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THE UNIVERSITY OF MELBOURNE

Abstract

School of Mathematics and Statistics

Faculty of Science

Doctor of Philosophy

by Chandan Singh
ORCID: 0009-0007-7057-800X

This thesis contributes to the study of genus zero Kashiwara—Vergne problem and
Grothendieck—Teichmiiller groups through operadic and topological lenses. First, we
use the theory of moperads, Swiss-Cheese-type operads, to reformulate the Alekseev-
Enriquez-Torossian construction of Kashiwara—Vergne solutions constructed from Drin-
feld associators. This provides explicit operadic formulas to generate genus zero Kashiwara—
Vergne solutions. More precisely, we define a correspondence between genus zero Kashiwara—
Vergne solutions and isomorphisms between the parenthesized braid moperad and the
parenthesized chord diagram moperad. Moreover, we show that this moperadic in-
terpretation naturally gives rise to a new free and transitive action of a cyclotomic
Grothendieck—Teichmiller group on genus zero KV solutions. Second, we provide a new
operadic model for tangles and characterize the prounipotent Grothendieck—Teichmiiller
groups with certain automorphisms of completed cyclic operads. As a consequence, we
provide a simple proof of the formality of the cyclic framed little disk operad. We es-
tablish the operadic action of the Grothendieck—Teichmiiller group on the category of

quantum tangles and chord diagrams with self-dual objects.
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Preface

The thesis is divided into two parts, with each part representing collaborative work with

other authors.

e Part I of the thesis is the article titled “Genus zero Kashiwara—Vergne solutions
from braids” written in collaboration with Zsuzsanna Dancso, Iva Halacheva, Guil-
laume Laplante-Anfossi and Marcy Robertson [DHLAT25]. The thesis author
contributed in the formulation of building a moperadic approach to the Kashiwara—
Vergne solutions and contributed (more than 50%) in writing and mathematical
content of Section 1, Section 3 and Section 4 of the article. This article is accessible

through “arXiv: 2507.16243” and has not yet been submitted for publication.

e Part II of the thesis is an article in preparation titled “Grothendieck-Teichmailler
group through cyclic ribbon operad and its action on tangles” written in collabora-
tion with Marcy Robertson. The thesis author contributed (more othan 50%) to
the proof of the main results and writing. The current part contains all unpublished
original results. At the time of final thesis submission, the authors decided to split
the article into in two. The first article appeared as “Grothendieck—Teichmiiller
Symmetries of Cyclic Operads and Tangles” joint with Marcy Robertson [RS25].
This article is accessible through “arXiv: 2511.05911” and submitted for publica-
tion. The second article titled “Cyclic Symmetries of Chord Diagrams” [Sin206],
accessible through “arXiv: 2604.04688”, is written independently by the thesis

author.

Each part is self-contained and corresponds to independent research papers. There
are minor notational inconsistencies between the parts. This choice ensures each part

remains internally coherent.
The author acknowledges the following key support during his enrolment at the Univer-
sity of Melbourne.

e The Australian Government Research Training Program (RTP) Scholarship.

e The Australian Research Council Future Fellowship FT210100256.

e The University of Melbourne’s Science Abroad Travelling Scholarship.
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Introduction

1.1 Motivation

The two parts of the thesis are studies of the Kashiwara-Vergne problem and Grothendieck-
Teichmiiller groups through a (m)operadic lens with an emphasis on their topological

aspects.

Operads provide a systematic study of mathematical operations with multiple inputs and
a single output. Operads originated in algebraic topology in the late 1960s, introduced by
Boardman and Vogt [BV73] to study homotopy-invariant structures, and independently
by J.P. May [May72] to characterize iterated loop spaces. These structures quickly
found broad applicability beyond their original topological context, becoming central to
algebra, category theory, and mathematical physics, see for reference [IKKSV95], [MSS02],
[Lei04], [Fre09], [LV12], [Frel7al], [Frel7b]. Informally, an operad P is a collection of
mathematical objects P = {P(n)},>0 that comes equipped with a composition map
o; : P(m) x P(n) — P(m + n — 1) that satisfies certain conditions of associativity and

equivariance.

Similarly, Moperads are an operad-like structure which encode both monoid-type and
module-type operations. The terminology was introduced by Willwacher [Will6] in
his study of unifying several approaches to study Kontsevich’s formality morphism.
Informally, given an operad P, a P-moperad P! is a sequence of objects P = {P1(n)},>0
that comes with a monoid product og : P!(m)x P!(n) — P!(m+n) and a right P-module
action o; : PY(m) x P(n) — P'(m+4n—1) that satisfies similar conditions of associativity

and equivariance as the operad.

The following two (m)operads play a significant role in the present work.



e The operad of little 2-disks Dy = {Da(n)}n>0, is a topological operad whose n-ary
operations Ds(n) consist of the space of all embeddings of k-disjoint disks into
a standard unit disk via translation and dialation. The operadic composition is
given by the composition of embeddings, visualised as the insertion of one disk into
another. If we modify the definition of D5 to also allow embeddings by rotation,
we call the resulting operad the operad of framed little disks FDy [Get94]. This
operad is central in string topology [C'V05], Goodwillie-Weiss Embedding Calcu-
lus [[LW23], recognition principle and Batalin-Vilkovisky (BV) algebras [SW03] to

name a few.

e The moperad of little 2-disks D} = {D3(n)}n>0 is a De-moperad, whose n-ary
operation D3(n) consists of all configurations of k-disjoint embedding of little disks
into a unit puncured disk such that the embeddings are compositions of translation
and dialation. The space Di(n) is homotopically equivalent to a cylinder with n
marked points. The monoid product in D3 is given by stacking of cylinders, and the
module action is similar to the operadic composition in Do, as the puncture remains
untouched. This moperad plays a key role in defining the rational models for
configuration spaces of points on surfaces [C1W19] and variations of this moperad

have been extensively used in the theory of Drinfeld’s associators [Cil.24].

The (m)operads Dy and D3 parameterize the configuration spaces Conf,(C) and Conf,, (C*)
of points in the plane C and in the punctured plane C*, respectively. By taking their in-
duced operadic structure on the fundamental groupoids of these topological (m)operads,
we get their groupoid models : the operad of parenthesized braids PaB and the moperad

of parenthesized braids PaB' in groupoids as in [Frel7a] and [CG20].

In [AKKNI17], Alekseev, Kawazumi, Kuno and Naef reformulated the Kashiwara—Vergne
(KV) problem in terms of the topology of free loop spaces on surfaces. Specifically, they
introduced a family of higher genus KV problems, defined as formality isomorphisms for
certain Lie bialgebras associated with the free loop spaces on compact, oriented surfaces
of genus g with n+ 1 boundary components. These formality isomorphisms are referred
to as KV solutions of type (g,n 4+ 1). In this framework, the classical KV problem
studied in [KV78, AET10, AT12] corresponds to the case (0, 3), which is associated with

the free loop space on the thrice-punctured sphere.

An important feature of this framework is that KV solutions of type (0,n + 1) can be
constructed inductively from solutions of type (0,3) via a gluing procedure that resem-
bles operadic composition. This observation was emphasized in both [AKKNI7] and
[AKIKN18], and suggests that the family of genus zero KV solutions admits a composi-

tion structure analogous to that of an operad. In Part I of the thesis, we examine this



construction in detail and a group-coloured non-symmetric operad of genus zero KV

solutions.

A Drinfeld associator is a group-like element of a formal non-commuting power series
K{(X,Y)) in two variables X,Y subject to satisfying some algebraic equations [Dri90].
The set of such associators, denoted by Assoc(K), is shown to be in bijection with the

set of object-fixing completed operad isomorphisms PaBgx — PaCDg [BN9S, Frel7al,
Assoc(K) = Iso* (PaBg — PaCDy).

The existence of the genus zero KV problem from [AT12] and its explicit solution con-

structed in [AET10] both relies on the existence of Drinfeld associators.

The approach to KV solutions through to configuration spaces was inspired by the con-
nection between KV solutions and Drinfeld associators. These associators, appearing
in the work of Drinfeld [Dri90], were constructed using Knizhnik—Zamolodchikov (KZ)
equations and encode the monodromy of flat connections on configuration spaces of
points in the complex plane that satisfy key equations called pentagon and hexagons.
The KV solutions (of type (0,3)) can be explicitly constructed from the Drinfeld asso-
ciators [AET10]. In the other way around, every KV solution gives a KV associator,
however, these are not the same: KV associators and Drinfeld associators live in dif-
ferent spaces. It is still unknown if the construction can be reversed, in other words, if

Drinfeld associators can be constructed from KV solutions [AT12].

Additionally, the (prounipotent) Grothendieck-Teichmiiller groups GT and GRT have
free and transitive actions on Assoc(K) from the left and right, respectively. GT and
GRT actions commute with each other; therefore, the triple (GT, Assoc(K), GRT) forms

a bitorser.

Work of Bar-Natan [BN98] established a one-to-one correspondence between Drinfeld
associators and homomorphic expansions (a type of universal knot invariant) of paren-
thesized braids. Building on this, Bar-Natan and Dancso introduced in [BND17] the
theory of welded tangled foams, a class of 4-dimensional knotted objects generalizing vir-
tual tangles. They identified the solutions to the KV problem with the homomorphism
expansions of welded tangled foams. Their work relied on a presentation of welded tan-
geld foams as a circuit algebra, which is a different type of operad-like structure called a
prop [DHR21]. This hinted at a potential operadic approach to the KV problem which
was pursued in [DHR23] and [DHR22].

Contributing to the broader goal of developing a topological and operadic framework
for the Kashiwara—Vergne (KV) problem, Part I of the thesis focuses on the role of the

braid group with a frozen strand Bl—the fundamental group of the configuration space



Conf, (C*) of n ordered points in the punctured complex plane. This group appeared in
the work of Alekseev, Enriquez, and Torossian [AET10], where it was used to express the
compatibility conditions between Drinfeld associators and the tangential automorphisms

underlying KV solutions.

The braid groups Bl admit a natural description as the morphism sets of the moperad
PaB', a module over the operad of parenthesized braids PaB. This (m)operadic view-
point allows us to reinterpret the equations defining KV solutions as arising from the
coherence relations in the moperad structure. In particular, it provides a starting point
for studying higher genus KV problems by constructing configuration space models and
moperadic structures that generalise PaB! to surfaces of arbitrary genus. This perspec-

tive forms the basis for the constructions and results developed throughout Part I.

Inspired by Grothendieck’s Esquisse d’un programme, Drinfeld introduced in [Dri90] a
profinite group now known as the Grothendieck—Teichmiiller group, designed to act on
a system of profinite braid groups in a way compatible with the operadic structure of
genus zero configuration spaces. This construction was motivated by Grothendieck’s
idea of studying the absolute Galois group Gal(Q/Q) via its actions on fundamental
groupoids of moduli spaces, and particularly through the so-called Teichmyiiller tower.
Drinfeld’s Grothendieck—Teichmiiller group GT encodes universal symmetries of these

towers, especially those arising in genus zero.

Following this foundational work, the Grothendieck—Teichmiiller group and its variants
have been studied extensively and now appear across many areas of mathematics. In
particular, GT acts on a range of algebraic and topological structures, including the
(profinite or prounipotent completions of) classical braid groups, the genus zero map-
ping class groups, and the fundamental groups of the projective line minus a finite set
of points. These actions extend in various ways to generalised braid groups and map-
ping class groups of higher-genus surfaces, as well as to combinatorial structures such
as Dessins d’Enfants. Moreover, GT appears in the representation theory of braided
and balanced tensor categories, and in constructions related to the universal Ptolemy—
Teichmiiller groupoid. For an overview of these developments and a survey of the broad

influence of GT theory, see [Sch97].

In the context of operads, a canonical example of a GT-action is its action on the operad
of parenthesized braids PaB, as described in [Frel7a]. This action extends to the operad
of parenthesized ribbon braids PaRB, as shown in [BdBHR19]. The operad PaRB serves
as a groupoid model for the framed little disk operad FD2, which is known to admit
a cyclic structure [Bud0g8]. While a complete proof of the cyclic structure on PaRB
has not yet appeared in the literature, Campos, Idrissi, and Willwacher provided a

partial description in [CIW19], and the existence of such a structure was anticipated



by Kontsevich in [Konl7]. Part II of this thesis arose from an effort to rigorously
establish a cyclic structure on PaRB and to explore its consequences. These include a
characterization of GT in terms of automorphisms of a cyclic operad and an operadic

description of its action on tangles using homotopy-theoretic methods.

1.2 Summary of Part I

Background: The Kashiwara-Vergne (KV) conjecture, formulated in 1978 by Kashi-
wara and Vergne, arose from efforts to better understand the Baker-Campbell-Hausdorff
(BCH) formula and its implications for the theory of invariant distributions on Lie groups
[KV78]. In particular, for a free lie algebra liea on two generators z; and x2, the BCH

formula is given by
beh (21, 22) 1= 21 + 22 + %[5517332] + %[3317 [x1, 22]] — %[372, [z1, 22]] + -,

where the Lie bracket is given by [z,y] = xy — yx. The series beh(z1,x2) is not always
convergent, it depends on the Lie algebra. The original question was about reformulating

the BCH formula as a pair of two convergent power series.

The KV conjecture remained open for several decades until it was formally resolved by
Alekseev and Meinrenken in [AMO6] using methods from Poisson geometry and defor-
mation quantization. Before [ANO0G], the conjecture had been solved for solvable Lie
algebras, sly, and quadratic Lie algebras by Alekseev and Meinrenken [[{V 78], Rouviere

[Roug1] and Vergne [Ver99], respectively.

The KV problem has several important consequences. First, the KV problem implies the
Duflo theorem, a fundamental result in representation theory, the isomorphism between
the center of the universal enveloping algebra Ug and the ring of invariant polynomials
(Sg)? for a finite-dimensional Lie algebra g [Duf77]. This implies a cohomology ring
isomorphism H(g,Ug) = H(g,Sg), an instrumental isomorphism that simplifies compu-
tational aspects of deformation quantization [Sho00, PT04]. Second, the KV problem
has a topological interpretation; in particular, it is an invariant of a four-dimensional
knotted object called welded foams in [BND17], and the Kashiwara-Vergne symmetry
groups KV and KRV are isomorphic to the automorphism group of completed circuit
algebras of welded foams and its associated graded space of arrow diagrams, respectively
[DHR23]. More recently, an algorithmic method to calculate the KV solution one de-
gree at a time was formulated in [DHLAR23], highlighting its deep connections with

Drinfeld’s associators and its computational aspects.



Main results: The KV conjecture [IKV78] was formulated by Alekseev and Torrosian

in terms of basis-conjugating automorphisms of free lie algebras in [AT12] as follows.

A solution to the Kashiwara-Vergne conjecture, hereafter a KV Solution, is a tangential

automorphism F' € TAuty such that
F(e™e™) = e"1te (KV 1)
and satisfies a non-commutative divergence condition

Jh(z) € K[[z]], J(F) = tr(h(xz1) + h(xz2) — h(z1 + x2)). (KV II)

Based on Drinfeld’s observation in [Dri90] that one can produce tangential derivations
of free lie algebras from the elements of the Lie algebra of infinitesimal braids, Alekseev,
Enriquez and Torossian in [AET10] provided explicit KV solutions constructed from

Drinfeld associators.

In Part I, we use an operadic gadget called a moperad, defined as a Swiss-Cheese type of
operad in [Will6]. It is equivalently defined as monoids in the category of right modules
over a given operad. The key contribution here is to observe the moperadic structures

in the Alekseev, Enriquez and Torossian construction [AET10].

There are four key moperads that play a fundamental role in this work:

e The moperad of parenthesized braids PaB! apeared in [CG20], can be seen as a
groupoid model for the configuration of points in a punctured plane. The moperad
PaB! is a specific operadic module over the operad of parenthesized braids PaB,
and it is a model of the braid group, B! = 7 (Conf(C*)). The maps out of PaB!

are universal among braided module categories.

e The moperad of shifted parenthesized braids PaB™ is a groupoid model for the
configuration of points in a plane. The moperad PaB™ is a specific operadic module
on PaB obtained by applying a shift functor, the functor that shifts the operadic

arity by positive one to induce the module structure.

e The moperad of chord diagrams CD™. It is seen as a module over the operad of
chord diagrams CD, which models the completed Drinfeld-Kohno Lie algebras as
its morphism set. The moperad CD* coincides with the moperad CD! that appears
in [CG20].



e The moperad of tangential automorphisms TAut!. This is a moperad in prounipo-
tent groupoids and is seen as a module over the operad of special automorphisms
SAut.

We first show that any isomorphism of the completed moperads (', ¢): PaBk =,
CD™ gives a KV solution. Reinterpreting the Alekseev-Enriquez-Torossian formula,
this result reveals the existence of two additional relations, called mized pentagon and
octagon deeply embedded in the construction of KV solutions from [AET10]. These
additional relations appear as a variant of the family of cyclotomomic symmetries, which
comes from the monodromy of flat connections on configuration space of points in a
punctured complex plane C*. In particular, these extra relations mirror the mixed
pentagon and octagon equations of a braided module category over a braided monoidal

category, see for example [Brol3].

In the reverse direction, it is not clear if a KV solution gives such a moperad isomorphism,
however, we showed the existence of a moperad isomorphism from a symmetric KV
solutions—a KV solutions equipped with natural involution. In particular, it turns out
that every symmetric KV solution gives an operad morphism ¢ : PaBx — SAut and a

moperad morphism (¢!, ¢) : PaBy — TAut!.

A KV associator is a special automorphism in G € TAuts that satisfies certain equations
called pentagon and hexagon in SAuty and SAuts respectively, which are reminiscent
of the pentagon and hexagon equations that define Drinfeld associators. The set of KV
associators is not empty, which follows from the existence of Drinfeld associators. These
two associators are closely related. Drinfeld associators evaluate in the Drinfeld-Kuhno
Lie algebra, whereas KV associators take values in certain automorphisms of (degree-
completed) free Lie algebras. It is still unknown whether all KV associators are Drinfeld

associators.

However, if the KV associator is a Drinfeld associator, then the moperad map ¢ :
PaBj; — TAut™ factors through CD". In this case, the known actions of the acyclo-
tomic Grothendieck-Teichmiiller group GT; and its graded version GRT; on the set of

Drinfeld associators are recovered (cf. [Dri90]).

Taking a module version of the classical Grothendieck-Teichmiiller group GT (and GRT)
one defines the group GT' (and GRT!) which satisfies all the defining relations of GT (and
GRT) together with a mized pentagon and octagon. The (prounipotent) Grothendieck-
Teichmiiller groups GT' and GRT! are identified with the groups

Aut™(PaBL) and Aut™(PaCDf)



of automorphisms of the completed moperad of parenthesized braids and chord diagrams
that act as identities on objects, respectively (e.g. [((:20]). The groups GT! and GRT!
are closely related to the cyclotomic variant of the Grothendieck—Teichmiiller groups
[Enr07]. It is already known from [AT12, AET10] that there are free and transitive
actions of the Kashiwara-Vergne symmetric groups KV and KRV from left and right
respectively, on the set SolKV of KV solutions that commute with each other, thus giving
a bitorser triple (KV, SolKV, KRV). Through the embeddings of acyclotomic groups GT;

into KV and GRT; into KV, one obtain the injection of bitorsors map

(GTy,Associ (K),GRT;) — (KV, SolKV, KRV).

Moreover, if the KV associators coincide with Drinfeld associators, then these actions
coincides with the actions coming from the triple (GTy,Assoc;(K), GRT;). Lifting of
these actions in the Grothendieck-Teichmiiller modules GT! and GRT!, we show that
the triple (GT}_;,Assoc!(K),GRT}_,) forms a bitorser, here Assoc!(K) is the set of
triples (u, f,g9) € K x exp(t3) x exp(t2), where the pair (u, f) satisfies deining relations
(the pentagon and hexagon equations) for Drinfeld associators and the pair g satisfies
two additional relations called mixed pentagon and octagon equations. The actions of
GT! and GRT! intertwine with the actions of KV(2) and KRV/(2).

1.3 Summary of Part II

Background: Grothendieck in his Esquisse d’un programme [Gro97] envisioned an
approach to understand the absolute Galois group of rationals Gal(Q/Q) through its
action on the tower of moduli spaces of algebraic curves known as the Teichmiiller
Tower T, ,. This is the tower of the étale fundamental groupoid of the moduli spaces
M., of genus g curves with n marked points. The hope was to characterize Gal(Q/Q)
with the group of automorphisms of the profinite tower T g,n- He suggested the existence
of a universal symmetric group which encodes the hidden symmetries of the Teichmiiller

tower and which contains or coincides with Gal(Q/Q).

Following [Gro97], Drinfeld in his celebrated paper [Dri90] formulated such a universal
symmetric group, now known as the Grothendieck-Teichmiiller group, in the study of
associators and deformations of certain Hopf algebras. These groups come in three
flavours: prounipotent GT, pro-£ GT, and profinite GT. Moreover, he indicated and
Thara [Iha94] constructed an injection p : Gal(Q/Q) — GT, and later the existence
of a morphism GT — Aut(Tp,,) such that Gal(Q/Q) —2— GT Aut(Ty ) was




established in [BFLT99]. It is still an open problem to show whether GT is isomorphic
to Gal(Q/Q).

Building on Drinfeld’s work on characterizing GT as a group automorphisms of prounipo-
tent braids, Bar-Natan and Fresse in [BNO8, Frel7a] identified GT and its graded version
GRT with the groups

Autt(PaBg) and Aut®(PaCDg)

of automorphisms of the completed operad of parenthesized braids and chord diagrams
which acts as identities on objects respectively. The first evidence of GT action on ribbon-
braid-like objects was presented by Lochak and Schneps in [L597], in particular GT action
on the elements of the automorphism group of universal Ptolemy- Teichmiiller groupoids,
closely related to the Richard Thompson’s group. The universal Ptolemy-Teichmiiller
groupoids are too large to be identified with GT. After two long decades, Boavida, Horel,
and Robertson in [BABHR19], GT was identified with the group Aut™ (m) based to
homotopy theoretic methods and similarly in the prounipotent case GT = Aut™(PaRBk).

Actions of the Grothendieck-Teichmiiller group have been studied in many seemingly
unrelated areas of mathematics such as quantized deformation theory for Lie bialgebras,
string topology, homological stability, and rational homotopy theory. Studying GT ac-
tions on mathematical objects of topological nature, for example, topological operads,
moduli spaces, TQFT’s, mapping class groups, braids, ribbon-braids, knots etc., are
crucial to understanding arithmatic symmetries in the forms of combinatorial and geo-
metric data, contributing directly to the central theme of Grothendieck’s Esquisse d’un

programme.

Main results: We show that the category of framed tangles can be described as the
metric prop of a cyclic operad of parenthesized ribbon braids. This operadic inter-
pretation allows us to explicitly describe an action of GT on the category of tangles.
Moreover, we show that this approach justifies the Galois actions discussed in Appendix
D of [K'T98].

More precisely, the operad of parenthesized ribbon braids PaRB, defined in [Wah01], is a
(cofibrant) groupoid model for the operad of framed little disks FD2. Following Campos-
Idrissi-Willwacher and Miiller-Woike ([CTW19], [MW22]), we provide an explicit proof
that PaRB is a cyclic operad. The cyclic operad PaRB“* provides an equivalent alter-
native description of the category of (parenthesized) tangles T” with self-dual objects.
Using the metric prop construction of [HV02], we obtain a tensor category. In particular,

we establish an isomorphism of prounipotent tensor categories

cyc —
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over any field K of characteristic 0. We show that the cyclic structure on PaRB is
preserved under the operad isomorphism PaRB — PaRB. This implies that the action
of the Grothendieck-Teichmiiller group on ribbon braids extends to its cyclic version, in
other words, we show that the prounipotent GT is isomorphic to the group of homotopy

automorphisms of the prounipotent completion of the cyclic operad PaRB%Y¢,
————cyc
GT = HoAut(PaRBy ).

This verifies Kontsevich’s suggestion on the cyclicity of the framed Kimura-Stasheff-
Voronov moduli space [[<on17, Section 2.4]. This theorem has several immediate conse-
quences. For example, we exploit the GT action to provide a new proof of the formality
of the cyclic framed little disks operad FD®¢ over rationals (e.g. [CIW19, Theorem 3.1],
[(:512]). The action of GT on Turaev’s category of tangles T is then immediate after

passing it through the metric prop of PaRB%¢,

The above result holds over the field Q; of f-adic completion of Q, for any prime /.
This implies an action of the absolute Galois group Gal(Q/Q) on the prounipotent
completion of the category of tangles '/I\‘@l that factors through GT(Qy) via Thara’s group
morphism Gal(Q/Q) — GT(Qy) from [Iha94]. The Galois action obtained via Thara’s
description can be shown to pass through our operadic machinery to the category of
tangles. Moreover, this action agrees with the action of the absolute Galois group

suggested by Kassel-Turaev in [KKT98, Appendix D].

Similarly to the cylic characterization of GT, we show that its graded version GRT is
isomorphic to the group Aut*(PaRCDg) using the cyclic structure of the Drinfeld-
Kuhno Lie algebra suggested in [CIW19, Wil24]. Drinfeld associators are universal
solutions to the associativity constraints of braided monoidal categories. They are
group-like elements of the (non-commuting) formal power series K((X,Y")) in two vari-
ables X,Y subject to satisfying some algebraic equations called pentagon and hexagons
[Dri90]. We establish a bijection between the set of Drinfeld associators and the set
Iso™ (PaRBE“ — PaRCDZ) of object-fixing isomorphisms of completed cyclic operads.

In summary, we show
GRT = Aut*(PaRCDg¥?), and Assoc(K) <+ Isot(PaRBY* — PaRCDg“).
As a consequence, the triple

(Aut*(PaRBE*), Iso" (PaRBY“ — PaRCDg“), Aut ™ (PaRCDZ))
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forms a bitorser with a left Aut™(PaRBg“) action and a right Aut™(PaRCDZ“) action.

Moreover, the above identifications give a bijection of bitorsers

(GT,Assoc(K), GRT) «» (Aut™(PaRBy“),Iso™ (PaRB“ — PaRCD“), Aut™ (PaRCD{Y")).

Inspired by [KK'T98], Furusho studied Galois actions on knots and tangles from a knot-
theoretic lens, in particular through his ABC construction, in [Furl7, Fur20], however,
this work builds an operadic machinery that gives an operadic approach of the Galois

actions on tangles.



Part 1

Genus zero Kashiwara—Vergne

solutions from braids



13
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AND CHANDAN SINGH

ABsTRrRACT. Using the language of moperads —monoids in the category of right modules over an operad—
we reinterpret the Alekseev—Enriquez—Torossian construction of Kashiwara—Vergne (KV) solutions from
associators. We show that any isomorphism between the moperad of parenthesized braids with a frozen
strand and the moperad of chord diagrams gives rise to a family of genus zero KV solutions operadically
generated by a single classical KV solution. We show that the Grothendieck—Teichmiiller module groups
act on the latter, intertwining the actions of the KV symmetry groups. In the other direction, we show that
any symmetric KV solution gives rise to a module map from parenthesized braids with a frozen strand to
tangential automorphisms of free Lie algebras. This map factors through the moperad of chord diagrams if
and only if the associated KV associator is a Drinfeld associator.

INTRODUCTION

The Kashiwara—Vergne (KV) equations were posed in [[{V 78] as part of an effort to use the combinatorial and
structural properties of the Baker—-Campbell-Hausdorff (BCH) formula to give an algebraic proof of the Duflo
isomorphism [Duf77]. Informally, a solution to the KV equations consists of a pair of Lie series satisfying
compatibility and divergence conditions that, if fulfilled, yield the desired algebraic framework; the KV
conjecture asserted that such solutions exist. A general solution to the equations was eventually constructed
by Alekseev and Meinrenken [AMO6], building on prior work by Torossian [Tor02] using configuration space
integrals defining Kontsevich’s formality morphism [Kon99, Kon03].

In [AT12], Alekseev and Torossian reformulated the KV equations in terms of tangential automorphisms,
which are automorphisms of the prounipotent group exp(lie,,) associated to the completed free Lie algebra
on n generators, lie,. Tangential automorphisms act by conjugating each free generator by — potentially
different — elements in exp(fie,) (Definition 3.2). Tangential automorphisms of lie,, form a group TAut,. In
this formulation, a solution to the KV equations is a tangential automorphism

F : exp(liez) — exp(liez)

satisfying two identities which rectify the failure of associativity and commutativity of the exponential map
at the Lie algebra level. Recall that the product of exponentials satisfies

P12 — ebfh($1;$2)’

where beh(z1, 20) 1= 24 +x2+%[:c1, x2]+1—12 [x1, [21, IQH*%[IQ, [x1, 22]]+- - - is the Baker-Campbell-Hausdorff
(BCH) series in lies. The first KV equation (SolKVI) requires the tangential automorphism F' € TAuts to
satisfy F(e*1e*?) = e*1**2, For more detail and the second KV equation (SolKVII) see Section 3.

The associativity property of the Baker—Campbell-Hausdorff series gives rise to coherence relations that
constrain how KV solutions behave under nested compositions. In [AT12], Alekseev and Torossian introduce
the class of K'V associators — tangential automorphisms G : exp(lies) — exp(lies) of the form

G = F1’23F2’3(F12’3F1’2)*1

which encode the behavior of a KV solution F' under nested applications of the BCH formula (Definition 3.33).
The KV associators satisfy a pentagon identity that reflects the associativity of repeated applications of the

ITH was supported by the National Science Foundation Grant No. DMS-2302664. GLA, MR and CS were supported by
the Australian Research Council Future Fellowship FT210100256. GLA was supported by the Andrew Sisson Fund, Novo
Nordisk Foundation grant NNF200C0066298, Villum Fonden Villum Investigator grant 37814, and Danish National Research
Foundation grant DNRF157. CS acknowledges the support of an Australian Government Research Training Program (RTP)
Scholarship.
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BCH formula, together with a pair of hexagon equations encoding symmetry under cyclic permutation of
inputs. These identities mirror those satisfied by Drinfeld associators (Definition 1.21). Indeed, Alekseev and
Torossian [AT12] showed that every Drinfeld associator gives rise to a KV solution and corresponding KV
associator. Later, Alekseev, Enriquez and Torossian [AET10] gave a now-famous explicit formula construct-
ing KV solutions from Drinfeld associators. It remains an open question — known as the Alekseev-Torossian
conjecture [AT12] — whether every KV associator arises from a Drinfeld associator.

Expansions. Both Drinfeld associators and Kashiwara—Vergne solutions correspond to specific kind of
topological invariants, called homomorphic expansions, for different knotted structures. Let us first give a
loose introduction to homomorphic expansions.

Homomorphic expansions are particularly useful when defined on a finitely presented algebraic structure 7T,
typically of topological nature, such as the pure braid group on n strands, or the operad of parenthesized
braids. We allow formal linear combinations over a field K of characteristic 0, and denote the resulting linear
extension by K7. The augmentation ideal KT 2 1 = {d> ¢;T; : ¢; € K,T; € T,> ¢; = 0} gives rise to a
decreasing filtration on K7, called the I-adic of pro-unipotent filtration:

Kr=1°>21'>r?o--.

We denote by A the degree completed associated graded structure with respect to this filtration:
A=122  1m/1m .

A homomorphic expansion is an isomorphism between the I-adic completion KT = Tk, and the associated
graded structure A (see Section 1.3). We note that in [BND17] a homomorphic expansion is defined to be a
filtered homomorphism Z : K7 — A with the property that the associated graded map of Z is the identity
on A. Such a map induces a uniue isomorphism on the I-adic completion.

The expansion problem for T is the problem of finding a homomorphic expansion for K7. The papers
[AKKNI18a, AKKN20] refer to expansion problems as formality problems, as homomorphic expansions are
related to, although weaker than formality isomorphisms in rational homotopy theory. Expansion problems
are often difficult, and homomorphic expansions do not always exist. For a finitely presented structure 7T,
the search for a homomorphic expansion comes down to solving a finite set of equations in 4, in order
to determine the Z-values of the generators of 7. Often, these equations turn out to be independently
interesting.

The prototype for a topological expansion problem is the expansion problem for the operad of parenthesized
braids. The set of homomorphic expansions

{g&: PaBx > PaCD}

between the completed operad of parenthesized braids PaBg, and its associated graded operad, the operad of
parenthesized chord diagrams PaCD, is in one-to-one correspondence with Drinfeld associators [BNIg, Frel7,
CRiL25]. Drinfeld associators (Definition 1.21) are solutions of the pentagon and hexagon equations in the
exponentiated Drinfeld-Kohno Lie algebras [BNO8, Frel7, Tam03, CRiL25], and they are of independent
interest in quantum algebra as they encode the coherence conditions for braided monoidal categories.

Solutions to the Kashiwara—Vergne equations also correspond to homomorphic expansions of multiple topo-
logical objects: a class of knotted surfaces in four-dimensions called welded foams [BND17], and the Goldman—
Turaev Lie bialgebra of loops in a punctured disc [AKIKN18b|. However, the key construction of KV solutions
from Drinfeld associators [AET10] is not phrased in the language of expansions. In fact, it is an interesting
question whether it constructs a homomorphic expansion, and if so, for what structure. The motivating goal
of this paper is to answer this question by uncovering the relevant structure — the moperad of braids with
a frozen strand — and reinterpreting the Alekseev—Enriquez—Torossian construction as a construction of a
homomorphic expansion for this structure.

Main results. The Alekseev—Enriquez—Torossian construction builds on the correspondence between Drin-
feld associators and operad homomorphic expansions ¢: PaBg — CD, showing that the local behavior of
such a homomorphic expansion ¢ on a family of elementary morphisms in PaBg can be used to produce a
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tangential automorphism F,,, which satisfies the KV equations. We revisit this construction and show that
it amounts to extending ¢ to a homomorphic expansion for the moperad of parenthesized braids with a frozen
strand, PaB' (Definition 2.16).

Moperads, which are monoids in the category of right modules over an operad (Definition 2.4), extend
the classical operadic framework by allowing for compositions with one distinguished input [Will6, CG20,
CIW24]). The moperad PaB' consists of groupoids PaB'(n) which model the fundamental groupoids of
ordered configuration spaces of n points in the punctured plane. Topologically, these configurations can be
pictured as lying in a cylinder, where the puncture is a marked boundary component. The two defining
operations on PaB! reflect this geometry :

(1) a monoid structure given by composition along the frozen strand, corresponding to gluing the un-
marked boundary of a cylinder into the marked boundary of the other;

(2) a right PaB-module structure encoding the operadic composition of configurations away from the
puncture, analogous to the classical structure encoded by the little discs operad.

A homomorphic expansion for Pa B]%g is a pair (¢!, ), where ¢ is a homomorphic expansion identifying the
operad PaBg with CD, and ¢! is a @-equivariant equivalence ! : PaB]%g — CD™.

It was shown by Calaque and Gonzalez [C(G20, Theorem 3.4] that the moperad PaB! admits an explicit
finite presentation. Therefore, homomorphic expansions for PaB]I1< are determined by their values on the
generators. It turns out that homomorphic expansions of PaB]Il( are in bijection with tuples (u, f,g) €
K x exp(t3) x exp(t]), where t,, denotes the Drinfeld-Kohno Lie algebra and the superscript + denotes a
shift, i.e. t = t,,1. The values an expansion takes on the generators of PaB! must satisfy the equations
arising from the relations in the presentation of PaB': the pentagon and hexagon equations of the operad
PaB ensure that the pair (p, f) is a Drinfeld associator (Theorem 1.23), and the additional mized pentagon,
right pentagon and octagon equations which arise in the moperad structure of PaB! for the pair (f,9)
(Theorem 2.17, Theorem 2.23).

Building on this characterisation, we show that any operad homomorphic expansion ¢ : PaB — CD has
a one-parameter family of extensions to a moperad homomorphic expansion (¢!, ). We re-interpret the
Alekseev-Enriquez—Torossian construction to show that such an extension (!, ¢) (with coupling constant 1)
always restricts to a tangential automorphism Fy 1 : exp(lie,) — exp(lie,), which satisfies the KV equations
and is symmetric, that is, invariant under the Alekseev—Torossian involution [AT12]:

Theorem (Theorem 4.11). Any moperad homomorphic expansion (o', ¢) : PaBy — CDV with p = 1
restricts to a tangential automorphism Fi on the free group F» C PaB'((0(12)),(0(12))), and F,i is a
symmetric KV solution.

There is a natural shift functor (=) which produces a moperad morphism from any operad morphism
(Example 2.5). Applying this finctor to the homomorphic expansion corresponding to a Drinfeld associator
¢ : PaBg — CD, one obtains a homomorphic expansion of moperads ¢ : PaB% — CD*. Precomposing ¢
with the natural inclusion PaB]}g — Pang7 one recovers the Alekseev—Enriquez—Torossian formula [AET10,
Theorem 4] for F,i. This highlights that incorporating the defining relations of PaB' as a PaB-moperad,
the KV equations arise from the pentagon and hexagon equations as a natural consequence of extending an
operad map to a moperad map.

The set of KV solutions admits commuting left and right actions of the Kashiwara—Vergne groups KV
and KRV analogous to the commuting left and right actions of the Grothendieck—Teichmiiller groups GT
and GRT on the set of Drinfeld associators [Dri90]. It was shown in [AET10] that the Alekseev—Enriquez—
Torossian construction intertwines these actions, in other words, constructs a map of torsors between Drinfeld
associators and KV solutions. Indeed, the groups GT; and GRT; embed as subgroups into the KV symmetry
groups KV and KRV, respectively. Moreover, when a KV solution Fg arises from an associator @, the actions
of KV and KRV on Fg coincide with the actions of GT; and GRT; on @ (JAT12, Proposition 9.13], [AET10,
Theorem 9]).
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In [CG20], Calaque and Gonzalez showed that the group of object-fixing automorphisms of the moperad Pa Bﬂl<

is isomorphic to a cyclotomic variant of the Grothendieck—Teichmiiller group, Enriquez’s Grothendieck—Teichmiiller
module group denoted GTM. This group was introduced in the context of braided module categories [Enr(7],
which are module categories over braided monoidal categories ([Enr07], [BZBJ18], [Kol20]). It governs de-
formation symmetries of these module categories, analogous to how the Grothendieck—Teichmiiller group GT
governs deformations of braided monoidal categories themselves.

In Section 4.1 we show that suitable local data extracted from an automorphism of Pa BH1< yields an element
of the symmetry group KV. Concretely, this gives an injective group homomorphism

GTMy_; — KV,

where GTM _; is the subgroup of GTM with twist parameter A = 1. In other words, the Grothendieck—Teichmiiller
module group GTM)—-; acts as a group of KV symmetries. One can similarly define a right action of the
graded version of the Grothendieck—Teichmiiller module group GRTMjy—; on KV solutions. In Section 4.1

we conclude the following.

Theorem (Theorems 4.19 and 4.21). Let GTMy=1 and GRTM 1 denote the subgroups of GTM and GRTM
with A = 1. Then the assignment of a KV solution F,1 to a moperad isomorphism (o) : PaBH1( — CD*
with p = 1 intertwines the commuting left and right actions of GTMyx=1 and GRTMjy=1 with the left and
right actions of the KV symmetry groups KV and KRV.

In contrast to the case of Drinfeld associators, there are intrinsic obstacles to formulating an operadic
theory of KV solutions. Nonetheless, there exist descriptions of KV-solutions as homomorphic expansions.
In [BND17, DHR23] KV solutions are characterised as homomorphic expansions of a circuit algebra or wheeled
prop [DHR21]. However, the underlying algebraic structures present fundamental limitations. In particular,
while tangential automorphisms F' € TAut(n) of exp(lie,) assemble into an operad in the category of sets
(Proposition 3.12), the partial compositions are not group homomorphisms. Nevertheless, this minimal
operadic structure on the collection of groups TAut(n) is sufficient to obtain a family of generalized KV
solutions of type (0,n + 1), or genus zero KV solutions, as introduced in [AKINI18b]. This extension also
provides another expansion description of KV solutions — up to some technical details — as homomorphic
expansions of the Goldman-Turaev Lie bialgebras on genus zero surfaces.

The genus zero extension of the classical KV problem allows operations involving multiple inputs. In par-
ticular, a genus zero KV solution is a tangential automorphism F': exp(lie,) — exp(lie,) satisfying the
condition

F(e™ ... en) = et ton

as well as a generalized second KV equation. In [AKIKN18a|, Alekseev, Kawazumi, Kuno, and Naef construct
such higher-arity solutions by inductively “gluing together” classical KV solutions. We use their construction
to define a non-symmetric, group-coloured operad SolKV of genus zero KV solutions, coloured by Duflo
functions (Theorem 3.38). Then, given a homomorphic expansion (', ¢) of the moperad PaBg, we identify
a family of tangential automorphisms {Fj,,}, indexed by parenthesizations w of the identity permutation
12---n. This coincides with the suboperad of SolKV generated by the binary solution Fi,1 (Theorem 4.14).
As a result we obtain explicit formulas for genus zero KV solutions of all arities arising from a Drinfeld
associator.

A class of better behaved automorphisms of the free group are the special automorphisms: those tangential
automorphisms of exp(lie,) which act trivially on the abelianization. Special automorphisms in particular
form an operad in the category of pro-unipotent groups: that is, the restrictions of the partial compositions
from TAut are group homomorphisms on SAut.

A source of special automorphisms comes from Kohno’s homomorphic expansion

o

IS\Bn — exp(ty)

which identifies the prounipotent completion of the pure braid group with the prounipotent group corre-
sponding to the Drinfeld-Kohno Lie algebra t,, of infinitesimal braids ([Koh85]). The semi-direct product
decomposition of the pure braid group PB,, & F,_1 x PB,,_1 induces, after completion, an action of PB,,_1
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on the prounipotent free group Fn_l = exp(lie,—1). This action defines an injective group homomorphism
exp(tn,—1) < SAut,_1, as in [AET10, Section 4], [AT12, Proposition 3.11].

In Section 3.2, we define two SAut-moperads in pro-unipotent groups, TAut' and SAut!, for tangential and
special automorphisms, respectively. The moperad SAut! arises as a natural target for the embedding of
the Drinfeld-Kohno operad in SAut (see Lemma 3.22). The moperad TAut! realises the strongest natural
operadic structure on tangential automorphisms.

Finally, we study symmetric KV solutions, which are KV solutions invariant under the Alekseev—Torossian
involution (Definition 3.42), and which are most closely related to Drinfeld associators. Each symmetric KV
solution has a corresponding KV associator, which satisfies the pentagon and hexagon equations in SAuts.
If a symmetric KV solution arises from a Drinfeld associator, the corresponding KV associator lies in the
image of the canonical inclusion exp(t3) < SAuts, and thus recovers the original Drinfeld associator. In
Section 5, we show the following.

Theorem (Theorem 5.6 and Corollary 5.7). Every symmetric KV solution F defines a map of SAut-modules
(¢k, or) : PaBi — TAut™ .

which factors through an equivalence PaBy — CD™ if and only if the KV associator G = F1,23 F2:3(F12:3 p1,2)-1
is in the image of exp(ts).
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Plan of the paper. The structure of the paper is as follows. Section 1 reviews the well known example
of Drinfeld associators realized as homomorphic expansions for the operad of parenthesized braids, and
the Grothendieck—Teichmuller groups as symmetries of these homomorphic expansions. Section 2 introduces
moperads, the moperad structure of parenthesized braids with a frozen strand, and the expansion problem for
this structure. Section 3 introduces genus zero Kashiwara—Vergne solutions and the associated Lie algebras
and pro-unipotent groups from an operadic perspective. In Section 4, we present the main construction of KV
solutions from Drinfeld associators through the lens of moperad expansions. We establish the compatibility
of these KV solutions with the actions of the Grothendieck-—Teichmiiller groups. Section 5 constructs module
maps on PaB]}( from KV associators, and shows that when a KV associator is in the image of exp(t3), the
corresponding module map factors through a moperad isomorphism PaBﬂk — CD™. Finally, two appendices
provide supplementary background and technical details on operadic composition of tangential and special
derivations, and cohomological computations.
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1. OPERAD EXPANSIONS: THE OPERAD OF PARENTHESISED BRAIDS AND DRINFELD ASSOCIATORS

In this section we review the correspondence between Drinfeld associators and homomorphic expansions for
the operad of parenthesised braids. In order to do so, we recall the necessary definitions of operads, the
operad of parethesised braids, completions, chord diagrams, and associators. While much of this material
is known in the literature, this section serves the dual purpose of setting the conceptual framework for the
later sections of new content.

1.1. Operads. Let (C,®,I) be a cocomplete closed symmetric monoidal category such that the monoidal
product ® commutes with small colimits in each variable. The examples of such categories used in this paper
are the categories of Lie algebras, vector spaces, Hopf algebras, (pro-unipotent) groups and groupoids, and
sets.

Let X, := Aut(n) denote the symmetric group on the set n := {1,...,n}. Given two permutations o € ¥,,
and 7 € ¥, and 1 < i < m, one can insert T into the entry of o labeled ¢ (in one-line notation), and shift all
the larger entries appropriately to maintain bijectivity. This defines a new permutation o o; 7 € ¥4 p—1.
In formulas:

o(k) if 1 <k<o (i), o(k) <i,
olk)+n—1 if 1 <k<o (i), o(k) > i,
(1.1)  (ooim)(k) =< 7(k—0c" @)+ 1)+ (i—1) ifo (i) <k<o  (i)+n—1,
olk—n+1) ifo ! +n<k<m+n—1,0k-n+1)<i,
olk—n+1)4n-1 ifot(i)+n<k<m+n—1,0k—-—n+1)>i.
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A sequence in symmetric monoidal category C is an N-graded collection of objects in
P =(P(0),P(1),...,P(n),...).

A symmetric sequence in C is a sequence P = {P(n) },>0 in which each entry is equipped with a right action
of the symmetric group

P(n) ® 8, — P(n).
Definition 1.1. A (symmetric) operad P in C = (C,®,I) consists of a (symmetric) sequence P =
{P(n)}n>0, along with:
— A distinguished unit map id : I — P(1);
— A family of a partial composition maps

0, 1 P(n)@P(m) — Pn+m—1), 1 <i<n.

These partial composition operations are required to satisfy
(i) unitality: po,id =idojp=p for all € P(n) ,
(ii) associativity: For all A € P({), u € P(m), and v € P(n), we have
(Ao V) ojqpprp, Hf1<i<j—1,
(Aojp)ojv=q Ao (poj_jp1v), fj<i<j+m-—1,
Aojemyrv)ojp, fj+m<i<l+m-—1

(iii) and, if P is symmetric, equivariance : pu” o, -1(;)v" = (po;v)?°7 for all u € P(m), v € P(n), o € Xy,
and 7 € ¥, .

In order to define the operadic composition on KV-solutions we require a group-coloured refinement of the
usual notion of operad: operations now come equipped with input and output types, and composition is
defined only when these types coincide. Let € be a small groupoid (or group, or finite set), whose objects we
refer to as colours. A €-colored sequence in a monoidal category C is a collection of objects in C, indexed
by finite lists of colours (c1,...,cp;co) in €:

P = {P(Clv c 5 Cpy CO)}(cl,...,cn;co)EOb(Q)"‘H'
If € is a groupoid containing non-trivial isomorphisms, we require contravariant functoriality in each input
color and covariant functoriality in the output color. That is, for morphisms f; : ¢; = ¢; and g : ¢g — ¢ in

¢, there are structure maps
/ / /
P(Cl,...,cn;CO)—)'P(Ch___ C .CO)ﬂ

sy bns
functorial in each variable. In the case where € is a set, these functorialities are trivial. A €-colored symmetric
sequence in C is a sequence P equipped, for each n > 0, with a right action of the symmetric group %,

P(Cl, .. .,Cn;CQ) X Yy — P(Cg(l), .. -aca(n);CO)-

Definition 1.2. A (symmetric) €-colored operad P in C = (C,®,I) consists of a €-colored (symmetric)
sequence P = {P(cq,...,cn;c0)}, along with:

— For each ¢ € Ob(€), a unit map id. : I — P(c;¢);
— A family of a partial composition maps
Oi:P(Clw"acn;co)®P(d17~~~adm;ci) *},P(Cl:"wciflvdlv'"7dmaci+17~“7cn;00)v 1 Slgna

which satisfy to €-coloured versions of the unitality, associativity and, if relevant, equivariance axioms in
Definition 1.1 (cf. [BMO07, Definition 1.1], [Pet13, Section 3])

Remark 1.3. In the case where the groupoid € has a single object and no non-identity morphisms (i.e.,
¢ = {x}), a €-colored (symmetric) operad reduces to an ordinary (symmetric) operad.
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A morphism ¢ : P — Q of €-colored (symmetric) operads in C is a morphism of €-colored (symmetric)
sequences in C which preserves all unit and composition maps.

Example 1.4. Let G be a group, viewed as a groupoid with one object. Define a non-symmetric G-colored
operad P in Set as follows. For a tuple (g1,...,0gn;g0) in G*H1, let

{*}, if g1+ gn = 9o,
P(giy--s9n; =
(91 gni 90) {@, otherwise.

Composition is defined by substitution: if u € P(g1,...,9n;90) and v € P(hy, ..., hm;g:), then po; v is
defined and equal to the unique element of

P(g1s---sGi—1,P1, s hms Gig1s -5 Gni 90),

provided hi ---hy, = g;. Unit elements are given by idy, € P(g;g) for all ¢ € G. This operad has no
symmetric group actions, and is thus a non-symmetric operad colored by the group G.

1.2. The operad of parenthesised braids. In this section we recall the braid groups and their associ-
ated operadic structures. In the group setting we employ group-multiplication conventions—drawing braids
bottom-to-top and writing braid words left-to-right. Upon passing to groupoids we instead use function-
composition notation, with composition applied right-to-left; see Remark 1.6.

The braid group on n strands, denoted B,,, is the fundamental group of the space of unordered configurations
of n points in the complex plane. Braids are usually drawn three-dimensional, with the vertical dimension
representing the parametrization of the loop, as shown in Figure 1. The braid group has a useful finite
presentation, known as the Artin presentation:

B, = (B1,...,0n=1| BiBj = BB when |i — j| > 2; B;Bi+18; = Bix18iBit1) -

/

1 2 3 1 2 3
\ B B2
1 2 3
B1papi

FIGURE 1. A braid in B, and the generators of Bs. The braid on the left is drawn bottom
to top, and in terms of generators can be written as Blﬁgﬁfl.

For n > 1, let Q(n) denote the set of fully parenthesised permutations of the set {1,...,n}. For example,
(1(32)) and ((12)3) are elements of €(3). Alternatively, the set ©(n) is in bijection with the set of planar
binary rooted trees whose leaves are labeled with the set {1,...,n}, see Figure 2 and [Frel7, Chapter 6.1.2].

For each n > 1, there is a natural action of the symmetric group 3, on Q(n) given by the multiplication of
permutations under the natural map

u: Qn) = 3,
which forgets parentheses. For instance, u((53)((42)1)) = (53421) — keeping in mind that permutations
are written in one-line notation and the parentheses denote parenthetisations, not cycles. The symmetric
sequence Q = {Q(n)},>1 forms an operad in the category of sets with operadic composition

Q(n) x Q(m) —= Q(n+m —1)
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@@ 6 2 6@ 6 49)

FIGURE 2. A parenthesised permutation represented by a planar binary rooted tree with
labeled leaves.

given by inserting a parenthesised permutation w’ € Q(m) into the entry labeled ¢ in a parenthesised
permutation w € (n). At the level of permutations insertion is defined as in (1.1), and the parenthetisation
of w’ is declared innermost. For example, we have (1(32)) o3 (21) = (1((43)2)). See [Frel7, Chapter 6.1] for
more details.

Definition 1.5. The operad of parenthesised braids, an operad in groupoids denoted PaB, is defined as
follows. Let PaB(0) := {x} be the trivial groupoid. For each n > 1, the groupoid PaB(n) has objects
Ob(PaB(n)) := Q(n) and morphisms 3 € Homp,g(,) (w1, w2) given by elements of the braid group B,, whose
underlying permutation is w(ws) 'u(w;). See Figure 3 for an example. The composition in the groupoid
PaB(n) is given by the multiplication in the group B,,.

The symmetric group ¥, acts on each groupoid PaB(n) via composition of permutations. The resulting
symmetric sequence PaB = {PaB(n)},>¢ forms an operad in groupoids where the composition functors

PaB(m) x PaB(n) —— PaB(m +n — 1)

are defined at the level of objects by the operadic composition of parenthesised permutations. The compo-
sition of morphisms is defined by inserting a parenthesised braid on n strands into the strand labeled i of a
parenthesised braid on m strands, as shown in Figure 4. See [Frel7, Chapter 6] or [CRiL25] for more details.

G 1
@,

& Hormpag(a)((12)3, 2(31))

P

a2 3
FIGURE 3. An example of a parenthesised braid.

Remark 1.6. A note on conventions: although composition in the groupoid PaB is defined via group multi-
plication, we follow the convention of writing compositions using function notation, from right to left. That
is, given composable morphisms (braids) 5, and B2 in PaB, their composition 33 o 81 denotes “first apply 1,
then apply (2,” and in a diagram this would be drawn with 3; at the bottom and (35 at the top. In the group
notation of the braid group the same composition would be written 8;85. This reversal of order is standard
in categorical settings. Thus, technically, the automorphism group of a given object w € Q,, is PBZP.

The operad PaB admits a finite presentation with generators R = R"? € Hompag(2)((12), (21)) and ® =
23 € Homp,p(3)((12)3,1(23)) shown in Figure 5. In other words, every morphism in the groupoid PaB(n)
can be written as operadic and categorical compositions of the generating braid R':2, the associativity
isomorphism ®2:3, identity morphisms, and the permutations and inverses of these morphisms. Note that
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2 B D 1 4 @21)

> [/
/_//

|
v

@2 3) 4

N
N

a 2 3

OO

FIGURE 4. The operadic composition of parenthesised braids.

2 1 ¢! 2 3)

1 2 @ 2 3)
R],Z @1,2,3

F1GURE 5. The generating morphisms of the operad PaB.

RY? is the generating braid 3; € By, viewed as a morphism in the groupoid PaB(2), and ®!2:3 is the identity
braid viewed as a (non-identity) morphism ((12)3) — (1(23)).

Remark 1.7. Throughout, we use cosimplicial notation for the morphisms in PaB, to align with key sources
and to help with the bookkeeping of permutations. In this notation, the superscript shows the indices of
the strands on at the origin (domain) of a braid, omitting identity strands. In figures this means that the
strands are numbered at the bottom, as shown in Figure 6. For example, the notation R!? indicates, in
particular, that R'? is a morphism that starts from the parenthesised permutation (12); whereas R%! starts
from (21), and R*?® = id(19) 02 R starts from 1(23). Double indices indicate doubled strands, for example,
RY# = R'“2 0, id(y3), as in Figure 6. Including () in the superscript, such as ®%!? denotes a composition
with the trivial object * € PaB(0), namely (®!230y x). This has the effect of deleting a strand in the relevant
braid. For more detail see the discussion of the unitary extension of PaB in [Frel7, Chapter 6].

NS A

XA

1 (23) 1 (23) 4
Rl,23 R23,4

FIGURE 6. Examples of cosimplicial notation.
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Now we are ready to state the finite presentation, or coherence, theorem for PaB:

Theorem 1.8 ([Frel7, Theorem 6.2.4]). The parenthesised braids operad PaB is generated by the object (12) €
PaB(2) and the morphisms R := R%? € PaB(2) and ® := ®1%3 € PaB(3), subject to the following relations:

(U) 012 = 9102 = 9120 = id; , in Homp,po) (12,12) ,

(P) BL2:34p12.34 _ $2345123.451.23 iy Homp,p(4) (((12)3)4,1(2(34))),
(H1) RMBO2LIRN? = @231 RL2$L23 in Homp,gs) ((12)3,2(31)),

(HQ) Rl 3(@1 ,3, 2) 1R2 3 ((I>3 1, 2) 1R12,3(¢)1,2,3)71 in HomPaB(B) (1(23) (31) )

1.3. Completion and homomorphic expansions. Let K be a field containing Q. The prounipotent
completion of a discrete group G, denoted Gg, is the universal prounipotent group over K equipped with a
homomorphism from G. The construction of Gk proceeds via the group algebra K[G], which naturally carries
the structure of a cocommutative Hopf algebra. Let I C K[G] denote the augmentation ideal, that is, the
kernel of the counit € : K[G] — K given by e(g) = 1 for g € G. The I-adic completion of K[G] is defined as
the inverse limit

K[G)} := lim K[G]/I".

The prounipotent completion of G is then the prounipotent group of group-like elements in the completed
Hopf algebra K[G]}:

Gk :={g € K[G]} | A(g) =g @y, €e(g) =1}.

Every prounipotent group has an associated Lie algebra, in this case the lie algebra of primitive elements in
K[G]7:
g :=Prim(K[G]}) = {z € K[G]} | A(z) =2 ® 1+ 1®x, e(x) = 0}.

Since K[G]?} is complete and cocommutative, the exponential and logarithm series converge, giving mutually
inverse bijections between group-like and primitive elements. Thus, every g € Gk can be uniquely written
as an exponential g = e” for some x € g.

Remark 1.9. There is an alternative, equivalent, way to define the Lie algebra over K associated to a group
G, via limits of lower central series quotients G/I',,(G). The lower central series of G is defined inductively by
I'1(G) := G and I',,41(G) := [[',(G), G]. Each quotient I',,(G)/T',,+1(G) is abelian, and the associated graded
object
grr(G) == P Tn(6)/Tn11(6)
n>1

inherits a Lie bracket induced by the group commutator. If the group G is formal, one can identify this Lie
algebra with the Lie algebra g = Prim(K[G]}).

Ezample 1.10. Let F,, denote the free group on n generators. Its lower central series quotients I'y (F,,) /Tx41(Fy)
are torsion-free, and the associated graded Lie algebra

grr(Fn) = @Fk n)/Trt1(Fn)

k>1

is canonically isomorphic to the free Lie algebra lie,, on n generators, where all generators are of degree
one. The prounipotent completion (F,,)x is naturally isomorphic to the prounipotent group associated to
the degree-completed free Lie algebra:

(Fn)x & eXp(I/i\en).
Here, we have used the degree completion of lie,, [/i\en, so that the exponential map provides a bijection
between [ie, and the group-like elements of the completed Hopf algebra K[F,]}. See, for example [Frel7,
Proposition 8.4.1] for further details.
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1.3.1. Associated graded of a group. Given a filtered algebra
A=Fg2F 22D,

the associated graded algebra is defined as

gr A = H F./Fni1,

n=0

with multiplication is defined by the Cauchy formula.

The powers I™ of the augmentation ideal define a complete decreasing filtration on K[G], and the completed
associated graded algebra is
gr (K[G]) := H I/
n>0
with multiplication induced by the Cauchy product formula. This is a graded cocommutative Hopf algebra
and we write G ( gr K[G]) for the associated group of group-like elements.

Definition 1.11. A homomorphic expansion for a group G is a filtered Hopf algebra isomorphism
Z: K[G]} — gr K[G],
or equivalently an isomorphism of prounipotent groups

Z: Gg = G(grK[G)).

Informally, the existence of a homomorphic expansion means that the prounipotent completion of G is
completely determined by the associated graded structure coming from the augmentation filtration.

Ezrample 1.12. In Example 1.10 we described a bijection between [/i}n and the group-like elements of the
completed Hopf algebra K[F,]7?. The graded Hopf algebra

gr; K[F,] = @ 1*/1*
k>0
is naturally isomorphic to the universal enveloping algebra of the graded Lie algebra arising from the lower
central series:
gr K[Fn] = Ulgrp(Fn) @ K).

Under this isomorphism, the degree 1 part I/I? is identified with the abelianisation F,/T's(F,), and the
Lie bracket induced from commutators in F,, matches the bracket in grp(F,). In particular, the group-like
elements of gr; K[F,] are identified with the elements of the completed free Lie algebra via the exponential
series. Combining this with the description of the prounipotent completion leads to an isomorphism

(Fu)x — G(gr, K[F]),

showing that free groups admit homomorphic expansions in the sense of Definition 1.11.

1.3.2. Prounipotent completion of groupoids and operads. Prounipotent completion of groups extends natu-
rally to groupoids. Given a groupoid G, its prounipotent completion,* G, is defined object-wise, in particular
for each object x € Ob(G) it recovers the prounipotent completion of the automorphism group of x:

Homg, (z, z) := Homg(z, z)k.

The construction of Gi follows several steps. First, one constructs the K-linear envelope K[G] of the groupoid
G. This is a K-linear category whose morphism spaces Homg g)(z,y) are the free K-vector spaces generated
by the sets Homg(z,y). Note that Homgg)(z,y) is moreover a coassociative coalgebra, by setting the
morphisms in Homg(z,y) to be group-like.

For any pair of objects (z,y) there is an “augmentation ideal” I(x,y), namely, the kernel of the counit
¢ : Homg(gj(z,y) — K. We refer to the union of I(z,y) over all pairs of objects as I. Define I"(z,y) C

IThe prounipotent completion of a groupoid G does not require G to have finitely many objects or morphisms. However, to
ensure good algebraic behavior—such as convergence of the lower central series or well-behaved Lie algebras—it is common to
assume that each automorphism group Homg(z, z) is finitely generated and residually nilpotent.
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Homg g (z,y) to be the subspace consisting of all morphisms which factor as a composition of 7 morphisms
in I. The powers of I form nested linear subspaces within each morphism space:

HOInK[G] (fL’7 y) 2 I('%.? y) 2 IQ(xa y) 2.
The I-adic completion of each morphism space is defined as
Homg q(z,y)] = lim (Homg(g(z, ) /I" (2, y).
By taking the group-like elements in this I-adic completion, we obtain the pro-unipotent completion
Homg, (z,y) := Homg(z, y)k.
This procedure defines a functor
(—)ic: Grp —> Grpg
from the category of groupoids to the category of prounipotent groupoids over K (see [Frel7, §9.1]). In

particular for each fixed object z, the completed endomorphism algebra Homg(x,2)k is a prounipotent
group over K.

Proposition 1.13 (|Frel7, Proposition 9.2.2]). The completion functor (—)x: Grp — Grpg is symmetric
monoidal.

Proposition 1.13 allows us to extend the completion functor to (coloured) operads in groupoids.

Definition 1.14. Let K be a field of characteristic zero, and let P = {P(n)},,>0 be an operad in the category
of groupoids. The prounipotent completion of P is the operad in prounipotent groupoids defined arity-wise
by

PK = {'P(n)K}nzo.

The composition maps o;: P(n) x P(m) — P(n + m — 1) induce corresponding maps after completion:

P(n)k x P(m)k SN Pn+m—1)k

which define the operad structure on Pg.

1.3.3. Associated graded structures for groupoids and operads. As with prounipotent completion, the associ-
ated graded functor can be extended to groupoids. Given a groupoid G, the associated graded category of
the K-linear category K[G] has the same objects as G, while morphism spaces are defined by

Homng[G] (%7 y) = H In('ra y)/In+1('xa y)
n=0
We denote by G(grK[G]) the restriction to group-like morphisms within each morphism space. A homo-
morphic expansion for a groupoid G is a filtered equivalence of K-linear categories Z : K[G]} — grK[G], or
alternatively Z : Gx — G(grK[G]). These notions naturally extend to (coloured) operads in groupoids.

Definition 1.15. For a field K of characteristic zero, and P = {P(n)},>0 an operad in groupoids, the
associated graded operad of P is the operad in Hopf groupoids defined arity-wise by

grK[P] == {gr K[P(n)]},,50 -

The composition maps o;: P(n) x P(m) — P(n + m — 1) induce corresponding maps on the associated
graded linear categories:

er K[P(n)] x grK[P(m)] 2% grK[P(n +m — 1)]
which define the operad structure on gr[P]. The arity-wise restriction to group-like morphisms G(gr KP) is
an operad in Hopf groupoids.

Definition 1.16. Given an (coloured) operad in groupoids P a homomorphic expansion for P is a filtered
isomorphism of operads in K-linear categories Z : Py — gr K[P] or, equivalently, an isomorphism of operads
in groupoids Z : Px — G(gr K[P]).
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1.4. Expansions in action: chord diagrams and Drinfeld associators. Kohno proved in [[Koh85]
that the Lie algebra associated with the prounipotent completion of the pure braid group PB,, is the Lie
algebra now known as the Drinfeld-Kohno Lie algebra, t,, (a.k.a. the Lie algebra of infinitesimal braids).
Equivalently, the associated graded algebra of K[PB,,] is the degree completed universal enveloping algbera
of t,,. There is a finite presentation for t,, namely, it is generated by the symbols

{tij =t |1 <i,j<ni#j}
and subject to the relations [t;;, ¢ + tx;] = 0, and [ti;,tp] = O whenever 4,7, k,l are distinct indices.
The grading on t,, is given by assigning degree 1 to the generators. We work with the graded completion
throughout the paper, and denote this by t, rather than t, to simplify notation. In particular, there is a
homomorphic expansion of prounipotent groups (PB,,)x = exp(t,) which identifies ;; with e (cf. [[Kohg5]
or the sketch of Theorem 10.0.7 in [Frel7]).

Definition 1.17. By convention, we set tg = t; = {0}. For n > 2, there is a natural right action of the
symmetric group X, on each Lie algebra t, which permutes the indices of the generators, that is, (¢;;)7 =
to—1(i)o—1(j), for some o € ¥,. The symmetric sequence t = {t, } >0 forms and operad in the category of
Lie algebras with partial composition maps

O(
t’n ©® t7n % tn+'m—17

1 < a < n defined on generators t;; € t, and ty; € 4y, as ;5 0q tiy 1= t;5 0o 0+ 0 04 tgy With

Litm—1)(j+m—1) if a <,
b1 ta+s-nGem-n i a=i,

tij 00 0:= § ti(j+m-1) ifi <a<j,
51 ti+p-1) if o = j,
tij if > 7,

and 0oq 2 := t(ktra—1)(1+a—1) for all a. Note that 0 € t; acts as an identity for the operadic o, compositions.

Taking the universal enveloping algebra of a Lie algebra, and restricting to the group-like elements within
it defines a functor from Lie algebras to prounipotent groups. In turn, this induces a functor from operads
in Lie algebras to operads in prounipotent groups. In particular, the prounipotent groups exp(t,), n > 0,
assemble into an operad called the operad of chord diagrams. The name is due to a diagrammatic convention
where elements of the universal enveloping algebra U (t,,) are drawn as chord diagrams on n vertical strands,
with #;; represented by a horizontal chord connecting strand i and strand j, and multiplication given by
vertical stacking.

Definition 1.18. For n > 0, let CD(n) := exp(t,) denote the prounipotent group of group-like elements?
of U(t,,). Each CD(n) inherits a symmetric group action from the 3,, action on t,, defined above. The symmet-
ric sequence CD = {CD(n)},>o forms an operad in prounipotent groups in which the operadic composition
is defined via the operadic composition of the operad of Drinfeld-Kohno Lie algebras (Definition 1.17),

xOoY

e’ o;e¥:=¢

The associated graded operad of the operad PaB is the operad of parenthesised chord diagrams built on CD.

Definition 1.19. Let PaCD(0) = {*} be the trivial groupoid. For n > 1, define PaCD(n) as the prounipotent
groupoid with Ob(PaCD(n)) = Q(n) and morphisms

Homp,cpn) (w1, ws2) = exp(t,)

for any wi,wy € Q(n). The symmetric group X, acts on each groupoid PaCD(n) by permuting the objects,
and the resulting symmetric sequence PaCD = {PaCD(n)},>1 forms an operad in groupoids where the
composition functors

PaCD(n) x PaCD(m) —* PaCD(n +m — 1)

2Because we are working with the degree complete version of t,, there is an isomorphism between the group-like elements of
the universal enveloping algebra of t,, G(U(tn)), and exp(tn).
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are defined at the level of objects by the operadic composition of parenthesised permutations. At the level
of morphisms, the composition e® o; e¥ = e*°¥ is defined as in the operad CD.

Remark 1.20. A homomorphic expansion for PaB is an isomorphism of operads PaBx — PaCD. However,
every operad equivalence ¢ : PaBx — CD extends uniquely to an operad isomorphism ¢’ : PaBx — PaCD
which acts as the identity on objects ([Frel7, Theorem 10.3.12]). In light of this correspondence and to
simplify later discussions, we will study the equivalences PaBg — CD in place of the expansions.

Definition 1.21. Let K be a field of characteristic zero. A Drinfeld associator is a pair (i, f) € K* xexp(liez2)
that satisfies the following equations.

@ f(&1,&)f(&2,61) =1,

(H) M2 (&5, €)M 2 f(€a, &) f (61, 60) = 1

whenever ef1++8 = 1 in exp(t3), and

(P) J(taz, t3a) f(t1o + t13,toa + t34) f (12, t23) = f(t12,t23 + toa) f(t13 + Loz, t34)

in exp(t4). Equation (P) is called the pentagon equation and (H) is called the hezagon equation.
Remark 1.22. The hexagon equation is often written as

(H") eM12/2 f (13 419)e13/2 f(tag, t13)elt23/2 f(t1g, ta3) = 1

in exp(t3), which is equivalent to (H). Since the element ¢15 + t13 + ta3 generates the center of t3, further
equivalent expressions of the hexagon (respectively, pentagon) equations can be obtained by adding any
central element of t3 (respectively, t4) to any input of f within the equations. For example, a version of the
hexagon equation using only the variables t15 and t13 is:

22 f (15, t19)eM 13/ f(—tyy — tig, tig)e T2 2 F (1 by — ) = 1.

The hexagon equation (H’) is also equivalent to imposing the pair of equations
(H1) el Fha)/2 = f(ty3,t31) 7 e/ f(ta1, t13)e"2 2 f(tr2, t23) T,
(H2) (M9 020)/2 = f (451, 419)€"13/2 f(t15,t32) " €"2/2 f(t12, 1a3).

provided (I) holds, and the equations (H1) and (H2) together imply the inversion relation (I) ([Dri90, §4]).
So, one can equivalently define Drinfeld associators as pairs (u, f) satisfying (H1), (H2), and (P), or (I),
(H1), (H2), and (P).

The canonical isomorphism of prounipotent groups (PB,)x = exp(t,) suggests that there exists an equiv-
alence of operads in prounipotent groupoids PaBg ~ CD. The following Theorem is proven in [BN9§]
(in a slightly different context), or [Frel7, Proposition 10.2.7|. In spirit, this theorem is a consequence of
Theorem 1.8, as an operad equivalence is determined by its values on the generators of PaBg.

Theorem 1.23. There is a bijection between the set of operad equivalences ¢ : PaBx — CD and the set of
Drinfeld associators. The correspondence is given by the values

ht1p
o(R*) =e el exp(tz) and p(®VH3) = f(t1n,ta3) € exp(ts)
which satisfy the equations in Definition 1.21. In particular, for any operad equivalence o, the pair (u, f(t12,ta3))
is a Drinfeld associator, and vice versa.

1.5. The Grothendieck—Teichmiiller groups. The set of Drinfeld associators is a bi-torsor under the
actions of two prounipotent groups — the Grothendieck—Teichmdiiller group, GT, and the graded Grothendieck—
Teichmiiller group, GRT. We follow the conventions as in [Frel7, Chapter 10 and Chapter 11], and we will
interchangeably refer to (Fo)x and exp(lies), under the isomorphism (F)x = exp(lies) defined by z1 ~— e
and o — €82,
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Definition 1.24. The K-prounipotent Grothendieck—Teichmiiller group, denoted GT, is defined by the set
of all pairs (A, f) € K x (Fz)g which satisfy

(1.2) [y, @2) (w2, 1) =1,
(1.3) fx1, me)al (w3, x1)xh f(wa,x3)xh =1 in (Fo)g with zswem; =1 and A =2p+ 1.
(1.4) f(w23, 234) f (21312, X34%24) f (T 12, T23) = f(212, T2a®23) f(w23213, w34) in  (PBy)k.

The group multiplication is given by, for any two pairs (A1, fi(z1,22)) and (Mg, fao(x1,22)), by
(A1 1) * Oz fo) = (e, frl@n, @2) faay? f1'2d" f1)).

The subgroup of GT consisting of all pairs (), f) with A = 1 is denoted by GT;. This subgroup is often referred
to as the acyclotomic Grothendieck—Teichmiiller group, as it coincides with the kernel of the cyclotomic
character of the profinite version of the Grothendieck-Teichmiiller group ([LS15], [Dri90]).

The group GT acts freely and transitively on the set of Drinfeld associators as follows [Frel7, Proposition
11.2.1]. Given a Drinfeld associator (u, f(£1,&2)) € K* xexp(liez) and a GT element (A, g(z1, x2)) € Kx (F2)x,
there is an action

(1.5) (1, F) % (A g) = (uA, f(&1,&2)g(e"r, f1e2 ).

Note that the GT action is a left group action, but we use function composition notation above, hence the
GT element (), g) is written on the right.

Following from the identification of operad equivalences ¢ : PaBg — CD with Drinfeld associators, one can
identify the group GT with the automorphisms of the operad PaByk.

Theorem 1.25 ([BN98], [Frel7, Theorem 11.1.7]). Let Auto(PaBg) denote the set of automorphisms ¥ :
PaBx — PaBx that act as the identity on objects. There is an isomorphism of prounipotent groups

Auto(PaBg) 2 GT.

The pair (A, f) € GT uniquely determines the automorphism ¢ € Autg(PaBgk) which acts on generators as
19(R1’2) — R1,2 . (RQ,IRI,Q)V
19((1)1,2,3) _ <I)1’2’3 3 f($12a1'23)7
where v = (A — 1)/2, and any such assignment defines an automorphism of PaByk.

The graded Grothendieck—Teichmiiller group, denoted GRT, acts on the right on the set of Drinfeld associa-
tors.

Definition 1.26. The K-prounipotent graded Grothendieck—Teichmiiller group, GRT, is defined as the
semidirect product K* x GRT; consisting of the set of all pairs (A, g), where A € K*, and g(&1,&) €
exp(lieg) C exp(ts), satisfying the following equations:

(1.6) 9(&1, &) = g(&,6) 7",
(1.7) 9(&3,61) - 9(62,&3) - 9(€1,62) =1 in exp(tz) with & + &+ &3 =0,
(1.8) g(tia, tag + t2a) - g(t1s + tos, ta) = g(tas, taa) - g(t12 + i3, toa + t34) - g(t12,t23) in exp(ts).

The action of K* on GRT; is given by A - ®(&1, &) = P(A&, AEs) for A € K*. The group multiplication in
GRT = K* x GRT; is defined as follows for any two pairs (A1, g1(£1,&2)) and (A2, g2(&1,&2)),

(A1, 91(&1,€2)) * (A2, 92(€1, &) = (MA2, 9161, &2)g2(M&r, g7 M- g1)).

The group GRT also acts freely and transitively on Drinfeld associators. Given a Drinfeld associator (u, f)
and an element (), g) in GRT, we have an action

(1.9) A g) * (1 ) = O, g(€1, E2) F(Ner, 971 - A& - ).

The following Theorem characterizes GRT as the automorphisms of the operad of parenthesised chord dia-
grams.
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Theorem 1.27 ([BN9g|, [Frel7, Theorem 10.3.10])). Let Auto(PaCD) be the set of operad isomorphisms
¥ : PaCD — PaCD which act as the identity on objects. Then, there is an isomorphism of prounipotent
groups

Autg(PaCD) = GRT.

2. MOPERAD EXPANSIONS: THE MOPERAD OF PARENTHESISED BRAIDS WITH A FROZEN STRAND

Expansions of the moperad of parenthesised braids with a frozen strand were described [CG20] in the study
of an operadic interpretation of cyclotomic associators. In the present paper, we use a closely related variant
of this moperad, adapted for our study of Kashiwara—Vergne solutions. The precise relationship with the
formulation of [CG20] is explained in Remark 2.19 later in this section.

2.1. Moperads. In this section we recall some preliminaries on moperads. For further details, see for
instance [Will6].
Definition 2.1. Let P be a one-colored symmetric operad in a symmetric monoidal category C. A right
P-module consists of a symmetric sequence M = {M(n)},>0 in C together with structure maps
o, : M(k)®@P(m) — M(k+m—1), forl<i<k,
called partial right actions, which satisfy the following axioms:
(i) For all u € M(k), we have po;id = p.
(if) For all A € M(¢), p € P(m), and v € P(n), we have
(Aojv)ojpprp, H1<i<j—1,
(Aojpu)oiv=qXoj(poj_jrv), ifj<i<j+m-—1,
(Aojemyrv)ojp, fj+n<i<l4+m-—1,
(iii) For all u € M(k), v € P(m), and o € Z, 7 € ¥,,,, we have
1 010y VT = (10 V)7
where the permutation o o; T refers to an action by the block permutation.

Ezxample 2.2. Let P be an operad in the category C. Then P can be regarded as a right P-module via its
own operadic composition. Explicitly, we define the structure maps

0, : P(k)@ P(m) — P(k+m — 1),

for 1 < i < k, using the operad composition and note that this action satisfies all the axioms required of a
right P-module.

Definition 2.3. A morphism of right P-modules ¢ : M — N is a morphism of symmetric sequences such
that the diagram

M(E) @ P(m) —5 M(k+m —1)

pyia Jpttm=1)

N(k) @ P(m) —2= N(k+m—1)
commutes for all k,m >0and 1 <i < k.

If P and Q are two operads in C, a map between a right P-module M and a right Q-module N is a pair
(p,¢) : M — N, where ¢ : P — Q is an operad morphism and ¢ is a map of symmetric sequences compatible
with the module structures via the operad map ¢. That is, for all k,m > 0 and 1 <14 < k, the diagram

M(k) @ P(m) —5 M(k+m—1)
w(k)®¢(m)l La(k+m—1)
N(k)® Q(m) —= N(k+m —1)

commutes. That is, ¢ intertwines the right P-action on M with the right Q-action on N via the operad
map ¢. For an extensive treatment of right modules over operads and their morphisms, see [Fre09].
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Definition 2.4. Let P be a one-coloured symmetric operad in C. A P-moperad is a monoid M in the

category of right P-modules. That is, a symmetric sequence M = {M(n)} together with two types of
partial composition maps:

(1) An associative, unital monoid composition
og : M(k) ® M(m) — M(k+m)

which makes the symmetric sequence M into a monoid in the category of symmetric sequences.

(2) An operadic module composition
o, : M(k)®@P(m) — M(k+m—1)

for 1 <4 < k which makes M into a right module over the operad P.
These two operations are compatible in the following way

(3) For any A € M(k), € M(p),v € P(n), we have

)\Oo(ﬂoi’/), 1f1SZ§p,
(Noo 1) o v = | _
(Aoj_pv)oop, ifp+1<i<p+k.

See [Will6, Definition 9] for more details.

Ezample 2.5. Just as every operad can be considered a right module over itself, every operad P can itself
be considered as a P-moperad. Given an operad P we may build a P-moperad P+ by “shifting” the operad
structure. More precisely, set

PH(k) =Pk + 1),

for k > 0, where we visualize the operations in P(k + 1) as rooted trees with leaves labeled {0,1,...,k} and
define the Y action on PT (k) by restricting the X4 1-action on P(k + 1) to those permutations that fix 0.
The monoid composition is the operadic composition on the first input. That is to say o : P (k)®@PT(n) —
P+ (k+n) is then the operadic composition P(k+1)ogP(n+1) — P(k+n+1). The right P-module action
maps o; : PT (k) ® P(n) — P+ (k+n — 1) are given by operadic compositions P(k + 1) o; P(n) — P(k + n),
for 1 <i<k.

In a moperad M, an ‘operation’ in M(k) can be visualized as a rooted tree T' whose set of leaves, L(T'), is
equipped with a (bijective) labeling {0,1,...,k} — L(T'), such that the leftmost leaf is always labeled by 0
(i.e. fixed) and the other leaves are labeled by elements of {1,...,k}. The og-compositions are described by
inserting the operations of M into the 0-th leaf. The o;-compositions are given by inserting operations of P
into the leaf labeled i, for 1 <i < k.
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FIGURE 7. Moperad composition illustrated on rooted trees: here m; an operation in M(k),
mo an operation in M(m) and p; an operation in P(m).

my i

Remark 2.6. The depiction of moperad composition in Figure 7 suggests an alternative description of a
P-moperad M as a two-colored operad in which one color is “frozen” or “non-symmetric”. Let € = {a,m}
be a discrete set of two colours. We can define a €-colored symmetric sequence M = M(cy,...,cp;¢0) in
which:

— M(cy, ..., cn;co) is set to be an object of C called P(n) if (c1,...,cn;c0) = (m,...,m;m);
— M(cy, ..., cn;co) is set to be an object of C called M(n) if (c1,...,¢n;¢0) = (a,m,...,m;a);
— M(ecq,. .., cn;co) = 0, the initial object of C, otherwise.

The symmetric group ¥, acts on an object P(n) by permuting all of the inputs, i.e.
M(Cl, <y Cnj CO) ® X, —— M(Ca(l)a -y Co(n); CO)‘

The symmetric group ¥, restricts to a trivial action on an object M(n) unless o is a permutation which
fixes 1, i.e.
M(cr, o) - -5 Comys o) if o(1) =15
M(er,...,cpnic0) @8, — ’ oAy ’
(e1 ni ¢0) " M(cy, ..., cn;co) otherwise.

In other words, M has two types of operations: algebra operations in color m, governed by the operad P,
and module operations with one distinguished input and output of color a, and any number of additional
inputs of color m. Moreover, M is non-symmetric in the color a—that is, no permutations are allowed
among inputs of color a ([Will6, Definition 8]). Composition is defined as in any standard €-colored operad,
respecting the symmetry and color constraints above.

Definition 2.7. A map of P-moperads ¢ : M — N is a map of right P-modules which is compatible with
the monoid structures, that is, @(M(k) og M(m)) = @(M(k)) og p(M(m)). We write MOp,(C) for the
category of P-moperads in C.

Similarly, given two distinct operads P and Q, a map (p,¢) : M — N between a P-moperad M and
a Q-moperad N is a pair (p,¢) where ¢ : P — Q is a map of operads and ¢ : M — N is a map of
symmetric sequences such that (i, ¢) is a map of right modules and ¢ is compatible with the respective
monoid structures. We write MOp(C) for the category of moperads in C, where the operad is allowed to
vary.

Remark 2.8. The shift construction (Example 2.5) induces a functor (—)* : Op(C) — MOp(C) which sends
the operad P to the P-moperad PT. This functor is faithful, meaning that every map of operads ¢ : P — Q
gives rise to a map of moperads ¢t : PT — QT and this assignment is injective. Not every moperad map
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e: Pt — QT need come from shifting an operad map ¢ : P — Q. This is reminiscent of the fact that, given
two rings R and S, a module map f : R — S need not correspond to a ring homomorphism unless it preserves
the full multiplicative structure.

2.2. Completion and homomorphic expansions for moperads. Let P be an operad and let M =
{M(n)},>0 be a P-moperad. The prounipotent completion of M is the Pg-moperad Mk defined as follows.
As a symmetric sequence, Mk is given by the entrywise prounipotent completion

Mg = {M(n)k }n>o-

The structure maps of My are obtained by applying the prounipotent completion functor to the structure
maps of M: the monoid composition induces an associative and unital map

og : M(k)xk @ M(m)x — M(k + m)x,
and the right P-module structure induces, for each 1 < i < k, operadic module compositions
0; : M(k)k ® P(m)xk — M(k+m — 1)k.
We can similarly define the associated graded of a P-moperad M.

Definition 2.9. Let K be a field of characteristic zero, and M = {M(n)},>0 a moperad in groupoids over
the operad P. The associated graded moperad of M is the moperad in Hopf groupoids over gr P, defined
arity-wise by

gr KIM] := {gr K[M(n)]},,> -

The action maps o;: M(n) x P(m) — P(n +m — 1) induce corresponding maps on the graded linear
categories:

er KIM(n)] x gr K[P(m)] £ er K[M(n +m —1)] .

The same is true for the monoid multiplication og: M(n) x M(m) — M(n +m):
er K[M(n)] x gr KM (m)] =2 gr KM(n +m)] |

This defines the moperad structure on gr[M]. The arity-wise restriction to group-like elements G(gr KP) is
a moperad in graded Hopf groupoids.

Definition 2.10. Given a moperad in groupoids M over an operad P, a homomorphic expansion for M is a
pair (Zq, Zp), where Zp is a homomorphic expansion for P, and Z 4, is a filtered isomorphism of mopeards
in groupoids over Zp:

Iy M} = grKIM], or Zn : Mg — G(grK[M]).
2.3. Parenthesized braids with a frozen strand. The braid group with a frozen strand, denoted Bl is

the fundamental group of the space of unordered configurations of n points in the punctured plane C — {0}.
The group Bl admits a finite presentation as in [AET10, § 3].

Proposition 2.11. The group Bl is finitely presented on generators Xy, Xa,..., Xn, and B1,...,Bn_1,
subject to the relations

(2.1) BiBi+1Bi = Bi+1BiBi+1,

(2.2) BiB; = BB when |i—j| =2,
(2.3) BiXiB ' = Xiga,

(2.4) BiXi1 Bt = XA XX,

(2.5) BiX;Bt =X; when j#i,i+1.
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FIGURE 8. A braid with a frozen strand in B}, and the generators of B. The frozen strand
(puncture) is drawn leftmost, and shown in red. The generator X; represents the loop where
the first point circles around the puncture in the positive direction, and X = ﬁk—le—15;;_11
for £ > 2. In terms of the generators, the braid on the left is (non-uniquely) expressed as
B2 X1 Xo.

| AL A
p1 B2

We can define a map ¢ : B, — B,11 by re-indexing the generators of the braid group B,;1, as follows.
Consider the presentation of B,y; given by generators {So, 51,...,8n—1} and the Artin relations for the
indices {0, ...,n — 1}. Define ¢(53;) := B; for 1 <i < n—1, and «(X;) := Bi—18i—2" ~~616§ﬂ1_1~~ﬂ;12,6’;11
for 1 <i < n. See Fig. 8 for the intuition. We leave it to the reader to check that these images satisfy the
relations of B. and define an injective homomorphism. On the level of fundamental groups of configuration
spaces, the idea is to consider the puncture in the plane as an additional point.

Proposition 2.12. The map ¢ : BL, < B,,11 defined above is an injective group homomorphism. O

Remark 2.13. Inspecting the presentation of Bl in Proposition 2.11, relation (2.3) makes clear that it is
enough to include X as a generator, and along with the 3; it generates the rest of the X;’s. Doing so leads
to a new presentation on the generators {Xi, 01, ..., Bn—1}, where relations (2.1) and (2.2) stay the same,
(2.3) is omitted, and (2.4) and (2.5) are replaced by

(2.6) BiXift = XA X B X,
(2.7) BiX18;7' =X, when i#1.

Notice that in the presentation of Proposition 2.11, relations (2.1) and (2.2) are the standard braid relations,
and relations (2.3)—(2.5) describe the interactions of the (pure braid) generators X; with the crossings ;.
Note in particular that there are no relations between the X; generators. This is an important fact, as the
{X1,...,X,,} generate a normal subgroup of B} isomorphic to the free group F,. Furthermore, there is a
trivially intersecting copy of B,, in BL, generated by the crossings {1, ..., 8, }. This gives an isomorphism

(2.8) BL =~ F, xB,,

which is a classical result, also discussed in [AET10, Proposition 15], and is central to some of our later
constructions. The defining action of the braid group B,, on the free group F,, is reminiscent of the perhaps
better-known action of the pure braid group PB,, on the free group F,,, which comes from the Fadell-Neuwirth
fibration of ordered configuration spaces [F'NG2|, which we now recall.

For any n > 1, there is a short exact sequence

1 —— PB, B, —— %, 1

where the map 7 sends a braid generator ; to the transposition (¢ +1) in 3,,. The kernel of 7, denoted PB,,,
is called the pure braid group on n strands.
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Pure braid groups are generated by the elements
(29) Tij = ﬁjfl e /8i+1ﬁi2ﬁi_+11 . ’ﬁj_—ll’ for 1 <1< _] < n,

as shown in Figure 9.

[ Y
xij = q_
™
i i
FIGURE 9. A pure braid generator.

Alternatively, the pure braid groups are the fundamental groups of the spaces of ordered configurations of n
points in the complex plane at a chosen basepoint p = (z1,...,2,),

PB,, = m1(Conf, (C), p).

Using this identification, one can show that the long exact sequence in homotopy induced by the locally
trivial fiber bundle Conf,,11(C) — Conf,(C) given by forgetting one point (21,...,2n, 2n+1) = (21, ., 2n)
reduces to a split exact sequence of groups:

l1——F, — PBpy; — PB, — 1.
This produces an isomorphism PB,; = F, x PB, analogous to (2.8). In fact, the latter isomorphism
B}L =~ F,, x B,, restricts to an isomorphism
(2.10) PB. = F, x PB,,
where PB}L is the pure braid group with a frozen strand, that is, the fundamental group of the space of

ordered configurations of n points in the punctured plane.

Lemma 2.14. There is a natural isomorphism of groups PB:L =~ PBjy1-

Proof. Considering the puncture as an additional point produces an inclusion PB%L — PB,+1. To see that
this is surjective, note that for a pure braid it is always possible via homotopy to ensure that one given point
stays fixed throughout a loop in Conf,(C). d

Let X} denote the group of automorphisms of the set {0,1,...,n}. There is an embedding 3, — . as the
stabilizer subgroup of 0; call this subgroup ¥. Given o € X! and 7 € ¥,, we can insert T into the position
labeled i of o, for 1 < i < m, via the formulas (1.1). If o € ! and 7 € X1, then 7 can be inserted into the
i1=0of o:

0 if k=0,
(2.11) (o ogT)(k) =< 7(k) if1<k<n,
olk—n)4+n ifn+1<k<n+m.
The result is a permutation on {0,1,...,m 4 n} that again fixes 0, thus, an element of X} .. Let Q!(n)

denote the set of (maximally) parenthesized permutations in ¥}.. For example, 0((23)1), (01)(32) and
(0(12))3 are elements in Q'(3).

Definition 2.15. The symmetric sequence Q' = {Q(n)},,>0 forms an Q-moperad in sets, called the moperad
of parenthesized permutations. The monoid structure

Q' (m) x Q' (n) —2= Q'(m +n)

is given by (0p) o¢ (0g) := ((0¢)p), for any element p € Q(m) and ¢ € Q(n), where p denotes p with each
entry shifted by m. The right Q-module structure

Q' (m) x Qn) —— Q' (m +n—1),
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for 1 <14 < m, is given by replacing entry labelled i in a parenthesized permutation in Q!(m) by a parenthe-
sized permutation in 2(n), and relabelling appropriately. The moperad Q' comes with a map of symmetric
sequences (n) — Q(n) - XL, where the first map adds 0 before an element in € and the second map
forgets the parenthesization.

Next, we define the moperad of parenthesized braids, PaB', one of our central objects of study.

Definition 2.16. The moperad of parenthesized braids, a PaB-moperad in groupoids denoted PaB', is defined
as follows. Let PaB'(0) := {} be the trivial groupoid. For each n > 1, let PaB'(n) denote the groupoid
whose objects Ob(PaB'(n)) := Q!(n) are parenthesized permutations with 0 fixed; and whose morphisms
B € Homp,g1 () (p, q) are elements of the braid group B), with underlying permutation u(q)~'u(p). The

composition in PaB! (n) is given by multiplication in B! (with multiplication written right to left, see Remark
1.6).

The symmetric group ¥, acts on PaBl(n) by permuting the labels. The symmetric sequence PaB! =
{PaB'(n)},>0 forms a PaB-moperad in groupoids as follows.

(1) The monoid structure of PaB',
PaB!(n) x PaB'(m) —2~ PaB'(n + m),

is intuitively given by inserting the second braid into the “frozen” 0-th strand of the first. At the level
of objects, the functor oy acts as the monoid composition of parenthesized permutations. At the level of
morphisms, viewing morphisms between arity n permutations as braids on n + 1 strands, then og is the
operad insertion into the 0-th strand. See Figure 10 for an example of this composition.

(2) The right-module structure of PaB' over PaB is defined by the functors
PaB'(n) x PaB(m) —* PaB*(n+m — 1),

for 1 < i < n, as follows. On objects, o; is the right action of Q on Q' as in Definition 2.15. On
morphisms, o; is defined by considering a morphism in arity n as a braid on n + 1 strands indexed by 0
to n, and using the operad insertion into its ¢-indexed strand.

(0 1) 25 @ 3)
© 3 @1 © 1 2 \\

) ) TR

\ j |( - ‘K(
/ |\ (\
© (1 2)3 0@ 2 ~

(0 @ 2)3 4)5

FIGURE 10. The monoid structure of PaB'.

Like the operad PaB, the PaB-moperad PaB' admits a finite presentation [CG20, Theorem 3.4]. In other
words, every morphism in PaB' can be obtained from a finite number of generating morphisms via operadic,
monoidal, and categorical compositions, permutations, and PaB-actions; subject to finitely many relations.

There is a natural inclusion of the symmetric sequence PaB < PaB' given by R'? - id (1) o R"2. Visually,
this amounts to adding a frozen strand indexed by zero to the left of B2, outermost in the parenthesization.
The isomorphic image of PaB under this inclusion, and in particular the generators R'2? and ®123 are
present in any finite presentation of PaB' and will be denoted the same.
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The two generating morphisms of PaB' discussed below enable the “frozen strand” to interact with the other
strands. The groupoid PaB'(1) has one object (01) and the morphisms Homp,g1(1)((01), (01)) = B} = Z are
freely generated by a single automorphism E%!, shown in Figure 11. The other generator is the associativity
isomorphism in the groupoid PaB'(2), denoted W12 ¢ Homp,g1(2)((01)2,0(12)) shown in Figure 11.

0 1 © 1 2

0 1 (0 1 2)
EO,l 111,0,1,2

FIGURE 11. The generators of PaB! as a PaB-moperad.

Theorem 2.17 ([C'C:20, Theorem 3.4]). As a PaB-moperad, PaB' is generated at the object level by (01), and
at the level of morphisms by the morphisms E%' € Homp,g1 (1)((01), (01)) and %2 € Homp,p1(2)((01)2,0(12)),
which are subject to the following relations:

(U) 002 = 9010 =idy;  in Homp,gi(yy (01,01) ,

(MP) POL2goh2s — @h23g0 I3 w0 b2 in Homp,gi (s (((01)2)3,0(1(23))) ,
(RP) (WOt RPIESH RE2YOL2 = EOV?EOT in Homp,g: (o) ((01)2, (01)2)

(0) EOL2 _ (\110’1’2)_1R2’1\110’2’1E0’2(\110’2’1)_1R1’2\IIO’1’2 in Homp,g1 () ((01)2’ (01)2) )

Remark 2.18. Here, again, we use cosimplicial notation to describe monoid and operadic compositions more
concisely. For example, E°1:2 = EO0L o id(p1). The ) notation in relation (U) describes the composition of a
braid with the arity zero operation * € PaB(0), which has the effect of deleting a strand in the braid.

Remark 2.19. There is a minor difference between our presentation of PaB' and that given in Theorem 3.4
of [CG20]. This is because in this paper we work with the blackboard framing when defining E%2!, and in
general when inserting into strands with non-zero winding number around the puncture. The paper [CG20)
uses the annular framing, which adds a full twist to E%2! compared to the blackboard framing, see Figure 12.
The definition of the operadic composition on the associated graded side is correspondingly slightly different.
See Remarks 3.1, 3.6, and 5.1 of [CG20]. As a result, our relation (RP) includes additional half-twists
compared to [CG20]. Both versions of the theorem are equivalent. The annular framing is more natural
from the perspective of cyclotomic actions; the blackboard framing has easier compatibility with the KV
problem.

At each parenthesized permutation w € Ob(PaB'(n)) there an isomorphism
Autp,gi(y (w) = PB) = F, x PB,,.

) DR

0 21 0 21 0 21

FIGURE 12. On the left, £%2! using the blackboard framing convention. On the right £°2!
in the annular framing convention of [C(G20].
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— ||l 7 || . 'f‘—-:‘/
| | I

™ ™ I

0 1 2 3-n o 1 2 3-n 2 n=-1n
X1 XZ Xn

F1cURE 13. The free group generators Xi,..., X, in PB}l.

Elements of the group PB:L, viewed as morphisms, can be expressed in terms of the moperad generators of

PaB! — of course these expressions are only unique up to the relations in Theorem 2.17. Recall that the
free group F,, embeds in PB,,, generated by the elements Xi,..., X, as in Figure 13. These elements will
play an important role, and the following lemma describes how to express them in terms of the generators

of PaB!.

Notation 2.20. For a permutation o € X, let r,(0) denote the rightmost parenthesization of o, that is,
for o = (i1, ..., in), we have 7, (0) := (i1(iz . .. (in—1in))). Let 7} (o) denote id(1) o1y (0) € Ob(PaB'(n)).
Similarly, let 1,(c) denote the leftmost parenthesization of o: I,(0) = (((i142)iz...)in). Let [L(c) =
id(o1) 01ln(0) = (0((i142)iz...)i,). Finally, let I9 (o) denote the altogether leftmost parenthesization of
the concatenation O0o. When o is the identity permutation, we omit it from the notation, for example,

ry =rl(id).

Lemma 2.21. The free group generators Xq,...,X,, viewed as automorphisms in HompaBl(n)(T}L,r}q), can
be expressed in terms of the moperad generators of PaB' as

Xi = QrPr(idgo (12, 5—15+1...n) 20 E*") P QL
where Py is the re-association from I9(k12...k—1k+1...n) toll(k12...k—1k+1...n)

(212) Pk = \110,17,,,1(10 12...k—1k+1..n—1)n \IIO,((]C 1) 2),3\110,(16 1),2\110,1671

and Qy, re-associates 1L (k12...k —1k+1...n) to rl, while crossing strand k under strands 1 through
k—1:

(213) Qk} = q)n72,n71,n L ((I)kfl,k,kﬁ»l . @2,(3(4‘..(1671 k))),k+1¢1,(2(3...(1€71 k))),k+1).
(kalJc)fl . ((R4,Ic)71q)3,lc,4q)2,(3 k),4¢)1,2(3 Ic),4)((RS,k)flq)ZJc,Sq)l,(Z k),3)((R2,k)71q)1,k,2)(R1,k)71

Proof. The equality Xj, = Qp Py (idso (1 2. k—1 k+1...n) OOE'O*’“)P,;1Q,;1 is between elements of Homp,g1 () (rl orly=

PB.. In other words, one needs to check two statements:

(1) the morphisms on the right hand side, as given by (2.12) and (2.13), form a valid composition in PaB',
and

(2) the two expressions map to the same (non-parenthesized) braids in PB. via the isomorphism

Homp,p: (n) (r'rlm T'rll) = PB’}z

Statement (1) is a straightforward combinatorial verification, illustrated in Figure 14.
To verify (2), we use that associators are trivial braids, so the equatlity simplifies as follows:
Xk _ (Rk—l,k)—l(Rk—Q,k)—l . (Rl,k)—lEO,le,k . Rk_Q’kRk_l’k.

Indeed, this is the definition of X}, in B!, noticing that E%* maps to X; under the isomorphism with the

n’

pure braid group. (I
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FI1GURE 14. The expression of X3 in PaBé in terms of the generators.
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2.4. Associators and moperad expansions. The isomorphism PB}1 =~ PB,,+1 is mirrored, on the graded
side, by the isomorphism of Lie algebras t. = t,,,; which is defined by reindexing the generators of the
Drinfeld-Kohno Lie algebra (discussed in Section 1.4). That is, t} is the Lie algebra generated by {t;; |0 <
i,j <m,i+#j}. In fact, at the level of Lie algebras, we have t = t., using the shift notation introduced in
Example 2.5.

Definition 2.22. Recall that we write ¥} for the group of automorphisms of the set {0,1,...,n} and
¥, C I} is the subgroup of those automorphisms o € ¥ with ¢(0) = 0. The symmetric group ¥,, acts on
the Lie algebra t;} via the formula (t;;)7 := t,-1(;)0-1(j), for o € ¥, C X' The resulting symmetric sequence
tT = {t}},>0 forms a t-moperad in (degree completed) Lie algebras in which the monoidal product t} oq t;,
and the right t-action, t} o; t,,, 1 <14 < m, are given by the operadic composition in t, as in Definition 1.17.

Similarly, if we write CD"(n) = exp(t}) = exp(t,41), we can define the CD-moperad of chord diagrams
CD* = {CD+(n)} as the CD-moperad in prounipotent groups in which the monoidal product and the right
CD-action are defined via the shifted t-moperad t*,

e¥oge¥ :=¢e"% and e%o;e¥ =",

As in the operadic description of associators (Theorem 1.23), we use the presentation of PaB! as a PaB-
moperad to classify moperad equivalences (¢, p) : PaBH1( — CD™. Such equivalences induce unique ho-
momorphic expansions valued in PaCD™, this is similar to the argument in [Frel7, Theorem 10.3.12]). The
following is a simplified version of Theorem 5.5 in [CG20] where the authors provide a moperadic description
of Enriquez’s cyclotomic associators.
Theorem 2.23. A moperad equivalence
(¢*,¢) : PaBy — CDT
is uniquely determined by the values
O(RY?) = e2/2 c oxp(ty)  and  p(DV33) = f(t1a,ta3) € exp(ts)
which define an operad equivalence PaBg — CD (and a Drinfeld associator), together with the values
e (E%Y) = ertor cexp(t]), and @' (TO1?) = g(tor, t12) € exp(t])
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satisfying the equations:

(MP)  g(to1,t12 + t13) - g(toz + ti2, tas) = f(t12,t23) - g(to1 + to2, t1z + t23) - g(to1, t12) in exp(t),

t12

(O) g(tor, tia) "1 - €122 L g(tog, t1a) - €402 - g(tga, t1n) ! e3 g(tor, tiz) - e"r =1 in exp(t]).

Every moperad equivalence (¢!, @) : PaB]}( — CD™ is relative to an equivalence of operads ¢ : PaBg —
CD, which is indexed by a Drinfeld associator. Conversely, we now show that any equivalence of operads
¢ : PaBg — CD gives rise to a one-parameter family of equivalences of moperads (¢!, ¢) : PaBi — CD™.
The first ingredient is the following moperad inclusion.

Lemma 2.24. The group inclusion BL — B, 11 extends to an injective map of PaB-moperads

(p',id) : PaB! < PaB™.

Proof. We define the map of PaB-moperads (p!,id) : PaB' — PaB™ as the identity on objects. Using
the presentation of the PaB-moperad PaB' in Theorem 2.17 and the description of the subgroup inclusion
B}l < B, 41 from Proposition 2.12 we define

PHE®) i= RYOROM and  pl(0012) 1= 012
in Homp,g+(1)((01), (01)) and Homp,g+(4)((01)2,0(12)), respectively. The morphism R*! in PaB™ (1) is
identified with the morphism R"? in PaB(2) and the morphism ®%%2 in PaB™(2) is identified with ®'2-3 in
PaB(3).

To check that these assignments give a well-defined map of moperads , we note that the mixed pentagon
relation (MP) translates to the pentagon equation (P) under the map p!'. Similarly, the equations (O)
and (RP) translate to composites of the hexagon equations. More precisely, using (H1) and (H2) we have

pl (E01,2) —_ (RQ,()I)(ROI,Q) _ ((@O,l,?)—1R2,1¢0,2,1R2,0(¢)2,0,1)—1) (@2,0,1R0,2(¢)0,2,1)—1R1,2¢)0,1,2)
_ (@0,1,2)71R2,1¢0,271RZ,ORO,Q((1)0,2,1)71R1,2¢0,1,2
— pl ((@071,2)—1R2,1\IIO,Z,IEO,Q(\IJO,Q,I)—IRI,Q\IJO,LQ))

which shows that p! preserves the relation (O) from Theorem 2.17. To show that p! preserves equation
(RP), using first the braid relations, we compute:

pl (EOI,QEO,I) — RQ,OIROLQRI,ORO,I — RQ,OIRLORO,IROLQ
_ ((1)0,1,2)—1R2,1¢O,2,1R2,0(®2,0,1)—1 RI,ORO,l @2,0,1R0,2(@O,?,l)—lRl,Q@O,l,Q

= (§012)-1R21 (I()Ig,12),132,0(¢,2,0,1)—1R1,0(1)2,1,0 (¢)2,1,0)—1RE)I,{12;,2,0,1R0,2(q>0,2,1)—1 RL2g0.1,2
(H2) (H1)
= (§012)"1 RZIRORO2 pL2g0 L2 _ )l ((WO’1’2)_1R2’1E0’21R1’2\IIO’1’2) )
The lemma follows. O

Remark 2.25. We note that the moperad PaB! is not equivalent to the shifted moperad PaB™. In particular,
the morphism R%' : (01) — (10) does not exist in PaB', but is a morphism in PaB™.

Proposition 2.26. Fvery equivalence of operads ¢ : PaBg — CD extends to an equivalence of moperads
(', ) : PaBi — CD™.

Proof. Given an equivalence of operads ¢ : PaBx — CD we define an equivalence of moperads (o™, ) :
PaBjf — CD™ using the shift construction. Now, using the moperad inclusion from Lemma 2.24, we consider
the composite
1 +
PaBy —~— PaBf —~— CD™.
. gt
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We claim that (¢!, @) = (¢ T, @) o (p',id) defines an equivalence of moperads. Since, at the level of operads,
we have ¢ oid = ¢ : PaBg — CD, it remains to check that the values of p!(E%!) and ¢! (¥%12) satisfy
the equations of Theorem 2.23. Since, the moperad map (p!,id) : PaB%§ — PaB% sends the associativity
isomorphism %12 to the shift of the associativity isomorphism ®2:3, we know that

P! (U012) = o (B%12) = f(tor, ti2) € exp(t3).
It follows immediately that ! (W01:2) satisfies (MP). Moreover, using the hexagon equation (H’), we have

rtio  ptol

OHEYM) = oM (RY)pT (RO =e 2 e 2 = erlor € exp(t]).

This satisfies the equation

Ktol  ptig
ePtor — o5 o2

—Ktg2 pntyo

= f(to1,t12) ‘e 212f(t127t02) Ye™2 " f(toz, to1) - ftor,toz) ‘e 2 2Jc(750271512) Ye™ 2" f(tia, tor) "
(H) (H)
_1 ZHtiz 1 — _1 ZHtiz _
= f(tor,t12) e T f(ti2, toa) "Le T2 f(to, tra) re T2 fltia, tor) L.

Replacing f(ti2,t01)~! = f(to1,t12), and f(t12,t02) "t = f(to2,t12), we obtain that o!(E%!) satisfies the
second defining equation (O) of a moperad equivalence. It follows that (¢!, ) = (¢, ) o (p',id) defines an
equivalence of moperads. (I

In fact, given an equivalence of operads ¢ : PaBg — CD, there is only a 1-parameter family of moperad
equivalences (¢!, @) : PaB]%{ — CD™" extending ¢. Indeed, under the assumptions of Theorem 2.23, once
©(®1:23) has been fixed, there is only a 1-parameter family of choices for p!(¥%12) as we discuss below.
This observation was made in [Enr07, Section 5] for a specialized setting in the context of cyclotomic
associators, and communicated to the authors by Benjamin Enriquez.

Proposition 2.27. If f(x,y),g(x,y) € exp(lies) satisfy equation (MP) from Theorem 2.23, then g(z,y) =
e f(xz,y) for some s € K.

Proof. Consider the projection 7 : exp(t;) — exp(t3) defined by, for any pair i < j, if i > 0 then ¢;; — t;,
and if ¢ = 0 then to; — 0. Applying 7o to equation (MP), we get
9(0,t12 +t13) - g(t12,ta3) = f(t12,t23) - g(0,t13 + t23) - 9(0, t12).
Using the fact that g(0,y) = e*¥ for some s € K, we rewrite this equation as follows:
e*h2tha) L g (15 tog) = f(tig, tag) - 83T t2a) . gstia

Since z = t13 + t13 + ta3 is central in t5, we have, e5(#—t23) - g(ti2,tas) = f(t12,ta3) es(z=t12) . gst12 which can
be simplified to

g(t12,ta3) = €°*3 - f(t12,ta3),
completing the proof. O

As an immediate consequence, we have the following:

Corollary 2.28. Let us denote by Associators the set of operad equivalences PaBx — CD, and by Associators’
the set of moperad equivalences PaBH1( — CD". Then, we have an isomorphism of bitorsors

Associators' 2 Associators x K.

The following lemma will help establish a crucial link to the Kashiwara—Vergne equations:
Lemma 2.29. In Homp,g1 (2 (0(12),0(12)), we have the equality
(2.14) X50X, = E%12,
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Proof. Note that Homp,g:1 (4) ((0(12)), (0(12))) >~ PB} C B}. Thus, to prove that two morphisms are equal

in Homp,p1 (o) ((0(12)), (0(12)), it is enough to prove that they are equal as braids in B}. For an intuitive

proof, there is a homotopy of loops between the two sides, illustrated in Figure 15. For an algebraic proof,
one can use the inclusion PaB' < PaB™ from Lemma 2.24 to apply a sequence of relations in Bs, with
strands and generators re-indexed 0 to 2:

XoX1 = By BoBoB1BoBo = By BoB1BoB1Bo = By B1Bob1B1Bo = BoBifo = B2

||/
.

~ ?

0o 1 2 0 12

FIGURE 15. The loop homotopy showing that X,X; = E%12,

2.5. A variation on the Grothendieck—Teichmiiller groups. The prounipotent Grothendieck—Teichmiiller
group GT is defined by pairs (A, f) satisfying Drinfeld’s duality, hexagon, and pentagon relations (Defini-
tion 1.24). Such a pair induces an automorphism of the free group Fy via

e flo,y)a  f(z,y)™' and oy ey

In the discrete setting, these relations are highly rigid: before completion, Drinfeld [Dri90, Proposition 4.1]
shows that if A\ € 2Z 4+ 1 and f € F5, then necessarily (A, f) = (1,1) or (—=1,1) and GT = Z/2Z. After
prounipotent completion, however, GT becomes the infinite dimensional prounipotent group from Defini-
tion 1.24.

Enriquez introduced a cyclotomic analogue of the Grothendieck—Teichmdiller group by adjoining an additional
module-type datum to the pair (A, f). This Grothendieck—Teichmiiller module group, GTM, is defined by
quadruples (\, p, f,g) satisfying the usual Grothendieck—Teichmiiller relations on (), f), together with an
octagon relation and a mixed pentagon relation. As observed just before Proposition 5.3 of [Enr07], the
octagon relation implies that (A, p, g) determines an automorphism of Fy via

z gz, y)atg(z,y)™t  and oy oy,

sending ~!'y~! to a conjugate of (z~!y~!)*. Furthermore, the scalar parameters are forced to agree, so
that © = A. One can therefore deduce the following definition from the prounipotent version of [Enr(7,
Proposition 5.4].

Definition 2.30. The group GTM consists of invertible elements (A, f,g) € K* x (F2)g X (F2)k such that
(\, f) € GT and g € (F2)k satisfy the following equations:

(MP) 9(zo1, 13212) g (212202, T23) = f (12, T23)g(T02201, T23213)g (01, 212)  in (PB3)xk.

(0) 92, 9) Y T 9(29)2" (2, y) 'y g(x,y)at =1 in (Fo)r, with zgz =1, A= v+ 1.

The product of two elements (A1, f1,91), (A2, f2,92) € GTM is given by

(2.15) (A1, f1,91) * (A2, f2,92) :== (A, £, 9),
where A := Mg, f:= f1- f2($i\1, flxg‘lfl) and g :== ¢ -gg(x‘fl,gflxg‘lgl) with \; =v; +1fori=1,2.
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Enriquez further observes that the data of the tuple (), f,g) is essentially determined by the tuple (X, f).
Indeed, following Drinfeld, Enriquez observes in [Enr07, Proposition 5.3] that, in the discrete setting this
additional datum is again rigid and forces f = 1, A = £1, and g(z,y) = y°, for a unique integer s and so
GTM ~ Z x Z/27Z. The following is the prounipotent version of [Enr07, Proposition 5.4].

Proposition 2.31. Every element (A, f,g) € GTM can be uniquely written in the form
A fro9) =N f0°f)

for some (A, f) € GT and some s € K. Equivalently, there is an isomorphism of prounipotent groups

GTM = GT x K.

Remark 2.32. The semidirect product description GTM = GT x K suggests that GTM should play a role
analogous to that of a “module-valued” enhancement of GT. This invites comparison with the conjectural
description of the symmetric Kashiwara—Vergne group as an extension of the Grothendieck—Teichmiiller
group by K. We return to this perspective in a later section, where in Theorem 4.19 we construct an
injective group homomorphism

GTM <> KV™(2).

Every element (), f,g) € GTM induces a moperad automorphism (9',9) : PaBg — PaBj acting trivially on
objects. The operad component ¥ : PaBx — PaBg is the automorphism corresponding to the Grothendieck—
Teichmiiller element (A, f) € GT, determined by

A—1
19(R1’2) =29 - R1? and 19(@1’2’3) =¢l23. f(z12, x23),

and these values satisfy the pentagon and hexagon relations of Theorem 1.8. To extend 9 to the moperad
PaBy, one sets

191(E0’1) — (EO,l))\ and 191(\110’1’2) — \1,0,1,2 . 9(3501,3612)-

The mixed pentagon equation (MP) and octagon equation (O) are precisely the relations needed for these
assignments to define a moperad automorphism; see [C(G20, Proposition 4.8].

The following theorem is the special case of [CG20, Theorem 5.13| in which the group I is taken to be trivial.
Its proof ultimately builds on [Frel7, Theorem 11.1.7].

Theorem 2.33. Let Auto(PaBﬁg) denote the group of moperad automorphisms
(9*,9) : PaBg — PaBj
that act as the identity on objects. Then there is an isomorphism of prounipotent groups

Auto(PaBy) = GTM.

Via this identification, the group GTM acts freely and transitively on the set of moperad equivalences:
(o', ) : PaBi — CD™,

by precomposition. Concretely, by Theorem 2.23, such a moperad equivalence is uniquely determined by a
triple (i, f, g), and the action of an element (), f/,¢’) € GTM is given by

(2.16) (1 fr9) % (N f,g)) = (A, £ F(e, fre 2 f), g- g’ (e"*, g7 e g)).

This picture admits a graded counterpart. Every moperad equivalence (¢!, ) : PaB]Il( — CDV extends
uniquely to a homomorphic expansion, that is, to a moperad isomorphism (@', @) : PaB]}( — PaCD™ acting
trivially on objects. Accordingly, one obtains the graded cyclotomic Grothendieck—Teichmiiller module group

GRTM = Auty(PaCD™),

defined as the group of object-fixing automorphisms of the shifted moperad of parenthesized chord diagrams.
This graded group was introduced and studied by Enriquez; see [Enr(7, Section 7]. For further discussion
of GRTM and related constructions, see [EF12] or [CG20)].
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3. GENUS ZERO KASHIWARA—VERGNE SOLUTIONS

This section introduces the necessary background material on genus zero Kashiwara—Vergne (KV) solutions,
as developed in the work of Alekseev, Kawazumi, Kuno, and Naef [AKKNI18b, AKIKN18a]. In particular,
we describe tangential and special automorphisms of free Lie algebras, and a moperad of tangential auto-
morphisms, which provides a natural framework in which to study KV solutions. In particular, the moperad
of tangential automorphisms mirrors the moperad arising from splittings of the pure braid groups and the
braid groups with frozen strands described in the previous section.

Throughout, we write ass,, := K ((x1,...,z,)) for the degree completed free associative algebra generated by
the symbols z1,...,x,. The degree completed free Lie algebra, lie,, is the Lie subalgebra of ass, generated
by x1, ..., x, and with Lie bracket given by the commutator, [f, g] = fg—¢f. There is a natural identification
of the completed universal enveloping algebra of lie,, with ass,,, that is, U (lie,) = ass,. We identify the
subset of group-like elements in the completed Hopf algebra U (lie,) = ass,, with the group exp(lie,) = F..

Definition 3.1. A tangential derivation of lie, is a derivation u of lie,, which acts on the generators x;
by u(z;) = [x;,as], for some a; € lie,. A special derivation of lie, is a tangential derivation u for which
u(XP x;) =0.

The collection of all tangential derivations of lie,, forms a Lie algebra which we denote by tdet,,, where
the bracket [u,v] is given by [u,v](zk) = u(v(zy)) — v(u(zy)) (see [AT12, Proposition 3.4]). There is an
isomorphism of vector spaces tdet, @ a, = lie2” where a,, is the n-dimensional abelian Lie algebra generated
by @1,...,2,. As such, we often write tangential derivations as a tuple of Lie words u := (aq,...,a,) in
[e™ (JAT12, Definition 3.2]). In this notation, if u = (a1, ...,a,) and v = (by,...,b,), then ([u,v]), =
[ak, br] +u(br) —v(ax). The vector space of special derivations sdet,, is closed under the bracket of tdet,, and
thus forms a Lie subalgebra of toet,,.

Definition 3.2. The group of tangential automorphisms is the prounipotent group TAut, := exp(tdet,)
associated to the Lie algebra tdoer,. The group of special automorphisms, denoted SAut,, := exp(sdet,,) is
exponentiated from the Lie algebra sdet,,.

As with tangential derivations, we can identify (as a set) elements of TAut,, with (exp(lie,))*", and write

F € TAut, as a tuple F = (f1, f2,..., fn), where each f; € exp(lie,). There is an action of TAut, on
exp(lie,,) given by the map p : TAut,, — Aut(exp(lie,,)) defined on the generators x; by

zi = [ i

The group law on TAut,, is then given by
(3.1) (£~ G)i = fi(p(F)gi),
where F' - G stands for the product in TAut,, and f;(p(F)g;) is calculated in exp(lie,).
Definition 3.3. The complete, graded vector space of cyclic words is the linear quotient

cyc,, == ass, /[ass,, ass,| = ass,/ (ab—ba |V a,b € ass,,) .
We denote the natural projection map by tr : ass,, — cyc,,.
The adjoint action of tdet,, on lie, extends to an action of tder,, on the vector space ass,, by the Leibniz rule.

This, in turn, descends to cyc,,. The non-commutative divergence map gives another relationship between
ter,, and cyc,. To define it, we note that each element a € ass,, has a unique decomposition

a=ay+01(a)z1 + ...+ h(a)r, =ao+ Z@i(a)xi
i=1

for some ag € K and 9;(a) € ass,, for 1 <+i <n. In practice, 9; picks the words of a sum that end in z; and
deletes their last letter x;, as well as all other words. This enables the definition of the non-commutative
divergence, a 1-cocycle of toer,, (JAT12, Proposition 3.20]):
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Definition 3.4. The non-commutative divergence is the linear map j : tdet,, — cyc,, defined on a tangential

derivation u = (ay,...,ay) by
jlu) :==tr (Z 8i(ai)xi) .
i=1

The divergence map is a l-cocycle of the Lie algebra toer,. In particular, for any pair u,v of tangential
derivations, we have j([u,v]) = u - j(v) — v - j(u). Here we write - for the natural action of tdet,, on cyc,.
Integrating the divergence cocycle leads to the non-commutative Jacobian map:

Definition 3.5. The non-commutative Jacobian is the map J : TAut,, — cyc,, given by setting
d
J(1)=0 and pr OJ(et“g) =j(u)+u-J(g)
t=
for g € TAut,, and u € toet,,.

The map J is an additive group 1-cocycle, that is, for any G, H € TAut,,, we have J(G-H) = J(G)+G-J(H).

Remark 3.6. Our notation (4, J) matches that of [AET10], and corresponds to (div, j) in [AT12].

3.1. Operadic structures on lie, tder, s0er, TAut, SAut. In this section, we define operadic structures
on the spaces of tangential and special derivations, and the corresponding groups of tangential and special
automorphisms. We summarize the main constructions and results below; detailed proofs and illustrative
examples are provided in Appendix A.

We make particular note that while the collection of tangential derivations tder = {tder,, } only assembles into
an operad in vector spaces, the collection of special derivations sder = {sdet,,} assembles into an operad in
Lie algebras. Moreover, in Theorem 3.38, we show that the operadic composition of genus zero KV solutions
yields another KV solution, making them a colored operad in sets.

We begin by defining a linear operad structure on the free Lie algebra on n generators:

Definition 3.7. There is a natural right X,, action on lie, given by permuting the variables of a Lie word
f=f(x1,...,2,) € lie,. In symbols, for o € 3, and f € lie,, we define

f”(xl, e ,xn) = f(xafl(l), ce ,.%'o-—l(n)).
Moreover, for 1 < i < m the partial composition map o; : lie,, @ lie,, — lie, 4,1 is defined for f € lie,, and
g € lie,, by
i+n—1
(foig) (1, Tman—1) = f(x1,.. ., 251, Z Tjy Tigns - Tman—1) + 9(Ti, .., Titn_1)-
Jj=t

We denote by lie the symmetric sequence of free Lie algebras with these partial compositions, and call this
the K-linear operad of free Lie algebras, see Proposition 3.8.

Proposition 3.8. The symmetric sequence of free Lie algebras lie with the partial compositions above forms
a linear operad. The same formulas endow the universal enveloping algebra ass and the vector space of cyclic
words cyc with a linear operad structure, such that the quotient map tr : ass — cyc is a map of linear operads.

The proof is deferred to Appendix A.

Remark 3.9. Notably lic is not an operad in Lie algebras, and as such, the operadic composition is non-
canonical: the sum Zi?il 2; could be replaced with any associative Lie expression in the same variables x;,

such as the Baker—Campbell-Hausdorff series. See Remark A.4 for more detail.

Using the linear isomorphism tdet,, ® a,, = lie,”, the linear operad structure on lie = {fie, },>0 generalizes
to a linear operad of tangential derivations. For u = (ay,...,a,) € tder, and o € ¥,, define

'U/U = (G/gfl(l): .. .,agfl(n)),
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where af denotes the X, action on lie. This is the canonical action induced by the action on [ie in the sense
that it is the unique action which makes the following diagram commute:

fie, -5 Ke,,

(3.2) “l l“

lie,, W lie,

For 1 < i < m, define the composition map
0; : tder,, @ toer,, — t0ev, 1 n_1
to be the K-linear map such that for u = (a1,...,an) and v = (b1,...,by,), the composition is
(3.3) wo;v:=(a19;0,...,a;-10;0,a;0;b1,...,a;0; by, ai+10;0,...,am0;0).
Here, the o; on the right hand side denotes operadic composition in the operad lie, and 0 stands for 0,, € lie,,.

The following proposition follows from the arguments presented in [AT12, Section 3.3|. See also [AET10]
and |[AKKN18b, Section 7].

Proposition 3.10. The family tdet = {tdetry, }n>0 of tangential derivations endowed with the above o; oper-
ations and X, -actions forms a K-linear operad. The non-commutative divergence j : tdevt — cyc is then a
map of linear operads.

The collection of special derivations sder = {sdet,, } carries a stronger operadic structure than toer: it forms
an operad in Lie algebras. We state the main theorems describing this structure below; full proofs are
deferred to Appendix A.

Theorem 3.11. The family sder of special derivations forms a linear suboperad of toet, and with the operadic
structure restricted from et it is an operad in Lie algebras. The family t := {t,}n>0 of infinitesimal braids
ingects into sver as a sub-operad in Lie algebras.

In analogy with tangential derivations, non-canonical operadic structures can be defined for the groups of
tangential automorphisms TAut = {TAut,, },,>0, to produce operads in sets.

Proposition 3.12. The collection TAut = {TAuty, },>0 has the structure of an operad in sets. The symmet-
ric group action is given for F = exp(u) € TAut,, and 0 € ¥,, by F? := exp(u?). The partial composition
maps are defined for F = exp(u), G = exp(v) with u € tder,, and v € tery,, by the formula

TAut,, x TAut, —— TAuty,n_1

(F,G) — exp(u o; 0) exp(0 o; v).

In particular, we have F o; G = (F 0; 1) (1 o; G), which in usual cosimplicial notation reads
Fl,...,i—l, i(i+1)--(i+n—1),i+n,...,m+n—1 ° Gi,i+1,...,i+(n—1)

As explained in Appendix B, this cosimplicial structure is also present at the level of tder. In particular, if
F = exp (u) € TAut,, u € tder,, then Fi(tD)-J — exp (ui’(i‘H)“'j)7 etc. This construction is also natural in
the sense that if a € lie,,, then we have (F(a))»(+1)J = Fi(i+1) (¢5(+1)-7) for instance. Note that even
though partial compositions o; are not group homomorphisms in general, composition with the unit — o; 1
and 1 o; — are, as are the symmetric group actions.

Remark 3.13. The operad structure on TAut defined above agrees with? with the operad composition used in
[AKKNI&8b] to construct Kashiwara—Vergne solutions corresponding to genus zero surfaces with more than
three boundary components. It is not, however, the operad structure one would obtain by exponentiation of
the partial compositions of tdet:

exp(u) o; exp(v) # exp(u o; v),

3The order of composition in our definition is opposite to that of [AKKN18b], as we follow the definition of the set of KV
solutions in [AET10], which is the inverse of that of [AT12] and [AIKKN18Db].
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where u € e, and v € ter,,, and the composition on the right-hand side is as in Equation (3.3). These
notions do, however coincide when restricted to sdoer and SAut, where there are canonical operad structures
in the categories of Lie algebras and prounipotent groups, respectively.

Although the operadic structure on TAut is non-canonical, it is natural in the sense of [AT12, Section 3]:
for any F' € TAut,, the identity J(F*?) = J(F)"J holds for all pairs i,5. As we compute in Appendix B,
this implies that the Jacobian cocycle is compatible with the operadic composition.

Proposition 3.14. The Jacobian J: TAut — cyc is a morphism of operads (in sets).

3.2. Moperad structures for sder and tder. Since sder is an operad in Lie algebras (Theorem A.3),
following the general shift construction presented in Example 2.5, one obtains a shifted s0er-moperad in
Lie algebras, denoted sder™. The same statement integrates to groups, that is, SAut = {SAut,, },>0 is an
operad in prounipotent groups, and there is a corresponding shifted SAut-moperad, denoted SAut™. While
toer is not an operad in Lie algebras, in this section we develop an sder-moperad in Lie algebras, denoted
toer!, which injects into the linear moperad tdett. The construction is inspired by the sdet-moperad sdet?,
a sub-moperad of sdet™, below. Both constructions integrate to moperads in prounipotent groups.

Definition 3.15. Let sder) denote the semidirect product of Lie algebras sdet), := lie,, x sdev,,. For n > 1,
write elements of sdetl as pairs (a,u), where a = a(x1,...,7,) is a Lie word in lie,, and u is a derivation
in svev,,. Then [(a,u), (b,v)] = ([a,b] + u(b) — v(a), [u, v]).

Similarly, let SAutiL = (Fn)x x SAut,, denote the corresponding semidirect product of groups, consisting
of pairs (w,e"), where w = w(xy,...,z,) is a word in (F,)k, and e* € SAut,. If w,w’ € (F,)k and

e, e* € SAut, then (w,e")(w',e") = (w(e“ cw'), e“e“/).

The symmetric group %, acts on sdetr! by permuting the variables: o(a,u) := (a®,u?). This action induces
an action of ¥,, on SAut}L also by permuting the variables.

We aim to define an sder-moperad structure on sder!. To do so, we define a Lie algebra inclusion
Ko len (1, .. Tn) <> 50€T, 11 = S0CT(e, |\ (wo,21,... ) -

We define x on the generators by setting x(x;) = t%% = (4,0, ...,0, 10,0, ...,0), where x; is placed in the 0-th
component and x( in the i-th component. The map x extends uniquely to a Lie algebra homomorphism on
lie,,. For a € lie,, the 0-th component of x(a) is always a, and a does not involve the variable x, hence, the
map k is injective.

Remark 3.16. There is an illuminating visual for understanding the x-value of a Lie word, shown in Figure 16.
Namely, a Lie word in lie,, is naturally represented as a rooted binary tree with leaves labeled with the
numbers {1,2,...,n} (each label may be used multiple times), and the root labeled 0. Redefining the root of
such a tree to be one of the leaves then gives a new Lie word, this time in the (n+1) variables {zq, 21, ..., pn }.
We obtain an element in [ieffﬁﬂ) by summing over all ways of rooting the tree, and placing each resulting

Lie word in the component numbered by the label of the new root, as shown in Figure 16. To finish, [ief?fﬁﬂ)

maps into tdet, 41 in the natural way. This in particular implies that the 0-th component of x(a) is always a.
The fact that the image of « is in sdetr,, 1 follows from the fact that x is a Lie algebra map and the images
of the generators lie in s0et,, 4.

The following proposition follows diagrammatically from [BND17, Theorem 3.28], or algebraically from
Drinfeld’s Lemma [Dri90, Lemma after Proposition 6.1].

Proposition 3.17. For u = (uy,...,uy,) € sdet,, denote u™ := (0,uy, ..., u,) € svet} = sdev, 1. Then, for
any a € lie,, we have k(u(a)) = [ut, k(a)).

Ezample 3.18. We check k(u(a)) = [uT, k(a)] for u = (z2,71) and @ = x2. For this calculation, recall that
in toer,, if u = (ug,...,uy) and v = (v1,...,vy,), then ([u,v])r = [ug, vi] + u(vy) — v(ug). We compute both
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0 0 0 0
1 2 1 2 1 2 1 2
[x1, x2] V> ([x,x]  , [xaxl ,  [xo,x])

FIGURE 16. The value of k([z1,x2]) € s0era41, calculated by re-rooting the tree.

sides:
K(u(z2)) = K([22,21]) = ([22, 21], [X0, T2], —[T0, 21]),
[u+ (xQ)] = [(071‘271‘1)» (1‘2,0,1‘0)] = ([x%le _[xQ’xO]a [Il,l‘o]),

and therefore x(u(za)) = [u™, k(z2)] as expected.

Lemma 3.19. There are injective Lie algebra homomorphisms
Ly @ SOCTL < sder, = sdet, 1,
given on a € lie, and u = (uy,...,u,) € s0et, by
tn(a,u) == k(a) + (0,u1,...,uUp).
Proof. The map ¢, can be written as the sum of & : [ien — s0¢t, 11, and the natural inclusion ()T : sder,, <

soet given by (uy,...,un)T = (0,uq,...u,). In sderl, we have [(a,u),(b,v)] = ([a,b] + u(b) — v(a), [u,v]).
Hence, we have

n?’

ta([(a,w), (b, 0)]) = K([a, B]) + £(u(b)) — K(v(a)) + [u,v]"
= [K(a), k(O)] + [u™, £()] + [£(a), v ]+ [u", 7]
= [k(a) +ut, k(b) +vT] = [tnla, u), tn(b,v)].
Here, in the second line we used Proposition 3.17. To show that ¢, is injective, assume that ¢, (a,u) = 0. It

follows immediately from the definition and injectivity of x that a = 0, and then we have ¢,,(0,u) = 0, which
implies v = 0 by the injectivity of the shift construction (-)*. O

Theorem 3.20. The maps {in}n>0 naturally assemble to a map of symmetric sequences in Lie algebras
v s0ert — svert, and the image 1(sder!) of sdet! under the map ¢ is an sdet-submoperad of sver™.

Proof. Observe that the map ¢, commutes with the action of 3,,. We need to show that the image ¢(sdetr!)
is closed under the monoid product and the sdet-action of the moperad sder™. Let v = (vg,v1, ..., V) =
tm((a,u)) be an arbitrary element in the image of ¢. Then, in particular, vo = a € le(z1,...,2m), and

therefore v — r(a) € s0et,, = 50eTic(ay, .. 0y If U —K(a) = (0,1, ..., Up), then u = (u1, ..., Up).

Now for some w € sdet,,, we compute v o; w, where 1 <47 < m. Recall from Equation (3.3), Definition 3.7,
and Section A.2 that

Vo, w=vo; 040 0; W = vl,...,i—l,i(i+1)'~~(i+n—1),i+n,...,m+n—1 + wi,i+1,...,i+n—1.
Since vy € lie(x1, ..., Tm), therefore, (v o; w)g = vg 0; 0 € lie(w1, ..., Typyn—1). Thus, (vo; w)o € lermtpn_1.

Observe that x(a o; 0) = k(a) o; 0. Indeed, since both sides are Lie algebra maps, it is enough to check this
for the generators, which in turn is straightforward. Thus, k(vg 0; 0) = k(vg) o; 0.

Now, we compute

vo;w— k(vg0;0) = (vo; 0 — k(vg) 0;0) +00; w=1(0,u) 0; 0+ 00; w
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U(sdery,) { U(sbder,)
> _
OO =
U(tie,) { ’ } U(liey,)
0 1 2 0O 1 2 3
U(sdery,)
01 =
} U(lie,)
0 1 2 1 2

FIGURE 17. Moperad operations for chord diagrams.

Therefore, we have
vo;w=r(ao;0)+t(0,u)0; 0+ 00; w=1t(lao; 0,u0; 0+ 00;w)=1¢(ao; 0,uo;w),
which is in the image of «.
Now let v = (vo, V1, ..y V) = tm((a,u)), and v' = (v}, v],...,v),) = t,((a’,u')). We check that v og v’ €
sder) . is in the image of t. We have
vog v =wvog0+ (v),v],...,v),,0, ..., 0).
The 0-th component of v og v’ is (vg 09 0 + v§;). We compute
vog v — Kk(vg 0g 0+ vh) = (vog 0 — k(vg 0g 0)) + ((Vf, ey V), 0, ...y 0) — K(0]))
= (v = £K(v0)) 20 0+ 0 0p (v = K(vp))
=1(0,u) 09 04+ 00 ¢(0,u") = ¢(0,u og u’).

Therefore, we have v oy v' = ¢ (vg 09 0 + v, u 09 u'), finishing the proof. O

This structure integrates to prounipotent groups, as follows. The operad sder = {sder,, },,>0 is an operad in
degree completed Lie algebras, meaning that, in each arity, the group-like elements of 6(50 et,) are identified
with exp(sdet,). Let SAut) := (F,)x x SAut,. There is an injective group homomorphism exp(¢) : SAut), —
SAut; = SAut, ;. The symmetric sequence {SAut;" },,>0 is an SAut-moperad in prounipotent groups, and
this restricts to make SAut! an SAut-moperad.

Ezxample 3.21. For readers familiar with chord diagrams in the sense of finite type invariants in knot theory,
we note that these structures are both part of a moperad in Hopf algebras assembled of chord diagrams on
(n 4+ 1) strands, as shown in Figure 17. For readers otherwise, this may still be helpful as a visualization.

Expanding on Theorem 3.11, which states that infinitesimal braids form a suboperad of s0et, we have the
following.

Lemma 3.22. The image of t1 — sder) lies in t(svetl).

Proof. Since the inclusion t < sder; is a Lie algebra map, it is enough to check this for the generators.

If 0 < i < j, then t; ; maps to t"/ = (0,...,0,2;,0,...,0,2;,0,...,0), with z; in component i > 0 and z; in
component j > 0. Therefore, t7 € sdet,, so t*/ = (0, t’:7j).
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On the other hand, t; maps to t*¢ = (z;,0,...,0, 0,0, ...,0), with ; in the 0-th component and z; in the
i-th component. Then t* = k(z;), therefore, t%* = ¢(x;,0). O

Finally, we introduce an sdet-moperad in Lie algebras, tder!, consisting of tangential derivations. The
conceptual difference from the previous construction is that tderv itself does not form an operad in Lie
algebras, and hence there is only a shifted moperad to speak of in a linear sense. We denote this linear
shifted moperad by tdert. It is the case, however, that tangential derivations admit a right sdet-module
structure in Lie algebras.

Proposition 3.23. The symmetric sequence er = {ter, } >0 forms a right sdev-module in Lie algebras,
where the action o; : tder,, @ s0et, — t0et, 11 1S given by restricting the i-th linear partial compositions
of toer.

Proof. We have seen in Proposition 3.10 that these partial compositions make tder a linear operad. Thus,
it is enough to show that the restrictions sdet in the second component are Lie algebra maps. For d € tdetr,,
and u € s0et,,, we have

d 0; U = d 0; 040 o; U= dl,...,z—1,1(1—0—1)~~~('L+n—1),z+n,...,m+n—1 + 7‘L7,,7,—§—1,..4,1+n—1.

Since (+) o; 0 and the shift (-)%iT1*7~1 are both Lie algebra maps, their sum is a Lie algebra map if the
images commute in tdet,,1,,—1. In other words, we need to show [do; 0, ui’i+1""’i+”’1] = 0 for any d € tder,,
and u € soet,. To see this, notice that since u € soet,, the value u’:"'”””_l(xi + -+ Zign-1) = 0, and
therefore u® " =1(d) o, 0) = 0 for all dy € lie,,. This implies that [d o; 0, u®* 11 =1] — when written
as an (m + n — 1)-tuple — is zero in coordinates 1 through (i — 1), and (¢ + n) through (m +n — 1). For
example, if i > 1, then the first coordinate of [d o; 0, u®*+1+-*"=1] i computed as follows:

[dy 0; 0,0] + (d 0; 0)(0) — ™" 7(dy 0;0) =0+ 0 — 0.

Next, if 1 < j < n, then the (i + j — 1)-st coordinate of [d o; 0, uhiT1--iTn=1] jg:
[dz 0; 0, U§-7""i+n71] + (d 0; 0)(U§-7""i+n71) —0= [dl 0; 0, u;‘-""’iJrnil} + [uj,...,z#nfl’ d; o; 0] =0,

where the first equality holds because u;"“’”"_l is a Lie word is variables z;, .., Z;4+,—1, and the tangential

derivation d o; 0 has identical components d; o; 0 in positions i through (i +n — 1), hence it acts as an inner

derivation on ué""’”n*l. This completes the proof. ([

Remark 3.24. One can similarly define a right sder-module structure on the extended symmetric sequence
toert = {tder)} = tbet[icmmmo_ﬁ_’zn)} in which the sdetr action maps are defined by the partial compositions
o; for1 <i<n.

Definition 3.25. We define toer) := lie, x tder,,. For n > 1, write elements of tder) as pairs (a,u),
where a = a(z1,...,2,) is a Lie word in lie, and u is a derivation in tdet,. Then [(a,u), (b,v)] = ([a,b] +
u(b) — v(a), [u,v]). The corresponding group is TAut! = (F,)x x SAut,, consisting of pairs (w,e"), where
w = w(z1,...,Tn) is a word in (F, )k, and e* € TAut,,.

The symmetric group ¥,, acts on tdet’ by permuting the variables: o (a,u) := (a®,u”). This action integrates
to TAut,, as well.
The analogue of « is a (different) injective Lie algebra map

A lien (@1, .. Tn) > T, 11 = 0CTic(2,21,.. 00 ) -

The map A is simply the inclusion of lie,, in the 0-th component, that is, A(a) = (a,0,...,0,0,0,...,0). The
map A is injective, as a tuple (a,0, ...,0) represents the 0 derivation in tdet, 4 if and only if a = cx( for some
scalar c.

Proposition 3.26. For d = (dy,...,d,) € toer,, and any a € lie,, we have X\(d(a)) = [dT, A(a)].
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Proof. We compute both sides:

A(d(a)) = (d(a),0, ...,0),

[d*,\a)] = [(0,di, ...,dy), (a,0,...0)] = (d(a),0,...,0).

Here in the second line we used the rule for calculating commutators of tangential derivations in the coordinate
expression: ([u,v]), = [uk, vi] + u(vr) — v(ug). O
Lemma 3.27. For each n > 1, there is an injective Lie algebra homomorphism
(3.4) N - et < er! = CTlic, 1 (wo,m1,nan) = €41
given by

nn(a,d) == Xa) +d*  where dT =(0,dy,...,d,)
for any a € lie, and d = (dy, ...,d,,) € toer,,.

Proof. The proof of Lemma 3.19 applies verbatim, replacing ¢ with 7. O

The maps {7, } assemble to a map of symmetric sequences 7 : tder! — tder™. As we saw in Proposition 3.23
and Remark 3.24, tder and tder™ are right sdet-modules in Lie algebras. The next lemma shows that this
module structure restricts to toer?.

Lemma 3.28. The image n(tdert) in tder™ is invariant under the right sdet-action, hence, the action restricts
to make tder! a right sdev-module in Lie algebras.

Proof. For a € liey,, d € tder,,, u € s0et,, 1 < i < m, we have
n(a,d) o; u = (Aa) +d") oj u = Ma)o,0 + d* o; u = Mao;0) + (d o; u)™ = n(ac;0,d o; u).

Lemma 3.29. The image n(tder!) in tder™ is closed under the linear monoid multiplication

o : tder) @ tder) — tver) .

Moreover, for each m,n > 1 restriction of the linear map o : et} Stder) — toer) |, to n(tver))) &n(toer))
is a Lie algebra homomorphism.

Proof. For any a € lie,,, a’ € lie,,, d € tdet,, and d’ € tder,,, we compute

nm(avd) %0 nn(a/7d/) = (a7d17 7dm) %0 (a/7d/17 L 7d;1)
=(ao90,...,a000,d;090,...,dm 000)+ (a’,d},...,d,0,...,0).

coy Uy s

Note that since a and d; are elements of liey, (x1,...,2m), for 1 < j < m, it follows that a op 0 =
a(Tpt1, e, Tman), and dj o9 0 = dj(Tp+1, ..., Tmin). Thus, each component of n,,(a,d) og ny(a’,d’) is an
element of lie,, 1, and therefore, 1, (a,d) oo nn(a’,d') € Nygn(ter), ).

The monoid composition

o : m(tder,,) @ n(tder,) — n(tder,, )
can be described as the sum of Lie algebra maps (-) og 0 = (-)01 - mntlendm and ()07 Tt is enough to
check that the images of these two maps commute, that is, we need to show that

[(@og0,...,a000,d1000,...,dnoo0),(d,d,..d,0,..,0]=0 in tder

oy Uns m-+n

for any a,d,a’,d’. Since a o 0 and d; og 0 are Lie words in {Z41,...Zm+n}, we compute, for example, the
0-th component of the commutator using ([u, v]), = [uk, vg] + u(vy) — v(ug). We obtain

[a0p0,a']+ [a’,a000] —[aog0,0] =0,

using that the first n + 1 components of (a oy 0, ...,a 09 0,dy 09 0, ..., dy o9 0) are identical, and that a oy 0 =
a(Tp41, -y Tmn) and all of these variables are killed by (o, dj, ...,d.,0, ...,0). The first to n-th components

of the commutator are zero for the same reason, and the last m are zero trivially. This completes the
proof. O
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In summary, we have proven the following:

Theorem 3.30. The symmetric sequence Wett is an sdev-moperad in Lie algebras, with the monoid multi-
plication and sdetv-action defined by restriction from the linear moperad toer™. This structure integrates to
groups, making TAut' an SAut-moperad in prounipotent groups.

Proof. We observe that the map 7, commutes with the action of 3,. The result then follows from the
combination of Lemma 3.28 and Lemma 3.29. (|

3.3. Kashiwara—Vergne (KV) solutions, associators, and symmetry groups. In this section, we
introduce genus zero Kashiwara—Vergne (KV) solutions, a family of higher-arity analogues of the classical
KV problem introduced by Alekseev, Kawazumi, Kuno, and Naef [AKKNI18b, AKKN20, AKKNIR8a|. Al-
gebraically, these solutions extend the KV condition to compositions involving multiple inputs, reflecting
properties of nested applications of the Baker—-Campbell-Hausdorff (BCH) series [AET10, Appendix B.1].
Geometrically, they correspond to homomorphic expansions for the Goldman—Turaev Lie bialgebra associ-
ated with free loop spaces on surfaces [AKKN18h, AKKKN20], as well as homomorphic expansions for certain
four-dimensional tangles [BND17, BND24].

Definition 3.31. A solution to the Kashiwara—Vergne (KV) problem of type (0,n 4+ 1) is an element
F € TAut,, such that

(SolKVT) F(e™ ... e%n) = et tan
(SolKVII) 3h € 2%K[[2]] such that J(F)=tr (h (Z x> -3 h(xi)) .
i=1 i=1
Remark 3.32. Our definition of KV solutions aligns with the conventions used in [AET10], but corresponds

to the inverses of the solutions appearing in [AT12] and [AKIKNISb].

The formal power series h € z?K][[z]] appearing in (SolKVII) is called the Duflo function. This function is
uniquely determined by a given KV solution F' [AET10], and is essential data when one aims to glue, or
compose, KV solutions. We denote by SolKV(n) the set of all KV solutions of type (0,n+ 1), or equivalently,
KV solutions of arity n. We refer to elements of SolKV(2) as “classical KV solutions”, in cases when we need
to contrast KV solutions of arity 2 with their higher-arity generalizations.

The existence of classical KV solutions was first established in [AMO06]. In [AT12], Alekseev and Torossian
gave an alternative proof of the existence of classical KV solutions — that is, of type (0,2+ 1) — by exploring
the relationship between Drinfeld associators and the associativity of the Baker—Campbell-Hausdorff series:

beh(x, beh(xa, x3))) = beh(beh(xy, x2), x3)
In particular, if F' € TAut, satisfies (SolKVI), we have:
F'23FL2(peh(beh(x1, 22), 23) = 21 + 22 + 23 = FP23F23(beh(x1, beh(2a, 23))).

Here we have again used the standard cosimplicial notation for tangential automorphisms, in which the
automorphism F'? denotes the image of F' € TAuts, viewed as an element of TAuts which acts non-trivially
on 1,72 and fixes z3. Similarly, F>? acts on xa, x3, F123 acts on the pair (z; + 72, 73), and F1:23 acts on
(x1,22 + x3).

The special automorphism
(3.5) Gp = FYBR23(FL2) Y (F123) 71 = (F oy F)(F oy F)™!
satisfies the pentagon equation in TAuty, as we will discuss in Section 5.1:
(P) G;2’34G?’3’4 _ G%3’4G}523’4G};2’3.
Definition 3.33 ([AT12, Definition 9.1]). A special automorphism

Gp = FLBE23(FL2)~1(F123)=1 ¢ GAut,
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as above is a K'V associator if it satisfies the pentagon (P) equation (P), as well as the inversion and hexagon
equations:

(U) G1,273G3,2,1 — 1)
(H1) ew _ (G2,3,1)716#G2,1,36#(G1,2,3)71’
(H2) eM _ 03,1,2€¥(G1,3,2)71€#G1,2,3_

There is an injective Lie algebra homomorphism ¢ : t,, — s0et,, given by
L(ti]’) :tij = (0,..., A 1‘2 ,...,0),
i J
see also Example A.5. Exponentiating this map yields an injective group homomorphism exp(t,) — SAut,,
and consequently an operad inclusion ¢ : CD < SAut. It follows that for any Drinfel’d associator (1, f) with
f € t3, the image «(f) satisfies the defining relations of a KV associator. If the special automorphism G is in
the image of the group inclusion exp(t3) < SAuts, then we say the KV associator ‘is a Drinfeld associator’.

In Section 9 of [AT12], the authors use this fact, together with the existence of Drinfeld associators, to prove
the Kashiwara—Vergne Theorem:

Theorem 3.34 ([AT12, Theorem 9.6]). The KV problem of type (0,2 + 1) admits solutions.

In [AKKN18b, Lemma 7.3], the authors show that solutions of type (0,n+1) can be constructed operadically
from those of type (0,2+1) via a composition procedure. For more on these compositions, see Appendix A.3.

The KV solutions of type (0,n+ 1) naturally carry the structure of a bitorsor under two symmetry groups—
the group KV(n) and its associated graded version KRV(n). These groups are defined in terms of tangential
automorphisms subject to specific exponential and Jacobian constraints, and they act on opposite sides of
the solution space.

Definition 3.35. The graded Kashiwara—Vergne group of type (0,n + 1), denoted KRV(n), consists of the
tangential automorphisms G € TAut,, satisfying:

(KRVI) G(6x1+--~+rn) _ ex1+...+xn7

(KRVII) Jh(z) € 2*K][[z]] such that J(G) = tr (h (i xl> - ih(mﬂ) .

Group multiplication is by composition of tangential automorphisms (3.1).

Definition 3.36. The Kashiwara—Vergne group of type (0,n+ 1), denoted KV(n), consists of the tangential
automorphisms G € TAut,, satisfying:

(KVI) G(eml . ern) —eTl. .. exn’
(KVII) Jh(z) € 2°K[[z]] such that J(G) = tr (h (beh(z1, ..., z0)) — i h(x,)) _

The group structure is given by composition of tangential automorphisms (3.1).

Theorem 3.37 ([AKIKNI18a, Theorem 8.4]). The group KRV(n) acts freely and transitively on the right of
SolKV(n) by left multiplication by the inverse. The group KV(n) acts freely and transitively on the left of
SolKV(n) by right multiplication with the inverse. Moreover, these two actions commute, making the set
SolKV(n) into a bitorsor.

Explicitly, for F' € SolKV(n) and G € KRV(n), the right action is given by
F.-G:=G'F

while for G € KV(n), the left action is
G-F=FG"
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Special cases of this bitorsor structure appear in [AKIKN18b, Remark 8.9], [AT12, Theorem 5.7], and [AET10,
Proposition §].

Recall that GT; C GT denotes the acyclotomic Grothendieck—Teichmiiller group, consisting of elements (A, f)
with A = 1, and that GRT; is its graded analogue. In [AET10, Theorem 9] and [AT12, Theorem 4.6], the
authors construct injective group homomorphisms

GTi <> KV(2) and GRT; — KRV(2).

These maps intertwine the pentagon and hexagon identities that define GT; and GRT; with their analogues
arising from nested applications of the Baker—Campbell-Hausdorff formula in the KV framework.

The following theorem establishes that {SolKV(n)},>2 and the corresponding symmetry groups are also
equipped with a (non-symmetric) operadic structure. This fact is used in [AKKN18b, Section 7] and [AET10].
We provide further discussion, examples and proofs in Appendix A, see Theorem A.12 and Proposition A.15.

Theorem 3.38.

(i) The family SolKV := {SolKV(n)}n>2 forms a K[[z]]-colored non-symmetric operad. Namely for
F = (F,hy) € SolKV(m) and G = (G, ha) € SolKV(n) two KV solutions with hy = hs, then F o; G
is still a KV solution.

(i1) Similarly, the families {KRV(n)}n>2 and {KV(n)},>2 form non-symmetric K[[z]]-colored operads in
the category of sets.

(i1i) For F' € SolKV(2),G € KRV(2), given any iterated composition of the form
F=(--((Fos, Fyoj, F)---0;, F) €SolKV(n), G =(---((Gos, G)oi, G)---0; G) € KRV(n),
the action satisfies
F-G=(--((F-Goj, F-GQ)oj, F-GQ)---0;, F-G) € SolKV(n).

where F -G as before denotes the right action of KRV(2) on SolKV(2). An analogous statement holds
for KV(n) acting on the left.

Remark 3.39. Note that by (KRVI), we have that KRV(n) C SAut,, and therefore in that case o; is a group
homomorphism, making {KRV(n)},>2 a non-symmetric K[[z]]-colored operad in prounipotent groups. We
can achieve the same for KV(n) by defining sder = {u € toer : u(beh(zy,...,2,)) = 0} with operadic
composition defined the same way as in s0etr but with “+” replaced by “bch”, and expontentiating that to
get S/K/utn, then KV(n) C S/K/utn

3.3.1. Symmetric KV solutions. An inner derivation of a Lie algebra g is a derivation arising from the
adjoint action of g on itself. For example, the tangential derivation ¢ = (z2,21) (see also Example A.5) is
equivalently described as the inner derivation given by the adjoint action of (z1 + x2) € liea. That is, the
inner derivation t := ad;, +4, acts on a Lie word a € lieg as

t(a) = [a,x1 + x2] = [a, 21] + [a, 2]
Indeed, t(z1) = [21,z2] and t(z2) = [z2, z1], as in Example A.5.

Denote by b the tangential derivation b := (0,x1) € tders, and set B := exp(b). The inner automorphism e?,
together with the tangential automorphism B, are used to define an involution on the set of KV solutions
of type (0,2 + 1).

Proposition 3.40 (J[AT12, Proposition 8.4]). The automorphism 7 : SolKV(2) — SolKV(2) defined by
T(F):=e t/?2F2'B

defines an involution on the set of solutions to the KV problem. That is, if F € SolKV(2), then 7(F) €
SolKV(2) and 72(F) = F.

Remark 3.41. Due to opposite braiding conventions with respect to those in [AT12], the automorphism B
here is denoted R*! in [AT12].
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Definition 3.42. A KV solution F' € SolKV(2) is symmetric if 7(F) = F. We write SolKV"(2) C SolKV(2)
for the set of symmetric KV solutions.

As shown in [AT12, Proposition 8.9], the subgroups

KRV¥™(2) := {G € KRV(2) | G*' =G} and KV¥™(2):={G € KV(2) | G*' =G}
of KRV(2) and KV(2) make SolKV"(2) into a bitorsor. In particular, combining [AT12, Theorem 5.7] and
[AT'12, Proposition 8.9] we have the following.

Proposition 3.43. Given two symmetric KV solutions F1, Fy € SolKV™(2), we have
FiFy € KRVY™(2) and  Fy'Fy € KVY™(2).

Proof. For convenience, we reprove the KRV®™ statement directly; the proof for KV¥¥™ is similar. First,
observe that since both F; and F; satisfy (SolKVI), we have

F1F2—1(€z1+x2) _ Fl(exlem) — 611+I2’
which shows that F}F, ' satisfies (KRVI). To show that FyF, ' satisfies (KRVII), we use the 1-cocycle
property of the Jacobian. We have
(3.6) J(REy Y = J(F) + FLUJ(F Y = J(F) — FLFy L I(F).

Since Iy and F» are KV solutions, we have J(Fy) = tr(hi(x1 +x2) —h1(z1) —h1(z2)) and J(F2) = tr(he(z1 +
T9) —ha (1) —ha(x2)) for some Duflo functions hy, hy in 22K[[2]]. We claim that the action of Fy F; ' on J(F)
is trivial: as Fngl satisfies (KRVI), it preserves the sum z; + xo and thus the series ha(x1 4+ x2); moreover,
it acts by conjugation on each of ho(z1) and ho(22), which cancels under the trace. Therefore, (3.6) becomes

J(FlF;l) = J(Fl) — J(FQ) = tI‘(h(fEl + 132) — h(l‘l) — h(l‘g)),
where h := h; — hg is the difference of the Duflo functions. We conclude that F1F2*1 satisfies (KRVII).

Thus, we have that F} Fy ! is in KRV(2). Using that Fy and F are symmetric, one can compute (F} Fy 1)>!
directly as follows:

(F1F2—1)2,1 _ (et/QFlB—l)(et/2F2B—l)—l — et/2F1F2_1€_t/2 — F1F2_1
Thus, F1 Fy ' € KRVY™(2) as required. O

Out of symmetric KV solutions, in [AT12] the authors build special automorphisms which satisfy pentagon
and hexagon equations — the defining equations of Drinfeld associators, but in a different space — as follows:

Proposition 3.44 ([AT12, Proposition 7.1]). Let F € SolKV(2) be a KV solution. Then, the tangential
automorphism

Gp = FL2BE23(pl12)—1(p123)-1
is an element of KRV(3) C SAuts and satisfies the pentagon equation in TAuty:

(P) Q12341234 _ 723431,23471,23

Proof. We give a short alternative proof. By Theorem 3.38 we know that F oy F = F'23F12 and Foy F =
FL23F23 are in SolKV(3). Tt follows that Gp = (F og F)(F o1 F)~! is an element of KRV(3). Similarly, we
have that both (F oy F)oy F and F oy (F og F) are elements of SolKV(4). Now observe that both sides of (P)
are elements of KRV(4) sending (F oy F) o1 F to F oy (F oy F). Since the KRV(4) action on SolKV(4) is free
and transitive (Theorem 3.37), the two sides must be equal. O

If F is a symmetric KV solution then more is true: G and et satisfy all of the remaining defining equations
of Drinfeld associators in TAuts, as follows.

Proposition 3.45 ([AT12, Proposition 8.11]). Let F' € SolKV"(2) be a symmetric KV solution, and let
G := G be the corresponding solution to the pentagon equation. Then Gr € SAuts is a KV-associator (as
in Definition 3.33).
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Proposition 3.46. Let I' € SolKV(2) be a KV solution. Then we have,
T(F) =F << Gp :GT(F)'

Proof. Suppose that we have Gr = G,(p). By [AT12, Proposition 8.5], we have G (py = (G‘}z’l)*l. The
fact that F' is a symmetric KV solution then follows from [AT12, Proposition 9.3]. g

4. CONSTRUCTING KV SOLUTIONS

In [AET10], the authors give an explicit construction of a classical KV solution F, associated to a Drinfel’d
associator ¢ : PaBg — CD with coupling constant p = 1. In this section, we reinterpret their construction
as a procedure that assigns, to each homomorphic expansion of PaB]}(, or specifically, moperad equivalence
(', ) : PaBy — CD™, a KV solution of type (0,2 4 1). This perspective clarifies how the KV equations
emerge naturally from the defining relations of the PaBgx-moperad Pa B]%(.

The construction proceeds as follows. Given a moperad equivalence (¢!, ¢) : PaBy — CD™, we associate to
any fully parenthesized permutation w in Ob(PaB'(n)) a tangential automorphism F,, € TAut,. We will
show that the automorphism Fp(12y corresponding to the word w = 0(12) is a KV solution. Furthermore,
we demonstrate that for a full parenthetization of the identity permutation 12---n, w € Ob(PaB*(n)), the
tangential automorphism Fp,, is a KV solution of type (0,n 4 1). In particular, the collection of all {Fj,},
with w ranging over all full parenthesizations of the identity permutation 12---n, defines the suboperad of
SolKV (Theorem 3.38) which is freely generated by the classical KV solution Fy(1g).

Recall from Theorem 2.23, that Pa B%( is finitely presented as a PaB-moperad, and hence any equivalence of
completed moperads (¢!, @) : PaB]Il( — CD™ is uniquely determined by the data

P(RV?) = et/ o(@12%) = f(tig,tas), @'(E™') = e, and  @"(WO1?) = g(tor, t12),

so that the pair p(RY?) and o(®23) determine a Drinfeld associator and p(RY2), p(®1:23), ! (E®!) and
ot (U912) satisfy equations (MP) and (O). In fact, for any given ¢, there is only a one-parameter family
of possible ¢!, which includes the shifted solution given by g = f, see Proposition 2.27. The following
construction generalizes [AET10, Proposition 28].

Construction 4.1. Fix a moperad equivalence (¢, ) : PaB]% — CD* and a parenthesized permutation
w € Ob(PaBg(n)). We consider the local isomorphism

(41) 90111) : AUtPaBé(n) (’LU) = (PBi)K — eXp(t:L)
of prounipotent groups induced by (p!, ).

(a) Using that PB! = F,, x PB,, (Equation (2.10)), we restrict the isomorphism (4.1) to an isomorphism of
free groups

(4.2) oL+ (Fn)x — exp(lie,,),
which is completely determined by the image of the generators X,..., X, of (F,)k.

(b) By Lemma 2.21, as a morphism in Autp,gy (,)(w), each generator Xy of (F,)x can be (non-uniquely)

represented via operadic, monoidal, and categorical compositions of the generating morphisms of Pa B]%(.
In particular, Xj € AutpaBulﬁ(n)(w) is obtained by conjugating E%* ¢ AutpaBulﬁ(n)(l}L) by twists and
associativity isomorphisms.

(c) In turn, this determines the values @}, takes on the generators Xj. Indeed, a straightforward calculation
shows that @} (X}) = e **efore** for some Lie word zj € t, as in Section 2.4.

(d) We rewrite these conjugations as gL (X;) = e~ **eloke?t = e~ #kelok ek, where 2j, € lie,. This is done via
the homomorphism t — tdev,,, given by ¢;; — (0,...,2;,...,2;,...,0), and to; — (2;, z;,...,x;). Here
1 <4,j < n, and the values z; and x; are placed in position ¢ and j, respectively. Then, the action of
t} on its subalgebra lie,, (generated by tg1,...,%,) agrees with the action of the image in tder,,. Hence,
exp(t;) acts on (F,)g by tangential automorphisms, which gives the second equality above. This is
[AET10, Proposition 20].
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(e) Completing this construction for each generator Xi,...,X, of (F,)x C AutpaB}((n)(w), we find that

(o1, ) restricts to a tangential automorphism of (F,)x (using exp(lie,) = (F, )k, e — X;). Denote
this tangential automorphism by

/

Fypr,p = (ezi, NN

Notation 4.2. We denote by F, 1, = (ezi,...7ezv/1) the tangential automorphism associated to the

moperad equivalence (p',¢) : PaBg — CD' and a choice of parenthesized permutation w € Ob(PaB'(n)).
To simplify notation, we will often suppress the dependence on the homomorphic expansion (p!,¢) and
write I, in place of F, ,1 , whenever the context makes the choice of expansion clear.

Ezample 4.3. Let 13 = ((01)2) denote the leftmost parenthesization of the identity permutation in Ob(PaBj(2)).
The generators of the free group (F2)k, viewed as automorphisms in AutpaBulg(g)(l%), can be presented as

X =E% and X, = (UO12)"1(R21) 1021 pO2 (P02 1)~ RL2 (012,
Applying a moperad equivalence (¢, ) : Pa B% — CD™, we compute that

(4.3) o' (X1) = (E™!) = o1 and

(4.4) @' (Xp) = (9(7302,7512)_16L2129(t01,t12))_1 eftto2 (g(t027t12)_16u%g(t01,t12)) .
Where we note that we have written the formula for @'(X;) in terms of group multiplication.

Since to1 + to2 + t12 is central in t = t3, we replace t12 by —tg1 — to2 and rewrite (4.4) as

_1 k(=to1—to2) _1 k(=to1—to2)
) e 2 ) e 2

“1
(9(toz, —tor — toz g(tor, —tor — to2))  erto2 (9(75027 —to1 — to2 g(to1, —tor — toz)) :

Thus, we obtain a tangential automorphism Fyy 1, @ (F2)k — exp(liez) = (F2)x defined by restricting
(0,01 to (F2)k. As a two-tuple, this is given by

_ 1 —m(tor+to2)
)em T

Fiiprp = (179(1502, —to1 — to2 g(to1, —tor — t02)) .

O

If we let 7} = (0(12)) denote the rightmost parenthesization of the identity permutation in Ob(PaBg(2)), a
similar calculation to that in Example 4.3 gives the tangential automorphism:

(Floai2)) F.

25

—u(to1+to2)
ol = (9(15017 —to1 — to2), g(to2;, —to1 — toz)e 2 ) .

For the remainder of this section, we fix an equivalence of completed moperads (¢!, ¢) : Pa B%( — CD™ given
— as usual — by the values

t12

(4.5) e(R"?) =€, o(®"??) = f(t12,123), ©"(E®')=¢"", and ¢"(¥""?) = g(to1,t12).

One of the main results of this paper (Theorem 4.11) is that the tangential automorphism Fy(;2) is a KV
solution of type (0,2 + 1). This is parallel to [AET10, Theorem 4]. We begin by addressing the first KV
equation.

Lemma 4.4. Let (o', ) : PaB]k — CDT be an equivalence of completed moperads as above. Then, the
associated tangential automorphism Fy12) satisfies the first KV equation from Definition 3.51:

Foaz)(e™e™) = em ™2

Proof. The morphisms
)('1 — \IIO,I,QEO,I(\IJO,LQ)—I and X2 — (R2,1)—1\I/O,Q,IEOQ(\110,2,1)—1R1,2.



o7

GENUS ZERO KASHIWARA-VERGNE SOLUTIONS FROM BRAIDS 57

generate a copy of the free group (F2)x C AutpaBk(z) (0(12)). Using first the octagon (O), then the right
pentagon (RP) equation we can rewrite the product XX, as:
X2X1 — (RQ,I)—I\IJO,Q,IEO,Q(\I,O,Q,I)—IRI,Q\I]O,LQEO,I(\IIO,172)—1

©) (RQ’I)_I\IJO’Q’lEO’QEOQ*l(\110’2’1)_1(}21’2)_1

(RP) (R21)~1g0:21 (\1,0,2,1)—1 RLZEOIZR2L G021 (g0.2.1)-1(pl2y-1

— E0,12.
Note that in the application of the RP relation in the second reduction uses that £%2 commutes with E%%1:
this is an equality in Autp,g:((01)2) 2 (PB3)x C (B})x, given in Remark 2.13, relation (2.6).

Applying Construction 4.16, we obtain Fy(12)(e®1e%2) = @g(12)(X2X1) = @o12)E°1?) = 1772 as claimed.
O

Remark 4.5. Since we write function composition left to right, the isomorphism Autp,gi () (w) = (PBL)x
is strictly speaking an anti-isomorphism. This leads to the (somewhat confusing) equality @5(12)(X2X1) =
Fy12y(e®1e?). On the left-hand side of this equation, X»X; denotes the function composition of morphisms
which, under the identification Autp,gy(2)(0(12)) = (PB3)x = (F2)x x (PBy)k, is the product of group
elements e*e” in (F2)k.

The proof of Lemma 4.4 illustrates how the right pentagon (RP) and octagon (O) relations in the PaBg-
moperad structure on PaB]}( correspond to the first KV equation (SolKVI). Our goal is now to prove that
Foy(12) satisfies the second KV equation (SolKVII). In order to do so, we will use the following generalization
of [AET10, Theorem 30]. Recall from Proposition 3.12 the operad structure on TAut, given explicitly for
F € TAut,, and G € TAut,, by the formula

Fo,G= (F 0; 1)(1 0; G) _ Fl,...,i—l,i(i+1)~~(i+n—1),1‘,+n,...,m+n—1 o Gi,i+1,...,i+(n—1) c TAutm+n_1 )

Theorem 4.6. Let (p',¢) : PaB]%( — CDV be an equivalence of completed moperads. Given parenthe-
sized words O(w) € PaBg(m), 0(w’) € PaBg(n) we have the following equality of the associated tangential
automorphisms:

Fow 0; Fow = F‘O(woiw’)7

where the composition in the subscript is the partial composition of permutations (1.1).

Pmof.~ Suppose that w € PaB(m) and w’ € Pal%(n). We write Fp,, = (fl, e fm) and Foor = (g1, Gn)
with f; € lie,, and g, € lie,,, and denote f; := f; 0; 0 and g, := 0 0; gr. With this notation, we must prove
that

(46) FO(wo,;w’) = (fl, . -7fi—17f1'7 .. -7fi7fi+17 . .,fm)(l, ceey 1,g1, ceesQn, 1, ey 1),

First observe that since (¢!, ¢) is a morphism of moperads, the following diagram commutes

1
AutPaBa(m)(Ow) x Autp,g, (n) (W) I Eak TN exp(t]) x exp(t,)

1
A“)O(woiw/)
AutPaBi(m«knfl)(o(w O4 w/)) th

eXp( m-‘rn—l)'

Restricting to the free group (F,,)x x {1} we get the commutative diagram

(Frm)x N O N exp(lie,,)

| l

1
Po(wo;w’) .
(Frtn-1)x —— exp(liemyn_1)-
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=

((p9)9)) )
//% }Vz"zl
T [
| e
A
7
w o ZOZ/U

FIGURE 18. An example for showing the formula (4.6) for j = . In this example, w =
((12)3), w' = ((12)3), and i = 2.

Here, the vertical arrows are explicitly given by

m — _ — _
(Fm)x (Fmt+n—1)K exp(liey,) exp(liey4+n—1)
X; if j <1, e%i if j <1,
. . and T ZH—n—lw . .
X; — Xitn-1---X; ifj=1, evi — e2e=i T if j =4,
Xjyno1 if j > i, eFitn=1 if j > i.

Specializing to the generators X; of (Fy,4n—1)x with j ¢ {4, ...,4+n — 1}, that is, the images of X; € (F,,)x
for j # 1, we obtain
flte® f; for j < 1,
FO(woiw’)(Xj> = J_l ;JK . .
1€ fj—ng1  forj>i+n—1
Here the isomorphism exp(liey,4n—1) = (Fpmtn—1)k identifies e with X; for j = 1,...,m 4+ n — 1. Thus,
(4.6) holds for all X, j & {¢,...,i+n—1}.

It remains to show (4.6) for X, j € {i,...,i+n —1}. For X; € (F,, )k, write

(4.7) Fouw(Xi) =77 'e"y, v € exp(th)
as given by part (c) of Construction 4.1, and recall that we have denoted by
(48) FO'uJ(Xi) = fi_lemifi, f‘z € exp([iem)

the action given by part (d) of Construction 4.1.

Observe that fm’l commutes with x;, where the product is taken in t via the inclusion z; — to; of lie,,
into t},. The centralizer of to; in t}, is the set {\tg; +a%h1i=Litlm | A € K and a € t,,}. This is a short
induction argument using that t,,41 = lie,, X t,,,, as in [AET10, Proposition 51]. Hence, we write

(4.9) fiy b = il 2z hitheam - for some o € exp(ty).

It is possible to choose f; and ~ such that log f; and log~y have no linear terms in z; (as adding a linear
term in z; does not change the action on x;). Thus, taking log on both sides of Equation 4.9 and comparing
linear terms we get A = 0.

Further, the morphism X; in Autp.gy (smn)(0(w o; w')), shown in Figure 18 in an example, is obtained by a
composition of the action obtained from X; in Autp,g: () (Ow), with 1, inserted into the i-th strand, with
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the action obtained from X; in AutpaB}((n)(Ow/):

(4.10) Foworwn (Xi) = (voi 1)1y e gi(v 03 1).

From (4.9), we have that

Nopl= (a0¢(i+1)...(i+n71),1,2,...,171,i+1,...,m)flf_
k2 - 7

Substituting this into (4.10), and observing that (ai(+1)-(iHn=1),12,i=Lit1l,...m) commutes with each ;
for i < j <i+n— 1, we obtain

L ) . . L ) . . -1
FO(woiw’)(Xi) — fi_IOZOl(ZJrl)”'(Z+n71)’172""7171’Z+1""7m91_1€zig1 (aOz(H»l)...(1+n71),1,2,...,271,z+1,...,m> fz

= fi g e igr fi = (Fow 01 Fouw)(Xi).
The same argument shows that
Fo(wo,w (X;) = fflgj__lnﬂexjgj—nﬂfi = Fow i Fouw (X)
for j =i+ 1,...,i+n —1. Thus we have Fy(uwo,w)(X;) = (Fow 0i Fouw )(X;) forall 1 <j <m+n—1,
completing the proof. O
We illustrate the preceding theorem with an explicit example.

Exzample 4.7. Let F' = Fy(12) be the tangential automorphism from Lemma 4.4 and write 73 = 0(1(23)) for
the rightmost parenthesization of the identity permutation in Pa B]%((3). We calculate that

F oy F = Fy(12) 02 Fo12) = Fo(i(23))-
The composition F oy F = F123. F23 ig given by
(4.11) F?? = (179(t017 —to1—to2 — t03), g(to2, —to1—to2 — to3)e
(4.12)
Y3 = (g(tm, —to1—to2 — t03), g(toz, —tor—to2 — toz)e

—n(tg1+toa+to3)
2 and

—n(tgr +tga+to3) —n(to1+toa+to3) )
2 2

, 9(toz, —to1—to2 — tos)e

To describe the action of F oy F' on X in Autp,gy () (r}), we first note that X; € AutpaBllK(g)(Té) can be
expressed as
Xl _ \110,1,23E01(\110,1,23)—1

Applying the moperad equivalence (¢!, ) : PaBi — CD™ then gives
<p1(X1) _ @1 (\110,1,23E01(\IJO,1,23)—1>
g(tor, tiz + tiz) e g(tor, tia + ti3)
= g(tor, —tor — to2 — toz) '€ g(to1, —to1 — to2 — to3)

Here, the last equality is using that (t1o + t13 + ta3 + to1 + to2 + tos) is central in t1, so g(to1,ti2 + t13) =
g(to1, —tor — toz — to3 — tag), and to3 commutes with tg;. Comparing with Formulas (4.11) and (4.12), we see
that indeed @}, (X1) = F23 . F23(X,).

3

Before getting to the proof that Fy(2) satisfies (SolKVII), we need one more ingredient.

Proposition 4.8. Let (p',p) : PaBy — CD" be an equivalence of completed moperads given by the val-
ues (4.5). Then, the tangential automorphism F' = Fy12y satisfies the identity

f(tia,te3)(F o1 F) = (F oy F).
Remark 4.9. The product f(t12,t23)(F o1 F') is understood as a composition in TAuts, where f(t12,%23) acts

by conjugation on exp(lies) < CDT(3), identifying e® = e'i. In particular, if (F o F)(e) = z;let‘)f 25,
then

(f(t12yt23)(F 01 F)) (€"7) = f(tra,tag) " t2j e 2 f (t12, t23).
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Proof. Theorem 4.6 implies that F oy F' = Fyy((12y3y and I og I = F{y(1(23)). Our proof strategy is to calculate
the images of X1, X5 and X3 under 953)((12)3) and @(1)(1(23)) and compare the results. To do so, we use specific

choices for writing X1, X» and X3 as products of the generating morphisms R"2, ¥ and ®. The expressions
of the generators are illustrated in Figure 19 for 0((12)3) and in Figure 20 for 0(1(23)), and written out in
detail below. We begin with X;.

J// y
! | b
{ kz\ﬂ .

X3

FIGURE 19. Expressing X1, X» and X3 as elements of Autp,pi (3 (0((12)3))
/ 2/

‘\\ N

Xy X, X3

N

X

/\/

\J

\

FIGURE 20. Expressing X1, X5 and X3 as elements of Autp,p: (3) <O(1(23)))

Case of X;. In Autp,py () (O((12)3)), we have the expression

(4.13) X, = p0123y0.1.2 o1 (\1,071,2)—1 (@0,12,3)—1

From this expression, we follow Construction 4.1 to read off that the action of (F o1 F) on e*' = e'ot is
conjugation by

210012y, = 9(to1,t12)g(tor + toz, t13 + ta3).
Thus, f(ti2,t23)(F o1 F) conjugates e®t = etor by

(4.14) 21012y f (T12, t23) = g(to1, t12)g(tor + toz, t1z + ta3) f(t12, ta3).

On the other hand, in Autp,g () (0(1(23))), we express X as

(4.15) X, = ¢01.23 ot (\1,0,1723)—1 ’
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and therefore, F' o F' conjugates e** by
(4.16) Z1g(1(23yy = 9(to1,t12 + ti3).
We need to show that the action of 21 0¢(12)3) f(t12,t23) on e'o1 agrees with the action of 21023y = g(to1, t12+
t13) on the same. First notice that tp; commutes with (tp2 + ¢12) and with ts3, and therefore
[9(to2 + t12,t23), to1] = 0.

Therefore, the action of 21, ,,,, = g(to1, t12+%13) on to1 agrees with the action of g(toz +t12,t23)g(to1, t12+
tlg).

Recall the Mixed Pentagon relation (MP) in PaB*(3):
PO1,23 01,23 _ 1,2,3y0,12,33;0,1,2
Therefore,

g(toz + tiz, t23)g(tor, tiz + tiz) = g(to1, t12)g(tor + toz, tis + t23) f(t12,t23) = 214((10ys), f (t12, t23),
showing that
(f(t127t23)(F 01 F))(exl) = (Fog F)(e™).

Case of X;,. Moving on to X», in Autp,g (3 (0((12)3)), we have the expression

X, = ((1)1,2,3)—1 (R1,23)—1 §023,13,0,2,3 0,2 (@0,2,3)—1 (\1,0,23,1)—1 1_21,23(1)1,2,37

from which we read (noting the cancellation at the end):

_tiz+tto3
2

220012y, f (t12, t23) = g(to2, t23)g(to2 + tos, t12 + ta3)e

On the other hand, in Autp,g (3 (0(1(23))), we express X as:

X, = (R23,1)—1 §0:23,1,0,2,3 0,2 (\1,0,2,3)—1 (@0,23,1)—1 RL23.
Applying the moperad equivalence we get:

_t1a+t13

2200123y = 9(t02,t23)g(to2 + to3, tiz +t13)e” 2

Comparing 22,5, a0 224, (53)))» We see that 22, 4. f(t12,123) = 22,5, (2a,,» and therefore

(f(tlg,tgg)(F o F))(ewz) = (F oy F)(e%2).

Case of X3. Finally, for X3, we express in Autp,py (3) (0((12)3)):

X3 = (R3,12)*1 03,12 03 (\1,0,3,12)*1 R123,

and therefore,
t13+t23

2300y | (112, t23) = g(tos, tos +tiz)e” 2 f(t12,t23).

In Autp,g; (3) (0(1(23)))7 we can write

X = (R2,3)*1 Hl:3.2 (R1,3)*1 §0:31,20,3,1 0.3 (\1,0,3,1)*1 (\110,31,2)*1 R!3 ((1,1,3,2)*1 R23,

and therefore
t23

_ta _
23001023y = 9(to3,t31)g(to1 + tos, tiz +taz)e” 2 f(tis,taz)e” 2

To compare 23(0((12)3))f(t12, to3) with 230(1(21)) » Tecall the Hexagon relation in PaB(3) (here we permute the
indices to match our application):

(R3,12) o123 — (®3,1,2)—1 (R3,1)—1 Hl:3:2 (R?,,z)—l '
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Applying this to the last two terms of 23, ), f(t12,t23), we obtain:

_t23

t
230001213/ (t12, 123) = g(tos, tos + t13) f(t1z, tra) "Te™ & f(tis, taz)e” 2 .

Since (tp1 +t13) and t12 both commute with g3, it follows that g(to1 +t13,t12) acts trivially on ¢o3, and thus,
the action of 23, ., f(t12,t23) agrees with the action of

_t23

t
g(tor + ti3,t12)g(to3, tos + t13) f(t13, t12)_16_%f<t13> taz)e” 2 .

In turn, the first three terms of this expression can be reduced via an application of the mixed pentagon
relation to arrive at:

t23

_us _
9(toss t13)g(tor + tos, tiz +taz)e” 2 f(tis, taz)e” 2 = 235, (0a)) -
Thus,
(F(tiz t23)(F 01 F) ) (¢7) = (F 03 F)(e™),
completing the proof. O

We are now in position to complete the proof that Fy2y is a KV solution of type (0,2 +1).

Lemma 4.10. Let (o', @) : PaBg — CD™ be an equivalence of completed moperads given by the values (4.5).
Then, the associated tangential automorphism F' = Fy12) satisfies the second KV equation:

Jhe 22K[[2]] such that J(F) = tr(h(z1 + x2) — h(z1) — h(zz)).

Proof. We compute the cosimplicial differential d of J(F') (see Appendix B). We use the following facts:
e the Jacobian is a morphism of operads (Proposition 3.14), and therefore commutes with d;
o dF = (F oy F)(F oy F)™!, see Example B.2;
o f(t12,t23) = (F oy F)(F oy F)~! from Proposition 4.8;
e J(f(t12,t23)) = 0 by [AET10, Proposition 22].
Hence, we obtain
d(J(F)) = J(dF) = J((F oz F)(F o1 F)™") = J(f(t12, t23)) = 0.

Since the cosimplicial cohomology of cyc vanishes in degree 2 [AT12, Theorem 2.8|, there is an h € cyc,; =
K[[z]] such that J(F) = d(h) = tr (h (21 + x2) — h(z1) — h(z2)), as claimed. O

Combining Lemma 4.4 and Lemma 4.10, we obtain the following result:

Theorem 4.11. Let (p',¢) : Pa B]%g — CD™ be an equivalence of completed moperads with coupling constant
p = 1. Then, the associated tangential automorphism F = Fy(19y is a symmetric KV solution of type (0,2+1).

Proof. The only remaining fact to prove is that F' is a symmetric KV solution. Proposition 4.8 shows that
its KV associator is equal to Gg = f(t12,t23). Since f is a Drinfeld associator, it satisfies the equation (I).
We deduce that Gr = (G“}’Q’l)_l. The conclusion then follows from Proposition 3.46. O

In fact, Construction 4.1 defines a family of genus zero KV solutions — the suboperad of SolKV generated
by the KV solution Fj(12). These operadic compositions echo the constructions found in [AT12, Section
3], [AET10, Appendix B1], and especially [AKIKN18b, Section 7], where a gluing procedure for genus zero
surfaces with boundary is used to produce families of higher-arity KV solutions.

Lemma 4.12. Let (o', ¢) : PaBH1< — CD™ be an equivalence of completed moperads with coupling constant
1= 1. For any object of the form Ow = 0(w) € PaB'(n) with w a parenthesization of the identity permutation
1---n, the associated tangential automorphism Fy,, satisfies the first KV equation

Fow(e®t - e™n) = e"1tHon,
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Proof. First observe that by Theorem 4.6, for any Ow as in the statement, the tangential automorphism
Fy can be obtained from Fy(;2y by operadic composition. By Lemma 4.4, Fy2) satisfies (SolKVI), and
in Theorem 3.38 we proved that operadic composition preserves the first KV equation. This completes the
proof. O

Lemma 4.13. Let (o', ¢) : PaBH1< — CD™ be an equivalence of completed moperads with coupling constant
p = 1. For any word Ow € ob(PaBg(n)), the associated tangential automorphism Fo,, satisfies the second
KV equation

IheK[z] such that J(Fo,)=tr (h (Z x> - Zh(xﬁ) .
i=1 i=1
Moreover, the Duflo function h is the same for every word.

Proof. By Theorem 4.6, for any n > 2, the tangential automorphism F,.1 can be obtained from Fr% = Fyaz)
by operadic composition. In Theorem 3.38, we prove that operadic composition preserves the second KV
equation as long as the Duflo function h € KJ[[z]] is the same for all tangential automorphisms involved.
By Lemma 4.10, F,. satisfies (SolKVII), and therefore so does Fy1 (see also [AKKNIShH, Lemma 7.3]). In
particular, any well-defined operadic composition of F.a will have the same Duflo function as F.i. Now,

any word Ow € Ob(PaBg(n)) can be obtained from r! by conjugation with the associators ¥ and ®, and
action of the symmetric group ;7. Since these operations preserve the Jacobian (see Remark A.14), we have
J(Fow) = J(Fy1), and the conclusion follows. O
Combining Lemma 4.12 with Lemma 4.13, we obtain the following theorem, similar in spirit to the arguments
in [AET10, Appendix BJ.

Theorem 4.14. Let (p',¢) : Pa B]k — CD™ be an equivalence of completed moperads with coupling constant
p = 1. For any word 0w € Ob(PaBi(n)) with w a parenthesization of the identity permutation 1---n,
the associated tangential automorphism Fy,, is a KV solution of type (0,n + 1). Moreover, the set of such
automorphisms can be identified with the suboperad of SolKV generated by the symmetric KV solution Fy(i2).

Remark 4.15. Tangential automorphisms F,, for other parenthesised words (i.e. not of the form Ow) are not
KV solutions, as they only satisfy (SolKVI) up to conjugation by associators ® and W. Note for instance
that F(g1)2 does not satisfy (SolKVI). In addition, the symmetric group action on KV solutions does not
preserve (SolKVI) either, hence SolKV form a non-symmetric operad, see Remark A.14.

4.1. Actions of GTM on KV solutions. Recall from Section 2.5 that the the Grothendieck—Teichmiiller
module groups GTM and GRTM are canonically isomorphic to the groups of object-fixing automorphisms of
the moperads PaB]%( and PaCD™, respectively:

GTM = Autg(PaB%),  GRTM = Auto(PaCD™).

We denote by GTM; € GTM and GRTM; C GRTM the subgroups consisting of elements of the form (1, f, g),
that is, those with twisting constant A = 1. In this section, we show that the assignment of a KV solution
F.1 o1, to moperad equivalences (', ) : PaBx — CD" intertwines the free and transitive actions of the

symmetry groups GTM;, GRTMy, KV(2) and KRV(2).

Applying Theorem 2.33, and setting A = 1, we know that an element (1, f, g) € GTM; defines an object-fixing
automorphism (9',9) : PaBy — PaBj defined on generators by:
(4.17)

D(R'?) = RY2, 9(@127) = 9120 fayg,ay). 0M(E™) = EOT, 9N (M%) = W02 g(agy 1)

where x;; denote the pure braid generators as in (2.9).

Given any object-fixing automorphism (9',%9) : PaBj; — PaBj; and a parenthesization 0(w) of the identity
permutation 1,2, ...,n, the automorphism (J9!,19) restricts to a local automorphism at the object 0(w) €
Ob(PaBg(n)):

AUtPaB]}((n)(Ow) = (PB}l)K Ll} (PB;)K = AUtPaB}{(n)(Ow)'
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Our goal now, given (9%,49) and a word w, is to construct a corresponding automorphism of the completed
free group (F2)k , and show that for w = 0(12) we obtain elements of KV(2).

Construction 4.16. Fix a parenthesization of the identity permutation 1,2,...,n, denoted Ow, and an
object-fixing automorphism of PaBg, denoted (9',9) : PaBy — PaBy, given by values as in (4.17).

(a) As in Construction 4.1, we restrict (¢9',9) the local isomorphism
ﬁéw : AutPaBul((n) (O’LU) = (PB}*L)]K — (PBfll)]K = AutPaB]%((n) (0’[1))7
to an isomorphism of free groups
Dow * (Fa)x — (Fu)x,
where (F, )k is freely generated by X1, Xs, ... X,, in (PB})x.

(b) The generators X1, Xs,... X, of (F,)x are (non-uniquely) represented as products of the generating
morphisms E%¢, R%, &3k and U047 in AutpaBulﬁ(n)(OU]). For example, when n = 2 and w = 0(12), we
have

Xl — \PO,1,2E071(\PO71,2)71 and X2 _ (R271)71\110,271E0,2(\110,271)71RLQ.
This determines the values of ¥3,,(X;) for i = 1,...,n. In particular, the value 9}, (X;) is a conjugate

of X; by a braid in (PB.,)k, and therefore also lies in (F, )k, since (F,,)x is a normal subgroup in (PB,, )x.
This defines an automorphism of the free group

(GOw,ﬁl,ﬂ) GOw,ﬁl,ﬁ : (Fn)K — (Fn)Kv

which is given on generators by X; +— 93, (X;) fori=1,... n.

The next lemma will show that when (9',9) : PaBy — PaBj defined on generators via the equations in (4.17)
then the induced automorphism of (F3)k, 55(12), satisfies the first defining equation of the KV symmetry
group KV(2). Before we state and prove the lemma, however, we recall a notational subtlety. The values
05, (Xi) are in Autpags () (Ow) = (PB, )k C (B})k. Recall that, in the braid groups, the generators are
named according to the positions of strands, rather than their labels. In particular, after pushing forward
along the composition Autp,pi (5)(0(12)) = (PB3)x — (BL)x we have:

Fp12y (X1) = g(wo1, w12)To19(wo1, 12) " and  Fjy0y(X2) = 1 ' g(2o1, 212)T019(01, T12) " B

When writing these formulas we have used the fact that the isomorphism AutpaB%(n)((Ol)Q) >~ (PB)x

identifies E%! with zo; in (PB3)gk. Similarly, the morphism R2 has been identified with the braid generator
B1 and both $; and ;' are defined in Autp,pi (2)(0(12)) = (PB3)x because, while the value 19(1)(12)()(2) is

a pure braid, it is naturally expressed as the multiplication of elements in (Bi)k. Finally, we have omitted
the instances of the associativity isomorphism ¥ from the formulas, as these are trivial as elements in

(F2)x € Autp,py(2)(0(12)) = (PB3)k.
Lemma 4.17. Given an object-fiving automorphism (91,9) : PaBIk — PaB]k defined on generators as in
(4.17), and the word r = 0(12), then the automorphism
Gy =Gy 919t (F2)x — (Fo)x
is a tangential automorphism. Moreover, Gy1 satisfies equation (KVI),
Go1(X2X1) = X2 X1,

Proof. The more substantial part of the claim is that Gy is a tangential automorphism. We computed
above that the moperad map defines an action on generators:

D12y (X1) = g(wo1, T12)T019(w01, 712) " and  Fjy9)(X2) = By ' g(wor, 212)To19(01, T12) " B

First recall that that the square of the full twist is central in a braid group: in this case, the element

z = 201T12%02 is central in (Bl)x. Therefore, 215 = ngzxg;. Substituting this into 19(1)(12) (X1), we obtain

1§(1)(12) (X1) = g(zo1, wafzfvazl)wmg(xol, $5112x821)_1~
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FIGURE 21. Let w(wo1,zo2) = acallxoza;m. We demonstrate the braid equivalence between
Bflwﬁl (displayed on the left), and xf21w(x12x02xf21,x01)m12 (displayed on the right).

In the conjugate, powers of z cancel with powers of z~! since z is central, therefore,
(4.18) 79(1)(12)(X1) = g(zo1, I&lwazl)wmg(xm, 1"51133621)_17
is a conjugate of Xy by an element of (F2)k.

As for 19(1)(12>(X2), the same trick can be applied to the conjugation by g(xg1,z12), to obtain

(4.19) Do 12y (X2) = B g(@or, 257 203 ) wor9(wor, 2g1 255 )~ Br.

We observe that given w(wo1, To2) a word in the free group (Fo)x C (Bd)k, we have
By tw(@or, To2) 1 = 215 w(T12202275 , To1)T12

This follows from the braid relations; see Figure 21 for an illustration.

Now using again that x5 = xallzx521, we obtain .’E121'02.Z'1_21 = .’L’all.fb'ogl‘()l. Substituting this into the formula
(4.19), we get

31 -1 —1,_—1 -1y . —1
(4.20)  Jp(19)(X2) = To22019 (201 To2wo1, Toy Top To1y ) Loy - Toz:
-1 —1,-1 -1 1 -1
" To19 (IOl T02201, To1 Loz L01T0o ) Lo1 Loz »
completing the proof that Gy: is a tangential automorphism.

To show that Gy1(X2X1) = X2X1, we recall from Lemma 2.29 that X, X; = E%!'2 and 9'(E®!) = E%! by
assumption. Since E%12 = E%! o, idy and 9! is a map of moperads, we have that also 9!(E%12) = E012,
The lemma follows. O

Remark 4.18. We note that given an automorphism (9',1) : PaBg — PaBj in GTM with twisting constant
A # 1, the associated tangential automorphism Gy does not satisfy (KVI) because Gy1(XaX1) = (X2X1) .

The following theorem shows that the tangential automorphism Gy = G,2 91 y € TAuts from Lemma 4.17

is an element of the KV symmetry group KV®™(2). Moreover, the assignment (9%,19) — Gg1 defines an
injective group homomorphism GTM; — KV¥™(2).

Theorem 4.19. Let (9*,9) : PaBy — PaBy be an automorphism in GTM; and let Gy = G2 919 € TAuty
be the associated tangential automorphism. Let (o', ) : PaB]%g — CDV be an equivalence of completed

moperads with coupling constant p = 1 with associated symmetric KV solution Fyr = Fyy o1 . Then Fiui o
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Gy1 1s also a symmetric KV-solution, and Gy € KV¥™(2). This defines an injective group homomorphism

GTM; <> KV¥™(2).

Proof. Since (9',9) is a completed moperad automorphism, the composite (o', ¢) o (9',79) : PaBy — CDT
is an equivalence of completed moperads. Furthermore, since (9!,4) has twisting constant 1, the composite
has coupling constant 1.

By construction F,i and Gy are obtained by restricting (o', ¢) and (9',9), respectively, to (Fo)x C
AutpaBulﬁ(Q)(O(H)). Therefore, F 1 0 Gy = Fig1. Since ¢! 09! has coupling constant 1, this is a symmetric
KV solution by Theorem 4.11. Moreover, since both F,1 and Fi.91 are symmetric KV solutions, we have
Gy1 € KV¥™(2) by Proposition 3.43.

The fact that the resulting map GTM; = Auto(PaBg) < KV(2) is a group homomorphism follows from the
identity Gy1 o Gy1 = Gyigg1, which in turn follows from the fact that in Construction 4.16 both of the
tangential automorphisms Gy and Gyn are obtained via restriction to Autp,gy (2)(0(12)).

To show that the map is injective, we assume that Gy: = 1, and aim to show that (91,9) = 1. We
have computed in (4.18) that Gy (zo1) = g(2o1, 2o Tos )Z019(To1, Tor Tos ) - Since xg; and xpg are free
generators, ¢g(zo1, xallxa;) commutes with xp; only if g does not depend on its second argument, in other
words, g(x,y) = g(z). We show that this, however, contradicts the mixed pentagon equation (MP):

(MP) 9(xo1, T13T12)9(12%02, T23) = f(x12, T23)g(To2%01, T23%13)9(T01, T12)-

Indeed, if g only depends on its first argument, we obtain

(4.21) 9(zo1)g(x1202)9(w01) " g(x02w01) ™" = f(@12, T23)
Here the left hand side is a pure braid on the strands 0, 1 an 2, not involving strand 3. On the right hand
side, note that z12 and x93 generate a copy of (Fy)x within (PB%)K. Thus, if f(z12,223) does not involve
strand 3, then f also only depends on its first argument: f(z12,x23) = f(212). In that case, the right hand
side does not involve strand 0, so the left hand side must remain the same if we delete strand 0. (Deleting
strand ¢ is a well-defined group homomorphism of pure braid groups s; : PB,, — PB,_1, which lifts to the
completion. In this case sq : PB% — PB3.) By deleting strand 0, we obtain: ¢(z12) = f(z12), so g = f.
Therefore, we have:

9(x01)g(x12702)g(z01) " g(w0aw01) " = g(w12)
Similarly, deleting strand 2 on both sides, we get

g(zo1)g(wo1) tglzor) ™ =1
This implies g = 1 = £, so (91,49) is the identity, completing the proof. O

Corollary 4.20. Let (¢!, ¢) : PaB]Il( — CD™ be an equivalence of completed moperads with =1 and asso-
ciated symmetric KV solution Fp1 = Fry o1 . Let (9, 9) : PaBg - PaBi be an object-fizing automorphism
with A =1 and let Gy1 = Gp3 g1 9 be the associated element of KV¥'™(2). Then

F(pl’l91 = Gﬁl * FLP17

where - denotes the action of KV¥™(2) on the set of symmetric KV solutions.

Every moperad equivalence (o', ¢) : PaB]%( — CD" extends uniquely to a moperad isomorphism (@, ') :
Pa B]%( — PaCD™ which acts as the identity on objects, where PaCD™ is the shifted moperad associated to the
operad PaCD (Definition 1.19). Given a moperad isomorphism (o', ¢’) : PaBf — PaCD™, with = 1, and
an element of GTM 2 Autg(PaBg) given by (9',9) : PaBy — PaBj, with A = 1, we construct an element
(e',¢) € Autog(PaCD™) = GRTM; via the commutative diagram

PaBL — 2 . PaBL

(4.22) (wh*ﬂ\ lw

1

PaCD*' --£-- PaCD™.
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Note that since 4 = 1 and A\ = 1, we have that e'(¢;;) = t;; for all 4,5 > 0. This correspondence gives an
isomorphism between Autg(Pa B]%() and the group of completed moperad automorphisms of PaCD™ which fix
the t;;. This group is also known as AutO(PaCD+) with A = 1, or GRTM;.

Since all morphisms in the diagram (4.22) fix objects, we can restrict to the local automorphism at r =
(0(12)):

Ei; : Autp,cp+(2)(r3) = exp(ty) — exp(ty) = Autp,cp+(2)(r3)-

Theorem 4.21. Let (¢!,¢) : PaCD* — PaCD™ be an element of GRTM;. Then the restriction of €, to
2
exp(liea) C exp(t}) is an element of KRVY™(2).

Proof. The automorphism ¢! fits into a commutative diagram (4.22). Let H.1 = F, Gy F;ll be the element
of TAuty defined by the restriction of 57{1 to exp(liez). By Theorem 4.11 and Theorem 4.19 we know that
F 1 and F 1 Gy are symmetric KV solutions. Therefore we have H.1 € KRV®™(2) by Proposition 3.43. [0

Corollary 4.22. Let (p!,¢) : PaBﬂlg — CD" be an equivalence of completed moperads with p = 1 and let
Fpr = Foi 1, be the associated symmetric KV solution. Let (e',¢) : PaCDT — PaCD™ be an element of
GRTM; and let Her = H,y 1 . be the associated element of KRV¥™(2). Then, we have

Fogi=Fp-Ha.

Remark 4.23. Just like the family of KV solutions SolKV = {SolKV(n)},>2 forms a colored operad in sets,
the families of genus zero symmetry groups KV = {KV(n)},>2 and KRV = {KRV(n)},>2 form colored
operads in groups, see Theorem 3.38 and Appendix A.4. There are analogues of Theorem 4.14 for both
operads, and Corollary 4.20 and Corollary 4.22 imply that the actions of the suboperads generated by the
classical KV and KRV elements associated to the word 0(12) commute with operadic composition of KV
solutions.

Remark 4.24. We recover the trees of [AKICN20, Theorem 1.13] by combining operad composition with the
diagonal map of GT; (resp. GRT):

(- (o4y ><oi2)><~--><oik71)

i
GT;1 25 GTy x -+ x GTy = KV(2) x -+ x KV(2) KV(k +1).
Combining Theorem 4.14, Corollary 4.20 and Proposition A.16 with the fact that the action of KV(n) on
SolKV(n) is free and transitive for each n > 2, it follows that the assignment

(0", 0) = {Fow}

described in Theorem 4.14 defines map of bitorsors which is compatible with operadic composition.

5. SYMMETRIC KV SOLUTIONS FROM PARENTHESIZED BRAIDS

The goal of this section is to explain how symmetric KV solutions give rise to moperad morphisms (o', ¢) :
PaB]}ﬁ — TAut™, extending the operad map ¢ : PaBg — SAut defined by the associated KV associa-
tor. A key feature of this construction is that each symmetric solution F' € SolKV7(2) determines a KV
associator [AT12], which is a special automorphism G € SAuts satisfying the pentagon and hexagon equa-
tions—properties characteristic of braid associators.

Another essential ingredient in this extension is the behavior of the generator E%! € PaB!(2), which
corresponds to a distinguished tangential automorphism © € TAut; defined by conjugation with the
Baker-Campbell-Hausdorff series. While © does not lie in TAut', it arises naturally in the image of PaBj..

Remark 5.1. Much of this section reinterprets, in the context of moperads, the constructions and results of
Sections 7 to 9 in [AT12]. However, as mentioned in Remark 3.32, our and definition conventions align with
[AET10], in particular what we call a KV solution F' € SolKV(2) would be the inverse of a KV solution
in [AT12], and [AKKNISD].
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5.1. An involution on SolKV(2). Recall from Section 3.3.1 that symmetric KV solutions are KV solutions F'
which are invariant under the involution 7 : SolKV(2) — SolKV(2) defined by 7(F) := e */2F?1 B, where
t = ady, 14, and B = exp(0,x1).

Moreover, their associated associator Gp = FL23F23(FL2)~1(F123)=1 is a KV associator, that is satisfies
the pentagon, unit and hexagon equations in SAut :

(P) QL2234 _ 23AGL23AG128,
(U) QLGB — 1,

(H1) e% _ (GQ’?”I)_I@#GQ’I’?’@#(G1’2’3)—17
(H2) R G37172e¥(G173,2)—16@G1,2,3'

Recall also that the image ¢(f) of any Drinfel’d associator (1, f) with f € t;3 under the operad inclusion
¢t : CD < SAut satisfies the defining relations of a KV associator.

5.2. Operad and moperad maps from KV solutions. A map of completed operads ¢ : PaBx — SAut
is uniquely determined by its values on the generators of PaBg described in Theorem 1.8. A collection of
such values defines an operad map if, and only if, it satisfies the relations (P), (H1), and (H2) in SAut.
The following theorem shows that every symmetric KV solution F' € SolKV"(2) gives rise to such a map
PF PaBK — SAut.

Theorem 5.2. Let F' € SolKV"(2) be a symmetric KV solution and Gp := FY23F23(FL2)~1(p123)~1
in SAuts be the corresponding KV associator. Then the assignment

pr(®2) = Gr and op(R"?):=c*
defines an operad map pp : PaBg — SAut.

Proof. Since G satisfies the pentagon equation (P) in SAuty, we have

P (BL2HPIZIA) _ GL2AMGIZIA _ 23AGLBAGLLS _ (234123 Ap123)
and thus ¢p(®123) = G satisfies (P). Next, using the fact that F is a symmetric KV solution, and thus G
satisfies the hexagon equation (H1), we have

SOF(R1723) —e

s (G2,3,1)—16# 213,55 G123y

= pF ((CDQ’B’l)_IRl’B(@2’1’3)R1’2(@1’2’3)_1) )

Thus, the morphism ¢p preserves the hexagon equation (H1). The second hexagon equation (H2) follows
similarly from (H2). O

Corollary 5.3. Let F' be a symmetric KV solution. Then the operad map ¢r : PaBx — SAut factors
through CD if and only if the associated KV associator G is of the form (f) for some Drinfel’d associator
(1, f) € K* x exp(ts).

Proof. Suppose first that ¢p factors through CD. Then Gr = «(f) for some f € exp(ts), since the image
of CD in SAut lies in the image of ¢. Because ¢ is injective and G satisfies the defining equations of a KV
associator, it follows that f satisfies the pentagon, inversion, and hexagon equations, and hence (1, f) is a
Drinfel’d associator.

Conversely, suppose that Gr = i(f) for some Drinfel’d associator (1, f). Define a map ¢r : PaBx — CD by
setting pr(RYM2) 1= e and ¢r(®123) ;= f. Then, P satisfies the relations of Theorem 1.23, and hence
defines an operad morphism PaBx — CD. Composing with the inclusion ¢ : CD — SAut gives op =10 ¢p,
as claimed. (]

Given F € SolKVT(2), the operad morphism ¢p : PaBx — SAut of Theorem 5.2 naturally extends to a
morphism of moperads (¢}, ¢r) : Pa Bi. — TAutt. To describe this extension, we introduce a further inner
automorphism.
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Definition 5.4. Let 0 := adycy(q,,2,) denote the adjoint action by the element beh(x1,z2) on liez. That is,
0 is the inner derivation of lies which acts on a € lieg by

0(a) = [a, beh (21, 22)].

We denote by O := exp(6) its associated tangential automorphism.

The inner automorphism O is closely related to the tangential automorphism B = exp((0,z1)) € TAuts.
The following proposition summarizes Propositions 8.1-8.3 of [AT12].

Proposition 5.5. The following equalities hold for the automorphisms © and B:

(5.1) O = B>'B'2
(5.2) B\2B13p23 — p23pliple
(5.3) RBL.23 _ gl2pgl3.

Furthermore, given F € TAute satisfying the first KV equation (SolKVI), we have

(5.4) et = FOFL,
(5.5) (F12)-1p123FpLl2 _ pl.3p23,

Theorem 5.6. Let F' € SolKV" (2) be a symmetric KV solution. Then the assignment
go};(EO’l) = 0% gnd go};(\llo’l’Q) = b2,
defines a map of PaB-modules in pro-unipotent groups and PaB-moperads in sets:

(¢h, or) : PaBi — TAut™ .

Proof. The presentation of PaB! as a PaB-moperad in Theorem 2.17 says that, in order to extend the operad
map ¢ : PaBg — SAut defined in Theorem 5.2 to a map (¢, ¢r) : Pa B]}( — TAut™, it is sufficient to define
values phL(E%1) := © and L (¥%12) := F and verify that these values satisfy the defining equations (MP),
(O) and (RP) of PaB'. The mixed pentagon equation (MP) gives

1,2,2
80}7' (\110,1,23\:[]01,2,3) — F1’23F2’3 _ GF, 7J»F112,3Fv1,2 — SOIF (@1,2,3\110,12,3\1/0,1,2) .

Thus ¢}, preserves the mixed pentagon equation (MP).

To verify that the values ok (E%!) and kL (¥%1:2) preserve the octagon equation (O), we will use the hexagon
identities from Proposition 3.45. In particular, if we write out a cyclic permutation of (H1),

£3,12 _ £3,2 3,1 _
(5.6) o — (G1’2’3) 1o 13.2 o5 (G3’1’2) 1
. . £3,12 12,3 §3:1143,2 41,3423 1,3 .23
and multiplyinge 2z e 2 =e 2 e 2 =et T we get:
1.3,,2.3 a g 32 3.1 _ 1.3 2.8
ot _ ((G1’2’3) 1t 132,55 (G3’1’2) 1) (G?”l’QeT (01’3’2) 1,5 G1,2,3)

. 3,2 - 3,1 1,3 - 2,3 -
— (G1,2,3)71€tTG1,5,2etTetT (G1,3,2)716%G1,2,3.

If we expand out each of the instances of G, we arrive at

SRS (F12,3 FL2 (F23)1 (F1,23)71) 6% (F1,32 F32 (F13)1 (F13,2)—1)
(5.7) B ot (F13:2 FL3 (F3.2)-1 (p132)-1) o

(F1,23 F23 (Fl,Z)fl (F12’3)*1).
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After conjugating by F123 this becomes:
(F12 3)

1ot 4629 12,3 _ FL2(F23)-1(FL23) -1, £2
13

65s) L2 E32(pL3) 1 (F132) -1, 216 -

F13’2F1’3(F3’2)_1(F1’32)_1 23
F1.23 2.3 (F1’2)_1.
Since F12 commutes with (F123)~1et"*+t*° F123 e can conjugate (5.8) by F2 to get
(F12 3) 1 tl 342 3F12 3 (F2,3)—1(F1,23)—1 by
£1,3

59) FL32F3.2(p13)=1(F13.2)- 1t 2.‘16 -

F13,2F1,3(F3,2)—1(F1,32)—1 e
F1,23 F2’3.

Further, since e 5 commutes with the F*% and F*-*_ this can be simplified to

(5_10) (F12,3)—1et1’3+t2f3F12,3 _ (F2’3)_167F3’2(F1’3)_leTeTF1’3(F3’2)_1e#F2’3

t1,3

3,1 1,3
Using that e“= ez = et ', we can now apply (5 4) on both sides to arrive at

(5.11) 9123 — ((F2 3)~1e F3 2)@1 3((F3’2)_16#F2’3).
Passing through the isomorphism TAuts = TAut;, we can now check:
oL (E%?) = @012 = p21g02pl2
_ (F1,2)716t2’1/2F2,1®0,2(F2,1)716t1'2/2F172
s ((\110’1’2)711%2’1\I/O’Q’IEO’Q(\110’2’1)711%1’2\1/0’1’2) )
Therefore, ¢} preserves the octagon equation (O).

It remains to see that it preserves the right pentagon (RP). We first rewrite the expression 023012 as
follows
Q23012 _ g32p3!l (31,332,332,1) B2
©) RB32p3lp2l (32,331,331,2)
@ RB32p31p21 (31,33172) RB2:3

(©) RB32p31lp21pl2Rl3 23

W p32 (F32)1 g1 p32) (F32)1 L2 p32) p23
— B32(F32)-1gli2pi2p2s
The equality (1) and (2) are repeated use of the Yang—Baxter equation (5.2), (3) uses the commutativity

B'3B12 = BY2B13. Finally the equality (4) uses (5.5) and the relation F23B%2B13(F23)~1 = pl1.23
permuted by (23).

Because F is symmetric, we have B32 = (F23)~1¢t"*/2F3.2 anq 1.2 — (F21)~1¢t"*/2F12 Putting this
together, and passing through the isomorphism TAutz 2 TAut] to relabel the variables, we have:

(p}?(EOLQEO,l) — @02gol _ 3271(F2,1)71®0,21F2,1Bl,2
_ (FI,Z)—16t2'1/2F2,1(F2,1)—1(_)0,21F2,1(F2,1)—16t1'2/2F1,2
_ (F1,2>—1€t2-1/290,21€t1~2/2F1,2
_ @%((W0’1’2)71R2’1E0’21R1’2\110’1’2).
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It follows that ¢k preserves the right pentagon equation (RP).

In summary (¢k, pr) : PaBy — TAut™ is a map of moperads (in sets) and PaB-modules in pro-unipotent
groups. (I

In the case where the KV associator Gp := F123F23(FL2)=1(F12:3)=1 is a Drinfel’'d associator, the cor-
responding moperad morphism (L, ¢r) : PaBj — TAut™ factors through an isomorphism of moperads
Pa B]%( — CD™. The converse also holds, as the following corollary shows.

Corollary 5.7. Let F be a symmetric KV solution. Then the moperad map (¢k,or) : PaB]I1< — TAut™
factors through CDV if, and only if, the associated KV associator Gp is in the i-image of a Drinfel’d
associator.

Proof. Assume that (¢}, @r) is obtained as a composition with ¢ of a moperad equivalence (¢, ¢%) :
PaBy — CD™:

PaBy —~— CD* " TAut™.

Since ¢’ : PaBg — CD is an equivalence, : 1 (Gr) = ¢ (®1:23) satisfies the defining identities of a Drinfel’d
associator by Theorem 1.23.

Conversely, suppose that G = 1(f), where (1, f) is a Drinfel’d associator. By Corollary 5.3, the operad map
o : PaBg — SAut factors through CD. Applying the shifting construction to ¢ : PaBg — CD then yields a

moperad isomorphism (¢}, o) : PaBj =5 CD*. Precomposing with the inclusion (p!,id) : PaBk < PaB;f
defined in Lemma 2.24, we obtain an isomorphism
1 +
¢k, or) : PaBL 2 PaBi 255 CD*.
Lemma 3.22 shows that, under the inclusion t < toer;, we have
PR(E™) = o (RMR™) = BB = p(E™), and @ (¥"1?) = op(¥"1?) = F,

which coincide with the values assigned by ¢k in Theorem 5.6. Since ¢/t = k., it follows that the original
map (¢k, ¢r) indeed factors through CD™. O

Ezample 5.8. Tn [SW11bh, Thm. 1 (3)], it is shown that the Alekseev-Torossian associator is in fact a Drinfeld
associator; i.e. that the corresponding moperad map Pa B]Il( — TAut™ factors through CD™.

5.3. Actions of GTM on KV associators. As we have seen in Theorem 4.19, the group GTM 22 Auto(PaBj)
acts on symmetric KV solutions which come from moperad isomorphisms Pa B]%( — CD™ by precomposition.
This action coincides with the usual KV(2) action on SolKV(2), via the inclusion GTM — KV¥™(2).

The group GTM acts similarly on the set of module maps (¢!, ) : Pa B]%g — TAut™, as we shall see now. Let
F be a KV solution, and let G € KV(2). Then, the KV associator of G - F' reads

(I)G-F — (FG71)1’23(FG71)2’3((FG71)1’2)71((FG71)12’3)71
(5.12) = PGP (GG (F ) TG ()
= P ER 0 (F) ()

This defines an action of KV(2) on the set of KV associators. A similar definition gives a KRV(2) action as
well [AT12, Equation (27)], called Drinfeld twist.

Proposition 5.9. Let F be a symmetric KV solution and (¢}, pr) : PaBx — TAut™ be the associated
module map. Let G be an element of GTMy and let (¢, 9¢) : PaBj — PaBi be the associated automorphism
with A = 1. Then, the composite

1 1
(ph o ¥L, pop 0oVg) : PaBy —2— PaBj, —— TAut*
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is such that %095 (¥012) = G- F and pr odg(P1?3) = @g.p. In other words, the induced action of GTM
on the symmetric KV solution F and its KV associator ®g coincides with the natural KV¥™(2) action.

Proof. As we have seen in (4.17), given (1, f,g) € GTM, the action of the automorphism 9¢, is given by
IG(U012) = W02 (g1, 21) and 95 (DL23) = @123 . (119, 293).
Therefore, the further composition with ¢k is given by
¢ o V(W) = F12 - op(g(wor, 212)) = FGTH =G - F
and

op 0 9G(®1*?) = ®p - op(f (212, 223)) =+ = Pap.
This finishes the proof. O

When restricting to moperad maps PaBH1< — TAut™' that arise from Drinfeld associators, i.e., those that
factor through an isomorphism PaBj — CD™ (Corollary 5.7), the GTM-action coincides with the classical
action of GT1 = Auty(PaBk) on associators (cf. Equation (1.5).

The reader may want to compare this with [AT12, Proposition 9.13].

Proposition 5.10. Let o' : PaBy — TAut™ and 9' : PaBy — PaBj be as in the previous Proposition.
Suppose moreover that @' factors through CDT. Then, the composite

1

(p' 0¥, p o) : PaBy Lk PaBi —— CDT < TAut™

is such that p! o 91 (WO12) and ¢ o 9(®L23) are both given by Equation (1.5). In other words, the induced
action of GTM on Drinfeld associators coincides with the classical GT1 action.

Proof. By Proposition 2.26, we know that (o', ¢) factors through a composition

1 +
PaBy —~— PaBf —~— CDT,

where p! sends the associativity isomorphism ¥%12 to the shifted associativity isomorphism ®!:23, and the
generators of the PaBg-moperad PaBj are defined to be

P (IO1%) = fo(tor, tiz), @' (E™) = €'

Precomposing with (9!,4) gives a new PaBg-moperad map (¢! 09!, po19), whose underlying operad map is:

t12

(pod)(R")=e™ and (pod)(@1*%) = fo(tia,taz) - fo(e"2, fo(tra, taz) T €™ fip(t1a, 1a3)).
This corresponds to the action of an element (1, fy) € GT; and a Drinfeld associator (1, f,,) as in (1.5).
At the moperad level, we also have:
(pr o) (B = et and (¢! 0 9h)(UO?) = fo(tor, tr2) - fo(p! (zo1), ' (212)),
where the pure braids xo, 212 € PB} are represented as morphisms in AutPaB]}((g)((Ol)Q) as:
201 =ido1 01 EY' and w1 = Vg, - (idoy o1 (R*'R"?)) - W 1 5.
The images under @' are:
o (wo1) = e and  @'(x12) = fw(tol,tlg)_letmﬁp(tol,tlz).
Hence,
(@' o) (TO12) = fo(tor, t12) - fﬂ(et‘”yfga(t(n,t12)_1€t12f¢(t017t12))-

This shows that precomposition with (9%, ) gives the expected GT;-action on the associator fp, when viewed
as a moperad map PaBH1< — CD™T. O
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APPENDIX A. OPERADIC STRUCTURES AND KASHIWARA—VERGNE SOLUTIONS

A.1l. Operadic structure on Lie algebras and tder. In this section, we provide proofs and examples of
some of the statements discussed in Section 3. Recall Definition 3.7, which gives a right 3,, action on lie,, as
well as a partial composition map, which are given by, for any f € lie,,, g € liep,0 € Xy, 1 < i < m,

fa(xlv s 7xn) = f(xa*1(1)7 s 71.0*1(71))’
i+n—1
(.f 04 g)(xla"'axmﬁ*nfl) = .f(xla"wxifla Z xj,xi+n,...,$m+n71)+g(xi,...,$i+n,1)-
j=i

As we show below in Proposition 3.8, the symmetric sequence of free Lie algebras with these partial compo-
sitions is a linear operad denoted lie.

Ezample A.1. Consider the Lie monomials f(x1,22) = [1,22] € lieg and g(x1,x2) = [T1, [r1,22]] € liea.
Then f o1 g € lieg is computed by substituting x1 — x1 + 22 in f and adding g(x1,x2) to the result:
(fo19)(@1,22,23) = f(21 + 22, 23) + g(21, 22) = [21 + T2, 23] + [21, [71, 22]].
Similarly, composing at the second input gives:
(f o2 9)(@1,22,23) = f(z1,22 + 3) + g(22, ¥3) = [21, T2 + @3] + [22, [22, 75]].

Proposition A.2. The symmetric sequence of free Lie algebras lie with the partial compositions above forms
a linear operad.

Proof. Observe first that both the ¥,, action and the o; operations are linear maps. We proceed to verify
that they satisfy axioms (i)—(iii) from Definition 1.1. For (i), we observe that the element 0 € lie; is such
that fo;0 =00 f = f for any f € lie. To check (ii), associativity, let f € lie,,, g € lie,, and h € liey, be
three Lie words, and let 1 < j < m. For 1 < i < j — 1, one finds that (f o; g) o; h and (f o; h) 0j1x—1 g are
both equal to

itk—1 Jtk+n—2
flz,. ..z, Z g, Tidky -« Z oy ooy Tmantk—2)F9(Tjak_1,- s Tjthtn—2)+(Tis . o, Tizh_1)-
=i t=j+k—1
For j <i < j+mn—1, one finds that (f o; g) o; h) and f o; (g 0;—;+1 h) are both equal to
jtnt+k—2 it+k—1
fx1,. . @1, Z Ty Emantkh—2) + 9(xj, ..., Z Ty s Bjpnth—2) + P(Tise oo Tigh_1)-
l=j3 l=1
Finally, if j + k <i <m+n—1, then (f o; g) o; h and (f 0;_n41 h) o; g are both equal to
Jj+n—1 itk—1
flz,. .., @i, Z Lo, Tjny -5 Tic, Z Lo, Tikky - - > Tmnth—2)F9(Z5, o Tjan—1)+h(Ts, .. ., Tigk—1)-
—j =i

It remains to check (iii), equivariance. Let f, g be two Lie words as before, let 0 € ¥,,, and 7 € X,, be two
permutations, and let 1 < i < m. Then, one computes that

(fg Co—1(3) gT)(CC17~~-7xm+n—1) = f(xa*1(1)7--'7x0*1(m)) Co—1(3) g($7—1(1),...,l‘7—1(n))
= (foi9)(T(go,r)-1(1)s -1 T(gos7) 1 (m4n—1))
= (f 04 g)UOiT(-/L'ly-“amernfl)-
We conclude that lie is a linear operad. ([

Proof of Proposition 3.8. The same formulas and the same proof work mutatis mutandis for the universal
enveloping algebra ass and the vector space of cyclic words cyc. Checking that the quotient map tr : ass —
cyc is a morphism of linear operads can be verified directly: for f € ass,,, g € ass,,, 1 <i<mand o € ¥,,,
we clearly have tr(f?) = tr(f)? and tr(f o; g) = tr(f) o, tr(g). O
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As discussed in Section 3.1, this in turn gives an operadic structure on tder. Namely, for any v = (a1,...,am) €
toer,,, v = (b1,...,b,) € Wer,, 0 € Xy, 1 <4 < m, we have
[ g o
u- = (0/0_71(1),...’0/0_71(,”‘))7
UOo; VI= (a1 O; 0,...,&7;_1 0; O,CLZ‘ O, bl,...,ai 0Oy bn,ai+1 O; O,...,am 0o; 0)

Here a7 denotes the X, action on [ie, o; on the right hand side above denotes operadic composition in the
operad lie, and 0 stands for 0,, € lie,,. We next focus on the operadic structure of soetr,, C tdet,,.

A.2. The operad of special derivations sdoer. While tangential derivations naturally form an operad in
vector spaces, they do not preserve a Lie algebra structure under operadic composition. In contrast, the
subspace of special derivations forms an operad in Lie algebras, as the direct sum of special derivations is
closed under the Lie bracket.

Theorem A.3. The family sder of special derivations forms a linear suboperad of toer, and sdet is, moreover,
an operad in Lie algebras.

Proof. We need to show that soet is stable under symmetric group actions, partial compositions, and that
it contains the unit of tder. The fact that 0 € tdery is in s0er; is immediate. To check the stability under the
>, action, let u € sdet,, and observe that since the sum Z?:l xz; € lie, is invariant under the action of X,
diagram (3.2) gives the equality for any o € 3,

Since the left hand side is zero by hypothesis, it is also the case of the right hand side, and we have

u’ € s0et,. It remains to show stability under partial composition. Let u € sdet,, and v € sder,, be two
i+n—1

special derivations. Making the change of variables y; := x1,...,9; := > ,_;  %¢y...,Ym = Tmin—1 and
21 7= Xjy ..y Zn = Titn—1, We have
m+n—1 m+n—1 m+n—1 m n
U 0; vV E zj | =uo; 0 E ;| +00;v g i | =u g yr | +v E ze | =0.
=1 j=1 j=1 k=1 =1

Therefore, u o; v € s0et,+,—1 and sOer forms a linear suboperad of toet.

To show that sdet is an operad in the category of (degree complete) Lie algebras, we need to show that the
o; composition maps and the ¥, actions are morphisms of Lie algebras. The fact that the X,, actions are
morphisms of Lie algebras is straightforward to check. For the partial compositions, given u,u’ € toet,, and
v,V € tdet,, we want to show that

(A1) [wo; v,u' o; v'] = [u,u'] o; [v,0'].

Writing w o; v = wo; 0+ 0 o; v, the left hand side of (A.1) gives four terms, while the right hand side gives
two. We first show that [uo; 0,4’ 0; 0] = [u, ] 0; 0; a similar argument shows that [00; v,00;v'] = 00, [v,v'].

Writing u = (a1, ...,an,) and v’ = (af,...,al,), we have
n __ / ! _ R / _ / . . /
[u,u'] = uu' —vu'v = (c1,...,em) where c¢; =u(a;) —u'(a;)+ laj,aj].
Then, we have
’ ~ ~ ~ ~ ~ ~
[u,u'] 00 = (C1,...,Ci—1,Cis. ., Ci, Cit1,- -, Cm)

. i+n—1 -

where &; = ¢j(z1,.. ., E;ZL T, Titn, - Tmin—1). Similarly we have
~ ~ ~ ~ o~ ~ / ~/ ~/ ~/ ~1 ~/ ~/
wo; 0= (A1,..., 01,04,y By Qig1y- ey ), W 030 = (A1, ... 85 1,85, ...,0, 0, 1,...,0,

and

[wo; 0,u' 0;0] = (dy,...,di—1,d;,...,di,diz1,...,dn) where d; = (uo;0)(a})— (v o;0)(a;)+ [a;,a}]-
Thus our assertion is equivalent to the equalities ¢; = Jj for all j. We readily have that
itn—1
la;, a;](xl, R Z Tjy Titn, - Tmgn—1) = [sz,&;].
j=i
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It remains to show that
i+n—1
/ ~/
u(aj)(wy,. .., Z Ty Tigny - Tman—1) = (uwo; 0)(a}),
J=1
a similar statement holds for u’(a;). Indeed, u(aj(z1,...,2y)) is the sum over all occurrences of generators

r in the word a}, of the word a; with this occurrence replaced by the commutator [z, ax]. Performing the
substitution of variables
i+n—1
(xh s 71'717,) = (xla LR Z Ljs Litn,--- 7xm+n71)
j=i

in this Lie word gives the new Lie word (u o; 0)(a}).

It remains to show that [u o; 0,0 0; v'] = 0; the proof that [0 0; v,u’ o; 0] = 0 is similar. Let us write
U 9; 0= (&17 .. .,di,l,di, .. .,di7di+1, ce ,ELm) where (Nlj = aj(xh .. .,Z;i?_l Tj, Lidn,-- ~a$m+n71) and 0 0;
v =(0,...,0,04,...,8,,0,...,0) where b}, = b;(z;,...,Zitn—1). We have

[u0;0,00;v] = ((uo;0)(0)—(00;v')(ar) + [ai,0)),

((u0; 0)(B}) = (003 v)(@y) + [, by])
((u0; 0)(by,) — (005 v')(@s) + [, b))

(w0 0)(0) = (005 v')(@m) + [@m, 0])

The terms of the form ((v0;0)(0)—(00;v")(a@;)+[a;, 0]) are equal to —(00;v")(@;). This is in turn the negative
sum over all occurrences of generators in a; of the bracket with the corresponding entry of 0o;v’. These terms
are zero, including the occurrences of the sum x; + - - - + ;1,1 since v’ is a special derivation (i.e. we have
(0o, v’)(zzzhl x;) = 0). Considering the terms of the form ((u o; O)(Bz) — (00; v')(a;) + [a;, 13;]), a similar
phenomenon occurs for (0 o; v")(a;) which is equal to 0. Then, the remaining terms ((u o, 0)(53) + [as, 13;])
cancel thanks to the Jacobi identity. Therefore, we have [u o; 0,0 0; v'] = 0 and the proof is complete. (I

Remark A.4. The following observation was communicated to us by Pavol Severa. Let us choose a family
l={l(z1,...,2n) tn>2 of Lie words I,, € lie,, such that

lm(xla ceey Li—1, ln(-r’u s »xi+n—1)7xi+na cee axm+n—1) = lm+n—1(x17 ce 7$m+n—1)-

Then, one can define an alternative linear operad structure on lie by the formula
(foig) (@1, s Tman—1) = f(@1, s Tim1, bn(Tiy -+ o Bign—1), Tiens -+ oy Tongn—1) + 9(Tiy - Tign—1).

We write lie! for this operad. It induces an operad structure tdet! on tder by the same formulas as above.
Moreover, one can define the Lie algebra sdet! of special derivations with respect to I, which are tangential
derivations u € tdet,, such that

u(lp(x1,...,2,)) =0.
The proof of Theorem A.3 carries mutatis mutandis and shows that sdet! is a linear operad in Lie algebras.
Taking l,, = x1 + - - - + x,, one recovers the above operad structures, while taking I,, = beh(z1, ..., 2z,), one
gets other operad structures that we denote [ie®®", t9er?® and sver®<h.

We next describe how some special derivations are obtained from braids. The natural isomorphism PB,, 1 =
F, x PB,, is preserved under prounipotent completion (cf. [Frel7, Proposition 8.5.3]) and thus induces an
isomorphism of Lie algebras

(A.2) t1 = lie, X t,.

The action of t,, on the free Lie algebra lie,, is a source of special derivations of the free Lie algebra. To make
this precise consider the following example.
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Ezample A.5. The element ¢t = (x2,21) € tdere is the tangential derivation that acts on the generators of
lieo via:
t(z1) = [x1,22] and t(xe) = [z2,21].

The element ¢ is a special derivation since t(z1 + x2) = [z1, 22] + [z2, 1] = 0.

Generalizing Example A.5, we let t¥ denote the special derivation

t9 =(0,..., ¥j yoory T ,...,0) € ey,
i J
1 <i < j < n that acts as tY(z;) = [z;,2;] and t¥(z;) = [x;,7;]. The derivations ¢t € sdet,, span a Lie
subalgebra isomorphic to the Drinfeld-Kohno Lie algebra t,, described in Section 1.4 ([AT12, Proposition

3.11]). The following proposition shows that the inclusion of the Lie subalgebra t,, < sder,, extends to an
inclusion of the operad t as a sub-operad of soet.

Proposition A.6. The family t := {t,}n>0 of infinitesimal braids is a suboperad of svet.

Proof. We need to check that each t,, is stable under the action of ¥,, and that t is stable under operadic
composition. It suffices to check these properties on generators. Let t;; be a generator of t,,, and let o be

a permutation in ¥,. A direct computation shows that (£9)7 =t ()9 '() and thus t is stable under the
symmetric group actions.

Given t¥ € sodet,,, t" € sder, and a € {1,...,m}, the composition rule in the operad sdet says that
t9 o, th = 1 o, 0 + 0 o, tF! with
tlitn—1)(+n-1) if a < i,
. Y b1 Litp-1)an—1) i a=1,
tY9 0,0 = { tilitn=1) ifi <a<j,
Sy AT ifa=j,
4 if a > 7,

and 0 o,, th = t(Fte=1{+a=1) for all o. But this is precisely the definition of t;; o, ¢ in t. It follows that
the inclusion t < s0et is stable under operadic composition and completes the proof. (I

Remark A.7. Related results appear in [Will5] and [SW11b], where analogous structures are studied in the
context of graph complexes.

Consider the linearization of KRV(n), the Lie subalgebra trv,, of tdev,,, called the graded Kashiwara-Vergne
Lie algebra, which consists of pairs (u,r) € toer,, x K[[z]] satisfying the equations

(krv1) U <i 1‘1> =0,
(krv2) jlu) = tr (r <Z $Z> — ZT(J{:,)) .

i=1

Proposition A.8. The family tvo = {tvo,},>0 of graded Kashiwara—Vergne Lie algebras is a colored
suboperad of svet.

Proof. We need only check that the symmetric group action and operadic composition preserve the second
equation (krv2). Let u € €rv,, and o € ¥,,. Since the Jacobian j is a morphism of operads (Proposition 3.14),
we have j(u?) = j(u)? = j(u) since the RHS of (krv2) is invariant under the action of %,,.

Let u € trv,,, and v € €rv, and 1 < ¢ < m. Suppose moreover that both v and v share the same Duflo
function r. Then, writing w := x; + - - - ©;4,—1 and using again the fact that j is a morphism of operads, we
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have
juojv) = j(uo;0+00;v)
J(u)0; 0+ 00; j(v)
m+n—1 1—1 m+n—1 i+n—1
= tr|r Z x| — Zr(wj) —r(w) — Z r(z;) | +tr | r(w) — Z r(z;)
j=1 j=1 j=itn j=i
m+n—1 m+n—1
= tr|r Z zj | — Z r(z;) |,
j=i j=i
which finishes the proof. O

This operad integrates to a group, giving the operad in groups KRV described in Appendix A.4.

Remark A.9. The same works for the linearization v of the family of groups KV; they form a suboperad
in Lie algebras of svet®". However it does not form a suboperad of sder. This explains the apparent
dissymmetry between the operads KRV and KV presented below in Appendix A 4.

The isomorphism PB}L =~ PB,,+1 = F,, xPB,, described in Lemma 2.14 induces, after prounipotent completion,
an isomorphism of Lie algebras

(A.3) th 2,1 2 lien (tor, - - -, ton) X b

Notation A.10. There is an isomorphism of Lie algebras t} = t,,; obtained by reindexing the generators
toi > t1; and t;; — ti41 541 for 1 <4 < j < n. To align with our convention of denoting moperads obtained
via a shifting construction using a superscript (—)T, we will write t, in place of t} throughout this paper.

A.3. Operadic composition of KV solutions. We first consider the lift to TAut of the operad structure
on tder, and show that it is indeed an operad.

Proof of Proposition 3.12. We proceed to verify that the 3, action and the o; operations satisfy axioms
(1)—(iil) from Definition 1.1. For (i), we observe that the element 1 = exp(0) € TAut, is such that Fo; 1 =
lo; F = F for any F € TAut. To check (ii), associativity, let F' = exp(u) € TAut,,, G = exp(v) € TAut,,
and H = exp(w) € TAuty be three tangential automorphisms, and let 1 < j < m. For 1 <i < j—1, we
compute
beh(beh(wo; 0,005 v) 0; 0,00, w) = beh(beh((uwo; 0)o;0,(00;v)o;0),00; w)

bch(bcb((u 0; 0) Ojtk—1 0, (0 0; 0) Ojtk—1 ’U)7 0 0o; w)

bch((u 04 0) 0j+k—10, beh(0 0j4k—1 0,004 w))
((
(

= beh((wo; 0) 0jyr—10,bch(00; w,00545-1v))
= beh(beh((uo; 0) 0j1k—10,(00; w)ojix-10),0054% 1)
= beh(beh(uo; 0,00; w) 0j44-10,00,4k-1 V),
which shows that (Fo;G)o; H and (Fo; H)oj1;_1G are equal. Here, we made use of the following properties:
compositions with 1 are group homomorphisms in TAut, operadic composition in tdet is associative, the bch
product is associative (twice), and the fact that we have [0 04,1 v,00; w] = 0 in ety 4nir—2.
For j <1i < j+n—1, asimilar, slightly simpler computation gives
beh(beh(uo; 0,00, v) 0;0,00; w) = beh(beh((wo; 0)0; 0,(00;v) 0;0),00; w)
= beh(beh(uoj (00511 0),00; (v0i—j410)),00; w)
= beh(uo; 0,beh(0 05 (v oi—jt10),005 (00ij41 w)))
= beh(uo; 0,005 beh(vo;—ji1 0,00, 41 w),
which shows that (Fo; G)o, H = Fo; (Go;_j+1 H). Finally, if j +k <7 < m+n —1, a computation similar
to the first one above shows that (F o; G) o; H = (F oj_pni1 H) 0; G.
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It remains to check (iii), equivariance. Let f, g be two Lie words as before, let 0 € ¥,,, and 7 € X,, be two
permutations, and let 1 < 7 < m. Using the fact that the 3,-actions on TAut are group homomorphisms,
and that operadic composition in tdet is ¥,,-equivariant, we have

beh(u0; 0,0 0;v)7%7 = beh((uo; 0)7%7, (0 0; v)7%7) = beh(u” 0g-1(;) 0,0 051 V"),
which shows that (F o; G)7°7 = (F7 o,-1(; G7), as desired. O

In [AKKNI8b, Section 7] and [AET10] the authors use the operadic structure above on tangential auto-
morphisms to show that by operadically composing a KV solution of type (0,2 + 1) with itself, one obtains
KV solutions of type (0,n + 1). More generally, we can form a group-colored, non-symmetric operad of KV
solutions.

Recall from Definition 3.31 that each KV solution F' of type (0,n+ 1) determines a Duflo function h € K[[#]]
which arises in the second KV equation (SolKVII). Let

SolKV(n) := {(F, h) | F € TAut,, satisfies (SolKVI) and (SolKVII) for h € K[[2]]}.

The sequence SolKV = {SolKV(n)},>2, forms a K][z]]-colored sequence in K-vector spaces. Given a pair
F = (F,hy) € SolKV(m) and G = (G, hy) € SolKV(n) one can define the operadic composition F o; G €
SolKV(m +n — 1) if hy = hs. Before we state this as a theorem, let us illustrate with an example.

Ezample A.11. Let F € TAuty be a KV solution of type (0,24 1). Then the operadic composition inherited
from TAut defines

FoyF=(Foyl)(1oy F)=FL2F%3,

Since F satisfies the first KV equation (SolKVI), i.e. F(e*te®2) = e*1+2  the composition F o F also satisfies
it. Explicitly, we compute:

(F oy F)(e™1e™2e%) = FLB F23(et1¢v2003) = FLi23 (€7 em2to3) = emitoatas,
To show that F oy F' satisfies (SolKVII), we recall that since J is a 1-cocycle on TAut, we have:
J(FLBR23) = J(FL23) 4 pL23 . J(p23),
Then, since
J(F?3) = tr (h(xy + 23) — h(x) — h(z3)) and
J(EY2) = tr (A1 + (22 + 23)) — h(z1) — h(z2 + 23))
the sum becomes:
J(FY23) + P23 J(F2®) = tr (h(z1 + 22 + 23) — h(x1) — h(22) — h(x3)).
Here, we used the fact that h € 22K[[2]] is conjugation-equivariant, that F?3 conjugates z2 and 3 by the

same element, and the fact that the trace is additive. More generally, given a KV solution F' of type (0,2+1),
one can then consider the non-symmetric operad generated by this solution (See [AKKN18b, Lemma 7.3].).

Theorem A.12. The family SolKV := {SolKV(n)},>2 forms a K[[z]]-colored non-symmetric operad.

Proof. Let F' = (F,h1) € SolKV(m) and G = (G, he) € SolKV(n) be two KV solutions with hy = hy. It
suffices to show that the operadic composition F' o; G is still a KV solution. We need to check that the
composite F' o; G satisfies the two equations in Definition 3.31. To simplify notation, let us write w :=
i+ ...+ Tiyn—1. Since both F' and G satisfy (SolKVI), we have
Fo;G(e™ ---e"mtn=1) = (Fo; 1)(10; G)(e** -+ - "mtn-1)
= (Fo;1)(e" ... ehimleWePitn ... gWmtn-1)

— Tl T Tmin—1

Here, we are using the fact that (10; G) acts trivially on the basis elements x;, for j & {i,i+1,...,i+n—1}.
It follows that F o; G satisfies (SolKVTI).
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GROTHENDIECK-TEICHMULLER GROUP THROUGH CYCLIC RIBBON OPERAD
AND ITS ACTION ON TANGLES

MARCY ROBERTSON AND CHANDAN SINGH

ABSTRACT. We characterize the prounipotent Grothendieck—Teichmiiller group GT k as the group of object-
preserving automorphisms of the prounipotent completion of the cyclic operad of parenthesized ribbon
braids. This extends the classical description of E'I\'K to the cyclic setting, and provides a conceptual operadic
framework for understanding arithmetic symmetries in low-dimensional topology. As an application, we use
the é'\rK—action to give a streamlined proof of the formality of the cyclic framed little disks operad. We further
construct a lift of the a’K—action from parenthesized braids to parenthesized framed tangles, offering a new
operadic interpretation of a conjectural Galois action outlined by Kassel-Turaev, and connecting it to the
broader theory of Grothendieck—Teichmiiller symmetries in tensor categories.

INTRODUCTION

In his Esquisse d’un Programme Grothendieck suggested probing the structure of the absolute Galois group
Gal(Q/Q) through its actions on the fundamental groupoids of moduli spaces of curves [Gr0o97]. The paradigm
case is Belyi’s faithful action of Gal(Q/Q) on m(Mg4) = m1 (P! \ {0,1,00}) (cf. [Bel79, ha94]). Drinfeld
later isolated a family of Grothendieck—Teichmiiller groups that governs these “Galois-type” actions [Dri90],
and Thara showed that there is an injection Gal(Q/Q) — GT into the profinite version [[ha94]. Over a
characterlstlc zero field K one obtains the prounipotent version of the Grothendleck Teichmiiller group,
denoted GTK7 which acts faithfully on prounipotent braid groups; studying these GTK actions therefore
retains information about the original Galois actions (see also [Bro12]). The present paper aims to develops

an operadic mechanism that transports the GTg-action from braids to the richer setting of framed tangles
as a means for studying Galois actions on tangles.

Bar-Natan recast Drinfeld’s theory in categorical terms, highlighting the universal action of GT k on braided
monoidal categories and exhibiting its link with universal finite-type knot invariants in [BN98]. Subsequent
work of Fresse [Frel7], Willwacher [Will5] and others refined this viewpoint operadically: the prounipotent
Grothendieck—Teichmiiller group appears as the object-fixing automorphisms of the completed operad of
parenthesised braids,

é_\rK = Aut+(P/aT3K).
Here, PaB = {PaB(n)},,>0, is the operad of parenthesized braids. Each PaB(n) is a groupoid whose objects
are fully parenthesized words in the symbols {1,...,n} and whose morphisms are given by elements of the
Artin braid group B,,. Topologically, PaB serves as a combinatorial model for the little discs operad Es,
encoding the structure of braided, but not necessarily symmetric, operations (see, for example, [Frel7]).
Categorically, algebras over PaB are braided monoidal categories (cf. [WahOl] or [Yaul9]). The action of
GTK on the prounipotent completion of PaB Bk induces a coherent action on the braiding and associativity
contraints of prounipotent K-linear braided monoidal categories.

In this paper we study a hierarchy of operadic structures refining the operad of parenthesized braids, each
layer capturing progressively finer topological and categorical data. The first such refinement is the operad of
parenthesized ribbon braids, PaRB, whose n-ary operations are isotopy classes of braids on n labelled strands,
each equipped with a framing—that is, a chosen longitudinal twist. Topologically, PaRB is weakly equivalent
to the operad of framed little discs FDy [SWO03], and therefore provides a combinatorial model for framed
Eo-structures. Categorically, algebras over PaRB are balanced braided monoidal categories [Wah01]: braided
monoidal categories equipped with a natural self-twist 0x: X — X satisfying appropriate compatibility
conditions (see Section 1).
80
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The prounipotent Grothendieck-Teichmiiller group GT k also acts on the operad PaRB. Indeed, it was show
in by Boavida, Horel, and the second author [BABHR19] that the homotopy automorphisms of the profinite
operad recover the profinite Grothendieck—Teichmiiller group:

GT = Aut™ ( PaRB ) .
These techniques similarly apply in the prounipotent setting, yielding the identification
GTk = Aut™ (PaRBy ),

where @K denotes the prounipotent completion of the parenthesized ribbon braid operad. In both cases,
the Grothendieck—Teichmiiller group appears as the group of object-preserving automorphisms, and thereby
governs the universal symmetries of balanced braided monoidal categories.

Cyclic operads, introduced by Getzler and Kapranov [GK95], generalize ordinary operads by allowing the
inputs and output of an operation to be permuted cyclically. More precisely, a cyclic operad is an operad O
in which each space O(n) carries a right action of the symmetric group 3,1 (see Definition 2.6), extending
the standard X,,-action on the inputs.

The framed little discs operad FDo admits such a cyclic structure, due to Budney [Bud08], and this structure
descends to groupoid models of FDs. In [CTW19] and [MW22] the authors transfer this cyclic structure to
PaRB, and we give an explicit account in Lemma 3.7, verifying that PaRB is indeed a cyclic operad. One
of the main results of this paper is that GT k acts on the automorphisms of PaRB®Y“ and, indeed, we can

identify GT k with the group of object-fixing automorphisms of the cyclic operad of parenthesized ribbon
braids.

Theorem A (Theorem 7.4). There exists an isomorphism of prounipotent groups

cyc

GTk = Aut™(PaRBy ).

This realization confirms a suggestion made by Kontsevich in [Konl7, Section 2.4]. As an application, we
show the cyclic operad PaRB®Y* is rationally formal in Section 7.2. This is an alternative proof of the
formality of cyclic PaRB from [CTW19, Thoerem 3.1] that completely relies on GTg-actions.

The completed parenthesized ribbon braid operad E@K admits a natural associated graded operad: the
operad of parenthesized ribbon chord diagrams, PaRCD. Algebras over PaRCD are symmetric monoidal
categories equipped with an infinitesimal braiding, reflecting the linearized structure of braids. This operad
inherits a canonical cyclic structure [CIW19, Wil24], making it a natural recipient for graded versions of

———cyc

PaRB, .

For each Drinfeld associator, one can construct an isomorphism of cyclic operads from msﬂ to PaRCD,
yielding a framed, cyclic refinement of the identification of associators with isomorphisms between the operad
of parenthesized braids and the operad of parenthesized chord diagrams PaBx — PaCD ([BN9g], [FrelT],
[Cil.24]). The prounipotent Grothendieck—Teichmiiller group GT k acts freely and transitively on the set of

Drinfeld associators from the left and the associated graded group, GRT k acts freely and transitively from
the right. We show that this bitorsor structure lifts to the setting of cyclic operads (Proposition 8.6).

Theorem B.

e The set of Drinfeld associators is in bijection with the set of object-fixing isomorphisms of cyclic
operads:

_——cyc
Iso"(PaRB; — PaRCD®°).
e There is an isomorphism of prounipotent groups:

GRTk = Aut™(PaRCDY).

As a second application of Theorem 7.4, we study how the action of GT k extends to categories of tangles.
The framed tangle category T is a K-linear symmetric monoidal category whose objects are finite words in
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the symbols {+, —}, representing oriented endpoints, and whose morphisms are isotopy classes of framed
tangles between such words.

The category T carries the structure of a ribbon category, which is a balanced braided monoidal category
equipped with duals (Definition 1.3). A key result of Shum [Shu94] and Reshetikhin-Turaev [RT90] states
that T is the free ribbon category on one object. That is, for any ribbon category R and any object X € R,
there exists a unique strict ribbon functor

F:T—R
such that F(+) = X.

The tangle category T and its weak, or non-associative, version, denoted ¢T play a central role in the
theory of finite-type 1nvar1ants In particular, Kassel and Turaev [[KT"95] constructed a completed version
of the tangle category, TK, and showed that it is isomorphic to the category A( ) of chord diagrams. This
isomorphism realizes the Kontsevich integral as a universal invariant for framed tangles, meaning that all
finite-type (Vassiliev) invariants factor uniquely through this functor.

To every operad, one can associate a strict symmetric monoidal category—called a prop. Similarly, to
every cyclic operad, Hinich and Vaintrob [HV02] associate a strict symmetric monoidal category with self-
duality, known as a metric prop (Section 2.3). Using this framework, we relate the cyclic operads CoRB®©
and PaRB““ to the categories of framed tangles. We show that the metric prop associated to CoORB is
isomorphic to the full subcategory T C T consisting of self-dual objects, and similarly that

[(CoRB%®) = T’ and II(PaRB™) =T/,

where ¢T’ denotes the corresponding subcategory of the non-strict tangle category ¢T (Proposition 5.7,
Corollary 5.8).

Combining these ideas, we show that the éTI'K—action on the cyclic operad @;yc extends naturally to its
associated metric prop II(PaRB“°), and hence to the category ¢TI/ of framed tangles with self-dual, paren-
thesized boundaries. This provides a conceptual and operadic framework for understanding the arithmetic
symmetries of tangles. In particular, our construction recovers the GT k-action on the completed category of
framed tangles Tk conjectured in Appendix D of [KT"95], where Kassel and Turaev propose the existence
of a Galois action on tangles compatible with the Kontsevich integral. Our result gives a precise operadic
model for this action and confirms that it arises naturally from the GT k-symmetry of the cyclic operad PaRB.

This perspective also connects with the work of Furusho [Furl7, Fur20], who studied the Galois symmetries
of braids and tangles via the so-called ABC construction. Our approach provides an alternative derivation
of these symmetries, grounded in the formalism of cyclic operads and metric props, and embeds them into
a broader framework that unifies topological, algebraic, and arithmetic structures.

Organisation of the paper. Section 1 and Section 2 provide background on monoidal categories, operads,
cyclic operads, envelopes, and (metric) props.

In Section 3, we show that the operad of parenthesized ribbon braids admits a cyclic structure (Lemma 3.7).
A parallel discussion of the cyclic structure on the operad of ribbon chord diagrams appears in Section 4.

Section 5 establishes the connection between the categories of tangles and chord diagrams and the metric
props associated to the cyclic operads PaRB and PaRCD (Proposition 5.7, Corollary 5.8).

In Section 7, we characterize the Grothendieck—Teichmiiller group GT k as the automorphism group of the
———CYyC

completed cyclic operad F’aRBKy (Proposition 7.4), prove the formality of FD5¥® (Lemma 7.6), and describe

the induced GTk-action on the tangle category T (Proposition 7.10).

Section 8 turns to the graded setting: we identify the group GRT k as the automorphism group of the com-
pleted cyclic operad of parenthesized ribbon chord diagrams (Theorem 8.2) and describe the corresponding
action on the category A(K) (Proposition 8.9).

Finally, Appendix A reviews the necessary adjunctions between operads and cyclic operads.
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1. CATEGORICAL BACKGROUND

Throughout, we work over a fixed field K of characteristic zero, and all categories are assumed to be K-linear.
A monoidal category (C,®,1) is said to be K-linear if each hom-set Homc(X,Y) is a K-module and both
the composition of morphisms and the monoidal product

(f;9) —gof and (f,g9)— f®g

are bilinear over K. A functor between K-linear categories is said to be K-linear if it induces K-linear maps
on hom-sets.

1.1. Monoidal Categories. We work various types of monoidal categories throughout this paper and take
[Mac71], [Kas12] and [EGNO15] as references. We briefly recall that a monoidal category (C,®,1, a, \, p)
consists of a category C equipped with a tensor product ®, a unit object 1, and natural isomorphisms:
an associator ayvw : (U@ V)W — U® (V@ W) and left and right unitors Ay : 1 ® V — V and
pv : V®1 — V, subject to coherence conditions expressed via commutative diagrams (the pentagon and
triangle identities). A monoidal category is called strict if the associativity and unit isomorphisms are
identities, that is, (X ®@Y)® Z=X® (Y ®Z) and 1 @ X = X = X ® 1 hold strictly for all objects X,Y, Z.

A braiding on a strict monoidal category (C,®,1) is a family of natural isomorphisms
CV,WIV®W—)W®V

satisfying the following conditions for all objects U, V, W, V' W' € C and morphisms f: V = V' g: W —
W’

(1.1) cvow (f®g)=(9® f)evw,
(1.2) CUVeW = (idy ®CU,W) o (CU,V ® idw),
(1.3) cugv,w = (cuw ®@idy) o (idy ®cv,w).

A strict braided monoidal category is a strict monoidal category equipped with a braiding. A strict symmetric
monoidal category is a braided monoidal category with a symmetric braiding, meaning

cy,w o cw,v = idyvew
for all objects V, W.

A balancing on a strict braided monoidal category (C,®,1,c) is a natural family of automorphisms Oy :
V — V satisfying

(1.4) Ovew = (Ov ® Ow) ccw,v o cyw-

A strict balanced monoidal category is a braided monoidal category equipped with a balancing. A strong
monoidal functor between monoidal categories (C,®,1¢) and (D, ®, 1p) is a functor F : C — D equipped
with natural isomorphisms

FX)@F(Y) S F(X®Y) and 1p — F(1c)

satisfying the standard coherence conditions for associativity and unit compatibility. A functor between
strict braided, symmetric, or balanced monoidal categories is a strong monoidal functor that also preserves
the additional structure: it intertwines the braidings (respectively, symmetries) and, in the balanced case,
satisfies F'(Oy) = Op(v for all objects V.

Example 1.1. Let C = Rep(U,(slz)) be the category of finite-dimensional representations of the Drin-
feld-Jimbo quantum group U,(slz) over K = C(g). Then C is a braided monoidal category, where the
braiding cy,w is defined via the universal R-matrix. This braiding is not symmetric when ¢ is not a root of
unity. The category becomes balanced by defining the twist Oy using the ribbon element, which acts as a
scalar on weight spaces and satisfies

Ovew = (O @ Ow) ccw,v o cv,w.
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Definition 1.2. Let C = (C,®,1) be a strict monoidal category. We say that C has (left) dualityif, for
every object V' € C, there exists an object V* together with morphisms

by :1=->VeV", dy V'@V =1

such that
(idy ®@dy ) o (by ®idy) = idy, (dy ®idy~) o (idy~ @by ) = idy~ .

The pair (dy,by) implies that the dual V* is unique up to a unique isomorphism, if it exists. In a strict
monoidal category with left duals, the transpose of a morphism f: V — W is defined as

= (dw ®idy«) o (idw~ ®f @ idy+) o (idw~ @by ).

Definition 1.3. A strict ribbon category is a strict balanced monoidal category (C, ®, 1, ¢, ©) equipped with
duals, such that the twist satisfies

Ov- = (Ov)"
for all objects V.

A ribbon monoidal functor, F : C — D is a strong monoidal functor equipped with a monoidal natural
isomorphism

F(X)®F(Y) S F(X®Y), 1p — F(lc)
that is compatible with the braiding, twist, and duality structures of C and D.

Let E = (E,®,1) be a strict symmetric monoidal category. An object A € E admits a non-degenerate,
symmetric form if there exist morphisms

d: AR A—1, b:1 AR A

such that the composites

(1.5) 1A A A A i 401
and
(1.6) A1 A A0 A B9 154

are both equal to the identity morphism on A. The condition is equivalent to saying that A is self-dual.
See [HV02, 2.1.1] or [Luk10] for further discussion.

All definitions and constructions above extend naturally to this setting by inserting the appropriate associa-
tors and unitors into composition formulas. A non-degenerate, symmetric form with weak associativity, say
a:(ARA)®A— A®(A® A), gives rise to isomorphism of the identities (1.5) and (1.6) to id4. That is

(b®@idy)a(ids @d) = idy = (idg @b)a~t(d @ id,).

We note that, by Mac Lane’s Coherence Theorem [ML63], every monoidal category is monoidally equivalent
to a strict one. Moreover, the strictification process extends to braided, balanced, and ribbon monoidal
categories; see [J593, Shu94].

Example 1.4. The category Vectk of finite-dimensional K-vector spaces is a symmetric monoidal category
with the usual tensor product and symmetry

cvw(V®w) =w .
The symmetry satisfies ¢y v o cy.w = idvgw, and the balancing Oy = idy is trivial.
Example 1.5. The category Rep(U,(sl2)) of finite-dimensional representations of the quantum group U, (slz)
over K = C(q), for generic g, is a ribbon category. The braiding is induced by the universal R-matrix, and

the twist (balancing) is given by the ribbon element. Each object has a dual given by the contragredient
representation, and the twist satisfies Oy« = (Oy)*.

Remark 1.6. If E = (Cat, x, %) is the category of small categories, whose monoidal structure is given by the
cartesian product of categories, then the only category C € Cat which admits a nondegenerate, symmetric
form is the trivial category, i.e. C ~ %, see Remark 2.15 of [Luk10].
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1.2. Infinitesimal Symmetric Category. Infinitesimal symmetric categories abstract the notion of a
“first-order” or “linearized” deformation of braiding in a symmetric monoidal category. More precisely, if
one wishes to deform a symmetric monoidal category into a braided monoidal category, the infinitesimal
braiding provides a tangent vector or direction for such a deformation: it captures how the symmetric
structure begins to deviate from commutativity at first order.

Let (S,®,1) be a strict symmetric K-linear category with symmetric braiding

{exy : X @Y =Y @ X}xyes.
The category S[[#]] which has the same objects as those of S and whose morphism sets are defined by

Homgj(X,Y) :== Homs (X, Y) @k K[[7]],

for all objects X,Y € S. That is, S[[A]] is the category obtained by extending the morphisms of S to formal
power series in a deformation parameter h. The monoidal structure on S naturally extends to S[[h]] by
K[[#]]-linearity.
Definition 1.7. An infinitesimal braiding on S is a family of endomorphisms

{txv: X®Y — X ®Y}xyves

of S which satisfy the following conditions:

(17) (f®g)0tx,y:tx/,y/0(f®g)7 for allf:X—)X’7g:Y—>Y'.
(1.8) txy =cx,yotyxo C;(’ly, for all X,Y € S.
(1.9) txgv.z = (idx ®ty z) + (idx ®cy.z) o (tx.z ® idy) o (idx ®cy.z) "

In particular, the ¢txy define a braiding

{ex,y(idxgy +§tX7Y)}X,Y€S
on S[[A]] which satisfies (1.8) (see [Car03]).

We note that equation (1.9) admits several equivalent reformulations via graphical calculus (cf. [KKT795,
Prop. B.1]):

(1.10) txgv.z = (cxy ®idz) o (idy ®tx z) o (cxy ®idz) ™" + (idx Sty z),

(111) tX,Y@Z = (txyy (029 ldz) + (ldX ®CY,Z) o (tX,Z [ ldy) o (ldX ®CY,Z)_1-

Moreover, the infinitesimal braiding satisfies a compatibility condition resembling a flatness equation: the
following commutator vanishes,

[txy ®idz,co (txy @idy)oc ! +idx ®ty z] =0,
where ¢ = idx ®cy,z, and [f,g] = fg — gf.

Definition 1.8. A strict infinitesimal symmetric category is a strict symmetric K-linear category equipped
with an infinitesimal braiding.

If S is not strict, the compatibility of the infinitesimal braiding with associativity is slightly more complicated.

Proposition 1.9. Let S be a symmetric monoidal K-linear category. An infinitesimal braiding on S is a
family of endomorphisms
{tx7y X RY - X® Y}X,YES
satisfying the symmetry condition (1.8) and the semi-classical pentagon:
(1.12) txey,z = axy,z o (idx ®ty,z) o a;(}y7z + Bxyo(tx,z®idy)o 5)_(,11/,
where Bxy = a}}y’z o(ldx ®cy,z) o ax,y,z and axy z is the associator isomorphism.

Remark 1.10. Equation (1.12) is equivalent to the semi-classical pentagon relation described in [Frel7,
Section 10.3.3].
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Example 1.11. Let g be a quadratic Lie algebra over K. The classic example of a symmetric monoidal
category with infinitesimal braiding is the category of (complex) representations of g has an infinitesimal
braiding ¢, .+ given by the action of ¢t € Sym?g Cg®@gonz® .

1.3. Completion of categories. We briefly recall the completion of K-linear category following [K'T"95].
Let (M, 0,®) be a K-linear monoidal category.

Definition 1.12. An ideal I in M is a K-linear subcategory of M consisting of morphisms such that for any
fyg € Homn(—, —), the composite f o g and the tensor product f ® g belong to I whenever f € I or g € L.

An ideal I"*! is generated by the composition of at least n + 1 morphisms of I. Now, the prounipotent
completion of the K-linear monoidal category M is defined by the inverse limit of the projective system of
categories {M/I"1}, ,

My := lim M/T"*,
where M/I"*! is a K-linear category whose objects ob(M/I"*1) = ob(I) and
Hompy /1741 (X,Y) = Hompm (X, Y)/I" (X, Y),
for any X,Y € ob(M).

Example 1.13. For a K-linear braided monoidal category M, its prounipotent completion ﬁK is the inverse
limit of the filtration {M/I"*1}, >0, of the K-linear quotient categories M/I"*1 with respect to the ideal I
generated by cx vy o cy,x —idxgy withcxy : X ® Y — Y ® X the braiding constraints of M.

Remark 1.14. The prounipotent completion of a K-linear monoidal category and the formal power series
completion M[[A]] are closely related constructions, both designed to capture infinitesimal or formal deforma-
tions of categorical structures. When the ideal I is generated by a first-order infinitesimal-such as a braiding
defect of the form cx ycy,x —id-the prounipotent completion ﬁK can be viewed as the A-adic completion of
M, and thus equivalent to M[[A]] under suitable identifications. For example, the prounipotent completion
of Z over Q is Q. Completing the group algebra Q[[Z]], which is isomorphic to the ring Q[[s,s~!]], is the
formal power series Q[[S]] with the augmentation ideal generated by S — 1. The set of grouplike elements of

Q[[Z]] is Q.

Example 1.15. The prounipotent completion f{K of a K-linear ribbon monoidal category R is the prounipo-
tent completion of its underlying braided monoidal category, as in Example 1.13, together with additional
compatibility with twists © : X — X and duality pairing (d,b). We note that ©2 — idx belongs to the
augmentation ideal of R due to Lemma 3.4 of [KT95].

2. OPERADS, CYCLIC OPERADS, PROPS

This section recalls the algebraic frameworks of operads, cyclic operads, and props used to model structured
families of operations.

2.1. Operads. Throughout, we will let E := (E, ®,1) denote a closed, symmetric monoidal category where
the tensor product ® commutes with all colimits. We will write Homg(X,Y") for both the set of maps
X — Y in E and for the internal hom of E, that is the object in E fits into the tensor-hom adjunction

Homg (X ® Y, Z) = Homg(X, Homg(Y, Z)).

Definition 2.1. A symmetric sequence in E consists of an N-graded sequence O = (O(0), O(1),...,0(n),...)
in which each O(n) € E is equipped with a right action

O(n) x £, —Z— O(n).
An operad in E consists of a symmetric sequence O = {O(n)},>0 in E together with:

(1) a distinguished operation 1 € O(1) called the unit;
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(2) a family of associative, equivariant, and unital partial compositions
O(n) x O(m) —2— O(n+m — 1),

where 1 < i < n.

The composition operation o; represents the substitution of an m-ary operation into the i** input of an
n-ary operation. This composition is often depicted by grafting rooted trees as in Figure 1. Associativity
and equivariance ensure the coherence of multiple such substitutions, while the unit provides an identity
for composition. A morphism f : O — P of operads is a map of the underlying symmetric sequences that
commutes with additional operad structure. The category of operads in E is denoted by Op(E). For further
details see [Frel7, Chapter 1] or [MSS02].

45 67

1 2 3 4 5 1 2 3 4
V O4V

FIGURE 1. The partial composition o4 : O(5) x O(4) — O(8)

Example 2.2. Fix an object X € E and define End(X)(n) := Homg(X®", X). This gives a symmetric
sequence End(X) = {End(X)(n)},>1, with a natural ¥,-action given by

End(X)(n) x £, —Z— End(X)(n)
where 0*(f) := f(Z5(1), -+ To(n)). The composition maps are defined by substitution:

(f(l'l, ce. 7l'n)§g('£/17 s Jlm)) — f(l'17 ce. 7x’i—lvg(y17 e 7ym)axi+17 cee ,l‘n).

The identity morphism idx serves as the operadic unit.

An algebra over an operad O is an operad morphism p : @ — End(A). Note that this is equivalent to giving
an action

On) @ A" 2 A,

for each n > 1. A morphism of O-algebras is a map f: A — B in E which is compatible with the O-action.
We write Alg,(E) for the category of O-algebras in E.

Example 2.3. The framed little 2-disks operad FDs is an operad given in positive arity n by the space of
all smooth, orientation-preserving embeddings [ [,_, Di — D? of the disjoint union of n disks into the unit
disk such that the embeddings are compositions of translation, dilation, and rotation. We define FD(0) as
the empty space. The operadic composition is given by the composition of embeddings (see, for example,
[Get94, pg. 20]). FDy has same homotopy type as the configuration space of the framed points in R2. By
dropping the rotation or framing data, one obtains the operad of little 2-disks Do, in particular, these two
operads are closely related by the semidirect product FDy ~ Do x SO(2), see [Wah01], [SW03].

Example 2.4. The operad M is a collection { Mg ;41}:>1 of moduli spaces of framed curves of genus 0 with
tangent rays at [ + 1 ordered marked points and compactify to adhere to the reference, upto biholomorphic
automorphism. The moduli space Mg ;1 parameterizes the configuration of distinct ! + 1 marked points
on the sphere. The operadic composition o; : Mg 41 X Mo k41 — Mo 4k+1 s given by gluing two such
configurations and forgetting the glued points to obtain a new configuration; see for example [Get94] for
more details. M is homotopy equivalent to the operad FDy [GS12, Proposition 2.1].
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Example 2.5. The Batalin—Vilkovisky operad BV is a differential graded operad whose algebras are precisely
Batalin—Vilkovisky algebras, in particular, a quadruple (A, A, [—, =], A, ) in which A is a graded vector space,
A is a graded commutative product in degree 0, [—, —] is a lie bracket on A of degree —1, and A: A — A
is a BV operator of degree —1 such that A makes A into a graded commutative algebra together with the
following relations:

(2.1) A2 =0 and [z,yAz] = [z,y] Az + (=1)EFDEIY A2 2],
(2.2) [e,y] = Ale Ay) = (Az) Ay — (=1)lz A (Ay)

The operad BV generated by the graded commutative algebra product A in arity 2, and the differential
operator A in arity 1. Note that the bracket [—, —] is implicitly given by the second relation (2.2), which
reduces the number of generators to two. The operad BV can be equivalently defined as the homology operad
of the framed little 2-disk operad. See, for example, [Get94] for more details.

2.2. Cyclic operads. Let ¥, := Aut({l,...,n}) denote the symmetric group on n-letters and X} =
Aut({0,1,...,n}) for the extended symmetric group. We note that X} contains ¥, as the subgroup of
automorphisms that fix zero. Let z,11 denote the cyclic permutation z,41(i) = i + 1 (mod n + 1) that
generates a copy of the cyclic group Cp1 C I}

A cyclic structure on an operad is an additional structure which encodes the data needed to speak about
invariant bilinear forms on the algebras over that operad. More precisely, a cyclic structure on an operad O
consists of action maps

O(n) x X —2 O(n),

n > 1, which satisfy the following properties.

(1) If 0 € ¥, C X, then the action O(n) x XF SLARN O(n), is the action coming from the operad

structure on O.

(2) For every z € O(n) and y € O(m), we have the following:

zh1(x) ojm1 y if 2<i<n

(2.3) Znm(T 01 Y) = { .

2 1(y) om 2z i(x) if i =1andn #0.

The identity (2.3) ensures that rotating an operation and then composing is the same as composing and
then rotating, guaranteeing compatibility between cyclic symmetry and operadic substitution.

1 2 3 4 5 2 3 4 5 0

FIGURE 2. A cyclic action z* that permutes the first input into the output and the output
with the last input.

Definition 2.6. A cyclic operad is an operad O = {O(n)},>1 equipped with a cyclic structure.
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A map f : O — P of cyclic operads is a morphism of the underlying operads that commutes with the
additional cyclic structure. We denote the category of cyclic operads in E by Cyc(E).

Example 2.7 (Cyclic endomorphism operad). Let A € E be an object equipped with a non-degenerate
symmetric bilinear form d : A ® A — 1. The usual endomorphism operad End(A) has

End(A)(n) := Homg(A%®", A),

with partial compositions given by substitution. The bilinear form d allows us to identify Homg(A®", A)
with Homg (A®"*1 1), by setting

frdo(f®id): A" @ A — 1.

This identification equips End(A) with a X7 -action, where the generator z,.1 of the cyclic group Cj 41
acts by cyclically permuting the inputs and the “output” position. The resulting operad is called the cyclic
endomorphism operad End“°(A).

An algebra over a cyclic operad O%¢ is morphism of cyclic operads O%¢ — End“°(A). Equivalently, an
algebra over O%¢ in E := (E, ®, 1) consists of O-algebra A together with a non-degenerate symmetric form
d: A® A — 1 which is O-invariant in the sense that the composites

(2.4) O(n) @ A®n+1 2248 y g q 45 g
are ¥ -equivariant for all n > 1.

Example 2.8. The operads FDo, M, and BV, as in Examples 2.3, 2.4, and 2.5, are all examples of cyclic
operads. Their explicit cyclic structures are discussed in [Bud08], [GIK95], and [Get94].

2.3. Props and the envelope of an operad. Every operad O admits a canonical extension to a strict
symmetric monoidal category called its envelope, denoted Env(Q). This envelope is a prop: its objects are
finite sequences (or words), and morphisms describe coherent compositions of operations from O along both
input and output directions. Props thus provide a natural categorical framework for comparing operads with
K-linear tensor categories.

Definition 2.9. A prop P in a symmetric monoidal category E is a strict symmetric monoidal category whose
objects are the natural numbers N = {0, 1,2, ...}, with monoidal product given by addition: m&Xn := m+n.
The morphism set P(m,n) is interpreted as the space of operations with m inputs and n outputs. A
morphism of props is a strict symmetric monoidal functor between such categories.

Every operad can be embedded into a prop via a universal construction called the enwvelope.

Definition 2.10. Let O be an operad in E. The envelope Env(Q) is a strict symmetric monoidal category
whose objects are natural numbers and whose morphisms are defined by:

2.5 Env(O = o < ®O(my, Yim,
(2.5) nv(0)(m,n) mlJ’,..@n”:m( (M) ® -+ ® O(my,)) Emlx@xim

where the coproduct runs over all partitions of m into n parts. The Eq (2.5) is a coproduct of coequalisers
where the ¥,,, x ... x X, -action on X,, is given by left multiplication on the image ¥,,, x ... x X, in
Y and right 3,,,-action on O(m;).!

A morphism in Env(O)(m,n) is thus represented by a pair

((fh .o ~7fn>ag)a

1The notation

id®h

h®id
X ®Y := coeq HX@Y:&X@Y
H heH

denotes the coequalizer that enforces H-equivariance on the tensor product.
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where each f; € O(m;), the m; sum to m, and o € ¥, acts by permuting the inputs. For any two morphisms
g € Env(O)(m;n) and f € Env(O)(p; ¢), their monoidal product ¢ X h € Env(O)(m + p;n + ¢q) is defined
by concatenation:

(f17---7fn;gl7---7gq;0-@0—/) € Env(O)(m—i—p,n—i—q),

where o @ ¢’ is the image under the canonical embedding ¥, x £, < X,,4,. See, for example, [Phi22] for
more details on this construction.
This construction defines the left adjoint in an adjunction between operads and props:
Env
(2.6) Op(E) —— Prop(E)

Here, the right adjoint u sends a prop to its underlying operad by extracting the operations with one output:
u(P)(n) :=P(n,1). See, for example, [HV02, 2.6.1] or [HR15, Proposition 11] for more details.

An algebra over a prop P in a symmetric monoidal category E is a symmetric monoidal functor F': P — E
such that F'(1) = A. The object A is then said to carry a P-algebra structure. The category of such algebras
is denoted Algg(P). If the prop in question is generated by an operad, the notion of algebras coincide in the
following sense.

Proposition 2.11. Let O be an operad in E, and let Env(O) be its envelope. Then there is a natural
isomorphism of categories:

Alge(0) = Algg (Env(0)).

2.4. Metric props and the envelope of a cyclic operad. To encode invariant bilinear forms at the level
of props, one can extend the envelope construction using data from a cyclic operad. The resulting object is
called a metric prop in [HHV02, 3.1.3].

Definition 2.12. Let O¢ be a cyclic operad whose underlying operad is O. The metric prop associated
to O, TI(O°) is the prop Env(O) together with two additional generating morphisms

d € TI(O%¢)(2,0) and b e II(OY)(0,2)
for which the composites

b®idy id; ®d

(2.7) 12001 — 111 — 101
and
(2.8) 12100 18 19101 2294 o121

compose to the identity map in II(O¥¢)(1,1). Moreover, we require that for any operation f € O(n), the
composite

(2.9) nzoen 2 1glen=1one 1" H M e191 1M 15021

agrees with the cyclic action z*(f) in O%Y¢(n).

An algebra over the metric prop II(O%°) is a symmetric monoidal functor F : II(O%¢) — E such that
F(1) = A and the images

Fd):A®A—1 and F(b):1-A®A
define a non-degenerate symmetric bilinear form on A. The category of such algebras is denoted Algg (II(O%°)).

Lemma 2.13 ([HV02], Lemma 3.1.4). Let O%° be a cyclic operad in E. Then there is an equivalence of
categories:

Algg (I(O7°)) = Algg (O7°).



92

92 M. ROBERTSON AND C. SINGH

2.5. Completion of Operads and Props. Let K be a field. For a group G, its prounipotent completion
over K is a prounipotent group GK equipped Wlth a group homomorphism G — GK such that for any
prounipotent group HK and a homomorphlsm G— HK, there exists a unique homomorphism GK — HK such
that G — GK — Hk. The prounipotent group Gy is defined by the grouplike elements of the completed group
algebra K[G] Here, the completion K[G] is given by taking the inverse limit of the filtration {K[G]/I"},>0,

K[G] := lim K[G]/I",
where I = Ker (K[G] — K) is the augmentation ideal of K[G].

The prounipotent Completlon of groups is generahsed to groupoids and operads in groupoids. Moreover, the

completion operation ( ) : Op(Gr) — Op(Gr) from the category of operads in groupoids to the category
of prounipotent operads in groupoids is a symmetric monoidal functor ; see [Frel7, Proposition 9.2.2] for
details.

Definition 2.14. For an operad O = {O(n)},>0 in groupoids, the prounipotent completion of O is given
by
Ok = {0k (n) }n>0,

where O is obtained by applying the functor gry : Gr — (/}\rK in each arity and @K is the prounipotent
groupoid.
Definition 2.15. For a cyclic operad O%Y¢ = {O%(n)},>0 in groupoids, the prounipotent completion of
Ove is given by

Owvex = {0%k(n)}nz0 = {Oﬁy (M)}nz0 = OL°,
where O is obtained by applying the functor gry : Gr — GrK in each arity and 5%’0 is the prounipotent
groupoid Ok togetherwith the cyclic structure of O.

Example 2.16. For the braid group B,,, its prounipotent completion is the inverse limit of the filtration
{K[B,]/I"}n>0 of the group algebra K[B,] with respect to the two-sided ideal T = (B; — 3; ') generated by
Bi — ﬁi_l for 0 < i <n — 1, where (; are the generators of B,,.

Example 2.17. Let F5 be a free group of rank 2 generated by the variables x and y. Its prounipotent
completion Fy over the field K is exp(liez), where lies is the complete filtered Lie algebra over K generated
by the set {logz,logy}.

Notation 2.18. We write G for the prounipotent completion of a group G over the field K if the underlying
field K understood from the context.

The completion functor (/—\) : Op(Gr) — Op(C/}\r) is symmetric monoidal implies the following proposition.

Proposition 2.19. Prounipotent completion of the prop associated to an operad is isomorphic to the prop
associated to the prounipotent completion of an operad, i.e.

Em) = Env(0).

Pmof The prounipotent completlon of an operad is given by the application of the functor ( ) : Op(Gr) —
Op(Gr) in each arity, that is, 0= {(9( )}. Since the envelope construction is defined via iterated tensor
products,
Env(0)(min) = Q) O(m1) ®...® O(my) @5, x...xT, Sms
Ymi;=m
it follows that

Env(0) = @ Om1)@ ... @00mn) @5, Zm = Q) O(ma)®...0 O(my) @5, x. x50, Sm
= Xmi;=m

and thus E;/(\O) =~ Env(O) as required. O
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The metric prop associated with the cyclic operad O%° is obtained from Env(Q) by formally adjoining dual-
izing morphisms to the prop Env(O). The following proposition also follows from the fact that prounipotent
completion is a symmetric monoidal functor.

Proposition 2.20. The prounipotent completion of the metric prop associated with a cyclic operad is iso-
morphic to the metric prop associated to the prounipotent completion of a cyclic operad, i.e.

[(Ove) = TI(OV°).

3. CYCLIC OPERAD OF RIBBON BRAIDS

The operad FDs of framed little disks is known to admit a cyclic structure [Bud08]. It was later shown by
Miiller and Woike [MW22] that its groupoid model w(FD2) ~ CoRB, the operad of ribbon braids, admits
a cyclic structure. It was pointed out by Campos, Idrissi, and Willwacher [CTW19] that the operad of
parenthesized ribbon operads PaRB also admits a cyclic structure. Specifically, cyclic actions 2 on the
associativity, braiding, and twisting morphisms were defined. In this section, we explicitly prove that the
operad of parenthesized ribbon braids is a cyclic operad using the structure described in [CTW19].

3.1. Braids and ribbon braids. The braid group on n-strands, hereafter denoted by B, is the fundamental
group of the space of unordered configurations of n points in the complex plane. This group has a preferred
presentation

B, = (B1,...,0n—1| Bifj = BB when |i — j| > 2; B;Bi+18; = Bix15iBit1) -

For any n > 1, we have the short exact sequence

1 —— PB, B, —— %, 1

where the map 7 sends a braid generator §; to the relevant transposition (¢ 4 + 1) in X,,. The kernel of m,
PB,,, is called the pure braid group on n-strands. The pure braid groups are generated by elements

2n0—1 —1 . .
Tjj :ijl"'61+1ﬁiﬁi+1“’ﬁj—1’ for 1 §Z<_] <n.

The ribbon braid group on n-strands, denoted RB,, is the fundamental group of the space of unordered
configurations in the plane where each point is equipped with a label in S'. This group is generated by the
braid generators f1,...,B8,—1 as well as twists 71, ..., 7, subject to the braid relations

BiBj = B;Bi when [i — j| > 2; BiBiy168i = Bit1B8iBit1
and
Biti =71iBs § ¢ {t,i+ 1}, BiTigr = TfBi, TiTy =TT 1 F# J.
The group of pure ribbon braids, denoted PRB,,, is the kernel of the projection RB,, — X,,.

3.2. The operad of parenthesized ribbon braids. One can consider the ribbon braid groups as groupoids
whose objects are elements of the underlying symmetric group.

Definition 3.1. For n > 1, we define a symmetric sequence of groupoids CoRB(n) with:
e ob(CoRB(n)) = X,;

e morphisms Homcorg(n)(01,02) are elements of the ribbon braid group RB,, whose underlying per-
mutation is opoy L.

Categorical composition is given by the multiplication of ribbon braids. Using the group isomorphism,
RB, = B, x Z*", we can write any morphism r € Homcorp(n)(01,02) as a pair r = (v, [1,...,7,]) where
7 is a braid on n-strands with underlying permutation 7(y) = o907 ' € ¥,,. The tuple [71,...,7,] € Z*" is
the data of the “twists”, where 7; € Z is the number of twists of the ith ribbon strand.

Zeyclic action on braiding and twisting morphisms defined by [CIW19] coincide with the one given by [MW22]
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The symmetric group X, acts naturally on the objects of each groupoid CoRB,, and the collection CoRB =
{CoRB,, },>1 forms a symmetric operad in the category of groupoids. The operadic composition functors

CoRB(n) x CoRB(m) —— CoRB(n +m — 1)

are defined at the level of objects, as in the associative operad ¥ (eg [BABHR 19, Definition 6.1]). Informally,
operadic composition of morphisms is given by “cabling”; inserting a ribbon braid from RB,, into the kth
strand of a ribbon braid in RB,,. To be more explicit, we first introduce some notion: for an integer m > 0, we
write R,,, for the mth full twist (51 - Bn—1)™ in PB,,. Given morphisms r1 = (71, [71,...,7s]) € CoRB(n)
and ro = (72, [71,...,7),]) € CoRB(m) then
710172 = (w, [Tl,...,Tifl,’Ti +T{7. T +T»,ln77_i+17- . Tn]) - CoRB(n+m — 1)

where w := y1 0; (Ry,)™ - 72) and (R,;,)** is the zx-fold categorical composition of R, considered as an
element in the braid group B,,. See, for example, [BABHR19, Definition 6.4] and [Wah01, Section 1.5] for
more details.

Definition 3.2. The magma operad @ = {Q(n)},>1 is the free operad in Set generated by a binary operation
w(xy,xe) = x1x2 € Q(2). As such, the set Q(n) is the set of all planar, binary, rooted trees with n leaves,
labelled by {1,...,n}. Here, the term binary means that every vertex in our rooted tree has two inputs and
one output. Operadic composition

Q(n) x Qm) —= Qn+m —1)
is given by grafting the root of a tree 77 € Q(m) to the ith leaf of a tree T' € Q(n).

Definition 3.3. For n > 1, we define a sequence of categories PaRB(n) with:
e ob(PaRB(n)) = Q(n);

e morphisms Homp,rg(n)(p1,P2) := Homcorp(n) (u(p1), u(p2)) are elements of the ribbon braid group
RB,, whose underlying permutation is u(p2)u(py)~*.

The collection PaRB = {PaRB(n)},>1 forms an operad in groupoids where composition functors
PaRB(n) x PaRB(m) —*— PaRB(n +m — 1)

are defined on objects as in the operad 2. On morphisms, the operad composition is defined as in CoRB.

F1GURE 3. Generating morphisms braiding /3, associator « and twist 7 of PaRB

At the level of objects, the operad PaRB is the free operad generated by a single binary operation p €
ob(PaRB(2)) (Definition 3.2). Operations in the operad PaRB can all be presented as operadic and categorical
compositions of the ribbon braid generators, 8 € By and 7 € RB; & Z and an isomorphism « : j101 ft — (102 14
called the associator [Frel7]. Here f € By and 7 € RB; are seen as isomorphisms in Homp,rg(2)(12,21)
and Homp,rg(1)(1,1), respectively, and « is an identity element of RB3. Thus, it is not present in the
list of generators of RB,,, but shows up as a generating morphism of PaRB when viewed as isomorphisms
in Homp,rg(3)((12)3,1(23)) (see [BdABIHR19]). As a consequence, maps out of the operad PaRB admit a
particularly simple presentation, summarised in the following theorem.

Theorem 3.4 ([BABHR19, Lemma 7.4],). Let Q be any operad in groupoids. There is a bijection between
the set of operad maps f : PaRB — Q and the set of values

fp) =meob(Q2)), [f(r)=teQ(), [(B)=becQ2) and f(a)=2acQ(3)
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which satisfy the following equations:

(T) (to1ln) =D-(21)"b- (Ino (t,t)) € Q(2).

(H1) (1n 01 b) - ((213)*a) - (213)*(1y 02 b) = a - (b oy 1,) - (231)*a € Q(3).
(H2) (1z 02 b) - (132)*a™" - (132)*(1y01b) =a~' - (bo; 1) - (312)*a~! € Q(3).
(P) (@ao1ly)-(aozln) = (Ino1a)-(aoz ln): (lnoza) € Q(4).

O

The operad PaRB can be equivalently defined as an operadic pullback of CoRB along the map w :  —
ob(CoRB). In particular, PaRB = w*(CoRB). It is isomorphic to the restriction 7(FD2)|q of the fundamental
groupoid of FD5 to the suboperad 2 via the disk centering map. Moreover, we have a zigzag of categorical
equivalence.

CoRB (l PaRB = 7T0(FD2)‘Q L) 7T0(FD2)‘

3.3. The cyclic operad of ribbon braids. There is a natural forgetful functor v : Cyc(E) — Op(E)
from cyclic operads to operads, which admits both a left and a right adjoint:

Y
Cyc(E) —— Op(E),
~_

U

These adjunctions provide formal methods for equipping an operad with a cyclic structure, and could in
principle be applied to the operad PaRB of parenthesized ribbon braids. However, the cyclic structure we
consider is not the one produced by either of these universal constructions. Instead, our approach is more
geometric and is motivated by an involutive symmetry of the configuration spaces underlying the framed
little discs operad.

The operad PaRB provides a groupoid model for the operad of framed little 2-discs, in the sense that
7w(FE2(n)) ~ PaRB(n). It is known that the framed little discs operad admits a cyclic structure, first observed
in [Bud08], and that this structure can be transferred to the groupoid level, as discussed in [CTW 19, Section
3.1] and [MW22]. While cyclic structures on PaRB have thus been previously constructed, we provide here a
detailed verification of the cyclic operad axioms as we required some of these details for later constructions
and they were not fully described in the literature.

Definition 3.5. At the level of morphisms, it is sufficient to define the cyclic structure on the generating
morphisms as

Z;(T) =TEC HOHlpaRB(l)(]., ].), Z;(ﬁ) = (ﬂ_l)(ldg OQT_1> S HOmpaRB(g)(12, 21),

and  zj(a) = (231)* o' € Homp,rg(s)((12)3,1(23)).

The cyclic action z* on the braiding (3, associator a and twist 7, of the generating morphisms of PaRB can
be translated as follows:

2 1 23 1 1

el N .
23 - B = ( , Zy o= , 25 T 1=

Moreover, the cyclic action on the braiding 3 : u(x1,22) — p(xe, x1) determines the action on S71, (21)*3
and (21)*5~! as in [MW22, Section 5].
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/ N K
z5 - (21)*6 = ( , 2 BT = \ 2 (21)*5_1 — \

2 1 1 2 2 1

Here, the symbol @ on a ribbon strand represent the positive twist and O represents a negative twist.

Lemma 3.6. The cyclic action z; on the associator « : pr oy jt — pog f4 is a X4-action that extends the
Y3-action.

Proof. We rewrite the action 2} -a = (231)*a ' as 2f -a123 = =ay 3 , to facilitate computation and notation.
The action z; on aq 23 can be understood by flipping the labels 0 and 1 on the boundary elements of the
tree, whose root is always marked 0 as in Figure 4.

0 * 1 0
%4
/<\ /<\ : />\
1 2 3 0 2 3 2 3 1
al sz{ ca=(231)*a!

0 o 1 0
/>\ />\ : /<\
1 2 3 0 2 3 2 3 1

FI1GURE 4. Cyclic action on associator « : 1oy g —> 0o [t

Similarly, we have z} - a=! = (231)*a and (25)? - o~ = 25((231)*a1) = a71, therefore (2})* - a = a. We
denote o1 for the transposition (21)*. To check the cyclic action is compatible with the symmetric group
action, we first check that the following relations in X4 applied on « holds:

(1) (z)* =1

(2) 2402124021 = 02,1(2)°.

(3) 02,1(21)%02,1(21)? = (21)?02,1(21)%02,1.
The relation (1) holds due to z;? - = . For (2), zfog1a = 2} (az13) = @312 and then,

Zio210312 = 25 (a32,1) = 07 5
and, 021(2})%(a) = 021(2})(a) = 02,1((1277;’1) = aiéﬂ. For the last relation (3), we use the action
zi(a3,1,2) = a1 3. Now, one can easily see the action o2 1(2})?(a) = g1 3, and we finally have,
02,1(21) (2,1,3) = 02,1 (25) (@3,1,2) = 09,1 (02,1,3) = Q123
(21)%09,1(21) 02,1 () = (21)%02,1(21)*(a2,1,3) = 09,1(a2,13) = @123
We need to check the relation 235021 = 02,1(,2;)2 from X3 on « to claim that the action zj is a ¥4-action on
associator that extends Ygz-action:
Z§U2,1(Oé) = Z§062,1,3 = Q3271-

02,1(Z§)2(04) = 02,1(Z§)a2,3,1 = 0210312 = Q&321-
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Lemma 3.7. Let z5 denote the non-trivial element in Ef. The z*-actions on the generating morphisms in
Definition 3.5 define a cyclic structure on the operad PaRB.

Proof. The cyclic action on generators extends to the cyclic structure of PaRB via the formula in( 2.3). It is
enough to check the compatibility with the pentagon Eq(P), the hexagons Eq(H1) and Eq(H2). The proof
follows the strategy of [MW22, Proposition 5.2], with parenthesization. The pentagon equation is given by

(P) (aoqids) - (wozidy) = (idg o1@) - (w02 idg) - (idg 02cr) € Homparg(((12)3)4,1(2(34))).
We first apply the cyclic action z4 on the morphism (o ids) : (o1 p) 01 4 — o (u, 1), which amounts to
applying the action on (p 01 p) o1 g and po (p, ) then rewrite the resulting morphisms in terms of operadic

composition of morphism in PaRB. We obtain z} - (a oy idg) = (2341)*(idy o2 1), similar to Figure 4.
Similarly, one can compute the following action on the components of Eq(P);

2 - (a o3 idg) = (2341)* (™! 0y idy), 2 - (idg o1a) = (2341)*(a ™! oz idy),
25 - (ogidy) = (2341)* (™t o idy), 25 - (idg 0ga) = (2341)* (idg 0, ),

It is immediate from Figure 5 that that action is preserved when applied on Eq(P). The hexagon equations

2  (B4) 1

2 3 (1)
FicURE 5. Cyclic action on Pentagon equation P

are

(H1)  a-(Boyids) - (231)*a = (idyo18) - (213)")a - (213)*)(id2 058) € Hompara((12)3,2(31)).

(H2) o' (Boridy) - (312)*a™! = (idz 028) - (132)*)a ™" - (132)*)(id2 018) € Homp,re(1(23), (31)2).

We use the relation z*(213)* = (213)*(2*)? to compute the action applied on the left side of Eq(H1) reduces
to the following:

(25 @) (25 - (Bozidz)) - (2] - ((231)"a)) = (231)"(a™" - (B (id2 0177 ") 01 id2) - @)

It can be written equivalent to (231)* 85 ', By By 'y *75 * as an element of Homp,rg(2(31), 1(23)). More-
over, the relation applied on (213)*((2})? - ((id2 02/3)) gives

(3.1) ((213)* 25 - ((231)*(idg 01 8)) = (312)*B; '8y 'yt
Using the last equation, the right side of Eq(H1) is the straightforward, and it is given by

25 - ((idg 013) - (213)* - (213)* (idg 023)) = (231)* By ' By '3 1 By ' 85 173 1 € Hompars(2(31), 1(23)).
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Finally, the relation Eq(H1) upon the cyclic action can be translated as below, identifying both sides.
1 (2 3)

1 2 3) /é

S
/}
ey

Similarly, we obtain the left side of Eq(H2) as follows
(2 -a™Y) - (25 - (Boridy)) - (2 - (312)*a™1) = (231)* - (231)*(idg 0o (B8~ (idg 0277 1)) - (213)* a1,

It is equivalent to (231)*B; '7; ' € Hompare((23)1, (21)3). Using the relation z(132)* = (213)*2j, the right
side of Eq(H2) reduces to

25 - ((id2 028) - (132)* ™" - (132)*(id2 018)) = (231)*(idp 01 3) - (321)* v - (321)* (B~ (id2 027 1) 02 idy)

which, is equivalent to (231)*318; 75 '85! € Homparg((23)1, (21)3). Finally, the relation Eq(H2) upon the
cyclic action can be translated as below, identifying both sides.

2 1y 3

At last, the cyclic compatibility with the ribbon relation 7 oidy = 8- (21)*8 - (idgo17) - (idy 027) in
Homparg((12), (12)) follows immediate from [MW22, Lemma 5.1].

O

Remark 3.8. The cyclic action on the operad of colored braids CoRB and the operad of parenthesized braids
PaRB differ by the action on the associator. In other words, the associator coincides with identity morphism
on three strands in CoRB, which has trivial cyclic action. It is therefore required to check the compatibility
with the pentagon equation in the case of PaRB, whereas the same is identity in CoRB. The last lemma lifts
the cyclic action z* of CoRB to its pullback w*CoRB = PaRB along the map w* :  — ob(CoRB), that is
w*(z* - CoRB) = z* - (w*CoRB).

4. CYCLIC OPERAD OF CHORD DIAGRAMS

In [CTW19], the authors describe a cyclic structure on the operad of framed Drinfeld-Kohno lie algebra. In
this section, we observe that the cyclic structure on the operad of ribbon chord diagrams lifts to the operad
of parenthesised ribbon chord diagrams, similar to the lifting of the cyclic structure of CoRB to PaRB as in
Section 3. This lifting was previously done by Willwacher [Wil24, Section 5.1].
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4.1. Drinfeld-Kohno Lie algebras. There is a natural Lie algebra assigned to the prounipotent completion
of a group G (see, for example, Section 8.3 of [Frel7]). As a well-known example, the Drinfeld-Kohno Lie
algebras t,, is the Lie algebras associated to the prounipotent pure braid groups PB,,.

Definition 4.1. The framed Drinfeld-Kohno Lie algebra ft,, is a degree completed free Lie algebra generated
by symbols {t;; = t;;,1 < i,j < n}, with relations

[tijytkl] =0 for {27_]} N {k’, l} =0,
(4.1) [tij, tes + te;] =0 for distinct 4, j, k,
[tii, tjx] =0 for any i, j, k.

The framed Drinfeld-Kohno Lie algebra ft,, is the Lie algebra associated to the prounipotent completion of

the pure ribbon braid group PRB,,. The Lie algebras ft = {ft,, }»>0 form an operad in completed Lie algebras
(cf. [Sev09, Section 1.3]) in which the operadic composition

O * ftm S2) ftn — ftm+n—1
is defined by:

0oty = tiyx—1j4k—1 for all k,

Litn—1j4n—1 itk <i<j,

S i itk =i <, titn_litn—1 if k<,
tij ok 0 = R tijin_1 ifi<k<j, and tiop0 — QST e, 43T Lty ik =,

Iy, ifi <k=j, tii if i < k.

ti; ifi<j<k

One can assemble the Lie algebras ft,, into a cyclic operad in Lie algebras ([Wil24, Section 5.1]). The
universal enveloping algebra construction induces a functor

Op(lie) @ Op(Hopf)
taking (cyclic) operads in Lie algebras to (cyclic) operads in complete Hopf algebras.
Definition 4.2. For each n > 1, let @K(n) denote the groupoid with a single object, and
HomR/C\DK(n)(*, *) = exp(ft,,)-

The collection RCDk = {R/C\DK(n)} forms an operad in complete Hopf algebras.

In complete Hopf algebras H, the set of primitive elements is in bijection with the set of grouplike elements
[Frel7, Proposition 8.1.5]. An element g € H is group-like if it satisfies A(g) = g ® g, and €(g) = 1, where
A:H — H®H is coproduct map and € : H — K is counit map of H. In particular, the elements
el € exp(ft,,) are in one-to-one correspondence with the elements of h € G(U(ft,)). We briefly recall that
clements of the completed Hopf algebra U (ft,,) are polynomials in the symbols ¢;;, 1 < 4,5 < n. The
symmetric groups act on @K(n) by permuting the indices of the generators t;; € ft,,, e.g. for a monomial
tistie € U(ft,) and o € ¥, we define an action

tijtik —— to(i)o()loW)ok)-
The cyclic structure on R/C\DK can be completely determined by defining the following action of the (01)-
transposition on U (ft,,):
t;; if i # 1 and j # 1;

(42) (01)*(t”) = _ZZ:l tkj ifi=1 andj 7& 1;
22,1:1 tkl if i =1 and j =1.
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Remark 4.3. Alternatively, one could define a cyclic structure on the Lie algebras ft,, by formally adding
generators tog, to; = ti0, # = 1,...,n and rewriting the relations in a cyclically invariant form:

Lij = tji

[tijstia] = 0 for {i, j} 0 {k, 1} =0

n
Ztij =0.
=0

One can check that this is equivalent to the cyclic structure described in (4.2) by noticing that one can use
the relations to eliminate the generators t;; for i =0, ..., n.

Definition 4.4. For each n > 1, we define a sequence of prounipotent groupoids PﬁDK(n) with:
e objects ob(P?R?DK(n)) = Q(n);

e morphisms defined by HommK(n) (p,q) = exp(ft,,).

The categorical composition in P?F\?DK(TL) is given by the multiplication in exp(ft,,).

The operad of (completed) parenthesized ribbon chord diagrams PaRCDk = { P;R?DK(n)}nzl is an operad
in the category of prounipotent groupoids where the operadic composition at the level of objects is the one
of the operad Q. On morphisms, it is induced by the operadic composition of ft = {jt, },

e® o; ¥ = "%,

All morphisms in the operad P;R?DK can be written as (linear combinations) of categorical and operadic
compositions of the following generating morphisms:

X1,2 € Homparep(2)((12), (21)), H1,2 € Homparep(2) ((12), (12)), 11 € Homparep(1) (15 1)
and A; 33 € Homparep(2) ((12)3,1(23)) depicted in Figure 6.

2 1 1 2 1
X192 := >< , Hio:= , 1= , A=
1 2 1 2 1

FIGURE 6. Generating morphisms of the operad PaRCD.

12 3

Definition 4.5. For any two operads P and Q in groupoids, A morphism of operad P — Q is called
categorical equivalence if it induces an equivalence of categories P(n) — Q(n) in each arity.

The operad PaRCD can equivalently be defined as an operadic pullback along the map w : 2 — ob RCD,
that is, w*RCD = PaRCD, where Homp,rcp(n) (P, ¢) = Homgep ) (w(p), w(q)), for all p,q € Q(n) (see [Irel7,
Section 6.1.5] for a general pullback construction of operads in groupoids).

Proposition 4.6. There is a categorical equivalence between the operads R/C\DK and PﬁDK.

Proof. We need to show that there is an equivalence of prounipotent groupoids PmK(n) = @K(n)
for each n. We notice that the pullback along the map w : Q(n) — * that sends every rooted tree in Q to
* that induces the following identification

(4.3) Homp,rep(n) (P, @) = Hompep(n) (w(p), w(q)) = Homgepen) (*, %) = exp(U(t,)),
for any p,q € Q(n). The map w : Q(n) — * is clearly surjective by definition and fully faithful by (4.3). O
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The cyclic action z* on the generating morphisms H; o, 1, X1 2 and A; 23 of PaRCD is obtained from RCD
as follows:

Z;(I) =1¢c Homm,((n(l’ 1), Z;(Hl,g) = —HLQ — I e HommK(z)(12, 12),

% (X12) = X1 € Homggep (,,(12,12) and 25 (A123) = A3, € Homggep 5((12)3,1(23)),

The following result is immediate from Lemma 3.6 applied on A; 5 3.

Corollary 4.7. The cyclic action z; on the associator Ay 23 : o1 t —> oo p is a Xy-action that extends
the Y3-action.

We make use of this cyclic action in Section 8 to establish its relationship with the Drinfeld associator and
the graded Grothendieck-Teichmiiller group.

5. TANGLES AND CHORD DIAGRAMS

In this section, we exploit the metric prop construction of Section 2.3 to describe the category of tangles and
chord diagrams from the cyclic operad of (parenthesized) ribbon braids and the cyclic operad of (parenthe-
sized) chord diagrams.

5.1. Tangles. A tangle is the image of a proper embedding of finitely many copies of the interval I = [0, 1]
and St in the cube [—1, 1]3 such that the boundary points lie on the faces [—1, 1]x {0} x{#£1}. These endpoints
are typically arranged in a prescribed order along these boundary faces. In [Tur89], Turaev introduced a
strict tensor category of framed, oriented tangles T whose objects are finite sequences of symbols + and —,
and whose morphisms are isotopy classes of framed oriented tangles.

Let M({+,—}) denote the free monoid on the symbols + and —. For example, the words (§, + + —, and
— + —— are all elements of M({+, —}). The source of a tangle T is the word in M({+, —}) read along the
oriented interval [—1, 1] x {0} x {1}, where each boundary point is assigned the sign + (respectively, —) if the
orientation of the tangle at that point is downward (respectively, upward). The target is defined similarly
along [—1,1] x {0} x {—1}.

Definition 5.1. We let T be the strict tensor category whose objects are words w € M({+,—}) and
morphisms T € Homr(w,w’) are isotopy classes of framed oriented tangles with source(T)) = w and
target(T) = w'.

Composition in the category T,
Homr (w,w’) x Hom (w’, w"”) —— Hom~ (w, w")
is obtained by “stacking and rescaling” (cf. [IK'T795, Section 2.1]). The tensor product
:TxT ——T

at the level of objects is given by concatenation of words in the alphabet {4, —}, and at the level of morphisms
by placing one tangle next to the other. The unit object in T is the empty word (). The category T admits
duals, where the dual of an object w = (+ — + + —) is defined by reversing the word and flipping each sign:
w' = (+—-—+-).

The category T can be equipped with a ribbon category structure in which the tensor product is given by
horizontal juxtaposition of tangles, with the unit object the empty word @). The braiding
CX7y2X®Y—>Y®X

is represented by the over-crossing of the strands of X over those of Y. Duals are defined by reversing the
orientation of strands and applying cups and caps as coevaluation and evaluation morphisms. The twist

exlX*}X

is given by inserting a full positive twist in each strand of X. These structural morphisms satisfy the axioms
of a ribbon category up to isotopy, making T into a strict ribbon monoidal category [T 95].
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Theorem 5.2 ([RT90][Shud4][Yet88]). The category of framed oriented tangles T is the universal free strict
ribbon category on one object, which means that for any ribbon category R and any object X € R, there is
a unique strict monoidal functor F': T — R such that F(+) = X preserving the ribbon structure.

We define the category ¢T of g-tangles (or quantum tangles) as a non-strict refinement of the strict ribbon
category T (cf. [BNO7], [LMIG], [JM19]). The objects of ¢T are sequences of parenthesized words in the
symbols + and —; that is, ob(¢T) = Q(+, —), the free magma generated by {+, —}. This parenthesization
reflects the non-associative nature of tensor products in general ribbon categories, where the associator is
not necessarily the identity. The morphisms in ¢T are the same as those in T, but the monoidal structure
is now only associative up to a specified isomorphism. In particular, for any objects s,t,u € Q(+, —), there
is a distinguished associator isomorphism

(s@t) @u —1" 5@ (t @ u).
The following is immediate from Theorem 5.2.

Corollary 5.3. The category of g-tangles qT is the free ribbon category (not necessarily strict) generated by
one object.

5.1.1. The ribbon braid operads and balanced monoidal categories. In this section we show that the categories
of T and ¢T are closely related to the (cyclic) operads CoRB and PaRB.

In [JS93], Joyal and Street constructed a free strict braided monoidal category B = (B, @, 0) generated by
one object, which is a universal strict braided monoidal category. That is, for any strict braided monoidal
category C and any object X € C, there exists a unique strict braided monoidal functor F' : B — C such
that F(1) = X and F preserves the braiding and monoidal structure Objects in this category B are the
natural numbers N and morphisms are defined as

B, if p—
HomB(p,Q)—{q)pifi#Z

where B,, denotes the braid group on p strands (Section 3.1). Composition in B is given by the mulitplication
of braids. The monoidal product on B is defined on objects as the sum of natural numbers and on morphisms
by the direct sum & : B,, x B,, — B+, which visually stacks a braid on m strands next to a braid on n
strands.

Similarly, we can construct the free strict balancedmonoidal category R = (R, ®,0) whose set of objects is
the set of natural numbers N and whose morphisms are defined as

RB, if p=g¢q
0 ifp#q,

where RB,, denotes the braid group on p strands (Section 3.1; [Shu94] [RT90]). It was shown in [WahOl
Theorem 1.4.7] that the operad CoRB plays a similar role in that there exists a one-to-one correspondence
between CoRB-algebras,

Homg (p, q) = {

p: CoRB — End(C)
and strict balanced monoidal® structures on C. We include the following for completeness.

Proposition 5.4. Let CK be a prounipotent completzon of the strict K-linear monoidal category C. Then
there exist maps of operads p : CORBx — End(CK) and the strict balanced monoidal structures on CK

Proof. Let p: CoRB — End(C) be an operad map which equips C with a strict balanced monoidal structure.
The K-linearity of C extends the map p : CoRB — End(Ck). Since the morphisms of CoRBk are linear
combinations of generating morphisms of CoRB, and the augmentation ideal I = Ker (CoRBx — K) induces
a projective system {CoRBk/I"}.,,>0, we note that the image p(I) gives a projective system Cg/I" of
categories, where the power I" = p(I™) is the subideal of I = p(I). Now taking the inverse limit gives the
map p : @K — End(CK) preserving the strict balanced monoidal structure on Ck. 0

3Wahl uses the term “ribbon category” to mean balanced monoidal category here. For us, ribbon categories are balanced
monoidal categories with dual objects, see Definition 1.3.



103

GT THROUGH CYCLIC RIBBON OPERAD AND ITS ACTION ON TANGLES 103

As we saw in Section 3.2, the operad PaRB of parenthesized ribbon braids is a cofibrant resolution of the
operad CoRB in the category of operads in groupoids. That is, there is a natural weak equivalence of operads
in groupoids

PaRB -+ CoRB.

This resolution lifts the structure of the operad CoRB to a setting in which we now have a non-trivial
associativity isomorphism. By Mac Lane’s coherence theorem and its extensions [J593, Shu94], every bal-
anced monoidal category is equivalent to a strict balanced monoidal category in which associativity and unit
constraints are strict identities.

Proposition 5.5. Let éK be the prounipotent completion of a K-linear category C. Then there is a one-to-
one correspondence between maps of operads

p: PaRByx — End(eK)

and balanced monoidal structures on GK.

Proof. This follows from Theorem 3.4 and by adapting the argument of Proposition 5.4, replacing CoRB
with PaRB. 0

5.1.2. Enwvelopes of the ribbon braid operads and tangles. The category of framed, oriented tangles T is
obtained from R by formally adjoining duals; that is, T is the free strict ribbon category on one object.
This construction appears explicitly in the work of Shum [Shu94], and gives a topological realization of the
abstract process of extending a balanced monoidal category to a ribbon one by freely adding duals and the
associated evaluation and coevaluation morphisms.

Definition 5.6. Let T' be the category of T of framed oriented tangles equipped with an additional strict
self-duality relation (+)* = +.

Topologically, imposing the relation (+)* = + in the category T’ corresponds to identifying each oriented
strand with its dual, effectively making orientation reversal invisible. This simplifies the duality structure:
cups and caps become symmetric loops, and evaluation and coevaluation maps now go from + ® + to
the unit object and back. In this setting, duality becomes involutive and self-dual at the level of objects.
Such self-duality conditions appear in various contexts—for instance, in the study of Grothendieck-Verdier
categories, in Verdier duality in which the intersection cohomology sheaf is self-dual [GM80], in (categorified)
higher representation theory [DSPS20], in fusion categories and modular tensor functors where non-invertible
objects in Tambara—Yamagami categories are self-dual [ENO05, TY98].

Recall that the prop associated to the operad CoRB, namely Env(CoRB), is given by
II (CoRB(m1) x ... x CoRB(mn)) X5, x...x5,, Sm-
Ym;=m

This defines a strict monoidal category whose objects are natural numbers, ob(Env(CoRB)) = N, and whose
morphisms are generated by compositions and tensor products of ribbon braids. That is, for p,q € N, the
morphism set Homgyy(corB) (p,q) is identified with a disjoint union of ribbon braids groups indexed over
partitions of m = ¢. This category Env(CoRB) is isomorphism to R, the free strict balanced monoidal
category generated by one object (with object 1 interpreted as +).

Proposition 5.7. The metric prop II(CoRB%®) associated to the cyclic operad CoORB®® is isomorphic, as a

symmetric monoidal category, to the category T’ of framed, oriented tangles with self-dual objects.

Proof. We first define a symmetric monoidal functor F' : Env(CoRB) — T’ by specifying its action on
generating objects and morphisms:

(5.1) F(1)=+, F(Bi2)=cry, Flaugz)=ay 4, F(n) =10y,

where ¢y 4, oy 4 1, and 64 denote the braiding, associator, and twist in T', respectively.

Since the enveloping construction Env is fully faithful, specifying a symmetric monoidal functor F' : Env(CoRB) —
T’ is equivalent to giving a map of operads p : CoRB — End(T’). The data in (5.1) defines such a map
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by assigning the generators of CoRB to the corresponding structure maps in T’, and the coherence axioms
for braiding, associativity, and balancing ensure that the relations in CoRB are preserved. In particular, the
image of p defines a strict balanced monoidal structure on T’.

Moreover, the morphisms in Env(CoRB) correspond to ribbon braids, and the relations imposed in the
definition of Env(CoRB) match the equivalence relations for ribbon braid isotopy in T'. Therefore, for any
objects p, ¢ € Env(CoRB), the functor F' induces a bijection

(5.2) Homgny(cors) (P; ¢) = Homy (F(p), F(q)).

Now consider the metric prop II(CoRB“), which consists of the symmetric monoidal category Env(CoRB)
equipped with distinguished morphisms b € Hom(0,2) and d € Hom(2,0) satisfying the zig-zag identities
and equivariance conditions of Definition 2.12. The functor F' extends to a functor of props

F' : TI(CoRB%®) — T"
by setting F’(b) = by and F’(d) = d, the standard cup and cap morphisms in T".

The zig-zag relations (2.7) and (2.8) are satisfied in T’ as part of the duality structure, and the equivariance
condition (2.9) corresponds to the naturality of the twist and braiding in the ribbon structure. Hence, F”
respects all of the defining relations of the metric prop II(CoRB®°).

Since F” is fully faithful by (5.2) and essentially surjective (both categories have the same objects), it follows
that F’ is an isomorphism of symmetric monoidal categories.

O

The envelope Env(PaRB) differs from Env(CoRB) only at the level of objects. The tensor product in
Env(PaRB) is defined by substitution of trees: for p,q € Q, the tensor product p ® ¢ is given by the bi-
nary operation p(p, q) corresponding to grafting in the rooted planar binary tree structure. See Section 6.2.8
of [Frel7] for the relation between the envelope Env(PaB) and the free parenthesized braided categories
defined by Bar-Natan in [BN98] through a free algebra construction. This leads us to the following Corollary
of Proposition 5.7.

Corollary 5.8. The metric prop II(PaRB®®) associated to the cyclic operad PaRBY° is isomorphic, as a
symmetric monoidal category, to the category qT' of parenthesized framed tangles with self-dual objects.

Proof. The isomorphism H : II(PaRB®Y°) — ¢T’ is defined analogously to the functor F’ in Proposition 5.7,
but with an additional assignment

H(p) = (++),
which records the parenthesized tensor product structure at the level of objects. Since every object in ¢T’ can
be built by repeated applications of u starting from the generator +, this ensures essential surjectivity. The

verification of the cyclic structure, zig-zag identities, and duality relations follows from the same arguments
as in the proof of Proposition 5.7, now applied to the parenthesized setting. (]

Finally, Proposition 2.13 implies that the algebras over @CK}]C in a K-linear category GK are precisely the

algebras over the prop H(@yc). Using Corollary 5.8 and Theorem 5.2, it follows that such algebras
correspond to ribbon structures on Ck. That is,

——cyc ——cyc
AlgaK(H(PaRBK )) = AlgaK(PaRBK )
is the category of K-linear ribbon categories with self-dual generating objects.

Remark 5.9. Cyclic algebras can be studied in symmetric monoidal bicategory. In particular, a cyclic
framed little 2 -disks algebra in symmetric monoidal bicategory Lex of finite linear categories characterises
ribbon Grothendieck—Verdier category, see for more details [MW22].
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5.2. Chord diagrams. The category A(K) is an infinitesimal symmetric category built out of chord dia-
grams. The objects of A(K) are monoids generated by the signed set {+,—}, the same as the objects in
T. For any two objects p,q € A(K), the hom set Homa (k) (p,q) is an K- module generated by the chord
diagrams between p and ¢ modulo the 47 relation (Figure 7),

Hom k) (p, ¢) = Spany{chord diagrams between p and ¢} /4T.

The composition of morphisms is given by vertical stacking of chord diagrams, while the tensor product
is given on objects by concatenation and on morphisms by horizontal juxtaposition. The unit object is
the empty word (J, so A(K) is a strict monoidal category. An infinitesimal braiding tf’j € Homp k) (p,p) is

defined by placing a single chord between the i*" and j*® strands in the identity diagram on p. Duality is

implemented by morphisms

by: 0 —>pep" and d,:pRp* —0,
where p* is the reversal of p with all signs flipped, as in the tangle category. This structure makes A (K) into
a strict infinitesimal symmetric monoidal category with duals; see [[XT 95, Section 5.3] for further details.

FIGURE 7. The 4T relation

Theorem 5.10 ([Car93, KT95]). The category A(K) is the universal free strict infinitesimal symmetric
monoidal category with duals generated by a single object. (|

This means that for any infinitesimal symmetric category S with duals and any object X € S, there is a
unique strict monoidal functor G : A(K) — S such that G(+) = X and which preserves the infinitesimal
braiding and duality structure:

G(*) = )(*7 G(t+y+) = tX,X> G(C+’+) = CX,X, G(b+) = bX, G(d+) = dX

5.2.1. The chord diagram operads and infinitesimal symmetric monoidal categories. We now describe how the

operads FTa\AK and PﬁDK encode the structure of infinitesimal symmetric and ribbon monoidal categories.
These operads are built out of chord diagrams and closely related to the category A(K) introduced in the
previous subsection.

We begin by defining a framed veresion of the operad ;‘\\K from [Frel7, Section 10.3.1], which encodes infini-
tesimal structures on symmetric monoidal categories.

Definition 5.11. For each n > 1, let KK(n) denote the groupoid with a single object and endomorphism set
HOIII’A\K(R)(*, *) = U(ft,),

the degree-complete universal enveloping algebra of the graded Drinfeld-Kohno Lie algebra ft,,. The collec-
tion Ak = {Ak(n)} forms an operad in complete Hopf groupoids, with composition induced by the operadic
composition in ft,, (see Section 4.1 for details).

The operad P/a\AK is a parenthesized refinement of ;‘:K defined via pullback along the map w :  — ob KK, ie.

P/a,\AK = w*,&K.
The morphisms in Fg/\AK(n) are given by

Homg, . (p.a) = D(t,)
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for all p,q € Q(n) and composition is defined via multiplication in U (ft,,). The operad FTa\AK is generated
under operadic and categorical composition by five elements:

Xl)g S HompaA(g)((IQ), (21)), Hl’g S HompaA(g)((12)7 (12)), |1 S HOmpaA(l)(l, 1), and
A1’273 S HompaA(3)(((12)3), (1(23)))
These generators correspond respectively to the symmetry, infinitesimal braiding, identity, and associator

isomorphisms of infinitesimal symmetric monoidal categories. The following result is a universal property
describing maps out of PaAk from [Frel7, Theorem 10.3.4].

Theorem 5.12. Let Q be any operad in the complete Hopf groupoids. There is a bijection between the set
of operad maps f : PaAx — Q and the set of values

fp) =meob(Q2)), [f(I)=T€Q(), [fl(H)=Hyo€eQ?2) [f(Xi2)=ZX2€0b(Q(2)

and  f(A123) =A123 € Q(3)
which satisfy the following equations:

(SH) Hip3 = Ay 5 3Ho 381 23 + X5 1A 1 sH13A21,3X21 € Q(3).

(Inv) Hio = X172H2,1X1_é € 9(2).

(P) (Aop1y) - (Aoz1ly) = (1po1A) - (Aog 1y) - (1x 092 A) € Q(4).

(H') (Ino1X12)-A213- (213)" (1n o2 X12) = A123 - (X1202 1n) - A2 31 € Q(3).

O

Corollary 5.13. Let C be a prounipotent K-linear category. Then giving a map of operads p : ISE;AK —
End(C) is equivalent to equipping C with the structure of an infinitesimal symmetric monoidal category.
In particular, the image under p of the generating morphisms I, X, H, A define the natural isomorphisms
which define the unit, symmetry, infinitesimal braiding, and associator, respectively, satisfying the coherence
relations (SH)—(H’).

Proof. This follows immediately from Theorem 5.12 by taking @ = End(C). Since C is prounipotently
complete and K-linear, the endomorphism operad End(C) is an operad in complete Hopf groupoids, and
thus the theorem applies. (I

The morphisms A, I, and X in P/a\AK correspond directly to the associativity, unit, and symmetry generators
in the operad PmK. However, the infinitesimal braiding generator H;» does not appear in PﬁDK;
instead, its exponential "2 belongs to the suboperad PﬁDK - P/a\AK consisting of group-like elements.
Thus, the operad PﬁDK governs the formal integration of infinitesimal symmetric monoidal structures,
allowing one to exponentiate the infinitesimal braidings to obtain formal symmetric (or ribbon) monoidal
structures over K[[A]].

Corollary 5.14. Let C be a prounipotent K-linear category. Then a morphism of operads p : PmK —
End(CJ[A]]) equips C[[h]] with the structure of a formal symmetric (or ribbon) monoidal category. Moreover,

such a morphism arises by exponentiating the infinitesimal structure defined by a map ISE;AK — End(C). O

As with the operads of parenthesized braids and ribbon braids, the natural map
P?F\?DK — R/(-:\DK,

which forgets parenthesization, defines an equivalence of operads in complete Hopf groupoids. In particular,
PaRCDk serves as a cofibrant resolution of RCDk, and encodes associativity data explicitly at the level of
objects.

We now turn to the corresponding categorical envelopes. The relationship between PﬁDK and the chord
diagram category A(K) mirrors the relationship between PaRB and the tangle category T: both encode
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infinitesimal symmetric structures with duals and admit universal characterizations in terms of maps into
completed linear categories.

To reflect the presence of parenthesized boundary data in PﬁDK, we introduce a parenthesized version of
the chord diagram category. Let AP (K) denote the K-linear tensor category whose objects are elements
of the free magma on the signed set {+, —}, and whose morphisms are chord diagrams with parenthesized
boundary conditions. As with A(K), morphisms are linear combinations of chord diagrams modulo the
4T relation, with vertical stacking and horizontal juxtaposition defining categorical composition and tensor
product. The duality and infinitesimal structure are given by the images of the generating morphisms
I, X, H, A in PaRCDx.

The following lemma formalizes the relationship between the cyclic operad R/C\D,C(yC and the category A(K):

Lemma 5.15. The metric prop associated to the cyclic operad F\’/C\DCKyC is isomorphic, as a symmetric
monoidal category, to the category A(K) of chord diagrams.

Proof. The metric prop H(R/C\DCKyC) is constructed from the operad R/C\DCKyc by freely adjoining categorical
composition and tensor product, along with duality morphisms b and d, and imposing the coherence relations
encoded in the cyclic structure. Since the objects of H(R/@;yc) are sequences of signs and the morphisms
are generated by chord diagrams modulo the 47 relation, the resulting tensor category is precisely the chord
diagram category A(K), with its strict symmetric monoidal structure and duals.

_——_cyc
Moreover, the defining relations of RCDy ensure that duality and symmetry structures descend appropri-
ately to the prop. Therefore, we obtain an isomorphism of symmetric monoidal categories:

II(RCD ) = A(K). O

Corollary 5.16. The metric prop H(Pm;yc) is isomorphic, as a tensor category, to the parenthesized
chord diagram category AP (K). O

6. DRINFELD’S ASSOCIATORS

Let fo be the degree-completed free Lie algebra on two variables z and y and U(fg) = K({t12,t23)) be a
non-commutative formal power series ring in two variables  and y. The enveloping algebra, U (f2), admits
a natural Hopf algebra structure, and the group-like elements of U(fy) are of the form exp(—), that is, an
element s € U(f,) is group-like if and only if it admits a form s = exp(x) for some z € fo. Drinfeld in [Dri90]
defines an associator to be a particuler grouplike element of K((t12,%23)) that satisfies some equations as
follows.

Definition 6.1. Let K be a field which contains Q. A Drinfeld associator is a pair (A, ®) € K* X exp(fz)
that satisfies the following equations.

(I) q)(il,Ig)(I)(IQ,Il) = 1,
(P) D (t12,t23)P(t12 + t13, toa + t34) P (23, t3a) = P(t13 + tog, t3a) P(t12, tas +t2a) in  exp(ts),

(H) D(t12,ta3) - €M/ Dt t31) - M9/ 7 - B(tys, 1) - M2/ =1 in exp(ts);

in the complete associative algebra K{(t12,ta3))/(t12 + ta3 + t13).

We write Assock for the set of Drinfeld associators.

Remark 6.2. The field K contains Q because Drinfeld showed the existence of rational associators and
associators with coefficients in Z do not exist, see [Dri90, Section 2, Section 5]. There are two known explicit
examples of associators: one constructed by Drinfeld is ®xz over C using the monodromy of Knizhnik-
Zamolodchikov equations and the other constructed by Alekseev-Torossian ® ot in [AT10] using integration
theory of singular differential forms on semialgebraic chains related to the solutions to the Kashiwara-Vergne
problem.
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The following proposition is similar to [Frel7, Proposition 10.2.6; Theorem 10.2.9] and [Wil24, Section 5].

Proposition 6.3. A morphism of operads f : @K — R/C\DK is uniquely determined by a scalar parameter
A € kK and a group-like element of the complete tensor algebra on two generators ®(x,y) € T'(x,y) satisfying
the unit, involution, hexagon and pentagon relations such that:

f(r)y=e3tn, f(B)=e22 and f(a) = D(t1a,ta3)

in RCD. Here, 7, 8 and « are the relevant generating isomorphisms of PaRB.

Lemma 3.2 of [CIW19] implies that the assignment of Proposition 6.3 determines a map of cyclic operads.

Lemma 6.4. A morphism of operads f : PaRB — R/C\DK given by the pair (A, ®) uniquely lifts to a morphism
of cyclic operads.
Proof. Tt suffices to check the cyclic compatibility on the generators of PaRB.
For braiding: z* f(812) = z*(egt”) = e27 M2 = g2 (~tia—t2) — f(ﬁi% “12) = f(2"B1,2)-
For twist: 2% f(11) = 2*(e2!11) = 27 111 = 2111 = f(z*7)).
For associativity: f(z*ai23) = f(ag’é)l) = ®(ta3,131) " = P(t31,123), and
2" f(o,2,3) = 2" ®(t12,t23) = P(—t12 — taa — t32,ta3) = P(t31 — taa, taz) = P(ta1,t23).
where the second equality uses the cyclic action on ¢;5 seen as an element in ft;, the third uses the central

identity 12 +to3 +t31 = 0 and t;; = t;; for all 4, j. The last equality uses the fact that ¢oo is central and for
any central element z, ®(z + z,y) = ®(z,y). O

Lemma 6.5. A morphism of operads f : PaRCD — P?R?DK given by the pair (A, ®), in particular
f(L) = AL, f(Hi2)=AHi2, f(Xi2)=X12 and f(A123)=P(t12,t23)  A123,

is a morphism of cyclic operads.

Proof. We similarly need to check the cyclic compatibility as follows.
o 25 f(I) =25 - A1 =\ = f(z5 - ).
o 23 f(Hi2) =23  AHi2 = A(—Hiz — o) = f(—Hi2 — I2) = f(z5 - H12).

To check the cyclic action on the associator A; s 3, we first note that the generators 15 and o3 of ft; are
written operadically as

tig =idyo1Hio = Hi, and to3 = Aj23(ids 02H1,2)A1_é,3 = A1,273H2,3A1_é73~
Now we check that ZZ st = Z; . (idg 01H112) = —(idg OlHLQ) — (idg OQI) — (idQ 02H271) and ZZ -t23 =
Aié,l(idg o9Hj 2)Az.3.1. Now we have the following
f(zh - Aros) = f(A35,) = Asg - Bltas ts1) " = Ay g, - (tsy, tas),
Since zj - ®(t12,t23) = DP(t31,t23), we get 2} - f(A1,2,3) = P(t31,t23) -Ag,é’l, which reduces to
D(ts1, Ay 3 qtasAasi) - Aggy = Ayl - (tsr,tas) ™' - Aoy - Agsy = Aggy - (tsy, tas).

Lemma 6.6. A morphism of operads f : PaRB — P;R?DK given by the pair (A, ®), in particular
f(r)=exi L, f(B)=e3h2 “X12 and  f(a) = P(ti,t23) - A123,

is a morphism of cyclic operads.

Proof. We need to check the cyclic compatibility of the map f. The action z3 - I; = I and 25 - t11 = t11,
implies 23 - f(r) = ezt . [ = f(z5 - 7). Similarly, 25 - f(B1,2) = e3(—tiz—ta2) - X12 and f(25 - B12) =
f( i%T{l) = e3(~tiz—ta2) . X1,2. The action on the associator a; 23 is the same as in Lemma 6.5. ([l
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Lemma 6.5 and Lemma 6.6 imply the following isomorphisms.

(6.1) Cyc'(PaRCDy ,PaRCDy ) = Op*(PaRCDk, PaRCDk) = Op ™ (PaRCD, PaRCDy),
(6.2) Cyct(PaRBy ,PaRCDy )= Op™(PaRBy, PaRCDk) = Op ™ (PaRB, PaRCDy).

Proposition 6.7. There is a bijection between Assock and the set of all object-fixing operad isomorphisms
PaRBx — PaRCDx.

Proof. Universal properties of completion imply that every map PaRB — P?F\?DK is the unique extension
of an operad map @K — PﬁDK We can therefore apply [L)dblll{l() Lemma 7.4 ] to deduce that
an operad map F : PaRBK — PaRCDK deﬁnes an operad map F : PaBK — @K if we set F'(1) = 0.
The assignment F +— F defines a map Isoo(PaRBK7 PﬁDK) — ISOO(PaBK7 PaCDK) that admits a sectlon
Indeed, an operad map F : PaBK — PaCDK can be extended to an operad map F' : ﬁK — PaRCDK
via the values

F(B12) = F(B12) = e2/2X, 5, F(a123) = Flaip3) = f(tiz,t23)A123, and  F(r) = /2]

for some A € K*. Since we require that F(7) € @K(l) respects the ribbon twist axiom, we have that

At1g 0 A(t11010) A(ty1+too+2t12)

(63) F(T o1 id172) =e€e 2 o1e =¢e€ 2 =e 2 —

pnt1o pnt1o A(0o71t171) A(0ogt22) A(t11+t22)
. . _ t 22
F(B12- 02,1 - (idi2017) - (id1g027)) =€ 2 e 2 -e 2  -e 2 ehtiz

Since the elements ¢;; are central in ft,, the map F' will only satisfy the ribbon twist axiom if A = u. It follows
that every framed K-associator F': PaRBx — PaRCDk reduces to the data of a pair (u, f) € KX x exp(ts)
which satisfies the defining equations of the K-associator F : PaBK — PaCDK O

Remark 6.8. The Proposition 6.7 differs from [Gonl8, Proposition 5.3] in the presentation of the framed
Drinfeld-Kohno Lie algebra. By replacing t;;/2 with ¢;;, one obtains Gonzalez’s result on the bijection
between framed K-associators and K-associators. This arises from the difference between our presentation of
the framed Drinfeld-Kohno Lie algebra and the presentation by Severa [Sev09].

Proposition 6.9. There is a bzyectzon between the set of Drinfeld’s associators and the set of object-fixing

cyclic operad isomorphisms Cyc+(PaRBK ,PaRCDK )
Proof. 1t follows immediately from Proposition 6.7 and Lemma 6.5. (]

Recall that, for an infinitesimal symmetric K-linear category S, one can define a category S[[A]] of formal
integration of S whose objects are the same as the objects of S and morphisms are given by

Homs[[ﬁ]] (X, Y) = HOms(X, Y) Rk K[[ﬁ]],

for any object X, Y € S. The following theorem states that, given a choice of Drinfeld associator ®, A (K)[[#]]
admits a ribbon structure.

Theorem 6.10 ([Car93, KT "95]). Given a choice of Drinfeld associator ®, the category A(K)[[A]] acquires
a ribbon monoidal structure given by

t+7+ = ﬁtxyx, Cr + =CX,X exp(ﬁtX,X/2), b+ = bx, 9+ = exp(ﬁCX/2),
where C'x € End(X) is a Casimir element given by —(bx ® idx)(tx,x» ® idx)(idx ®dx). The associativity
isomorphism
Qyp 4+ 4+ = (I)(ﬁtX’X ® ldX, ﬁldX ®tX’X)
O

Remark 6.11. It follows from Proposition 5.5 and Corollary 5.14 that given a PaRCD“Y* algebra structure
on a K[[A]]- linear category Ck, the ribbon structure on Cx implied by Theorem 6.10 is equivalent to
the induced ribbon monoidal structure given by precomposition with isomorphism of cyclic operads @ :

———CYyc ———— CYycC

PaRBy — PaRCDy .
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_———cyc @ _——_ cyc P ~
PaRBy —— PaRCDy —— End(Ck)

7. GROTHENDIECK-TEICHMULLER GROUP GTyg

In this section, we construct a natural action of the Grothendieck—Teichmiiller group GT k on the completed
cyclic operad of parenthesized ribbon braids @CKYC by identifying GT k with the group of object-fixing
automorphisms Auto(mcl(yc). This perspective also provides a new and streamlined proof of the formality
of the cyclic framed little disks operad FD5'“, deduced from the non-cyclic case FDs via the profinite GT-
action of [BABHR19].

Building on the results of Section 3.3, we further describe how the éTI'K—action lifts from braids to tangles,
extending the familiar operadic action to a setting compatible with duality and cyclic symmetry. This
construction recovers, from a new viewpoint, the GT k-action on tangles briefly outlined in Appendix D of
Kassel-Turaev [K'T"95].

7.1. Maps out of the cyclic PaRB. Let Op™ (O, P) denote the set of operad morphisms f : O — P
that fix objects, and let Cyct (O, P) denote the corresponding set of cyclic operad morphisms that also fix
objects.

Given a cyclic operad morphism f : PaRB“¢ — m;yc, we can restrict f to obtain an underlying map of
operads f : PaRB — PaRBk. This defines a natural map:

Cyc*(PaRB™,PaRB,, ) —“— Op™ (PaRB, PaRBy).
Lemma 7.1. The forgetful map
Cyct(PaRB™,PaRBy ) —“ Op™ (PaRB, PaRBy)

s an isomorphism. That is, any object-fizing operad map PaRB — @K uniquely extends to an object-firing
map of cyclic operads.

Proof. A map f : PaRB — m}( is determined by a scalar parameter A = 1424 in K and an element of the
prounipotent completion of the free group on two generators, g(x12,x23) € Fa. More precisely, by applying
Theorem 3.4, f is equivalent to the assignment:

fwy=p, fr)=7" [f(B)=p" and f[f(a)=g(ziz13)-
To lift f to a map f € Cyct(PaRB®*, ﬁ@yc), we must check that the map defined by f commutes with

the cyclic action.

Let’s start with the twist generator 7. Since z3 - 7 = 7, we have

(7.1) flzs-m) = f(r)=7"
To compute the effect of the cyclic action 23 -7, note that the extended symmetric group action on PaRB(1)
is a groupoid automorphism ¢* : PaRB(1) — PaRB(1). Thus:

o (%) = 0" (1)o* (1) 0" (1) = (0 7),

A

for any o € X7 It follows that

(7.2) flz5-1)=25-T.
A similar argument holds for the generator 5 € PaRB(2), as
(7.3) F(z5-8) = F((B)(ida oo™ 1)) = f(B) " flida oar™ ") = (B7*)(id2 007 )
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and

(7.4) 5 f(B) =25 B = (25 - B) = ((B71)(idz 0277 ))* = (87 ) (idz 027 %).

To look at the cyclic action on the associator o, we recall that the pure braid group @3 is generated by
T19 = A7, x93 = B2 and 213 = 28785+ where 81 and S, are the standard generators of the braid group Bs.
We can write these generators as operadic composites of the generating morphisms ids, 8 € PaRB(2), i.e.

1 =idao18 and [z =idpoaf.
We first compute the cyclic action on z15 and 23, we have
zj - w1g = 2 - (id2018%) = 2} - ((id2 013) - (id2 01(21)*B))
Using the axioms of a cyclic structure on its tree presentation, we have that
(7.5) zj - (idg 01 8) = (25 - B) 02 (25 - ida) = (231)* (B~ (id2 027~ ")) 02 ids .
(7.6) 2 (idyo1(21)°8) = (25 - (21)78) 03 (2 - ide) = (312)" (((21)"5~")(idz 0371)) 03 (id).

Note that z} - (ids 018) € Hom(2(31),3(12)), and 2z} - (id2 01(12)*3) € Hom((31)2,2(31)). Upon substituting
Eq(7.5) and Eq(7.6) in 2} - 12, we now have
(7.7) Zy e = (231) B By (312)7 By B et = (231) A (B1B38) T
Noting that the z} - 212 € Hom(2(31),2(31)), we can also write Eq(7.7):
210 = (231) a2 (B B2 6) T
In this way, the pure braid term 7, 2(818331) ! is in Hom((12)3, (12)3). Tt follows that we can use relations

in PB3 to further rededuce the morphism. In particular, since element w = 12713723 = (8132)% generates
the center of PB3, and was, = w12213 = B3B38, 1 = 1821 we can rewrite 2 - 712 as:

(7.8) 2 12 = (231) a2 (wzw )

Similarly, we can compute

(7.9) Zjwas = 2 (alidz028%)a™") = (2] - @) (2] - (idz 026%)) (2 - 7).
Since zj - (ida 098?) = (231)*x12 and 2} -a~! = (231)*a, Eq(7.9) reduces to
(7.10) z) - mo3 = (231)* (o 'z1200) .

We can now put this all together to show f(2} - @) = z} - f(a). In particular, the left-hand side becomes:

f(zp-a) = f((231)*a™ 1) = (231)* (cfl ~g(x12,9c23)*1) = (231)* (ofl -g(x237x12)) .

The right-hand side, z} - f(«), becomes:
23 (@) = 25 - (g(m12,023)) - (21 - @) = g(2] - w12, 2] - w23) - ((231)"a™1).
Substituting from Equations (7.8) and (7.10) and using the identity
g(h™ wash, h™ w1oh) = h™ " g(w23, 212)h
for any h € Bs, we get:
(231)" (Ofl 'g((7f2w71)$23,9512)) .
Now, we know that for any p,q and r in ﬁ\Bg) with rp = pr and rq = ¢r, we have g(p,q) = g(rp,q) =
g(p,rq). Moreover, since twists always commute with pure braids and w ™" is central, we know that (7, 2w~!)
commutes with o3 and z12, and thus the factor of 7 2w~ disappears from the last equation, and we obtain
g((7f2w_1)1’23,$12) = g(z23,712),

as required. ([
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7.1.1. The Grothendieck-Teichmdiller group. Let /}Eg denote the prounipotent completion of the free group
F2 on two generators x and y over a field K of characteristic zero. Given an element f € Fy and a group
homomorphism « : Fo — Gk into a prounipotent group G, we write f(a, b) for the image v(f), where y(z) = a
and y(y) = b.

Definition 7.2 ([Dri90]). The K-prounipotent Grothendieck—Teichmiiller monoid GT k consists of pairs
(A, f) € K x Fy satisfying:

(1) fz,y) = f(y, ),

(2) x*f(z,y)y"f(y,2)z*f(z,2) =1 in Fa, where zyz = 1 and A = 24 + 1,

(3) f($127 $23)f(11€121?13, $245E34)f($23, 1‘34) = f(l’13$237 $23)f(15127 1‘23$24) in Is\B4~

The group GT k is defined as the set of invertible elements in ﬁ k, With group law:

(A, f1) * (M2, f2) = (Mde, fi(falz,y) P2 fala,y), v72) - fala,y) .

The defining relations of GT k mirror the coherence axioms for braided monoidal categories. The first two
conditions correspond to the two hexagon identities, while the third encodes the pentagon identity for
associativity. These are precisely the coherence constraints satisfied by any braided monoidal structure.
The twisting axiom of a balanced braided monoidal category imposes no additional relation in GTk, as it
is automatically preserved under the structure defined by (), f). The following identification, combining
results of [Frel7, Theorem 11.1.7] and [BABHR19, Proposition 7.3], makes this precise:

Proposition 7.3. Let Endgp(—) denote the submonoid of operad endomorphisms that fiz objects. There is
an isomorphism of prounipotent monoids:

Endg, (PaBk) & Endg, (PaRBy) = GT.

That is, each object-fixing endomorphism of the operad mK is uniquely determined by a pair (A, f), with
A € Kand f € Fa, by specifying the image of the generating tuple (5,7, «) as

(B, 7, a) = (5)\,7'X7f($12,l“23) ~01,2.3),

and vice versa.

_——cyc
We now upgrade this result to the cyclic setting. The key point is that the cyclic structure on PaRBy does
not introduce any new constraints on object-fixing automorphisms, see Lemma 7.1.

Theorem 7.4. Let Endéyc(f) denote the monoid of endomorphisms of a cyclic operad that fix the object

set. There is an isomorphism of monoids:

Ends, (FaRE.) = 6T,

_——cyc

Proof. Since PaRBy is the prounipotent completion of the cyclic operad PaRB®¢, any map f : PaRB¥° —
_——cyc

PaRBy factors uniquely through the universal property of the completion:

cyc 7 5o Y f 5. ppY¢
PaRB“ —— PaRBx ——— PaRBy .
7
This yields an injective map

¢ : Cyc'(PaRB®*,PaRBy ) <> Endg,.(PaRBy ).
+

~ _——_cyc
To see that € is surjective, note that any endomorphism f € EndCyC(Pa RBy ) restricts to a morphism

f=foi:PaRB%° — mfjc,
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so that e(f) = f Hence, we have a bijection

Cyc* (PaRB™®,PaRBy ) = Endg, (PaRBy ).

By Lemma 7.1, any object-fixing operad map f : PaRB — mK uniquely lifts to a map of cyclic operads
——CyC
f :PaRB¥* — PaRBKy , giving an isomorphism

Cyc* (PaRB™,PaRB ) = Op" (PaRB, PaRB).

As in the previous proposition, the right-hand side is identified with Endgp(mK), and hence with ﬁ K>
via [BABHR19, Proposition 7.7] and [Frel7, Theorem 11.1.7]. O

7.2. Rational formality of the cyclic framed little discs operad. In this section, we prove the ratio-
nal formality of the cyclic operad FD¥ of framed little disks using the explicit cyclic structure on PaRB

(Section 3.3) and the action of the prounipotent Grothendieck—Teichmiiller group GT -

An operad O is said to be formal if there exists a zig-zag of quasi-isomorphisms of dg-operads connecting
its chain operad C.(O) to its homology operad H,(O). Rational formality of certain moduli space operads
has been previously established—for example, Giansiracusa and Salvatore [GS12] proved the formality of
the cyclic operad of genus-zero moduli spaces. Campos, Idrissi, and Willwacher [CTW 19, Theorem 3.1] later
showed that FD5® is also formal using cyclic graph complex techniques.

We provide an alternative proof of this result using the action of GT o, following a strategy inspired by
Boavida—Horel-Robertson [BABHR 19] and formalized through Petersen’s formality criterion [Pet14]. Specif-

ically, we show that the morphism PaRB — @Q lifts compatibly to the cyclic setting, yielding a map
———CYyC —
PaRB“* — PaRBQy that respects the GTg-action. Applying Petersen’s criterion gives the desired formality.

Proposition 7.5 ([Pet14]). Let O be a dg operad over a field K of characteristic zero. If a grading auto-
morphism of the homology operad H,(O) lifts to an automorphism of O, then O is formal.

The following result can be seen as a generalisation of the formality of operad FD5 from [BAdBHR 19, Theorem
9.1] to its cyclic version in the prounipotent case.

Lemma 7.6. The cyclic operads of framed little disks FD3Y°, equivalently MY, is rationally formal.

Proof. This is by definition that GT o acts on PaRB®°. We know that, by taking the realization of the
classifying space |B(PaRB®“)| we have a topological operad which is homotopy equivalent to the operad
FD5Y“. As such, it acts on cyclic dg-operad of singular chains C,(FD5Y“, Q). Recall that the homology operad
H,(FD3") is the operad of Batalin-Vilkovisky algebras, denoted by BV. Moreover, BV admits cyclic structure
induced by the cyclic structure of the topological operad M, the genus zero surface operad. Since BV is
generated by the commutative algebra product [—, —] in arity 2 and the operator A in arity 1, it is enough
to check the aQ action on the homology groups Ho(FD5Y“(2)) and H;(FD5Y“(1)). G/'\I'Q action is trivial on
Hy(FD2(2)) due to the assignment 3 — 3*. The action extends to Ho(FD5Y¢(2)), since 23 - f* = (23 - 8)*,
See Lemma 7.1. There is a map

Q¥ — Aut(H.(FD3¥))

that determines an automorphism vy € Aut(H,(FD)) given by multiplication A", for any A € Q*. The
prounipotent completion of Z over the field K of characteristic 0 is K, therefore we have PRB(I)Q = ZQ = Q.

Since the cyclic action on PRB(1) is trivial, it follows that é'\FQ acts on Hy(FD3¥“(1)) via a’Q — Q" —
Aut(H,(FD3Y“(1))), where the first map sends the pair (A, f) to A. Now, using the fact that the cyclotomic
character GTg — Q* is surjective, and Peterson’s formality criteria in [Pet14] proves the claim. (I
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7.3. Homotopy Automorphisms of PaRB®“‘. We denote I to be the groupoid completion of {0 < 1}.
Let f,g: P — Q be operad maps in groupoids. A homotopy between f and g is defined by the existence of a
path object @ and a map H : P — QI such that the composition with the evaluation maps dg, d; : @7 — Q
gives f and g, in particular

dyoH=f, dioH=yg,

Since the forgetful functor u : Cyc(Gr) — Op(Gr) admits both right and left adjoints, the path object Q!
in Op(Gr) lifts a path object in u(Q?) = E! in Cyc. Given two maps in f’ and ¢’ in Cyc(Gr) such that
u(f") = f and u(g’) = g and a homotopy H : f ~ g, one obtains H’, a homotopy lifting of H, by applying
the left adjoint w. Write HoEnd(P) for the monoid of homotopy endomorphisms of a (cyclic) operad in
groupoids P.

Proposition 7.7. The composition

EndJ(Sp(PaRBCyC) —— Endop(PaRB®*) —— HoEndop(PaRB®*)

is an isomorphism.

Proof. The only morphism from PaB to T is the trivial one, here we write T for the operad of twists, see
[BABHR19, Definition 7.5, Lemma 7.6]. The operad map PaB — T factors through PaRB, where PaB
injects into PaRB as a suboperad and the map PaRB — T only remembers the twists. This assembles these
operads in a short exact sequence

0—PaB—PaRB—T —0

Furthermore, the adjoint to the forgetful functor from cyclic operads to operads provides a map from PaRB
to PaRB®¢ and the map PaRB®“ — T sends a morphism to its number of twists. Thus, any morphism in
Endgp(PaRchc) preserves PaB C PaRB“Y°.

Now, we want to show that Endgp(PaB) is isomorphic to End§, (PaRB®¢). The argument is verbatim to
[BABHR19, Proposition 7.7 (2)], which shows Endgp(PaB) &= End$p(PaRB). It is enough to check the
compatibility with cyclic action of Definition 3.5 on the relation

Toide = - (21)*F - (id2 017) - (id2 027)
in Homp,rg(12,12). The left side is
25 - (To1idg) = 25 -idg 0929 - 7 = (0,0, 7).
One computes z3 - (idg 027) = (27,7, 7), and 2§ - (idg 027) = (0, 7,0), then the right side reduces to
z5 - (B-(21)*B - (idg 017) - (idg 027)) = (=261, —27,0) - (27, 7,7) - (0,7,0) = (0,0, 7).
The last equality uses 7 = /31 as pointed out in [BABHR19, Proposition 7.7 (2)].Therefore, we deduce
End$, (PaB) & End, (PaRB) = Ends,, (PaRB¥©).

There is a commutative diagram

Endg, (PaB) — HoEndg, (PaB) —/—— HoEndg, (PB(3))

: 1

End$, (PaRB) ———— HoEnd{(PaRB) ———— HoEnd{,(PRB(3))

E

End{, (PaRB®®) ————— HoEnd§, (PaRB®*) ——"—— HoEnd{,(PRB(3))

The top horizontal composition is injective due to [Horl7, Proposition 7.7]. By [BdBHR19, Proposition
7.8], the top square is commutative and the middle horizontal composite is injective. Note that for any
operad O in groupoids, an endomorphism of O gives an endomorphism of O(n) by restriction in arity
n that can further be restricted to an endomorphism of ob(O(n)) of objects O(n). Therefore, the map
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p: Endép(PaRchc) — End*(PRB(3)) factors through End(PaRB®*(3)) by restriction maps, similar to

f and g. We obtain a map h : HoEndép(PaRchc) — HoEnd™ (PRB(3)), and the bottom square is
commutative.

Using the isomorphism Endgp(PaRB) = End$p(PaRchc) and the injectivity of the map
Endg,, (PaRB) — HoEndg, (PaRB),
we deduce that the map EndJ(Sp(PaRchc) — HoEndgp(PaRchc) is injective. Finally the composition
Endgp(PaRBCyC) — HoEndgp(PaRchc) — HoEndop(PaRB®*)

is injective. Since the objects of PaB and PaRB“ are the same, the surjectivity of the composition map
follows immediately from [Hor17, Theorem 7.8]. O

Corollary 7.8. There exist isomorphisms of prounipotent monoids
Endg, (PaRBy ) 2 HoEndop(PaRBy ) = GTy.
By taking invertible elements, we have an isomorphism of prounipotent groups

HoAut(PaRBy ) 2 GT.

7.4. GT action on Tangles. We saw in Proposition 5.7 that there is a close relationship between Turaev’s
tangle category [Tur89] (Definition 5.1) and the metric prop associated with the cyclic operad PaRB®*
(Definition 2.12). In this section, we explain how the action of the Grothendieck—Teichmiiller group GT K on
the cyclic opellzid PaRB® lifts to the associated metric prop via the envelope construction. As a consequence,
we obtain a GTg-action on the category of g-tangles, extending the known GTg-action on parenthesized
braids. This construction is informed by the Galois actions on tangles described in [[KT"95, Appendix D].

Recall that the envelope construction Env : Op(E) — Prop(E) assigns to an operad O its associated prop
Env(O). This functor is left adjoint to the forgetful functor u : Prop(E) — Op(E) which, in particular,
defines a natural bijection

(7.11) Op(PaRB, u(Env(PaRB))) = Prop(Env(PaRB), Env(PaRB)).
An object-fixing morphism f : Env(PaRB) — Env(PaRB) is a strict symmetric monoidal functor such

that the underlying function on object sequences is the identity. Let Endlﬁmp(—) denote the monoid of
endomorphisms of a prop that fix the object set.

Lemma 7.9. There is an isomorphism of prounipotent monoids:

GTy = Endp,, (Env(PaRBy)).

Prop

Proof. The corollary follows from the following sequence of isomorphisms

Endy, (PaRBy)) & Op* (PaRB, u(Env(PaRB))) & Prop* (Env(PaRB), Env(PaRBk)) & Ends,, (Env(PaRBy)).
O

The last corollary implies an isomorphism of prounipotent groups

=~ T _——_cyc

GTk = Auth,,, (Env(PaRBK )) ,
where Au‘cgrop denotes the group of object-fixing automorphisms of props. To connect this action to tangles,
we consider the metric prop generated by the cyclic operad PaRB“°.

The construction of the metric prop II(PaRB®) formally adjoins dualizing morphisms to Env(PaRB): a
capd € TI(PaRB“°)(2,0) and a cup b € II(PaRB“)(0, 2), satisfying the zig-zag (triangle) identities. In the
presence of a nontrivial associator o € PaRB(3), care must be taken when defining these dual morphisms
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to ensure compatibility with associativity. For example, the following composites must recover the identity
morphism in II(PaRB¥)(1,1):

b®id, id; ®d

(7.12) 1209122 1e1)el —2>1e(lel) L2 19021
and
(7.13) 12100 2% 19101) 25 10l L% og121.

These coherence relations will not necessarily compose to the identity map in II(PaRB“)(1,1) unless we
carefully define d and b. We saw in Section 4 that each choice of Drinfeld associator ® gives an isomorphism

of cyclic operads ﬂ@f’c = PﬁD;yc.

Proposition 7.10. The action described above defines a GT-action on II(PaRB¥*).

Proof. The Grothendieck-Teichmiiller group ﬁ k acts on E@K by sending the pair (A, f) € ﬁ k to a
unique isomorphism F' : PaRBx — PaRBk defined by the association

Fp)=p, F(B)=p> F(r)=1" F(a)=f(r12,22) a

F induces an isomorphism of prop Env(ﬁK) — Env(@K), which as a result gives a GT, k action on
the prop Env(PaRBk) = EnV(PaRBKy ) & Env(PaRB®*) through F.

We define an isomorphism F’ : (II(PaRB®¢)) — (II(PaRB““)) by extending the map F' to the duality

pairing (d,b), using the assignment as in [KT795, Appendix D], as follows

F'(b)=0b, F(d)=(id®v)d,
where v = ((b ® id) f (12, 23)(id ®d)) ~". The image of the pairing (d, b) must satisfy the relations
(7.14) (id®b)a(d ®id) = id.

Applying F’ on the left side of (7.14) computes as follows
(id ®@b) f (212, 223)((([d @v)d) ® id)

Now substituting v gives (id ®b) f(212, z23)a((id ® (b @ id) f(x12, 223)(id ®d)) ")d) @ id), after cancelling
the term f(x12,x23) and using the relation (b ® id)(id ®d) = id, the equation simplifies to (id ®b)a(d ® id),
which is isomorphic to id. The image of the right side of (7.14) is id because GT k action on single-string
tangle is trivial, therefore the image of the relation (7.14) holds under F”.

O
Remark 7.11. Kassel-Turaev in [KT795, Appendix D] also gives an equivalent assignment on duality

pairing (d, b), We note that the same assignemt on the prop map F’ on the duality pairing (d, b), that is, as
follows

F'(b) =b, F'(d)=(p®id)d,

where p = ((Id®b) f(z12,23) *(d®id)) 1, gives a GTK action. In this case, the duality pairing must
satisfy the relation (b ® id)a~!(id ®d) = id under the GT, k action. Applying F’ on (b® id)a~!(id ®d) gives

(b ® id)a_lf(wlg, xgg)_l(id ®((p ® ld)d))
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That simplifies to w as follows
(b@id)a™" f(x12,223) " ([ ®((p © id)d))
= (b®id)a™" f(212, w23) " (A @((((Id @) f (212, 223) ' (d ® id))71 ®id)d))
= (b®@id)a  (i[de(((i[deb)(d®id) "' @id)d))
= (b®id)a " (i[d®((id ' @id)d))
= (b®id)a" ! (id ®d))
=id

(7.15)

The second equality substitutes p, third one obtain by cancelling f(x12, z23) term, the fourth uses the identity
(id ®b)(d ® id) = id. The desired relation holds under F”.

8. GRADED GROTHENDIECK-TEICHMULLER GROUP GRTk

8.1. Graded Grothendieck-Teichmiiller group - GRT. For f2 and any complete filtered algebra M
with elements a,b € M, an algebra morphism v : U(f2) — M from the universal enveloping algebra U (f2)
of fo such that v(z) = a and v(y) = b. We write f(a,b) for the image of v(f) of f under ~.

Definition 8.1 ([Dri90]). The graded Grothendieck- Teichmiiller group GRT k is the semi-direct product
GRT; x K*, where the set GRT; consists of elements ® € exp(f2) C exp(ts) satisfying the following relations,

(I) ¢(I7y) = (I)(yax)_la m eXp(tB’)y
(H) O(z,y)P(y, 2)®(2,x) = 1, whenever z+y + z =0, in exp(ts),
(P) O(t12,t23)P(t12 + t13,t2s + t34) P (t23, t3a) = P(t13 + ta3,t34) (12, t23 + taa), in exp(ty).

The group structure is given by, for any two element p; and po, by
(8.1) (P1 % B2)(2,y) = D1 (Pa(,y) w®a(2,y),y) Pa(z,y).
The action of K* on G/R\Tl7 given by ®(A~ 1z, A~ly) for A € KX, induces a semidirect product G/R\Tl x K*.

The following Theorem characterizes the graded Grothendieck-Teichmiiller group as an object-fixing auto-

morphism group of the cyclic operad P?FfDK. As a consequence, this defines the action of GRT k on the
cyclic chord diagrams as pointed out in [Wil24, Proposition 5.2].

Theorem 8.2. GRT = Aut&,(PaRCDy ).

Proof. Since the operad morhism R/C\DK(n) = PﬁDK(n) is a categorical equivalence, Proposition 4.6.
We can use [[rel7, Proposition 6.1.10] that gives a unique lifting of the operad map PaRBx — RCDk to

@K — PﬁDK, therefore we have Iso+(§R\BK, RCDk) = Iso"'(gﬁK7 PaRCDk). From Lemma 6.3 and
Lemma 6.6, these maps are isomorphisms of cyclic operads, so we have

Iso* (PaRBL", RCD,") = Iso" (PaRBL.", PARCDL").

We already know from Corollary 7.8 that GTx = Autéyc(miyc), and GRT = Autgp(gC\DK) =

Au‘cgp(P:F\—’EDK)7 see, for example, [Frel7, Theorem 10.3.10] and [BN98]. The second isomorphism fol-
lows from the fact that the framing on the chord diagrams do not add any new relation. The result now

follows from Autgp(PﬁDK) = Autéyc(PﬁD;yc) using Lemma 6.5.
(]

Unlike PaB and PaRB, there is no known explicit presentation of PaCD, and hence PaRCD. Therefore, we
next show that the defining relations of GRTk are preserved under the cyclic action z*.

Proposition 8.3. The cyclic action z* preserves the relations involution (1) and the hexagon (H) relations.
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Proof. For the involution relation (I), it is
2*®(tya,tag) = ®(—t1a — tag — ta, tag) = P(—t1a — ta2,ta3) = P(ta1,ta3) = P(tag,t31) ' = 2" D(tag, t12) !,

where we use the fact that ¢;; and t12 + ta23 + t31 are central elements of ft;. For the hexagon relation (H),
we first note the following:

o 2*®(t1o,t03) = P(t31,103).
o 2*®(t13,t12) = P(—t13 — tag — t33,t31) = P(—t13 — toz, t31) = P(t12,131).
o 2*D(tas, t13) = P(tag, —ti13 — tag — t3z) = P(tas, t12).

Now, applying the action z* on

(8.2) D (t31,t12)P(ta3,131)P(t12,t03) = 1
We get
2" (®(t31, t12) P(ta3, t31)P(t12,t23)) = P(t12,113)P(tas, t12) P(t31, t23)

= ®(t13,t12) '@ (t12, tas) D(taz, t31) "
= B(t13, t12) " (D(taz, t31) B (t12, t23)) "
= ®(t13,t12) '@ (t31, t12)
=1=2"(1).

Here the second equality uses (I) and the fourth uses (8.2). O

Definition 8.4. The framed sphere braid Lie algebra §8,, is a degree completed free Lie algebra generated
by symbols {X;; = Xj;,1 <1 < j < n}, with relations

[Xij, Xpa] =0 for {i,j} N {k, 1} =0,
[Xij, Xpi + Xi;] =0 for distinct i, , k,
(8.3) [Xij, Xpr] =0 for any 4,5, and k,

n
Y Xij=0 forl1<i<j<n.
The Lie algebra {8, is a framed version of B,, that appeared in Thara [[ha94, Section 5.3]. There is a natural
surjection ft, — B, ; that sends t;; — X;; for all 1 <7 < j < n. The surjection map induces a morphism

U(ft,) = U(FB,41)-

Proposition 8.5. The cyclic action z* preserves the pentagon relation (P).

Proof. Using [Furl(, Lemma 5], the pentagon equation (P) is equivalent to the following in ﬁ(fSBE,):

(8.4) D (X9, Xo3) - ©(X34, Xys5) - (X551, X12) - P(Xo3, X34) - ©(Xys5, X51) =1
Equivalently,
(8.5) D(X12, X51) - ©(Xu5, X34) = P(Xa3, X34) - (Xu5, X51) - P(X12, X23)

Applying the cyclic action on the left side of (P), we get
D(—t12 —taz — t32 — taz, tog +t2a) - P(—t13 — taz — t33 — tuz + t23, t34),
which is equivalent to
D(—Xi2 — Xoo — X32 — X2, Xog + Xog) - ©(—=X13 — Xoz — X33 — Xu3 + Xoz, X34)
in *85. Now, using the relations 23:1 Xi; = 0 gives the following
(8.6) (X2, Xoz + Xog) - ®(Xo3 + Xs53, X34).

We note that the first term of (8.6) is
O (X592, Xo3 + Xou) = (X2, —Xo1 — Xo5 — Xo2) = ©(Xs2, X15)
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because [X52, X51 + X52 + X12] = 0 = [X15, X15 + Xa5 + X12] and [X15, Xo2] = 0 = [X52, Xoa].
Similarly, the second term of (8.6) is
O(Xoz + Xs53, X34) = O(—X13 — X33 — Xuz, X34) = ©(Xu1, X34)
because [X41, X13 + X33 + Xaa + X14] = 0 = [Xu1, X3 + X33 + X34 + X14].
Finally, the cyclic action on the left side of (P) reduces to
(8.7) D( X5, X15) - D(Xa1, X34).

Now, we apply the cyclic action on the right side of (P). We get
D(toz,t34) - P(—t12 — tag — 3o — tag — t13 — oz — t33 — taz, tog +t34) - P(—t12 — ton — t32 — ta2, t23)
Similarly, taking the image of the last equation in 85 and using the relation Z?:1 Xi; = 0 gives

(8.8) P(Xo3, X34) - P(X52 + X3, Xoa + X34) - ©(X52, Xo3).
We now observe that the middle term of (8.8) reduces to

1
O (X520 + Xs3, Xoa + X34) W O(—Xs1 — Xsa — X5, —X14 — Xaa — X54)

2
@ O(—Xs51 — Xsa — X5, X51)

3
© O (X4, Xi5).

Here equality (1) uses the relation from 85, (2) follows from [X51, X15 + Xu1 + Xpa + Xaa] = 0 = [X5s +
X5, X15 + Xa1 + Xs4 + +X44] and for the last equality (3), we use the vanishing Lie brackets [X15, X41 +
X4+ X15 + X55] = 0 = [Xu1, Xa1 + Xsa + Xi5 + Xs5)

Finally, the cyclic action on the right hand side of (P) is
(8.9) D(Xa3, X34) - P(Xa1, X15) - P(X52, Xo3).

Using the following permuted pentagon obtained by applying permutation (15) on (8.5),
(8.10) D(Xs2, X15) - P(Xa1, X34) = P(X23, X34) - P(X41, X15) - P(X52, Xo3)

We claim that the equations (8.7) and (8.9) are equal. O

Recall that there are free and transitive actions of G/'\I' k from left G/R?I' k from right on the set of Drinfeld
associators Assockthat commute with each other (see [Dri90]), thus the triple (GTk, Assock, GRTk) forms a
bitorsor.

Proposition 8.6. The triple
(Aut*(PaRBy "), Iso* (PaRBy — PaRCDy ), Aut*(PaRCDy )

forms a bitorsor.

Proof. The operadic identifications of the triple (G/'\I' Kk, Assock, GRT K), as in [Frel7], also give a bitorsor triple
(8.11) (Aut™ (PaRBy), Isot (PaRBk —+ PaRCDk), Aut™ (PaRCDx)).

Proposition 6.9, Corollary 7.8, and Theorem 8.2 implies that the bitorsor triple (8.11) uniquely corresponds
to the bitorsor triple

(8.12) (Aut™(PaRBy ),Iso*(PaRB, — PaRCDy ), Aut*(PaRCDy ).

Moreover, this identification lifts to a bitorsor bijection

(GTk, Assock, GRTk) ¢ (Aut™ (PaRBy ), Iso" (PaRB, — PaRCDy ), Aut™(PaRCDy ).
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8.2. GRT action on Chord diagrams. We saw in Section 7.4 that there is an action of GT on the
metric prop generated by the cyclic operad PaRB®¢ and from Section 4 we have cyclic operad isomorphisms
" eye

—

PaRBK — PaRCDy are in bijection with Drinfeld associators. With these two results, we construct a
graded Grothendieck-Teichmiiller group GRTK action on the chord diagrams.

The following results are straightforward applications of Proposition 7.9, and Proposition 2.20 on PﬁDK.
Corollary 8.7. There is an isomorphism of prounipotent groups
GRTk = Autf,mp(Env(PﬁDK)) ~ Autﬁmp(Env(/P—:ECD)).
O

Corollary 8.8. There is an isomorphism of prounipotent metric prop associated to the cyclic operad PaRCD®Y*¢

(IT(PaRCD™))x = TI(PaRCDy ).
O

A Drinfeld associator ® is a group-like element of the non-commutative formal power series in the free
associative algebra U(f2) = K((X,Y)) generated by two variables X and Y. In the category A(K), one can
define the associative constraint A’ : (X ® Y)® Z — X ® (Y ® Z) defined through the isomorphism A of
PﬁDK. This does not satisfy the zigzag identity with the associative constraint, however, it satisfies the
following relation

(8.13) (id®b)A(d ® id) = w™*,

where w is a special case of the Kontsevich integral of the unknot. It is independent of the choice of Drinfeld
associators similar to [LM96, Theorem 8§].

In the category of parenthesized framed tangles, the composition of the cap N: (+—) — @ and cup U: & —
(+—) morphisms is identified with the O—framed unknot N o U := U. As we saw in Theorem 6.10, a given
Drinfeld associator & we can define an isomorphism between the completed category of g-tangles and the
category of chord diagrams
Zs : qT — A(K)[[H]
which has the property that
Zq)(U) = Z@(ﬁ) o Z@(U) =W,

where the distinguished group-like series w is the Kontesevich Integral of the unknot ([BN97], [LM96],
[K'TT95]). This value, also known as the wheeling element in ([BNLT03]; [CDMI12]), is known to be inde-
pendent of the choice of the associator [LM96, Theorem 8]. Under the isomorphism II(PaRB®°) — ¢T the
cap is mapped to the evaluation map d € II(PaRB®*)(2,0) and the cup is mapped to the coevaluation map
b € II(PaRB®)(0,2). We can put this together to show that, for every Drinfeld associator ®, we have the
following commutative diagram of isomorphisms

T — 22 5 A(K)

IE E

II(PaRB%¢) —£2, TI(PaRCD¥*),

with g (dob) = Zo(U) = w and this value is independent of the choice of associator.

Proposition 8.9. The action described above defines a GRT-action on II(PaRCD®®).
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Proof. The graded Grothendieck-Teichmiiller group GRT k acts on PmK by sending the pair (A, f) € ﬁ K
to a unique isomorphism G : PﬁDK — PﬁDK defined by the assignment described in Lemma 6.5. G
induces an isomorphism of the prop EHV(PﬁDK) — Env(PﬁDK), which as a result gives a GRTk action
on the prop EHV(PﬁDK) &= Env(PﬁD;yc) = Env(ﬁDcyc) through G, Corollary 8.7.

We define an isomorphism G’ : (II(PaRCD®¢)) — (II(PaRCD®¥)) by extending the map F to the duality

pairing (d, b), using the similar assignment as described in Proposition 7.10 as follows
G'(b)=b, G'(d)=(idav)d,
where v = ((b® id)®(ty2, t23)(id ®d))*. The image of the pairing (d,b) must satisfy the relations (8.13).
Applying F” on the left side of (8.13) computes as follows
(id @b)®(t12, t2s) - A(((id ®@v)d) ® id)

Now substituting v gives (id @b)®(t12, t23) - A(((id @ ((b ® id)®(t12, t23)(id ®d)) " )d) ® id), after cancelling
the term ®(t12,t23) and using the relation (b ® id)(id ®d) = id, the equation simplifies to (id ®b)A(d ® id),

which equals to w™!. The image on the right side of (8.13) is also w™?, since GTg-action on unknot is trivial

(this is a consequence of [[Kon99, Theorem 8] and equivalently follows from [Fur20, Theorem A]), we arrive
at a trivial GRTk action on w™!. Thus, the image of the relation (8.13) holds under G’.

O

Similar to Remark 7.11, the prop map G’ on the duality pairing (d,b), that is, as follows
G'(b)=b, G'(d)=(p®id)d,
where p = ((id ®b)®(z12, z23) 1 (d ® id))il, gives a GRTk- action. In this case, the duality pairing must
satisfy the relation (b ® id)A~!(id ®d) = w under G’. Applying G’ on (b ® id)A~!(id ®d) gives
(b@id) A7 ®(x19, x03) "L (id ®((p ® id)d))
That simplifies to w as follows
(b®id) AT ®(219, 293) " (id @((p ® id)d))
= (b®1id) A @ (212, 723) " (Id @((((id ®b) ®(212, 223) ' (d ® id))71 ®id)d))
= (b®id) A" (id@(((id®b)(d ® id)) " @id)d))
= (b®id)A" (id®((id" " ®@id)d))
= (b®id)A"!(id ®d))

=W

(8.14)

The desired relation holds under G’ using the same arguments of Proposition 8.9.

APPENDIX A. ADJUNCTIONS BETWEEN OPERADS AND CYCLIC OPERADS

Operads and cyclic operads are themselves algebras over a coloured operad (e.g. [BMO07, Example 1.56],
[BBCL 22, Definition 2.9], [Lukl10, Section 1.6.3], [DCH22, Appendix A]). This point of view allows us to
use the considerable amount of pre-existing homotopical machinery developed to study algebras over operads
in our context. For completeness, given any non-empty set €, a €-colored symmetric sequence is a family
of objects P := {P(c;c1,...,ck) te>o in E, where (¢;cq, ..., cx) ranges over every list of colors in € together
with a map o : P(c;cq,...,¢r) = P Coq1), - -5 Co(ry) for each o € Xg. A €-colored operad is a €-colored
symmetric sequence P together with a family of partial composition maps

0;: P(¢;e1,y. .. ) X Pdyda, ..., d;) = P(cen, ..., Cim1,diy ooy djy Ciget - oo, Cl)

defined only when ¢; = d, together with an element «. € P(c¢;c) for each ¢ € €, which satisfies unit,
equivariance and associativity conditions. For more details see, for example, [BM07, Definition 1.1].
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Remark A.1. When the color set is € = {x}, a €—colored operad is a one-colored operad. In this paper we
will refer to both operads and colored operads as “operads”, only mentioning the color set when necessary.

An algebra over a (€—colored) operad P is a collection of objects {X(¢)}cee in E together with evaluation
maps

p: Pleer, ..o cp) X X(er) x - x X(cp) — X(c)
satisfying appropriate associativity, unit and equivariance conditions, see e.g. [BMO7, Definition 1.2]. The
category of P-algebras in E is denoted Algg(P).

A.1. Operad for cyclic operads. The operad for cyclic operads is an N-colored operad C which we briefly
describe below.

Definition A.2. Let (T, )\, ¢) be an ordered, labeled tree. For a vertex v € V(T') with arity |nb(v)| = m
and an ordered, labeled tree T” with |0(T")| = m, the substitution T e, T’ is obtained by removing the vertex
v from T and identifying the neighborhood v with the boundary of T".

Unless otherwise specified, we will require that all of our tree substitutions respect the labeling. To make
this precise requires introducing a bit of notion, but one can find this explained in full detail (with examples)
for rooted trees in [BBCL " 22]. The following definition is adapted from [Luk10, Section 1.6.3], but see also
[DCH22, Appendix A].
Definition A.3. The operad of cyclic operads C is the N—colored operad, for which

C(n;mh s 7mk)

is the discrete space whose elements are strict isomorphism classes of labeled, ordered trees (T, A, ¢) where T
is a tree with |V (T")| = k vertices and |0(T')| = n together with bijections

A {l,...,k} - V(T) and ¢:{0,1,...,n—1} = 90(T),
such that the vertex A(7) has arity m; for each 1 < ¢ < k. The composition operation

C(n;ml,...,mk) XC(mi;bl,...,bl) L) C(n;mh...,bl,...,bl,...,mk)

(T, N0, (T N, ) (T, X, €) 0, (T', N, 0))

is induced by tree substitution that is compatible with the labeling (8). The unit for this composition, for
the color n, is the element of C(n;n) represented by the n-star %, equipped with the canonical left-right
labeling. The symmetric group X acts on (7', A, ¢) € C(n;mq,...,my) by precomposition on the labeling A
of the vertices V(T).

FIGURE 8. For trees (T, A\, ¢) with A\ : {1} —» V(T), £:{0,1,...,5} — 9(T) and (T, N, ?)
with X : {1} — V(T"), ¢’ : {0,1,...,4} — O(T"), their composition in arity 4 is given by
(T, 0) og (T", N, ') = (T oy T/, \", £"), with X" : {1,2} — V(T o4 T"), £" : {0,1,...,8} —
O(T oy T).

Lemma A.4. The category of algebras over the coloured operad C is isomorphic to the category of cyclic
operads, i.e.

Algg(C) = Cyc(E).
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A.2. Operads and cyclic operads. One can define the operad for operads, O (e.g. [BM07, Example 1.56],
[BBCL™22, Definition 2.9]), as a sub-operad of C. Suppose that T is a genus zero ordered graph with at
least one boundary element. Then, by virtue of our trees being planar, we can define a unique edge flow in
the direction of the first element of 9(T), and call such an element the root of the tree T. This allows us
to define a partial order on the edges of T' in which the root is the minimal element. Using this order, we
define the root of a vertex as the element of nb(v) closest to the root of the tree 7. We call such a graph a
rooted tree when, for each v, the root of v is also the minimal element of nb(v).

Lemma A.5. Let O be the N-coloured sub-operad of C whose operations are spanned by the rooted trees.
Then the category of O-algebras in E is isomorphic to the category of operads in E,

Algg(0) = Op(E).
The inclusion of operads u : O — C induces a Quillen adjunction

(A1) Op(E) —— Cyc(E).

The left adjoint w; : Op(E) — Cyc(E) is the “cyclic envelope” of an operad. Full details on the Quillen
adjunction (in this form) can be found in [DCH22]. An explicit description of the left adjoint can be found
in [DCH21, Section 3.1] or [Warl9, Section 9.
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