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Abstract

The purpose of this paper is to establish a notion of categorified cyclic operad for set-
based cyclic operads with symmetries, based on individual composition operations. The
categorifications we introduce are obtained by replacing sets (of operations of the same arity)
with categories, by relaxing certain defining axioms (like associativity and commutativity) to
isomorphisms, while leaving the equivariance strict, and by formulating coherence conditions
for these isomorphisms. The coherence theorem that we prove has the form “all diagrams
of canonical isomorphisms commute”. For entries-only categorified cyclic operads, our proof
is of syntactic nature and relies on the coherence of categorified non-symmetric 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 by the second author.

Introduction

Categorical structures whose axioms are replaced by some kind of “weakened” (or categorified)
versions of the same axioms have been of great interest in higher-dimensional category theory.
Examples of structures obtained by categorification begin with bicategories of Bénabou [B67],
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:lpof = f and ip: folg — f.

Bicategories are just a first step towards various propositions for the definition of a weak n-
category, which is currently a subject of active investigation. Closely related are monoidal
categories of Mac Lane [ML98| (i.e. bicategories with a single object), which are categorifica-
tions of monoids, and which themselves admit various weakenings (promonoidal categories, lax
monoidal categories, multicategories). For the purposes of higher-dimensional category theory
and homotopy 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 [KO05],
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
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of weak Cat-operad by categorifying the componential definition of non-symmetric operads (i.e.
the definition based on individual composition operations o;), which led them to an equational
axiomatic definition, in the style of Mac Lane’s definition of a monoidal category. In [DV15],
Dehling and Vallette, through curved Koszul duality theory, obtain higher homotopy (symmet-
ric) operads, for which the equivariance is also relaxed.

In this paper, we propose categorifications of the two principal ways to apprehend the com-
ponential notion of cyclic operad with symmetries. With respect to the aforementioned notions
of categorified operads, the style of our definitions corresponds to the one of [DP15], except that
we also consider the action of the symmetric group. Yet, our categorified cyclic operads are not
exactly cyclic operads up to the first level of homotopy in the language of [DV15], as we keep
equivariance strict.

In the original approach of Getzler and Kapranov [GK95, Theorem 2.2], cyclic operads are
seen as enrichments of operads with simultaneous composition, determined by adding to the
action of permuting the inputs of an operation an action of interchanging its output with one
of the inputs, in a way compatible with operadic composition. In [M08, Proposition 42], Markl
gave an adaptation of the definition of Getzler and Kapranov, by considering underlying operads
with partial composition. Both of these definitions are skeletal, meaning that the labeling of
inputs of operations comes from the skeleton 3 of the category Bij of finite sets and bijections.
The non-skeletal variant of Markl’s definition, obtained by passing from X to Bij and redevel-
oping appropriatelly the remaining of the structure, has been given in [O17, Definition 3.16].
We suggestively refer to these three definitions as the exchangeable-output definitions of cyclic
operads. The fact that two operations of a cyclic operads can be composed along inputs that
“used to be outputs” and outputs that “used to be inputs” led to another point of view on cyclic
operads, in which an operation, instead of having inputs and an (exchangeable) output, now has
only “entries”, and can be composed with another operation along any of them. Such entries-
only definitions are [O17, Definition 3.2] (unital) and [M16, Definition 48] (non-unital). Both
of these definitions are naturally non-skeletal, as they involve a commutativity axiom which is
itself based on the commutativity of the union of two disjoint sets.

The categorified cyclic operads that we introduce are obtained by categorifying the entries-
only definition [O17, Definition 3.2] and the exchangeable-output definition [O17, Definition
3.16] of set-based cyclic operads. For the sake of simplicity, we do not consider units in neither
of these definitions. 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 notion 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 isomorphisms coherent. In particular, the coherence theorem has the form “all dia-
grams made of canonical isomorphisms commute”.

Concretely, for entries-only cyclic operads, the associativity and commutativity axioms
(fzogg) yogh = f;rog (gyogh) and f:voyg = gyoa:f
become the associator and commutator isomorphims, with instances
23,y Y.
/Bf,g,h = (fzoz9) yogh — [ 20z (g yogh) and 7;3  faoyg = gyou f,

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 themselves,
the coherence of the obtained notion seems easily reducible to the coherence of symmetric
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 operads,
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
coherence 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 mized 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 coherence
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 diagrams 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 symmetric group,
the second (and the most important) one removes “cyclicity”, and the last one 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

ﬁjf:g,h :(forg)oyh — foy(go,h) and 9;:37;1 :(fozg)oyh — (foyh)oyg,

respectively. Therefore, the operadic part of the obtained structure is the non-skeletal and
symmetric counterpart of a weak Cat-operad of [DP15]. However, in order to carry over the
equivalence between the entries-only and exchangeable-output cyclic operads, set up in [O17, The-
orem 2], 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 structure (ac-
counting for the input-output exchange) must additionally be weakened. This leads to a third
isomorphism, caled the exchange, whose instances are

a?;w :D:(f oz g) = Dzv(g) Oy Dwz(f)a

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} +{y}) is the functor that “exchanges the input z € X
with the output and then renames it to y”. We establish the coherence of this notion by “lift-
ing” the proof of [O17, Theorem 2], 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 [MOS,
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.
We shall provide details for the proof of this theorem, which was omitted in [MSS02], and leave
the categorification part as an exercise.

Related to the coherence of skeletal exchangeable-output categorified cyclic operads, the
skeletality requirement, combined with the presence of symmetries, causes an interesting issue,
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 operations to oper-
ations 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 end
this work by illustrating this issue, and by pointing out certain other merits of the non-skeletal
operadic framework.

Layout. The paper is organised as follows. In Section 1, we recall the entries-only definition
[O17, Definition 3.2] and the exchangeable-output definition [O17, Definition 3.16]. In Section
2, we introduce our definition of categorified entries-only cyclic operads. We examine their
“operadic” properties, essential for reducing the coherence problem to the coherence of weak
Cat-operads. The largest part of the section will be devoted to the proof of the coherence
theorem. Section 3 deals with the exchangeable-output categorified cyclic operads. We give a
proof of the equivalence between the (non-skeletal) exchangeable-output and the entries-only
categorified cyclic operads, which establishes the coherence of the former notion. We also give a
proof of the equivalence between skeletal and non-skeletal operads, which makes the core of the
coherence of skeletal exchangeable-output cyclic operads. We finish this section with a comment
on the benefits of the non-skeletal operadic framework.

Notation and conventions. About finite sets and bijections. In this paper, union will always
be ordinary union of already disjoint sets. For disjoint finite sets X and Y, X + Y shall stand
for the union of X and Y. For a bijection ¢ : X’ — X and Y C X, we shall denote with o|¥
the corestriction of o on 0~ (Y). If o(2') = x, we shall denote with o[y/z] the bijection defined
in the same way as o, except that the pair (2/,x) € o is replaced with (y,y). f 7: Y’ - Y is a
bijection such that X’ NY' = X NY =0, then o0 +7: X'+ Y’ — X +Y denotes the bijection
defined as 0 on X" and as 7 on Y. If s : X\{x}+ {2’} — X is identity on X\{z} and k(2’) = =,
we say that s renames x to 2’ (notice the contravariant nature of this convention). If a bijection
k: X — X renames x to y and y to z, we say that it exchanges = and y.

About cyclic operads. This paper is about cyclic operads without units. For a functor
C : Bij” — C, a bijection ¢ : ¥ — X and an object f of C(X), we write f? for C(o)(f).
We shall use latin letters for operations of a categorified cyclic operad, and greek letters for
morphisms between them.



1 Cyclic operads

This section is a reminder on the two componential definitions of cyclic operads with symmetries.
These are the definitions whose categorifications we introduce in the following two sections. From
the opposite point of view, these definitions are decategorifications of the appropriate definitions
from the following two sections.

1.1 The entries-only definition

We recall below [O17, Definition 3.2]. We omit the structure of units.

Definition 1. An entries-only cyclic operad is a functor € : Bij°? — Set, together with a family
of functions

20y €(X) x €(Y) — C(X\{z} + Y\{y}),

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

Sequential associativity. For f € C(X), g € C(Y) and h € C(Z), the following equality holds:
(A1) (f 20y g) uozh = fzo. (g wo-h), where x € X, y,u €Y, z € Z.

Commutativity. For f € C(X), g€ C(Y), x € X and y € Y, the following equality holds:
(CO) faoy g=gyou [

Equivariance. For bijections o1 : X’ — X and 02 : Y/ = Y, and f € C€(X) and g € C(Y), the
following equality holds:

B 71 100051y 97 = (20 9)7, where 0 = 01X\ U g\,
For f € C(X), we say that the elements of X are the entries of f. An entries-only cyclic operad
€ is constant-free if €()) = C({z}) = 0, for all singletons {z}. O
1.2 The exchangeable-output definition

We now recall [O17, Definition 3.16], leaving out again the structure of units.

Definition 2. An exchangeable-output cyclic operad is an operad O : Bij”” — Set (defined as
in [O17, Definition 2.3], with units omitted), enriched with actions

Dy : O(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).
Inverse. For ¢ € X,

[DIN] D.(D.(f)) = f.

FEquivariance. For x € X and an arbitrary bijection o : Y — X



[DEQ] Dy(f)7 = Dy—1(4)(f7).

FEzxchange. For x,y € X and a bijection o : X — X that exchanges = and y,
[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) 0z g, where y € X\{z}, and

[DC2] Dy(f o g) = Dy(g)?* oy Dy(f)??, where y € Y, o1 : Y\{y} + {v} — Y renames
y to v and o9 : X\{z} + {y} = X renames z to y.

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

2 Categorified entries-only cyclic operads

This section deals with categorified entries-only cyclic operads. The categorification is made by
relaxing the axioms (A1) and (CO) of Definition 1. The axiom (EQ) remains strict. 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.

2.1 The definition and properties

The quest for coherence led us to the following definition.

Definition 3. A categorified entries-only cyclic operad is a functor € : Bij°? — Cat, together
with

e a family of bifunctors
20y : C(X) x €(Y) = C(X\{z} + Y \{y}),

called partial composition operations of €, indexed by arbitrary non-empty finite sets X
and Y and elements x € 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, S and ~, called the associator and the commutator, whose
respective components

€,23Y,Y
/Bf,g’h R (f xogg) yogh — fxoz (g yogh) and ’Y?:g : f:voyg — G yOx f

are natural in f, g and h, and are subject to the following coherence conditions:



- (8-pentagon)

(f 202 9) yoy (h =0z k)

/3%&2213 BLE%E
f f,9:hz0zk

Y,Yiz,z
1g xogﬂg,hyk

f 20z ((9yoy h) 202 k) ————— [0z (940y (hz02k))

- (B~y-hexagon)

goEYY N
figsh frgyoyh
(f 202 9) yogh ———— fao (g yogh) — (g y°y h) zou f
Vs vouln UEY
vy y.yiz,@
’Y.f]gozfvh Bﬁ,g,f

(92 f) yoy h ———— hyoy (929 f) ———— (hyoy 9) 20 f

- (fy-decagon)

B fuonsik
(hgoy (f2029)) 20k e, hgoy ((f 202.9) 202 k)

vy oo 1 Y,y
Vfrowg,h 292 1k Iny(frowg)zozk

((f 202 6) yoy ) 205 & ((f 202 9) 202 ) yoy
BTt zoz 1y B g = voyln
(f 20z (9yoy h)) z02 k (f 2oz (9202 k) yoy b
BFauauhn B} lgeozion
fwog((gyogh>zogk) f a0z (9202 k) yogh)

15 202 (Vo N 1y so BV Awiijl;’zozk

- (y-involution)




where 1(_y denotes the identity morphism for (—), as well as the following conditions which
involve the action of C(¢), where o : Y — X, on the morphisms of C(X):

- (Bo) if the equality ((f 20z g) yoy )7 = (7' 20z g72) oy h7% holds by (EQ), then

T,T3Y,Y zz' 'y
(ﬁﬁg,k 7)0 = ﬁf"1 ,972,ho3 "

- (yo) if the equality (f z05 g)7 = f7* w0, g7 holds by (EQ), then
(Vrg)” = pr o2

- (EQ-mor) if the equality (f oz 9)7 = f7! w0, g2 holds by (EQ), and if ¢ : f — f" and
¥ :g— g, then

(‘P xo£¢)a = ¢ x/Og’ P72,

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

Remark 1. The nodes of the diagrams of Definition 3 can be viewed as formal expressions
built over operations f,g,... and their entries x,x,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 (fy-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

This tree also illustrates the fact that the morphism, say,

2,73,y

o fh (920 f) yoy b — g0z (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 in-
stance of the associator exists for any (ordered) triple of objects. The trees corresponding to
(f-pentagon), (fy-hexagon) and (y-involution) are

2\
\@?Mm@

@ 0,

yy and

@@
&
SE=G)

1
818

=



respectively. In §2.4.2, we shall introduce a formal tree-wise representation of the operations of
a categorified cyclic operads, based on this intuition. Until then, we shall continue to omit the
data about the “origin of entries” whenever possible.

Remark 2. 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 C.

Remark 3. For an arbitrary finite set X, the following equalities hold in C(X):
1. the categorical equations:
a) poly=p=1400, forp:f—g,
b) (pod)op=gpo(por),
2. the equations imposed by the bifunctoriality of ;04:

a) 1yz05 15 = 1t 0095
b) (p20¢1) 20z (Y2 0¥1) = (P22 ¥2) © (p1 202 ¥1),

3. the naturality equations for B and ~y:

T,y T,y
a) 5f2,92752 o((¢ zCx b) yog@b) = (p zCx (¢yog¢)) 0 Bfl,gl,ﬁl;

b) 72?92 o (paoy @) = (¢ yozp) 0 ’Y;fgly
5. the equations imposed by the functoriality of C:
a) C(lx) = lecx),
b) (fO')T — fO'OT’
6. the equations imposed by the functoriality of C(o):
a) 19 = 140,
b) (po)? =70y

2.1.1 “Parallel associativity” in C

We introduce an important abbreviation: we define a natural isomorphism ¢, called parallel
associativity, by taking

T,25Y,Y , Z,T3Y,Y T .
Irgn = Vgfyoun @ Born © (Vrguoyln) o (fzoug)yoyh — (fyoyh)woryg (2.1)

for its components. Here are first observations about the natural isomorphism J.



Remark 4. The natural isomorphism 9 appears in (Sy-hexagon) and (Sy-decagon).

1. An isomorphism with the same source and target as ﬁf’g’zy could be introduced as the

composition
0o Bty

Yy 1 Y,y
g2z lg) © Bhpg )™ ©Vprorgn

which is as "natural” as the composition which we have fixed to be the definition of ﬁx;zy

With this in mmd (By-hexagon) can be read as: the two possible (and equally natural)
definitions 0f19 - ’yg are equal.

2. Also, ¥ appears twice in (fy-decagon), turning it into a hexagon by using explicilty the
abbreviations 9% y;’g*h i (for the top horizontal sequence of arrows) and 1y ;o ﬁygz = (for

the bottom horizontal sequence of arrow).

In the following two lemmas we shOW that 9 is Subject to certain nice coherence conditions.
We first show that the isomorphism 19 = ’y Y has 79?; Z * as inverse.

Y,Y;T,L 1996&4/@

Lemma 1. The equality Q9fhg fah = L(feorg)yoyh holds.

Proof. The equality follows by the commutation of the (outer part of) diagram

z,73y,y
fih
(ggozf) h;’ 9 z0 ac(fyoyh)

VD;&I/OU 1n
L9 ¥°U

v,y
V¢,n vOy g
9 59

h yoy (f2009) ————— (hgoy f)aozg

in which the upper hexagon commutes by (y-involution) and the lower hexagon commutes
as an instance of (Sy-hexagon). [ |

The following lemma shows two more laws satifsied by .

Lemma 2. The following two equalities hold:

- (fY-pentagon)

Y,y;xx T,X32,2 z,Z3Y,Y _ T,L52,2 Y,Y3;2,2
fih,gz0zk /nyoyh,g k (ﬁﬂgyh 2%z 1k> - (6f9 kY y h) ﬁfﬁ?oﬂg1h,k7
- (Y-hexagon)
T,2Y,Y T,T32,2 YY;z,z _ Y,Y;%:z T,T32,2 z,TY,Y
Ut cor g © Wrgn™ vouln) 005 o onp = Wppi a0 le) 0Vpahgn© (Vygn™ 202 1k)-

Proof. For the first claim, consider the diagram

10



(hgoy (f 2029)) 202 k

vy 1
Vfwowgh 2021k

>

YYiz,Z
Ph.foongh

((f 292 9) yogh) 20z k

.23,y
ygn =0z Lk

((hgoy f)aoz g) 2oz k hyoy ((f 202 9) 20 k)

('yy’g og 1g) 20z 1k ’yy,g
fh @0z g) 202 2k ((f yogh) .7:019) 20k ((fmozg) zogk) yogh’ (fzozg)z0zk,h

L322 LR
Bhyou Foo.k Vg hgaok Ihyoy B

&

3%,Z2

Y
R

~ &

Y.y
WY on g ok vy
h,f 20z h.fzox(gz0zk)
YT
Bhfigzozk

(hgoy f) 20 (9 202 k) hyoy (f 20z (9505 k)

whose “inner” pentagon is (SY-pentagon) and whose “outer” pentagon commutes as an instance
of (B-pentagon). The claim follows by the commutations of all the diagrams “between” the
two pentagons (two naturality squares for 8 and three squares expressing the definition of ).

We have an analogous picture for the second claim. The “inner” hexagon in the diagram

L,T3Y,Y 1
Bygn 20z 1k
(9204 f) (920 (fyoyh)) z02 k
Y,yiz.z z,ziy,y @752,z
gzowfihok 79f,_q no 20z 1k 9.fyoyh.k

@357,z
- 20w hk Urjouhak o
(7§75 =0z k) yoy Ly, V(fyoyh)zozkyg
(9200 £) w02 k) yoy M s o 6) o k) you b ((F 0y 1) 02 k) 009 L2020 4 o (( you 1) 202 )
ﬂf\ / Yhia”soala
GTEYY
fzozk,gh .
e s ((f z02k) 202 9) ¥y h e ((f 202 k) 4Oy h) 20z g -
ZL,L;2,2 Z =z Y,Y;z,z
Byltk vouln Lgwoz U 1~

z,z

J(f=02k)y0yhug

T, T3Y, Y
ﬁg,fz%k-,h

(9204 (f 20: k)) yogh 920 ((f 202 k) yogh)

is (¥-hexagon) from the claim, and the “outer” hexagon is an instance of (Svy-decagon), and
the claim 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 ¥). |
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2.2 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 C the underlying functor of the categorified entries-
only cyclic operad €, in this part we essentially introduce a syntax for the free categorified
entries-only cyclic operad built over €. 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.

2.2.1 The syntax Freee

Let
Pe = {a|a € C(X) for some finite set X} (2.2)

be the collection of parameters of €, V. = {x,y,2,2,y,2,...} the collection of variables and
Y ={o,7,K,v,...} the collection of bijections of finite sets, respectively.

The syntax Freee of canonical diagrams (or, of pyo-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

Wia=a | Weo,W) | W

where a € Pe, z,y € V, and o € ¥, 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 WhY zeX yeY X\{z}nY\{y}=10 W:X o:YV =X
a: X Wi 20, Wa - X\{z} + Y\{y} We Y

Remark 5. 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 T3,y ~1 z,y
Lw | ’8W1,W27W3 | ﬁWLWQ,WB | AR

o o1 -1 o,7 o1 zy;2 Y’ zyy' 1
€lg | €lg | €2y | €2yy | 3y | E3yy SV Waio | EAW Waio

Pod | D0, | D,

by assigning them types in the form of ordered pairs (W;, W) of object terms, denoted by
Wi — Wh, as follows:

12



Iy :W—=>W

T,Z3Y,y
5wl,w;w3 : (WlxD£W2)yDgW3 - leDg(W%DgWS)

zziy,y ~!
B, Wa s - Wlxmg(ww':'gw?») - (WlxD§W2)yDgW3

x,Y .
MWW, - Wi 2By Wa — Wa 0, W

€12 :a® — a% €12 ' 1a% = a’ Eoyy : Widx — W Eayy 1 W — Widx
o,T . —1
€3y (We)T — Woer 53%7 S Weoer — (W7

o:Z— X\{z}+Y\{y}
dl:afl[X\{fﬂ}]-i-{zl}%X Ul‘x\{w}:ﬂx\{z} o1(a')=x
ori o ' W\{WHHY =Y oo MW =M oy (y)=y

z,y;x’y’ o o1 o2
€4V, Whso - (Wh 20y Wa)? — WY 0 Wy

oc1: X' =X o1(z')=z
02:Y' =Y  oa2(y)=y
o X\ {2} Y\ {y'} = X\{&}+Y\{y} o=01|X =} 4o\ VD

zy;x’ Yy~ Ao [P o
CAW, Waio * WY 2Oy W32 — (W 20y Wa)

@1:W1—>W2 (PQIWQ%WP, (131:W1—>W{ @2:W2_>Wé
Py0P : W1 — Wy @1mDy©2:leDyW2_>WiszWé

W —-W, 0:Y =X
O WY — W9

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 ® : U4 — V), we call the object term U the
source of ® and the object term V the target of ®.

Remark 6. Observe that, for all well-typed arrow terms ® : U — V of Freee, the object terms
U and V have the same type.

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 Freeg(X).

2.2.2 The interpretation of Freee in €

The semantics of Freee in € is what distinguishes canonical arrows (or fyo-arrows) of C(X):
they will be precisely the interpretations of the arrow terms of Freeg(X). Given that the axiom
(ER) remains strict in the transition from Definition 1 to Definition 3, the interpretations of the
arrow terms whose denotations contain € (and which all encode the properties of the action of
the symmetric group) will be identities.

13



The interpretation function
[[~]]x : Freee(X) — C(X)
is defined recursively as follows:
(la]]x = a, (V1 20y Wallx = [Wil]x, 20y [WV]lxe, [WV7]x = (WIly)*,
and

o [[Iwllx = Ty«

.25y, Ty
o [[Byw, e ws1X = By, (o4l (04811,

o B mnllx = B (ovall orall,

o [y mullX = Ywai, iaallng

o [le1dllx =y [lerg " Nx = Lypaepys

o [leawllx = Lppuaxyys le2wllx = 1wy,

o [lesyyllx = Lgovoyriixs [lesyy Nlx = Lpweor)

o [leaitiy¥ollx = Lpomammarlixs (it 1x = Lpwe o wge)y
o [[@20 ®1]]x = [[®2]]x o [®1]]x,

o [[@120yPo]lx = [[P1]]x,204[[P2]]x,, and

o [[27]]x = ([[®]]v)".

Lemma 3. The interpretation function [[—]|x : Freee(X) — C(X) is well-defined, in the sense
that, for an arrow term ® : U — V of Freee(X), we have that [[®]]x : [[U]]x — [V]]x-

Proof. The claim holds thanks to the axiom (EQ) for €. [ |

Relying on Lemma 3, we say that a canonical diagram in C(X) is 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.

2.2.3 The coherence theorem

We can now state precisely the coherence theorem for C.

Coherence Theorem. For any finite set X and for any pair of arrow terms ®, ¥ : Wy — W,y
of the same type in Freee(X), we have [[®]]x = [[¥]]x in C(X).

In the remaining of Section 2, we prove the coherence theorem. We do this by making three
faithful reductions, each restricting the coherence problem to a smaller class of diagrams, in such
a way that the coherence problem is ultimately reduced to the coherence of weak Cat-operads
of [DP15].

14



2.3 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 Svy-arrows of €. We introduce first the syntax of these diagrams.

2.3.1 The syntax Freee

The syntax we are about to introduce is obtained by removing the term constructor (—) from
the list of raw object and raw arrow terms of Freee, as well as all the arrow terms of Freee
whose denotation contains €. Let Pe and V' be like before (see (2.2)).

The Bv-reduction of Freee, denoted by Freep, is specified as follows. The collection of object
terms of Freee is determined by raw object terms

Wi=a|W, o0,W

where a € Pe and z,y € V, and typing rules

a € C(X) Wi: X WY zeXyeY (X\{zh)n¥\{y}) =0
a:X Wi =By Ws : X\{l’} + Y\{y}

The collection of arrow terms of Freee is obtained from the raw arrow terms

.25,y zxsyy 1 ,
o= 1w | B wawy | Bwiwaws | Wi, 900 | @atye

by typing them with pairs of object terms as follows:

lw W —->W

ENRTRT
Bw, Wows - (Wi20:Wa)yBy W — Wi,0,(Wa, 0, W3)

T,zyy
B, wa,ws - WiaBe(WayBy Wa) = (Wia0: W)y 5y Wi

z,y .
’YW1,W2 . WlmDyWZ — W2 ymzwl

(p1:W1—)W2 (pg:Wg—)Wg g011W1—>W1/ QOQSWQ—)Wé
9020901:W1_>W3 @lzmy¢2:leDyW2_>W{szWé

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 Freee(X).

Remark 7. Notice that the type of an arrow term ¢ of Freee is determined completely by ¢
only, that is, by the indices of ¢ and their order of appearance in ¢. This allows us to write
Ws(¢) and Wi(p) for the source and target of ¢, respectively.

Furthermore, observe that, for an arbitrary arrow term ¢ : U — V, the parameters and
variables that appear in U are exactly the parameters and variables that appear in V.
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2.3.2 The interpretation of Freee in C

The semantics of Freee in € is what distinguishes 37-arrows of €(X) from all other canonical
arrows of C(X).

The interpretation function
[—]x : Freee(X) — C(X)
is defined recursively as follows:
lalx = a, (W1 20y Walx = [Wi]x, zoy [Walx,,
and

o [lwlx = Iwix>

Z,Z3Y,Y _ Yy
[5W1,W2,W3]X - ’8[W1]X1,[W2]X2,[W3}X3’

.25,y Ty
B wa,ws 1X = B g Wil

&

x7y — x’y
h/W17W2]X - ’Y[W1]X1,[W2}X2’
o [p20p1]x = [p2]x o [p1]x, and

o (o120 @a]x = [p1]x, 20y [02]x,-

Lemma 4. The interpretation function [~]x : Freee(X) — C(X) is well-defined, in the sense
that, for an arrow term ¢ : U — W of Freee(X), we have that [p]x : [Ulx — [V]x.

2.3.3 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
Freep, by “relaxing” the rule for typing the composition ¢ 0. More precisely, the new formal
system, which we shall denote with Freee, will be the same as Freep, 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 Freep, 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(1/) the set of all parameters
of Pe that appear in W. The a-equivalence on object terms of Freee is the smallest equivalence
relation = generated by the rule B

Wi:X WaY zeX yeY X\{z}nY\{y}=0 2’ v/’ ¢X\{z}+Y\{y} ='#y
a€Pe(W1) FV(a)=X1 zeXinX
bePe(W2) FV(b)=Y1 yeyinYy
m:Xi\{z {2} > X1 Tilxp\(2)=dx )\ (23 T1(&)=%
2 YI\{y}H{y'}=>Y1 nmlypy=idvpgy T2@)=y

W1 o0y Wo = Wila™ /a] 0, Walb™ /D]
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where Wi[a™ /a] (resp. Wa[b™/b]) denotes the result of the substitution of the parameter a™
(resp. b™) for the parameter @ (resp. b) in Wj (resp. Ws), 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 2). Here is an example.

EXAMPLE 1. Returning to the syntax Freee, which encompases terms of the form W7, observe
that, fixing 0 = idx\ (z)+v\{y}> by (EQ), we have

idx\ 1a ,
lallx o0y [Bly) 30

[la 25y ]l x\ e} 3\ (v} (
el (ops-fory 2% (O .00y
[
[

= [[a™]]x\{z}+{2y O (D2 \ w3+ 4w}
[a™ 20y b2 3\ (2} v\ (v} -

The first and the last object term in this sequence of equalities of interpretations are object
terms of Freee and they are a-equivalent.

The substitution of parameters of object terms canonically induces substitution of parameters
of arrow terms of Freee. For an arrow term ¢ : U — V of Freee, a € Pe(U) and a” ¢ Pe(U), such

that Ula” /a] (and thus also V[a” /a]) is well-typed, the arrow term ¢[a” /a] : Ula” /a] — V]a" /a]
is defined straightforwardly by modifying the indices of ¢ as dictated by the substitution U[a” /a].

ExXaMPLE 2. If p = ﬂ:ﬁg‘% W where z € X1, a € €(X1) and a € Pe(W7), then

T,T3Y,Y Ty
B wa,ws 197/ = By 14 1a) wowy
where 2’ = 771(z). O
We shall need the following property of the “interpretation of substitution”.

Lemma 5. Let W be an object term of Freep(X) and let v € X. Let a € Pe(W) be such that
x € FV(a), and suppose that 7 : FV(a)\{z} + {2’} — FV(a) renames x to «'. We then have

[Wla™/a]] = [W]°,

where o : X\{z} +{2'} = X renames x to x'. Additionally, for any arrow term ¢ of Freee(X)
such that Ws(¢) = W, we have

[pla”/a]] = [¢].
Proof. By easy inductions, thanks to (EQ), (Bo), (yo), (EQ-mor) and Remark 3.6. ]
Lemma 6. If Wy = Wy, then [Wi]x = [Wa]x.
Proof. By induction on the proof of W; = W5 and Lemma 5. [ |

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 denote with F ¢ : U — V. The typing
rules for arrow terms are the same as the typing rules for arrow terms of Freee, except for the
composition rule, for which we now set: -
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|—<p1:W1—>W2 "gOgIWé—)Wg WQEWQI
"(,020()012W1*>W3

As usual, with Freee(X) we 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.

The interpretation of Freee(X) in C(X), is defined (and denoted) exactly as the inter-
pretation [—]x. In particular, the interpretation of the “relaxed” composition is defined by
[p2 0 ©1]x = [p2]x © [¢1]x. The following lemma is a direct consequence of Lemma 6.

Lemma 7. The interpretation function [—]x :Freee(X) — C(X) is well-defined.

Lemma 8. Ift- ¢ : U — V is an arrow term of Freee(X) and if U = U’, then there exists an
arrow term oV 1 U — Wy(¢V') of Freee(X), such that

WiV ) =V and [elx = [ ]x-

Proof. By induction on the structure of ¢.

o If ¢ = 1y, then V" = 1y,. We conclude by (EQ) and Remark 3.6(a), for o = idx.

e Suppose that ¢ = B;;fgv% w,- Lhe source of ¢ is then U = (W1 204 Wa) 4o, W3, If the

parameters a; € Pe(Wh), az1, a2 € Pe(W2) and a3 € Pe(W3) are such that r € FV(ay),
z,y € FV(ag) and y € FV(a3), then U" = (W{0, W), 0,/ W3, where
Wilal'/ai] = Wi, Walagi' /azilass’ /aze] = Wy and Wilaz®/as] = W3

and Ty, To1, To2 and 73 rename x to 2/, z to 2/, y to 3’ and y to y’. We set

U prhxyy
7= Pwwgwy
We conclude by (EQ) and (Bo), for 0 = idx.

. 1
o If p = 5;’,%:3[’%7”,3, then U’ has the shape WY /0, (W3 0, W3) (where W] and 2/, 2', '

7
and 7/ are as in the previous case), and we set

! Lo o)  —
z'zhy'y 1

U
Y= BW{,WQ’,W?’)
We conclude by (EQ), (fo) and Remark 3.6(a), for o = idx.

e Suppose that ¢ = ’YI:SI}?,WQ‘ The source of ¢ is then U = Wy ,0, Ws. If the parameters
a1 € Pe(W1) and ap € Pe(W3) are such that 2 € FV(a;) and y € FV(ag), then U’ =
W10y W3, where,

Wilal' fa] = Wi and Wh[a3®/as] = Wy
and 71 and 75 rename x to ' and y to v/, respectively. We set

uo_ 2y
2 _FVW{,WQ’

and conclude by (EQ) and (vo), for o = idx.
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e Suppose that -1 : U = W, F o9 : W — V and that W = W/, and let ¢ = @9 0 ¢1. By
the induction hypothesis for p; and U’, there exist an arrow term

90(1] U — Wt((pllj )a

such that W; (V") = W and [p1]x = [¢¥']x. Since W = W, by the transitivity of =, we
get Wy(¢¥") = W', By the induction hypothesis for oy and W;(¢V"), there exists an arrow
term

v’ , v’
ey W) = Wiy ),
such that Wt(gogvt(sog )) =V and [p2]x = [@‘QMSW? )]X. We define

’ W, u’ ’
WV =gy ) o
e Suppose that = @1 : Uy — Vi, = g : Uy = Vo, and let ¢ = ¢1 .05 2. In this case, the
source of ¢ is U = U; ,0, U3 and we have two possibilities for the shape of U "

— U' = U{ yoy Uy, where, assuming that a1 € Pe(U1) and ag € Pe(Uz) are such that
x € FV(a1) and y € FV(az), Urla}'/a1] = Uy and Usay’ /ag] = Uj. Since ay' €
Pe(Uj) and a3? € Pe(Uj), this means that, symmetrically, we have Ujai/a7'] = Uy

and Ulag/a?] = Us. By the induction hypothesis for ¢; and U}[a1/ ai'], as well as

w2 and Ujlag/a3’], we get arrow terms

o s fa7] - i)
e Uflaz/ag2] Uifaa/a?]
o i Uslag/aR] = Wilpy ),
such that ) T
Wt(wif{[ﬂ/ﬁ]) L [(pllf{[ﬂ/gl]x
and ) T
Wt(wgﬂaj/ﬁ]) =Vy and [po]x = [90;] é[ﬂ/ﬁ]]x.

By means of substitution on arrow terms, we define

’ Ullai/a7'] Ullaz/a5?]
VU =) T Al far) woy oy (a3 as).

— U’ =Uj ;04 US, where Uy = U] and Uy = Uj. In this case, we define
U/ Ul Ul
N e

We conclude by Lemma 6. -
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2.3.4 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 Freee, 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 8 to move from Freee to Freep, while preserving the equality of interpretations from
the first step. This allows us to reduce the proof of the coherence theorem, which concerns all
pryo-diagrams, to the consideration of parallel Sy-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 by the following rules:

Wy ~ W, Wa ~~ Wy
a~a WlmDyWZWWImDyWQ

W ~s W Wo°T ~s W
a® ~» a’ Widx ~ W (WO’)T ~ W

o:Z—=X\{z}+Y\{y} 2y exX\{a}+V\{y} a'#y
oo X\ {z}+{e'} = X o[ XMet=g| X\t 5y (2)=2
o2: 0 I} 5 Y 0ol NP =o O aa(y)=y

WI s Wy WE2 e Wy
(Wl zHy WQ)U e Wl z' By W2

The formal system defined above obviously has a termination property, in the sense that for all
object terms W of Freee there exists an object term W of Freee, such that YW ~» W. Notice
also that the last rule is non-deterministic, as it involves a choice of 2’ and 3. In what follows,
for an arbitrary object term W of Freee, we shall say that the outputs of the algorithm ~-
applied on W are normal forms of YW. We shall denote the collection of all normal forms of W
with NE(W).

The formal system (Freeg,~~) satisfies the following confluence-like property.
Lemma 9. If Wy, W, € NF(W), then W1 = Wh.

Proof. Suppose that (W 50, Wa)7 ~» Wy 0, Wy is obtained from WY ~» Wi and W32 ~ Wy,
and (Wi 0y Wh)7 ~» W1 znoyn Wy from Wi ~» W] and W3? ~» W3,

Let a € Pe(W;) and b € Pe(W3) be such that FV(a) = Xy, FV(b) =Y,z € Xy and y € Y7,
and let 1 : X1\{2'} + {2”} — X; be the renaming of 2’ to 2" and ko : VI\{¢'} + {¢'} = V1
the renaming of ¢’ to y”. It is then easy to show that W' ~» Wi[a"! /a] and W32 ~» Wa[a"? /a].

By the definition of =, and the induction hypothesis for W' (that reduces to both W] and
Wila" /a]) and W3? (that reduces to both W3 and W>[b"2/b]), we then have

Wl :E/Dy’ W2 = Wl [LM/Q] x//Dy// W2 [&/b] = Wll I”Dy” WQI -

Lemma 10. For an arbitrary object term W : X of Freee and an arbitrary W € NF(W), we
have [W]]x = [W]x.
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Proof. By induction on the structure of W.
o If W = a, we trivially have [[a]]x = a = [a]x.

o If W = W;,0,W>, where Wi : X and W, : Y, then, for any W, € NF(W;) and W, €
NF(Ws), Wi .0, Wo € NF(W). Hence, by Lemma 9, we have that W = W, ,0, Ws. By the
induction hypothesis for Wy and Wh, we have that [W1]]x = [Wi]x and [Wa]ly = [Waly,
and, by Lemma 6, we get

[MWillx zoy [Wally
[Wl]X zCy [WZ]

(W1 20y Walx\ fo} 47\ {4}
Wx\{z3+v\{y}-

Wiz, Wa [ x\ {234\ {1}

e Suppose that W = V7, where V: X and 0 : Y — X. We proceed by case analysis relative
to the shape of V (and o).

— If V = a, for some a € Pe, then [[a?]]y = [[a]|% = [a]& = a” = [a%]y.

— If 0 = idx, and if V € NF(V), then V € NF(W), and, by Lemma 9, we have that
W = V. By the induction hypothesis for V and Lemma 6, we get

[Vix]lx = VXS = [Vllx = [VIx = W]x.

—Ify = leDyVQ, and if V] € NF(Vlgl) and V5 € NF(V;Q), then le/Dy/‘/Q S NF(W),
and, by Lemma 9, W = V} .0,/ V5. By the induction hypothesis for V' and V3* and
Lemma 6, we get

[[(V1 20y V2)7 1]y V1 20y Vol %
[Mi]x; 28y [[V2l]x.)”

VIS, o0y [V2lI%

—~ —

[
= [V vy 20y [V ]]
= [Vilvi o0y [Volys
= [Viw0y Valy
= [Wly

— IfV=U",and if U € NF(U™°?), then U € NF(W), and, by Lemma 9, W = U. By the
induction hypothesis for 477 and Lemma 6, we get

[@T)?]ly = ([U)]5)7 =[x = [U™]ly = [Uly = Wly- u

We move on to the first step of the first reduction of arrow terms of Freee: we define a
(non-deterministic) rewriting algorithm ~», which “normalises” arrow terms of Freee:
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U € NF(U)
].u ~ ]-U

W, € NF(Wi) 1€ {1,2,3} W; € NF(Wi) 1€ {1,2,3}

ﬁx&%yvy Wﬁww,g Yy 1 z,ziyy ~!
Wi, W2, Ws Wi, W2, W3 6W1,W2,W3 ~ BW],W27W3

W; e NF(Wi) 1€ {1,2}
x,Y z,Y
FYW1,W2 ~ ’YW1,W‘2

W e NF(W) W e NF(W)

615 ~ 1£ €1g71 ~ 1£ gy 1W 62;\} ~ 1W

W e NFOV™°T) W € NF(W7°T)

Eg%T ~ 1w 53{‘/{}7—71 ~ 1w
W e NF((WlmDyWQ)U) Wy e NF(Wfl) Wy € NF(W;Q)
ol il ol o —1

4y Wase ¥ 1w E1Vy Wi, ¥ LW
D1~ Py o D1~ Dy o
Dy0P; ~ g0 Dy 0y Py~ 1 50y P2

lg s lﬂ

W; € NF(W/) W; € NFE(W/*)

T,Z;Y,Y z',z'5y’ Yy’ z,z;y,y ~1 z'z'5y' Yy’
(5W17W27W3)U ~ ﬂW17W2,W3 (ﬁWthWs)g ~ ﬂWth,We,

Wi € NEOWT) i€ {1,2}

—1

7
zY

(7%?,1/\/2)0 VW W

W € NF(W*) W € NF(W*)
(e1g)" ~ 1goox (615 71)F ~ lgoon (e2w)F ~ 1w (E2py)F ~ 1w

W c NF(WO’OTOK) W c NF(WO’OTOI{)
(e3gy )~ 1w (53{',\’,7_1)“ ~ 1y

W € NF((W1,0,V2)7°") Wy € NEOVT'O™) Wy € NF(W52°")

(eamitwaie ) ~ Lw (i, )F L
P~ Do~ P71 BT o P71 DT~ o
Pidx s (@)~ (@1 20y P2)7 ~ @1 20y @2 (Pg0®1)7 ~ 2001

We make first observations about this rewriting algorithm.

Remark 8. Notice that, if ® : U — V and if ® ~ ¢, then - ¢ : U — V, for some U € NF(U)

and V € NF(V). Also, in the rule defining (P2 0 ®1)7 ~» w2 0 ¢1, the arrow term @3 o 1 is not
well-typed in Freee 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 ® : &/ — V), the set NF(®) of normal forms of
®, which are arrow terms of Freee. Here is the most important property of these normal forms.

Lemma 11. For arbitrary arrow term ® of Freee(X) and ¢ € NF(®), we have [[®]]x = [¢]x.
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Proof. By induction on the structure of ® and Lemma 10. [ |

2.3.5 The first reduction

Suppose that, for all object terms W of Freee, a normal form red; (W) € 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; : Freee — Freee by
Red; (W) = red;(W) and Red;(®) = red;(®)7%)

where ® : U/ — V. Observe that, in the definition of Red;(®), we used the construction of
Lemma 8, which indeed turns red;(®) (which is an arrow term of Freee) into an arrow term
of Freee. Also, for an arrow term ® : &/ — V of Freee, we have that Red;(®) : Red () — V,
where, in general, V # Red, (V). However, the following important property holds.

Lemma 12. For any two arrow terms ®,¥ : U — V of the same type in Freee, Redy(P) 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 Wi (Redy (®)) = Wi(Reds(¥)) by induction on the proof of Wi (Red; (®)) = W;(Reds (V)).
Suppose that

Wi(Reds(®)) = W1 ,0, W and  Wi(Reds(¥)) = Wila™ /a] ,0, Wa[b™/b].

If, moreover, at least one of 71 and 7 is not the identitiy, i.e. if, say, ' # x, then, by Remark
7, it cannot be the case that Red;(®) and Red; (V) have the same source. |

The following theorem, essential for the proof of the coherence theorem, is simply an instance
of Lemma 10 and Lemma 11.

Theorem 1. For an arbitrary object term W and an arbitrary arrow term ® of Freee, the
following equalities of interpretations hold

[Wllx = Reds(W)lx  and [[®]]x = [Reds(®P)]x-

2.4 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 fvy-diagrams of C(X) to the problem of commutation of all
pBU-diagrams of C(X) (see (2.1)). As the “removal of cyclicity” is based on a transition from
unrooted to rooted trees, we shall use a tree representation of our syntax, more convenient for
“visualising” this reduction.
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2.4.1 Unrooted trees

We first recall the formalism of unrooted trees, introduced in [CO16, Section 1.2.1] as a formalism
of unrooted trees used in the definition of the free cyclic operad built over €. We omit the part
of the syntax of unrooted trees which accounts for units of cyclic operads. Also, as 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, as it was the case in
[CO16, Section 1.2.1].

A corolla is a term a(z,y,z,...), where a € C(X) and X = {z,y,2,...}. We call the
elements of X the free variables of a(z,y,z,...), and we write F'V(a) = X to denote this set.

A unrooted graphV is a non-empty, finite set of corollas with mutually disjoint free variables,
together with an involution ¢ on the set

of all variables occuring in V. We write

V=A{ai(z1,...,2n), ..., ak(y1,...Ym);0}.

We shall denote with Cor(V) the set of all corollas of V, and we shall refer to a corolla by its
parameter. The set of edges Edge(V) of V consists of pairs (z,y) of variables such that o(x) = y.
Next, FV (V) will denote the set of fixpoints of o. Finally, with FCor(V) we shall denote the
subset of Cor(V) consisting of corollas f of V for which FV(f) N FV (V) # (.

A graph is an unrooted tree if it is connected and if it does not contain loops, multiple edges
and cycles. A subtree of an unrooted tree 7 is any non-empty connected subgraph of 7.

To give some intuition, here is an example.

EXAMPLE 3. The graph V = {a(x1, x2, x3, T4, T5),b(y1, Y2, Y3, y4); T}, where 7(x1) = y1, 7(22) =
yo and 7 is identity otherwise, is not an unrooted tree, since it has two edges between a and b,
which can be visualised as

) 1 Y1 Y3
x4
xs3 T2 Y2 Ya

The graph T - {a(ﬂjl, X2,T3,T4, I5)7 b(yla Y2,Y3, y4)) C(Z]_, 22, 23); U}a where 0-(‘755) = Y2, 0(3/3) -
z1 and o is identity otherwise, is an unrooted tree. It can be visualised as
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Let 7, 71 and T2 be unrooted trees with involutions o, o1 and o9, respectively. We say
that 71 and 72 make a decomposition of T if Cor(T) = Cor(T1) + Cor(72) and there exist
x € FV(T1) and y € FV(Tz) such that

o1(v), ifve V(T)\{z}
o(v) =4 o2(v), ifveV(T)\{y}

Y, ifv=ux.

We write T = {71 (zy) T2}. We say that two subtrees S; and Sy of T are adjacent, and we write
a7(81,82) = 1, if there exist u € FV(S;) and v € FV(S2), such that o(u) = v. If S; and Sy
are not adjacent, we write a7 (S1,S2) = 0. If a subtree S of T is a corolla, say a(z1,...,a,), we
shall refer to S simply by a.

We shall denote with Te (resp. Te(X)) the collection of unrooted trees whose corollas belong
to Pe (resp. whose corollas belong to Pe and whose free variables are given by the set X).

2.4.2 A tree-wise representation of the terms of Free;

We introduce the syntax of parenthesised words generated by FPe, 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 T-admissibility relation on PWordse. Intu-
itively, 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:

o a is T-admissible if Cor(T) = {a}, and
o if T ={Ti (zy) T2}, wy is Ti-admissible and wy is To-admissible, then wjws is T-admissible.
We shall denote the set of all T-admissible terms of PWordse with A(T).

Remark 9. 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. In the
second clause above, wiwy is admissible with respect to any tree formed by Ti and Ts.

We introduce the syntax of unrooted trees with grafting data induced by C, denoted by Iér,
as follows. The collection of object terms of Ig is obtained by combining the syntax T and the
syntax PWordse, by means of the T—admissibiﬁty relation: we take for object terms of Iér all the
pairs (7, w), typed as

T € Te(X) w € PWordse w € A(T)
(T,w): X

The arrow terms of Iér are obtained from raw terms
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e 1 ‘53«"727yyy ‘B"E:Ly:g - ‘ T,y ‘ o ‘ O
= HTw) 1P w0),(Toywa)(Taws) | P(Thw1),(Taws),(Ta,ws) | V(Tiwn),(Toyws) | P OP 1Py P

by typing them as follows:

1(T,w) : (Ta U)) - (T7 ’UJ)

T ={Ti(zz) T2} (yy) T3} y € FV(Tz)

5?7’%3%7(7;@2),(73@3) (T, (wrwe)ws ) — (T, wi (waws) )

T ={Ti(zx){T2 (yy) Ts}} z € FV(T)

(Ti w0), (Torwa) (T ) * (T Wi (w2ws) ) = (T, (wiwa)ws)

T =A{T (xz) T2}
VT ) (T (Tr0102) = (T wawn )

e1: (T,wr) = (T,wa) w2 (T,w2) = (T,ws)
pa0@1: (T,wr) = (T,ws)

o1 (T, wr) = (T, w)) @ (T2, w2) = (T2, wh)
1.0y 92+ ({T1 (zy) To}, wiws) = ({T1 (zy) Ta}, wiwh)

We shall denote the class of object terms of Iér 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 13. The terms ofIE(X) are in one-to-one corresponcence with the terms of Freee(X).
Proof. The correspondence Ay : IE (X) — Freee(X) is defined recursively as follows:

o Ax(({a(zy,...,zpn);id},a)) = a,

o if Ax((T1,w1)) = Wh and Ay ((T2, w2)) = W, and if T = {T1(xy)72}, then

Ax\ (a4 7\ [y (T wiwz)) = Wi 20, Wo,

o Ax(Lrw) = Llax((Tw)

z,Z3Y,Y _ Z,Z3Y,Y
O AX (BT m00).(Town). (Taws)) = B, (T an)). ey (Toswn)) Ao,y (T 0s)?

zzyy —1 _ pTmyy —1
O AX (BT 00) (Tawn) (Taws)) = B, (T an)).xy (Toswn)) Ao, (T ws)?

T,y — A5Y
AX VT 1), (Tawz)) = Ve, (T un)), Aoy (T )’
o Ax(p20¢1) = Ax(p2) o Ax(p1),

o Ax (0120 2) = Ax, (91) 0y Ax, (p2)-
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We define the interpretation function |—|x : T¢ (X) — €(X) to be the composition [—]x o
Ax. The following lemma is an immediate consequence of the definition of |—] x.

Lemma 14. For arbitrary object term W and arrow term ¢ of Freee(X), the following equalities
of interpretations hold

Wix = [AY'(W)x and [¢]x = A% (9)]x.

Lemma 13 and Lemma 14 justify the representation of terms of Freee by means of unrooted
trees with grafting data.

2.4.3 “Rooting” the syntax Ig

In this part, we introduce the syntax of rooted trees with grafting data induced by C, denoted by
rIér, as follows.

For a pair (7, ) of an unrooted tree 7 € Tg(X) and = € X, we first introduce the (7, z)-
admissibility relation on PWordse. The predicate w is (T, x)-admissibile is defined by the fol-
lowing two clauses:

o ais (T, z)-admissibile if Cor(T) = {a}, and

o if T ={Ti(zy) T2}, x € FV(T1) (without loss of generality), w; is (71, z)-admissible and
wy is (T2, y)-admissible, then wjws is (T, x)-admissible.

We shall denote the set of all (7, z)-admissible terms of PWordse with A(T,z).

Intuitively, w is (7, z)-admissible if it is 7-admissible and it is an operadic word with respect
to the rooted tree determined by considering x as the root of 7. As a matter of fact, (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 T are triplets (7, z,w), typed as

TEIE(X) reX weAT,x)
(T,z,w) : X

The class of arrow terms of rIér is obtained from raw terms

1z | B3 Een

(T @,w) (T1,z,w1),(T2,2,w2),(T3,y,ws) (Th,z,w1),(T2,2,w2),(T3,y,ws)
25y

00T w01, (T3, 202) (T ) | X O X | X 2By X

by typing them as follows:
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1(T,w7w) : (Ty €z, U)) — (Tv &€, w)

T={TN(22)T2} (yy) Ts} yeFV(T:) xcXNFV(Th)

B ) (Tarzion) (T sy * (T8 (wrw2)ws ) = (T w1 (waws) )

T={T1i (z2){T2(yy) Ts}} z2€ FV(T2) € XNFV(Ty)
6(2%7;;1)7(727271”2)7(7_372,1”3) (T, z, wi(waws) ) = (T, x, (wrws)ws )

T={TN(z2)T2} (yy) Ts} yeFV(Th) z€ XNFV(Th)
H(Z%7m7w1)7(r2£,w2),(73,g,w3) (T, @, (wrwe)ws ) — (T, z, (wiws)ws)

X1 (T,z,wr) = (T,x,we)  xo: (T,2,w2) — (T, 2, w3)
X299 X1 - (7-,$,'w1) — (7-,$,'UJ3)

X1 ¢ (ﬂaxawl) — (71,33,11)/1) X2 - (7532/711)2) — (7571/7“/2) z € FV(ﬂ) z 7& €T
X120y x2 : ({Th (zy) To}, z,wiwe) — ({Th (2y) T}, 2, w'w's)

We shall denote the class of object terms of rIg whose type is X, together with the class of
arrow terms whose types are pairs of object terms of type X, by rIg(X ).

Notice that, for an object term (7, z,w) of rT¢(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 x € F'V(T), we define the set inpy ,)(S) of
inputs of S and the output out (7 ,)(S) of S, induced by =, as follows:

o inpr ) (T) = FV(T)\{z} and out(y ,,(T) = =,

o if § £ T, if a € Cor(T) is such that z € FV(a), if ¢ € Cor(S) is the corolla of S with
the smallest distance from a, and if p is the sequence of half-edges from ¢ to a, then
inp(r ) (S) = FV(S)\{z}, where z € FV(c) Np, and out(14)(S) = z.

EXAMPLE 4. For unrooted tree T from EXAMPLE 3, the choice of, say, y4 € X, turns 7 into a
rooted tree, which can be visualised as

T3 T2 T1 T4 zZ3 29

We  have inp(7—7y4)(b) = {y1,92,93}, OUt(T,y4)(b) = Y4 inp(7—7y4)(a) = {z1, 32,23, 24},
out(77y4)(a) = z5 and inp(77y4)(c) = {29, 23}, out(77y4)(c) = 2.

Observe that, among all paranthesised words admisslible with respect to 7, only (ba)c and
(bc)a are operadic, relative to the choice of y4 as the root of 7. O
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2.4.4 The interpretation of rI'G" in €
We define the interpretation function
[—]x: rIE(X) — C(X)

recursively as follows:

o [({a(z,...,xn)} xi,0) | x = a,
< [({7-1 (Zy)’TQ}’x’wlua)-IX = [(7-173771”1)—‘)(12’031 [(anva)—‘Xm
and

o (T 2w 1 X = (T ow)x

25y _ QREYY
° [5(7—177;7'“}1)7(7—27§vw2)7(7?37g7w3)—| X = /8"(7—17];,101)1 X1 [(T2,2,w2) Xo [(T3,2,ws) X3 ’

rgey 1 Tx = g2y -1
(T1,2,w1),(T2,2w2),(Ta,y,ws) X = PTT 2w1) ] x, [ (T2,2,w2) 1 x4, [ (T5,2,w3) | x5

&

z3Y _ FEYY
0T 200).(T3 202) (Tagaws) | X = VLT ), [(Ts.zawa)] 0y [ (Topws) g (5€€ (2:1)):

&

&

[x2ox1]x = [x2lx °|[x1]x, and

o

X120y X2|x = [x1]x:209 X2 ] x5 -

Remark 10. Notice that [x]x is an arrow in C(X) all of whose instances of the isomorphism
~v are “hidden” by using explicitly the abbreviation 9. In other words, the semantics of arrow
terms of rlg is what distinguishes fU-arrows of C(X).

2.4.5 The second reduction

We define the familly of second reduction functions

Redy(X,z) : T (X) — rIE(X),

where € X, as follows. For the object terms of Ié“ (X), we set
Reda (X, 2)((T,w)) = (T, z,w™),
where w? is the (7, z)-admissible parenthesised word defined recursively by the following clauses:
o if w = a, then w? = a,
o it T =A{Ti (r122) T2}, w = wiws, w; € A(T;), (Ti,w;) : X; i = 1,2, then

. . _ . T2
— if x € Xy, then w?® = wiwy?,

— if 2 € Xy, then w? = wiw;™.
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Observe that the successive commutations which transform w into the operadic word w™®
are witnessed in Iér by the arrow term

K(T ) (T, w) = (T, w™),
defined recursively as follows:
o if w = a, then KT 42y = LT w)
o if T ={Ti(x122) T2}, w = wywe, w; € A(T;) and (T3, w;) : X; i = 1,2, then

— if z € X4, then K(T w,z) = K(T1,w1,2) 21022 K(Ta,ws,22)
T1,T2

—ifze X27 then K(T w,x) = (&(E,wg,x) xo H(ﬂ,wl,:pl)) © 7(7’1@1),(7’2@2)'

Before we rigorously define the second reduction of arrow terms, we illustrate the idea behind
it with a toy example.

EXAMPLE 5. Consider the object term (7, (ab)c) : X, where T is defined as in EXAMPLE 3.
The arrow term

B e (T ()0 = (T-a(00)

where 71, T2 and T3 are the subtrees of 7 determined by corollas a, b and ¢, respectively, is then
well-typed and, by choosing y4 € X (as we did in Example 4), we have

Reda (X, y4)((T, (ab)c)) = (T, ya, (ba)c) and Reda(X,ys)((T,a(bc))) = (T,ya, (bc)a).

For the two reductions of object terms, the arrow term
Y2;Y3 :
6(7’2,@/4,@),(7’1,xs,g),(%,zhg) (T, ya, (ba)e) = (T, ya, (be)a)

is well-typed and it will be exactly the second reduction of ﬁzﬁ;—ly; 1)?% Z; (Tosc)" O

Formally, for an arrow term ¢ : (T,u) — (T,v) of T (X), Reda(X, z)(¢) is the arrow term
defined recursively, as follows: B

o Reda (X, 2)(1(7w)) = lReds(X,2)((T,w))>
o if = Bféii%(ﬁ,ﬂ)z%(ﬁ@ﬂ’ where (771, w;) : X;, and
4 _ QRY
— if o € Xi, then Reda (X, 2)(9) = Breg, (X, 2)((7: 1)) Reda (Xa,2)(T3.2)) Reda (Xs.9) ((Tows))’

. _ pRY
— if o € Xy, then Reds (X, 2)(9) = Opg, (x5 2)((75.12)) Reda (X1,2) (T3 un ) Reda (X5.) (T w3))*

y;z 1

— if o € X3, then Reds (X, 2)(0) = Brea, (x5 2)((75 3)) Reds (Xa.9)(T5.12)) Reda (X1,2)((Ti uwn )’

2,29,y ~1

o if p = B(,ﬁyw)7(7é7w2),(737w3), where (771, w1) : X;, and

. ziy —1
— if x € X1, then Reda(X, 2)(0) = Biod, (x, a)((T5 1)) Redda (Xa.2) (To,102) Reda( X3 ) ((To )
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: _ nYz
— if o € Xy, then Reds (X, 2)(0) = Oneq, (x5 2)((75.12)) Reda (X5,9) (To.05)) Reda(X1,2) (Th 1))

z

— if o € X3, then Reds (X, 2)(9) = Breg,(x5.2)((75 13)) Reds (Xa.9)(To.12)) Reda (X1,2)((Th uwn )’

0 9 = VT 1)) (Tarwn)» then Reda (X, 2)(9) = Theay (X.a) ({7 (20) T3} w1 w2))
o if ¢ = @9 0 1, then Redy (X, z)(p) = Reda(X, z)(p2) o Reda (X, x) (1),

o if P = P10y P2, where P1: (7-1,11]1) - (7-1/,11)/1), P2 (7-2711}2) — (7-2/7wl2) and (7;,'11)7,) : Xi:
then

— if € X, then Redy (X, x)(p)
— if x € Xy, then Redy(X, z)(¢p)

edQ(Xh x)(‘;@l) zHy Red?(X27 y)((PQ),
eda (X2, 7)(p2) yI- Reda (X1, 2) (1)

Remark 11. Notice that, for ¢ : (T,u) — (T,v), the type of Reda(X, z) () is

R
R

Redy (X, x)(p) : Reda(X,2)((T,u)) — Reda( X, z)((T,v)).

Therefore, the second reduction of a pair of arrow terms of the same type in IE(X) 18 a pair of

arrow terms of the same type in rT¢ (X).

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 2. For an arbitrary object term (T,w) and an arbitrary arrow term ¢ : (T,u) —
(T,v) of Ig, the following equality of interpretations holds:
[5(Twa) ] x o lplx = [Reda(X, 2)(¢) ] x © [T ua) ) 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 0,2))]x © [Ax (p)]x = [Red2(X, 2) ()] x © [Ax (KT u2))]x- (2.3)
We proceed by induction on the structure of .
o If Y = 1(T,w)7 then
[Ax (KT wa)lx o [Ax(LTw)lx = [Ax(KTwn)lx
= 1(T,a7,w'I) © [AX(H(T,w,J;))]X

= [Reda(X, 2)(1(7.w))]x © [Ax (KT )] x-

! Although it might seem that the syntax IE encodes canonical diagrams of non-symmetric categorified cyclic

operads, this is not the case: non-symmetric cyclic operads still contain cyclic actions, while Ig does not encode
any action of the symmetric group. For the definition of a non-symmetric cyclic operad, see [CGR14, Section 3.2]
(exchangeable-output, skeletal) and [M16, Sections 1,2,3] (entries-only, non-skeletal).
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2,239,y
e Suppose that ¢ = /8(7—1,10;),(7—2,11)2),(7-3,1123)’ where (7;, w;) : X;.
— If x € Xy, then

K(T u,z) = (H(ﬂ,’lUl,x) zHz H(Tz,wz,g)) yDg K('E,,wg,g)

and
(T ) = K(Tiw1,2) 252 (K(Ta,0,2) y0y K(T3,ws,9))-
Denote
K1 = [Ax; (KT 01,2))] X1 K2 = [Ax, (K(Ty,ws,2)) | X2 K3 = [Axy (K(T,s,9))] X5
fr=[Ax, ((T1,w1))]x, f2 = [Ax, (T2, w2))]x, f3 = [Ax; (T3, w3))] x5

fT = [Reda (X1, 2)((T1,w1)) %, f3 = [Reda(X2,2)(T2,w2)|x,  f5 = [Red2(X3, y) (T3, w3)) ] x4

The left-hand side and the right-hand side of (2.3) then correspond exactly to the
top-right side and the left-bottom side, respectively, of the commuting diagram

e
(flzong)yong L flzog(nyong)
(K1 205 K2) yOy K3 K1 505 (K2 yog’%)
2,239,y
'Bff,ff,f;;

(fl.zong.)yogf?: fl.zoz(fQ.yngS.)

which is a naturality diagram for .
— If z € X3, then

272

K(T u,a) = ((H(TQ,wQ,I) 25z K’(Tl,wl,z)) ySy K’(Tg,wg,g)) ° (7(7’1711,1)7(7‘2711,2) ySy 1(7},11)3))

and
R(T w,a) = ((F(T3,w2.2) yIy K(Tg,wa,g)) 25z H(ﬂ,wl,z)) ° (Wfﬁ,wl),({ﬁ(yg)fz},wzws))'
Denote
w1 = [Ax, (KT w1,2))] % K2 = [Ax, (K(Ty,we,2))] Xs K3 = [Axy (K(T3,ws,0))] Xs
fi=[Ax, ((Th,w1))]x, f2 = [Ax, (T2, w2))]x, f3 = [Ax3((T5,w3))] x5

[T = [Red2(X1,2)((T1,w1))]x, f3 = [Reda(X2,2)((T2,w2))x, f5 = [Red3(X3?y)((7§7w3))—|X3

The left-hand side and the right-hand side of (2.3) then correspond exactly to the
top-right side and the left-bottom side, respectively, of the commuting diagram

ﬁz,z;y,g
fi.f2,f
(flzong)yngB L flzog(nyogf?))
[E4 Z,Z
’y;jh yO£1f3 7f17f2yogf3
2,239,y
f2,f1.f
(fZgozfl)yong 2 (nyngB)gozfl
(K2 205 K1) yOy K3 (k2 yOy K3) 202 K1
2,239,y
19f2°,f1'7f§

(fz.zozfl.)yogf:; (fgyogfg)zozfl.
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in which the upper square commutes by the definition of the isomorphism ¥ (see
(2.1)) and the lower square is a naturality diagram for ¥.

— If x € X3, then

(T ) = (K(Ts,w8,2) ¥ (F(Ta,w2,) 202 K(Ti wn,2)))°

(L(T5,9) 90 V7 ) (T 02)) © Vs (22 o), ()
and
B(T w,a) = ((5(7;,10371:) Yy (757w2,y))§DZ H(ﬁ,whz))o
(VTayw0), (o) 252 LT 0) © W o) (Talu) T howaon)
Denote
k1 = [Axy (K7 w1.0)] X K2 = [Ax, (F(Ty.w.0))] X2 K3 = [Axy (F(T3.w5.2))| x5
Jr=[Ax, ((T1,w1))]x, f2 = [Ax, (T2, w2))]x, f3 = [Ax;((Ts,ws))] x5

fT = [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 (2.3) then correspond exactly to the
top-right side and the left-bottom side, respectively, of the commuting diagram

Bz Z5YsY
f1,f2,f:
(fl zong)yong L fi zog(nyngfi)
vy z,z
Vi1 2oz f2.03 152 yOy f3
f3yoy(flzo£f2) (f2yogf3)gozf1
Lss you V5)p, Viarts 202 i
Byyzz -1
f3,f2,f
f3goy(f2£°2:f1) B (fBEOyfé)gozfl
K3 Oy (K2 202 K1) (ks 4Oy K2) 205 K1
ﬁyyzz —1
3. 03,7
f3 4oy (f3 202 fT) e (f3 yoy f3) 202 [T

in which the upper square commutes as an instance of (#y-hexagon) and the bottom
square commutes by the naturality of 371.

-1 . .
e The proof for the case ¢ = ﬁzg Z}f ), (Tawa)(Toows) follows directly from the previous item.

e Suppose now that ¢ = 7(37’1-1’71”1)’(7_2@2), where (77, w;) : X;.

— If x € Xy, then
H(T7u7x) = H(ﬂ7w17x) ZDy K/(Baw27y)
and

JR— y7Z
(T ) = (K(Tiw1,2) 29 B(Ta,w,2)) © Vi ) (Toon)*
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Denote
K1 = [AXl (K(Tl,wl,m))]xl K2 = [AX2 (K(Bywzyy))]}ﬁ

fi = [Ax, ((Th,w1))]x, J2 = [Ax, (T2, w2))] x5
fT = [Reda(X1,2)((T1,w1))|x, f2 = [Reda(Xa2,y)((T2, w2))] x,

By (v-involution), we then have

[Ax (5T ,02)]x © [AX(VF ) (T ]X =
((leoyﬁm)o’yfmfl) ’yflvf2 -

R1 20y Rg =
Lis.o,p3 0 (R120y Ro) =

Reda(X, ) (V5 1) 730wy 1 © [ (K

— The proof goes symmetrically if x € X5.

o If o = oo, where ¢y : (T,u) — (T,w) and @3 : (T,w) — (T,v), then, by the induction
hypothesis for ¢; and @9, we get

[Ax (K(T,0,2))]x © [Ax(p20¢1)

[Ax (K(T,0,2))]x © [Ax (p2)]x o [Ax(p1)
[Reda (X, 2)(p2)]x © [Ax (KT w,2)]x © [Ax (1)

[Reda (X, z)(2)]x o [Reda (X, z)(1)]x o [Ax(K(T,0,2))

[Reds (X, 7) (2 0 1) ] x © [Ax (KT u.e))]x-

X
A
A X
x =

]
Ix
]
]

e Finally, suppose that ¢ = 1,0, @2, where @1 : (T1,u1) = (T1,v1), g2 : (T2, u2) = (T2, v2),
and (7;,u;) : X;.
— If x € Xy, then
K(T ) = B(Tiu1,2) 25y K(T2,u2,y)
and
K(T ) = K(Tio1,2) 25y B(Ta,02,y)

Denote
Hu1 = [AX1 (H(ﬂ,uhw))]Xl Huz = [AXQ (H(Tz,uz,y))])@

Ky, = [AXI(H('rl,'UhiE))]Xl Ky, = [AXQ(H(E,UQJJ))]XZ
By Remark 3.2(b) and the induction hypothesis for ¢; and @2, we get
[Ax (KT w,2))]x 0 [Ax(p1 20y p2)]x

(Koy 20y Koy ) © ([Ax, (01)]x; 204 [Ax, (02)]x5)
(Ko, © [Ax, (01)]x1) 20y (Ku, © [Ax, (92)]x)
)

)

([Red2(X1,2)(9) ] X, © Kuy) 20y ([Reda (X2, y)(92)] X, © Ku,
([Reda(X1,7)(#)]x, 20y [Reda(X2,y)(p2)]x,) © (Kuy 20y Fu,
[Reda (X, ) (1 20y 2) 1 x © [Ax (KT u,0))]x
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— If x € X5, then
K(Tue) = (K(T3,uz,2) yPz B(Tiu1,2)) © ’7(277%71“)7(7‘2,”2)

and
K(T w,z) = (K(TQ,Uz’l’) yHz K(ﬂ’vl»z)) o '7(27721!,1,1)7(7’271;2)'

Denote

Kuy = [Ax, (K7 u1,2))] FKuy = [Ax, (KT uz,2) )] X5

Koy = [Ax, (K73 00,2)) x4 Koy = [Ax, ([K(75,00,2))| x5

fu1 = [Ax, (T1,w1))]x, fus = [Ax, (T2, u2))] x,

= [Reda(X1,2)((T1,w1))]x, fi, = [Reda(Xa, 2)((T2,u2))] x,
f = [Ax, ((T1,v1))]x, fu, = [Ax, ((T2,v2))]x,

= (Redg(Xl,Z ((ﬂ,vl))—l 1’2 = [RedQ(Xva)((,T?an)ﬂxz

By Remark 3.2(b), naturality of 4 and the induction hypothesis for ¢1 and o, we
get
[Ax (F(T0,2))]x 0 [Ax(p1:8y p2)]x =
(Fuy 4oz Ky ) 071 1,0 ([Ax, (01)]x, 204 [Ax, (02)]x,)
T3 e, 0 (ur 20y Res) 0 (B, (1)), <0y (A, (92)]x,)
Vre gs, © (R 0 [Ax (01)]x) 20y (Ru, © [Ax, (02)]x,)) =
Vpv ge, © ([Reda (X1, 2) (1) 131 © Ry ) 20y ([Reda(Xa, ) (2) ] x; © Kus )
(([Red2 (X2, 2)(2)]x, © Fu,) yo= ([Red2(X1, 2) (1) X, © Kuy)) 007 4, =
([Reda(X2, ) (02) ] x, 402 [Red2 (X1, 2)(91)]x,) © (Kus 4Oz Kuy ) 075 4, =
[Reda (X, ) (1 20y 02) ] x © [Ax (K(Tu,2))]x -

The following result is a direct consequence of Theorem 2.

Corollary 1. For arrow terms 1 and o of the same type in Tg (X), the equality | 1] x = 2] x
follows from the equality [Redy (X, x)(¢1)]x = [Reda(X, 2)(p2)]x-

2.5 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 f¥-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.

2.5.1 The skeletal non-symmetric categorified operad O¢

Starting from C, we first define a skeletal non-symmetric categorified operad Oc = {O¢(n)}nen,
i.e. a weak Cat-operad in the sense of [DP15], as follows.

e The objects of the category Oc(n) are quadruplets (X, z, 0, f), where | X|=n+1, z € X,
f€C(X) and o : [n] - X\{z} is a bijection (inducing a total order on X\{z}).
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e The morphisms of O¢(n)[(X,x,0, f),(X,z,0,9)] are quadruplets (X, z,0,¢), such that
¢ is a morphism of C(X)[f,¢] (in particular, Oc(n)[(X,x,0, f), (Y,y,7,g)] is empty for
(X,z,0) # (Y,y,7)). The identity morphism for (X, z, o, f) is (X, z,0,1f). The composi-
tion of morphisms is canonically induced from the composition of morphisms in C(X).

e The composition operation o; : Oe(n) x Og(m) — Oe(n +m — 1) on objects is defined by

(X7x70'17f) 04 (Y; y7027g) = (X + Y\{y}7x707f01(i)oy g)a

and on morphisms by

(X,z,01,0) 0 (Y,y,02,9) = (X + Y\{y}7x707¢01(i)oy V),

where o : [n +m — 1] = X\{z} + Y\{y} is a bijection defined by

o1(j) for j € {1,...,i—1}
o(j)=R02(j—i+1) forje{i,....i+m—1} (2.4)
o1(j —m) forje{i+m,....,n+m—1}.

e For f = (vaaalaf)v g = (Y7?/,U2,9) and B = (Z,Z,O’g,h), where o7 : [n] - X\{CC},
o9 : Im] = Y\{y} and o3 : [k] = Z\{z}, the components

ﬁ}j;ﬁ:(foig)ojiz—)foi (gojﬁ) and 9};7’;771:(foig)okizﬁ(fokiz)oiiz

of natural isomorphisms 3 and 6 are distinguished among the morphisms of O¢(n) as the
quadruplets arising from the appropriate components of 8 and ¥ of €, as follows:

Bih s = XA\ +2\ (2}, 2,0, 6707 0)

and

(3 s (0.2
0= KT\ 2\ o 70,

where o and o’ are the bijections induced in the appropriate way from o1, 09 and o3.

In the following lemma, we show that the structure Oc = {O¢(n)}nen indeed verifies the axioms
of weak Cat-operads given in [DP15, Section 7].

Lemma 15. For an arbitrary n € N, the following equations hold in Oe(n):
1. the categorical equations:
a) poli=p=1500, foro:f—g,
b) (pod)otp=po(poy),
2. the bifunctoriality equations:
a) 1r0;l5=15 -
b) (p20p1) 0 (Y2 01h1) = (P2 05 12) © (1 05 91),
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3. the natumlity equations:

a) B+ o((poid)oj ) = (poi(doji)) oy

f2,G2,h2 F1.91,h1°
3¥) . . — . . 23]
) 9f2 92 h2 ((SO 04 ¢) o] 7/}) - ((QD oj w) 04 ¢) Hfl g1 hl

5. the equations concernig inverse isomorphisms:

-1 7] _ - - 7.7 a.] -1 J— - -
a) B 0 BE s = omehr Pini®BFhn = Loigoiy
] _ B
b) efh 5° 05 an = Lfoiaosh
6. the coherence conditions:

Y H il 15 o\ _ At sl
a) (Lgoi B35 1) 0B i © Bran o 1i) = 855 5ot © B

YR il i3 _ nij %1 1. YH
0) (o635 1) © By ni® Brgn ) = B0 mi® Brares 1) o V% 50
i1 135 )t s 1. Vi)
) 05 50,k © Bi5n 1 1) = Broian o Or 10 1) 005 i
d) 0% _ o (Qiil 0 1B) o @7

il ir
~ - =(0"" _0;15)00% o (0% - op1z).
folk7g7h f:gvk J foi§7h7k ( f:h7k ! g) efo h,g.k (9 ! k)

o

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 3. The equation 3.(b)
follows by the naturality of ¥ (see (2.1)). The equations 5.(a) holds by the analogous equations
for €. The equation 5.(b) holds by Lemma 1. The equation 6.(a) holds by (S-pentagon), 6.(b)
by (8y-decagon) and Remark 4.(b), and 6.(c) and 6.(d) by Lemma 2. |

2.5.2 “Skeletalisation” of the syntax rIér

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 Oe,
we introduce the syntax of these diagrams. Intuitively, this syntax is a “skeletalisation” of the
syntax rIg.

Let 7 be an unrooted tree. Suppose that FV(T) = X and let z € X. For a corolla
¢ € Cor(T), such that [inp( ,)(c)| = n (see the end of §2.4.3), we define the set of skeletalisa-
tions of ¢ (relative to T and x) as

X (7,2 (c) = Bij[[n], inp(7 ,y(c) |.
We set
E(T7 .1‘) = H % Tx

c€Cor(T)
We shall denote the elements of (7, z) with .
Remark 12. Notice that o € X(Ti,z) and o5 € %(Ts,y) determine “by concatenation” an
element of & € S({Ti (zy) Ta}, ), and that, symmetrically, any o € L({Ti (zy) Ta},z) can be

“split” into o1 € Y(Ti,x) and a5 € X(Ta,y). We shall denote this decomposition of & with
—
g1°09.
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The skeletalisation of the syntax rT is the syntax skrTe, obtained as follows.
The objects terms of SkrT are quadruplets (T, x, 7 w), typed by the rule

TeTi(X) zeX 762(73;) w € A(T, x)
(T, 2,0, w): X\{z}

The arrow terms of Skrlg are obtained from raw terms

| /B 7’1713 0'1,’[1)1) (7—27270271‘02) (737y7037w5 | 5 7’1711; lewl) (7’27§703>7w2)7(7§7g7075>7w3)

zY
(T1,2,5% w1),(T2,2,53,w2),(

7%@7(?3)71113) ’ XoX | XszX

by typing them as follows:

1(7—,90,7,111) : (Tv €z, ?7 ’LU) - (Ta €T, ?a w)

T={{T1 (22) T2} (yy) s} yEFV(T2) =EXNFV(T1)
GIES(Tix) T3€X(T2.2) GREX(Ts.y)

ﬂf%_yz’g—{_’wl)_’(ﬁ’z’g,wﬂ (Ts,y,5%,ws) * (T, z, 010203, (wiw2)ws ) — (T, 2, 010205, w1 (waws) )

T={T1 (22){T2 (yy) T3}} 2€FV(T2) z€XNFV(T1)
FIeS(Tix) 53€5(Tz.2) THES(Tony)

ﬁ(zfg ac_;l 01),(T2,2,5%,w2),(Ts, yﬂs,ws) (T xr,01:09" 0'3,101(11]2’(1)3)) — (T,$701-02-U3, (’wlwg)UJ3)

T={{Ti (22) T2} (yy) Ts} yEFV(T1) z€XNFV(T1)
FIES(Th,2) T3EX(T.z) T3€3(Ts,y)

0(27%,1 1,w1),(T2,2,5%,w2),(T3,y,5%,w3) : (T’ T, 010293, (w1w2)w3 ) - (T’ 1, 01°02:03, (wlwg)w2 )

X1 : (’T,x,?,wl) — (’T,x,?,wg) X2 : (’T,x,?,wz) — (’T,x,?,wg)
X209 X1 - (T,LL',?,’LUl) — (T,.’Ii,?,wg)

x1: (Ti,z, a1, w) = (T, 2,51,w') X2 (To,y, 53, w2) = (Ta,y,55,w's) z€ FV(Th) z#x
X1 ZDy X2t ({7—1 (zy)7—2}7$701'02aw1w2) — ({7—1 (Zy)7-2},$,0'1'0'2,’wl1’w/2)

As usual, we shall denote the class of object terms of Skrlg with type X, together with the class
of arrow terms whose types are pairs of object terms of type X, by skrIé’(X ).

2.5.3 The interpretation of Skrlé“ in O¢

In order to define the interpretation of SkrléL in O¢, we first need to “order the inputs” of

unrooted trees figuring in object terms (7, z, 7, w) of SkrIé,’.
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For an unrooted tree 7, a variable x € FV(T) and an element T = (01,--+,00) € B(T2)s
the total order

ot [|inp(r 4 (T)|] = inp(7 1y (T)
on the set of inputs of T (relative to x) induced by 7 is defined as follows:

o if (T, z) = ({a(x, ..., zn);idx}, i), then 0 = &,

o if (T,z) = ({Th (2y) T2}, @), @ € FV(Th), iopcp, »)(T1)| = n, [inp(z, ) (T1)| = m, o1 :
[n] = inp(p; ,)(Th) is the total order induced by a_1> € X(f,2)0 02 ¢ [m] — dinp(g, 1 (T2) is
the total order induced by 73 € YTz, and o1(i) = z, then

o:[n+m—1]— FV(T)\{z}
is defined by (2.4).
The interpretation function
[=1% + sxT¢ (X) = Oe(|X])

is defined recursively as follows:

o [(a(z,. .., zn);idx}, 24,0, a) B?\{:Ci} = {z1,...,xn},25,0,a),

o [({Th (zy) T2}, 90,0’1_~02>,w1w2ﬂ§{\{x} =[(Th, =, E{awlﬂxl\{x} ot [ (T2, 02,w2ﬂx2\{y},
and

° Ni7w7.w X\(2) = HTw 7w )

o [B7Y

sk _
(T1,2,51,w1),(T2,2,55,w2), (73,3/ F3>,w3)~|X\{$} o

2 ()
/B[(ﬂ »Z,01 7w1ﬂ X1 \{z}’ ’7(7—27Z 0'2,11)2)—‘ Xo\{z}’ {(7’379 U3vw3)1 X3\{y}

o |’B Y 7i> N N ‘lSk —
(Th,@,51,w1),(T2,2,63,w2), (7'3,y a3,w3) | X\{z}
B 1(y) -1 _ _
f(ﬂ,ﬂc Ul,wlﬂx N\ e} ((7—2,5,02,w2)W§1{‘2\{5},f(7~3,gﬂ37w3)]§‘3\{£}’
o

|'92;y ‘| sk —
(T1,@,51,w1),(T2,2,55,w2),(Ts,y,55,ws) | X \{z}

oy (Z) 01 1(2/)

|—(7—1 T 0'1 wl)"xl\{x}vl—(ﬁvz 02, w2)‘|X2\{z} ’—(7'3 Y 0—37103)-‘)(3\{-@}
o [x20 Xlﬁg\{x} = [Xﬂi?\{x} © Dﬁ-li?\{ﬂ’
o Dz x2l3 2y = DT ey %o 0) D210

where it is assumed that every total order o (resp. ¢;) is induced by & (resp. ;).
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2.5.4 The third reduction

In what follows, we shall denote with rT¢ (X, z,T) the subclass of rT¢ (X) determined by the
rooted tree (7, x) (i.e. by the object terms whose first two components are given by (7, z) and
by the arrow terms among them). We define the family of third reduction functions

Reds(X,z,7,7) : tTH (X, 2, T) = axrTe ™ (X),

where x € X, T is an unrooted tree such that FV(7) = X and 7 e (T ), as follows.

For object terms of rIér (X), we set
Redg(X,.’L',T, ?)((Tax7w)) = (Tax7?7w)'
)

For an arrow term y of rT¢ (X), Reds(X,z, T, ) (x) is defined recursively as follows:

< Red3(Xa z,T, ?)(1(7'@#1)) = 1Red3(X,m,7',?)((T,$,w))7

o Reda(X, , {{71 (22) T} (yy) T3}, 01-02-08) (B(F 400),(7,2000). () =
ﬁafl(z)ﬁg_l(y)

(7’1790:071)7101)7(7-27§7U_2),w2)7(75:y70_3)7w3) ’

o Reds(X,z, {T1 (22) {T2 (y) T5}}, 0102 03) (B, 1 n) (7o 2 (o)) =

1 1
o5 (Z)WQ (y) —1
(T1,2,61,w1),(T2,2,0%w2),(T5.y,55,w3)

o Reda(X, 2, ({75 (22) T2} (1) T b FTTT IO, ) (o)) =

—1 —1
51 (Zioﬁ (v) _ _
(T1,z,01,w1),(T2,2,03,w2),(T3,y,03,w3)’

o Reds(X,z,7,7)(x2 0 x1) = Reds(X, 2, T, @) (x2) oReds(X, z, T, ) (x1),

o if X = X1 sz X2, where X1 (ﬂaxawl) - (71,$,U)/1) and X2 - (B)y)u&) — (vavw,2)v
and if (?{ € E(Tl,w) and (T% € Z(TM), then

Reds(X, z, {T1 (zy) T2}, 01-02) (X1 25y X2) =

Reds(X1,2, T1,01)(X1) o1(2) %, 1 ) Reda (X2, ¥, T, 33) (x2)-

Remark 13. For the third reduction of an arrow term x : (T,z,u) — (T,xz,v), we have that
Reds(X,z, T, 7)(x) : Reds(X,z, T, )((T,x,u)) = Reds(X,z, T, 7)(T,z,v)).

Therefore, the third reduction of a pair of arrow terms of the same type in rIg(X) s a pair of
arrow terms of the same type in SkrIg"(X). Recall that the analogous properties hold for the
first two reductions (see Lemma 12 and Remark 11).
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Theorem 3. For an arbitrary object term (T, z,w) and an arbitrary arrow term x of T (X),
the following equalities hold B

[Reds (X, z, T, 0 ) (T, 2, w) |5 2y = (X, 2,0, [(T, 2, w)] x)

and
(Red3(X? x, Ta ?)(X)-Igg\{x} = (X7 x, o, (X-lx)?

where the total order o is induced from 7.

Proof. Easy, by induction on the proof of the (7, z)-admissibility of w (for the first equality),
and by induction on the structure of x (for the second equality). |

The following result is a direct consequence of Theorem 3.

Corollary 2. For arrow terms x1 and x2 of the same type in I‘IE(X), the equality [x1]x =
[x1]x follows from the equality [Reds(X,z, T, 7)()(1)13?\{36} = {Redg(X,a:,T,?)(Xzﬂié‘\{x}.

2.6 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,

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
interpretations of the respective starting arrow terms.

Coherence Theorem. For any finite set X and for any pair of arrow terms ®, ¥ : W; — Wy
of the same type in Freee(X), we have [[®]]x = [[¥]]x in C(X).

Proof. By Theorem 1 (first reduction), it is enough to prove the equality
[Red;(P)]x = [Reds(¥)]x.
By Lemma 13 and Lemma 14, the problem translates to showing that
|AF (Reds ()| x = |AF! (Redy (T))] .
By Corollary 1 (second reduction), this equality follows from the equality
[Reds (X, ) (A} (Reds(®)))]x = [Reda(X, x)(A)_(l (Reds (V)))]x,

where x € X is arbitrary. By Corollary 2 (third reduction), the above equality holds if, in O,
we have

(RedS(X7 z, T, ?)(RedQ(Xv x)(A;(l (Redl(q))))ﬂg?\{x} =
[Redi’» (Xv z, T, ?>(Red2 (X, x)(A)_(l (Redl(lp)))ﬂ?g\{x}a
where 7 is the unrooted tree figuring in A3!(Reds(Ws(®))). Finally, the last equality holds by
the coherence of Og, established in [DP15]. [
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3 Categorified exchangeable-output cyclic operads

n [O17, Theorem 2|, the equivalence between Definition 1 and Definition 2 has been worked
out in detail. In this section, by lifting that equivalence to the categorified setting, we first set
up the definition of the exchangeable-output non-skeletal categorified cyclic operads. Then, by
translating the obtained definition to the skeletal framework, we finally introduce the definition
of the exchangeable-output skeletal categorified cyclic operads.

3.1 The exchangeable-output non-skeletal categorified cyclic operads

The categorification of Definition 2 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 x, whose properties need to be such that the equivalence of [017,
Theorem 2] is not violated in the weakened setting. In other words, the decision whether some
axiom of DY 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 categori-
fied operads of [DP15] are non-symmetric and skeletal, we first adapt their definition into a
characterisation 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. A non-skeletal categorified symmetric operad is a functor O : Bij°? — Cat,
together with

e a family of bifunctors
0, : O(X) xO(Y) = O(X\{z} +Y),

indexed by arbitrary non-empty finite sets X and Y and element x € X such that X\{z} N
Y = (), subject to the equivariance axiom:

[EQ] for bijections 01 : X' =+ X and 09 : Y’ — Y,
F7 0510y 67 = (f 02 9)".
where o = 01| XM=} 4 gy,

e two natural isomorphisms, 5 and @, called sequential associativity and parallel associativity,
respectively, whose respective components

BEY: (fosg)oyh— fog(goyh) and 63, (fo,g)o,h— (fo,h)oug,
are natural in f, g and h, and are subject to the following coherence conditions:

— [#-involution] thg ° 91: gh = = L(fo, g)o,hs
_ [ﬁ—Pentagon] (1f O$ ‘Z:;,k) le) B;f;oyh,k (o] (ﬁf;:gyJ'L Oz ]-k) = /B;f’;g’hpzk o B?iguh,ka

— [Bf-hexagon] (1504007 )0 Br g0 k0 (Brgnoz1k) = Brgoni®(Brgry1n)005e o s
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— [B0-pentagon] 077, 0 (Bygp 0z 1k) = By gn © OFg s 0y 1n) 055 o i

[/-hexagon] G;Zk,g,h o (9?;’/1C y1n)o Q?Ozg Wik = (9? Bk O lg) o 9?02 hogk (Q;Eg,h 0. 1x),

[Bo] if the equality ((f oz g) oy h)? = (f7' o g°%) o, h?® holds by [EQ], then
(ﬁfg h) = ﬁ?0;39027h03)
— [60] if the equahty ((f oz g) oy h)? = (f7" o g7%) oy A holds by [EQ], then
(9 )U 9 O'ly 92 h93>
Ig:h fo1,972,h73
— [EQ-mor] if the equality (f o, g)° = f°! o, g°2 holds by [EQ], and if ¢ : f — f" and
¥ig— g, then (¢ oy ¥)7 = 7 oy 2.

We next give the definition of non-skeletal categorified exchangeable-output cyclic operads.
Below, for f € O(X), x € X and y ¢ X\{z}, we write Dgy(f) for DO(f)?, where o : X\{z} +
{y} — X renames z to y.

Definition 5. A categorified exchangeable-output non-skeletal cyclic operad is a (non-skeletal)
categorified symmetric operad O, together with

e a family of endofunctors
D, :0(X)— 0(X),

indexed by arbitrary finite sets X and elements x € X, which are subject to the following
axioms, in which f and g denote operadic operations and ¢ and @ morphims between
operadic operations:

[DIN] D.(D:(f)) = f and Dy(Dz(¢)) = ¢,

[DEQ] Di(f)° = Dy-1(3)(f7) and Dy(p)? = Dy—1(5)(¢7), where o : Y — X is a bijection,
[DEX] D, (f)? = Dy(Dy(f)) and Dy(¢)? = Dg(Dy(p)), where o : X — X exchanges x
and v,

(DC1] D (f Og g) = Dy(f) o, g and Dy(@ Og sz)) = Dy(‘P) oz 1 , where y € X\{SE},

[DB]1 D, (ﬁfgh) ﬁgzy(f),g,hv where f € O(X), g€ O(y), he O(Z), xz,z€ X andy €Y,
[DA1 D (Hﬁgh) = Hgf(f%%h, where f € O(X), g€ O(y), h € O(Z) and z,y,2 € X,

e a natural isomorphism «, called the exchange, whose components

a?:ggm : Dy(f oz g) = Dyu(9) 00 Day(f),

are natural in f and g, and are subject to the following coherence conditions:

- [aB0-square] for f € O(X), g € O(y), h € O(Z), x € X and y,z € Y, the following
diagram commutes
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DZ((fOz g) Oy h) DZ(f Ox g) Oyh

D.(57,) 0 0, 1,
D.(f oz (goyh)) (D20(9) 00 Dz (f)) oy h

OF g0y 0. ()0 (51,1
D.y(g oy h) oy Dy (f) === (Du(9) oy h) 0y Dz(f)

- [af-hexagon] for f € O(X), g€ O(y), he O(Z),z € X,y € Y and z € Z, the following
diagram commutes

D.((f oz 9) Oy h) foaol D.y(h) oy DyZ(f oz g)
DZ( ;;g,h/ \%Dzv(h) Oy (a?:;”’)T
D.(f oz (g Oy h)) D.y(h) oy (Dyv(g) Oy ny(f))"
|
D..(g Oy h) oy D (f) Dy (h) o, (Dyv(g) 0y Daz(f))
(agn™)7 ou 1Dwz(f)\ /Bgfu_(flz),Dyz@),Dm(f)
(D2 (h) oy DyZ(g))U 0y Dy (f) === (D.s(h) o, Dyv(g)) 0y Dz (f)

where ¢ renames z to v and 7 renames y to z,

- [Da] for f € O(X), g € O(y) and z € Y, the following diagram commutes

Dz(o/’z?”)
D.(D.(f o, 9)) d D.(D-y(g) o0 Da-(f))

Z,v5U
«
D3y (9),Da=(f)

f Cz g Dzu(D:L’z(f)) Oy sz(Dz'U(g))

- [ao] if the equality (f o, )7 = fo° % (z) ¢°2 holds by [EQ], then

. o (2),07 @)w
(05707 = o7, (2ot '@
19 fo1,972 ’

where v € X\{z} UY\{z} and w ¢ o7} [X\{z} UY\{z}] are arbitrary variables.
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Remark 14. By comparing Definition 5 with Definition 2, one sees that the only axiom of D,
from Definition 2 that got weakened is [DC2]. Indeed, the proof of [O17, Theorem 2] 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 15. Observe that, by [ao] for o = id, we have that

fig T T fg

for arbitrary variables u,v ¢ X\{z} UY\{z}.

We now lift the proof of [O17, Theorem 2] to the equivalence between the categorified versions
of the non-skeletal entries-only and the exchangeable-output definitions of cyclic operads. This
has as a consequence the coherence of the latter notion. Henceforth, we shall restrict ourselves
to constant-free cyclic operads (as required by the proof of [017, Theorem 2]).

Theorem 4. Definition 3 and Definition 5 are equivalent definitions of categorified cyclic op-
erads.

Proof. [ENTRIES-ONLY = EXCHANGEABLE-OUTPUT] Let € : 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

Oe(X) =C(X +{xx}) and O¢(o)=C(cT),

where, for 0 : Y — X, ot : Y U {xy} = X U {*x} is defined by o7 (y) = o(y) for y € Y and
ot (xy) = *x.

For f € Oe(X) and g € Oe(Y), the partial composition operation o, : Oe(X) X Oe(Y) —
Oc(X\{z} +7) is defined by setting

fozg= 1720 4,
where 0 @ X + {*x\(s14v} — X + {*x} renames xx t0 *x\ {2} 4y
Let f € 0e(X), g€ 0e(Y), h € Oe(Z) and x € X. For y € Y, we set

T3y :ﬁx,*y;y,*z
f,9:h frgh 0

where & @ X + {¥x\{z}4v\{y}+2} — X + {*x} renames *x to *x\(z}4v\(y}+2- If ¥y € X, we set

Z,y _ T,¥y Y, %7
Ogn="Vpgn

where £ : X 4 {*x\[z}+v+2} — X + {*x} renames xx t0 *x\ [z )4+v+2-
The action Dy : Oe(X) — Oe(X) is defined as C(o), where o : X + {*x} — X + {*x}
exchanges x and *x.

Finally, for f € Oe(X),9 € Oe(Y), z € X and y € Y, we set

y7x;v PR *X 7U
« =c
£ fr,gv7
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where k : X\{z} + {y} + {*x} = X + {*x} renames z to xx and *x to y, and v : Y\{y} +
{v}+ {3 x\f2)+41} = Y + {*v} renames xy to v and y to *x\ (z)4v-

The coherence conditions of Q¢ are verified as follows. We get [#-involution] by Lemma
1, [B-pentagon] by (S-pentagon), [S6-hexagon] by (8y-decagon), and [Sf-pentagon]
and [f-hexagon] by Lemma 2. The coherence conditions [So], [#c], [EQ-mor], as well as
[DS] and [DA], hold by (Bo), (yo) and (EQ-mor). The equalities [DIN], [DEQ], [DEX] and
[DC1] hold by the functoriality of € and (EQ). The commutation of [a30-square] follows by the
definition of 9 in € (see (2.1)). By redefining [«a/5-hexagon] in the language of the cyclic operad
€ (which is straightforward, but quite tedious), thanks to (EQ), (So), (yo) and (EQ-mor), we
get exactly an instance of (Svy-hexagon). (We shall see how (Svy-hexagon) translates into
[af-hexagon] in the proof of the other transition below.) The condition [Da] follows by (vyo)
and (y-involution), and, finally, [ac] follows by (yo).
[EXCHANGEABLE-OUTPUT = ENTRIES-ONLY] Let now O : Bij”” — Cat be an exchangeable-
output categorified cyclic operad. The functor Cy : Bij’ — Cat, underlying the corresponding
entries-only categorified cyclic operad, is defined as

Co(X) =) O(X\{z})/~,
zeX

where & is the smallest equivalence relation generated by equalities

(z,f) = (2, Dz(f)) and  (2,9) = (2, Dza(p)),

where z € X \{z} is arbitrary. For [(z, )]~ € Co(X) and a bijection o : Y — X, we set

Co(0)([(z, =) = [(o (@), O (M) ()]~

For [(u, f)]~ € Co(X) and [(v,9)]~ € Co(Y), the composition operation o, : Co(X) X
Co(Y) = Co(X\{z} + Y \{y}) is defined as follows:

, if u=2a and v =y,
2, Do (f) 0x Dyv(g))}z7 if u=xand v #y,
if u# x and v =y,

u, f oz Dyy(9))]~s if u#xand v #y,

where z € X\{z} is arbitrary. In what follows, given that O (and, therefore, Cy) is constant-free,
when calculating the composition [(u, f)|~z0z[(v, g)]~, we shall always assume that v # x and
x # v. Furthermore, when considering the composite ([(u, f)|xz0z[(v, 9)]x)yoyl(w, h)]x, where
g € O(Y), noticing that, in the “worst case”, the set Y could be reduced to {x}, we shall assume
that v = y.

[(

o ttw . — 41

[( 7f)]za: y[( 79)]~ [(
[(

For the definition of Bifﬁ)i (0.0)) [(w )] W€ calculate

([(w, Nz 20z [y, 9)]=) yoy [(w; h)]~ = [(u, (f 0z Diy(9)) 0y Dyw(h))l~

and
[(w, /)]~ w0z ([(4: 9)]~ yoy [(w, h)]~) = [(u, [ 0w (Dzy(g) 0y Dyw(h)))]~
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and we set
T,Z5Y,Y _ T3y
Bl el lwme = [ Brp,, (g) Dy~

For the definition of 7[(;7]@)]%[@#)}%, we calculate
[(u, Flxeoyl(v, 9))x = [(u, f oz Dyo(9))lx and  [(v, 9)]xyoul(u, f)lx = [(v, g 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 [ao], we can define 'y[m(ff)}z [(0.9)]~ in two ways:

Z,Y _ u,x;y . uU,T3Y
Mapmdwge = (W Dunlayp! (Dl = [(v,app! )]s

We fix the definition Vﬁ;ﬂf)]z,[(v,g)]z = (v, ;%y (g ))]z 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, (S-pentagon) holds by [S-pentagon].
We show that (Sv-hexagon) holds by [af8-hexagon]. For the nodes of (8y-hexagon) we
have

Jx) yoy [(w, )]s = [(u, (f 02 Diy(9)) oy Dyw(h))]x,
o [(u )~ oz ([(y:9 ]%yog[(w Wlx) = [, f oz (Day(g) oy Dyw(h)))]x,
= [(w, Dug(Dzy(g) 0y Dyw(h)) 0z Dau(f))]x~;
= [(w, (h oy g) 0z Dau(f))]~
[z 20z [(u; =) = [(w; h oy (9 0z Deu(f)))]
J=) yoy [(w; )]~ = [(u, Duy(g 0z Dau(f)) 0y Dyw(h))]~-

By replacing the representatives of the classes above with the ones whose first component is u,
we get

Jx) yoy [(w, )]s = [(u, (f 02 Diy(9)) oy Dyw(h))]x,
f oz (Day(9) oy Dyw ()]~
Du(Dwg(Diy(9) 0y Dyw(h)) 0z Deu(f)));
Jx = [(u, Du((h 0y g) 02 Dau(f)))]»
Duw(h oy (g 0z Deu(f))]=»
Duy(g 0z Deu(f)) 0y Dyw(h))]~,

which gives us the outer part of the following diagram in O:
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(au,;,w -t )7
Dz (D (9)0y Dy (1)), D ()

f 0w (Day(g) oy D,gw(h)) Doy (D (Dyy(9g) oy Dgw(h)) og Dau(f))
(05 D2y (@10, D, .A,-(m),Dm(f)/

foz( zy( ) yDyw(h))
(g Do) v LDyu(h) 150 (ajy” o J D““’((agifiig»nww)K °z 10,1
f oz Dyw(h oy g)

w,zie —1 T
(ahoﬁf]ﬂDwu(f))\A

Duw((h Oy g) oz Dzu(f))

T3y
By (9.5 ()

(f 02 Day(9)) oy D,gw(h)

Duy(g og Dyu(f)) Oy Dyw(h) Dy (h Oy (9 02 Dau(f)))

w,y;y —1 - Ui
<ahj:£Dzu(f)) Duw(By g, 0uir)

where 7 renames u to w, K renames w to z and v renames u to y, and in which the square on
the right commutes by naturality of a. The equality

( UL, T u,x,x —1 )

Do (Day ()93 Dy () D (£ © (D (D ()03 Dy (1), D (1)) = Lfou(Dey(g)oy Dyus(h)):

together with [ao], turns the diagram above into the following instance of [«S-hexagon]:

5y @,y5y ~ L 1
B Dy (0), Dy (1) Lpou (@, )"

(f oz D£y(Q)) Oy Dgw(h) foz (D xy( )o y gw(h))

f oz Dgw(h Oy 9)

UL LT v w,ziz —1
(@ b)) O 1pyun ¥y g, Das (1)

Duy(gox IU(f))O ()

———— Duulloy (905 Deu(/))

v D ((h Ogg) og Dyu(f))
o Dwu) Duw (B 9,0, (1)
For (fvy-decagon), we use [$f-hexagon] together with [afB0-square]. We illustrate the
proof by showing that the composition of the top three morphisms of (3y-decagon) is exactly
an instance of the isomorphsm 6. We have:

o (([(u, N~ 202 [(4: 9)l=) yoy [(2, h)]x) 20z [(w, k)]~ = [(u, ((f 02 Dy(9)) 0y Dyzh) 0z Dz (k)]s

o ([(z:W)]xyoy ([(u, Hlx 20z [y, 9)]%)) 202 [(w, K)lx = [(u, Duz(h 0y Dyu(f 0z Day(9))) 02 Daw (k)]
o [z W)]xyoy (([(u, Mz 20z [y, 9)]x) 202 (W, K)lx) = [(u, Duz(hoy (Dyu(f oz Day(9)) 0z Dzw (K))))]~:
o ([(w, Nz 20z [(4: 9)]=) 20z [(w, K)]x) yoy [(2, P~ = [(u, ((f 02 Day(y)) 02 Dzw(k)) oy Dy=(h))]~-

For the definitions of the top three morphisms of (ny—decagon), we have:

e 202 Lwple = (@, )7 0= 1p,.,(k);
V(w20 (.0 [z )] 292 L1, hDyu(fOzDzy( ) 2
Y,Y32,2 _ Qv e
® Biemle . Nlx won (0w dwk)n = PuBh.Dyu(forDay(9)).Dew (i) 804
° Y,y (Od u,yy )o’
Ym0 )] w0 [(0:9)]) 02 [(wik)]w — (Oh.Dyu(fou Day(g))osDew(k))

where o renames u to z. By [Bo], [ac] and [DEQ], we get
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o (o, 7 )7 0:1p (k) = iy oz 1p_, (k)
hDyu(fozDzy(g)) zw h,Dz(fozD=(g™)) zw

v; o Vs
DulBy (0w Dey(9)).D2w®)” = P2 Bhp. (f0uD.(97)) Do (k) 80

° (auzy7y )0’ — a'z:g7y
h,Dyu(fowDay(g))ozDzw(k) h,D:(foxD=(g7))o=Dzw(k))

where 7 renames z to z. Finally, by [af80-square] and [fo], we have that

z,y5y 1 zy5y 1 z;
QD (fou D (g7)) O% 1D2u(k) © D (ﬁh D.(foxD=(g7)), Dzw(k)) (ah,bz(,fozDz(gT)) °z1p_, k) = Hfig,h,h
wf)]m is defined exactly in a way which makes

For (- 1nvolut10n) observe that ’7[(v,g N’E
gure favorably in [Dal].

the composition iy 1w plx © V(uple ()]~

[THE ISOMORPHISM OF CATEGORIFIED CYCLIC OPERADS € AND Cg, (AND O AND O¢,)] The
two isomorphisms are easily defined from their corresponding decategorified versions in the proof
of [017, Theorem 2]. |

3.2 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. [M08, Proposition 42]), we round up this work by indicating
that the categorification of this notion is made straightforwardly by translating Definition 5 in
the skeletal setting. The coherence of the obtained notion follows by lifting to the categorified
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 this section, we describe in
detail the equivalence of [MSS02, Theorem 1.61].

Let O : 3°P — 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”=(fig)
where ¢’ € S,4m—1 is the permutation which acts by the identity, except on the
block {i,...,i+m — 1}, on which it acts by o.
[EQ2] For any o € S, we have

F7oig=(fw9)

where 0" € Sy 4m—1 is acting like o on the block {1,...,n4+m—1}\{i,...,i+m—1}
with values in {1,...,n+m—1}\{o(i),...0(i) +m—1} and identically on the block
{i,...,1+m — 1} with values in {o(i),...0(:) + m — 1}.
As the definition of a non-skeletal operad, we fix [O17, Definition 7] (again, without units).
Recall that, for a non-skeletal operad O : Bij°? — Set (whose operadic composition morphisms
we continue to denote with o, ), the equivariance axiom is [EQ] from Definition 4.
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Theorem 5. [LV12, 5.3.7] and [O17, Definition 7] are equivalent definitions of symmetric
operads.

Proof. [SKELETAL = NON-SKELETAL| Let O : ¥° — Set be a skeletal operad. The functor
underlying the corresponding non-skeletal operad O, : Bij’? — Set is defined as

Ons (X) ={[(fsox)]x | f € O(n) and px : X — [n] (px bijective)},

where | X| = n and ~ is the smallest equivalence relation generated by

-1
(f7 QOX) ~ (fSOXOwX 71/}X)7 (31)
where ¥x : X — [n]. For a bijection 0 : Y = X, Op5(0) : Ops(X) = Op5(Y) is defined by

[(fa (PX)]Z = [(fa 1254 OU)]%-

The composition operation oy : Ops(X) X Ops(Y) — Ops(X\{z} +Y) is defined as follows.
Let [(f, px)]~ € Ons(X) and [(g, ¢y )]~ € Ons(Y), where | X| =n and |Y| = m, and let = € X.
We set

[(fs x|~ 0z [(9: v )|~ = [(f ©px(2) 9, 92)]~s
where Z = X\{z} +Y and

wx(v) for all v € X such that px(v) < ¢x(x)
wz(v) =1 py(v) + px(x) —1 forallveY (3.2)
ox(v)+m—1 for all v € X such that px(v) > px(x).

The equivariance axiom 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 ¢y,
respectively, then

[(Foxox T G lm o (0972 @b )] = [(F9X°9% oy (a )gwyow@ilaw'z)]z
—1
= [((f opx( )9)“’2 Yz ol))~
[(f ©px(2) 9:92)]~
[

px)|~ oz [(9, v~

It is easily seen that the associativity axioms of O ensure the associativity of O,,. Finally, we
show that the equivariance axiom of 0,5 comes “for free”. Let [(f, px)]~ € Ons(X), [(9, ¥y )]~
Ons(Y) and x € X. Then, for an arbitrary bijection o : U — X\{z} + Y and bijections
01: V1 — X and 09 : Vo = Y, such that o = 01|X\9C + a2]Y, we have

(
(
(
(f;

([(fsex)lx 0x [(9,0v)]x)7 = [(f 9px(a) 9,2 0 0)]
= [(f,ex001)]~ o () [(g9, ¢y 0 02)]~
= [(f, @X)]Uzl Ogl—l(ag) [(g, SDY)]ZQ

the key being that ¢z o o coincides with the bijection built from px o o1 and ¢y o os.
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[NON-SKELETAL = SKELETAL] Let now O : Bij’ — Set be a non-skeletal operad. The
functor underlying the corresponding skeletal operad O, : 3°P — Set is defined by

Os(n) =0(n) and O4(o) = O(0).
The composition operation o; : O4(n) x O5(m) — Os(n 4+ m — 1) is defined by:
foig=Jf7"0ig”,

where oy : {1,...,i} +{i+m,....,n+m—1} = [n]and oo : {i,i+1,...,i+m — 1} — [m] are
defined as follows:

o1(j) = {’7, ifjedl,. i and oo(k)=k—i+1.  (3.3)
j—m+1 ifje{i+m,....,n+m—1}

Therefore, O, : 33°P — 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 equivariance of O.
Here is the proof of [EQ1] of O,. Let f € O4(n), g € Os(m), 1 <i < n and let 7 : [m| — [m]
be a permutation. We then have

foign? = [T oi(g7)7

— fO'l 0; gTQOUz
_ fo‘l o; 9020(051072002)
f01 0; (902)02_1072002
(f710ig”)"

= (f i g)T)

where o1 : {1,...,i} +{i+m,...,n+m—1} = [n]and o9 : {i,i+ 1,...,i+m — 1} — [m] are
defined as above, 7 : [n +m — 1] — [n + m — 1] is defined as

T=id{1, i 1yi{itm,..nim—1} + (05 0 T2 003),
and the equality
fal 0; (902)02—107—2002 — (fal o; 902)7
holds by the equivariance of O.
We now prove [EQ2]. If 7 : [n] — [n] is a permutation, we have

[7oig = (f") i g™ = [P0 0y g™,

where o1 : {1,...,i}+{i+m,....n+m—1} > [n]and o9 : {i,i+1,...,i+m — 1} — [m] are
defined like before. On the other hand, we have

K2

forwg= " orw g%,

where k1 : {1,...,1())} + {1 (i) +m,....,n4+m—1} = [n] and ko : {71 (1), 1 () +1,...,71(¢) +
m — 1} — [m] are defined as

] if j 1,... ;
() =1 pac il no) and ws(k) = k— (i) + 1.
j—m+1 ifje{n@) +m,...,n+m—1}
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Let
m:{ii+1,. . i+m—1} = {n(),n@)+1,...,11(¢) + m— 1}
be a bijection defined as
To = R2_1 0 09.

We then have

f7'100'1 0; gog — fnlo(nl_lonool) o gHZOT2
(fraye omont o, (g2
= (™ ofetonom)@ 97)7
= (f"onwg™)
= (f 20 g)Ta

where 7: [n+m — 1] = [n+m — 1] is defined as

- (Hfl om0 0_1)’{1,...,71(i)—1}+{71(i)+m,...,n+m—1} + 7o,

and the equality
,10
(flil)nl Tea 04 (gnz)‘rz = (fifl O(nl_lo’rloal)(i) gﬁz)‘r
holds by the equivariance of O. Notice that, in the proofs of both equations, 7 is acting exactly
like specified by the equivariance of Os. This makes the equivariance established.

[THE ISOMORPHISM OF OPERADS O AND (Oys)s] The bijection ¢p,) between the sets O(n)
and (Ops)s(n) = Ops(n) is defined by

By f = [(f, d )]~
The remaining of the (skeletal) operad structure transfers via ¢y, as follows:

1

O (f7) = [(f7,id)|~ = [(f7°7 ", 0)l~ = [(f, 0)]~ = [(f, id)]Z = ¢py (F)°
and
Oy (f ©i g) = [f 01 g, id]~ = [(f,id)]~ 0i [(9 id)]~ = Vi) (f) 01 Y}y (9),

which shows that the natural transformation ¢ : O — (O,s)s, with components Vly), 1s indeed
an isomorphism of operads O and (Qps)s.

[THE ISOMORPHISM OF OPERADS O AND (Og)ns] The bijection 1x between the sets O(X)
and (Og)pns(X) is defined by

Ux : f e (P95 ox))s

where, assuming that |X| = n, ¢x : X — [n] is an arbitrary bijection. To see that ¢y is
well-defined, notice first that f¥x € O(n), i.e. that [(f“"?_fl,sox)]z is indeed an element of

(Os)ns(X) = {[(g,tpx)]%}g
= g
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and that, by (3.1), any other choice of ¢x would lead to the same equivalence class in the
definition of 1x. The remaining of the (non-skeletal) operad structure transfers via ¢x as
follows: for a bijection o : Y — X we have

) = (U el
= [(resemer o o)l
[fwx ,x 00)|~
[f@X 7§0X)]

(
(
(
(

and the composition transfers as

Ux(f)os¥x(g) = (£ 0x)lx 0 (677, v )=
= [f‘pxo x)gyu(pZ}

[(f‘PX )Ul O@X(x) (Q@Y )02 QOZ]
= [((f Ox g)goz ,@Z)}z
= wX(f Og g)a

where Z = X\{z} +Y, ¢z : X\{z} +Y — [n+ m — 1] is defined as in (3.2), and o :
{1,...;i}+{i+m,....n+m—1} - [n]and o2 : {i,i + 1,...,i+m — 1} — [m] are defined as
n (3.3). Notice that

05" = (px 0 o) M 4 (o7 0 09),
which establishes the equality

(FPX) 0 (@) (997 )72 = (f 00 9)%2

as an instance of the equivariance axiom of O. |

3.3 The good side of non-skeletality

We end this section with comments 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 (without
the action of the symmetric group, there is no such thing as 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 3 and Definition 5), 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 coher-
ence in the presence of symmetries in Section 2. 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 appropriate
way. This was essential for the first reduction made in §2.3. 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.
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EXAMPLE 6. 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, ¢(2) = 1 and ¢(3) = 3. Notice that there is a canonical

embedding
O(n) 2 h7 = [(h,T)]~ € Opns(n)

and consider the term (f oy g)?. Clearly, it is not possible to distribute o on f and g in O(3).
However, with the above embedding, we get

0B) 2 (fe29)” = [(fo2g,0)]x =I[(for2g,idy)Z € Ons(3).
In O,5(3), the distribution of o works as follows:
[(f 02 g, id3)]Z = ([(f, idg))l~ 02 [(9,7)]=)” = ([(f, id)]Z o2 [(9,7)]Z,
where

o 7:{2,3} — {1,2} is defined by 7(2) =1 and 7(3) = 2,

o1:4{2,2'} — {1,2} is defined by 01(2) =1 and 01(2") = 2,

oo :{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 oy in O,4(n), and
e the second equality holds by the equivariance of Oy;.
Therefore, if 03 = 7 0 09, we have [(f ©2 ¢9,0)]~ = [(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 §3.2, we prove
skeletal coherence in the presence of symmetries by reducing it to the non-skeletal one.

Conclusion and further study

An overview of the categorifications established in this paper is given in the table below.

CATEGORIFIED CYCLIC OPERADS

EXCHANGEABLE-OUTPUT EXCHANGEABLE
ENTRIES-ONLY

NON-SKELETAL SKELETAL
DEFINITIONS Definition 3 Definition 5 83.2
COHERENCE PROOF §2.6 Theorem 4 Theorem 5

Given the context in which operads and cyclic operads have emerged, the main idea for future
work is to exhibit categorified cyclic operads “in nature” and, in particular, to determine their
place in non-commutative geometry and algebraic topology. We believe that we can build
an example of a categorified cyclic operad based on (generalised) profunctors of [B73]. Also,
we presume that the rewriting techniques of §2.6 can be used in proving the Koszulness of
coloured (cyclic) operads, encoding (cyclic) operads, of [DV15], by exhibiting their Grobner
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bases. Naturally, we hope to use the categorification methods of this paper in order to categorify
other variations of cyclic operads, primarily non-symmetric cyclic operads of [CGR14] and [M16],
as well as modular operads of [M16]. Finally, in the spirit of pseudo-operads of [DS01], we hope
to establish a “pseudo” variant of the “monoid-like” definition of cyclic operads [O17, Definition

3.8).

References and Notes

[B67]

[B73]

[CGR14]

[CO16]

[DS01]

[DV15]

[DP15]

[GKY5]

[K05]
[LV12]
[ML98]

[MOS]
[M16]

IMSS02]

(017]

J. Bénabou, Introduction to bicategories, Lecture Notes in Mathematics 47, Springer,
pp. 1-77, 1967.

J. Bénabou, Les distributeurs, Université Catholique de Louvain, Institut de
Mathématique Pure et Appliquée, rapport 33, 1973.

E. Cheng, N. Gurski, E. Riehl, Cyclic multicategories, multivariable adjunctions and
mates, Journal of K-Theory, 13(2):337-396, 2014.

P. -L. Curien, J. Obradovié¢, A formal language for cyclic operads, arXiv:1602.07502,
2016.

B. Day , R. Street, Lax monoids, pseudo-operads and convolution, Contemporary
Mathematics, Vol. 318, p.75-96, 2003.

M. Dehling, B. Vallette, Symmetric homotopy theory for operads, arXiv:1503.02701,
2015.

K. Dosen, Z. Petri¢, Weak Cat-operads, Logical Methods in Computer Science, Vol.
11(1:10), 2015.

E. Getzler, M. Kapranov, Cyclic operads and cyclic homology, Geom., Top., and Phys.
for Raoul Bott, International Press, Cambridge, MA, 167-201, 1995.

G. M. Kelly, On the operads of J. P. May, Repr. Theory Appl. Categ., 13 1-13, 2005.
J. -L. Loday, B. Vallette, Algebraic operads, Springer, 2012.

S. Mac Lane. Categories for the Working Mathematician, Springer-Verlag, expanded
second edition, 1998.

M. Markl, Operads and PROPs, Elsevier, Handbook for Algebra, Vol. 5, 87-140, 2008.

M. Markl, Modular envelopes, OSFT and nonsymmetric (non-3) modular operads, J.
Noncommut. Geom. 10, 775-809, 2016.

M. Markl, S. Schnider, J. Stasheff, Operads in Algebra, Topology and Physics, Amer-
ican Mathematical Society, Providence, 2002.

J. Obradovié¢, Monoid-like definitions of cyclic operads, Theory and Applications of
Categories, Vol. 32, No. 12, pp. 396-436, 2017.

95


http://arxiv.org/abs/1602.07502
https://arxiv.org/abs/1503.02701

	Cyclic operads
	The entries-only definition
	The exchangeable-output definition

	Categorified entries-only cyclic operads
	The definition and properties
	``Parallel associativity'' in C

	Canonical diagrams and the coherence theorem
	The syntax FreeC
	The interpretation of FreeC in C
	The coherence theorem

	The first reduction: getting rid of symmetries
	The syntax FreeC
	The interpretation of FreeC in C
	An auxiliary typing system for the raw arrow terms of FreeC
	The first reduction
	The first reduction

	The second reduction: getting rid of the cyclicity
	Unrooted trees 
	A tree-wise representation of the terms of FreeC 
	``Rooting'' the syntax T+C
	The interpretation of rT+C in C
	The second reduction

	The third reduction: establishing skeletality
	The skeletal non-symmetric categorified operad OC
	``Skeletalisation'' of the syntax rT+C
	The interpretation of skrT+C in OC
	The third reduction

	The proof of the coherence theorem

	Categorified exchangeable-output cyclic operads
	The exchangeable-output non-skeletal categorified cyclic operads
	The exchangeable-output skeletal categorified cyclic operads
	The good side of non-skeletality


