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Résumé

Dans cette these nous nous intéressons a I’étude des solutions ensemblistes de ’équation de
Yang—Baxter. Le point de départ de notre approche sont les travaux de Patrick Dehornoy;,
qui a établi des paralleles entre les groupes de structures des solutions et la théorie des
groupes d’Artin—Tits. Nous étudions donc les groupes des structures d’un point de vue de
la théorie de Garside, a travers des représentations monomiales, dans le but d’améliorer
la compréhension des solutions pour amener a leur éventuelle classification. Dans ce sens,
nous étudions les bornes et les valeurs d'une constante définie par Dehornoy pour chaque
solution. Nous nous intéressons ensuite a l'irréductibilité des représentations monomiales
de ces solutions. Enfin, nous construisons et étudions des algebres de Hecke pour les
solutions, en soulignant les points communs et les différences avec la théorie connue des
algebre de Hecke pour les groupes d’Artin—Tits.

Abstract

In this thesis we are interested in set-theoretical solutions to the Yang—Baxter equation.
The starting point of our approach is the work of Patrick Dehornoy, who established
parallels between the structure groups of solutions and the theory of Artin—Tits groups.
We thus study the structure groups from a Garside theory perspective, through monomial
representations, with the aim of improving our understanding of solutions and eventually
classifying them. In this sense, we study the bounds and values of a constant defined
by Dehornoy for each solution. We then focus on the irreducibility of the monomial
representations of these solutions. Finally, we construct and study Hecke algebras for
solutions, highlighting the similarities and differences with the known theory of Hecke
algebra for Artin—Tits groups.
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Nomenclature

1% The empty set

N Monoid of non-negative integers

Z Group of integers

Q Field of fractions of integers

R Field of real numbers

C Field of complex numbers

(S| R) Group generated by S up to the relations R
G/H Quotient of a group G by a normal subgroup H
G Symmetric group on n elements

M, (R) Group of square matrices of size n over a ring R
GL,(R) Group of invertible square matrices of size n over a ring R
Tr(A) Trace of a matrix A

R[G] Algebra of a group G over a ring R

R[X] Ring of polynomials in X over ring R

R[X#!] Ring of Laurent series in X over a ring R

K(X) Field of rational functions over a field K

X xY Direct product of sets

N ®r M Tensor product of R-modules

rad(A) Radical of an algebra



a divides b in N

Least common multiple of the positive integers a;
Greatest common divisor of the positive integers a;
Set of primes dividing an integer

p-valuation of an integer

Characteristic of a field K



Introduction

Coxeter groups

Artin—Tits groups and Coxeter groups

Braids group were first introduced and studied by E. Artin in [Art25]. They are better
seen diagrammatically: a n-braid is a set of n strands which can cross over and under, up
to ambient isotopy (moving the strands without crossing them). The operation on two
n-braids is then given by just stacking the first one on top of the other.

\» o V =
Figure 1: Example on 3-braids
Then, in [Art47, Theorem 16| a presentation of the n-braid group B, is given as

0;0i4+103 = 0441030441
0,05 = 0,0, if |Z —j| Z 2

Bn = <0-1a"'70-7§—1

where o; corresponds to a "positive' exchange of the i-th and ¢ + 1-th strands, the com-
mutativity relation o;0; = o;0; holds for strands far enough, and the so-called "braid

relation" holds for close strands.



»
>

Figure 2: A generator of Bg

S

>

b) Braid relation

Far commutativity relation

J
-
\

(c) Inverse relation

Figure 3: The relations of B,

For any braid, looking at the final position of each strand (from top to bottom) yields a
morphism from B,, to the symmetric group &,,. This surjection amounts to adding to B,,
the relation o2 for all ;. For instance the generator o; is associated to the transposition
(1 i+1).

Those groups were then generalized by J. Tits in [Tit66] to what are now called Artin—
Tits groups as follows: consider a set S and for any s # ¢ in S take a number m,; in
Nso U {oo} with mg; = my s, the group is then defined by the presentation

A= (S|stst...=tsts...,Vs#t €S when ms; # 00).

The associated Coxeter group W is then defined by adding to the presentation the
relations s? = 1 for all s in S. The couple (W, S) is usually called a Coxeter system. For
_ 3, if li—j]=1
example, the braid groups correspond to the case mg, ,; = ]

2, otherwise
A Coxeter system (W, S) can be represented by a so-called Dynkyn diagram as follows:
each vertex is a generator, and each edge between vertices s; and s; is labeled by my, 5.,
where for simplicity m = 2 is represented as no edge and m = 3 is represented as an
unlabeled edge. So the Coxeter group associated to S = {s1, s2, s3} with ms, 5, = 3 and
Mg, 55 = Mgy 5 = 2 1S

2 2 2
<S1, 52, 83 | S1 = 89 = S3 = 1, 515981 = 595152, 5153 = 5351, 5253 = 8382>
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and corresponds to the diagram
o—0 o

A Coxeter group is called irreducible when its Dynkyn diagram is connected. Finite
irreducible Coxeter groups have been classified in [Cox35, Theorem f]. This classification
involves 4 infinite families (among which the braid groups) and 6 exceptional groups. We
present the classification in the following Figure 4, where the parameters of the infinite
families A, B, D, I, correspond to the number of vertices.

Name Diagram
A, (n>1) oo oo
B,=C, (n>2) — o o 6" e
D, (n>4) o—o
o
Eg
o @ @ @ @
o
Er
e @ @ @ @ @
o
Eg
e @ @ @ @ @ @
£y e @ 1 @ @
GZ .i.
H2 .i.
Hy .—Qi.
Hy o o o o
L(p) (p>7) .i.

Figure 4: Classification of finite irreducible Coxeter groups

For the particular cases of finite Coxeter groups, and their associated Artin groups
which are called of spherical type, many properties are known, which will be the point of
the next subsection of their Garside theory, as most of those properties can be deduced
from the existence of a longest element ([Deh+15; DP99]). One easy thing to observe,
which relates to the geometric origin of these groups is their geometric representation as
reflection groups [Bou07; Tit74]:

Let S be a finite Coxeter system with finite Coxeter group W. Consider the finite
dimensional vector space V = R with basis (e,)scs. We define a symmetric bilinear

9



form on V' by setting

o),

ms,t

Bles, er) = — cos(
and then for each s in S we define a reflection on V' by
os(x) = x — 2B(es, v)es.

The representation p obtained from these reflections happens to be faithful, and is called
the geometric representation of a Coxeter group, allowing for a geometric approach to
Coxeter groups, via reflection groups (finite groups generated by reflections of an euclidean
space).

Explicitly, we equip the dual space V* with the contragradient action of W such that,
for all (z,y) in (V* x V), (os(x),y) = (x,04(y)), the hyperplanes M; = {z € V* |
(x,es) = 0} and their orbits by W are called walls. The cone defined by C' = {z € V* |
Vs € S, (x,es) > 0} is called the fundamental chamber and its W-orbits the chambers of
V.

(,,’/

sC
stC C

o/ y
\

stsC = tstC tC
tsC

Figure 5: Walls and chambers for Ay = &3 = (s,t | s* = 1? = 1, sts = tst)

™

In Figure 5, we chose two unit vectors (es; and e;) separated by an angle of =3
and their corresponding hyperplanes M, and M;. Then C' is the fundamental chémber,
between the positive part of these two walls. To go from C to another chamber, we can
reflect through one wall to attain sC' or tC, for our example say we chose sC. Then, one
can again do a reflection with another wall of the chamber: choosing s will result in going
back to C', will choosing t will lead to tsC. The relation sts = tst then corresponds to
the fact that stsC = tstC' obtained step-by-step (reflection-by-reflection).

Garside theory

The conjugacy problem (deciding when two words represent conjugate elements in a
group) for the braid groups was solved by Garside in [Gar69]. His approach was gen-
eralized to spherical type Artin—Tits groups, that is for which the associated Coxeter
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group is finite, by Brieskorn-Saito in [BS72] and Deligne in [Del72]. In [DP99] Dehornoy
and Paris introduced the definition of a Garside group, and many algorithmical and combi-
natorial properties were deduced from this (solution to the word and conjugacy problems,
biautomaticity, normal forms, etc.).

The fundamental aspect of this structure on Artin—Tits groups is the existence of a
longest element in the Coxeter group; for instance, for the type A, where W = &, is
generated by adjacent transpositions, the longest element is

1 2 ... n—1 n
wO_(n n—1 ... 2 1>_H"H"1'“H1

where I, = s155...5, with s; = (z 1+ 1).

This special element, when lifted to the Artin—Tits group is called a Garside element,
usually denoted A, and is seen as the least common multiple of the generators, which leads
to numerous interesting properties: it induces an automorphism (from sA = A7(s)), the
Artin-Tits group is the group of fractions of the Artin-Tits monoid (in particular the
monoid is cancellative and embeds in the group).

We say that a word in S of length r is reduced in W if it is a minimal length decompo-
sition of the element it represents ((s) is always reduced, (s, s,t) is not because sst = t).
Another fundamental property of finite Coxeter groups is the so-called Exchange lemma:
consider a reduced word (s1,...,s,) and an element s in S, then either (s,s1,...,s,) is
reduced or s;...8. = 881...8;...8, in W for some removed element s;).

In [Deh+15] a large review of current knowledge of Garside groups, and a generaliza-
tion to Garside categories is made.

Iwahori-Hecke algebras

For a given Coxeter system (W, .S) and a commutative ring R, one has the group algebra
of W but also the group algebra of the Artin—Tits groups A associated to (W,S). The
surjection A — W then extends to an algebra morphism R[A] — R[W] where R is
the chosen coefficient ring. The aim of a Iwahori-Hecke algebra ([GP00; Bou07)) is to
deform the finite-dimensional algebra R[W| = R[A]/(s* = 1) (whenever W is finite) to
retain some information of the quotient: to do so, in the generic version, a parameter
q is introduced. Consider a quotient of R[g*!][A] by deforming the relation s* = 1 <
(s—1)(s+1)=0to(s—q)(s+1) =0« s> = (¢—1)s + ¢. Thus the so-called generic
Iwahori-Hecke algebra associated to W is defined as (|[GP00])

H (W) = Rlg™ Ty € S | LI, ... = TLT;..., T2 = (¢ — V)T, +q).

Ms,t Mms,t

For instance, in the braids groups, this allows to work in something similar to R[&,,] (which
is finite) while the parameter ¢ "keeps track" of the information lost when quotienting;
this leads to the definition of some invariants of knots (which are tightly related to braids,
see [Ale23]) by Jones in [Jon87].

For this, consider the Iwahori-Hecke algebra H,, of &,, over a field with two variables

/

k(q',q") with the parameter ¢ = —%, and with the new generating family given by

5§ = —¢"s, it follows that 32 = S5 — P where S = ¢ + ¢” and P = ¢/¢”. Then, there

11



exists a unique Markov Trace over L,>1H, ([Dig]), that is a collection of linear forms
Tn: H, — R such that 7,1(5,h) = 7,(h) for all h € H,, and with s,, the last generator of
Spi1, and 71(1) = 1. The Alexander polynomial ([Ale23]) is obtained by setting ¢’ = t2
and ¢’ = —t~3, the Jones polynomial by setting ¢ = t2 and ¢" = —t2 ([Jon87]), and
their generalization the HOMFLY polynomial R[z,t] by setting S = tx and P = —t?
([Fre+85]).

Hecke algebras have a strong importance for the study of representation of algebraic
groups. Let us focus on G = GL,(F,), the general linear group of degree n over a finite
field with ¢ = p* elements. Consider the Borel subgroup B C G of upper triangular
matrices, it follows from Bruhat decomposition that G = Uyeg, BoB ([Bou07]. It was
shown by Iwahori that Endg,q(F,[G/B]) = Hn(S,) ([Iwa64]). This was then used by
Lusztig in his book [Lus16] to construct all irreducible characters of G.

Some essential properties of an Iwahori-Hecke algebra H are the following: dim H =
dim R[W] = |W/|, the generators are invertible, under a suitable extension of R the algebra
is semi-simple.

In particular, for instance over a large enough field K (such as C(,/q), [GP00]), we
have a bijection between the irreducible characters of the algebras KH = K ® H and
C[W].

The Yang—Baxter equation

A physical model

First occurrences of the Yang—Baxter equation were in physics, specifically its name comes
from the work of Yang on quantum mechanic ([Yan67]) and Baxter on statistical mechanic
([Bax72]), an extensive review of its origin and occurrences in different domains of physics
can be found in [PA06; Jim89]. We provide one example of how the equation appears:
square lattice vertex models, more specifically the 6- and 8-vertex models, the latter being
the one studied by Baxter. For details, the reader can refer to [Eck19].

First consider a square lattice, representing the crystal structure of ice (H20), where
each vertex represents an oxygen atom, and has in its neighborhood two hydrogen atoms,
leading to 6 possible local configurations as represented in the following, where the center
is the Oxygen atom and the two e represent the Hydrogen atoms.

SRS SR P S
A

A common alternative representation is with arrows to the vertex, where incoming
arrows correspond to the presence of Hydrogen. The ice rule then being that there must
be exactly 2 incoming arrows representing the two Hydrogen atoms.

12



SRS SR SR SR SO
I A

Figure 6: The six configurations of the ice-type model

This model was then generalized to the 8-vertex model, which Baxter studied, by
relaxing the ice rule to having an even number of incoming arrows to each vertex, thus
allowing two extra configurations:

IR
oo

Figure 7: The two extra configurations of the 8-vertex model

Up to arrow reversing, those configurations can be grouped in 4 groups of two in the
order they are written (I and II, III and IV, V and VI, VII and VIII), and those are named
respectively a, b, ¢ and 0.

However, it is more convenient for mathematical purposes to identify an arrow with

T=4+1=—

=1 , and we label a vertex with a, a/,v,7" in {—, +} in the
= — =<

a sign as follows: {

following way:

«

The ice rule, i.e. that every vertex has exactly two incoming edges, can be checked to
being equivalent to o +v = o' + 7.

Then, a lattice is said to be valid if it locally corresponds to one of the 8 allowed
configurations. So two configurations can be joined together when the sign where they
are joined matched (for instance, to join two configurations from left to right, 4" of the
left one must equal v of the right one).

Now, to each of the 8 configurations we can associate an energy €; (j € {I,..., VIII})
and a corresponding positive number v; = e~P¢  representing its statistical weight, where
3 is the inverse of the temperature of the system. If we have n; vertices of configuration
j € {L,..., VIIT} in a finite lattice (with the conditions above), the total energy is given

8
by € = X" nje;.
j=1

13



aq Qs q
/ /
Y11= /
Y11 3 3 V21
-~ ™ N~ —
3 3
I I
— —
— —

y S S .
12 E—— Vo2
Y12 = Y22
12 12

Figure 8: Conditions for a valid 2 x 2 lattice

The main interest, the partition function, is then defined as a sum over valid lattices

= Z e P,

valid lattices

For a given configuration, we denote R% (v, ') both the configuration itself and the as-
sociated statistical weight, as the context will be clear to determine which one is involved.

Then, two vertex configurations R (7,7;) and RS (72,7%) can be put next to each other,
say left to right (resp. top to bottom), if 7] = 742 (resp. a3 = «j). If we consider the
statistical weight of a row with N configurations, with the cylindrical condition v, = v},
we find it is equal to

Tapey = . RO(n,%)R2 (v, 7s) RN (v, m)-

Yy YN=E

which only depends on () = (ay,...,ay) and (o) = (af, ..., d)y).

As Rg/ (7i,7%) is the statistical weight of a local configuration, we have that the statis-
tical weight of a row is given by Rgl} (71,72) -+ Rg;@ (Yw,71). Thus Ty (o is the partition
function of a single row.

We then put each of the weights T{4) (o) inside a 2% x 2V matrix with row (resp.
columns) indexed by the possible values of vy, ..., ay (resp. with primes), denoted T" and
called the transfer matrix.

Then, if we stack M rows on top of each other with the compatibility conditions and
the toroidal condition o = aj;, we obtain obtain another expression for the partition
function as

Z= >

(1), (anr)

Tlan),(a2) T(az)(as) - - - L(an),(ar)-

This expression of Z is also exactly the trace of T™. Thus, to understand Z, we can try
to find the eigenvalues of T'.

In the most general case, there is 16 possible configurations (two states for each edge),
and some have been studied (we still refer to [Eck19] for more details and references).

14



This leads to the definition of the R-matrix, a 4 x 4 matrix with coefficients R (v,7'),
where the rows (resp. columns) are indexed by (a,7) (resp. with primes) in the order
1=(++),2=(+,-),3=(—,4) and 4 = (—,—). For the 8-vertex model considered
by Baxter, by assuming all the symmetries by arrows reversal (for instance identifying
I=R; ((+,+) and II= R__(—, —)), the R-matrix is given by

RSU =

o O O a
O o o O
O QO n O
a O O o

and for the 6-vertex model of ice, we add that 9 = 0. To highlight the symmetries

of such a matrix, it is common and convenient to make use of the Pauli matrices (and

adding the identity) to write Rg, = Z?Zl w;o; ® o;, where the coefficients w; can be

deduced by solving an easy linear system of 4 equations (their values do not matter for
4

this explanation); and in general we write R = 3 wy;0; ® 0; by solving a linear system

i,7=1
of 16 equations.

01 0 — 1 0 10

Figure 9: The 3 Pauli matrices and the identity

For the 6-vertex model, the diagonalization was obtained using the "Bethe ansatz',
but this method cannot be extended to the 8-vertex model (see [Eck19; Bax85]) and
Baxter had to introduce a new approach, which leads to one of the first occurrences of
the Yang—Baxter equation. Baxter’s idea, extracted from Bethe ansatz, is to study the
commutativity of transfer matrices: that is, given any two sets of Boltzmann weights v;
and v} for a N x M lattice, understanding when their respective transfer matrices 7" and
T" commute. He showed how, under the assumption of their commutativity (and some
extra others), any transfer matrix can be diagonalized. This method can be applied in
a more general context, although then solving the Yang—Baxter equation is not always
possible:

Now consider the so-called monodrony matrix, obtained like the transfer matrix of a
row but without the cylindrical conditions:

T =Tap (1Y) =Y R, 72)RE(2:7s) - RSN (v, 7)

’727""’YN::|:

and regarded as a 2 x 2 matrix with coefficients the four 2V x 2% matrices 7 (v,v'). The
transfer matrix can then be re-obtained as T'= Tr(7) = T (+,4+) + T (—, —) (the other
two coefficients don’t satisfy the toroidal conditions). This monodrony matrix, although
it looks more complicated than the transfer matrix, admits a nice "local description":
4
Recall that the 4 x 4 R-matrix can be expressed as R = ) w;jo; ® o; using the
ij=1

Pauli matrices. For all 1 < n < N, we define the 2V*! x 2¥+! [_operator by L, =

15



N

4
> wio; @ a](n), where o](-n) =LRLE® - ® 0; ®I,® -+ ® I,. These matrices can be
1,5=1 ~~

seen as a local version of the R-matrix, and onencan show that 7 = L1Ly ... Ly.

Now the commutativity of 7" = Tr(7) and 7" = Tr(7") can be obtained from the
existence of an invertible 4 x 4 matrix M such that M(T @ T') = (T' ® T)M; indeed,
we would have TT" = Te(T)Te(T") = Te(T @ T) = Tt (M YT @ T)M) =Tr(T" @ T) =
Tr(T")Tr(T) = T'T. From examples, it is expected that in fact M can be obtained from
another R-matrix, say R” for a third set of Boltzmann weights v7, by taking

M=R'=PR'=

o O O
O = O O
o O = O
— o O O

The equation R(T&T) =(T"® T)R" can be written locally as R'(L,® L) = (L, ®
L,)R" or with R-matrices R"(R® R') = (R’ ® R)R". Explicitly, if we denote for clarity
R = R(w),R' = R(w') and R" = R(w"), this expands as

> RU( ")) R () ()R (8, 8) (w") =

1 1! 1
o By

> R, 8) (W )RE (v,9") ()R (7 A) (w).

1 1! 1
o/ By

Going back to the 8 (or 6) vertex case, each R-matrix can be seen as an operator
VeV = VeV whee V = (1 C) @ (— C), and if instead we consider the operator
R;i:VVeV—-VeVV,the equation R"(R® R') = (R ® R)R" can be rewritten
as

/! / / /!
RiyRi3Ry3 = RyzRis Ry,

It can moreover be shown that, in those the 6-vertex case, this equation can be simplified
by the introduction of "spectral parameters" u, us and ug as

Rlz(ul - Uz)R13(U1 - U3)Rz3(u2 - U3) = R23(U2 - U3)R13(U1 - Us)Rlz(Ul - U2)

where the 3 original R-matrices have been reparameterized as operators (aC & ’y(C)®2 —
(’Ca~ (C)®2. Forgetting the parameters, we arrive at the "quantum Yang—Baxter equa-
tion" R12R13R23 = R23R13R12; if we define 7: V® -V X \% by T(Z‘ X y) =Yy X x, then R
is a solution of the quantum Yang-Baxter equation if and only if 7R is a solution of the
"Yang-Baxter equation” Ry Ro3R1s = Ro3Ri2Ro3 (often also written Ry RyRy = RoRy Ra,
resembling the braid equation).

For the 8 vertex case, the solution was obtained by Baxter. In general, a solution does
not necessarily exist. This is for instance the case of the 16-vertex model ([Eck19]). Thus,
it is enough to find solutions to the Yang-Baxter equation (in its appropriate form) to
obtain the partition function of the model, but this problem is in general very difficult.
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The mathematical approach

In 1992 Drinfeld ([Dri92]) posed the question of classifying the "easier" case of set-
theoretical solutions to the (quantum) Yang—Baxter equation, that is when considering
R-matrices that leave invariant a basis of the vector space V. Explicitly, they are given
by pairs (X, r) where X is a set, r: X x X — X x X a bijection satisfying rirory = rorire
where r; acts on the ¢ and ¢ + 1 component of X x X x X. In [ESS99], the authors
propose to study solutions which are involutive (r? = idxxy) and non-degenerate (if
r(z,y) = (A:(y), py(z)) then for any z € X, A\, and p, are bijective), we will simply call
those "solutions".

Figure 10: Representation of properties of solutions

Since then, many advances have been made on this question and objects introduced:
structure group ([ESS99]), I-structure (|[GV98]), etc. Many equivalent objects are known,
but in particular here we are interested in cycle sets, introduced by Rump ([Rum05]).
Dehornoy ([Deh15]) then studied the structure group (from cycle sets) seen from a Garside
perspective (divisibility, word problem, ...),

In particular, Dehornoy defined an integer associated to a solution, which we call
Dehornoy’s class and usually denote d, which is to put in parallel to the number 2 for
spherical Artin-Tits groups whose Coxeter groups are defined by quotienting by s? = 1
for all generators s. In this sense, quotienting the structure group by a sort of "twisted
d-th power" of every generator yields a quotient, called a germ, playing a role similar to
Coxeter groups.

Moreover, Dehornoy introduced a faithful representation of the structure group, and
this representation specializes to a faithful representation of the germ. This representa-
tion of the structure group involves monomial matrices (where each row and column has
a unique non-zero coefficient), allowing for the easy computer implementation of algorith-
mical tools to study the germ (a finite matrix group).

Thesis’ content

The principal idea of this Thesis is to follow on Dehornoy’s 2015 article ([Deh15]), where
he studied structure group of set-theoretical solutions to the Yang—Baxter equation with
technics coming from Artin—Tits groups and Coxeter groups. Most importantly, he con-
structed a quotient of the structure group that plays a role similar to the one finite
Coxeter groups play for their associated Artin—Tits group of spherical type. In this sense,
we will try to provide a better understanding of this "Coxeter-like" quotient, as well as
highlighting the similarities and differences with finite Coxeter groups.
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In the first section of this thesis, we will introduce the basic objects that we will
study: set-theoretical solutions, cycle sets, braces. Our main interest will be a monomial
representation introduced by Dehornoy, which we will use as a way to give a combinatorial
and algorithmical approach to well-known results, such as the I-structure. We also explicit
the equivalences between Dehornoy’s calculus, brace theory and our monomial matrix
approach.

The second section has three interests: Firstly, we answer a question of Dehornoy’s on
retrieving the Garside structure without a theorem of Rump, and then retrieving Rump’s
theorem. Both the Garside structure and Rump’s theorem are obtained independently
just using the I-structure. We then focus on Dehornoy’s construction of the Coxeter-like
groups, obtained from associating an integer (Dehornoy’s class) to every solution. On the
one hand, we focus on bounding the integer, with conjectures and partial results. On
the other hand, we study a way to decompose the Coxeter-like group as a Zappa—Szép
product of its Sylows, with the aim to try to reduce the classification problem to more
"elementary’ solutions (those were Dehornoy’s class is a power of a prime). The main
statements of this section are the followings conjecture and theorem, where we call a
"finite involutive non-degenerate solution of the Yang-Baxter equation' just a "solution".

Conjecture (2.4.0.8). Let (X,r) be a solution of size n. Then the Dehornoy class d
of (X,r) is bounded above by the “mazximum of different products of partitions of n into
distinct parts” and the bound is minimal, i.e.

4 < max ({Hn

i=1

kEN,1§n1<-~~<nk,n1+-'~+nk:n}>.

In Proposition 2.4.0.9, we prove the conjecture in a particular case: when (X,r) is
square-free (i.e. r(z,x) = (z,x) for all x in X) and has abelian permutation group.

Theorem (2.5.0.13). Any solution can be constructed from the Zappa—Szép product of the
germs of solutions whose Dehornoy classes are powers of primes.

Taking decomposability into account (writing a solution as union of solutions), one
can consider that some "basic" cycle sets are the ones whose size and Dehornoy’s class are
powers of the same prime.

In the third section, we study the relation between the indecomposability of a solution
and the irreducibility of the monomial representations defined by Dehornoy. To avoid
a problem on particular values of Dehornoy’s class, we study a larger germ obtained by
considering a multiple of Dehornoy class ld and call it the [-germ. Moreover, we show that
the monomial representations of indecomposable cycle sets are induced by a character of
an explicit subgroup (the stabilizer of any element of X'). The main result is the following:

Theorem (Proposition 3.1.0.1). Consider a integer | > 1 and let (X,r) be a solution.
Then the following are equivalent:

(i) (X,r) is indecomposable
(i) The monomial representation of the structure group of (X,r) is irreducible

(iii) The monomial representation of the l-germ of (X,r) is irreducible
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For [ = 1, we show (Theorem 3.2.0.7) that if (X, r) is indecomposable and d & {2,6}
then the monomial representation of the germ is irreducible.

In the fourth section, we define and study Hecke algebras for structure groups of
solutions, still in parallel to finite Coxeter groups. The general definition, although less
easy to manipulate than the Coxeter one, allows for many parameters: for instance, we
are not limited by quadratic relations. Moreover, our definition happens to be slightly
different from the generic Iwahori-Hecke approach to Coxeter groups. We explain why this
difference occurs and where our definition comes from. We then study some properties of
this Hecke algebra of solutions. As in the third section, our approach involves the [-germ
of a solution (with [ > 1), obtained by taking a multiple of Dehornoy’s class.

We summarize the results in the following example:

Example (Example 4.2.0.11). Let (X,r) be the solution where X = {z1,...,z,} and
r(zi,x;) = (zj41,%i—1) where the indices are taken modulo n. This solution has De-
hornoy’s class d = n. Denote G the structure group of (X,r) and Gy its germ associated

to 2n (two times Dehornoy’s class). Then, for any integral domain R, define the following
R[q¢*']-algebra:

#= BN ((o) = (g - 1) -l g1 i <)
[n]

where x;" = T;Tij11 - Tizn—1 with indices taken modulo n.
Then the followings hold:

e (Theorem 4.2.0.8) H is a free R[g*]-module with basis indexed by G. In particular,
H has rank (2n)".

e (Corollary 4.3.0.4) If T, denotes the generator of H associated to an element g of
Gy, then T, is invertible.

e (Theorem 4.5.0.5) The anti-involution R[q*'] — R[q*'] that sends q to ¢~ extends
to a well-defined anti-involution of H that sends T, to T;l for any g € Gs.

e (Corollary 4.4.0.11) If R = C then C(q) ® H is semi-simple, and there is bijection
between the irreducible characters of C(q) ® H and the irreducible characters of
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CHAPTER 1

Set-theoretical solutions to the Yang—Baxter equation

The goal of this section is to introduce the different approaches to study set-theoretical
solutions to the Yang—Baxter equation, and also to retrieve well known results about their
structure groups.

More precisely, we will define the objects to be studied: set-theoretical solutions to the
Yang-Baxter equation ([Dri92; ESS99]), cycle sets ([Rum05; Deh15]) and braces ([Rum07;
Ced18]). One of our main objects for this thesis is the monomial representation of struc-
ture groups introduced by Dehornoy ([Deh15]), which he obtained after retrieving the
I-structure. We instead start from the representation to retrieve the I-structure, and will
use this approach in the next Section (Section 2) to answer a question of Dehornoy. We
also use the monomial representation to encompass both Dehornoy’s calculus and Brace
theory.

As the fact that structure groups are braces follows from the I-structure, we will start
without the brace structure. Thus the plan for this section is the following: define our
main objects, introduce Dehornoy’s calculus, use a monomial representation to under-
stand Dehornoy’s calculus and deduce the I-structure, finally define braces and give their
correspondance in terms of Dehornoy’s calculus.

1.1 Yang—Baxter equation

As mentioned in the introduction, the Yang—Baxter equation (usually shortened YBE)
is a fundamental equation on linear maps occurring in many topics in physics. In 1992,
Drinfeld posed the question of restricting to linear maps that stabilize a basis, thus trying
to find "set-theoretical solutions". This problem have been shown to be very difficult and
many different approaches have been made, for which we will try to give an overview.
A seminal paper by Etingof, Schedler and Solovier ([ESS99]), restricting to particular
cases of such solutions and defining some group structures, allowed for many advances

leading to some results in classification for special cases (see for instance [DPT24; CJO22;
CPR20)).
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Chapter 1. Set-theoretical solutions to the Yang—Baxter equation

Definition 1.1.0.1 ([Dri92]). A set-theoretical solution to the Yang-Bazter equation is a
couple (X, r) with X a set andr: X x X — X x X a bijection such that, on X x X x X
we have

rirory = oo

where 1y = (r X id) and ro = (id X ).

The main example that was known by Drinfeld, which he attributed to Lyubashenko
is the following:

Example 1.1.0.2. Let X be a set, and consider two maps f,g: X — X. Then r: X X
X — X x X defined by r(x,y) = (f(y), g(z)) is a solution if and only if fg = gf. Indeed,
we have, for any x,y,z € X,

r1r2r1($,y,2) = T1T2(f<y>,g($), Z) = 7“1(f(y)7 f(z),gQ(x)) = (f2<Z)7g(f(y)),92(l‘))

and

rorira(x,y, 2) = ror(, f(2), 9(y) = r2(f2(2), 9(2), 9()) = (f*(2). F9()), ¢*(2)).

Which are equal if and only if f(g(y)) = g(f(y)) for all y in X.

Figure 1.1: Graphical representation of the YBE

Finding all solutions of a given size is a very difficult problems, as a very naive and
inefficient approach would try, for set-theoretical solutions of size |X| = n, all (n?)! pos-
sibilities. But having a better understanding of the behaviour of set-theoretical solutions
would certainly help progress on the more general case in physics where we instead study
couples (V, R) where V' is a vector space and R: V ® V — V ® V is a linear map.

Definition 1.1.0.3. A morphism of solutions (X,r) — (Y,s) is a map f: X =Y such
that (f x f)r = s(f x f). If such a map is bijective, then we say that it is an isomorphism
of solutions.

Example 1.1.0.4. Given any solution (X,r) with | X| = n, for any permutation o € &x
the solution defined by (X,r,) where 1o, = (0 x o)r(c™! x o7) is (possibly trivially)
isomorphic to (X,r). Indeed, if we take f = o, then we have

re(cx o) = (o xo)r(c™' x o7 (o x ) = (0 x o)r.
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1.1. Yang-Baxter equation

Drinfeld originally mentioned the restriction to involutive solutions, that is when % =
idx» x, which greatly simplifies the problem. Indeed, if we write r(z,y) = (0.(y), 7(2)),
the involutivity is equivalent to o, (y) = T %z) (y), meaning that only "one side" of the map r
defines the solution. Moreover, Etingof-Schedler—Soloviev ([ESS99]) proposed to restrict
to non-degenerate solutions: when o, and 7, are bijective maps for all z in X. If only one
of those is required to be bijective, the solution is called left non-degenerate if it’s o, that
is bijective, and right non-degenerate if it’s 7,. Rump showed that, for finite involutive
solutions, left and right non-degeneracy are equivalent ([Rum05, Theorem 2]), and we
provide an alternative proof of this fact and its implications in Section 2.3 (answering a
question of Dehornoy in [Dehl17, Questions Slide 18] to re-obtain his results of [Deh15]
without Rump’s theorem).

Problem 1.1.0.5 ([Dri92, Theorem 9]). Classify all (finite) set-theoretical solutions to
the Yang—Bazter equation (up to isomorphism,).
What about involutive? Non-degenerate? Both?

All involutive non-degenerate solutions of size up to 8 were first obtained in [ESS99],
and then [AMV22] improved the classification up to size 10.

To approach this question, the notion of a structure group was introduced to try to
shift the problem from combinatorics to algebra.

Definition 1.1.0.6 ([ESS99]). If (X,r) is a solution we define its structure group (resp.
monoid) by the presentation

(X | zy = 2"y where r(z,y) = (2, y)).
Example 1.1.0.7. The trivial solution ({a,b},r(z,y) = (y,x)) has structure group given
by (a,b | ab = ba) ~ Z2.

The solution ({a,b},r(z,y) = (o(y),o(x)) where o exchanges a and b, explicitly given
r(a,b) = (a,b), r(a,a)=(b,b)
r(b,a) = (b,a), r(bb) = (a,a)

Those are the only two solutions of size 2 that are involutive and non-degenerate, as

the identity of X? is degenerate (r(x,y) = (x,y) implies o,y = x).

, has structure group {(a,b | a®> = b%).

Many properties and constructions have been obtained for the structure group (see
for instance [ESS99; Rum07; Chol0; GV98]), and we aim here to retrieve some of them
with combinatorial and algorithmical technics inspired by [Deh15].

From now on, we will say "a solution" to mean a finite non-degenerate involutive
set-theoretical solution of the Yang—Baxter equation.

Remark 1.1.0.8. In the mathematical literature, the Quantum Yang—Baxter equation
(QYBE) also appears ([Yan67; ESS99]), and is used almost interchangeably with the
classical case. This equation can be written as

12713723 = T'237137"12

where r;; acts on the i and j components of X x X x X.

It is easily seen that one can go from a classical to a quantum solution by composing
with the flip T(x,y) = (y,z), and vice versa, that is: r is a solution to the YBE if and
only if Tr is a solution to the QQYBE. Moreover, this equivalence preserves finiteness,
involutivity and non-degeneracy.
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Chapter 1. Set-theoretical solutions to the Yang—Baxter equation

1.2 Cycle sets

Rump introduced in [Rumo05] a new object, which he calls cycle sets (and Dehornoy will
call "Right-cyclic system") to study solutions. These have the advantage of having a "sim-
pler" and shorter condition compared to the one obtained by expanding the Yang—Baxter
equation with r(x,y) = (0,(y), 7y(x)) which is quite heavy. The unique condition defining
a cycle set comes from, first using that r is involutive to relate o, (y) and 7,(x), then using
clever changes of variables to reduce the 3 conditions to 1 (see [Rum05; Bha+21]).

Definition 1.2.0.1 ([Rum05]). A cycle set is a set S endowed with a binary operation
x: S XS — S such that for all s in S the map ¥(s): t — sxt is bijective and for all s,t,u
n S:

(s*t)*(sxu)=(t*xs)x(t*u). (1.1)

When S is finite of size n, ¥(s) can be identified with a permutation in S,,.
If the diagonal map is the identity (i.e. for alls € S, sxs =s), S is called square-free.

Analogously to set-theoretical solutions, we have a notion of morphism:

Definition 1.2.0.2. A morphism of cycle sets (S,*) — (T,%) is a map f: S — T such
that, for any sy, sz in S, f(s1 % s2) = f(s1) * f(s2).

From now, and all along this thesis, we fix a cycle set (.5, *).
As for solutions, we associate to a cycle set a structure group, and a structure monoid,
with quadratic relations as follows:

Definition 1.2.0.3 ([RumO5]). The group Ggs associated with (S, %) is defined by the
presentation:
Gs = (S |s(sxt)=t(txs), Vs£teS). (1.2)

and called the structure group associated to (S,x*). Similarly, we define the structure
monoid Mg associated to (S, ) by the presentation:

Mg := (S |s(sxt)=t(txs), Vs £t € S)".
They will be called the structure group (resp. monoid) of S.

Example 1.2.0.4. Let S = {s1,...,8,}, 0 = (12...n) € &,. The operation s;%s; = S4(;)
makes S into a cycle set, as for all s,t in S we have (sxt)*(s%s;) = 5,2y = (t*5)*(txs;).
The structure group of S then has generators si, ..., s, and relations s;5,(j) = $j54(
(which is trivial fori = j).
In particular, for n = 2 we find G = (s,t | s* = t?).

When the context is clear, we will write G (resp. M) for Gg (resp. Mg), and call it
the structure group associated to S (omitting the x).
We also assume S to be finite and fix an enumeration S = {s1,..., s, }.

Remark 1.2.0.5. By the definition of ¢: S — &,, we have that s; * s; = Sy(s,)(j)- For
simplicity we will also write sys,)j) as ¥(s;)(s;), by the identification between &, and
Ss.
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1.3. Dehornoy’s calculus

Obviously, the interest of this object is that it provides an alternative definition of a
solution:

Theorem 1.2.0.6 ([Rum05]). There is a bijective correspondence between finite cycle sets
and finite involutive left non-degenerate solutions.
Moreover, this correspondence respects the definition of both structure groups.

Remark 1.2.0.7. The proof relies in a series of clever change of variables, which Rump
does not do in full details: the Yang—Bazter equation involves three identities, and he
focuses on one, only mentioning that the last two are equivalent, which in fact requires a
bit of work. A complete proof of this statement can be found in [Bha+21, Theorem 3.2.2].

1.3 Dehornoy’s calculus

Recall that we fixed (5, *) a finite cycle set of size n with structure monoid (resp. group)
M (resp. G).

In the following, we introduce the basics of Dehornoy’s Calculus, which will be easily
understood in section 1.5 by directly looking at the representation introduced in the same
paper [Deh15]. We then use the representation to retrieve the well-known I-structure of
the structure monoid ([GV98]). The goal of this approach is to provide a combinatorial
and algorithmical way to work on words in the structure monoid by deriving relations
from the quadratic relations defining the monoid.

Although all these results are already stated in [Dehl15], their provided proofs are
very technical, whereas using monomial matrices will greatly simplify proofs and allow
for more intuition while improving the readability (as the notations are lighter). The
representation approach, because it mixes the combinatorial techniques of Dehornoy with
some brace theory (see Section 1.6), leads to an easier computer implementation to study
structure groups.

Definition 1.3.0.1 ([Dehl15]). For a positive integer k, we define inductively the formal
expression . by Qi (x1) = x1 and

Qk(l’l, e ,l‘k) = Qk_l(ZL'l, Ce ,:L'k_l) * Qk—l(l'h c. ,xk_g,xk). (13)
We then define another formal expression 11, by:
Hk(.CL'l, Ce ,.ﬁEk) = Ql<l‘1) . QQ([Bl,(Eg) C . Qk<.’L’1, Ce 7$k)- (14)

For a cycle set S, Q(t1,...,tx) will be the evaluation in S of Q(xy,...,zx) at
(t1,...,t,) in S*. Similarly, II(ty, ..., %) will be the evaluation in Mg of II,(ty, ..., %)
with the symbol - identified with the product of elements in Mg.

Remark 1.3.0.2. For k = 1 we have Q4(t) = t and I11(t) = t. For k = 2 we have
Qa(s,t) = s+t and thus Tls(s,t) = s(s * t), which correspond to one of the term of
the quadratic relations s(s xt) = t(t x s). Then for k > 3, Il can be thought of as a
generalization of the terms of the quadratic relations and )y ; the point will be to use those
expressions to study words in the structure monoid via a "natural” way to apply relations,
and the following statements aim to highlight this.
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Chapter 1. Set-theoretical solutions to the Yang—Baxter equation

The best way to understand this calculus is to look at the Cayley graph of M :
First, the defining relations s(s xt) = t(t x s) can be written as y(s,t) = Iy(t,s), or
equivalently 1(s)Qa(s,t) = Q1(t)Qa(t, s).

IT5(s,t
Ou(t, s) 2(5:1)

Q4(2) Qo(s, 1)

Ql(S)

Figure 1.2: Defining relations in the Cayley graph

One of the goal of Dehornoy’s calculus is to re-obtain the I-structure, which can be
stated as the fact that the Cayley graph of M is isometric to the one of Z" ([Dehl15]),
which is a n dimensional cube lattice.

If we add a third generator u to the square above, we can then "complete” the faces of
(1,s,u) and (1,t,u).

H2(t7u)
QQ(IL,U) |
t : II5(s,t
: Os(t, s) 2(51)
Q1 (1) Qo (u, t)
L » Ia(s, u
3 QZ(“: 5) 2( )
(s Qa(s,u
1(s) (5. 1) 2(s,u)
1 g S
Qi (s)

From there, we can again complete the faces (t,1a(t,u), (s, 1)), (s, Ha(s, u), a(s,t)),
and (u,a(s,w), a(t,u)). The I-structure then corresponds to the fact that those 3 faces
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1.3. Dehornoy’s calculus

intersect at exactly one point, which is (s, t,u) = I3(t,u,s) = l3(u,t,s). And De-
hornoy’s calculus allows for a combinatorial approach to this fact.

s) _—— H!S(uﬁ S, t)

Qalu, b
- ~

. Hl‘i(tv U, S) “‘—\// T
Qs(t,u,s) Vo

1
Qi(s)

Figure 1.3: Graphical representation of Dehornoy’s calculus

This cube will be seen again in Remark 2.1.0.13 (Figure 2.1), giving its name to Cube

condition that makes M a Garside monoid.
Remark that for any s,t,u in S, Qs(s,t,u) = Qa(s,t) * Qa(s,u) = (s*t) * (s*u). By

the definition of a cycle set (Equation (1.1)), we then have Q3(s,t,u) = (s*t) * (s*xu) =
(t*s)* (txu) = Qt,s,u). The following lemma generalizes this property. And this

corresponds, in the cube of Figure 1.3, to the fact that two edges (23 that start from the

same point, are identified.
Lemma 1.3.0.3 ([Dehl5]). The element Qu(t1,...,tx) of S is invariant by permutation

of the first k — 1 entries.
Proof. For k =1 and k = 2 there is only the identity permutation and for k£ = 3 this is

precisely the condition the cycle set equation (1.1):
Q3(s,t,u) = Qa(s,1) * Qa(s,u) = (sxt) x (sxu) = (txs)x (txu) =Qs3(t,s,u).
Assume k > 4 and proceed by induction. Since the transpositions o; = (z 1+ 1) generate
S, we only have to look at o; with ¢+ < k — 2. We have, by definition,
Qk(tl, RN ,tk) = Qk—l(th Ce ,tk_l) * Qk—l(tla RN 7tk_2, tk)
If © # k — 2, By the induction hypothesis, both €2;_; occurring here are invariant by
o; as it does not affect the last term. Remains the case i = k — 2, for which we have:
27



Chapter 1. Set-theoretical solutions to the Yang—Baxter equation

Uty -ty o(r—2) top ar—1)s tr) = Qltr, o te—s, th1, to—2, i)

= Qkfl(tl, c. ,tkfg, tkfl, tk,g) * Qkfl(tl, c. ,tkfg, tkfl, tk> (Expanding)

= (Qk_z(tl, Ce ,tk_g, tk—l) * Qk_g(tl, Ce ,tk_3, tk_g)) (Expanding)
*x (Qk_g(tl, c. ,tk_g, tk—l) * Qk_2<t1, .. ,tk_g, tk))

= (Uo(ty, .. tes3,tpo) * Qeo(ty, .., tr_3,tk1)) (cycle set Equation)
ES (Qk_g(tl, Ce ,tk_g, tk_Q) * Qk_2<t1, Ce ,tk_3, tk))

= Qkfl(tl, e ,tkfg, tk,Q, tk,l) * Qkfl(tl, Ce ,tkfg, tk,Q, tk) (Collapsing)

= (t1, ... tgo, b1, tx). (Collapsing)

[

The defining relations of the monoid can be written as Ils(s,t) = Ils(¢,s), and the
next propositions generalizes this property. In particular, in Figure 1.3, this leads to the
cube "closing" , with the identification of the 3 top-right vertices.

Proposition 1.3.0.4. The element (t1,...,tx) of Mg is invariant by permutation of
the entries.

Proof. For k =1 there is nothing to prove. For k = 2 we find II5(¢1,ts) = t1(t1 * t3) which
is identified with to(tg * 1) = Il2(t9,¢1) by the defining relations of M in 1.2.

Now assume k > 3 and, as in the proof of the previous lemma; restrict to the trans-
positions g; = (z 1+ 1) with 1 <17 < k. Recall that, by definition

i (tr, ..o te) = Qu(t) - Qalty, ta) - -+ - Qelte, ..., tr).

Clearly, the first ¢ — 1 terms remain unchanged by o;. And by the previous Lemma 1.3.0.3,
for k > i+ 1 the terms €2 are invariant by ¢;. Thus we only have to look at the product:
Qi(ty, .. tim, tivr) - Qaga(tr, - timy, tiga, )

= Qi(tl, . 7ti—17 ti—l—l) . (Qz(tl, C 7ti_1, ti—l—l) * Qi(tl, Ce 7tz’—17 tl)) (Expanding)
= Qi<t1, ce 7ti—lu tz) . (Qz<t1; c. 7ti—17 t1> * Qi<t1, R 7ti—lu ti—l—l)) (Relations of M)
= Qi<t1, c. 7ti—1a tz) : Qi+1(t1, ce 7t7,’—17 ti, ti+1)- (Collapsmg)

Which shows that II is invariant by permutation of the entries. O]

Now having better understood the generalization of the relations, we will show that
any element can be seen as one those. Thus, applying relations to a word in M will be
seen as using the above properties. The idea of the following lemma is that, the Cayley
graph of M will always locally look like Figure 1.3. More precisely, if we start at any
vertex of the Cayley graph, we have the same cube up to a permutation of the labels.

Lemma 1.3.0.5. For any positive integer k, and any s,ty,...,tp in S, the map s
Qgr1(ty, ..., tx, s) is bijective.

Proof. We proceed by induction: for k£ = 1 there is nothing to prove, for k = 2 this is part
of the definition of a cycle set. So consider k£ > 2 and suppose that the property holds for
k — 1. We have

QkJrl(tl’ Ce ,tk, S) = Qk<t1, RN ,tk) * Qk<t1, RN ,tkfl,S),

by induction hypothesis s — €, 4 s is bijective, and as Qtq, ..., is an element of
S, its left action is bijective, which concludes the proof. n
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1.3. Dehornoy’s calculus

From this lemma, we can deduce that any edge of the Cayley graph (equivalently any
element of M) can be reached by taking step-by-step €2, from the origin, and this written
as a Il,.

Proposition 1.3.0.6. Let f be in M. Then there exists (ti,...,t;) in S* such that
f — Hk<t1, . e 7tk)

In the sequel, for any f € M, by a "II-expression of f" we mean choosing any (¢, ..., )
in S* such that f = Il (ty,...,t).

Proof. Take a decomposition of f as a product of elements of S
f=1tty. . 1.

Let t; = t|, because S is a cycle set, the map ¢’ — t; x ¢’ is bijective, so there exists o
such that t, = t; * ty (explicitly to = ¥(t;) 7 (), i.e.:

[ =t1(ty xt)ty ...t = Qu(t1)Qua(tr, t2)ty .. . 1, = T (ty, to)ty . . . t)..

We proceed by induction on k: suppose that we have t1,...,t,_1 such that t|...t,_, =
M1 (t1, ... te—1), ie. th = Qg(ty,...,t;) for ¢ < k. By the previous lemma the map
s+ Qp(ty,. .., tg_1, ) is bijective, so there exists t; such that

tgﬁ = Qk(tla s >tk)
By induction, this gives the existence of 1, ..., t; such that

f=Wt) . Q(ty, .. te) = Ti(ty, .o te).

Example 1.3.0.7. Take S = {s1, S, 83, S4} with

<
—
»
=
N~—
I
—
—_
DO
w
=~
N~—
=
—
Vo)
w
SN~—
I
—~
DO
I
N~—

And consider the element f = s1595354. We have ¥(s1) "1 (s2) = 51, s0 f = s1(s1%51)s354 =
Hg(Sl, 81>S3S4.

Similarly, 1(se) 1 (s3) = 54, S0 83 = 8o x 53 = (81 * 81) * 84, as P(sy) (s4) = s3, we
have s3 = (s1 % s1) * (s1 % s3) = Q3(s1, 51, 53). So f = Is(s1,$1,53)54.

Finally, for s4, we first write sy = s3 % a, then a = sy b and b = s1 * ¢ (going through
the letters of f = s1525354 from right to left), so that sy = s3 % (s2 % (s1 % ¢))). Replacing
s3, S92 and s1 by their previously found expressions gives

sqg = ((s1%51) * (51 % 83)) * ((51 % 51) * (51 x¢)) = Qu(s1, 51, 83, €).

Here we find ¢ = sy so
f =1L4(s1, 51, 53, 52).

One can also check for instance that sy = Q4(s1, $1, 83, S2) also equals Q4(s3, s1, $1, S2) and
so f= H4(53, 81, 51, 82)-
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Chapter 1. Set-theoretical solutions to the Yang—Baxter equation

1.4 Monomial matrices

In the next section, we will introduce the representation of Dehornoy from [Dehl15] that
will be used to study solutions, but first we need the basics on monomial matrices. We
recall the definition and some properties: A matrix is said to be monomial if each row
and each column has a unique non-zero coefficient. We denote by Dtonom,,(R) the set
of monomial matrices over a ring R. To a permutation ¢ € &,, we associate the per-
mutation matrix P, where the i-th row contains a 1 on the o(i)-th column, for instance

010 U1 Vs (1)
Puagzy =0 0 1]. Wethenhave P, | : [ = : and thus, if e; is the ¢-th canonical
1 00 v, Ve (n)

basis vector, P,(e;) = e,-1(;y. Moreover, for 0,7 € &, we find P,P. = P;,. It is well
known that a monomial matrix admits a unique (left) decomposition as a diagonal matrix
right-multiplied by a permutation matrix. Thus, if m is monomial, D,, will denote the
associated diagonal matrix, and P, the associated permutation matrix, i.e. m = D,, P,,,
and by ¥ (m) we will denote the permutation associated with the matrix P,,. Let D be a
diagonal matrix and P a permutation matrix. We denote the conjugate matrix PDP~!
as D, and if o is the permutation associated with P we will also write °D. The following
statements are well-known. As they will be essential throughout this paper, we state them
explicitly:

Lemma 1.4.0.1. Let D be a diagonal matriz and P a permutation matriz. Then TD is
diagonal.
Moreover, the i-th row of D is sent by conjugation to the o=1(i)-th row.

In particular, this implies that, P,D = °DP, giving a way to alternate between left
and right (unique) decomposition of monomial matrices.

Corollary 1.4.0.2. Let m and m’' be monomial matrices. Then we have the identities
Dmm’ = Dm (w(m)Dm’) and QrD(TnTn/) = w(ml) © ¢<m)

To simplify notations we will sometimes only write "Dy for YD,

0 a O 0 0 =z
As a final example, let m = [0 0 b, m' = |0 y 0|, which decomposes with
c 00 z 0 0
D,, = diag(a,b,c), D,y = diag(z,y,z) and ¥(m) = (123), ¥(m') = (13). We find
(m') o gp(m) = (13) 0 (123) = (12) and
Dm( ) = diag(a, b, ¢) liag(z, y, z) = diag(a, b, ¢)diag(y, z, z) = diag(ay, bz, cx)
0 ay O
and indeed mm’ = [bz 0 0 | = diag(ay, bz, cx)P2).
0 0 cx

1.5 The monomial representation

We can now define and study Dehornoy’s representation ([Deh15]), which will allow for
a simplification and a better understanding of his proofs. This representation is a mono-
mial representation, which will allow the use of particular techniques following from the
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1.5. The monomial representation

previous section. In particular, the fact that this representation is monomial relies on the
I-structure of the structure group ([GV98; Deh15]) and provides an alternative description
of this structure. A similar representation, one dimension higher, also appears in a work
of Chouraqui ([Cho23]).

Recall that we fix (S, ) a finite cycle set of size n with S = {s1,...,s,} and with
structure monoid (resp. group) M (resp. G).

Proposition 1.5.0.1 ([Dehl15)). Let z be an indeterminate and consider the matriz group
Monom,, (Q(2), denote Ds, = diag(1,...,z,...,1) the n X n diagonal matriz with a z on
the i-th row.

The map © defined on S by

@(Sz) = DSz‘Pw(Si) (15)

extends to a representation G — Monom,,(Q(z)) and similarly to a morphism M —
Monom,, (Q[2]).

Proof. We have to show that © respects the defining relations of G' (and M). Let s;,s;
be in S and define g = O(s;)O(s; * s;) and ¢’ = O(s;)O(s; * s;). By Corollary 1.4.0.2 we
have D, = D, QZ’(Si)l?si*sj =Dy, w(si)Dd,(si)(sj) and the latter is equal to Dy, D, by Lemma
1.4.0.1. By symmetry and commutativity of diagonal matrices, we deduce Dy, = D .

On the other hand, again by Corollary 1.4.0.2, we have ¢(g)(t) = ¢(s;*s;)ot(s;)(t) =
(si*sj) % (s; xt) for all £ € S. By symmetry and as S is a cycle set we deduce that

¥(g) = ¥(g') and so g = ¢ O
For simplicity, we will write ©(g) = Dy P, to mean ©(g) = De(g) Po(g)-

Remark 1.5.0.2. The image of G by © lies in the subgroup of Monom,,(Q(z) consisting
of matrices such that the non-zero coefficients (i.e. the diagonal part of the decomposition)
consists only of powers of z (including 2° = 1). We denote this subgroup by ¥,,. By X we
denote the submonoid of Monom,,(Q|z]) consisting of matrices whose non-zero coefficients
are non-negative powers of z only, and by D; the matriz diag(1,...,z,...,1) with a z in
the 1-th place.

Let G be the submonoid of G of positive words. As M and G have the same gen-
erators, their images in their respective representations © coincide. Thus, when working
in Monom,,(Q(z), we will not distinguish between ©(M) and O(G™). Later, we will see
that in fact G is the group of fractions of M and M = G*.

Example 1.5.0.3. Set S = {s1, 9,53} and (s;) = (123) for all i.

z 0 0y /0 1 0 0 2 0
O(s1)=10 1 0|0 0 1|=1]10 0 1
00 1/\1 0O 100
and similarly
010 010
@(82) =10 0 =z @(Sg) =0 0 1
1 00 z 00
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Chapter 1. Set-theoretical solutions to the Yang—Baxter equation

As a direct consequence of Lemma 1.4.0.1 we have the following, which will be useful
for going from left to right monomial decompositions.

Proposition 1.5.0.4. For all s,t € S:
P,Dy = "D, Py = Dyoy-10) P
In particular, P;Dyy = D, P;.

Because the representation is monomial, we are interested in the non-zero coefficient
of each row of a matrix, which will be a power of z. Moreover, as the monoid only has
quadratic relations, we can define a length on words from these powers (as each generators
contributes by one power of z).

Definition 1.5.0.5. For an element g € X, we define its "coefficient-powers tuple" cp(g)
to be the unique n-tuple of integers (c1,...,c,) such that D, = diag(z®, ..., z°).
We set £(g) =" | ¢ |.

For 0 € &, by {c1,...,cn) we denote (o), - -, Comn))-

2200 0
0 01 O

Example 1.5.0.6. If g = 00 0 then cp(g) = (2,0,—1,1) and €(g) =2+ 0+
0 20 O

1+1=4.

Proposition 1.5.0.7. For all g, h € %,, we have:

cp(gh) = ep(g) + " Vep(h). (1.6)
Moreover, if g,h € ©(M), then {(gh) = ((g) + L(h).

Proof. The first equality is a direct consequence of Corollary 1.4.0.2 applied to the rep-
resentation. The second follows from the fact that the defining relations of the structure
monoid respects the length of words. O

Set ' = ©o and II' = ©0ll the evaluation in the representation of the constructions
from Section 1.3, that is II}(t1,...,tx) = ©(I1(t1,...,tx)). The following proposition and
corollary shows how Dehornoy’s calculus works very well with the monomial representa-
tion, and how we can deduce a Pi-expression for any element in the monoid.

Proposition 1.5.0.8. Let ty,...,t; be in S, then

Dy )= Diy -+ Dy,

t1,.0tg

and

Py, t0) = Py - Pyt -
Or, equivalently for all s in S, (I (t1,. .., tk))(s) = Qpiq(tr, ..tk 5).
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1.5. The monomial representation

Proof. We proceed by induction: for r = 1, II;(¢;) = ¢; and there is nothing to prove.
Assume r > 1 and the property true for r — 1. Then, by definition we have II(ty, ..., t;) =
g1 (t1, .- te—1) - Q(tq, ..., tg). So, by the induction hypothesis

Mty t) = (Do Doy Py - Py trets)) (Do 0t Py 1,0

Note that Q) (t1,...,tx) = Q1 (1, tg1) * Q. _1(t1, ..., tk_2,tx). So by Proposition
1.5.0.4 we get

Por  tti) Do ) = Py (1t ) Dl (1t )9t ti—at)
= DQL_l(t1,~~,tk—2,tk)PQ§€_1(t17--~tk—1)'

We can then repeat this process for all the permutation matrices Po; (ty,..t5_s)s - - - » Py (1)
and get

Pory - Pay i) Dt trtn) = Do Py -+ Pay_(t,ti1)-
Thus we find
H;(tl, . e ,tk) = (Dtl oo Dtk) (PQ/l(tl) o e Pﬂk(tla---vtk)) .

As P,P, = P,,, we have ¢(IT}(t1, ..., tx))(s) = (. (t1,. .., tg)) o+ 0 () (t1))(s).
Then (2] (t1))(s) = t1 % s = Qy(t1, s), which in turns gives ¥(5(t1,t2)) o (2 (t1))(s) =
Y(Qa(t1,t2))(R2(t1, 8)) = Qalty, ta) * Qa(ty, s) = Q3(t1,t2,s). By induction, this gives the
last statement. ]

Corollary 1.5.0.9. Any tuple of non-negative integers (ci...,c,) € N™ can be realized
as the coefficient-powers tuple of a matriz in ©(Ms).

Proof. Let I = > ¢; and take the I-tuple containing ¢; times the element s;. By the

previous Proposition 1.5.0.8, we know that Il applied to this tuple gives the expected
result. O

Example 1.5.0.10. As in 1.3.0.7 take S = {s1, 9, S3, S4} with

Glsi) = (1234)  w(ss) = (24)  o(s) = (1432)  wi(se) = (13).

The tuple (2,1,1,0) can be obtained from 114(s1,s1,S3,82) = S1S28384 = f as, in the
induction of the proof of Proposition 1.5.0.8 we did:
Py Py, Py, Dy, = Py Py, Dyysy)-1(s) Psy = Py Dop(sn)10y(s5) 1 (s4) Pss Pss
= Dw(sl)flow(sz)*low(%)*l(34)Psl Pszpss

to obtain the last sy in T14(s1, $1, S3, S2).
Computing ¥(s1) P ot (sg) "t ot)(s3) 1 (s4) = so precisely retrieves the Example 1.3.0.7.

Corollary 1.5.0.11. Any f € M is uniquely determined by Deyy).

Moreover, this diagonal part can be read as the entries when taking a Il-expression
of f, i.e. if Doy = D§t--- D3 then f = Ilg4qan(S1,- -, 81,- -, Sny - -, Sn) where s;
occurs a; times.
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Chapter 1. Set-theoretical solutions to the Yang—Baxter equation

From Proposition 1.5.0.8 the diagonal part is determined by the entries of a II-
expression, which is invariant by permutations of those entries by Proposition 1.3.0.4.
This implies that the representation © is injective when restricted to the monoid.

Proof. This follows from the previous proposition and Proposition 1.3.0.6. Take O(f) =
Dy Py € M with Dy = Dg! ... D¢k, By Proposition 1.3.0.6 there exist ty,...,t; € S such
that f = Ii(t1,...,tx). By Proposition 1.5.0.8, we have Dg(yy = Dy, ... Dy, , this gives
the second statement. By the unicity of the monomial decomposition, we must have a;
times s; in the tuple (¢1, ..., ;) and by Proposition 1.3.0.4 the orders of the ¢;’s does not
matter.

Thus if g € M is such that Dg) = Deg(), by the same argument we must have

g=Mp(t1,... . te) = f. O

Denote ©,, (resp. D;") the subset of diagonal matrices of 3, (resp. ;). We have an
obvious inclusion ©; — D,,, and a faithful representation N* = D
We now focus on extending the results from the structure monoid to the structure

group:

Corollary 1.5.0.12. The natural morphism M — G sending each generator s; € M to
s; € G is injective.

~

Proof. We have shown that there is a (set) bijection II: N* = M. Then we have the
following commutative diagram:

N' —= M G
- J
of On

Because the composition N* — D} — ®,, is injective, and as IT: N — M is bijective,
the composition M — G — 3,, must be injective, so necessarily M injects in G. O

A word t;...t; over S representing an element g in M is said to be reduced if its
length k is minimal among the representative words of g.

Proposition 1.5.0.13. Any element g € G can be decomposed as a reduced left-fraction
i M, that is:
f,h € M,g = fh™" with £(g) = ((f) + ((h)

where { denotes the length as a S U S~ -word.

Proof. Let g € GG, and write a reduced decomposition of ¢ as product of elements in
S'US~L If this expression is of length 1, this is trivial. If the length is 2, we have 4 cases
with s,t € S: st, s~ 1, st~ and s~ 't. The first 3 cases are of the desired form. For the
last one, the defining relations of G give

s(sxt) =t(txs) <= st =(sxt)(t*s)"".

For arbitrary length, we can inductively use the same relation s~'t = (s x ¢)(t * s)~! to
"move" all inverses of the generators to the right in a decomposition of g, which gives the
desired form. O
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1.5. The monomial representation

We will soon state a similar result for right-fractions (Corollary 1.5.0.16).

Corollary 1.5.0.14. Any element in G can be decomposed as a left-fraction fh™' in M
such that Dy, commutes with all permutation matrices (more precisely that Dy, is a power
of D, ... Dy, ).

Proof. Take a Il-expression Il (t1,...,tx) of h. Up to permuting the entries, by Proposi-
tion 1.3.0.4, we can assume that h = Ig(s1,...,81,-..,Sn,.--,8,), where for 1 <i <n
each s; occurs a; times and a; + --- + a, = k. Let j be such that a; is (one of) the
biggest of the a;’s, then if for some i we have a; < a; we can consider a new element
i1 (St ey Sy ey Snye ey Sny Si) = e Qei1(S1,- 0,81, -+, Sny -+ -, Sny Si), Where s; occurs
a; + 1 times and that is obtained from A by right-multiplying by an element in S. Do-
ing so, until all s; occurs a; times, provides an element h which is obtained from h by
right-multiplication by some A’ € M and such that Dy = (Ds, ... D, )%.

Let P, be a permutation matrix, then P, D; = °D;P, = D5 P, where the last equality

is because all the diagonal terms in D; are equal so are invariant by o. Finally fh/(h) ™ =

fh™1, so replacing (f,h) by (fh', hh') gives us the result. O

Example 1.5.0.15. Take S = {si, 52,53} and ¢¥(s;) = (123) for all i. Consider g =
53155183, the relation sys; = s3s3 (i.e. 5153 = 55'83) gives g = s3's185°; similarly
5359 = 5151 (i.e. 5957 = s3°51) yields g = sy57 57",
Let f = sy and h = s181 so that g = fh™, we have h = s1(s1 * s3) = Ily(sy, s3),
thus Dy, = Deny = D, Ds,, which is not stable under permutation (as we have (123)Dh =
5(123>71(1)D5<123)71(2) = Dy, Ds, # Dy). To complete h so that it commutes, we must add
Dy, so we take h' = Tl3(sq, $2,83) = hsy and f' = fs1. Now Dy, = Dy, Dy, Dy, commutes
with permutation matrices, and f'h'~' = fs;s7'h™' = fhl =g.

Corollary 1.5.0.16. Any element in G can be decomposed as a reduced right-fraction in
the submonoid Gt = M, that is:

Vg € G,3f,h € M,g=h""f with {(g) = ((f) + £(h).
In particular, G is the group of fractions of M.

Proof. From Proposition 1.5.0.13, start with a reduced left-fraction of g as fh™! such
that Dj, commutes with all permutation matrices. Then g = fh™t = D;P; P, Dt =
D;'DyP;P;'. So hg = DnPng = P,Dng = P,DyD;'D;P;P;' = P,D;P;P;t =
thPhPfPh’1 = f'. As f € M, so does f’, and thus g = h~!f’. Reducing this expression
if necessary finishes the proof. m

In [ESS99, Proposition 2.5] and then [GV98; Dehl5] it is shown that the structure
group G of a finite cycle set S of size n has an I-structure: GG embeds in Z" x &,, such
that projecting on the first coordinate is a bijection. Moreover, the structure monoid
M embeds in G and corresponds to first coordinates in N". We’ve already seen that
M embeds in G, we now prove in the following statements a matricial equivalent of the
[-structure:

Theorem 1.5.0.17 ([Dehl5]). Let S be a finite cycle set of cardinal n. Then © is a
faithful representation of G.
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Chapter 1. Set-theoretical solutions to the Yang—Baxter equation

Proof. Let g € G, from Proposition 1.5.0.13 we know that there exist f, h € M such that
g = fh~!. Thus as © is a representation:

O(g) =1d, < O(f) = O(h)
By Corollary 1.5.0.12, ©(f) = O(h) <= f = h, thus © is faithful. O

From now on, we assume that S is a finite cycle set with S = {s1,...,s,}. We identify
G with its image by the (faithful) representation ©. We can as well identify Q (resp. II)
with its image €’ (resp. II') by ©.

Definition 1.5.0.18. A subgroup of 3, is called permutation-free if the only permutation
matrixz it contains is the identity.

Proposition 1.5.0.19. G is permutation-free.

Proof. Suppose P, is a permutation matrix (associated with o € &,,) that is in G. Then
by Proposition 1.5.0.13, there exists f,g € M such that B, = fg~!, i.e. DyP; = P,D,P,.
And by Corollary 1.5.0.14 we can moreover assume that D, commutes with permutation
matrices (P,D, = D,P,), so D;P; = D,P,P,. By the unicity of the monomial decompo-
sition, we must have Dy = D, and Py = P, P,, so by Proposition 1.5.0.11 f = g and thus
P, =Id (and o =id). O

Corollary 1.5.0.20. An element g € G is uniquely determined by D,.

Proof. Suppose for g, h € G we have Dy, = Dj,. Then
g 'h = (DyP,) " (DyP,) = P,'D,;'DyP, = P, 'P, € G

We have Pg_lPh is a permutation matrix G, so it must be the identity. Thus P, = P, and
thus g = h. O]

Corollary 1.5.0.21. An element g in G is in M if and only if it has only non-negative
powers of z as non-zero coefficients (i.e g € 3XF).

Proof. From Proposition 1.3.0.6 we know that g € M implies g € X7 (where we identified
G with its image ©(G)). Reciprocally, suppose g € G is such that ©(g) = D,P, € M} (i.e
D, € ®;). From Corollary 1.5.0.9, we know there exists f € M such that Dy = D, € ©.
Then g7 ' f = ngnglefPf = ngle is a permutation matrix. By Proposition 1.5.0.19,
this permutation matrix must be trivial, so g = f is in M. O

We relate Proposition 1.5.0.19 to the two usual ways to present the I-structure: an
embedding and a 1-cocycle. A 1-cocycle associated to an action ¢: G — Aut(H) is a map

f: G — H such that f(gg') = f(9)6(9)(f(g)) for all g,¢" in G.

Corollary 1.5.0.22 ([ESS99; GV98|). G embeds as a subgroup of Z" x &,, such that the
restriction to the first coordinate is bijective (i.e GN {1} x &, = {1}).

Equivalently, we have a bijective 1-cocycle cp: G — Z" associated to the action given
by L.

Moreover, in this embedding, M is identified with G N (N" x &,,).
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Proof. Consider the map f: G — Z" x &,, defined by f(g) = (cp(g),¥*(g)). Then, by
Proposition 1.5.0.7, f(gh) = (cp(g) + *“p(h), v (gh)). Corollary 1.4.0.2 implies that
Y(gh) = ¥(h)(g), thus ¥ (gh) = ¥~(g)~*(h). Also note that if (ay,...,a,) € Z"
and o0 € &, then the action of ¢ is given by o - (a1,...,0,) = (Go-11)s - -+ Uo-1()) =

U_l(al, ..., ay). So we find

F(9)f(h) = (cp(9), ¢ (9)) - (ep(h), " (h)) = (cp(g) + "“ep(R), v} (9)v ' (h)) = f(gh).

Meaning that f is a morphism.

Corollary 1.5.0.20 says that an element of g is uniquely determined by its diagonal
part, thus its cp-tuple. This implies that f is injective, and more precisely bijective when
restricted to the first coordinate.

The 1-cocycle version is also given by Proposition 1.5.0.7, as shown in the first para-
graph of this proof.

Corollary 1.5.0.21 precisely says that an element of M corresponds to elements with
positive coefficient powers, i.e. M embeds in N" x &,,. O

Proposition 1.5.0.23. For any tuple a = (ay, ..., a,) in Z", there exists a unique g € G
with c¢p(g) = (a1, ...,ax). In particular, the bijection I1: N® — M extends to a bijection
II: Z° = G.

Moreover, if all a; > 0 then g € M has a Il-expression g = Iy, which is of length
l(a) over S and is minimal by additivity of (.

Sitmilarly, if g € G, writing it as a reduced fraction in M also gives that the length of
g over SU S is ((g).

Proof. The existence of g is given by Corollary 1.5.0.9. For the unicity, if we had a =
cp(g) = cp(h) for some g,h in G, then D, = Dy = D§! ... D¢* and thus g = h by the
previous Corollary 1.5.0.20.

Moreover, Proposition 1.5.0.19 tells us that G is permutation-free, meaning that the
cp-tuple uniquely determines an element of G, providing a bijection II: Z° — G.

If all a;’s are positive, then we apply Corollary 1.5.0.9 to get a II expression in M.
The minimality is the insured by Proposition 1.5.0.7 (each generators contributes by 1 to
t(g))-

Finally if ¢ is in G, we can take a reduced fraction g = fh~! from Proposition 1.5.0.13,
which also tells us that the length is then exactly ¢(g) = ¢(f) + ¢(h). O

We’ve seen that the structure group of a cycle set is permutation-free, we now state a
reciprocal under a condition on the atom set of the submonoid:

Recall that we denote by ¥, the group of monomial matrices with non-zero coefficients
in {z* k € Z}, &} the submonoid of those with only non-negative powers, D; the diagonal
matrix diag(1,...,1,2,1,...,1) and ¥)(m) the permutation associated to the permutation
matrix of m in the decomposition m = D,, P,,.

Theorem 1.5.0.24. Let G be a subgroup of ¥, denote Gt = GNYF (the submonoid of
positive elements). Suppose that the set of atoms S = {s1,...,8,} of G* has cardinal n,
generates G and there exists a positive integer k such that D,, = DF. Let the operation *
be defined on S by s; x s; = 1(s;)(s;), then the following assertions are equivalent:

(i) G is permutation-free
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(ii) s(sxt) =t(t*s) forall s,t in S
(iii) G is the structure group of S

Proof. First notice that z — 2* provides an injective morphism ¥, — 3,, so up to a
change of variable 2’ = z¥, we can assume k = 1.
(i) = (ii): For 1 <14, j <n, we have from Proposition 1.5.0.4:

SiSy(i) () = DiPSZ'DSi*SjPSi*Sj - DiDjPSiPSi*Sj
By symmetry, s;(s; * s;) will have the same diagonal part. Then
-1 _ _ _
(Si(Si * S])) (8.] (8.7 * SZ)) = Psi(lsi*Sj)Dsizsi*Sj)Dsj(Sj*si)st(Sj*si) = PSi(;lSi*Sj)st(Sj*si) € G
So by the assumption that G is permutation-free we deduce s;(s; * s;) = s,(s; * s;).

(ii) = (iii): Recall that Py (sxs;) = Ps, Pojrs; = Py(sies;)on(si), 50 we find 1(s; x s;) o
P(s;) = P(sj*s;)otp(s;). Fort € §, this means that ¢(s;xs;)ot)(s;)(t) = (s xs:)01(s;)(t),
ie. (s;%s5) % (s;%t) = (s5%s;) % (s; %), so precisely that S is a cycle set. Then the
generators of M correspond to the generators of Mg and both are submonoids of 3, so

M = Mg. Similarly, as S generates G we have Gg = G.
(iii)= (i): This is Proposition 1.5.0.19. O

1.6 Braces

Braces were first introduced by Rump in [Rum07] through linear cycle sets to provide
extra-structure on the structure group which is a commutative operation (denoted +) very
close to being distributive over the group operation (thus resembles a ring). To obtain
the brace structure on the structure group, the I-structure is needed; thus, although brace
theory greatly simplifies proofs, it couldn’t be used before. An equivalent definition was
then introduced by Cedé, Jespers and Okninski in [CJO14]| and then in a large survey
again by Cedé in [Ced18]. We will use their definition of a (left) brace throughout this
thesis.

Definition 1.6.0.1 ([Rum07; Ced18]). A brace is a triple (B, +,-) such that (B,+) is an
abelian group, (B,-) is a group and for all a,b,c in B:

a(b+c¢) 4+ a=ab+ ac.
(B, +) will be called the additive group and (B,-) the multiplicative group of the brace B.

We now fix B a brace. The additive (resp. multiplicative) inverse of an element a in
B is denoted —a (resp. a™').

Remark 1.6.0.2. Note that, if 0 is the additive identity and 1 the multiplicative identity,
then takinga =1,b=c=0 yields 1 * (04+0)+1=1%x0+1x0, thus 1 =0.

Example 1.6.0.3. If (G,+) is an abelian group then (G,+,+) is a brace, called the
trivial brace.

b+d b= d 2
Taking (B, +) = Z./27 x 7./2Z with (a,b) - (¢, d) = (a+e,b+d), a+ 0 mo

(a+d,b+c), a+b=1 mod?2
can be checked to be a brace, and obviously (0,0) is the identity of (B, -).
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Proposition-Definition 1.6.0.4 ([Ced18]). For any a in a brace B, the map A : (B,-) —
Aut((B,+)) defined by \,(b) = ab — a for all a,b in B, is a well-defined morphism.

This also gives ab = a+ Aq(b). This will be used everywhere to switch between products
and sum of elements.

Example 1.6.0.5. From the previous example we have respectively Ay = idg for all g in
G, and in (B, +,-) M(a,b)) = o**® where o permutes the two coordinate of (B,+), and
obuviously (0,0) is the identity of (B,-).

Remark 1.6.0.6. In [BCJ16, Theorem 3.1], the authors explicit a way to construct invo-
lutive non-degenerate set-theoretical solutions to the Yang—Baxter equation from a brace.
There exists a generalization, introduced by Guarnieri and Vendramin in [GV17], to solu-
tions that are not necessarily involutive: skew braces. Skew braces are defined in a similar
fashion to braces, with the difference that (B,+) is not supposed to be abelian. Thus, in
the definitions, one has to be careful of the non-commutativity of addition, for instance
the defining condition of a skew brace is a(b+ ¢) = ab — a + ac, which coincides with
the one for a brace when addition is commutative. Similarly, the A-map is defined by
Ao(b) = —a + ab to be a morphism (B,-) — Aut((B,+)).

However, structure groups of mon-involutive solutions can have torsion, so they are
not always Garside groups, thus the reason why we restrict to only defining braces. For
instance, consider the solution (from [Jes+21]), over X = (Z/3Z) defined by r(z,y) =
(2y,x + 2y). Then on X X xX we have rirori(x,y,z) = (2,2y + 2,2 + 2y + 2z) =
rorire(, Yy, 2), so r satisfies the Yang—Baxter equation. Moreover, r—(x,y) = (y+2z, 2z),
so r is bijective. And if we write r(z,y) = (0,(y), 7y(x)), then both o, and 7, are always
bijective (the first one because 2 is invertible, the second for the same reason plus a trans-
lation). In the end, we have a non-involutive non-degenerate solution, whose structure
group is given by G = (z,y,z | vy = yx = 2%, 12 = zx = y?), and using that z = y*x !
we see that this presentation is equivalent to G = (x,y | xy = yx, 2% = y3) X 7Z x Z/3Z,
which has non-trivial torsion.

Lemma 1.6.0.7 ([Ced18]). For any a,b in B we have:
1. XM = Aagra(v)-
2. ab ™t = —Ayp-1(b) +a
3. If g =Xy thenab ! =a —b

Proof. This first one follows from gh = g + A,(h).
For the second one, —Ag-1(b) +a = —ab™'b—ab™' +a=ab'.
And then, A1 = ANy ' = A\ = idp. O

Lemma 1.6.0.8. For any a,b in B, we have a\;*(b) = b, *(a).
T T U B |
Moreover, /\Agl(b))‘a = >‘,\;1(a))‘b .
Proof. Firstly,
a\,'(b)=ala'b—a)=b—1+a=b—-0+a=b+a=a+b=>b\"(a).

a
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Then from the fact that \: (B,-) — Aut(B, +) is a morphism we have that \_,} = A\, '\
SO

-1 -1 _ -1 _ -1 _ -1 ~1
)‘Agl(b)/\a _>\a)\,;1(b)_)\b/\b_1 _)\)\b_l(a))\b :

(a)
The following is implicit in [Ced18]:

Lemma 1.6.0.9 ([Ced18]). Let S be a subset of a brace (B, +,-). Assume that As(S) C S
for any s in S. Then (S,+) is a subgroup of (B,+) if and only if (S,-) is a subgroup of
(B, )

Proof. By Proposition-Definition 1.6.0.4, we have ab = a 4+ A\, (b), or equivalently a + b =
aX;1(b). If S is stable by the action of any A, with s in S, then it is stable under + if
and only if it is stable under -. By Remark 1.6.0.2, the identities of both laws are the
same. Finally, we deduce from ab = a + \,(b) that —a = A\,(a™'), thus S is stable under
inversion for + if and only if it is stable under inversion for -. O]

Definition 1.6.0.10 ([Ced18]). Let (B,+,-) be a brace.

e S C B is a subbrace if it is a subgroup of both (B,+) and (B,-).

e L C B is aleft ideal if it is a subgroup of (B,+) and \,(L) C L for all a in B.

e I C B is an ideal if it is a normal subgroup of (B,-) and \,(I) C I for all a in B.
Proposition 1.6.0.11 ([Ced18]). Let (B,+,-) be a brace and I C B.

e [ is an ideal = I is a left ideal = I is a subbrace.

e If I is an ideal then the multiplicative quotient B/I has an induced brace structure

(B/Iv +, )
e Soc(B) = Ker(\) ={a € B|VYbe B,ab=a+ b} is an ideal called the Socle of B.

Going back again at the I-structure of [ESS99; GV98; Deh15], we obtain in a matricial
way the brace structure of the structure group.

Theorem 1.6.0.12 ([Ced18]). The structure group G of a finite cycle set S has a brace
structure with the usual multiplication, addition given by g+ h as the unique element with
Dyin = DyDy, and such that (G,+) ~ Z°.

In particular, if g and h are in M, so is g + h.

Moreover, Soc(G) ={g € G| P, = Id}.
Proof. Let g,h and k be in G. Then g(h + k) = DyP,(DyDyPyir) = Dy°Dy, Dy Py Py,
so that Dyghyr)yrg = Dz Dy Dy. As Dgy = D, "Dy, we deduce that Dygir)sg = Dohigh
and thus, from Theorem 1.5.0.19 g(h + k) + g = gh + gk. ]
Remark 1.6.0.13. Note that for any g in G, Id, = Dy_y, = D,D_, thus

D_, =D,
while 0 = g~ tg =gt + )\;1(9) thus

. —1 91
Dy1 = Dygyq) = Dy -
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Corollary 1.6.0.14. For any s,t in S we have \s(t) = (s)7 (1), or equivalently \;'(t) =
s % .

Moreover, this implies that for any g in G and s in S, M\,(s) = ¥(g)~*(s). In particular,
Als is a bijection.

Proof. M\(t) = st — s = D,P,D,P, — D,P, = D,Dy(-1(5 P.P, — D,P, which, from the
previous theorem, is the unique element with diagonal part (DyDys)-11)) D5 = Dy(s)-11)
(as D_, = D1, thus \,(t) = o (s)71(¢t).

In general, if g = t,...t, € G with t; € § for all 1 < ¢ < k, then by Proposition-
Definition 1.6.0.4 A\, = Ay, ... A, = ¥(t1) ™ o 0(te) ™t = (W(tk) ... ¥ (t1)) . From Corol-
lary 1.4.0.2, we know that ¥(g)™!' = ¥(t;...tx)"" = (¥(t)...¥(t1))"", finishing the
proof. n

From the previous theorem we can deduce a brace equivalent to Dehornoy’s calculus:

Corollary 1.6.0.15. The following identities hold for any ty,...,t; in S:
Hp(t, .o te) =t + -+ 1,

Qk(th s ’tk) = At_l}f""-i-tk—l (tk)
In particular, O(t; + - -+ tg) = Dy, -+ - Dy Prygoost,, -

Proof. We proceed by induction: For k = 1, we have €;(s) = s = A\{'(s) and II;(s) = s.

Now suppose the statements hold for & > 1, then we have Quiq(t1,...,t,s) =
Q(tr, ..oy tr) * Qe(te, ..o bk, 8) = At:i-urtk,l(tk) * At_lﬂ'""f'tk—l(s) by the induction hy-
pothesis. From Corollary 1.6.0.14, we know that for g, h € g )\g_l(h) =(g)(h) (and in S
A L(t) = s*t). So we obtain Qpyi(ty, ..., tg, s) = )\)_\,11 tk)()\t_lﬁr...ﬁkfl(s)). Then, we

s St
will apply Lemma 1.6.0.7 that tells us that for any a,b in G, \;'A\;! = )\;Aa(b). Taking
b= )\;i...+tk71(tk) and @ =t + - -+ + tx_1, we have A\ (b) = )\t1+"'+tk71>\t_1:5r'”+tk71(tk) = g,
and so a + A, (b) = t; + -+ + ty. We then arrive at Qg q1(t1, ..., 1, s) = )\{lﬁ..ﬂk(s).

Finally, by Definition 1.3.0.1 Ty (t1,. .., tk, ) = p(te, ... te) Qa1 (te, - .-, tg, 8), SO
applying the induction hypothesis and the result for Q. we obtain I (t1,. .., t, s) =
(b1 + -+ 4+ t) A g, (8). Recall that, again by Proposition-Definition 1.6.0.4, ab =
a+Ag(D), thus g1 (tr, ... 5, 8) = (B4 4 tr) + Myt Ay ot (8) = L1+ -+ e +5,
finishing the proof.

Finally, by Proposition 1.5.0.8 we have

O

From the I-structure mentioned above we can write any element of G as g = Y gss
seS
where g; € Z.

Then for any h in G, we have \;(g) = Y g gsAn(s) with Ap(s) in S.
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CHAPTER 2

On Dehornoy's constructions

In this section, we focus on Dehornoy’s construction of a Garside germ for structure groups
of cycle sets. They should be thought of as an analogue to what finite Coxeter groups are
to their associated Artin—Tits group. In this sense, Dehornoy called the germ of structure
group 'Coxeter-like groups".

To construct this germ as in [Deh15], one associates to a cycle set an integer called
the Dehornoy’s class and usually denoted d. This class in then used to construct the
"Coxeter-like group" (or germ), and relate this quotient to the Garside structure of the
structure monoid. In the following chapters, multiples of the class and their associated
germs will play an important role.

In the first half of this section, we start by answering a question of Dehornoy ([Deh17,
Questions, Slide 18]). He wondered if one could obtain the Garside structure without
a theorem of Rump ([Rum05, Theorem 2]) and then retrieving said theorem from the
Garside structure. We obtain the Garside structure just with the monomial representation
(as a way to see the I-structure). We then retrieve Rump’s theorem, only using the I-
structure (thus not needing the Garside structure).

Then we focus on bounding Dehornoy’s class d for a fixed size of cycle sets n, with or
without extra-hypotheses on the cycle sets. The point is that this will give a restriction
on which braces to consider, as the best bound known so far is d < n! which is very much
larger than numerical evidences suggests, as shown in Appendix A. We give a conjecture
on the bound of d, along with a proof under some hypotheses.

Finally we focus on the primes dividing d: in a similar fashion to [Bacl8; CCS20],
we will highlight how the Sylows of the germs are related to the prime decomposition
of Dehornoy’s class d, and the way this can be reversed to construct new solutions. In
particular, this further reduces the problem of classifying solutions to those with class
a prime power. In the indecomposable case, this further reduces to the classification of
solutions whose class and size are powers of the prime.

We fix a finite cycle set (S, %) of size n with structure monoid (resp. group) M (resp.
G).
This work appears in [Fei24].
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2.1 Garsideness

In [Dehl15], Dehornoy used Rump’s result on the non-degeneracy of finite cycle sets to
obtain the Garside structure of the structure group (first proved in [Chol0, Theorem 2]
and also appearing in [Rum15, Theorem 2]). In [Dehl7, Questions Slide 18] Dehornoy
asked whether the opposite could be done and the objective of the next sections is to
provide a positive answer to this question. We will first obtain the Garside structure
without using Rump’s theorem, and then recover Rump’s result (without even using the
Garside structure). Both the Garsideness and Rump’s theorem will be directly deduced
from the I-structure alone. This section will mostly use the monomial matrix approach,
but in Section 2.3 we will give a brace equivalent of some statements (although requiring
the use of a consequence of Rump’s theorem).

Recall that we fix (.5, ) a finite cycle set of size n with structure brace G and monoid
of positive elements M. Moreover, as the defining relations of the presentation of G
are homogeneous (quadratic), we have a well-defined length function ¢ : G — Z, which
restricts to M — N.

Definition 2.1.0.1. Let g1, 9> be elements of M. We say that g, left-divides (resp. right-
divides) g, that we note g1 = go (resp. g1 =, go) if there exists some h € M such that
g2 = gih (resp. g2 = hg1) and l(gs) = £(g1) + £(h).

An element g € M is called balanced if the set of its left-divisors Div(g) and the set of
its right-divisors Div,(g) coincide.

Note that, as g1 = P, 9'D,,, its matricial transpose is given by ¢! = Pgtng1 =
P, 'Dy, = 9Dy, Pt thus the coefficient on the i-th column of g, is the coefficient on
the i-th row of ¢t.

Proposition 2.1.0.2. Let g, h be in M.

Then g left-divides h if and only if for each row of g the power of z on this row is
smaller than the corresponding one of h.

Similarly, g right-divides h if and only if for each column of g the power of z on this
column is smaller than the corresponding one of h.

We will give an alternative brace proof and an interpretation of this statement in
section 2.3, but it will use Rump’s theorem (after reproving it).

Proof. Write g; = D, P,, = P, 9D,,. For left-divisibility, consider in G the element
h=gi'g, = P,'D,' Dy, P,,. From Corollary 1.5.0.21, h € M iff D ' Dy, contains only
non-negative powers of z (to lie in N* C Z" the additive group of the brace), precisely
meaning that the power on each row of g; is less than the one of gs.

—1
Similarly, for right divisibility, let ' = gag7" = Py, #Dy, ("D, ) Py, which is in M

g1’
-1
iff 2D, (nggl) contains only non-negative powers of z, which is the same criterion on
the columns. ]

Example 2.1.0.3. Taking S = {s1, s2} with ¥(s1) = ¥(s2) = (12), we can see that:
3 4
<(1) %) left-divides (20 ?) (as 3 < z4 on the first line and 0 < z0 on the second
since 1 = 2°), but does not right divide it (as 3 > 0 on the second column,).
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Corollary 2.1.0.4. Let g, h be in M. The left-ged (resp. left-lem) of g and h, denoted
g1\ g2 (resp. g1V go) is given by the unique element such that the coefficient-power on
each row is the minimum (resp. maximum) of those of g1 and gs.

For right-ged (resp. right-lem) it is the same but for each column.

Example 2.1.0.5. Consider S = {s1, s, 3, S4} with

We have

0 2 00 000 = 0 200
1000 A 00 20 (0010
000 = 0100 0001
0010 1 000 1 000

Which is given by ged (s + s3, 81 + S2) = S1.

Similarly:
0 200 0100 z 000
1 0 0 0 v | 000 10 2z020
000 2 0001 00 2z 0
0010 00 2z 0 000 =2

Which is given by lem (s1 + S3, 82 + S4) = $1 + S2 + S5 + 84.
For the right ged and lcm, the explicit versions will be given in the next section using
Rump’s result (after reproving it).

Corollary 2.1.0.6. An element such that the non-zero terms of its i-th row and i-th
column are equal for all 1 < i <n is balanced.

Definition 2.1.0.7. An element of M is called a Garside element if it is balanced, Div(g)
is finite and generates M.

Proposition 2.1.0.8 ([Dehl15]). The element A =3 g s is a Garside element of M.

Proof. Because all the non-zero coefficients of A are equal, it is balanced.
Its set of divisors is the set of elements with non-zero coefficients 1 or z and so is finite
and has cardinal 2", and it contains all the generators s so also generates M. O]

Remark 2.1.0.9. The powers of A, which are given by AF = Y ¢ ks, are also Garside
elements by the same reasoning.

More generally, Garside elements are precisely the balanced elements g such that g5 >
1.

Definition 2.1.0.10 ([Deh+15]). A monoid is said to be a Garside monoid if:
(i) It is cancellative, i.e. if for every element g1, go, h, k, hgik = hgok = g1 = go.

(ii) There exists a map € to the integers such that £(g1g2) > €(g1) + £(g2) and ((g) =
0=g=1.

(1ii) Any two elements have a ged and lem relative to < (resp. =<,.).
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(iv) It possesses a Garside element A.
The group of fraction of a Garside monoid is called a Garside group.
Proposition 2.1.0.11 ([Deh15]). M is a Garside monoid.

Proof. The length of words (as the relations of G respects length) satisfies (ii) as an
equality.

For (iii) we have Corollary 2.1.0.4 and for (iv) Proposition 2.1.0.8.

We are left to prove (i), which is a direct consequence of the fact that M injects in
GG. We can see also this from restricting the representation to M and as the elements are
monomial matrices, we deduce the cancellative property. O

Corollary 2.1.0.12. G is a Garside group.

Proof. This follows from the fact that G is the group of fraction of the Garside monoid
M. O

Remark 2.1.0.13. In essence, the fact that M is left-cancellative and admits left-lem
relies on the so-called Cube condition ([Deh+15, Definition 4.14]):

Let M be a monoid with presentation (X | z0(x,y) = yO(y,x)) with 6 is (poten-
tially partially defined) from X x X to X. Suppose that, for all x,y,z in X, either both
0(0(z,y),0(z,2)) and 0(0(y,x),0(y, 2)) are undefined, or they are equal. Then M is left-
cancellative and admits left-lem. In our case, 0(x,y) = x * y satisfies the cube condition
by Lemma 1.5.0.3.

0(0(y,2),0(y,z)

LN
RS AR
7 R \
% Q) N |
Ny s R
% N |
7 Q- < \\\w ’
@ |
\
0y, x) \‘
\
[0(0(x,2),0(z,y)
0(a,y) |

Figure 2.1: The cube condition

In Figure 2.1, each edge represents a generator from X, each face corresponds to a
relation x0(x,y) = yb(y,x), and the cube condition is the fact that (when defined) the
cube closes at the top right, at the intersection of the top and right faces.
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2.2 Dehornoy’s class

In the introduction we mentioned that a special class of Artin—Tits groups (spherical type)
have finite quotients, Coxeter groups, obtained by adding to the usual group presentation
the fact that every generator is involutive (s* = 1), and that this quotient corresponds
nicely with the Garside structure of the group (in particular the divisors of the Garside
element are in bijection with the Coxeter group). This quotient is then fundamental in
a lot of works as it allows to work in a finite group and then 'lift" the results to the
Garside group (as first introduced in [Deh+15; BS72]), thus deserving the name of a
Germ ([Deh+15]).

We have seen that structure group of solutions are Garside groups, which was first
proved by Chouraqui in [Chol0]. Thus, the question of finding a quotient playing a
similar role appeared naturally. It was first obtained for special cases of solutions in
[CG14, Proposition 3.8] and then generalized in [Deh15] by constructing an integer d and
adding the relation ds = 1 (in the other notation s = 1), the special case first obtained
then corresponding to d = 2.

The goal here is to follow the construction of the germ from [Deh15] mixing a brace
and monomial approach.

Fix a finite cycle set (.5, *) of size n with structure monoid (resp. group) M (resp. G).
Recall from Proposition 1.6.0.11 that Soc(G) = Ker(X\) = Ker() is an ideal of the brace
G, in particular (Soc(G), +) = (Soc(G), -).

Proposition 2.2.0.1. There exists a positive integer d such that for all s in S, ds is
diagonal, i.e. ds € Soc(G).
In particular, for any positive integer k, k(ds) = (ds)*.

Remark 2.2.0.2. The smallest positive integer satisfying this condition is called the De-
hornoy’s class of S, and all the others will be multiples of this class. Our results will be
stated for the class, but they would work for any multiples. In this section we restrict to
Dehornoy’s class, however in Sections 3 and 4 considering a multiple ld of d with | > 1
will be crucial.

In [Deh15] the elements ks are denoted sl and, although the notation ks is nicer, we
will sometimes later have to use the power notation to avoid confusion when working in
the group ring Z|G].

Proof. First fix s € S. The map sending ks to ¢ (ks) is a map from an infinite (countable)
set to a finite one (N* — &,,), therefore it is not injective. So there exists k; # ko € N
such that Ay, s = Ap,s. We can assume k; > ky without loss of generality. Then from
Lemma 1.6.0.7 we get (k1s) - (kas)™! = k15 — kos = (k; — ka)s € Soc(G)

Doing this for all s € S, we get the existence of d, € N* such that dgs is diagonal. By
Proposition 1.6.0.11 Soc(G) is an ideal, so we must have for all k£ € N k(dss) € Soc(G).
Taking d = lem(ds)ses we have for all s the existence of d,, > 0 such that d = d.d, we
find that for all s, ds = d(dss) € Soc(G).

W show by induction that k(ds) = (ds)*: for k = 1 this is trivial. Then, as ds is in
Soc(G) = Ker(\) ={g € G| VYh € G,gh = g+ h}, we have (k+ 1)(ds) = ds + k(ds) =
ds + (ds)* = ds - (ds)* = (ds)**!, finishing the proof. O
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Remark 2.2.0.3. In [Deh15, Lemma 5.4/, the author obtained a bound on the class of a
cycle set as d < (n?)!. Here, we obtain a first better bound d < (n!)™ given by the previous
proof (as d = lem(dy,...,d,) with d; < n!). Improving this bound will be the focus of
Section 2.

Proposition 2.2.0.4. Let d be the class of S and denote by dG the subgroup of (G,-)
generated by all the ds. Then dG is an ideal of G.

Proof. From Proposition 1.6.0.11 we have the ideal Soc(G) = Ker(\) = {g € G | Vh €
G,gh = g+ h} for which the group laws + and - coincides, so in particular (Soc(G), -)
is abelian. As dG is a subgroup of (Soc(G),-), and the latter is abelian, dG is a normal

subgroup. Moreover, by definition A\gs = id so A\, = id for any h € dG, in particular
A (dG) = dG. O

Thus we obtain a quotient brace G = G/dG.
Proposition 2.2.0.5 ([Dehl15]). The following hold:

1. A presentation of G can be obtained by adding to the presentation of G the relations
ds =1.

2. Matricially, quotienting is the same as specializing at z = exp(z%), which we will
denote ev,.

3. The quotient brace G has additive group (Z/dZ)°

4. G embeds as a subgroup of (Z/dZ)" x &,,, such that restricting to the first coordinate
is bijective. Equivalently we have a bijective 1-cocycle G — (Z/dZ)" associated to
the action of 1.

5. The bijection I1: Z™ — G induces a bijection 11: (Z/dZ)" — G.

Proof. The first point is the definition of G.

For the second one, we know by definition that dG is generated by the ds which are
in the socle, so they have trivial permutation. Thus quotienting by them just amounts to
setting D? = 1, or equivalently 2¢ = 1.

The third point then follows from the facts that (G, +) ~ Z° (Theorem 1.6.0.12) and
(dG,+) identifies with (dZ)® inside Z°, thus (G,+) = (G,+)/(dG,+) = Z°/(dZ)° =
(Z)dZ)°.

Then, by Corollary 1.5.0.22 we know that G embeds as a subgroup of Z" x &,, such
that restricting to the first coordinate is bijective. Moreover, in this embedding, dG is
sent to (dZ)" x{1}. As (Z" % &,,) /((dZ)" x{1}) = (Z/dZ)" x &,, this finishes the proof.

Finally let II be the composition of II with the projection G — G. As II: Z° — G is
a bijection by Proposition 1.5.0.23, II is surjective. By (iii) we have #G = d" which is
also equal to #(Z/dZ)%, thus II is bijective. O

Remark 2.2.0.6. Ifd = 1 then dG = G so G is trivial. However, d = 1 means that all
the generators s are diagonal, i.e. sxt =1t for all s,t in S: this is just the special case
of the trivial cycle set. But the case d =1 can be included as all our results hold for any
multiples of the class (thus any positive integer for d = 1).
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Example 2.2.0.7. Let S = {s1,...,s,} with ¢¥(s;) = (12...n) = o for all i. Then
for any s € S, k € Z: ks; = D¥P,x. Thus Dehornoy’s class of S is equal to n. Let
o = exp(2X), then G is generated by the 5; = diag(1,...,Cy, ..., 1)P,.

From now on and everywhere in this thesis, we assume d > 2.

Denote by (4 = exp(2) a primitive d-th root of unity and pq = {¢} |0 < i < d}. Let
¥4 be the subgroup of Monom,,(C) with non-zero coefficients in {0} U yg. Given k > 1,
there is natural embedding :4*: ¢ — X% sending (4 to ¢}, (as (5, = exp(ZET) = (,).
From the previous proposition, we deduce the following result:

Corollary 2.2.0.8. The quotient group G is a subgroup of 2.

Recall that if S has Dehornoy’s class d, then for any positive integer k£ we have that
kds is in the Socle, thus we could also consider the germ G/(kds)scs. The embedding
1% (@) can then be seen as embedding the germ G in this bigger quotient group.

Definition 2.2.0.9. [Deh15] If (M,A) is a Garside monoid with atom set S and G is
the group of fractions of M, a group G with a surjective morphism w: G — G is said
to provide a Garside germ for (G, M,A) if there exists a map x: G — M such that
mox = Idg, x(G) = Div(A) and M admits the presentation

(X(@) | x(fg9) = x(f)x(g) when || fglls = IIfIl5 + llg]l3)
where || - || denote the length of an element over S = 7(S).

Proposition 2.2.0.10 ([Deh15]). The specialization evy that imposes z = exp(2F) pro-
vides a Garside germ of (G, M, A1),

Proof. Consider the map x: G — M defined by sending exp(22£) to zF € Q[z] for
1 <k < d. As evyis defined by sending z to exp(%T), we deduce evy o x = Idg. The
image of x is the set of elements of M such that each non-zero coefficient is a power
of z strictly less than d, and thus identifies with Div(A¢~1) by the characterization of
left-divisibility (Proposition 2.1.0.2). And the presentation amounts to forgetting that z
is a root of unity, thus generating M as required. O]

To work over G, we will use the following corollary to restrict to classes of equivalence
over the structure monoid.

Corollary 2.2.0.11. The projection evg: M — G is surjective.

Proof. G is generated by all the elements of S, so its quotient G is also generated by S.
Moreover, as G is finite, inverses can be constructed from only positive generators, thus
the restriction G — G to M. O

Example 2.2.0.12. Let S = {sy,...,s,} with ¥(s;) = (12...n) = o for all i. Then for
any s € S, k € Z: ks; = D¥P_x. The Dehornoy’s class of S is n and G is generated by
the s; = diag(1,...,Cy, ... )P where (, = eXp(Q“T)

To recover G from G, one simply takes all the elements of G and forget that z is a oot
of unity in the following sense: when computing the product of two elements and finding a
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coefficient z* with a > d, we do not use that 24 =1 and just consider it as a new element.
So for instance in (x(G)) with n = 4:

25

I\

X(3s1)x(254) = x(351)x(253) = = 5s,.

co~—o
oo o
— o oo
o oo

o~ oo
L, o o o
oo o~
oo o
co oo
oo~ o
o~ oo

0
0
0

N

Because 5 > 4, we obtain a new element different from x (5s1) = x (51)-

The quotient group G defined above is called a Coxeter-like group, it was first studied
by Chouraqui and Godelle in [CG12] for d = 2 and generalized by Dehornoy in [Deh15].

Fix G a Coxeter-like group obtained from a cycle set S of cardinal n and class d > 2
(so that G is not trivial).

Definition 2.2.0.13. We define a function ly: {0,1,...,d — 1} — {0,1,...,[2]} by:

k, if k<

k—d, ifk> (2.1)

vke{o,1,...,d—1},ed(k):{

N NI,

Note that ¢4 corresponds to ¢ with the projection Z — Z/dZ but with representatives
in ] — 2,41 NZ instead of [0,d — 1[NZ. Because, if we have 2® = 1, the shortest way to

22
write 22 is z - 2z but to write z* we should use z7!- 27! instead of z- z - 2 - 2.

Proposition 2.2.0.14. Let g = 3 g,s € G with 0 < g, < d. Let S = 7(9).
seS

The length € of an element g € G over S is given by 3. g,.
seS

The length €4 of an element g € G over SUS " is given by - 14(gs)-
seS

Proof. First recall that by Proposition 2.2.0.5 G has additive brace structure (Z/dZ)>.

Thus, an element of ¢ has a unique expression g = 3 ¢s5 € G with 0 < g, < d.
seS

Now, for the length over S, we can use s+t = sA;!(¢) from Proposition-Definition
1.6.0.4 to go from an additive to a multiplicative expression. Thus the additive and
multiplicative length are equal, and are the sum of the g;.

For the length over ?Ug_l, note that the shortest way to write k for k € Z/dZ using
+lisusing 1+---+1ifk < g and otherwise, as d = 0, we write it as —1 —---— 1. Doing
so for every term g, of g € G, we obtain the result. n

Corollary 2.2.0.15. For any g, h in G, we have {(h) = (A (h)).

Proof. If h = Y hgs with 0 < hy < d, then by Proposition-Definition 1.6.0.4, A\,(h) =
ses

> hsAg(s) = X2 hy-1pt- By Corollary 1.6.0.14, \,|s is a bijection. Thus
s€S tes Y

[Ag(h) =D Pz = D he = U(R).

tesS seS
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Definition 2.2.0.16. We say that a word w over S = w(S) is reduced in G if it has length
{(w) when seen as an element of G.

Remark 2.2.0.17. This means that if g = s;,---s;, in G, and we use Proposition-
Definition 1.6.0.4 to rewrite it additively with st = s+ As(t) so that g = Y gss, then the
ses

given expression is reduced when 0 < g, < d for all s.

Remark 2.2.0.18. Corollary 2.2.0.11 tells us that M surjects in G, and Proposition
2.2.0.5 says that 11: Z° — G induces a bijection 11: (Z/dZ)° — G. Thus, we can adapt
"taking a I-expression of an element in M " to G. We will say that we take a Il-expression
of g € G to mean we chose any (t1, ..., t) in S*¥ such that g = Wy(ty, ..., t) with {(g) = k.

Definition 2.2.0.19. For any g in G, we define its support as supp(g) = {s € S | g; > 0,
where g = > gss with 0 < g4 < s.

ses
Proposition 2.2.0.20. For any g in G, we have ((g7") = d - |supp(g)| — ¢(g).

Proof. From Remark 2.2.0.17, write g = 3 gss with 0 < g, < d, so that £(g) = 3 gs.Let
ses ses

h= Y (d-g,)s € G meaning that g+ h = Y ds =0 € G and ((h) =
s€supp(g) B s€supp(g)
d - |supp(g)| — ¢(g). Using Proposition-Definition 1.6.0.4 to rewrite A multiplicatively, we

obtain a reduced expression of h. Finally, g + h = g\;'(h), and {(X;'(h)) = {(h). O

For Coxeter groups, we have the so-called exchange lemma (see [Mic14, Theorem 4.2]):
if (W, S) is a Coxeter system. We provide a similar result for Coxeter-like groups:

Lemma 2.2.0.21 (Exchange Lemma). Let s be in S and g in G . Write g = 3. gss with

ses
0 < gs < d. Then either sg is reduced (¢(sg) = {(g) +1) or gsss =d—1 (i.e (d—1)(s*s)

left-divides g). Moreover, if it is not reduced, then sg = Y. ggut.
i
Moreover, we can go from one reduced expression to another only using the quadratic

relations s(s «t) = t(t * s).

Proof. As the given expression of g is reduced, we know ¢(g) = k. Remark 2.2.0.17

then tells us that > gs = k. Now, by Proposition-Definition 1.6.0.4 sg = s + \s(g) =
ses

s+ Y giAs(t). Reindexing the sum by setting ¢ = ;' (u) = s *u for some u € S, we have
tes
g=s-+ Z Jsx, U
ues

This is reduced if and only if (sg), < d for all u. Because g is reduced, we have
Jsvu < d, s0 this sg is reduced if and only if 14 g.s < d. Meaning that this is not reduced
precisely when ¢,.; = d — 1. In this case, then (sg)s = d, and we conclude by ds = 0.

Moreover, assume we have two reduced expressions as g = s;, - - s;, and g = s;, - - - 5.

Using Proposition-Definition 1.6.0.4, we can rewrite both expressions as ¢ = > ¢ss and
ses

this is unique by the commutativity of (G, +). This rewriting only involves st = s+ \,(t) =
As(t)+s = /\S(t))\;sl(t)(s) which preserves length. Moreover, by Corollary 1.6.0.14, we have
that the quadratic relations s1(s;%s3) = s2(s2%s1) are equivalent to 31/\3_11(32) = 32)\;21(51).
Letting s = s; and so = A4(t), we see that st = )\S(t))\;:(t)(s) allows us to go from one
reduced expression to the other only with the quadratic relations. O
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We conclude this subsection with a technical lemma which will be especially useful in
Section 4. We state it with the notation sl = ds, as it will be used in Section 4 to avoid
confusion in the group ring Z[G|.

Lemma 2.2.0.22. For any s,t € S the following hold:

(i) There exists ps with {(ps) = d — 1 such that s\ = sp,. Moreover p, = (s % s)l471.

(ii) P(ps) = b(s)™

(iti) s = (sps)*

(iv) st = t(t * 5)l
(v) pst = (s *1)pus
(Vi) pssiPs = PrxsPi

(vii) (5% 1) p, = pyt!

For simplicity we will write 4% = pyslF=Dd = (5 % )k (giving sy* = slkdl),

7’) 75*15752 = ’yt*sﬁ}/t

slkd] ) [kd—1] k=1

In particular, when writing = sg we have g = (sx s = peslF=Dd = p (sp,)
This implies that, if s = s1...s4 then (sPH¥ = s; .. s451...54_1.

Moreover, as all those equalities are true in G, they respect length and also hold in
Gy.

Proof. (i) is follows from Proposition 1.6.0.4: sl = s+ (d — 1)s = sA7((d — 1)s).

(ii) follows from 1 = 4(s) = 9b(sps) = ¥ (s)¥(ps).

(iii) and (i ) follow from the definition of d as we have: s = (kd)s = k(ds) =
ds)\ds (ds) .. )\(k 1as(ds) = (ds)(ds) ... (ds) = (ds)k, and s\t = ds + \gs(t) =t + ds =

t-(d\(s)) =t - d(t x8) = t(t* ),

For (v) we have sp,t = sl = t(t % 5)l9 = t(t * 5)pys, applying t(t * 5) = s(s * t) and
canceling the s gives the result.

For (vi) we have paips = psst + Nosst(ps) = post + (d — D)7 (s % 1) (5% 8) = past +
(d—1)(sxt)(s*s), from the cycle set equation, we have (s t)(s*s) = 1(t * s)(t * s),
thus pseeps = psit + (d — D)(s % 1) (s % 8) = pest + (d — 1)(t % 8)(t % S) = psst + Pres- By
symmetric, we conclude that this is equal to pu.sp;.

(vii) comes from (iv) applied on p, = (¢ * t)l""U and (p,) = ()"

(viii) is deduced from the previous ones: 7¥t = pyslFit = pt(t * s)F = (5% 1) s (t *
S)[kd} (S * t)’yt*s

Similarly for (ix): %*ﬁé” = pot(s )1l psthedl — p_p tlrdlgliadl — gy sthadlpliad] —
pras(t x 5)F2l pytlirdl — 2 o m
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2.3. Non-degeneracy

2.3 Non-degeneracy

As mentioned above (Theorem 1.2.0.6), finite cycle sets are in bijective correspondence
with finite left non-degenerate involutive set-theoretical solutions. Rump showed ([Rum05,
Theorem 2]) that finite left non-degenerate involutive set-theoretical solutions are also
right non-degenerate by showing that the square map of a cycle set is bijective (logically
called the non-degeneracy of a cycle set). Dehornoy used this result in [Deh15] to be able
to transpose most results on right-multiplication to results on left-multiplication, which
does not provide a very explicit construction. Above we have adapted Dehornoy’s work
without Rump’s theorem, but we can also obtain said theorem.

Our proof, compared to Rump’s, is fairly short and a direct consequence of the I-
structure, whereas he needed several intermediate constructions (such as the retraction
of a solution, which we’ll mention later). We although use it to translate Dehornoy’s
left-multiplication statement into brace theory with explicit constructions.

Recall that we fix (.9, ) a finite cycle set of size n with structure monoid (resp. group)
M (resp. G).

Definition 2.3.0.1. A finite cycle set is called non-degenerate if the diagonal map T
defined by T'(s) = s * s is a bijection of S.

Lemma 2.3.0.2 ([Rum05]). For any g, h in G, )\g‘l(g) = A\, Y (h) if and only if g = h.

Proof. If g = h then trivially A;'(g) = X, ' (h). Suppose Ag(g) = Au(h), we want to show
gh™! = 1. Also recall that, by Remark 1.6.0.2, in a brace, we have that 0 = 1.
From Lemma 1.6.0.7 we find:

gh™ = =X (-1 (h)) + g = =X (A1(9)) + 9 = = XN (9) +g=—g+g=0=1.
[
From Lemma 2.3.0.2 we retrieve Rump’s theorem ([Rum05, Theorem 2|):

Theorem 2.3.0.3 (Rump’s theorem). Every finite cycle set is non-degenerate.

Proof. Let S be a finite cycle set. By Corollary 1.6.0.14, for any s € S we have the
equality A\, = 9(s)"!. So by Lemma 2.3.0.2;

sxks=txt<P(s)(s) =v#)t) N\ (s) =\ 1{t) & s =t
This means that T is injective, and as S is finite, T" is bijective. m

The following will be very useful to switch from working on the left to working on the
right when looking at divisibility:

Proposition 2.3.0.4. The followings hold:

(i) Let o be the order of T and k any positive integer. Consider the euclidean division of
k by o to write k = 0-q+1, then we have ks = sT(s)T?(s)...TF"1(s) = (0s)4(rs).

(ii) The order o of T divides d. In particular, for any integer k and any s in S, we have
Al (s) = T*(s) and kds = (sT(s)...T°'(s))".
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Proof. For the first point, as S is finite and 7T is injective by the previous lemma, it is
bijective and so has finite order.
The second point follows directly from an induction and Lemma 1.6.0.7: )\@lﬂ)s(s) =

Neors(8) = Ak (AR (8)) = A (T"(s)) = T*(s) + T"(s) = T**1(s). Then (k +1)s =

ks+s =ks-\.}(s) = ks-T*(s) = sT(s)...T"(s). As T is of order o, we can consider the
exponent i of T%(s) modulo o (T**°(s) = T%(0)). Thus, if k =o0-q+r, then (0-q+71)s =
(sT(s)...T°7Y(s))4sT(s) ... T" " (s).

For the third point, T%(s) = A} (s) = s as ds € Soc(G). O

This allows us to naturally obtain a cycle set structure on the transpose of the el-
ements of G and transform all statement on right-multiplication to statements on the
left-multiplication. In [Dehl15] the statements with multiplication on the left are obtained
by abstractly and non-explicitly "dualizing" the operations.

Corollary 2.3.0.5. Let G' be the set of transposes of the elements of G seen as matrices.
Then G is the structure group of a cycle set structure on S*, the set of the transposes of
the elements of S seen as elements of 3,,.

Explicitly ¢(s") = ¢~ 1(T71(s)).

Proof. First note that, because G is generated by S, G* is generated by S*. As T is a
bijection, for each u the set S* contains exactly one element s’ such that Dy = D, that
is s = T(u). Moreover, as G is permutation-free, so is G*. So by Theorem 1.5.0.24 it is
the structure group of a cycle set St. n

Example 2.3.0.6. Let S = {s1, 52,53} with ¥(s1) = ¥(s2) = ¢¥(s3) = (123) = 0. Then
st = (D;P,)' = P;'D; = °D; P2, so for example

t

010 001
st2= 00 z| =11 00 =D3P(132):D0(2)PU_1‘
100 0 20

In particular, this can be used to work on the columns in G: if we want an element of
G with the coefficient 2%, ..., 2% read column by column, we can work in G, compute

n
> a;T~(s;) and transpose it to get the desired element in G.
i=1

Moreover, this also implies the easier characterization of divisibility in G:

Corollary 2.3.0.7. Let g,h be in M. Write g = % gss and h = Y hgs with gs,hs € N.

seS seS

Then g left-divides h if and only if g < hs for all s.
Similarly, g right-divides h if and only if g, < h', for all s, where s' = T~'(s).

Corollary 2.3.0.8. Let g, h be in M. Write g = > gss and g = > hss with gs, hy € N.
ses

sesS
Then g A h =Y min(gs, hs)s and gV h =Y max(gs, hs)s.
ses seS

ses ses

t t
Similarly g A\, h = (Z min(gt:, hit)st> and gV, h = (Z max(gt, hit)8t> .

Proposition 2.3.0.9. For any k € N, o(ks)(s) = T*(s). In particular, the map s
Y(ks)(s) is a bijection of S.
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Proof. We proceed by induction: for k = 0, T°(s) = s = ¢(1)(s). For k =1, T(s) =
s*s = 1)(s)(s) by definition. Then suppose the equality holds for k£ > 1. From Proposition
2.3.0.4 we know that (k + 1)s = ks - T*(s), so ¥((k + 1)s) = ¥(T*(s)) o ¢(ks). Thus,
Y((k+1)(5)(s) = V(T"(s)) o (ks)(s) = (T*(s))T"(s)) = T*(s). O

Corollary 2.3.0.10. For any k in N and s in S, let t = (T*)"1(s) then —ks = (kt)~!.

Proof. Let t € S, we have

_ _ _ _ w(kt) ™ _ _ _ _
(k) t= (Dfpkt) b= P(ktl)Dt f= D, kpktl = sz(kkt)(t)Pktl = DT’l:(t)Pktl'
Thus, if t = (T%)*(s), we find D— = D ¥
From Proposition 2.3.0.4 we have t = A\ (T*(t)), so

kt - (—ks) = kt + Me(—ks) = kt — kEXg(s) = kt — kX (T*(t)) = kt — kt =0 = 1.

Proposition 2.3.0.11 ([Deh15]). The map (s,t) — (s *t,t* s) is bijective.

Proof. As S is finite, so is S x S, so we only have to show injectivity. Assume st = &' *xt’
and tx s =t x ' for some s,t,s',t' € S. Then, from sxt =" *t and s+t = s(sx*t), we
have )‘8+t)‘;—1i-t’ = )\s(s*t))\;%y*t,) = A Aat Aoty Aot = AAE Thus )\S+t)\;it,(s’) = A\s(8'*5).
As s+t =1+s = t(t xs) we have by symmetry Ao Aty (t') = M\(t * t'). Thus
s+ +1) =AM by (8 +t) + (s+1) = =Xs( 5 8") = N(t' %) + (s +11)

On the other hand, as s+t = s(sx*t), we have (s+t)(s'+t')71 = s(sx*t)(s'*t')"1s'7! =
s’ = =AM () + 5= —A(s' % 8) +s.

Combining the above equalities gives —A\,(s" * 8') + s = (s +t)(s' + /)71 = =X, (s' *
sy = M(t' xt') + (s +t), thus we deduce t — \(¢' *t') = 0, so t xt = t' xt' and by the
bijectivity of T" we find ¢ = ¢/. By the same symmetry argument we obtain s = s, and
this concludes the proof. ]

2.4 Bounding the class

In this section, we study the behaviour of Dehornoy’s class. We provide conjectures on
the largest class for cycle sets of a fixed size, and prove it for particular cases. These
conjectures were obtained by a numerical study of solutions, using a computer, and we
provide our algorithms (in our case they were done using monomial matrices, as they
allow for quick and simple implementations).

We also relate divisors of Dehornoy’s class with other constants associated to a cycle
set (size, order of the permutation group, order of the diagonal map).

From now on, we fix a cycle set S of size n, structure group G, germ G and Dehornoy’s
class d.

One important object to consider is the Permutation group of a solution, denoted G°
in the seminal paper [ESS99.

Definition 2.4.0.1. The permutation group Gs associated to a cycle set S is the subgroup
of &, generated by V(s;),1 <i < n.
When the context is clear we will simply write G.
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G is precisely the image of the map sending ¢ in G to P,. Note that, as P, P; = P,,, we
have that 1 (gh) = 1(h)¥(g), thus an anti-morphism (by sending g to 1(g)~* we obtain
a morphism). Equivalently, it is the image of the morphism given by the restriction
MN%: (G,-) — Aut(S) where we only consider the action of A\(G) on S. The kernel of
this restriction is the socle Soc(G), thus G = G/Soc(G). By Proposition 2.2.0.4, dG is a
subbrace of Soc(G), thus the quotient G — G factors through G.

As a consequence we obtain the following result:

Proposition 2.4.0.2 ([Ced18]). The class d divides the order of G. In particular d divides
n!.
Moreover, d is the lem of the additive orders of 1(g) in (G,+).

Proof. For s € S, the set {ks | k € Z} is a subgroup of (G,+), and the smallest integer
ds such that dgs is in the socle is exactly equal to the order of ¥(s) in (G, +), which thus
divides |G|. Thus the lem of the d, also divides the order of G.

As d is the lem of all the dg, s € S, it also divides |G|. O

The following is proved in [LRV22], allowing to restrict to orbits for computing the
class of a solution:

Proposition 2.4.0.3 ([LRV22, Lemma 6.1]). If s and t in S are in the same G-orbit,
then the additive orders of their permutations 1(s) and (t) are the same.

A very important class of solutions are the "indecomposable' ones, which have been
studied extensively and led to some classification results, such as it can be found in [ESS99;
CPR20; DPT24; ESGO1].

Definition 2.4.0.4 ([Bha+21)). A subset X of S is said to be G-invariant if for every
se S, P(s)(X) C X.

S is called decomposable if there exists a proper partition S = X UY such that X,Y
are stable under x, i.e. X+ X = X andY xY =Y. In this case (X, ) and (Y, *,) are
also cycle sets.

A cycle set that is not decomposable is called indecomposable.

Example 2.4.0.5. For S = {s1, S2, 83,84} and ¥(s) = (12)(34) for all s, we have G =
((12)(34)) < &,,. We see that X = {s1,s2} and Y = {s3,s4} are both G-invariant and
their respective cycle set structure are given by ¥x(s1) = ¥x(s2) = (12) and ¥y (s3) =

Yy (s4) = (34).
Note that S has size 4 and class 2, and both X and Y have size and class 2.

The following statement will be be useful

Proposition 2.4.0.6 ([ESS99, Proposition 2.11]). A cycle set S is indecomposable if and
only if its permutation group G acts transitively on S.

Using a python program based on the proof of Proposition 2.2.0.1 and the enumeration
from [AMV22], we can find the following maximum values of the class of cycle sets of size
n. We used the following algorithm to compute the class of a solution:
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Algorithm 1 Computing the class of a solution
Input: A cycle set (S, *).
Output: A couple (5, *) with a binary operation
1: Setd =1
2: for each s in S do
3: Set dy, =1

4 while )\ddss S 7é idg do
5 Set dy ==d, +1

6: Set d == dd,

7: return d.

The idea of Algorithm 1 is that, if S = {s,...,s,}, we find the smallest positive
integer d; such that d;s; is diagonal (has trivial permutation). Then, for sy we look at
all multiples of d;s,, i.e. we look for the smallest positive integer dy such that didssy is
diagonal, and so on. Doing so for all solutions of a fixed size, we obtain the following
values for the maximal class of solutions of a given size:

78 9 10
12 15 24 30

n_|
dmax ‘

1 2 3 4 5 6
1 2 3 4 6 8
Figure 2.2: Maximal class for solutions of a given size

The sequence in Figure 2.2 corresponds to the OEIS sequence A034893 "Maximum
of different products of partitions of n into distinct parts", studied in [Dos05] where the
following is proved:

Lemma 2.4.0.7 ([Dos05, Theorem 3.1]). Let n > 2 be written as n = T, +1 where Ty, is
the biggest triangular number (T, = 1+2+---+m) with Ty, <n (and sol < m). Then
the mazimum value

= max ({Hn

kEN,1§n1<---<nk,n1+---+nk:n}>

i=1
is given by
(m+1)!
T 0<li<m-—2
an = ar, = 2m!,  I=m—1

(m+1!, l=m.
This leads to the following conjecture:

Conjecture 2.4.0.8. If S is of size n, its class d is bounded above by a, and the bound
s minimal.

The next value we would expect forn =11=104+1=T,+ 1 (resp. n =12 =10+ 2
would be dpax(11) = (itll)! =40 (resp. dmax(12) = 60).

The landau function g: N* — N* ([Lan03]) is defined as the largest order of a permu-
tation in G,,.

Recall, from [Rum05], that a cycle set S is called square-free when s* s = s (i.e the

diagonal map T is the identity).
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Proposition 2.4.0.9. If S is of size n and is square-free and G is abelian then d < a,,
That is, under these conditions the bound part of Conjecture 2.4.0.8 holds.

Proof. 1f S is square-free, then for all s € S we have by definition T'(s) = s, so by
Proposition 2.3.0.4 for any k € Z, ks = sT(s)...T" 1(s) = s*. Thus {ks | k € Z} is a
subgroup of (G,-) and the smallest integer d; such that dgs is in the socle corresponds
to the order of ¥(s) in (G, ), which must divide e(G) the exponent of G (the lem of the
orders of every element). So d will also divide e(G).

As G is abelian and finite, there exists an element with order equal to its exponent,
so the exponent is bounded by the maximal order of an element, i.e. d | e(G) < g(n).

By the decomposition of permutations in disjoint cycles, g(n) is equal to the maximum
of the lem of partitions of n:

g(n) =max ({lem(nq,...,mp)lk e NJ1 <ny <--- <mg,ny+---+np =n})

Moreover, by properties of the lem, if 1 < n;, = n;, as lem(n;,n;) = n;, the max is
unchanged by replacing n; by only 1’s. And as the lecm of a collection is bounded above
by the product of the elements, we have g(n) < a,. Thus d < g(n) < a,. O

This result was then improved in [CR23]:
Proposition 2.4.0.10 ([CR23, Section 5]). The following hold:
e If G is cyclic, d < g(n)
o If N\,(g9) =g forall g € G (equivalently for all g € G), then d < g(n)
e If (G,-) ~ ﬁ Z]p" 7 with non-necessarily distinct primes p; and such all pi" are
distinct, thei;ld <a,
o We always have d < 245"

In Appendix A) we will provide some histograms on the values of d for particular
classes of solutions.

In personal communications with R. Sastriques-Guardiola, the following conjecture
was mentioned:

Conjecture 2.4.0.11 ([Sas]). If S is indecomposable of size n, then d < n.

Note that, as in Example 2.2.0.7, taking S = {s1,...,s,} with ¢(s) = (12...n) for
all s provides an indecomposable cycle set that attains this bound.
In this direction the following was obtained in [CR23]:

Proposition 2.4.0.12 ([CR23, Corollary 5.12]). If S is indecomposable and G acts reg-
ularly on X (i.e without fized point), then d < n.
Moreover, if S is indecomposable and n is square-free, then d = n.

The following proposition, although a direct consequence of previous results, will pro-
vide useful relations between different integers associated to a solution.
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Proposition 2.4.0.13. We have the following divisibilities:
(1) o(T) | d

(i) d | #G

(iii) #G | d"

where o(T') is the order of the diagonal permutation T, #G denotes its order |G| (to avoid
confusion with | for divisibility).
In particular, G — G factorizes through G.

Proof. (i) is Proposition 2.3.0.4 and (ii) is Proposition 2.4.0.2.
For the last one, by definition dG C Soc(G), so G is a quotient of G by elements with
trivial permutation. Thus G — G factorizes through G, giving (iii). O

Example 2.4.0.14. Let S = {s1, 2, 53,54} with ¥(s1) = ¥(sa) = (34) and ¥(s3) =
¥(s4) = (12). Then T = id and G = ((12),(34)). Moreover S is square-free so ks = s
forallse S and k € Z. Thus o(T) =1,d =2 and #G = 4.

e

For a positive integer k, denote by m(k) the set of prime divisors of k. For instance
7(24) = {2,3}.

Corollary 2.4.0.15. We have 7(d) = 7(#G).
In particular, d is a prime power iff #G is a prime power.

This means that our later results, which will involve the condition "d is a prime power"
can also be restated for #G.

Proof. As d divides #G (Proposition 2.4.0.2), any divisor of d is a divisor of #G. Con-
versely, if p is a prime divisor of #G then it divides d" and thus divides d. n

Lemma 2.4.0.16. If S is indecomposable then n divides #G.
In particular, m(n) C 7(#G) = n(d), and thus if d is a prime power then n is also a
power of the same prime.

Proof. By Proposition 2.4.0.6, we know that S is indecomposable iff G acts transitively
on S. By the orbit stabilizer theorem, for any s in .S we have #Orb(z) = #St#?i(z). So if S
is indecomposable there is a unique orbit of size n so n divides #G. The last statements

are a direct consequence of this divisibility and the previous corollary. O]
Lemma 2.4.0.17. If S is indecomposable and G is abelian, then n = |G|

Proof. ' By Proposition 2.4.0.6, we know that S is indecomposable iff G acts transitively
on S. Let zg € S, by transitivity for all x € S, there exists 0 € G such that x = o(z). Let
7 € G be such that we also have x = 7(x(), we will show that 7 = ¢. For all y € S, there
exists v € G such that y = v(x), thus o(y) = o(v(z)) = o(v(1(x0)) = T(v(o(20)) = T(y).
So an element of G is uniquely determined by its image of z, thus |S| > |G|, and the
other inequality follows by transitivity. m

Thttps://math.stackexchange.com/a/1316138
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Let k£ > 1 and denote by kG the subgroup of (G, ) generated by kS = {ks | s € S}.
The following result appears simultaneously in [Fei24, Proposition 2.13] and [LRV22,
Theorem B, the latter calling it "cabling":

Proposition 2.4.0.18. For k > 1, kG is a left-ideal of G. Moreover, it induces a cycle
set structure on kS.

Explicitly, ¥ (ks)(kt) = kX (t).

Proof. First note, as for any s,t € S and ¢ € G, by Proposition-Definition 1.6.0.4,
ks + kt = ks - kA (t) € kG and \,(ks) = k),(s) € kS. Thus, kG is a left-ideal of G, in
particular it is a subbrace by Proposition 1.6.0.11.

So we will construct the cycle set (kS, %) so that it has naturally as structure brace kG.
Define ksxts = 1(ks)(t) = kAL (t) = AL (kt). We want to show that (ksxkt)x(ksxku) =
(kt * ks) x (kt x ks).

We have (ks x kt) x (ks ku) = A} (kt) x At (ku) = )\;_ll(kt)()\,;sl(ku)).

The conclusion then follows from Lemma 1.6.0.8: "

(ks kt) x (ks % ku) = A\ ! ( (Aol (ku)) = A’ll(ks)()\,;tl(ku)) = (kt x ks) x (kt * ku).

1 _
A (Kt) At

We can explicitly know the class of the cabling of a solution:

Proposition 2.4.0.19. Let k be a positive integer smaller than d, then (kS,x) is of class
d

ged(d,k)
Moreover, ((d+ 1)S,x) is the same, as a cycle set, as (.S, *).

This means that this construction provides, at most, d different cycle sets.
Proof. By definition of (G, +), for any integer j and k, we have j(ks) = (jk)s. Thus a(ks)

is in the socle for every s if and only if ak is a multiple of d. So we deduce that kS is of
class lmldk) _ _d

k ~ ged(dk) "
By definition of d, we have that (dS,*) is the trivial cycle set (all permutations are
trivial), thus ¥((d + 1)S) = ¥(s). O

Example 2.4.0.20. Consider S = {s1, 2, 3,54} with ¥ (s) = o = (1234) for all s in
S. Then kS is given by ks; x ks; = ks,k(j), so that 25 has class 2 (all elements acts
by (13)(24))) and 4S is the trivial cycle set, while 3S has class 3 (all elements acts by
(1234)~! = (4321) ) and is in fact isomorphic to S (by setting f that swaps (s4,s1) and
(s3,52))-

Finally, we relate the class of a cycle set with the class of its retraction as defined in
[ESS99]:

Proposition-Definition 2.4.0.21 ([ESS99; RumO05]). The retraction of S is the quotient
set S" by the equivalence relation s ~t < (s) = ().

The cycle set structure on S naturally induces a cycle set structure on S’. Moreover,
we also obtain a morphism of cycle sets S — S', and a morphism of braces G — G’ from
the structure brace of S to the one of S'.
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Lemma 2.4.0.22. Let d (resp. d') be the Dehornoy’s class of S (resp. S'). Then d
divides d.

Proof. Let s be the equivalence classes in S’ of s € S. Then, from the fact that G — G’
is a morphism of brace and that S is of class d, we have in G’

Mis(t) = ds -t —ds = ds -t — ds = Ags(t) = L.

This means that for all s, we have that ds is in the socle of Gs/. So d is a multiple of d’'
(the smallest integer such that dG’ C Soc(G')). O

Example 2.4.0.23. Consider S = {s1, Sa, 3,54} with 1(s1) = ¥(s3) = (12)(34) and
Y(s2) = ¥(s4) = (14)(23). Then S’ has two elements: t; = {s1,s3} and to = {s2, 54}, and
both ty and ty act on S’ by the permutation (12). For instance, tyxty = S1% Sy = Sy % $4 =
s3 = t1, and this computation does not depend on the choice of representatives for t; and
ts.

2.5 Zappa-Szép product and Sylows

In [Bacl8; CCS20], the matched product of braces is defined, which is a way to take two
braces acting on each other by automorphism to construct a new one. In [BCJ16], a
method is given to construct, given a brace B, all solutions (X,r) such that Gx,) ~ B.
Combining these and classifying suitable families of braces could lead to a classification
of solutions. Both methods are algorithmically complex: the first relies on knowing the
automorphism group of a brace, the second on some parameters to be obtained in a
brace (additively generating set, families of subgroups of stabilizers). Also note that the
matched product is a brace version of the Zappa—Szép product ([Led73]), which is the
terminology we’ll use.

This approach can be improved by only considering braces that come from germs, i.e.
those with additive group (Z/dZ)"™. To do so, we explicitly algorithmically highlight how
the Sylow subgroups of the germ decompose the cycle set into cycle set with prime power
classes. Then, we are able to obtain a condition, a simplified version of the matched
product condition, for which two germs can be multiplied to obtain a new solution with
class a divisor of the product of the original classes.

Recall that ¥¥, for & > 1, denotes the group of monomial matrices with non-zero
coefficients powers of (x, and that (¥ is the embedding ¥* — ¥* sending ¢; to ¢};. Given
two subgroups H, K < G, their internal product subset is defined by HK = {hk | h €
H,k € K}. If H and K have trivial intersection and HK = K H, the set product HK
has a natural group structure called the Zappa—Szép product of H and K. We apply this
to the Sylow-subgroups of the germs to obtain that any finite cycle set can be constructed
from the Zappa—Szép product of the germs of cycle sets of class a prime power.

Definition 2.5.0.1. Let k.l be integers such that k,l > 1. Let m be a common multiple
of k and I, with m = ka = Ib for some a,b > 1. Given two subgroups G < X¥ H < 3
by G <., H we denote the subset (' (G)*(H) of X,

Identifying G and H with their image in X", we say that they commute ([Led73]) if

GH = HG as sets, i.e. for any (g,h) in G x H, there ezists a unique (¢',h') in (G x H)
such that gh = h'¢g'.
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0 ¢ 0 ¢
common multiple of 2 and 3 is 6, thus

- - 3 2 5 -

Remark 2.5.0.3. This operation can be thought of as taking elements of G and H,

changing appropriately the roots of unity (with ¢, = ¢% and { = %) and taking every

product of such elements (we embed G and H in 37" and take their product as subsets).
When k and | are coprime, G and H can be seen as subgroups of X" with trivial

intersection, and so if they commute we have that G >, H is a group called the Zappa—
Szép product of G and H ([Led73], Product Theorem,).

Example 2.5.0.2. Consider A = G O) € Y2 and B = <§3 O) € X3. The least

Let (S, 1), (S, *2) be two cycle sets, over the same set S, of coprime respective classes
di,dy and germs Gy, Gs. Let d = didy and G = G, <14 G (which, in general, is only a
subset of ¥¢), and we identify each G; with its image in G.

Definition 2.5.0.4. S, and S, are said to be ><i-compatible if G is a germ of the structure
group of some cycle set which we’ll denote S; 1 S.

If S; xSy exists, let G be its structure group, d, its Dehornoy class and G its germ.
Note that we don’t require that G is exactly G,. We only require that d = d;ds is a
multiple of d;.

In Algorithm 2 we construct a candidate S; g Sy for which G could be the germ.
This candidate is not, in general, a cycle set, but if it is, its class is a divisor of d. Then
we will state the condition for it to be a cycle set.

For clarity, we will put a subscript to distinguish between the respective structures of
Sy and Sy: 11(s) will denote the permutation given by #; and similarly (s) for .

Algorithm 2 Constructing S <14 S
Input: A set S with two cycle sets structure %, x5 on S of coprime classes dy, dy
Output: A couple (5, *) with * a binary operation

1: Compute (u,v) the solution to Bézout’s identity dou + dyv = 1[d]

2: fori =1tondo

3: Compute g = us; € G4

4 Let 0 = 11 (us;)

5 Compute h = vsy) = vA; ' (s;) € G

6: Let 1(s;) be the permutation of 1 (g1)cd,(g2)

7

: return S; g S = (S, %) with s; * 5; = Sy(5,)(5)-

Remark 2.5.0.5. The heart of the algorithm is line 5 which relies on ks-kt = ks+kAgs(t).

To obtain an element with diagonal part D,,, we have to take t = s,(;) = oo (8i) with
here o = 1(ks;) and as we apply 1 on the elements (in Sy this does z — 2% and in S,
2+ zM), we obtain Dy, = D®2"Y1Y = D, from lign 1.

Example 2.5.0.6. Tuke two cycle sets of size n =5 and class respectively 2 and 3, and
apply Algorithm 2 providing a candidate for a cycle set of class 6:
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Let S1 = {s},...,st} and Sy = {s,...,st}, with (S1,vn), (S2,12) given by:

Un(sh) = i(s3) = (1234) i(sy) = va(sy) = (1432)  o(s5) = id
a(s]) = a(sy) = (354)  ha(sy) = a(s]) = ta(s5) = (345)

Where Sy is of class di = 2 and Sy of class dy = 3.
Consider their respective germs Gy and Gy of order 2° and 3°. Then we define G =

G116 Gy over the basis S = {s1,...,s5}. For instance we have:
0 G 000 0 ¢ 000
0O 01 0O 0O 01 0O
Sy =481lo o o1 0]]l=]00 010
1 0 0 0 O 1 0 0 0 O
0O 0 001 0O 0 001
1 00 0 O 1 00 0 O
01 0 0 O 01 00 O
WS =E5110 00 0 G|]l=]000 0 ¢
0010 0 0010 O
00 01 O0 0001 0

To construct an element g € G with Dy = Dy, we first solve Bézout’s identity modulo 6:
3u + 2v = 1[6], a solution is given by u = 1 and v = 2, so we will multiply some 15(s})
and 13(2s7) so that their product has diagonal part D} (D3)* = Ds,modz®. Recall that:

ks -kt = ks + k(1)

Here we want s = A\s(t) = s3, k = 3u and | = 2v, so we take s = 3. As 0 = (1sy) =
Y(s3) = (1234), we have t = sy 3 = s, and note that 2s}| = sis5. Finally:

010 0 0\/1L0O 0 00
001 0 0ffo1 0 00
S(sh)s(2s)y =10 0 0 ¢¢* ofl0 0 0O 01
100 0 0/][0O0 2?00
000 0 1/\0o0o 0 10
01 0 00 01000
00 0 0°1 000 01
=100 ™ 0o0[=[00¢ 00
10 0 00 10000
00 0 10 000 10

This will be our candidate for s3. Doing this for all the generators we find:

U(s1) = (124)(35), ¥ (s2) = (1532),¢(s3) = (1254), ¥(s4) = (132)(45),¢(s5) = (354).

Unfortunately, this isn’t a cycle set: ($1%82)*(S1%81) = Sq* Sy = 51 whereas (Sy*$1) * (Sg%
S1) = S5 * S5 = 84. This also means that G is not a brace, as for instance s+ s # So+ 51.

To verify that S} 0 95 is a cycle set, an extra condition is needed:
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Proposition 2.5.0.7. If G, and Gy commute, then S; and Sy are ><-compatible.

In this case, G = G <14 G5 is the Zappa-Szép product of G; and G5. Note that this
would also work over any multiple of d, but we chose to restrict to d for simplicity (as
mentioned under Proposition 2.2.0.1 which defines the class).

Proof. As dy and d; are coprime, it follows that G; NGy = {1}.

By ([Led73], Product Theorem), G is a subgroup of ¥ if and only if G; and G,
commute, i.e. G =G, xig Gy = Gy <14 Gy.

Now, d; and dy are coprime, so G; and Gy have different (non-trivial) coefficient-
powers. Thus a product g,g> of two non-trivial elements from ¢§ (G;) and ¢, (G») cannot
be a permutation matrix.

With Algorithm 2, we can construct elements sy,...,s, of G < X% such that D,, =
D; = diag(0,...,0,(4,0,...,0). Now by Lemma 1.4.0.1 we have

si - Y(8i)(85) = Ds, Ps, Dip(s;)(s;) Posi)(sy) = DiDj P Py(si)(s)-

Similarly, s; - ¥(s;)(s:) = DiD;jPs; Pys;)(s;)- As G is permutation-free and Dy, psiys;) =
Dy, p(s;)(s:), this implies that P ys)(s;) = Ps;u(s;)(s:)- This precisely means that S > .5,
is a cycle set. O

Remark 2.5.0.8. To check whether Gy and Gy commute, we can restrict to the generators
and check that:

V(s,t) € S x Sp,3(s,t') € Sy x Sy such that st =t's'.
Proposition 2.5.0.9. If S| and Sy satisfy the following "mixed" cycle set equation
Vs, t,u € S, (s%1 1) xg (8% u) = (t %2 8) *q (t %o 1) (2.2)
then Sy and Sy are p<-compatible and (S = Sy Xg Sa, %) is a cycle set.

Let u,v be integers such that dou + dyjv = 1[d1dy]. Explicitly, from Algorithm 2 gives
that ¥(s;) = 1o (”Si/,;l(us;)(i» o1 (us}).

Proof. Here we will work over monomial matrices as we do not yet have a Brace structure
on G.

We will use the previous Proposition 2.5.0.7 and show how Equation (2.2) naturally
arises from considering the commutativity of the germs. For clarity, although our two
cycle sets have the same underlying set S = {sq,..., s, }, we will distinguish where we see
those elements by writing s’ for (S, %;) and s” for (S, *;).

Let s; € Sy, 5] € Sy, then in G-

d d d d
5i) = Di* Py D Py = D Dy, oy 1) Pt Py

We want some s, € S1, s/ € Sy such that sis” = s/s), i.e:
k )21 9] 12k

d d _ nd d
Dzszll(s;),l(])PS;PS;/ — DllDwz(sz/),l(k)PS;/Ps;C.
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As dy and dy are coprime, they’re in particular different, so we must have:

d _ 1yd
Df; = D¢22(s;/)71£lk)
Dy, sp-15) = D1 (2:3)
Ps/_Ps// = PS//PS/ .
i J l k
From which we first deduce: k = 19(s})(i) and j = 11(s})(1), or equivalently s = s; %2 s;

and s; = s; *; 5. So taking this k£ and [ we get Ds;s;/ = Ds;/S;. We are left with the last
of the three conditions, which then becomes:

Psgpsg.*ls;’ = Ps;'Ps;’*gs;'
As P,P. = P,,, this is equivalent to
Ya(s; %1 8)) 0 ahi(s;) = Pu(s) *2 s7) 0 ha(s)).

As s] € Sy, 1ho(s) #1 s)') is seen as the action of an element of ;. Thus, the Equations 2.3
are equivalent to:

Vs,t,u € S, (s*1t) %2 (s %1 u) = (L *28) *2 (¢ k2 u).
O

Remark 2.5.0.10. The condition that the classes are coprime is used, with Bézout’s
identity, to have generators of the group G (elements with diagonal part D;). Otherwise,
say for instance that the classes are powers of the same prime, di = p® and dy = p°® with
b < a. Then Lfil2 is the identity and Lflll will add elements with higher coefficient powers
(or equal), thus we do not get any new generators (or too many in the case a = b).

We’ve seen how to construct cycle sets from ones of the same size and coprime classes.
Now we show that this is enough to get all cycle sets from just ones of prime-power class:

Let d = pi*...p% be the prime decomposition of p (a; > 0 and p; # p;), and write
a; = p}* for simplicity. We use techniques inspired by [CJO22] to construct new cycle
sets from two with coprime Dehornoy’s class.

Fix again a cycle set S of size n and class d > 1, with germ G. By Proposition 2.4.0.18,
given k > 0 diving d, the subgroup kG generated by kS = {ks | s € S} is the germ of a
structure group, and has for elements the matrices whose coefficient-powers are multiples

of k.
Lemma 2.5.0.11. Let 3; = a% then
(i) For each i, 3;G is a p;-Sylow of G.
(ii) Two such subgroups commute (i.e. 3;G - 5;G = B;G - 3;G).

(iii) G is the product of all those subgroups.
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Proof. (i) follows directly from the fact that ;G is a left ideal of G (Proposition 2.4.0.18),
and has order

#G d"
#6G = = —m =af ="
o7 " @)
This is indeed a p-Sylow as #G = d" = (p{*. PPt =t e

For (ii), let g,h € G and consider f;g B]h € 3,G - B;G. From Lemma 1.6.0.7 and
Proposition-Definition 1.6.0.4, we have Big- B;h = 8,9+ B;Ap,4(h) and denote h' = Ag,4(h)
for simplicity. Then Big- 8;h = Big + B;h' = B;h' + Big = B;h' - Bidg,w (g) € B;G - BiG. We
conclude by symmetry to obtain the other inclusion 3;G - 5,G' C 3,G - 3;G

(iii) then follows by cardinality (#G = ﬁ #3,G), as the 3;G are a family of commuting

i=1

Sylows for each prime p; dividing d. O]

Example 2.5.0.12. Checking the enumeration of solutions up to size 10 provided by
[AMV22], we find that the first example where S is indecomposable but has class product
of different primes isn = 8,d = 6 given by:

P(s1) = (12)(36)(47)(58),  ¥(s2) = (1658)(2347),
U(s3) = (1834)(2765),  v(s4) = (12)(38)(45)(67),
W(ss) = (1438)(2567),  1b(sg) = (1856)(2743),

P(s7) = (16)(23)(45)(78),  ¥(ss) = (14)(25)(36)(78)

Here, G decomposes as the Zappa—Szép product 3G <15 2G of its 2-Sylow and 3-Sylow. If
we denote by (Sa,12) and (Ss,13) their respective cycle set structures then we find:

ha(s) = 1ha(sh) = (1476)(2583),

ha(s) = va(sg) = (18)(27)(36)(45),
ha(sy) = va(s5) = (1674)(2385),
ha(s7) = tha(sy) = (12)(34)(56)(78)

and

s(sy) = bs(s5) = s(s5) = ¥s(s7) = (135)(264),
s(s3) = ¥s(sy) = 1hs(sg) = ¥s(ss) = (153)(246).

The associativity of multiplication of matrices ensure that the Zappa-Szép products of
germs is associative (see [Bri05, Section 3.14] for the general case). Then, Lemma 2.5.0.11
can be rephrased as G = 3G g ... x4 3,G. As the germ can be used to reconstruct the
structure group and thus the cycle set, the following theorem summarizes these results
from an enumeration perspective, that is to construct all solutions of a given size.

Theorem 2.5.0.13. Any finite cycle set can be constructed from the Zappa—Szép product
of the germs of cycle sets of whose Dehornoy classes are powers of primes.

Proof. Any cycle set is determined by its structure monoid (the atoms are the generators,
with permutation equal to the left-action of the cycle set binary map *). And the structure
monoid can be recovered from the germ by Proposition 2.2.0.10. By Lemma 2.5.0.11 and
the above construction, the germ can be decomposed and reconstructed from its Sylows,
which also determine cycle sets by Proposition 2.4.0.18. [
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Remark 2.5.0.14. As mentioned earlier, if one is able to construct all solutions in a
given size with prime-power class, the solutions with the same size and non prime-power
classes could then be constructed. This would still involve checking when two solutions are
compatible and to consider each solution up to isomorphism (which is simpler than brace
automorphism of the germ, as done in [Bac18]).

Remark 2.5.0.15. The class of the cycle set constructed will Algorithm 2 will, in general,
only be a divisor of the product of the prime-powers. This happens because nothing ensures
that, for instance, the cycle set obtained is not trivial: we only know that didss is diagonal,
but it s not necessarily minimal.

When restricting to indecomposable cycle sets, the classification problem can be fur-
ther reduced:

Corollary 2.5.0.16. Any cycle set is induced (in the sense of using the decomposability
and Zappa-Szép product) by indecomposable cycle sets of smaller size and class, both
powers of the same prime.

More precisely, this "breaking down" of a cycle set, of size n and class d = pi* ... pJ",
is as follows: First using Theorem 2.5.0.13 to split it into cycle sets (5;)1<;<, of size n and
class a power of p;. Then using Lemma 2.4.0.16 to decompose each S; into indecomposable
cycle sets of size and class both a power of p; (and the sum of their sizes equal to n).

Proof. From Theorem 2.5.0.13, let a cycle set S be obtained from its germ as an inter-
nal product of Sy, ..., S, of classes respectively pi*,...,p% with distinct primes. Then,
consider a decomposition of each 5; as indecomposable cycle sets: so up to a change of
enumeration, the matrices in the structure group of S; are diagonal-by-block with each
block corresponding to a cycle set. Moreover, each of those cycle sets must have a class
that divides the class of S;, which is p;*, thus their class is a power of p;. By Lemma
2.4.0.16, the size of those indecomposable cycle sets must also be powers of p;. O]

However, as far as the author knows, there is no "nice" way, given two cycle sets, to
construct all cycle sets that decompose on those two, thus the above result is an existence
result but not a constructive one, unlike the Zappa—Szép product previously used.

Remark 2.5.0.17. Starting from a cycle set, we first write it as a Zappa—Szép prod-
uct of its Sylows and then decompose each Sylow-subgroup if the associated cycle set is
decomposable. If one proceeds the other way, first decomposing and then looking at the
Sylows of each cycle set of the decomposition, we obtain less information. For instance,
if S = {s1,...,86} with ¥(s;) = (1...6) for all i, then S is not decomposable, but the
cycle sets obtained from its Sylows 2S and 3S are decomposable (1o(s;) = (14)(25)(36)
and ¥3(s;) = (135)(246) for all i, having respectively 3 and 2 orbits).

Example 2.5.0.18. In Example 2.5.0.12, S5 has to be decomposable as n = 3 does not
divide d = 8. Indeed, it decomposes as S3 = {s], s5, st} U {sh, s], s} U{s?, si}.

Using the enumeration of [AMV22] and Algorithm 1, for n = 10 we find that there is
approximately 67% of cycle sets that have class a prime-power (~ 3.3millions out of ~
4.9 millions). We hope that this number greatly reduces as n increases (as hinted by the

previous values, for n = 4 it is 99%), as more values of d are possible (See Conjecture
2.4.0.8).
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CHAPTER 3

Irreducibility of the monomial representations

In this section, we study the relation between the indecomposability of a cycle set and the
irreducibility of its monomial representation. Recall from Definition 2.4.0.4 that a cycle
set S is said to be indecomposable if there exists no proper partition S = S; U .Sy such
that S; % S7 = 57 and Sy % Sy = S3. On the other hand for a group G, a ring R and a
R[G]-module V', a representation G — GL(V) is said to be irreducible if there exists no
proper submodule W of V' such that G- W C W.

The motivation is that the representations of G and G, defined in Section 1, are mono-
mial. By [CR62, Corollary 50.4], any irreducible monomial representation is induced by a
character of a subgroup. Our goal is thus to study the irreducibility of the representations
© and O, and when they are induced by a character of a subgroup.

Here, we obtain that the indecomposability of a cycle set is equivalent to the irre-
ducibility of the representation ©. For the irreducibility of © on the germ we have to
restrict to the cases where the Dehornoy class is not 2 or 6. We provide a counterexample
for d = 2, but the case of finding a counterexample for d = 6 remains open. Moreover, we
show that when considering a larger germ, namely G; = G/{(lds) there is an equivalence
between irreducibility of the representation and indecomposability of the solution.

All along this section, we fix a cycle set (5, %) of size n, of Dehornoy’s class d > 1,
with structure group G and germ G = G/(dS).

The content of this section was obtained in joint work with C. Dietzel (LMNO, Caen)
and S. Properzi (VUB, Brussels).

3.1 Indecomposability and Irreducibility

In this section, we study the equivalences between the indecomposability of a cycle set
and the irreducibility of the monomial representations of its structure group and germs.
For any positive integer [, we denote by G, the quotient G/((Id)S) and call it the [-germ
of G. In particular, we have G; = G. Recall that we have the monomial representation of
the structure group ©: G — Ms(C(z)). By Proposition 2.2.0.5 we have that G is a brace
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with additive structure (Z/1dZ)* and we have a monomial representation ©;: G; — Mg(C)
obtained by the specialization ev;; of z at (jy = exp(%).

Recall, by Proposition 2.4.0.6, that S is indecomposable if and only if its permutation
group G acts transitively on S. As G is a quotient of both G and G, indecomposability

is also equivalent to a transitive action of the structure group (resp. germ) on S.
Proposition 3.1.0.1. Let [ be a positive integer. Consider the following assertions:
(i) S is indecomposable
(i) ©: G — Mg(C(z)) is irreducible
(iii) ©;: G, — Mg(C) is irreducible.
Then the followings hold:
a) (it) < (i)
b) If l =1, then (iit) = (i)
c) If 1 > 1, then (iii) < (7).

Proof. We begin by showing that (ii) (resp. (i) for [ > 1) implies (). By contradiction,
suppose that S is decomposable and let K be C or C(z), say S = S; U Sy with S1,5; &
{@,S}. This means that for any s in S, 1(s)(S;) = S;. Then, the permutation matrix P
associated to 1)(s) stabilizes both subspaces C(z)** and C(2)% (resp. C* and C*2). As S
generates G (resp. G)), any element of G (resp G) also stabilizes the two subspaces C(z)*!
and C(2)%2 (resp. C' and C%2). Thus, © (resp. ©;) would be reducible, a contradiction.

We now show that (i) (resp. (iii) for [ > 1) implies (ii). Suppose that S is indecom-
posable. Let V be a non-trivial subspace of C(2)* (resp. C®) that is G-invariant (resp.
G)-invariant). Let v = (v,)ses be a non-trivial vector in V', so there exists s such that
v, # 0. As S is of class d, we have ds € Soc(G) (i.e O(ds) is the diagonal matrix D?).
Moreover, as [ > 1, ds is non-trivial in G; = G/(ldS). Then, if we denote by (e;);cs the
canonical basis of C(z)° (resp. C%), we deduce that ©(ds)v — v = (2% — 1)vses (resp.
O(ds)v — v = (¢4 — 1)v,es, which is non-zero as [ > 1). In both cases, we obtain that
es is in V. As S is indecomposable, for any ¢t € S, there exists f € G (resp. f € G})
such that A\s(s) =t. If f = ZS fuu, then f-s = 2ftt (vesp. f-s = (lit),sot € V. We

ue

thus obtain that the canonical basis of the whole space is in V, so the representation is
irreducible. O]

Remark 3.1.0.2. For | = 1, the indecomposability of S does not necessarily imply the
irreducibility of ©: G — Mg(C).
Indeed, consider the case of Example 2.2.0.7 with n = 2: let S = {s,t} with (s) =

Y(t) the permutation that swaps s and t. Then S is of class 2 and O(s) = ((1) —()1)}

oft) = _01 (1) = —0O(s). These matrices are simultaneously diagonalizable over C (the

eigenvalues are +i), and so the representation is not irreducible.
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3.2 Estimating the size of G(X)

Proposition 3.1.0.1 only gives that the irreducibility of © implies the indecomposability
of S. In this section, we obtain a sufficient condition for the reciprocal.
Let us assume that S is an indecomposable cycle set of size n and class d.

Proposition 3.2.0.1. If S is indecomposable and |G| < d=, then © is irreducible.

Note that, as G = G/Soc(G), we have |G| = |So|§|5)| = |Soi?§)|' Thus

IG| < d? <= [Soc(G)| > d=.

Proof. Write S = {s1,...,s,} and let ey,...,e, be the associated canonical basis of C°.
U1

Let 0 # V be a G-invariant subspace of C® with. Let v = | : | € C® be a non-zero vector.
Un,

We will show by induction on the number of non-zero coordinates of v that V = C°. If
there is only one ¢ such that v; # 0, then by rescaling and applying the transitivity of the
action of G on S, we obtain V = C°. Indeed, as v; is the unique non-zero coordinate,
v

2 — ¢;. Then, by the indecomposability of S, for any 1 < j < n, there exists g € G such

v;
that A '(s;) = s;. If g = Zezsgksk, we have g-e; = (7 ej, so e; € V. Thus we obtain that
Sk
the canonical basis of C¥ is in V, meaning that V = C*.
Otherwise, assume that v has at least two non-zero coordinates v;,v; with ¢ # j.

We will show that there exists ¢ € Soc(G), such that we have g; # g;, when writing

g = Y ggsi with 0 < ¢g; < d. This will imply that g - v — (J’v has i-th coordinate
SEES
i

Jiv; — (Jv; = 0. As g; # g; and v; # 0, g - v — (J'v has j-th coordinate (Jv; — (Jv; =
(7 — ¢J)v; # 0. For the other coordinates, say k ¢ {i,7}, we find that the k-th
coordinate of g-v—(Jv is ({7 — (J')vk, which remains zero when v, = 0. Thus we strictly
decreased the number of non-zero coordinates of v, without obtaining a zero vector. Thus,
by induction, we conclude that V = C?.

By contradiction, suppose that for every g € Soc(G), g; = g;. For any 1 < k < n, by
the transitivity of the action of G, there exists f € G such that A;(s;) = s;. Let [ be such

that A\(z;) = z;, and as Ay is a bijection we have [ # k. Then, as Soc(G) is an ideal, we

have Af(g) = > giAf(s;) € Soc(G). Thus
S$; €S

gk = ()‘f(g))z = (Af(g))j = g

This means that for every k, there exists at least one I # k such that g, = g;. So an

element of Soc(G) (a diagonal matrix) has at most % different entries on the diagonal, i.e.
|Soc(G)| < d%, a contradiction. O

Let p be a prime and n > 0. We can always uniquely factorize n = p“m with
v,m > 0 and p { m. Therefore we can define the p-valuation v,(n) as the exponent
v in such a factorization. On the other hand, there is a unique base p representation
n =332, a;p" with finitely many non-zero 0 < a; < p. We define the p-adic digit sum as
DS, (n) = =%y a;

We denote by P the set of prime numbers.

We will need the following result about the p-valuation of factorials:
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Lemma 3.2.0.2 ([Coh07, Lemma 4.2.8.]). For all n > 0, we have v,(n!) = %S’i(n).

Lemma 3.2.0.3. The following bound holds:
n—1
|g‘ < H pr-T.

peEP
pld

Proof. Write G = G(X). By Corollary 2.4.0.15, for any p € P, we know that p divides d
if and only if p divides |G|. Therefore, |G| = [1,ap"*!9V. As G < Sy, we must have that
|G| divides |Sg| = n!. Therefore, by Lemma 3.2.0.2, for p € P we have
n — DS,(n) = 1'

p—1  —p-1

up(1G]) < vp(nt) =

Thus,
G| = Hpvp(lgl) < Hp;%-

pld pld

O

Definition 3.2.0.4. A group G is called solvable if there exists a finite series of normal
subgroups

1=Gy <G <--- <G =G,
such that G;_1 is a normal subgroup of G; and G;/G;_1 is abelian for all 1 <i < k.

Proposition 3.2.0.5 ([CR62, Theorem 5.3]). If G is a solvable group and H < G is a
normal subgroup, then G/H is solvable.

In [CR23] the following is indirectly obtained, as already mentioned in Proposition
2.4.0.10:

Proposition 3.2.0.6 ([CR23, Proposition 5.10]). Let S be a cycle set of size n. Then
G| < 24"%.

Proof. By [ESS99, Theorem 2.14], the structure group G is a solvable group. Thus, by
Proposition 3.2.0.5, we obtain that G = G//Soc(G) is solvable.

Moreover, in [Dix67, Theorem 3], it is shown that a solvable group of &,, has cardinal
at most 24"5 . Thus, as G is solvable, |G| < 24"5" . O

Theorem 3.2.0.7. Let S be an indecomposable cycle set of size n and class d, such that
d ¢ {2,6}. Then ©: G — Mg(C) is irreducible.

Proof. We will show that if d ¢ {2, 6}, then |[Soc(G)| > d>. We can then apply Proposition
3.2.0.1 to conclude that © is irreducible.

As [Soc(G)| > d? is equivalent to |G| < :1% = d%, we need to show that |G| < dz for
d¢{2,6}.

First suppose that d > 9. By Proposition 3.2.0.6, we know that |G| < 24" < 275 =
3"~1. Moreover, dz > 9% = 3". Thus,

G| < 3"t < 3" < ds.
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Next, consider the cases of d € {3,5,7}. By Lemma 3.2.0.3, as d is prime, we have
G| < dit < d"T < db.
We are left with d € {4,8}. As 4 and 8 are powers of 2, by Lemma 3.2.0.3, we have
G| <2t < 2" < 45 < d3.
This finishes the proof. O
Remark 3.2.0.8. For d = 2, we gave a counterexample in Remark 3.1.0.2. For d = 6,

our proof fails on the bound given by Lemma 3.2.0.5: we find that |G| < o133 — 12nT_1,
when we need |G| < 62 .

We do not know whether there exists an indecomposable cycle set of class 6 such that
the representation © is not irreducible.

From the enumeration of [AMV22], one can check that for all indecomposable cycle
sets of sizen < 10 and class d = 6 the representation © is irreducible. To do so, we applied

[Ser77, Theorem 5], stating that a representation p of a finite group G is irreducible if
ond only if 2 5 [TH{p(g))* = 1.
g€

From Lemma 2.4.0.16, we know that the prime divisors of the size of a cycle set are
divisors of its Dehornoy class. Thus, we know that no indecomposable cycle set of size
11 have class 6. Therefore, a cycle set of class 6 such that © is not irreducible should be
looked for in size n =12 (then 16, 18, 2/, ...).

3.3 Inducing the representations

By [CR62, Corollary 50.4], an irreducible monomial representation is induced by a char-
acter of a subgroup. So in this section, we explicitly construct a subgroup of G (resp. G)
and a character that induce the representation © (resp. ©).

In this section we fix S an indecomposable cycle set of size n.

For details on representation theory of finite groups, we refer to [Ser77]. We’ll need
the following from this reference:

Let G be a group, R a commutative ring and V' a finite dimensional R-module. A
representation p: G — GL(V) is equivalent to a R[G]-module structure on V. We'll
identify p with V' endowed with the associated R[G]-module structure.

Proposition-Definition 3.3.0.1 ([Ser77, Chapter 7|). If H is a subgroup of G and V
is a R[G]-module, then the induced representation Ind%V is defined as the R[G]-module
R|G] @pim V.

If we denote by [G : H] the index of H in G, then rkgInd%V =[G : H] - rkgWV .

Moreover, for any R[G]-module W we have the following isomorphism
Hompiw)(V, W) = Hompg) (IndgV, W),
obtained by sending f: V — W to f*: R|G|Qpu — W, where f*(g®@v) =g- f(v).

We now chose an element sy in S. We define Gy = {g € G | A\;(s0) = so} and
Gro =19 € G | \j(s0) = so}. Recall that we can write any element g in the structure

brace G as g = Y gss.
seS
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Lemma 3.3.0.2. Suppose S is an indecomposable cycle set. Then, for any sq in S, we
have the equalities

(GGl =[G :Guo) =19

Proof. The index [G : Gy (resp. [G : Gip)] is the number of equivalence classes of G
modulo Gy (resp. G; modulo Gjg). So two elements of G (resp. G are in the same class
if they send sy to the same element of S. As S is indecomposable, G (resp. G;) acts
transitively on S by Proposition 2.4.0.6, we conclude that [G : Go| =[G, : Gio] = |S|. O

Proposition 3.3.0.3. The mapping
co:G—=7Z; g~ gs,
satisfies the following property: for g € Gy, h € G, we have

co(gh) = co(g) + co(h).
In particular, the restriction cy|a, is a morphism of groups.

Proof. By Proposition-Definition 1.6.0.4, we have gh = g+ A;(h) = X gss + X hsAg(S).
sesS seS

As g € Gy, we have \;(so) = so. Thus, co(gh) = gs, + hsy = co(g) + co(h).
This means that, when restricting to Gy, c¢¢ is a morphism. Which implies that
co(gh) = co(g) + co(h). The second statement of the proposition is now immediate. [

By Proposition 3.3.0.3, we can define the character xo : Gy — C[z*!] C C(z) by
g ZCO(Q) = 29s0 .

Lemma 3.3.0.4. The character xo: Go — C(z) induces a character X, : G — C.

2im

Proof. With the specialization ev;q: C(z) — C of z at (4 = exp(J7 ), we obtain a character
evigXo : Go — C defined by g + (;°. Moreover, we have G; = G/(lds) and 1dS C
Soc(G) € Gy. Thus xo factorizes as X, through Go/(lds). Furthermore, Ker(Gy —
Go) = GoNKer(G — G)) = GoNldG = 1dG. Thus Go/(lds) = G, and ¥, is well-
defined. ]

We can now show that the monomial representations of indecomposable cycle sets are
induced:

Theorem 3.3.0.5. Let S be an indecomposable cycle set and sq be an element of S.
Let (A,T',Tq, p, g, w) be one of the followings:

a) ((C(Z),G’ Go,@,Xo,Z)
b) (C[zil]a G7GO7@7X072)
¢) (Caélaél,()a@bYl,oaCld) , forl>1.

Then the monomial representation p: I' — Mg(A) is isomorphic to the induced repre-
sentation Indp A seen as a A[l'])-module.
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Proof. Consider A (resp A®) as the A[['g]-module (resp. A[l']-module) with its associated
structure coming from aq (resp. p).

Define f : A — A% by a — asy. We claim that f € Homapr, (A, A%). We need to
show that, for any g € Tg and a € A, f(g-a) = g+ f(a). On the one hand, f(g-a) =
f(w90a) = w0asy. On the other hand we have g- f(a) = g-asp = D,P,(asy) = D,(asg) =
DI (asy) = wI0asy, where we used that g € Ty to have that D, stabilizes sy and then
that Dy acts on s € S by D?.

By Proposition-Definition 3.3.0.1, f induces a morphism f* € Hom A[p](IndgoA,AS).

Forany g = Y gyu € I, let t = A" (s0), so that we have f*(g®1) = g- f(1) = g-so = w¥t.
u€eS
As S is indecomposable, by Proposition 2.4.0.6, we know that I' acts transitively on S.

So for any s € S, there exists g € I' such that f*(¢ ® 1) = w%s € AS. As w is invertible
in A, we obtain that f* is surjective.
Moreover, by Proposition-Definition 3.3.0.1 and Lemma 3.3.0.2, we have:

rksIndp A = [[': D] - tky A = |S| = k4 A®.
As f* is surjective, it must be an isomorphism, which finishes the proof. n

Example 3.3.0.6. For n > 2, consider the cycle set S = {s1,...,8,} with ¥(s;) =
(1 2 ... n) = 0 (i.e s; % 5; = Ss(j)). We have seen in Example 2.2.0.7 that S is of
class n. Moreover, S has permutation group G = (o) which acts transitively on S, thus
S is indecomposable. So, by Proposition 3.1.0.1, the representation © is irreducible. In
particular, |G| = |{0)| is equal to the order of o, so |G| =n < n3 because n > 2. Thus
by Proposition 3.2.0.1, we have that © is irreducible. Moreover, by [Ser77, Theorem 5],
a representation p of a finite group G is irreducible if and only if ﬁ %:G | Tr(p(g))]? = 1.
g

We now apply thijformula to the representation O: B
For any g € G, by Proposition-Definition 1.6.0.4, we have ¥(g) = A\, = o9 Let

g € G with g = Zn: 9iS; with f: gi = 0(g) and where 0 < g; < d. By Corollary 1.6.0.15,
i=1 i=1

O(g) = D{"--- DI P, = DY" - .. DI PL9) where D; = diag(1,...,Cn, ..., 1) with ¢, on the
t-th place. So
0, if €(g) # 0 mod n

Tr(O(g)) = -i ¢4, if €(g) =0 mod n

As © is drreducible, by [Ser77, Theorem 5] we have é > |Tr(©(9))]* = 1. We con-
geG

> G+ )P =

0<ai,..., anp<n
a1+--+an,=0 mod n

clude that
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CHAPTER 4

Hecke algebras for set-theoretical solutions to the Yang—Baxter
equation

As mentioned in the introduction, the Iwahori-Hecke algebra is a deformation of the group
ring of a Coxeter group seen as a quotient of the group ring of the associated Artin—Tits
group. The Iwahori-Hecke algebras can then be used to construct all irreducible characters
of the Coxeter group ([GP00, Section 4.4, 8, 9]). As structure groups of solutions are
Garside groups, the question of defining a deformation of the group ring of the germ of
a solution naturally occurs. This is precisely the goal of this section: defining such an
object, showing it has property similar to the Coxeter case (natural basis, invertibility of
the generators, semi-simplicity), but also highlighting some differences between the two
objects. Moreover, when working to find a suitable definition, another object happened
to be studied: an Hecke algebra defined from a two-generator presentation of Z/nZ which
reminds of the ones defined for Complex Reflexion Groups ([RMB98, Proposition 4.22]).

Let (S, %) be a finite cycle set of size n with S = {s1,...,s,}, class d and structure
monoid (resp. group) M (resp. G). Because we are going to work over group rings, to
avoid the confusion when writing ds (it means different things in R[G] or G), we’ll use
the notation from [Deh15] as sl = ds in G. For a positive integer k& we define the k-germ
of G by G = G/(s*),cs which is in bijection with the divisors of the kd-th power of
the Garside element A. Moroever, for any element g in a group G, we denote by T}, the
associated generator in a group ring.

4.1 Finding the correct definition via a diagrammtic
approach

The first attempts to adapt the definition from Artin—Tits groups to Yang—Baxter struc-
ture groups would be to quotient R[G| by something of the form Ty = ag_ 1Ty + - - - +
a1Ts + ag. However, apart from a specific case mentioned in the following subsections (the
unique non-trivial solution of size 2), this does not really work. Using the GAP package
GBNP to compute a non-commutative Grobner Basis, shows that such quotient won’t
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Chapter 4. Hecke algebras for set-theoretical solutions to the Yang-Baxter equation

have the correct dimension (it collapses, almost always identifying all generators).
For instance, the GAP code in Program 1 checks, for a chosen cycle set of both size
and class 3, that no intuitive definition works.

#Setup
LoadPackage ("GBNP");
A:=FreeAssociativeAlgebraWithOne (Integers ,"a","b","c");
gens :=Generators0fAlgebra(A);
e:=gens[1];a:=gens [2];b:=gens [3];c:=gens [4];
q:=100;
words:=[e,a,b,c,a*a,a*b,b*b,b*c,c*xa,c*xc];
comb:=Combinations (words) ;
Remove (comb ,1);
sComb:=String (comb) ;
sComb :=ReplacedString (ReplacedString/(
sComb ," (1)*","") ,"<identity ...>","e");
sCombx :=ReplacedString(ReplacedString(
ReplacedString (sComb ,"a","x"),"b","y"),"c","z2");
sCombB:=ReplacedString (ReplacedString/(

ReplacedString(sCombx,"X“,"b“),"y“,"c" ,“z",“a“);
sCombC:=ReplacedString(ReplacedString
Replacedstring(scombx,"X“,"C“ ,lly“,"a" ’“Z",“b“);

combA:=EvalString (sComb);

combB:=EvalString (sCombB);

combC:=EvalString (sCombC);

l:=Length (combA);

for i in [1..1] do

Print ("\r ")

Print (i,"/",1);

x:=combA[i]l;y:=combB[i];z:=combC[i];

rels:=[a*xc-b*xb,b*xa-c*c,c*xb-a*a,
a*b*c-(gq-1)*Sum(x)-g*e,b*c*a-(q-1)*Sum(y) -g*e,
cxa*b-(q-1)*Sum(z)-qg*el;

KI:=GP2NPList (rels);

GB:=SGrobner (KI);

if DimQA (GB,0)=27 then

Print ("\n");

Print (Sum(x));

Print ("\n");

Print (Sum(y));

Print ("\n");

Print (Sum(z));

Print ("\n");

PrintNPList (GB);

Print ("\n");

fi;

od;

Program 1: Checking dimensions of quotient algebras
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4.1. Finding the correct definition via a diagrammtic approach

To do this verification for S = {s,t,u}, ¥ (s) = ¥(t) = ¥(u) = (stu) = o, we consider all
relations of the form

Tga =2T1+ Y. asyTy, a5y, €{0,1} CQ
geG
1<l(g)<2

and Ty = 0(Tya), T, = 0%(T,a) to retain the symmetry. Note that we chose a particular
specialization of the coefficients a;, as we expect the definition of the Hecke algebra to
work for all specializations. We then use the GBNP package functions to compute the
size of the quotient algebra (deduced from a non-commutative Grébner basis). We are
interested in quotient algebras which are free of rank #G = 3% = 27, so that we can

have (T,),.z as a basis. The only relation for which this happen is Tyq = 271, i.e. a

non-interesting deformation of the group ring Z[G]. It is also worth to note that, in most
cases, the quotient is small to the point that the generators (Ty)ses are identified.

This was tested for many small solutions, in particular the cyclic solutions such that
Y(S) = o € 6, leading to the alternative approach of Subsection 4.5. Thus the approach
had to be changed, and we are going to give a brief idea on how the current one was
obtained. The following approach was inspired by a talk given by L. Poulain d’Andecy
in Caen [Pou23].

For the Braids groups B,,, whose Coxeter groups are &,, (of type A,_1), the generic
Iwahori-Hecke algebra can be defined by the diagrammatic relations as follows:

<l
= (q— 1)( +q
(
which can also be written as

j—qk =(q—1)
4 h

Intuitively, this means that we are "mostly" interested in the permutation associated
to the braid, which is related to the fact that the Coxeter group is &,,. In what follows,
we will explain the diagrammatical construction which gives the intuition of a "good"
definition of Hecke algebra.

Definition 4.1.0.1. Let n be a positive integer. Consider the 2n points in R? with co-
ordinates (1,0),...,(n,0), (1,1),...(n,1). A family of n curves (C;: [0,1] — R?)i<i<p
s called a n-strand permutation diagram if there exists a permutation o € &,, such that
Ci(0) = (4,1) and C;(1) = (c(4),0).

In this case, C; is called the i-th strand.

The inverse of o will be called the permutation associated to the diagram. Equivalently,
the associated permutation can be read as the permutation obtained looking at the diagram
from bottom to top.
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Chapter 4. Hecke algebras for set-theoretical solutions to the Yang-Baxter equation

Two such diagrams are said to be equivalent if they define the same permutation.

Example 4.1.0.2. The following is a 4-strand permutation diagram with associated per-
2 3 4

. 1
mutation (2 3 4 1) = (1234):

If we have two n-strand permutation diagrams, we can stack one on top of the other
to obtain a new one (after rescaling vertically). This is illustrated in this example:

12 3 4
T2 3 4 1 2 3 4 12 3 4
W )
T2 3 4 1 2 3 4 12 3 4
12 3 4

The associated permutation of the first (resp. second) diagram in the product is given by
(1234)~1 = (4321) (resp. ((12)(34))"" = (12)(34)). And the permutation of their stacking
is (24)7! = (24), which is also equal to (4321) o (12)(34). The fact that the permutation
of the stacking is the product of the permutation holds in general, as indicated by the
following;:

Proposition 4.1.0.3. There is an isomorphism between the group of n-strand permuta-
tion diagrams up to equivalence and S,,.

Proof. Consider the stacking of two diagrams with associated permutations respectively
o and 7. The first diagram sends ¢ to (i), and the second one sends (i) to 7(o (7). So we
obtain that the permutation of the stacking is the product of the permutation. This im-
plies that, when considering diagrams up to equivalence (defining the same permutation),
the stacking operation is a group law: associativity is clear, the identity is the equivalence
class of diagrams with trivial permutation, and inverses are given by the equivalence class
of diagram with the inverse permutation. In other words, the map sending a diagram to
its associated permutation is a morphism.

Moreover, diagrams are considered up to the equivalence relation of defining the same
permutation. Thus there is a unique equivalence class of diagrams with trivial permuta-
tion, and so this morphism is an isomorphism. O]

Definition 4.1.0.4. Let " be a group. A U'-marked permutation diagram is a permutation
diagram where strands can be marked anywhere by elements of I'. There can be multiple
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4.1. Finding the correct definition via a diagrammtic approach

ordered elements for one strand. Moreover, a marking by 1 € I is considered equivalent
to no marking.
Two markings of one strand are equivalent if they are identified by the group law as

follows:
9
~ gh
h

Example 4.1.0.5. We will later focus on Z and Z/dZ markings. As those groups are
cyclic, we can simplify the markings:

For Z, associate to +1 the marking by e and to —1 the marking by o. A marking by a
positive integer n then corresponds to n markings by e, and similarly for negative integers
with o.

For Z/dZ, we will only consider markings by e which corresponds to the class of +1.

The following is a Z-marked 3-strand permutation diagram, where the strand 1 to 3
are respectively marked by 2, 0 and -3:

Remark 4.1.0.6. We can always move all the markings to the top (or bottom) of a
strand. This also applies when stacking two diagrams, as illustrated in the following for
Z]3Z-marked 3-strand permutation diagrams:

where the equality is the stacking operation, the first equivalence is the equivalence of
permutation diagram, and the second equivalence is the fact that we have a Z/37Z-marking
(soeee=3e=0)

Consider the action of &,, on G by permuting the entries, i.e. o sends the i-th entry
to the o(i)-th one, or, equivalently, o - (g1,...,9n) = (go-1(1)s - - -+ Go-1(n)) -

Proposition 4.1.0.7. The group of I'-marked n-strand permutation group is isomorphic
to I' x &,,, where G,, acts by permuting the entries of I'™.

Proof. Let (g1,...,Gn,0) be an element of I' x &,,. Consider the map f sending such an
element to the permutation diagram associated to o and where the ¢-th strand is marked

by g;.
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Chapter 4. Hecke algebras for set-theoretical solutions to the Yang-Baxter equation

We have f ((g1,---,9n,0)(P1,. .. 7o, 7)) = f(g1ho-1(1)s - - Gnho-1(n), OT).

On the other hand, when stacking f ((g1,...,9n,0)) and f ((h1,..., h,, 7)) from bot-
tom to top. The permutation associated to this diagram is o7 by Proposition 4.1.0.3.
Moreover, the top diagrams has an i-th strand that is followed by the o~ (i)-th strand of
the second diagram. Thus, the markings on the ¢-th strand of the diagram after stacking
is gihy—1(;)- From this, we deduce that f is a morphism.

Now, f ((g1,---,9n,0)) is trivial if and only if the diagram has trivial permutation and
markings, so 0 =id and g; = --- = g, = 1. This means that f is injective.

Finally, consider a diagram with associated permutation ¢ and markings g1, ..., gn.
By the definition of f, the given diagram is equal to f(gi,...,gn, o), meaning that f is
surjective. Thus f is an isomorphism. O

We can finally arrive at a diagrammatical representation of structure groups and germs
of solutions, which corresponds to the I-structure of [ESS99; GV98| and Theorem 1.5.0.19.

Theorem 4.1.0.8. Let S be a cycle set of size n and class d. Then its structure group G
(resp. germ G) is isomorphic to a subgroup of Z-marked (resp. Z/ldZ-marked) n-strand
permutation diagrams. Moreover, an element is uniquely determined by its marking as a
diagram.

Proof. By Corollary 1.5.0.22, we know that G embeds as a subgroup of Z" x &,, such
that restricting to the first coordinate is bijective. Proposition 2.2.0.5 gives a similar
embedding of G; in (Z/IdZ)" x &,,. In both cases, we then apply Proposition 4.1.0.7 to
conclude. O

Remark 4.1.0.9. A way to interpret the quotient G — G, through the diagram is to
visualize the strands as having thickness in 3-dimensions, and consider the markings as
twists. In G, a marking as @ = +1 € Z can be seen as a twists by %. Then, quotienting
to G; amounts to considering a full twist as trivial.

Now going back to the analogy with Artin—Tits group, where the focus to obtain the
Iwahori-Hecke algebra was the permutation associated to a braid. Here the permutation
of the braid is an obstacle when we only care about the number of circles/twists (the I'”
part). This is why we will consider deformations which only involves elements with trivial
permutation. so in our case using s/, For instance, the analogue of s = (¢ — 1)s + ¢ will
be sld? = (¢ — 1)s!9 + ¢ (where (s/4)? = s24). This means we will consider bigger germs,
like here Gy = G/{s1?¥) to be able to obtain a Hecke algebra.

The visualization through marked permutation diagrams allows us to understand an
important difference between the Garside structures of Artin—Tits groups and Structure
groups of solutions to the Yang—Baxter equation. In particular, it yields the intuition on
why the "correct" definition will involve elements with trivial permutation.

4.2 Defining the Hecke algebra

We fix a cycle set (S, *) of size n, of Dehornoy’s class d, with structure group G and germ
G; = G/(lds) for some positive integer .

Recall that, by Corollary 1.5.0.22 we have a set bijection, more precisely a bijective
1-cocycle, cp: G — Z"™. The inverse of this bijective 1-cocycle is also a bijective 1-cocycle
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4.2. Defining the Hecke algebra

cp~! =1I: Z" — G which we studied in Section 1.5: we have II(gh) = H(g))\ﬁ(lg)(ﬂ(h)).
In particular, if ¢/(II(g)) = 1, then II(gh) = II(g)II(h). Moreover, by Proposition 2.2.0.5
IT induces a bijective 1-cocycle I1: (Z/ldZ)" — G,

Let R be a ring, and note that R[Z"] = R[X{", ..., X;*!] by identifying the generator
e; = (0,...,0,1,0,...,0) with X;. The set map II extends linearly to R[X{",..., XF'] —
R[G], sending Zrinl .. X! to Srill(sy,...,81,...,8n,...,5,) for some finite indices i
and Corresponding integers 11, . .. ,Zin and coefficients r;.

We now proceed to construct the Hecke algebra as hinted before: we pick a polynomial,
apply it to sl and use the 1-cocycle Z® — G to show that we have a basis by showing
that the quotients of the associated group rings by appropriate ideals have the same
dimensions.

!
From now on, fix a polynomial P € R[X] of degree [ > 0 and set P(X) = 3 apX*.
k=0

Remark 4.2.0.1. Recall that given an algebra A and R C A, elements of the two sided
ideal generated by R are of the form > a;r;b;, a finite sum where a;,b; € A,r; € R.

Lemma 4.2.0.2. Consider the two-sided ideals Ip = (P(Xf), ce P(X;f)) C R[Z"] and
Jp = (P(s[ld]), ce P(skﬂ)) C R[G]. Then II induces a bijection Ip — Jp.

Proof. First remark that P sends a set of generators of Ip to a set of generators of Jp:

HP(X) = 1 (X acXt) = X adl (X)) = Y asl = 3 an(s)r = P(s)

where we use that S is of class d with Proposition 2.3.0.4 to have sgkd] = (sgd])k.

AsIl: Z" — G is bijective, its linearization IT: R[ Xy, ..., X, ] — R[G] is bijective. But
IT is not a morphism (only a bijective 1-cocycle), so we can’t deduce that II(P(X?)) =
P(sz[d}) to obtain II(Ip) C Jp. However, we’ll use that II is a 1-cocycle and S is of
class d, to deduce that, for any 1 < i < n and any f € R[Z"], we have [I(X?f) =
TH(XE) - Ay (T(F) = sETICE).

We'll prove that I1(/p) = Jp by double inclusion:

Let Q1,Q2 € R[Z"]. By the commutativity of R[Z"] = R[Xj, ..., X,], we have that
Q1P(XH)Qy = P(XHQ1Q, for any 1 < i < n. Moreover, as S is of class d and II is
a l-cocycle, we have TT (Xg(X1'... X1)) = s TI(XT* ... X}r). Thus I(Q: P(X1)Q2) =
H(P(XINI(Q1Q2) = P(sgd})H(QlQﬁ, which is in Jp as Jp is an ideal. So we have
(Ip) C Jp.

Now let f,g € G. Then, by Lemma 1.6.0.8, we have for all ¢ € G that gsl¥ =
A (81N (9) = ¥(g)(s9)g. Thus, in R[G], we have

£ = Y aufsig = Y aw() ™ ()* fo.

Write t = (¢(f)"*(s;)) and let Y € {X7,..., X, } be such that II(Y) = ¢. As S'is of class d,
we have Hfl(fP(sgd})g) = Y a I (fsl™g) = S a YT (fg) = P(YHII~!(fg), which
is in Ip by Remark 4.2.0.1. We conclude that Jp C II(Ip). O

Example 4.2.0.3. Let P(X) =1+ X, g€ G and s € S. Write I(X) = 5,Q = I17(g),
t=1(g9)"(s) andY =TI"1(t). Then (14-g)(1+s¥) = 14-sl4-g+gsl? = 145l g4tldg =
(145l + 1+t g = P(sl) 4+ P(#d) g = TI(P(X ) +IL(YDIL(Q) = (P(X!)+P(YQ).
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Thus (1 + g)(1 4+ sl9) is an element of (P(s)) C Jp, with preimage P(X%) + P(Y%)Q
in (P(X%), P(Y") C Ip.

The following examples highlight why we need to take polynomials in X¢:

Example 4.2.0.4. Let (S,*) be the cycle set, with S = {s,t,u} and ¥(s) = P(t) =
Y(u) = (stu) = o. Then, from Ezample 2.2.0.7, we know that S is of class 3 and
sl = stu, 1B = tus,ul¥ = ust. Write R[Z%] = R[X,Y, Z] where II(X) = s, 1I(Y) =
t,II(Z) = u. Let P(x) = 1+ 22 and consider the ideals I = (P(X?), P(Y?), P(Z?)) and
J = (P(s), P2, p(ul)).

Note that, for T; € {X,Y, Z} with 1 <1 <k,

(T - Ty,) = I(Th) - o (I(T3)) -+ - 0" (IL(T5,))
as IT is a 1-cocycle. Or equivalently, for t; € {s,t,u},
Tt ty) = T )T o () -+ - T (o " ().

Now the element f = tt+tstt = t(1+st)t € R[G] isin J, as P(s?) = 14+ 58 = 1+ st.
However, II71(tt) = Y ()IT (o~ (¢)) = T YOI (s) = Y X, and similarly TI (tstt) =
I (W)IT Y ()T () = YZZY. Thus TN f) =YX +YZZY = XY +Y?Z2, and we
claim that this is not an element of J.

To check that XY +Y?Z* & J, suppose XY +Y?Z? = a(1+X?)+b(1+Y?)+c(1+ Z?)
with a,b,c € R[X,Y, Z]. As we have no X? terms, we deduce a = 0, thus XY + Y?Z% =
b(14+Y?) +c(1+ Z%). We have a XY which contains no square term, meaning that XY
appears in b or c. But there is no X in Y?Z?, a contradiction.

We took polynomials in X? instead of X3, and now an element of I does not come
from J. Thus the use of polynomials in X<.

On the other hand , if instead of st we had an element g with trivial permutation (such
as g = stu), we would have II"1(t(1+ g)t) € J. Indeed, t(1+ g)t = tt +tgt, and as g has
trivial permutation, the preimage of the blue t would have been the same as the preimage
of the red t, allowing for factorization by 17 (it). But with st, the blue t gets acted on,
preventing a factorization.

From now on, we fix P in R[X]| of degree [ > 0. We furthermore assume that a;, the
leading coefficient of P, is invertible. We also fix the ideals Ip C R[Z"] and J, C R[G] as
in Lemma 4.2.0.2.

Let H(S, P) = R[G]/Jp. In H(S, P) we thus have that

-1
H(S, P) = R[G]/ <T8[ld] => aakTS[kd]> . (4.1)
To distinguish between elements of G and their corresponding generator of the algebra,
we will write R[G] = R(T,,g9 € G | T,T}, = Tp).
Lemma 4.2.0.5. The following hold:
(i) We have the isomorphism R[G] = R(Ts,s € S | TsTsu = TiTus, Vs, t € S)

(it) For any g € Gy, there is a well-defined element Ty € H(S, P) such that T =

Ty, -+ Ts, whenever s, -+ si, (si € S) is a reduced expression of G in G.
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4.2. Defining the Hecke algebra

(iii) For any g € G with image g € G, if {(g) = €(g), then the projection R[G] — H(S, P)
sends T, to Tj.

Proof. (i) follows from the definition of the group ring R[G] as the free module with basis
G such that T,T}, = Ty, for any g, h in G.

For (ii), the Exchange Lemma 2.2.0.21 tells us that we can go from one reduced
expression to another only using the quadratic relations. By (i) those quadratic relations
are also the defining relations of a presentation of (S, P). Thus T, does not depend on
the choice of a reduced expression.

Finally, for (iii), let ¢ € G and write g = s;, ---s;, so that ¢(g) = r. Let g be the
projection of g in G, and assume that ¢(g) = €(g) = r. Then 3 ---3;, is a reduced
expression of g in G. Thus, by (ii), T; = T5~- - - T5— is the projection of T}, ]

87;1 SZ‘T

Recall that,by Lemma 2.2.0.22, we have s/l = 5. (s % 5)ld=1) | Thus, Equation (4.1)
means that, in H(S, P) we have

-1

TST[ld_l] = Z ;akT [kd] - (4.2)

S*S S
k=0 @

Even though T is not defined in H(S, P) from Lemma 4.2.0.5, we will often abuse
notation and write 7Y instead of T, 7Y in H(S, P).

Lemma 4.2.0.6. As an R-module, H(S, P) is generated by {T,},a,-

In particular, this means that H(S, P) is finite dimensional, and that its dimension is
bounded above by #G; = (Id)".

Proof. Let s € S and g € G,. By Remark 2.2.0.17, either sg is reduced and then T,T, =
Ty, or it is not reduced and (s x s)!l4=1 < g (g = (s * s)!!4"1h is reduced in G) by Lemma
2.2.0.21. Thus, if sg is not reduced, by Equation -4.2), we have 17,7, = TSTS[iifl]Th =

Sib kT ynany,, Where stkdlp is reduced in G as k < [ and ¢g = s is reduced. O

Lemma 4.2.0.7. The quotient algebra R[Z"]/I is a free R-module of dimension (Id)"
and basis X{* ... X with 0 < jy,..., 7, < ld.
Moreover, the linearization of II provides a bijection between this basis and Gj.

The bijection IT allows us to write an abuse of notation: by 7% we will mean T.

Proof. When quotienting R[X;, ..., X,] by P(X¢), we can reduce all polynomials of de-
gree strictly greater than ld — 1. Meaning that R[Z"]/Ip has a basis given by X - Xin
with 0 < j; < ld.

By considering the powers of such a monomial, this basis is in bijection with (Z/ldZ)".
By Proposition 2.2.0.5, II gives a bijection (Z/IdZ)" — G, finishing the proof. O

Theorem 4.2.0.8. H(S, P) is a free R-module with basis {T, | g € G,}, in particular it
has dimension (ld)".
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Proof. From Lemma 4.2.0.5 we know that {T, | g € G} generates H(S, P) as an R-
module, so in particular dim (S, P) < (Id)". We just have to show this family is free,
but this follows from Lemmas 4.2.0.2 and 4.2.0.7:

Suppose we have a linear combination Y. 5 agTy = 0 in H(S, P). By lifting the
elements g € G; to g € G we have > geq, @gly € Jp. Then, applying II-! we obtain
> geq, agll ' (T,) € Ip. Projecting to R[Z"|/Ip, this means that >/ 7 agll'(T) = 0 €
R[Z"]/Ip. From Lemma 4.2.0.7 the family II"'(75) is a basis of R[Z"]/Ip, so we must
have az; = 0 for all g € G,. O
Remark 4.2.0.9. Note that in the above proofs we can take a different polynomial P for
each orbit of S under the action of G, as in proof of Lemma 4.2.0.2 we just need that two
elements are in the same orbit to obtain that II(J) C I. If we denote such polynomials by
P = (P)i<i<n € R[X]" with deg P; =; and such that P, = P; whenever s; and s; are in
the same orbit by the action of G, we obtain the Hecke algebra H(S, P) with dimension
equal to [T, (l;d) which is the same as the order of the finite group G/(syid]hgign.

With the same reasoning we can also take a different d for each of those orbits, see
for instance [LRV22], but this will not be used in this thesis.

It was chosen to not consider those generalizations (except in Section 4.4) to avoid
heavy notation and make the proofs easier to read.

Corollary 4.2.0.10. Taking P(X) = X? — pX — q with p,q € R we obtain a definition
of an Hecke algebra for cycle sets with relations of the form

704 — y719 4 ¢

Example 4.2.0.11. Take S = {s1,...,s,}, 0 € &, and V¥(s;) = o from Example 2.2.0.7.
Then S is of class d = o(c) (the order of the permutation), and taking P(X) = X?—X —1
we get

H(S,P):R<51,...,sn

SiSa(j) = SjSo(i)s 1<i<3<n
(SiSo(i) =~ Soa-1(i)) = SiSo(i) "~ Spa1y + 1, 1<i<n
Remark 4.2.0.12. For all g € G, by Proposition-Definition 1.6.0.4, we have \,(s¥) =
(Ag(s). So the action of G on R|G] stabilizes J the ideal generated by the P(sl),
meaning that G acts on H(S, P). As ldG C Soc(G), the action of dG on J is trivial and
thus Gy acts on H(S, P).

Remark 4.2.0.13. We see one important difference between Hecke algebras for Cozeter
groups and for Structure group of solutions: for a finite Coxeter group W with associated
Artin—Tits group A, one can view the Hecke algebra as a deformation of the quotient
R[A] — R[W]|. However, with our approach for solutions, we have to consider the defor-
mation of a larger quotient R[G] — R[G| with Il > 1 (if | = 1 then the relations are of
the form T4 = —‘;—(l’, which is not an interesting deformation).

Moreover, It was shown by Cozeter in [Cox59] that the quotient B, /(s*) is finite if and
only Zf%-l—% > %, thus forn > 6 the quotient is finite only for k = 2 (the symmetric group).
This means that, in the case of Cozeter groups, we can only expect similar definitions of
Hecke algebra with polynomials of degree 2.

However here, we can work over any degree, which highlights the different behaviours
of the germs and associated Hecke algebra for Coxeter groups and structure groups of
solutions.
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4.3. Anti-involution on the Hecke algebra

We conclude the construction of the Hecke algebra for solutions by relating the Hecke
algebra of a solution with the Hecke algebra of its retraction. As in Proposition-Definition
2.4.0.21, we denote by S’ the retraction of S. Then the class d’ of S” divides the class d
of S by Lemma 2.4.0.22. We deduce the following:

Proposition 4.2.0.14. We have a surjective algebra morphism
H(S, P(X)) = H (S, P(X7)).

Proof. The morphism G — G’ linearly extends to R|G] — R[G’]. By Proposition 2.2.0.1,
for any s € S and any positive integer k, we have (s?)* = sl Moreover, by Proposition

2.4.0.22 we know that d’ divides d, so @‘”)5 = s, Thus we get H (S’,P (Xﬁ)) =
R[G"]/ (P ((§[d/])§)) = R[G"]/ (P (g[d})). Thus R[G] — ’H(S’,P(X%)) factors through
H(S, P). O

Example 4.2.0.15. If S is of class 4, S’ of class 2, and we take P(X) = X* + X +1,
then we have a morphism H(S, X® + X* +1) — H(S, X® + X* 4+ 1).

4.3 Anti-involution on the Hecke algebra

Recall that we fixed a cycle set (S, x) of size n, of Dehornoy’s class d, with structure group

_ !
G and germ G; = G/(lds). We fix a polynomial P in R[z|, written as P(X) = 3 a, X*
k=0
with a; invertible. In Section 4.2 we defined the Hecke algebra for cycle sets H(S, P).
In this subsection, the goal is to endow H(S, P) with an anti-involution derived from
the inversion in the group Gy, in parallel to what is known for finite Coxeter groups (see

[GP00, Exercise 4.8] for instance).

Proposition 4.3.0.1. Suppose ag, a; are invertible in R. Then

T*l —_ zl: _akT[kdfl}.

S S*S
k=1 @0

Moreover (T = (Tld)-1,

Proof. From Lemma 2.3.0.4 we have, for any positive integer k, sl = s - (s % s)¥l. We

!
will use this to check that %’“Tiﬁf U is indeed the inverse of T
k=1

Firstly, T} (22:1 _—“’“Ts[fg_”) = it TT‘;’“TSW] + ;—?TSTJﬁ_”. By Equation (4.2) we

ag

have T, STs[f,i*l] = 22;10 %‘lkTs[kd]. We conclude that

~

l -1
—ag _ —a; —aop
T, E Xy ol )
< S*S ao a,l +

(—“k n al‘”f) ik _ 1,
=1 @0 Qg

k=1

Then, let X,Y € R[Z"] be such that P(X) = s and II(Y) = s *s. This means
that, for Y/ = Y| =% Y*—1 e have II(Y’) = 77! and T1(Y"?) = (T71)4. By Lemma

ap S

2.2.0.22, we have $(II(Y* 1)) = ¢h((s * 8)F71) = oh(ps(s + ) FDU) = 4p(p) = 9h(s) ™"
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Chapter 4. Hecke algebras for set-theoretical solutions to the Yang-Baxter equation

Thus, in the sum for 7!, all the terms have the same permutation. Now, by Proposition
2.3.0.4 we can write sl = ¢;...t; where t; = t; 1 *t;_; and s = t; = tg * ty (and so
t[zd] = ty...t4t1). By Proposition 1.5.0.23, we know that II is a 1-cocycle, meaning that
(YY) = (Y ) Anony (I(Y")) = TI(Y")(s) L IL(Y")). As ¢(s)"!(s x s) = s, we have
() NIy = pkd=1 — TR Thes TI(Y'Y?) = T;,'T". By induction, we then

have TI(Y"d) = T\ T) . T = (T, ... T, T, )t = (T}%) O

tg—1

Remark 4.3.0.2. One has to be careful that T;' # Ty-1. Indeed, by Lemma 2.2.0.22

and Proposition 2.53.0.4, we have Ty-» =T, = Tiii_l}, which is only one of the terms
occurring in T, L.

Example 4.3.0.3. Take R = Z[q¢*'] and the polynomial P(X) = X? — (¢ — 1)X —q =
(X — q)(X + 1), which satisfies the hypotheses of Proposition 4.3.0.1. Then

7t = Loy Ly,

S S*S S*S

Corollary 4.3.0.4. For any g in G,, T, has an inverse in H(S, P).
Proof. If g =t ...t, then the inverse of T, =T}, --- T}, is T;l =T, T []

In a group G, the map ¢ sending an element to its inverse is an anti-involution, that is:
t(gh) = ¢(h)i(g) and ¢(c(g)) = g. This anti-involution is known to extend to the generic
Iwahori-Hecke algebra in the case of Coxeter groups [GP00, Exercise 4.8]. We show that
the same holds for Hecke algebra of structure groups of solutions to the Yang-Baxter

!
equation, where the algebra is associated to the polynomial P(X) = Y ap X* with g
k=0

invertible and [ > 0.

Theorem 4.3.0.5. If P splits over R with (non-necessarily distinct) invertible roots
a1,...,qq, and if there exists an anti-involution v : R — R sending each o; to o .

Then v extends to an anti-involution of H(S, P) by sending T, to Tg_1 for g in G.
Proof. Denote by 7 the map H(S, P) — H(S, P) defined by i( X ¢,T,) = X t(cg)T, "

geG el
We will need that t must send 1 € Rto1: ;' = t(ag) = t(1-a;) = t(ay)e(1) = a3 e(1),
thus ¢(1) = 1.
By the hypothesis that P is split we have
l
PI) =0 o [[(T¥ —ay) =0 (4.3)

k=1

For the constant coefficient of P we have ag = (—1)'a; [T, ax, so % = (=1 TTL_, o .

ao
Multiplying Equation (4.3) by ¢ ((T S[d])_l)l yields

l I
ar [T (ag YT (T — ) = 0 = o, [T (7)™ = ;") =0,
k=1 k=1
This means precisely that 7(P(T\4)) = 0.
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4.4. Semi-simplicity

Recall from Lemma 2.2.0.22 the notation ¥ = (s * s)!*~! and that fys*tfy? = yh2 ki
Thus, by Proposition 4.3.0.1 we have

l l l l

T T, = (Z Tygﬂ> (Z akvf) = (Z C”“%’L) (Z va) =TT,
k=1 40 k=1 40 k=1 40 k=1 90

So Z(TsTs*t) = (TSTS*t)_l = Ts:%Ts_l = fFtislirtil = Z(,—Tt]—;ﬁ*s)

This shows that 7 is a well-defined anti-morphism H (S, P) — H(S, P).

It remains to show that 7 is an involution. For this, we will show that 7(i(7},)) is an
inverse of i(T) = T, ', which will imply that 7(i(T})) = T,. As 7 is an anti-morphism, we
have i((Ty))i(Ty) = i(T,i(Ty)) = (T, T, ") = (1) = 1. So i(i(T,)) = T, by unicity of the
inverse.

Moreover, by Theorem 4.2.0.8, (), is a basis of H(S, ). We conclude that 7 is an
anti-automorphism. Thus ¢ is an anti-involution. O]

Remark 4.3.0.6. In the above proof, one has to be careful that Tg_1 # Ty as men-
tioned in Remark 4.3.0.2. For instance, for the involutivity of i, it is not enough to

write ((i(Ty) = (T, ") = (T,')"" = T,. Indeed, for g = s € S, we have i(T;") =

Yoo (2 )i (Ts[fg 1]) Yy (2 )i (Ts[fg ! ), which does not so obviously simplify to Ts.

Example 4.3.0.7. Consider R = Z[¢i", ..., ¢, c¢tY]. Let P(X) =c¢(X —q1) ... (X —q)
which satisfies the hypothesis of the theorem. It is an analogue of the "generic Hecke
algebra" of a Coxeter group ([GP00]).

Taking as S = {s,t},¥(s) = ¥(t) = 12 with P(X) = (X+1)(X—q) = X?*—(¢—1)X —q,
we have T; ! = ﬂt[l] + %t[iﬂ,

We find (T; )[21 LB e gnd (10 = el g

Thus ) .
() = (- (@ -~ =0

S S

q q

4.4 Semi-simplicity

This section is based on [CR90a; CR90b; GP00] and inspired from the lecture notes [Dig;
Mic98]. For details on character theory we refer to [CR90a]. In this section we fix a
commutative integral domain R with field of fractions F', K a field with an algebraic
closure K, f: R — K a ring morphism. Let H = H(S, P) be the Hecke algebra of a cycle
set S, as in Remark 4.2.0.9, with P = (P;)1<i<n € R[X]", Pi(X) = Zi’;o a; X" such that
P; = P; whenever s; and s; are in the same G-orbit. From Theorem 4.2.0.8, This algebra
dimension is equal to the order of the quotient group G; = G/ <syid]>.

Definition 4.4.0.1. Let A be a non-trivial K-algebra. Then A is called
(i) simple, if it contains no proper two-sided ideal.
(ii) semi-simple, if it is isomorphic to a direct sum of simple algebras.
(1ii) separable, if for any extension L/K, L ® A is a semi-simple algebra.
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Chapter 4. Hecke algebras for set-theoretical solutions to the Yang-Baxter equation

(iv) split if, it is semi-simple and it is isomorphic to a finite sum of matriz algebras over
K.

An ideal I of an algebra is called nilpotent if there exists a positive integer n such
that I" = 0, i.e. any product of n elements of I is 0. The following proposition helps us
characterizing semi-simple algebras:

Proposition 4.4.0.2 ([Bou22, Section 9]). Let A be a finite dimensional K -algebra. Then
there exists a unique largest nilpotent two-sided ideal, called the radical of A and denoted
rad(A).

Moreover, the following holds:

(i) rad(A) is the set of elements of A acting as 0 on every simple A-module (modules
without proper submodules)

(ii) rad(A) is the intersection of all mazimal left ideals of A
(iii) A is semi-simple if and only if rad(A) = {0}

In the literature rad(A) is also often called the Jacobson radical of A.

If A is a finite-dimensional K-algebra and a is an element of A, then we denote by
Tra/k(a) the trace of the left-multiplication operator A — A defined by b+ ab.

If L/K is a field extension, we denote by A the L-algebra L ® A.

Lemma 4.4.0.3 ([CR90a]). Let A be a finite dimensional K-algebra, L/ K a field exten-
sion. Then for any a in A, Tryr; (1® a) = Tra/k(a).
Moreover, Trav,y, is equal to id @ Tryx defined by sending | ® a to lTrA/K(a).

Proof. Let (e;) be a basis of A, so that (1 ® ¢;) is a basis of AL. For a in A, write
ae; = Y ¢ije;, so that Tra g (a) = X ci. Then (1@ a)(1®@e;) = 1®ae; = X cii(1 ® e),
meanin]g that Tryz, (1®a) = ZciZ: Tra/k(a). ’

Moreover, for any x € L, we then have (r®a)(1®e) =X cy(z®@e;) = X eyr(1®@e;).
Thus Truz,(z ® a) = 3 ¢ = 2Tra/r(a). ’ O

The following lemma will be useful to restrict to the base field K when studying the
trace:

Lemma 4.4.0.4. Let A be a finite-dimensional K-algebra such that the bilinear map
T: AxA — K defined by T'(a,b) = Trak(ab) is non-degenerate. Then for any field exten-
sion L/ K the bilinear map T": A*@ A" defined by T*((lh®a), (la®b)) = Trac,(lils®ab)

is non-degenerate.

Proof. Let l®a € L®A. As T is non-degenerate, there exists b € A such that T'(a, b) # 0.
Then, by Lemma 4.4.0.3, we have T*((I ® a), (1 ® b)) = T*(l @ ab) = ITr/x(ab) # 0.
Thus T* is non-degenerate. O

Proposition 4.4.0.5 ([CR90a, Exercice 7.6]). Let A be a finite dimensional K-algebra.
If the bilinear form T: A x A — K defined with the usual trace T(a,b) = Tra/k(ab) is
non-degenerate, then A is separable (and thus semi-simple).
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4.4. Semi-simplicity

Proof. First we know that non-degeneracy is stable by field extension by Lemma 4.4.0.4.

So it is enough to show that A is semi-simple. As A is finite dimensional, by Proposition
4.4.0.2 A is semi-simple iff rad(A) is trivial. Also from Proposition 4.4.0.2, rad(A) is the
largest nilpotent ideal, so any element in it has trivial trace (any element is nilpotent).
Thus as rad(A) is an ideal, if a € radA then, for any b € A we have ab € rad(A) and so
Tra/x(ab) = 0. If T is non-degenerate, this implies that a = 0, finishing the proof. H

Definition 4.4.0.6. A trace over a K-algebra A is a map 7: H — K such that 7(ab) =
7(ba) for any a,b in K. A trace T is said to be symmetrizing if the map (a,b) — 7(ab) is
non-degenerate.

The following statement is a generalization of Lemma 4.4.0.4:

Proposition 4.4.0.7 ([Bro00, Proposition 8.7]). If A is a finite-dimensional algebra over
a field K and if T is a symmetrizing trace over A that is a linear combination of characters,
then A is separable.

In particular, if Tra i is symmetrizing, then A is separable.

Corollary 4.4.0.8 ([Dig, Exemple 2.10]). Let G be a group and K a field such that
char(K ) does not divide |G|. Then the map 7: K|G] — K defined by 7( Y r,1,) =
geG

(where Ty is the standard basis of K[G|) is a symmetrizing trace and K[G| is separable.

Proof. We have that 7( 2 ryTy)( X r,Th) = 7( X rgriTyTh) = X rgry—s = X mhra-1,
9€G heG g.heG gea heG

so 7(ab) = 7(ba). Moreover, T(T,T,") = 7(T1) = 1, so 7(( X ryT,)T}, ') = ry is zero for
geG

every h if and only if r, = 0 for every h € GG. Thus 7 is non-degenerate, and so it is
indeed a symmetrizing trace.
Then, the trace of the algebra K[G] is given on the basis (7,) by

#G, ifg=1
0, otherwise

Triieyi (Th = Tgn) = #{h [ Tyn = T} = { = #G - 7(T,).

Thus Trg (g x = #G7, which is not zero as char K does not divide #G. So 7 = % is

a linear combination of character and finally, by Proposition 4.4.0.7, K[G] is separable. [
Our goal is to be able to apply the following theorem:

Theorem 4.4.0.9 ([CR90b, Tits Deformation Theorem 68.17]). Let A be a finite dimen-
sional R-algebra, recall that we chose F' = Frac(R) and f : R — K. If K @z A and
F ®g A (defined by f) are separable, then they have the same numerical invariants.

Moreover, let R be an integral closure of R in K and f : R — K be an extension of
f. Then f induces a bijection of irreducible characters Irr(K @ A) — Irr(F @ A).

Theorem 4.4.0.10. Let K be a field of characteristic p. Suppose that p does not divide d,
and p does not divide l; for any i (the degrees of each polynomial). Let ¢ = (qik)1<i<n0<k<l;
be a family of indeterminates such that q; = q;, whenever s; and s; are in the same orbit
and Py(X) = > a;, X" € K[q][X]. Then K(q) ® H(S,P) is separable and has the same

numerical invariants as K[G].
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Chapter 4. Hecke algebras for set-theoretical solutions to the Yang-Baxter equation

Proof. Consider the context of Theorem 4.4.0.9 with A = H(S,P), R = Klq|, F =
Frac(R) = K(g). We define f : R — K by f(gio) = f(qis,) = 1 and otherwise f(g;x) =0,
so that the specialization given by f yields the algebra K[G)] = K[G]/(T — 1).

First, by Corollary 4.4.0.8, K ® A = K[(] is separable when char(K’) does not divide

n

#G, = l:[l(lid).

Then, as R is an integral domain, F' = Frac(R) is a field, so F ® A = K(q) ® H(S, P).
We want to show that Trpga,r is symmetrizing, so that we can apply 4.4.0.7 to have that
F'® A is separable. By Theorem 4.2.0.8, (7)), g, is a basis of A =H(S, P). So (1® T)

is a basis of F' ® A. Moreover, Trpga/r specializes to Tr @)k which is symmetrizing

by Corollary 4.4.0.8. We have Trpga/r((1 ® Ty)(1 ® 1)) = Trpga/r(1 @ T,13,) = 1 ®
Tra i (TyTh) by Lemma 4.4.0.3. As Tr 4k specializes to Ty i which is non-degenerate,
Trpga/r is also non-degenerate and thus symmetrizing.

The conditions of Theorem 4.4.0.9 are satisfied, meaning that F® A = K(q) @H(S, P)
and K ® A = K[G,] have the same numerical invariants. O

Corollary 4.4.0.11. If H(S, P) is defined over C[g|, then C(q) @ H(S, P) and C[Gy] have
the same numerical invariants.

Moreover, we have a bijection Irr(C[G)]) — Irr (@) ® H(S, B))

Proof. We apply Theorem 4.4.0.9 with: R = C[g], A =H(S,P), F=C(q), K=C=K
and K ® A = C[G}]. Theorem 4.4.0.10 already tells us that C(¢) ® H(S, P) and C[G/]
have the same numerical invariants. Moreover, as K = C = K, the last part of Theorem
4.4.0.9 says that the specialization H(S,P) — C[G/] induces a bijection Irr(C[G)]) —

re(CT{) ® H(S, P)). 0

4.5 Two-generated Cyclic group

At the beginning of Section 4.1, we mentioned how the naive definition of a Hecke algebra
does not work in general, and we developed a different approach that provides the ex-
pected results. However, we also mentioned that the naive approach does work for a very
particular solution of size. For this solution, the structure group is (a,b | a* = b*) and
the germ is (a,b | a®> = b% ab = ba = 1) ~ Z/4Z with algebra R(T,, T, | T? = T2, T,T, =
T, = p(T, + T,) + q) with some p,q in R. The goal of this section is to prove that in
this particular case, the Hecke algebra has a basis indexed by the germ.

Moreover, we study a family of groups for which this approach works: torus knot group,
which are the only knot groups (fundamental groups of complements of knots in the 3-
sphere) which are Garside groups ([DP99; Gob24; Gob23]). For n and m integers strictly
greater than 1, the n, m-torus knot monoid (resp. group) is defined by the presentation
Tom = (a,b ] a™ =b™), and has as a Garside element A = a™ = b™.

The goal of this section is to show that 7, ,, has a Garside germ given by 7,,, =
Tom/{ab=ba = 1) ~ Z/(n + m)Z, and show that we have a Hecke algebra H, ,.(p,q) =
R(T,, T, | T} = 1T, 1.1y, = T, T, = p(T, + Tp) + q), i.e. that (T,) is a basis of
Hom (P, @)-

Proposition 4.5.0.1. 7,,,, is a Garside group with germ Ty, = Z/(n 4+ m)Z.

ge%,m
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Proof. 1t is shown in [DP99, Example 4] that, with the given presentation, 7, ,, is
Garside group, with a Garside element A = @™ = ™ and Div(A) = {1,qa,...,a"
b o™t bm=2 . b}, The additive length ¢: 7, ,, — N can be obtained by setting ¢(a) =
m, £(b) = n, so that £(a") = nm = £(b™).

On the other hand,

[l o

Tom =~ (@bla"=b"ab=ba=1)~@b|a"=b",a=b )~ (a|a"=a ™)

Thus we have a bijection Div(A) — 7, ,, sending a (resp. b) to @ (resp. b).
Let £ be the induced map of £ in 7y, ,,, i.e. £(@) =m,{(b) =n.
To show that 7, ,, is a Garside germ of 7, ,,, we need to show that

Tom = (Ton | Y910 € Tom, g - h = gh when €(gh) = ((g) + £(h)).

We will prove the isomorphism by showing that the presentation on the right reduces to
the presentation of 7y, as (a,b | a” = b™).

As {a, 5} C m, Tnm generates T, .. Now for the relations, we have to consider the
products @'a’,b't’ and @'b’:

We have ((a') + {(a’) = im + jm = (i + j)m for 1 < 4,5 < n. If i +j < n, then
((@'@’) = €(a7) = (i+j)m. Thus we can omit @ for 2 < i < n from the generators. The
same holds for b, as 0(b') + €(b') = in + jn = (i + j)n = ?(EHJ), if 1 +7 < m. Thus we
can omit b for 2 < i < m from the generators. The particular case of =" =
with £(b"™) = nim = £(a") recovers the relation @ = 0.

However, the longest length in 7., is £(@*) = £(b™) = nm. So if i +j > n, (@) +
(@) = in+ jn = (i + j)m > nm, so there is no relation for this case. The same also
holds for b whenever i +j>m. X

Finally, ¢(@) + ((0’) = im +jnfor 1 <i < n,1 < j <m. Buta =10 , so

(@b = f(?j_j) N <Z B J'>m’ '1f.z = .‘7 . In both cases this is smaller than im + jn, so
b )= —in, ifi<y
there is no relation.
From this, we conclude that the only relation left that occurs from 7, ,, is a" = ",
showing the desired result. O

Now consider H,,m(p,q) = R(1,, Ty | T} = 17", 1.1, = T, T, = p(T, + Tp,) + ¢) for
some p, q in R.

Lemma 4.5.0.2. The following hold:

(i) In Hpm(p,q) we have,
k—1 . 4
(a) T, TF = p*tq+ p*T, + 3 (p* + )p* Y + pTF, for 1 <k <m
i=1
k—1 . .
(b) TTF =p* g+ p" T+ X (0* + Q" 'Ti + pTy, for 1<k <n
i=1

(”) <T9>gem generates %n,m(p7 Q)
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Proof. For (i) we proceed by induction on k. If k = 1, then T, T, = q¢+pT,+pT, = p' 'q+
p'T, + pT} (and the sum is empty). Now assume the equality holds for some 1 < k < m,

k—1 . .
then we have T,Ti" = (I,LTHT, = (0" ¢+ p"Tu + X (0° + Q" 'T} + pTH)T, =
i=1
k—1 , .
p*qT, + p*T, Ty, + Z (P*+q)p kﬂflT”l +p Tk’H. We have p*T, T, = p*(pT, + pT, + q) =

p* T, + pF T, + pFq and we can rewrite Z (p? 4+ q)p*— Mt = Z (p? 4 q)pF+I =17},
Thus rearranging the terms, we obtain TaT]“”rl phq + pkHT + pk YT, + p*T, +
Z(p +@)p* DT T 4 p T = pRg 4+ p T, + gl(p + @)pkD ==L 4 TR A totally

symmetrlc argument holds for T, T*.

For (ii), we can use that 77! = T,T" = T,T;" (resp. Ty = T,T]" = T,T") and
the apply the relations of (1) to reduce terms of high enough exponents. Thus, with the
relations of (1), any product of generators can be reduced to linear combinations of the
family (7)) O

g€771 m’

Theorem 4.5.0.3. The family (1) ,c7=— is a basis of Hym(p, q). In particular H,m(p, q)
has dimension n + m.

The proof will follow a common strategy for Hecke algebra of finite Coxeter groups,
see [GP00, Theorem 4.4.6].

Proof. Consider E the free R-module with basis (e,) 9T We are going to show that we
have an action of H,, ,,(p, ¢) over E induced by Tye; = e, and this will be enough. Indeed,
assuming we have a linear combination > 7=—r,Ty = 0 then 0 = (X, 7—r,Ty)er =
YT Te€g and since E is free over (eg) we deduce that re = 0 for all g.

We define the following action of 7;7m on F, and show that it induces an action of

o Toegr =egri1, for 0 <k <n-—1
k-1 A

o Thep = pilges +pFe, + X (p? + )p" ey + peys, for 1 <k <m
i=1

o Tyepe = e, for 0 < k<m—1

o Tyear = pFlges + pFey + Z(p +q)p* ey + pegr, for 1 <k <n
In particular, T,e,n = Thepm = p™ Lge; + pmeq + Z (P* + q@)p™ ey + peym.

We will to show that this action respect the deﬁnlng relations of H,, . (p, q).

To verify that the action is compatible with the relation T, T, = p(T, + T}) + ¢, we
only need to consider the cases of T, T,e,x and T, Tye,r, as the cases of Ty T, e and Ty T e x
are obtained by symmetry. First assume that & < m, then, on one hand, T,T,epx =

k .
Toep+r = pFaer + p" e + 3 (07 + )P ey + peyrr. On the hand, (pT, + pTy + q)ey =
i=1

k-1 .
pTaews +qeps +peyei = pFger +pF e, + 3 (p2 + q)p ey +pPeys + qeys + peyr1 and those
i=1

are easily seen to be equal by just noticing p2ey + qeyr = (p* + @)pF Feyn.
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4.5. Two-generated Cyclic group

k-1 ,
Then, for k < n, we have T, Tyeqr = T,(p"qer +pPey + X (p? + q)p* ey + pegr) =
i=1

k1 ,
P lge, + " Ther + 3 (07 + @)pF " teqitr + pegria and a bit of rearranging the terms (and
i=1

changing indices of sum) show that this is equal to Tye i1 = TyT,e,r which, again by
symmetry, finishes the case k < n.

n—1 X
Now for k = m we have T, Tyepm = T, Tyeqan = T, (p" tqer+pey+ ;1 (P*+q)p" ey +

Peqn), SO
T.Tyeyn = p"~ " qea + p"Tues + nf(pQ +q)p" " eginn + pTaean. (4.4)
On the other hand, -
(pTs + pThy + q)epm = ploeym + pThepm + qeym. (4.5)

The last term of Equation (4.4) and the first term of Equation (4.5) match, as a™ = b™.
So we have to show

P geq + p " Taey + nil(ﬁ +q)p" " egirr = pTheyn + qepn.
i=1
On the left we expand T,e;, and on the right we expand Tyepn = Tpeqan, Wwhere we respec-
tively obtain .
prger +p" ey + Y (p7 + )pTV T ey
i=1
and -
p"ger +p" ey, + Z(p2 + q)p("ﬂ)_i_leai + p2egn + gegn
i=1

n
e

which also match as (p? + q)egn = (p? + q)p™ "1

For T,T,eym the computation is totally similar.
Then we can easily deduce that the relation 7' = T;" is compatible with the action:

Tlege = Tregn = Treym = T ey = T\ TFey = T egn

(&

The first equality is obtained by T,e,x = egr+1 for k < n. The second one by a” = b™.
The third equality is obtained by Tyeyr = eyr+1 for & < m. The fourth one follows from
the fact that we’ve shown that T,T, = T,T, is respected by the action.

Similarly, we have

Tlrey =T Tre) = TiTr ey = TFeg = Tyeym = T ey
Showing that the action of H,, ,,,(p, ¢) on E is well-defined, and thus finishing the proof. [

We finish this section by relating this result with a well-known theory for Complex
reflection groups (CRG), following [RMB9S]:

Definition 4.5.0.4. Let V' be a complex vector space of finite dimension r.
A pseudo-reflection is a non-trivial element of GL(V') that fizes an hyperplane in V.
A complex reflection group of rank r is a finite subgroup of GL(V') generated by pseudo-
reflections. Moreover, a complex reflection group is called irreducible if it does not stabilize
any proper subspace of V.
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Chapter 4. Hecke algebras for set-theoretical solutions to the Yang-Baxter equation

The classification of all irreducible complex reflection groups was obtained by Shephard
and Todd in [ST54], involving an infinite family G(de, e, r) with d, e, r positive integers,
and 34 exceptional cases Gy, Gs, ..., Gs7. Moreover, the family of complex reflection
groups whose elements are real matrices correspond to finite Coxeter groups. Thus, they
are often seen as a natural generalization of finite Coxeter groups.

In [RMB98], the authors give a topological definition of the Hecke algebra of a CRG.
The authors then show that for the infinite family G(de, e, r), the Hecke algebra admits a
presentation with generators T associated to the pseudo-reflections generating the CRG,
and relations of two types: "braid-like" relations, and relations of the form (T —us ) (75 —
Us1) -+ (Ts — s, ) for some integer e.

As in the section we focused on the Garside group 7, ,, of rank 2 with germ 7, ,, =
Z/(n + m)Z, we provide the statement of [RMBO98| for the case G(k,1,1) = Z/kZ:

Theorem 4.5.0.5 ([RMB98, Propositions 4.22-4.24]). For the Hecke algebra of Cj =
Z/kZ we have

H(CW) = Zlur, . .., (T | (T — un)(T — up) - (T — ) = 0) .

The specialization of u; at exp (j%r) induces a morphism H(Cy) — C @ Z[Ck].
Moreover, H(Cy,) is free of rank k, with basis {1,T,T?, ..., T*1}.

Remark 4.5.0.6. [t was remarked by Loic Poulain-d’Andecy ([Pou]) that, if R = Z,
then Hpm(p,q) is a specialization of H(Ch1m). Indeed, by Proposition 4.5.0.1 we have a
bijection between their respective basis given by T v T, and T ™1+ T,. The relation
T. T, = p(T, + T,) + q can then be rewritten as T"™™ = pT™™™~ ! + pT + q. Taking a
specialization of (uy, ..., us) at the complex roots of X"t — pX™tm=l —pX — q € Z|X]
then induces a specialization H(Cpim) — Hum(, q)-
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APPENDIX A

Histograms for Dehornoy's class

Note that the following histograms values are log-scaled. Each histogram is for a fixed
size n, and shows the number of solutions with a given class (in log scale).
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Chapter A. Histograms for Dehornoy’s class

Alln=4

All n=5

All n=6

total

1 2 3 4 5 6 7 8 9 10 1 1
d

total

All n=10
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Figure A.1: All solutions
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Figure A.1 is the basis for Figure 2.2 that leads to Conjecture 2.4.0.8.
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Indecomposable n=4

Indecomposable n=5

Indecomposable n=6

3x10° 10t 107
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1 2 345 6 7 8 9101 12131151615 1819 202 22324 528278290
d

Figure A.2: Indecomposable solutions

Figure A.2 is the basis of Conjecture 2.4.0.11. In particular, one should note that the
possible classes are divisible by any prime divisors of n, as indicated by Lemma 2.4.0.16.
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Chapter A. Histograms for Dehornoy’s class
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Figure A.3: Irretractable solutions



Primitive n=4 Primitive n=5 Primitive n=6
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Figure A.4: Primitive solutions

Figure A.4 highlights the main result of [CJO22]:

A cycle set (S, *) is said to be primitive if its permutation group G acts primitively on
X, i.e. the action is transitive and does not preserve non-trivial partition of S.

By [CJO22, Theorem 3.1], a cycle set is primitive if and only if it isomorphic to the
solution of prime size p given by S = {s1,...,s,} with ¢(s) = (1 2 ... p) for all s in
S.

Moreover, such a solution is of class p as shown in Example 2.2.0.7.
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Chapter A. Histograms for Dehornoy’s class
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Figure A.5: Square-free solutions
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Figure A.6: Solutions with abelian permutation group
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Chapter A. Histograms for Dehornoy’s class
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Figure A.7: Indecomposable solutions with abelian permutation group
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Figure A.8: Square-free with abelian permutation group

Figure A.8 corresponds to the cases covered by Proposition 2.4.0.9. We can see that
such solutions are approximately 1% of all solutions (see Figure A.1.
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Chapter A. Histograms for Dehornoy’s class
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Figure A.9: Solutions with cyclic permutation group

Figure 1.3 corresponds to the case obtained in [[CR23, Proposition 5.9]], as mentionned
in Proposition 2.4.0.10.
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Figure A.10: Indecomposable solutions with cyclic permutation group
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