vertebrates. It is clear we have [Vy| = n2[T, | since there are n possible
choices for the head, and n possible choices for the tail. The goal is to prove
[Vnl =n™, and this is achieved by producing a bijection between the set of
vertebrates on n vertices and the set of endofunctions of {1, ..., n} (which has
cardinality n™). A vertebrate is a non-empty list of rooted trees, as illustrated
in the following Figure 1. (There is an isomorphism of species: V ~ L" oR,
where LT is the species of non-empty linear orders, and R is the species of
rooted trees.)

Tail
Head !

Figure 1: A vertebrate is a non-empty list of rooted trees.

After observing that there are as many linear orders as permutations on
n elements, the Figure 2 below shows that an endofunction is given by a
permutation of rooted trees, thus providing the bijection. (There is an iso-
morphism of species: End ~ S o R, where End is the species of endofuntions,
S is the species of permutations, and R is the species of rooted trees.)

One key point of this pleasing proof is that the bijection between lists and
permutations carries further structure, namely that of trees.

The theory of species is a starting point for the idea of objective combin-
atorics, advocated by Lawvere, where one tries to work directly with the
combinatorial objects, instead of with algebraic structures generated by them.
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o

Figure 2: An endofunction is a permutation of trees.

Incidence coalgebras

Another algebraic technique such as convolutions essentially expresses the
combinatorial viewpoint of breaking structures into smaller ones. It was
realised by Rota [51] that the algebraic content of such techniques is that
of coalgebras, now a second main ingredient in algebraic combinatorics. He
showed that many such decomposition techniques admit interpretation in
terms of incidence coalgebras of posets, and in particular that convolution
products generally arise from coalgebras. Techniques such as Mdbius inversion
and exclusion-inclusion principles, and other overcounting-undercounting
are examples of this more general notion. Underlying these coalgebras are
vector spaces freely generated by (iso-classes of) combinatorial structures,
and the comultiplication arises from the ability to decompose the structures.
In particular, on the free vector space on the intervals of a locally finite poset,
the comultiplication is given by [51]:

A,yl= ) [x,ml®m,uyl.

x<msy

The theory of Mobius categories, developed by Leroux [45], generalises
the theory for locally finite posets [51] and Cartier—Foata finite-decomposition
monoids [18], as follows. Given a small category X, write X, for its set of
objects and X; for its set of arrows. Let Qx, be the free vector space on
X1. We say a category X is locally finite if each morphism f : x — z in X
admits only finitely many two-step factorisations x 2 y I 2. This condition
guarantees that the comultiplication on Qx,, given by

A:Qx, — Qx, ®Qx,

f— Z g®h
hg=f

is well defined. The counit 6 : Qx, — Q is given by §(idx) =1, and 5(f) =0
else.

3
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The incidence algebra Jx is the linear dual, (Lin(Qx,,Q),*,d) with the
convolution product:

(s B)(F) = ) alg)B(h),

where «, 3 € Jx and f € Qx,.
The zeta function Cx : Qx, — Q is defined by (x(f) =1 for all f € Xj.

Define @¢yen : Qx, — Q to be the number of even-length factorisations
of a morphism, without identities, and @44 : Qx, — Q to be the number of
odd-length factorisations, without identities. A category is Mobius [45] if it is
locally finite and ®eyen and @44 are finite.

Theorem (Content, Lemay, Leroux [19]). If X is a Mobius category then the
zeta function is invertible, and the inverse, called the Mobius function, is given by
1= DPeven — Dogd-

Examples of Mobius categories are locally finite posets and monoids
with the finite-decompositions property, and this theorem generalises similar
theorems for these more specialised settings.

Algebraic combinatorics soon after Rota discovered the more powerful
machinery of antipodes, when available. For example, in an incidence Hopf
algebra, Mobius inversion amounts to precomposing with the antipode S,
exhibiting in particular the Mobius function as p = (o S. The work of Schmitt
[52, 54] was seminal to the change of emphasis from Mobius inversion to
antipodes and featured also the use of species to obtain a more objective
approach. The recent work of Aguiar and Ardila [2] represents a striking
example of the power of antipodes. This approach to combinatorial Hopf
algebra is now a very active research area, see in particular the text book
Monoidal functors, species and Hopf algebras by Aguiar and Mahajan [5].

Objective combinatorics

In the 21th century, an objective approach to Leroux’s theory was taken up by
Lawvere and Menni [44], who established an objective version of the Mobius
inversion formula. The broad idea of the objective method is to work with
objects instead of numbers. One can obtain, in this way, bijective proofs
instead of algebraic proofs, leading to a deeper understanding. With this
objective method, one can use linear algebra with coefficient in the category
of sets, instead of rational numbers. A vector in the free vector space spanned
by a set S is replaced by a family of sets indexed by S, that is an object of
the slice category Set,s. Linear maps are replaced by spans, equalities are
expressed by bijections. In this setting, there is a notion of cardinality and an
algebraic identity is realised by the cardinality of a bijection of sets.
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Decomposition spaces

Not all coalgebras in combinatorics arise from posets, monoids or categories.
In a broader perspective important examples come from the Waldhausen
S-construction in topology and Hall algebras of various flavours. In combinat-
orics, an important class of coalgebras are the coalgebras of restriction species
in the sense of Schmitt [53] (see also [5, §8.7]), and the more general notion of
directed restriction species of [28]. Examples of these notions are given by the
chromatic Hopf algebra of graphs and the Butcher-Connes—Kreimer Hopf
algebra of rooted trees, as well as many related structures such as matroids,
posets (talking here about a Hopf algebra of all posets, not just a coalgebra of
an individual poset).

The theory of Leroux has recently been generalised to co-categories and
decomposition spaces by Gélvez, Kock, and Tonks [25, 26, 27]. It is a very
general homotopical framework for incidence algebras and Mdobius inver-
sion. Decomposition spaces (the same thing as the unital 2-Segal spaces of
Dyckerhoff-Kapranov [20]) are simplicial groupoids that satisfy an exactness
condition weaker than the Segal condition: while the Segal condition essen-
tially characterises categories (the ability to compose), the decomposition
space axiom expresses the ability to decompose. Most of the above examples
are decomposition spaces that do not satisfy the Segal condition. The M&bius-
inversion formula, which classically is an equation in vector spaces, is lifted
to an equivalence between co-groupoids defining spans, whose homotopy
cardinality are the linear maps in question (the introductions of [25] and [29]
contain further motivation).

Bialgebras and Hopf algebras, rather than just coalgebras, are obtained
from monoidal decomposition spaces. In examples from combinatorics,
the monoidal structure is often disjoint union. It is characteristic for the
decomposition-space approach that the bialgebras obtained are (often filtered
but) not connected in general. In particular they are not in general Hopf.

This theory is the starting point of the present thesis.

Contributions of the present thesis

This thesis furthers the theory of decomposition spaces by showing how
some of the key techniques from classical combinatorics can be lifted to the
setting of decomposition spaces. In each case, it requires to develop some
general theory in order to accommodate the generalisation of the classical
results. Three overall topics are treated.

e Rota’s formula comparing Mobius functions across a Galois connection
(Chapter 2 and Chapter 3)

e Schmitt’s theory of hereditary species and their incidence bialgebras
(Chapter 4)

e Classical antipode formulas for posets (mostly due to Schmitt) (Chapter 5)
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For the Rota formula, the main contribution is a Rota formula for ad-
junctions between Mobius decomposition spaces (including co-adjunctions
between oo-categories). The general theory developed to support this result
is the theory of bicomodules in the decomposition-space setting: they are
certain augmented bisimplicial co-groupoids. We also provide situations
where the generalised Rota formula can be applied.

For the hereditary species, the main contribution is to show that these
constitute a class of examples of monoidal decomposition spaces, and that
Schmitt’s bialgebra construction is a special case of the general incidence
bialgebra construction of monoidal decomposition spaces. Furthermore, we
give an interpretation of hereditary species in terms of comodule bialgebras
and operadic categories (in the sense of Batanin and Markl [8]).

For the antipode formulas (which is joint work with Joachim Kock),
we use the ideas of the Galvez—Kock-Tonks Mobius-inversion formula to
establish an antipode formula for any monoidal decomposition space. One
surprising feature of this is that it works also in the nonconnected case,
meaning bialgebras that are not Hopf, leading to a notion of weak antipode.

In general we work at the level of co-groupoids, so that decomposition
space means certain simplicial co-groupoids. However, the main example of
the Rota formula concerns only a simplicial 1-groupoid (Chapter 3), and all
of Chapter 4 is developed also in the setting of simplicial 1-groupoids, since
this is the natural setting for Schmitt’s hereditary species.

The three parts are essentially independent of each other, other than fitting
together in the general project of developing objective combinatorics through
decomposition spaces. The material of Chapter 5 was not actually planned,
but developed very quickly through some discussions over the summer of
2018.

The material developed has also been organised into four papers, at
different publication stages.

1. Incidence bicomodules, Mo6bius inversion, and a Rota formula for
infinity adjunctions [14]

2. Mobius functions of directed restriction species and free operads, via
the generalised Rota formula [15]

3. Hereditary species as monoidal decomposition spaces, comodule bial-
gebras, and operadic categories [16]

4. Antipodes of monoidal decomposition spaces [17]

The first has just been revised for possible publication in Algebraic and
Geometric Topology, according to the referee’s suggestions, and awaits the final
decision. The second and third are ready to be submitted for publication.
The fourth paper was accepted very quickly, and has already been published.
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Outline

Groupoids, decomposition spaces, and combinatorics

In Chapter 1, we first review the combinatorics and homotopy theory of the
2-category of groupoids, with an emphasis on pullbacks, the main tool used
throughout the present work. We continue with a short review of needed
notions from the theory of co-categories. Finally, we summarise the basic
theory of decomposition spaces.

Incidence bicomodules, Mobius inversion, and a Rota formula for infinity adjunctions

The original goal of the invertigations of Chapter 2, thought to be a routine
exercise, was to generalise the Rota formula to co-adjunctions. It turned
out a lot of machinery was required to do this in a satisfactory way, and
developing this machinery ended up as a substantial contribution: they are
general constructions in the theory of decomposition spaces, concerning
bicomodules, which are of interest not just in combinatorics but also in
representation theory, in connection with Hall algebras. The material of this
chapter is is the main part of [14].

Rota formula for categories A classical formula due to Rota [51] compares
the Mobius functions of two posets related by a Galois connection. The
following generalisation of Rota’s formula to Mobius categories is both
natural and straightforward (but seems not to have been made before).

Theorem (Rota formula for Mobius categories). Let X and Y be Mobius cat-
egories, and let F : X =2 Y : G be an adjunction, F 4 G. Then for all x € X,

yevy,
D ux(f) =) uylg).
x'eX y'ey
faxx! gy’ =y
x=y Gy'=x

The reader is not expected to read the following elementary proof, but
only notice that it looks like an associativity formula for a convolution
product, except that the arrows live in different categories.

Proof of the Rota formula.

f 1 f h
Y ixx S Y xS sy By
x'eX x'eX
fix—x’ fix—x’
Fx'=y h:Fx'—y
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2 > ux (x5 x') > vy vy’ S y)

x'eX y’ey
f:x—/)x’ g;y/—>y
h:Fx'—y h:Fx/—y’
st. h=gh’

(3) fo_ s h'o oy /79
= ) uxx =X)L S y)uy(y’ S y)
x'eX,y'ey
fix—x’
h:Fx'—y
g:y'—y
h':Fx'—y’
s.t. h=gh’

2 Z mx (x - x")ox (%! k—/> Gy uy(y’ =N y) by adjunction

x'eX,y'ey
gy’ =y
kix— Gy’
fix—sx’
k/:x'—= Gy’
s.t. k=k'f
(5) fo ;K / ;79
= > > ax(x S xNix(x = Gy') | wy(y’ S y)
y'ey X/EX,
TS fix—x
s.t. k=k’f
(6) k / r 9 (7) )
= ) XEx=6ywly' By = ) wly By
y'ey y’'ey
gy’ =y gy’ =y
k:ix— Gy’ Gy'=x

O

In the main result of the present paper, Theorem 2.3.8, we write this
formula as

Hx *1 Oy = dx *r Wy,
with the following more conceptual proof

ix xSy 2 e (G iy) U2 (i x ©) #r by = Sk by,
referring to certain left and right convolution actions. The important insight
here, which is due to Aguiar and Ferrer [4], is that the ‘mixed arrows” which
appear in the middle factors (those of the form Fx — y, which in the crucial
step of the proof are reinterpreted as x — Gy by adjunction) belong to a
bimodule: they are acted upon from the left by arrows in the category X and
from the right by arrows in Y (see Example 2.2.6 for an explicit description).
The long complicated sums in the proof are thus condensed into convolution
actions from the left and right, denoted x; and *,. Aguiar and Ferrer [4]
established a bimodule proof of the Rota formula in the setting of posets.

Two ingredients are necessary to make sense of the pleasing convolution
proof above: one is to exhibit the data necessary to induce bicomodules and
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establish that adjunctions constitute an example. This already accounts for
equalities (3-4-5) in the proof. The other is to establish a Mobius inversion
principle for (co)modules (a notion which has not previously been considered
in the literature, to the knowledge of the author), to account for the equalities
(2) and (6).

In fact, as the notions and arguments become increasingly abstract and
conceptual, it is natural to ask for further generalisation. In this work we
take three considerable abstraction steps (beyond passing from posets to
categories, which is already a fruitful step). First, we pass from categories
and adjunctions to oco-categories and oo-adjunctions. Any oco-adjunction
defines a bicomodule in our sense. This step in itself is not so easy to justify
from the viewpoint of combinatorics, but the homotopy content inherent in co-
categories is important since already classical combinatorial structures have
symmetries, and these can be handled more conveniently with groupoids
than with sets, as advocated by Baez-Dolan [7], Galvez-Kock-Tonks [29] and
others. (This aspect will not be of importance in the present contribution,
though.) Second, we pass from co-categories to decomposition spaces and
introduce a notion of adjunction for them. This step has an important
combinatorial motivation, because many combinatorial coalgebras admit a
natural realisation as incidence coalgebras of decomposition spaces which
are not posets or categories. An important example is the coalgebra of all
finite posets, which is treated in detail in Chapter 3. The final abstraction
step consists in noticing that the abstract Rota formula works equally well for
certain bicomodules which do not come from adjunctions or co-adjunctions.
In fact the example of Chapter 3 is of this type.

A word should be said about the objective aspect. Although most of
constructions in this chapter belong to the oco-groupoid level, it must be
admitted that the final results are not fully objective. On one hand, the Mobius
formula obtained for comodules is not directly realised as the homotopy
cardinality of an equivalence: it has been found necessary here to take
homotopy cardinality a little bit earlier in the constructions, so that the final
arguments take place at the vector space level. This is due to the increased
complexity compared to the plain Mobius-inversion formula of [26], where
an even-odd splitting could be found for the single decomposition space
involved. In the present situation, two decomposition spaces are involved, and
the even-odd splitting at the objective level could not be found. Furthermore,
the objective analogue of bicomodules given here is not fully satisfactory
from the homotopy viewpoint. While it is shown to induce bicomodules up
to homotopy, the coherence of this up-to-homotopy structure is not established
in this work, and would seem to require considerable further efforts, in the
line of coherence proofs given by [25] and [49]. Further discussion is included
in the main text. The justification for not establishing coherence in the present
contribution is that it is not necessary for the sake of taking cardinality, as
required anyway in the final constructions for the Rota formula established.

In Section 2.1, following Walde [59] and Young [60], we first explain how
to obtain a comodule in the context of decomposition spaces.
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Proposition 2.1.1. If f : C — X is a culf map between two simplicial co-groupoids
such that C is Segal and X is a decomposition space, then the span

f1,d
Co&C] —>(] o) X1 % Co

induces on the slice co-category 8 ;¢ the structure of a left 8 /x,-comodule (at the

1o level), and the span

do

(d1,f1)
Co +— —

C] CoXX1.

induces on § /¢ the structure of a right 8 ,x,-comodule (at the Tty level).

The data needed to obtain a comodule is called a comodule configura-
tion. In order to obtain a bicomodule structure, we first need an augmented
bisimplicial co-groupoid Segal in each direction. We furthermore require this
bisimplicial co-groupoid to be stable, see Section 2.1.3. This stability condition
is a pullback condition on certain squares, and is a co-categorical reformula-
tion of the notion of Bergner-Osorno—-Ozornova—-Rovelli-Scheimbauer [11],
suitable for co-groupoids.

Theorem 2.1.10. Let B be an augmented stable double Segal space, and such that
the augmentation maps are culf. Suppose moreover X := Bo 1 and Y :=B_1 4 are
decomposition spaces. Then the spans

e (w,eo)
Bo/o (—1 B]/o _o} X] X Bo/o

and
d (dy,v)
Bo,o <> Bo,1 —— Boo X Y7

induce on 8 /g, , the structure of a bicomodule over § /x, and 8 /v, (at the 1o level).

An augmented bisimplicial co-groupoid satisfying the conditions of the
theorem is called a bicomodule configuration.

In Section 2.2, we introduce the notion of correspondence of decomposi-
tion spaces: it is a decomposition space M with a map M — A'. We show
that any correspondence of decomposition spaces gives rise to a bicomod-
ule configuration. We then introduce the notion of cartesian and cocartesian
fibration of decomposition spaces, adapting a homotopy-invariant defini-
tion for co-categories which can be found in [6]. They give rise to left and
right pointed comodule configurations. We define an adjunction between
decomposition spaces X and Y to be a simplicial map between decomposition
spaces p : M — A which is both a cartesian and a cocartesian fibration,
equipped with equivalences X ~ M), and Y ~ M;y,. Adjunctions give rise
to bicomodule configurations with two pointings.

In Section 2.3, we define left and right convolution actions *; and %, dual
to the comodule structures. The following is a consequence of Theorem 2.1.10.

Corollary 2.3.1. Given a bicomodule configuration, the left and right convolutions
satisfy the associative law

X *1 (e*r B) = (06*1 9) *r .
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We then establish in Section 2.3.2 a M6bius inversion principle for com-
plete comodules. Let C — Y be a right comodule configuration such that the
simplicial co-groupoid C is augmented and with new bottom degeneracies
s—1: Ch—1 = Cy, which are sections to do. We say it is complete (Section 1.3.4)
if the sections s_; are monomorphisms.

For a complete decomposition space Y, let Y, denote the full subgroupoid

n—1
of simplices with all principal edges nondegenerate. The spans Y7 <+——
Y, — 1, where Y, is the full subgroupoid of simplices with all principal
edges nondegenerate, define linear functors, the Phi functors ®y : 8y, — 8.
We also put Qeyen := Z @, and Oyyq := Z D,.

T even n odd
The zeta functor (¢ : §,c, — § is the linear functor defined by the span

Co + Co — 1, and 8% : §,c, — § is the linear functor given by the span
Co <= C_1 — 1. We define 8" similarly for left comodule configurations.

Theorem 2.3.5 and 2.3.6. Given C — Y a complete right comodule configuration
and D — X a complete left comodule configuration, then

Coxp @Y, =R+ % @Y,

even —
X D L X D
(Deven *1C ~ 6 +q)0dd*lc .

In Section 2.3.3, we establish a Mobius inversion principle at the algebraic
level. To this end, we need to impose some finiteness conditions in order
to take homotopy cardinality. Define the Mobius functions as the homotopy

cardinalities [uY| == |®) .| — |<D0Ydd| and |uX| == |OX | — |d)(>)<dd|.

Theorem 2.3.7. Given C — Y a right Mobius comodule configuration and D — X
a left Mobius comodule configuration,

e YT = 18R], X 1P =185,

Finally we can extend the Rota formula to bicomodules with Mébius
inversion for both comodules, called Mobius bicomodule configurations. Com-
bining Proposition 2.3.1 and Theorem 2.3.7, we obtain the main theorem of
the present chapter.

Theorem 2.3.8. Given a Mobius bicomodule configuration B with X := Be _1 and
Y :=B_1,., we have
WXy 18R] = (8% 1Y,

where 8 is the linear functor given by the span
Boo + Xo — 1,

and 8% is the linear functor given by the span
Boo + Yo — 1.

The motivating example, treated in Section 2.3.4, shows that any (co)cartesian
fibration p : M — A! such that M is a complete decomposition space gives
rise to a complete left (or right) comodule configuration.
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Theorem 2.3.11. Given an adjunction of decomposition spaces in the form of a bi-
cartesian fibration p : M — A", suppose moreover that M is a Mobius decomposition
space. Then the bicomodule configuration extracted from this data is Mobius. In
particular, we have the Rota formula for the adjunction p:

WXL [88] = 18y Y-

When specialised to the case of a classical adjunction between 1-categories,
this is the classical Rota formula from page 7.

Mobius functions of directed restriction species and free operads, via the generalised
Rota formula

Chapter 3 provides situations where the generalised Rota formula can be
applied and treat in particular one example in detail: a certain bicomodule
interpolating between the decomposition space of finite sets and the decom-
position space of finite posets. The outcome is the formula p(P) = (—1)™
for the Mobius function of a poset with n elements. This formula is well
known (see for example [3]) but its derivation via a Rota formula is new and
interesting, since the coalgebra of finite posets is not the incidence coalgebra
of a locally finite poset or a Mobius category.

A key point in the construction is the notion of abacus map, a certain family
of extra maps on a bisimplicial groupoid, which allows to modify the vertical
top face maps artificially in an interesting way. This construction appears
mysterious, but it is justified by the main example, the box product of the
decomposition space of finite sets and the décalage of the decomposition
space of finite posets: in this case the modification is precisely what allows to
apply the generalised Rota formula to compute the Mobius function of any
directed restriction species, starting with the case of the incidence algebra
of finite posets. The coalgebra of finite posets is the incidence algebra of
a decomposition space which is not a category, and the Mobius function
is calculated via a bicomodule configuration (which is not an adjunction)
with the decomposition space of finite sets. The construction also yields the
Mobius function of the incidence algebra of any directed restriction species,
including the Butcher-Connes—-Kreimer Hopf algebra, and of the incidence
bialgebra of any free operad, or more generally of any free monad on a
finitary polynomial monad. The material of this chapter is is the main part of
[15].

In Section 3.1, before defining the bicomodule configuration interpolating
between the decomposition space C of finite posets and the decomposition
space I of finite sets, we set up some general theory, introducing the notion
of abacus map to modify a bisimplicial groupoid in a useful way. We
furthermore identify conditions needed to obtain the required structure of
bicomodule configuration. The constructions are applied to the box product
as mentioned, to obtain a bicomodule configuration interpolating between
the decomposition space of finite posets and the decomposition space of
finite sets.



CONTENTS

In Section 3.2, it is shown that this bicomodule configuration is Mobius.
The verifications are actually elementary and amount essentially to computing
some pullbacks of groupoids. Finally the generalised Rota formula can
be applied rather easily, yielding a relationship between the two Mobius
functions. Since the Mobius function for the coalgebra of finite sets is known,
this gives a formula for the Mobius function for the incidence algebra of the
decomposition space of finite posets.

Theorem 3.2.4. The Mobius function of the incidence algebra of the decomposition
space C of finite posets is

(P) {(—1 )™ if P € Cy is a discrete poset with n elements
I_,L =
0 else.

We show how the result extends almost verbatim to the incidence algebra of
any directed restriction species in the sense of [28], via the decomposition
space interpretation.

Corollary 3.2.5. The Mobius function of the incidence algebra of the decomposition
space R associated to a directed restriction species R : C°P — Grpd, is

Q) {(—1 )™ if the underlying poset of Q € Ry is discrete with n elements
IJ, =
0 else.

Corollary 3.2.6. The Mobius function of the Butcher—Connes—Kreimer Hopf algebra
of rooted forests is

(F) = (=1)™ if F consists of n isolated root nodes
m= 0 else.

We also obtain a similar function for free operads, or more generally free
monads on finitary polynomial monads.

Corollary 3.2.7. The Mobius function of the incidence bialgebra of P-trees (for any
finitary polynomial endofunctor P) is

(T = {(—1 )™ if T consists of n P-corollas and possibly isolated edges
o else.

Hereditary species as monoidal decomposition spaces, comodule bialgebras, and
operadic categories

Many important Hopf algebras in combinatorics are more asymmetric, having
on one side of the comultiplication a monomial instead of a linear tensor factor.
In the Segal case, the comultiplications with both tensor factors linear are
typical for incidence coalgebras of categories, whereas the comultiplications
with a monomial in the left-hand tensor factor are typical for operads. Indeed,

13
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incidence coalgebras and bialgebras of operads are another important class
covered by the decomposition space framework, see [29] and [43].

Just as there are many linear-linear coalgebras that do not come from
categories, there are important examples of multilinear-linear coalgebras that
do not come from operads. An important class of such coalgebras is given by
Schmitt’s hereditary species [53]. These are structures that admit restriction
(like restriction species) but also admit induction along quotient maps. Form-
ally these are functors H : S, — Set, where S, denotes the category of finite
sets and partially defined surjections. The induced comultiplication works
by summing over all partitions of the underlying set, and then putting the
monomial of all the blocks (with restricted structure) on the left and putting
the quotient structure on the right. Schmitt [53] identified the properties
needed for this to define a coassociative coalgebra (in fact a commutative
bialgebra, and most often a Hopf algebra) and exhibited important examples,
such as in particular the hereditary species of simple graphs.

Chapter 4 is the main part of [16]. We show that every hereditary species
constitutes an example of a monoidal decomposition space, and that Schmitt’s
bialgebra construction is a special case of the general incidence bialgebra
construction for decomposition spaces. These decomposition spaces are
generally not Segal spaces (see Remark 4.2.7), and can therefore be seen as
the first class of examples of decomposition spaces filling the missing entry
in the following table.

linear-linear multilinear-linear

Segal-type posets, monoids, categories operads

restriction species, S-construction,

non-Segal type Hall algebras

The construction is similar to the two-sided bar construction for operads, see
[43]-

Section 4.1 summarises Schmitt’s hereditary species. In Section 4.2, we
realise the hereditary species of finite sets as a Segal space S (hence a decom-
position space) and establish some finiteness conditions.

Proposition 4.2.5 and 4.2.6. The pseudosimplicial groupoid S is Segal, and is
complete, locally finite, locally discrete, and of locally finite length.

In Section 4.3, exploiting the hereditary species of finite sets, we show
that every hereditary species H defines a monoidal decomposition space H,
and hence a bialgebra at the groupoid-slice level, and we recover Schmitt’s
construction by taking homotopy cardinality.

Proposition 4.3.2 and 4.3.5. For every hereditary species H, the simplicial groupoid
H is a monoidal decomposition space. The incidence bialgebra obtained by taking
homotopy cardinality coincides with the Schmitt bialgebra associated to H.

Every hereditary species is also a restriction species, and the free algebra
on its incidence coalgebra is therefore a bialgebra. In Section 4.4, we show
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that the incidence bialgebra of a hereditary species coacts on this bialgebra,
so as constitute a comodule bialgebra.

Proposition 4.4.1. The hereditary-species bialgebra B coacts on the restriction-
species bialgebra A, so as to make A a left comodule bialgebra over B.

Comodule bialgebras have been found important recently in numerical
analysis [13] and in stochastic analysis [12], and there are general construc-
tions based on operads and trees [22], [42]. The incidence comodule bialgeb-
ras of hereditary species introduced here constitute a new general class of
comodule bialgebras, not related to trees.

In Section 4.5, we describe a different construction on hereditary species,
showing that simple hereditary species induce operadic categories in the
sense of Batanin and Markl [8]. Precisely we define a functor from (simple)
hereditary species to operadic categories. This is interesting in its own
right, as it constitutes a new family of examples of operadic categories. The
construction is not directly related to decomposition spaces, but suggests that
further connections are to be discovered.

Antipodes of monoidal decomposition spaces

In Chapter 5, with Joachim Kock [17], we upgrade the Galvez—Kock-Tonks
Mobius-inversion construction [26] to the construction of a kind of antipode
in any monoidal (complete) decomposition space. Many of the constructions
are quite similar; the main innovative idea is that there is a useful weaker
notion of antipode for bialgebras even if they are not Hopf.

We introduce this notion and establish its main features (and limitations).
Briefly, for X a monoidal (complete) decomposition space, the antipode is
defined as a formal difference between linear endofunctors of 8 /x,,

S := Seven — Sodd,

given by multiplying principal edges of nondegenerate simplices. It can-
not quite convolution-invert the identity endofunctor, as a true antipode
should [58], but it can invert a modification of it, denoted Id’:

1d/(f) = {f if f nondegenerate,

id,, if f degenerate.

Here u is the monoidal unit object, and we write id,, for sou.
Precisely, our main theorem is the following inversion formula.

Theorem 5.1.4. Given a monoidal complete decomposition space X, we have explicit
equivalences

Seven ¥*Id" ~ e+ Syqq * Id’ and Id" *Seven =~ e+ 1d’ *S.4q,

where e := 1 o € is the neutral element for convolution.

15
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Under the finiteness conditions satisfied by Mobius decomposition spaces,
one can take homotopy cardinality (see Section 1.3.4) and form the difference
S| := |Seven| — [Sodd| to arrive at the nicer-looking equation in the Q-vector-
space level convolution algebra:

S|+ [1d"] = le| = [Id'] ]S].
The three main features justifying the weaker notion of antipode are:

1. If the monoidal decomposition space is connected, so that its incidence
bialgebra is Hopf, then the homotopy cardinality of S is the usual
antipode (cf. Proposition 5.1.6). (At the objective level of decomposition
spaces, the construction of S is new also in the connected case.)

2. In any case, S computes the Mobius functor as
u=~ (oS
(cf. Corollary 5.2.1).

3. More generally, we establish an inversion formula for multiplicative
functors (valued in any algebra) that send group-like elements to the
unit (Theorem 5.2.3). The zeta functor is an example of this.

At the algebraic level of Q-vector spaces, the weak antipode can be seen as
a lift of the true antipode from the connected quotient of the bialgebra. When
the bialgebra comes from the nerve of a category, this quotient is obtained
by identifying all objects of the category. Recent developments have shown
the utility of avoiding this reduction, which destroys useful information. For
example, the Faa di Bruno formula for general operads [23], [43] crucially ex-
ploits the finer structure of the zeroth graded piece of the incidence bialgebra,
and in the bialgebra version [40] of BPHZ renormalisation in perturbative
quantum field theory, the zeroth graded piece of the bialgebra of Feynman
graphs contains the terms of the Lagrangian (not visible in the quotient Hopf
algebra usually employed).



Groupoids, co-groupoids, and
decomposition spaces

1.1 The 2-category of groupoids

Our theoretical results are formulated in the setting of co-groupoids, and we
freely use [46]. However, for the more specific applications to combinatorics
(Chapters 3 and 4), we work with groupoids. The main results here, the
prism lemma 1.1.1 and fibre lemma 1.1.5, could be derived from [46], but
since they are fundamental, we prefer to give proofs.

1.1.1 Basics

A groupoid is a small category where all the arrows are invertible. A map of
groupoids is just a functor. A homotopy between two maps of groupoids
is just a natural transformation. Since the target category is a groupoid, all
natural transformations are invertible. We denote by Grpd the 2-category of
groupoids, maps and homotopies.

Groupoids generalise sets and groups: a set is a groupoid with only
identity arrows, a group is a groupoid with only one object. Just as a group
can be thought as a group of symmetries of one object, a groupoid is a
collection of symmetries of possibly more than one object.

A map of groupoids f: X — Y is called a homotopy equivalence if there
exist a map g: Y — X and homotopies gf ~ id and fg ~ id. A functor is
a homotopy equivalence if and only if it is essentially surjective and fully
faithful, just as categories. It is the appropriate notion of sameness for
groupoids and all the notions will be invariant under homotopy equivalences.
We usually omit the term homotopy and say “pullback’, ‘fibre’, etc. instead
of ‘homotopy pullback’, ‘Thomotopy fibre’, etc. The diagrams we consider
are commutative up-to-homotopy, they come equipped with an (invertible)
natural transformation.

A groupoid X is called discrete if it is equivalent to a set considered as a
groupoid: the automorphism group Aut(x) := Homx(x,x) is trivial for all
x. It is connected if Homx (x,y) is non-empty for any x,y € X. A groupoid is
contractible if it is connected and discrete, that is homotopy equivalent to a
point.

17
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GROUPOIDS, c0-GROUPOIDS, AND DECOMPOSITION SPACES

1.1.2  Homotopy slices

Given a groupoid I, the homotopy slice Grpd | is the 2-category of projective
cones with base I: the objects are maps X — I, arrows are triangles with a
natural transformation ¢:

X % Y
N/
L

and 2-cells are natural transformations

f
X wop Y
~_ 7
f/

commuting with the structure triangles:

£

/wﬁ\ N
X Ty X Y
\%V - \/V
P q P q
I 1.

More generally, if d: T — Grpd is any diagram, there is a 2-category
Grpd ,4 of projective cones with base d.

A homotopy terminal object in a 2-category ¢ is an object t such that for
any other object x, the groupoid Homg (x, t) is contractible, i.e. equivalent to
a point. More general homotopy limits are defined in the usual way using
homotopy slices: the homotopy limit of a functor d: T — Grpd is by definition
a homotopy terminal object in the homotopy slice Grpd ,;. Homotopy limits
are unique up to equivalence.

1.1.3 Homotopy pullbacks and homotopy fibres
A homotopy pullback is a homotopy limit of a functor d: {e — e < e} — Grpd.

Explicitly, given groupoid maps X — S < Y, there is a 2-category whose
objects are homotopies

— Y
7|
— S

X+— O

whose arrows are diagrams like
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ISNAN

— Q
|
X

n— <

—
A
—

and whose 2-cells are

such that
QM 3Q Q7 7Q
\/’ / = \/’ /
X X
and

Q

Q//\DQ Q//\
\// - \1//
Y Y.

A homotopy pullback is a terminal object in this 2-category, that is a commutative-

up-to-homotopy square

=
X —— T
S
w»— <
«

which is universal among such squares in a homotopy sense. This means that
given any other such square

2
> —
el
w»— <
(e

there exists a morphism u: T — P and homotopies y1: g1 = pju and
Y2: p2u = q2 which are compatible with the given ones above, and given any
two morphisms u,v: T — P and homotopies A1: q1 = p1vand Ay: p2v = q2
which are coherent, there exists a unique 2-cell x: v = u such that yox = A2
and A1x = v1. In other words for all {, Homgpg Ja (b, ¢) is contractible.

Given a map of groupoids p: X — S and an object s € S, the homotopy
fibre X of p over s is the homotopy pullback

19
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Xs — X
- P

-

1#5,

where the map "s™ chooses the element s.

A map of groupoids is a monomorphism when its fibres are either empty
or contractible. If f: X — Y is a monomorphism, then there is a complement
Z := Y\X such that Y ~ X+ Z; a monomorphism is essentially an equivalence
from X onto some connected components of Y.

Lemma 1.1.1. Given a prism diagram of groupoids
Xo X3 X2
-
l //7‘1’2 l ﬂ‘i’o l
Yo Y; Y2

in which the right-hand square is a pullback. Then the outer rectangle is a pullback if
and only of the left-hand square is.

Remark 1.1.2. We talk about a prism, it is a diagram consisting of three squares
and two triangles. We have not drawn the square whose horizontal sides are
composites of the horizontal arrows. The triangles are not drawn either. They
all come equipped with homotopies.

Proof. Given any up-to-homotopy square,

Y1 Y,

g2 9o

we wish to construct a triple (uy, 1, 31) consisting of a map u; : T — Xp
and two triangles fitting it in, and show that this data is essentially unique.

Since the right-hand square 1 is a pullback, there exists a map up : T —
X1 and 2-cells «p : goa = prug and Bo : foup = b such that

b X2
lpz
Yo 92 Y1 gdo Y2 YO g2 Y1 go Y.

This data is essentially unique, but for the moment we only use existence. So
we are choosing one of those triples. Essentially unique means for any other
such (u), By, «p), there exist a unique x : uj = up such that
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— b — b
T T Y
x Yo ﬁoﬁ _ \ Oﬁx
- =
ug fo u X
— X] E— Xz — X] E— Xz

and

u(’)\_/) X; =

! AN [

Y()TY1 Yo*>Y1.

Since the left-hand square 1; is a pullback, there exists a map u, : T — Xo
and 2-cells «; : a = pouy and B3 : fouy = up such that

T \ T T
up Ba MO \
g N
a‘-XZZ> XO — X] = o (Xoﬁ X]
\ l //711)2 l \ l
YO EE— Y1 YO E— Y].

Again, there is also a uniqueness statement, but for the moment we only need
existence. The uniqueness statement is: for any other such (u}, x5, 35) there
exist a unique = : u), = u, such that

_— "y _— "y
T T

\%7;”\'327?\ -

NXOﬁX1 NXoﬁX1
2 2

and

//_
e
YTk
oy

o

Il

—
&

s &7

o

4

R
N
<
o
o
K
N
%
he]
o

o
2

We want to show there exists a map u; : T — X and 2-cells 37 : fofou; =
b and a4 : a = pouy such that
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T

\u ‘j b f\ : \

L, Xo ——— X2 /7 b X2

a ﬁ a
p P p
Yo ——5—— Y2 Yo ——5— Y2
and then we want to show that this data is essentially unique. Essentially
unique means for any other such (u}, &}, ) there exist a unique w : uj = uy

such that

25
/_‘ N
\ o
i

and

The candidate is (w1, 1, 1) = (uz, x2,BoR2). The equality of 2-cells
is verified by construction. It remains to show the uniqueness. This will
follow from the uniqueness of the triples (ug, xo, Bo) and (uz, x2, 32) used
in the construction. Since in each case, the uniqueness says “‘unique such that
something’, and since this ‘something’ is different for the three cases, the
safest thing for matching up the uniquenesses is to define three solution sets
with maps between them, and show that if two of those sets are singleton
then so is the third. So suppose that we have a contendent triple (uf, otj, 7).

For fixed Vo, P2, P1, b, uo, Xo, fo, U2, x2, B2, uf, ], B7 as above (satisfy-
ing the equations stipulated in the constructions), consider the set

Q ={w:u} = u, | conditions}

that is, the set of all possible comparisons between our candidate triple and
any other contendent. Here are the conditions:

" —
T\}“{ VA \ T\u/ V4

f2

fo

X1 X2

and
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T ™ T —
w wun uo
\uﬁ \ \ \
:?/ Xo . Xo
\cx: lpo \\ lpo
Yo Yo.

Our aim is thus to establish that this set Q) is singleton.
Define another set as follows, still for the same fixed symbols as for Q:

X ={x : fau] = uo | conditions}

Here are the conditions:

\ X uo Boﬁ \ B1ﬁ \
fzu1 fzu]

» X1 —2 X, > X; —2 X,
and
T — : - o
\,. " Xﬂ \ \ \
. Xo —— x1 =\ "“’U X;
Yo —— Y1 Yo 5 Y;.

There is a canonical map (O — X: it takes w to w pasted with ;. It
follows immediately from the various conditions on w that the pasted 2-cells
satisfy the conditions characterising X.

For a fixed x € X we compute the fibre of this map, which is therefore a
subset (), C Q. It has the following explicit description.

Qy ={w :u] = uy | other conditions}

Here are those other conditions:

/“uo T g
B2 X
\w uz P2 \ -\ 7
\ "
\ XO 7 X] s XO — X]
f2 f2
and
T — T —
w w2 uz
=7 Xo Xo

23
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Altogether, the three sets form a fibre sequence
Qy — Q
[
T — X
X

Now we can apply our uniqueness results: the pullback property of o
tells us that X is singleton. The pullback property of \, tells us that Q, is
singleton. It follows that also Q) is singleton as required.

The proof of the converse statement follows the same ideas. We suppose
we are given an enemy square to . Paste it with 1) to get altogether
an enemy square to \7; from here we get u; : T — Xo and two 2-cells o
and (1. Here u; and «; are already our candidates for the required triple
(uz, 2, B2); it remains to get 3. This cannot be constructed using only
existence statement; we need here to invoke uniqueness from the universal
property of Po: 32 will be the unique 2-cell mediating between fou; and
up. ]

The following result is the groupoid analogue of the obvious result that
for a map of sets E — B, the domain is the disjoint union of the fibres.

Lemma 1.1.3. For any map of groupoids p: X — B, there is a canonical equivalence

Xo  ~
> Aut(o)

bET[o(B)

Proof. Since we sum over the connected components of B, it is enough to treat
the case where B is connected, so we assume this from now on. The statement
is now ﬁ%’b) = X. For the fibre X we use the standard explicit model
where the objects are pairs (x, 0: b=px) and an arrow from (y, T: b=py) to
(x,0: b5px) is an arrow f: y — x such that 0 = pfot. The group Aut(b)
acts canonically on Xy, by

Aut(b) XXb — Xb
(«, (x,0)) — (x,b3b>px).

For the quotient Xy / Aut(b) we use the standard explicit model where the
objects are those of Xy, and an arrow from (y,T) to (x, o) is a pair («,f),
where « € Aut(b) and f: (y,0) = o.(x, 0) = (x, b—5b->px). By definition of
arrows in Xy, this unpacks to a commutative diagram

b —— py
(Xl lpf
b T> PX,

and in particular « is completely determined by f.
Now there is a canonical map

Xp/Aut(b) — X
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(x,0) — x
(o, f) — f

It is clear that this is (essentially) surjective. It is also full and faithful, since «
is determined by f. O

We write fb(—) for 3 yen,(B) ﬁ()m. More generally, functoriality of
sums and quotients give us the following lemma.

Lemma 1.1.4. Given maps of groupoids Y = X — B, we have a commutative
diagram

[PYy —— v

P | Ju

[P Xp —— X.

Lemma 1.1.5. A square of groupoids

X< ©
w»n— <

_u
A
—
.
is a pullback if and only if for each x € X the induced comparison map wy: Px — Y

is an equivalence.

Proof. It is clear that if the square is a pullback, then all the fibre maps u, are
equivalences, by transitivity of pullback. Conversely, assume that all the fibre
maps Uy are equivalences, and consider the canonical map

P Y s XxgY

N\

induced by the universal property of the standard explicit fibre product.

(The triangle commutes strictly.) We want to prove that this map v is an
equivalence, and by Lemma 1.1.4 it is enough to establish that its x-fibres
vx: Px = (X x5 Y)x are equivalences. But transitivity of pullback gives
(X x5 Y)x = Y¢, as seen in the following diagram:

(XxsY)y — XxsY —— Y
[

1 X S

x7 f

so the maps vy are equivalences if and only if the u, are, which we have
assumed. Hence also v is an equivalence (by Lemma 1.1.4). O
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1.1.4 Cardinality

A groupoid X is called locally finite if each automorphism group is finite, and
is called finite if furthermore it has only finitely many components. We denote
by grpd the 2-category of finite groupoids. Note that every set is locally finite.
A morphism of groupoids is called finite when all its fibres are finite.

The homotopy cardinality of a finite groupoid [7] (sometimes called groupoid
cardinality) is defined to be the nonnegative rational number given by the

formula |
X|:= E .
X |[Aut(x)|
XGT[()X

This is independent of the choice of the x in the same connected component
since an arrow between two choices induces an isomorphism of vertex groups.
Homotopy equivalent groupoids have the same cardinality.

Example 1.1.6. If X is a finite set considered as a groupoid, then the groupoid
cardinality coincides with the set cardinality. If G is a group considered as a
one-object groupoid, then the groupoid cardinality is the inverse of the order
of the group.

Remark 1.1.7. The groupoid cardinality is a standard construction in physics
and combinatorics: one can sum over the different isomorphism classes of
objects and for each object divide out by the order of its symmetry group.

The homotopy cardinality of a finite map of groupoids X 25 S is

Xl
XBs= > 5 ,
XETHS

where X is the homotopy fibre, and Qs is the vector space spanned by
iso-classes, denoted by the formal symbol 85 for s € pS. Remark that the

cardinality of the basis object 1 5% Sin grpd s is the basis vector 85 in Qr,s.

1.2 The oo-category of co-groupoids

While most of the examples are formulated in the 2-category of groupoids,
our theoretical results are in the setting of co-categories, which is a natural
generalisation, and is for most of our purposes as usable as the theory of
category thanks to Joyal [35, 36] and Lurie [46].

We review here the needed notions from the theory of co-categories and
we give a glimpse of homotopy linear algebra [24].

1.2.1 Infinity-groupoids, functor category, and diagrams

Our oo-categories are quasi-categories, these are simplicial sets satisfying the
weak Kan condition: every inner horn admits a filler (not necessarily unique).
The theory of quasi-categories has been substantially developed by Joyal [35,
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36] and Lurie [46]. There are other models of co-categories, for example Segal
categories, or complete Segal spaces, see [10]. A model-independent abstract
formulation is being developed in the work in progress [50].

An oo-groupoid is an co-category in which all morphisms are invertible.
They are precisely Kan complexes: simplicial sets in which every horn admits
a filler (and not only the inner ones). We work in the oco-category of oco-
groupoids, denoted 8, following the notation of [25]. We sometimes use the
word space instead of co-groupoid. co-groupoids have an analogous role to
sets in the 1-category theory.

Defining oo-categories by describing the simplices in all dimensions,
and verify filler conditions is more difficult than in the 1 or 2-category
setting. Instead, we obtain new oco-categories from already existing ones
and constructions that guarantees we obtain oco-categories. Between two
objects X, Y of a co-category ¢, there is a mapping space Map, (X, Y) which
is an oco-groupoid. Between two oco-categories, there is a functor co-category
Fun(¥, 2), whose objects are the co-functors from ¢ to &, morphisms are
the corresponding homotopies, etc. A commutative diagram of shape I in an
oo-category is an object in the functor co-category Fun(I, ¢’). For example, a
commutative triangle is an object in Fun(A?, %), a commutative square is an
object in Fun(A'! x A1, ¥%).

1.2.2  Pullbacks, fibres
Given an co-category € and a square o: A x Al — &, denoted

X' P, x

q’l lq
Y’ T> Y.
There is an isomorphism of simplicial sets A’ x A! ~ A® x A2 (cone over A3)
and it makes sense to ask whether or not o is a limit diagram (a cone which
is universal in the co-categorical sense). If o is a limit, we say o is a pullback
square, and write X’ = X xvy Y.

Lemma 1.2.1 ([46, Lemma 4.4.2.1]). Given a prism diagram of co-groupoids

X X/ Xll
-
v

in which the right-hand square is a pullback. Then the outer rectangle is a pullback if
and only if the left-hand square is.

Remark 1.2.2. We talk about a prism, it is a A' x A%-diagram, so consisting
of three squares and two triangles. We have not drawn the square whose
horizontal sides are composites of the horizontal arrows. The triangles are
not drawn either, they are the fillers that exist by the axioms of co-categories.
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Given a map of co-groupoids p : X — S and an object s € S, the fibre X;
of p over s is the pullback

Xs X

—
L7p
1 —— S.

g™

A map of co-groupoids is a monomorphism when its fibres are either empty
or contractible. If f: X — Y is a monomorphism, then there is a complement
Z := Y\X such that Y ~ X+ Z; a monomorphism is essentially an equivalence
from X onto some connected components of Y.

1.2.3 Homotopy linear algebra

Recall that the objects of the slice co-category 8 /1 are maps of co-groupoids
with codomain I. For the terminal object x, we have § /, ~ §, as in the slice
category in ordinary category theory. For every oco-groupoid I, we have the
following fundamental equivalence (follows from [46, Theorem 2.2.1.2]):

8,1 ~Fun(l,8§)

which takes X — I to the functor sending i to the fibre X;. Pullback along a
morphism f: ] — I, defines an functor f*: 8,; — 8,;. This functor is right
adjoint to the functor f;: § ;; — § 1 given by post-composing with f.

A span is a pair of co-groupoid maps with common domain I <~ M 7.
It induces a functor between the slices by pullback and post-composition
" q

A functor is linear if it is homotopy equivalent to a functor induced by
a span. The following Beck-Chevalley rule holds for co-groupoids: for any
pullback square

f
lq
u

4

o]
< ——

{7

the functors pif*, g*qi: 8,1 — 8,y are naturally homotopy equivalent (see
[31] for the technical details regarding coherence of these equivalences). By
the Beck-Chevalley rule, the composition of two linear functor is linear.

We denote by LIN the symmetric monoidal co-category who objects are
slice co-categories 8 1 and morphisms are linear functors, with the tensor
product induced by the cartesian product:

8/1®85 = 8/1x,s

with neutral object § ~ 8 /5.
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The co-category 8,1 plays the role of the vector space with basis I. The
presheaf category 8! can be considered the linear dual of the slice category
8 1 since

LIN(S,;,8) ~ 8,1 ~ 8"
A span [ +~ M — ] defines both a linear functor §,; — 8,y and the dual
linear functor 8/ — 8.

For an extended treatment of linear functors and homotopy linear algebra,

we refer to [24].

1.2.4 Cardinality

An oo-groupoid X is locally finite if at each base point x the homotopy groups
i (X, x) are finite for i > 1 and are trivial for i sufficiently large. It is called
finite if furthermore it has only finitely many components. We denote by &
(following the notation of [26]) the co-category of finite co-groupoids. A map
is finite if each fibre is finite. A pullback of any homotopy finite map is again
finite. A span I & M 4, 7 and the corresponding linear functor 8,1 — 8 5
are finite if the map p is finite.

Proposition 1.2.3 ([24, proposition 4.3]). Let I, ], M be locally finite co-groupoids
and 1 EM 3] a finite span. Then the induced finite linear functor 8 ;1 — 8y
restricts to F ;1 — F 5.

The cardinality [7] of a finite co-groupoid X is the alternating product of
the cardinalities of the homotopy groups

X= 3 Jmxxc"

x€my (X) k=1

For a locally finite co-groupoid S, there is a notion of cardinality [-[: F /s —
Qr,s sending a basis element "s™ to the basis element 65 = ["s|.

1.3 Decomposition spaces

1.3.1  Segal spaces and decomposition spaces

We consider the functor co-category
Fun (A°P, 8)

whose objects are simplicial co-groupoids, that is functors from the co-category
A°F to the co-category 8.

A simplicial co-groupoid X is called a Segal space if the following squares
are pullbacks, for all n > 0:

do
Xn+l E— Xn

_l
dn+1l dn

XTL T> an] .
0
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The simplex category A has an active-inert factorisation system. A morph-
ism [m] — [n] is active (also called generic) if it preserves endpoints: g(0) =0,
g(m) = n. A morphism is inert (also called free) if it is distance preserving:
fi+1) = f(i) +1, for 0 < i < m—1. The active maps are generated by
the codegeneracy maps and the inner coface maps, and the inert maps are
generated by the outer coface maps d+ := d° and d' := d™.

A decomposition space X: A°° — 8§ is a simplicial co-groupoid such that
the image of any pushout diagram in A of an active map g along an inert
map f is a pullback of co-groupoids. It is enough to check that the following
squares are pullbacks, where 0 <k < n:

Sk+1 di+2
Xnt1 — Xni2 Xnt2 ¢ Xn43
_1 L
| [P
Xn s Xn+1/ Xn—l—] S Xn—l—Zr
K dx41
Sk dic+1
Xn+1 — Xn+2 Xn+2 — Xn+3
J L
| [P
Xn s Xn+1, Xnt1 <— Xng2.
K dict

The notion of decomposition space was introduced by Gélvez-Carrillo,
Kock, and Tonks [25], and independently by Dyckerhoff and Kapranov [20]
under the name unital 2-Segal space. The equivalence of the two notions
follows from the pullback formulation of 2-Segal spaces given in Proposition
2.3.2 of [20]. It is precisely the condition required to obtain a counital
coassociative comultiplication on 8 /x,, see also [49] for the exact role played
by the decomposition-space condition. Since the motivation in the present
paper comes from combinatorics, we follow the terminology of [25]; for a
survey motivated by combinatorics, see [29].

Proposition 1.3.1 ([20, Proposition 2.3.3], [25, Proposition 3.5]). Every Segal
space is a decomposition space.

There are plenty of examples of decomposition spaces which are not
Segal, e.g. Schmitt’s Hopf algebra of graphs, which is a running example in
[29].

1.3.2 Incidence coalgebras and culf functors

For any decomposition space X, we get an incidence coalgebra [20], [25]. The

dz,d . . C e
span X & X2 g X1 x X1 defines a linear functor, the comultiplication:

A: 8/X1 — 8/)(1 x X1
(T = X1) — (d2, o) o dj ().
The span Xj &% Xy = 1 defines a linear functor, the counit:

o: 8/X1 -3
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(TS Xq) = ziosh(t).
The up-to-coherent-homotopy coassociativity follows from the decomposition
space axioms, see [25, §5 and 7] or [49, §4.3] for a proof. We obtain a coalgebra
(8/x,,4,8) called the incidence coalgebra.

The incidence coalgebra associated to a decomposition space X is a co-
monoid object in the symmetric monoidal co-category LIN.

If X is a decomposition space, the coalgebra structure on § /x, therefore
induces an algebra structure on 8X'. In details, the convolution product of
two linear functors F,G: § ,x, — §, given by the spans X; + M — 1 and
X7 < N — 1, is the composite of their tensor product F® G with the
comultiplication:

FxG: S/X] A) S/X] ®8/X1 %} SRS ~S§,
where the tensor product F ® G is given by the span X7 x X7 <~ M x N — 1.
The neutral element for convolution is

5:8,x, =8

defined by the span X; & X > 1.

A map f: X = Y of simplicial spaces is cartesian on an arrow [n] — [k] in
A if the naturality square for F with respect to this arrow is a pullback. It is
called a right fibration if it is cartesian on d | and on all active maps, and is
called a left fibration if it is cartesian on d+ and on all active maps.

A simplicial map f: X — Y is conservative if it is cartesian with respect to
codegeneracy maps

Si
Xn ” Xn+1
J .
fnl lfnﬂ , o0<ig<n

Yn TR Yut1

It is ulf (unique lifting of factorisations) if it is cartesian with respect to inner
coface maps

dit1
Xn+1 < Xn42

fn+1J/ - lfn+2 4 0 < i < n.

ditq
Y41 —— Yng2

We write culf for conservative and ulf, that is cartesian on all active maps.
The culf functors induce coalgebra homomorphisms between the incidence
algebras. They play an essential role in [25] and [26] as a natural notion of
morphism between decomposition spaces, but the present work deals also
with general simplicial maps.

Proposition 1.3.2 ([25, Lemma 4.6]). If X is a decomposition space and f: Y — X
is a culf map, then also Y is a decomposition space.
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1.3.3 Finiteness and cardinality

A decomposition space X is locally finite if X; is locally finite and both sy and
d; are finite maps [26, §7.4]. A decomposition space is locally discrete if the
fibres of sp and d; are discrete groupoids [29, §1.4].

For any locally finite decomposition space X, we can take the cardinality
of the linear functors 6: F,x, — JF and A: F/x, — F/x,xx, to obtain a
coalgebra structure

3]
QﬂoX] — Q
|A
QﬂoX] — QﬂoX] ® QT[()X]

called the numerical incidence coalgebra of X, see [26, §7.7].

1.3.4 Completeness and Mobius condition

A decomposition space is called complete if so: Xo — Xj is a monomorph-
ism [26, §2]. Since so is a monomorphism, we can identify X, with a oco-
subgroupoid of X;. We denote X, its complement: X; ~ Xy + X,. More
generally, recall the word notation from [26]: consider the alphabet with three
letters {0,1, a}; 0 indicates degenerate edges so(x) € Xj, a denotes edges
specified to be nondegenerate, and 1 denotes unspecified edges. For w a
word of length n in this alphabet, define

XV =T]X cx)m
iew
This inclusion is full since X, C Xj is full by completeness.
Denote by X,, the co-groupoid of n-simplices whose principal edges have

the types indicated in the word w, that is the full subgroupoid of X,, given
by the following pullback

X — Xn
[
XV — (X] )n'
We define X;, = Xq...a C Xn to be the full subgroupoid of simplices with

all principal edges nondegenerate. It is the complement of the union of the
essential images of the degeneracy maps si: Xn—1 — Xp, that is

n—1
Xn = Xn\ U Im(si)-
i=0
By definition X = Xo.

dn71 =
For a complete decomposition space, the spans X7 +—— Xy, — 1 define
linear functors, the Phi functors

(O S/X1 — 8.
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We also put @eyen = Z @, and Dyqq == Z O,
T even n odd
The incidence algebra of a decomposition space contains the zeta functor

C: 8/X1 — 8
given by the span X; < X; — 1.

Theorem 1.3.3 ([26, Theorem 3.8]). For a complete decomposition space, the
following Mobius inversion holds:

Cx Dppen = 0+ Cx Dy
cheven*cﬁé"i'q)odd*c

This is however not enough to allow the Mobius inversion formula to
descend to the vector space level. A complete decomposition space X is of
locally finite length [26] if every edge f € Xj has finite length, that is, the fibres
(Xn)¢ of dgn) : X — X7 over f are empty for n sufficiently large.

Proposition 1.3.4 ([28]). If X is a decomposition space of locally finite length (resp.
locally discrete) and f: Y — X is a culf map, then also Y is a decomposition space of
locally finite length (resp. locally discrete). This is also the case for locally finite, but
we must check moreover that Yy is locally finite.

A Mobius decomposition space [26] is a decomposition space which is locally
finite and of locally finite length; the fibre (X, )y is finite (eventually empty).
It follows that the map

dapr ) Xa-oX
n n

is finite; by proposition 1.2.3, the Phi functors descend to
(O fTr/X] —F

and we can take cardinality to obtain functions |®n[: Qr,x, — Q.
Finally, we can take cardinality of the abstract Mdbius inversion formula
of 1.3.3, see [26] for a complete exposition.

Theorem 1.3.5 ([26, Theorem 8.9]). If X is a Mobius decomposition space, then
the cardinality of the zeta functor, |(|: Qr,x, — Q, is convolution invertible with
inverse |p| == |Depen| — [Dogal:

|l [ul = 18] = [ul * ]
1.3.5 Monoidal decomposition spaces

A monoidal structure [25, §9] on a decomposition space X is given by the data
of simplicial maps1: 1 — X and ® : X x X — X required to be culf, and satis-
fying the standard associative and unital laws of monoidal structures. This
monoidal structure induces a monoid structure on the incidence coalgebra
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8 /x, in the co-category of coalgebras, and hence a bialgebra structure. In
combinatorics, the monoidal structure is often given by disjoint union, and in
particular the resulting bialgebra structure is then commutative.

A monoidal decomposition space (or its incidence bialgebra) is called
connected when Xy is contractible (that is, Xo ~ 1). When X is Mdobius
and connected, its cardinality is a connected bialgebra, and therefore a
Hopf algebra [58]. However, many important incidence bialgebras are not
connected.



Incidence bicomodules, Mobius
inversion, and a Rota formula
for infinity adjunctions

2.1 Bicomodules

2.1.1 Comodules

The theory of modules in the context of decomposition spaces has been
developed by Walde [59], and independently by Young [60], both in the
context of Hall algebras. They call them relative 2-Segal spaces. Here we give
a conceptual way to reformulate their definitions using linear functors.
Given a map between two simplicial co-groupoids f: C — X, the span

Co & C] 4>(f]’d0) X] X Co

defines a linear functor y1: 8,¢c, — 8,x, ® 8¢, and the span

Co <2 ¢ [ ¢ e x,

defines a linear functor v, : 8,c, = 8,¢c, ® 8 /x,-

Proposition 2.1.1. Let f : C — X be a map between two simplicial co-groupoids.
Suppose moreover that C is Segal, X is a decomposition space and the map f: C — X

is culf, then the span

f1,d
Co&C] —>(] o) X]XCO

induces on the slice oo-category 8 ¢, the structure of a left 8 ;x,-comodule (at the
o level), and the span

dq,f1)

Co(ﬂC] (—>C0XX1.

induces on 8 /¢ the structure of a right 8 ,x,-comodule (at the Tty level).

The data needed to obtain a comodule is called a comodule configuration,
that is a culf map from a Segal space to a decomposition space.

Remark 2.1.2. The relevance of the Segal condition on C and the culf condition
on f can be explained individually as follows. It is standard that for a
category C, the coalgebra of arrows C; coacts on Cp: the coaction (from
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the right) is given by b — } .., a® f. Coassociativity of this coaction is
equivalent to the Segal condition. Now a culf map C — X defines a coalgebra
homomorphism, and in this way, also X; coacts on Cyp, by “corestriction of
coscalars”.

Remark 2.1.3. The proposition is stated only at the my-level. This means that
we establish only the comodule structure up to homotopy, but do not establish
the coherence of this up-to-homotopy structure. A stronger result, a partial
coherence result, is given by [59] and [60], who establish the coherence at
the 1-truncated level (rather than the O-truncated level established here). It is
most likely that full coherence can be established by exploiting the techniques
employed by [25] and [49]. While only a small bit of the axioms are used
to establish the proposition as stated, the full decomposition-space axioms
and the culf condition are expected to be required for the fully coherent
result, and this is why these conditions have been included in the definition
of comodule configuration.

Proof. We want to prove that the map 7y, is a left § /x,-coaction. The desired
diagram, commutative up to homotopy

N
8/co — > 8/x,xCs

Vll lld ®v1

S/X1xCo “agia T O/X1xX1xCo

is induced by the solid spans in the diagram

d (f1,do)
Co ! C] X] X Co
A
i
dq dz} Id ®d,
|
} q
Cr - Cr oo » X1 xC
! a2 (d2f1,do) Lo
i
(f1,do) | (f1,dodo) Id ®(f1,do)
|
N

X] XCO WXZXCO WX] ><X1 XCo.
The coassociativity (at the 7y level) will follow from Beck-Chevalley equi-
valences if we have the two pullbacks indicated in the diagram. The upper
right-hand square is a pullback if and only if its composite with the second
projection is a pullback. This composite outer square is a pullback because C
satisfies the Segal condition. Similarly, the lower left-hand square is a pull-
back if its composite with the first projection is a pullback. This composite
outer square is a pullback because f : C — X is culf. O

Example 2.1.4 (Décalage [32]). Given a simplicial space X, the lower décalage
Dec (X) is the simplicial space obtained by deleting Xy, all do face maps
and sp degeneracy maps. The original dp maps induce a simplicial map
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d, : Dec (X) — X, called the décalage map. Similarly, the upper décalage
Dec (X) is the simplicial space obtained by deleting Xy, all last face maps
d+ and last degeneracy maps st. The original d+ maps induce a simplicial
map dt : Dect X — X.

It is well known that Dec (X) is a Segal space and the décalage map is
culf (see [25, Proposition 4.9]). Hence we have a comodule configuration. The
resulting comodule is the incidence coalgebra of X as a (right) comodule over
itself.

For categories, given a functor f : C — D, define the mapping cylinder (or
collage in [37]) M¢ to be the category where objects are either objects of C or
objects of D and

Homc(x,y) if x,y e C,

Homp (x,y) if x,y € D,
Homp, (x,y) = )

Homp (f(x),y) ifxe C,yeD,

%] else .

There exists a unique p : My — A such that p~'(0) = C and p~'(1) = D.

This is moreover a cocartesian fibration, the cocartesian lift for x € C being
given by Id¢(x) € Mapy, (x, f(x)). The shape of a comodule configuration

is that of (M;q)°P, where Myq is the mapping cylinder of the identity of A.

In other words, a comodule configuration is a functor from (M;q)°P to §
(satisfying certain conditions).

Let Ay be the simplex category of finite linear orders with a specified
bottom element, and bottom-preserving monotone maps. Consider the
mapping cylinder M;j of the functor j : A — Ay freely adding a bottom
element. Presheaves on M; are diagrams of the following shape.

Xo X] < XZ
%

C_4 ;L/( Co C Cy
e " =

This is the shape of what we call a right pointed comodule configuration: it is
a comodule configuration C — X such that the Segal space C is augmented,
and with new bottom sections s_7 : C,,_1 — Cy. The importance of the
pointing (the extra bottom degeneracy maps) is that it makes possible to
formulate the notion of completeness and the condition locally finite length,
see 2.3.3 below; it guarantees the existence of a filtration on the associated
comodule (see [26, §6] for a similar argument), which is of independent
interest.

Example 2.1.5. The comodule configuration obtained from the lower décalage
of a decomposition space X is also right pointed, the augmentation map is
given by d; : X7 — Xo, and the extra bottom sections by so.

37
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2.1.2  Augmented bisimplicial infinity-groupoids

We shall establish conditions under which left and right comodule structures
define a bicomodule. The main objects of interest are augmented bisimpli-
cial co-groupoids subject to conditions, which are formulated in terms of
pullbacks. We consider the functor co-category

Fun (A°P x AP, §)

whose objects are bisimplicial co-groupoids, that is functors from the co-category
AP x A% to the co-category 8.

A double Segal space is a bisimplicial co-groupoid satisfying the Segal
condition for each restriction A°P x {[n]} — 8 (the columns) and {[n]} x A°? —
8 (the rows).

Let A, be the augmented simplex category of all finite ordinals and
order-preserving maps. An augmented bisimplicial co-groupoid B has in
addition co-groupoids B;,_1 and B_j; of (—1)-simplices. We consider the
functor co-category

Fun (AT x AP\{(-1,-1)},8)

whose objects are augmented bisimplicial co-groupoids.

Remark 2.1.6. The shape of an augmented bisimplicial co-groupoid is (A ,51)°P.
We denote [i,j] the object given by the map Att11) — Al sending the i+ 1
first vertices to 0 and the others to 1. We allow i or j to be equal to —1 but not
both. Maps [i,j] — [k, 1] are given by the inclusions respecting the horizontal
map. For example, the object (2, 1] can be drawn as follows

where the horizontal maps lie over the map in A'.

We can draw [i,j] as a column of i+1 black dots followed by j+1 white
dots. Maps send black dots to black dots and white dots to white dots,
without crossing.

We use the following notation for an augmented bisimplicial co-groupoid.
We denote dy : Bij — Bij—1 and e, : By; — Bi_7; the face maps, and
sk :Byj—1 — Byjand t; : Bi_7; — By the degeneracy maps; u and v are the
augmentation maps.
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d; dz
— S sy
B_1,0 < soy Bogp <di 55 B
0 do
v v v
a P
Bo,—1 «——— By, —so— Bo1 < %:)z Bo,2
d A TE—

(1) ‘ e €o ‘ e © €o ‘ el do €p ‘ (]
to to to to
1 Hooa o 4 1

Pl s

By, 1 ¢ B0 &=——503 By tdi =42 By

/ ’ a0 ’ - 0 ’
0

An augmented double Segal space satisfies that rows and columns are
Segal. If we suppose that augmentations are culf and B, 7 and B_; , are
decomposition spaces, we can apply Proposition 2.1.1 to obtain comodules:
the span

(we0)
——>B1,1 X By

Bo,o < B1o
induces on § /5, the structure of a left comodule over 8 5, ,, and the span

do (d],\))
Bo,0 < Bo,1 ——— Boo X B_11

induces on 8 g, the structure of a right comodule over § /5, ,.

2.1.3 Stability

We say a bisimplicial co-groupoid is stable if the following squares are pull-
backs:

dyx

Bi—1j—1 ¢—— Bi1;

A

Bij—1 ¢ — Bij,

dx
Bi_1j-1 «—— Bi—1;

L
Js [
Bij—1 ¢ — Bij

sk
Bi—1;-1 —— Bi1,

SR

Bij—1 —— Bij,
Sk
Bi—1j-1 —— Bi1,

btk

Bij—1 —5— Bij,

for all values of the indices except for d| along et and dt along e, .

Remark 2.1.7. A bisimplicial co-groupoid is stable if it satisfies all the following

properties:

e sy :Bjj_1 — By is a cartesian natural transformation, for all 0 < k <

i—1

e dy, k# T, L, is a cartesian natural transformation;
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e d is a left fibration;
e d, is a right fibration.

Remark 2.1.8. Bergner, Osorno, Ozornova, Rovelli, and Scheimbauer intro-
duced the notion of stable double category (bisimplicial set) in [11]: they
define a double category to be stable if every square is uniquely determined
by its span of source morphisms and, independently by its cospan of target
morphisms. The present definition is a categorical reformulation of their
notion suitable for co-groupoids. The motivation for the terminology is
the following example. Let C be a stable co-category (see [417, Chapter 1]).
Define a double Segal space B where By ¢ is the co-groupoid of objects of C,
where By 7 is the co-groupoid of arrows of C (as in the fat nerve), and By 7 is
the co-groupoid of pullback squares (equivalently, pushout squares). More
generally, By n is the co-groupoid of (A™ xA™)-diagrams in C for which all
the rectangles are pullbacks (and hence pushouts). This is a stable bisimpli-
cial co-groupoid (which of course is a double Segal space). This is almost
by definition: since we only took pullback and pushout squares, they are
determined by their sources by pushout or their targets by pullback, in the
sense of our definition.

Lemma 2.1.9. Let B be a double Segal space. Suppose we have the two following
pullbacks:

do d;
Bo,o «—— Bo,1 Bo,o «+—— Bo,1
eoT - Teo e]T - }31
B1,0 o B1,1 B1,0 a By,

then the double Segal space is stable.

Proof. First, the second pullback implies that every square with top face maps
dt :Bij+1 — By is a pullback. Indeed, in the cube

dr

Bo,o BO,]
d
Bo,1 — Bop2 er
erT
dr

B1,0 Bi1,

eT V eT/
d,

B1,1 a B2

the top and bottom squares are pullbacks because every row is Segal, and
the back square is a pullback by hypothesis. Thus the rectangle consisting of
bottom and back is a pullback because bottom and back squares are; front is
a pullback because top and rectangle are. By induction, suppose the squares
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dr
Bi—1j-1 «— Bi_1,

eﬁ ] Te‘r

Bij—1 ¢—5— Bij;
T

are pullback, we can form cubes with the top and bottom faces pullbacks

thanks to the Segal condition, and the back square is a pullback by hypothesis.

This proves that every square involving top face maps are pullbacks. Starting
with the first pullback, we prove in the same way that every square involving
bottom face maps are pullbacks.

Now we want to prove that the following square is a pullback, for 0 <
k<1,

dr
Bi1j—1 «— Bi1,

ekT Tek

BI,]f] <—dT B-’L,j.

If k =1—1, we postcompose vertically with (eT)":

dr
Bx—1,-1 <— Bx_1,

(er)r] Jeenr

Bi 1,1 A Bi 1

eq Tek

Bij—1 ¢ Bij

Then the vertical composite is equivalent to e+ o (eT)" (by face map identities),
so both the rectangle and the upper square are pullbacks by assumption, and
therefore by Lemma 1.2.1, the lower square is a pullback too, as required.

We can do the same proof with bottom face maps. We can also replace
d+ in the new previous pullback squares and obtain the remaining pullbacks
involving the face maps.

For squares with face and degeneracy maps, we use the following strategy:
in the diagram

So dl
Boo Bo1 Boo

eﬁ TeL Tu

B]o B]l B]O/

S0 d,
the map s is a section of dj, then the long edge is an identity. The right-hand
square is a pullback (it is one of the two pullback in the hypothesis). Thus
the left-hand square is a pullback. We can proceed in the same way for the
other degeneracy maps.

There remains the case of squares involving only degeneracy:

41
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So
Bij —— Bij41

o Jo

Bit1; —;= Bit1j+1-

We again glue on the right a square with face map such that the long edge is
an identity and use once again the Lemma 1.2.1. O

2.1.4 Bicomodules

Theorem 2.1.10. Let B be an augmented stable double Segal space, and such that
the augmentation maps are culf. Suppose moreover X := B, _1 and Y :=B_1 4 are
decomposition spaces. Then the spans

e (weo)
Bo/o <—] B]/o —O> X] X Bo/o

and
d (dy,v)
Bo,o <> Bo,1 —— Boo X Y7

induce on 8 g, , the structure of a bicomodule over 8 /x, and 8 /v, (at the o level).

A bisimplicial co-groupoid satisfying the conditions of the theorem is
called a bicomodule configuration.

Remark 2.1.11. In analogy with Remark 2.1.2, the notion of bicomodule config-
uration can be broken up into steps. First, for any double Segal space B, since
the zeroth column B, o is a Segal space, S g, is a left comodule over 8 /g, ,
and similarly S g is a right comodule over 8 /g, . It is now the stability of
B that expresses the bicomodule condition. From here, a culf augmentation
on the left to a decomposition space X induces a coalgebra homomorphism,
and a culf augmentation on the right to a decomposition space Y induces
another coalgebra homomorphism, and coextension of coscalars along these
coalgebra homomorphisms makes §/g,, an 8,x,-8/y, bicomodule. This
viewpoint might well be useful in the proof of full coherence.

Remark 2.1.12. As for the Proposition 2.1.1, the theorem is stated at the -
level. It is most likely that the full coherence can be established using the
techniques employed in [25] and [49]. It is expected that all the stability
pullbacks are required for the fully coherent result. For the present purposes,
we are going to take homotopy cardinality anyway, and for that, coherence is
not essential.

Proof. The left and right comodule structures were established in Proposi-
tion 2.1.1. The desired homotopy coherent diagram

Y

S/]30,0 S/131,71><Bo,o
V'r Id ®Vr
S/BO,OXB—l,l S/B1,,1><Bo,0><B,],1

v1®Id
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is induced by the solid spans in the diagram

eq (w,eo0)

Bo,o B1,0 By,—1 xBoyo
T
do do! 1d ®d,
.
Bo1 ¢-------p - Biqg - »B1_1xB
0,1 = 1,1 s 1,—1 0,1
- |
|
(dy,v) i (dy,ver) Id®(dy,v)
|
¥

BooxB_17 ¢——+— BjoxB_117 ———— By, 1 xBo,o xB_1,1.
0,0 1,1 o old 1,0 U T eqed . DT 0,0 1,1

The homotopy commutativity of the squares follows one again from the new
augmentation simplicial identities. The upper-right hand square is a pullback
if and only if its composite with the second projection is a pullback and,
similarly, the lower-left hand square is a pullback if and only if its composite
with the first projection is a pullback. These composite outer squares are
pullbacks due to the stability condition. O

Example 2.1.13. In analogy with Example 2.1.4, given a decomposition space
X, let B be the total decalage of X. (Its zeroth column is Dect(X) and its
zeroth row is Dec (X). With its natural augmentation maps, this becomes a
bicomodule configuration, realising the coalgebra of X as a bicomodule over
itself.

2.2 Correspondences, fibrations, and adjunctions

2.2.1  Decomposition space correspondences

A correspondence is by definition a decomposition space M with a map to
the 1-simplex A'. We consider the slice co-category Cat,, 1. It contains in
particular A 51, whose objects are [i,j], see Remark 2.1.6. There is now a
natural notion of nerve in this context. Given a correspondence p : M — AT,
the relative nerve N1 : Cat,, o1 — Fun((A 41)°P, 8) of p is the augmented
bisimplicial co-groupoid given by B;; := NA1(p)i; = Map JAT ([i,3],p), where
[i,] is given by the map A1*'+) — Al sending the i+ 1 first vertices to 0 and
the others to 1. It is allowed for i or j to be equal to —1 but not both.

From the nerve definition, the following square is a standard mapping-
space fibre sequence for slices:

Bij —— Map(AM 14, M)

J
l lpost P

1 W Map(Ai+1+j,A] )
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Proposition 2.2.1. Given a decomposition space correspondence p : M — A', the
bisimplicial co-groupoid B described above enjoys the following properties:

1. it is Segal in both directions;

2. it is stable;

3. it is augmented;

4. these augmentations are culf.

To prove these properties, we will use the following lemmas.

Lemma 2.2.2. Given a diagram such that top and bottom are two fibre sequences

F E B
I
F! E’ B’

If q is an equivalence, then the left-hand square is a pullback.

Proof. In the following cube, the front and back squares are pullbacks by
assumption; the bottom one is since q is an equivalence.

AN W~

] — B

The rectangle consisting of the back square and the bottom square is a
pullback by Lemma 1.2.1, since both squares are pullbacks. Thus the rectangle
consisting of the top square and the front one is. Applying one more time
Lemma 1.2.1, we conclude the top square is a pullback. O

Lemma 2.2.3. Given a diagram such that horizontal maps form fibre sequences

F4 E4 B4
NEREEEN
F3 E; B3
| J*
F2 E> B>
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Suppose the vertical middle square (involving Bi,1 < i < 4) is a pullback, and
suppose w and v are equivalences, then the left vertical square is a pullback.

Proof. By Lemma 2.2.2, since u and v are equivalences, the front and back
squares of the left cube of the diagram are pullbacks. We conclude by
applying Lemma 1.2.1 twice, as in the proof of Lemma 2.2.2. O

Proof of Proposition 2.2.1. (1) Segal in both directions means: for any 1, the
squares

€p do
Bni1i — Bni Bint1 — Bin
| |
en+1l len dn+1l ldn
Bn,i eo ” Bn—],i/ Bi,n do ” Bi,n—1-

are pullbacks.
The oo-groupoids By, i, for n > 0 are also given by the following fibre
sequences:

Bni —— Map(A™1+1, M)

o
l an+1+i

] — Map(N,A]),

rid"

the right-hand map Ry, ;1 sends o € Map(A““ I, M) topooopny1 where

pni1: Al = AM1H) maps the arrow in A' to the (n + 1)st edge of A™+117,

that is pn 1 = (d+)™(d"). Indeed, in the diagram

Bi,j EE— Map(AiH +j, M)

i
l lpost P

1T ——— Map(AtH+1+5, AT)

TRy
J [

1 ——— Map(A',A"),

rid"
the bottom square is a pullback, because the fibre of the right bottom map is
contractible, thus the whole rectangle is a pullback by Lemma 1.2.1.
Using the Lemma 2.2.2, we only have to check that the front square in the
cube

Bniii Bnii,i

S ™~

Map(An+1+1+i, M] - Map(An+1+i,M)

Bn,i Bn—1,i

T ™~

Map(A™ 1+ M) ————————— Map(A™1, M)
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is a pullback, and apply Lemma 1.2.1. But the squares

dy
Masi414i — Map144

dn+1l ldn

Mit14i —a Mty

are pullbacks because M is a decomposition space, d; is an inert map
and dn 41 and d,, are always inner coface maps thus active maps. For the
remaining squares, we use that the squares

dit
Miviin+sr — Mit14n

are also pullbacks because M is a decomposition space.
(2) To establish the stability condition, by Lemma 2.1.9 it is enough to
prove that the two following squares are pullbacks:

do dq
Bo,o +—— Bo,1 Bo,o +—— Bo,1
SR T
Bi,o 5 — B11, Bi,o ¢5— B
0 1

We can prove this with the same strategy used above. The decomposition
space axioms used here are that the following squares are pullbacks

Mo L M1 Mo L M]
S T R
M1 T> Mz, M] T> Mz.

(3) and (4) The augmentations Yj := B_; ; and X; := B; 7 are also given
by the following fibre sequences

Y; —— Map(AJ, M) X; — Map(AL, M)
_| |

! I | Iy

1 To_l> Map(AO,A1 ), 1 T]—' Map(AO,A1 ),

where the map S sends o to po oo (d7), and the map T sends ctopooco
(d+)'. Since the following squares commute
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i+ 14 ()] j
Map(A ), M) —— Map(A), M)

Ri+1+]i ls
Map(A',A") ——— Map(A°,A'),
1

j+1

Map (A1, 20) 9% Map(At, )
Ri+1+jl lT
Map(A', A1) —2T 5 Map(A®, A1),

it is enough to define maps B;; — Yj and By ; — X;.
The augmentation maps are culf: we need to prove that the back squares
of the following cubes are pullbacks:

Yo % Y
Map(A°, M) L Map(A', M)
do dO
Bo,o > Bo,1

\ do \ do
Map(A, M) % Map(AZ, M),

dq

Y1 YZ
Map(A!, M) L Map(A2, M)
do do
d
Bo,1 ] Bo,2

\ do \ do

Map (A2, M) — Map (A3, M).

We can apply the Lemma 2.2.3 since the front square is a pullback because M
is a decomposition space. O

To summarise, given a decomposition space correspondence p : M —
A', we get a bicomodule configuration and then § /g 00 is @ bicomodule by
Theorem 2.1.10.

2.2.2  Cocartesian and cartesian fibrations of decomposition spaces

Ayala and Francis [6] formulate a homotopy-invariant definition of cartesian
and cocartesian fibrations so it can be equally well formulated in any model
for oco-categories. We adapt here those definitions to decomposition spaces.
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Let p : X — Y be a simplicial map between decomposition spaces. A

a
. <s—t> . .o . .
morphism A" =7 X is p-cocartesian if the diagram of coslices of decom-

position spaces

/X —— /X

| |

pa/y s Ps/y

is a pullback, where the coslice /X is given by pullback of lower décalage
Dec | (X):

(*/X)n — Decy (X)n

|- Jeanm

1 T> XO,
similarly the coslice a/X is given by pullback of Dec (Dec (X))

(¢/X)n, — Dec (Dec (X))n

J
l l(dT)nJr]

1 X]/

ra’

and the functor /X — /X is given by Dec (d | ), where the simplicial map
d, : Dec, (X) — X is given by the original do.

The functor p : X — Y is a cocartesian fibration if any diagram of solid
arrows

A0 —5 X

al T

Al — Y

admits a p-cocartesian diagonal filler.

Similarly, a morphism A’ =S X s p-cartesian if the diagram of slice

decomposition spaces

X/a —_— X/t

l l

Yipa — Y/pt

is a pullback, where the slice X is given by pullback of the upper décalage
Dec(X), the slice X/, is given by pullback of Dect(Dect (X)), and the
functor X ,; — X is given by Dect(dt) = dt_1, where d1 : Dect(X) — X
is given by the original d-.

The functor p : X — Y is a cartesian fibration if any diagram of solid arrows
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A0 — X

o T

Al —— Y

admits a p-cartesian diagonal filler.

Bisimplex category with diagonal maps

We define i, ]] : Mg, ; — A to be the canonical projection from the mapping
cylinder of ¢i; := (d")) : A — A'J; it is a cocartesian fibration. They
assemble into a category, denoted A JA, of shape like A JA, but with extra

diagonal maps d : [i—1,j] — [i,j—1] given by inclusion. These satisfy new
simplicial identities: oxd = doyxy1, 0 < k < j, where oy are degeneracy
maps “on j” (horizontal) and d are diagonal maps, and with face maps:
ddy 41 = dkd, 0 < k < j, where 8y are horizontal face maps. Similarly for
degeneracy maps T “on i” (vertical), Txd = dti, 0 < k < iand dey = €xd,

0 < k < i, where ey are vertical face maps. For example, we can draw (2, 1]
as follows

[

e

where the horizontal maps lie over the map in A'. It is like a cocartesian
version of the earlier drawing of Remark 2.1.6.

Remark 2.2.4. We can draw [i,j] as a column of i+1 black dots followed by
j+1 white dots. Where arrows in A /1 send black dots to black dots and
white dots to white dots (without crossing), in m we allow moreover to
map white dots to black dots.

There is a natural notion of nerve in the context of cocartesian fibrations
over A': given a cocartesian fibration p : M — A between decomposition

spaces, define the cocartesian nerve Nocart : Cutigjigﬁ — Fun((A /71)°P, 8) by
cocart (T; 171

Ncocart(p)ﬁ := Map Al ([i,j], M), the mapping space preserving cocartesian
arrows.

Similarly to 2.2.1, we get a bicomodule configuration and 8§, , is a
bicomodule over §,x, and §/y,. We have here moreover diagonal maps
Bij—1 — Bi_1; and new sections s_7 : Bj;_1 — By;, for i > 0 given by
the composition with a diagonal map. That is 8 g, is pointed as a right
comodule over § /y,.
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%
B1O*>Bll<;B12

ST T

[

We now adapt Lurie’s definition of adjunction of co-categories [46] to
decomposition spaces.

An adjunction between decomposition spaces X and Y is a simplicial map
between decomposition spaces p : M — A! which is both a cartesian and a
cocartesian fibration together with equivalences X ~ Mo, and Y ~ M;y,.

Proposition 2.2.5. Given an adjunction p : M — A, the bisimplicial co-groupoid
B described above is a bicomodule configuration. Moreover S g, is pointed as a
right comodule over 8 /v, , and as a left comodule over 8 /x, .

Proof. By Proposition 2.2.1, the bisimplicial co-groupoid B is a bicomodule
configuration. The pointings are given by the cartesian and cocartesian
conditions. O

Adjunctions between co-categories are examples of adjunctions between
decomposition spaces.

Example 2.2.6. To illustrate these abstract concepts, let us spell out the
bicomodule configuration associated to an ordinary adjunction of 1-categories
F: X 2 Y: G. The oo-groupoid Bp is now just the set of arrows Fx — vy,
which by adjunction correspond to arrows x — Gy, and B is the set of
composable pair Fx — Fx’ — y (which is the same as x — x’ — Gy). In
general By ; is the set of chains of composable arrows Fxo — -+ — Fx; —
Yyj —+ -~ — Yo. These chains can be drawn as in the picture page 38, where
the horizontal arrow is a ‘mixed” arrow Fx — y. This drawing can be filled
as in the picture page 49, and thus giving a right pointing by the following

rearrangement:
Fx' ——y Y
T ) T
Fx Fx —— Fx/

Similarly the functor G : Y — X induces a left pointing on the equivalent
(by adjunction) augmented simplicial set of chains xg — --- — x; — Gy; —
= Gyo.
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2.3 Mobius inversion for comodules and a Rota formula

2.3.1  Right and left convolutions

We introduce left and right convolution actions as dual to the comodule
structures. Explicitly, given a right comodule configuration C — Y, we get
a right comodule §,c over §,y,. The right convolution 0 . 3 of the two
functors 0:8,¢, —+ 8and 3 :8,y, — §, given by the spans Co <~ M — 1 and
Y7 <~ N — 1, is the composite of 0 ® 3 with the right coaction y,:

v 0®
0r B8y 58,0, ®8 )y, 2By,

where the tensor product 6 ® {3 is given by the span Cop x Y1 +~ M x N — 1.
Similarly, given a left comodule configuration, we can define the left
convolution acx1 6 of :8,x, - 8and 0:8,c, — 8:

oc*le:S/CO l>S/xI ®S/C0 L@e>5

If we have a bicomodule configuration, then the following associativity
formula expresses the compatibility of coactions from Theorem 2.1.10.

Corollary 2.3.1. Given a bicomodule configuration, the convolutions defined above

satisfy
ok (O B) = (00 k1 0) *r .

2.3.2  Mobius inversion for (co)modules

Let C — Y be a comodule configuration. The zeta functor
“:8c, 8

is the linear functor defined by the span
Co+— Cop—1.

Let C — Y be a right pointed comodule configuration. The augmented
simplicial co-groupoid C is an object of the functor co-category

Fun (A, 8)

where Ay, is the simplex category of finite linear orders with a specified

bottom element, and with monotone maps preserving the bottom element.

The forgetful functor Ap,x — A is right adjoint to the functor j : A — Apgy
adding a bottom element.

Remark 2.3.2. In the situation where Y is Segal and C = Dec Y, we can take
C_1 to be Yy, with dy as augmentation map. By [46, Lemma 6.1.3.16], this is
a colimit diagram.
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A right pointed comodule configuration f : C — Y is complete if the
new degeneracies s_1 : C,_1 — C;; are monomorphisms. Since s_7 is a
monomorphism, we can identify C_; with a co-subgroupoid of Cy. We
denote by Cy its complement: Co = C_7 + Cp. Denote by C,,, the oo-
groupoid of simplices whose principal edges have the type indicated in the
word vw, where v € {—1,0,b} and w is a word in the alphabet {0, 1, a}, that is
the full co-subgroupoid of C;, given by the pullback

Copw ————— Cn
|- |
CoxYVY —— Co x (Y7)T,

where n = [w| > 0. The principal edges of the co-groupoid C,, consist of an
element in Cy given by (d1)", and n edges in Y7, the principal edges of the
image of C,, by f. In this situation, we define Cp = Cpa...a C Cy, to be the
full subgroupoid of simplices with all principal edges nondegenerate. It is
given by the pullback diagram

Cba...a I Cn
| - |
Cb x Y44 — Co X Y1n

Define
6R : S/Co -8

to be the linear functor given by the span
ColC 11
and define the right Phi functors
OR -8 /Co — S
to be the linear functors given by the spans
Co « Ch—1.
Ifn=-1,C ;= C_1 (by convention) and ®E1 is the linear functor &X.

Lemma 2.3.3. For every word w in the alphabet {0, 1, a}, the following square is a
pullback:

Cow — G

l " l(d'r,f)

CoXYW e C()XY1.

Proof. Let n = [w|. The square is the top rectangle of the diagram
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COw Cn C]

L e

CoXYW%COXYn%COXY]
L=

C()XYW E— CoXYiﬂ.

The bottom square and left-hand rectangle are pullbacks by definition of Y,,
and Co,, hence the top left-hand square is a pullback. The right-hand square
is a pullback because the augmentation map C — Y is culf. Hence the top
rectangle, which is the desired square, is a pullback. ]

Given a complete decomposition space Y, we denote @) : § v, — 8 the
usual Phi functors.

Proposition 2.3.4. The right Phi functors satisfy
(Cower @Y ~ R+ DR
Proof. Compute the convolution action (¢ % @Y by Lemma 2.3.3 as:
Co
\
J] ¢ Coa...a
[
CoxYy «—— Cox Vo — 1.

But Coa.a >~ C1a..a+Coa.a =~ Cno1+Cn. Thisis an equivalence of
oco-groupoids over Co and the resulting span is @R ;| + ®R. O

Denote

even = Z ch/ odd Z q)Y

n even n odd

The previous proposition implies the following Mobius inversion formula.
Theorem 2.3.5. Given C — Y a complete right pointed comodule configuration,

0 hr Dy 2 88+ % DY
Proof. The two linear functors are equivalent to the sum of the right Phi
functors:

Car Y O R OR 4 SR (C @)

even —
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We can also define a left pointed comodule configuration D — X, with new
top sections instead of bottom: we consider instead the mapping cylinder of
A — Aop, Where Ay is the simplex category of finite linear orders with a
specified top element, and with monotone maps preserving the top element.
A left pointed comodule configuration is complete if the new degeneracies
tt41 : Dh_1 — Dy are monomorphisms. Similarly, we define the left Phi
functors and 5t using tT7 and et and we obtain the following formula.

Theorem 2.3.6. Given D — X a complete left pointed comodule configuration,

Do x1 (P = 85+ @ % P
2.3.3 Mobius bicomodule configurations and the Rota formula

In order to take homotopy cardinality to recover the usual Mobius inversions,
we need to impose some finiteness conditions. We adapt the approach of [26]
summarised in the preliminaries.

A right Mobius comodule configuration is a complete right pointed comodule
configuration C — Y such that the decomposition space Y is Mobius and the
augmented comodule is Mdbius, that is

e C is locally finite: the co-groupoid Cy is locally finite and both s_; and
do are finite maps;

e Cis of locally finite length: every edge has a finite length, that is for all

a € Co, the fibres of dén) : Gy — Co over a are empty for n sufficiently
large.

Under these conditions, the Phi functors descend to
R T, = F

and we can now take the cardinality of the “Mobius formulas” (Theor-
ems 2.3.5 and 2.3.6).

Similarly we define a left Mobius comodule configuration to be a complete
left pointed comodule configuration D — X such that the decomposition
space X is Mobius and the augmented comodule is Mobius, using t.1 and
dr.

Theorem 2.3.7. Given C — Y a right Mobius comodule configuration and D — X
a left Mobius comodule configuration,

10 % (Y] = [8F, WX % [CP] = 8%,
where Y| .= I(DQZ,MI — |<D;;d| and |pX| = \(Dgéml — |<Dg§ld|.

A Mobius bicomodule configuration is a bicomodule configuration with
two pointings such that both left and right comodule configurations are
Mobius. It hence has extra degeneracy maps in both directions, extra bottom
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degeneracy maps in horizontal direction and extra top degeneracy maps in
vertical direction.

Note that given a Mobius bicomodule configuration B, the zeta functors
are defined only on the co-groupoid Bg ¢ and then are the same for the two
comodules. In both cases it is given by the span

Bo/o — Bo/o — 1.

Theorem 2.3.8. Given a Mobius bicomodule configuration B with X := Bo 1 and
Y :=B_1 ., we have
X 8] = 18"y Y],

where 8 is the linear functor given by the span
Boo + Xo — 1,

and 8 is the linear functor given by the span
Boo + Yo — 1.

Proof. Using the Mobius formulas at the algebraic level from Theorem 2.3.7,
and the associativity of the convolution actions from Proposition 2.3.1, we
compute

X 8] = 10Xy (18] e 1Y)

= (WX 1)) #r [n
Y|.

Y

|
= 185 1
O

2.3.4 Mobius bicomodule configurations from adjunctions of Mobius decomposition
spaces

We saw in Section 2.2.2 that given a cocartesian fibration p : M — A between
decomposition spaces, we obtain a right comodule configuration B, with
diagonal maps Bi; 1 — Bj_1; and new sections s_7 : B;y;_1 — By, for
i > 0 given by the composition with a diagonal map.

Lemma 2.3.9. Given a cocartesian fibration p : M — A' between decomposition
spaces, suppose moreover that M is complete. Then the associated right pointed
comodule configuration is complete.

Proof. The new sections will be monomorphisms if the following square is a
pullback:

id
Bij—1 —— Bij

ol =

Bi,j,1 4>s,1 Bi,j.
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By assumption, M is a complete decomposition space, hence all degeneracy
maps are monomorphisms, and we can apply Lemma 2.2.3, to obtain the
desired pullbacks. O

Instantiating the general definitions from Section 2.3.2, the zeta functor
(¢:8 /Boo — 8
is given by the span
BO,O <i Bo/o — 1,

and the functor
SR8/, =8

is defined by the span
B0,0 & BO,_] — 1.

The right comodule configuration being complete, we get a Mobius
inversion formula (Theorem 2.3.5):

oy @ gen 22 88 + (ke DYy,

even —

where Y:=B_1,.
Similarly, given a cartesian fibration p : M — A between decomposition
spaces, we obtain a left pointed comodule configuration.

Lemma 2.3.10. Given a cartesian fibration p : M — A' between decomposition
spaces, suppose moreover that M is complete. Then the left pointed comodule
configuration is complete.

The functor
5% 8,5, — 8
is given by the span
Bo,o < B71,O — 1.

This leads to the Mobius inversion formula
DX on ¥1 ¢ = 8+ OX % €

Given an adjunction between decomposition spaces, that is a simplicial
map M — A! which is both cartesian and cocartesian, and suppose that M is
complete, then we just obtained two Mobius inversion formulas.

Theorem 2.3.11. Given an adjunction of decomposition spaces in the form of a bi-
cartesian fibration p : M — A', suppose moreover that M is a Mobius decomposition
space. Then the bicomodule configuration extracted from this data is Mobius. In
particular, we have the Rota formula for the adjunction p:

WXL [8%] = 18 4y Y-
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Proof. First observe that Bgo, and in fact all B;;, are locally finite since
they are given by pullback (see page 43) of locally finite spaces. Second,
note that et: Bi;1; — Bji; is induced in the same way from the face
map di: Mi;245 — Mi4145, which is an inner face map, and is there-
fore finite since M is Mobius. Similarly do: Bij41 — Bj; is obtained
from diy1: Miy245 — Miy145 which is also an inner face map. Finally
the fibres of e(Tn) are empty for n sufficiently large because the fibres of
di—ny10---odi: Miz245 = Mij2-n4j are empty for n sufficiently large
since M is Mobius. Similarly, the fibres of d(()n) are empty for n sufficiently
large. O
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Mobius functions of directed
restriction species

3.1 Bisimplicial groupoids, abacus maps, and bicomodule con-
figurations

We want to define a bicomodule configuration interpolating between the
decomposition space C of finite posets and the decomposition space I of
finite sets, in order to relate the Mobius functions of the incidence algebras
of these decomposition spaces. As explained in the introduction, we shall
achieve this by modifying the box product Il0Dec; C, and we introduce
the notion of abacus map for a bisimplicial groupoid for this purpose. The
modification is necessary in order to be able to define an extra vertical
degeneracy map, in turned required to establish the M&bius property.

Abacus maps

Let B be a bisimplicial groupoid with horizontal face and degeneracy maps
denoted by di and sy, and vertical face and degeneracy maps denoted by ey
and ty. A family f of maps fi; : Bi;1; — Byj11 is called an abacus map if

o forall i, the map fiq : Bi+1,6 — Decy (Bie) is simplicial (between rows),

e for all j, the map f,; : Dect(B,;j) — Be;+1 is simplicial (between
columns) except for the top face map,

e d,fijtT = id, where d | is the horizontal bottom face map, tr is the
vertical top degeneracy map.

Theorem 3.1.1. Let B be a bisimplicial groupoid, and f an abacus map. Define new
vertical top degeneracy maps €t := d | fi;. Then the groupoids B;; with the new
&1 form a bisimplicial groupoid, denoted B (for which f is still an abacus map).

Proof. Firstly, let us prove that the new &t is simplicial between rows: since
the map f; o is simplicial, and by the face-map identities for the rows, we
have

érdx =difijdk = didiprfijer = dedifije1 = deér,

and similarly for sy.
Secondly, let us check that the columns are simplicial. The simplicial
identities involving &+ = &; : By; — Bj_j ; are:
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1. tkéT =eé1ty, fork < i;
2. exéT = éteg, fork < i;
3. ettt =id.

To verify the first two identities, we use the commutativity of horizontal
maps against vertical maps, and that f, ; is simplicial except for the top maps.
The third identity is exactly the last condition in the definition of an abacus
map. O

We say an abacus map is perfect if fijer_1 = d fij11fiv1; and eT =
d  fi; for all i,j. We get the following proposition, whose proof is straight-
forward.

Proposition 3.1.2. Let B be a bisimplicial groupoid and f a perfect abacus map.
Then the map fo; : Dect(Ba;j) — Ba i1 simplicial, and the construction of
Theorem 3.1.1 is idempotent.

Given an augmented bisimplicial groupoid B, we say an abacus map is left
augmented if there are maps fi 7 : Bix1,—1 — By such that f; o : Biy1,e —
Dec (Bi,e) is augmented simplicial for all i > 0, that is the following diagram
commutes

dq
1,0 S Bl1

fi0

Bit1,—1 ¢ Bir10
and moreover uf; 1 =et:

1—] % BIO

1+1 —1

We say an abacus map is right augmented if there are maps f_7;: Bo; —
B_1;+1 such that f, ; : Dect (B, ;) — Beji1 is augmented simplicial except
for the top face map for all j > 0, that is the following diagram commutes

B_1,

o

Bo,; Bo,j+1

EOT /
fo,j

By

and moreover v = dof_1 o:
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B_ 1]<;B 1j+1

T A

Bo,;

We say an abacus map is augmented if it is left and right augmented.

Lemma 3.1.3. Given an augmented bzszmplzczal groupoid B and a left augmented
abacus map. Then the augmentation map W : B, o — Ba,_1 is simplicial.

Proof. We only need to check the commutativity with the new top face map,
which is a direct verification: ué+ = udofipo =udifio =ufi _ju=etu. O

Lemma 3.1.4. Given an augmented bisimplicial groupoid B and a right augmented
abacus map. Then v : By o — B_1 o is an augmentation map.

Proof. We only need to verify it coequalises ey and &;. We have vey =
dof,],j ey = dovfo,j = Vdofo/j =Vveéy. L]

Remark 3.1.5. A augmented perfect abacus map produces an example of
a cocartesian nerve, see Section 2.2.2, that is a map Neocart : Cut‘;";‘gﬁ —
Fun((A/A1 )op, S) where Ncocart(p)ll
arrows, and A 51 is a category of shape like A /51, but with extra diagonal
maps. This ensures Grpd ;i  is pointed as a right comodule over Grpd 5, .

is a mapping space preserving cocartesian

Example 3.1.6 (Bisimplicial groupoid associated to a functor). Given a functor
F: X — Y between categories, we consider the groupoid B; ; whose objects
consist of (i+j+1)-tuples of composable morphisms such that the i first
morphisms are given as images of morphisms in X. An object in B; ; can be
pictured as follows:

Fx — s Fx/ Fx (1)
YUl _><y()l)/ u.

The groupoids B;; assemble into a (augmented) bisimplicial groupoid,
where horizontal face and degeneracy maps are given by face and degeneracy
maps of the nerve of Y, and similarly, vertical face and degeneracy maps
are given by face and degeneracy maps of the nerve of X. This is moreover
a bicomodule configuration. There is an (augmented) perfect abacus map
sending

Fx —— Fx/ Fx

/ to /

y Fx' —— y.
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Bicomodule configurations

Given two simplicial groupoids X and Y, their box product [38] is the bisim-
plicial groupoid XY given by the groupoids X; x Yj, with horizontal and
vertical face and degeneracy maps induced by those of X and Y. We shall be
concerned rather with the box product

B :=XODec, Y,

and use the following notation: the horizontal maps d, : B;; — Bj;—1 and
sy : Bij — By 1 are given by:

dy =idx, X di41, sy = idx; X Sk41, 0<k<j,

where dy and sy are the face and degeneracy maps of Y. The vertical maps
ey :Bij; — Bi_1;and ty : Bij; — Bi41,; are given by:
0<k<i,

€ = €x X ide+1/ Lk = tk X idY]'+]I

where ey and ty are the face and degeneracy maps of X. Note that since the

second factor is given by décalage, there is also an extra bottom degeneracy

map given by s_; =idx, xso. There are also augmentation maps u: Bso —

Xe X Yp given by idx xdj, and v: Bpe — Xo x Y given by the décalage map.
The following trivial lemma will be invoked several times.

Lemma 3.1.7. The following square of groupoids is a pullback:

X x Y 2 sy

idx Xgl lidxl xXg

XxY —— X' xY.
fxidy/

Proposition 3.1.8. Suppose f is an augmented abacus map for B := XODec, Y,
such that fo; is a right fibration (that is cartesian on bottom face maps e, ), and
fie is a left fibration (that is cartesian on top face maps d+). Then the modified
augmented bisimplicial groupoid B with the new &+ obtained from the abacus map
as in Theorem 3.1.1 form an augmented bisimplicial groupoid which is double Segal,
stable, and such that the augmentation maps are culf.

The bisimpliciality follows from Theorem 3.1.1. We split the rest of the
proof into the following Lemmas 3.1.9-3.1.11.

Lemma 3.1.9. Suppose f, ; is a right fibration, that is cartesian on bottom face maps
e, . Then for every i > 0, the simplicial groupoid B; o is Segal, and for every j > 0
the simplicial groupoid B, ; is Segal.

Proof. The simplicial groupoid B « is Segal since it is the product with the
groupoid X; of the décalage of the decomposition space Y. The simplicial
groupoid B, ; is Segal if, for all j > 0, and n > 1, the following square is a
pullback
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It is the outer square in the following diagram:

fn,j ~ dy ~
15 — Bnjr1 —— Bn;

e| Jeo

By
Eol
En,] ﬁ Bn—],j—H To> Bn—Lj-

The right-hand square is a pullback by Lemma 3.1.7. The left-hand square is

a pullback because f, ; is a right fibration. O

Lemma 3.1.10. The augmentation maps w: Beo — X x Yo and v:Bge — Xo x Y
are culf.

Proof. Note that u is a simplicial map by Lemma 3.1.3 and that v is an
augmentation map by Lemma 3.1.4. It is enough to check the two following
squares are pullbacks [25, Lemma 4.3]:

X1XY0#B']’O XoXY1 &XoXYz
el XidYoT Tg] VT Tv
X2 x Yo «— Bayo, Bo,1 AT Bo,2.

By definition, the left-hand one is the following square

idx] x dq
X] XYO — X] XY]

(3] XidYoI 1\6] Xidy1

XzXYO <—X2XY],

idx2 x dq

which is a pullback by Lemma 3.1.7. The right-hand square is a pullback
since the décalage map of a decomposition space is culf. O

Lemma 3.1.11. Suppose fi o is a left fibration, that is cartesian on top face maps
d. Then the bisimplicial groupoid B is stable.

Proof. Since the bisimplicial groupoid B is a double Segal space by Lemma
3.1.9, the stability can be established checking only the two following squares
are pullbacks by Lemma 2.1.9:

- dy = - dr =«
Bo,o +—— Bo,1 Bo,o «—— Bo,1

o e el T

Bio ¢ — Bi1, Bio ¢<5— B11.
Yo aT
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The first square is a pullback by Lemma 3.1.7. The second square is the outer
rectangle of the following diagram:

- dr =
Bo,o +—— Bo,1

ol Ta

- dr =«
Bo,1 +—— Bop2

fo,oT TfOJ

Bio ¢5— B
aT

The top square is a pullback since Y is a decomposition space. The bottom
one is a pullback because f; o is a left fibration. O

Layered sets and posets

We now specialise to the situation where X = I the decomposition space of
layered finite sets and Y = C the decomposition space of layered finite posets.

We refer to [28] for the following material. An n-layering of a finite poset
P is a monotone map l: P — n, where n = {1,...,n} are the objects of the
skeleton of the category of finite ordered sets (possibly empty) and monotone
maps. The fibres P; = 17 '(1), 1 € n are called layers, and can be empty. The
objects of the groupoid C,, of n-layered finite posets are monotone maps
l: P — n and the morphisms are triangles

p —= P

NS

where P — P’ is a monotone bijection. They assemble into a simplicial
groupoid C. The face maps are given by joining layers, or deleting an outer
layer for the top and bottom face maps. The degeneracy maps are given by
inserting empty layers.

Proposition 3.1.12 ([28, Proposition 6.12, Lemma 6.13]). The simplicial groupoid
C of layered finite posets is a decomposition space (but not a Segal space), and is
complete, locally finite, locally discrete, and of locally finite length.

The incidence coalgebra of C has comultiplication given by the span

c, &, 2 ey,

where d; joins the two layers, and d; and dy return the two layers. The
comultiplication of a poset is thus obtained by summing over admissible cuts
(a 2-layering of the poset) and taking tensor product of the two layers.

Similarly, let I, denote the groupoid of all layerings of finite sets. Again
these groupoids assemble into a simplicial groupoid, denoted I.
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Proposition 3.1.13 ([28, Proposition 4.3, Lemma 4.4]). The simplicial groupoid
I is a Segal space, and hence a decomposition space, which is complete, locally finite,
locally discrete, and of locally finite length.

The simplicial groupoid C is the decomposition space corresponding
to the terminal directed restriction species, finite posets and convex maps,
while I is the decomposition space corresponding to the terminal restriction
species, finite sets and injections. The incidence coalgebra of I is the binomial
coalgebra [28, §2.4] with well-known Mobius function (—1)™ for a set with n
elements.

We can now apply the abacus construction introduced above.

Lemma 3.1.14. The bisimplicial groupoid B := I10Dec, C has an augmented
abacus map with £ : Biy1; — By j41 given by moving the last layer of the set into
a new first layer of the poset.

Proof. Remark that the augmentation column is I and the augmentation row
is C. The groupoid B; ; consists of pairs of layerings (S — i,P — j+1) where

S is a finite set, and P is a finite poset. The map f; ; sends (S L 4P LN j+1) to
(a="(i=1) = i=1,(a~"(i) + P) — 14+j+1). The following picture represents
the map f,,; sending an element in the groupoid B3 ; to an element in the
groupoid B, where layers are numbered from bottom to top.

. \ix ‘ \{
° '/. ° ./'
The verification of the abacus map axioms is straightforward. O

Lemma 3.1.15. The map f, ; is a right fibration and the map f; o is a left fibration.

Proof. The map f,; is a right fibration: for each (S,P) € By, ;, the fibres of

eo : Bn+],j — Bn,j along (S,P) and € Bn,j+] — Bn,1,)'+1 along fn,]/j(S,P)

consist both of triples (A, P’ 5 Pp,S/ E> S), where A is a finite set and « and

3 are monotone bijections:

fn,i
Fis,p) — Bny1,j — Buj

l leo leo

1 r(S,P)7 Bnrj

Brn_1i:1.
o1 n—1,j+1

The map f;, is a left fibration: for each (S,P) € Bi,1;, the fibres of d :
Bi+1,j+1 — Bi+1,j along (S, P), and of dT . Bm’_,.z — Bi,j+1 along fi,j+1 (S,P)

are equivalent since they consist both of pairs (S — i+1,P’ LN j+2), such
that S’ ~S,and b= 1({0,...,j+1}) ~ P. d
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The main object of interest will be the augmented bisimplicial groupoid
obtained by applying Theorem 3.1.1 to B. We denote it B. By unpacking the
general construction we get the following explicit description: the groupoid
B;; consists of pairs of layerings (S — i,P — j+1) where S is a finite set, and
P is a finite poset. For example, By ¢ is the groupoid of 1-layered finite posets.
The horizontal face maps (taking place only on the (j+1)-layered finite poset
part) are given by:

e dy : Bjj; — Bi;_7 joins the layers (k+1) and (k+2) of the poset, for all
j>0and 0<k<j—T;

e dt =d;j:By; — Bi;_1 deletes the last layer.

Horizontal degeneracy maps are given by inserting empty layers: sy : Bi; —
Bi 1 inserts an empty (k+2)nd layer in the poset, for all j > 0 and 0 < k <j.
The vertical face maps are given by:

e e =ep:B;j; — Bi_1; deletes the first layer of the set, for all i > 0;
e e : Bj; — Bi_7; joins the layers k and k+1 of the set, for all 0 < k < i.

According to the modification, the top vertical face map is given by e+ =
do o} fi,j .

e eT =e¢;:Bjj; = Bi_7; joins the last layer of the set and the first layer
of the poset into the first layer of the poset.

In this way, the top vertical map keeps some information about the last layer
of the set, instead of just throwing it away. Vertical degeneracy maps are
given by inserting empty layers: ty : Bij; — By ; inserts an empty (k+1)st
layer to the set, for all 0 < k < i. The augmentation maps are u: B;p — I;
deleting the whole 1-layered poset and v : Bp; — Cj deleting the first layer of
the poset. It should be noted that the row By , is the lower décalage of C, that
v is the décalage map given by the original do, and that u is the augmentation
map that décalage always have.

Proposition 3.1.16. With augmentations maps w and v, the bisimplicial groupoid
B is a bicomodule configuration.

Proof. The result follows from Lemmas 3.1.14-3.1.15 and Proposition 3.1.8. [

3.2 Mobius functions

Mobius function of the decomposition space of finite posets

The augmented bisimplicial groupoid B of layered sets and posets is a bico-
module configuration between I and C. By Theorem 2.1.10, the spans

e (u,ep)
Bo/o <—] B]/o —O> I] X BO,O
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and
(d1,v)

BO,O & Bo/] e Bo,o X C]
induce on Grpd 5 the structure of a bicomodule over Grpd |, and Grpd ¢ .
In order to be in position to apply the generalised Rota formula from
Theorem 2.3.8, we first need more structure to define Mobius functions, and
then some finiteness conditions to take homotopy cardinality.

Lemma 3.2.1. The comodule configuration Bg e — C is complete.

Proof. The right pointing is given by the extra degeneracy map s_1 = idy, xso
that the décalage always have, and is thus a section to do. It is also a
monomorphism since sg is a monomorphism (the decomposition space C of
layered finite posets is complete). O

The right completeness of Lemma 3.2.1 holds for any bisimplicial group-
oid of the form X[ Dec Y such that that X is a Segal space and Y a complete
decomposition space. In contrast, the left completeness of the following
lemma requires further structure, namely the extra top degeneracy map
which we can define in this specific example (and which is a section to the
new top face map but not to the old).

Lemma 3.2.2. The comodule configuration B o — 1 is complete.

Proof. We provide a left pointing: define a new extra (vertical) degeneracy
map trt47 : Byj = Biy1; for i > —1 in the following way: we move the
discrete part of the bottom layer of the poset into a new top layer of the set.
It is a section to eT. It is also a monomorphism: the fibre F(s,p) of t11 over

(S i+1,P LN j+1) is given by the pullback

F(S,P) —_— Bi,j

| B

' s B

If P is a (j+1)-layered poset such that the bottom layer has an non empty
discrete part, then the fibre is empty. Otherwise, the fibre consists of pairs
(S/,P’) such that S’ ~ a~'({1,...1}), the discrete part dP] of the bottom
layer of the poset P’ is isomorphic to the last layer of the set S, that is
dP] ~ a '{i+1}),and P’ — dP] ~ P. There can only be one morphism, and
the fibre is then contractible. O

Proposition 3.2.3. The bicomodule configuration B is Mobius.

Proof. The groupoid By o of 1-layered finite posets is locally finite since each
finite poset has only finitely many automorphisms. The maps s_; and t1.1
are finite (since they are monomorphisms as seen above). The maps do and
et are finite because each finite poset has only a finite number of 2-layerings.

The groupoid Bo, consists of simplices which are not in the image of
a degeneracy map, including the new one s_1. In the present poset case, a
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simplex is an (n+1)-layered poset with no empty layers. Similarly, a simplex
in B, o is an n-layered set and a poset, such that the set does not have empty
layers and the poset does not have an empty discrete part. Finally, for all
P € By, the fibres of d(()n) : ﬁO,n — Bop,0 and e(Tn) : ﬁn,O — Bo,0 are empty
for n big enough since layered posets in B ,,, or layered sets in By, o, do not
have empty layers. O

The augmented bisimplicial groupoid of layered sets and posets is a
Mobius bicomodule configuration. The main contribution of the present pa-
per is the fact that the following formula can be derived from the generalised
Rota formula of Theorem 2.3.8.

Theorem 3.2.4. The Mobius function of the incidence algebra of the decomposition
space C of finite posets is

(P) = {(—1 )™ if P € Cy is a discrete poset with n elements
o else.

Proof. The left coaction vy : Grpd ;5 — Grpd ;;, ® Grpd ;5 is given by the
span

Boo < Bro 25 I x Boy,
where u deletes the last layer, ey deletes the first layer, and e; joins the

two layers. The following picture represents elements in the corresponding
groupoids.

A2 A (N2
N N

This left coaction vy splits a 1-layered poset into a 1-layered set and a 1-layered
poset.

The right coaction v+ : Grpd ;g — Grpd ;g @ Grpd ¢ is given by the
span

Boo <% By, ) Boo x C
0,0 0,1 0,0 1,

where d; deletes the last layer, v deletes the first layer, and dy joins the
two layers. The following picture represents elements in the corresponding

groupoids.
i b —
- (A
This right coaction v, splits a 1-layered poset into two 1-layered posets.
Computing the right-hand side of the formula of Theorem 2.3.8, we obtain

(1855 IL¥1)(P) = [nY|(P), for all poset P € Bg .
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Indeed, 51| is different from 0 only if evaluated on the empty poset, and we
are in this situation only if the 2-layered poset in By ; consists of an empty
first layer, and a second layer with the whole original poset. The left-hand
side gives

IuX|(P) if the poset P is discrete
(1X[ 51 [8R[)(P) = { P

0 otherwise.

Indeed, |6R| is different from 0 only for the empty set, and we are in this
situation only if the 2-layered poset in B ¢ consists of an empty second layer,
and a first discrete layer (that is a set) in Iy. We conclude by recalling that the
Mobius function p of a set S with n elements is given by u(S) = (—1)™. O

Mobius function of any directed restriction species

We have treated the case of the decomposition space of finite posets, cor-
responding to the terminal directed restriction species. A directed restriction
species is a groupoid-valued presheaf on the category C of finite posets and
convex maps. Every directed restriction species R : C°P — Grpd defines a
decomposition space R (and hence a coalgebra); we refer to [28] for all details.
This decomposition space comes equipped with a culf functor R — C [28,
Lemma 7.6]. It follows that R is complete, locally finite, locally discrete, and
of locally finite length, and is in particular a Mobius decomposition space.
Examples of directed restrictions species include rooted forests and directed
graphs of various kinds [28]. Having computed the Mobius function for the
decomposition space C in the previous section, we can now obtain it for all
directed restriction species.

Corollary 3.2.5. The Mobius function of the incidence algebra of the decomposition
space R associated to a directed restriction species R : C°P — Grpd is

Q) {(—1 )™ if the underlying poset of Q € Ry is discrete with n elements
}‘l‘ =
0 else.

Proof. Once an expression has been found for the Mobius function of the
decomposition space C, it can be pulled back to R along the culf functor
R — C to obtain the corresponding expression for the Mobius function of R,
as done in [29]. O

Note that an ordinary restriction species in the sense of Schmitt [53] is
a special case of a directed restriction species, namely one supported on
discrete posets [28]. The Mobius function then reduces to the well-known
formula (—1)™ for an underlying set with n elements, see [29, §3.3.10].

Corollary 3.2.6. The Mdobius function of the Butcher—Connes—Kreimer Hopf algebra
of rooted forests is

(F) = {(—1 )™ if F consists of n isolated root nodes

0 else.
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Proof. Rooted forests form an example of directed restriction species [28,
§7.12]: a rooted forest has an underlying poset, with induced rooted-forest
structure on convex subposets. The resulting bialgebra is the Butcher-Connes—
Kreimer Hopf algebra [28, §2.2]. O

Finally, we obtain the Mobius function of the incidence bialgebra of P-
trees, for any finitary polynomial endofunctor P : Grpd ,; — Grpd |, that

is, given by a diagram of groupoids I — E ¥ B — I such that the fibres of
E 2 B are finite. A P-tree is a tree with edges decorated in I, and nodes
decorated in B; we refer to [23] for a precise definition and examples. Note
that allowing the nodeless tree, the notion of forests do not form a directed
restriction species [28, §7.12].

Corollary 3.2.7. The Mobius function of the incidence bialgebra of P-trees (for any
finitary polynomial endofunctor P) is

M = {(—1 )™ if T consists of n P-corollas and possibly isolated edges

0 else.

Proof. The free monad F on a finitary polynomial endofunctor P is the poly-
nomial monad represented by

A—ThHTr = A,

where Tp is the groupoid of P-trees, T} is the set of isomorphism classes of
P-trees with a marked leaf, the left map returns the decoration of the marked
leaf, the right map returns the decoration of the root, and the middle map
forgets the mark. Operads can be seen as certain polynomial monads [43,
§2.6]. The operations are the P-corollas. The factorisations of operations
correspond to cuts in trees. The bialgebra of P-trees is the incidence bialgebra
of the free monad on P, meaning the incidence bialgebra of the two-sided bar
construction on the free monad on P, see [43].

The core of a P-tree is the combinatorial tree obtained by forgetting the
P-decoration, the leaves, and the root edge [39]. It defines a culf functor from
the bar-construction of a free monad to the decomposition space of trees [43].
In the same way as the proof of Corollary 3.2.5, we pull back the expression
of Corollary 3.2.6 along the culf functor to conclude. O



Hereditary species as monoidal
decomposition spaces, comodule
bialgebras, and operadic categories

4.1 Hereditary species

Let B denote the category of finite sets and bijections, let I denote the category
of finite sets and injective maps, and let S denote the category of finite sets
and surjective maps. We denote by S, the category of finite sets and partially
defined surjections. A partially defined surjection V — W consists of a subset
U C V and a surjection U — W. More formally, the arrows in S, are given
by equivalence classes of spans

V/U\ZW

where 1 is injective and p is surjective, and where two such spans are equi-
valent if they are isomorphic as spans. Partially defined surjections are
composed by pullback composition of spans (in the category of sets). This is
meaningful since both injections and surjections are stable under pullbacks
in the category of sets. Note that the empty set is included here. Note also
that the category S, contains the category S as a subcategory (the spans in
which the injection leg is an identity map) and also contains the category I°P
as a subcategory (the spans in which the surjection leg is an identity map).

Species Recall that a species [34] is a functor F: B — Set , V — F[V]. An
element of F[V] is called an F-structure on the finite set V. A restriction
species [53] is a functor R: I°P — Set. An R-structure on a set V thus restricts
to any subset U C V. Schmitt [53] further defines a hereditary species to be a
functor H: S, — Set. An element G € H[V] is called a H-structure on the set
V. A hereditary species is thus covariantly functorial (not only in bijections
but also) in surjections, and also contravariantly functorial in injections (that
is, is a restriction species). This means that a H-structure on a set V induces
also a H-structure on any quotient set and on any subset. Furthermore, these
functorialities are compatible in the sense that for any pullback square
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we have
Hlp'] o HIi] = Hfj] o H[p].

This ‘Beck-Chevalley’ law is a consequence of the fact that H must respect
the composition of spans.

If 7t is a partition of V, and py »: V — 7 is the canonical surjection, the
quotient G/t is the H-structure on the set 7t defined by

G/m = Hlpv,l(G).
The restriction G|m is defined to be the family
G|7T = {G|B}B€7r-

A morphism of hereditary species is a natural transformation of functors. We
denote by HSp the category of hereditary species and natural transformations.

Example 4.1.1. For a graph G with vertex set V, and 7 a partition of V, we
define Gl to be the family of graphs whose vertex sets are blocks of 7t and
with an edge between two elements of the same block if there is an edge in G
with both incident vertices in the block. We define G/m to be the graph with
vertex set 7t and with an edge between two vertices if there is a edge in G
between the corresponding blocks.

Suppose that T is a finer partition than o (denoted T < 0), that is each
block of o is a union of blocks of T. We denote o/T the partition of the set T
induced by o.

The following proposition is a consequence of the functorialities in surjec-
tions and injections, and the Beck-Chevalley law.

Pr0p051t10n 4.1.2 ([53, Proposition 4.1]). If T and o are partitions of V such that
< o, then the following identities hold:

[(Glo)|T] = [G]T],
[(G/T)l(o/T)] = [(Glo) /],
[(G/t)/(o/T)] =[G/0a],

where [G] is the isomorphism class of G.

Bialgebra To any hereditary species, Schmitt associates a commutative
bialgebra structure B on the vector space spanned by all isomorphism classes
of families of non-empty H-structures. As an algebra it is free commutative.
The comultiplication of a H-structure G on the set V is defined by:

Z Glo® G/o.

c€eTI(V)
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The counit is defined by

{1 if every member in the family is a singleton,

0 otherwise.

Note the importance of disallowing empty structures. With the empty
H-structure we would have A(@) = () ® @, and the comultiplication would
not be counital on the right. While not counital on the right, we shall see
later that it is still a left comodule over B.

Hereditary species of non-empty sets We consider the hereditary species
of non-empty finite sets. The comultiplication of a finite set V is defined by
summing over all partitions of V and putting on the left the family of blocks
of the partition and on the right the set whose elements are blocks of the
partition:
AV)= ) (Vi,... V)@
el (V)

4.2 A decomposition space of surjections

We work with groupoids instead of sets, to take into account symmetries (see
[7] and [29]) and define a hereditary species to be a functor

H: S, — Grpd.

In particular, a hereditary species is (covariantly) functorial in surjections and
contravariantly functorial in injections, and these two functorialities interact
via the Beck-Chevalley rule.

Partitions and surjections The groupoid of partitions (Whose objects are
sets with a partition into blocks, and arrows are bijections between sets
preserving blocks) is equivalent to the groupoid of surjections (arrows are
pairs of compatible bijections). More precisely, a partition of a set V can be
given by a surjection V — P: a block of the partition of V is the preimage of
an element of P. Refinement of partitions is rendered conveniently in terms
of composition of surjections. Precisely, the poset of partitions of V under
refinement is equivalent to the coslice Sy/,: to say that p < 7 is precisely to
say that there is a commutative triangle of the corresponding surjections

/N
P 5 0Q.

More generally, given n composable surjections from V, we get n partitions

f
of V. A pair of composable surjections V — P 3 Q induces surjective maps
between the fibres of gf and g over each element of Q.
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Fat nerve of the category of finite sets and surjections The fat nerve [25]
of S is the simplicial groupoid

NS: AP — Grpd
[n] — Map([n],S).

Explicitly, (NS)o is the groupoid of finite sets and bijections, (NS); is the
groupoid whose objects are surjections and maps consist of a bijection
between the sources, and a compatible bijection between the targets. The
objects of the groupoid (NS),, are n composable surjections, and maps are
(n+1)-uplets of compatible bijections. The inner face maps are given by
composition, the outer face maps by forgetting the first, or the last set in the
chain. The degeneracy maps are given by inserting identity maps.

The skeleton S,4 of S consisting of ordinal numbers and surjections is a
full subcategory of S, and NS4 ~ NS.

Symmetric monoidal category monad The symmetric monoidal category
monad S: Grpd — Grpd [43, §2.5] is the monad represented by the polyno-
mial

1«B —-B—1

where B is the groupoid of finite ordinals and bijections (not required to be
monotone), and B’ is the groupoid of finite pointed ordinals and basepoint-
preserving bijections. It sends a groupoid X to

neB neB
J Map(B;,, X) ~ J X%,

where n denotes the fibre over n, and the integral sign is a homotopy sum [24]:

k X
J X:ZAutk'

k

Given a groupoid X, on objects SX is the groupoid whose objects are finite
lists of objects of X, and a morphism (ay,...,an) — (by,..., by ) consists of
a bijection n — m and morphisms a; — by(;) in X. The algebras over S are
symmetric monoidal categories. The unit sends an element 1 to the list with
one element (1), and the multiplication concatenates the lists.

Simplicial groupoid of surjections Consider the hereditary species of
non-empty sets. Associated to it we construct a simplicial groupoid S. Later
this simplicial groupoid S will be the base ingredient in the construction
of a simplicial groupoid H associated to each hereditary species H. The
simplicial groupoid H will be a symmetric monoidal decomposition space,
and therefore define a commutative bialgebra, which will be shown to be the
Schmitt bialgebra construction. The basis elements of this bialgebra (i.e. the
objects of the groupoid Hy), will be families of non-empty H-structures, not
individual non-empty H-structures. Similarly for S, the basis elements, the
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objects of S, will be families of non-empty finite sets, not just individual non-
empty finite sets. Including families rather than just individual structures is
necessary in order to have a well-defined comultiplication, since the left-hand
tensor factor will be a monomial rather than a linear factor, as explained in
the introduction. At the same time, working with families gives immediately
the algebra structure (which is commutative free). Nevertheless, it will be
technically important to consider also individual structures, which we regard
as connected families.

Accordingly, we first describe a simplicial-groupoid-with-missing-top-
face-maps, which we call C for ‘connected’. We first consider the groupoid C;
of (j—1) composable surjections between non-empty finite sets. The objects
of C; are surjections, the objects of C; are non-empty finite sets, and Cy is
the terminal groupoid, that is equivalent to a point. Face maps are given by:

o do forgets the first set in the chain of surjections;
e di: Cj — Cj_7 compose the ith and (i+1)st surjection, for 0 <i<j—1;
e d;_; forgets the last set in the chain of surjections.

The degeneracy maps s;: C; — Cj1, for 0 < i < j—1 are given by inserting
an identity arrow at object number i. The degeneracy map st: C; — Cj 1 is
given by appending with the map whose target is the terminal set 1.

Remark 4.2.1. The map to 1 is a surjection since the sets were required non-
empty. With possibly empty sets, it would not be possible to define the top
degeneracy map.

To obtain top face maps, it is necessary to introduce families: the top face
map of a surjections chain must be the family of surjections chain shorter by
one, obtained as the fibre over each element in the last set. We define S to be
the symmetric monoidal category monad S applied to C. All the face maps
(except the missing top ones) and all the degeneracy maps are just S applied
to the face and degeneracy maps of C. The missing top face map d is now
given by fibres: given (j—1) composable surjections, for each element k of
the last target set, we can form the fibres over k of the different source sets.
It also induces surjective maps between these different fibres. We end up
with a family (indexed by elements of the last target set) of (j—2) composable
surjections between the fibres. Note that the fibres are non-empty since we
only consider surjections, not arbitrary maps.

Remark 4.2.2. Simplicially, the multi aspect is localised to the top face maps.
This is already a feature well known from operads [43]: the ‘domain’ (given
by the simplicial map d;) of a single operation of an operad is not a single
object but a family of objects. In the present situation, beyond operads, a
new feature is that the top face maps do not satisfy the simplicial identities
on the nose, only up to coherent homotopy, making altogether the simplicial
groupoids pseudosimplicial (as already allowed for in the homotopy setting
in which the theory of decomposition spaces is staged). This is caused by
symmetries acting on blocks of partitions, and hence on factors in monomials,
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and seems to be an unavoidable nuisance, except in fully rigid situations
such as L-species with monotone surjections.

Proposition 4.2.3. The groupoids S; and the degeneracy and face maps given above
form a pseudosimplicial groupoid S.

Proof. The only pseudosimplicial identity is dt odt ~ dt odt_;. The
other simplicial identities are strict and straightforward to check. The ones
involving top face and top degeneracy maps are:

diOdT:dTOdi SiOdT:dTOSi dTOST:id

dTOdJ_:dJ_OdT diOST:STOdi STOSi =8{0S8T

It remains to verify the functor is pseudosimplicial for the top face map

£
d+. Given two composable surjections V — P 5 Q, we can consider the
family {V},},cp of fibres of f over elements of P, and we can also consider
the family of families {{Vp}pep a }q cQ’ There is a canonical isomorphism

{Vplper, }q o™ {Vplpep. We want to show the following square is com-
mutative:

(Vi) )m —— (Vikh

l |

(Vi)p ——— Vp.

The isomorphisms are compatible with the injections of fibres into V, by the
universal property of pullback: given p € P such that g(p) = q, the following
square is a pullback by definition:

Vp —
|
1

We also have the following commutative diagram, given by pullbacks

\Y
ﬁp-
P

(Vglp Vyq \%
| Lo

1 rp Pq P
I

1 r*qj> Q.

Hence by the universal property of pullbacks, there exists a unique isomorph-
ism (Vq)p — Vp such that the following triangle commutes:
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In a similar way, we obtain the three other isomorphisms between the fibres
compatible with the injections into V. Since all four isomorphisms in the
square are compatible with the injections into V, the commutativity of the
square is ensured by the fact that each V; — V is a monomorphism. O

Considering only non-empty ordinals n instead of all non-empty finite
sets, we get an equivalent pseudosimplicial groupoid, which we denote S,,4.
The objects of (Syrq)1 are lists of non-empty ordinals, and a map between
two lists (nq, . ..,np) and (m1,...,11p/) consists of a bijection o: p — p’ and,
for all i € p, a map pi: ny — Mmy(y).

Proposition 4.2.4. We have a natural equivalence NS,,; ~ S

Proof. The functor NS4 — Sorq sends a surjection n — p to the list of fibres

,and a map (n LN n’,B 2 E/) between two surjections n — p
(Grplr"'/pp)

(E]/'--lﬂp)

and n’ — p’ to the map (ng,...,mp) (n{,...,n{o,). Note that
the surjection @ — @ gives the empty list, which is allowed. Similarly, it
sends a family of n composable surjections to the list of (n—1) composable
surjections given by the fibres. The maps are given in a similar way.

There is also a functor S,;q — NSq,4. Given a list of non-empty ordinals
(ny,... My ), we obtain a surjection Zigp n; — p from the disjoint union of
the elements of the list to the indexing set. (This map is a surjection because
all the n; are non-empty.) Given a map between two lists (ny, .. .,np) and
(mq,...,my,/), we obtain a map } ;c,niy — > ic,y My by sending n; to
M (i)- Similarly, given a list of (j—1) composable surjections, we obtain j
composable surjections by disjoint union, and the last one is given as before,
using the target sets of the surjections.

It is easy to check they form an equivalence since the disjoint union of

fibres of a surjection is isomorphic to the source set of this surjection. O

Proposition 4.2.5. The pseudosimplicial groupoid S is Segal, and hence a decom-
position space.

Proof. 1t follows from the equivalence NS4 >~ Sorq =~ S since the fat nerve of
a small category is always Segal [25]. ]

Proposition 4.2.6. The Segal space S is complete, locally finite, locally discrete, and
of locally finite length.

Proof. The map s is a monomorphism because the fibre is empty if the first
surjection is not the identity, and is contractible else. The groupoid S; is
locally finite, because elements of the families are non-empty finite sets, and
each finite set has only a finite number of automorphisms. We have seen s is
finite and discrete, the map d; is also finite and discrete: the fibre of d; over
(n—1) composable surjections f € Sy, is either empty or the finite discrete
groupoid of n composable surjections where the first one is the identity and
the other surjections are given by f. Finally, S is of locally finite length (every
edge f has finite length): the degenerate simplices are families where one of
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the surjections is an identity, or the last set is a singleton. The fibre of f has
no nondegenerate simplices for n greater than the total number of elements
of the source sets of the family. O

Remark 4.2.7. The decomposition space H is not usually a Segal space. The
base case of the Segal condition stipulates that the square

HzLH]

dol ldo

H] —_— Ho
dq
is a pullback. This would mean that one should be able to reconstruct
a H-structure on a surjection V. — P by knowing it on P and on the
fibres Vi,...,Vp. In other words, one could substitute the H-structures on
Vi,...,Vp into the elements of P of another H-structure, as if those elements
were ‘input slots” of the operation of an operad.

Consider for example the case of simple graphs (Example 4.1.1). Given p
simple graphs with vertex sets Vy,...,V, and another graph with p vertices,
there is no canonical prescription for substituting the p graphs into those
vertices.

Since in every degree, the groupoid is given by applying S, the decompos-
ition space S is automatically a symmetric monoidal decomposition space.
The associated incidence bialgebra has the property that the comultiplication
applied to a connected element gives a monomial in the left-hand tensor
factor and a connected element (linear factor) in the right-hand tensor factor.
That’s the immediate conclusion of the fact that d, requires S whereas dg
does not. This observation can be formalised at the simplicial level by the
following result.

Recall from Proposition 2.1.1 that the decomposition space analog of (left)
comodule is given by a simplicial map f: C — X between two simplicial
groupoids such that C is Segal, X is a decomposition space and the map
f: C = Xis culf. Then the span

Co A ¢ 99 Xy s ¢

induces on the slice category Grpd . the structure of a left Grpd /5 -comodule.
Lemma 4.2.8. The slice category Grpd ,c, is a left comodule over Grpd ;g .

Proof. Note that C is lacking top face maps, but Dect C is a genuine simplicial
groupoid as required by the notion of comodule. Since Dec(C) is a Segal
space (the décalage of a decomposition space is always a Segal space [25,
Proposition 4.9]), and S is a decomposition space, we just need to exhibit a
culf map Dect(C) — S, which is given by dr. Note that it is essentially the
unit for the monad S, therefore it is cartesian, and in particular culf. O

In fact, we can consider all (possibly empty) finite sets, and still obtain a
comodule structure. (The surjection @ — @ will be sent to the empty family.)
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Lemma 4.2.9. The slice category Grpd ,\s, is a left comodule over Grpd /g, .

Proof. The fat nerve of a category is always a Segal space [25, §2.14]. We need
to exhibit a culf map NS — S, which is given by sending a surjection to the
family of fibres (which are non-empty), as the map dt of the decomposition
space S. O

4.3 Hereditary species and decomposition spaces

We can now add a hereditary structure on the source of each member of the
family. Given a hereditary species H, define H; to be the groupoid of families
of non-empty H-structures. More formally, H; is defined as families of the
Grothendieck construction of the underlying ordinary species H: B, — Grpd,
where B denote the category of non-empty finite sets and bijections. The
groupoid Hy, is given by the pullback

Hn*——ﬁ-H]
L7
Sh Source S;.

Inner face maps and degeneracy maps are defined by pullback. For ex-
ample, in the following diagram, the right-hand square and the rectangle are
pullbacks by definition

H; H) H;
I
S3 o S a4 S1.

Thus the left-hand square is a pullback and it induces a map d,: Hz — H;.
For the bottom face maps we use that H is functorial in surjections: given
an object in Hy,, that is a chain of surjections Vi - V, - ... - V;, with a
H-structure on V7, we get a H-structure on V; by functoriality, and thus an
object Vo — ... — Vy of Hy_ ;. For the top face maps, we use (contravariant)
functoriality in injections, this is restriction to each of the fibres, and produces
thus a family, even if the input is a single chain of surjections.

Proposition 4.3.1. The groupoids Hj form a simplicial groupoid H.

Proof. Checking the simplicial identities requires precisely the three functorial-
ities of the notion of hereditary species (covariant in surjections, contravariant
in injections, and Beck—Chevalley condition). For example, the maps d+ and
d, are given by the following pullbacks

dr d;

Hn+1 H,
[

Sn+l ar Sn d, Sn—l
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and by Beck—Chevalley:

(dy)if*dT ~ g*((dL)dT)
(dp)tdr ~g*(drdT)
didr ~g*(drdy)
d dt~dvd,.

O]

Proposition 4.3.2. The simplicial groupoid H is a symmetric monoidal decomposi-
tion space.

Proof. This follows from Proposition 1.3.2 because there is a culf map to the
decomposition space S (in fact even a Segal space) by construction. The
symmetric monoidal structure is obtained by concatenation of families. [

Lemma 4.3.3. The groupoid Hy is locally finite.

Proof. The objects of the groupoid H; are families of non-empty H-structures,
and elements of the families are non-empty finite sets. Since a finite set
has only a finite number of automorphism, the automorphisms groups are
finite. O

Proposition 4.3.4. The decomposition space H is complete, locally finite, locally
discrete, and of locally finite length.

Proof. It follows from Lemmas 1.3.4 and 4.3.3, and Proposition 4.2.6 since
there is a functor H — S which is culf by construction. O

Proposition 4.3.5. The incidence bialgebra B obtained by taking homotopy cardinal-
ity of Grpd ,y, coincides with the Schmitt bialgebra associated to a hereditary species
H.

Proof. The comultiplication is given by pullback along d; followed by com-

position with (dz, dp). Given a H-structure G as a morphism 1 SECAN H;, the
pullback along d; is the groupoid (H,)g of families of surjections with the
source sets given by G (thus having H-structure). Composing with (d;, do)
amounts to returning for each surjection V — P the family of fibres over
the element of P (having H-structure given by restriction), and the target
set P (having H-structure given by quotient). We can then take cardinality
since H is locally finite. Since H is locally discrete, (H;)¢g is discrete and
the homotopy cardinality counts isomorphisms classes, giving Schmitt’s
comultiplication. O

Comodule structure Given a hereditary species H, define My to be the
groupoid of (possibly empty) H-structures. More formally, M is defined as
the Grothendieck construction of the underlying ordinary species H: B —
Grpd. The groupoid M,, is given by the pullback
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M, — M
7
NSn W NSO
The objects of the groupoid M; are surjections with a H-structure on the
source; the objects of M, are composable surjections with a H-structure on

the source. In the same way as for H, the face and degeneracy maps are
defined by pullback.

Lemma 4.3.6. The groupoids My, form a Segal space M.

Proof. 1t is easy to check that they assemble into a simplicial groupoid, using
the three functorialities of the notion of hereditary species. The simplicial
groupoid is equivalent to the fat nerve of the Grothendieck construction of
the underlying species H: 5 — Grpd. Whereas H is defined as a chain of
surjections with a H-structure on the source, in the Grothendieck construction,
an n-simplex is a chain with an H-structure on each set, and with specified
isomorphisms with the H-structures pushed forward along the surjections.
The presence of these specified isomorphisms readily shows that the two
simplicial groupoids are level-wise equivalent. Thus M is Segal since the fat
nerve of a small category is always Segal [25]. O

Lemma 4.3.7. The slice category Grpd ,\  is a left comodule over Grpd ,y, .

Proof. The culf map f: M — H is given by taking fibres, as the map d+ of H.

Thus the span

fi,d
Mo&M1 —>(] o) H]XMO

induces on Grpd ,;  the structure of a comodule over Grpd . O

4.4 The incidence comodule bialgebra of a hereditary species

We have constructed, via a symmetric monoidal decomposition space, the
incidence bialgebra B of a hereditary species H. It is the vector space spanned
by all families of non-empty H-structures. But every hereditary species
is in particular a restriction species, by precomposition with the inclusion
I°? — S,. Therefore there is another coalgebra, linearly spanned by the
(possibly empty) H-structures themselves. The free algebra on this coalgebra
is therefore the bialgebra A linearly spanned by the families of H-structures.
So now we have two different bialgebra structures on closely related vector
spaces, and the two share the same multiplication. The main result of this
section relates these two structures.

Proposition 4.4.1. The hereditary-species bialgebra B coacts on the restriction-
species bialgebra A, so as to make A a left comodule bialgebra over B.

The proof is a nice illustration of the objective method: after unpacking
the definitions, the proof consists in computing a few pullbacks. Let us first
recall some definitions and set notation.
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Hereditary species and decomposition spaces Given a hereditary species
H: S, — Grpd, we get a decomposition space H where an n-simplex is a
family of (n—1) composable surjections between non-empty finite sets, with a
H-structure on each source set. The comultiplication Grpd ;y, — Grpd iy, .y,
is given by the span
ds,d
H; &Hz —>( 240) H; x H,,

where d; returns the family of source sets, do returns the family of target sets,
and d; returns the family of families of fibres over each element of the target
sets. Let B denote the homotopy cardinality, i.e. the numerical incidence
bialgebra of H. Note that B is commutative.

Restriction species and decomposition spaces Since I°P is a subcategory
of Sy, every hereditary species H induces a restriction species : I°P — Grpd.
Since the hereditary species H is fixed throughout this section, we denote the
underlying restriction species simply by R. Recall from [28] that every restric-
tion species R induces a decomposition space R where an n-simplex is an
n-layered set with an R-structure on the underlying set. The comultiplication
A: Grpd g, — Grpd i g, is given by the span
R1 &RzMR] XR],

where d; joins the two layers of the 2-simplex, and d, and do return the first
and second layers respectively. Note that Ry = My and by Lemma 4.3.7 the
slice category Grpd /g, is a left Grpd ;3 -comodule.

Comodule bialgebra For background on comodule bialgebras, see [1, §3.2]
and [48]. Let B be a commutative bialgebra. Recall that a (left) B-comodule
bialgebra is a bialgebra object in the braided monoidal category of left B-
comodules. For any coalgebra B we have the category of left B-comodules. A
left B-comodule is a vector space M equipped with a coactiony: M — B&® M
satisfying the usual axioms. So far only the coalgebra structure of B is needed.
The algebra structure of B comes in to provide a monoidal structure on the
category of left B-comodules. It is given as follows. If M and N are left B-
comodules, then M ® N is given a left B-comodule structure by the composite
map
Me®N-5>BaMeBaNSBoMeN,

where the map w is given by first swapping the two middle tensor factors,
and then using the multiplication of B in the two now adjacent B-factors.
It follows from the bialgebra axioms that this is a valid left B-coalgebra
structure. This defines the monoidal structure on the category of left B-
comodules. The unit object for this monoidal structure is the B-comodule
Q (with structure map the unit of B). Finally, it is easy to check that the
braiding of the underlying tensor product of vector spaces lifts to a braiding
on the category of B-comodules. This requires the multiplication of B to be
commutative.
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We now have a braided monoidal structure on the category of left B-
comodules, and it makes sense to consider bialgebras in here. For reference,
let us recall that a bialgebra in the braided monoidal category of left B-
comodules is a B-comodule M together with structure maps

Am:M = MeoM em:M = Q
um: MM —- M mm:Q—-M
which are all required to be B-comodule maps and to satisfy the usual

bialgebra axioms. We shall be concerned in particular with the requirement
that A and ¢ be B-comodule maps:

A

M—M s MeoM
lv@v M—M 5 Q
Y BoMeBaM y lms
l‘“ BoM —— B

To simplify the proof of Proposition 4.4.1, we shall invoke the following
general result.

Lemma 4.4.2. If M is a comodule coalgebra over B, then the free algebra SM is
naturally a comodule bialgebra over B.

Proof. Ify: M — B ® M is the coaction for M, then the new coaction y: SM —
B ® SM is given by extending multiplicatively, and using the algebra structure
of B:

sM 2% (B M) — SB@ SM 221, B g gy,

Here the middle map is the oplax-monoidal structure of S. If Apy: M = M ®
M is the comultiplication of M, then the new comultiplication Anm: SM —
SM ® SM is given by extending multiplicatively in the usual way:

S(Am)
=

SM SM®M) — SM ®SM.

It is now straightforward to check that Ay and the new free multiplication
are B-comodule maps for y. O

Proposition 4.4.1 now follows from the following result, together with
Lemma 4.4.2.

Proposition 4.4.3. Let A be the incidence coalgebra of the ordinary restriction
species underlying H. Then A is naturally a left B-comodule coalgebra (where B is
the incidence bialgebra of the hereditary species as in Section 4.3).

Proof. The underlying vector space of A is the homotopy cardinality of the
comodule of Lemma 4.3.7. It remains to check that the structure maps A and ¢
of the incidence coalgebra of the ordinary restriction species are B-comodule
maps. We need to check that the two above squares are commutative.
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The composition of comultiplications is given by composition of spans.
We need to exhibit a commutative diagram as follows, such that the bottom
left-hand square, and the top right-hand squares are pullbacks:

dy,d
R, d; R, (d2,do) R; x R,
d a ! di®d;
.
.Y PP X3 -ommmmmmmmem o > My x My
dz | 3
S
(f,do) i (g,do) H; xRy xH; xRy
v
H]XR]WH]XRZWH]XR]XR].

The objects of Ry are H-structures. The groupoid X3 consists of pairs of
composable maps V — P — 2, such that the first one is a surjection, and
with a H-structure on V. The map do sends (V — P — 2) to (P — 2), the
map d; sends it to (V — 2), the map d; to (V — P), the map d; to the pair
of surjections between the fibres (V7 — P, V2 — P,), and the map g to the
family {Vj}icp of fibres of the surjection V — P over all the elements of P.

Recall that objects of R, are maps of sets V — 2, with a H-structure on
the source. Objects of Hy are surjections with a H-structure on the source.

It is straightforward to verify the four squares are commutative, using the
functoriality of H and the Beck-Chevalley rule. The structure on H; x Ry x Ry
is obtained as follow. On Hjy, the structure is given by restriction on the fibres,
and the different paths give equivalent output since H is contravariantly
functorial in injections. For the two Rj, the structure is given by quotient
(functoriality in surjections) then restriction taking the left then down path,
or by restriction then quotient taking the top then right path; this gives
equivalent output by the Beck-Chevalley rule.

The lower left-hand square is a pullback. Indeed after projecting away
Hj, it is enough to verify, by Lemma 1.2.1, that the bottom square of the
following diagram is a pullback:

M.I <d—2X3

l(f,dw (Q,Ho)l

do|Hi x R1 «— H; xRy |d,
ldXd]

! |

+— Ru.
R T R>
The fibre of dy over a element P — 2 of R,, or the fibre of dy over the element
d1 (P — 2) = P consist both of pairs with a surjection onto P: V — P and the
map P — 2. Thus by Lemma 1.1.5, the bottom square is a pullback
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The top right-hand square is also a pullback, using Lemma 1.1.5 one
more time: the fibre of d; over a object V — 2 of R, consists of pairs of
composable maps, where the first one is a surjection from V, the second one
is a map to 2, such that the composition is V' — 2. The fibre of d; over the
object (d2,do)(V — 2) is a pair of surjections with sources V7 and V,. This is
equivalent to the fibre of dy over P — 2 since we can take the disjoint union
of Vi — Py and V, — P, to get a surjection, and we obtain a map to 2 by
sending elements of Py to 1, and elements of P, to 2.

For the counit condition, it is easy to verify that the following diagram is
commutative and the two marked squares are pullbacks

R; %0 Ro 1
d; |
} n
My < - Rp ~---—-------= > 1
-
(f,do) |

H; xRy «+—— H; xRy —— H;.
id ®sgo
Indeed, the bottom left pullback is the groupoid of surjections V — P with
a H-structure on V, such that the induced H-structure on P is an empty
H-structure. This implies that both P and V are empty, so it is just any
H-structure on the empty set, which is Ro.
O

Example 4.4.4. The hereditary species of simple graphs, described in Ex-
ample 4.1.1, induces a comodule bialgebra. The first comultiplication is given
by the hereditary structure as in Section 4.1. The secondary comultiplication
is given by plain restriction species structure. By Proposition 4.4.1, this is a
comodule bialgebra. It has been studied deeply by Foissy [21]. It is interesting
here to see this example as an instance of a general construction.

4.5 Hereditary species and operadic categories

As we have seen, hereditary species are operad-like without being operads, in
the sense that they admit a kind of two-sided bar construction, which is not
in general a Segal space. A relationship between operadic categories and de-
composition spaces was established recently be Garner, Kock, and Weber [30].
They show that certain unary operadic categories are decomposition spaces.
The following construction shows that certain non-unary operadic categories
are decomposition spaces, namely those that come from hereditary species.

Since we are going to verify the axioms of operadic category in detail, we
list them here, following the formulation of [30].

Let F denote the category whose objects are the sets n = {I,...,n} for
n € N and whose maps are arbitrary functions. We denote by 1 € 1 the
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unique element in the terminal object. In any category with terminal object T,
we write Tx: X — 1 for the unique map from an object to the terminal.
Given a function ¢: m — n in F and i € n, there is a unique monotone
injection
ot @ (1) —m (1)
in IF whose image is {j € m: ¢(j) = i}; the object @~ '(1) is called the fibre of
@ at i. Often the map ¢ is clear from the context, and we write simply

£l My — M.

If we are given two maps in IF, { E) m % n, then we denote by P the unique
map comparing the fibres, given by the universal property of pullback:

& my {i}
of 7 o @)
o]

and call it the fibre map of \p with respect to @ at i. We usually omit the
1-decoration.

Operadic categories An operadic category [8] is given by the following data:

(D1) a category € endowed with chosen local terminal objects (i.e. a chosen
terminal object in each connected component);

(D2) a cardinality functor |-|: € — [F;
(D3) for each object X € € and each i € [X| a fibre functor
dxi:C/X—=C
whose action on objects and morphisms we denote as follows:

vy —f o x > 1)
9

L———Y

fg\x/f = gl (fg) ) - (),

referring to the object f~1 (i) as the fibre of f at i, and the morphism
g{: (fg)"1(i) = £ 1(i) as the fibre map of g with respect to f at i;

all subject to the following axioms, where in (A5), we write ¢j for the image
of j € Iflf1 (i) under the map ¢/ ;: Iflf] (i) — Y] of Equation (1):

(A1) if X is a local terminal then |X| = 1;

(A2) for all X € € and i € |X|, the object (idx)~'(i) is chosen terminal;
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(A3) for all f € €/X and i € [X|, we have |f~'(i)| = IfI*1 (i), while for all
g: fg — fin €¢/X and i € |X|, we have |g!| = Iglliﬂ;

(Ag) for Y € C, we have T§] (1) =Y, and for g: Z — Y, we have ¢g]* = g;

(As) for g: fg — fin C/X, i € |X|and j € [f|~' (i), we have that (g{)q () =
g~ '(&j), and given also h: fgh — fg in C/X, we have (hifg)]g{ = hgj.

Example 4.5.1. The terminal operadic category is the category FF of finite
ordered sets and arbitrary maps. The cardinality functor is the identity, the
fibres are the ‘true’ fibres (as in Equation (1)).

Example 4.5.2. For the present purposes the key example is the category
Sord of finite ordinals and arbitrary surjections. The cardinality functor is
the inclusion functor 5,4 — FF. The fibre functor is the same as that from T,
but note that these fibres are not true fibres in the strict sense of the word,
because they are not given by pullback. Indeed, the category of surjections
does not have pullbacks. And the “inclusion of a fibre” is not a morphism
in the category. It is important nevertheless that many constructions with
surjections can be interpreted as taking place in IF. The axioms are easily
verified.

The construction We now work with Set-valued species as in the classical
theory. This is needed to achieve the strictness characteristic for operadic
categories. We also need to assume that the hereditary species have the
property that H[1] = 1. Schmitt [53] calls such hereditary species simple. This
is true for example for simple graphs.

Given a simple hereditary species H: 5, — Set, we consider first its
Grothendieck construction. It is a left fibration (discrete opfibration) [ H — S,,.
The objects of [ H are pairs (n, x) where n € S;, and x € H[n]. We will denote
such an object X. The morphisms in [ H are described in the usual way.
They have an underlying span as in 5,,. We are interested in a subcategory,
namely the subcategory obtained by pullback along the inclusion Su;q4 — Sp
(from the category of finite ordinals and genuine surjections, not all partial
surjections). We denote this category by (. Its objects are X = (n, x) as before,
and an arrow from Y = (m,y) to X = (n, x) is given by a genuine surjection
s: m — n such that H[s](y) = x.

We now work towards equipping H with the structure of operadic cat-
egory. The category I is clearly connected. So to choose local terminal
objects is to choose a global terminal object. By our assumption H[1] =1,
there is a unique such, namely (1, 1), easily seen to be terminal in .

We define the cardinality functor to be the composite functor H — Sy.q —
.

We define the fibre functor, for each X = (n,x) € H and each i € n, to be
the assignment

J‘C/X — K
Y =X — Y= (f""(1), Hled (y)).
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Since this will be needed in all the checks, let us spell this out in more detail.
We assume X = (n,x) and Y = (m,y), and the morphism f: Y — X is given
by an underlying surjection [f|: m — n such that H[[f[](y) = x. The fibre Y; is
defined to be the pair (my,yi), where m; = |f |=1(1) is the fibre of the map in
F:

m; — {i}

|7 ]
€i
m —omn
and y; is defined as y; = Hlei](y), the restriction of the H-structure y along
the injection &;: m; — m.
We must also provide the assignment on arrows. So given

z%vyLx

considered as a morphism in 3{,x from fg to f, we need to provide a morph-
ism
Zi — Yi.

If we let Z = ({,z) then we have H[|gl]l(z) = y. The morphism must be
constituted by a surjection gi: {; —» m, such that H[gil(zi) = yi, where
zi = Hlei](z) is the point in H[¢;] representing Z; (that is, restriction of the
H-structure z along the injection ¢;: ¢; — (), and y; = Hleil(y) is the point in
H[m;] representing Y;. For the surjection gi: {; - m; to be valid, we need
to check that H[gi](zi) = yi. But this is precisely the pull-push formula for
hereditary species on the pullback square from (2):

(This shows that the assignment extends to arrows. The check that this
assignment on arrows respects composition and identity arrows is routine,
and depends on transitivity of pullbacks in the skeletal category F.)

We have now exhibited all the data required for an operadic category.

Proposition 4.5.3. The structures on H given above satisfy the axioms for an
operadic category.

Since this is a new class of operadic categories, not considered previously,
and since the operadic category axioms can be a bit subtle, we include the
details of the checks.

Proof. (A1) The chosen terminal (1, 1) clearly has cardinality 1.

(A2) We must check that all fibres of an identity map idx: (n,x) — (n,x) are
the chosen terminal. By definition, for i € n, the fibre is (1,?) where 1 is
the F-fibre of the identity n — n, and ? can be no other than 1 € H[1].



(A3)

(A4)

(As)
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We need to compute the cardinality of a fibre Y; = (my,yi) of a morph-
ism Y — X and i € |[X| = n. But by construction this is m;, the fibre
of the underlying surjection m — n. We must also verify that for a
triangle Z — Y — X, the cardinality of the fibre map (over i € [X| =n)
is the fibre map in FF. But this is clear from the definition of fibre map:
it was defined to have as underlying surjection {; = m;, the fibre map
in [F.

We must check that for any object Y = (m,y), the fibre of the unique
map (m,y) — (1,1) has unique fibre Y. For the underlying map in
F this is clear: the unique fibre of m — 1 is m. And the new point
must be H[id](y) = y, so altogether we find Y again as required. We
must also check that given g: Z — Y (given by ({,z) — (m,y)), then the
fibre map g7: Z1 — Y7 over the unique point in (1, 1) coincides with g
itself. On the [F-level, this is clear, as we get { -+ m again. The points
zi € H[{] and y; € H[m] are given, by construction of the fibre functor,
by contravariant functoriality in the injections (fibre inclusions in IF)
{; — € and my — m. But these are the identity maps, so z; = z and
yi =y as required. Note that axiom (A4) just says that the fibre functor
¢1,1: €/1 — € must coincide with the canonical projection functor.

Given morphisms Z 9% v % X and elements i € X|and j € |f|7 (i) =
mi, we need to establish that (g{c)*1 (5) = g7 '(¢j). In detalil, if the
objects and maps are given by

(6,z) % (m,y) — (n,x)

and we have i € [X| =n and j € m;, then we first form the diagram of
pullbacks in F:

(£1); — {j}

J
3
lgli .
£ij € - mi {i}
- _
{51 I
{ m n.
lgl ]

Note that the set ({;); has two interpretations: it is at the same time
the fibre of |g| over ¢j, and the fibre of |g|; over j. This shows that
the two objects (gif )71(j) and g~ '(¢j) have the same underlying set.
We just need to check their H-structures are the same. According
to the definitions, the point in (gf)*1 (j) is given by Hle;l(z;), where
zi = Hlei](z). On the other hand, the point in g (&j) is given by
H[ei;](z). But these two are the same, by contravariant functoriality of
H in injections:

Hle;jl(zi) = Hlgjl (Hleil(z)) = Hleq 0 €5](2) = Hley;)(2).
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For the second part of (As), given morphisms W hz Sy Lx
and elements i € [X| and j € |f|~'(i) = m;, we need to establish that
f
(‘nfg)jgi = hgj. These morphisms have the same source and target
thanks to the first item in (A5). More precisely the second part of the

axiom can be formulated as saying that this square commutes:

((g0H=16) ™5 (gh-1G)

(gh)~'(¢j) e g " (&j).

€)

Checking this is only a question of unpacking. At the level of underlying
sets, we have the pullback diagram

(ki)j — (&i); —— {j}

_ _
€ €
[hli lgli .
ki ; mg {i}
a J N
£ € [
k ¢ m n.
[ lg] [f]

The point is that the surjection (ki); — (£;); has two interpretations,
namely as the j-fibre map of [hl; or as the ¢j-fibre map of |h|. But this is

precisely to say that the two morphisms (hif g)):q “and hgj have the same
underlying surjection. But they also have the same source (and the
same target), by the first part of As. It follows that they agree, because
the underlying map is a surjection and the projection 3 — Sg.4 is a
discrete opfibration by construction.

O

Operadic functors A functor F: ¢ — D between operadic categories is

called an operadic functor if it strictly preserves local terminal objects, strictly

commutes with the cardinality functors to IF, and preserves fibres and fibre

maps in the sense that
FE'()=(FO'()  and  F(gD) = (Fg){'

for all g: fg — fin €/X and i € [X|. We denote by OpCat the category of

operadic categories and operadic functors.

Proposition 4.5.4. The construction given above is the object part of a functor
HSp ;o1 = OpCat.
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Proof. A morphism of hereditary species is by definition a natural transform-
ation F: H" = H, or equivalently a morphism of discrete opfibrations over
Sp. Clearly this defines also a morphism F: 3{’ — J{ of discrete opfibrations
over Sy 4, and in particular a functor. We just need to check that this functor
is operadic. It is clear that it preserves the chosen terminal objects. It is
also clear that it is compatible with cardinality, since a morphism of discrete
opfibrations over S,.4 obviously induces a functor over [F. To check com-
patibility with fibres, consider a morphism f: (m,y) — (n,x) in H’ and an
element i € n. The fibre over 1 is by definition (my, H'[ei](y)), and applying
F to that gives

F(f (1)) = F(mi, Hed(y)) = (my, F(H[eil(y)) = (mi, Hled (F(y))),

the last equality by naturality of F with respect to the arrow &;: m; — m. But
the last object is precisely the fibre of F(f) over i, as required.

We also have to show that given (¢, z) =N (m,y) BN (n,x) and an element
i € n, we have

Flg) = (F(g))i"
This is well typed in view of the first part of the proof. More precisely the
assertion is that this diagram commutes:

Fifg) (1) — 2 (113

F(fg)~ ' (1) ﬁ (1)~ ().
9);

Checking this is only a question of unpacking. Both morphisms have the
same underlying surjection, namely [F(g)|i: {i = mi. Since they also have
the same source (and target), the fact that H — S,,q is a discrete opfibration
ensures that they are also equal as morphisms in X, as required. O

Example 4.5.5. Let H: S, — Set be the hereditary species of simple graphs
(see Example 4.1.1). The associated operadic category is the category H
whose objects are simple graphs (with vertex set some ordinal n), and whose
morphisms are graph contractions G — Q. This means it is a surjective map
on vertices, and also on edges, and edges are allowed to map to a vertex. The
chosen terminal graph is the one-vertex graph. The cardinality of a graph is
the set of vertices, and the fibre of a contraction G — Q over some vertex in
Q is the preimage of that vertex (the graph contracted onto the vertex).
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Antipodes of monoidal
decomposition spaces

In the present chapter, with Joachim Kock, we upgrade the Galvez—Kock—
Tonks Mobius-inversion construction [26] to the construction of a kind of
antipode in any monoidal (complete) decomposition space. Many of the
constructions are quite similar; the main innovative idea is that there is a
useful weaker notion of antipode for bialgebras even if they are not Hopf.

5.1 Antipodes for monoidal complete decomposition spaces

Convolution. Let X be a monoidal decomposition space. For F,G : 8 /x, —
8 /x, two linear endofunctors, the convolution product Fx G : 8 )x, — 8 x, is
given by first comultiplying, then composing with the tensor product F® G,
and finally multiplying. If F and G are given by the spans X; + M — X;
and X7 <~ N — Xy, then F x G is given by the composite of spans

S

Xy ¢— M=xN
I_ J

X]XX] %MXN*)X]XX] T)X].

X4

The neutral element for convolution in LIN(S /x,,8 /x,) is e :=noe. By
composition of spans, it is given by the span

S
X1 = Xo == X1,

where w denotes the composite X — 1 - Xj.
The antipode. Define the linear endofunctor S, : 8 /x, — 8 x, by the span

X1<ixn£>X1X...XX1—mX1, (3)

where g returns the ‘long edge’” of a simplex, and p returns its n principal
edges.

In the case n = 0, we have g = 5o and (X7)° = 1 and po =1, whence S
coincides with the neutral element:

Soze.
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Note also that the functor S is given by the span
Xp < Xy =5 X;. (4)

Lemma 5.1.1. We have
Sno~ (S1)™.

We will use the following lemma, see 1.3.4 for notation.

Lemma 5.1.2 ([26, Lemma 3.5]). Let X be a complete decomposition space. Then
for any words v, v’ in the alphabet {0, 1, a}, the square

Xy & Xy

l l

X] X X1 +——— XVXXV/
is a pullback.

Proof. The case n = 0 is trivial since Sy is neutral. In the convolution S;, * S1,
the main pullback is given by the Lemma 5.1.2:

X1

dq

d]On'Odn,] —

X2 ¢« Xan

L
(dz2,do) l(dT,dL“)

X1><X1<9T>?n><>?1—>(>?1)“><>?1 X].

p xid 28

Commutativity of the upper triangle is precisely the face-map description
of g. The lower triangle commutes since d ™ returns itself the last principal
edge. O

Put

Seven = Z Sn, Sodd == Z Sn.

n even n odd

Note that the sum of linear functors is given by the sum (disjoint union) of
the middle objects of the respesenting spans. Hence Seven is given by the span

Xi+— > Xa—X,
n even

where the left leg returns the long edge of a simplex, and the right leg returns
the monoidal product of the principal edges. Similarly of course with S,44.
The antipode S is defined as the formal difference

S = Seven — Soda-

The difference cannot be formed at the objective level where there is no minus
sign available, but it does make sense after taking homotopy cardinality
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to arrive at Q-vector spaces. For this to be meaningful, certain finiteness
conditions must be imposed: X should be Mobius, which means locally finite
and of locally finite length, see Sections 1.3.3 and 1.3.4. We shall continue to
work with Seven and Syqq individually.

The idea of an antipode is that it should be convolution inverse to the
identity functor, i.e. S *Id should be 1o e. This is not in general true for
monoidal decomposition spaces. We show instead that S inverts the following
modified identity functor.

The linear functor Id" : 8 /x, — § x, is given by the span

X1 (iXo+X1 W—H>X1,

where 1 is the inclusion X; € X7, and w : Xo LN Xj is the constant map
with value id,,, the identity at the monoidal unit object u. In other words,

Id" ~So+S;.

On elements,

Id'(f) =

f if f nondegenerate,
id,, if f degenerate.

Lemma 5.1.3. The linear functors Sy, satisfy
Sauxld’ ~ S +Sni1 ~ Id «S,..

Proof. Since Id’ ~ Sy + Sy, the result follows from Sy, * S1 =~ S, 1 =~ Sy %Sy,
(which is a consequence of Lemma 5.1.1), and Sn * Sp >~ Sy, >~ S * Sn, (So is
neutral for convolution). O

Theorem 5.1.4. Given a monoidal complete decomposition space X, we have explicit
equivalences

Seven ¥*Id" ~ e+ S qq * Id’ and Id’ Seven ~ e+Id" *S.4q.

Proof. It follows from Lemma 5.1.3 that all four functors are equivalent to

Finiteness conditions and homotopy cardinality. If the monoidal com-
plete decomposition space X is locally finite (meaning that X; is locally finite

and Xo 33 X, bl Xy are finite maps, see Section 1.3.3), then we can take
homotopy cardinality (see Section 1.3.4) to obtain the incidence bialgebra at
the Q-vector space level, and obtain also linear endomorphisms

|ST1.| : QﬂoX] — QT[()X] .

If X is furthermore Mobius, the sums involved in the definitions of Seyen
and S,qq are finite, and the difference |S| = [Seven| — |Soaql is @ well-defined
linear endomorphism of Q,x,, and we arrive at the following weak antipode
formula:

Proposition 5.1.5. If X is a Mobius monoidal decomposition space, then we have
S|+ [1d"] = [ef = [Id"| +|S]
in Qr,x,, the homotopy cardinality of the incidence bialgebra of X.
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Connectedness and the usual notion of antipode. We say a monoidal
decomposition space is connected if X is contractible. In this situation, Xo
contains only the monoidal unit, so that the maps w and s coincide, and
hence Id" ~ Id. (Indeed, note that the identity endofunctor Id : § /X, = S/x,
is given by the span X; <= X; — Xy, and that soli : Xo +X; — X is an
equivalence.) We then get the following stricter inversion result, yielding the
usual notion of antipode in Hopf algebras, after taking homotopy cardinality:

Proposition 5.1.6. If X is a connected monoidal complete decomposition space, then
Seven *Id ~ e+ Syqq *1d and Id *Seven =~ e+ Id*Sy,4q.
If moreover X is Mobius, we get

S |Id| = lef = [Id] * |S].

Relationship with classical antipode formulae. If X is the nerve of a
Mobius category €, then the comultiplication formula reads

The decomposition space X becomes monoidal if € is monoidal extensive
[25, §9], meaning that it has a monoidal structure (¢, ®, k) with natural
equivalences

C/xxC/y > E/(xy), 15 % /k

In combinatorics, extensive monoidal structures most often arise as disjoint
union.

Spelling out the the general antipode formula in the case of a monoidal
extensive category gives

SH=) (- >  aa.

k>0 ago---oay=f
a;#id
When ¥ is just a locally finite hereditary poset (with intervals regarded as
arrows), this is Schmitt’s antipode formula for the reduced incidence Hopf
algebra of the poset [52].

Schmitt’s formula works more generally for hereditary families of poset
intervals, meaning classes of poset intervals that are closed under taking
subintervals and cartesian products [54]. Our general formula covers that
case as well. The intervals of such a family do not necessarily come from a
single poset (or even a Mobius category). One can prove that such a family
always forms a monoidal decomposition space, the most important case
being the family of all (finite) poset intervals [27].

Other classical antipode formulae are readily extracted. For example,
from the general formula S, 11 ~ Sy *S1 (see Lemma 5.1.1), one finds

Seven >~ So + Spad * S1, Sodd ™ Seven * S1,
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whence the recursive formula
S~ So — S x S] ’

valid after taking homotopy cardinality. Spelling this out in the case of the
nerve of a monoidal extensive Mobius category yields the familiar formula

S(f) =So(f)— >_ S(a)-b,
bg;;f

which also goes back to Schmitt [52], in the poset case.

5.2 Inversion in convolution algebras

Mobius inversion. The Mobius inversion formula of Theorem 1.3.3 is
recovered easily from Theorem 5.1.4. Recall that the zeta functor is the linear
functor C: 8 x, — 8 defined by the span X; —X; =1
First we define
Q,:=C(oS,.

By composition of spans, @, is given by
X1 ¢ Xy —1
in accordance with [26] (see Section 1.3.4). We also get

Deven := (0 Seven = Z Oy, Doaq = G0 Spdqd = Z D,.

n even n odd

The following is now an immediate consequence of Theorem 5.1.4.

Corollary 5.2.1 ([26] Theorem 3.8). For a monoidal complete decomposition space,
the Mobius inversion principle holds, expressed by the explicit equivalences

Deven * ( ~ €+ Dyqq * C and C* Qeven ~ €+ C* Dpyq.

This proof is a considerable simplification compared to the proof given
in [26], but note that it crucially depends on the monoidal structure. The
theorem of [26] is more general in that it works also in the absence of a
monoidal structure.

More general inversion. One advantage of the antipode over the Mobius
inversion formula is that it gives a uniform inversion principle, rather than
just inverting the zeta function. At the Q-vector space level, the result
lu| = || o|S| is readily generalised as follows. Let Bx denote the homotopy
cardinality of the incidence bialgebra of a monoidal Moébius decomposition
space X.

Lemma 5.2.2. For any Q-algebra A with unit na, consider the convolution algebra
(Lin(Bx, A), *,ma€). If & : Bx — A is multiplicative and sends all group-like
elements to na, then ¢ is convolution invertible with inverse ¢ o S.
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Proof. Indeed, ‘multiplicative’ ensures that ¢ o (S*Id") = (¢ o S) * (po1d’),
and the condition on group-like elements ensures that ¢ oId’ = ¢ (and that
bong =na). O

The connected quotient Hx is defined as Hx := Bx/Jx, where
Jx = (sox —sou | x € Xop),

which is a Hopf ideal [58] since the elements sox are group-like. (Here u
denotes the monoidal unit.) It is clear that Hx is connected, hence a Hopf
algebra. Now the conditions on ¢ in Lemma 5.2.2 amount precisely to saying
that ¢ vanishes on the Hopf ideal Jx, and hence factors through the quotient
Hopf algebra Hx:

From this perspective, the weak antipode of Bx does not invert anything
that could not have been inverted with classical technology, namely by the
true antipode in Hx. The point of the weak antipode is that it is defined
already at the objective level of decomposition spaces, without the need of
quotienting. We shall establish the following objective version of Lemma 5.2.2.

Theorem 5.2.3. Let X be a monoidal complete decomposition space, and let A
be a monoidal co-groupoid—this makes 8,5 an algebra in LIN. Consider the
convolution algebra (LIN(S /x,,8 /o), *,na€). If a linear functor ¢ : 8 ;x, — 8 /a
is multiplicative and contracts degenerate elements, then ¢ is convolution invertible
with inverse ¢ o S.

The main task is to define the notions involved. Throughout, we let
X denote a monoidal complete decomposition space, and A a monoidal
oo-groupoid. A linear functor ¢ : 8 x, — 8,4 given by a span

X1 EFSA

is called multiplicative if it is a span of monoidal functors with u culf. This
means that we have commutative diagrams

Xy x X7 2% FxF 2% AxA 1+——1—>51
L L
Ml lHF luA ml l‘” lm\ (5)
)(1 m F 3 A X] <T F ﬁ A

Commutativity of the diagrams expresses of course that the functors u and v
are monoidal. culfness amounts to the pullback conditions indicated, which
are required because we need to do pull-push along these squares.

A linear functor ¢ : 8 x, — 8,4 given by a span

X EFSA
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is said to contract degenerate elements if the following condition holds:

XO — Xo Ld 1
Sol - J/SF lﬂ/\ (6)
Xq ¢+ F —— A

Two conditions are expressed by this: the first is that u pulled back along s¢
gives the identity map. (The map sf is defined by this pullback.) The second
condition says that v o s¢ factors through the unit. Altogether, the conditions
express the idea of mapping all degenerate elements to the unit object of A.

Lemma 5.2.4. If ¢ contracts degenerate elements (Equation (6)), then it is unital
(Equation (5) RHS).

Proof. In the diagram

1 — 1
o Tl |-
Xo — Xp Ld 1

of e
X3 F A,

the bottom squares are (6), and the outline diagram is (5) RHS, since the
composite vertical arrows are 1, g, and na. ]

Lemma 5.2.5. If a linear functor ¢ : 8 ,x, — 8,4 is multiplicative, then ¢ o —
distributes over convolution. Precisely, for any linear endofunctors o, $ : 8 /x, —
8 /x,, we have

$ofoxP)>(poa)x(dpof)

Note that * on the left refers to convolution of endofunctors, while * on the
right refer to convolution in LIN(8 /x,,8 /A ).

Proof. The left-hand side ¢ o (o * 3) is computed by the pullbacks

A\

(MxN) x (FxF)

X1><X]
pr
v N
M x N FxF
/ \axy \/ / \
X7 x X X7 X Xj

N\ 7N

The right-hand side (¢ o &) * (p o B) is computed by the pullback

A.
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/\

M><F (N xF)
X
/ NSl
X1><X1 AXA
A.

Here f is the map (aopr;) x (bopr;). These two composed spans agree
since clearly

(MxN) x (FxF)=(M x F)x(N x F)
X1><X1 X1 X]

(and f ~ (a x b) o pr,). O

Lemma 5.2.6. If a linear functor ¢ : 8§ x, — 8 4 contracts degenerate elements,
then we have

¢old ~ ¢.

Proof. Let w denote the endofunctor defined by the span X; S Xy 2% X,
Since Id’ = So+ S7 and Id = w + S, it is enough to establish

$oSp~dow.

The left-hand side ¢ o Sp is computed by the pullbacks

S0

X1
The right-hand side ¢ o w is computed by the pullback

/\
/\/\
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and the composite v o sf is again na o p by hypothesis. O

Proof of Theorem 5.2.3. We need to show that ¢ o S is convolution inverse to
¢. With the preparations made, this is now direct:

5.2.6

(GoS)xd "= (poS)x(pold’)

5.2.5
~

po(SxId") oLt bonjoe o A OE.
O

Remark 5.2.7. The more general Mdbius inversion principle of Lemma 5.2.2
and Theorem 5.2.3 is of interest for two reasons. Firstly, in the connected
case, the general Mobius inversion principle, which we here derived from
the antipode, but which can be formulated without reference to S, is actually
equivalent to the existence of the antipode. Indeed, if one takes A to be Xj
itself (so that at the cardinality level one uses Bx as the algebra A), and takes
¢ to be the identity map, then the resulting inverse is the antipode.

Secondly, the extra generality serves to highlight the tight analogy between
Mobius inversion and abstract Hopf-algebraic renormalisation in perturbative
quantum field theory, as explained in [41]. The ¢ are then the (regularised)
Feynman rules (which are inherently multiplicative, and can be arranged to
send group-like elements to 1). In this generality, the passage from Mobius
inversion to renormalisation consists just in adding a Rota—Baxter operator
to the formulae (see [41] for details). (The result is then no longer an inverse
but rather a counter-term.)
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