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Résumeé

Opérades cycliques : aspects syntaxiques, algébriques et catégorifiés

par Jovana OBrapovi¢

Dans cette these, nous examinons différents cadres pour la théorie générale des opérades cy-
cliques de Getzler et Kapranov. Comme le suggere le titre, nous établissons des fondements
théoriques de natures syntaxiques, algébriques et catégorifiées pour la notion d’opérade cy-
clique.

Dans le traitement syntaxique, nous proposons un langage formel a la maniere du A-calcul,
appelé p-syntaxe, en tant que représentation légere de la structure < entries-only > d’opérades
cycliques. Contrairement a la caractérisation originale des opérades cycliques, appelée la car-
actérisation < exchangeable-output >, selon laquelle les opérations d"une opérade cyclique ont
des entrées et une sortie qui peut étre < échangée > avec une entrée, les opérades cycliques
< entries-only > sont présentées comme des généralisations d’opérades pour lesquelles une
opération n’a plus des entrées et une sortie, mais seulement des entrées (c’est-a-dire pour les-
quelles la sortie est «<au méme niveaus que les entrées). Grace aux méthodes de réécriture
derriere le formalisme, nous donnons une preuve pas-a-pas compléte de 1’équivalence entre les
définitions biaisées et non biaisées des opérades cycliques.

Guidés par le principe du microcosme de Baez et Dolan et par les définitions algébriques
des opérades de Kelly et Fiore, dans I'approche algébrique, nous définissons les opérades cy-
cliques a l'intérieur de la catégorie des especes de structures de Joyal. De cette fagon, la car-
actéristique originale « exchangeable-output > de Getzler et Kapranov, et la caractérisation al-
ternative < entries-only > des opérades cycliques de Markl, sont toutes les deux incarnées
comme < monoides > dans une catégorie « monoidale > des especes de structures. (A propre-
ment parler, les deux produits sur les especes, qui captent les deux fagons de définir les opérades
cycliques, ne sont pas monoidaux, car ils ne sont pas associatifs, mais les structures induites ap-
paraissent selon le méme principe que celui qui reflete une spécification d’'un monoide dans une
catégorie monoidale. En particulier, ils sont tous les deux soumis a des isomorphismes qui com-
pensent le défaut d’associativité.) En s’appuyant sur un résultat de Lamarche sur la descente
pour les espéces, nous utilisons ces définitions « monoidales > pour prouver I'équivalence en-
tre les points de vue « exchangeable-output > et < entries-only > pour les opérades cycliques.

Enfin, nous établissons une notion d’opérade cyclique catégorifiée pour les opérades cy-
cliques avec symétries, définies dans la catégorie des ensembles en termes de générateurs et re-
lations. Les catégorifications que nous introduisons sont obtenues en remplagant des ensembles
d’opérations de la méme arité par des catégories, en reldchant certains axiomes de la structure,
comme l’associativité et la commutativité, en isomorphismes, tout en laissant 1’équivariance
stricte, et en formulant des conditions de cohérence pour ces isomorphismes. Le théoréme de
cohérence que nous prouvons a la forme « tous les diagrammes d’isomorphismes canoniques
commutent > . Pour les opérades cycliques < entries-only >, notre preuve a un caractére syntax-
ique et s’appuie sur la cohérence des opérades non symétriques catégorifiées, établie par Dosen
et Petric. Nous prouvons la cohérence des opérades cycliques < exchangeable-output>, en
< relevant au cadre catégorifié > 1'équivalence entre les définitions « entries-only > et < exchangeable-
output >, mise en place précédemment dans 1’approche algébrique.
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Abstract

Cyclic operads: syntactic, algebraic and categorified aspects

by Jovana Osrabpovi¢

In this thesis, we examine different frameworks for the general theory of cyclic operads of
Getzler and Kapranov. As suggested by the title, we set up theoretical grounds of syntactic,
algebraic and categorified nature for the notion of a cyclic operad.

In the syntactic treatment, we propose a A-calculus-style formal language, called j-syntax,
as a lightweight representation of the entries-only cyclic operad structure. As opposed to the
original exchangeable-output characterisation of cyclic operads, according to which the oper-
ations of a cyclic operad have inputs and an output that can be “exchanged” with one of the
inputs, the entries-only cyclic operads have only entries (i.e. the output is put on the same level
as the inputs). By employing the rewriting methods behind the formalism, we give a complete
step-by-step proof of the equivalence between the unbiased and biased definitions of cyclic op-
erads.

Guided by the microcosm principle of Baez and Dolan and by the algebraic definitions of
operads of Kelly and Fiore, in the algebraic approach we define cyclic operads internally to
the category of Joyal’s species of structures. In this way, both the original exchangeable-output
characterisation of Getzler and Kapranov, and the alternative entries-only characterisation of
cyclic operads of Markl are epitomised as “monoid-like” objects in “monoidal-like” categories
of species. (Strictly speaking, the two products on species, which capture the two ways of defin-
ing cyclic operads, are not monoidal, as they are not associative, but the induced structures arise
in the same way as the one reflecting a specification of a monoid in a monoidal category. In par-
ticular, they are both subject to isomorphisms which fix the lack of associativity.) Relying on a
result of Lamarche on descent for species, we use these “monoid-like” definitions to prove the
equivalence between the exchangeable-output and entries-only points of view on cyclic oper-
ads.

Finally, we establish a notion of categorified cyclic operad for set-based cyclic operads with
symmetries, defined in terms of generators and relations. The categorifications we introduce
are obtained by replacing sets of operations of the same arity with categories, by relaxing cer-
tain defining axioms, like associativity and commutativity, to isomorphisms, while leaving the
equivariance strict, and by formulating coherence conditions for these isomorphisms. The co-
herence theorem that we prove has the form “all diagrams of canonical isomorphisms com-
mute”. For entries-only categorified cyclic operads, our proof is of syntactic nature and relies on
the coherence of categorified operads established by Dosen and Petri¢. We prove the coherence
of exchangeable-output categorified cyclic operads by “lifting to the categorified setting” the
equivalence between entries-only and exchangeable-output cyclic operads, set up previously in
the algebraic approach.
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Introduction

The notion of operad initially arose in the framework of algebraic topology, as a tool for char-
acterising topological spaces that have the homotopy type of a k-fold loop space: it was shown
by May in [May72] that these spaces are endowed with algebraic structure encoded by the little
k-disc operad. Even though it was May who actualised the notion, thereby also creating the port-
manteau operad by combining the words operation and monad, the same concept appeared earlier
in the work [BV68] of Boardman and Vogt, under the name operators in normal form. The list of
ancestors goes on: from PROPs and PACTs of Adams and Mac Lane [ML63], via associahedron K
of Stasheff [Sta63] and systems with compositions of Lazard [Laz55], all the way back to the year
1898 and complete algebraic systems of Whitehead [Whi98].

The evolution that led to operads was all about studying composition of functions subject
to some kind of associativity. In particular, it aimed at finding a language in which the related
structures, which might be combinatorially cumbersome, can be presented in a way that clari-
fies their global configuration and allows to compare a priori different concepts. Here lies the
importance of operads: they make a compact meta-algebraic setting convenient for material-
ising what is understood as the “type of algebras” and treating uniformly various algebraic
problems. That an operad encodes a certain class of algebras means that its data consists of
all operations with several arguments made of structure operations on such an algebra, which
themselves form an analogous algebraic structure. In turn, the relations among operadic oper-
ations imply relations on the elements of an algebra. The way operads govern algebras in the
same as the way theories govern their models.

The concept of an operad has been formalised in various ways, summarised in Table 1,
whereby most of the characterisations admit themselves several flavours.

Brasep
CLASSICAL PARTIAL UNBIASED ALGEBRAIC CATEGORIFIED
Day, Street,
OPERADS Boardman, Markl Getzler, Jones Kelly Dosen, Petrié,
Vogt, May

Dehling, Vallette

TaBLE 1: Various definitions of operads

The biased approach characterises an operad in terms of spaces of abstract operations of
different arities, equipped with a notion of how to compose these operations and, if the operad
is symmetric, an action of permuting their inputs. The composition structure is biased towards
2-fold operadic compositions, in the sense that the only explicitly defined concepts are “local”
compositions of two operations. The various ways to derive k-fold operadic composition (i.e.
a “global” composition of an assortment of k£ operations) are then equated by the appropriate
associativiy axioms.

An n-ary operation f should be thought of as a single-node rooted tree, whose node is dec-
orated with the symbol f and has n inputs, labeled either by natural numbers from 1 to n (in
which case the operad is characterised as skeletal), or, equivalently, by elements of an arbitrary
finite set of cardinality n (in which case the operad is non-skeletal).

Formally, in the skeletal approach, the space O(n) of n-ary operations of a symmetric operad
is determined by a functor O : 3°? — C, where X is the skeleton of the category Bij of finite



2 Introduction

sets and bijections, formed by the sets [n] = {1,2,...,n}, n € N, and C is an arbitrary symmet-
ric monoidal category. Then, for any permutation o of [n], the induced map O(c) determines a
permutation of inputs of an operation

and this constitutes the action of the symmetric group S,, on O(n).

As for the formal description of operadic composition, the classical and partial characterisa-
tions provide two ways to complete the biased definition of an operad.

In the original definition of an operad, given by May in [May72], the operadic composition
structure is specified by morphisms

Yrki,eookon - O(n) &® O(lﬁ) X O(kn> — O(kl + -4 kn)

and the unit id € O(1), defined for all n» > 1 and k; > 0, which are subject to associativity,
equivariance and unit axioms. We refer to this kind of composition as simultaneous, since the
morphisms 7, i, ...k, are to be thought of as simultaneous insertions of outputs of n operations
into the n inputs of an n-ary operation.

The presence of operadic units allows for an equivalent biased approach for introducing
operadic composition. Instead of working with simultaneous composition, one can introduce
it by formulas

f 09 = 7m,1,...,1,n71,...,1(f7 Zd7 ceey id?.ga Zdv R Zd)

where g appears as the i-th argument of f, which specify individual compositions
0, : O(m)®@0(n) = O(m+n-—1)

for all 1 < ¢ < m. This definition of operadic composition, which was first formalised by Markl
in [Mar96], is called partial, since the morphisms o; are to be thought of as insertions of only one
operation’s output into the input ¢ of another operation.

The non-skeletal variant of the symmetric operad structure is obtained by passing from X
to Bij, i.e. by building operadic composition over a functor O : Bij*’ — C.

Biased descriptions of an operad are the most explicit, but not the most compact ones.

In the unbiased (or combinatorial) framework, the operadic composition of an assortment of k
operations, or, a k-fold operadic composition, is treated evenhandedly for all k, by defining an
operad as an algebra over a monad of rooted trees. These trees act as pasting schemes for operations
of an operad, and the operations decorating their nodes are “composed in one shot” through
the structure morphism of the algebra. Operads were first described in these terms in [G]94].

The algebraic (or monoidal) definition is another elegant characterisation of operads. The ref-
erence “algebraic” is there to indicate that such a definition most closely indicates the anal-
ogy between algebras and operads: in the algebraic framework, operads and algebras are both
seen as monoids, but in a different monoidal category. While algebras are monoids in the
monoidal category (Set, ®, K), operads are monoids in the monoidal category (SetB¥” o, ),
whose monoidal product o, called the substitution product, arises as an instance of the Day
convolution product [Day70]. In turn, the algebraic approach allows to extend various con-
structions inherent to algebraic homotopy theory, as are Koszul duality theory [GK94] and bar
construction [G]J94], to the level of operads. The biased operad structure was assimiliated for
the first time in the form of a monoid by Kelly in [Kel05] (the initial version of the paper dating
from 1972). Independently, Joyal [Joy81] has studied the substitution product on the category
of species of structures, which makes the context for the monoidal definition of Set-based op-
erads.



Last but certainly not least, for the purposes of higher-dimensional category theory and ho-
motopy theory, categorification recently also emerged in operad theory, where at least three
definitions of categorified operads have been proposed. In [DS01], Day and Street define pseudo-
operads by categorifying the original “monoidal” definition of operads of Kelly [Kel05], which
led to an algebraic, “one-line” characterisation of the form: a pseudo-operad is a pseudo-monoid
in a certain monoidal 2-category. In [DP15], DoSen and Petri¢ introduce the notion of weak Cat-
operad by categorifying the biased definition of non-symmetric operads, which led them to an
equational axiomatic definition, in the style of Mac Lane’s definition of a monoidal category
[ML98, Section XI.1]. Another analogy with their approach to categorification is given by bicat-
egories of Bénabou [Bén67], in which the usual associativity and unit laws for composition of
morphisms

(fog)oh=fo(goh), lyof=f and folp=f

are replaced by the existence of coherent 2-isomorphisms

B:(fog)oh— fo(goh), ip:lgaof— f and ir: folp — f.

In [DV15], Dehling and Vallette, through curved Koszul duality theory, obtain higher homotopy
symmetric operads, for which the equivariance (ensuring that the symmetric structure agrees well
with the composition structure) is also relaxed.

Each of these points of view on operads provides a particular approach to the treatment of
algebras encoded by operads. The categories of algebras associated to operads are identified
with categories of algebras whose operations have multiple inputs and one output (associative
algebras, commutative algebras, Lie algebras).

The interest in encoding more general algebraic structures (for example, those acting on
several underlying spaces, or those equipped with several algebraic operations, or those with
multiple outputs), arising in areas as diverse as homological algebra, complex geometry, cate-
gory theory and mathematical physics, led to the renaissance of operads in the early nineties of
the last century. As an outcome, a wealth of examples and generalisations of operads came
into existence. The latter include cyclic operads [GK95], modular operads [GK98], properads
[Val04], dioperads [Gan03], etc. The earliest chronicle of the renaissance is given in [Lod94].

This thesis is about cyclic operads.

The formalism of cyclic operads was originally introduced by Getzler and Kapranov in
[GK95], after ideas of Kontsevich [Kon94]. The motivation came from the framework of cyclic
homology: in their paper, Getzler and Kapranov show that, in order to define cyclic homology
for algebras encoded by an operad O, O has to be what they call a cyclic operad. More precisely,
the cyclic structure is exactly what is necessary for an operad O in order to obtain the frame-
work in which invariant bilinear forms on algebras encoded by O can be handled. The cyclic
homology of an algebra encoded by a cyclic operad then is defined as the non-abelian derived
functor of the universal bilinear form.

Intuitively speaking, the endowment of the operad structure determined by the definition
of a cyclic operad is provided by adding to the action of permuting the inputs of an operation
an action of interchanging its output with one of the inputs. This feature essentially makes the
distinction between the inputs and the output no longer visible, which is adequately captured
by unrooted trees as pasting schemes for operations of a cyclic operad.

As it is the case for operads, the concept of cyclic operads comes in different flavours, as
outlined by Table 2, which also gives a hint about the contents of this thesis.

The notion of a cyclic operad was originally given in the unbiased manner in [GK95, Def-
inition 2.1], over the structure of a monad of unrooted trees. The advantage of the unbiased
approach is reflected precisely in the transition from operads to cyclic operads: the definitions
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of various generalisations of operads can be obtained simply by shifting from rooted trees to
other kinds of graphs.

Biasep
CLASSICAL PARTIAL UNBIASED ALGEBRAIC CATEGORIFIED
EXCHANGEABLE- ENTRIES-
OUTPUT ONLY
§3 84
CycLic Getzler, Getzler, Markl Getzler,
OPERADS Kapranov  Kapranov, Markl §2 Kapranov

TaBLE 2: Various definitions of cyclic operads

Like operads, biased cyclic operads can be defined by means of classical simultaneous com-
position [GK95, Theorem 2.2] or of partial composition [Mar08, Proposition 42]. In both of these
definitions, the action of the symmetric group S,, (given by the symmetric operad structure) is
extended with the cycle 7, = (0,1, ..., n), whose action includes making the output of an oper-
ation (denoted now with 0) to be the first input and the input indexed with n to be the output,
in a way that is compatible with operadic composition and preserves units. The action of 7,
can be visualised as the clockwise rotation of all “wires” of a tree, such that each wire takes the
position of its right-hand side neighboring wire:

1 2 n 1 2 -+ n

0 0

The exchangeable-output feature of cyclic operads intuitively means that two operations can
be composed along inputs that “used to be outputs” and outputs that “used to be inputs”. This
leads to another biased point of view on cyclic operads, in which they are seen as generalisations
of operads for which an operation, instead of having inputs and an (exchangeable) output, now
has only “entries”, and it can be composed with another operation along any of them. Such
an entries-only definition was first formalised by Markl in [Mar16, Definition 48], although the
concept of partial compositions ,o,, where = and y are the entries selected for composition, was
already briefly introduced in [MSS02, Section 5.1]. By contrast, we refer to the definitions based
on describing cyclic operads as operads with extra structure (accounting for the input-output
interchange) as exchangeable-output ones.

What this thesis brings

This thesis follows the main line of the evolution of cyclic operads, summarises and relates
different points of view for this notion, and most importantly, further furnishes the general
theory of cyclic operads by introducing new means of describing them, from the syntactic (§2),
algebraic (§3) and categorified (§4) standpoints, as indicated in the title and Table 2. It is outlined
by the three main parts, each corresponding to a different foundational approach.

§2 Syntactic approach

In the spirit of recent years” movement in bringing closer mathematics and computer science
communities through formalisation of mathematics, in the syntactic approach, we propose a -
calculus-style formal language, called the ;i-syntax, as a lightweight representation of the cyclic
operad structure.

The name and the language of the p-syntax formalism were motivated by another formal
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syntactical tool, the pji-subsystem of the Auji-calculus, presented by Curien and Herbelin in
[CHOQ]. In their paper, programs are described by means of expressions called commands, of
the form

(nB.cy | fi.c),

which exhibit a computation as the result of an interaction between a term 3.c; and an evalu-
ation context jix.cy, together with a symmetric reduction system

coluB.c1/x] «— (uB.c1| fix.co) — c1[fir.c2/B],

reflecting the duality between call-by-name reduction strategy (which evaluates the program
tirst) and call-by-value reduction strategy (which evaluates the argument of the program first).
In our syntactical approach, we follow this idea and view operadic composition as such a pro-
gram, i.e. as an interaction between two operations f and g, where f, considered as a context
for g, provides an input x (selected with /i) for the output 5 of g (marked with p). By moving
this concept to the entries-only framework of cyclic operads, the input/output distinction of the
pfi-subsystem goes away, leading to the existence of a single binding operator p, whose purpose
is to select the entries of two operations which are to be connected in this interaction.

The advantage of the p-syntax over the usual “mathematical” definitions of cyclic operads is
tangible from two perspectives. On one hand, if one lays down the two usual ways of defining
cyclic operads, the biased way ([GK95, Theorem 2.2], [Mar16, Definition 48], [Mar08, Proposi-
tion 42]), and the unbiased way ([GK95, Definition 2.1]), one would argue that these look quite
formidable. This is due to the underlying intricate combinatorial structure of unrooted trees.
The commands of the p-syntax play the role of trees, but with the benefit of being rather simple
in-line formulas. Accordingly, the equations of the y-syntax make a crisp representation of the
cumbersome laws defining the structure of cyclic operads. Summed up, the p-syntax makes the
long story short(er).

On the other hand, in the spirit of Leibniz’s characteristica universalis and calculus ratiocinator,
the usefulness of the p-syntax arises when the question about the completeness, rigour and for-
malisability of mathematical proofs is asked. This especially concerns long and involved proofs,
which are common in operad theory. Such a proof is, for example, the proof of the equivalence
between the biased and unbiased definitions of cyclic operads, which is a well-known result.
The above requirements, typically asked for in computer science, reflect through this proof as
follows. Firstly, in the operadic literature, incorporated in the structure of cyclic operads and
similar definitions, one can find two formalisms of unrooted trees: in [GK95, Definition 2.1],
the usual formalism of trees with “indivisible” edges is used, while in [Get09], [JK11], [KW17],
trees with half-edges (or flags), due to [KM94], are used in the context of modular operads and
Feynman categories. As there exist more than one tree formalism, there are also several proofs
of the biased-unbiased equivalence (cf. [GK95, Theorem 2.2], [KW17, Section 5], [Man99, Sec-
tion 4.2]). The formalisability property requires fixing a universal syntactic language in which the
proof will be presented. The internal structural patterns of this language should be convenient
for describing in a step-by-step fashion the transitions involved in this proof. In order to meet
the rigour requirement, all the involved structures must be spelled out in detail. In particular,
the correct treatment of the identities of the appropriate monad structure must be given, which
is usually not the case in the literature. Finally, as required by the completeness property, the
proof that the laws satisfied by an algebra over the monad indeed come down to the axioms
from the biased definition, must be explicitly given. In order to illustrate how one gets closer to
fulfilling these three requirements, we make a syntactic reformulation of the monad of unrooted
trees figuring in the unbiased definition, which, together with the ;-syntax, makes a syntactic
framework well-suited for a complete step-by-step proof of the equivalence.
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63 Algebraic approach

In our next approach, we exhibit cyclic operads within the algebraic framework of species of
structures. A species of structures S associates to each finite set X a set S(X) of combinatorial
structures on X that are invariant under renaming the elements of X, in a way consistent with
composition of such renamings. The notion, introduced in combinatorics by Joyal in [Joy81], has
been set up to provide a description of discrete structures that is independent from any specific
format these structures could be presented in. For example, S(X) could be the set of graphs
whose vertices are given by X, the set of all permutations of X, the set of all subsets of X, etc.
Categorically speaking, a species of structures is simply a functor S : Bij — Set. Species can be
combined in various ways into new species and these “species algebras” provide the category of
species with different notions of “tensor product”. Some of these products, like the substitution
product we mentioned earlier, allow to redefine operads internally to the category of species,
as monoids.

The algebraic definition of symmetric operads of Kelly [Kel05] corresponds to the original
biased definition of operads with simultaneous composition of May [May72]. This definition
is, moreover, referred to as the monoidal definition of operads, since the substitution product
constitutes a monoidal structure. The second algebraic definition, which characterises operads
with partial composition, has been recently established by Fiore in [Fio14]. The pre-Lie product of
Fiore’s definition is not monoidal, but the inferred structure arises by the same kind of principle
as the one reflecting a specification of a monoid in a monoidal category (which is why we call
this definition the monoid-like definition of operads). This is an example of what has been called
the microcosm principle by Baez and Dolan in [BD98]. The principle tells that

certain algebraic structures can be defined in any category equipped with a categorified ver-
sion of the same structure,

and the instance with monoids, presented in Table 3 below, can serve as a guide when seeking
the most general way to internalize different algebraic structures.

MonNoIDAL CATEGORY M Monom M € M
PRODUCT @ :MxM-—-M wMOM—M
UNIT 1leM n:1—-M
(zRz)Qx Gooe T® (r®x)
ASSOCIATIVITY Oy (2QY)R2z— 2@ (YR 2) u® z‘dJ Jz‘d ® w
TR TR T

1 1
LEFT UNIT Ail®r—x © TET z®
RIGHT UNIT prir®@1 =1 \‘ l/ﬁ/
x

TaBLE 3: A monoid in a monoidal category

In our algebraic approach, we follow the microcosm principle in order to give two alge-
braic (and, more suggestively, monoid-like) definitions of cyclic operads, one for exchangeable-
output cyclic operads, and the other for entries-only cyclic operads. This results in one-line
conceptual descriptions, of the form

a cyclic operad is a monoid-like object in a certain monoidal-like category.
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Given that the monoidal-like categories in which cyclic operads “live” in these two definitions
are built over the category of species, and, therefore, are of non-skeletal nature, we first propose
a non-skeletal version of the biased definition of cyclic operads [Mar08, Proposition 42].

The main correspondence that we establish is the equivalence between these two algebraic
definitions, which consolidates the equivalence between the entries-only and exchangeable-
output points of view on cyclic operads.

44 Categorified approach

In our categorified approach, we propose categorifications of entries-only and exchangeable-
output cyclic operads with symmetries. With respect to the established notions of categorified
operads, the style of our definitions corresponds to the one of [DP15], except that we also con-
sider the action of the symmetric group. Yet, our categorified cyclic operads are not cyclic operads
up to the first level of homotopy in the language of [DV15], as we keep equivariance strict.

Our process of categorification, like the one of [DP15], is the most common one: we replace
sets (of operations of the same arity) with categories, obtaining in this way the intermediate no-
tion of cyclic operad enriched over Cat, followed by relaxing certain defining axioms of cyclic
operads from equalities to isomorphisms, and exhibiting the conditions which make these iso-
morphisms coherent. In particular, the coherence theorem has the form “all diagrams made of
canonical isomorphisms commute”.

Concretely, for entries-only cyclic operads, the associativity and commutativity axioms

(f 202 9) yoyh = faoq (9 yoyh) and  fgoyg9=gy0. f

become the associator and commutator isomorphims, with instances

ZT,Z5Y,Y
ﬁfvg,h T (f mogg) yogh — fzog (g yOy h) and '7;73 : fmoy g — gyCx fs

respectively. At first glance, thanks to the (non-skeletal) equivariance axiom which “distributes”
the action of the symmetric group from the composite of two operations to operations them-
selves, the coherence of the obtained notion seems easily reducible to the coherence of symmet-
ric monoidal categories of Mac Lane (see [ML98, Section XI.1]): all diagrams made of instances
of associator and commutator are required to commute. However, in the setting of cyclic oper-
ads, where the existence of operations is restricted, these instances do not exist for all possible
indices, as opposed to the framework of symmetric monoidal categories. As a consequence, the
coherence conditions that Mac Lane established for symmetric monoidal categories do not solve
the coherence problem of categorified entries-only cyclic operads. In particular, the hexagon of
Mac Lane is not well-defined in the setting of categorified entries-only cyclic operads. The co-
herence conditions that we do take from Mac Lane are the pentagon and the requirement that
the commutator isomorphism is involutive. However, we need much more than this in order to
ensure coherence. Borrowing the terminology from [DP15], we need two more mixed coherence
conditions (i.e. coherence conditions that involve both associator and commutaor), a hexagon
(which is not the hexagon of Mac Lane) and a decagon, as well as three more conditions which
deal with the action of the symmetric group on morphisms of categories of operations of the
same arity.

The approach we take to treat the coherence problem is of syntactic, term-rewriting spirit,
as in [ML98] and [DP15], and relies on the coherence result of [DP15]. The proof of the co-
herence theorem consists of three faithful reductions, each restricting the coherence problem
to a smaller class of diagrams, in order to finally reach diagrams that correspond exactly to di-
agrams of canonical isomorphisms of categorified non-symmetric skeletal operads, i.e. weak
Cat-operads of [DP15]. Intuitively speaking, the first reduction excludes the action of the sym-
metric group, the second (and the most important) one removes “cyclicity”, and the last one
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replaces non-skeletality with skeletality.

For exchangeable-output cyclic operads, the two associativity axioms of the underlying op-
erad O become the sequential associator and parallel associator isomorphisms, with instances

jf”g’h :(fozrg) oy h — fo, (goy h) and 9?,’3,11 2 (forg) oy h — (foy h) oy g,

respectively. Therefore, the operadic part of the obtained structure is the non-skeletal and sym-
metric counterpart of a weak Cat-operad of [DP15]. However, in order to carry over the equiva-
lence between the entries-only and exchangeable-output cyclic operads, set up previously in our alge-
braic approach, to the categorified setting (and, therefore, obtain, in the appropriate sense, the
correct notion of categorified exchangeable-output cyclic operads), an axiom of the extra struc-
ture (accounting for the input-output exchange) must additionally be weakened. This leads to
a third isomorphism, called the exchange, whose instances are

5752 Do(f o 9) = Dzo(g) v Daz(f),

where D,(X) : O(X) — O(X) is the endofunctor that “exchanges the input z € X with the
output”, and D,,(X) : O(X) — O(X\{z} U{y}) is the functor that “exchanges the input z € X
with the output and then renames it to 3y”. We establish the coherence of this notion by “lifting”
the proof of the equivalence (between the entries-only and exchangeable-output cyclic operads)
of the algebraic treatment, thanks to the coherence of categorified entries-only cyclic operads.

The non-skeletal notion of exchangeable-output categorified cyclic operad described above
can be straightforwardly coerced to a skeletal notion. In this way, a categorification of [Mar08,
Proposition 42] is obtained. The coherence of the latter notion follows by “lifting” to the cate-
gorified setting the equivalence between non-skeletal and skeletal operads, established in
[MSS02, Theorem 1.61], and extending it to the corresponding structures of categorified cyclic
operads. In Appendix A.1, we provide details for the proof of [MSS02, Theorem 1.61].

Related to the coherence of skeletal exchangeable-output categorified cyclic operads, the
skeletality requirement, combined with the presence of symmetries, causes an interesting is-
sue, pointed to us by Petri¢, which arises if one tries to give a coherence proof by means of
rewriting. Namely, as opposed to non-skeletal equivariance, for skeletal equivariance it is not
possible to “distribute” the action of the symmetric group from the composite of two opera-
tions to operations themselves. This makes the exclusion of symmetries (i.e. the first reduction
mentioned earlier), at the very least, problematic. Therefore, as far as we can tell, the proof of
skeletal coherence requires the transition to the non-skeletal framework (i.e. the equivalence of
[MSS02, Theorem 1.61]), which shows that, when it comes to coherence with symmetries, the
choice of non-skeletal framework is no longer a matter of convenience, but a matter of necessity.
We illustrate this issue in Appendix A.2, where we also point out certain other merits of the
non-skeletal operadic framework.



Chapter 1

Preliminaries

The purpose of this chapter is to recall the concepts from operad theory on which the rest of the
thesis is built. This primarily means that we shall take a closer look at the axiomatics of biased
definitions presented in Table 1 and Table 2. Nothing in this chapter is genuinely new: it serves
merely to fix the vocabulary of these essential definitions, which slightly varies in the literature.
Our main references are [GK95], [MSS02], [LV12] and [Mar16].

But before that, a few words on terminology are needed.

1.1 Notation and conventions

As we shall be mainly concerned with non-skeletal cyclic operads, we first focus on set-theoretical
conventions. Then we give a glossary of key terms from type and rewriting theory.

1.1.1 About finite sets and bijections

Conforming to the computer science practice, in this thesis we assume that a sufficiently large
universe of finite sets is fixed (countable is enough).

We shall use two different notions of union. In the category Set of sets and functions, for sets
X and Y, X +Y will denote the coproduct (disjoint union) of X and Y (constructed in the usual
way by tagging X and Y, by, say, 1 and 2) and we shall use the notation ¥;c;.X; (resp. II;c1X;)
for the coproduct (resp. the Cartesian product) of the family of sets {X;|i € I}. In order to
avoid making distinct copies of X and Y before taking the union, we take the usual convention
of assuming that they are already disjoint. In the category Bij of finite sets and bijections, we
shall denote the ordinary union of already disjoint sets X and Y with X UY. In Appendix B,
we compare these two ways of treating union, with a focus on what each of them brings in the
context of (cyclic) operads.

If f1 : X1 — Zyand fo : Xy — Z5 are functions such that X1 N X, = and Z; N Zy = 0,
iU fo: X1 U Xy — Z1 U Zy will denote the function defined as f; on X; and as fs on Xs.
If Z, = Zy = Z, we shall write [f1, fo] : X1 U X2 — Z for the function defined in the same
way. Accordingly, for the corresponding functions between disjoint unions, we shall write
f1+f2 X1+ X9 — 21+ 2y and [fl,fg] X1+ X9 — Z.

For a bijection o : X’ — X and Y C X, we denote with o|* the restriction of o on o~ 1(Y).

For a bijection 0 : Y — X, we say that o renames the variables of X to the appropriate vari-
ables of Y. In particular, if o : X\{z} U {y} — X is the identity on X \{z} and o(y) = z, we say
that o renames z to y, and if 7 : X — X is identity on X\{z, 2z} and 7(z) = z and 7(z) = z, we
say that 7 exchanges x and z.

We shall sometimes use the cycle notation for specifying permutations. For example, for
o :{z,y,z,u,v} = {x,y,2,u,v}, defined by o(z) = y, o(y) = z, 0(2) = 2, 0(u) = v and
o(v) = u, the cycle notation presents o as the product of its three disjoint cycles, i.e. as o =
(z y)(u v)(z). We shall always omit the cycles of length 1 from this representation, i.e. we shall
write 0 = (z y)(u v).
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A decomposition of a finite set X is an ordered family { X, };c; of (possibly empty) pairwise
disjoint subsets of X such that their (ordinary) union is X. The attribute ordered is meant to
indicate that the indexing set [ is totally ordered, i.e. that, for example, the sets {{z1}, {z2,z3}}
and {{x2, z3}, {z1}} constitute different decompositions of the set {z1, z2, x3}.

1.1.2 Type-theoretical notions

Throughout the thesis, and notably during the syntactic and categorified treatement, we shall
use basic notions and methods of type theory and rewriting theory. For a comprehensive ac-
count on these subjects, we refer to [Pie02] and [BN99]. We list here the essentials.

We assume given an infinite set V of variables, or names (countable is enough). We denote
the variables of V by z, v, 2, etc., possibly with indices and possibly underlined. We say that a
variable z is fresh with respect to a set X if x ¢ X. The existence of V ensures that, for any finite
set, there exists a variable which is fresh with respect to that set.

A multi-sorted formal theory is a formal theory for which variables, constant symbols and
function symbols, as well as all the terms built from them, have a property called sort or type.
Types serve to control the formation of terms and to classify them. A model of a multi-sorted
formal theory, i.e. of a typed formal language, is a model in the usual sense, which additionally
takes into account sorts of the symbols of the signature of the theory. In other words, the do-
main of such a model is a collection of sets { M(s;)}ics, indexed by all sorts of the theory, and
the interpretation function maps constant symbols of sort s; to the set M(s;), for all i € I, and
function symbols of sort (s1, ..., sp; s) to functions of the form M(sy) x --- x M(s,) = M(s).

An abstract rewriting system (a rewriting system for short) is a pair (A, —), where A is a setand
— is a binary relation on A. The name is supposed to indicate that an element (a, b) of — should
be seen as a rewriting of a into b. We write a — b to denote that (a,b) € —. Anelementa € Aisa
normal form for — if there does not exist a’ € A, such that e — o’. We say that a rewriting system
(A, —) is terminating if there does not exist an infinite sequence a; — as — -+ = a, — ---
of elements of A. We denote with —— the reflexive and transitive closure of —. A rewriting
system (A, —) is confluent if, for any triple (a, a1, a2) of elements of A, such that a 5 a; and
a — ay, there exists a’ € A, such that a; — o’ and a3 — a’. A rewriting system (A, —) is
locally confluent if, for any triple (a, a1, az) of elements of A, such that a — a; and @ — ay, there
exists a’ € A, such that a; — o’ and as — d’.

Fact 1. If (A, —) is terminating, then it is normalising, i.e. for any a € A, there exists a normal
form o/, such that a —s a/'.

Fact 2. 1f (A, —) is terminating and confluent, then for a € A, there exists a unique normal form
a', such that a — d'.

Fact 3. If (A, —) is terminating, then it is confluent if and only if it is locally confluent.

1.2 Operads

The monographs [MSS02] and [LV12] both contain precise definitions of skeletal operads, in all
variants presented in Table 1, except the categorified ones. Categorified skeletal operads in this
thesis are the ones of [DP15].

We shall, however, mainly consider non-skeletal operads.

As our principal characterisation of operads we fix the non-skeletal biased definition involving
the symmetric group action and units, with operadic composition given in partial manner. Moreover,
we shall consider only Set-based operads. Whenever there is no risk of confusion, we shall
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refer to operads characterised in this way simply as operads. We shall speak of non-symmetric
operads if we want to emphasise the absence of symmetries. Likewise, we shall speak of non-
unital operads if we want to emphasise the absence of units.

We give now the precise definition, by transferring Markl’s skeletal definition [Mar08, Propo-
sition 42] to the non-skeletal framework. Below, for a functor O : Bij” — Set, a bijection
0:Y — X and an element f € O(X), we write 7 for O(o)(f).

Definition 1.1. An operad is a functor O : Bij’ — Set, together with a distinguished element
idy € O({z}), called the identity or unit (indexed by z), that exists for each singleton {z}, and a
partial composition operation

0y : O(X) xO(Y) = O(X\{z}UY),

defined for arbitrary non-empty finite set X, an arbitrary finite set Y and an element x € X,
such that X\{z} NY = (). These data satisfy the axioms given below.
Associativity. For f € O(X), g € O(Y) and h € O(Z), the following two equalities hold:

[A1] (fopg)oyh= fo,(go,h), wherez € Xandy €Y.

[A2] (f oz g) oy h = (f oy h) oy g, where z,y € X, and
Equivariance. For bijections 01 : X’ -+ X and oy : Y/ — Y, and f € O(X) and g € O(Y), the
following equality holds:

[EQ] fo! Op1(z) 72 = (f o )7, where 0 = 01]X\{"”} U os.
Unitality. For f € O(X) and = € X, the following two equalities hold:

[U1] idy o, f = f, and

[(U2] fo,id, = f.
Moreover, the unit elements are preserved under the action of O(c), i.e.

[(UP] id,” = id,, for any two singletons {z} and {u}, and a bijection o : {u} — {x}.

For f € O(X), we say that the elements of X are the inputs of f. An operad O is constant-free
ifO0) =10 O

For each of the axioms from Definition 1.1, we also (implicitly) assume the set disjointness
conditions which ensure that all the partial compositions involved are a priori well-defined. We
shall continue to omit mentioning explicitly these conditions whenever possible.

Remark 1.2. Using [EQ] and [UP], it can be easily shown that, for f € O(X) and a renaming o :
X\{z} U{y} = X of x to y, we have f o, id, = f°.

Remark 1.3. A non-symmetric operad is a collection of sets O(X), indexed by totally ordered finite
sets X, equipped with a partial composition operation as in Definition 1.1, subject to the associativity and
unitality axioms of Definition 1.1, all adapted naturally in a way which takes into account the ordering
on indexing sets. See the proof of Theorem A.1 in Appendix A for details.

A non-unital operad structure is obtained from Definition 1.1 simply by forgetting the units and
the unitality axioms.

1.3 Cyclic operads

Given that cyclic operads originally emerged as operads with extra structure, they are typically
presented in the skeletal exchangeable-output manner in the literature. Such a definition is
[Mar08, Proposition 42]. The original unbiased definition [GK95, Definition 2.1] is of skeletal
nature as well.
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Our approach to cyclic operads will be the non-skeletal one, like for operads. In the lit-
erature, it is only the entries-only characterisation of cyclic operads that can be found in the
non-skeletal presentation. The non-skeletal exchangeable-output definition of cyclic operads
will be introduced for the first time in this thesis (in Chapter 3).

Therefore, the definition which links us with the literature, and the most important prelim-
inary definition of this thesis, is the one of entries-only cyclic operads. Every approach to the
treatment of cyclic operads in this thesis will have something to do with this definition. When-
ever we say entries-only cyclic operads, it should be understood that we speak about non-skeletal
biased cyclic operads with the symmetric group action and units, whose composition structure is given
in the entries-only manner and which are defined in Set.

We give the precise definition below, by recalling Markl’s definition [Mar16, Definition 48]
for the particular case when the underlying functor is € : Bij”” — Set, and adapting it further
by also demanding units.

Definition 1.4. An entries-only cyclic operad is a functor € : Bij’ — Set, together with a dis-
tinguished element id, , € C({z,y}) for each two-element set {x, y}, called the identity or unit
(indexed by {z, y}), and a partial composition operation

20y : C(X) x C(Y) = C(X\{z} UY\{y}),

defined for arbitrary non-empty finite sets X and Y and elements x € X and y € Y/, such that
X\{z} NY\{y} = 0. These data satisfy the axioms given below.

Sequential associativity. For f € €(X), g € C(Y), h € C(Z),x» € X, z,y € Y and y € Z, the
following equality holds:

(A1) (f 20z 9) yogh = f 20z (gyogh)'
Commutativity. For f € €(X), g € C(Y), z € X and y € Y, the following equality holds:

(co) f:coy 9 =9y f
Equivariance. For bijections oy : X’ — X, 09 : Y’ — Y and 0 = o1 X \M# Uy MY}, and f € C(X)
and g € C(Y), the following equality holds:

(EQ) f o7 (@) %05 () 97 = (fzoy 9)°.

Left unitality. For f € C(X), x € X and a bijection ¢ that renames z to z, the following equality
holds:

(V1) idy . you f = f°.
Moreover, the unit elements are preserved under the action of C(o), i.e.
(UP) idyy” = idy,
for any two two-element sets {z, y} and {u, v}, and a bijection o : {u,v} — {z,y}.

For f € C(X), we say that the elements of X are the entries of f. An entries-only cyclic
operad C is constant-free if C()) = C({z}) = 0, for all singletons {x}. O

Note that we impose a slightly weaker condition on the sets X and Y and elements x € X
and y € Y involved in partial composition than in [Mar16, Definition 48]: instead of requiring
X and Y to be disjoint, as Markl does, we allow the possibility that they intersect, provided that
their intersection is a subset of {z,y}. This also means that we allow the possibility that z =
y. Nevertheless, the characterizations of Definition 1.4 and [Marl6, Definition 48] (with units
added), are equivalent. More precisely, all partial compositions allowed by [Mar16, Definition
48] are obviously covered by the Definition 1.4. As for the other direction, if f .o, g is such that,
say, z € X N (Y\{y}), then we can define f ;o, g as f? ,/0, g, where 2’ is chosen outside of Y/,
and o : (X\{z}) U {2’} — X is identity everywhere except on z’, which is sent to z, obtaining
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in this way a valid definition in the sense of [Mar16, Definition 48]. As for the units, here is a
notational remark.

Notation 1.5. It is understood that id,, = id, .. We reserve the notation idy, ,y for the identity
bijection on the two-element set {x,y}.

The lemma below gives basic properties of the partial composition operation.

Lemma 1.6. The partial composition operation from Definition 1.4 satisfies the following laws.
Parallel associativity. For f € C(X), g€ C(Y), he€ C(Z),z,y € X,z € Y and y € Z, the following
equality holds:

(A2) (f 202 9) yoy h = (f yOy h) 20z 9.

Right Unitality. For f € C(X), x € X and a bijection o that renames x to z, the following two equalities
hold:

(U2) f poy idy. = f°.

Proof. In order to prove (A2), we combine (C0) and (A1), as follows:

(f 2oz 9) yogh = (g z0z f) yogh = g2zCz (fyogh) = (fyog h) 204 g.
For (U2), we combine (C0) and (U1) in the obvious way. |

Itis easy to show that the axiom (EQ) can be expressed in the way presented in the following
lemma.

Lemma 1.7. Let f € C(X), g € CY), z € Xandy € Y be such that X\{z} N Y\{y} = 0,
and let o : Z — X\{x} U Y\{y} be an arbitrary bijection. If 1 : X' — X, 7 : Y — Y and
71 Z — X'\{r Y (x)} U Y\ {75 ' (y)} are bijections, such that o = (71| XM=} Uny|Y\M¥}) o 7, then the
following equality holds:

(fxoy g)a = (lexOy 972)7—'

In the following two remarks, we point out to an axiomatisation for partial composition
operations .o, alternative to the one of Definition 1.4 and we discuss the axiomatisations of
cyclic operads without units.

Remark 1.8. Related to the implication (A1) A\(CO)=-(A2) proved in Lemma 1.6, it is also true (and
easily checked) that (A2) A (CO)=(A1). Moreover, we also have that (A2) A(U1)=-(C0):

froy g= (idx,y yOz f) %y 9 = (idx,y 2%y g) yOx f= 9 4Oz I
These observations show that the equalities
(A2), (EQ), (U1) and (UP)

provide an equivalent and smaller axiomatisation for ,o,. It is precisely this axiomatisation that we
shall use in Chapter 3, for the algebraic approach to cyclic operads. For the syntactic treatment of Chapter
2, will shall use the axiomatisation of Definition 1.4.

Remark 1.9. Although the axiomatisations of the partial composition operation .o, from Definition 1.4
and Remark 1.8 are equivalent, when it comes to non-unital cyclic operads, it is not the case that both of
them are adapted simply by forgetting the structure of units (and omitting the unitality axioms). This is
true only for Definition 1.4, whose non-unital modification, therefore, contains the following axioms:

(A1), (CO) and (EQ).
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As for the axiomatisation from Remark 1.8, if one excludes the unitality axioms (U1) and (UP), the
commutativity (CO) must be put back as a primitive axiom, in order to be able to derive the sequential
associativity (A1), indispensable for the structure of a cyclic operad. Therefore, in this case, the non-unital
axiomatisation is given by

(A2), (CO) and (EQ).

The two non-unital axiomatisations are clearly equivalent. As our primary definition of non-unital
entries-only cyclic operads, whose categorification we introduce in Chapter 4, we fix the one obtained
by removing units from Definition 1.4.

Although we do not encounter non-symmetric cyclic operads in this thesis, in the remark
below we point out to their definition as well. This will be usefull at some point in Chapter 4,
where a nonexample arises by depriving cyclic operads completely from the action of the sym-
metric group.

Remark 1.10. In view of (and in contrast to) Remark 1.3, one should have in mind that non-symmetric
cyclic operads still contain cyclic actions and the appropriate equivariance axiom. For their precise def-
inition, we refer to [CGR14, Section 3.2] (exchangeable-output, skeletal) and [Mar16, Sections 1,2,3]
(entries-only, non-skeletal).

Finally, a morphism of (cyclic) operads is a natural transformation between the underlying
functors, which preserves the structure of partial compositions and units. Cyclic operads and
morphisms between them form a category COep (the “en” indicating their entries-only nature).
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Chapter 2

A formal language for cyclic operads

Now that the entries-only definition of cyclic operads is settled, the intuition about the p-syntax,
which we present in this chapter, can be made more tangible. Referring to Definition 1.4 and
the foresight made in the Introduction, the pattern (ux._ | py._ ), inherent to the p-syntax, is
crafted in order to encode the partial composition operation (—),o,(—). Thus, from the tree-
wise perspective, (ux. | py._ ) describes the procedure of constructing an unrooted tree by
grafting two unrooted trees along entries (or half-edges, or flags)  and y. From a more general
combinatorial point of view, this construction (and, in particular, the syntactic concept of bind-
ing) can also be understood in terms of differentiation of species, as a mapping 95 - 95 — S,
where 05 is the derivative of the species S and - denotes the product of species. In fact, it is pre-
cisely this mapping that we shall use in Chapter 3, in order to define cyclic operads internally
to the category of species. In addition to commands of the form (uz.__ | py._ ), which describe
partial grafting of two unrooted trees, the pi-syntax features another kind of commands, whose
shapeis (—){ux._, ..., ny.__}, and which describe simultaneous grafting of unrooted trees. Such
a command encodes the procedure of constructing an unrooted tree by grafting to all the entries
of the corolla (—) the unrooted trees within the brackets, along their respective entries bound
by . Therefore, the command (—){ux._,...,py. }isto the command (uz.  |py. ) what the
original notion of simultaneous operadic composition of [May72] is to the notion of partial op-
eradic composition of [MSS02], but in the framework of cyclic operads. Finally, the equations
of the p-syntax identify different constructions on unrooted trees that should be regarded the
same.

This chapter develops as follows. In Section 2.1, we extract, from the structure of partial
compositions of Definition 1.4, the notion of simultaneous composition. In Section 2.2, we re-
cast cyclic operads of Definition 1.4 as models of the equational theory whose syntax of terms
describes the free cyclic operad generated by a collection of operations. Note that this still does
not involve the p-syntax. This straightforward reformulation puts Definition 1.4 in the syntac-
tic context in which it can get formally related to the p-syntax. In Section 2.3, we move to this
context the unbiased definition [GK95, Definition 2.1]. In particular, this involves a syntactic
reformulation and a detailed description of the monad of unrooted trees. This section finishes
with the theorem that expresses the equivalence between biased and unbiased cyclic operads.
Section 2.4 will be devoted to the introduction and analysis of the p-syntax. We conclude this
section by exhibiting the correspondence between the p-syntax formalism and the unbiased
characterisation of cyclic operads. In Section 2.5, we employ the p-syntax in crafting the proof
of the equivalence stated in Section 2.3.

In the remainder of the chapter, merely for the sake of simplicity, we restrict ourselves to
constant-free cyclic operads, to which we shall refer simply as cyclic operads.

2.1 Simultaneous entries-only composition

A cyclic operad € : Bij” — Set, specified by Definition 1.4, naturally incorporates the concept
of simultaneous composition, as a sequence of partial compositions of the form as in the law (A2)
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from Lemma 1.6, that is, in which the entry involved in the next instance of a composition
always comes from a fixed operation f € C(X) and which, moreover, ends when all the entries
of f € C(X) are exhausted. In order to avoid writing explicitly such sequences, we introduce
the following notation. For f € €(X), let

YT (Yazagarvl)

be an assignment that associates to each z € X a finite set Y,, an operation g, € C(Y,) and an
element x € Y,, in such a way that

() Ya\{z} = 0.

zeX

Let, moreover, 0 : X’ — X be an arbitrary bijection such that for all z € X,
X"\{o " @)} nYa\{z} = 0.
Under these assumptions, the composite assignment
poa:a' = (Yo Yo o(a')),
defined for all 2’ € X, together with f7 € €(X’), determines the composition

((fa z' (') gﬂ?) y'Co(y’) gy) 2Ca(z) 92"

consisting of a sequence of partial compositions indexed by the entries of /7. We will use the
abbreviation f?(po0) to denote such a composition. Thanks to (A2), f?(¢o0) does not depend
on the order in which the partial compositions were carried out. We finally set

flp) = f7(pooa), (2.1.1)

and refer to f(y) as the simultaneous composition determined by f and ¢. That f(¢) does not de-
pend on the choice of ¢ is a consequence of (EQ).

Notice that without the renaming role of o, f(y) is not necessarily well-defined. For exam-

ple, f(p) = (fxoggx)yoggy, where f € C({z,y}), 9. € C({z,y}) and g, € C({y,v}), is not
well-defined, although ¢ satisfies the required disjointness condition.

In relation to the above construction, the statements of the following lemma are easy conse-
quences of (EQ).

Lemma 2.1. The simultaneous composition f () has the following properties.

1. Let o : Z — U,ex (Ya\{z}) be a bijection such that for all z € X, x ¢ ¢~ *(Y;\{z}). Denote
with 1, the extension on Y, of the bijection 1|Y=\2}, which is identity on x, and let o, be defined

as oy x> (g0%, z), forall € X. Then f(0)¥ = f(ipy).
2. Let v : y — (hy,y) be an assignment that associates to each y € \J, ¢ x(Yz\{z}) an operation
hy € €(Zy) and y € Z,, in such a way that f(p)(v) is defined. If @ is the assigment defined

as @y © T (g;fg, x), where v, denotes the extension on Y, of the assignment 1|y, \ (), which is
identity on x, then f(p)(¢) = f(py).

2.2 Biased definition of cyclic operads: combinator syntax

The generators-and-relations nature of Definition 1.4 allows us to easily formalise cyclic operads
as models of the multi-sorted equational theory which we now introduce.

The signature of this theory is determined by taking as sorts all finite sets (of cardinality at
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least 2, when modelling constant-free cyclic operads), while, having denoted with s the sort of
a variable or a constant symbol and with (sq,. .., s,; s) the sort of an n-ary function symbol, as
constant symbols we take the collection consisting of

idayy : {x,y}

and, as function symbols, we take the collection consisting of

o:(Y;X) (ofarity 1) and .o, : (X,Y; X\{z} UY\{y}) (of arity 2),
where z,y € Vand o ranges over all bijections of finite sets. Here, V is the infinite set of variables
whose existence we postulated in the Introduction.

Fixing a collection of sorted variables, or parameters P, and denoting with P(X) the collection
of parameters whose sort is X, the terms of the theory are built in the usual way:

s,¢tu=a | didgy | 5404t | t°

whereas the assignment of sorts to terms is done by the rules given in Figure 2.1.

a€ P(X) T F#Y t: X o:(Y;X)
a:X idyy : {x,y} oY

s: X t:Y zeX yeY X\{z}nY\{y}=10
540y t: X\{z} UY\{y}

Ficure 2.1: Typing rules for the terms of the equational theory modeled by cyclic
operads

The equations of the theory are derived from the axioms of Definition 1.4, and there are two
additional equations, namely

id], =id,, and (1) =17, (2.2.1)

where, in the first equation, o : ({u, v}; {z, y}).
We can now reformulate the entries-only definition of cyclic operads as follows:

A cyclic operad is a model of the equational theory from above.

That this characterisation indeed describes the same structure as does Definition 1.4 is clear
from the requirements that models of multi-sorted theories fulfill. The domain of such a model
is a collection of sets C(X), arising by interpreting all sorts X, and the interpretation of the
remaining of the signature in this universe exhibits the cyclic operad structure in the obvious
way. Observe that the equations (2.2.1) ensure that the assignment C : Bij’” — Set, induced
by the model, is functorial.

Let € : Bij?? — Set be a functor and let
Pe = {a € C(X) | X is a finite set} (2.2.2)

be the collection of parameters of €. Observe that Pe can be considered as a collection of sorted
variables for the equational theory introduced above. In this regard, we call the syntax of terms
built over Pe the combinator syntax generated by C and we refer to terms as combinators. We shall
denote the set of all combinators induced by € by cTermg, and, for a finite set X, cTerme(X) will
be used to denote the set of all combinators of type X.
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We finish this part with a notational remark. If € is a cyclic operad (and, hence, a model of
the equational theory from above), and if € is the underlying functor of €, we shall denote with
[L]e : cTerme — C the induced interpretation of the combinator syntax.

2.3 Unbiased definition: a syntax for the monad of unrooted trees

In this part, we syntactically reformulate the unbiased definition [GK95, Definition 2.1]. The
adaptations we make also include translating it to the non-skeletal setting, and reconstructing
it within a formalism of unrooted trees that incorporates edges as pairs of half-edges, due to
[KM94]. As it will be clear in Section 2.4, the formal language of unrooted trees that we present
here is crafted in a way which reflects closely the formal language of the p-syntax.

2.3.1 Graphs and unrooted trees

Let € : Bij?” — Set be a functor such that C(0)) = C({z}) = 0, for all singletons {z}, and let P
be as in (2.2.2). The syntax of unrooted trees generated by Pe is synthesised as follows.

An ordinary corolla is a term

a(zy,...,Ty),
wherea € €(X) and X = {z1,...,2,}. Werefer to a as the head symbol of a(z1, ..., z,). We call
the elements of X the free variables of a(x1, ..., x,), and we write F'V (a) = X to denote this set.

Whenever the set of free variables is irrelevant, we shall refer to an ordinary corolla only by its
head symbol.

In addition to ordinary corollas, we define special corollas to be terms of the shape

(z,9),

i.e. terms which do not have a parameter as a head symbol and which consist only of two distinct
variables x,y € V. For a special corolla (z,y), we define FV ((x,y)) = {z, y}.

Remark 2.2. In both ordinary and special corollas, the order of appearance of free variables in the terms
is irrelevant. In other words, we consider equal the terms, say, a(x,y, z) and a(z,z,y), as well as (x,y)
and (y, x).

Definition 2.3. A graphV is a finite set of (ordinary and special) corollas with mutually disjoint
free variables, together with an involution ¢ on the set

k p
V) =JFV(a) U] FV((u,05))
i=1 j=1

of all variables occuring in V. We write

V=Aa(z1,...,2n)s - akY1, - Ym), -, (w1,01),..., (up, vp); 0}

We denote with Cor (V) the set of all corollas of V. The set of edges Edge(V) of V consists of pairs
of variables x and y, such that z # y and o(z) = y (and, therefore, also o(y) = x). We denote
the egdes by (zy). Naturally, it is understood that (zy) and (yx) are the same edges. Finally, we
refer to the fixpoints of o as the free variables of V, the set of which we shall denote with F'V (V).

g

Remark 2.4. The set of variables of a graph in our formalism corresponds to the set of flags (or half-edges)
in the formalism of [KM94]. Such a formalism is inherent to operad theory. In graph theory in general,
one does not usually encounter graphs with half-edges: graphs typically feature “indivisible” edges. The



2.3. Unbiased definition: a syntax for the monad of unrooted trees 19

graphs considered here can be viewed as graphs with an interface, provided by the half-edges which are
not paired to form edges (see [FDC13]).

Remark 2.5. The condition C(0) = C({z}) = 0, imposed on C : Bij°’ — Set, corresponds to the
convention to consider only constant-free cyclic operads. For the general case, the syntax of graphs is
straightforwardly supplemented with appropriate corollas: ordinary corollas will additionally contain
terms of the form a(x), corresponding to elements a € C({x}), and there will be another kind of corollas,
corresponding to elements a € C(0), denoted simply with a. If a graph contains only corollas of the latter
kind, the involution of the graph is set to be the empty function.

Here is an example.

ExampLe2.6. The graph {a(x1, z2, x3, x4, 25), b(y1, Y2, Y3, ya}; 0 }, where o = (x4 y3)(x5 ya), should
be depicted as

T T4 Y3 Y1
x2
T3 T5 Ya Y2

This graph has two corollas, a(z1,x2, 3,24, x5) and b(y1, y2,y3,y4), two edges, (z4,ys) and
(z5,y4), and five free variables, x1, 2, 3, Y1, Yo. O

And here is another example, this time with more exotic graphs, in the sense that they do not
contain ordinary corollas.

ExampLe 2.7. The simplest example of a graph without ordinary corollas is a graph with a single
special corolla and the identity involution, say {(x,y); id{, . }. We depict it as

T

Y

By changing the identity involution to o(z) = y, we obtain an ordinary-corolla-free loop:

<R

Finally, the graph {(z1,v1), (x2,%2),0}, where o(z1) = 22 and o(y1) = y2 is the simplest
example of an ordinary-corolla-free wheel (i.e. an ordinary-corolla-free cycle):

T1 A T2
y{}n
O
Graphs do not need to be connected. Connected graphs are distinguished by the following
recursive definition:
o for any finite set X, a € €(X) and involution o0 on X, {a(z1,...,2zy); 0} is connected,

o for any two-element set {z, y} and involution o on {z,y}, {(x,y); o} is connected,

o if graphs V) and Vs, with involutions o and o9, respectively, are connected, and if V' (V1) N
V(V2) = 0, then, for any x € FV(V;) and y € FV(V;), the graph V, determined by
Cor(V) = Cor(V1) U Cor(Vz2) and the involution ¢ on V' (V), defined by

{ o1(v), ifveV(V)\{z}

o(v) =< o3(v), ifveVO)\{y}

vy, ifv==x

is connected.
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Remark 2.8. Returning to Remark 2.5, if one allows corollas of the form a, where a € C(0), then a graph
containing such a corolla is connected only if it does not contain any other corollas.

For a graph V with involution ¢ and corollas ¢,d € Cor(V), a path from c to d is a finite
sequence of variables (v1,...,v2,), n > 1, such that v; € V(V), forall1 <i < 2n, v € FV(c),
van, € F'V(d), and there exist corollas ci, ..., can—2 € Cor(V), such that vj;1,vj42 € FV(c;), for
all1 <j <2n—2,and o(vgr_1) = voi, forall 1 < k < n (for n = 1, there are trivially zero such
corollas). The length of the path (v1, ..., v2y,) is 2n and v; and vy are its ending variables.

The set of subgraphs of a graph V (with involution o) is obtained by the following recursive
definiton:

o if a(xy,...,zy) € Cor(V), then {a(x1,...,zy,);idx}, where X = {z1,...,z,}, is a sub-
graph of V,

o if (z,y) € Cor(V), then {(z,y); id(,,} } is a subgraph of V,
o if graphs V; and V,, with involutions o1 and o9, respectively, are subgraphs of V, and if
EWV1, Vo) ={(zy) |z € FV(V1),y € FV(V,) and o(z) =y }

is the set of all edges of V “between V; and V,”, then, for any subset E C E(Vi,Vs),
E = {(x;y;)|i € I}, the graph Wg, determined by Cor(Wg) = Cor(V;) U Cor(V2) and
the involution 7 on V(Wg), defined by

o1(v), ifveVWi)\{x;|i €I}
TE(v) =< o9(v), ifveV(W)\{yil|ie I}
(

o(v), otherwise

if Cor(V1) N Cor(Vs,) = 0, and by

o1(v), ifve VWV)\{x}U{x;|iel})
T(v) = (v)

o2(v), ifve V(VQ)\({y} U {yl ‘ i € I} UaGCor(Vz)ﬁCor(Vl) FV(a))
o(v), otherwise

if Cor(V1) N Cor(V2) # 0, where z € FV (V1) and y € V(V2)\FV (V2) are (the unique
variables) such that o(z) = y, is a subgraph of V.

Observe that, just as graphs do not have to be connected, so do not subgraphs of an arbitrary
graph.

Starting from this notion of graph, an extended unrooted tree is defined as a connected graph
without loops, multiple edges and cycles. As the latter three requirements are standard in the ter-
minology of graphs, we omit their formal definition and illustrate them with examples instead.

Exampre 2.9. The graph from ExampLE 2.6 is not an extended unrooted tree, since it has two
edges between corollas a and b.

The graph {a(x1, z2,23),b(y1,Y2,y3); 0}, where o = (23 y3)(y1 y2), is not an extended un-
rooted tree either, since the edge (y1,y2) connects the corolla b with itself, i.e. it is a loop:

x1
Y2

0=

hn
€2

Exceptionally, but for the same reason, the graph {(z,y); o0}, where o(z) = y, from Example 2.7,
is not an extended unrooted tree.
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The graph {a(z1, 32, 3,24, %5),b(y1, Y2, ¥3,Ya), c(21, 22, 23); 0}, with 0 = (24 y2)(11 22)
(23 x5), is another example of a graph which is not an extended unrooted tree, this time be-
cause of the presence of a cycle that connects its three corollas:

In particular, for the same reason, the graph {(z1,1), (z2,92); 0}, where o = (x1 z2)(y1 ¥2),
from Example 2.7, is not an extended unrooted tree. O

ExamrLE 2.10. We get an example of a graph which is an extended unrooted tree by changing
the involution o of the graph {a(z1, 2, x3, 24, x5), b(y1, Y2, Y3, y4), c(21, 22, 23); 0 } from Example
2.9, to, say, 0’ = (x4 y2)(y1 22), producing in this way the extended unrooted tree with graphical
representation

g

In moving from graphs to trees, we shall additionally differentiate the classes of extended
unrooted trees with respect to the shape of corollas they contain. Let 7 be a connected graph
with no loops, multiple edges and cycles.

e If Cor(T) consists only of ordinary corollas, then 7 is an ordinary unrooted tree.
e If Cor(T) is a singleton with a special corolla, then 7 is an exceptional unrooted tree.
o An unrooted tree is either an ordinary unrooted tree or an exceptional unrooted tree.

Exampre 2.11. The graph from ExampLE 2.10 is an ordinary unrooted tree.
The graph {(z,y); idy, ) } (see also Example 2.7) is an exceptional unrooted tree.
The graph {a(z1,x2,23),b(y1,y2), (21, 22); 0}, where o = (x3y2)(y1 21), depicted as

1
>[@ xs%y2 @ yl%zl % 22

€2

is an extended unrooted tree. It is neither ordinary, nor exceptional. O

Remark 2.12. Observe that, for an ordinary unrooted tree T and any two corollas a,b € Cor(T), there
exists a unique path from a to b.
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A subtree of an (extended) unrooted tree 7 is a connected, non-empty subgraph of 7. We
say that a subtree S of T is proper if Cor(S) # Cor(T). We say that two subtrees S; and Sy of T°
are adjacent, and we write a7 (S, S2) = 1, if there exist u € F'V(S;) and v € F'V(Sz), such that
o(u) = v. If §; and S5 are not adjacent, we write a1 (S1,S2) = 0.

A decomposition of an (extended) unrooted tree T (with involution o) is a set of subtrees of T
defined recursively as follows:

o {T}is a decomposition of T,

o if 71 and 7 are subtrees of 7 with involutions o and o3, respectively, such that Cor(77)N
Cor(T2) = 0, Cor(T) = Cor(T1) U Cor(Tz) and there exist z € FV(T1) and y € FV(T3)

such that
o1(v), ifveV(Ti)\{z}
{ o2(v), ifveV(T2)\{y}

v, ifv=ux,

o(v) =

and if {711, ..., Tin} is a decomposition of 71 and {721, . .., Tam } is a decomposition of Tz,
then {711,..., Tin, T21, - - ., Tom } is @ decomposition of 7. In particular, we shall write

T =A{T1 (zy) T2} (23.1)

to indicate that {77, 72} is a decomposition of 7 (“along” the edge (zy)).

We now define a-equivalence on extended unrooted trees. Suppose first that
T =A{a(z1,...,2pn),..;0}

is an ordinary unrooted tree, witha € C(X), z; € FV (a)\FV(T)and o(z;) = y;. LetT : X' — X
be a bijection that renames z; to z, where z is fresh with respect to V(7)\{z; }. The a-equivalence
(for ordinary unrooted trees) is the smallest equivalence relation generated by equalities

{a(acl, ey Lj—1,Tjy Lid1y - - - ,a:n), e 0’} =a {aT(xl, ey Lj—15 Ry Lj41y - - - ,Ilﬁn), ey 0'/}, (232)

where ¢/ = o on V(T)\{zi,y;} and o’(z) = y;. This definition generalises in a natural way to
extended unrooted trees: to the set of generators given by (2.3.2), we add the clauses

{(z,y),...;0} =a {(z,2),...;0"},

where, for some variable z; € V({(z,y),...;0}), o(y) = =; (i.e. y is not a free variable of
{(z,y),...;0}), zis fresh in the same sense as earlier, and ¢’ is the obvious modification of ¢. In
simple terms, we consider a-equivalent any two trees such that we can obtain one from another
only by renaming variables which are not fixed points of the corresponding involutions.

We shall denote with [T], the a-equivalence class determined by an (extended) unrooted
tree 7. Finally, we shall denote with T¢(X) (resp. eTe(X)) the set of all a-equivalence classes of
unrooted trees (resp. extended unrooted trees) whose parameters belong to P and whose free
variables are given by the set X. If X is a two-element set, this definition includes the possibility
that an unrooted tree has 0 parameters, in which case the corresponding equivalence class is
determined by the appropriate exceptional unrooted tree. We shall write Te (resp. eTe) for the
collection of all unrooted trees (resp. extended unrooted trees) generated by Fe.

2.3.2 The monad of unrooted trees

The monad of unrooted trees is the monad (M, y,7) on the functor category SetBJ”, defined
as follows. The endofunctor M is defined by

M(E)(X) = Te(X).
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The component 7e, : €(X) — M(C)(X) of the monad unit associates to a € C(X) the

isomorphism class of the unrooted tree {a(z1,...,z,), idx }, where X = {x1,..., 2, }:
x1 T2
eX)sa X € M(E)(X)

z3
T5

T4

The action of the monad multiplication, typically (and incompletely) described as “flatten-
ing” in the literature, which could be imagined as illustrated in the picture below

deserves more attention if one wants to make a proper treatment of units of cyclic operads.

In order to obtain its complete description, we first build a rewriting system on eTe. The
rewriting relation — on classes of eT¢ is canonically induced by the reflexive and transitive
closure of the union of the following reductions, defined on their representatives:

{a(m1, .. @1, i Tig 1y - Tn), (Y, 2), 30 = a7 (B0, oy T, 2, it 1y e )y o250 )y
(2.3.3)

where o(x;) = y, T renames z; to z, and ¢’ is the obvious restriction of o, and

{(x7y)7 (u7v)7"';0}%{('x?/v)?"';al}? (2‘3'4)
where o(y) = u, and ¢’ is again the obvious restriction of .
Lemma 2.13. The rewriting system (eTe, —) is confluent and terminating.

Proof. The termination of the system is obvious: in an arbitrary reduction sequence, each sub-
sequent tree has one special corolla less, and the sequence finishes either when all of them are
exhausted (in the case when the initial tree has at least one ordinary corolla), or when there is
only one special corolla left (in the case when the initial tree consists only of special corollas).
Due to the connectedness of unrooted trees, all special corollas (except one in the latter case)
will indeed be exhausted. Clearly, the normal forms are precisely the unrooted trees of Te.

If 71 and 75 are reduced from 7 in one step, and if s; and s, are the special corollas involved
in the respective reductions, the local confluence is proved by case analysis, with respect to
whether s; and s; are equal or not. Let ¢; € Cor(71) and ca € Cor(7z) be the corollas adja-
cent to 51 and s, respectively, which were also affected by the reduction step, and let o be the
involution of 7.

e Suppose that s; = sy = (z,y). Notice that, if z,y € FV(T), then (z,y) is the only corolla
of T,ie. T is already a normal form. Also, if we have o(z) = z, 0(y) = z; (or o(y) = ¥,
o(z) = x;), then ¢; = ¢y, and 77 and T3 are trivially equal. Let us, therefore, assume
that x,y ¢ FV(T). Let o(z) = z; and o(y) = y;, where z; € FV(c1) and y; € FV(cp).
Since extended unrooted trees contain no cycles, ¢; and c¢2 must be different corollas. We
proceed by analysing the shapes of ¢; and c».
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-Ifer =alzy,... 2. .., xn) and co = b(y1, ..., Yj, - - -, Ym), L€ if
T =A{a(z1,...,z5 ..., 2n), (2,9),0(U1, -, Yjs - - YUm)s---50},
then both reductions arise by the reduction rule (2.3.3), leading to
T = {aﬁ(xl,...,xi_l,y,xi+1,...,xn),b(yl,...,yj,...,ym),...;ai},
where ¢/ (y) = y;, on one hand, and
To= (a(z1,. ...z, 20), 02 (Y1s - Yj—15 T3 Yjt 15 Ym) s - - bl

where o/, (z) = z;, on the other hand. The trees 77 and 7; are clearly both a-equivalent
with the tree

Ts = (@™ (21, ., T, Yy i1y - -+ Tn) s 2 (Ys - oy Y1 T, Yt 1y Ym)s - - -3 05),

where o = 0] = o4 on V(T1)\{y,y;} = V(T2)\{z,z;} and o4(z) = y. Therefore,
’Tl e ’T2

- Suppose now that ¢; = a(z1,...,2;,...,2,) and c2 = (y;, 25), i.e. that
T ={alz1,...,zi, ..., z0), (2,9), (Y5, 25),...;0}.
In this case, by the reduction arising by (2.3.3), we get
Ti={a"(z1, ., Tie1, Y, Tit1s - - Tn)s (Y5 2j)s - 501}
where o (y) = y;, and, by the reduction arising by (2.3.4), we get
T2 ={a(z1,. .., @iy, 20), (@, 2)), .. .5 05},

where o/, (z) = x;. The trees 71 and 7> can be reduced again, the respective reductions

leading to
T ={(a")™ (21, s Tie1, 2, Tig1s - - Tp)y e300}
and
To ={a™ (@1, .o i1, 2jy Tig 1y ooy Tn), - 2505 b

It is easy to verify that 71 o7 = 75 and o/ = o, from which we conclude that 7] = T3,
i.e., by the reflexivity of =, that 7/ =, T5.

- If Cc1 = (wl,xl) and Cy = (yj,Zj), ie. if
T= {(wlvwl)?(x7y)7(ijzj)a70}7
then
Tt = {(wi, v), (W5, 2), -5 01},
with o1(y) = y;, and
T2 = {(wi, x), (z,25),...; 05},

with o (z) = z;. The conclusion follows since, by the reduction rule (2.3.4), both T;
and 72 can now be reduced to the tree

75 = {(wi, Zj), ey 0':/3}

o If 51 = (z,y) and s2 = (u,v), we proceed by comparing ¢; and ¢z, which now might be
the same corollas.



2.3. Unbiased definition: a syntax for the monad of unrooted trees 25

-Ifei =c = alzr,...,%5,...,25,...,2,), and if o(z) = 2; and o(u) = z;, then the
corresponding reductions of

T ={alz1,..., 25 ..., x5, ...,20), (2,y), (w,v),...;0}

lead to
Ti={a"(z1,...,y,. .., x5, ..., xn), (W, v),...;01}
and
7-2 = (aTQ(mla"'7xi7"'7U7"'7$n)7(x7y)7"';02}1
where 01 (u) = z; and 02(x) = z;. This configuration of 77 and 73 is analogous to the
one of the second item from the first case of the proof and the conclusion follows by
the same argument.
- Ifc; = ¢ = (2,w), o(x) = zand o(u) = w, the reasoning is the same as in the third
item from the first case of the proof.
— Finally, if ¢; # ¢y, then T; arises by the reduction involving ¢; and s, while ¢z and s
remain unchanged, and, symmetrically, 7; arises by the reduction involving ¢, and

so, while ¢; and s; remain unchanged. By reducing 7; with respect to ¢ and s, and
T2 with respect to ¢z and s2, we clearly obtain the same tree.

By Lemma 2.13, an arbitrary normal form nf(7") of an extended unrooted tree 7, with re-
spect to the rewriting relation —, determines a unique a-equivalence class [nf (7 )], in Te. It is
easily seen that, for every finite set X, this assignment gives rise to the function nf y : eTe(X) —
Te(X), determined by

nfx : [Tla = [0 (T)]a- (2.3.5)

Next, we formally define the flattening of two-level unrooted trees (which is still not the monad
multiplication), i.e. of the representatives of the isomorphism classes of

MM(C)(X) = M(Te)(X) = Tre(X).
Observe that, syntactically, a two-level unrooted tree can be either
o an exceptional unrooted tree {(z,y);id(;} }, Or

¢ an ordinary unrooted tree

{{a(z1,22,...),b(y1,- .. ), 501 a(@1, 22,915 )5 [{(21, 22)50d 2, 20y Ha (215 22)5 -5 0],

whose parameters can be a-equivalence classes of both ordinary and exceptional unrooted
trees of Te.

Remark 2.14. Let T be a two-level unrooted tree. Suppose that, for 1 < i < n, [T;]o € Te(Y;) are
the parameters of T and let C; be their corresponding corollas. We then have F'V (C;) = FV (T;) = Y.
The fact that the set of free variables of each corolla is recorded by the data of the corresponding parameter
allows us to shorten the notation by writing T; without listing explicitly the elements of F'V (T;). For
example, for the tree from the latter case above, we shall write

{[{a(xl,a:g, e ), b(yl, cee ), e ;0’1}]0” ey [{(21, 22); id{Zl,ZQ}}]O(? ey U}.

We shall extend this abbreviation to trees of eTer,, and when the form of the parameters of a two-level tree
is irrelevant, we shall write {[Ti]a, - -, [Tnla, S1s - - - » Sm; 0}, where s; are special corollas.

The flattening of two-level unrooted trees is a familly of functions

flat - TTQ(X) — eTe(X),



26 Chapter 2. A formal language for cyclic operads

indexed by finite sets, defined by the following two clauses:
i ﬂa’t{x,y}([{(l‘a y); id{m,y}}]a) = [{(SE, y); id{x,y}}]av and
o if T ={[{a(w1,22,...),b(y1,--.)s-- 501} a,---, [{(21,22);9d, 20} Has - - - 50}, then

flat x ([Tla) = [{a(z1, 2, ...),0(y1,...), ..., (21,22),...; 0 }Ha,

where, having denoted with 7;, 1 < i < n, the corollas of 7, and with o; the corresponding

involutions,
() o(x) ifxel, FV(T:)
o(x) =
B oi(z) ifzx e V(T)\FV(T).
Observe that a-equivalence of two-level unrooted trees also occurs on two levels. Therefore,

a comment about the validness of the definition of flat y is not superfluous. The proof of the
following fact is nonetheless straightforward.

Lemma 2.15. The function flatx : Tr,(X) — eTe(X) is well-defined.

Observe that flat x ([T]a) is an a-equivalence class of an extended unrooted tree whenever
T contains at least two corollas, one of which is special. These are the cases that make a gap be-
tween the flattening function and the action of the monad multiplication (which always results
in an ordinary unrooted tree). In the same style as we presented the functions nf y by (2.3.5), in
what follows, we shall often denote the class flat y ([T ]o) simply by [flat(T)]a-

The complete characterisation of the monad multiplication
e TTQ — Te

is given by
pex = nfx o flaty.

Therefore, for [T], € Tre (X), we have

pex « [Tla = [nf (flat(T))]a-

Hence, in the presence of units, the action of the monad multiplication is indeed more than just
“flattening”, as commonly stated.
We now prepare the grounds for the proof that (M, p, ) is indeed a monad.

We first extend naturally the domain of flattening to M'M’(C), where M'(C)(X) = eTe(X).
The clause that needs to be added to encompass the classes of eTere (X) concerns two-level trees
of the form

{Ha(z1, 22, .. ), 0(y1, -+ ), (21, 22) - - 501 Has - - -5 [{(u1, u2); iy uny Has - - -5 (V1,02), .- 50},

i.e. extended unrooted trees whose set of corollas allows special corollas and the classes of
extended unrooted trees. Let us denote with 7 the above tree, and let Cor(T) be the set of its
special corollas. The flattening of [T], is defined simply as

flatx ([T]a) = {a(x1,z2,...),b(y1,...), (21, 22), ..., (ur,u2),. .., (v1,v2),...;0}]a,

with ¢ being defined exactly like before for the variables coming from Cor(T)\ Cors(T), while
we set o(z) = o(x) for all variables = € e ¢, (1) F'V (5)-

For [Ti]a, [T2]a € eTer.(X), the following two lemmas give conditions which ensure that

flatx ([Ti]a) — flatx([T2]a) in the rewriting system (eTe, —).

Lemma 2.16. For [Ti]a, [T2]a € eTero(X), if [Tila — [T2la in (eTere, —), then flatx([Ti]a) —
flatx ([T2]a) in (eTe, —).
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Proof. By case analysis relative to the shapes of corollas involved in the reduction [71], — [T2]a-

Lemma 2.17. For [{[Ti]a; -, [Tnlas 815+ -5 8m; 0}a € eTere(X) and 1 < j < n, if [Tjla — [T]a
in (eTe,—), then

ﬂatX([{[,Tl]Ou R [7;']&’ RS} [ﬁl]avsla .. wsnL;UHO&) %ﬂatX([{[,Tﬂav ey [7;‘/]047 R [7;1]04,51, .. ~75m;0}]06)
in (eTg,—>)

Proof. By case analysis relative to the shapes of corollas involved in the reduction [T], — [T/]a.

Relying on Lemma 2.16 and Lemma 2.17, we obtain the following two equivalent character-
isations of the monad multiplication.

Lemma 2.18. For [T]o = [{[Ti]as- - - [Tulas S15- - - Smi 0 }a € eTere (X) the following claims hold:
1. nf(flat(T)) =a nf (flat(nf(T))),
2. nf (flat(T)) =a nf (flat({[nf (T, - - [0f (Ta)]as 51, - -, $m; 0}))-

Proof. By the termination of (eTer,, —), we have that 7" — nf(T), and then, by Lemma 2.16 and
the termination of (eT¢, —), we get the following sequence of reductions in (eTe, —),

flat(T) — flat(nf(T)) — nf(flat(nf(T))).

On the other hand, by the termination of (eTe, —), we also have that flat(T) — nf(flat(T)).
Therefore, the first claim follows by the confluence of (eT¢, —).

As for the second claim, by the termination of (eTe, —), we have 7; — nf(7;), forall i € 1.
Hence, by Lemma 2.17, and then again by the termination of (eTe, —), we get that

fat(T) = fat({[nf (T)]as- - [0f (To)]as S15 -+ -5 Smi o))
= nf(flat({nf(T1),...,nf(Tn), 81, Sm;0}))

is a reduction sequence of (eTe, —). The conclusion follows as in the previous claim. [

On the other hand, by the very definition of flattening on extended unrooted trees, we have
the following property.

Lemma 2.19. For T = {[Tila;, - -, [Tnla; 0} € Ter.,, the following equality holds:

flat(flat(T)) = flat({[flat(To)la - - -, [flat(Tn)]as 0}).

We now finally verify the laws of the monad (M, x, 7).

Lemma 2.20. For natural transformations y : MM — Mand n : 1 — M, the following diagrams
commute for every functor C : Bij°’ — Set and finite set X:

Mue Mne,, nMe
MMM(E)(X) MM(E)(X)  M(E)(X) ——— MM(C)(X) M(C)(X) ——— MM(C)(X)

pMe h ‘Hex ide Hex ide %X
)

ke x

MM(E)(X) ———— M(E)(X) M(E)(X) ME)(X

Proof. We begin with the left diagram. Chasing the associativity of multiplication includes treat-
ing several cases, relative to the shape of the unrooted tree of
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MMM(C)(X) = Try, (X)

that we start from. The most interesting is the one starting from (a class determined by) an or-
dinary unrooted tree with corollas given by ordinary unrooted trees built over T¢ and we prove
the associativity only for this case. Let, therefore, T = {[Ti]as- - -, [Tnla; 0}

By chasing the diagram to the right-down, the action of Myie, corresponds to corolla-per-
corolla flattening of 7, followed by taking the respective normal forms. Then (. flattens addi-
tionally the resulting tree and reduces it to a normal form. These actions make the following
sequence of steps:

T = Alfat(T)la, - - -, [flat(Ta)la; o}
= {0 (Rat(T ) . [nf (A0t (T:) i 0}
flat({[n, ([ HT)o [n (flat(Tn))la; o})

— a
= of (flat({[nf (Aat(Ti))la - - - [nf (Aat(Tn))]as 01)) = R

The action uMe . on the left-down side of the diagram corresponds to the action of x on the
tree 7 in whole, which flattens it and reduces it to a normal form. Followed by p again, this
gives us the following sequence:

T flat(T)
nf (flat(T))
flat(nf (flat(T)))

nf (flat(nf (flat(T)))) = L.

Let R = nf(flat({[flat(T1)]as - - -, [flat(Tn)]a;0})) and L' = nf(flat(flat(T))). By Lemma
2.18, we have that R = R’ and L = L/, and, by Lemma 2.19, we have that R’ = L’

We now verify the unit laws for the case when [T ], € M(C)(X) is determined by an ordinary
unrooted tree. Let, therefore, T = {a1(z1,...,2k), .- an(Y1,-..,Yr);0}.

By going to the right-down in the first unit diagram (i.e. the diagram in the middle), the
action of M,  turns each corolla a; into a single-corolla unrooted tree 7;, leading to a two-
level unrooted tree, which is then flattened and reduced to a normal form by p.. Therefore, the
right-down side sequence is as follows:

T = {{a(z1,...,zk),id} ey [{an(yr, .- yr);id}a; 0}
= {ai(z, .. 2k)y a0y, Yr) 0}
= {ar(xr, . xk), o an (Y, -, Ye); 00}

11117

the resulting tree being exactly 7, since

(@) _{ o(z) ifx e UL, FV(T) :{ o(z) ifz e V(T)

z  ifwe V(T)O\FV(T) iz e V(T\EV(T) o(),

wherein the last equality holds since V(7;)\FV(7;) = 0, forall 1 <i < n.

By chasing the second unit diagram to the right, 7 will first be turned, by the action of n Mg,
into a single-corolla two-level tree, which will then be flattened and reduced to a normal form
by the action of u. Therefore, we have the sequence

T = {Ha(z1,...,z1), . san(yry - yr); 0 Ha, idx }
= {ai(zr, . 2k), - an(yr, - ye)sddx )
— {al(xl,...,$k),...,an(yl,...,y,ﬂ);z’dixl}

For the resulting involution id x" we have
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idx'(x) = idx(z) =

{ x  ifzeFV(T) o)

o(x) ifxe V(T)\FV(T)
Therefore, the resulting tree is exactly 7. |

Finally, here is the original definition [GK95, Definition 2.1] of a cyclic operad, recasted in
the new syntactic framework.

Definition 2.21. A cyclic operad is an algebra over the monad (M, y, ).

And, under these syntactic glasses, the well-known result about the equivalence of the bi-
ased and unbiased definitions tells that a functor € : Bij°” — Set carries a cyclic operad structure
(as described by Definition 1.4) if and only if it is endowed with a structure morphism of an M-algebra
structure on C. Formally, denoting with Alg,(SetBi”) the category of M-algebras in SetB4”,
the following theorem holds.

Theorem 2.22. The categories COep, and Algy (SetBU™) are isomorphic.

Before we introduce the p-syntax in the following section, and ultimatelly prove Theorem
2.22, we indicate the biased cyclic operad structure “hiding” in the monad approach we just
formalised. As we shall see, the exceptional unrooted trees will be used as pasting schemes of
identities of cyclic operads. The reason to go for exceptional unrooted trees (instead of taking
explicit corollas, i.e. parameters, for identities), is that, otherwise, in the definition of the free
cyclic operad over Fe that follows, eTe(X') would have to be quotiented by more than the corolla-
preserving isomorphisms, as the validation of the unit laws would involve the identification of
trees which are not a-equivalent.

2.3.3 The free cyclic operad structure implicit in (M, y, n)

In the unbiased approach of §2.3.2, the monad M actually arises from the adjunction F' - U,
where F : SetBi” — CO,, is the free cyclic operad functor and U : COep, — SetBU” is the
obvious forgetful functor. For a functor €, we now reveal the definition of the free cyclic operad
over C, which was implicit in §2.3.2.

The functor F'(C) : Bij?”? — Set, underlying the free cyclic operad, is defined by F'(€)(X) =
Te(X). Before we spell out the biased free cyclic operad structure in the style of Definition 1.4,
we fix some notation.

Notation 2.23. Foran unrooted tree T, a finite set V and a bijection 9 : V- — V (T), we shall denote with
T the unrooted tree obtained from T by renaming its variables in a way dictated by  and adapting its
corollas accordingly. More precisely, if a € Cor(T) is an ordinary corolla, TV will, instead of a, contain

the corolla a®""'”, and, if (z,y) € Cor(T) is a special corolla, T will, instead of (x,y), contain the
corolla (971 (z), 9~ (y)). The involution ¢” of TV is defined as o’ (v) = 9~ (c(I(v))), forv € V.
For a bijection x : X’ — X, the image [T]% of [T]a € Te(X) under Te(k) : Te(X) — Te(X')
is the equivalence class [T"¢],, where ¢ : V — V(T )\X is an arbitrary bijection, such that
X'nv =40.
Let X and Y be non-empty finite sets such that for some z € X and y € Y we have X\{z} N
Y\{y} =0, and let [T1]o € Te(X), [T2)a € Te(Y'). The partial composition operation

voy : Te(X) X Te(Y) = Te(X\{z} UY\{y})

is given as
[Tila z®y [T2)a = [nf (T)]as

where Cor(T) is obtained by taking the union of the sets of corollas of 71 and 73, after having
previously adapted them in a way that makes this union disjoint with respect to the variables
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occuring in it. More precisely, if J; : Vi — (V(71)\X) U {z} and 92 : Vo — (V(T2)\Y) U {y} are
bijections such that V4 N V2 = (), then

‘FV(C) |FV(D)

Cor(T) = {CW1Vidx\(a)) |C € Cor(T1)} U {DW2Vidv\(y)) | D e Cor(Tz)}.

If o; is the involution of 7;, i = 1, 2, the involution ¢ of 7 is defined as follows:

(07 (01(01(v)) if v € Vi\OT ()
974 w) if v — 07 (2)
o(v) =4 V3 (02(02(v)) ifve by (y)
I () if v =95 (y)
v ifve X\{z}UY\{y}.

For an arbitrary two-element set {y, z}, we set id,, . = [{(y, 2);idy .} }a-

Remark 2.24. Observe that the partial composition structure on classes of unrooted trees does not violate
the constant-freeness requirement. The condition C({x}) = 0 plays an indispensable role here: requiring
that C(0) = 0, but allowing the possibility that C({x}) # 0, is inconsistent. Consider, for example,
a € C({z}), b € C({y}) and their composition [a(x)]a +9y [0(Y)]a-

24 p-syntax

Backed up with the graphical intuition of the free cyclic operad structure on classes of unrooted
trees described in §2.3.3, in this section we introduce the p-syntax.

241 The language and the equations

For a functor € : Bij?” — Set, such that €()) = C({z}) = 0, the language of the p-syntax is built
over the collection of parameters Fe (see (2.2.2)) and the set of variables V. Unlike the combinator
syntax cTerme specified in §2.2, which has only one kind of expressions, the p-syntax features
two different kinds of typed expressions, as shown in Figure 2.2, where a € Pe and z € V.

COMMANDS TERMS
cu=(s|t) | a{t1,... tn} s,t =z | px.c

Ficure 2.2: Commands and terms of the pi-syntax

We denote the typing judgments for commands and terms with ¢ : X and X |s, respectively,
where X ranges over finite sets. In expressions ¢ : X and X | s, the set X is the type of the
command c and of the term s, respectively, and the backward typing judgment X | s is used
merely to further distinguish the representation of terms and commands. We say that a is the
head symbol of a command a{t1,...,t,}.

The assignment of types to commands and terms is done by the rules listed in Figure 2.3.

a€C{zy,...,zn})

Y; pairwise disjoint for all i € {1,...,n} XNY =0
Yi|t; foralli e {1,...,n} X|s Y|t c: X zeX
{a}]= aft, -t} UL Yo (516):XUY  X\{a}|pzc

Ficure 2.3: Typing rules of the p-syntax
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Remark 2.25. Observe that, thanks to the disjointness assumptions in the two rules for typing com-
mands, for each term px.c, where ¢ : X, the variable x bound by p has a unique occurence among the
variables of X.

Intuitively, commands mimick operations of the free cyclic operad over the functor C, and,
thereby, a judgement ¢ : X should be thought of as an unrooted tree whose free variables are
precisely the elements of X. On the other hand, terms represent operations with one selected
entry and the role of the set X in a judgement X | s is to label all entries except the selected
one. From the tree-wise perspective, this is represented by an unrooted tree whose set of free
variables is X U {z}, where x is precisely the variable bound by p (i.e. the variable placed
immediatelly on the right of the symbol ).

Remark 2.26. It is easily seen that, for any command c : X, the set X contains at least two elements.
Related to this is the fact that an expression of the form py.(ux.c) is not allowed by the typing rules. This
reflects the constant-freeness requirement we imposed for cyclic operads.

Notation 2.27. We shall sometimes denote the commands introduced by the second typing rule as
a{ty|x € X} (for a € C(X)), or as a{c}, where o assigns to every x € X a term t,. The order of
appearance of the t,’s in a{t,|x € X} is irrelevant. Whenever we use the notation, say a{t, s}, for
a € C({x,y}), it will be clear from the context whether we mean a{t,s} = a{o}, with o(z) = t and
o(y) = s, or with o defined in the other way around.

The way commands are constructed is motivated by the action of the simultaneous and
partial grafting of unrooted trees, formally defined through the composition operation , e, from
6§2.3.3. The command a{t, |z € X}, introduced by the second rule, should be imagined as the
simultaneous grafting of the corolla a and the “surrounding” trees ¢,, one for each free variable
x of a, along the variables bound by 1 in each ¢,. In the special case when, for some z € X,
the corresponding term ¢, is a variable, say u, this process of grafting reduces to the renaming
of the variable z of the corolla a to u. Therefore, if all the terms corresponding, by the second
typing rule in Figure 2.3, to the elements of X are variables from the set, say, V = {u,v,w, ...},
then the appropriate command is a{c}, where o : V' — X is the bijection determined by that
correspondence, and it describes the unrooted tree {a (u, v, w, ...);idy}. The command (s |t)
describes the grafting of unrooted trees represented by the terms s and ¢ along their variables
bound by (.. Therefore, the pattern (ux._ |py._ ) corresponds to the composition (—),e,(—) on
classes of unrooted trees.

The equations of the p-syntax are given in Figure 2.4.

MUl  (s|t) = (t]s) (MU3)  px.c = py.cly/z]
MU2)  (ux.cls) = c[s/x] Mu4)  afty|r € X} =a%{t, |y €Y}

FiGure 2.4: The equations of the ;i-syntax

In Figure 2.4, in (MU2), c[s/x] denotes the command ¢ in which the unique occurrence of the
variable z in X (see Remark 2.25) has been replaced by the term s, in (MU3), y is fresh with
respect to all variables of ¢ except z, and, in (MU4), 0 : Y — X is an arbitrary bijection.

The equation (MU1) stipulates the symmetry of grafting of unrooted trees, i.e. the commu-
tativity of composition operations ,e,.

The equations (MU3) and (MU4) are a-conversions, capturing the same intuition as does o-
conversion in A-calculus. Intuitively, a-conversion tells that the name of the entry selected for
the composition does not matter, which reflects the equivariance of composition operations ,e,,.
Put in an very simple context, a-conversion tells that the function f(x) is the same as the func-

tion f(y).
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The substitution c[s/z], figuring in the equation (MU2) (as well as the substitution c[y/z]
from (MU3)), must be performed in the capture-avoiding manner. This means that the variables
which were originally “free” (i.e. not bound by ) in ¢ cannot become “captured” (i.e. bound by
) after the substitution is made. This is achieved by renaming, prior to the substitution, all the
bound variables in c and s, so that they are all turned mutually distinct, and then performing
the appropriate substitution. For example,

pz.a{z, y}z/y] # pr.afz,x},  but  pz.a{z,ytz/y] = pz.a’{z y}z/y] = pz.a’{z,z},

where o renames z to z.

The equation (MU2) is quite evidently reminescent of the S-reduction of A-calculus, when
considered as a rewriting rule (uz.c|s) — ¢[s/z], and it essentially captures the same idea of
function application as A-calculus. The intuition becomes more tangible from the point of view
of trees: the commands (ux.c|s) and c[s/z], equated with (MU2), describe two ways to build
(by means of grafting) the same unrooted tree. Here is an example.

ExampLE 2.28. Consider the unrooted tree

T = {a(z1,z2, 23, 24), b(y1, Y2, Y3, Ya), c(21, 22); 0 },

where 0 = (23 y1)(x4 21). One way to build 7 is to graft along =4 and z; unrooted trees 7; =

{(I(l‘l, xr2,x3, 564), b(ylv Y2,Y3, 3/4), Ul}/ Where g1 = (x?) yl)l and 75 = {C(Zlv 22); /l;d{zl,z’g}}/ Slngled
out with dashed lines in the left picture below:

The unrooted tree 7; (in the upper part of the left picture) can itself be seen as a grafting, namely
the simultaneous grafting of the corolla a and its surrounding trees: in this case this involves
explicit grafting only with the corolla b (along the free variables x3 and y;). This way of con-
structing 7 is described by the command

<,LL$4.Q{]I1, X2, Myl-b{yh Y2,Y3, y4}7 .’IZ’4} ‘ nz1 .Q{Zl, 22}> (*)

that witnesses the fact that 7; and 73 are connected along their selected free variables x4 and
21, respectively: x4 and z; are bound with p in the terms corresponding to these two trees. The
subterm a{x1, z2, py1.b{y1, Y2, y3, Y4}, x4} on the left-hand side is the command that accounts
for the simultaneous grafting of the corolla a and its surrounding trees, while c{z1, 22} on the
right-hand side stands for the corolla c. On the other hand, we could have chosen to build the
tree 7 simply by making the simultaneous grafting of the corolla a and its surrounding trees,
as indicated on the picture on the right. This way of building 7 is described with the command
a{z1, 2, py1.b{y1, y2, Y3, ya }, pz1.c{z1, 22} }, which is, up to substitution, exactly the command

a{x1, zo, py1.b{y1, Y2, Y3, ya}, xa}pz1.c{z1, 22} /4]

to which (*) reduces by applying the rewriting rule (uz.c|s) — c[s/x]. O
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We shall denote with pExpe the set of all expressions of the p-syntax induced by Pe, and
we shall use yTerme and pComme to denote the subsets of terms and commands of pExpe, re-
spectively. As in the case of the combinator syntax, the set of expressions (resp. terms and
commands) of type X will be denoted by pExpe(X) (resp. uTerme(X) and pComme(X)).

2.4.2 p-syntax as a rewriting system

Let ~ be the rewriting relation defined on ;Exp; as the reflexive and transitive closure of the
union of rewriting rules

(s|ty ~ (t|s) and (ux.c|s)~ c[s/x]

obtained by orienting from left to right the equations (MU1) and (MU2), respectively, which is,
moreover, congruent with respect to (MU3), (MU4) and substitution?.

The non-confluence of the rewriting system (uExpg, ~) shows up immediately: for reduc-
tions

calpx.c1/y] e (px.c1 | py.ca) ~ c1|py.c2 /7]

arising due to (MU1) (which makes the whole reduction system symmetric), we do not have a
way to exhibit a command ¢, such that cp[pz.c1/y] ~ cand ¢i[puy.ca/x] ~» c. Nevertheless, all
three commands above describe the same unrooted tree.

However, modulo the trivial commuting conversion, this rewriting system is terminating:
as a consequence of the fact that an element z € X appears only once in a command ¢ : X, the
number of p-binders in an expression is strictly decreasing at each reduction step of the form
(pa.c|sy ~ c[s/x]. It is straightforward to prove that the set ,uExpgf = /,LCommgf u ,uTermgf of
normal forms is generated by the following rules:

a€l(X) tye€ uTermgf forallz € X ce uCommgf
T € ,uTermgf a{t, |z € X} € ,uCommgf pux.c € ,uTermgf

In the next example, we examine the shape of normal forms in relation with unrooted trees.

ExampLE 2.29. Let 7 be the unrooted tree from ExampLE 2.28. Here is the list of commands in
normal form that describe 7

a{x1, x2, py1.b{y1, Y2, y3, ya}, pei.c{z1, 22} },
b{pxs.a{z1, xo, x5, p21.c{z1, 22} }, Y2, y3, 4},  b{pas.c{prs.a{zi, x2,x3, 24}, 22}, y2, Y3, v},

c{pza.a{py.b{y1,y2, Y3, ya}, w2, x3, x4}, 22},  c{pxa.b{pxs.a{xi, 2, x3, 24}, 92, y3,v4}, 22}

Each of the commands records the free variables and corollas of T free variables are the vari-
ables not bound with p (z1, x2, y2, y3, ¥4 and 22), and the corollas correspond to the underlined
parameters (a, b and c). The variables involved in edges of 7 (x3, y1, 4 and z;) can also be re-
covered from the list, as the variables bound with p.. For example, in the first command we see
that y; and z; are explicitly bound by p, while for z3 and x4 we could say that they are implicitly
bound, given that they are replaced with a non-variable term.

In general, the set uCommgf describes decompositions of unrooted trees of the following kind:
pick a corolla a of a tree, and then proceed recursively so in all the connected components of
the graph resulting from the removal of a. (We provide in §2.4.4 an algorithmic computation of

! Since the precautionary renaming which ensures that the substitution c[s/z] is done in the capture-free manner
is non-deterministinc, the rewriting relation ~- is formally defined on the equivalence classes of expressions of the
u-syntax with respect to (MU3) and (MU4), just as the usual rewriting systems in A-calculus are actually defined on
a-conversion classes.
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these connected components).

Amusingly, one can show that, if (MU1) gets oriented in the other way around, the normal
forms of the resulting rewriting system will be in one-to-one correspondence with the combi-
nators of Section 2.2, and thus describe decompositions of unrooted trees of the following kind:
pick an edge e of the tree, and then proceed recursively so in the two connected components of
the graph resulting from the removal of e.

These two extremes substantiate our informal explanation of the ;i-syntax as a mix of partial
composition and simultaneous composition styles.

2.4.3 The interpretation of the y-syntax in an arbitrary cyclic operad

We next consider the semantic aspect of the y-syntax relative to unrooted trees that we intu-
itively brought up in §2.4.1 and §2.4.2, by defining an interpretation of the p-syntax in an arbi-
trary cyclic operad characterised as in Section 2.2. We ascribe meaning to the ;i-syntax by first
translating it to the combinator syntax.

The translation function
[[—]] : HEXpe — cTerme

is defined recursively as follows, wherein the assignment of a combinator to a term ¢ € yTerme
is indexed by a variable that is fresh relative to all the variables which appear in ¢:

o [[2]ly = iday,

o if, for each = € X, [[t;]]z is a translation of the term ¢, then

[la{ts [z € X}]] = alyp),

where a(y) denotes the combinator corresponding to the simultaneous composition de-
termined by a € C(X) and ¢ : © — ([[t2]]z, T) (see (2.1.1)),

o [[pa.dly = [lely/=]]], and
o [[(s| D] = [[s]z zoy [ty -

In order to show that [[—]] preserves the equalities from Figure 2.4, we introduce the follow-
ing notational conventions. For a command ¢ : X (resp. term X |¢) and a bijection o : X' — X,
we define

& i=c..., 07 x)/x,...] (resp. t7 :=t[...,0 Yx)/x,...])

as a simultaneous substitution (i.e. renaming) of the variables from the set X (guided by o).
One of the basic properties of the introduced substitution is the equality

(pa.c)’ = pa.c’

(for the definition of o,, see the paragraph Notation and conventions in the Introduction).

The way ¢” is defined indicates that its translation should be the combinator [[¢]]7 : X'.
The following lemma ensures that this is exactly the case. In its statement, [[—]] x denotes the
restriction of [[—]] on puExpe(X). Furthermore, for a bijjection o : X’ — X, ()7 : cTerme(X) —
cTerme(X') will be the mapping of combinators canonically induced by €() : €(X) — C(X").

Lemma 2.30. For a bijection o : X' — X, t € pTerme(X) and ¢ € pComme(X), the following two
equalities hold:

[Ty = [ty and — [[”]] = [[c])”

Proof. By structural induction on ¢ and c. [
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In order to verify that [[—]] is sound, we shall also need the following result.

Lemma 2.31 (Substitution lemma). Let X NY = (, t € uTerme(Y) and x € X. Then, for s €
pTerme(X) and ¢ € pComme(X), the following two equalities hold:

([s[t/all}u = [[slluzou [[tl]o  and — [[cft/2]]] = [[e]] zou [[1]]o-

Proof. By structural induction on ¢.
If t is a variable, say y, then, by (U2) and (EQ), we get

([sly/=]]]u = [[Sidg(/x“u = HSHuldg(/r = [[slJu 20w idv,y = [[s]]u z00 [[Y]]v »
and, analogously,
lely/]]) = [ ) = [[ ] = [[e]] sos idsy = [[€] w0 [[y]]--

If t = py.c1, we proceed by induction on the structure of s, i.e. c.

o If s = z, then, again by (U2) and (EQ), we get

[zlpy.ci/alle = [y-cilla = [lefu/y]] — €Y
= [[Cl]]id;/y = [lallyoriden = l[lei)lyorl®l]le = [ea1lw/y]]] woz [[#]]u-

e Next, assume that ¢ : X U {z} satisfies the equality and let s = pz.c. Denote U = X\{z} U
{z} UY. By (U2) and (EQ), we have

(pzcluycr/allle = (welcluyer/a)lle = [eluy-ci/alfu/z]] = [eluy-cr /2] )]
= [lclpy.ca/a)))it” = ([laoy ) = ()4 o, [[e1]]
= [lefu/2 0w falo/yl] = [[wo-dlu 0w [far[v/y]])-

e Let X = X; U X, and suppose that ¢ = (t; | t2), where X | ¢t; and X3 |t satisfy the claim.
Without loss of generality, we can assume that 2 € X5. By (A1), we have

[{t1 o) [py-ca/a]l] = [[{tr [t2[py.c1/z])] = [[tlluwov [[t2[py-c1/x]]]o
= [[tl]]u uOv (HtQ]]v zOw [[Ny-clnw) = ([[tl]]u uOu [[t2”u) zOw [[My'cl]]w
= [[(tr[t2)]] wou [[1y-c1]]o-

e Finally, let X = (J,., Y. and suppose that ¢ = a{t. |z € Z}, whereforall z € Z, Y, |t,
satisfy the claim. Suppose, moreover, that for v € Z, z € Y,,. Then, on one hand, we have

[a{t: |z € Z}py.c1/x]]] = [la{{t: | 2 € Z\{u}} U {tu[py.c1/2]}}]] = alyp),

Khe;e oz ([[t:]]z,2), forall z € Z\{u}, and ¢ : u — ([[tu[py.c1/x]]]z, @). On the other
’ [aft: |z € Z}] 0w [luy-crllo = a(i1) 20 [[py-c1]]o,

where ¢ : z — ([[t.]]z, %), forall z € Z. By Lemma 2.1,

a(1) zov [[Hy-c1]lo = a(tb2),

where 9 = 11 on Z\{a}, and ¢ : u — ([[tu]]m «00 [[11y-c1]]v, @). Hence, we need to prove
that

[ulpy-cr/2llla = [[tu]lw zou [[ny-c1]]o,
but this equality is exactly the induction hypothesis for the term ¢,,.
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Let =, (resp. =) be the smallest equivalence relation on pExp (resp. cTerme) generated by
the equations of p-syntax (resp. by the equations of Definition 1.4).

Theorem 2.32. The translation function [[~]] : uExpe — cTerme is well-defined, i.e., it induces a map
from pExpe/—, to cTerme/—. Moreover, the induced map is a bijection.

Proof. The equation (MU1) is valid in the world of combinators, as it gets translated to (C0). As
for (MU2), for a command ¢ : X, by Lemma 2.31, we get:

(e | )] = [[1.cllu woo [[]o = [[efu/all] wou [[t]o = [[]Y " wou [[t]e = [[dl] cou [[Hlo = [clt/a]]).
For (MU3) and (MU4), we have
([nz.cllu = [[efu/z]] = [[c[y/=][u/y]] = [[ny-cly/z]]]u

and
[a”{to) |y € YH] = a”(¢) = a”(po0) = alp) = [[a{ts |z € X}]],

where @' : y = ([[ta() s 7(0)) and @ : o(y) = ([[to(y)] 77 7(5)), respectively.
The inverse translation is obtained via the correspondence (—),0,(—) — (ux._|py._).
|

We define the interpretation of the p-syntax in an arbitrary cyclic operad € as the composi-
tion
[[[=]]]e : uExpe — C, (2.4.1)

where the interpretation [—|e : cTerme — C arises as explained in Section 2.2.

2.4.4 p-syntax does the job!

The theorem below puts the p-syntax in line with already established frameworks for defining
a cyclic operad.

Theorem 2.33. The correspondence ®x : pComme(X),
interpretation

— Te(X), canonically induced from the

[[[=]1re : pExpe — Te,
of the p-syntax in the free cyclic operad Te (defined in §2.3.3), is a bijection.

The proof of Theorem 2.33 goes through a new equality =’ on uCommgf (X), as well as suitably

tailored decompositions of unrooted trees, necessary for establishing the injectivity of ®x. We
first describe these decompositions and the equality =" and then prove the theorem.

“Pruning” of unrooted trees

We describe an algorithm that takes an ordinary unrooted tree 7, a corolla a € Cor(T) and a
variable v € FV (a)\FV(T), and returns a proper subtree 7, of T, the subtree “plucked” from
a at the junction of v and o(v), where o is the involution of 7. In the sequel, for an arbitrary
corollab € Cor(T)and w € FV(b)\FV(T), Sy (b) will denote the corolla adjacent to b along the
edge (w, o(w)) (if such a corolla exists).

We first specify how to generate the set Cor(7,)" of pairs of a corolla of 7, and one of its
free variables, by the following formal rules:

(b,u) € Cor(Ty)t we FV(O)\(FV(T)U{u})

(Sy(a),a(v)) € Cor(Ty)™ (Sw(b),o(x)) € Cor(Ty)™
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This formal system has the following properties.

Remark 2.34. Each element (S,,(b),o(w)) € Cor(T,)™" is such that S,,(b) is adjacent to b in T. For
each (b,u) € Cor(T,)t, we have b # a. Intuitively, by iterative application of the second rule, a way to
traverse a branch of the tree T is determined.

We obtain the set of corollas of 7, by erasing from the elements of Cor(7,)" the data about
the distinguished free variables, i.e. we define

Cor(Ty,) = {b]| (b,u) € Cor(T,)" for some u € FV(b)}.

The involution o7, of 7, is defined as

o(z) ifze€ (Ubecor(%) FV(b))\a(v)
or,(2) =

z if z=0(v).

We shall denote the algorithm with P, and the result P(7, a, v) of instatiating P on a tree 7,
a corolla a € Cor(T), and a variable v € FV (a)\FV (T ) will often be denoted as 7, as we have
just done above. The following claim guarantees that P is correct.

Lemma 2.35. For an unrooted tree T, a € Cor(T)and v € FV (a)\FV(T), Ty is a proper subtree of
T.

Proof. By the construction, we have that Cor(7,) C Cor(T) and that 7, is connected. By Re-
mark 2.34, it follows that Cor(7,) is a proper subset of Cor(7). Finally, since o, = o on
V(To)\FV(Ty), we can conclude that 7, is indeed a subtree of 7. ]

Lemma 2.36. For an unrooted tree T and a € Cor(T), the set of unrooted trees P(T, a), defined by
P(T,a) = {{alyr, - yn)sidy }} U{To [0 € YAFV(T)},

whereY = {yi1,...,yn}, is a decomposition of T.

Proof. The proof goes by induction on the cardinality of Y\FV (T). ]

From the point of view of the appropriate composition of classes of trees, Lemma 2.36 gives
us the following result.

Corollary 2.37. Let T be an unrooted tree and let a € Cor(T). Suppose that FV(T) = X and
FV(a) =Y, whereY = {y1,...,yn}t. Let I = {i1,...ix} = {i € {1,...,n}|y; € FV(a)\X}.
Then, if P(T,a) = {{a(y1,...,yn);idy }} U{T,, |i € I}, we have that

[7—]04 = (([{a(yla cee 7yn); idY}]Oé Yi2o(yi,) [7;1'1]@) T ) yik.a(yik) [Eik]a .

Proof. Given that the trees from P(7,a) have mutually disjoint sets of corollas and variables,
the equality holds since the composition on the right-hand can be “calculated” without any
“precautionary” renaming. |

Lemma 2.38. If an unrooted tree T has at least two corollas, then there exists ¢ € Cor(T), such that
FV (c)\FV(T) is a singleton.

Proof. Suppose that F'V(7T) = X and let o be the involution of 7. We proceed by induction on
the number n of corollas of 7.

For the base case, suppose that Cor(7) = {a, b}. Then there exist z € F'V(a) and y € F'V(b)
such that o(x) = y, while all other variables of 7 are fixpoints of o. Hence, FV (a)\FV(T) = {z}
and FV (b)\FV(T) = {y}, i.e. a and b both satisfy the claim.

Assume now that 7 has n corollas, where n > 2. Leta € Cor(T), FV(a) =Y ={y1,...,yn},
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be such that there exists v € Y\ X. If v is the unique such variable, we are done. If not, consider
the P(T,a) = {{a(y1,...,yn);idy}} U{Ty|u € Y\X} of T. If Cor(T,) = {Su(a)}, by the
definition of P, we know that FV(S,(a))\X = {o(v)}. Therefore, since Cor(T,) C Cor(T),
Sy(a) is a corolla that satisfies the claim. If 7, contains more than one corolla, by the induction
hypothesis on 7,, we get b € Cor(T,) such that FV(b)\FV(T,) = {w}. Since FV(b)\X C
FV(b)\FV (T,), we know that either FV (b)\ X = {w}, or FV(b)\X = (. The latter is impossible
because b would be the only corolla of 7. |

Let 7 and c be as in Lemma 2.38 and let F'V (c)\F'V(T) = {v}. We shall denote with 7,
the unrooted tree determined by Cor(7,.) = Cor(T)\{c} and its involution o ., which agrees
with the involution o of T everywhere, except on o(v), which is a fixpoint of /.. Lemma 2.38
guarantees that 7/, is well-defined.

We now establish a non-inductive characterisation of the output of the algorithm P.

Lemma 2.39. Let T be an unrooted tree with involution o and let a € Cor (T )andv € FV (a)\FV (T).
The following properties are equivalent for a subtree T' of T

1. T'=P(T,a,v),
2. o(v) € FV(T") and FV(T')\{o(v)} € FV(T).

Proof. That (1) implies (2) is clear.

We prove that (2) implies (1) by induction on the number n of corollas of 7.

If n = 1, then, as o(v) € FV(T'), we have that S,(a) is the only corolla of 77, and the
conclusion follows since, by the assumption, FV (7' )\{co(v)} = FV(Sy(a))\{c(v)} C X, ie.
FV(S,()\{X U {o(v)}} = 0.

Suppose that n > 2, and let, by Lemma 2.38, ¢ € Cor(T’) be such that FV (¢)\FV(T) is
a singleton, say {y;}, wherein F'V(c) =Y = {y1,...,yn}. If c = Sy(a), then it follows easily
that 7" = 7,. If not, by applying the induction hypothesis on 7/, we get that 7). = P(7}., a,v).
Observe that (S,,(c),w) € Cor(T/’c)*, for some w € FV(Sy,(c)) different from o(u). By in-
stantiating P on (Sy,(c), w) and o(u), we get the pair (c,y;), and the claim follows because
YA\(FV(T) U{yi}) = 0 (i.e. the algorithm stops) and because 7/ U {c(y1,...,yn); idy} is a
decomposition of 7. |

For the following two lemmas, recall the definition of the simultaneous composition (2.1.1)
for entries-only cyclic operads. We shall instantiate it on the cyclic operad of classes of unrooted
trees, described in §2.3.3.

Lemma 2.40. Let a € C(X), where X = {x1,...,zn}, and let, forall x; € X, v : i — ([Tz;]a, Ti)
be an assignment for which the simultaneous composition [{a(x1, ..., y); idx }]a(7y) is well-defined.
Then the following properties hold.

a) The a-equivalence class [{a(x1,...,xy);idx }a () admits a representative T, such that a €
Cor(7).

b) If T is a representative of [{a(z1,...,2n); idx }]a(7), such that a € Cor(T), and if o is the invo-
lution of T, then each class [T,] admits the unrooted tree P(T, a,x;)P, where p; renames o (x;)
to T;, as a representative.

Proof. Observe that there are two stages of renaming involved in forming the simultaneous com-
position [{a(x1, ..., xy); idx }a (7). By (2.1.1), we first rename the free variables of the corolla q,
obtaining in this way the composition

(- ({a(@h, o 2h)sidxo Haanozr [Taila) ) enomm [Tanlas
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where X’ = {z,...,2/,} and 0 : X’ — X is defined by o(z}) = x;, which is then “calculated”
by the definition of , e, from §2.3.3. This calculation involves the renaming of variables of all the
trees from the above composition, in such a way that the resulting trees have mutually disjoint
sets of variables, i.e. it goes though the simultaneous composition

; Uid EEZDANETS m\Jid z Tn
(‘ .. ([{aaor(yh o yn); ldY}]ayq‘m [7;11 FV(Te )\ }]a) . ) - [(‘Txn YRV (Top )\{ }]a’
whereY = {y1,...,yn},7: Y — X'isdefined by 7(y;) = 2} and each7; : V; — (V(T,)\FV (Tz,))
U {z;} is such that 7,(7;) = Z;. The resulting class now has as a representative the tree J’, such
that

Cor(T') ={a”(y1,...,yn)} U |J Cor(T3)
1<i<n
and whose involution ¢’ is defined in the obvious way.

The first claim holds, since, thanks to the equivariance axiom (EQ) for ,e,, we can turn T’
into an unrooted tree 7 that has a as a corolla, by “undoing” the renaming o o 7. Clearly, if some
variable x; appears in 77, but did not originally come from the corolla a, this variable has to be
renamed too, in order to ensure that all the variables of T are distinct. Therefore,

Cor(T) = {alx1,...,2,)} U | Cor((Tp) " rvemvm),

1<i<n

where k; : U; U{Z;} — V;U{7;} is such that x;(Z;) = 7; and the distinctness requirement for the
variables of T is satisfied. The involution o of 7 is defined from ¢’ in the obvious way.

For the second claim, fix ani € {1,...,n}. Observe that we have that

((J-ﬂ )Vi ~« (Ixi )

x;)x;
where v; renames 7; to T;. Also, we have that
TT = (T3S PV,
where 7; renames Z; to 7;. Therefore,
()" v TN Dy =g T

IﬁUidFV(‘Tgci)\{“Ti})

i.e. each class [T,,], admits as a representative ((77}) Pi, where p; renames z; =

o(x;) to Z;. Observe that (T7}) Tzi\#i} i a subtree of T. That we indeed have that

(gﬂ)mUidvai)\{m =P(T,a,z;)

Ty

is clear by considering the non-inductive criterion from Lemma 2.39: o(x;) is a free variable of
the tree on the left-hand side, and all the remaining free variables of that tree are free variables
of T. |

Lemma 2.41. Let a € C(X), where X = {x1,...,zn}, and let, forall x; € X, v : i — ([Tz;]a, Ti)
and 7 : z; — ([T ]a, i) be assignments for which the simultaneous compositions

Ha(er,....an)iidxHa(y) and - [a(a,... o) idx }a(7)
are well-defined. Then, if [{a(z1,...,2n);idx}a(y) = [{a(z1,...,2n);idx}a(T), we have that
[Tzl = [T, ]a for all z; € X, where x renames T; to ;.
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Proof. By Lemma 2.40(a), for

[{a(xla s 7$n)? idX}]a(FY) = [{a(:vlv <. 7$n); idXHa(T) = [7_]047

we can assume that the representative 7 is such that it has a € Cor(7). Let o be the involution
of 7. By applying twice Lemma 2.40(b), we get that
[(‘Txi]g = [T(T7Q7$i)pi]g = [7;:,-]047

7

where p; renames o (z;) to Z;, which proves the claim. [ |

The equivalence relation =" on ,uCommgf

Leta € C(X) and let o : x — t, be an association of terms to variables from X, such that the
command a{c} is well-typed. The equivalence relation =’ is the smallest equivalence relation
generated by equalities

afo} = clux.a{olz/z]}/y]

where o(z) = py.c and olz/x] denotes the same association as o, except for x, to which it as-
sociates x itself. We, moreover, assume that =’ is congruent with respect to (MU3), (MU4) and
substitution.

Remark 2.42. Observe that, if a{o} = c[px.a{o[x/x]}/y|, and if a{c} is a normal form, then this is

also true for the command clux.a{c[z/x]}/y]. Therefore, =" is well-defined on uCommgf .

The intuition behind these equalities is again about equating commands that reflect two
ways to build the same unrooted tree.

ExampLE 2.43. Consider the unrooted tree 7 = {a(z1, z2, 3, 24), b(Y1, Y2, Y3, Y4,ys5); 0}, where
o = (x1y2), represented pictorially as

Y1 Y3

o T,

71 Y2

@ Ys

3

Tq

The commands equated by =’ reflect the two possible ways to build 7 by means of simultaneous
grafting: we could pick either the corolla a and graft to it the surrounding trees, or we can do
the same by choosing first the corolla b. In the language of the p-syntax, the two constructions
are described by the left hand side and the right hand side of the equality

Q{qu'b{yh Y2, Y3, Ya, y5}7 T2, X3, .’E4} =’ b{yla /L.’L’l-@{xl, Z2,xs3, .’E4}, Y3, Y4, y5}a

respectively. Observe that, from the tree-wise perspective, =’ enables us to “move between two
adjacent corollas”, i.e. it enables us to “move along a path in a tree”. As we shall see, this feature
will be crucial for the proof of injectivity of Theorem 2.33. O

The proof of the following lemma shows that = is a “macro” derivable from =,.
Lemma 2.44. For any cy,ca € ,uCommgf, if c1 =' ¢, then ¢y =, co.

Proof. If a{c} = c[px.a{o]x/z]|}/y], then o(z) = puy.c, which justifies the following sequence of
equalities:

a{o} = (pe.afofz/al} [ py.c) =u (py.c| pr.a{ofe/z]}) =, clur.a{ofz/z]}/y]. -
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The equality =’ (denoted differently) appears in the work [Lam07] of Lamarche, where it is
called Adjunction and used in the context of the so-called reversible terms. Although the Adjunc-
tion rule materialises the same intuition about unrooted trees, there, unlike in this thesis, it is
not derived from a more primitive notion of equality.

The proof of Theorem 2.33

We first “unfold” the definition of the interpretation function [ [[~]]]r., denoted from now on
simply with ®:

o &y(x) = [{(z,); iz} Ha

o if, foreach z; € {z1,...,2n}, 3z, (tz,) = [Tz;]a, then

®(aftey, .- ta,}) = {alz, ..o 20);idx Halp),
where ¢ : z; — ([Tz,]a, Ti) (see (2.1.1)),
o &, (nx.c) = (®(c))”, where x renames z to y, and
o if @,(s) = [Ts]a and @,(t) = [Ti]a, then @({s | 1)) = [Ts]a 28y [Tta

where the assignment of an a-equivalence class of unrooted trees to a term ¢t € pTerme is in-
dexed by a fresh variable y involved in the corresponding interpretation [[t]],.

By Theorem 2.32, @ is well-defined. We prove that it is both injective and surjective.

Surjectivity. Suppose given an a-equivalence class [T]o € Te(X). It T = {(z,9); id s},
then @((z[y)) = [{(2,y); id (a1 }a-

Suppose now that 7 is an ordinary unrooted tree. We proceed by induction on the number
k of corollas of T. Let a € Cor(T) be such that F'V(a) =Y, where Y = {y1,...,yn}.

If @ is the only corolla of 7, then ®(a{y1,...,yn}) = [{a(y1,--.,yn); idy }]a-

Suppose that a is not the only corolla of T, i.e. that £ > 2, and let ¢ be the involution of 7.
LetI ={ie{l,...,n}|y; € FV(a)\X} and J = {1,...,n}\I. By the induction hypothesis for
each P(T,a,y;) = Ty, (recall from §2.4.4 that P is the “pruning” algorithm), for i € I, we get a
set

{ci € pComme |i € I and P(¢;) = [Ty, la}-
We now set for all i € I, t,, = po(y;).c;, and for all j € J, t,, = y;, and we claim that
®(afty,,...,ty,}) = [T]a- By the definition of ¢, we have

(afty, [k € {1,...,n}}) = [{a(yr, .- yn); idx Halp),

where
([Ty: 5, ) if k =i forsomei e I
© Yk

([{(yj,@);id{yjﬁ}}]a,ﬁ) if k = j for some j € J

with [7,,]% = ® ., (1o (y;).c;) being the class associated to the term pi0(y;).c; with respect to the
interpretation under the fresh variable z;. Therefore, if I = {i1,...,%m,} and J = {j1,.. ., jm, },
by the axiom (U1), ®(a{ty, |k € {1,...,n}})is equal to

. Rji1Kjo "Kjim 73 Rim
o ol gn)sidy HE 0 (T 160 )y e, (T I

where each x;,,, 1 < m < my is the renaming of y;, to y;,, i.e. the identity on Y, and each &;,,,
1 <'m < my, is the renaming of z;, to o(z;, ). Finally, by (EQ), we have

Q(a{tl}k ke {l,....n}}) = ({a(y1, -, yn); idy Ha YiPo(yiy) [7;/1'1]04) ) yim[.g(yiml) [Eimﬂm
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and, consequently, by Corollary 2.37, that ®(a{t,, |k € {1,...,n}}) = [T]a.

Injectivity. Notice that, in order to establish the injectivity of @, it suffices to prove it for
commands c1, ¢y € ,uCommgf . Indeed, since for an arbitrary command ¢, by Theorem 2.32, we
know that [[c]] = [[nf(c)]], and consequently that ®(c) = ®(nf(c)), then, from the equality

(nf(c1)) = 2(c1) = 2(c2) = 2(nf(c2)),

by the injectivity for commands that are normal forms, we can conclude that

c1 =y, nf(c1) =4 nf(c2) =, ca.

By Lemma 2.44, the injectivity for normal forms follows if we show that, if ®(c¢1) = ®(c2), then
c1 =" c2. We continue by comparing the head symbols of ¢; and cs.

If ¢; and ¢; have the same head symbol, we proceed by induction on the structure of ¢; and
ca. Suppose that a € C(X), where X = {z1,...,2,}, and that ¢; = a{s1,...,s,} = a{o} and
co = afty, ...t} = a{o’}. The assumption ®(c;) = $(c2) means that

Ha(z1, ... 20);idx Hale) = {a(zy, ... 20); idx Ha(9),

where ¢ : z; = (24 (si), %) and ¢ : x; — (7 (ti),7;), and consequently, by Lemma 2.41,
that for all z; € X, (®3,(s:))" = ®z,(t;), where x; renames Z; to ;. The claim holds by the
reflexivity of =’ if all s; and ¢; are variables: if s; = u and ¢; = v, then

[{(uvfi); id{u,@}}}a - (@iz (u))/ﬂ = @@ (1)) = [{(%Ei); id{v,ii}}]a’

and, therefore, it must be the case that u = v.
Suppose, therefore, that s; = pu.c; and t; = pv.c;,. We then have

e ) = [ed)™ = sdl5: = (1l = )™ = (1)
and consequently ®(c]') = ®(c[?), where 7 renames u to Z; and 7 renames v to Z;. By the
1 T2

induction hypothesis, we now have ¢/ =’ ¢;”* and, consequently, we get that

a{ti,....tn} = clpzia{olzi/zilt/u] = ' [pvia{ofr;/z]} /7]
=" dPpxiafolri/z)}/T] = lpxia{olri/z}/v] = afsi,... sn}.

Suppose now that ¢; and ¢ have different head symbols, i.e. that for some a € C(X) and
be C(Y) where X = {z1,...,z,}and Y = {y1,...,ym}, we have ¢; = a{s1,...,s,} = a{o1}
and ¢ = b{t1,...,tm} = b{o2}, and let (c1) = [T, ]o and (c2) = [T¢,]a- Let T be a represen-
tative of [T¢, o = [T¢,]a. Observe that two groups of renamings feature in the transitions from
c1 and ¢y to T: the first one contains the renamings specified by the definitions of the simulta-
neous compositions ®(c¢;1) and ®(c2), and the second one contains the renamings given by the
a-equivalence of 7., and T, and 7., and T. However, by (MU4), all the renamings of parameters
and variables of ¢; and ¢z made in defining 7 can be also performed on ¢; and ¢, themselves,
leading to commands ¢} =, ¢; and ¢, =, ¢, such that ®(¢}) = ®(c;) = [T]a and such that T
shares the same sets of parameters and variables with both ¢} and ¢},. Hence, we can assume that
T already shares the same sets of parameters and variables with ¢; and cp. This, in particular,
means that a,b € Cor(7).

Let z € X be such that b € Cor(P(7,a,z)). By the construction of T, the parameter b ap-
pearsin oy (z) = pu.c. We define the distance between a and b in ¢; as the natural number d., (a, b)
determined as follows.

e If b is the head symbol of ¢, then d., (a,b) = 1.



2.5. The equivalence established 43

o If h is the head symbol of ¢, h # b, then d,, (a,b) = d.(h,b) + 1.

We prove that ¢; =’ ¢ by induction on d., (a,b). If d., (a,b) = 1, then, for some y € FV (b), we
have that o1 (z) = py.b{o2[y/y|}. Therefore,

a{o1} =" bloaly/yl}pr.aloiz/x]}/y]
= bloopx.a{oi[z/x]}/yl}
=" b{oa}.

If d¢,(a,b) > 2, then, since d.,(a,h) = 1 (where h is as above), we have that ¢; =’
c[pz.a{oi[x/x]}/u]. On the other hand, by the induction hypothesis for d.(h,b) < n, we have
that c; =’ c[ux.a{o1[z/x]}/u], and the conclusion follows by the transitivity of ='. The iterative
application of the equality =/, implicit in the induction argument, which reduces the distance
between a and b, can be illustrated as follows

o o o o

This completes the proof of Theorem 2.33.

Note that we have in fact two bijections: pComme(X)/=, ~ uCommgf (X)/= =~ Te(X), the
first one being induced via normal forms of ~»: we have that nf(ci) =’ nf(c2) implies ¢; =, ¢,
and conversely, if ¢; =, ca, then ®(nf(c1) = @(nf(c2)) implies nf (c1) =" nf(c2).

2.5 The equivalence established

We finally show how the p-syntax, together with the syntactic formalism of unrooted trees
suited to it, allows us to prove Theorem 2.22.

Suppose that (C, §) is an M-algebra. We build a cyclic operad, as described by Definition 1.4,
as follows.

We distinguish the identities, by setting id. y = 0,43 ([{(z,¥); id {4y} Ha)-

The definition of the partial composition operation .o, is derived by considering restrictions
of § to unrooted trees with two corollas:

Formally, for a € €(X) and b € C(Y'), the partial composition operation
w0y €(X) x C(Y) = €(X\{z} UY\{y})
is characterised via dx\ (z1uv\{y) : M(C)(X\{z} UY\{y}) — C(X\{z} UY\{y}) as
a0y b = dx\(mov\(yy ({a(z, ... );idx Ha 20y [{b(y, - - - ); idy }a),

where .o, is the operation on (classes of) unrooted trees defined in §2.3.3.
As a structure morphism of M-algebra (C, §), J satisfies the coherence conditions given by
commutations of the following two diagrams:
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MM(E) M(€)
ueh ‘ Zd\ /
M(€) ¢

called the multiplication and the unit law for §, which allows us to verify the axioms from Def-
inition 1.4 as follows.

For the proof of (A1), let a and b be like above, let ¢ € C(Z), z € Z and u € Y. Suppose
that a, b and c are all different from identity and that X, Y and Z are mutually disjoint (only to
avoid the renaming technicalities). We will chase the multiplication diagram above two times,
starting with two-level unrooted trees

T = {[{a(x,...),b(y,u,...);01 Ha, [{c(z,...);idz}a; 01}

and

7-2 = {[{a(x, s ); idX}]CH [{b(ya Uy )7 C(Za te ); Ué}]a? 02}7
where 0] = (zy), o1 = (uz), 0y = (uz)and oo = (zy). If we start with 7, then, by
chasing the diagram to the right-down, the action of Md corresponds to the action of § on
Ha(z,...),b(y,u,...);01aand [{c(z, . ..); idz }] separately. Followed by the action of ¢ again,

we get the following sequence

Ti REN {(azoy b)(u,...),c(z,...);0}a LI (@ 70y b) yosc.

In the other direction, the action of the monad multiplication flattens 77, the resulting tree al-
ready being in normal form. Followed by the action of §, we obtain the sequence:

Ti— {a(z,...),b(y,u,...),c(z,...);0}a AN o([{a(z,...), by, u,...),c(z,...);0}a)

(azoy b) yorc=0([{alz,...),bly,u,...),c(z,...);0}]a)-

The associativity follows since the diagram chasing with respect to 7> results in

a 50y (b yo.c) =0([{alx,...),bly,u,...),c(z,...);0}]a)

The axiom (C0) follows directly by the commutativity of ,e,.
The axiom (EQ) holds by the equivariance of ,e, and the naturality of  and 4. For o1, o9
and o as in (EQ), and denoting Z = X'\ {0 !(x)} UY"\ {05 ' (y)}, we have

a”! o (@) %05 () b2 = dz(nex(a™) o7 2) %05 M) ney(b72))
z(nx(a)™ o7 N 2) %o () 1y (b)7?)
= 0z((nx(a)zey 0y (b))7)
= 0z(nx(a) ey ny(b))”
= (a,0,b).

To prove (U1), we chase the multiplication law of ¢, starting from the two-level tree

T ={l{(y; 2)s idy :}a, [{alz, ... );idx }Has 0},

where o = (2 y). By going to the right-down, we get the sequence

=9

T [idy - (y, 2),al, ... ); 0} ]a — idy you a,
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and, in the other direction, denoting X’ = X \{z} U {z}, we get

T {a"(z,...);idx }a N I([{a"(z,...);idx }a),

where k renames z to z. The equality id, . 4o, a = a” follows, since, by the definition of the unit
of the monad M, and by the unit law of ¢, for the result of the second sequence, we have

5([{a" (2. )i idxrY]a) = S(ng (a")) = a®.

For (UP), by the naturality of 6, for o : {u,v} — {z,y} we have

idg,y = 6{1’711} ([{(:Ea y); Zd{xv?/} Ha)a
= 6{u,v}([{ (IE, y>; id{l’vy} }]g)
= 5{u,v}([{(u7 U); id{uvv}}]a)

= idy,.

In the other direction, we define 6 : M(C) — C as the map induced by the interpretation
of the p-syntax in the cyclic operad C, i.e. by the composition of [[_]] : uExpe — cTerme and
[Je : cTerme — C. Therefore, with ® being defined as in the proof of Theorem 2.33, we set

0x([T]a) = [llc]]]e, where cis any command of pExpg such that ®(c) = 7.

Note that this definition is valid by Theorem 2.33. We verify that J satisfies the equations of an
M-algebra on simple examples. The general case follows naturally. Let

T ={[{alz1, .., 2n),0(y1,- - Ym); 01 Ha {d(21, ..., 2p); id 2} a; 0}

be a two-level unrooted tree such that o1 (z;) = y;, and o(yx) = 2, and suppose, say, that

P(af{ty,...,tn}) = [{alz1, ..., 20), (Y1, -, Ym); 01} a

and
P(d{s1,...,5p}) = [{d(21,...,2p); tdz}]a

By chasing the multiplication diagram to the right-down, the action of M¢ provides the
interpretations of the commands that correspond to each of the corollas of 7. Thus, setting
[la{t1,....tn}]] = a(p) and [[d{s1,...,sp}]] = d(T), we get that

M([Tla) = {lal@)le(@1, . i1, Tig1s -, Ty Y1y - -3 Yj—15 Yjt1s - - - Ym)s [A(T)]e(21, - -, 2p); 0}

If now
2(la(p)lelkrs - - - kngm—2}) = M([T]a),

then, by setting [[[a(i2)le (k1. - knm-2}] = la()le(w), we get
S(M3([T]a)) = lalp)W)le.

By chasing the multiplicaiton diagram to the down-right, we first get

MQ([ﬂOé) = [{a(xla s ,.CL‘n>, b(yla B aym)v d(zh B ZP);Q}]Q

We shall construct a command ¢, such that ®(c) = pe(7), in the way guided by the choices
we made in chasing the diagram to the right-down. More precisely, in that direction, a was the
corollaof {a(z1,...,2pn),b(y1,...,Ym); 01} chosen in constructing the corresponding command,
and d was the one for {d(z1,...,2p); idz}, and then, in the next step, [a(y)]ec was the chosen
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corolla of Md([T]a). Therefore, we set ¢ = a{c}, where

U(wz) = ,ijb{ylv s Ye—1, /.LZl.d{Zl, s >zp}7 Yk+15- - - 7ym}

Thus, setting [[a{c}]] = a(§), we get
(pe(T)) = [a(&)le

as a result of chasing the diagram to the down-right. The equality a(¢)(v) = a(&) follows by
Lemma 2.1.(b).

As for the unit diagram, if a« € C(X), where X = {z1,...,2,}, then nQX(a)
{a(z1,...,zp);idx}, and, since [{a(x1,...,2y);idx }]o = ®(a{z1,...,2,}), we have that

5x(ney () = [lafa1, ...z} Je = a.

This completes the proof.
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Chapter 3

Monoid-like definitions of cyclic
operads

In this chapter, we transform the two biased definitions of cyclic operads, Definition 1.4 (with
the alternative axiomatisation presented in Remark 1.8) and [Mar08, Proposition 42], into two
algebraic definitions of the form

a cyclic operad is a monoid-like object in a certain monoidal-like category,

by following the microcosm principle behind the algebraic definitions of operads, established
by Kelly [Kel05] and Fiore [Fio14]. Therefore, by the end of the chapter, we shall synthesise two
tables of the same kind as Table 3 from the Introduction, which accompany and describe more
explicitly the conceptual descriptions of the two algebraic definitons.

Residing in the category of Joyal’s species of structures of the form € : Bij?” — Set, the alge-
braic definitions that we deliver are crafted for non-skeletal characterisations of cyclic operads.
Therefore, we first propose a non-skeletal version of [Mar(08, Proposition 42]. We additionally
give two proofs of the equivalence between the entries-only and exchangeable-output defini-
tions (which, to the author’s knowledge, has been taken for granted in the literature): one by
comparing the usual biased definitions (Theorem 3.30), and the other by comparing two new
algebraic definitions (Theorem 3.35). Together with the proof of the equivalence between biased
and algebraic definitions of entries-only cyclic operads (Theorem 3.24), this makes a sequence of
equivalences that also justifies the algebraic definition of exchangeable-output cyclic operads.
An overview of the algebraic definitions that we introduce and the correspondences that we
make is given in Table 4 below.

ENTRIES-ONLY EXCHANGEABLE-OUTPUT
Biasep Definition 1.4 Definition 3.25
Theorem 3.30
Theorem 3.24

Theorem 3.35

Arcesraic  Definition 3.19 Definition 3.31

TaBLE 4: Algebraic definitions of cyclic operads

The plan of the chapter is as follows. Section 3.1 is an overview of the basic elements from
the theory of species of structures. In Section 3.2, we recall the existing algebraic definitions of
operads and indicate the microcosm principle behind them. Section 3.3 will be devoted to the
introduction of the algebraic definitions of cyclic operads (Definition 3.19 and Definition 3.31)
and of the biased non-skeletal version of [Mar(08, Proposition 42] (Definition 3.25). Here we also
prove the three theorems from Table 4.

Throughout this chapter, we shall work to a large extent with compositions of multiple
canonical natural isomorphisms between functors. In order for such compositions not to look
too cumbersome, we shall often omit their indices.
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3.1 The category of species of structures

The content of this section is to a great extent a review and a gathering of material coming from
[BLLO8]. Certain isomorphisms, whose existence has been claimed in [BLLO08], will be essential
for subsequent sections and we shall construct them explicitely.

3.1.1 Definition of species of structures

The notion of species of structures that we fix as primary corresponds to functors underlying
non-skeletal cyclic operads.

Definition 3.1. A species (of structures) is a functor S : Bij?” — Set. O

In the remaining of the chapter, we shall refer to the functor category Set®U™ as the category
of species and we shall denote it with Spec. For an arbitrary finite set X, an element f € S(X)
will be referred to as an S-structure.

Notice that if S is a species and ¢ : ¥ — X is a bijection, then S(o) : S(X) — S(Y) is
necessarily a bijection (with the inverse S(o™1)).

The following family of species will be essential for the treatement of operadic units in the
subsequent sections.

ExawmrLE 3.2. The species E,,, where n > 0, called the cardinality n species, is defined by setting

{X} if X hasn elements,
E,(X)= .
§  otherwise.

g

An isomorphism between species is simply a natural isomorphism between functors. If
there exists an isomorphism from S to 7', we say that they S and 7" are isomorphic and we write
S~T.

3.1.2 Operations on species of structures

We now recall operations on species and their properties. Categorically speaking, every binary
operation is a bifunctor of the form Spec x Spec — Spec, every unary operation is a functor of
the form Spec — Spec and every property of an operation holds up to isomorphism of species.

We start with the analogues of the arithmetic operations of addition and multiplication.
Definition 3.3. Let S and 7" be species, X an arbitrary finite set and o : Y — X a bijection. The
sum-species of S and T is the species S + T', defined by

(S+T)(X)=5X)+T(X)

and
S(o)(f) if f e S(X)

(§+D)0)f) = { T(o)(f) if f € T(X).
The product-species of S and T is the species S - T’ defined by

(S-T)(X)= Y S(X1)xT(Xp),

(X1,X2)

where the sum is taken over all binary decompositions (X, X) of X. The actionof S-T on ¢
is given as

(5-T)(0)(f,9) = (S(1)(f), T(02)(9));

where o; = o|Xi,i = 1,2. O
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The isomorphisms from the following lemma are constructed straightforwardly.
Lemma 3.4. The addition and multiplication of species have the following properties.
1. The operation of addition is associative and commutative.

2. The product of species is associative and commutative. The cardinality O species Ey is neutral
element for the product of species. Therefore, for all species S, S - Eg ~ Ep - S ~ S.

Notation 3.5. We extend the notation f1+ fo and [f1, f2] (see the paragraph “Notations and conventions”
in Introduction) from functions to natural transformations. For natural transformations 1; : S; — 1T;,
i =1,2,914+2 : S1+S2 — T1+T will denote the natural transformation determined by (Y1 +12)x =
V1 x + Yax. For natural transformations k; : S; — U, 1 = 1,2, [k1, k2] : S1 + S2 — U will denote the
natural transformation defined as [k1, ko] x = [k1x, kex|. With i; and i, we shall denote the insertion
natural transformations i; : S — S+ T and i, : T — S + T, respectively.

We recall next the operation corresponding to the operation of substitution.

Definition 3.6. Let S and 7" be species and X an arbitrary finite set. The substitution product of
S and T is the species S o T defined by

sen =3 3 (57 ETW@))) /.

where P ranges over finite sets, ¢ : X — P ranges over (arbitrary) functions (from X to P), and
~~ is the smallest equivalence relation generated by

(Pv ¢7 f7 (gp)pEP) =~ (PlvT © ¢7 S(T)(f)7 (gfr*l(p’))p’EP’)v

where 7 : P — P’ is an arbitrary bijection. Note that ¢ is not surjective in general, i.e. that
a fiber ¢~!(p) may be the empty set for some p € P. For a bijection o : ¥ — X and h =
(P, o, f,(gp)pep) € (S oT)(X), the action of S o T on o is defined by

(SoT)(o)(h) = (P,¢ o0, f(gy)pepr);

where g, = T(0]? ®)(g,). O
Basic properties of the substitution product are given in the following lemma.

Lemma 3.7. The substitution product of species is associative and has the cardinality 1 species E; as
neutral element.

Next comes the analogue of the operation of derivation.
Definition 3.8. The derivative of S is the species 0.5, defined by
(08)(X) = S(X U {xx}),
where xx ¢ X. The action of 05 on ¢ is defined by

(08)(0)(f) = S(aT)(f),

where o : Y U {xy} - X U{xx}issuch that ot (y) = o(y) fory € Y and o (xy) = xx. We
shall refer to o as the d-extension of o. O

We now introduce a natural isomorphism that will be used for the algebraic version of the
associativity axiom for entries-only cyclic operads. Let f € 005(X) and let

ex t X U{xx, *xx0pex1t = X U{#x, 5 x00x1 )
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be the bijection which acts as the identity on X and such thatex (xx) = *xyp«y} (@nd ex (¥ xUfsy}) =
xx). We define a natural transformation exg : 9(95) — 9(95) by setting

exsx (f) = S(ex)(f)-

We shall refer to exg as the exchange isomorphism, since its components exchange the two distin-
guished elements arising from the two-fold application of the operation of derivation.

The following lemma exibits isomorphisms between species that correspond to the rules of
the derivative of a sum and the derivative of a product of the classical differential calculus.

Lemma 3.9. For arbitrary species S and T, the following properties hold:
1. 9(S+T)~0S+ 0T, and
2.0(5-7)

1

(0S)- T+ S - (7).

Proof. The isomorphism ¢ : 9(S +T') — 05 + 0T, establishing the first property, is the identity
natural transformation.

For the second property, we define an isomorphism ¢ : 9(S - T') — (9S)-T + S - (9T). For
a finite set X, we have

oS- TNX) = Yixynl(£.9)|f € S(X1) and g € T(X2)},
(0S-T)X) = Y (xxyl(f.9)|f € (99)(X7) and g € T(X})}, and
(S-0T)(X) = Yixxyl(i9)f € S(XP)and g € (OT)(X3)},

where (X1, X») is an arbitrary binary decomposition of the set X U {*x}, and (X7, X}) is an
arbitrary binary decomposition of the set X.

If (f,g) € 9(S-T)(X), where f € S(X1)and g € T(X2), and if xx € X;, then (X{, X)) =
(X1\{*x}, X2) is a binary decomposition of the set X and we set

vx(f,9) = (S(0)(f) 9),

where o : X1\ {*x} U {*x;} — Xi renames xx to *x;. We do analogously if xx € X>.

To define the inverse of ¢x, suppose that (f,g) € (05 - T)(X), where f € (95)(X]) and
g9 € T(X3). The pair (X] U {*x;}, X3) is then a binary decomposition of the set X U {*x, }. Let
7: XjU{*x} — X{U{*x;} be the renaming of xx; to *x. The pair (X1, Xs) = (XU {*x}, X3)
is now a binary decomposition of the set X U {*x } and we set

ox (f.9) = (S(1)(£).9) € (S - T)(X).
We proceed analogously for (f,g) € (S -97T)(X). [
We shall also need the family of isomorphisms from the following lemma.
Lemma 3.10. Foralln > 1,0FE, ~ E,,_1.

Proof. For a finite set X we have

{XU{xx}} i [X[=n-1,
OB (X) = { ) otherwise,

and

En—l(X):{ {X} if|X|=n—1,

() otherwise.
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Theisomorphisme, : 0E,, — E,_ isdefined by €, x (XU{*x}) = X, for | X| = n—1. Otherwise,
€nx is the empty function. |

Finally, we shall also use the following pointing operation on species.
Definition 3.11. Let S be a species. The species S°, spelled S dot, is defined as follows
S*(X)=5(X) x X.
For a pair (f,z) € S(X) x X, the action of S*® on a bijection ¢ : Y — X is given by

S*(0)((f,2)) = (S(o)(f), 0 (@)). .

Remark 3.12. Observe that the distinguished element of an S®-structure belongs to the underlying set
X, as opposed to the distinguished element of a 0S-struture, which is always outside of X.

To summarise, we list in Table 5 the isomorphisms between species that we shall use in the
remaining of the chapter.

NaME REFERENCE DEescripTiON
ASSOCIATIVITY OF asru:(S-T)-U—S-(T-U) ((fy9),h) — (f,(g,h))
COMMUTATIVITY OF - ys7:S-T—T-8 (f,9)— (g9, 1)
LEFT UNITOR FOR - As:Ep-S— S {0y, H—f
RIGHT UNITOR FOR - ps:S-FEyg— S (f,{0}) — f
EXCHANGE exg : 0(0S) — 9(9S) F=SE)
DERIVATIVE OF A SUM ¢s7:0(S+T)— 0S+9T Lemma 3.9 (1)
LEIBNIZ RULE ps,r:0(S-T)— (0S)-T+S-(97T) Lemma 3.9 (2)
€n~-ISOMORPHISM €n : OFE, = E,_1 Lemma 3.10

TasLE 5: Canonical isomorphisms between species

3.2 Algebraic definitions of operads

This part is a reminder on algebraic definitions of operads. Our emphasis is on the use of the
microcosm principle of Baez and Dolan, which we illustrate by reviewing Fiore’s definition in
§3.2.2 below.

3.2.1 Kelly-May definition

Kelly’s monoidal definition [Kel05, Section 4] is the algebraic version of the original definition
of an operad [May72] of May. In the non-skeletal setting, the operadic composition of May’s
definition is given by morphisms

YX,Y1,... Y, - S(X) X S(Yl) X - X S(Yn) — S(Yl J---u Yn), (321)

defined for a finite set X and pairwise disjoint finite sets Y1, . . ., Y, where n = | X|, and the unit
idy € S({z}), defined for all singletons {z}, which are subject to associativity, equivariance and
unit axioms.

In order to arrive to Kelly’s definition, one first observes that Lemma 3.7 can easily be rein-
forced to a stronger claim:
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(Spec, o, E) is a monoidal category.

A monoid in this category is a triple (S, 1,77), where S is a species and the natural transfor-
mations ¢ : So S — Sandn : Ey — S, called the multiplication and the unit of the monoid,
respectively, satisfiy the coherence conditions given by the commutation of the following two
diagrams

o id o oid id o
(S08)0S -2 80(S08) — " 568  Eos—"" L5051 §oE
.U‘oidJ ‘M \JN/
SoS S S

m

in which a°, A° and p° denote the associator, left and right unitor of (Spec, o, E1), respectively.
Note that an element (f, g1,...,9n) € S(X) x S(Y1) x --- x S(Y,,) determines the element

[(X,¢:Y1U---UYy = X, f,(9i)1<i<n)]~ € (S0 S)(Y1U--- UYy).
By defining the simultaneous composition operation (3.2.1) as

VXY, Yo (Fr 915 90) = (X, 0, f,91, -+ -5 gn)]~),

and id, as 1, ({7}), the operadic axioms are easily verified by the naturality of 1z and laws of
the monoid. This gives a crisp alternative to the somewhat cumbersome biased definition:

An operad is a monoid in the monoidal category (Spec, o, E1).

The steps to derive the monoidal definition from above and, more generally, a monoid-
like definition of an arbitrary operad-like structure, starting from its biased characterisation,
can be summarised as follows. One first has to exhibit a product ¢ on Spec that captures
the type of operadic composition that is to be formalised (in the same way as the represen-
tative (X, ¢, f, (9i)1<i<n) of the appropriate (S o S)-structure corresponds to the configuration
(f,91,...,9n) of operadic operations). One then has to examine the properties of this product,
primarily by comparing species (S<¢T) o U and S ¢ (T ¢ U), in order to exhibit an isomorphism
whose commutation with the multiplication i : S¢S — S expresses axioms of the operad-like
structure in question. Analogously, an appropriate isomorphism of species is needed for each
of the remaining axioms of such a structure (for example, the isomorphims A% and pg account
for the unit axioms of an operad), except for the equivariance axiom, which holds by the natu-
rality of ;1. The operad-like structure is then introduced as an object S of Spec, together with
the multiplication u (and possibly other natural transformations, like the unit 7 in the previous
definition) that commutes in the appropriate way with established isomorphisms.

3.2.2 Fiore-Markl definition

We now recover Fiore’s algebraic definition (see [Fiol2] and [Fiol4]), established for operads
with partial composition of Definition 1.4, by following the steps described in the last paragraph
of §3.2.1.

Regarding Definition 1.4, the data out of which the composition f o, g is obtained consists
of the ordered pair (f, g), together with a chosen input x of f. This indicates that the product
of species that is supposed to capture partial composition operation should involve the product
-: Spec x Spec — Spec introduced by Definition 3.3, whereby the structures arising from the
left component of the product should have a distinguished element among the elements of the
underlying set. Hence, a priori, there are two possible candidates for the new product:

S*-S and (99)-S.
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However, the first one does not work: for (f, g) € (S® - S)(X), the multiplication (S® - S)(X) —
S(X) produces an element of S(X'), whereas the composition f o, g should belong to S(X\{xz}).
On the other hand, the elements of the set (0.5-5)(X) are pairs (f, g) such that f € S(X;U{*x, })
and g € S(X2), where (X, X2) is a decomposition of the set X. From the operadic perspective,
the composition of f o, g belongs to S(X), which agrees with the form of the multiplication
vx : (05-5)(X) — S(X). Therefore, as a tentative product of species we take the pre-Lie product
S % T, defined as
S«T =05-T.

The next step is to compare the species (S « T') « U and S % (T" = U). Chasing the associativity
fails in this case. However, there is a canonical natural pre-Lie isomorphism

Bsru: (S*T)*xU+Sx(UrT) = Sx(T+U)+ (SxU)+xT
determined by the isomorphisms

B1:(00S-T)-U— (00S-U)-T fr=alto(ex-v)oa,
P2 :(0S-0T)-U — 98- (0T -U) fo = «,
p3:05-(0U-T)— (0S-0U)-T By =a"l
where o, v and ex stand for appropriate instances of isomorphisms given in Table 5. The pre-Lie

isomorphism is the “smallest” isomorphism that captures both associativity axioms for operads
(51 accounts for [A1] and S5 for [A2]).

For the algebraic account on operadic units, we shall use the isomorphisms exhibited in the
following lemma.

Lemma 3.13. For an arbitrary species S, E1 xS ~ S and S x By ~ S°.

Proof. The isomorphism A\t : By xS — S arises as
EI*S:aEl-SEEo-SES,

i.e. as \g = Ago (e - ids). We postpone the definition of the isomorphism p§ : S x Ey — S* for
Remark 3.18. u

By following the microcosm principle heuristics, from these data Fiore induced the follow-
ing definition, in which we write /5 for s 5 g.

Definition 3.14. An operad isa triple (S, v, ;) of a species S, a natural transformationv : SxS —
S, called the multiplication, and a natural transformation 1, : £y — S, called the unit, such that

[0A1] v5 o B = v1, where v; and v, are induced by v as follows:
v (S*xS) xS+ S*(S*S) — Sis determined by

i1 (095 -5) S~ (905§ +05-98) -5~ 985 5)- 5 2, 95,5 s s,

V12 (05 -05) - S = (995 - S + 05 - 0S) - S —£, 5(95 - 5) - § 2

113108 (98- S) —4X 5 98-8 —L S,

98-8 =8,

-V S * (S * S) + (S * S) * S — S is determined by V21 = UVi1, V22 = V13 and
V93 = V12, and

[0A2] 7 satisfies coherence conditions given by the commutation of the following diagram
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N1 * id id *n
El*S ! S*S ! S*El

N

Se—m§"*

g

Indeed, it can be shown that [0A1] acounts for [A1] and [A2]7, the naturality of v ensures
[EQ], [0A2] proves [U1] and [U2], are the naturality of 7 ensures [UP].

3.3 Algebraic definitions of cyclic operads

This section contains the algebraic treatment of cyclic operads. The first part deals with the
algebraic counterpart of Definition 1.4, i.e., strictly speaking, of its equivalent specification, de-
termined by axioms

(A2), (EQ), (U1) and (UP)

(see Remark 1.8). In the second part, we first set up the non-skeletal exchangeable-output defi-
nition of cyclic operads, and then deliver its algebraic counterpart.

3.3.1 Entries-only

Applying the microcosm principle starting from Definition 1.4 begins with the observation that
the data out of which the composition f,o, g is obtained consists of the pair (f, g) and chosen
entries z and y of f and g, respectively. The discussion we had for operads in §3.2.2 makes it
easy to guess which combination of the product and derivative of species is the right one in this
case.

Definition 3.15. Let .S and 7" be species. The triangle product (or, shorter, the A-product) of S and
T is the species SAT defined by
SAT =085 -0T. 0

By “unfolding” the definition of the triangle product, we see that, for a finite set X,

(SAT)(X) = > {(f,9)|f € S(X1U{xx,}),9 € T(X2U {xx,})},
(X1,X2)

and, for (f,g) € (SAT)(X) and a bijectiono : ¥ — X,

(SAT)(0)(f.9) = (S(o1)(f). T(05)(9)),

where 01 = 0|1, 09 = o|*2, and a;r are the 9-extensions of g;, 7 = 1, 2.

Remark 3.16. The isomorphism vps o7 : 0S - 0T — 0T - S (see Table 5) witnesses the commutativity
of A-product.

The next step is to exhibit an isomorphism that equates various ways to derive a A-product
of three species. Intuitively, in the language of species, the associativity axiom (A2) can be
stated as the existence of an isomorphism of the form (095 -9T") - OU — (00S - 90U ) - 9T It turns
out that the “smallest” isomorphism that compares (SAT)AU and SA(TAU) and includes the
above isomorphism is

Osrv : (SAT)AU +TA(SAU) + (TAU)AS — SA(TAU) + (SAU)AT + UA(SAT)

! Actually, the equalities v21 o 8 = v11 and 122 0 8 = V12 are enough to prove associativity.
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whose explict description is the following. By “unfolding” the definition of A, we see that 05 71/
connects a sum of 6 species on the left with a sum of 6 species on the right. Here is the list of
the 6 constituents of 057 17, together with their explicit definitions:

01 :(00S -0T)-0U — (00S - 0U) - 0T 0 =alo(ex-7)oa

Oy : (0S-00T) - 0U — 9S - (00T - 9U ) O =~vyo0byo(y-id),

05 : 9T - (00S - 9U) — oU - (09S - 9T O3 =~yo00i07,

0y :0T - (0S-00U) — 0S - (0T - 90U ) 0y = (id-y)oyoBio(y-id)o~,
05 : (00T - 0U) - 0S — oU - (08 - 90T 05 = (id - y) oy o 01, and

O : (OT - 00U) - 9S — (0S - 90U) - 0T O =~yo(id-y)oyobyo(y-id).

Notice that, having fixed 6, the pairing given by 65 is also predetermined, but there are other
ways to pair the remaining 4 summands from the left with the 4 summands from the right.
We made this particular choice in order for all §; to represent “parallel associativity modulo
commutativity” (see Lemma 1.6), but a different pairing could have been chosen as well.

What remains is to exhibit the structure on species that will account for operadic units. The
following lemma is essential.

Lemma 3.17. For an arbitrary species S, E2AS ~ S® and SAE; ~ S°.

Proof. By the definition of the A-product and of the species E5, we have

(F2A8)(X) =Y {({z,#(n}, )], F € S(X\{z} U {rx\ (i D)} (3.3.1)

rzeX

We define \% : E2AS — S® as

)‘g'X : ({x7*{a}}}>f) = (S(U)(f),$),

where 0 : X — X\{z} U {*x\(y)} renames *x\ (5} to x. For X = ), \§ y is the empty function.
The isomorphism x4 : SAE; — S*® is defined by k& = A& 0 V9595, [ |

Remark 3.18. Since 0F> ~ E,, we also have that E, - 0S ~ S*. The isomorphism (g : S®* — E; - 0S5
is defined as (e;* - idps) ™' o (\A) 7L, de. for f € S(X) and x € X, we have

Csx(fi2) = ({=}, S(a)(f));

where o : X\{x} U {xx\ (23} — X renames x to * x\ {51. Going back to the proof of Lemma 3.13, for the
definition of pl we take preciesly (5" o Vas p, -

These data are assembled by the microcosm principle as follows. In the definition below
(and further on in this chapter), we shall denote 5 g ¢ simply with 6.

Definition 3.19. An entries-only cyclic operad is a triple (.5, p, 112) of a species S, a natural trans-
formation p : SAS — S, called the multiplication, and a natural transformation 7y : E2 — S,
called the unit, such that

(CA1) pg o 8 = p1, where p; and p, are induced from p as follows:

-p1: (SAS)AS + SA(SAS) + (SAS)AS — S is determined by

p11: (905 - 8S) -85 1% (995 - 8S + S - 99S) - 8S—>8(6S 8s) - 05 22 95 .95 L 5

p12.(65-885)-85%(885-85+BS-865)-85——»8(85-85) 8s 20 5. 95 L 8

pr3: 8S - (39S - 9S) LIy 55 . (89S - S + 8S - 90S) L2, 95 . 503 - 8S) 222, 95 . 85 L5 §

pra: 0S - (05 - 905) LI, 95 . (99 - 9S + 05 - 99S) “2L, 95 . 8(9S - 9S) 2422, 95 . 95 L §

p15 =p11 and  pig = p12
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-p2: SA(SAS)+ (SAS)AS + SA(SAS) — S is determined by p21 = p11,
p22 = p23 = P13, P24 = p25 = p14 and pgs = p12, and
(CA2) ny satisfies the coherence condition given by the commutation of the diagram

n2Aid
E;AS ——— SAS

S ——— §
TS

where \% is the isomorphisms from Lemma 3.17, and 71 g x is the first projection. O

In the following lemma we prove the equality that represents the algebraic analogue of the
commutativity law (C0), which would follow anyhow after we prove the equivalence between
Definition 1.4 and Definition 3.19. Nevertheless, we do this directly since it shortens signifi-
cantly the proof of that equivalence.

Lemma 3.20. For an arbitrary entries-only cyclic operad (S, p,n2), the equality p o v = p holds.

Proof. InDiagram 1below, D; and D, commute by (CA2), D; and D,, commute by the naturality
of 61, and D, commutes as it represents the equality p2; 0 61 = p11.

For a finite set X, let (f,g) € (0S - 05)(X), where f € 05(X1), y € 95(X2) and (X1, X2)
is an arbitrary decomposition of X. Starting with (f, g), we chase Diagram 1 from the top left
node 95 - 95 to the bottom left node 95 - 95, by going through the left “border” of the diagram,
i.e. by applying the composition

Om oM o loio(de;! - id)o N1 - id. 3.3.2
¥ 2
Y
2598 a5 - 9S8
((Beg ' -id) o A* 1) id D, ((8ey ' -id) o X*~1) id
(p™Toiy)-id 01 (p~Toiy)-id

8B, - 9S)-8S (0B -0S) - 8S ———— (90Ey - 0S) - 8S ————— (dE; - 0S) - 8S

(80ms - id) - id D,, (80ms - id) - id
6
Nk - id D, (905 -9S) -89S —— (935 - 9S) - 9S D, Nk - id
(Bpop~toi) - id Dy (Bpop~toip)-id
o(s®) - 08 dS - dS S dS - 98 a(S*) - as
omy - id P P omy - id
Diagram 1

We get the sequence

(f?g) = (({*@}7f)7g) = (({*@7**0}7f)7g) = (({*@7*X1}7f)7g) = ((fv *X1)7g) = (fag)

Hence, (3.3.2) is the identity on .S-0S. By the equalities behind the commutations of D;, Dy, D,,,, Dy
and D,, we get the sequence of equalities

p = poid
po (00X op~loijo(deyt - id) o N1 - id)
= po((@poptoio(ddn-id)o eyt -id) o N1 - id)
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dpop~toi) - id)obo(((00n:-id)o (deyt-id) o N1 -id)
dpoptoio(ddny-id))-id)ob o (((Dey’-id) o N1) - id)
dpopoio(ddn,-id)o (De; -id) o N7 - id) oy

Omy 00N o gp‘l o0f0 (8651 -id) o )\*_1) ~id) oy

= po7,

which proves the claim. n

po((
po((
po((
po((

As a consequence of Lemma 3.20, the verification of the axiom (CA1) comes down to the
verification of its instance p2; 0 1 = p11.

Corollary 3.21. The equality ps o 0 = p; holds if and only if the equality p2; o 61 = p11 holds.

Together with the equality k& = A% 0v9s,95,, Lemma 3.20 is also used to prove the algebraic
analogue of the right unitality law (U2).

Corollary 3.22. The morphism ny : Eo — S satisfies the coherence condition given by the commutation
of the diagram idAns
SAS ——— SAE,

ok

S S*

1S

The following theorem ensures that Definition 3.19 does the job. In order to make its state-
ment concise (as well as the statements of Theorem 3.30 and Theorem 3.35 later), we adopt the
following convention.

Convention 3.23. We say that two definitions are equivalent if, given a structure specified by the first
definition, one can construct a structure specified by the second definition, and vice-versa, in such a way
that going from one structure to the other one, and back, leads to a structure isomorphic to the starting
one. If the latter transformations results exactly in the initial structure, we say that the corresponding
definitions are strongly equivalent. Categorically speaking, the equivalence and the strong equivalence
of definitions are nothing but the equivalence and the isomorphism of the categories of appropriate struc-
tures, respectively.

Theorem 3.24. Definition 1.4 (entries-only, biased) and Definition 3.19 (entries-only, algebraic) are
strongly equivalent.

Proof. We define functors in both directions and show that going from one structure to the other
one, and back, leads to the same structure.

Biased to Algebraic. Let C : Bij’ — Set be an entries-only cyclic operad defined in biased
manner. The algebraic cyclic operad structure over the species C is derived as follows. For a finite
set X, a decomposition (X7, X2) of X, f € 0C(X;) and g € 0C(X3), px : (OC - 0C)(X) — C(X)
is defined by setting

pX(fv g) = f*xlo*x2 g.
For a two-element set, say {z,y}, the morphism 7 : £y — € is defined as 1y, ) : {7, y} > ids .
Otherwise, 77x is the empty function. We now verify the axioms.

(CA1) We prove the equality p2; o 61 = p11 by chasing Diagram 2, obtained by unfolding the

definitions of the three morphisms involved. The axiom (CA1) then follows by Corollary 3.21.

(005 - 9S) - 0S —°— 905 - (05 - 3S) = 998 - (3S - 9S) —*— (39S - DS) - DS
(Wloil)'idl l(wloiz)'id
d(0S-dS)-0S ———— 95 - 98 S 98- 98 «————0(9S-09)- 99

op - id p p Op-id
Diagram 2
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Let ((f,9),h) € ((00S - 9S) - 05)(X), and suppose that
f€008(X1), g€ 0S(X{), hedS(Xa), (f.9) € (00S-dS)(X1),

where (X1, X7) is a decomposition of X; and (X1, X») is a decomposition of X.

By chasing the diagram to the down-right starting from (( f, g), k), we traverse the following
sequence of elements:

((fr9). 1) = ((7F,9).1)
T+

U g g 0

= (le *X{u{*xl}o*Xi' g) *x1 9% Xy h.
The first step here corresponds to the application of (¢! 0 ;) - id on ((£, g), k), and, therefore,
it involves the renaming 71 : X U {*x, } — X U {*x/} of xx/ to xx,, i.e. the action of 9S(r1) =
S(r") on ) )

FeOS(X1U {xxg}) = S(X1 U fex} U bexquge 1),

where ’7'1+ is the d-extension of 71 (see Definition 3.8). Therefore,

+
le € aS(X{ U {*X1}) = S(X{ U {*Xl} U {*X;u{*xl}}) )

and .
(f7r,9) €0(0S5 - 9S)(X1) = (05 - 0S)(X1 U {*x,}).

The action of dp on (f ' g) composes f ™ and g along the corresponding distinguished entries
*X{Ufex, } and * X (while carrying over the distinguished element * x, from the pair to the com-
posite of its components), and, finally, the action of p on ( le+ XU, O xyr 9 h) results in the
partial composition of the two components along *x, and *x,.

The sequence on the right-down-left side consists of the sequence

((fr9),h) = (fi(g,h) = (f5(hg)) = ((f%,h):9),

arising from the action of 6; = a~!o(ex-v)oa, where
g X{ @] {*Xi’ *X{U{*Xi}} — X{ U {*Xi’*XiU{*Xi}}
exchanges xy; and *x ., }, followed by the sequence
1

((f5,h),9) = (((f)=,h),g)
= (%

+
= ()™ XU

O*XQ h)7g)

XiuXQ}
o h) o g
* X * 5ot * 511 9
X/ UXy } 2 X{uXg "X}

corresponding to the action of po;. Similarly as before, the action of (¢! 04;) - id on ((f¢, h), g)
involves the renaming 7 : X U {*x/ux,} — X] U {*x;} of xx/ to xy/ux,, i.e. the action of
dS(2) = S(r5 ) on

feeadS(X1U {xx1}) = S(X] U {xx:} U {*Xgu{*xi}}),
where 757 is the d-extension of 7. This results in

£ T+ !
(f9) € 0S(X] U {*x1ux,}) = S(X1 U {xx70x,} U {*X{u{*xiu%}}),
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ie.
(£ . h) € D(DS - 95)(X] U X2) = (95 - 95)(X] U X2 U {xxquxy})-
The application of dp on (( fS)T’j ,h) composes ( ]‘5)72+ and h along *y/u(«,, . } and *x, (and
1UX2
carries over the distinguished element xx_ x, to the composition). Finally, the application of p
on ((f¢ )T2Jr . sy, h,g) composes the two components along * x/,x, and *x.
1Wlxrux,t T2 1 1

The axiom (CA1) follows thanks to the axioms (A2) and (EQ) of the biased structure, which
prove the sequence of equalities

+ +
(le *Xiu{*Xl}o*Xi/ g) *Xlo*X2 h = (le *Xlo*X2 h) *Xiu{*Xl}o*Xi/ g

j— T+ g

- (((f 1) *Xiu{*XiUX2}O*X2 h) *XiUXQO*Xi, g

+
— EN\T.
= ((f)m *XiU{*X/uXQ}O*X2 h) *X{uxzo*xf 9
1

. !/
where o : X] U {*Xiqu’*X{U{*

/
S XU T R, 1) TENAmeS £x, 10 %x(ugu )
+

and *x/u(y, } 10 *x{Ux,. The last equality in the sequence holds by the equality oo =1 oec.

/
XluX

(CA2) The commutation of the diagram

id
(F>a8)(X) — ™% (5a8)(X)
Ay J Jﬂx
§°(X) —————— S(X)
for X = 0 follows since (E2AS)(?) = 0 and since there is a unique empty function with

codomain S(X). If X # 0, then for ({z,*,1}, f) € (E245)(X) (see (3.3.1)), by chasing the
down-right side of the diagram, we get

({x7*{1‘}}7f) = (favx) = f7,

where o renames * x\ () to z. By going to the right-down, we get

({xa *{x}}a f) = (id$7*{x}, f) = idw:*{x} *{w}O*X\{w} f

The equality f7 = id Oux\(ay J fOllows easily by (U1) and (EQ).

T {a} *{x}

Algebraic to Biased. Suppose that S : Bij°’ — Set is an algebraic entries-only cyclic operad,
let X and Y be non-empty finite sets, let z € X and y € Y be such that X\{z} NY\{y} = 0, and
let f € S(X)and g € S(Y). Then (f,z) € S*(X) and (g,y) € S*(Y). Therefore, for

({z}, /1) = C(f,2) € E1-95(X) and ({y},97) = ((9,y) € E1-0S(Y),

where ( is the isomorphism from Remark 3.18, we have that f7* € 9S(X\{z}) and ¢7* €
0S(Y'\{y}). We define the partial composition o, : S(X) x S(Y) = S(X\{z} UY\{y}) as

fmoy g = p(f017ga2)'

For a two-element set, say {z,y}, the distinguished element id, , € S({z,y}) is 74y ({2, y})-
We move on to the verification of the axioms.

(A2) Let f and g be as above, and let u € X\{z}, h € S(Z) and z € Z. We use the naturality
of p and the commutation of Diagram 2 to prove the equality (f zoy g) w0 h = (fuo: h) 204 g.
Since it is not evident by which element we should start the diagram chasing in order to reach
(f 20y 9) uwoz h, we shall first express this composition via the multiplication p, and then reshape
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the expression we obtained towards an equal one, “accepted” by the diagram.
Firstly, we have that

(fzoy gsu) = (p(f7",97%),u) € S*(X\{z} UY\{y}) and (h,2) € S*(Z).
By applying the isomorphism ¢ from Remark 3.18 on these two elements, we get

({u}, (fz0y 9)) = C(fzoy g,u) and  ({z},h"™) = ((h, 2),

where k1 : X\{z,u} UY\{y} U {*X\{Lu}uy\{y}} — X\{z} UY\{y} renames u to * X\ {z,u}UY\ {y}
and kg : Z\{z} U {*z\ (3} — Z renames z to *»\ (.;. Therefore,

(faoy 9)™ € 0S(X\{z,u} UY\{y}) and K™ € 9S(Z2\{z}),
and the left hand side of the equality (A2) becomes
(f 20y g)uoz b= p(p(f7",972)™ , h"2).
Next, notice that the shape of
p(f7,97)" € S(X\{z,u} UY\{y} U {*x\{z,ujur\({y} })

makes the element p(p(f7*, g72)"1, h"*?) not explicitely reachable in Diagram 2. However, p( f7!, g72)"
is the result of chasing to the down-left the diagram below

(548) (1) /
(SAS)(X\{z} UY\{y}) (SaS)(X\{z} UY"\{y})
PX\{z}UY \{y} J JPX/\{x}UY\{y}
S(X"\{z} uY\{y}) i) S(X"\{z} uY\{y})

where X' = X\{u} U {*x\ {z,ujuv\{y} }, starting with (f7*, g°2). This diagram commutes as an
instance of the naturality of p. Let us chase it to the right. Firstly, we have that

(SAS)(51)(f7,97%) = ((8S) () (F7), (98)(v2)(97)) = (S ) (7). S (v3)(97)) ,

where ;" and v are the 9-extensions of vy : X\{z,u}U{*x\(zuyov\y1} — X\{z}, which
renames u t0 *x\ (»u}uy\{y}, and the identity v5 : Y\{y} — Y'\{y}, respectively. Therefore, the

result of chasing the diagram on the right is p((f* i go2). Consequently, we have that

(f 20y 9) w0 b = p(p((f7)"1, g7), h"2).

On the other hand, chasing Diagram 2 in order to reach (f o, g) 0. h will certainly in-
clude considering the element ({u}, ( oY = ¢(f7,u), where ot is the d-extension of « :
X\{z,u} U{*x\(z,u1} = X \{z}, which renames u to *x\ {; - Therefore,

(f7)" € 99S(X \{z,u}),

and, consequently,
((f71)°7,972) € (88 - 99S) (X \{z, u} UY\{y}).

Furthermore, this chasing will include the element

e ()T, g72) = (((F71)° )™, g72) € 8(9S - 8S),
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where 77 is the d-extension of 7 : X\{z, u} U {*x\ (z.iyuy\{s1 } = X \{2,u} U {x\ (2,4} }, Which

renames * x\ {z,u} t0 *x\ {z,u}uy\{y}-
As a consequence of the equality v = o o 71, we get the equality

(f 20y 9) w0z b= p(p(((F71)* )", g%2), h™2),

in which the right hand side is the result of chasing Diagram 2 to the down-left, starting with

((f7)*",97), 1) € (90 - 9S) - 9S)(X\far,u} UV \{y} U Z\{}).

The remaining of the proof of (A2) now unfolds easily: the sequence obtained by chasing
Diagram 2 to the right-down, starting with (((f™* )", g72), h*2), consists of

(((f7)7,g72),h%2) = ((F7)°7, (972, h™2))
= (7)), (0, 97))
= (7)), hm2), g72),

arising from the action of #; = a~! o (ex - ) o a, where

e+ X\{&, ub U o\ (o * X0\ () Ufe o, ) > XMW 03 U B0 foud s %30 (o) U 0,y 1

exchanges *x\ (.4} and X\ {0} UL 0 (0} ) followed by

() )yt hm2), g72)

(7)) i), g72)

pp((((f7)* )" h2), g72)

where w™ is the d-extension of the renaming w : X\{z,u} U {*x\(zujuz\ (3} — X\{z,u} U

Uex\(our ) Of *x\ {2} 10 *x\{z,u}uz\{z}- Similarly as we did for the left side of (A2), it can be
shown that

() )7, h2), g72)

~~

I 11

PP ) 1), %) = F a0y (g oz h),
which completes the proof of (A2).
(EQ) Let f and g be as above and suppose that o1, 02 and ¢ are as in (EQ). Then

(f”l,afl(x)) € S*(X’) and (g@,a;l(y)) e S (Y,

and we have
f0'1 a;l(x)oa’;l(y) gUQ = p((fol)Tla (.902)7—2)7

where 71 renames o, ' (z) to X\ {0 () and 7, renames o, ! (y) to Y\ {05 (1)} On the other
hand, we have that
(f Oy g)o = p(fm’gﬁz)d,

where r1 renames x to *x\ ()} and kg renames y to *y\ (). The equality p((f71)™, (¢72)™) =
p(f"1, g"?)7 follows easily by chasing the diagram

(SaS)(0)

(SAS)(X\{z} uY\{y}) (SAS)(X\{v; ')} UY'\{r; ' (1)})
Px\{z}uY\{y} J J”X’\{uﬁ(z)}w/\{u;(y)}
S(X\{z} UY\{y}) 50) S(X"\{ry (@)UY "\{r; ' (1)})

which is an instance of the naturality of p, starting with ("1, g"2).
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(U1) For f € S(X) and z,y € X we have

idm,y yOz f= p(Zd;{ya fTQ) = p(id*{z},m fT2)7

where 71 renames y to *y,y and 7, renames x to *x\ (3. The right hand side of the previous
equality is the result of chasing to the right-down the diagram

(E2A5)(X) % (SAS)(X)

)\ng JPX

5%(X) S(X)

TS X

which commutes by (CA2), starting with ({z, *(,3 }, f™). By chasing it to the down-right we get
exactly f, which completes the proof of (U1) .

(UP) The preservation of units follows directly by the naturality of 7.

Both transitions clearly leave the underlying functor unchanged and preserve units. As for
the transition of the partial compostion operation, we have

fxoyg — p(falvgm) — 7 "‘X\{ac}o*Y\{y}ga2

and the conclusion follows by (EQ), while, for the transition of the multiplication, we have

pX(fv g) — f *x, O%x, Y — pX(le7gT2)7
where 71 and 73 are identities. This completes the proof. n

Reflecting once more the microcosm principle philosophy, given a category C equipped with
a bifunctor ¢ : C x C — C that does not bear a monoidal structure, a question of finding the
“minimal” associativity-like and unit-like isomorphisms can be asked, which leads to categori-
fications of monoid-like algebraic structures in a way analogous to the one illustrated in Table 1
in Introduction. If such isomorphisms (and unit-like objects) are established, we could say that
C is a monoidal-like category and define in a natural way a monoid-like object in C. In this sec-
tion we exhibited one such monoidal-like category: (Spec, A, E»), which, thanks to Theorem
3.24, allowes us to give the following algebraic description of entries-only cyclic operads:

A cyclic operad is a monoid-like object in the monoidal-like category (Spec, A, E3),

the exact meaning of which can be read from Table 6.

MONOIDAL-LIKE CATEGORY Spec MoNOID-LIKE OBJECT S € Spec
PRODUCT A : Spec x Spec — Spec p:SAS — S
UNIT FE> € Spec N : By — S
ASSOCIATIVITY2 Y5, 1,u : (SAT)AU + TA(SAU) + (TAU)AS (CAL)
— SA(TAU) + (SAU)AT + UA(SAT)
LEFT UNIT? s E.AS — S° (CA2)
RIGHT UNIT® k& SAE; — S° Corolary 3.22

TaBLE 6: A cyclic operad defined internally to the monoidal-like category of
species

2Ac’cually, the “minimal” associativity-like isomorphism.
3Analogously, the “minimal” unit-like isomorphism.
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3.3.2 Exchangeable-output

In this part, we first transfer Markl’s skeletal exchangeable-output definition [Mar08, Propo-
sition 42] to the non-skeletal setting, by introducing a non-skeletal version of the cycle 7, =
(0,1,...,n) that enriches the operad structure to the structure of cyclic operads. We then de-
liver the algebraic counterpart of the obtained non-skeletal definition.

Non-skeletal biased exchangeable-output definition

The symmetric group S,,, whose action (in the skeletal operad structure) formalizes the permu-
tations of the inputs of an n-ary operation, together with the action of 7,,, generates all possible
permutations of the set {0,1,...,n}. Hence, they constitute the action of S,,;, which involves
the action of exchanging the output of an operation (now denoted with 0) with one of the inputs.
Observe that S, ;1 can equivalently be generated by extending the action S,, with transpositions
of the form (i 0), for 1 < i < n. In the non-skeletal setting, where the inputs of an operation are
labeled with arbitrary letters, rather than with natural numbers, we mimick these transpositions
with actions of the form D, : O(X) — O(X), where z € X denotes the input of an operation
chosen to be exchanged with the output. Here is the resulting definition.

Definition 3.25. An exchangeable-output cyclic operad is a symmetric operad O, enriched with
actions
D, :0(X) — 0(X),

defined for all z € X and subject to the axioms given below, wherein, for each of the axioms,
we assume that f € O(X).

Preservation of units.
[DID] D,(id,) = id,.

Inverse. For x € X,
[DIN] D, (D.(f)) = /-

Equivariance. For x € X and an arbitrary bijectiono : Y — X,
[DEQ] Dy (f)7 = Dg-1(4)(f7)-

Exchange. For x,y € X and a bijection ¢ : X — X that renames z to y and y to z,
[DEX] Dy (f)7 = Da(Dy(f))-

Compatibility with operadic compositions. For g € O(Y), the following equality holds:
[DC1] Dy(f oz g) = Dy(f) oy g, where y € X\{z}, and

[DC2] Dy(f oz g) = Dy(g)?* oy Dz(f)??, wherey € Y, o1 : Y\{y} U {v} — Yisa
bijection that renames y to v and o2 : X\{z} U {y} — X is a bijection that
renames z to y. O

Notation 3.26. For f € O(X), x € X and y ¢ X\{x}, we write Dyy(f) for Do(f)?, where o :
X\{z} U{y} — X renames x to y.

In the following two lemmas, we present some simple properties of actions D,,,.
Lemma 3.27. For f € O(X) and x € X, the following equalities hold:

L. Dayw(f) = Da(f),

2. DY, (id,) = idy, where y ¢ X\{z},

3. DY.(DY,(f)) = f, where y ¢ X\{x},
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g\ — o1 .
4. DY.(f7) = D9, (f)7 , where o : X\{x} U{y} — X renames z to y, and
5. DY,(f 0w g) = DY, (f) 0w g, wherey € X, g € O(Y) and u ¢ X\{y}.
Lemma 3.28. For f € O(X), z,y € X and z ¢ X\{x, y}, the following equality holds
(DCO) D2, (Dy.(f)) = D.(f).

Proof. Since DY,(f) = D.(f)° = (Dz(f)°!)°2, where o : X\{z} U {2} — X renames z to 2,
o1 : X — X exchanges z and y, and o2 : X\{z} U{z} — X renames y to z and z to y, by [DEX],
we have

DZ.(f) = (DF(Dy ().

For the left side of the above equality, we have
DY,(Dy.(f)) = (D(Dy (/)™ )™,

where 71 : X\{y}U{z} = X renames y to zand 7 : X\{z} U {2z} — X\{y} U{z} renames x to
y. Therefore, by [DEQ], we get that

DY, (D)) = (DY(DY(F)™)™ = (DALY
The conclusion follows from the equality o9 = 71 o 7. .

We make necessary preparations for the proof of equivalence of Definition 3.25 and Defini-
tion 1.4 (see Convention 3.23).

For an exchangeable-output cyclic operad O and a finite set X, we introduce an equivalence
relation ~ ontheset ) O(X\{z}) of (ordered) pairs (z, f), wherez € X and f € O(X\{z}):
~ is the reflexive closure of the familly of equalities

where y € X\{xz} is arbitrary. Observe that, by Lemma 3.27(3) and (DC0), for each z € X, an
equivalence class

(2, )~ € Y 0(X\{2})/~

zeX

has a unique representative of the form (z,_). In other words, if (z, f) = (z, g), then f = g.
In the next remark we exhibit a property of ~ that we shall also need for the proof of the
equivalence.

Remark 3.29. By Lemma 3.27(5) and (DCO), we have that (y, Dy, (f) oz 9) = (2, D22 (f) oz g)-
Finally, here is the equivalence theorem.

Theorem 3.30. Definition 1.4 (entries-only, biased) and Definition 3.25 (exchangeable-output, biased),
restricted to constant-free cyclic operads, are equivalent.

Proof. We define functors in both directions and show that going from one structure to the other
one, and back, leads to a structure isomorphic to the initial one.

Entries-only to Exchangeable-output. Let C : Bij”” — Set be an entries-only cyclic operad.
For a finite set X and a bijection o : ¥ — X, the species O¢ : Bij”” — Set, underlying the
corresponding exchangeable-output cyclic operad, is defined by

Oe(X) =9C(X) and O¢(o) = IC(c) = C(a). (3.3.4)



3.3. Algebraic definitions of cyclic operads 65

For f € O¢(X) and g € O¢(Y), the partial composition operation o, : Oe(X) x Oe(Y) —
Oc(X\{z} UY) is defined by setting

foxg=1f z%%y 9, (3.3.5)

where 0 : X U {#x\(zuy} — X U {*x} renames xx to *x\(,juy. The distinguished element
idy € Oe({z}) is defined as id;,,. Finally, for f € Oc(X) and € X U {xx}, the action
D, : O¢(X) = 0¢(X) is defined by setting

Dy(f) = C(o)(f), (3.3.6)

where o : X U {*x} — X U {xx} exchanges x and *x. We verify the axioms.

[A2] Let f and g be as above and let y € X and h € O¢(Z). Thanks to the axioms (EQ) and
(A2) of C, the sequence of equalities

(forg)oyh = (f7 204k g) yOsxy h
= ( ) gT )yo*z h
- (fo') yOxz h)xo*y g

(
(
(
(f"yosz h)z0uy g
(foyh)ozg

where

e 0: X U{x\(zjuyt = X U {xx} renames xx to *x\(atuy,

7 X\{2}UYU{x\ (agyuvuz ) = X\{@UY Ulsx\ ooy } renames #x\ (z30y 10 *x\ (o yyuyuz,
o 7 = 7[NNEEx T Uidy,,

e =1 = idy fsy}, and

o 1 X U{*x\[{zjuz} = X U{*x} renames *x to *x\ (z}uz,

verifies [A2] for O¢. The axiom [A1] follows similarily, by using the (derived) equality (A1) of
C (see Remark 1.8).

[EQ] For arbitrary bijections 01 : X’ — X and o3 : Y’ — Y/, thanks to the axiom (EQ) of C,
as well as its variant from Lemma 1.7, we obtain the following sequence of equalities:

F7 oo 97 =

where
o 7: XU {*X'\{afl(x)}uY'} — X' U {xx/} renames *x to * XN\ for (@)UY
o v: X U{xx\{zyuy} = X U {*x} renames *x to *x\ (z}uy,
o 1= (of o)X\ xt Yo )Y, and

e 0= 01’X\{‘T} U oo,
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which proves [EQ]. Observe that

k= (v MY G dy) o 0T

)

which justifies the application of Lemma 1.7 to get the equality (f z0., 9)" = (f" 204, g)"Jr

[U1] By the axioms (UP) and (U1) for C, for f € Oe(X) we have
idy Cy f = idg’*{y} yOxx f = idy,*x yOxx f = fv

where o : {y, *x} — {y, %} } renames *, to *x.
Similarily, the axioms [U2] and [UP] for O¢ follow thanks to the law (U2) (see Lemma 1.6)
and the axiom (UP) of C.

Concerning the axioms of the actions D,, [DID], [DIN], [DEQ], and [DEX] follow easily by
functoriality of €. The axioms [DC1] and [DC2] require more.

[DC1] Let f € Oe(X),g € Oc(Y), z € X and y € X\{z}. We shall use the following bijec-
tions:

o o: X\{7}UY U{sx\(muv} = X\{z} UY U {*x\(z}uy }, that exchanges y and *x\ (z1uy,
o v: X U{xx\(s)uy} — X U{*x}, that renames *x to *x\ {z1uy,

e o' X U{*x\(zjuv} = X U {*x\{zjuy }, that exchanges y and * x\ 1,30y, and

o 7: X U{xx}— X U{xx}, that exchanges y and *x.

Observe that
rov=voo and o=/ [N\MEExEYEGidy

Thanks to the axiom (EQ) of C, this gives us

Dy(f oz g9) = (f¥ xOxy g)° = (fV)U, xOxy § = (fmy zCxy § = Dy(f) Oz g-

[DC2] Let f, g and z be as in the proof of [DC1] and let y € Y instead. Let 01 and o3 be as in
Definition 3.25. We shall use the following bijections:

o 71 :Y\{y}U{v, *Y\{y}u{v}} — Y U {xy}, that renames y to Y\ {y}U{v} and xy to v,

T2t X\{z} U{y, *x\{zjufyr } — X U {*x}, that renames z to *x\ (z1uqy} and *x to y,

7 Y\{ytU{v, s x\ oy b = Y {5} U{v, 5y (y3uge} - that renames +y\ (1000 10 *x\ (z}uy

k1 X\{z}U{y, *X\{x}u{y}} — XU{*X\{:U}UY}/ that renames x to * X\ {2 }U{y} and * X\ {z}UY
toy,

w2t Y\{y} U{v, *x\(zjuy} = Y U {*y}, that renames y to * x\ {;juy and *y to v,

o X\{z}UY U{*x\ (myuv } = X\{2}UY U{*x\ {230y }, thatexchanges y and * x\ ()0y, and
v: XU {*X\{:E}UY} - XU {*X}/ that renames *x to *X\{z}UY -

Observe that
Tm=voky, ky=mor and o= MUY K|V,
Thanks to the axiom (EQ) and the derived law (CO) of C, this gives us

DO(g)7 0, DO(f)72 = g™ o, f7

(9™ voux\ oy [T



3.3. Algebraic definitions of cyclic operads 67

I s oyugy 00 (977
= ()" e o v 97
= (fy xo*y g)U
= D??(f o g)-
Exchangeable-output to Entries-only. Suppose that O : Bij°? — Set is an exchangeable-output

cyclic operad. The species Cy : Bij’” — Set, underlying the cyclic operad in the entries-only
fashion, is defined by

Co(X) =Y 0(X\{z})/~ (3.3.7)

zeX
(see (3.3.3)). Accordingly, for [(z, f)]~ € Co(X) and a bijection o : Y — X, we set

Co(0)([(z, =) = [(o" (@), O (M) ()]~

For [(u, )]~ € Co(X) and [(v, g)]~ € Co(Y), the partial composition operation o, : Co(X) x
Co(Y) = Co(X\{z} UY\{y}) is defined as follows:

[(z, D2 (f) 02 )], fu=zandv =y,
) e Da(p) e Dyla)le. fu=zandv £y,

[(u, f)lrzoy[(v, 9)]~ = o f o g)lm ot oamdy—g, (3.3.8)
[(umfofb Dyv(g))]% ifu;é:candv#y,

where z € X \{z} is arbitrary. To illustrate that o, is well-defined, suppose, say, that (u, f) and
(v,g) are such that u = x and v # y and let s € X\{z} and w € Y'\{v} be arbitrary. Then, if,
say, w = y, we have

(8, Dsa(f))lx 20y [(¥s Dyo(9))]x = [(8, Dsu(f) 02 Dyo(9))]~;
and (z, D, (f) oz Dyv(9)) = (5, Dsz(f) 0z Dyv(g)) by Remark 3.29. If w # y, then

[(8, Dsz ()]~ w0y [(w, Duww(9))lx = [(8; Dsa(f) 02 Dyw(Duwv(9)))]x;

and, by (DCO) and Remark 3.29, we have

(8, Dsz(f) 0z Dyw(Dwv(g))) = (8, Dz (f) 0z Dyv(g)) ~ (2, Dz2(f) oz Dyv(g))-

From Remark 3.29 it also follows that different choices of z € X\{x} from the first two cases
in the definition of [(u, f)]~z0y[(v, 9)]~ lead to the same result. In the remaining of the proof,
we shall assume that (z, f) and (v, g) satisfy the conditions u # x and v = y. Finally, for a two-
element set, say {z,y}, the distinguished element id,, € Co({z,y}) will be the equivalence
class [(z, idy)|~. Notice that, by [DID], we have that (z, id,) ~ (y, id,). We check the axioms.

(A2) Let [(u, f)]~ € Co(X), [(y,9)]~ € Co(Y), [(w,h)]~ € Co(Z),z € X,y € Yand w € Z.
We prove the instance of associativity that requires the use of [DC2] and [DID], namely

([(w, D~ w0y [(, 9)x) wow [(w, W)~ = ([(u, f)lx wow [(w, h)]x) 20y (¥, 9)]~-

Since O(0) = 0 and g € O(Y'\{y}) (resp. h € O(Z\{w})), we have that Y\{y} # 0 (resp.
Z\{w} # 0). Suppose that X\{z,u} = 0. For the expression on the left side of the above
equality we then have

([(w, M= 2oy [(1:9)]=) wow [(w; W)~ = [(2, Dzu(f 0z 9) 0u b))~
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where we chose z € Y'\{y}. On the other hand, we have
([(u, M)l wow [(w; h)]x) 2oy (4, 9]~ = [(v; Dua(Dau(f) ou h) 0z g)]x;
where we chose v € Z\{w}. The associativity follows if we prove that
Dyz(Dzu(f 02 9) 0u h) = Dy (Dau(f) 0u h) 0z g-
For this we use [DC2], followed by [DID], on both sides of the equality. We get
Dy(h) 0y Duz(Dzu(f 02 9)) = Du(h) o (f 0z 9)
on the left side and

(Dy(h) 0y Duz(Dzu(f))) 0z g = (Dy(h) 0y f) 0z g

on the right side, and the conclusion follows by the axiom [A2] of O. If X\{z,u} # 0 and
z € X\{xz,u}, the associativity follows more directly by [DC1], by choosing v = z.

(EQ) Let [(u, f)]~ € Co(X), [(y,9)]~ € Co(Y),and let oy : X' — X and o3 : Y/ — Y be
bijections. Suppose that 07! (z) = 2/, 07 (u) = v’ and o5 *(y) = /. We prove that

Colo1)([(u, f)lx) arey Colo2)([(y, 9)l~) = Colo)([(u, flxzoy [(4; 9)l~),

where o = 01|X\{””} U ag]Y\{y}. Leto’ = a]X\{x’“}UY\{y}. Thanks to the axiom [EQ] of O, we get

([(u, )lrzoy [(¥:9)]x)7 = [(u, f oz g)IZ
= (W, (for 9)7))x
= [(, f™ 0w g™)]~
_ [(u/,fgﬂx\{u}o 902|Y\{y})]
[(
[(

where 7 = 0|X\{“} Uoi|® and 75 = 0—|Y\{y} - 02|Y\{y}'

(U1) For [(u, )]~ € Co(X), by [U1], we have

(4, ida)]~ you [(u, f)lx = [(z, Day(idz) oy f)lx = [(2, idy oy f)lx = [(2, Deu(f))l~ = [(u, f)l~-

(UP) For [(y,ids)]~ € Co({z,y}), and a renaming o : {u,v} — {z,y} of z towand y to v,
thanks to [UP], we have

Co(0)(idzy) = Co(a)([(y, idz)]=) = (07 (), O(|h) (id))]x = [(v, idu)]~ = idue.

The isomorphism of cyclic operads C and Cy,, (and O and O¢,,). The isomorphism-of-species part,
which is the same as in the proof of the equivalence of algebraic definitions, will be formally
established by Lemma 3.33, as a consequence of the categorical equivalence indicated to us by
Lamarche. Nevertheless, we give now the definitions of the components ¢¢ x : Co,(X) = C(X)
and Yo x : O(X) — Og¢, (X) of the isomorphisms ¢¢ : Co, — Cand ¥y : O — Og,, respectively:

e dex([(u, fl~) = f*, where r : X — X\{u} U {*x\(u)} renames xx\ (,,} to u, and,
e Yox(f) =[x, )~
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As for the corresponding partial composition translations, for [(u, f)]~ € Co.(X), [(¥, 9)]~
Co(Y) and z € X \{u}, we have

[(uvf)]% 2Oy [(yag)]% = [(u, f oz g)]% = [(U7 17 2%y [y} g)]% = [(U’ 17 Oy QTZ)]%v

where o : X\{u} U {*x\ fucyuov\fy} } — X \{u} U {*x\(u) } TENAMES * X\ {1} tO * X\ fu, 23Uy {y} @nd
72 Y = Y\{y} U {*y\(y}} renames #y 1, to y. Notice that for the last equality above we use
the axiom (EQ) of both Cy, and €. The claim follows since

dex ([(u, f7 zoy g7)|x) = (f7 zoy 97)" = fT 20y 97,

where x : X\{z} UY\{y} — X\{z,u} UY\{y} U {*x\(z.u}uy\{y} } TENAMES *x\ (5 u}uy\{y} tO U
and 71 : X — X\{u} U {*x\ (o)} renames u to *x\ (,,}, Wherein the last equality above holds by
the axiom (EQ) of C.

For f € O(X) and g € O(Y'), we have

Yox(f) oz Yoy (9) (x5 f)l~ 0z [(*v, 9)]~

(+x, )] 20%y [(*+v, 9)]
(x\{zjuys )] 204y [(xv, 9)l~
(*x\{zyuys f oz 9)l~

= ¢ox(f Ox g)a

where 0 : X U {*x\{zyuy } — X U {*x} renames *x to *x\ {z1uy-

[
[
[
[

For the unit elements, thanks to the axioms (UP) and [UP], respectively, we have
qs@{x,y}({(x’ Zd@/v*{y})]z) = id;*{y} = iday,
where & : {x,y} — {y, *{,) } renames *, to x, and

wo{m}(idm> = [(*{a}, ida)]~ = (=, id*{w})}z7

which completes the proof of the theorem. |

Algebraic definition

If we think about the algebraic variant of Definition 3.25, it is clear that its cornerstone should
be an ordinary operad, i.e. a triple (S, v,n;) specified by Definition 3.14, and that the goal is
to enrich this structure by a natural transformation which “glues together” the actions D,
S(X) — S(X) and encompasses the coherence conditions these actions satisfy. We give the
definition below.

Definition 3.31. A cyclic operad is a quadruple (S, v,n1, D), such that (S,v,n;) is an operad,
and the natural transformation D : 9S — 09 satisfies the following laws:

(D0) D o n?S =93
(D1) Do D = idyg,
(D2) (0D oex)o (0D oex)o (0D oex) = idgys,
as well as the coherence conditions given by the commutations of the following two diagrams:
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(D3)
(exodDoex)-id
0(08) - S 0(0S) - S
VSJ Jl/g
oS oS
D
(D4)
D-D
08-08 ——— 05 - 908
7/4‘ "Y
oS D 08 ” 05 -08

in which v3 and v4 are induced from v as follows:

% -1 v

v3:09S - S s 09S - S+ 08 - 0S —2— 9(8S - §) —2“ dS, and
Vi : 98- 0 —1s 005 -5+ 05 - 95 —F—— (05 - §) —2 98. 2
That Definition 3.31 is indeed equivalent to Definition 3.25 will follow after the proof of
the equivalence between Definition 3.31 and Definition 3.19 in the next section (see Table 4).
As for a direct evidence, we content ourselves by showing the correspondence between the
natural transformation D and the individual actions D,. Given D : 95 — 05, one defines

Dy :S(X)— S(X)as

Dy = S(07") o Dx\ (4} © S(0), (3.3.9)

where o : X\{z} U {*x\{z3} — X renames z to *x\(,}. In the opposite direction, we define
Dx : 05(X) — 0S(X) via D, as
Dx =D

*x e
The correspondence between the axioms of D and the ones of D, is given in Table 7. In particu-

lar, the axiom (D2) corresponds exactly to the law (DCO) (that holds thanks to [DEQ] and [DEX],
by Lemma 3.28).

D D,
(DO) [DID]
(D1) [DIN]
(D2) [DEQ], [DEX]
(D3) [DC1]
(D4) [DC2]

TasLE 7: Algebraic and biased axiomatisations of the non-skeletal input-output
interchange

Remark 3.32. Notice that the axiom (D2) can be read as the equality
exodDoex=0DoexodD.

Therefore, the diagram obtained from (D3) by replacing (ex o 0D o ex) - id with (0D o ex 0 OD) - id
also commutes.

To summarise, we obtained the algebraic definition of exchangeable-output cyclic oper-
ads (Definition 3.31), by first upgrading the structure (Spec, x), exhibited by Fiore, into the
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monoidal-like category (Spec, %, E1), and then by endowing the monoid-like objects of this
category, i.e. operads (see Table 8), with a natural transformation that accounts for the “input-
output interchange”.

MONOIDAL-LIKE CATEGORY Spec MoNOID-LIKE OBJECT S € Spec
PRODUCT * : Spec x Spec — Spec v:S+xS—S
UNIT FEy € Spec m:EL— S
ASSOCIATIVITY? Bsru : (S*xT)xU+ Sx(UxT) (0A1)
> S*x(T+xU)+ (S+xU)xT
LEFT UNIT Ag:E1 xS =8
(0A2)
RIGHT UNIT ps:SxE; — 5°

TaBLE 8: An operad defined internally to the monoidal-like category of species

3.3.3 The equivalence of algebraic definitions of cyclic operads

This section deals with the proof of the equivalence between the two algebraic definitions of
cyclic operads, Definition 3.19 and Definition 3.31. Based on the equivalence between the cat-
egory of species which are empty on the empty set and the category of species with descent data,
which was communicated to us by Lamarche, this equivalence holds for constant-free cyclic
operads, i.e. cyclic operads for which the underlying species S is such that S(0) = S({z}) =0,
for all singletons {z} (in the entries-only characterisation), and S(}) = ) (in the exchangeable-
output characterisation). Recall that the constant-freeness requirement was also necessary for
the corresponding biased equivalence, given in Theorem 3.30. The reason will soon become
clear.

Descent theory for species

The equivalence of Lamarche comes from the background of descent theory. In the case of
species, one starts with the question

Can we “reconstruct” a species T', given 01'?

Intuitively, given the morphism 0* : Bij”” — Bij’” in Cat, defined by 07 (X) = X U {*x},
the idea is to recover a morphism 7" : Bij?” — Set from S = 9T by “descending” along 9, as
indicated in the following diagram:

Bij” Set

8+ J J idSet

Bij”” —— Set

Such a reconstruction is clearly not possible without additional data, usually referred to as the
descent data, that compensates the loss of information caused by the action of the functor 0 :
Spec — Spec.

Lamarche defines a descent data as a pair (.S, D) of a species S and a natural transformation
D : S — 88, such that D? = idyg, and (0D o exg)? = idgss, and he proves that

the assignment 0 : Spec/y — Spec™, defined by T +— (9T, exr), is an equivalence of

categories®.

*Actually, the “minimal” associativity-like isomorphism.
Lamarche proves this equivalence in a skeletal setting, by considering functors of the form S : ©°? — Set. The
non-skeletal version that we present is an easy adaptation of his result.
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Here, Spec/ denotes the category of species S such that S(f)) = @ and Spec™ denotes the
category of descent data. For an object (S, D) of Spec™, the inverse functor

/ : Spect — Spec/y

is defined by
[0 = 3 s00\(2)/~

zeX

where = is defined as in (3.3.3), whereby the actions D, are defined via D as in (3.3.9).

The main theorem

Let Spec/y (.} be the subcategory of Spec/, determined by species S such that S(0) = S({z}) =
0, for all singletons {z}, and let Spec™ /j be the subcategory of Spec™, determined by descent
data with species S for which S() = (. The following result is a direct consequence of the
equivalence of Lamarche.

Lemma 3.33. Theassignment 0 : Spec/p 1,4 — Spec/g, defined by T — (0T, exr), is an equivalence
of categories.

Let COen(Spec/p (+}) be the category of entries-only cyclic operads (S, p, 72) such that S is
an object of Spec/y 1.}, and let COex(Spec/ ar) be the category of exchangeable-output cyclic
operads (S, v,m1, D) such that (S, D) is an object of Spec™ /4. In both of these categories, the
(iso)morphisms are natural transformations (natural isomorphisms) between underlying species
which preserve the cyclic-operad structure.

The main result of this chapter is the proof that the equivalence of Lamarche carries over, via
Lemma 3.33, to an equivalence between the two algebraic definitions of cyclic operads, formally
given as the categorical equivalence between the two categories introduced above.

Remark 3.34. The reason for restricting the equivalence of Lamarche to the one of Lemma 3.33 (and,
therefore, to the equivalence of constant-free cyclic operads) lies in the fact that, given a species S from
Spec/y, the constraint S(0) = 0 makes the component py : (0S - 9S)(0) — S(0) of the multiplication
p:0S-0S — S the empty function, in which case the condition S({*y}) = 0 is needed in order for
the domain of py to also be the empty set. Therefore, in the context of cyclic operads, we have to consider
Spec/y (. instead of Spec/y, and, consequently, Spec/a instead of Spec™.

Theorem 3.35. The categories COen(Spec/y 4,) and COex(Spec/a) are equivalent.

Proof. We follow the same steps as we did in the proofs of Theorem 3.24 and Theorem 3.30. The
precise definitions of the functors and natural trasformations that constitute the equivalence are
cumbersome, but easy to derive from the transitions we make below.

Exchangeable-output to Entries-only. Given a cyclic operad O = (T,v",m7,DT) from
COex(Spec/ar), by Lemma 3.33, we know that (7', D7) ~ (05, exg), for some species S from
Spec/p (.} Together with the definitions of v and n7, this equivalence gives rise to an operad
(08, vo5,1m195, exg), such that O ~ (95,025,195, exg). Since [(9S, exg) ~ S, defining a cyclic
operad over the species [T amounts to defining a cyclic operad Cy = (S, p,5,125) over the
species S. We define Cy below, whereby we shall write p for p, 5 and 7, for 795.

For X = (), we set px : (05 - 95)(X) — S(X) to be the empty function. For X # (), observe

that defining px amounts to defining py : 9(9S-95)(X) — 9S(X). Indeed, in the end, we shall
define

px =S(071) 0 ply\ (4 © (95 - 08)(0),
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where x € X isarbitrary and o : X\{z} U {*x\(}} — X renames z to * x\ ;,}. For the definition
of p/, we take

P =1p1,pa) o,
where p} : 90S - 9S — 0S and pf, : 9S - 990S — IS are determined by

Pl 90808 5 905 - 08 2588 and  ph = pl o,

where v is as in the axiom (D3), the definition of [p!, p5] is set up by Notation 3.5 and ¢ is the
isomorphism from Lemma 3.9(2).
Similarly, defining 7, amounts to defining dns : dE2 — 0.5, for which we set

Ong = m% o€

(for the definition of the isomorphism €3, as well as for the definitions of ex and ~ above, see
Table 5). We verify the axioms.

(CA1) By Corollary 3.21, the axiom (CA1) for €y comes down to the equality po1 0 01 = p11,
whereas the equality p21 0601 = p1; clearly follows from the equality dp21 0061 = 9p11. We prove
the latter equality.

In Diagram 4, the triangle T is the diagram whose commutation we aim to prove and the
diagrams L and R are obtained by unfolding the definitions of 9p11 and 0p2;. Finally, the two
bottom triangles are obtained by expressing 9(p’ - id) in L and R as 9([p}, ph] - id) o (¢ - id).

0((00S - 9S) - 95) ((00S - 99)
A(i - id) 9(i - id)
9p11 9p21
O((09S - 0S + 9S - 99S) - 9S) ((00S - 9S 4+ 9S8 - 99S) - 9S)
(e~ -ui)J p la(wl-id)
a(p’ - id) a(p’ - id)
9(0(9S - 9S) - 99) 0(0S - 9S) 0(0(0S - 0S) - 0S)

a([p}, ph] - id)
(¢ - id) (¢ - id)

d((88S - 8S + 9S - 88S) - 8S)
Diagram 4

Snce (¢ - id) o (™! - id) = id and O([p}, pb] - id) 0 O(i - id) = O(p} - id), Diagram 4 can be
transformed into Diagram 5, in which the triangles L' and R’ commute.

S)
x} /

A(p] - id) d(py - id)

d((90S - dS) - &

d((00S - dS) - BS)

a(d8 - 8S)
Diagram 5.

Therefore, the equality that needs to be proven is
Aodb = A, (3.3.10)

where A = p’ 0 9(p] - id). By implementing p’ = [p}, p}] o ¢ in A and then by using the equalities
[0p] - id, py - Did] o o = p o J(p] - id) and Did = id, A gets reformulated as A = [B, C] o p, where
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B = p) o (9p} - id) and C = ply o (p} - id). By setting § = ¢ o 901 o ¢!, the equality (3.3.10)
reformulates as
[B,C] = [B,C]oT. (3.3.11)

Since I can be expressed by the commutation of Diagram 6.5, by setting D = Bo(p~!-id)o(i;-id)
and E = Bo (p!-id) o (i, - id), the equality 3.3.11 is proven if the following three equalities
hold:

D =Do(a to(dex-y)oa), E=Co(a'o(ex-y)oa) and C = FEo(a 'o(ex-y)oa).

Oex -y +ex-vy+ex-y

200S - (89S - 8S) + 89S - (23S - BS) + 89S - (8S - 99S) 200S - (89S - 8S) + 89S - (99S - 8S) + 89S - (85 - 9OS)
a+t+a+ o a71+o¢71+o¢71
(008S - 8S) - 9S + (9005 - ©8S) - 8S + (99S - 8S) - 98S (008S - 8S) - 9S + (00S - 90S) - 89S + (89S - 8S) - 98S
¢+ id sl tid
(808S - S 4 8IS - BAS) - HS + (89S - 8S) - DS (808S - S 4 8IS - BAS) - BS + (89S - HS) - 9IS
¢ -id + id e~ id +id
8(98S - 8S) - S + (89S - S) - BAS r 8(98S - 8S) - S + (89S - 8S) - BAS
Diagram 6

Therefore, the first equality that needs to be proven is

0 (99} -id) o (9" - id) o (iy - id) = p} 0 (9} - id) o (¢~ - id) o (i - id) o (a™" o (Jex - ) 0 ),

and the outer part of Diagram 7 corresponds exactly to this equality once the definition of p’
(via v) is unfolded.

ex - -1
(9905 - 8S) - 0S —2— 9005 - (8S - 0S) — 1 9905 - (9S - BS) —— (9095 - DS) - OS

(o= oiy)id (™t oiy)-id
8(995S - M .9S) - 85
O(ex - id) - id d(ex -id) - id
(¢t oiy)-id alo(dex - c)oa (¢~ Y oip)-id
8(09S - 8S) - 8S «————— (9005 - 8S) - 88 ————————— (9005 - 8S) - 85 ——— 9(HIS - HS) - OS5
ov - id (Bex o ex 0 Dex) - id | L { (ex 0 Dex 0 ex) - id ov - id
alo(ex-c)oa’
99S - HS J (9905 - 8S) - 8S ——— (2005 - 8S) - DS J 89S - 68
ex - id (Lploil)-id| {(Qpl 0iy) - id ex - id
ov - id v - id
00S - 0S «————— 9(0605 - 0S5) - 8(08S -88) -8 — 905 - 0S

Diagram 7.

The rest of the arrows show that the outer part indeed commutes. Notice that

® In the top horizontal arrow of Diagram 6, the first ex - v maps the second summand on the left to the third one
on the right, and the second ex - v maps the third summand on the left to the second one on the right.
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e J; and J, commute, since they become the commuting squares of Remark 3.32 and (D3),
respectively, once the two sequences of morphisms defining v3 are “wrapped up” and D
is set to be ex,

e K commutes, as it represents the equality 121 o 31 = 11 of the axiom [0A1], and
e [;,I,,L and M commute as instances of the naturality conditions for ¢ and c.

The second equality is

o (9} - id) o (671 - id) o (iy - id) = pho (s} - id) 00~ o (ex %) o
and the corresponding diagram is (the outer part of) Diagram 8. This diagram commutes be-
cause

o [ becomes the commuting pentagon of (D4), once the two sequences of morphisms defi-
nition of v, are “wrapped up” and D is set to be ex, and

e J commutes, as it corresponds to the equality 143 o 82 = v12 of the axiom [0A1].

1

(905 - 99S) - 0S5 — 2, 905 - (99 - 0S) — 1 905 - (3S - 9IS) — > (905 - DS) - 90S
(¢t oir)-id (ex - 4d)-id
. -
(038 - 88) - 8S (e > 905 - (885 - 859) é 005 . (85 - 008) ——~ (908 - 8S) - 098
O(ex - 1id) - id ¥ 995 - 99S) - v-id
(¢~  0ip)-id
0(00S - 08) - 0S «————— (995 - 995) - - 008
(ex - ex)-id l 0S5 - (89S - 9S)
v -id . v
(00S - 998S) - 8S D
ex - id
905 - 9S I v | k 908 - 0S
(90S - aaS) os — % . 985 - (905 - 05)
ex - ud z'd, ex - 1d
(e~ oin)- 'Ld v
Diagram 8
The last equality is
pho(py-id) = pyo(dpy-id)o (ot id)o (i,-id)oato(ex 7)o
and it follows from the second one, since (ex - 7)™ = ex - 7.

(CA2) By an analysis similar to the one we made for (CA1), it can be shown that (CA2)
follows from the equalities

0 (00 - id) = dmy 0 INA o (¢ L 0d)) : DOE, - dS — S (3.3.12)

and
o (e - id) = dmp 0 N o (¢t 04)) : DF, - 0OS — OS. (3.3.13)

In Diagram 9, the inner triangle represents the equation (3.3.12). It commutes by the com-
mutations of the three diagrams that surround it (easy to check) and from the commutation of
the outer triangle, which represents the left triangle from the axiom [0A2]. The equality (3.3.13)
is verified by a similar diagram, whose outer part will commute as the right triangle from [0A2].
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ne - id
O0E, - 08 89S - 88

d0ne - id

00> - 0S 008 - 08

\p‘l 01
D,

O(OE; - 0S)

\ow

os*®

Yﬂl

0S

Diagram 9

Entries-only to Exchangeable-output. Given an entries-only cyclic operad C = (S, p3,n25), we
the corresponing exchangeable-output cyclic operad O¢ = (95,v,75,1m199, exg) is defined by
introducing 1,25 : 9S x9S — 0S (v for short) as

V:aas-as%aas-asi—’>aas-as+as-aas“”—4>a(as'85)Las,

and 7:95 : By — 0S (m for short) as 1 = 025 o €5 ! Recall that the isomorphism exg arises a
priori by Lemma 3.33, and therefore, it automatically satisfies the axioms (D1) and (D2). The
axiom (D3) is then verified easily by using (D2), naturality of ¢ and naturality of exs, and the
axiom (D4) follows essentially by Lemma 3.20. We now indicate how to verify the remaining
axioms.

[0A1] The outer part of Diagram 10 represents the equality 121 0 31 = v11 (once the definition
of v via p is unfolded). The proof that it commutes uses

e the commutation of the diagram F, where
V= (ptoi)o((pgtoi)-id)o ((ex-id)-id)o ((Dex - id) -id),

which follows by the equality Jex o ex 0 Jex = ex o Jex o ex,

o the commutation of the diagram G, representing the equality Jp21 0 901 = Op11, which, in
turn, holds by (CA1),

o the commutations of F and F5, which follow by the naturality of ¢, and
e the commutations of R and Ry, which follow by the naturality of p.

The outer part of Diagram 11, which represents the equality v22 o 52 = 112, commutes by
e the commutation of the diagram F, where

¢1=¢ loiqo(ptoio(ex-id))-id and ¢o = ' oijo(ex-id),

which follows by the naturality of 6, (notice that 8 = (id - (ex - id)) o o),

e the commutation of G, representing the equality 0pa2 0 902 = Op12, which, in turn, holds
by (CA1), and

e the commutations of F, F5, Ri and Ry, which are of the same kind as in Diagram 10.
Notice that the equality 1,3 o 83 = v;3 also follows by the commutation of Diagram 11.
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77

A—l

(0005 - 9S) - dS . 980S- (05 -9S) X—> 009S - (0S - 98) —————— (999S - 8S
(ga_loz'l)w'dl Lodp)-id
9(09S - 98S) - 9(09S - 68
O(ex - id) - idJ{ E P O(ex - id)
0(00S - 9S) 9(09S - BS
B(Apfloil)w)dl a(g; Yodp)-id
00(9S - 9S) a8((985S - 8S) - 8S) L a((988 - 8S) - 8S) 9(0S - 85
ex - id J( ex - id
“1o4p) i
90(dS - 8S) - S L e 80(9S - 8S) - 9S
o~1 (¢ o1dy) - id) 1ol
88p<idJ( °u / J(‘?c’?pw‘d
00S - 98 Ry a(2(d5 - 85) - 8S) G 8(2(05 - 85) - 95) Ry 008 - 0S8
@ o1 J( (M M J/ © o1
0(0S - 9S) a8 0(0S - 95)
dp dp
Diagram 10
(09S - 00S) - 9S @ 00S - (99S - 9S)
(wlom-idJ lid»(ex-id)
0(00S - 9S) - 0S 00S - (99S - 0S)
a(ex-id)-z‘dJ b1 B Jid-(wloil)
9(00S - 9S) - 9S8 b2 00S - 90(9S - 9S)
a(wloi,)wdl J/ex»id
26
20(dS - 08S)-0S  Fy 8((9S - 90S) - 9S) ———— 5 (8 - (908 - DS)) Fy 8058 - 9(9S - 8S)
ex - id l J/ id - Op
99(9S - 9S) - 9S o dueeny 995 - 85
o~1 (™" 0ip) - id)
86p-idJ °u J/ap_lozl
a(id - dp)
80S - 0S R 2(8(88 - 8S) - 8S) 8(85 - 8(dS - 9S)) 0(9S - 9S)

wil@ill

3(9S - 8S)

(ak/ /

Diagram 11

[0A2] The commutation of the left triangle from [0A2] follows by replacing v in Diagram 9

1

with its definition via p and by setting p; = 9po ™

o 4;. The commutation of the right triangle

follows analogously, relative to the diagram that arises in the proof of the equality (3.3.13).

The isomorphism of cyclic operads C and Co, (and O and Og¢,). As it was the case in the proof
of Theorem 3.30, the isomorphism at the level of the underlying species exists by Lemma 3.33.

The first isomorphism of cyclic operads follows from the equalities’

0ngS = 0ng® o 6;1 oceg and 9pS = p;gs.

"These would be isomorphisms (rather than equalities) if we considered the sequence S — 9S — [0S instead

of S — 9SS — S.
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The first equality is obvoiusly trivial, while, since o/ ,5 0 ~! = [p} v25» Phygs ], the second equality
P
follows from the equalities

dpSoptoi = p'lygs and 9pSoploi, = p'g,/gs.
These latter two equalities are verified as follows:

p .
Pres = v9s o (ex - idyg)
1

OpS o ' oidjo(ex-idgg) o (ex - idygg)

= OpSoploi
and
pél,gs = v§do (ex - idgs) oy
1

oidjo(ex-idgg)o (ex-idgg)oc

OpS o™
Lojioc

dps o™
dpsodyop o,
1

= OpSoe”

Oy .
The second isomorphism follows from the equalities®
oS = 0(nfs oez) o 62_1 and v=y,,.

The equality v = v,, is verified as follows:

Vp, = Opyoptoijo(ex-id)
[vo(ex-idgg),vo(ex-idgs)oy]opop™

= vo(ex-idgg)o (ex-id)

1

oijo(ex-id)

= .

This completes the proof. |

8Like before, these would be isomorphisms if we considered the sequence S — [ S — 9 [ S.
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Chapter 4

Categorified cyclic operads

In the last chapter of this thesis, we make a leap from cyclic operads defined in set-theoretic
terms, which we considered up to now, to their categorifications. The process of categorification
that we carry out is outlined by the replacement of set-theoretic concepts from Definition 1.4
(entries-only) and Definition 3.25 (exchangeable-output) of cyclic operads with their category-
theoretic analogues, as indicated in the Introduction.

For the sake of simplicity, we shall not consider units in neither of these definitions. For
both of them, the removal of units is made simply by forgetting their structure and omitting the
unitality axioms (see Remark 1.3 and Remark 1.9). Therefore, in the remaining of this chapter,
we shall work with the following non-unital axiomatisations of cyclic operads:

(A1), (CO) and (EQ),
for entries-only cyclic operads, and
[A1], [A2], [EQ], [DIN], [DEQ], [DEX], [DC1] and [DC2],

for exchangeable-output cyclic operads.

This chapter is organised as follows. In Section 4.1, we introduce categorified entries-only
cyclic operads by relaxing the axioms (A1) and (C0) to isomorphisms, while leaving equivari-
ance strict, and by formulating conditions which ensure the coherence of the obtained isomor-
phisms. We examine the “operadic” properties of the obtained categorification, essential for
reducing the coherence problem to the coherence of weak Cat-operads of [DP15]. The largest
part of the section will be devoted to the proof of the coherence theorem, whose statement
“all canonical diagrams commute” we make precise by introducing the syntax of canonical di-
agrams. As we indicated in the Introduction, the proof is obtained by restricting the coher-
ence problem from the class of all canonical diagrams to the class of canonical diagrams of
[DP15], by three consecutive faithful reductions: we first “remove” symmetries, then “cyclic-
ity” and, finally, we pass from the non-skeletal to the skeletal framework. Section 4.2 deals
with (non-skeletal) exchangeable-output categorified cyclic operads. The choice of the axioms
which should be weakened in this case is predetermined by the proof of Theorem 3.30: if we
want to preserve the equivalence of entries-only and exchangeable-output cyclic operads in the
categorified setting, then these axioms must be [A1], [A2] and [DC2]. By using the proof of
Theorem 3.30 as a “dictionary” from entries-only to exchangeable-output cyclic operads, the
coherence conditions for the three obtained isomorphisms are established by translating to the
exchangeable-output language the coherences of the entries-only categorification, which is not
trivial. Finally, by adapting the proof of Theorem 3.30 for the non-unital and categorified set-
ting, we give a proof of the equivalence between the exchangeable-output and the entries-only
categorified cyclic operads, which guarantees the coherence of the former notion. We round up
the chapter with a comment on skeletal exchangeable-output categorified cyclic operads.

In the remainder of the chapter, we shall use latin letters for operations of a categorified
cyclic operad, and greek letters for morphisms between them.
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4.1 Categorified entries-only cyclic operads

This section deals with categorified entries-only cyclic operads. In the first part of the section, we
introduce the categorified notion and exhibit important properties. The second one is dedicated
to the proof of the coherence theorem.

4.1.1 The definition and properties

Chasing coherence of sequential associativity (A1) and commutativity (C0), relaxed to isomor-
phisms, led us to the following definition.

Definition 4.1. A categorified entries-only cyclic operad is a functor C : Bij°” — Cat, together with

e a family of bifunctors
20y 1 C(X) x E(Y) — C(X\{z} UY\{y}),

called partial composition operations of C, indexed by arbitrary non-empty finite sets X and
Y and elements z € X and y € Y, such that X\{z} N Y\{y} = 0, which are subject to the
equivariance axiom (EQ), and

e two natural isomorphisms, 5 and v, called the associator and the commutator, whose re-
spective components

TZ3Y,Y
Bﬁg,h = (feoz9) yoy h — f 20z (Qyogh) and ’Y;’g i faoyg = gyou [

are natural in f, g and h, and are subject to the following coherence conditions:

- (S-pentagon)

Ly w0z By~
(gyoyh) 202 k) ————— fa0: (g y°y (h.o.k))

~
8
o
3]
—~

- (f~y-hexagon)

Bran Moayouh
(f 20z 9) yogh — f 202 (9404 h) — (9yoy h) 20z f

T,Z Y,y
/yfag yoﬂlh Y, 5z

vy v.y;z,@
’ygﬁowfah 5%,
(9292 f)yogh —— hyoy (9204 f) ————— (hyoy g) 20x f
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- (fy-decagon)

Cr
(hgoy (f2029))20: k e, hgoy ((f 202.9) 202 k)

Y,y 1 Y,y
Vfpozgh 2021k Iny(foowg)zozk

((f 20z 9) yogh) 20x k ((f 202 9) 202 k) you I
L o, 2% 0, 1
(f 202 (g yoy h)) z02 k (f 202 (9202 k)) yoy b
BFguauhn Bfa omhun
f 0w ((gyoy h) 202 k) faow (920 k) yoy h)

lfmox(“/gy:zzm 1y sop BV A”Z:szozk

f a0z ((hyoy g) 202 k) ————— f o0z (hyoy (g:0.k))

- (y-involution)

J 20z g

T, 1f. 0,
Vg feozg

v,

fgomgg7—>fzogg

where 1_) denotes the identity morphism for (—), as well as the following conditions
which involve the action of €(¢), where o : Y — X, on the morphisms of €(X):

- (Bo) if the equality ((f 20z g) yoy R)7 = (f7* 2oz g7) yr0, h7* holds by (EQ), then

259,y =z’ 'y
Brgn )7 = Bror goa poss

- (yo) if the equality (f oy 9)7 = f7' w70, g% holds by (EQ), then

Vi

(fg)” =751 gz

- (EQ-mor) if the equality (f oy 9)7 = f7* o, g°2 holds by (EQ), and if ¢ : f — f"and
Y :g— ¢, then
(‘P 20y w)" = 7t x' Oy’ P72, 0

Remark 4.2. The nodes of the diagrams of Definition 4.1 can be viewed as formal expressions built over
operations f, g, ... and their entries x,z,vy,y, . ... For each diagram, the rules for assembling correctly
these expressions are determined by the “origin of entries”, i.e. by the uniquely determined relation
between the involved operations and entries, whose instances have the form “z is an entry of f”. For
example, in (8y-decagon), the legitimacy of all the nodes in the diagram witnesses that x is entry of f,
x, y and z are entries of g, y is the entry of h and z is the entry of k. From the tree-wise perspective, these
data can be encoded by the unrooted tree
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This tree also illustrates the fact that the morphism, say,

55:;;;:ﬂ (920 f) yoy h = g20a (f yoy h)

does not exist (for these particular f, g and h), since its codomain is not well-formed, which exemplifies
the difference between the setting of symmetric monoidal categories, where an instance of the associator

exists for any (ordered) triple of objects. The trees corresponding to (S-pentagon), (Sy-hexagon)
and (y-involution) are

®

1
IS

S
&
S

1
<l
8

xyg and

)
OstE®@

1
EHE

&

respectively. In §4.1.4, we shall introduce a formal tree-wise representation of the operations of a cate-
gorified cyclic operads, based on this intuition. Until then, we shall continue to omit the data about the
“origin of entries” whenever possible.

Remark 4.3. Observe that, for a categorified cyclic operad C and a finite set X, both the objects and the
morphisms of C(X) enjoy equivariance: at the level of objects, this is ensured by (EQ), and at the level of
morphisms, by (EQ-mor).

In the remainder of the section, we shall work with a fixed categorified entries-only cyclic
operad C. In the remark that follows, we list the equalities on objects and morphisms of C(X)
which are implicitly imposed by the structure of €.

Remark 4.4. For an arbitrary finite set X, the following equalities hold in C(X):
1. the categorical equations:
a) poly=p=1g0¢ foro:f—g,
b) (pog)op=po(poy),
2. the equations imposed by the bifunctoriality of zo:
a) 120515 =1¢ 0,0
b) (p20¢1) 20z (P20 Y1) = (2202 P2) © (P1202¢1),
3. the naturality equations for 3 and ~:

T,T5Y,Y T,T5Y,Y
a) 5f2,g2ﬁ2 o((¢ xogd)) yogw) =(p zCz (¢ y°g¢)) ° ﬁfhglﬁlf
b) 'Y]gf;/gg o (pzoy @) = (¢pyoz )0 ’Y}:fgl/
whereap:fl —>f2,¢:gl —>g2111’ld1b:h1 —)hQ,

5. the equations imposed by the functoriality of C:
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a) C(1x) = lex),
b) (fO')T — fO'OT/
C) (QOO-)T — (PO'OT

6. the equations imposed by the functoriality of C(o):

ﬂ) ].(;c— = ].fd,
b) (po1h)? = p? oy,

Parallel associativity
We define a natural isomorphism 4, called parallel associativity, by taking

.29,y i 75y, z
Vi~ = Vorsouh @ Born © Orguoyln) : (faezg)yoyh — (Fyoyh)eoeg  (411)

for its components. The parallel associativity ¥ clearly represents the categorification of the
homonymous law (A2). Here are some first observations about .

Remark 4.5. The natural isomorphism v appears in (y-hexagon) and (3y-decagon).

1. Anisomorphism with the same source and target as ﬁfc’fz’y could be introduced as the composition

Yy YoUsTr Ly ] Y.y
(Vg 202 1g) © Bhpg™ )™ ©Vprorgn

which is as “natural” as the composition which we have fixed to be the definition of 0;’5}%’2 With
this in mind, (Sy-hexagon) can be read as: the two possible (and equally natural) definitions of
T,23Y.y
Oy, are equal.
2. Also, v appears twice in (By-decagon), turning it into a hexagon by usz’n% eagplicz’lty the abbre-
L Yitok , Y522
viations 9,5 . (for the top horizontal sequence of arrows) and 1y zo, "™ (for the bottom

horizontal sequence of arrow).

In the following two lemmas we show that ¥ is subject to certain nice (read: operadic) coher-
ence conditions. We first show that the isomorphism ﬁfe’fz’g has v“?%zl as inverse.

VYT GTTYY

Lemma 4.6. The equality 9, = o v, 3~ =1 o, h holds.

fz0z 9)y

Proof. The equality follows by the commutation of the (outer part of) diagram

T,T5Y,Y
ok
(920 f) yogh 2 920 (f yOy h)

Z,T
Vg voU 1p

L,T3Y, Y\
(5g,f‘h =) !

(fzogg)yog — (gzolf)yog A——

vy
Vrn vy lg

v :\
hgoy (fxogg) — (h’goy f) %z g

in which the upper hexagon commutes by (y-involution) and the lower hexagon commutes
as an instance of (y-hexagon). [ |

The following lemma shows two more laws satifsied by .
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Lemma 4.7. The following two equalities hold:
- (BvY-pentagon)

Y,y T, LT32,2 Z,Z5Y,Y _ T,X32,2 Y)Y;z,z
ﬁf,h,gzozk © 5fy°ghvgvk °© (19.]‘.797}74 zo& 1k) - ( fvg:k yog 1h) © fxo£g7h:k7

-(Y-hexagon)

z,ZY,Y T,L;2,2 YY;z,z _ YYiz:z T,T32,2 z,ZY,Y
foomkgh © Wrgr ™ yoytn) 0y o o = Wphy 0ulg) 0V i gn© (Vygh™ 202 1k).
Proof. For the first equality, consider the diagram
(hgoy (f2029)) z0: k

vy o, 1
UYL Vfzozgh 202

! YiYiZhZ
Prntg =°z1k

Bhsfwowgk

By oz 1
((hloy f)moig)zoik hgoy ((fxozg)zozk)
G 1,) 1 . . {}
Tpnoele) 2021k ((f oy h) 404 g) 202 k ((f 202 9) 202 k) yoy b Vfwowg)zozhih
B oyhgk BYEEZ yoy 1y

(f yogh) #%z (9 zozk) —(f Oz (g zogk)) yogh

vy
Vhf 2%z Lgoozk

YUY T,T
Bfuf,!/zoik

(hgoy f) moﬂ(gzoik) hgoy (fzoz(gzogk))

whose “inner” pentagon is (59-pentagon) and whose “outer” pentagon commutes as an in-
stance of (S-pentagon). The equality follows by the commutations of all the diagrams “be-
tween” the two pentagons (two naturality squares for § and three squares expressing the defi-
nition of ).

We have an analogous diagram for the second equality. The “inner” hexagon in the diagram

z,25Y,Y
By~ 20z 1k

((g 20z f) yogh) 20z k .

(9 20« (f yogh)) 20z k

(V55 yoy 1n) z02 1 Vg, fFyoyh =°2 1k

YYizz

Yy
Dy routink

9TENL o 1k
. fia.h £ .
((f mogg)yogh) zogk L (f yogh) mogg) zogk

YiYiZ,2 T, L5252
19f1-o£g,h,k/ \ﬂfyogh,g,k

[T,T
Py, fyoyhk

z,z .z
(7§ g 02 1k) yoy Lp, V(fyoyh)zozk,g

(9204 ) 202 k) yoy h ———— ((f 292 9) -0: k) vy h f ycgh) 205 k) 200 g ———— 9204 ((f yogh’) 202 k)
ﬂf\ - / Ygiaeoels
5,
grazs o ((f 202 k) 202 9) yoy h ———— ((f 202 k) yoy h) 20z g .
9. f,k YOy -th
Wiy;zogk yoy 1n 'Ychfolkuogh,g
Byt iosn

(9 204 (f 502 k)) yogh

929 ((f 202 k) yogh)
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is (¥-hexagon) from the claim, and the “outer” hexagon is an instance of (3y-decagon), and
the equality follows by the commutations of all the diagrams “between” the two hexagons (these
are the four naturality squares for ¥ and two squares which express the definition of ¥). |

4.1.2 Canonical diagrams and the coherence theorem

The coherence theorem that we shall prove has the form: all diagrams of canonical arrows commute
in C(X). In order to formulate it rigorously, we shall first specify what a diagram of canonical
arrows is exactly. Denoting with € the underlying functor of C, in this part we essentially intro-
duce a syntax for the free categorified entries-only cyclic operad without units generated by €.
However, since the purpose of the syntax is solely to distinguish the canonical arrows of C(X),
the formalism will be left without any equations.

The syntax Freee

Let Pe be as in (2.2.2) and let ¥ range over bijections of finite sets. Recall that V is the set of
variables whose existence is assumed throughout the thesis.

The syntax Freee of canonical diagrams (or, of fyo-arrows) of C, contains two kinds of typed
expressions, the object terms and the arrow terms (as all the other formal systems that we shall
introduce in the remaining of the section).

The syntax of object terms is obtained from raw (i.e. not yet typed) object terms

W = a | Wo,W | W2

wherea € Pe, z,y € V,and o € X, by typing them as W : X, where X ranges over finite sets.

The assignment of types is done by the following rules:

a € C(X) Wi X WeY zeX yeY X\{z}nY\{y}=10 W:X o:Y =X
a: X Wi 20, Wa : X\{z} UY'\{y} we .Y

Observe that the object terms of Freeg are exactly the combinators of §2.2, except that they do
not incorporate terms id; , that encode units of (categorified) cyclic operads.

Remark 4.8. The notation .0, (rather then o, ) for the syntax of partial composition operations is chosen
merely to avoid confusion with the symbol o, used to denote the (usual) composition of morphisms in a
category.

To the syntax of object terms we add the syntax of arrow terms, obtained from raw arrow
terms

z,Z3Y,Y Y,y ~1 z,y
Iw ’ ﬁWLWQ,WB | BWLWQ,WB | Wi, We

p o—1 1 o7 o,T x5z’ x5z ' —1
€lg | €lg | 2w ‘ €2yy | €3y | E3py EAW Waio | E4W Whso

Pod | P,o,d | D7,

D =

by assigning them types in the form of ordered pairs (Wi, W,) of object terms, denoted by
Wi — W, as shown in Figure 4.1, where it is also (implicitly) assumed that all the object terms
that appear in the types of the arrow terms are well-formed. Given an arrow term @ : W; — W,
we call the object term W), the source of ® and the object term W the target of ®.

Remark 4.9. Observe that, for all well-typed arrow terms ® : Wi — Ws of Freeg, the object terms Wy
and W, have the same type.
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1le—>W

T,Z30,
5W1,W;W3 : (W11D£W2)yugw3 - leDg(WQyDgWS)

ENHTN T
5W1,W;,W3 : WlxDQ(WZyDEWS) — (WlxDQWQ)yDEWS

Z,Y .
My W - Wi =By Wy — Wo Uz Wy

€1 :a° — a’ 177" 1a% = a’
Eayy ¢ WX — W 52@ W — Widx
53%7 : (WU)T — WooT 53{'/{}7—71 - WooT _s (WO’)T

0:Z— X\{z}UY\{y}
oo X\ {z}u{z'} 5 X oS\ =X\ 5 (2)=2
o2 o NGO =Y o D =oN oy(y)=y

z g’y 1 o2
E4V), Whso - (Wh 20y Wa)e — WY 0 Wy

01: X' =X  oi1(z))=x
02:Y' =Y  o2(y)=y
o X"\ {&/ JUY'\ {3} = X\{2}UY\{y} o=01|X M= uoy Y\

z,y52’, Y ~1 a0 oo o
841/\7/1,1/\772;0 ° Wl x’Dy’ W2 — (Wl aL‘Dy WQ)

@1:W1—>W2 (I)QIW2—>W3 (131:W1—>W{ q)QZWQ—)Wé
Py0P : W — W3 (I)lnyCD2:W1mDyW2_>WiTDyWé

P W —-Wy 0:Y =X
S WY — W9

F1GurE 4.1: Typing rules for the arrow terms of Freee

The collection of object terms of type X, together with the collection of arrow terms whose
source and target have type X, will be denoted by Freee(X).

The interpretation of Freee in €

The semantics of Freee in € is what distinguishes canonical arrows (or Syo-arrows) of C(X):
they will be precisely the interpretations of the arrow terms of Freee(.X). Given that the axiom
(EQ) remains strict in the transition from Definition 1.4 to Definition 4.1, the interpretations of
the arrow terms whose denotations contain the symbol € (and which all encode the properties
of the action of the symmetric group) will be identities.

The interpretation function [[—]] x : Freee(X) — C(X) is defined recursively, as follows:

[lallx = a, (W1 28y Wallx = [Wi]lx, 20y [Wellxe [V1]x = ([WIly)7,
and

o [[Iwllx = Ty

o [[ T,25Y,Y H _Bwﬁ%y,g
Wi,W2, W3 X = [[Wl]]Xl7[[W2]]X27[[W3HX3’
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z,zy,y 1 z,Zy,y 1
o [IBy o wsl1X = By, (vall, (045115,

o 1wl wallx = YW, sty
o [le1gllx = Laoyxs lerg  Nx = Laoyixs

o [leawllx = 1[[widx}]xr [[EZW}]X = 1wy,

o, 1

o llesy llx = Lyoweyricr lleayy Il = Ipweer)

! YA
sty — 1

o [leailiSitiolx = Liomaoywarler [, x = Lppe Lo ooy
o [[@20®]]x = [[P2]]x o [[®1]]x,
o [[@120yPo]]x = [[®1]]x, 20y [[P2]]x,, and

o [[®7]]x = ([[®]]y)"
Lemma 4.10. The interpretation function [[—||x : Freee(X) — C(X) is well-defined, in the sense that,
for an arrow term ® : Wi — W of Freee(X), we have that
[@]]x : [MW]lx = [WVellx

Proof. The proof goes by easy structural induction on the (object and arrow) terms of Freee(X).
For arrow terms whose denotations contain ¢, the claim holds thanks to the equivariance axiom
(EQ) for C. We show this only for the arrow term

,ym ’y g J1 g2
€4 Waior - t (Wi o0y Wo)? — WY oy Wa2,

where W; : X, W, : Y, and o, 01 and o3 are as in the appropriate typing rule of Figure 4.1.
Denote U = X \{z} UY \{y}. We then have

ey il o = Lgom woy wayello © [[OWV1 20y W) Tl = [[(W 20 Wa) Tl
and, by the axiom (EQ) for €, we have

(W20, W2)°lz = ([Wra0y Wa]lu)?
[Wi]lx zoy [WVe]ly)?
(M) x)7t wroy ([WV2l]y )2

W lo-11x\ {2310t} 20y (V22 llo- 1\ oty

(
(
(
I

[V 20y W o1 1x\ (e uo =1 v\ ()]

[V 20y W3] 2. |

Relying on Lemma 4.10, we define a canonical diagram in C(X) as a pair of parallel morphisms (i.e.
morphisms that share the same source and target) arising as interpretations of two arrow terms of the
same type of Freee.

The coherence theorem

We can now state precisely the coherence theorem for €.

Coherence Theorem. For any finite set X and for any pair of arrow terms ®,V : Wy — W of the
same type in Freee(X), the equality [[®]]x = [[¥]]x holds in C(X).

In the remainder of Section 4.1, we prove the coherence theorem.
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4.1.3 The first reduction: getting rid of symmetries

Intuitively, the first reduction cuts down the coherence problem of € to the problem of commu-
tation of all diagrams of B~y-arrows of €. We introduce first the syntax of these diagrams.

The syntax Freee

The syntax that we are about to introduce is obtained by removing the term constructor (—)
from the list of raw object and raw arrow terms of Freeg, as well as all the arrow terms of Freee
whose denotation contains ¢.

The pv-reduction of Freee, denoted by Freeg, is specified as follows. The collection of object
terms of Freeg is determined by raw object terms

Wio=a|W,0,W

where a € Pe and z,y € V, and typing rules

a € C(X) Wi:X WY zeX yeY (X\{z}H)n¥\{y})=0
a:X Wy 20y Wa X\{z} U Y\{y}

The collection of arrow terms of Freep is obtained from the raw arrow terms

T,T3Y,y zr3yy 1 ,
¢ u=lw | BWLW;,WS | 5W1,W;,W3 | fy‘nglf,W2 | poy| Paty P

by typing them with pairs of object terms as shown in Figure 4.2.

lw W —->W

T,L;9,Y
ﬂwl,Wg,Wg : (WlxD£W2)yDgW3 - erDQ(WZyDgWS)

z,z3y,y ~t
B, Wy ws @ Wiz (Way By Wa) = (Wi,0,Wa), 0y Wi

x,Y .
Yy wy - WlmDyWQ — Wy yDIW1

Q012W14)W2 (pQ:WQ—)Wg 5011W14)W1/ @2:W24)W2/
w201 Wi — W3 ©1 20y 02+ W1 .0, Wy — W1 .0, Wj

FiGure 4.2: Typing rules for the arrow terms of Freee

Analogously as before, we shall denote the collection of object terms of type X, together with
the collection of arrow terms whose source and target are object terms of type X, by Freep(X).

Remark 4.11. Notice that the type of an arrow term p of Freeg is determined completely by  only, that
is, by the indices of ¢ and their order of appearance in . This allows us to write W(p) and W ()
for the source and target of o, respectively.

Furthermore, observe that, for an arbitrary arrow term ¢ : Wy — W, the parameters and variables
that appear in W1 are exactly the parameters and variables that appear in Ws.
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The interpretation of Freee in C

The semantics of Free; in C is what distinguishes 3+-arrows of €(X) from all other canonical
arrows of C(X).

The interpretation function [—]x : Freee(X) — €(X) is defined recursively, as follows:
[Q]X = a, [Wl zHy WZ]X = [Wl]Xl 2Oy [WZ]Xza
and

o [lwlx =Ty,

o [ﬁl’@y,g ] _ﬁaf@;y,g
Wi, Wo, W3l X = Pl x| [Walx, [Walx,”

<

Tazyy 1y zmamyy
[’8W17W2,W3]X - 5[W1}X1,[W2]X27[W3]X3’

&

x7y JE— x?y
Dy welx = VWilx, [Walx,”
o [p2 0 @1]x = [p2]x o [p1]x, and

<& [901 zHy @Z]X = [301])(1 zOy [‘PZ]Xz'

Lemma 4.12. The interpretation function [~]x : Freee(X) — €(X) is well-defined, in the sense that,
for an arrow term ¢ : Wi — W of Freee(X), we have that

[SO]X : [WI]X — [WQ}X.

Proof. This is a direct consequence of Lemma 4.10. |

An auxiliary typing system for the raw arrow terms of Free,

In this part, we introduce a slightly more permissive typing system for the raw arrow terms of
Freee, by “relaxing” the rule for typing the composition ¢ o 1. More precisely, the new formal
system, which we shall denote with Freee, will be the same as Free,, except for the composition
rule for arrow terms, where we add a degree of freedom by allowing the composition not only
“along” the same typed object term, but also “along” the a-equivalent ones.

In order to define a-equivalence on object terms of Freee, we introduce some terminology.
For a parameter a € C(X) of Pe, we say that X is the set of free variables of a, and we write
FV(a) = X. For an object term W : Y, we shall denote with Pe(W) the set of all parameters
of Pe that appear in W. The a-equivalence on object terms of Free, is the smallest equivalence
relation = generated by the rule -

Wi:X WaY zeX yeY X\{z}nY\{y}=0 2',y'¢X\{z}uY\{y} ='#y
a€Pe(W1) FV(a)=X1 zeXiNX
bePe(W2) FV(b)=Y1 yeYinYy
m1: X1 \{z}u{z'} = X1 T X\ {e} =X\ {2} T1(z')=x
YUy} =1 mlyp=idvpyy @)=y

Wi 20y Wo = Wila™ /a] 0, Wa[b™ /1]

(4.1.2)

where W1[a™ /a] (resp. W>[b™ /b]) denotes the result of the substitution of the parameter a™
(resp. b™) for the parameter a (resp. b) in W, (resp. W3), which is, moreover, congruent with
respect to ,0,. The intuition is simpler than it might seem: the rule defining = formalises a
particular case of equivariance on objects (see Remark 4.3). Here is an example.
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ExampLE 4.13. Returning to the syntax Freee, which encompases terms of the form W7, observe
that, fixing o = id x\ {z3uv\{y}, Py (EQ), we have

id z
llallx o5y [By) oy

[[Q:v'jyb]]X\{x}uY\{y} = (

= |la }]X\{x}u{x’}ﬁ Y’ Hb]]?\{y}U{y’}
[
[

= [[a™]x\{z3u(ary 2By (D2 (3ot
[a™ 20y b)) X\ {2} v\ {5} -

The first and the last object term in this sequence of equalities of interpretations are object terms
of Freep and they are a-equivalent. From the tree-wise perspective, the equivalence relation =
corresponds exactly to the a-equivalence of unrooted trees (see §2.3.1).

The substitution of parameters of object terms canonically induces substitution of param-
eters of arrow terms of Freee. For an arrow term ¢ : Wi — W3 of Freee, a € Pe(U) and
a” & Pe(U), such that W;[a” /a| (and thus also W3[a” /a]) is well-typed, the arrow term ¢[a” /a] :
Wila™ /a] — Wala” /a] is defined straightforwardly by modifying the indices of ¢ as dictated by
the substitution W;[a” /a].

ExampLE 4.14. If o = B;,T IquZ War where z € X1, a € €(X1) and a € Pe(W)), then

x,2;Y,Y T =’ zy, Yy
By waws a7/ a] = 5W1 a7 /a],Wa, W3’

where 2’ = 771(z). O
We shall need the following property of the “interpretation of substitution”.

Lemma 4.15. Let W be an object term of Freee(X) and let x € X. Let a € Pg(W) be such that
x € FV(a), and suppose that 7 : FV (a)\{z} U {2’} — FV(a) renames x to z'. We then have

[Wld"/a]] = [W]7,

where o : X\{x} U {z'} — X renames x to x'. Additionally, for any arrow term ¢ of Freee(X) such
that Ws(¢) = W, we have

[pla”/a]] = [#]".
Proof. By easy structural induction, thanks to (EQ), (50), (7o), (EQ-mor) and Remark4.4.6. W
Lemma 4.16. If W, = Wy, then [W;]x = [Wa]x.
Proof. By induction on the proof of W; = W5 and Lemma 4.15. |

We now specify the syntax Freee. The object terms and the raw arrow terms of Freee are
exactly the object terms and the raw arrow terms of Freee. The type of an arrow term ¢ of Freee
is again a pair of object terms, which we shall now denote with - ¢ : U — V. The typing rules
for arrow terms are the same as the typing rules for arrow terms of Freeg, given in Figure 4.2,
except for the composition rule, for which we now take the rule given in Figure 4.3.

FQO1:W1—>W2 F(pngé%Wg WQEWQ/
F@20@12W1—>W3

FiGure 4.3: Typing rule for the composition of arrow terms in Freee

As usual, Freee(X) shall denote the collection of object terms of type X, together with the
collection of arrow terms whose source and target are objects terms of type X, of Freee.
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The interpretation of Freee(X) in €(X), is defined (and denoted) exactly as the interpreta-
tion [—] x. In particular, the interpretation of the “relaxed” composition is defined by [p20p1] x =
[p2]x © [¢1]x. The following lemma is a direct consequence of Lemma 4.16.

Lemma 4.17. The interpretation function [—|x : Freee(X) — C(X) is well-defined.

The purpose of the syntax Freee in the proof of the coherence theorem is to be a natural
“intermedium” in the transition from Freee to Freee. As we shall see, Freee is more suitable as
an immediate environment for the removal symmetries from Freee. The following lemma then
enables us to complete the transition to Freee.

Lemma 4.18. If- ¢ : U — V is an arrow term of Freee(X) and if U = U’, then there exists an arrow
term U - U’ — Wi (V") of Freee(X), such that

W)=V and  Jglx = [0V ]x.

Proof. By induction on the structure of ¢.
e If o = 1, then ¢V’ = 1. We conclude by (EQ) and Remark 4.4.6(a), for o = id x.

T,T3Y,Y

e Suppose that ¢ = 5W1,W2,W3' The source of ¢ is then U = (W z0, Wa) yOy Ws. If the
parameters a; € Pe(Wh), ag1, a2 € Pe(W2) and a3z € Pe(W3) are such that x € FV (a1),
z,y € FV(az) and y € FV (a3), then U’ = (W0, W3),/0, W3, where

Wila'far] = Wi, Walagi'/as[a35 /azs] = W5 and Wilaf®/ag] = W3

and 7y, 721, T22 and 73 rename x to x’, x to 2/, y to v’ and y to y'. We set

U ﬁx’@’;y’,g’
¥ W, W4 W4

We conclude by (EQ) and (B0), for o = idx.

. -1
o Ifp= B‘ﬁ,ﬁ%WJ , then U’ has the shape W/ ,/0,/ (W} y Oy W3) (where W/ and 2/, 2/, ' and

y' are as in the previous case), and we set

/ / ! !
x'

v rhahyly Tt
¥ _'BWI,Wé,Wé :

We conclude by (EQ), (So) and Remark 4.4.6(a), for o = idx.

e Suppose that ¢ = 7Y 11, . The source of  is then U = Wy ,0, Wa. If the parameters a; €
Pe(W1)and ag € Pe(W3) aresuch thatz € FV(a;)andy € FV(ag), thenU’' = W{ 0, W;,
where,

Wilal'/a1] = W] and Wsa}?/ag] = W,

and 7 and 72 rename z to 2’ and y to v/, respectively. We set

and conclude by (EQ) and (o), for o = idx.
e Suppose thatt ¢y : U — W, @3 : W — V and that W = W/, and let ¢ = @3 0 ¢1. By
the induction hypothesis for ¢ and U’, there exist an arrow term
Splljl : U/ - Wt(gplljl)a
such that Wi (V") = W and [¢1]x = [¢V']x. Since W = W', by the transitivity of =, we
get Wi (¢{") = W’. By the induction hypothesis for 5 and W;(¢!"), there exists an arrow

term ) )
Wi (oY ’ Wi (oY
P2 er) : Wt(80(1] ) = Wilpy e ))v
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such that Wt(gogvt(wg )) =V and [p2]x = [¢§Vt(¢f )]X. We define

’ W, u’ /
WV =gy ) o
e Suppose that = @1 : Uy — Vi, @2 : Uz — Va, and let ¢ = 1 .0, 2. In this case, the
source of ¢ is U = U, .0, Uz and we have two possibilities for the shape of U’.

- U' = U{ g5y Uy, where, assuming that a; € Pe(U;) and ay € Pe(Us) are such that
z € FV(a1) and y € FV(az), Uila]'/a1] = Ui and Usla3?/as] = Us. Since a7' €
Pe(U}) and a2 € Pg(U}), this means that, symmetrically, we have U{[a;/a]'] = U,
and Uj[ag/al?] = Us. By the induction hypothesis for ¢, and Uj[a1/a]'], as well as

@2 and Ujlaz/a3’], we get arrow terms

Ullai/a7] - Uilai/ay']
oo U an /e - Wil )
and Ujlaz/a3z?] Ulag/az?]
Pyt Ublag/aR] = Wiy ),
such that a0 U o faT]
Wilp, ™) =W, and [pix=lp,  lx
and Ujlaz/az?] Ulaz/az?]
Wilp, ) =Va and  [palx = [0y lx.
By means of substitution on arrow terms, we define
/ Ulla1/alt] - Ublaz/as?] -
o =) o ] woy 0y o [aF fag).

- U = Uj ;0, U, where U; = U; and Uy = Uj. In this case, we define
U’ Uy U/
P = e ety ey

We conclude by Lemma 4.16. -

The first reduction

We make the first reduction in two steps. We first define a (non-deterministic) rewriting algo-
rithm ~+ on Freee(X) with outputs in Freeg, in such a way that the interpretation of a term of
Freee matches the interpretations of (all) its normal forms relative to ~». We then use Lemma
4.18 to move from Freee(X) to Freep, while preserving the equality of interpretations from the
tirst step. This allows us to reduce the proof of the coherence theorem, which concerns all 8yo-
diagrams, to the consideration of parallel Svy-arrows in C(X) only.

We first define the rewriting algorithm ~~ on object terms of Freee. The algorithm ~~ takes
an object term W of Freee and returns (non-deterministically) an object term W of Freee, which
we denote by W ~~ W, in the way specified in Figure 4.4!.

The formal system defined in Figure 4.4 is obviously terminating, in the sense that for all

object terms WV of Freee there exists an object term W of Freee, such that W ~» . Notice also
that the last rule is non-deterministic, as it involves a choice of 2’ and 3’. In what follows,

IStrictly speaking, the formal system that we define is a term rewriting system on Freee(X), since the object
terms of Freec are clearly contained in Freeg (X). We use the word algorithm to further emphasise that the normal
forms (i.e. the outputs of the algorithm) themselves determine a different syntax, and, thereby, to stress the reduction
process encoded by the formal system.
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Wy~ Wy Wa ~» Wy
a~a Wi 20y Wo ~ Wy .0, Wo

W s W W°T w W
a® ~ a% Widx o W (W)™~ W

0:Z = X\{z}uY\{y} o".y'gX\{z}uY\{y} a'#Y’
oo X\ {z}]u{z'} 5 X oSN =g XM 5 (2)=2
o2 Y \{yHU{y'} =Y oMW =a MY oy (y)=y

Wfl ~ W1 Wgz ~ W2
(Wl sz WQ)U ~ Wl :I:’Dy’ W2

FIGURE 4.4: The rewriting algorithm ~~ on the object terms of Freee

for an arbitrary object term W of Freee, we shall say that the outputs of the algorithm ~~ applied
on W are normal forms of VW and we shall denote with NF()V) the collection of all normal forms
of W.

The formal system (Freee, ~~) satisfies the following confluence-like property.
Lemma 4.19. If W, W5 € NF(W), then Wy = Wh.

Proof. Suppose that W ,0, Wa)? ~» Wy 0, Wh is obtained from WY ~» Wy and Wy? ~ W,
and (Wi 30y Wha)7 ~» W1 pn0yn Wi from Wt ~» W] and W32 ~» W3,

Let a € Pe(W1) and b € Pe(W>) be such that FV (a) = Xy, FV(b) =Y,z € X1andy € Y5,
and let ;1 : X1 \{2'} U {z"} — X, be the renaming of 2’ to 2" and 3 : Y1\{y/} U {¢""} — Y} the
renaming of ¢ to y”. It is then easy to show that W[* ~» W;[a"! /a] and WJ? ~» Wa[a"2 /a].

By the definition of =, and the induction hypothesis for Wj* (that reduces to both W| and
Wila" /a]) and W;? (that reduces to both WJ and W>[b"2/b]), we then have

WI x/Dy/ WQ = Wl [L’ﬂ/g] LL‘”Dy” W2 [&/b] = W{ .'E”Dy” WQI .

Lemma 4.20. For an arbitrary object term VW : X of Freee and an arbitrary W € NF(W), the equality
of interpretations [ || x = [W]x holds in C(X).

Proof. By induction on the structure of W.
o If W = g, we trivially have [[a]]x = a = [a]x.

o If W = Wi,0Ws, where W, : X and W : Y, then, for any Wi € NF(W;) and Wy €
NF(Wh), Wi ,0, Wy € NF(W). Hence, by Lemma 4.19, we have that W = W .0, W». By the
induction hypothesis for W; and W,, we have that [W]|x = [W1]x and [Ws]]y = [Waly,
and, by Lemma 4.16, we get

Willx zoy [Welly
WI]X 2Oy [WQ]Y

(W10, Wa |l x\ fayuv\ {5} [
[
W1 20y Walx\ fauv\ (v}
[

WX\ ov\{y}-

e Suppose that W =V, where V : X and 0 : Y — X. We proceed by case analysis relative
to the shape of V (and o).

- If V = g, for some a € Pe, then

[Ny = [lal]% = [a]% = a” =[]y
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- If o = idx,and if V € NF(V), then V' € NF(W), and, by Lemma 4.19, we have that
W = V. By the induction hypothesis for V and Lemma 4.16, we get

[Vx = [VI¥* = [Mlx = V]x = W]x.
- IfV =V1,0)V5, and if Vi € NF(V') and V5 € NF(V35?), then Vy 0,/ V5 € NF(W), and,

by Lemma 4.19, W = Vj,0,/ V5. By the induction hypothesis for Vi' and V5 and
Lemma 4.16, we get

[[(V1 20y V2)7]ly (V1 20y V2%
= ([Mlx 20y [D2]]x,)°
= [, oy [D2IIS,
= [ vs w0y [V ]]

[

[

Vily, z/Dy [Valy,
[ oy Valy
[

Vi
Wly

- IfV=U",and if U € NF(UU7°?), then U € NF(W), and, by Lemma 4.19, W = U. By
the induction hypothesis for {7 and Lemma 4.16, we get

[@7)]ly = ([U)]5)7 = [MX7 = [U™]ly = [Uly = Wiy m

We move on to the first step of the first reduction of arrow terms of Freee: in Figure 4.5, we
define a (non-deterministic) rewriting algorithm ~, which “normalises” arrow terms of Freeg.

We make first observations about this rewriting algorithm.

Remark 4.21. Notice that, if ® : Wi — Wh and if ® ~~ ¢, then = ¢ : Wi — W, for some Wy €
NFOW,) and Wy € NF(Ws). Also, in the rule defining ($g 0 ®1)7 ~ g 0 @1, the arrow term g o @y is
not well-typed in Freeg in general.

As it was the case for the algorithm on object terms, this formal system is terminating. There-
fore, the algorithm gives us, for each arrow term ® : W; — W, the set NF(®) of normal forms of
®, which are arrow terms of Freee. Here is the most important property of these normal forms.

Lemma 4.22. For arbitrary arrow term ® of Freee(X) and ¢ € NF(®), the equality of interpretations
[@]]x = [¢]x holds in C(X).

Proof. By induction on the structure of ® and Lemma 4.20. |

Suppose that, for all object terms W of Freee, a normal form red; (VW) € NF(W) in Freee has

been fixed, and that, independently of that choice, for all arrow terms ® of Freee a normal form
red; (®) € NF(®) in Freee has been fixed.

We define the first reduction function Red; : Freeg — Freee by
Red; (W) =red; (W) and Redy (CI)) = red; ((I))redl (Wl)’

where ¢ : W, — W,. Observe that, in the definition of Red; (®), we used the construction of
Lemma 4.18, which indeed turns red; (®) (which is an arrow term of Free¢) into an arrow term
of Freep. Also, for an arrow term @ : Wy — W of Freeg, we have that Red; (®) : Red;(W1) —
W5, where, in general, W5 # Red; (W;). However, the following important property holds.
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U e NF(U)
1y~ 1y

W, e NF(W,’) 1€ {1,2,3} W; e NF(Wi) 1€ {1,2,3}
TZY LY
ﬁW17W27W3 ~ ﬁWl,WmWs

z,z3y,y 1 z,z;y,y ~1
By, waws ™ Bw, w,
W1, W2, W3 Wi, Wa,W3

W, € NF(W,‘,) 1€ {1,2}

Ty~
MW, ws Ty, we

e1g ~ lao 512_1 ~ lgo

W e NF(W) W e NF(W)

€2y ~ 1w g2 ~ lw

W € NFOWVOT) W € NE(W7°T)

o, T -1
ey ~ 1w esyy o~ 1w

W € NF((W1,0,W2)?) Wy e NFOVTY) W, € NF(W5?)

z,y;2’,y’ z,y;x’,y’ 1
€4W17W2;U ~ lw E4W17W2;0170’2 ~ 1w
Dy~ o1 Py~ oo Dy~ o1 Po o
Py0Py ~ a0 Dy 0y Py~ 1 0y P2
1g ~ g0
W; € NF(W/*) W; € NF(W/")
z,2;Y,Y - z',z'5y"y’ z,ziy,y 1 z'z'yy L
(BW1,W27W3) ~ /8W17W27W3 (ﬁwl,Wz,Ws)g ~ 5W1,W2,W3
W; e NFOWV) i€ {1,2}
x,y o z',y’
(’YW1,W2) ~ ’YW1,W2
-1
(612)'{’ ~ laaon (813 )H ~ laaom

W e NF(W") W e NF(W")
(e2w)® ~ 1w (2y)" ~ 1w

W c NF(WUOTOK,) W c NF(WUOTOI{)
W) = 1w (el )F

W € NE(Wia0W)7°%) Wi € NEOVTI™) W, € NF(WG2o2)

(et )T~ 1w (il )R~ L
D QT ~ OT' ~ 1 DT~ o D7 ~ 1 BT~
Pidx ~s (®7)7 ~ ¢ (@1 20y P2)7 ~ @1 /Oy P2 (P2 0®P1)7 ~ a0

Fi1GURE 4.5: The rewriting algorithm ~+ on the arrow terms of Freee

Lemma 4.23. For any two arrow terms &, : Wi — W, of the same type in Freee, Reds (®) and
Red; (V) are arrow terms of the same type in Freee.

Proof. That Red;(®) and Red; (¥) have the same source is clear by the definition. We prove the
equality W;(Red;(®)) = W;(Reds(¥)) by induction on the proof of W;(Red (®)) = W (Red (¥)).
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Suppose that
Wi(Redy (®)) = W10, Wo and  Wy(Red;(¥)) = Wila™ /a] ,0, Wa[b™/b].

If, moreover, at least one of 71 and 72 is not the identitiy, i.e. if, say, 2’ # z, then, by Remark 4.11, it
cannot be the case that Red; (®) and Red; (¥) have the same source, which is a contradiction. W

The following theorem, essential for the proof of the coherence theorem, is simply an in-
stance of Lemma 4.20 and Lemma 4.22.

Theorem 4.24. For an arbitrary object term W and an arbitrary arrow term ® of Freee, the equalities
of interpretations
[Wlx = [Reds(W)]x and [[®]]x = [Red1(®)]x

hold in C(X).

4.14 The second reduction: getting rid of the cyclicity

Intuitively, this reduction goes from “cyclic operadic” to just “operadic”, which cuts down the
problem of commutation of all 3-diagrams of €(X) to the problem of commutation of all -
diagrams of C(X) (see (4.1.1)). As the “removal of cyclicity” is based on a transition from un-
rooted to rooted trees, we shall use a tree representation of our syntax, more convenient for
“visualising” this reduction. The latter representation builds on the formalism of unrooted
trees introduced in §2.3.1. Given that € is a non-unital categorified cyclic operad, in what fol-
lows we shall consider only ordinary unrooted trees, to which we shall refer simply as unrooted
trees. Moreover, since the purpose of the formalism is to provide a representation of the terms
of Freee, which do not encode symmetries, the unrooted trees will not be quotiented with a-
equivalence. In this regard, we shall denote with T, (resp. T¢(X)) the collection of all unrooted
trees whose corollas belong to Pe (resp. whose corollas belong to Pe and whose free variables
are given by the set X).

A tree-wise representation of the terms of Free;: the syntax T

We first introduce the syntax of parenthesised words generated by Fe, as

w = a|ww

where a € Pe. We shall denote the collection of all terms obtained in this way by PWordse.

For an unrooted tree 7, we next introduce the 7T -admissibility relation on PWordse. Recall
from §2.3.1 that we write 7 = {7; (zy) 72} to denote that 7; and 7; make a decompostion of 7°
along the edge (zy). Intuitively, w is T-admissible if it represents a gradual composition of the
corollas of 7. Formally, the predicate w is T-admissible is defined by the following two clauses:

¢ ais T-admissible if Cor(7T) = {a}, and
o if T = {T1 (zy) T2}, w1 is T1-admissible and w, is To-admissible, then w; w9 is T-admissible.
We shall denote the set of all 7-admissible terms of PWordse with A(7).

Remark 4.25. Notice that, if w is T-admissible, then, since all the corollas of T are mutually distinct,
w does not contain repetitions of letters from Pe.

A parenthesised word can be admissible with respect to more than one unrooted tree. Concretely, in
the second clause above, wyws is admissible with respect to any unrooted tree whose decomposition is

{7, T2}
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We introduce the syntax of unrooted trees with grafting data induced by €, denoted by T, as
follows. The collection of object terms of T is obtained by combining the syntax T and the
syntax PWordse, by means of the T—admissil;ility relation: we take for object terms of T all the
pairs (7, w), typed as

T € Te(X) w € PWordse w € A(T)
(T ,w): X

The arrow terms of Ig are obtained from raw terms

25,y Y,y

[y p— x7y
5= L) LB ) (Tawe) (Tows) | Bi0). (Tawe) (Tows) | YT ) Ty | 900 1 025y 0

by typing them as shown in Figure 4.6.

1(T7w) : (T7 UJ) — (Ta ’LU)

T ={Ti(zz) T2} (yy) T3} y € FV(Ta)

BTion) (Tacun) (T (T (wrtwa)ws ) = (T, wi (waws))

T ={T(z2){T2(yy) Ts}} z€ FV(T)

z,z;y,y ~1
B (Tawa) (Tawg) * (Th w1 (w2ws) ) = (T, (wrwz)ws)

T = {71 (z2) T2}
V?ﬁ}wl),(ﬁywﬁ : (T7 w1w2) — (T7 wzwl)

Y1 : (T7 wl) — (Ta U.)Q) Y2 . (Tv U)Q) — (T, 'U.)3)
w2001 (T,w1) — (T, w3)

o1 (T, w1) — (T, wy) o (Ta, w2) — (T2, wh)
0120y 02+ ({Th (wy) T2}, wiwa) — ({71 (zy) T2}, wiwy)

Ficure 4.6: Typing rules for the arrow terms of IE

We shall denote the class of object terms of IE whose type is X, together with the class of
arrow terms whose types are pairs of object terms of type X, by Ig (X).

Lemma 4.26. The terms of T (X) are in one-to-one corresponcence with the terms of Freeg(X).
Proof. The correspondence Ax : T§ (X) — Freep(X) is defined recursively as follows:

o Ax(({a(zr, ..., 2n)iidx },a)) = a
o if Ax((Th,w1)) = Wi and Ay ((T2,w2)) = Wy, and if T = {T1(zy)7T2}, then

Ax\ (zyov\fy (T wrwz)) = Wi 0, W,

o Ax (L1 w) = 1Ay (T )

Z,Z3Y,Y _ Z,23Y,Y
O AX (BT w00),(Ta0). (Taws)) = B, (T 01)) Ay (Toswoa)) Ay (T s))”

zzy,y —1 _ pTmyy —1
© AX(B(ﬂvwl)V(Bvum)?(EvUB)) - /BAXl((ﬂvwl))vAXQ((vaQ))vAXQ((vaB)),
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z,y —_ ALY
© BX OV ) (Town) = Vi, ((Tr 1) Dy (T 02))7
o Ax(p2001) = Ax(p2) 0o Ax(p1),

o Ax (120 92) = Axy (1) 28y Ax, (p2)-

We define the interpretation function
[—x 1 T (X) = €(X)

to be the composition [—]x o Ax. The following lemma is an immediate consequence of the
definition of | —] x.

Lemma 4.27. For arbitrary object term W and arrow term o of Freee(X), the equalities of interpreta-
tions

Wix = [AY(W)|x  and  [p]x = [AX'(9)]x
hold in C(X).

Lemma 4.26 and Lemma 4.27 justify the representation of terms of Freee by means of un-
rooted trees with grafting data.

“Rooting” the syntax T : the syntax rT

In this part, we introduce the syntax of rooted trees with grafting data induced by C, denoted by
rTE, as follows.

For a pair (7, ) of an unrooted tree 7 € Te(X) and z € X, we first introduce the (7, x)-
admissibility relation on PWordse. The predicate w is (T, x)-admissibile is defined by the following
two clauses:

o ais (T,z)-admissibile if Cor(T) = {a}, and

o it T ={Ti(zy) T2}, x € FV(T1) (without loss of generality), w; is (71, x)-admissible and
wy is (T2, y)-admissible, then wywsy is (7, z)-admissible.

We shall denote the set of all (7, z)-admissible terms of PWordse with A(T, z).

Intuitively, wis (7, x)-admissible if it is T-admissible and it is an operadic word with respect to
the rooted tree determined by considering x as the root of 7, in the sense that (7, w) enjoys the
following normalisation property, inherent to (formal terms which describe) operadic operations:
all 3~ !-reduction sequences starting from (7, w) end with an object term (7, w’), such that all
pairs of parentheses of w’ are associated to the left.

The object terms of rIér are triplets (7, z, w), typed as

TEIE(X) reX weA(T,x)
(T,z,w) : X

The class of arrow terms of rIé’ is obtained from raw terms

-1
zY zY
L7 ew) | B(ﬂ,x,wl),(B,g,wz),(ngw:;) | B(Tl,aauu>,(7a,z,wz>m,g,w3)

zZY
T w00 (Ta,zi02)(Tagaws) | X ©X | X2y X
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by typing them as shown in Figure 4.7.

1(7-@-,1“) : (T,LU,’LU) — (T,x,w)

T={Ti(22) T2} (yy) T3} y€FV(T2) z€XNFV(Ti)
5(27;%1’1“),(7-275’1”2)’(7’3@@3) (T, (wrw2)ws ) — (T, 2, wi (waws) )

T=A{T1(z2){T2(yy) T3}} ze€ FV(T3) ze€ XNFV(T)

6(2%,111111),(7—2,5,1112),(73@7“)3) (T, 2, w1 (waws) ) = (T, x, (wyws)ws )

T={{T(22)T2} (vy) T3} yeFV(T) € XNFV(Th)
9(27;'—?,w,wl),(ﬁ,éwz),mﬂwg) (T, (wiwz)wz ) — (T, @, (wiws)ws )

X1t (Tvwil) — (T,fE,U)Q) X2 - (Tava)Q) — (TvwiS)
X290 X1 - (Tamawl) — (T,J),'U)?,)

X1 (7—17wi1) — (7—17wi/1) X2 (7—27va2) — (7—279710/2) S FV(7-1) z 7& z
X120 x2 : ({Th (2y) T2}, @, wiwz) = ({Th (2y) To} 2, w'hw's)

Ficure 4.7: Typing rules for the arrow terms of rIE

We shall denote the class of object terms of rT{ whose type is X, together with the class of
arrow terms whose types are pairs of object terms of type X, by rT¢ (X).

Notice that, for an object term (7, z,w) of rIér(X ), the choice of z € X as the root of T
determines the roots of all subtrees of 7, and, in particular, of all corollas of 7. In other words,
this choice allows us to speak about the inputs and the output of any subtree of 7.

Formally, for a subtree S of 7" and a variable € FV(T), we define the set inp ;- ,\(S) of
inputs of S and the output out 1 ,)(S) of S, induced by =, as follows. Let a € Cor(T) be such
that x € F'V(a). Then,

o if a € Cor(S), we have inp (1 1 (S) = FV(S)\{z} and out (7 ,)(S) = z,

o ifa ¢ Cor(S)and ¢ € Cor(S) is the corolla of S whose path to a (see Remark 2.12)
has the smallest length (among all paths from the corollas of S to a), then inp(; ;) (S) =
FV(S)\{z}, where z € F'V(c) Np, and out (7 ,(S) = z.

ExampLE 4.28. For the unrooted tree 7 from exampLE 2.10, the choice of, say, y4 € X, turns T
into a rooted tree, which can be visualised as

T3 T2 T1 T4 zZ3 22

We have inpr,(b) = {y1,92,y3}, out(ry,)(b) = wya, inpir,,(a) = {z1,22,23 24},
out(ry,)(a) = x5 and inp .y, \(c) = {22, 23}, out (7 y,)(c) = z1.

Observe that, among all parenthesised words admissible with respect to 7, only (ba)c and
(bc)a are operadic, relative to the choice of y4 as the root of 7. O




100 Chapter 4. Categorified cyclic operads

The interpretation of rT{ in C

The interpretation function
[—]x: rIE(X) — C(X)

is defined recursively as follows:
< f({a(xl,.. xn)} Ti, 4 )-lX =a,
o [({Ti (zy) Ta}, , wrwa) [x = [(Th, 2, w1) [ x, 204 [(To, Y5 w2) [ xa,

and

O [Lrmw) | x = 1[(T 2w)] xr

ZZ,yy
(BT 201).(Ts,z02), (Tagawn) 1 X = BLT o) 1y [(Tozaon) ] xy [ (Tovziws) | xy”

<

ziy —1 2,2y —1
BT o). (To.z02) (T ) | X = BT wiun ) xy [ (Torztwn)] g [ (T 2o08) 1,

<

Zy _ BEYY
0T, e01). (T 20). (T aws) 1X = V[(Ta mon) ], [ (T 2ewn) ]y [(To s x, (S€€ (211D,

<

<

[x2ox1]x = [x2)x ° [x1]x,and

o [x1=9 x2lx = Dalxizop[xelx
Remark 4.29. Notice that [x|x is an arrow in C(X) all of whose instances of the isomorphism ~ get
“hidden” by using explicitly the abbreviation ¥. In other words, the semantics of arrow terms of tT is
what distinguishes $9-arrows of C(X).
The second reduction
We define the familly of second reduction functions
Redy(X, ) : Ig(X) — rIér(X),

where x € X, as follows.
For the object terms of Iér(X ), we set

Redy (X, 2)((T,w)) = (T, z,w™),

where w® is the (7, z)-admissible parenthesised word defined recursively by the following
clauses:

o ifw=gq,thenw?® = q,
< IfT = {7-1 (:L’lfﬂg) 7-2}, W = Wiwy, W; € A('E), (ﬁ,wi) . Xi 1= 1,2, then

. . . X
- if x € Xy, then w?® = wiw;?,

- if x € Xy, then w?® = wi*w;™.

Observe that the successive commutations which transform w into the operadic word w™ are
witnessed in Iér by the arrow term

R(T w,x) * (Ta w) — (T7w-x)’
defined recursively as follows:
o ifw = a, then K’(T,w,w) = 1(T,w)/

o if T ={Ti(x122) T2}, w = wiwe, w; € A(T;) and (T;, w;) : X; i = 1,2, then
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- if x € X3, then K(T w,x) = K(T7w1,2) 2102 K (Tawa,w2)7

T1,T2

- if v € Xo, then k(1 .2) = (K(T3,ws,2) 2921 K(T; w1,21)) © VT, ) (Towz)”

Before we rigorously define the second reduction of arrow terms, we illustrate the idea be-
hind it with a toy example.

ExampLE 4.30. Consider the object term (7, (ab)c) : X, where T is defined as in ExampLE 2.10.
The arrow term

B e (o (Ts(ab)e) = (T albe))

where 71, T2 and 73 are the subtrees of 7 determined by corollas a, b and c, respectively, is then
well-typed and, by choosing y4 € X (as we did in Example 4.28), we have

Reda (X, y4)((T, (ab)c)) = (T, ya, (ba)e) and Redy(X,ys)((T,a(bc))) = (T, ys, (bc)a).
For the two reductions of object terms, the arrow term

9%’72—;‘124 b),(T1,25,0),(T3,21,¢) : (T7 Y4, (QQ)Q) — (T’ Y4, (QQ)Q)

Zvy]17yj2yzl |:|

is well-typed and it will be exactly the second reduction of 3 (T2.0).(To.6),(To.0)"

Formally, for an arrow term ¢ of TS (X), Red (X, z) (i) is the arrow term defined recursively,
as follows: B

o Reda (X, 2)(1(7w)) = lreds(X,2)((T,w))s
o ifp= B(Zéﬁ) (Touwa),(Tows)” where (71, w;) : X;, and

- if x € X1, thenRedy(X, x)(¢) = 55512(& ) ((T1,w1)) Reda (X2,2) ((T2,w2)) Red2 (X3,y) ((T3,w3))’

- if 2 € Xy, then Reda(X, 2)(#) = Opca, (xa.0)((Ta,wa)) Reda(X1,2) (T wn))Reds (Xo.9)((Tawa))?

y;z 1

— ifz € X, then Reda(X, 2)(0) = Baoa, (X, )((75 3)) Reda (Xo.) (T 2)) Reda (X1 ,2) (Th o))

2,23,y —1

0 = B 1), (73 w2)(Ta sy WHETE (T1, w1) : Xy, and

. z 1
- if z € Xy, then Reds(X, 2)(2) = Breg, (x, a)(7: un)) Reda((X2.2)((Torwn)) Redal(X.9)((Taws))”

(
- if o € Xy, then Red, (X, 2)(p) = 93;2(& 2)(To.w2)) Reda(Xs.9)(Ts ) Reda (X1,2) (Ti un )’
(
(

~ if 2 € X3, then Reda(X, 2)(2) = Baig, (xa.0)(7un)) Reda (Xauy) (7 ) Reda (X1, (Th )
o ifp = V(Z%,wl),(ﬁ,wﬂ’ then Redy (X, x)( ) = 1Red2(X 2)(({Ti(2y) T2} wiws))
o if ¢ = g 0 1, then Redy (X, x)(¢) = Redz(X, z)(p2) o Reda (X, x) (1),

o if p = @1 .0y w2, where o1 : (T1,w1) — (T{,w}), 2 : (T2, w2) — (T3, wy) and (T3, w;) = X;,
then

- if z € X7, then Redy (X, x)(¢) = Reda(X1,2) (1) 20y Reda(X2,y) (p2),
- if x € X, then Redy (X, x)(¢) = Reda (X2, x)(p2) Oz Reda (X1, 2)(¢1).

y
Remark 4.31. For an arrow term ¢ : (T ,w1) — (T, w2) ofT (X), the type of Redo (X, x)(¢p) is
Redy (X, z)(¢) : Reda( X, 2)((T,w1)) — Reda(X, z)((T, w2)).

Therefore, the second reduction of a pair of arrow terms of the same type in T¢ (X) is a pair of arrow
terms of the same type in T (X).
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The following theorem is the core of the coherence theorem. Intuitively, it says that the
coherence of non-symmetric non-skeletal cyclic operads can be reduced to the coherence of
non-symmetric non-skeletal operads?. As it will be clear from its proof, (3y-hexagon) is the
key coherence condition that makes this reduction possible.

Theorem 4.32. For an arbitrary arrow term ¢ : (T, u) — (T, v) of T¢, the equality of interpretations

[5(Twa))x o l@]x = [Reda(X, 2)(¢) | x © [K(T ua) | x
holds in C(X).

Proof. By the definition of the interpretation function |—] x, the equality of interpretations of
arrow terms that we need to prove is

[Ax (KT 0.0))]x 0 [Ax(p)lx = [Reda (X, 2)(p)[x © [Ax (K(T uz)]x- (4.1.3)
We proceed by induction on the structure of ¢.
o If ¢ = 1(7 4, then

[Ax(Frwa)]x o [AX(Lrw)lx = [Ax(FTwa))lx
= 1(7—,z,w‘1') © [AX(K(T,w,x))]X
= [Reda(X, ) (1(7w)) I x o [Ax (KT we)]x-

e Suppose that p = /B(zﬁ‘gf)’(ﬁ,w2)’(7_37w3), where (7;, w;) : X;.
- If z € Xy, then

K(Tuz) = (B(Tiw1.0) 2% B(Taw.z2)) vy B(Tsws )

and
K(Twz) = K(Ti wr ) 202 (K(Taws,2) yTy B(Ts ws g))-
Denote
K1 = [Ax, (KT ,wy,2))] X1 K2 = [Ax, (K(T3,w2,2))] X2 K3 = [Axy (K(T3,ws,0))] Xs
fi=[Ax, ((Th,w1))]x, f2 = [Ax, (T2, w2))]x, f3 = [Ax3 (T3, w3))] x5

f1 = [Redz (X1, 2)((T1, w1))[x,  f3 = [Red2(X2,2)(T2,w2)|x,  f§ = [Red2(X3,y) (T3, w3))] x4

The left-hand side and the right-hand side of (4.1.3) then correspond exactly to the
top-right side and the left-bottom side, respectively, of the commuting diagram

ﬂzg;y,g

f1.f2,f:
(flzogf2)yogf3 D flzog(nyong)
(’fl 20552) yOy K3 K1 203(52 yogffS)
2,239,y
° ° ° Bfl.’fg’fg . . °
(f1 zozfQ)yogf?, I 202 (f3 yogf?,)

which is a naturality diagram for /.
- If z € X5, then

Z7§

R(T ) = (BT ,2) 29 KT 1.2)) ¥y B(Ta0s,9)) © VT, a0n), (Taw) ¥78 L (T 03)

and

2Although it might seem that the syntax I‘é encodes canonical diagrams of non-symmetric categorified cyclic
operads, this is not the case: non-symmetric cyclic operads still contain cyclic actions (see Remark 1.10).
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KT ) = (K (T3 0,0) 40 BT 05.9) 202 KT 01,2)) © N a00), (75 () T s )
Denote
k1 = [Ax; (K7 ,01,2))] %, K2 = [Ax, (K(T3,wp,0))] X2 k3 = [Axy (K(T3,ws,9))] Xs
Ji=[Ax, (T, w1))]x, J2 = [Ax, (T2, w2))]x, f3 = [Ax; (T, w3))] x4

fT = [Redz (X1, 2)((Th, w1))]x, 3 = [Redz (X2, 2)((T2,w2))[x,  f§ = [Reds(Xs5,9)((T5,ws))]xs

The left-hand side and the right-hand side of (4.1.3) then correspond exactly to the
top-right side and the left-bottom side, respectively, of the commuting diagram

Z,23Y,Y
B =

f1,f2.f:

(flzogf2)yogf3 S flzoz(nyogffi)

2,z
Virfa vOu Ls Vi1 itz yoy fa

2,259,y
f2.f1,f:

(fZgOZfl)yngS 22 (f2y°gf3)£ozf1

(525Oz K/l)yogffii ("72 yOE’fS)goz K1

2,259,y

° ° ° ﬁfg’fl.’fg ° ° °

(f2gozf1)yogf3 (f2 yogf3)5ozf1

in which the upper square commutes by the definition of the isomorphism ¥ (see
(4.1.1)) and the lower square is a naturality diagram for 9.

- If z € X3, then

K(Te) = (K(Taws.e) v (F(Tawa ) 20% K(T7w1,2)))0

(1 0y Y ) ov(7
(E,IUL%)E Yy (7’1,w1)7(7’2,w2) ({7—1(Z§)7~2}7w1w2)7(7§7w3)

and
K(Tw,x) = ((’{(73,1113,3:) yy ”(E,wg,y)) 25z ﬁ(ﬁ,wl,z))o
(VT2 ,w3),(Ts,ws) 252 173 w1)) © V(ﬁ,wl),({ﬁ(yg)ﬁ},w2w3)~
Denote
k1= [Ax, (H(ﬂ,wLZ))]Xl k2 = [Ax, (’{(Tz,wz,y))])h K3 = [Axg (“(E,wg,z))]xs
fi= [AXl((,Tlawl))bﬁ fo= [sz(('T?va))])Q fz= [AXS((E7w3))]X3

f1 = [Redz (X1, 2)((Th, w1))]x, f2 = [Reda (X2, y)((T2,w2)) | x> f5 = [Red2 (X3, 2)((T3,w3)) ] x5

The left-hand side and the right-hand side of (4.1.3) then correspond exactly to the
top-right side and the left-bottom side, respectively, of the commuting diagram

6z,z;y,g

f1.f2,f:
(flzong)yogfii L flzog(f2yogf3)
v,y z,2
Vi1 20z fa.f3 Vit yOy f3
f3goy(f1zogf2) (nyng?))gOzfl
Lis vou V7, Vit 202 1
Bg;y;g,z -1
fa,f2,f
f3y0y (f2205 f1) S (f3goyf2)EOZf1
K3 4Oy (K2 202 K1) (ks 4Oy K2) 205 K1
B Y,yiz,z —1
° ° ° Bf?:’f;’fl. ° ° °
f33°y(f2 202 f1) (fsgoyfz)gozfl
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in which the upper square commutes as an instance of (3y-hexagon) and the bottom
square commutes by the naturality of 571

2,239,y —1

o The proof for the case ¢ = 3 (Trows),(Taws),(Taws) follows directly from the previous item.

e Suppose now that ¢ = 7(7’.1 W) (Touws)” where (7;, w;) : X;.

- If z € X4, then
K/(T,’U,,ﬁ?) = H(7-1 7w17x) ZDy H/(7—27w2»y)

and
KT ) = (RT3 wn,2) 20y B (T un,2) © VT ) (T o)
Denote
K1 = [Ax (K1 wy,2))] X1 K2 = [Ax, (K(Tyws.y))] Xa
fi=[Ax, ((Th,w1))]x, J2 = [Ax, (T2, w2))] x5

f1 = [Redx (X1, ) ((T1, w1))[x,  f3 = [Reda2(X2,y)((T2,w2))]x,

By (y-involution), we then have

[Ax(k R(T , x))]X o [Ax (7 (7—1 w1),(Tz, w2))}X =
((R1 0y w2) 0 V5 ) 0 YRy, =

R1 20y K2 =

1f1’zoyf2. O (/ﬁ)l ZOy /{2) e

’VRedQ(X x)(’y(’]’l,wl) (7-2 wZ))-IX (¢] [AX(H(T,U,Q?))]X

— The proof goes symmetrically if z € X».

o If o = poopi, where p; : (T,u) — (T,w)and g2 : (T,w) — (T, v), then, by the induction
hypothesis for ¢ and 9, we get

[Ax (KT ve)x o [Ax(p2op1)]lx =
[Ax (KT w,2)]x © [Ax(p2)]x o [Ax(p1)]

[Reda (X, 2)(p2) [ x © [Ax (K(Twa)lx o [Ax(p1)]

[Reda (X, )(p2) ] x o [Reda(X, 2)(p1)]x o [Ax (K(Twa)lx =

[Reda (X, ) (p2 0 1)) x ° [Ax (KT ue))]x-

X =

x =

e Finally, suppose that ¢ = ¢1 .0, 2, where @1 : (T1,u1) = (T1,v1), p2 : (T2, u2) = (T2,v2),
and (7;, u;) : X;.
- If z € X4, then
R(T u,z) = F(T1u1,2) 29y F(T2,uz,y)
and
K(Twa) = K(Tiv,2) 25y B(Tz,00,)

Denote
Ky

1 [AXI (H(ﬂ,u1,(£))]X1 Ruy = [AX'z (H(Tz,uz,y))]XQ
Koy = [Ax, (KT 00)]x0 Koy = [AX, (B(T,00,)) 1 Xs

By Remark 4.4.2(b) and the induction hypothesis for ¢ and ¢, we get
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[Ax (KT wa))]x o [Ax (1204 v2)]x

(Koy 20y Kuy) © ([Ax, (01)]x, 20y [Ax, (92)]x,

(Kor © [Ax, (01)]x1) 20y (Foy © [Ax,(02)]x,
([Red2(X1,2)(¢)]x, © Kuy) 20y ([Red2(X2,y)(92)]x, © Fuy
([Red2(X1,2) ()] x, 20y [Reda(X2,y)(¥2)]x,) © (Kuy 20y Fus
[Reda (X, z)(01 20 ¢2) | x © [Ax k(T ue))]x-

P2
P2

~— ~— ~— ~—

- If z € X5, then

z

— Y
KT u2) = (B(T3,09,2) y52 B(T1,01,2)) © V(T2 ) (Toua)

and
K(T w,x) = (”(7'2,1;2,1) yHz “(ﬂ,vl,z)) © 75%71,1)7(7—27@2)'
Denote
Kuy = [Ax, (BT up,2)] x4 Ky = [Ax, (BT uz.2))] Xo
Koy = [Ax, (K73 01,2 x3 Koy = [Ax, ([K(T5,00.2)) ] Xa
ful = [Axl((ﬂ7u1))}xl fuz = [sz((%vuﬂ)b@
o = [Reda (X1, 2)((Th,u1))x, fa, = [Reda(Xa, )((
f'Ul = [Axl((ﬂ’vl))]Xl fU2 = [AX2((757U2))]X2

o = [Reda(X1,2)((T1,v1))Ix,  f2, = [Reda (X2, 2)((T2,v2)) ] x,

By Remark 4.4.2(b), naturality of v and the induction hypothesis for ¢1 and 9, we

get

[Ax (KT w2))]x © [Ax(p1 20y p2)]x

(Kup 4oz iy) 077 50 ([Ax, (01)]x, 20y [Axy (92)]x,)

'7;:3?7]0;2 0 (Kuy 20y Kuy) © ([Ax, (1)]x, 204 [Ax, (02)] x5

V5 ga, © (Ror 0 [Axy (1)]x1) 20y (Rep © [Ax (02)]x

s ga, © ([Red2(X1, 2)(@1) ], © Kuy) 0y ([Reda(Xo, ) (02) ] x; © s
((TRed2 (X2, z)(2)]x, © Kuy) o= ([Reda (X1, 2)(P1)1x, © Kuy)) 0 7Y 1
(TReda (X2, z)(¢2)]x, yor [Red2 (X1, 2)(01)1x,) © (Kuz 4Oz Kuy) © VY 1
[Reda (X, z) (i1 20y 2)]x 0 [Ax (KT uz)]x-

The following result is a direct consequence of Theorem 4.32.

Corollary 4.33. For arrow terms p1 and o, of the same type in T¢ (X)), the equality

Le1]x = lp2]x
follows from the equality

[Red (X, 2)(p1)]x = [Reda (X, )(p2)]x-

4.1.5 The third reduction: establishing skeletality

Intuitively, in the third reduction we pass from the non-skeletal to the skeletal operadic frame-
work. This will reduce the problem of commutation of all 39¥-diagrams of €(X) to the problem
of commutation of all diagrams of canonical arrows of the skeletal non-symmetric categorified

operad Og, constructed from C in the appropriate way.
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The skeletal non-symmetric categorified operad O¢

Starting from €, we first define a skeletal non-symmetric categorified operad Oc = {O¢(n) }nen, ie.
a weak Cat-operad in the sense of [DP15], as follows.

e The objects of the category O¢(n) are quadruplets (X, z, 0, f), where |[X|=n+ 1,z € X,
feC(X)and o : [n] = X\{z} is a bijection (inducing a total order on X \{z}).

e The morphisms of O¢(n)[(X,z,0, f), (X, z,0,g)] are quadruplets (X, z,0,¢), such that
¢ is a morphism of C(X)[f,¢] (in particular, Oc(n)[(X,z,0, f), (Y,y, T, g)] is empty for
(X,z,0) # (Y,y,7)). The identity morphism for (X, z, 0, f) is (X, z,0,1¢). The composi-
tion of morphisms is canonically induced from the composition of morphisms in C(X).

e The composition operation o; : O¢(n) x Oe¢(m) — Oe(n + m — 1) on objects is defined by
(Xa r,01, f) 4 (Ya Y, 02, g) = (X U Y\{y}v €, 0, fal(i)oy g)a
and on morphisms by
(X7 x,01, 90) 04 (Y7 Y,02, 1/}) = (X U Y\{y}7 x,o0,¥ o1()oy ¢),

where o : [n+m — 1] = X\{z} UY\{y} is a bijection defined by

a1(7) forje{l,...,i—1}
o(j)=<K02(j —iU1) forje{i,...,i+m—1} (4.1.4)
o1(j —m) forje{i+m,....,n+m—1}.

o For f = (X,z,01,f),§ = (Y,y,00,9) and h = (Z,2,03,h), where o1 : [n] — X\{z},
o2 : [m] = Y\{y} and o3 : [k] = Z\{z}, the components

B%,E : (folg) ojiL—>foZ- (goj iL) and 9;{;75 : (folg) Okil—> (fok /~1) oiiL

of natural isomorphisms /3 and 6 are distinguished among the morphisms of O¢(n) as the
quadruplets arising from the appropriate components of 3 and ¥ of C, as follows:

B2 5 = (XUY\(}UZ\{z}, 2,0, 87,507 0)

and

3k s ()
0t = (XUV\[}UZ\(} 2,0, 057 )

where o and ¢’ are the bijections induced in the appropriate way from o1, 02 and o3.

In the following lemma, we show that the structure O¢ = {O¢(n) },,en indeed verifies the axioms
of weak Cat-operads given in [DP15, Section 7].

Lemma 4.34. For an arbitrary n € N, the following equations hold in O¢(n):
1. the categorical equations:
a) pol;=p=1z0¢, forp: f—3g,
b) (pog)op=po(poy),
2. the bifunctoriality equations:
a) 1f 0; 15 = 1];%@,

b) (p20p1) 0i (Y2 091) = (p2 05 P2) o (¢1 0 P1),
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3. the naturality equations:

) B i © (Po18) 23 ¥) = (0oi (B0 0)) 0 B 5
D) 07 50 ((@oid)ojv) = ((pojv)oig)oby  +,

wherew:fl —>f~2,¢:§1 —>§2ﬂl’ld¢ : iLl —>iL2,
5. the equations concernig inverse isomorphisms:

¥ B A _ i G Tt _
D Bran ©Pran = Yoo Brsn®Prsn = ooy

Vi G 1 . N
D) 0555° 0550 = YFeidrosh
6. the coherence conditions:
il %l % o\ Qg Jsl
) (Agoi 551 © B aonk © Bran @ W) = BiGhoi © ok

. ; - | . .
b) (17016075 1) © B} o (B o) =BF ;o (BY o lp) ot b

fvgojﬁvl’% f g,h f:golilvié fvg’]; foi97
il ] i3 il J;l
= ~ ~ 0O = ~ 0 ) = =0~ ~ O ~ ~ 0 ) O -~ ~
2 9f7§0jh7k (ﬂf@,h llk) BfOzkvéh (ef@k J 1h) efoz-é,h,k'
;] il Jsl _ (pJ; %51 i
PAge ~ O ~ ~0; 17) 0 ~ ~ ~ = ~~ ~0; 15) O ~ o~ ~ O =~ ~ 0O 7).
4) efolkz,g,h (Hf,z?,k i i) efoig,h,k (Hf,h,k i15) efojh,g,k (ef,g,h t1E)

Proof. The first two groups of equations, as well as the equation 3.(a), are verified straightfor-
wardly by the corresponding groups of equations for C, given in Remark 4.4. The equation 3.(b)
follows by the naturality of ¥ (see (4.1.1)). The equation 5.(a) holds by the analogous equations
for €. The equation 5.(b) holds by Lemma 4.6. The equation 6.(a) holds by (5-pentagon), 6.(b)
by (8y-decagon) and Remark 4.5.(b), and 6.(c) and 6.(d) by Lemma 4.7. |

“Skeletalisation” of the syntax rT{: the syntax g rTg

In order to correctly apply the coherence result of [DP15], which is established for formal di-
agrams encoding the canonical diagrams of the skeletal non-symetric categorified operad Og,
we introduce the syntax of these diagrams. Intuitively, this syntax is a “skeletalisation” of the
syntax rTg.

Let 7 be an unrooted tree. Suppose that F'V(7) = X and let z € X. For a corolla a €
Cor(T), such that [inp ;) (a)| = n (see the end of §4.1.4), we define the set of skeletalisations of
a (relative to T and x) as

Y72 (a) = Bij[[n], inp(7 ,y(a) ].
We set
E(T,(L‘) = H 2(7—71,) (C)
ceCor(T)

We shall denote the elements of X(7, ) with &.

Remark 4.35. Notice that 7} € Y(T1,x) and o5 € X (T2, y) determine “by concatenation” an element
0f7 € X({T (zy) T2}, x), and that, symmetrically, any o € S({Ti (zy) Ta}, ) can be “split” into
o1 € X(T1, x) and &5 € X(Tz,y). We shall denote this decomposition of & with o1-%.

The skeletalisation skrIéL of the syntax rI(}L is the syntax obtained as follows.
The objects terms of skrlg are quadruplets (7, z, @, w), typed by the rule

TeTH(X) z€X 7 eX(T,x) weAT,x)
(T, z,7,w): X\{z}

The arrow terms of skrlér are obtained from raw terms
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7w) | Bir (T1,2,51,w1),(T2,2,53,w2),(T5,y,5%,w3) | B (T1,x, al,wl) (T2,2,53,w2),(T5,y,5% w3)

2
(T1,2,01,w1),(T2,2,55,w2),(T3,y,0%,ws

)|XOX’XszX

by typing them as shown in Figure 4.8.

l(T,a:,?,w) : (T,J),?,’U)) — (T,l', ?’w)

T={{T1 (22) T2} (yy) Ts} YEFV(T2) z€XNFV(T1)
GIEX(Tix) G3€X(Te2) TEEX(Ts.y)

6(7—1790 &1 w1),(Ta,2,55 ws), (Ts,y, 3ws) ¢ (T xr,01°02:03, (w1w2)w3) — (T,Jf,o’l-UQ-O'g,wl(wg’w?)))

T={T1 (22){T2 (yy) T3}} 2€FV(T2) =z€XNFV(T1)
FlES(Tix) G3€X(Tz2) TEEX(Ts.y)

v =1 — ———s
5(71130 a1,w1),(T2,2,55,w2),(T3,y,0%,ws) (T T,01:02°03, wl(w2w3)) - (T,.%‘, 01:02°03, (wlwg)wg)

T={{T1 (22) T2} (yy) Ts} YEFV(T1) x€XNFV(T1)
FIES(Tie) 53€%(Ta2) THER(To.y)

0T 5 00),(Tar 2, 02), (Tog s * (T2 %> 0170205, (wiwa)ws ) = (T, 2, 010205, (wiws)wz )

X1 - (T7x7?7w1) — (T,l‘,?,?ﬂg) X2 (T,Jf,?,u&) — (T,l‘,?,u@)
X299 X1 - (Tvmvﬁvwl) — (T7x77aw3)

x1: (T2, a1, wi) — (Ti,x, a1, w'h) X2 (Tayy, 05, wa) = (Ta,y, 09, w's) 2 € FV(Ty) z £
X1:0y X2 : {71 (2y) T2}, &, 0103, wiwa) = ({T1 (2y) T2}, @, 01-03, w1w's)

FiGure 4.8: Typing rules for the arrow terms of Skrlé

As usual, we shall denote the class of object terms of skrTe with type X, together with the
class of arrow terms whose types are pairs of object terms of type X, by SkrT (X).

The interpretation of o, rT{ in O¢

In order to define the interpretation of Skrlér in O¢, we first need to “order the inputs” of rooted
trees figuring in object terms (7, z, o, w) of grTf.

For an unrooted tree T, a variable € FV(T) and an element & = (01,...,0,) € (T )
the total order of the inputs of T (relative to ) induced by & is the bijection

o [[inp(r ) (T[] = inp(r ) (T)
defined recursively as follows:
o if (T, z) = ({a(xy, ..., zn);idx}, z;), theno = &,

o if (T, 2) = ({Th (2y) To}, ), © € FV(Th), |inp(7; x)(Tl)l = n, [inp(r, ) ()| = m, o1 = [n] —
inp(y; ,)(71) is the total order induced by a1 € X(7i,2), 02+ [m] = inp(, 1 (T2) is the total
order induced by 0% € X(7;,) and 01 (i) = z, then

o:ln+m—1] = FV(T)\{z}
is defined by (4.1.4).
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The interpretation function
[—1% sk (X) — Oe(|X])
is defined recursively as follows:
o [{alz1,...,zpn); idX},xi,E,gﬂﬁ?\{mi} = ({z1,..., 20}, @i,0,0),
o [({Th (Zy)7-2}a$701—'02>7w1w2ﬂ§?\{x} = [(7-173370_1>7w1ﬂ§?1\{z}°o;1(z) ((vaangﬂgé\{y}a
and

o 70,70 Xy = L1 2,7 W) 1% {0y

o |’Bzxy N N N —|Sk —
(T1,2,61,w1),(T2,2,0%,w2),(T3,y,03,w3) ' X\{z}
50'1_1(2)52_1(3/) . R
"(7—1:33"71,1”1)“31((1\{1}:’7(7—27570'2:1112)“3?2\{5}»((7?3@:0'371113)13?3\{3}’
S wZ;y -1 ‘Isk _
(T1,2,01,w1),(T2,2,55,w2),(T3,y,5%,ws) | X \{z}
Bafl(z>;a;1(y> -1
’—(7—1@’0?1):1“1)-‘3?1\{1}7’—(7—272)0?:1”2)-‘31({2\{5}»[(75@70%)71”3)]3?3\{3},
o [ zy . o “sk _
(T1,2,07 ,w1),(T2,2,53,w2),(T3,y,05,ws3) | X\{z}

o1 (2o (v) R R
|—(7d17$=o'17w1).| ié{l\{z} ) [(7‘2,20’2 7w2).| 3?2\{2} ) I—(7’37g70—37w3)-‘ 31({5\{£} 4

fe |7X2 o) Xl]?\{x} — [X2—|§{\{x} © |VX1—|,S)?\{Z‘}’
o Ixt=Py el ¥y = Dal¥inge %ot Xy

where it is assumed that every total order o (resp. ;) is induced by o (resp. 7).

The third reduction

In what follows, we shall denote with rIE(X ,z,T) the subclass of rIE(X ) determined by the
rooted tree (7, z) (i.e. by the object terms whose first two components are given by (7, x) and
by the arrow terms among them).

We define the family of third reduction functions
Reds(X,z,T,7) : rT¢ (X, 2, T) = axrTe ™ (X),

where z € X, T is an unrooted tree such that FV(7) = X and o € 3(T,2), as follows.

For object terms of rIér (X,z,T), we set
Reds(X,z,T,0)(T,z,w)) = (T,z, 7, w).
For an arrow term y of IIE(X ,x,T), Reds(X,z, T, @)(x) is defined recursively as follows:

< Red3(Xa z, T, ?)(I(T,m,w)) = 1Red3(X,x,'T,?)((’T,:c,w))’

o Reds(X, z, {71 (22) T2} (yy) Ts}, 01-02-08) (B(F, 4100, (Ta ) (Tagws) =

“1,y. -1
oy (2);05 (y)
(T1,2,61,w1),(T2,2,0%,w2),(T3,y,55,ws)”
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o Reds(X, . {Ti (22) {T2 (yy) To}}. a1-020%) (B3 - )=

z,w1),(T2,2,w2),(T3,Y,w3)

5051(2);051 (v) -1
(12,51 w1),(T2,2,0% w2),(T5,y,53,w3)

o Reds(X, z, {{T1 (22) T2} (y@ T3}, Ul'02'(73)(H(Z%7x,w1),(7-2757w2),(75@w3)) =

~1 ~1
o1 (2)i07 (y) . .
(Th,2,51,w1),(T2,2,0%w2),(T5,y,53,ws)”

o Reds(X,z, T, 0)(x20 x1) = Reds(X, 2, T, 0 )(x2) o Reds(X, 2, T, 7 )(x1),

o ifX = X1 28y X2/ where X1 ¢ (7-1,.’1,',101) — (ﬂvxawll) and X2 ¢ (75,3/,?112) — (ITQaya wl2)/
and if 7 € ¥ (7;,2) and oh € ¥(73,y), then
Reds(X, z,{T1 (2y) Ta}, 01-02) (X1 2Ty X2) =

Reds(X1,z, T, a)()ﬁ) Ufl(z)‘:'g;l(y) Reds(X2,y, T2, U_2>)(X2)-

Remark 4.36. For the third reduction of an arrow term x : (T, z,w1) — (T, z,w2) of rIE(X ), the
type of Reds(X, z, T, ) (x) is

Reds(X,z, T, @) (x) : Reds(X,x, T, o) ((T,z,w1)) — Reda(X,z, T, 7)((T,x,ws)).

Therefore, the third reduction of a pair of arrow terms of the same type of rT¢ (X)) is a pair of arrow terms

of the same type of sxrTe™t (X). Recall that the analogous properties hold for the first two reductions
(see Lemma 4.23 and Remark 4.31).

Theorem 4.37. For an arbitrary object term (T, x,w) and an arbitrary arrow term x of tT§ (X), the
equalities -
[RedS(Xv z, T, 7)((T) Z, w)ﬂi’{\{z} = (X7 z,0, [(T) Z, w)“X)

and
[Red3(X7 z,T, ?)(Xﬂg?\{z} = (X,z,0, [X~|X)
hold, where the total order o is induced from 7.
Proof. We prove the first equality by induction on the proof of the (7, z)-admissibility of w.

o If (7, 2,w) = ({a(x1, ..., 2n); idx }, zi, a), then

[Reds(X, 2, T, ) (({a(x1, ..., @n); idx}, i, ) )y =
(({a(ml,...,xn);idx},xi,?,gﬂi?\{xi} =
({z1,...,zn},25,0,a) =

({x1,... znt, w0, [({alzr, ... xn); tdx b 2, a) ] x)

o If (T, z,w) = ({71 (2y) T2}, x, wwz), then, by the induction hypothesis for (71, z,w) : X3
and (7z2,y, w2) : X2, we get
[Reds (X, {75 (20) T2}, 3103 ({Ti (20) To) 2 wiwn )13 1y =
[Reds(X1, 2, 71,51) ((Th, 2, w1)) 151 (2 Oy=1(2) [Reds(X2,y, T2,03) (T, ¥, w2)) 135 () =
(Xla ZT,01, [(,Tb €, wl)—|X1) Oo'l_l(z) (XQ, Y, 02, [(757 Y, wQﬂXz) =
(Xv Zr,0, ((7-17 T, wlﬂxl 2%y [(7—27 Y, ’LU2)—|X2) =
(X, 2,0, [({T1 (2y) T2}, 2, w1w2) ] x).

The second equality is proved by induction on the structure of x, thanks to the first equality.
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e For x = 1(7 ;. .), we have

(Red3 (X7 x, Ta 7) (1(T,:v,w) )—| As)?\{a;} =1 [Reds (X,z,T,?)(T,z,w)

1(X,£E,O‘, ((Tvxrw)“x)
= (X,z,0,[1(T2w) | x)-

1%\ (2}

e For x = /8(2:7;%’1711,1)7(7-2,§7U,2)7(7‘3,y7w3)r T = {{T1 (22) T2} (yﬂ) T3}, U—1> € z3(7’1,35)/ J_2> € E(B,g)/
o4 € ¥ (73,y) and 7 = 01-04-04 we have

sk _
[RedS(X z, T, 7)(6(71@ w1) (7-2’5’102),(7-3&@3))-‘)(\{1} =

Y sk
wReda(X1 2,71,01) ((Th,,w1)) Reds (X2,2,T2,53) ((T2,2,w2)) Reds (X3 ,y%,679?)((73,g,w:«;))w X\{z}

ﬁafl(z);U;I(y)

(X100, [(Tww)]x,) (X 202 [(To zw2) o6, ) (Xaos [ (Togws) L xg)
2,259,y

(X2, 0, BT o)y [(Torzon) Ly [ (T o)) =

(X 2,0, (BT 00, (Taszswn) (Togaws) 1)

_ nRY
z wl) (To,zw)(Taows) A0 X = 0

e We proceed similarly for x = By T, (Th 1), (Ta,zswn)(To,yws)”

o If x = x2 o x1, then, by the induction hypothesis for x1 and x2, we have

[Reds(X,, T, ?)(X2 ° Xlﬂi?\{x}
[Reds(X, 2, T, @) (x2) 155 (zy © [Reds(X, 2, T, @) (x1) 15y =
(X,ZE,O‘, [X2—|X) (X,SL‘,O', (X1—| ) =

(X7:1:7O-7 [XZ o X1-|X)

L4 If X = X1 sz X2/ Where X1 - (ﬂuxawl) — (71,.73,’11),1) and X2 - (E)y7w2) — (7~27y7w/2)/
then, for @ = o105, where 7} € (7.2 and ob € ¥(73,y), by the induction hypothesis for
x1 and x2, we have

[Reda (X, T, &) (x1 20 x2) 1% 1)
[Reds(X1,x,T1,1)(x1) o7 (2)%05 () Reds(X3,y, T2, 0%) X2ﬂx\{m} -
[Redg(X1,$,7170_1>)( ﬂXl\{x} ) [Reda(XZa9775,02)(X2)1X2\{y} =
(Xl,.fU,O'l, [X1~|X1)OU;1(Z) (X27y7027 [X2~|X2) =

(X7 z,0, [Xl zHy X2-|X)-

The following result is a direct consequence of Theorem 4.37.

Corollary 4.38. For arrow terms x1 and x» of the same type in T (X), the equality

[X1lx = [x1]x
follows from the equality

[Red3(X7 €, T7 7)()(1)-'3?\{30} = (Red3(X7 €, Ta ?)(XQH 3?\{:(:}

4.1.6 The proof of the coherence theorem

We finally assemble the three reductions in the proof of the coherence theorem. The proof is
outlined by the two invariance properties common for all three reductions: by reducing a pair of
arrow terms of the same type,
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1. the result is always a pair of arrow terms of the same type, and

2. the equality of interpretations of the two resulting arrow terms implies the equality of the interpre-
tations of the respective starting arrow terms.

Coherence Theorem. For any finite set X and for any pair of arrow terms &,V : Wy — W of the
same type in Freee(X), the equality [[®]]x = [[V]]x holds in C(X).

Proof. By Theorem 4.24 (first reduction), it is enough to prove the equality
[Reds (®)]x = [Reds(¥)]x-
By Lemma 4.26 and Lemma 4.27, the problem translates to showing that
[AY (Reds(@))]x = A (Reds ()] x.
By Corollary 4.33 (second reduction), this equality follows from the equality
[Reda (X, 2)(A%' (Redy (®)))]x = [Reda(X, 2)(AY' (Reds(¥)))]x

where = € X is arbitrary. By Corollary 4.38 (third reduction), the above equality holds if, in O,
we have

[Reds(X,z, 7, 7)(Reda(X, 2)(AY" (Reds (®)))) 1% () =
[Reds (X, , T, 0) (Reda (X, ) (A" (Reds (¥)))) 1% (2}

where 7 is the unrooted tree figuring in A ! (Red; (W(®))). Finally, the last equality holds by
the coherence of O¢, established in [DP15]. |

4.2 Categorified exchangeable-output cyclic operads

In the proof of Theorem 3.30, the equivalence between Definition 1.4 and Definition 3.25 has
been worked out in detail. In this section, by adapting that equivalence to non-unital cyclic
operads and by lifting it to the categorified setting, we set up the definition of exchangeable-output
non-skeletal categorified cyclic operads. We finish the section by indicating how the definition of
exchangeable-output skeletal categorified cyclic operads is obtained.

4.2.1 The exchangeable-output non-skeletal categorified cyclic operads

The categorification of Definition 3.25 is made by enriching the structure of a categorified non-
skeletal symmetric operad O by endofunctors D, : O(X) — O(X) that account for the exchange of
the output with the input z, whose properties need to be such that the equivalence of Theorem
3.30 is not violated in the weakened setting. In other words, the decision whether some axiom
of D, should be weakened or not must respect the weakening made in passing from entries-
only cyclic operads to their categorified version.

Before we give the resulting definition (with operadic units omitted), given that categorified
operads of [DP15] are skeletal and non-symmetric, we first adapt their definition into a characteri-
sation of categorified, symmetric and non-skeletal operads. As we did for categorified entries-only
cyclic operads, we shall keep the equivariance axiom strict.

Definition 4.39. A non-skeletal categorified operad is a functor O : Bij°’ — Cat, together with

e a family of bifunctors
0, : O(X) xO(Y) = O(X\{z} UY),
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indexed by arbitrary non-empty finite sets X and Y and element = € X such that X\ {z} N
Y = (), subject to the equivariance axiom [EQ], and

e two natural isomorphisms, 5 and 0, called sequential associativity and parallel associativity,
respectively, whose respective components

BV, (forg)oyh— for(goyh) and 657, (forg)o,h— (fo, h)o. g,
are natural in f, g and h, and are subject to the following coherence conditions:

— [#-involution] 93{”;3 o¢9f7’97 L(fou g)oyhs
- [5-pentagon] (17 o B ) © 7k s © (B 02 14) = 55 Yok © B gt
- [pf-hexagon] (150, ngi’k) o 6;,;;oyh,k o (Bﬁ;g,h 0,1) = Bf ouhk (ﬁjfj;k o, 1p)0 H?Zazzg,h,k/
- [B6-pentagon] 9?;0 hk © (Bjﬁ;gh o, 1) = ijc;)?ik,g,h o (Hf’g L Oy 1p) 0 Q?Zazzg,h,k/
- [0-hexagon] ijoyzk o (Gfg Oy lp)o Hfozg Wik = (Gf’f;k 0y 14)0 0?02 hog b (Hifg’h o, 11),
- [Bo] if the equality ((f op g) oy h)? = (f7" 0z g°) o,y h7® holds by [EQ], then

(18‘)"797 ) = 18;5;379‘727}173’
- [fo] if the equality ((f or g) oy h)? = (f7* 0x g°2) o, h?® holds by [EQ], then

(074,)7 = 073 o pos
- [EQ-mor] if the equality (f o, g)? = f°! o,s ¢°2 holds by [EQ], and if ¢ : f — f’ and
Y :g— ¢, then

(90 Og 1/1)0 = 9001 Oy’ ¢02~
O

Finally, here is the definition of non-skeletal categorified exchangeable-output cyclic oper-
ads. Recall from §3.3.2 that we write Dgy( f) for DY(f)°, where o renames x to y.

Definition 4.40. A non-skeletal categorified exchangeable-output cyclic operad is a (non-skeletal) cat-
egorified operad O, together with

¢ a family of endofunctors
D, :0(X) — 0(X),

indexed by arbitrary finite sets X and elements « € X, which are subject to the following
axioms, in which f and g denote operadic operations and ¢ and ¢ morphims between
operadic operations:

[DIN] Do (D.(f)) = f and D.(Dy(v)) = ¢,

[DEQ] Dz(f)? = D132y (f7) and Dy (¢)? = Dy-1(4)(¢7), where o : Y — X is a bijection,
[DEX] D, (f)? = Dy(Dy(f)) and D,(¢)? = D,(Dy(¢)), where 0 : X — X exchanges x
and y,

[DC1] Dy(f 0z g) = Dy(f) oz g and Dy (¢ o ¥) = Dy(p) o 2, where y € X\{z},
(D3] D, (Bfg L) = gf(f),g,h’ where f € O(X), g€ O(y),he O(Z),z,z€ Xandy €Y,
(D01 D.(057 ) = Ggf(f)%h, where f € O(X),g € O(y),h € O(Z) and z,y,z € X,
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e anatural isomorphism J, called the exchange, whose components

(53{:5;0 : Dy(f 0z g) = Dyy(9) 00 Day(f),

are natural in f and g, and are subject to the following coherence conditions:

- [6p6-square] for f € O(X), g € O(y), h € O(Z), z € X and y,z € Y, the following
diagram commutes

D.((f oz g) oy I) D.(fozg)oyh
D.(B7Y 1) 07y ovln
D.(f oz (g oy h)) (D20(9) 00 Daz(f)) oy h
Fiaoyh 0. ()0 (51,1
Dy(g 0y h) 0y Do (f) == (D:u(g) oy h) 0v D2-(f)

- [08-hexagon] for f € O(X), g€ O(y),h € O(Z),z € X,y € Y and z € Z, the following
diagram commutes

D.((f o0 g) oy 1) e D=(h) 0 Dys(f 00 9)
DZ( Jf:g,h)/ \lDzu(h) Oy (5?:;’1))7—
DZ(f Ox (g Oy h)) Dzv(h) Ov (Dyv<g) Oy Dwy(f))a
Waoun |
Dzu(g Oy h) Oy Da:z(f) Dzv(h> Oy (Dyu(g) Oy Dacz(f))
(dg7h"")7 ov 1sz<f>\ /ﬁgf@),mz(g),nuw
(D2 (h) oy DyZ(g))U 0y Doz (f) === (Dv(h) 00 Dyv(g)) 0y Dy (f)

where o renames z to v and 7 renames y to z,

- [D4] for f € O(X), g € O(y) and z € Y, the following diagram commutes

D.(5757)

D.(D.(f oz g)) : D.(D:2v(g) 0w Dz=(f))
‘ 08 (9D ()
foxg Dzu<Dw2(f)) Ou sz(Dzv(g))

- [d0] if the equality (f o5 g)7 = f7* O () g holds by [EQ], then

. o= 1(2).o7 (2):
@55 = Ser g

where v € X\{z} UY\{z} and w ¢ o~ }[X\{z} UY\{z}] are arbitrary variables.
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Remark 4.41. By comparing Definition 4.40 with Definition 3.25, one sees that the only axiom of D,
from Definition 3.25 that got weakened is [DC2]. Indeed, the proof of Theorem 3.30 testifies that all the
axioms of D,, except [DC2], are proved by the functoriality and the equivariance of the corresponding
entries-only cyclic operad, while the proof of [DC2] requires the axiom (CO). Therefore, since (CO) gets
weakened in passing from cyclic operads to categorified cyclic operads, [DC2] has to be weakened too.

Remark 4.42. Observe that, by [do] for o = id, we have that
YU S,
5f,g - 5f,g
for arbitrary variables u,v ¢ X\{z} UY\{z}.

We now lift the proof of Theorem 3.30 to the equivalence between the categorified versions of
the (non-skeletal) entries-only and exchangeable-output of cyclic operads. The theorem that we
establish has as a consequence the coherence of the latter notion. Henceforth, we shall restrict
ourselves to constant-free categorified cyclic operads (as required by the proof of Theorem 3.30),
the notion of which is obtained naturally from its decategorified variant, by replacing the empty
set with the empty category (of operations).

Theorem 4.43. Definition 4.1 (entries-only, categorified) and Definition 4.40 (exchangeable-output, cat-
egorified), restricted to constant-free categorified cyclic operads, are equivalent.

Proof. We follow the lines of the proof of Theorem 3.30 and add the pieces of structures arising
in the categorified framework.

Entries-only to Exchangeable-output. Let C : Bij’ — Cat be an entries-only categorified
cyclic operad. The functor O¢ : Bij”” — Cat, underlying the corresponding exchangeable-
output categorified cyclic operad, is defined by (3.3.4). The partial composition operation o,, :
Oc(X) x Oe(Y) — Oe(X\{z} UY) is defined by (3.3.5). The action D, : Oe(X) — O¢(X) is
defined by (3.3.6).

The isomorphisms §¢7, and 637, are defined as follows. Let f € O¢(X), g € Oe(Y),
h € 0e(Z)and x € X. Fory € Y, we set

ry BZB»*YQ%*Z
f7g7h - fﬁ7gah ?

where k : X U {*X\{x}UY\{y}UZ} — XU {*X} renames *xx to * X\ {2}UY\{y}UZ- If y € X, we set

Z,Y _ QTXY Y,k 7
Orgn =Vpegn >

where x 1 X U {*x\(z,yjuvuz} — X U {*x} renames x t0 *x\ (2 uvuz-
Finally, for f € 0¢(X),g € Oc(Y),z € X and y € Y, we set

y?x;v J— *X7U
5f7g AN
where k : X\{z}U{y}U{*x} - X U{xx} renames x to *x and *xx toy,and v : Y\{y} U {v} U
Uex\(zpuyy} — Y U {*y} renames *y to v and y to *x\ {z1uy-

The coherence conditions of O¢ are verified as follows. We get [f-involution] by Lemma
4.6, [-pentagon] by (S-pentagon), [S6-hexagon] by (Svy-decagon), and [Bf-pentagon]
and [f#-hexagon] by Lemma 4.7. The coherence conditions [5o], [#o], [EQ-mor], as well as
[DB] and [DA], hold by (Bo), (vo) and (EQ-mor). The equalities [DIN], [DEQ], [DEX] and
[DC1] hold by the functoriality of € and (EQ). The commutation of [36-square] follows by
the definition of ¢ in C (see (4.1.1)). By redefining [§3-hexagon] in the language of the cyclic op-
erad € (which is straightforward, but quite tedious), thanks to (EQ), (8¢), (7o) and (EQ-mor),
we get exactly an instance of (3y-hexagon). (We shall see how (8vy-hexagon) translates into
[68-hexagon] in the proof of the other transition below.) The condition [Dd] follows by (yo)
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and (y-involution), and, finally, [6o] follows by (yo).

Exchangeable-output to Entries-only. Let O : Bij°? — Cat be an exchangeable-output cate-
gorified cyclic operad. In order to coerce the definition (3.3.7) into the definition of the functor
Co : Bij”” — Cat, underlying the corresponding entries-only categorified cyclic operad, given
that Y . v O(X\{z}) is now categorical sum in Cat (rather than disjoint union of sets), we sim-
ply extend the definition (3.3.3) of the equivalence relation ~ to the category > . O(X\{z}).
Unsurprisingly, to the family of generators of ~ given by (3.3.3), we just add generators of the
form

(z,9) = (2, D2x(9)),

which will account for the equivalence classes of morphisms of

Co(X) =) O(X\{z})/~.

zeX

The composition operation 0, : Co(X) x Co(Y) = Co(X\{z}UY\{y}) is defined by (3.3.8).
In what follows, given that O (and, therefore, Cy) is constant-free, when calculating the compo-
sition [(u, f)]~z0z[(v, g)]~, we shall always assume that u # = and 2 # v. Furthermore, when
considering the composite ([(u, f)]xz0z[(v, 9)]~)yoy[(w, h)]~, where g € O(Y'), noticing that, in
the “worst case”, the set Y could be reduced to {x}, we shall assume that v = .

For the definition of ﬁ&fﬁ)i [(0,0)] [(,h)]” W€ calculate

([(u, Nz 202 [(4, 9)]=) yoy [(w, h)]~ = [(u, (f 0z Dy(9)) 0y Dyw(h))l~

and
[(u, )]~ 20z ([(Y; 9)]~ yoy [(w, h)]x) = [(u, f 0z (Day(g) oy Dyw(h)))]~
and we set
.25y, _ x5y
Bl Dl lwmle = (8 B5 D, (6).0yu(m)]~

For the definition of 7[325 AL calculate

[(u, Nlxzoyl(v,9)]lx = [(u, f oz Dyo(9))lx  and (v, 9)]xy02[(u, fl~ = [(v,9 0y Dau(f))]~-

Observe that, depending on the choice of the variable we take to be the common one for both

classes (u or v), and by using [607, ¥} 1), _ (4.1 €an be defined in two ways:

x7y _ u,x7y _ u,x,y
Npmdwgle = (W Dun(Op 50 (D~ = (0,050 ()]~

We fix the definition
T,y _ u, T3y
New =l = (005D, ()1~
Therefore, in calculating an instance of the commutator, for the common variable of the source

and the target we shall always choose the one of the target class.

As for the coherences of Cy, (f-pentagon) holds by [5-pentagon].
We show that (8y-hexagon) holds by [§5-hexagon]. For the objects of (5y-hexagon), we
have

(
(
o ([(4: 9)l~ yoy [(w, h)]x) w0 [(u; [z = [(w; Duwg(Day(g) 0y Dyw(h)) 0z Diu(f))]=,
o ([(w, )]~ yoy [(y, 9lx) z0x [(u, flx = [(w, (h oy g) 0z Dau(f))]x,
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* [(w,h)]xyoy ([(: 9)]x 20z [(u, f)lx) = [(w, h oy (g 0z Dau(f)))]x,
* ([(y:9)l~ 204 [(u, f)]~) y°y [(w, h)]~ = [(4, Duy(g oz Dzu(f)) oy Dgw(h))]z'

By replacing the representatives of the classes above with the ones whose first component is v,
we get

o ([(w; )]z 20z [(4: 9)l=) yoy [(w; 1))~ = [, (f 0z Diy(9)) 0y Dyuw(h))l;

o [(u N~ 2oz ([(4: )~ yoy [(w, h)]x) = [(u, f oz (Dey(9) oy Dyw(h)))]=,

o ([(4y,9))~ yoy (W, W)]x) 202 [(u, f)lx = (U Duw(Duwg(Diy(9) 0y Dyw(h)) 0z Dou(f)))l~
o ([(w,h)]x yoy [y, 9)=) 202 [(u, )]z = [(4; Duw((h 0y 9) 0z Daru(f)))]=/

o [(w;h)]x yoy ([(4; 9)]~ 202 [(u, f)l=) = [(4; Duw(h 0y (9 02 Dau(f))))]=/

* ([(49))x 20z [(u, =) yoy [(w; )]~ = [(4; Duy(g 0z Dzu(f)) 0y Dyw(h))]~,

which determines the outer part of the following diagram of O:

(6ua:a: 1 )

Dug (Day(9)0y Dyw (), Dau (f)

B9, Dy h)
foar: (Diy(g) Oy _/w(h)) uw(Du,l,( Yy ( )O Dyu(h)) x Jlt(f))

(f Oz Diy(g)) Oy Dgw(h)

(O (Dey (610, Dy ()., M
J oz (Day(g) yDgw(h))
(09 ()" Ou LDyu() Lro, (3,3" I)WJ Duw((0 51, D" ©2 10:0()
[ ow Dyw(h oy g)
B Do)
Duy(9 02 Dau(f)) oy Dyw(h) ———————— Duw(h oy (9 02 Dzu(f))) ————————— Duw((h oy 9) 0z Dyu(f))
B (‘)h;/; (f)) ““(ﬂZ;D (f))

where 7 renames u to w, kK renames w to z and v renames u to y, and in which the square on the
right commutes by naturality of . The equality

(5“&@ u,z,x ~1 )T

Dwg(Dzy(g)oyDgw(h))vau(f))T © (6Dwz(D£y(9)oyD.gw(h))vau(f) - 1foz(D£y(g)oyDgw(h))7

together with [do], turns the diagram above into the following instance of [§5-hexagon]:

ﬁ;‘%ﬁ(gww(h) 150, (5:;11/ et
(f 02 Dyy(9)) 0y Dyu(h) f oz (Day(9) oy Dyw(h)) J 0w Dyw(h oy g)
U, LT wzw —1
Oy D)y 1Dyum) B )
Duy(g 0z Dzu(f)) oy Dgw(h') — Dy (b oy (g o Dyu(f))) Dy ((h Ogg) oz Dau(f))
O, .9 92 D (f) uw th .(f)

For (By-decagon), we use [0-hexagon] together with [§56-square]. We illustrate the
proof by showing that the composition of the top three morphisms of (8y-decagon) is exactly
an instance of the isomorphsm 6. The four objects figuring in the composition of those three
morphisms are:

o (([(u, Nz 20z [(4: 9)l=) yoy [(2, h)]x) 20z [(w, k)]~ = [(u, ((f 02 Diy(9)) oy Dyzh) 0z Dz (k))]~,
o ([(z W] yoy ([(u, Flx 20z [y, 9)]=)) 202 [(w, K)l~ = [(u, Duz(h 0y Dyu(f 0z Day(9))) 0z Dzw (k)]



118 Chapter 4. Categorified cyclic operads

® [(th)}%
o (([(u, Nlx w0z [(¥: 9)l~) 202 [(w, k)]~) yOy [(z, )]~ = [(u, ((f 0z Day(y)) 02 Dzw(k)) oy DgZ(h))]%-

|<
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u

For the definitions of the top three morphisms of (3y-decagon), we have:

Yy o ewyy Tt o
® N h)le s0e [0l 222 L@l = O Dy (fouDyy(6)” % D20 (b
Y,Yi%2 _ Uiz -
® Biem el son [0 b = PuBhiDy(forDay(9))Daw(ry)” A0
o LY = w5y o
M) (1)) 202 ()] =02 [(wk)lx = Oh.Dyu(for Dey(a))ox Daw(k)) 7

where o renames u to z. By [Bo], [00] and [DEQ] , we get

w,ysy —1 _ ayy Tl
® (Oh. Dy (forDuy(9)))” 2 1D2w(k) = On.(fo, 1. (g7)) O LDzu (k)

vs - Vi
® DulBh D, forDay(@) 020 ) = P2y n. (f0,D.(47)).Du (i) A0

° ( ’U"yvy )O’ — 527Q7y
h,Dyu(foxw Day(g))ozDzw(k) h,D(fozDz(g7))ozDzw(k))

where 7 renames z to z. Finally, by [30-square] and [6o], we get that

Y;z zyy ~1 2;
h.D.(fouD.(g7)) °% 1Dgw(k) °© Dz(BE,DZ(fosz(gU),Diw(k)) °© (5h,bz(fompz(g7)) Oz 1Dzw(lc)) = efoyzg,h,k'

For (y-involution), observe that v ., ;). is defined exactly in a way which makes

the composition Y[’ (. p)1e © V(i f)m((v.0))~ fi8UTe favorably in [D3].

The isomorphism of categorified cyclic operads C and Co,, (and O and O¢,). The two isomorphisms
are easily defined from their corresponding decategorified versions in the proof of Theorem
3.30. -

4.2.2 The exchangeable-output skeletal categorified cyclic operads

Given that the skeletal exchangeable-output characterisation of cyclic operads is arguably most
commonly seen in the literature (cf. [Mar08, Proposition 42.]), we round up this work by indi-
cating that the categorification of this notion is made straightforwardly by translating Definition
4.40 to the skeletal setting. The coherence of the obtained notion follows by lifting to the cat-
egorified setting the equivalence of non-skeletal and skeletal operads, established in [MSS02,
Theorem 1.61], extended naturally so that it also includes endofunctors D, : O(X) — O(X) (for
non-skeletal operads) and D; : O(n) — O(n) (for skeletal operads). In Appendix A, we describe
in detail the equivalence of [MSS02, Theorem 1.61] (whose lifting, which we omit, is then easily
derived).
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Future Work

In this thesis, we examined three different frameworks for the general theory of cyclic operads.
As cyclic operads make a relatively young concept of abstract algebra, the motivation was to set
up theoretical grounds of various flavours for that concept, which would then be starting points
for exploring perspectives of cyclic operads and finding their embodiments in different fields of
mathematics, as well as for bringing the knowledge from those fields back to abstract algebra,
in order to propose solutions to problems inherent to operad theory. Therefore, the ideas for
future investigation can be summarised as the application of the theoretical results established
by the thesis in finding the place and the use of cyclic operads “in nature”.

From the syntactic point of view, it would be natural to apply a syntactic approach similar
to the one of Chapter 2 to other variations of operads (like modular operads of [GK98]), and to
investigate the adjustments to be made in the case where symmetries (other than cyclic permu-
tations) are not present.

Prompted by the algebraic definitions of Chapter 3, it would be interesting to rephrase the
construction of invariant bilinear forms on algebras over a cyclic operad C of [GK95] in the al-
gebraic setting. More generally, Chapter 3 provides a “recipe” for redefining other variations
and generalisations of operads internally to the category of species, which aims at making their
investigation modular, so as not to repeat analysis and constructions of the same kind for each
variation of the notion of operad. Also, it would be interesting to see what would a Lie bracket
[S,T] = SAT — T AS mean in the context of cyclic operads, but in order to understand this, we
first have to give a meaning to the operation — used in its definition, which indicates that we
need to replace set-theoretical species of structures with S-modules.

As for the categorified setting, given the context in which operads and cyclic operads have
emerged, the main questions that arise are the question of exhibiting categorified cyclic operads
of Chapter 4 “in nature” and the question of determining whether they could be of some use in
applications in non-commutative geometry and algebraic topology. At this moment, there are
two tangible directions of investigation, one for each of these two questions.

The first one is about the construction of a skeletal categorified cyclic operad € : ¥ — Cat
in the form of a bicategory of generalised profunctors (i.e. distributors) of [Bén73].

Task 1. Given a category D with enough colimits, which is, moreover, equipped with a duality (—)*
D°P — D, a categorified cyclic operad C : ¥.°P — Cat can be exhibited by defining the category of n-ary
operations of C as C(n) = [D™, Set], which can be seen as a generalised form of a profunctor, and by
using a generalised form of the composition of profunctors for defining the partial composition of C. For
example, if F' € C(3) and G € C(2), the operation

F201G2D3—>S€t
is defined by
bd
(Fy01 G)(a,c,¢) = / Fla,b,c) x Gd, e) x [b,d],

where [—, —] : D°P x D°P — Set is defined by [x,y| = Dlx,y*]. One must then define the associator
and commutatior isomorphisms and look for the possible conditions that D has to satisfy in order to be
able to verify the corresponding coherence conditions.
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The second direction is about applications of categorified (cyclic) operads in proving the
Koszulness of coloured (cyclic) operads which encode (cyclic) operads, by exhibiting their
Grobner bases.

Task 2. Show that the coherence theorem for categorified (cyclic) operads can be adapted to a generalisa-
tion of the Diamond Lemma for coloured (cyclic) operads encoding (cyclic) operads. This task requires to
consider the notion of coloured (cyclic) operad as a structure for which, apart from operadic compositions,
the action of the symmetric group also makes a part of the defining structure. In other words, the action of
the symmetric group is not introduced implicitly by building the definition over an S-module, but rather
by starting from an N-module and then modeling it explicitly, as an additional set of generators (accom-
panied by the appropriate set of relations), as done in [DV'15, Definition 5]. In this way, the candidate for
the Grdobner basis is given by the set of tree-polynomials corresponding to canonical isomorphisms of a
categorified (cyclic) operad defined in the skeletal manner, for which the equivariance axiom is additionally
weakened.

Finally, motivated by the combinatorial approach to operadic polytopes made in [DP11], the
following task arises naturally in the setting of categorified cyclic operads.

Task 3. Find polytopes which describe coherences and higher coherences of categorified cyclic operads. An
initial analysis of this problem, made for the 3-dimensional setting by considering all the 2-dimensional
coherence diagrams arising from a linear tree with five nodes (which would correspond to the facets of the
appropriate polytope), shows that the number of such coherence facets is rather large.
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Appendix A

Skeletal vs. Non-skeletal operadic
framework

There are no true winners of this battle, since the two frameworks are equivalent for Set-based
(cyclic) operads. In general, they are equivalent under fairly weak assumptions: the base sym-
metric monoidal category (C, ®) should have small colimits, and, for an arbitrary object X of
C, the endofunctor X ® (—) should preserve colimits. However, this does not mean that they
are equally good for a particular matter of investigation. Before we summarise why our winner is
the non-skeletal framework, we give details of the equivalence of the two approaches.

A.1 The equivalence

Let O : X7 — Set be a skeletal operad, defined as in [LV12, 5.3.7] (only without units). We
shall write O(n) instead of O([n]), and we shall denote the operadic composition operations of
O with ¢;. Quoting [LV12, 5.3.7], the equivariance of O is given by the following two relations:

[EQ1] For any o € S,,, we have

foig’=(foig),
where o/ € S,4+,—1 is the permutation which acts by the identity, except on the
block {3, ...,i+m — 1}, on which it acts by o.
[EQ2] For any o € S,,, we have

fcr % 9= (f o (i) 9)0'”7
where ¢” € S, 4,—1 is acting like o on the block {1,...,n+m—1}\{i,...,i+m—1}
withvaluesin {1,...,n+m—1}\{o(i),...o(i)+m— 1} and identically on the block
{i,...,i+m — 1} with values in {o(),...0(i) + m — 1}.

As the definition of a non-skeletal operad, we fix Definition 1.1 (again, without units). For a non-
skeletal operad O : Bij°” — Set, we shall continue to denote with o, its operadic composition
morphisms.

Theorem A.1. [LV12, 5.3.7] and Definition 1.1 are equivalent definitions of symmetric operads.

Proof. We make the transitions between the structures specified by the two definitions and we
show that they determine an isomorphism of operads.

Skeletal to Non-skeletal. Let O : 33°P — Set be a skeletal operad. The functor underlying the
corresponding non-skeletal operad O, : Bij’” — Set is defined as

Ons(X) = {[(f, ox)]~ | f € O(n) and ¢y : X — [n] (¢x bijective)},

where | X| = n and ~ is the smallest equivalence relation generated by
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(f,ox) & (FEXUX ), (A1.1)
where ¢y : X — [n]. For a bijection ¢ : Y — X, the function O,s(c) : Ops(X) = Opns(Y) is
defined by

[(frex)IZ = [(f; px 0 0)]~.
The composition operation oy : Ops(X) X Ops(Y) = Ops(X\{z} UY) is defined as follows.

Let [(f, ¢x)]~ € Ons(X) and [(g, ¢y )]~ € Ons(Y), where | X| = nand |Y| = m, and let x € X.
We set

[(f, 0x)]~ 02 [(9: ov)]x = [(f Cpx(2) 9> P2)]~s
where Z = X\{z} UY and

wx(v) for all v € X such that px(v) < px(x)
wz(v) =< oy (v) + px(z) — 1 forallveY (A.1.2)
ex(v)+m—1 for all v € X such that px(v) > px(x).

The equivariance axiom [EQ] of O ensures that the definition of o, does not depend on the
choice of px and py. Indeed, if ¢’y : X — [n] and ¢} : Y — [m] are different from px and ¥ x,
respectively, then

1

/- oy —1 o' —1 0w —1
(oo o (975 @ )le = [P0 o () 92 )l

Px A
(f Opx(2) 9)P2°%7 @)~
focpx(qz) g, (PZ)]z

fa (PX)]% Ox [(gv @Y)]a»

It is easily seen that the associativity axioms [A1] and [A2] of O ensure the corresponding
associativity axioms of Q.

Finally, we show that the equivariance axiom [EQ] of O,, comes “for free”. Let [(f, ¢x )|~ €
Ons(X), [(9, ¢y )]~ € Ons(Y) and = € X. Then, for an arbitrary bijection o : U — X\{z} UY
and bijections 01 : Vi = X and 03 : Vo = Y, such that 0 = 01|X\{x} Uaa|Y, we have

(((fsex)lx 0z [(9,0v)]x)7 = [(f 0px(x) 9,2 © 0)]
= [(fipx o)~ o () [(g, 0y © 02)]~
= [(f7 @X)]g ngl(w) [(9790Y)]22-

the key being that ¢z o o coincides with the bijection built in the obvious way from ¢ x o oy and
@y ©09.

Non-skeletal to Skeletal. Let now O : Bij’” — Set be a non-skeletal operad. The functor
underlying the corresponding skeletal operad O, : 3 — Set is defined by

Os(n) =0(n) and O4(c) = O0(0).
The composition operation ¢; : O5(n) x Os(m) — Ogs(n + m — 1) is defined by
foig=[f7"0ig7,

whereo; : {1,...,i} +{i+m,...,n+m—1} > [n]Jand oo : {i,i+1,...,i+m — 1} — [m] are
defined as follows:
iftje{l,...,i}

. J .
= and k)=Fk—1i+1. Al3
1(9) {j—m—i—l ifje{i+m,...,n+m-—1} o2 (k) ' ( )
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Therefore, O, : 3°? — Set is defined by restricting the data of O in the natural way.
Notice that the proof of associativity of O, requires both the associativity and the equivari-
ance of O.

Here is the proof of [EQ1] of O,. Let f € O5(n), g € Og(m), 1 <i <nandletr : [m] = [m]
be a permutation. We then have

foigh? = [710;(g7)7

fo‘1 O gTQ 092
— fal o; 9020(02 072002)
fooi (g72)7
(f71 05 g72)
= (foz g)

whereo; : {1,...,i}U{i+m,...,n+m—1} = [n]Jand o2 : {7,i+1,...,i+m — 1} — [m] are
defined as in (A 1.3),7‘: [n 4+ m — 1] = [n 4+ m — 1] is defined as

5 Lorgoos

— —1
T= Zd{l,...,z'—1}u{z‘+m,...,n+m—1} U (oy " 0T 009),

and the equality
fal 0; (902)02—107—2002 — (f01 o; 90'2)7'
holds by the equivariance axiom [EQ] of O.
We now prove [EQ2]. If 7; : [n] — [n] is a permutation, we have

le 0 g = (le )01 o; gcrg — f71001 o; gag

whereo; : {1,...,i}U{i+m,...,n+m—1} » [n]Jand o2 : {i,i+1,...,i+m — 1} — [m] are
defined by (A. 1 3). On the other hand, we have

f<>7'1 g—fﬁloT 1)9

where k1 : {1,..., () }U{m(i)+m,...,n+m—1} = [n]and ko : {7 (i), 71 (?) +1,..., 71 (i) +
m — 1} — [m] are defined as

m(j):{j if j e {1,...,m(i)}

and ko(k) =k —11(¢) + 1.
j—m+1 ifje{n@+m,....n+m-—1} () 1)

Let
mc{,i+1,. . i4+m—1} = {n(i),n(@)+1,...,71(4) + m— 1}
be a bijection defined as
To = Ii2_1 0 09.

We then have

oot o, g% = f/ﬂo T torioo1) 0; g'i2°T2
(fl{l)lil 07'100'1 0; (gHZ)TQ
= (fﬁl 0(51_107-1001)(1') gRZ)T
(f™ or@) 9™)7
(for@9);

where 7 : [n +m — 1] — [n +m — 1] is defined as

= (Kl_l o1 o 0_1)|{1 ..... 71(8)—1}U{m1 (i) +m,...,n+m—1} U,
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and the equality
-1
(fﬁl)ml T o; (9%2)7—2 = (fﬁl O(ﬁl_lonoo‘l)(i) gﬁ2)T
holds by the equivariance axiom [EQ] of O. Notice that, in the proofs of both equations, 7 is
acting exactly like specified by the equivariance of O;. This makes the equivariance established.

The isomorphism of operads O and (O,s)s. The bijection ¢y,,) between the sets O(n) and (Ops)s(n) =
Ops(n) is defined by
Py : f = [(f, idp)]~-

The remaining of the (skeletal) operad structure transfers via ¢y, as follows:

1

O (f7) = [(£7,id)|~ = [(f7°7 ", 0)l~ = [(f,0)]~ = [(f, id)]Z = ¢py (F)°
and
Gy (f i g) = [f 0i g, id]~ = [(f, id)]x 0i [(9, id)]~ = Y1 () 05 Vi) (9),

which shows that the natural transformation ¢ : O — (O,,),, with components V), 18 indeed
an isomorphism of operads O and (O,)s.

The isomorphism of operads O and (O ),s. The bijection ¢ x between the sets O(X) and (O ) ns(X)
is defined by

-1
Yx o f = (%, 0x)]~s
where, assuming that | X| = n, ¢x : X — [n] is an arbitrary bijection. To see that ¢ x is well-
defined, notice first that f¥x € O(n), i.e. that [(f#x ,x)]~ is indeed an element of
(Os)ns(X) = {l(g,x)]~ |9 € Os(n) and px : X — [n]}
= {l(9,¢x)l~ 9 € O(n) and px : X — [n]},

and that, by (A.1.1), any other choice of ¢ x would lead to the same equivalence class in the def-
inition of 1 x. The remaining of the (non-skeletal) operad structure transfers via ¢ x as follows:
for a bijection o : Y — X we have

Ux(f7) =

and the composition transfers as

Ux(f) oz ¥x(g) =

= Yx(foz9),

where Z = X\{z} UY, ¢z : X\{z} UY — [n+ m — 1] is defined as in (A.1.2), and o7 :
{1,...,i}u{i+m,...,n+m—1} = [nJand o9 : {i,i+1,...,i+m — 1} — [m] are defined as
in (A.1.3). Notice that

vz = (px 0 o) MU (o3t 0 09),



A.2. The good side of non-skeletality 125

which establishes the equality

1

(25 )7 0 (@) (997 )72 = (f 00 9)77

as an instance of the equivariance of O. |

A.2 The good side of non-skeletality

We end this section with a comment on the advantages of the non-skeletal framework for cyclic
operads. As the first benefit, we point out that, as opposed to the skeletal approach, the non-
skeletal approach allows the entries-only presentation of non-symmetric cyclic operads (with-
out the action of symmetric group, there is no way to formalise commutativity with numbered
entries!). In turn, given that the entries-only definition of categorified cyclic operads is more
compact than the exchangeable-output definition (compare Definition 4.1 and Definition 4.40),
the non-skeletal approach is more economical in the categorified setting.

Also, non-skeletality turns out to be crucial for the rewriting involved in our proof of co-
herence in the presence of symmetries in Section 4.1. Namely, in the non-skeletal setting of
(cyclic) operads, an action of the symmetric group can always be “pushed” from the composite
of two operations to the operations themselves, by directing the equivariance law in the appro-
priate way. This was essential for the first reduction made in §4.1.3. For the skeletal setting of
(cyclic) operads, this distribution of actions of the symmetric group doesn’t work in general, as
we illustrate in the example below.

ExampLe A2. Let O : ¥? — Set be a (skeletal) operad. Let f,g € O(2), and let o : [3] — [3]
be a permutation defined by o(1) = 2, 0(2) = 1 and ¢(3) = 3. Notice that there is a canonical
embedding

O(n) > h™ = [(h,7)]x € Opns(n)

and consider the term (f oy ¢)?. Clearly, it is not possible to distribute o on f and g in O(3).
However, with the above embedding, we get

0B) > (fe29)” = [(fo2g,0)]x=I[(forg idy)lL € Ons(3).

In O,5(3), the distribution of o works as follows:

[(f 02 g,idz)]Z = ([(f, idg)]~ 02 [(9:T)]~)7 = ([(f; id[2)]Z o [(9,7)IZ,

where

7:{2,3} — {1,2} is defined by 7(2) = 1 and 7(3) = 2,

o1:{2,2'} — {1,2} is defined by 01(2) = 1 and 01(2/) = 2,

o2 : {1,3} — {2,3} is defined by 02(1) = 2 and 02(3) = 3,

the first equality holds by the definition of the composition operation o in O,4(n), and

the second equality holds by the equivariance axiom [EQ] of O;.
Therefore, denoting 03 = 7 0 02, we have [(f ©2 ¢,0)]~ = [(f, 01)]~ 02 [(9,03)]~- O

Additionally, we are not sure whether orienting the equivariance in the opposite direction
would work for the coherence proof. As a consequence, as we pointed out in §4.2.2, we prove
skeletal coherence in the presence of symmetries by reducing it to the non-skeletal one.
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Appendix B

Disjoint union vs. Union of disjoint sets

If one gives the priority to the non-skeletal operadic framework, one should be aware of sub-
tleties concerning the choice between the disjoint union and the (ordinary) union of (already)
disjoint sets as the union employed on the objects of Bij in the definition of an operad. In the
litterature, one does not typically find definitions based on the latter kind of union, given that
it does not exist for any two finite sets, and, therefore, involves bookkeeping the disjointness
conditions, which is not the case with the coproduct. On the other hand, if one goes for co-
products, which is the practice in category theory, then one has to address the difficulties tied
to non-associativity of disjoint union. In the usual implementation of disjoint union, given by
the “preventive tagging” of sets, the sets

(X\{z}+Y\{yh)+2Z  and  X\{z}+ (Y\{y} + 2)

are not equal, which, in turn, makes the sequential associativity law
(foxg)oyh:fox (goyh)

ill-typed. This issue is the reason why we prefer to work with the ordinary union in the op-
eradic context. Nevertheless, the subtlety of disjoint union is easily sorted out and the purpose
of this appendix is to illustrate a proper definition of non-skeletal operads in the framework
with coproducts.

The approach we take is inspired by the description of operads with simultaneous compo-
sition as monoids in the monoidal category of polynomial functors, given by Kock in [Koc11,
Proposition 2.5.5]. The idea for recasting Definition 1.1 in the framework with disjoint union is
to supplement the operations of an operad with an additional labeling of the inputs, as is done
when evaluating polynomial functors. Essentially, with the definition that follows, we describe
the monoidal structure corresponding to partial composition of polynomial functors, by spelling
it out in the biased manner.

For arbitrary finite sets X and Y (for which, in particular, there are no disjointness assump-
tions), the composition structure of an operad O, defined in the polynomial style, is given as
follows. For f € O(X), z € X and g € O(Y'), the composition of f and g along x is given by a triple

(U, k, @)
where
e U is a finite set,
e ke O(U),and
o & =ps 4 X\{z} +Y — U is a bijection.

Denoting U = U(f,x,9), k = f oz g, 05 = pr(f,2,9) and pg = ¢4(f, 7, g), as axioms we require
the following equalities.
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Firstly, we ask for the (adapted) associativity axioms:
<AL> (f 01 9) Opy (f.g)(y) B = [ 0z (g 0y h), wherey € Y
<A2> (f 02 9) % (1)) ' = (f 0 h) @4 (f0,9)(w) 9, Where y € X,

wherein, for both <A1> and <A2>, it is a priori required that, for some finite set U, the two sides
of the respective equalities both belong to O(U). This is accomplished by imposing additional
coherence conditions for the bijections figuring in the definitions of compositions involved in
these two equalities. These conditions are easily derivable. For example, for <A2>, assuming
that h € O(Z), we ask that the following three equalities hold:

Proyh(f oy hy o (fr4, 1), Do (ram)(X\ 2y} © P (¥ ) x\ (2}
(Pfozg(f Cz 9, SOf(f, T, g)(?/)) h)’cpf(f,z,g)(X\{z,y}) o Sof(fa 3779)|X\{x,y} )

Prong(f 0z 9,05 (Fs2,9) (W) M)y (f2,9)(v) © Pa(fr2,9) = g(f oy hy 0 (f 9, h)(2), 9)

and

Sofoyh(f Oy h> @f(f) Y, h)v g)|<ph(f,y,h)(Z) © @h(f) Y, h’) = @h(f Oz 9, (pf(fv x?.g)(y)v h)

Next, we require the (adapted) equivariance axiom: for the composition of f7* and ¢°2 along
01_1($) determined by the triple (U, ! %=1 () g°2,®), whereo; : X' = Xand og : Y/ = Y,
and the composition of f and g along = determined by the triple (V, f ¢, g, ¥), we have

<EQ> f7' 0,14 9% = (f 02 9)°,

where the bijection o : U — V is defined by o = ¥ o [o1|¥\M*} 9] 0 &1
Finally, considering units, the axioms have the same form as [U1], [U2] and [UP]. Similarly
as in the case of associativity, these axioms a priori require that, for f € O(X), the equalities
Ul(idy,y, f) = X = U(f,x,id,) hold. This is ensured by the following equalities: for [U1], we
additionally require that
QOf(Zdy, Y, f) = ZdX,

while, for [U2], we ask that
Pid, ([, 2, idg) : X\{z} +{z} = X

is the canonical “forgetting-the-tags” bijection.

The characterisation of operadic composition we gave above is equivalent with the one used
in Definition 1.1.

Indeed, starting from an operad O, defined in the style of Definition 1.1, the composition
structure of an operad in the polynomial style is obtained as follows. For arbitrary finite sets X
and Y and an element x € X, let

ZX\{gc} X\{az}—)X\{az}+Y and iy :Y—)X\{$}+Y

be the canonical injections of X\{z} and Y/, respectively, into their disjoint union. Denote with
Zy and Z, the images of X \{z} and Y under i x\{z} and iy, respectively, and let

01221U{$}—>X and 09: 709 —Y
be the bijections defined as

o1(liu) =u, o1(z) =2z and o2(2,v) = v.
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Then, for operations f € O(X) and g € O(Y'), we define the composition of f and g along z as
the triple

(Zl U 227 fal Ox 9027 [Sof(ﬁxvg)a ‘pg(fa :E?g)])a

where [@f(f? T, 9)7 Spg(fv Z, g)] = ZdX\{x}+Y
In the other direction, if O is an operad with composition structure defined in the polynomial
style, and if for finite sets X and Y and an element x € X we have that X\{z} NY =0, let

oxzy : X\{z}UY - X\{2} +V
be the canonical “tagging” bijection. Then, for f € O(X) and g € O(Y), we define

f Or g = (f O g)[@f(f»zvg)7509(f7$7.q)]oo'X,w,Y .
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